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Unfolded Protein Response
Signaling and Metabolic
Diseases*
Published, JBC Papers in Press, December 9, 2013, DOI 10.1074/jbc.R113.534743

Jaemin Lee and Umut Ozcan1

From the Division of Endocrinology, Boston Children’s Hospital, Harvard
Medical School, Boston, Massachusetts 02115

The endoplasmic reticulum (ER) is a central organelle for pro-
tein biosynthesis, folding, and traffic. Perturbations in ER
homeostasis create a condition termed ER stress and lead to
activation of the complex signaling cascade called the unfolded
protein response (UPR). Recent studies have documented that
the UPR coordinates multiple signaling pathways and controls
various physiologies in cells and the whole organism. Further-
more, unresolved ER stress has been implicated in a variety of
metabolic disorders, such as obesity and type 2 diabetes. There-
fore, intervening in ER stress and modulating signaling compo-
nents of the UPR would provide promising therapeutics for the
treatment of human metabolic diseases.

The endoplasmic reticulum (ER)2 is a membrane-bound and
structurally intricate organelle present in all eukaryotic cells
and is the major place for the synthesis of secretory and mem-
brane proteins along with membrane lipids and internal cal-
cium storage (1). Newly synthesized proteins are modified and
folded into their native structure within the ER lumen, which is
tightly monitored by the ER quality control machinery. Protein
synthesis in the ER is dynamically adjusted in coordination with
the physiological status of cells. When the folding capacity of
the ER fails to accommodate the load of unfolded proteins, ER
homeostasis is perturbed to a condition referred to as “ER
stress.” In response to ER stress, an adaptive mechanism termed
the unfolded protein response (UPR) is implemented to re-es-
tablish homeostasis in the ER. The early role of UPR signaling is
to increase expression of proteins that are involved in the ER
folding machinery to enhance protein folding and also to atten-
uate general protein translation to reduce the load in the ER.
Additionally, terminally misfolded proteins are translocated
from the ER to the cytoplasm and then degraded by the protea-
some, which is known as ER-associated degradation. However,
UPR signaling would initiate cell death pathways when ER
homeostasis is not recovered for prolonged periods of time.

Three branches of the UPR have been characterized in meta-
zoans, and they are mediated by ER-located transmembrane
proteins: IRE1 (inositol-requiring protein-1), PERK (protein
kinase RNA-like ER kinase), and ATF6 (activating transcription
factor-6) (Fig. 1). It is noteworthy that there is cross-talk
between the UPR and other signaling pathways, such as inflam-
matory and metabolic signaling, and such profound orchestra-
tion is crucial for maintaining proper ER function and physio-
logical homeostasis of cells. Furthermore, an increasing
number of studies have shown that UPR signaling and ER stress
are associated with pathophysiological and metabolic changes,
including obesity, type 2 diabetes, atherosclerosis, heart and
liver diseases, and neurodegenerative disorders (1). In this
minireview, we summarize the current understanding of the
molecular mechanism of IRE1, PERK, and ATF6 signaling; their
integrated networks with other signaling pathways; and also the
role of ER stress and UPR signaling in various metabolic
disorders.

IRE1 and XBP1 (X-box-binding Protein-1) Signaling
Networks and Metabolic Regulation of Lipid and Glucose
Homeostasis

IRE1 is the first identified signaling component of the UPR
and is evolutionarily conserved from yeast to metazoans (2).
There are two isoforms of IRE1 in mammals, IRE1� and IRE1�.
IRE1� is ubiquitously expressed (3), whereas IRE1� is found
primarily in the intestine and lung (4, 5). The role of IRE1� in
the mediation of UPR signaling has been clearly established, but
the role of IRE1� in the UPR is not yet clear. IRE1 is a type I
ER-resident transmembrane protein consisting of an ER lume-
nal domain (sensing protein-folding status) and a cytoplasmic
region containing a serine/threonine kinase domain and an
RNase domain (2). Under normal conditions without ER stress,
IRE1� exists as a monomer associated with GRP78 (glucose-
regulated protein of 78 kDa) (6); however, upon ER stress, IRE1
forms a homodimer and oligomers, followed by release of
GRP78 (6) and/or direct interaction of unfolded proteins with
its ER lumenal domain (7). Dimerization and oligomerization
lead to autotransphosphorylation of IRE1 at multiple sites,
including phosphorylation of Ser-724 in mammalian IRE1� (8).
These phosphorylation events lead to activation of the RNase
domain, which selectively excises a 26-base fragment from full-
length XBP1 (unspliced XBP1) mRNA (9). Splicing of unspliced
XBP1 mRNA leads to generation of spliced XBP1 (XBP1s),
which encodes a highly active transcription factor called XBP1s
protein. Eventually, XBP1s translocates to the nucleus and up-
regulates the transcriptions of its target genes involved in pro-
tein folding, ER biogenesis, and ER-associated degradation (Fig.
1) (9). In addition to splicing XBP1 mRNA, IRE1� has been
recently shown to down-regulate microRNAs and other
mRNAs under conditions in which IRE1� is activated strongly
and for prolonged times. This process is referred to as “regu-
lated IRE1-dependent decay” (RIDD) (10, 11) and has been
implicated in various physiologies in the pancreas (11, 12).
IRE1� and XBP1 are required for embryonic development;

* This work was supported, in whole or in part, by National Institutes of Health
Grants R01 DK081009 and R01 DK098496 (to U. O.). This work was also
supported by American Diabetes Association Career Development Grant
7-09-CD-10 (to U. O.).

1 To whom correspondence should be addressed. E-mail: umut.ozcan@
childrens.harvard.edu.

2 The abbreviations used are: ER, endoplasmic reticulum; UPR, unfolded pro-
tein response; XBP1s, spliced XBP1; RIDD, regulated IRE1-dependent
decay; TG, triglyceride; 4-PBA, 4-phenylbutyric acid; TUDCA, tauroursode-
oxycholic acid; NAFLD, nonalcoholic fatty liver disease; ALD, alcoholic fatty
liver disease.
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germ-line deletion of XBP1 or IRE1� results in embryonic
lethality in mice due to liver hypoplasia (13, 14) or a develop-
mental defect of the heart (15).

IRE1� and XBP1 have been characterized as key players in
diverse and complex networks, and a number of other signaling
components have been shown to interact with IRE1� and
XBP1s (Fig. 1). For example, during ER stress, IRE1� plays a role
in activation of inflammatory signaling pathways, including
JNK and NF-�B. Although the mechanism of IRE1� in NF-�B
activation remains to be clarified, IRE1� has been demon-
strated to activate the JNK pathway through its physical asso-
ciation with TRAF2 (TNF receptor-associated factor-2)
(16). JIK (JNK inhibitory kinase), ASK1 (apoptosis signaling
kinase-1) and AIP1 (ASK1-interacting protein-1) have been
further identified to regulate the IRE1�-JNK pathway (17–19).
In addition, a genetic study in Caenorhabditis elegans proposed

inflammatory p38MAPK as a positive regulator of IRE1-XBP1
signaling (20). Our group recently demonstrated that
p38MAPK enhances XBP1s activity in mice via increased
mRNA stability and nuclear transport of XBP1s protein, which
is mediated through direct phosphorylation of XBP1s at Thr-48
and Ser-61 (21). IRE1� also activates the NLRP3 inflammasome
by enhanced expression of TXNIP (thioredoxin-interacting
protein) (12, 22). Furthermore, several studies have revealed
that molecules involved in cell death signaling could regulate
IRE1� function. Pro-apoptotic Bax and Bak are required for
IRE1� activity upon ER stress via their physical association (23),
whereas BI-1 (Bax inhibitor-1) inhibits IRE1� function (24).
Conversely, IRE1 has been proposed to contribute to cell death
through various mechanisms, including ASK1-JNK (18),
caspase-12 (17), RIDD (11), and TXNIP (12, 22). Also, certain
molecules that are involved in metabolic signaling have been
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FIGURE 1. UPR signaling and its cross-talk mediated by IRE1-XBP1, PERK and ATF6. Upon ER stress, the dissociation of GRP78 from the lumenal domain of
IRE1, PERK, and ATF6 initiates UPR signaling. The direct binding of unfolded proteins to IRE1 also activates IRE1-mediated UPR. Active IRE1 selectively splices
XBP1 mRNA to produce an active transcription factor (XBP1s) or down-regulates mRNAs or microRNAs (RIDD). Activated PERK phosphorylates eIF2� to
attenuate global protein translation while selectively augmenting the translation of ATF4 and ATF5. An active form of ATF6 is generated upon cleavage by S1P
and S2P after translocation to the Golgi from the ER. There are different cross-talks between UPR signaling components and other signal transduction
pathways, such as inflammatory pathways (JNK, NF-�B, p38MAPK, and the NLRP3 inflammasome), apoptotic machinery (Bax, Bak, and BI-1), and metabolism
(p85�/�, FoxO1, CRTC2, and SREBP-2). ERAD, ER-associated degradation.
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shown to modulate IRE1 and XBP1 activity. For example, glu-
cagon and protein kinase A, which function contrary to insulin
receptor signaling in the liver, have been proposed to activate
IRE1� (25). Furthermore, PTP1B (protein-tyrosine phospha-
tase 1B), a negative regulator of insulin and leptin receptor sig-
naling, has been reported to be required for full activation of
IRE1� upon ER stress (26). By contrast, we demonstrated that
insulin receptor signaling positively regulates XBP1s activity
(27) via physical interaction of the regulatory subunits of PI3K
(p85�/�) with XBP1s. Interaction of p85�/� with XBP1s facil-
itates nuclear transportation of XBP1s (27, 28). Furthermore,
XBP1s was shown to directly interact with FoxO1 (Forkhead
box protein O1) and lead to its degradation (29), which suggests
that XBP1s has functions other than regulating gene expression
as a transcription factor.

IRE1 and XBP1s and their cross-talk with other signaling
pathways have been suggested to play crucial roles in glucose
and lipid metabolism. IRE1-null cells are more responsive to
insulin compared with wild-type cells (30). When IRE1� activ-
ity was suppressed by RNAi-mediated silencing or by BI-1 over-
expression in the liver, hepatic gluconeogenesis was reduced,
and glucose tolerance was improved in obese and diabetic mice
(25, 31). In contrast, haploinsufficiency of XBP1 creates ER
stress and leads to development of insulin resistance and glu-
cose intolerance upon high fat diet feeding (30). In obese and
diabetic mice, XBP1s fails to translocate to the nucleus in the
liver due to impaired association with p85�/� and reduced
p38MAPK activity (21, 27). Ectopic expression of XBP1s in the
liver via adenovirus restores glucose tolerance and insulin sen-
sitivity in diabetic mice by suppressing hepatic FoxO1 activity
and gluconeogenesis (21, 29). Furthermore, liver-specific dele-
tion of XBP1 in adult mice at early high fat diet feeding exacer-
bates glucose intolerance and insulin resistance (29). In addi-
tion to the liver, pancreatic XBP1 was also shown to play a role
in glucose homeostasis; � cell-specific deletion of XBP1 in the
pancreas decreased insulin processing and secretion from
islets, resulting in modest hyperglycemia and glucose intoler-
ance (32). Seemingly different roles of IRE1� and XBP1s in
glucose metabolism may stem from distinctive functions of
IRE1� and XBP1s as exemplified by RIDD or JNK activation by
IRE1� and inhibition of FoxO1 by XBP1s.

Several recent works have also uncovered the functional role
of IRE1� in lipid homeostasis. Hepatic suppression of IRE1�
activity via BI-1 led to development of hepatic steatosis upon
high fat diet feeding while decreasing the levels of circulating
cholesterol and triglycerides (TGs) (31). Similarly, liver-specific
deletion of IRE1� lowered plasma lipid contents but prompted
hepatosteatosis possibly due to decreased TG secretion (33). All
of the above demonstrate that IRE1� and XBP1s are crucial
regulators of glucose and lipid metabolism in tissues such as the
liver and pancreas.

PERK Plays Important Roles in � Cell Function

PERK is a type I ER transmembrane protein, and like ATF6,
the evolution of PERK started in metazoans (34). The cytoplas-
mic kinase domain of PERK shares homology with other eIF2�
kinases, such as GCN2 (general control non-depressible-2),
HRI (heme-regulated inhibitor), and PKR (34). The ER lumenal

domain is structurally homologous and functionally inter-
changeable with the IRE1� lumenal domain, implying a similar
stress-sensing mechanism between PERK and IRE1� (6).
GRP78 is associated with the PERK monomer, and its dissoci-
ation from PERK upon ER stress leads to homodimerization,
autotransphosphorylation, and activation of the kinase domain.
Consequently, activated PERK phosphorylates eIF2� at Ser-51,
leading to suppression of the assembly of the ribosomal com-
plex and global protein translation, thus reducing protein load
in the ER (Fig. 1) (35). However, PERK and eIF2� phosphory-
lation selectively facilitates translation of certain transcription
factors, such as ATF4 and ATF5; ATF4 increases transcription
of genes involved in amino acid metabolism, the oxidative
stress response, and apoptosis (36), and ATF5 enhances the
transcription of TXNIP (22). PERK mediates ER stress-induced
apoptosis, and the pro-apoptotic transcription factor CHOP
(C/EBP homologous protein) has been proposed as a major
mediator of PERK-induced apoptosis (37). In addition, the
PERK pathway has been reported to activate inflammatory sig-
naling; for instance, the PERK-eIF2� axis activates the NF-�B
pathway upon ER stress by suppressing I�B� (inhibitor of �B�)
independently of ATF4 and I�B� phosphorylation (38, 39).
Furthermore, the PERK pathway also activates the NLRP3
inflammasome via ATF5-mediated TXNIP expression (22).

Several animal studies have consistently suggested that the
PERK pathway is crucial in pancreatic � cell function. PERK-
null mice develop growth retardation and metabolic dysfunc-
tion, notably hyperglycemia due to loss of pancreatic islets (40,
41), and such islet dysfunctions were not reported in mice lack-
ing GCN2, HRI, or PKR (42). The importance of pancreatic
PERK in glucose homeostasis has been further supported by the
fact that pancreas-specific or endocrine pancreas-specific deletion
of PERK also leads to � cell loss and hyperglycemia (41, 43). More-
over, when PERK expression was reintroduced in � cells of PERK-
null mice, the mice became euglycemic and displayed normal �
cell mass (43). PERK has also been found to be important in human
islet function; Wolcott-Rallison syndrome, which is a rare genetic
disease in humans caused by mutations of PERK, shows notably
similar pathologies as in mouse models, including growth retarda-
tion, skeletal dysplasia and early-onset diabetes by non-autoim-
mune-mediated � cell destruction (44). The eIF2� S51A mutation
blocks translational inhibition by eIF2� kinases, and homozygous
eIF2� S51A mice show a deficiency in pancreatic � cells as do
PERK-null mice but die immediately after birth (45). Heterozy-
gous eIF2� S51A mice are viable and do not show any � cell loss on
a high fat diet but still become glucose-intolerant, resulting from
reduced insulin folding and secretion (46). In addition, preventing
ER stress-induced � cell death has been shown to be protective
under various diabetic conditions in mice; CHOP-null mice main-
tain better glucose homeostasis than wild-type mice as a result of
protection from � cell loss in diet-induced or genetic obesity mod-
els and in an ER stress-induced type I diabetes model (Akita mice)
(47, 48).

ATF6 and Regulated Proteolysis: A Role in Glucose
Metabolism

ATF6 is a type II ER transmembrane protein and belongs to
the family of bZIP transcription factors, which also includes
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CREBH (cAMP-responsive element-binding protein H). The
cytoplasmic domain of ATF6 is a transcription factor, and the
ER lumenal domain senses the perturbations in the ER (49).
ATF6 is retained in the ER membrane via its physical associa-
tion with GRP78 under normal conditions without ER stress.
Upon development of perturbations in the ER lumen, the dis-
sociation of GRP78 allows ATF6 to translocate to the Golgi
(50), where it is cleaved by S1P (site-1 protease) and S2P in a
similar manner as SREBP (sterol regulatory element-binding
protein) proteins. Subsequently, the N-terminal domain (cyto-
plasmic part) is liberated (51). The released N-terminal ATF6,
which is the active transcription factor, translocates to the
nucleus and up-regulates the transcription of target genes,
including XBP1 (Fig. 1) (49). Several cross-talks between ATF6
and other signaling pathways have been reported; for example,
p38MAPK has been shown to directly phosphorylate ATF6 and
to increase its transcriptional activity (52). Additionally,
PGC-1� serves as a coactivator of ATF6 and enhances ATF6
activity in muscle (53). In the liver, CRTC2 (CREB-regulated
transcription coactivator-2) augments ATF6 transcriptional
activity through their physical association, but conversely,
ATF6 suppresses CRTC2 activity as a coactivator of CREB (54).
Heterodimerization between ATF6 and XBP1s enhances their
transcriptional activity (55). Furthermore, ATF6 has been
shown to suppress the transcriptional activity of SREBP-2 (56).

There are two isoforms of ATF6 (ATF6� and ATF6�), which
are redundant in their roles in the UPR, and mice deficient in
either isoform are born normal (55). However, deletion of both
isoforms together leads to embryonic lethality, suggesting that
ATF6 is also crucial in early development (55). ATF6 has been
suggested to have a role in glucose metabolism in the liver and
pancreas. When whole body Atf6��/� mice are fed high fat
diets or crossed with agouti yellow mice, they develop early and
more severe glucose intolerance, most likely due to reduced
insulin content in the pancreatic � cells (57). Hepatic ATF6�
has been demonstrated to attenuate CRTC2 activity and gluco-
neogenesis (54), and overexpression of ATF6� in the livers of
obese and diabetic mice reduces blood glucose and improves
glucose tolerance, whereas reduced ATF6� expression via
RNAi increases blood glucose levels in lean mice (54). Another
ER membrane-bound bZIP transcription factor, CREBH, the
expression of which is limited to the liver and small intestine
(58, 59), is activated by S1P- and S2P-mediated cleavage in the
Golgi upon ER stress (59). However, unlike ATF6, CREBH has
shown to activate different sets of hepatic genes in the acute
phase response (59), iron metabolism (60), gluconeogenesis
(61), and TG metabolism (58). CREBH expression in the liver is
increased in obese and diabetic mice, and hepatic overexpres-
sion of CREBH raises blood glucose levels, whereas RNAi-me-
diated depletion of CREBH in the liver reduces blood glucose
through direct modulation of gluconeogenic gene transcription
(61). In addition, CREBH-deficient mice show hypertriglyceri-
demia due to reduced TG clearance (58).

ER Stress and Leptin and Insulin Resistance

Obesity leads to many debilitating diseases, including insulin
resistance and type 2 diabetes, and has become a prevailing
disease in the United States and other countries worldwide. In

the United States, 69% of the adult population is overweight,
and 36% is obese (62). Leptin is an adipocyte-derived hormone
that suppresses appetite and increases energy expenditure
through its action on the CNS. Despite high circulating levels of
leptin, leptin cannot exert its anti-obesity effects due to the
presence of leptin resistance in the obese population. We have
previously shown that increased hypothalamic ER stress in
obese mice is one of the main mechanisms leading to develop-
ment of leptin resistance (63). Indeed, pharmacologically
induced ER stress suppresses leptin signaling in the hypothala-
mus and increases food intake and body weight in mice (63).
Also, neuronal XBP1 deletion creates hypothalamic ER stress
and leptin resistance and subsequently promotes weight gain
upon high fat diet feeding through increased food intake and
decreased energy expenditure (63). Chemical chaperones,
agents that can reduce ER stress, such as 4-phenylbutyric acid
(4-PBA) and tauroursodeoxycholic acid (TUDCA), alleviate
hypothalamic ER stress and restore leptin responsivity in high
fat diet-fed mice, in turn reducing food consumption and body
weight (63).

Obesity leads to insulin resistance in the brain, liver, and
adipose tissues (64, 65). Insulin is produced and secreted from �
cells in the pancreas in response to nutrients. Central insulin
signaling mainly regulates food intake and body weight (66),
whereas peripheral insulin receptor signaling primarily regu-
lates blood glucose levels by suppressing gluconeogenesis in the
liver and enhancing glucose uptake in the muscle and adipose
tissue and adjusts peripheral storage and breakdown of fat, gly-
cogen, and proteins (65). ER stress in the brain also contributes
to central insulin resistance along with leptin resistance; central
administration of insulin does not suppress food intake when
acute ER stress is induced in the brain (67). Peripherally,
increased ER stress in the liver and adipose tissues of obese mice
has been shown to cause insulin resistance and ultimately type
2 diabetes (30). Indeed, when heterozygous XBP1-null mice are
fed a high fat diet, they display augmented ER stress in the
liver and adipose tissues and become more obese, insulin-resis-
tant, and glucose-intolerant compared with wild-type mice
(30). Also, peripheral administration of chemical chaperones
alleviates ER stress in the liver and adipose tissues and in turn
improves insulin sensitivity and glucose homeostasis in obese
and diabetic mice (68). Furthermore, 4-PBA and TUDCA have
been demonstrated to improve insulin sensitivity in human
obese subjects, suggesting ER stress and the UPR as potential
therapeutic targets for human metabolic diseases (69, 70).

Various pathologies in obesity have been proposed to con-
tribute to development of ER stress (Fig. 2); for example, cho-
lesterol and free fatty acids such as palmitate induce ER stress
possibly via increased reactive oxygen species and ER Ca2�

depletion from SERCA (sarco/endoplasmic reticulum calcium
ATPase) dysfunction (71, 72). Indeed, diminished SERCA
expression and activity were observed in the livers and macro-
phages of obese and insulin-resistant mice, which also have
higher level of ER stress (73, 74). Moreover, when SERCA activ-
ity in the liver was restored, ER stress was ameliorated, glucose
homeostasis and insulin sensitivity were improved, and hepatic
lipogenesis and TG accumulation were reduced in obese and
diabetic mice (73). In addition, chronic activation of mTORC1

MINIREVIEW: UPR Signaling and Metabolic Diseases

1206 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 289 • NUMBER 3 • JANUARY 17, 2014



has been reported in the muscles, adipose tissues, and livers of
obese animals, and tuberous sclerosis complex deficiency and
subsequent activation of mTORC1 were shown to create ER
stress and suppress insulin signaling (75). In contrast, inhibition
of mTORC1 by rapamycin reduces ER stress and improves
insulin sensitivity (76). Recently, decreased XBP1s nuclear
translocation and activity due to reduced association with
p85�/� and decreased phosphorylation by p38MAPK in the
livers of obese mice were shown to play important roles in the
development of ER stress in obesity (21, 27).

Liver Diseases and ER Stress

Nonalcoholic fatty liver disease (NAFLD) and alcoholic fatty
liver disease (ALD) are major liver diseases worldwide, encom-
passing a range of hepatic disorders from steatosis to cirrhosis.
There has been a concerning increase in the incidence of
NAFLD due to the obesity epidemic. Increased ER stress has
been shown to contribute to the development of NAFLD under
obesity conditions. Progression of NAFLD is closely associated
with increased ER stress and activated UPR signaling (30). ER
stress signaling in hepatocytes was demonstrated to promote
lipogenesis through SREBP-1c activation (77). Livers deficient

in ATF6� or IRE1� are prone to developing steatosis upon
acute ER stress or high fat diet feeding (57, 78, 79). Moreover,
chemical chaperone administration or hepatic overexpression
of GRP78 or SERCA2b mitigates ER stress and reduces lipogen-
esis in liver, thus decreasing the risk of developing hepatic ste-
atosis (68, 73, 77). ALD animal models also display augmented
hepatic ER stress and increased rates of apoptosis due partly to
increased circulating homocysteine, which is suggested to
induce ER stress through interference with proper disulfide
bond formation and protein folding (80). When circulating
homocysteine and ER stress were attenuated or CHOP was
depleted, mice were protected from alcohol-induced liver
injury (80, 81). Aberrant retention of bile acids in the liver, a
condition termed cholestasis, creates toxicity and leads to liver
injury, fibrosis, and cirrhosis. Bile acids have been proposed to
induce ER stress and cell death in hepatocytes; activated UPR
signaling was observed in the livers of mouse models of choles-
tasis (82, 83). In addition, whole body CHOP deficiency pro-
tects hepatocytes from cholestasis-induced liver damage (83).

Vascular Diseases: Atherosclerosis and Ischemia

Atherosclerosis, which is the primary cause of heart disease
and stroke, initially emerges from subendothelial accumulation
of apolipoprotein B lipoproteins, cholesterol, and TGs, which
then leads to the recruitment of monocytes and subsequent
differentiation into macrophages. Further lipid uptake and oxi-
dation along with inflammation transform these macrophages
into foam cells and also increase the apoptosis of macrophages,
which eventually creates necrotic cores if the growth of lesions
is unresolved (84). Increased UPR has been observed in vascular
endothelial cells, smooth muscle cells, and macrophages in ath-
erosclerotic lesions (72, 85). Free fatty acids, oxidized lipids,
cholesterol, and hyperhomocysteinemia have been proposed to
raise ER stress in endothelial cells and macrophages during the
progression of atherosclerosis (72, 86, 87). The apoptotic cell
death of macrophages is considered a major pathological event
in later stages of atherosclerosis, and ER stress has been sug-
gested as a major inducer of apoptosis through the IRE1�-JNK
pathway and CHOP (72, 88). Indeed, CHOP-null macrophages
are protected from cholesterol-induced cytotoxicity (72), and
CHOP deficiency reduces the atherosclerotic lesion size and
cell death (89).

Atherosclerosis may induce ischemia, in which oxygen and
nutrition supply to tissues and organs via blood is restricted,
leading to stroke and heart attack (90). Ischemic conditions
such as glucose deprivation have been shown to compromise
protein folding and induce ER stress in cultured cells (90).
Accordingly, increased ER stress, CHOP expression, and cell
death have been observed in the hippocampus and cardiac
myocytes after ischemia (91, 92). Non-lethal ischemic precon-
ditioning, which increases GRP78 expression, protects the
mouse brain from apoptosis after ischemia (92), and CHOP
depletion alleviates ischemic neuronal apoptosis in mice (93).
Similarly, cardiac overexpression of ATF6 or CHOP deletion
protects mice from heart injury after ischemia/reperfusion
(91, 94).

ER STRESS

Cholesterol, Free Fatty Acids
mTORC1
XBP1 activity
Homocysteine

APOPTOSIS

INSULIN 
RESISTANCE

LEPTIN
RESISTANCE

TYPE2
DIABETES NAFLD

ALD, Cholestasis
Atherosclerosis

Ischemia
β Cell Dysfunction

OBESITY

FIGURE 2. ER stress and metabolic disorders. Various stimuli such as
increased loads of cholesterol or free fatty acids or chronic activation of
mTORC1 activity, hyperhomocysteinemia, and decreased XBP1s activity were
shown to cause ER stress under obesity conditions. ER stress leads to
the development of obesity through hypothalamic leptin and insulin resist-
ance and contributes to type 2 diabetes via inducing peripheral insulin resist-
ance and increasing hepatic gluconeogenesis. Furthermore, ER stress has
been suggested to be involved in various pathologies of metabolic liver dis-
eases (NAFLD, ALD, and cholestasis) and cardiovascular diseases (atheroscle-
rosis and ischemia).
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Therapeutic Potential for Treatment of Metabolic
Disorders by Modulating ER Stress and UPR

ER stress and UPR signaling have been shown to be involved
in the pathology of various diseases, including metabolic disor-
ders. Pharmacological approaches to manipulate them as a
treatment for human diseases have been pursued recently. For
example, the Food and Drug Administration (FDA) in the
United States approved two 26 S proteasome inhibitors, bort-
ezomib (Velcade) and carfilzomib (Kyprolis), for the treatment
of multiple myeloma. Both of these drugs lead to the develop-
ment of higher levels of ER stress in multiple myeloma cells and
induce cell death (95). For metabolic disorders, the chemical
chaperones 4-PBA and TUDCA were demonstrated to improve
insulin signaling and glucose homeostasis in in vivo mouse
models and in human obese and insulin-resistant subjects via
ameliorating ER stress (68 –70).

There have also been recent efforts to develop drugs target-
ing a specific arm of the UPR. For example, several chemicals
have been demonstrated to modulate the RNase activity of IRE1
by directly engaging the cytoplasmic part of IRE1, including the
RNase and kinase domains (96, 97), and some of them have
been proposed as potential treatments for multiple myeloma
(96). Also, PERK-specific kinase inhibitors have been explored
(98 –100) and shown to inhibit tumor growth in xenograft
mouse models (99) and to prevent neurodegeneration in a
mouse model of prion disease (100).

In this sense, different approaches to modulate ER stress
could be used for the treatment of different diseases. Although
reducing ER stress in obesity could have therapeutic potential
in insulin resistance and type 2 diabetes, further inducing ER
stress could help to fight against cancers.

Conclusions

IRE1, the first signaling arm of the UPR, was identified 2
decades ago; since then, there has been enormous progress in
understanding how the UPR components function in response
to ER stress at the molecular level. Also, recent work has
revealed crucial links between ER stress and different compo-
nents of metabolic syndrome. Considering that each UPR com-
ponent contributes diverse metabolic phenotypes, it is impor-
tant to understand how an individual component of the UPR
and its cross-talk with other signaling pathways are involved in
the pathogenesis of metabolic diseases. Furthermore, develop-
ing specific therapeutics targeting the individual UPR compo-
nents would be beneficial for the treatment of various meta-
bolic disorders.
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The skin is the single largest organ in humans, serving as a
major barrier to infection, water loss, and abrasion. The func-
tional diversity of skin requires the synthesis of large amounts of
lipids, such as triglycerides, wax esters, squalene, ceramides,
free cholesterol, free fatty acids, and cholesterol and retinyl
esters. Some of these lipids are used as cell membrane compo-
nents, signaling molecules, and a source of energy. An impor-
tant class of lipid metabolism enzymes expressed in skin is the
�9-desaturases, which catalyze the synthesis in �9-monounsat-
urated lipids, primarily oleoyl-CoA (18:1n-9) and palmitoyl-
CoA (16:1n-7), the major monounsaturated fatty acids in cuta-
neous lipids. Mice with a deletion of the �9-desaturase-1
isoform (SCD1) either globally (Scd1�/�) or specifically in the
skin (skin-specific Scd1-knockout; SKO) present with marked
changes in cutaneous lipids and skin integrity. Interestingly,
these mice also exhibit increased whole body energy expendi-
ture, protection against diet-induced adiposity, hepatic steato-
sis, and glucose intolerance. The increased energy expenditure
in skin-specific Scd1-knockout (SKO) mice is a surprising phe-
notype, as it links cutaneous lipid homeostasis with whole body
energy balance. This minireview summarizes the role of skin
SCD1 in regulating skin integrity and whole body energy
homeostasis and offers a discussion of potential pathways that
may connect these seemingly disparate phenotypes.

Stearoyl-CoA Desaturase-1

Stearoyl-CoA desaturase (SCD)3 is a �9-desaturase anchored
in the endoplasmic reticulum membrane via four transmem-
brane domains (1). As the name implies, this �9-desaturase
catalyzes the conversion of 12 to 18-carbon saturated fatty acids
into monounsaturated fatty acids (MUFAs) through the inser-
tion of the first cis-double bond at the �9-position (reviewed in
Refs. 2 and 3). These endogenously synthesized MUFAs are
important to a variety of cellular functions, including synthesis
of complex lipids, such as diacylglycerols, phospholipids, tri-

glycerides (TGs), wax esters, and cholesterol esters. The degree
of unsaturation of cellular lipids can also play a role in mem-
brane fluidity and cell signaling. Therefore, SCD is highly con-
served, with multiple isoforms providing overlapping but dis-
tinct tissue and substrate specificity (2, 3).

In the mouse, there are four known isoforms of SCD. These
are all located within a 200-kb region on chromosome 19 and
code for 350 –360 amino acid proteins with �80% amino acid
sequence similarity. SCD1 is ubiquitously expressed, with sig-
nificant expression in the adult liver, where it is dramatically
induced by both dietary carbohydrate and saturated fat (4 –11).
In addition to the liver, it is expressed in the undifferentiated
cells of sebaceous glands in the skin and is critical to sebocyte
development (12–14). As will be discussed for the majority of
this minireview, skin-specific expression of SCD1 appears to
play a role not only in the maintenance of skin integrity but also,
unexpectedly, in whole body energy balance. SCD2, which
shares significant sequence homology with SCD1, is also ubiq-
uitously expressed but is especially enriched in the murine
brain, particularly during myelination in the neonate (15). In
the liver, SCD2 expression is reciprocally regulated with SCD1
expression, with expression levels being high during develop-
ment and decreasing dramatically at weaning, corresponding
with an increase in hepatic SCD1 expression. Further evidence
of the importance of SCD2 during development comes from
the observation that mice lacking SCD2 are born with an
impaired skin barrier, resulting in death due to water loss across
the skin within hours of birth in a majority of animals (15).
Mouse SCD3 is expressed in the Harderian gland and differen-
tiated sebocytes in skin (16, 17). SCD3 is the only isoform that
exhibits a preference for palmitate over stearate as a substrate
(17). SCD4 is expressed mainly in the murine heart (18).

Humans express two different isoforms of SCD, both of
which are microsomal proteins. Human SCD1 is highly homol-
ogous to mouse SCD1 and is expressed in adult adipose tissue,
liver, lung, brain, heart, pancreas, and skeletal muscle (19 –21).
The second human SCD isoform is termed SCD5, and it
appears to be a primate-specific isoform that is expressed pre-
dominantly in the brain and pancreas, with some limited
expression in the heart, kidney, lung, and placenta (22–24). The
regulation of human SCDs and their role in disease have been
reviewed elsewhere (25).

Although the MUFA products of SCD are abundant in the
diet, SCD1 is highly regulated, indicating a critical role for
endogenously synthesized MUFAs. The regulation of SCD1 has
been reviewed extensively elsewhere (2, 3). Briefly, the Scd1
gene is under positive regulation by a variety of dietary and
cellular factors, including glucose, fructose, and saturated fatty
acids, as well as insulin and transcription factors, such as
SREBP-1c (sterol regulatory element-binding protein-1c) and
the nuclear receptor liver X receptor. Negative regulation of the
Scd1 gene is affected by the actions of the adipokine leptin, as
well as polyunsaturated fatty acids (2, 3, 26). Additionally, the
SCD1 protein is also subject to degradation by proteases and
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through the proteasomal pathway (27–30), conferring an addi-
tional layer of regulation.

Much of what we know regarding the physiological function
of SCD1 comes from studies conducted in mice with a targeted
deletion of the Scd1 gene. These mice are characterized by a
lean hypermetabolic phenotype, which includes resistance to
diet-induced and genetically induced obesity and insulin resis-
tance, as well as significant changes in nonshivering thermo-
genesis (6 –11, 31–37). In addition to these alterations in energy
metabolism, SCD1-deficient mice also have a marked cutane-
ous phenotype. Indeed, SCD1 was first identified in mice with a
natural occurring mutation in the Scd1 gene (Table 1). These
“asebia” mice are characterized by the presence of dry flaky skin
and severe alopecia resulting from sebocyte atrophy, under-
scoring a critical role for SCD1 in sebocyte development (12, 13,
34, 38, 39). Subsequent studies in these naturally SCD1-defi-
cient asebia mice and in mice with a targeted deletion of the
Scd1 gene (Scd1�/� mice) have revealed that SCD1 is in fact
expressed in the sebaceous glands of mouse skin and is regu-
lated throughout the hair cycle (13, 34).

In an effort to understand tissue-specific contributions of
SCD1 to the whole body energy metabolism phenotype
observed in Scd1�/� mice, a series of tissue-specific Scd1�/�

mice were generated and characterized (11, 35, 40). Although it
was clear from studies in the global Scd1�/� model that SCD1
regulates skin integrity, the generation of a skin-specific
Scd1�/� animal model (SKO mouse) has revealed surprising
connections between skin-specific expression of SCD1, main-
tenance of the integrity of the skin, and whole body energy
metabolism (34, 36).

Sebaceous and Epidermal Lipids Regulate Skin
Permeability Barrier

As the largest organ in the body, the skin serves a variety of
functions, the most important of which is to serve as a barrier
against external insults. The skin is a highly structured organ
and consists of various different cell types with specific func-
tions that help maintain the integrity of the tissue. The skin also
houses a variety of specialized structures (such as hair follicles,
sweat glands, and sebaceous glands) that impart functional
diversity to the organ (14, 41– 43).

One of the primary functions of the skin is to serve as the
permeability barrier, preventing heat and water loss across the
surface of the skin (14, 41, 42– 44). Therefore, maintenance of
the integrity of the skin is critical in preventing dehydration and
in regulating core body temperature in homeotherms. The per-
meability barrier of the skin is comprised of various different
cell types, including keratinocytes and corneocytes in the stra-
tum corneum of the epidermis (42, 43). In addition, skin cells
are bathed in a rich array of lipids, including free cholesterol,
TGs, ceramides, and free fatty acids. It is now clear that these
lipids, many of which are actively synthesized in the skin, play
an important role in the maintenance of the skin barrier (14, 15,
34, 41, 42– 44).

Skin SCD1 Regulates Skin Integrity and Energy Balance

Although cutaneous abnormalities were initially described in
mice with a global deletion of SCD1, a potential link between T

A
B

LE
1

C
o

m
p

ar
is

o
n

o
fc

u
ta

n
eo

u
s

an
d

w
h

o
le

b
o

d
y

p
h

en
o

ty
p

es
o

fS
C

D
1-

d
ef

ic
ie

n
t

m
o

u
se

m
o

d
el

s
A

co
m

pa
ris

on
of

va
rio

us
SC

D
1-

de
fic

ie
nt

m
ou

se
m

od
el

s
w

ith
re

ga
rd

to
pr

im
ar

y
cu

ta
ne

ou
s

ph
en

ot
yp

es
an

d
re

sis
ta

nc
e

to
ob

es
ity

is
sh

ow
n

be
lo

w
.S

C
,s

tr
at

um
co

rn
eu

m
;F

C
,f

re
e

ch
ol

es
te

ro
l;

W
D

Es
,w

ax
di

es
te

rs
;T

EW
L,

tr
an

se
pi

de
rm

al
w

at
er

lo
ss

.
M

od
el

M
ut

at
io

n
Sc

d1
ex

pr
es

si
on

Sk
in

ph
en

ot
yp

e
R

es
is

ta
nc

e
to

ob
es

ity
Sk

in
lip

id
co

m
po

si
tio

n
Sk

in
ba

rr
ie

rf
un

ct
io

n

A
se

bi
a

J1
Sp

on
ta

ne
ou

sd
el

et
io

n
sp

an
ni

ng
ex

on
s1

–4
(1

3)
N

on
e

(1
3)

A
lo

pe
ci

a;
se

bo
cy

te
hy

po
pl

as
ia

;
sli

gh
tt

hi
ck

en
in

g
an

d
de

cr
ea

se
d

hy
dr

at
io

n
of

SC
(4

2)

Re
si

st
an

tt
o

le
pt

in
-d

ef
ic

ie
nc

y
in

du
ce

d
ob

es
ity

(6
)

In
cr

ea
se

d
FC

;d
ec

re
as

ed
w

ax
m

on
oe

st
er

s,
st

er
ol

es
te

rs
,

W
D

Es
,a

nd
gl

yc
er

ol
(4

2)

N
or

m
al

(3
8,

42
)

A
se

bi
a

2J
Sp

on
ta

ne
ou

s1
8-

bp
de

le
tio

n
in

ex
on

2/
in

tr
on

2
bo

un
da

ry
(1

3)

A
be

rr
an

tly
sp

lic
ed

68
7-

,7
38

-,
an

d
82

8-
bp

tr
an

sc
ri

pt
s(

13
)

A
lo

pe
ci

a;
se

bo
cy

te
hy

po
pl

as
ia

;
m

ar
ke

dl
y

th
ic

ke
rS

C
(3

8)
Re

du
ce

d
st

er
ol

es
te

rs
,F

C
,

an
d

W
D

Es
(3

8)
In

cr
ea

se
d

T
EW

L
(3

8)

Sc
d1

�
/�

T
ar

ge
te

d
ge

rm
-li

ne
de

le
tio

n
of

Sc
d1

ex
on

s1
–6

(5
0)

N
on

e
(5

0)
A

lo
pe

ci
a;

se
bo

cy
te

hy
po

pl
as

ia
(5

0)
Re

si
st

an
tt

o
H

FD
-in

du
ce

d
ob

es
ity

(7
)

In
cr

ea
se

d
FC

;d
ec

re
as

ed
T

G
s,

W
D

Es
,a

nd
ch

ol
es

te
ro

l
es

te
rs

(5
0)

In
cr

ea
se

d
T

EW
L

(4
4)

Sc
d1

SK
O

T
ar

ge
te

d
de

le
tio

n
of

Sc
d1

ex
on

s1
–6

un
de

rk
er

at
in

-
14

pr
om

ot
er

(3
4)

N
o

ex
pr

es
si

on
in

sk
in

(3
4)

A
lo

pe
ci

a;
se

bo
cy

te
hy

po
pl

as
ia

(3
4)

Re
si

st
an

tt
o

H
FD

-in
du

ce
d

ob
es

ity
(3

4)
In

cr
ea

se
d

FC
an

d
ce

ra
m

id
es

;
de

cr
ea

se
d

T
G

sa
nd

W
D

Es
(3

4)

MINIREVIEW: Role of Skin Stearoyl-CoA Desaturase-1

JANUARY 31, 2014 • VOLUME 289 • NUMBER 5 JOURNAL OF BIOLOGICAL CHEMISTRY 2483



the favorable metabolic phenotype and the skin abnormalities
of Scd1�/� mice was not suspected until the generation of mice
lacking SCD1 in the skin (34). Skin-specific Scd1�/� (SKO)
mice were generated by targeting the deletion of Scd1 using a
keratin-14 promoter. Skin-specific deletion of Scd1 recapitu-
lated the cutaneous abnormalities observed in Scd1�/� mice
(34). Interestingly, in addition to severe alopecia and sebocyte
hypoplasia (Table 1), SKO mice were also lean and protected
from diet-induced obesity, similar to Scd1�/� mice (34). This
lean phenotype was accompanied by a significant up-regulation
of metabolic rate, similar to Scd1�/� mice. Similar to global
Scd1�/� mice, SKO mice were hyperphagic on both chow and
high-fat diets (HFDs) but were almost completely protected
from weight gain on either of these diets. Although WT animals
go on to become insulin-resistant when fed a HFD, both
Scd1�/� and SKO mice are protected from this secondary com-
plication of obesity (34). One of the phenotypes of global SCD1
deficiency is a lack of the de novo lipogenesis response in the
liver to insults such as high-carbohydrate or saturated fat feed-
ing (5, 8, 10). However, this hepatic lipogenesis response is not
affected in SKO mice, suggesting that skin-specific deletion of
SCD1 is not sufficient to impair hepatic lipogenesis (34).
Indeed, it appears that liver-specific deletion of SCD1 impairs
hepatic lipogenesis to a similar extent as observed in global
Scd1�/� mice (11).

Although hepatic lipogenesis was unaffected in SKO mice,
these animals presented a coordinated set of metabolic changes
in peripheral tissues, indicating increased lipid catabolism and
activation of thermogenesis. This included an up-regulation of

uncoupling genes in the liver, skeletal muscle, and white and
brown adipose tissues. In addition, genes of fatty acid oxidation
were increased in the liver and adipose tissues of SKO mice,
indicating increased lipid catabolism in these animals (34).

One of the most striking phenotypes of global SCD1 defi-
ciency is an extreme cold sensitivity, such that Scd1�/� mice do
not survive longer than 2– 4 h when exposed to a 4 °C environ-
ment (31). Similar to Scd1�/� mice, SKO mice also displayed
significant cold sensitivity (Fig. 1), with most animals dying of
hypoglycemia within 3 h of cold exposure (34). This extreme
cold susceptibility was brought on by an inability to maintain
plasma glucose levels during cold exposure and a precipitous
depletion of hepatic glycogen stores in SKO mice exposed to
cold for as little as 90 min. Interestingly, if these animals were
fed a HFD for 3 weeks prior to cold exposure, their cold sensi-
tivity was dramatically improved, with SKO animals being able
to tolerate over 24 h of cold exposure. After 90 min of cold
exposure, HFD-fed SKO mice were able to maintain plasma
glucose levels and were spared from the near complete deple-
tion of hepatic glycogen that was observed in chow-fed SKO
mice upon 90 min of cold exposure. This protection from
energy depletion upon cold exposure occurred in HFD-fed
SKO mice even though they did not gain any measurable
amount of body weight due to 3 weeks of HFD feeding (34).
These results suggest that although body weight may not be
rescued by dietary intervention in SKO mice, it is possible to
rescue at least some of their energetic deficit by feeding a hyper-
caloric diet.

Stratum corneum

Sebaceous gland

Inflammation
Wound healing

Epidermis

Sebocyte 
hypoplasia

Dermis

Subcutaneous

Hair follicle

Thickening of SC

Altered lipids
FC
ceramides
retinol metabolites

TG
WDE

Scd1-/-

X16:0
18:0

16:1
18:1

Heat loss
Water loss

Increased energy
expenditure

Resistance to
obesity

FIGURE 1. Cutaneous changes in SCD1-deficient mice and relationship to whole body energy expenditure: a model. The major cutaneous changes
observed in SCD1-deficient animals are depicted. The inability to desaturate fatty acids, such as palmitate and stearate, results in hypoplastic sebaceous glands
and a thickened stratum corneum (SC). A concurrent increase in free cholesterol (FC), ceramides, and retinol metabolites, along with a significant depletion of
TG and wax diesters (WDE), in the skin of SCD1-deficient mice accompanies various cutaneous phenotypes, including increased inflammation and heat and
water loss across the surface of the skin. These cutaneous phenotypes appear to be causally linked to the favorable metabolic phenotype of SCD1-deficient
mice, potentially due to an increase in energetic demand for body temperature maintenance or due to the energy-intensive nature of cutaneous wound
healing.
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During routine investigations, mice are housed at 25 °C,
which is well below thermoneutrality and has been docu-
mented to contribute to changes in energy metabolism (45–
49). Given the cutaneous phenotype of SKO mice, it was
hypothesized that SKO mice may be in a constant state of
increased energy expenditure to maintain body temperature
when housed at 25 °C. Indeed, markers of cold exposure,
including �3-adrenergic receptor signaling in brown adipose
tissue, were elevated in SKO mice, suggesting increased cold
perception in these mice even at room temperature (34). To
follow up on this hypothesis, WT and SKO mice were housed at
33 °C, and food intake and body weight gain on a HFD were
measured (36). Surprisingly, SKO mice still consumed more
food than WT counterparts but were resistant to weight gain
during the feeding period (36). Interestingly, although SKO
mice were almost completely protected from weight gain on a
HFD even when maintained at 33 °C for the duration of feeding,
hyperphagia in SKO mice appeared to be less pronounced at
33 °C compared with mice housed in conventional rooms at
25 °C (34, 36). When housed at 25 °C, SKO mice ate over 50%
more HFD by weight compared with WT counterparts (34). At
33 °C, although SKO mice were still hyperphagic, they only ate
�30% more food than WT counterparts (36). This attenuation
of hyperphagia in SKO mice at thermoneutrality indicates
increased metabolic efficiency and is suggestive of cold sensing
playing an important role in the hypermetabolic phenotype of
SCD1-deficient animals. Although these studies indicated that
body weight was not rescued by maintaining animals at ther-
moneutrality, changes in other metabolic features, such as
hepatic glycogen stores and fat mass, were not examined in
these mice maintained at 33 °C. Given the apparent attenuation
of the hyperphagic response in SKO mice at 33 °C, it is possible
that partial rescue of alternative metabolic phenotypes may
occur prior to rescue of body weight in these animals.

It is important to note that the thermoneutrality experiments
reviewed above were performed in animals over 6 weeks of age
and during a relatively short duration of 7–9 weeks (36). How-
ever, changes in cold sensing and metabolic adaptations could
occur well before adulthood in these animals. Indeed, the cuta-
neous abnormalities in SKO and Scd1�/� mice are apparent
before weaning. Therefore, the question of whether sustained
rescue of cold sensing in SCD1-deficient mice can reverse the
lean metabolic phenotype was not addressed by this study.

SCD1-induced Changes in Skin Lipid Composition and
Permeability Barrier

Prevention of transepidermal water loss is one of the key
barrier functions of the skin, and cutaneous lipids play an
important role in preserving the skin water barrier (41– 43).
Alterations in transepidermal water loss and barrier permeabil-
ity have been reported in mice with a global deletion of SCD1
(38, 44), and one set of investigations suggested that artificial
occlusion of the skin in SCD1-deficient animals could poten-
tially confer cold resistance and abolish the protection from
obesity observed in Scd1�/� mice (44). In the thermoneutrality
experiments described above, although ambient temperatures
were maintained close to thermoneutral conditions, relative
humidity was maintained at 30 – 40% (36). Increased water loss

across the surface of the skin could therefore still have
accounted for the obesity resistance observed in SKO mice.

The cutaneous permeability barrier is significantly affected
by the lipid composition of the skin. In this regard, both global
SCD1 deficiency and skin-specific deletion of SCD1 result in
striking changes in cutaneous lipids, including a large increase
in free cholesterol levels, increased ceramide levels, and
decreased levels of other key skin lipids (such as free fatty acids,
TGs, and wax diesters) (Table 1) (34, 49). This set of studies and
more recent investigations revealed a coordinated increase in
expression of key cholesterol biosynthetic genes, including
HMG-CoA synthase, HMG-CoA reductase, and squalene
epoxidase, which may account for the increase in skin free cho-
lesterol levels in SKO mice (34, 36).

The increase in skin free cholesterol levels may be due to an
inability to esterify cholesterol in the absence of sufficient
monounsaturated fatty acids, which are important components
of the skin cholesterol ester pool. The increase in skin free cho-
lesterol content is likely to be a significant cause of the skin
pathology observed in SKO mice (Fig. 1). Other mouse models
that display an increase in skin free cholesterol content, includ-
ing mice overexpressing human APOC1 (apolipoprotein C1)
and mice deficient in the cholesterol esterification enzyme acyl-
CoA:cholesterol acyltransferase-1, also display cutaneous
abnormalities similar to SCD1-deficient mice (50 –52). Inter-
estingly, the APOC1-overexpressing mouse also displays a sim-
ilar lean metabolic phenotype (51), like SCD1-deficient mice,
but any potential link between the cutaneous changes and met-
abolic alterations in this model has not been investigated.

Inflammation and Wound Healing in Skin of
SCD1-deficient Mice

Among the asebia mouse strains that harbor a natural muta-
tion in the Scd1 gene, the asebia J1 strain has been shown to
have no impairment in skin permeability (42) despite signifi-
cant sebocyte atrophy (Table 1). However, asebia 2J mice have
been reported to have increased skin permeability in conjunc-
tion with altered cutaneous lipid content (38). These results
suggest that ancillary factors, in addition to the sebaceous lipid
content of skin, may regulate the maintenance of an intact skin
barrier and thereby exert effects on whole body energy
homeostasis.

It has been suggested that the extent of epidermal inflamma-
tion may help explain some of the differences in skin perme-
ability between various strains of SCD1-deficient mice (38).
SKO mice displayed significantly increased skin inflammation,
evident from increases in expression of inflammatory genes
related to psoriasis, tissue damage, and the wound-healing
process (36). Although psoriasis is generally associated with
obesity (53–55), the observation of increased markers of wound
healing in the skin of SKO mice is potentially significant in
explaining the increased energy metabolism in these animals.
Wound healing is an extremely energy-intensive process (56 –
58). Following injuries where skin integrity is severely compro-
mised, including burn injuries that result in destruction of skin
structures like sebaceous glands, there is a marked increase in
energy expenditure and onset of cold intolerance (58 – 60), sim-
ilar to mice deficient in SCD1 (31, 34). Although elevation of
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ambient temperatures can apparently slow down metabolic
rate in patients with extensive burn injuries, patients with more
moderate burns do not show any decrease in metabolic rate
when exposed to higher ambient temperatures, closer to ther-
moneutrality (60). These observations are quite similar to the
metabolic changes observed in SKO mice (31, 34, 36), suggest-
ing that an increased energetic demand due to activation of
wound-healing processes could at least partially account for the
increase in energy expenditure observed in SCD1-deficient
mice (Fig. 1).

Altered Retinol Metabolism in Skin of SCD1-deficient
Mice

In addition to changes in the lipid content of the skin of SKO
mice, it has been recently shown that levels of vitamin A metab-
olites are significantly altered in the skin of these mice relative
to WT counterparts (36). Retinol, retinoic acid, and retinyl
esters were all significantly increased in the skin of SKO mice,
even when placed on a retinol-deficient diet (Fig. 1). This was
accompanied by increased expression of genes regulated by ret-
inoic acid activation of the retinoic acid receptor (RAR), includ-
ing RBP1 (retinol-binding protein-1) and CRAPB2 (cellular ret-
inoic acid-binding protein-2) (36). Additionally, the retinol
esterification gene lecithin-retinol acyltransferase was elevated,
and genes encoding proteins that oxidize retinol to retinalde-
hyde were decreased in the skin of SKO mice (36). Changes in
retinoic acid-induced gene expression are evident as early as 23
days of age in SKO mice, suggesting that these changes may
mediate the subsequent cutaneous abnormalities present in
SKO mice.

In addition to transactivating RAR, retinoic acid has also
been shown to bind to FABP5 (fatty acid-binding protein-5)
and transactivate peroxisome proliferator-activated receptor �
(PPAR�) (61, 62). Commensurate with the increased retinoic
acid levels in the skin of SKO mice, Fabp5 gene expression and
expression of target genes of PPAR� were also found to be sig-
nificantly elevated, suggesting increased PPAR� activation in
the skin of these mice (36). These results are potentially signif-
icant in explaining the cutaneous phenotype of SCD1-deficient
mice because PPAR�-overexpressing animals also present with
psoriasis and epidermal hyperplasia (63), similar to SCD1-defi-
cient mice. PPAR� has also been shown to be important to the
skin wound-healing response (64 – 67). The increase in PPAR�
signaling in SCD1-deficient mice may therefore be a compen-
satory response to cutaneous injury in these mice, since PPAR�
has been shown to be rapidly up-regulated following cutaneous
insults (64 – 67). However, whether or not increased PPAR�
signaling in skin is related to the hypermetabolic phenotype of
Scd1�/� and SKO mice has yet to be determined.

Conclusion

Although the exact mechanisms whereby SCD1 deficiency in
the skin may mediate whole body energy expenditure are still
under debate, the studies conducted thus far in mice with a
global deletion of SCD1, as well as skin-specific SCD1 ablation,
have demonstrated an important link between sebaceous lipids
and changes in diverse processes such as retinol metabolism,
chronic inflammation, and cold sensing. To understand the

contribution of each of these pathways to the hypermetabolic
phenotype of SCD1-deficient mice, future studies should be
aimed at selective rescue of signaling through each of these
pathways, potentially through the use of RAR or PPAR� antag-
onists or anti-inflammatory compounds. Additionally, experi-
ments involving skin-specific rescue of SCD1 in the setting of
global SCD1 insufficiency would provide much needed defini-
tive insight into the contribution of skin SCD1 to whole body
energy metabolism.
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With the advent of human induced pluripotent stem cell
(hiPSC) technology, it is now possible to derive patient-specific
cell lines that are of great potential in both basic research and
the development of new therapeutics for human diseases. Not
only do hiPSCs offer unprecedented opportunities to study cel-
lular differentiation and model human diseases, but the differ-
entiated cell types obtained from iPSCs may become therapeu-
tics themselves. These cells can also be used in the screening of
therapeutics and in toxicology assays for potential liabilities of
therapeutic agents. The remarkable achievement of transcription
factor reprogramming to generate iPSCs was recognized by the
award of the Nobel Prize in Medicine to Shinya Yamanaka in 2012,
just 6 years after the first publication of reprogramming methods to
generate hiPSCs (Takahashi, K., Tanabe, K., Ohnuki, M., Narita,
M., Ichisaka, T., Tomoda, K., and Yamanaka, S. (2007) Cell 131,
861– 872). This minireview series highlights both the prom-
ises and challenges of using iPSC technology for disease mod-
eling, drug screening, and the development of stem cell
therapeutics.

The minireviews in the series cover topics including the use
of differentiated cells derived from induced pluripotent stem
cells (iPSCs),2 such as heart cells (cardiomyocytes), in toxicity
assays with new or existing therapeutics and the use of iPSC-
derived cells for drug screening both for new drug candidates
and repurposing of existing drugs. Three minireviews focus on
the problems of using iPSC-derived cells in regenerative medi-
cine: immune issues for autologous therapy will be considered
in one minireview; the issue of genetic instability in iPSCs and
iPSC-derived cells will be considered in the second; and pre-
clinical studies with iPSCs and iPSC-derived cells will be dis-
cussed. Finally, molecular techniques for correction of gene
mutations in iPSCs will be covered.

In the first minireview of the series, Kyle Kolaja discusses
“stem cells and stem cell-derived tissues and their use in safety
assessment” (1). Toxicology research has traditionally relied on
animal studies to provide preclinical safety assessment of vari-
ous therapeutic agents under development. With the advent of
stem cell and iPSC technology, these cells and their differenti-
ated counterparts provide an attractive alternative to animal

testing. In this article, Kolaja discusses the state of the art for a
number of stem cell-derived tissues and their application in
toxicology research. Kolaja proposes that future toxicology
studies will integrate genetic diversity in screening as well as
complex in vitro derived organoids, three-dimensional models
of human organs.

In the second minireview, Sandra J. Engle and Fabien Vincent
discuss “small molecule screening in human induced pluripo-
tent stem cell-derived terminal cell types” (2). Because hiPSCs
offer a means to generate genetically defined cellular disease
models, there is tremendous potential in using hiPSC-derived
cell types for drug screening. Engle and Vincent discuss small
molecule high throughput screening in hiPSC-derived cells and
how such screens are beginning to influence the drug discovery
process in both academic and industrial settings. However, the
authors note that numerous challenges must be overcome for
such screening efforts to yield new therapeutic agents. None-
theless, hiPSC technology may have a profound impact on just
how drug discovery is conducted in the future.

Next, Zachary S. Scheiner, Sohel Talib, and Ellen G. Feigal dis-
cuss “the potential for immunogenicity of autologous induced plu-
ripotent stem cell-derived therapies” (3). Although hiPSC tech-
nology offers the promise of immune-matched cellular
therapies for a wide range of diseases and injuries, numerous
challenges also must be overcome before this promise is real-
ized in the clinic. For example, it is widely held that autolo-
gous iPSCs will be immune-privileged; however, recent stud-
ies have tested the immunogenicity of hiPSCs, and varying
results have been obtained. Thus, the development of strategies
to avoid an immune response is of paramount importance
prior to initiation of human clinical trials with stem cell-
derived cell types. The authors review recent studies on
autologous iPSC immunogenicity, its potential causes, and
approaches for assessment and mitigation.

In the next minireview focusing on problems using hiPSCs as
therapeutics, Suzanne E. Peterson and Jeanne F. Loring discuss
“genomic instability in pluripotent stem cells: implications for
clinical applications” (4). Human stem cells and iPSCs have
been shown to acquire genomic changes as they proliferate and
differentiate. For the successful use of hiPSCs in regenerative
medicine, it is crucial to understand whether such genomic
changes will be deleterious or simply innocuous. For example,
tumor-causing mutations will need to be avoided, so necessary
precautions will need to be taken to avoid adverse conse-
quences in regenerative medicine. This minireview summa-
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rizes our current knowledge and provides a prospective view for
the field.

Next, John Harding and Oleg Mirochnitchenko discuss “pre-
clinical studies for induced pluripotent stem cell-based thera-
peutics” (5). The authors provide a review of preclinical appli-
cations, including the use of iPSCs to treat diseases of the liver,
nervous system, eye, and heart and metabolic conditions such
as diabetes. Although these studies illustrate the significant
potential of iPSC-derived cells, they also identify numerous
challenges that must be addressed before moving to clinical
trials. These include rigorous quality control and efficient pro-
duction of required cell populations; improvement of cell sur-
vival and engraftment; development of technologies to monitor
transplanted cell behavior for extended periods of time; and
solving problems related to immune rejection, genetic instabil-
ity, and tumorigenicity. Testing the efficacy of iPSC-based ther-
apies requires further improvement of animal models precisely
recapitulating human disease conditions.

Finally, Mo Li, Keiichiro Suzuki, Na Young Kim, Guang-Hui
Liu, and Juan Carlos Izpisua Belmonte discuss gene editing in
iPSCs in their article entitled “A Cut above the Rest: Targeted
Genome Editing Technologies in Human Pluripotent Stem
Cells” (6). Genome editing techniques offer the possibility to cor-
rect disease-causing mutations and transform patient cells into
normal counterparts for regenerative medicine. Izpisua Belmonte
and colleagues provide an overview of the various genome editing
tools in current use, including zinc finger nucleases (ZFNs), tran-

scription activator-like effector nucleases (TALENs), clustered
regularly interspaced short palindromic repeat (CRISPR)/CAS9
RNA-guided nucleases, and helper-dependent adenoviral vec-
tors (HDAdVs). The authors discuss the features and limita-
tions of these technologies, as well as how genome editing will
benefit both basic research and therapies. These breakthroughs
in gene engineering techniques have further enhanced the
potential of iPSC-based screening and therapy as discussed in
the minireview. The editors hope that this series will be a useful
resource for scientists in the iPSC field and those who wish to
enter this exciting area of research.
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Toxicology has long relied on animal models in a tedious
approach to understanding risk of exposure to an uncharacter-
ized molecule. Stem cell-derived tissues can be made in high
purity, quality, and quantity to enable a new approach to this
problem. Currently, stem cell-derived tissues are primarily
“generic” genetic backgrounds; the future will see the integra-
tion of various genetic backgrounds and complex three-dimen-
sional models to create truly unique in vitro organoids. This
minireview focuses on the state of the art of a number of stem
cell-derived tissues and details their application in toxicology.

Delineating the toxicological profile of a new molecular
entity is an incremental investigation across in silico, in vitro,
and in vivo models that culminates in an informed opinion of
risk. Many of these assessments are conducted to comply with
regulatory guidance documents and rely heavily on the use of
animal toxicology studies. This approach is slow and costly and
still results in unappreciated “surprises” when preclinical ani-
mal data uncover intractable toxicity that has an unclear corre-
lation with the drug’s effect in humans. Primary cell culture has
long been the preferred cell-based system for in vitro research;
however, ample and consistent supply, uncontrolled pheno-
typic variation in viability and function, and a progressive loss
of in vivo properties when cultured among other constraints
provide room for improved models of predicting human
adverse responses. One potential opportunity is seen in the
chemical industry in the European Union, where the Registra-
tion, Evaluation, Authorization, and Restriction of Chemicals
(REACH) mandates safety testing for all high production vol-
ume chemicals and soon lower production volume entities as
well, requiring a new standard of product safety (1). Accord-
ingly, cost-conscience improvements to the early safety screen-
ing would align with the 3Rs principles of refine, reduce, and
replace the use of animals in research, which occurs in concert
with integrating innovative technologies and approaches into
all areas of safety assessment (2).

No field better highlights the opportunity to embrace the 3Rs
principles while improving human safety than human pluripo-
tent stem cell (hPSC)2-derived tissues. Advances in recent

years, in particular the ability to reprogram adult cells such that
they acquire an embryonic stem cell (ESC)-like phenotype, not
only alter the ethical debate related to the harvest of ESCs but
open brand new avenues of research on the path to true person-
alized medicine. One can envision a day when personalized
induced pluripotent stem cells (iPSCs) turned into tissues of
interest can assess drug safety and efficacy prior to exposing a
patient. Although the discovery of iPSC reprogramming was a
watershed moment, the true potential still resides in the ability
to differentiate those cells down a lineage of interest in high
quality, purity, and quantity to enable research and ultimately
demonstrate clinical benefit. For a number of tissues, including
cardiomyocytes, hepatocytes, endothelial cells, hematopoietic
precursors, and different types of neurons, high quality cells are
available currently, yet a long road is ahead to manufacture
other cell types such as podocytes, keratinocytes, pancreatic
beta islet cells, and tissue-specific endothelium before making
true in vitro “organoids.” Although personalized cell models
and therapy represent the future, current stem cell research in
toxicology primarily uses “normal” genetic background cells
and thus will be the focus of this minireview.

The majority of this minireview is focused on differentiated
tissues; however, it is important to pay tribute to the first stem
cell-based toxicology assay, designed to predict embryonic-fe-
tal developmental toxicity using mouse ESCs. The regulatory
attitude toward assessing teratogenicity changed abruptly after
the thalidomide disaster, when thousands of children were
born with severe defects (phocomelia, or shortening of the
limbs). Fast forward 30 years, and European Centre for the Val-
idation of Alternative Methods validated a number of in vitro
teratogenicity testing models, including the rat whole embryo
culture, the limb bud micromass assay, and the mouse embry-
onic stem cell test (mEST), and deemed these assays as suitable
for consideration for regulatory acceptance and submission
documents (3, 4).

The mEST assesses whether or not a drug impairs differen-
tiation of mouse ESCs to form beating cardiomyocytes and
includes cytotoxicity as a secondary end point (5, 6). The vali-
dation set of 20 chemicals was reproducible among different
laboratories, and the overall correlation between in vitro and in
vivo data was �75%. Broader testing of the assay beyond the
initial validation set of compounds revealed lower performance
(7). Subsequent publications improved the algorithm by devel-
oping models that use selected gene expression profiling to
enhance the discrimination between embryotoxicants and
non-embryotoxicants (8) One publication using 77 compounds
identified molecular differentiation markers, reduced the assay
to a single sampling time point, shortened the cytotoxicity assay
(which allowed the definitive test to be only a single test con-
centration), and revealed an overall accuracy of �72% (8).

* This is the first article in the Thematic Minireview Series “Development of
Human Therapeutics Based on Induced Pluripotent Stem Cell (iPSC)
Technology”.
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Despite optimization, automation, and molecular improve-
ments, use of a mouse cell assay will have issues of cross-species
predictivity when one is ultimately concerned with identifying
human teratogens. Classic examples of human-specific terato-
gens such as thalidomide and isotretinoin come to mind (9) but
also coumarin and streptomycin (10). In addition, a number of
drugs and chemicals show discordant responses in the target
organ of teratogenic response from mice to humans (lithium,
valproic acid, busulfan, chlorambucil, and cytarabine). Finally,
the concordance across 289 compounds for mouse teratogenic-
ity results to humans is 59% (10). Although caveats exist for in
vitro models, the importance in developing a stem cell-based
embryo toxicity assay that is relevant to humans is summarized
succinctly by the senior author of the original mEST: “The ulti-
mate and most challenging goal in improving the mEST is to
use human ESCs in a hEST, thus avoiding the extrapolation of
responses from animals to humans . . . ” (11).

The number of compounds evaluated in human EST assays is
limited. Challenges (such as the low rate of embryoid body for-
mation with human cells and hPSCs is developmentally more
similar to later stage murine post-implantation-derived epi-
blast stem cells than to blastocyst-derived murine ESCs (12–
14)) suggest that changes in assay conduct from the mEST
approach are necessary. For example, instead of embryoid body
formation, gene expression analysis can be used, as ethanol
increased endodermal differentiation, retinoic acid (RA)
altered genes involved in neural development, and thalidomide
affected both endodermal and neural genes (15). RA, a well
known teratogenic agent, affected neural rosette formation
with concentration-dependent morphological alteration and
gene expression changes similar to those induced in vivo by RA
exposure (16). A study examining a large set of compounds in
human pluripotent cells used metabolomics as the discriminat-
ing variable and had �70 – 80% prediction of reproductive tox-
icity (17). Early expression analysis of differentiating human
ESCs revealed a robust correlation with mesendoderm markers
such as T-Brachyury, EOMES, and SOX-17 and correctly clas-
sified 55 of 59 compounds with their appropriate teratogenic
response in vivo (18). Taken together, these data confirm an
improvement for human over mouse models.

Cardiomyocytes

The first intact organ to form, the heart, was also the first organ
to be used extensively in hPSC-derived research. Disruption of
cardiac function, due to either overt cellular damage/loss or alter-
ation of cardiac action potentials, is a major toxicological concern
and has halted a number of drugs in development or led to their
removal from the marketplace (19). Thus, cardiovascular safety
pharmacology is evaluated early and often in drug develop-
ment, often starting with heterologous expression systems eval-
uating isolated cardiac ion channels (e.g. hERG (human ether-
à-go-go-related gene)). This system is sensitive and amenable to
high throughput screening, but the obvious lack of the remain-
ing complement of cardiac ion channels involved in the concert
of voltage-dependent contraction results in loss of accuracy
(20). The hERG channel is of particular interest, as inhibition of
this channel causes delayed repolarization and prolonged QT
and may lead to ventricular tachyarrhythmia such as life-

threatening torsades de pointes. The correlation at each step
from hERG inhibition to QT prolongation to arrhythmia to
torsades de pointes is far from perfect, and better tools to
understand the molecular cascade of events are needed. Subse-
quent models such as isolated cardiac tissues, primary cells, and
perfused intact hearts are labor-intensive and suffer from prep-
aration variability, limited time frame of suitable experimenta-
tion, expense, and need to coordinate tissue collection from
living organisms, resulting in a suboptimal predictive milieu
(21). Thus, cardiac safety pharmacology has a deficiency in the
early prediction of human electrophysiological events, and
studies with hPSC-derived cardiomyocytes have promise in fill-
ing this gap.

hPSC-derived cardiomyocytes are similar to their in vivo car-
diac counterparts. hPSC-derived cardiomyocytes express the
major cardiac ion channels, demonstrate cardiac action poten-
tials, and respond in identifiable and anticipated ways to known
cardioactive molecules using a number of approaches, includ-
ing patch clamping, multielectrode arrays (MEAs), and imped-
ance (22, 23). hPSC-derived cardiomyocytes exhibit car-
diomyocyte morphology, including sarcomeric structures, and
express a fetal gene expression pattern (24). In terms of drug
response, both MEA and patch clamping revealed that hPSC-
derived cardiomyocytes have the anticipated dose-responsive
effects on beat rate and electrophysiological changes across a
set of 43 compounds (25) and across 19 different compounds
(26). MEA and impedance across 28 cardioactive drugs indi-
cated a strong correlation between in vitro findings and known
in vivo arrhythmia and QT prolongation effects (27). An in vitro
surrogate for drug-induced arrhythmia was described and
shown to be attenuated with the calcium channel blocker
nifedipine, suggesting a molecular relationship with early
afterdepolarization and arrhythmia. Importantly, the above-
mentioned studies demonstrate the robust utility of hPSC-
derived cardiomyocytes to predict QT prolongation and
arrhythmia over rote hERG screening and make them an
excellent complement to drug discovery and safety pharma-
cology, potentially reducing the need for extensive QT eval-
uation in clinical development.

Although safety assessment is a slowly changing field, an
opportunity exists for hPSC-derived cardiomyocytes across the
entire landscape of drug discovery and development. In addi-
tion, to improve early safety screening, a larger opportunity
downstream in clinical development is obviating the need for
extensive QT evaluation. The E14 clinical guidance document
issued by ICH in 2005 details conducting a dedicated study to
quantify the QT interval effect of a new molecular entity, the
thorough QT/QTc (TQT) study. This study is designed to con-
fidently identify compounds that do not prolong the QTc by 10
ms and thus reduce or eliminate additional electrocardiogram
monitoring. The underlying hypothesis is that QT prolonga-
tion would create a pro-arrhythmic environment and conse-
quently put exposed patients at risk of arrhythmia. At present,
“clean” preclinical data as mandated by ICH7A and ICH7B do
not automatically eliminate the need for a TQT trial. A large
sample set of compounds has been tested in TQT, so it would be
an opportune testing set for determining if hPSC-derived mod-
els could provide equivalent decision-making information.
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An area of research for hPSC-derived tissues is obtaining a
mature adult phenotype. hPSC-derived cardiomyocytes resem-
ble a fetal, relatively immature cardiac phenotype. The exact
degree of maturation required will vary with the end point of
evaluation. For example, hPSC-derived cardiomyocytes for QT
and arrhythmia detection show a strong correlation with intact
adult responses, even though the cells exhibit a less than fully
mature phenotype. In contrast, hypertrophy, where injury
response is predicated on the re-expression of fetal marker
genes such as brain natriuretic peptide or �-myosin heavy chain
(28), will require maturation to decrease background levels of
marker genes to detect an increase in response to stimuli.
Efforts to develop a more mature phenotype include three-di-
mensional and patterned microenvironment (29). In addition,
because small molecules are often added to directed differenti-
ation protocols, they could be used to encourage maturation
(30). Alternatively, hPSC-derived cardiomyocytes at the cur-
rent maturity could be studied and the cardiac channels decon-
structed such that a mature phenotype could be generated via
computer-based modeling (31). A less optimal approach to
maturity is to culture for extended periods of time, as 1 year in
culture led to myosin and band changes indicative of adult car-
diomyocytes (32, 33). Thus, there are a multitude of avenues to
explore maturing cardiomyocytes should the scientific need
arise.

Although much emphasis has been placed on electrophysi-
ological applications, hPSC-derived cardiomyocytes are also
useful to study cardiotoxicity. hPSC-derived cardiomyocytes
are distinct from other in vitro cardiac models because they
maintain voltage-dependent contractions for indefinite periods
of time, have a maturing phenotype, and exhibit in vivo relevant
drug responses (19, 27, 34, 35). The voltage-dependent con-
tractile properties exhibited in vitro are essential and necessary
to replicate the primary in vivo role of cardiomyocytes. For
mechanistic toxicology questions, one must assess rhythmic
perturbations and consequences of energy production as they
relate to drug-induced cardiotoxicity simultaneously. hPSC-
derived cardiomyocytes were used to help tease out the mech-
anism of cardiotoxicity of a drug development compound that
induced mild cardiac myofiber loss and also had extensive elec-
trophysiological effects, the latter of which were determined as
the driving factor (27, 36). These types of studies guide subse-
quent mechanistic efforts to the true mechanistic cause, e.g.
overt cardiac injury leading to electrophysiological abnormali-
ties or vice versa. hPSC-derived cardiomyocytes were used to
interrogate potential kinases, including AMP-activated protein
kinase, ribosomal S6 kinase, and aurora kinase, involved in the
cardiotoxicity of sunitinib. Again, the mechanistic evaluation of
cardiotoxicity in a beating model was crucial, as sunitinib was
discovered to inhibit hERG as well as other cardiac ion channels
in addition to potent cytotoxicity (37). hPSC-derived models of
cardiac injury have shown that cardiac troponins and cardiac
natriuretic peptides can be useful biomarkers of cardiac dam-
age induced by chemotherapeutic agents (38), as can the release
of troponin T and FABP3 (fatty acid-binding protein 3) follow-
ing doxorubicin-induced cardiac necrosis (39) Using a variety
of molecular markers, including mitochondrial membrane
potential, endoplasmic reticulum integrity, Ca2� mobilization,

and membrane permeability, combined with an assessment of
cell viability, hPSC-derived cardiomyocytes were shown to be
more predictive than primary dog cardiomyocytes and H9c2
cells when taking therapeutic concentration into consideration
(40, 41). Across a panel of cardiotoxic and non-cardiotoxic
kinase inhibitors, mitochondrial dysfunction was identified as a
critical component of injury of many of these compounds (40).

hPSC-derived cardiomyocytes are valuable in the pursuit
to assess electrophysiological and cardiac toxicity. hPSC-de-
rived cardiomyocytes provide a direct assessment of human
responses without concern of cross-species extrapolation,
and electrophysiological models are being developed to
obviate extensive and potentially redundant clinical assess-
ments of cardiac safety pharmacology. In any event, the pro-
duction of consistent, genetically similar (or diverse as specific
questions arise) cells with consistent electrophysiological
responses to treatment across and within experiments has pro-
vided stability to hPSC-derived model research. Although not
the scope of this minireview, iPSC-derived cardiomyocytes
from a range of patients with a diversity of cardiac abnormali-
ties, including long QT1, long QT2, long QT3/Brugada syn-
drome, long QT8/Timothy syndrome, and catecholaminergic
polymorphic ventricular tachycardia, have already been created
and can be used to help draw clear associations with genetic
information and functional consequences, a step that will be
paramount to optimizing and personalizing drug therapy in the
future.

Neurons

Although not as extensive as hPSC-derived cardiomyocytes,
hPSC-derived neurons have similarly offered a novel platform
for research into the neurotoxicity of drugs and chemicals. The
neonatal development status of hPSC-derived neurons has
been leveraged to understand the deleterious drug effects on
the process of neurodevelopment (42, 43). Because cultured
hPSC-derived neurons rapidly and continually develop neu-
rites to enable cell-cell communication, the ability to demon-
strate long-term potentiation in vitro is a possibility (44). The in
vivo-like properties of hPSC-derived neurons are also being
used to study phenotypic end points beyond neurite out-
growth, including electrical activity, migration, and overt
cellular morphology, which can be coupled with traditional
measurements such as biochemical assays and gene expres-
sion analysis (45, 46).

hPSC-derived neurons have shown specific applications in
toxicology. Because hPSC-derived neurons are sensitive to bot-
ulinum toxin, an assay has been developed that can effectively
replace animal testing for botulinum toxicity assays (47). The
authors demonstrated that molecular targets of botulinum
toxin uptake and toxicity are expressed in hPSC-derived neu-
rons; thus, the assay replicates appropriate in vivo toxicity
mechanisms. MEA was used to demonstrate subtle perturba-
tions in electrical activity in ESC-derived neurospheres and was
more sensitive than measurements of cellular injury and cyto-
toxicity (48, 49). By way of example, hPSC-derived neurons
were detectably sensitive to known neurite outgrowth inhibi-
tors such as bisindolylmaleimide I, U0126, lithium, sodium
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orthovanadate, and brefeldin A; thus, the end point of neurite
outgrowth could be an in vitro hallmark of neurotoxicity (45).

hPSC-derived neurons have been used in conjunction with
chemical libraries to inform and investigate mechanism of
action. In a discovery pharmacology screening model with tox-
icological underpinnings, hPSC-derived neurons were used to
determine the mechanism of toxicity of amyloid-�42 accumu-
lation (a biomarker of Alzheimer disease) as a re-entry into the
cell cycle, as specific Cdk2 inhibitors attenuated toxicity. In
addition, the model of amyloid-�-induced cytotoxicity in
hPSC-derived neurons was used to screen a compound library
to identify novel drug targets (50). Using dopaminergic neurons
derived from human ESCs, a collection of 720 Food and Drug
Administration-approved drugs was examined for molecules
that were selectively cytotoxic to progenitor neurons but non-
cytotoxic to differentiated neurons. Although this experiment
was designed with aspirations to assist in purifying a cell ther-
apy product of contaminating proliferative cells, one could
envision using this type of library screening approach to iden-
tify molecules that are potently toxic to the neuronal progenitor
population (51). The anesthetic ketamine has been shown to be
neurotoxic, and hPSC-derived neurons were used to study the
mechanism. Ketamine increased neural stem cell proliferation
and caused neuronal apoptosis in a mitochondrion-dependent
mechanism (52).

Neurotoxicology models have benefited from access to
hPSC-derived neurons. For example, iPSC lines have been
made from Parkinson disease, Alzheimer disease, spinal
muscular atrophy, familial dysautonomia, Rett syndrome,
and schizophrenia and have been differentiated into neu-
rons. These models recapitulate neurodegenerative disease
and allow one to predict the beneficial and deleterious effects of
pharmaceutical agents prior to exposing patients. As with many
other in vitro studies, strictly relying on cell viability assays is
limited in predictive power, and the integration of functional
end points that underlie the sophisticated events of neurophar-
macology, electrical activity, cell signaling, and mechanistic
cascade following injury alongside morphologic assessment
such as neurite outgrowth and cell replication will greatly
expand the utility of hPSC-derived neurons in the field of
toxicology.

Hepatocytes

To an in vitro toxicologist, hepatocytes are the most sought
after cell type. Primary cultured hepatocytes, the current gold
standard for in vitro liver-based questions, are an integral part
of early safety assays, including generic cellular toxicity signals,
metabolic drug activation, P450 induction signals, transporter
activity, formation of toxic drug metabolites, and impairment
of mitochondrial function, to name just a few. Parenchymal
hepatocytes are the major cell type of the liver and, when cul-
tured, can retain many physiological functions of intact liver,
albeit only for a limited time, and exhibit cytochrome P450
levels that vary greatly from preparation to preparation (53).
Consequently, there is a strong need for a human-specific in
vitro test system that mirrors the critical characteristics of the
liver, and extensive efforts are being directed toward the estab-
lishment of hPSC-derived hepatocytes.

To date, hPSC-derived hepatocytes with robust properties
have been challenging to efficiently produce, largely due to dif-
ficulties in obtaining a mature metabolic phenotype. For full
implementation of hPSC-derived hepatocytes in toxicology,
the cells need to have the ability to metabolize drugs via the
CYP450 family of phase I enzymes, as drug-induced liver injury
is in part due to CYP450-dependent formation of reactive
metabolites that damage cellular macromolecules, exert hepa-
totoxicity, and potentially form immunogenic liver protein
adducts. In hPSC-derived hepatocytes, the expression of
CYP3A4, the most abundant cytochrome P450 in the liver, was
present but at lower levels in stem cell-derived hepatocytes
compared with human liver or primary human hepatocytes
even after induction with xenobiotics (54 –56). In contrast,
other P450s such as CYP1A2 demonstrate comparable levels in
hPSC-derived hepatocytes as primary human hepatocytes (57,
58). The activity of four major human liver cytochromes
(CYP1A2, CYP2C9, CYP3A4, and CYP2D6), as well as metab-
olite profiling of bufuralol, a nonselective �-adrenoreceptor-
blocking agent, indicated comparable metabolic activity of
ESC-derived hepatocyte-like cells compared with primary
human hepatocytes. In addition, four new metabolic pathways
of bufuralol were identified, expanding the total number of
known metabolic pathways for this molecule (59). The activity
of GSTs has been shown to also be comparable to that of pri-
mary human hepatocytes, despite differential and, in some
cases, lower expression of the various GST subunits (60).
Although limited, these examples highlight the potential for the
current version of hPSC-derived hepatocytes to be at least
equivalent to that of primary human hepatocytes.

Similar to other hPSC-derived tissues and hepatocytes from
pluripotent cells, efforts have been taken to identify a means to
produce a more mature phenotype. Extended culturing has
been shown to lead to a more mature phenotype; for example,
�1-antitrypsin secretion increased by nearly 6-fold after 6 –7
weeks of culturing, although it was still less than primary
human hepatocyte levels (61). Additionally, �-fetoprotein lev-
els dropped and CYP3A4 levels increased after 8 weeks of cul-
ture of hPSC-derived hepatocytes (62). The re-creation of a
three-dimensional matrix environment and the use of co-
culture with stromal cells also appeared to increase the dif-
ferentiation and function of hPSC-derived hepatocytes (63,
64). Although others have used genetic engineering to
express hepatic transcription factors such as HNF4� to drive
maturation (65), the use of small molecule “modifiers” is
common in differentiation protocols and could similarly be
used to enhance the maturation status of hPSC-derived
hepatocytes (66).

Limited publications exist currently on the use of hPSC-de-
rived hepatocytes in toxicology. However, a few publications
have shown promising data. Across a panel of 15 compounds
that were known non-carcinogens, genotoxic carcinogens, and
non-genotoxic carcinogens, gene expression analysis identified
a subset of �600 genes that separated the classes with 95%
confidence and yielded biologically meaningful classification.
The gene set identified also highly correlated with expression
profiles from primary human hepatocytes (63). Another publi-
cation showed that hPSC-derived hepatocytes were sensitive to
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D-galactosamine hepatotoxicity, which could be attenuated by
prostaglandin E1 (67). Although there are limited data on the
utility of hPSC-derived hepatocytes in toxicology, the true
assessment of their value will be determined once more adult-
like metabolic expression is achieved.

Conclusions

hPSC-derived tissues have only recently been produced in
sufficient quality and quantity to enable basic drug research in
pharmacology and toxicology (Fig. 1). However, the field is
moving rapidly past the initial curiosity stage, where more
reviews are written than primary data publications, into the
brass tacks of true research investigations. By example, many
public and private laboratories are using hPSC-derived tissues
for screening to identify new targets and drug molecules. The
improved biological properties of hPSC-derived tissues become
even more useful when combined with an increasing number of
sophisticated tools to introduce precise genetic, gene, and
chromosomal alterations; stem cell-derived tissues can be
engineered to replicate a disease, express factors to enable
differentiation or maturation, or introduce biomarker-re-
porting constructs. Similarly, hPSC banking efforts such as
those announced by the California Institute for Regenerative
Medicine and the Innovative Medicines Initiative will collect
thousands of samples from diverse patient genetic and dis-
ease backgrounds, which, coupled with high quality manu-
facturing of hPSC-derived cells, will shed much light on the
connection of genotype to phenotype.

Although the seminal work on the embryonic stem cell test
provided a clear example of the in vitro to in vivo correlative
power of stem cells, the safety pharmacology applications of
hPSC-derived cardiomyocytes could have a major impact on
pharmaceutical drug development. The cost impact of hERG

signals and QT prolongation has cast a long shadow from pre-
clinical research into late stage drug development, and the data
generated from hPSC-derived cardiomyocytes not only can
help in selecting better candidates at the outset and provide
context to the high false positive rate of hERG channel inhibi-
tion but may also be suitable in obviating the need for costly
clinical safety trials such as the TQT study. hPSC-derived neu-
rons and hepatocytes are just beginning to be investigated but
have already provided a more substantial human model for
research. Although it is still early days, substantial financial
effort has been placed on creating so-called “man-on-a-chip”
models, where hPSC-derived tissues will be the primary cell
format of choice given their robust reproducible manufac-
turing coupled with the ability to make cells from patients
with known medical conditions. The challenge to use this
technology as a suitable replacement for animal models is
enormous, yet if these approaches produce better multicel-
lular in vitro organoids that can improve our understanding
of human disease as well as beneficial and deleterious drug
responses, the effort will be warranted. Many technology
improvements have been full of promise at the outset, yet
hPSC-derived tissues are grounded in strong scientific
rationale and are already improving our ability to investigate
physiology, pharmacology, and toxicology.
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A need for better clinical outcomes has heightened interest in
the use of physiologically relevant human cells in the drug dis-
covery process. Patient-specific human induced pluripotent
stem cells may offer a relevant, robust, scalable, and cost-effec-
tive model of human disease physiology. Small molecule high
throughput screening in human induced pluripotent stem cell-
derived cells with the intent of identifying novel therapeutic
compounds is starting to influence the drug discovery process;
however, the use of these cells presents many high throughput
screening development challenges. This technology has the
potential to transform the way drug discovery is performed.

Despite substantial investment in research and development,
the drug discovery industry has struggled in recent years to
deliver safe and efficacious new medicines to address signifi-
cant unmet clinical needs. Numerous reasons for this lack of
productivity have been proposed, and the drug discovery indus-
try has been intensely scrutinizing how it identifies potential
new medicines (1–3). Because clinical outcomes are predicated
on choosing the right target(s) and molecular entity for the
right disease (4), much of the attention has been focused on the
earliest stages of drug discovery.

Two major approaches to the discovery of small molecule
drugs are generally being pursued: target-based and pheno-
typic. With the first, a link between a disease state and modu-
lation of a specific molecular target is postulated, thus allowing
for a more focused search (5). With the latter, researchers aim
to discover chemical entities affecting a given phenotype using
a biological system (cell, organ, animal) thought to be repre-
sentative of the disease (6, 7). With either approach, this pro-
cess usually begins with an in vitro high throughput screen
(HTS)2 in which a large number of chemical compounds are
tested in a biochemical or cell-based assay (Fig. 1) (8). It is crit-
ical to note that the ultimate success of the drug discovery pro-
cess depends in large part on whether the target or phenotype

assayed in the HTS is relevant to the disease indication being
pursued (9).

Mounting evidence suggests that capturing the biological
complexity of the disease state in the earliest in vitro assays
results in better clinical translation (10). This has driven a
renewed interest in the use of physiologically relevant models in
the drug discovery process (11–13). Historically, such models
consisted primarily of animal disease models (in vitro and in
vivo) as well as patient-derived primary human cells. Clear lim-
itations are associated with these models, including the increas-
ingly documented lack of human disease relevance of the for-
mer and the very limited availability of the latter, with only few
specific cell types being easily accessible from patients in signif-
icant numbers (14, 15).

Patient-specific human induced pluripotent stem cells
(hiPSCs) offer a novel source of human cells for drug discovery.
These cells are derived from postnatal somatic cells through
transient ectopic expression of pluripotency-associated tran-
scription factors, which establishes an epigenetic state able to
maintain unlimited proliferation capacity in the undifferenti-
ated state while retaining the ability to differentiate into any
somatic cell type under the appropriate culture conditions (16,
17). Importantly, because hiPSCs can be generated from post-
natal cells, it is possible to make human pluripotent stem cell
lines from specifically selected patients with relevant thor-
oughly sequenced genotypes, well characterized disease, and/or
known positive/negative response to drug(s). This makes it pos-
sible to investigate the genotype-phenotype-drug response
relationship in a controlled and systematic manner. Panels of
patient-specific hiPSCs representing the spectrum of the dis-
ease and/or drug response can be generated and differentiated
into relevant cell type(s). Because the hiPSC-derived cells initi-
ate from a renewable source, unlike primary human cells, they
can be delivered on a predictable timetable over the 2–5 years
necessary to run a drug discovery program, thus facilitating the
pharmacological screening process. If longitudinal clinical data
associated with the hiPSC line are collected and coupled with
accumulating data from different assays and drug screens over
time, the opportunity to translate in vitro preclinical response
into clinical outcome becomes unprecedented.

A wide variety of small molecule screens using mouse or
human pluripotent stem cells have been described in the liter-
ature. Initial screens focused on identifying factors promoting
pluripotent stem cell survival and/or proliferation (18 –22) and,
more recently, inhibition of pluripotency to increase the poten-
tial safety of transplanted stem cell-derived cells (24). With the
advent of hiPSCs, multiple screens were performed to identify
small molecule enhancers of reprogramming (25–27). Addi-
tional screens have focused on identifying factors that enhance
differentiation to a specific cell lineage or that increase the
functional phenotype of a stem cell-differentiated cell type
(28 –32). Specific stem cell-derived cell types, particularly car-
diomyocytes and hepatocytes, are increasingly being used in
toxicology testing of compounds with approaches sharing
many of the features of small molecule efficacy screens (33–37).
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Technology.”
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In 2010, McNeish et al. (38) described a �2-million compound-
calcium flux HTS in wild-type mouse stem cell-derived neu-
rons to identify positive allosteric modulators of the AMPA
receptor in what was arguably the first HTS utilizing stem cell-
derived cells. They confirmed human translatability by showing
a similar rank order in hit potency using human stem cell-de-
rived neurons. More recently, Yang et al. (39) described a much
smaller image-based screen (�5000 compounds) in motor neu-
rons derived from wild-type and SOD1G93A mutant mouse
embryonic stem cells to identify neuroprotective compounds
for amyotrophic lateral sclerosis. Additionally, a growing body
of literature has reported two- to five-compound hypothesis
testing experiments in studies focused on delineating pheno-
types associated with patient-specific human stem cell-derived
cells (40 – 45). In a slightly larger screen using presumed normal
human stem cell-derived dopaminergic neurons, Peng et al.
(46) evaluated 44 compounds previously documented to be
neuroprotective in rodent or human cell line models or in vivo
rodent models in a 1-methyl-4-phenylpyridinium neuroprotec-
tion assay with follow-up screening in a rotenone neuroprotec-
tion assay. Interestingly, they found that only 16 of the 44
compounds showed efficacy in their initial 1-methyl-4-phe-
nylpyridinium assay. They attributed their findings to short-
comings in the earlier assays to reflect the human disease
because positive and negative findings in this assay correlated
with positive and negative outcomes in human clinical trials.
Collectively, these experiments have helped lay the conceptual
groundwork for small molecule screens in hiPSC-derived cells

with direct applicability to identifying novel compounds with
symptom- or disease-modifying properties.

To date, only a handful of drug efficacy screens evaluating
from hundreds to thousands of small molecules in hiPSC-de-
rived cells have been reported (Table 1). The vast majority of
these screens focus on stem cell-derived neural progenitors or
neurons, arguably the most well developed and extensively
explored human stem cell-derived differentiation pathway
(47–51). Choi et al. (52) have provided a notable exception in
using stem cell-derived hepatocyte-like cells generated from
�1-antitrypsin-deficient patient hiPSCs in an immunofluores-
cence screen to detect inhibition of mutant �1-antitrypsin
accumulation. Most of the researchers generated the terminal
cell types themselves, although Xu et al. (53) described using
commercially available, presumed normal, predominantly fore-
brain GABAergic and glutamatergic neurons to screen for
inhibitors of amyloid-�(1– 42) toxicity by measuring neurite
outgrowth. Although a majority of the screens reported use
high content imaging, Lee et al. (54) used quantitative PCR
(qPCR) to detect changes in transcript levels of the target gene
(IKBKAP), and Charbord et al. (55) introduced a luciferase-
based reporter plasmid to detect changes in target (REST)
activity. The compound libraries chosen for screening generally
contained known bioactive molecules (56), some with clinically
relevant information. Although these screens differ on specific
details, when taken together, they serve to highlight the many
parameters that must be addressed at both the cell and assay

FIGURE 1. Definition of what constitutes HTS may vary but is usually understood to encompass the testing of chemical libraries containing several
thousand to several million molecules. Potentially active compounds, called “hits,” are evaluated in a series of additional in vitro pharmacology assays,
termed secondary assays, to validate their action against the target or the phenotype being studied and to further demonstrate the relevance of their
pharmacological actions to the disease. As the drug discovery program continues, structural analogs of the initial hits are synthesized to carry out structure-
activity relationship studies to improve desirable characteristics (potency, solubility, selectivity, etc.) while minimizing or eliminating undesirable attributes
(rapid metabolic clearance, cellular toxicity, etc.). As compounds emerge with the desired characteristics, more in-depth in vitro and in vivo studies are
performed to validate the efficacy, safety, and pharmacokinetic profiles of the lead compounds in suitable models before selecting a clinical candidate. This is
a highly coordinated process involving a multidisciplinary team.
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level to develop and execute a successful stem cell-derived drug
efficacy screen.

HTS Considerations Using Human Stem Cell-derived
Cells

To realize the drug discovery potential of small molecule
screening assays based on in vitro differentiated, patient-spe-
cific hiPSC-derived cells, it is necessary to develop robust,
reproducible, and relevant assays with reasonable throughput
that have been rigorously validated. Although these character-
istics are essential to all small molecule screening assays, the use
of patient-specific stem cell-derived cells presents unique chal-
lenges. At its core, a HTS represents the industrialization
(scale-up) of a compound testing experiment already per-
formed on a limited scale. Despite this conceptual simplicity, a
number of hurdles are introduced while increasing the number
of experiments being conducted by 3– 6 orders of magnitude
depending on the size of the compound library used. Here, we
aim to detail these hurdles as well as define guideposts and
suggest solutions awkward to obtain a set of valid hit com-
pounds following the HTS.

Cell Robustness and Reproducibility—The generation of in
vitro differentiated, hiPSC-derived cells is a complex multistep
process originating from terminally differentiated cells to plu-
ripotent cells and back to a potentially new type of terminally
differentiated cell. As with any multistep process, variability
introduced at each stage can accumulate to the point of limiting
or obscuring any meaningful results in the final evaluation.
Considerable care must be taken at each stage of the process to
mitigate variation.

For example, reports have suggested that the method of
reprogramming, the tissue from which the hiPSCs were gener-
ated and somatic mosaicism can contribute variation to the
quality of hiPSCs generated and their resulting differentiation
potential (4, 57– 60). As a result, non-integrating reprogram-
ming methods (modified mRNA, Sendai virus, episomal vec-
tors, small molecules, proteins, etc.) that are more efficient at
establishing a true pluripotent state have been developed and
are rapidly becoming the standard (61– 65). Similarly, protocols
for hiPSC generation from peripheral blood, a cell source more
patient friendly and less susceptible to mosaicism, are rapidly
becoming the norm (66 – 68). Furthermore, a consensus is
developing that thorough evaluation of hiPSCs to ensure high
quality before use is essential and that the minimum character-

ization of any patient-derived hiPSC line must include karyo-
type analysis, pluripotency marker expression testing, patho-
gen testing (mycoplasma, HIV-1/2, hepatitis B/C, etc.), in vitro
differentiation potential evaluation (e.g. PluriTestTM, Score-
cardTM), material of original comparison for identity testing
and copy number variation (e.g. short tandem repeat, compar-
ative genome hybridization), and potentially whole exome/ge-
nome sequencing (69 –71).

In vitro differentiation (IVD) protocols for a variety of cell
types, including neuronal lineages, cardiomyocytes, hepato-
cytes, pancreatic � islet cells, vascular endothelial cells, and
hematopoietic cell types, are also being optimized to improve
robustness and reproducibility (28, 72–75). Originally, IVD
protocols relied heavily on protein growth factors and unde-
fined media conditions to direct differentiation, making the
protocols susceptible to lot-to-lot and vendor-to-vendor rea-
gent variability, resulting in inconsistent results and difficulty
in reproducing protocols across laboratories. A shift to defined
media conditions using small molecule modulators of key
developmental pathways has reduced heterogeneity and
improved the reproducibility and yield of some cell types (32,
47, 77– 80). Small molecules have also been identified that have
transitioned the gene expression of terminal cell type to a more
adult-like state (30, 31). As noted with undifferentiated hiPSCs,
stringent characterization of the final IVD product is essential
to ensure that the cells meet not only the historical purity, mor-
phology, and gene expression standards for the differentiation
protocol but a functional standard as well because function is
the defining feature of any cell type.

High purity of the final cell type can be critical to assay suc-
cess. The main HTS formats are 96-, 384-, and 1536-well plates.
As compound throughput is dependent on the plate format
used, miniaturization of the assay is desirable to ensure more
efficient utilization of limited resources such as cells, labor, and
reagents per compound assayed. If only a small fraction of cells
in a heterogeneous cell population are responsible for the mea-
surable phenotype, miniaturization can result in the phenotype
falling below the limits of assay detection or increased well-to-
well variability if cell distribution is not homogeneous across
the assay plate. As noted by Xu et al. (53), commercial cell
providers can play a role in this area by optimizing and indus-
trializing these processes, ultimately providing well character-
ized and quality-controlled products (81).

TABLE 1
Small molecule HTS conducted in hiPSC-derived cells
A�, amyloid-�; AAT, �1-antitrypsin.

Ref. Year Disease
Differentiated

cell type Assay format Readout(s)
Compound

no. Library

Lee et al. (54) 2012 Familial dysautonomia
(IKBKAP)

Neural crest cells qRT-PCR WT IKBKAP 6912 Bioactive compounds

Xu et al. (53) 2013 Alzheimer disease (A�) Neurons Luminescence Cell viability �100 Proprietary compounds
Makhortova et al.

(23)
2011 Spinal muscular

atrophy (SMN1/2)
Motor neurons Immunofluorescence Cytoplasmic and nuclear

SMN protein levels
3500 Annotated compounds

Burkhardt et al.
(56)

2013 Amyotrophic lateral
sclerosis (TDP-43)

Motor neurons Immunofluorescence ISLET1 and TDP-43
aggregates

1757 Bioactive compounds

Choi et al. (52) 2013 AAT deficiency Hepatocytes Immunofluorescence Total AAT protein/well 3131 Clinical ready drug
library

Charbord et al.
(55)

2013 Huntington disease
(REST)

Neural stem cells Luminescence Derepression of reporter 6984 Purchased compound
libraries
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Reasonable Throughput—As mentioned previously, the
identification of small molecule drugs generally involves a HTS,
followed by iterative rounds of chemical analog synthesis along
with secondary and tertiary screens to impart on a compound
the properties required for clinical testing. The availability of
cells must match the anticipated number of compounds to be
screened at each stage. Human pluripotent stem cells were
originally cultured using labor-intensive techniques such as co-
culture with mouse or human fibroblasts and manual subcul-
turing (16, 17). This limited the number of cells that could be
produced in both the undifferentiated and differentiated states
and created significant culture-to-culture variability (82). The
development of single cell dissociation and improved feeder-
free culture conditions has facilitated the bulk production of
undifferentiated cells through reduced manual handling, auto-
mation, or bioreactors and enabled the subsequent generation
of larger quantities of differentiated cells (78, 83– 85). Efforts
have also been made to identify proliferative committed pro-
genitor cells for each in vitro differentiated cell type that can
self-renew, be generated in bulk, and be frozen in large quality-
controlled batches (79, 86, 87). Enabling a HTS requires diligent
attention to assay logistics because dozens to more than a thou-
sand assay plates will likely be required. In general, simpler
work flows are highly preferable both to lower labor require-
ments and to avoid introducing additional assay variability. To
this end, freezing of progenitor or differentiated cells and their
subsequent plating prior to the HTS are a valuable option, when
achievable, as opposed to conducting a lengthy cell differentia-
tion in assay plates due to the often observed variability result-
ing from this process.

The type and size of the compound library used for a HTS
depend on both the goal of the work and the limitations
imposed by the cells and assay format used. For target-based
drug discovery, large (105-106 compounds) and chemically
diverse libraries are routinely screened to maximize the num-
ber of different chemical series identified. For those studies
described in Table 1, a phenotypic screening strategy with
libraries containing only a few thousand compounds was
employed instead. Rather than covering chemical space, these
smaller libraries are collections of biologically active molecules,
allowing researchers to survey the relevance of numerous bio-
logical mechanisms and signaling pathways to their phenotype
of interest. A challenging cell supply can thus limit the options
available for screening.

Relevance—Because physiological and disease relevance pro-
vides the most compelling rationale for the use of hiPSC-de-
rived cells, it is essential to identify a robust measurable pheno-
type to assay. Many examples have now been reported of in
vitro differentiated hiPSC-derived cells from patients with
monogenic disorders recapitulating cell autonomous disease
phenotypes in vitro (88), and elegant studies using genomic
engineering to return the mutation to the wild-type version
have shown that the observed phenotype is directly associated
with the mutation. Additionally, there are some data to suggest
that cells derived from sporadic diseases may have observable
phenotypes that can be quantified regardless of the underlying
mechanism (40, 89). However, not all diseases can be effectively
modeled. For example, IVD protocols do not currently exist for

all cell types of disease relevance, and for those IVD protocols
that do exist, the cells must be characterized to ensure that they
are expressing the relevant pathways to a level that will allow a
readout to raise above the proposed assay background. Cells
from Fanconi anemia patients are difficult to reprogram to
hiPSCs, thus eliminating this option for obtaining patient-specific
cells (90, 91). Likewise, X chromosome reactivation and subse-
quent inactivation in fragile X and Rhett syndrome hiPSCs can
be inconsistent and problematic (92–95). Additionally, weak,
low penetrant, or environmentally induced phenotypes may
not be successfully modeled in a reproducible and quantifiable
manner in vitro. Some phenotypes, particularly those associ-
ated with late onset disorders, may be elicited only under con-
ditions that mimic cellular aging or stress. Determining what is
an appropriate and physiologically relevant in vitro equivalent
of in vivo aging and stress has not been well defined.

Identifying the appropriate cellular control is also problem-
atic. As noted, variation may come from many sources unre-
lated to the genetics of the patient material, and the vast genetic
diversity of the human population means that a significant
range of “normal” can exist for any phenotype. In general, this
type of variability has been managed by increasing the sample
size to reach an average value. In the case of a stem cell-derived,
cell-based HTS, this could quickly become cost-prohibitive.
Realistically, the HTS would be performed on cells representing
one patient sample. Although this need to characterize cells
from multiple donors is often presented as a drawback of pri-
mary or hiPSC-derived cells, it is well worth pointing out that
the cell lines used historically in biomedical research are mostly
derived from an individual patient tumor. As follow-up, hit
compounds would need to be tested in a variety of cells, includ-
ing those from additional patients with the same mutation/
disease, samples from patients with the same disease but poten-
tially different or unknown mutations or mechanisms of disease
development, and presumed normal cells or cells in which the
mutation has been returned to the wild-type version by
genomic engineering. It may also be useful to understand the
effect of the compounds in stem cell-derived cells from healthy
donors or patients with a different disease presumably affecting
the same cell type to rule out any response due to the cells being
generated by IVD.

For screening, the preferred and most relevant assay formats
are those that do not require introduction of artificial systems
or gene expression because cellular functions and behavior may
be perturbed in unpredictable ways. Image-based screens pro-
vide non-invasive assay readouts with the added benefit of
being compatible with heterogeneous cell populations when
appropriate markers are available. For example, by monitoring
both increased cell viability and cell morphology (neurites),
Yang et al. (39) were able to use a cell population containing
only 30 –50% motor neurons to carry out a compound library
screen and identify GSK3� inhibition as a mechanism of poten-
tial therapeutic interest for amyotrophic lateral sclerosis. High
throughput flow cytometry may also be used to evaluate heter-
ogeneous cell populations and may be particularly applicable if
the terminal cell type is non-adherent or the target of interest is
expressed on the cell surface (96). High throughput qPCR as
used by Lee et al. (54) and more traditional assay readouts such
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as ELISA and homogeneous time-resolved fluorescence tech-
nology offer a similarly direct readout but are much more sus-
ceptible to variation associated with a heterogeneous cell pop-
ulation. Impedance and microelectrode array technologies,
which are sensitive to changes in cell shape and electrical activ-
ity, respectively, can be particularly effective direct measure-
ments of drug-induced cellular responses when the cells intrin-
sically rely on these phenotypes. When necessary to facilitate
detection of specific cellular events, genetically encoded report-
ers, biosensors, or structural tags may be introduced into stem
cells and their derivatives, although validation of the hits in
non-engineered cells will be necessary after the screen.

Assay Characteristics—A minimal set of requirements need
to be met for an assay to be successfully used for a HTS. First, a
positive control is necessary to properly evaluate the dynamic
range and signal-to-background window of the assay. Care
must be taken to use a positive control with a mechanism of
action that is relevant to the types of hits one wishes to identify.
For example, using a cell-lysing detergent to provide complete
cell death in a cell viability assay may lead to the erroneous
assumption that a short compound incubation with the cells
would be sufficient to reveal most cytotoxic agents. A biologi-
cally (as opposed to physicochemically) driven cell toxicant
such as puromycin would likely be a better choice in that
instance. Although significant emphasis is usually placed dur-
ing assay development on increasing the signal to background,
it is only one component of assay robustness, with the main
other being variability of signal (standard deviation). The Z�
factor is a statistical measure of assay quality bringing these two
parameters together; assays with Z� � 0.5 are considered highly
suitable for conducting a HTS (97). Such a bar can be difficult to
reach when working with complex cellular systems or assay
readouts such as those associated with hiPSC-derived cells.
Nonetheless, Lee et al. (54) were able to obtain Z� values of 0.78
in their screen of stem cell-derived neural crest precursors, and
Charbord et al. (55) were able to obtain a value of 0.5 in their
screen of neural stem cells. Options do exist to overcome assay
variability and enable a successful screen. Simply stated, the
level of statistical confidence provided in hit identification by
Z� � 0.5 is quite high due to its mathematical definition, and
screens (especially smaller ones with 103-104 compounds) can
be run with Z� � 0.2 (97), although one may need to lower the
hit selection threshold (percent effect required for declaring a
hit) and retest more putative hits in confirmation assays. Alter-
natively, given the statistical nature of the hit identification
process, testing each compound in duplicate or triplicate rather
than singlicate will lead to a large increase in Z� for the averaged
values and a correspondingly higher level of confidence in the
assay results (54). Finally, use of higher throughput screening
(1536-well format) can allow compound screening in dose-re-
sponse mode, thereby also providing greater statistical confi-
dence in hit identification for assays with low Z� values (98).
Prior to conducting the screen itself, assaying a small subset of
compound plates at several different compound concentra-
tions (e.g. 1, 3, and 10 �M) is recommended to validate the HTS
logistical process and to provide an estimate of the hit rate to
inform the choice of the final testing concentration (54). Impor-
tantly, multiple concentrations of compounds can be used for

the primary screen with smaller libraries to account for possible
biphasic behaviors (23, 39). Following the screen itself and
retesting at a single concentration for hit confirmation, com-
pound ranking is best obtained from freshly solubilized com-
pounds through the determination of IC50 values using dose-
response curves (52, 54). Here, ensuring that IC50 values can
reproduce within �0.5 log units can be seen as a minimal
requirement for proper hit ranking.

Screening Cascade Design—Designing a well thought-out
screening funnel is a critical step in the HTS process. It should
be considered at the earliest stages of the project, as multiple
assays will usually be required to successfully validate hits
and/or biological mechanisms (Fig. 1) (23). Assays should be fit
for purpose and take into account the availability of cellular
material, the complexity of the assay, and the translational
value of the data derived from the assay. To that end, these
secondary assays should take into account the intrinsic weak-
nesses of the primary assay. A common hurdle for phenotypic
screens lies in their readouts being often “negative” such
as decreased gene or protein expression (52, 54). In these
instances, cytotoxic compounds will often represent a majority
of the HTS hits, and hit validation will be significantly more
complex. Although it is preferable to have a “positive” readout
setup for the primary assay, a well designed cytotoxicity assay
will be required if this cannot be accomplished. A number of
formats are available for this purpose, although minimal assay
attributes will normally include using the same cellular system
and a compound incubation at least equal to 24 h to allow most
cytotoxic agents to be uncovered (76). Moreover, assay format
artifacts can often be observed and, depending on their fre-
quency, may need to be accounted for by using the appropriate
counterscreen. Additionally, hit and/or mechanism validation
will necessitate the use of orthogonal functional assays such as a
protein ELISA and Western blotting to validate the increased
gene expression observed with qPCR or a reporter gene system,
for example (54). Once hits have been properly validated, it is
useful to obtain structure-activity relationship information by
testing closely related internal or commercially available com-
pounds to rank chemical series for follow-up. Correspondingly,
validation of a biological mechanism will also require the test-
ing of additional compounds targeting the same mechanism.
Preference will be given to compounds based on a different
chemical scaffold for added confidence, as the activity of the hit
may not originate from its annotated biological mechanism but
from an off-target effect instead. Yang et al. (39) used this strat-
egy, in combination with genetic knockdown, to demonstrate
that the activity of kenpaullone was truly mediated through its
inhibition of GSK3�. Furthermore, biological mechanisms can
usually be prioritized for follow-up based on a comparison of
the potency displayed by hits in the phenotypic screen and
against the annotated target, with large unexplainable discrep-
ancies being a significant red flag during the validation of a
given mechanism (23). Finally, both novel hits and mechanisms
identified should be confirmed in cells derived from additional
donors as discussed above to ensure relevance across a desired
patient population (52–54).
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Concluding Remarks

hiPSC-derived cell-based assays are poised to significantly
impact the drug discovery process by providing in vitro cellular
systems more accurately representing human disease. An
increasing number of high quality, well characterized patient-
specific hiPSC lines are becoming available, issues with robust
and reproducible production of terminal cell types are rapidly
being addressed, and it is now possible to recapitulate many
disease relevant phenotypes in vitro. Although additional tech-
nical hurdles may apply to the conduct of a HTS employing
these cells, recently published examples as described in this
minireview illustrate that these can be successfully addressed.
Through these pioneering studies, researchers are gaining a
realistic understanding of the benefits and limitations of the
technology. This will allow them to develop fit-for-purpose
assays that better capture the complexity of human biology
such that safer, more efficacious medicines make their way to
the patient.
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Induced pluripotent stem cell (iPSC) technology offers the
promise of immune-matched cell therapies for a wide range of
diseases and injuries. It is generally assumed that cells derived
from autologous iPSCs will be immune-privileged. However,
there are reasons to question this assumption, including recent
studies that have tested iPSC immunogenicity in various ways
with conflicting results. Understanding the risk of an immune
response and developing strategies to minimize it will be impor-
tant steps before clinical testing. Here, we review the evidence
for autologous iPSC immunogenicity, its potential causes, and
approaches for assessment and mitigation.

The remarkable discovery that ectopic expression of four
transcription factors can reprogram somatic cells to a pluripo-
tent state opened new avenues of research into human disease
and regenerative medicine (1, 2). Scientists immediately recog-
nized that these induced pluripotent stem cells (iPSCs)2 repre-
sent a potential source of autologous cell therapies that could
avoid the issues of immunogenicity associated with allogeneic
sources such as human embryonic stem cells (hESCs) or
donated tissue (3–5). The possibility that cells derived from
autologous iPSCs might themselves be immunogenic received
little attention until recently, although it had been discussed in
a few forward-looking reviews (6 – 8). This idea was thrust into
the spotlight by a provocative paper by Zhao et al. (9), who
reported immune rejection of syngeneic (genetically identical)
iPSC-derived teratomas in mice. However, these results have
since been challenged in several high-profile articles that we
will discuss in this minireview. The first, by Araki et al. (10),
actually provided additional evidence for syngeneic iPSC-de-
rived cell immunogenicity, despite its title and conclusions.
However, in a more recent challenge, Guha et al. (11) utilized a
clinically relevant approach and found no evidence for immune
rejection of syngeneic cells differentiated from iPSCs. Most

recently, Morizane et al. (12) performed autologous iPSC-de-
rived neural cell transplantation in a primate model and found
minimal evidence of chronic immune response in the brain.
These latter two studies are very encouraging, although con-
firmatory work is still required.

The possible causes of an immune response to autologous
iPSC-derived cells are varied and include immaturity of trans-
planted cells, genetic and epigenetic changes due to reprogram-
ming or culture adaptation, effects of xenogeneic or non-phys-
iological culture reagents, and expression of gene-corrected
proteins. These mechanisms are unlikely to result in MHC mis-
match, so potential immune responses are predicted to be less
intense than those in the organ transplant setting (8). Still, even
low-intensity immune responses could jeopardize engraftment
and survival of iPSC-derived cell therapies. Although it is
impossible to fully model human immune responses preclini-
cally, we think it will be important for researchers to assess iPSC
immunogenicity prior to testing in patients. In cases in which
immunogenicity is predicted, such as gene-corrected cells to
replace a missing or defective protein, investigators must con-
sider strategies to minimize an immune response.

Evidence for Autologous iPSC Immunogenicity

The possibility that autologous iPSC-derived cells might pro-
voke an immune response was not widely considered prior to a
publication by Zhao et al. in 2011 (9). In this study, the authors
showed that transplanted iPSCs were frequently rejected by
syngeneic mice as measured by teratoma formation, regression,
and T cell infiltration. In contrast, syngeneic ESC-derived tera-
tomas rarely, if ever, provoked an immune response. The fre-
quency of iPSC rejection was greatly reduced by the use of a
nonviral episomal reprogramming method, although these epi-
somal iPSCs (EiPSCs) were still rejected at a frequency of
10 –20%, and a majority of growing teratomas were infiltrated
by T cells. Although intriguing, these results were met with
some skepticism due to the focus on undifferentiated iPSC
transplantation, an approach that would never be utilized in the
clinic (13, 14).

The first challenge to the findings of Zhao et al. (9) was pub-
lished by Araki et al. in 2013 (10). In this study, the authors
found a similar frequency of syngeneic integration-free iPSC-
derived teratoma rejection but, unlike Zhao et al., found a com-
parable level of rejection of ESC-derived teratomas. This sug-
gests that teratoma rejection may be related to the expression of
genes related to pluripotency or teratomas rather than anything
iPSC-specific. Importantly, the authors also tested the immune
response to cells terminally differentiated from iPSCs and ESCs
and found that both skin grafts and bone marrow were very
rarely rejected in the syngeneic setting. However, these cells
were differentiated and matured in chimeric mice prior to iso-
lation and transplant, another scenario that lacks clinical rele-
vance. In vivo differentiation may have resulted in the elimina-
tion of immunogenic cells over the course of development. The
authors did attempt a clinically relevant experiment, transplan-
tation of cardiomyocytes differentiated in vitro from iPSCs, but
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observed significant levels of T cell infiltration into the graft.
These results, along with their observations of teratoma rejec-
tion, do not support the overall conclusion that syngeneic iPSC-
derived cells display only limited immunogenicity.

More recently, Guha et al. (11) published a second challenge
to the findings of Zhao et al. (9) using a clinically relevant
approach. In sharp contrast to the Zhao and Araki studies (9,
10), Guha et al. reported 100% graft survival of transplanted
syngeneic PSCs (virally reprogrammed iPSCs, EiPSCs and
ESCs). Although they did detect some T cell infiltration into the
grafts, it did not result in rejection. The authors also performed
the crucial experiments of differentiating cells in vitro into
three different lineages and transplanting them into syngeneic
hosts. They saw no evidence of an immune response as mea-
sured by graft survival and T cell infiltration. Furthermore, cells
isolated from these grafts did not provoke a secondary T cell
response either in vitro or in vivo. These results are reassuring
and an important step in demonstrating the immune privilege
of in vitro differentiated iPSCs.

Most recently, Morizane et al. (12) published a study com-
paring the immune response to autologous and allogeneic
iPSC-derived neural cell transplantation in the primate brain.
The authors differentiated iPSCs in vitro toward midbrain dop-
aminergic (DA) neurons, the cell type lost in Parkinson disease.
They found that greater numbers of T cells and microglia sur-
rounded and infiltrated allogeneic transplants than autologous
transplants. Interestingly, a limited T cell response was observed to
autologous DA neurons derived from retrovirally reprogrammed
iPSCs, whereas those derived from EiPSCs elicited none. These
data reinforce the notion that viral integration of reprogramming
factors can result in immunogenicity. One limitation of the study
is that it permitted only extensive analysis of immune response
at the time of animal death, 3– 4 months post-transplantation.
They attempted to monitor immune responses longitudinally
using positron emission tomography and measurement of cyto-
kines in the blood and cerebrospinal fluid, but results were vari-
able and correlated poorly with histological data. Although it is
impractical in the primate model due to the number of animals
required, it would be informative to look at additional time
points to rule out an acute immune response to autologous
transplants of iPSC-derived cells. Although Morizane et al.
demonstrated an advantage of an autologous approach over an
allogeneic one, there were still a significant number of alloge-
neic DA neurons surviving at 3– 4 months post-transplantation
in the absence of immunosuppression. This is consistent with
clinical observations of long-term survival of allogeneic fetal
DA neuron transplants in Parkinson disease patients who

received only short-term immunosuppression or none at all
(15–17).

What might account for the different results and conclusions
of these four studies (Table 1)? Despite their presentation, the
undifferentiated syngeneic iPSC transplantation results of the
Zhao and Araki studies (9, 10) are not so different, as both
reported similar rates of teratoma formation, a significant rate
of teratoma regression, and T cell infiltration. The major differ-
ence is that Araki et al. reported a similar immune response to
syngeneic ESCs. This may have been because Zhao et al. tested
only one ESC line, which may not have been representative,
whereas Araki et al. tested five. On the other hand, Guha et al.
(11) reported 100% teratoma formation from all types of PSCs
tested, with the only apparent difference being the site of trans-
plantation: subcapsular renal space versus subcutaneous space
in the previous two studies.

This may account for the difference in teratoma formation
rate, as the subcapsular renal space is smaller and more highly
vascularized than the subcutaneous space. Thus, the 10 –20%
failure rate of teratoma formation reported by Zhao et al. (9)
and Araki et al. (10) may have been due to insufficient vascu-
larization or cell-cell contact rather than rejection per se. This is
supported by the fact that all three studies reported T cell infil-
tration into teratomas after establishment, but only the two that
transplanted subcutaneously reported �100% teratoma forma-
tion, as well in previous work (18). Of course, these teratoma
experiments do not reflect the path of clinical translation,
which will involve transplantation of cell types differentiated in
vitro from iPSCs. This scenario was modeled by Araki et al.,
Guha et al. (11), and Morizane et al., with the first reporting
immunogenicity of syngeneic iPSC-derived cardiomyocytes
and the latter two reporting little or no immunogenicity of dif-
ferentiated cell types of three lineages. Notable differences
between these experiments were, again, the sites of transplan-
tation: the heart, subcapsular renal space, and brain, respec-
tively. The importance of this variable is evidenced by the con-
sistent rejection of allogeneic cells transplanted into the
subcapsular renal space by Guha et al. compared with the sur-
vival of significant numbers of allogeneic DA neurons trans-
planted into the primate brain by Morizane et al. Also different
were the differentiation protocols, which for Guha et al.
involved FACS for both positive and negative markers. Their
data suggest that some type of selection step may be important
for avoiding potential immunogenicity of immature or aberrant
cells, in addition to the universally appreciated threat of tera-
toma formation by residual PSCs.

TABLE 1
Summary of iPSC immunogenicity data reported in four recent studies
�, immune rejection reported; �, minimal or no immune rejection reported; NT, not tested.

Syngeneic cells injected Zhao et al. (9)a Araki et al. (10)a Guha et al. (11)b Morizane et al. (12)c

Undifferentiated iPSCs � � � NT
Undifferentiated ESCs � � � NT
In vivo differentiated iPSCs NT � NT NT
In vitro differentiated iPSCs NT � � �

a All cells were injected subcutaneously.
b All cells were injected into the subcapsular renal space.
c All cells were injected into the brain (putamen).
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Potential Causes of iPSC Immunogenicity

To assess and prevent iPSC immunogenicity, it is important
to recognize its potential causes. We group these into four cat-
egories (for a thorough review, see Tang and Drukker (8)). The
first potential cause is immaturity of cells differentiated from
iPSCs in vitro. Directed differentiation of PSCs into mature cell
types represents a substantial challenge for the field of regener-
ative medicine across many therapeutic areas. There are a num-
ber of human cell types that, to date, can be differentiated only
to immature phenotypes in vitro, including cardiomyocytes
(19), hematopoietic stem cells (20), hepatocytes (21), and pan-
creatic �-cells (22). An immature phenotype poses two risks for
immune response, the first being low MHC class I (MHC-I)
expression. Natural killer (NK) cells target cells with low
MHC-I levels, and although differentiation of iPSCs causes
these levels to rise, they may not reach those of adult tissue. An
early proof-of-concept study of autologous iPSC therapy for
sickle cell anemia in a mouse model required repeated admin-
istration of an NK cell-depleting antibody to enhance engraft-
ment of hematopoietic progenitors (23). Low MHC-I expres-
sion by these progenitors may have triggered NK cell attack,
limiting engraftment. Another risk of an immature phenotype
is expression of embryonic or fetal proteins. These antigens
may not have been present during immune system education to
go through negative selection in the thymus, leaving them sus-
ceptible to T cell attack. This potential is demonstrated by can-
cers that re-express embryonic or fetal antigens that are tar-
geted by the immune system (24, 25). This mechanism may
account for the immune responses generated toward teratomas
in the articles reviewed above.

A second potential cause of iPSC immunogenicity is genetic
and epigenetic changes that arise from reprogramming or
adaptation to culture conditions. Recent studies have demon-
strated that reprogramming to pluripotency is incomplete and
that iPSCs carry an epigenetic memory of their tissue of origin
that affects gene expression and can restrict differentiation
potential (26 –30). There have also been reports that the repro-
gramming process induces genetic mutations in coding regions
(31, 32). Theoretically, both epigenetic and genetic abnormali-
ties could result in autologous iPSC immunogenicity. Epige-
netic memory for the cell type of origin could result in aberrant
surface antigen expression when iPSCs are differentiated into
other cell types. Similarly, changes in cell surface proteins due
to genetic mutations could also induce an immune response. In
addition, in vitro culture itself has been shown to result in
genetic instability in PSCs, most commonly chromosomal
amplification, including copy number variation (33–35). These
genetic abnormalities could result in not only immunogenicity
but also carcinogenicity.

A third potential cause is culturing of iPSCs, or their differ-
entiated progeny, with xenogeneic or non-physiological culture
reagents. The danger of using xenogeneic culture reagents was
demonstrated by Martin et al. (36), who showed that hESCs
take up the non-human sialic acid N-glycolylneuraminic acid
(Neu5Gc) from mouse cell feeder layers and animal serum-
containing culture media. This represents a risk because
humans have circulating antibodies to Neu5Gc (37). Several

groups have since developed xeno-free culture conditions for
reprogramming and differentiation that reduce or eliminate
Neu5Gc expression, although these methods are costly and can
be technically challenging (38 – 40). In addition, a recent article
reported that xeno-free culture media containing high levels of
ascorbate induced epigenetic activation of CD30, a cell surface
antigen and biomarker for malignantly transformed cells (41).
This demonstrates that the risk is not limited to xenogeneic
culture reagents, and new media formulations should be tested
for biological effects on cultured cells, including abnormal sur-
face antigen expression.

A fourth potential cause of iPSC immunogenicity is gene
correction to restore proper expression of missing or dysfunc-
tional proteins. Genetic diseases may be amenable to treatment
with iPSC-derived cells, but only if the underlying mutation is
corrected in these cells. However, the expression of proteins
that the patient’s immune system has never been exposed to, or
only in a truncated form, may prompt an immune response.
This risk is apparent in the clinical use of enzyme replacement
therapies for lysosomal storage diseases as well as hemophilia A
and B, in which neutralizing antibodies to the replacement pro-
tein can limit therapeutic efficacy (42).

Other potential causes of immune response to any type of cell
transplant also apply to autologous iPSC-derived cells. For
example, not all transplanted cells will survive, and cell death
can elicit an acute inflammatory response, followed by release
of intracellular proteins that can trigger an adaptive immune
response (43).

Preclinical Assessment of iPSC Immunogenicity

Potential cellular and humoral immune responses to iPSC-
derived cells can be assessed by in vitro and in vivo assays. In
vitro assays may employ methods to assess the susceptibility of
the cells to host T cell immune response. These methods
include mixed lymphocyte reaction (MLR), carboxyfluorescein
diacetate succinimidyl ester (CFSE) assay, and enzyme-linked
immunosorbent spot (ELISPOT) assay. In MLR assays, periph-
eral blood mononuclear cells from the graft recipient serve as
responders, which are co-cultured with donor stimulating cells
(e.g. iPSC-derived cells), and T cell proliferation is measured by
[3H]thymidine incorporation. In renal transplantation studies,
an MLR between donor and recipient lymphocytes is predictive
of rejection of the graft (44). T cell proliferation can also be
analyzed by CFSE assay. CFSE is a dye that passively diffuses
into cells and binds to intracellular proteins. Upon cell division,
each daughter cell receives an equal portion of CFSE, halving
the fluorescence intensity as measured by FACS. On the basis of
this decrease in fluorescence, the number of cell divisions can
be determined and hence a measure of proliferation. The
ELISPOT assay for IFN-� is an important tool for post-trans-
plant monitoring of T cell reactivity and is also useful in pre-
transplant immune risk assessment. For example, Augustine
and Hricik (45) showed that pre-transplant measurement of
recipient T cell alloreactivity to donor antigen via the INF-�
ELISPOT assay correlates with acute rejection after kidney
transplantation.

Additional in vitro immunogenicity assays measure cyto-
kines and chemokines secreted by iPSC-derived cells that could
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influence the cellular immune response generated by the host
following transplantation. Okamura et al. (46) used superna-
tants from cultures of undifferentiated hESCs and hESC-de-
rived oligodendrocyte precursor cells to assess soluble immu-
nomodulatory factors. In addition, a flow-based combinatorial
antibody profiling method, such as the commercially available
BD FACSTM CAP, can provide further in vitro characterization
of iPSC-derived cells and tissues for potential humoral
response (47).

Because in vitro immune assays do not fully recapitulate the
in vivo responses to a cellular graft, more clinically relevant in
vivo assays should also be pursued. Immunodeficient and
immunocompetent mouse models have been utilized to assess
the immune response to ESCs and their derivatives in syngeneic
and allogeneic hosts. Three recent studies discussed above
investigated in vivo immunogenicity of mouse iPSCs and their
derivatives (9 –11). In one of these, Guha et al. (11) assessed
whether iPSC-derived cells are susceptible to secondary
immune response by CFSE assay. T cells were isolated from the
spleens of syngeneic and allogeneic iPSC-derived cell trans-
plant recipients, and their proliferation in vitro was analyzed by
CFSE assay, revealing very low levels of T cell proliferation in
response to syngeneic iPSC-derived cells versus high levels in
response to allogeneic cells. In vivo cellular immune response to
iPSC-derived cells or tissues can also be analyzed by an in vitro
T cell cytotoxicity assay. T cells are isolated from the spleen of
the transplant recipient, which can either be a syngeneic host
(for mouse iPSCs) or a humanized immunodeficient mouse (for
human iPSCs). These T cells are co-cultured with the iPSC-
derived cells or tissues to determine whether the isolated T cells
can directly kill annexin V-labeled iPSC-derived cells ex vivo.
Another method for assessing in vivo immunogenicity of trans-
planted cells is bioluminescence imaging, which has been used
to show that transplanted xenogeneic hESCs transplanted into
immunocompetent mice survived only 7–10 days after primary
injection and only 3 days after repeat injection (48).

Strategies to Overcome Immunogenicity

Although Guha et al. (11) and Morizane et al. (12) provided
reassuring data that autologous iPSC-derived cells may not be
immunogenic, the studies require confirmation, and there are
still reasons for concern. In particular, it is unclear whether
iPSC-derived cells that have not been fluorescence-activated
cell-sorted or have gone through ex vivo manipulation will be
devoid of immunogenicity in sites outside the brain. In theory,
the immunogenicity of transplanted cells could be addressed by
conventional immunosuppressive drugs. However, due to their
toxicity and the associated risk of malignancy, they are not a
desirable option for autologous iPSC-derived cell therapies
(49). Biological therapies with monoclonal antibodies provide
an alternative approach. For example, Pearl et al. (50) used bio-
luminescence imaging to show that monoclonal antibody-me-
diated co-stimulation/adhesion blockade of host T cells can
result in long-term engraftment of hESC and human iPSC
grafts in murine models. However, this approach has not yet
been attempted in the non-human primate or human setting.

Based on recent advances in the stem cell field, several immu-
nological approaches have the potential to improve the accept-

ance of the iPSC-derived grafts. One possible solution is to take
advantage of the pluripotency of iPSCs to generate not only
therapeutic cells but also immature dendritic cells expressing
neoantigens to which tolerance is required. The rationale
comes from studies in which administration of immature
monocyte-derived dendritic cells, pulsed with keyhole limpet
hemocyanin or influenza matrix peptide, led to non-respon-
siveness to these antigens in healthy volunteers due to regula-
tory T cell mechanisms (51). Another critical area of investiga-
tion into strategies to induce donor-specific tolerance is
rejuvenation of the thymus (52). The thymus is the main organ
responsible for establishing immune tolerance via elimination
of autoreactive T cells. iPSCs are a potential source of replace-
ment thymic epithelial cells (TECs) that could be used to induce
tolerance to an iPSC-derived graft. By allowing generation of a
T cell repertoire tolerant to stem cell self-antigens and neoan-
tigens, co-transplantation of stem cell-derived TECs could
potentially prevent immune rejection of other transplants
derived from the same cell line, which would have a major
impact on stem cell-based therapies. Two recent studies
describe progress in generating TECs from human PSCs,
although work remains to improve their maturity and function-
ality (53, 54). Other approaches include development of
immune-privileged PSC derivatives capable of blocking the
activation of co-stimulatory receptors responsible for immune
recognition. This could be accomplished by genetic “knock-in”
of ligands of potent inhibitory receptors expressed by T cells
(e.g. CTLA4 or PD-1) or by targeting inhibitory pathways that
mediate immunosuppression (e.g. indoleamine 2,3-dioxyge-
nase or HLA-G) (55–57).

Creation of a “haplobank” of iPSC lines homozygous for a
range of HLA types representative of different geographical
populations and ethnic groups could simplify HLA matching,
provide matches for a reasonable percentage of a target popu-
lation, and extend iPSC-derived therapies beyond the autolo-
gous setting. According to one estimate, an iPSC bank from 150
selected homozygous HLA-typed volunteers could match 93%
of the United Kingdom population with a minimal requirement
for immunosuppression (58). Similarly, due to limited diversity
of the Japanese population, as few as 50 such lines could poten-
tially match 90% of the population (59). However, more diverse
populations will require more lines (60).

Advancing to Clinical Studies

Many challenges remain for advancing iPSC technology to
the clinic, although pioneering approaches are moving forward.
The California Institute for Regenerative Medicine, the state’s
stem cell agency created by the citizens of California in 2004, is
currently investing over $250 million in 109 total awards using
iPSCs. Twenty of those awards are focused on translational
research to generate proof-of-concept data and select candi-
date therapeutics for further preclinical development. One
award, to Alfred Lane at Stanford University, is focused on
development of gene-corrected iPSCs to treat dystrophic epi-
dermolysis bullosa, a highly morbid, blistering skin disease in
children (61, 62). The approach utilizes homologous recombi-
nation in patient-derived iPSCs to correct the mutant collagen
VII (COL7A1) gene, followed by differentiation into skin kera-
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tinocytes. The expression of corrected functional protein has
the potential to prompt an immune response, which will be an
important consideration in moving toward the clinic. Using a
different approach, Masayo Takahashi from the RIKEN Center
for Developmental Biology in Japan recently received regula-
tory approval to conduct the first clinical study of iPSC-derived
cells in humans (63, 64). This study will test the safety of autol-
ogous iPSC-derived retinal pigmented epithelial sheet trans-
plant into the retinas of a small number of patients with the
neovascular form of age-related macular degeneration, which
can lead to severe vision impairment and blindness. Although
the normal eye is thought to be an immune-privileged site,
inflammation associated with age-related macular degenera-
tion can lead to a breach of the blood-retina barrier, allowing an
influx of immune cells. Therefore, the potential for an immune
response to the transplanted autologous iPSC-derived retinal
pigmented epithelial cells should not be discounted.

Another autologous iPSC-based clinical approach is being
pursued by Advanced Cell Technology in Santa Monica, CA
(62). The goal is to differentiate iPSCs into functional platelets
and test their efficacy in blood-clotting disorders. Platelets are
non-nucleated cells and thus do not have oncogenic potential,
diminishing the primary safety concern surrounding pluripo-
tent cell-based therapies. However, platelets do express cell
surface proteins that can prompt immune response, including
clinical refractoriness to platelet transfusion, so a lack of immu-
nogenicity for this approach should also not be taken for
granted (65).

The potential of PSC-derived cells to form tumors after
transplantation is one of the most significant risk consider-
ations for clinical entry. One of the major factors influencing
tumor development is immune recognition of aberrant, imma-
ture, or undifferentiated cells. An immune-privileged trans-
plant, which is the primary goal of autologous iPSC approaches,
risks extending that privilege to aberrant tumorigenic cells
existing within the transplant and underscores the importance
of fully understanding the complex interactions of PSC immu-
nogenicity (66).

Conclusions

The widely presumed immune privilege of autologous iPSC-
derived cell transplants has recently become a topic of debate in
the literature. Although two of the most recent contributions
provide encouraging evidence in favor of immune privilege, the
debate should not be considered settled. There are several
potential causes of iPSC-derived cell immunogenicity, and
results may depend on the cell preparation protocol and site of
transplantation. We believe that preclinical work in this area
should continue, using differentiation and transplantation
methods that reflect the envisioned clinical applications as
closely as possible. Although the predictive value of preclinical
models of human immune response may be limited, methods
are available to address many of the potential causes of iPSC-
derived cell immunogenicity. As autologous iPSC-derived cell
transplants advance into the clinic, it is important that trials be
conducted with the awareness that even cells derived from
autologous tissue may be immunogenic. Initial trials should be
designed to investigate the possibility of immunogenicity while

ensuring the safety of participants to the greatest extent
possible.
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Human pluripotent stem cells (hPSCs) are known to acquire
genomic changes as they proliferate and differentiate. Despite
concerns that these changes will compromise the safety of
hPSC-derived cell therapy, there is currently scant evidence
linking the known hPSC genomic abnormalities with malig-
nancy. For the successful use of hPSCs for clinical applications,
we will need to learn to distinguish between innocuous genomic
aberrations and those that may cause tumors. To minimize any
effects of acquired mutations on cell therapy, we strongly rec-
ommend that cells destined for transplant be monitored
throughout their preparation using a high-resolution method
such as SNP genotyping.

In the 15 years since the derivation of human pluripotent
stem cells (hPSCs)2 was first reported, the research community
has been moving steadily toward the goal of using these remark-
able cells as replacements for tissues that are lost as a result of
heart disease, diabetes, neurodegenerative disease, and skeletal
and muscular disorders and injuries. The progress toward ther-
apies has required incremental improvements in culture and
differentiation methods, GMP and industrial-scale cell culture,
legal permissions, and considerable investment from both pub-
lic and private entities. At the same time that new hPSC thera-
pies are being launched, concerns regarding their safety remain
a major hurdle. In the worst case scenario, the transplanted cells
may harm the patient by becoming cancerous or inducing can-
cers. For cell types derived from hPSCs, there are two major
concerns about tumorigenicity. The first is intrinsic to pluripo-
tency; undifferentiated hPSCs generate teratomas, germ cell
tumors that are usually benign, when they are transplanted to
immunodeficient mice. Although all of the clinical applications
require the cells to be differentiated, there is concern about
residual undifferentiated cells in transplanted populations. Sec-
ond, mutations in transplanted cells are a major concern

because genomic mutations are associated with tumorigenicity.
In this minireview, we summarize the available information
about instability in the genomes of hPSCs and consider the
potential impact of genomic instability on the safety of current
and future hPSC-derived transplantation therapies.

Clinical Trials Using hPSC-derived Cells

The United States Food and Drug Administration (FDA), as
well as regulatory agencies in other countries, requires exten-
sive preclinical safety trials in animals to determine whether
hPSCs become cancerous or induce cancers, and the primary
goal of a Phase 1 clinical trial is to monitor for adverse effects,
including infection and tumorigenicity. The first clinical appli-
cation of hPSCs, a safety trial using oligodendrocyte progenitor
cells derived from human embryonic stem cells (hESCs) to treat
spinal cord injury, was initiated in October 2010 and sponsored
by the biotechnology company Geron Corp. (ClinicalTrials.
gov, study NCT01217008). Geron Corp. had funded the deriva-
tion of hESCs in the Thomson laboratory in the late 1990s and
held an exclusive license to the patents for hESCs for use in cell
therapy for neurological disease, cardiac disease, and diabetes.
The Geron trial was discontinued because of financial con-
straints in November 2011 after transplantation of five patients,
with the promise of following those patients for another 15
years (1). No adverse effects have been reported.

All of the current ongoing clinical trials have followed the
lead of Advanced Cell Technology in using retinal pigmented
epithelial (RPE) cells derived from hESCs for macular degener-
ation or dystrophy (Table 1). In addition to the ongoing trials, a
RPE cell trial has been approved in Japan using human induced
pluripotent stem cells (hiPSCs) instead of hESCs.3

There are two logical motivations for the current strategy of
using hESC derivatives for eye disease. First, the concern about
tumors is lessened because transplantation to the eye allows the
cells to be observed; if a tumor arises, the cells can be removed.
Second, using FDA-approved cell lines simplifies the clinical
application, and the only hPSCs that have so far been approved
are the hESC lines derived for the first publication in 1998 (2). It
is worth noting that these cell lines were derived before
improved culture methods and routine genomic analysis tech-
niques were developed. Although these oldest lines have taken
on the mantle as the gold standard, it could also be argued that
because of their suboptimal derivation and extended culture,
these cell lines are very likely to have genomically evolved over
the last 15 years.

Genomic Variation in hPSCs

Genomic instability in hPSCs was first recognized in the early
2000s, when reports began to emerge about karyotypic abnor-
malities in hESCs, such as a trisomy of chromosome 12 (3– 6).
Since then, many more genomic abnormalities have been dis-
covered (reviewed in Refs. 7–9). The types of genomic abnor-
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malities that have been observed in hPSCs range from whole
chromosome aneuploidies (including mosaic) to subchromo-
somal aberrations, including gene duplications and deletions
and point mutations (10 –13). Some of the duplications are
detected repeatedly in hPSCs of diverse origin. Fig. 1 shows a
map of duplicated regions detected by SNP genotyping. These
karyotypically detectable trisomies of chromosomes 1, 12, 17,
and X and amplification of 20q have been detected in as many as
34% of hPSC lines examined (10, 13, 14).

Common Genomic Changes Occur during Generation and
Long-term Culture of hPSCs—A recent large-scale study of
�100 hPSC lines from many laboratories demonstrated that
late passage hPSCs are twice as likely to have genomic changes
than early passage cells (10). Thus, selective pressure exerted
over time in culture may be a major contributor to genomic
instability in both hESCs and hiPSCs. Not surprisingly, many of
the same chromosomal abnormalities found in hESCs are

also found in hiPSCs. Although it has been reported that
hiPSCs may be more likely to gain chromosome 8 and less
likely to gain chromosome 17 than hESCs, both events have
been documented in both types of cells (13, 15, 16). Thus, as
has been seen with other studies, the use of larger sample
sizes may obviate any perceived differences between hESCs
and hiPSCs (11, 17, 18).

It has been noted that hiPSCs may have higher numbers of
subchromosomal copy number variations (CNVs) than hESCs
(11, 16, 19). The source of such variations in hiPSCs is not yet
clear, but it was recently shown that somatic mosaicism in cul-
tures of fibroblasts causes much of the variation in CNVs
among human and mouse iPSCs (20, 21). This is because each
iPSC colony is the clonal offspring of a single reprogrammed
somatic cell, amplifying whatever variation was present in the
parental cell. A minor genomic variation profile may not be
detectable in mosaic cultures but is immediately apparent in

FIGURE 1. Common genomic alterations in hPSCs. High-resolution SNP analysis was performed on 186 pluripotent (both hESC and hiPSC samples) and 119
non-pluripotent samples. Duplications (DUP; red for hESCs, blue for hiPSCs, and green for non-pluripotent cells) and deletions (DEL; lighter versions of each color) were
mapped onto each chromosome. The most frequent duplications (whole chromosome and subchromosomal regions) in pluripotent cells were seen on chromo-
somes 12, 17, and X. In addition, many pluripotent cells showed amplification of a region on the long arm of chromosome 20 (modified from Ref. 11). PGS, pre-
implantation genetic screening; LOH, loss of heterozygosity.

TABLE 1
Clinical trials using hESC-derived cells for transplantation (ClinicalTrials.gov)

Cell type (hESC-derived) Condition
Trial start date–

estimated completion Identifier and type Sponsor

Oligodendrocyte progenitors
(GRNOPC1)

Spinal cord injury 2010/10–2011/11 NCT01217008, Phase 1 Geron Corp.

RPE Stargardt macular dystrophy 2011/04–2013/07 NCT01345006, Phase 1/Phase 2 Advanced Cell Technology
RPE Advanced dry age-related macular

degeneration
2011/04–2014/07 NCT01344993, Phase 1/Phase 2 Advanced Cell Technology

RPE Stargardt macular dystrophy 2011/11–2014/01 NCT01469832, Phase 1/Phase 2 Advanced Cell Technology
RPE Stargardt macular dystrophy 2012/09–2014/10 NCT01625559, Phase 1 CHA Bio&Diostech
RPE Advanced dry age-related macular

degeneration
2012/09–2016/04 NCT01674829, Phase 1/Phase 2 CHA Bio&Diostech

RPE Acute wet age-related macular
degeneration

2013/09–2015/05 NCT01691261, Phase I Pfizer/University College
London
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the profiles of hiPSCs derived from that culture. In addition,
because hiPSC clones need to survive as single cells before they
are isolated and expanded, there is strong selective pressure
that favors the best adapted cells, and this may contribute to the
genomic variation detected in hiPSCs (22, 23). Interestingly,
although it seems logical that different methods for reprogram-
ming should cause different genomic changes, the reprogram-
ming method does not appear to affect the frequency or types of
genomic changes in hiPSCs (13).

In many cases, the duplications commonly found in hPSCs
include genes that can give cells a growth or survival advantage,
and it is generally agreed that as cells divide in culture, there is
selection for those that are better adapted to the culture condi-
tions. For example, the common subchromosomal duplication
in chromosome 20q was mapped using high-resolution SNP
analysis. Fig. 2 shows that the region that is duplicated in mul-
tiple cell lines contains at least 25 protein-coding genes and a
microRNA. Among the genes is BCL2L1 (20q11.21;, also
known as Bcl-xL), which has been reported to enhance the sur-
vival of hESCs (24). Thus, it is easy to imagine how overexpres-
sion of BCL2L1 could give cells a selective advantage. However,
other genes in this region could also have an impact, as could
the microRNA miR-1825. This microRNA has �400 predicted
targets (TargetScan), and it could act by suppressing genes that
inhibit growth or enhance apoptosis.

It is important to note that non-pluripotent stem cells,
including neural stem cells (NSCs), hematopoietic stem cells,
and mesenchymal stem cells, also show frequent chromosomal
abnormalities that are typical for each cell type. For example,
independent cultures of NSCs showed duplication of chromo-
some 19, and mesenchymal stem cells showed a deletion of
chromosome 13 (15).

Genomic Changes Occur during Differentiation of hPSCs—
Besides the genomic alterations that take place while hPSCs are
cultured in their pluripotent state, it is also possible for such
changes to occur during their differentiation. As culture condi-
tions are changed to direct differentiation, new selective pres-
sures are applied to the cells, potentially selecting for new
genomic variants. This type of change is typically difficult to
detect because differentiation is often associated with decreases
in proliferation, and standard karyotyping procedures require

dividing cells. The earliest reported example of genomic
changes arising during differentiation was found during a large-
scale SNP genotyping study (11). This report showed that a
genomically abnormal subpopulation present in cultures of
undifferentiated WA07 hESCs was selected for in a cardiac dif-
ferentiation experiment. In this example, after only 5 days, the
differentiated population was shown to be greatly enriched for
cells with multiple duplications in chromosome 20. In a more
recent study (25), researchers found that hPSCs differentiated
into NSCs lost their ability to senesce, and this loss of senes-
cence was associated with amplification of a region of chromo-
some 1q. Importantly, this occurred in several lines (both
hESCs and hiPSCs) tested and was not detected in the undiffer-
entiated lines. Interestingly, however, when the NSCs with the
1q amplification were injected into immunocompromised rat
brains, they did not form tumors (25). There are still too few
examples to know how often differentiation-driven selection
occurs, and the functional consequences remain to be investi-
gated. However, it is important to note that even when the
undifferentiated hPSC population is free of detectable genomic
abnormalities, selection during differentiation can amplify
abnormal cells. Because these cells are the ones designated for
cell therapy, it is critical that the last step before transplantation
be a final check of the genomic state of the cells.

Other Genomic Changes—There are several examples of dra-
matic genomic changes that appear when cells are repro-
grammed. Studies of some trinucleotide repeat diseases have
reported changes in the repeat length following reprogram-
ming (26, 27). Specifically, in Friedreich ataxia, the GAA/TTC
triplet repeat length in the FXN (frataxin) gene appeared to
change following reprogramming of patient fibroblasts (26). In
a second example, reprogramming of cells from fragile X syn-
drome patients, in which the CGG/CCG repeat is located in the
5�-untranslated region of the FMR1 (fragile X mental retarda-
tion 1) gene, resulted in hiPSC clones with varying repeat length
(27). Interestingly, there is evidence that a similar phenomenon
may occur in vivo during early embryogenesis; there have been
reports of monozygotic twins born with different FXN repeat
lengths (28, 29). Additionally, recent studies have shown that
when Down syndrome patient fibroblasts are reprogrammed,
they frequently lose their extra copy of chromosome 21 (30, 31).

FIGURE 2. Common amplified region on the long arm of chromosome 20. Cell line names are shown on the left, and amplified regions are show in red for
hESC lines and blue for hiPSC lines. Genes present in the amplified regions are indicated along the bottom. The highlighted pink area indicates the smallest
common amplified region (modified from Ref. 11).
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This chromosome loss is seen in as many as 25% of resulting
hiPSC clones. Again, this type of chromosomal instability may
be present during the early embryo in vivo, as many Down syn-
drome individuals have been shown to be mosaics (32).

Does Genomic Instability in hPSCs Increase the
Likelihood of Tumorigenesis?

Many authors have pointed out the similarities between plu-
ripotent stem cells and cancer cells and wondered if hPSCs are
intrinsically cancerous. Much of this speculation rests on the
fact that hPSCs can divide indefinitely, a property shared only
with cancer cell lines. However, there is very little evidence to
support this idea. In their undifferentiated state, hPSCs do form
teratomas, which are multilineage complex tumors; usually
teratomas are fully differentiated and benign and do not metas-
tasize. Teratomas can be produced from both genomically nor-
mal and abnormal hPSCs, and existing evidence suggests that
some genomic abnormalities can lead to the more dangerous
form of teratoma that retains undifferentiated cells.

Although typical cell therapy strategies involve the trans-
plantation of cells that are at least partially differentiated, puri-
fication of these cells from residual undifferentiated cells is not
straightforward, and even small numbers of undifferentiated
cells can lead to tumor formation (33). Several studies have
shown that transplanted populations of mouse or human PSC
derivatives containing undifferentiated cells resulted in benign
teratoma generation (34, 35). Also, residual undifferentiated
cells in cultures of hESC-derived dopamine neurons can cause
the development of benign teratomas (36) or growth of imma-
ture mitotic neuroepithelial cells (37) when transplanted into
rat models of Parkinson disease. These examples highlight the
need to optimize the differentiation of cell populations destined
for transplant.

Disturbingly, the most common types of genomic alterations
found in hPSCs are also found in embryonal carcinomas. These
malignant cells, which are usually pluripotent like hPSCs, show
gains of chromosome 1, 12, 17, and X, the same chromosomal
abnormalities that accumulate in hPSCs (38 – 41). In addition,
another common chromosomal aberration seen in hPSCs,
amplification of part of the long arm of chromosome 20, has
been seen in yolk sac carcinoma and non-seminomatous germ
cell tumors (42– 44). Like cancer cells, hPSCs with genomic
alterations have been shown to divide more quickly than their
normal counterparts (45, 46). Also, hESC-like gene expression
signatures have been found in some aggressive human tumors
(47). Interestingly, there are few studies that directly show that
genomically aberrant hPSCs actually cause tumors; however,
there is a report that use of a karyotypically abnormal line in a
teratoma assay caused immature teratoma formation, whereas
injection of the karyotypically normal parental line caused only
benign teratomas (48). This suggests that, in certain circum-
stances, genomic aberrations may alter the tumorigenic poten-
tial of hPSCs.

In addition to the possibility that genomic abnormalities may
increase the tumorigenicity of teratomas, it is also possible that
such abnormalities could cause the transformation of more dif-
ferentiated hPSC derivatives. Recent studies examined a WA09
variant line and its tumorigenic properties (46, 49). The variant

line was originally characterized as karyotypically normal.
However, more in-depth analyses using comparative genomic
hybridization indicated that it had an amplification of the long
arm of chromosome 20, a deletion on the long arm of chromo-
some 5, and a mosaic gain of chromosome 12. The variant cells
and the parental cell line were differentiated into neural precur-
sor cells and injected into the brains of immunocompromised
mice. The mice injected with neural precursor cells from the
variant line developed tumors with molecular features associ-
ated with medulloblastoma, whereas the mice injected with
neural precursors from the parental line did not (49). This sug-
gests that, in certain circumstances, hPSC lines harboring
genomic abnormalities may be able to generate non-teratoma
tumors in vivo after they have been differentiated.

Genomic Mosaicism: What Is Normal?

With the exception of the few examples described above,
there is very little evidence linking genomic abnormalities in
hPSCs with tumorigenesis. It seems likely that only a few types
of abnormalities are actually dangerous and that the majority of
genomic aberrations in hPSCs are harmless. In fact, a growing
body of evidence is revealing that there is considerable variation
in the genomes of normal cells within our bodies (50 –53). Since
the development of in vitro fertilization and preimplantation
diagnostic screening, it has become clear that cells from the
developing embryo are chromosomally mosaic, meaning that
the cells show random non-clonal chromosomal gains and losses
(54–57). In addition, this type of mosaic aneuploidy has been seen
in normal developing and mature brains (58–63). These chromo-
somal changes in the cells lead to changes in gene expression that
may contribute to neural diversity (64). In addition, a study
designed to determine the source of genomic differences between
hiPSCs and the skin fibroblasts from which they were derived esti-
mated that �50% of the CNVs found in hiPSCs were present in the
parental fibroblasts (20). This study, along with the Down syn-
drome and Friedreich ataxia examples mentioned above, indicates
that widespread somatic mosaicism is normal.

It has also been shown that retrotransposons such as LINE-1
elements are highly expressed in developing neural cells, where
they generate genomic alterations (65). These LINE-1 elements
propagate through RNA sequences that are reverse-transcribed
into DNA sequences that integrate into the genome. These ele-
ments can alter the genome by insertional mutagenesis or by
deletion of intervening loci between homologous transposons
through recombination. As such, they are thought to increase
neural diversity within the developing brain (65– 67). Interest-
ingly, these LINE-1 retrotransposons may be activated during
reprogramming (68). Thus, many different normal cells within
our bodies contain genomic variations that are well tolerated
and may even be beneficial.

Reality Check: What Is the Likely Impact of Genomic
Instability of hPSCs on Regenerative Medicine?

All of the available literature indicates that human pluripo-
tent stem cells are often genomically unstable. Selective pres-
sures in the culture dish lead to shifting populations, in which
certain advantageous duplications or deletions will eventually
dominate. Selection begins when certain clones thrive during
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initial hPSC derivation and continues when the cells are
expanded in culture and when culture conditions are changed
to drive specific forms of differentiation. The fact that cells
must be expanded and differentiated if they are to be clinically
useful means that it will be very difficult to develop culture
conditions that maintain homogeneous genomically stable
populations. However, the mounting evidence of normal
somatic mosaicism in the human body indicates that variation
itself is not necessarily a harmful characteristic and may in fact
be vital to normal human embryonic development.

The sum of the reviewed literature indicates that despite the
fears about genomic instability, there is little evidence that
many of the genomic changes detected in hPSCs are likely to be
harmful. However, it is also clear that certain mutations will
prove to be dangerous, and we do not yet know which muta-
tions fall into this category.

Fig. 3 shows an overview of the possible ways in which trans-
planted hPSC derivatives could lead to adverse effects in
patients. For most of these possibilities, there is a means to
minimize the potential danger. Making sure that transplant-

ready populations contain no undifferentiated cells should
eliminate the main source of transplant-induced teratoma
tumors or other uncontrolled growth of immature cells. Check-
ing for genomic abnormalities at all stages of cell processing will
identify cells that are unfit for transplantation; importantly, we
know that populations can become aberrant under differentia-
tion conditions, so every transplant-ready preparation should
be tested as late in the process as possible. Although post-mi-
totic differentiated cells are difficult to karyotype, SNP geno-
typing methods will reveal both aneuploidies and CNVs. The
only genomic mutations that we cannot now detect in advance
are those that arise very late in the cell processing or occur after
the cells are transplanted.

The reports so far indicate that if precautions like those
described above are strictly followed, there is little chance that
cells with malignant potential will be transplanted. So far, the
record is good; none of the 15 patients who have been trans-
planted with hPSC derivatives has developed tumors (69).
However, this should not be interpreted as a green light for all
hPSC-derived transplantations because the Phase 1 trials use
low doses of cells; when the cell numbers are increased to ther-
apeutic levels (for cardiac disease, many millions of cells), the
probability of a tumor arising in a patient will increase.

Although the probability of an FDA-approved hPSC-derived
cell therapy causing harm to a patient appears to be low, the
consequences of adverse events are enormous. There is an
important lesson from the failures in early gene therapy trials
(70, 71). If even one patient is harmed in an FDA-approved trial
using hPSC derivatives, all further trials will be in serious jeop-
ardy, and the promise of stem cell therapy will be put on indef-
inite hold.
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Induced pluripotent stem cells (iPSCs) and their differenti-
ated derivatives can potentially be applied to cell-based therapy
for human diseases. The properties of iPSCs are being studied
intensively both to understand the basic biology of pluripotency
and cellular differentiation and to solve problems associated
with therapeutic applications. Examples of specific preclinical
applications summarized briefly in this minireview include the
use of iPSCs to treat diseases of the liver, nervous system, eye,
and heart and metabolic conditions such as diabetes. Early stage
studies illustrate the potential of iPSC-derived cells and have iden-
tified several challenges that must be addressed before moving to
clinical trials. These include rigorous quality control and efficient
production of required cell populations, improvement of cell
survival and engraftment, and development of technologies to
monitor transplanted cell behavior for extended periods of time.
Problems related to immune rejection, genetic instability, and
tumorigenicity must be solved. Testing the efficacy of iPSC-based
therapies requires further improvement of animal models precisely
recapitulating human disease conditions.

The breakthrough discovery that specific sets of transcrip-
tion factors can reprogram cell fate and generate induced plu-
ripotent stem cells (iPSCs)2 from various cell types has opened
many new possibilities for research on cell states, differentia-
tion, pluripotency, and general cell identity but, most impor-
tantly, has catalyzed the development of a whole new field of
regenerative medicine (1). The field is still in a relatively early
stage regarding a clear understanding of underlying develop-
mental processes, cell behavior, and biological effects after cell-
grafting experiments. The use of iPSCs and their products for
human applications poses many new challenges from the
experimental and regulatory points of view due to the unique
properties of the cells and novel mechanism of their action.

Testing iPSCs in Animal Disease Models

Reprogramming of somatic cells was originally demon-
strated using mouse (2) and human (3) cells. The demonstra-

tion that the same transcription factors can reprogram non-
human primate (4) and rat (5) cells indicates the conserved
nature of mechanisms of inducing pluripotency among mam-
malian species. iPSCs were also obtained from rabbits (6), dogs
(7), a variety of non-human primate species (8), and more
recently, domestic ungulates, such as pig, cow, sheep, goat, and
horse (reviewed in Ref. 9). A better understanding of the nature
of the similarities and differences between human and animal
stem cells and emulation of the behavioral, cellular, and molec-
ular manifestations seen in human disease conditions in animal
models should lead to interpretable testing of efficiency and
should predict major complications and off-target effects of
iPSC-based therapies.

Preclinical studies should be conducted using iPSC-derived
products intended for clinical use. To prevent rejection of
human cells in animal models, immunosuppressed or immuno-
compromised animals should be considered. Humanized ani-
mal models, particularly mice, have reached some significant
milestones, allowing reconstruction of human hematopoiesis
and immunity. A variety of human disease conditions have been
recapitulated in humanized mice, identifying mechanisms of
relapse and suggesting novel therapeutic strategies (10). Future
studies should increase the predictive capabilities of these mod-
els and facilitate the creation and use of humanized models
based on large animal species (11), which can more reliably
inform clinical trials.

For certain applications, human cells will not survive in the
animal host, the immunosuppression protocol will not allow
long-term observation, or immunomodulating drugs will affect
the disease phenotype. Therefore, the use of autologous and
homologous animal stem cell products, particularly in early
stages of development of the intervention, might be considered.
Immune reactions can significantly affect therapeutic efficiency
and tumor formation. Because immune system reaction is a
focus of another report in this thematic minireview series, we
point out briefly that different mechanisms are predominantly
acting on pluripotent and differentiated cells in syngeneic, allo-
geneic, and xenogeneic recipients (12). The recent finding that
a mouse iPSC-induced response prevented teratoma formation
in syngeneic transplantation was unexpected (13). Investigators
from two other laboratories did not observe differences in the
efficiency of transplantation and detected no immune response
to terminally differentiated cells derived from syngeneic iPSCs
or embryonic stem cells (14, 15). Explanations for these dis-
crepancies might be genetic aberrations accumulated in iPSCs
or heterogeneous populations of parental cells used in the orig-
inal report. Further investigations will be required because
immune rejection is one of the major concerns for iPSC-medi-
ated replacement therapy.

Below are several examples of the use of iPSC-derived cells in
animal disease models, highlighting that approaches to more
precisely compare phenotypes and therapeutic outcomes
among species should be developed (summarized in Table 1).

Liver Diseases—Successful strategies for efficient differentia-
tion of human and animal iPSCs to hepatocytes have been

* This is the fifth article in the Thematic Minireview Series “Development of
Human Therapeutics Based on Induced Pluripotent Stem Cell (iPSC)
Technology.”
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developed (16). In many cases, these cells are very similar to
primary hepatocytes, as judged by gene expression profiles,
secreted proteins, and metabolism. These cells were engrafted
into several animal models and were able to mature in vivo and

perform normal functions in rodents. In some cases, the cells
protected the animal from liver failure (17, 18). Significantly, a
point mutation in the �1-antitrypsin gene was corrected in
human iPSCs, and derived liver cells showed normal cell func-

TABLE 1
Previously reported examples of the use of iPSC-derived cells for tissue repair in animal disease models
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tion in immunodeficient Alb-uPA�/�;Rag2�/�;Il2rg�/� mice
(19).

Neurological Diseases—Experiments in several neurodegen-
erative disease models have been reported using neural cells
derived from iPSCs. Emborg et al. (20) recently reported the
application of neural progenitor cells derived from iPSCs in
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine-induced Parkin-
son disease in rhesus monkeys. Progenitor cells differentiated into
neurons, astrocytes, and oligodendrocytes after transplantation
and persisted for at least 6 months. These autologous cells induced
a minimal inflammatory response, but no functional improvement
was reported due to the small size of the graft (20). Rhee et al. (21)
reported significant motor improvement using reprogrammed
and differentiated human iPSCs delivered to rats with striatal
lesions. Human oligodendrocyte progenitors generated from
iPSCs mitigated symptoms in a rat model of lysolecithin-in-
duced demyelinated optic chiasm (22). Neural progenitor cells
derived from murine or human iPSCs promoted functional and
electrophysiological recovery after grafting into the injured spi-
nal cord of rodents and common marmosets, respectively (23,
24). Mixed results have been obtained when either rodent or
human iPSC-derived progenitor cells have been transplanted
into stroke-damaged mouse or rat brains. Results ranged from
tumor development and the absence of any effects on behavior
to significant recovery of function, controllable cell prolifera-
tion, and formation of electrophysiologically active synaptic
connections (25–28). Among the reasons for variability are the
absence of standard protocols for cell preparation and for mod-
eling stroke and testing treatment outcomes. Additional causes
of inconsistency include poor cell survival, statistically under-
powered animal groups, biological variation, and measurement
errors.

Degenerative Diseases of the Eye—iPSCs show promise for
treating diseases caused by functional defects of the retinal pig-
ment epithelium (RPE), such as age-related macular degenera-
tion, gyrate atrophy, and certain forms of retinitis pigmentosa.
Among the advantages for the use of stem cell therapy for these
conditions are the immune-privileged character of the target
tissue; requirements for limited numbers of cells; and the con-
venience of monitoring cell injection, potential therapeutic
effects, and complications. Protocols have been developed for
differentiation of human iPSCs into multipotent retinal pro-
genitor cells and RPE. Retinal function was restored in immu-
nocompromised rhodopsin knock-out (Rho�/�) mice by injec-
tion of cells differentiated from mouse iPSCs (29). Swine
photoreceptor cells differentiated from iPSCs integrated into
the damaged neural retinas of pigs, although significant
changes in electroretinal function were not observed, probably
due to the limited number of transplanted cells (30). Injection
of human RPE cells into the subretinal space of Rpe65rd12/
Rpe65rd12 mice restored vision, including over the long term
(31). Future studies of eye disease should develop approaches to
support proper transplanted cell integration, including the use
of natural and synthetic scaffolds.

Heart Disease—Development of the technologies to generate
iPSCs and differentiate these cells to functional cardiomyo-
cytes, endothelial cells, and smooth muscle cells is an exciting
new development for regenerative medicine (32–35). For

human cells, the low original efficiency of differentiation was
improved substantially by modifications of the original proce-
dures (36, 37). The potential use of heterogeneous cell popula-
tions was explored in rodent ischemic models (7, 37). Injection
of cardiac progenitor cells derived from iPSCs into the ischemic
rodent heart resulted in functional improvement, although the
effect for the most part was temporary due to poor engraftment
of the cells. Canine and porcine endothelial cells were gener-
ated from iPSCs and used to treat immunodeficient murine
models of myocardial infarction (7, 38). Both types of cells
improved cardiac contractility by releasing paracrine factors.
Alternative approaches have been suggested, such as the use of
several distinct heart cell types to regenerate individual compo-
nents of the cardiac tissue and the use of earlier stage progenitor
cells (35, 36). The physiological difference between human and
mouse hearts and the dramatically different heart rates present
additional problems for use of mouse models. Recently, Tem-
plin et al. (39) reported vascular differentiation and long-term
engraftment of human iPSCs in a pig model of myocardial
infarction. The use of human iPSC-derived cardiomyocyte
sheets on temperature-sensitive polymers has been explored in
the porcine ischemic model in an attempt to improve cell sur-
vival and engraftment (40). Additional technological improve-
ments are required to obtain long-lasting therapeutic effects.

Diabetes—Reprogramming pluripotent cells to pancreatic
�-like cells from a variety of animal species and humans is a
critical step in creating an alternative source of insulin-produc-
ing cells (41– 43). Different stepwise protocols that mimic the
process of pancreatic development have been used for repro-
gramming, but the efficiency of the process is still very low, even
using pancreatic �-cells as iPSC precursors (44). Among chal-
lenges for differentiation of human cells is the polyhormonal
state of a majority of differentiated cells. An insufficient under-
standing of the regulation of pancreatic development is the
major reason that reliable protocols have not yet been devel-
oped. Alipio et al. (41) reported the application of �-like cells
derived from mouse iPSCs for correction of hyperglycemic
phenotype in mouse models of type 1 and 2 diabetes. In another
study, iPSCs were generated from mouse embryonic fibroblasts
and pancreas-derived epithelial cells (45). The latter cell type
differentiated more readily to insulin-producing cells. Differen-
tiated iPSCs transplanted into streptozotocin-treated NOD/
SCID mice were able to engraft and respond to glucose stimu-
lation by the release of insulin, ameliorating hypoglycemia.
Pancreatic progenitor cells also were obtained from rhesus
monkey iPSCs generated from adult fibroblasts (42). Treatment
of these cells with TGF-� inhibitor led to the generation of
insulin-producing cells, which rescued hyperglycemia in strep-
tozotocin-treated diabetic mice.

Challenges to Be Addressed in Preclinical Studies

There are many challenges that should be addressed during
the process of cell generation and characterization in preclini-
cal studies before clinical application of iPSC-based therapy will
be possible (Fig. 1). Cellular imaging within living organisms is
expected to play a significant role in evaluating the behavior of
transplanted cells or their derivatives. Imaging will provide
information about the precise site of cell transplantation; will
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guide the accuracy of injection; and will help monitor the num-
ber of cells surviving various manipulations and long-term
engraftment, cell fate, and therapeutic and off-target effects.
The development of noninvasive imaging techniques with high
resolution and sensitivity, including deep penetration, will
allow in vivo real-time monitoring and help guide human clin-
ical trials (46 – 48).

Among current concerns for the application of iPSCs are low
reprogramming efficiency, the use of reprogramming factors
associated with cell proliferation and tumorigenesis, their
potential leaky expression, and the use of integrated viral vec-
tors for reprogramming. Technology for the generation of
iPSCs is becoming more refined in efforts to address these
issues (49, 50). The number, level, timing, and relative stoichi-
ometry of reprogramming factors affect the efficiency, quality,
and properties of the iPSCs (51). Other cellular factors and spe-
cific pathway inhibitors, as well as noncoding RNA (microRNA
and large intergenic non-coding RNA), can affect the process
significantly and can increase the efficiency of reprogramming
(52, 53). To eliminate the risk of the presence of the transgene
used for reprogramming, non-integrating vectors (54), Cre/
loxP and piggyBack transposon systems, recombinant proteins,
and synthetic RNA-based technologies have been used (53, 55).
The efficiency and consistency of these approaches must be
improved. Comparison of patterns of the gene expression, epi-
genetic states, and pluripotent potential of iPSCs with “gold
standard” embryonic stem cells from the same species showed
that despite almost identical profiles and properties, certain
classes of genes and epigenetic marks escape reprogramming in
iPSCs (56 –59). These differences can be affected significantly
by the reprogramming method and by the use of chromatin-
modifying drugs.

Some studies have demonstrated low survival and engraft-
ment as well as occasional loss of cell phenotype after trans-
plantation (60, 61). Among different reasons for such behavior

is the absence of the proper environment and cell/cell and cell/
extracellular matrix interactions in vivo. The use of natural or
artificial scaffolds and biologically active molecules developed
for tissue engineering and organ reconstruction might help to
improve cell retention and survival (62– 64). Preclinical studies
should address critical issues regarding the ability of the trans-
planted cells not only to be retained in the target but also to
become part of a functional tissue. Genomic mutations repre-
sent a serious risk for clinical applications. They should be
detected in iPSCs, and their byproducts and mutated cells
should not be used. However, it will probably not be possible to
prevent all mutational changes. The task is to devise strategies
to monitor and evaluate tolerable levels of genetic change and
to evaluate the consequences. Numerous studies have com-
pared mutation rates in the original somatic cells and derived
iPSCs to analyze at which stage reprogramming affects
genomic stability the most (65, 66). The major sources of muta-
tions are carryover aberrations from the original cell source,
mutations acquired during cell reprogramming, insertional
mutagenesis due to the transgenes used for reprogramming,
and passage in cell culture (67, 68). There is a certain preference
for accumulation of specific chromosomal aberrations in
humans and different animal species. Only certain aberrations
are common. Detailed analysis of single-nucleotide changes
suggested that most mutations in iPSCs occur during repro-
gramming and selection of rare mutants in the original cell
population (69, 70). Mouse iPSCs were shown to have a signif-
icantly lower mutation rate compared with human cells (71).
Therefore, there is a need for comparative analysis of cells
derived from different species to design preclinical studies to
predict the outcome of human trials (72–74).

Epigenomic instability of iPSCs was also reported and is
another important property of these cells (75, 76). Several
reports indicate the existence of residual specific epigenetic
marks from the somatic cells of origin (non-complete repro-

FIGURE 1. Overview of the workflow for development and preclinical testing of iPSC-based therapeutics. The application of iPSC-derived products for
therapy raises a number of issues that should be addressed to ensure safe and efficient treatment of human disease conditions. These challenges relate to the
unique properties of the cells and will require development of novel technologies as well as assessment of additional risk factors, which are not addressed using
current procedures for preclinical testing of biopharmaceuticals.
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gramming) as well as new methylation patterns (57, 59, 77).
There are significant similarities between cancer cells and
iPSCs, which include certain molecular properties, the ability to
self-renew, rapid unlimited proliferation, high telomerase
activity, expression profiles, and epigenetic signatures (78). As
one of the criteria for pluripotency, iPSCs are known to form
teratomas in immunocompromised recipients after subcutane-
ous, intratesticular, or intramuscular injection (79, 80). The ter-
atoma-forming capability of the differentiated iPSCs derived
from different adult tissues varied substantially and correlated
with the number of residual pluripotent cells (81). Importantly,
allogeneic transplants in the hearts of immunocompetent rats
resulted in tumorigenesis as well (82). Mice generated from
tetraploid complementation using iPSC lines were prone to
tumorigenesis (83). The expression profiles of the human iPSC-
derived differentiated cells revealed a significant overlap of
these cells with human tumor cell lines regarding expression of
several cancer-related genes (84, 85). Because iPSCs themselves
are not intended to be used for therapy, the major concern
relates to the possible contamination of differentiated progen-
itors with mutated pluripotent cells. Extensive epigenetic mod-
ifications occurring during reprogramming and differentiation
may make iPSCs more prone to causing cancer following trans-
plantation. Development of highly sensitive methods for detec-
tion and efficient separation of undifferentiated cells will be
needed (86, 87). Among new methods potentially limiting the
tumorigenicity of iPSCs are increasing the copy number of
tumor suppressors (88) and the use of specific drugs such as
metformin (89) and pluripotent cell-specific inhibitors (90).

There is currently limited information regarding the mecha-
nisms of iPSC-mediated tumorigenesis in vivo. The risk of
tumorigenesis is difficult to estimate due to the different sus-
ceptibility of animals and humans and to the immunosup-
pressed or deficient character of the current animal models
used in conjunction with human cells. Therefore, additional
studies using improved animal models and tests are required.
Several new severely immunodeficient mouse and rat models
have been developed that will be useful for detecting small
numbers of tumorigenic cells in iPSC-derived products (91, 92).
Tumorigenicity tests should determine the limit of detection
and sensitivity of the assay and should contain positive and
negative controls. Well defined methods should be developed
to reduce the tumorigenicity of transplanted cells, including
complete terminal differentiation, eliminating undifferentiated
cells, and blocking the expression of cancer-related genes in
pluripotent cells and their derivatives. Cancer cells must be
detected early after transplantation into the host and elimi-
nated. A sensitive and facile method for tumor detection in
small animals is the use of the firefly luciferase reporter con-
struct and bioluminescence imaging (92). However, this
approach is not suitable for large animal models and clinical
applications. Therefore, technological advances using a combi-
nation of imaging modalities are required to provide the most
accurate information.

It is important to stress that additional genomic abnormali-
ties can occur during the differentiation of pluripotent cells to
specific lineages. Even though the potential risk for tumor for-
mation in these cells should be low, genetic changes can affect

their performance and functional activities when replacing
damaged tissues (76, 93). An additional way to safeguard iPSC-
generated cells from overproliferation or teratoma formation
after transplantation is to insert inducible suicide genes that
can be regulated using prodrugs (94 –96).

Overview of Preclinical Testing Requirements for
iPSC Products

Regulatory issues related to the use of human iPSC products
are currently being evaluated by the Center for Biologics Eval-
uation and Research at the United States Food and Drug
Administration (97). According to published requirements,
evaluation of iPSC-derived products for patient treatments
includes preclinical testing to examine safety, feasibility, and
efficacy. Preclinical studies should be conducted and compared
in healthy animals and in disease models. In accordance with
Food and Drug Administration requirements, the same cells
that potentially will be used in humans should be tested in ani-
mals. However, for a variety of applications, it will be reasonable
at certain stages of development to test cells from the same
species to provide a more compatible physiological environ-
ment. Rodents are used very successfully for studies of the basic
biology of iPSCs, but they are relatively non-predictive for clin-
ical efficacy. Larger animal species such as swine and monkeys
may be preferable for stem cell-based preclinical studies due to
physiological similarities to humans and longer life spans. It is
desirable to develop the surgical and visualization techniques
necessary for the use of stem cells in large animals. However,
the use of large animals has specific issues that should be con-
sidered carefully. Relative to rodents, these include higher cost,
more complex husbandry, insufficient reagents and tools, less
studied disease mechanisms, less genomic information, a lim-
ited number of disease models, and less ability to modify the
genome for model development.

In distinction to approved drugs, which have a certain half-
life in the body, long-term integration is expected for iPSC
derivatives. Cells having a different differentiation status, which
can change in response to the in vivo environment, will be
potentially present as well. Preclinical studies will involve eval-
uation of long-term safety and analysis of cell biodistribution.
Currently, due to very limited data regarding the fate of trans-
planted cells, the risk of ectopic engraftment to non-intended
locations and long-term off-site effects are uncertain. There-
fore, biodistribution studies of stem cell-based products are of
primary importance. Among long-term safety issues that
should be addressed in preclinical experiments are genomic
instability, the immune response and cell rejection, the capacity
for uncontrolled proliferation and tumorigenicity, and off-tar-
get effects. Testing the feasibility and efficiency of a treatment
will have, as an objective, evaluation of biological activity and
several clinically relevant outcomes. Preclinical animal testing
should provide information regarding biological and behavioral
effects in relation to the timing of cell transplantation during
the course of the particular disease; the routes for cell delivery;
and frequencies, concentrations, and doses of administration.
Care should be taken to understand the limitations of extrapo-
lating results obtained in animals to clinical studies, particularly
if the organ size, disease mechanism, and pathophysiology are
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different between the animal model and humans. It is conceiv-
able that, for certain conditions, a single satisfactory model
does not exist. Therefore, the use of several models will illumi-
nate potential limitations and enhance the ability to find alter-
native approaches.

The quality of the cell products, including homogeneity of
the cell population, will determine in part the risk and efficacy
of a given therapy. Other potentially confounding factors
include cell line contaminants, risks of transmissible infections,
storage capacity, and viability. iPSC products should be pro-
duced according to the protocols and procedures equivalent to
Current Good Manufacturing Practice guidelines, and the final
products must be characterized thoroughly.

Future Developments and Complementary Approaches

Selection of the best cell sources, further development of
effective reprogramming and differentiation protocols, and
demonstration of the safety and functionality of specialized
cells are urgent issues to be addressed in preclinical studies.
Experiments using human and animal cells as model systems
will provide unique opportunities to examine a wide variety of
functional properties and therapeutic effects in vivo. New strat-
egies for the use of small molecules capable of functionally
replacing reprogramming factors and generating tissue-spe-
cific precursor cells require further development. The sensitive
detection and elimination of potentially tumorigenic cells and
the development of appropriate immune models for xenotrans-
plantation experiments, particularly in large animals, should
permit more effective translation of experimental approaches
to human procedures.

In parallel to the use of reprogrammed iPSCs, the new
approach of transdifferentiation, based on the premise of con-
verting one type of somatic cell directly into another, is also
attracting considerable attention. This method potentially can
significantly shorten the time for obtaining specialized cells and
contribute to elimination of the risk of tumorigenesis (98, 99).
This new approach requires development of protocols for
large-scale production of cells. Problems associated with the
lack of complete conversion of one cell type to another must
also be solved.

Differentiation of patient-specific iPSCs into the cell types
responsible for a given disease potentially provides new in vitro
models to study disease mechanisms, test screening tools for
toxicology testing, and develop therapeutic drugs to reverse dis-
ease phenotypes. Important questions that must be answered are
whether cell phenotypes can be discerned within iPSC-derived
cell cultures that are representative and predictive of the in vivo
pathophysiology underlying the disease of interest and whether
this phenotype can be altered in vitro such that a potential therapy
for patients can emerge.

REFERENCES
1. Yamanaka, S. (2012) Induced pluripotent stem cells: past, present, and

future. Cell Stem Cell 10, 678 – 684
2. Takahashi, K., and Yamanaka, S. (2006) Induction of pluripotent stem

cells from mouse embryonic and adult fibroblast cultures by defined fac-
tors. Cell 126, 663– 676

3. Takahashi, K., Tanabe, K., Ohnuki, M., Narita, M., Ichisaka, T., Tomoda,
K., and Yamanaka, S. (2007) Induction of pluripotent stem cells from adult

human fibroblasts by defined factors. Cell 131, 861– 872
4. Liu, H., Zhu, F., Yong, J., Zhang, P., Hou, P., Li, H., Jiang, W., Cai, J., Liu, M.,

Cui, K., Qu, X., Xiang, T., Lu, D., Chi, X., Gao, G., Ji, W., Ding, M., and
Deng, H. (2008) Generation of induced pluripotent stem cells from adult
rhesus monkey fibroblasts. Cell Stem Cell 3, 587–590

5. Liao, J., Cui, C., Chen, S., Ren, J., Chen, J., Gao, Y., Li, H., Jia, N., Cheng, L.,
Xiao, H., and Xiao, L. (2009) Generation of induced pluripotent stem cell
lines from adult rat cells. Cell Stem Cell 4, 11–15

6. Honda, A., Hirose, M., Hatori, M., Matoba, S., Miyoshi, H., Inoue, K., and
Ogura, A. (2010) Generation of induced pluripotent stem cells in rabbits:
potential experimental models for human regenerative medicine. J. Biol.
Chem. 285, 31362–31369

7. Lee, A. S., Xu, D., Plews, J. R., Nguyen, P. K., Nag, D., Lyons, J. K., Han, L.,
Hu, S., Lan, F., Liu, J., Huang, M., Narsinh, K. H., Long, C. T., de Almeida,
P. E., Levi, B., Kooreman, N., Bangs, C., Pacharinsak, C., Ikeno, F., Yeung,
A. C., Gambhir, S. S., Robbins, R. C., Longaker, M. T., and Wu, J. C. (2011)
Preclinical derivation and imaging of autologously transplanted canine
induced pluripotent stem cells. J. Biol. Chem. 286, 32697–32704

8. Wu, Y., Mishra, A., Qiu, Z., Farnsworth, S., Tardif, S. D., and Hornsby, P. J.
(2012) Nonhuman primate induced pluripotent stem cells in regenerative
medicine. Stem Cells Int. 2012, 767195

9. Ezashi, T., Telugu, B. P., and Roberts, R. M. (2012) Induced pluripotent
stem cells from pigs and other ungulate species: an alternative to embry-
onic stem cells? Reprod. Domest. Anim. 47, Suppl. 4, 92–97

10. Shultz, L. D., Brehm, M. A., Garcia-Martinez, J. V., and Greiner, D. L.
(2012) Humanized mice for immune system investigation: progress,
promise and challenges. Nat. Rev. Immunol. 12, 786 –798

11. Suzuki, S., Iwamoto, M., Saito, Y., Fuchimoto, D., Sembon, S., Suzuki, M.,
Mikawa, S., Hashimoto, M., Aoki, Y., Najima, Y., Takagi, S., Suzuki, N.,
Suzuki, E., Kubo, M., Mimuro, J., Kashiwakura, Y., Madoiwa, S., Sakata, Y.,
Perry, A. C., Ishikawa, F., and Onishi, A. (2012) Il2rg gene-targeted severe
combined immunodeficiency pigs. Cell Stem Cell 10, 753–758

12. de Almeida, P. E., Ransohoff, J. D., Nahid, A., and Wu, J. C. (2013) Immu-
nogenicity of pluripotent stem cells and their derivatives. Circ. Res. 112,
549 –561

13. Zhao, T., Zhang, Z. N., Rong, Z., and Xu, Y. (2011) Immunogenicity of
induced pluripotent stem cells. Nature 474, 212–215

14. Guha, P., Morgan, J. W., Mostoslavsky, G., Rodrigues, N. P., and Boyd,
A. S. (2013) Lack of immune response to differentiated cells derived from
syngeneic induced pluripotent stem cells. Cell Stem Cell 12, 407– 412

15. Araki, R., Uda, M., Hoki, Y., Sunayama, M., Nakamura, M., Ando, S.,
Sugiura, M., Ideno, H., Shimada, A., Nifuji, A., and Abe, M. (2013) Negli-
gible immunogenicity of terminally differentiated cells derived from in-
duced pluripotent or embryonic stem cells. Nature 494, 100 –104

16. Hannan, N. R., Segeritz, C. P., Touboul, T., and Vallier, L. (2013) Produc-
tion of hepatocyte-like cells from human pluripotent stem cells. Nat. Pro-
toc. 8, 430 – 437

17. Liu, H., Kim, Y., Sharkis, S., Marchionni, L., and Jang, Y. Y. (2011) In vivo
liver regeneration potential of human induced pluripotent stem cells from
diverse origins. Sci. Transl. Med. 3, 82ra39

18. Chen, Y. F., Tseng, C. Y., Wang, H. W., Kuo, H. C., Yang, V. W., and Lee,
O. K. (2012) Rapid generation of mature hepatocyte-like cells from human
induced pluripotent stem cells by an efficient three-step protocol. Hepa-
tology 55, 1193–1203

19. Yusa, K., Rashid, S. T., Strick-Marchand, H., Varela, I., Liu, P. Q., Paschon,
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Human pluripotent stem cells (hPSCs) offer unprecedented
opportunities to study cellular differentiation and model human
diseases. The ability to precisely modify any genomic sequence
holds the key to realizing the full potential of hPSCs. Thanks to
the rapid development of novel genome editing technologies
driven by the enormous interest in the hPSC field, genome edit-
ing in hPSCs has evolved from being a daunting task a few years
ago to a routine procedure in most laboratories. Here, we pro-
vide an overview of the mainstream genome editing tools,
including zinc finger nucleases, transcription activator-like
effector nucleases, clustered regularly interspaced short palin-
dromic repeat/CAS9 RNA-guided nucleases, and helper-depen-
dent adenoviral vectors. We discuss the features and limitations
of these technologies, as well as how these factors influence the
utility of these tools in basic research and therapies.

The discovery of induced pluripotent stem cells (iPSCs)5

seven years ago has reignited the enthusiasm for cell-based
therapy. The ability of iPSCs to undergo unlimited division
while maintaining genomic integrity provides a way to over-
come the senescence barrier of aged somatic cells. The capacity
of iPSCs to differentiate into cells of the three germ layers has
been extensively documented in the field. Taken together, it is
not hard to appreciate why human iPSC (hiPSC)-based autolo-

gous transplantation is heralded as the future of regenerative
medicine (Fig. 1). One area that has drawn great interest is
correction of genetic diseases in patient-specific hiPSCs with a
prospect of personalized cell therapy.

Pluripotent stem cells are especially amenable for genome
editing because they can undergo extensive tissue culture
manipulations, such as drug selection and clonal expansion,
while still maintaining their pluripotency and genome stability.
Gene targeting in mouse embryonic stem cells by homologous
recombination (HR) has proven to be a staple technique for
studying gene function (1, 2). However, the same strategy does
not translate well into human embryonic stem cells (hESCs) or
hiPSCs (3). Although the classical HR method has been suc-
cessfully used to generate knock-in reporter lines and to correct
gene mutations in hESCs, the reported targeting efficiencies are
at least several orders of magnitude lower than what is achiev-
able in mouse embryonic stem cells (4, 5). This is likely due to
the intrinsic differences in the DNA repair process between
humans and mice, as measures to improve single-cell survival
and DNA transfection did not have a dramatic effect on gene
targeting efficiency (6, 7). However, other methods aimed at
promoting HR proved more fruitful (3). In the past several
years, there has been a spike of interest in genome editing in
hESCs and hiPSCs, possibly due to the potential of this technol-
ogy in modeling and correcting a myriad of genetic diseases (8,
9). This has fueled a rapid development in novel technologies
for targeted modification of the human genome. Here, we aim
to provide a timely update on the current genome editing tech-
nologies and discuss the factors that influence the choice of an
appropriate technology.

Genome Editing with Synthetic Nucleases

Introduction of a DNA double-strand break (DSB) triggers
DNA repair responses via two major pathways (10). The DSBs
are repaired primarily by the non-homologous end joining
(NHEJ) pathway, which either restores the original sequence or
creates small insertions or deletions (indels). Alternatively, the
DSBs may be repaired through HR based on a homologous
repair template (a process termed homology-directed repair
(HDR)). HDR can be co-opted to introduce desired sequence
changes when an exogenous template is introduced. There have
been several approaches of engineering synthetic nucleases to
achieve targeted cleavage of a specific site in the human genome.
These nucleases share two important properties: 1) a mechanism
of recognizing a sufficiently long target sequence that occurs only
once in the genome and 2) a catalytic activity that is activated by
sequence-specific binding.

Zinc Finger Nucleases—Zinc finger nucleases (ZFNs) are
modular proteins consisting of a series of the Cys2-His2 zinc
finger DNA-binding motifs and the DNA cleavage domain of
the type IIS restriction enzyme FokI (11). Each zinc finger motif
recognizes 3– 4 bp of DNA, and the modular nature of the zinc
finger motif allows specific binding to a composite sequence by
linking several motifs in tandem. The activity of the FokI
nuclease requires dimerization. Therefore, two ZFNs are
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designed to bind on opposite sides of the target site with the
respective FokI domains oriented toward each other (Fig. 1).
This design further enhances the specificity of ZFNs, as
dimerization of FokI and thus cleavage are dependent on a lon-
ger target. A pair of ZFNs that each contains three zinc finger
motifs are sufficient to ensure a unique intended target of an
18-bp sequence by chance in the human genome, although four
to six motifs are more commonly used to increase specificity
(12). ZFNs have been successfully used to edit the genome of
many organisms, including humans (11, 13).

Among the synthetic nucleases, ZFNs have the advantage of
being the most studied. There are many technical resources to
aid the design and assembly of ZFNs. Well designed ZFNs are
highly effective in the disruption, addition, or correction of the
target gene. Recently, ZFN-mediated disruption of the TAP2
gene in hiPSCs made it possible to produce an unlimited
amount of antigen-presenting cells for vaccination therapy
(14). ZFN-mediated insertion of transgenes into the genomic
safe harbor locus (AAVS1) of hiPSCs has been used to engineer
cells for in vivo imaging and to correct the globin imbalance in
�-thalassemia (15, 16). In the case of HDR, ZFNs greatly sim-
plify the experimental design, as short oligonucleotides may be
used as templates, and antibiotic selection may be omitted (17).

For a detailed account of genome editing of hESCs and hiPSCs
using ZFNs, we would like to refer the readers to recent reviews
(18, 19).

Despite many successful reports of ZFN-mediated genome
editing of human cells in academic and clinical research, ZFN
technology has several limitations. The assembly of zinc finger
motifs is not modular in the strictest sense. The binding affinity
of individual motifs is context-dependent. In other words, an
assembled ZFN does not necessarily have high affinity for the
sequence that is the composite of the 3-bp cognate sequence of
each zinc finger motif (20). Other selection-based methods
have been invented to address the high failure rate of modularly
assembled ZFNs (reviewed in Ref. 14). With these methods, the
number of targetable sites is reduced. In any case, it requires a
considerable amount of experience, time, and effort to achieve
proficiency at making functional ZFNs.

Unintended cleavage at so-called off-target sites is another
concern with ZFNs (21). Off-target cleavage could cause cyto-
toxicity, introduce unknown mutations, and confound the
analysis of the effects of the intended genetic changes. FokI
variants that form obligate heterodimers have been used to
minimize off-target cutting due to homodimerization of ZFNs
(22). Converting FokI into a DNA-nicking enzyme also helps to

FIGURE 1. Conceptual schematic showing the application of genome editing and iPSC technologies in regenerative medicine.
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reduce the risk of mutagenesis due to off-target cleavage
because single-strand breaks stimulate HDR on target while
minimizing NHEJ off target (23, 24). Even with these technical
improvements, it is still important to monitor off-target cleav-
age of ZFNs intended for therapeutics. Bioinformatics tools
may be used to predict potential off-target sites. However, this
approach does not take into consideration the differences
between the target genome and the reference genome. Further-
more, two studies have shown that the in vivo off-target sites of
ZFN cleavage could not be fully predicted by in vitro or in silico
analysis (21, 26). At the cellular level, although �H2AX and
p53BP1 foci are used to monitor DSB sites after the introduc-
tion of ZFNs, they cannot distinguish ZFN-mediated DSBs and
spontaneous DSBs. A more direct approach will be sequencing
the genome, which is becoming more practical as next genera-
tion sequencing becomes more affordable. Encouragingly, Yusa
et al. (27) found no evidence of off-target cleavage-induced
mutation in a ZFN-modified hiPSC line by exome sequencing.

Transcription Activator-like Effector Nucleases—Recently,
another synthetic nuclease termed transcription activator-like
effector nuclease (TALEN) has emerged as an alternative to
ZFNs. The architecture of TALENs is similar to that of ZFNs,
with a DNA-binding domain fused to a FokI domain (Fig. 1).
The DNA-binding module of TALENs is sourced from the
DNA-binding repeat domain of transcription activator-like
effectors (TALEs), bacterial proteins of the plant pathogen
Xanthomonas (28). Unlike zinc fingers, each TALE repeat has a
1-to-1-bp correspondence. Most of the 34 amino acids in each
repeat are highly conserved, except for two repeat-variable di-
residues, which determine the DNA base specificity (29, 30).
TALEs naturally exist as tandem arrays of repeated motifs,
which means that they have been “pre-optimized” during evo-
lution for modular assembly. This translates into a unique
advantage when assembling TALENs. In contrast to ZFNs,
modular assembly of TALENs has a success rate up to 100%,
which has two important implications. 1) Any laboratory with a
basic molecular biology setup can produce functional TALENs
within days, and 2) automated high-throughput TALEN pro-
duction is possible (31–33). Indeed, within 2 short years after
the first report of genome editing in hPSCs using TALENs, a
library of TALENs targeting 18,740 protein-coding genes in the
human genome has already been constructed using a high-
throughput cloning method (34). In side-by-side comparisons
to ZFNs, TALENs exhibit comparable efficacy and lower toxic-
ity (35). As demonstrated in a recent study, TALENs have
greatly facilitated genome editing in hPSCs for generating dis-
ease models (36).

Despite the enthusiasm for TALENs, the technology is still in
its infancy and thus faces many unresolved issues. TALEN tar-
get-site selection is restricted by the requirement of a preceding
T base (29, 37). Although this should not prohibit successful
design of TALENs in most cases, it may be an issue when mod-
ifying a specific mutation especially for future cell-based gene
therapy. The reported sensitivity of TALENs to 5-methylcyto-
sine could be a more serious drawback of the TALEN technol-
ogy because of the prevalence of this DNA modification in
the genome (38, 39). Recent evidence shows that this prob-
lem may be overcome by engineering 5-methylcytosine-

insensitive TALE DNA-binding domains (39). The extent of
off-target effect of TALENs is largely unknown. Recently, there
have been several efforts to systematically map off-target cleav-
age of ZFNs and meganucleases. These include in vitro selec-
tion of binding targets by systemic evolution of ligands by expo-
nential enrichment (SELEX), in vitro selection of cleavage
sequence, and tagging transiently appearing DSBs by NHEJ-
mediated integration of adeno-associated virus vectors or inte-
grase-defective lentiviral vectors (21, 26, 40). These methods
are also applicable to TALENs. It is worth noting that unbiased
approaches of mapping off-target cleavage sites, such as those
reported by Gabriel et al. (21) and Petek et al. (40), show that in
silico screening of potential cleavage targets based on sequence
homology does not predict actual cleavage in vivo. Another
method of surveying off-target effects of TALENs is genome
sequencing. Ding et al. (36) compared TALEN-modified
exomes with the parental exome and found little evidence of
indels, a hallmark of TALEN cleavage sites. However, they
noted approximately seven single-nucleotide variants per clone
(36). As the authors suggested, these single-nucleotide variants
may reflect heterogeneity in the parental population, which
manifests itself during the extended culture that is required for
genome editing, as they do not coincide with predicted TALEN
off-target sites. Using a single cell-derived parental line may
help clarify this issue. To gain a complete picture of off-target
effects of TALENs in noncoding regions of the genome, high-
coverage whole-genome sequencing is necessary (36).

Clustered Regularly Interspaced Short Palindromic Repeat
(CRISPR)/CAS9 RNA-guided Nucleases—It is clear from the
development of ZFNs and TALENs that specific sequence rec-
ognition is the key element in the design of synthetic nucleases.
Other than DNA-binding polypeptides, nature has evolved
other means to interact with specific DNA sequences. Bacteria
and archaea possess a unique adaptive immune system based
on an RNA-guided DNA endonuclease to destroy foreign DNA
(41). DNA fragments of past invaders are integrated as spacers
in the CRISPR genomic loci. The CRISPR loci are transcribed to
produce CRISPR RNAs (crRNAs), which contain a unique seed
sequence complementary to target DNA (called protospacer)
and a repeat region that hybridizes to a small RNA called trans-
activated crRNA (tracrRNA). The crRNA and tracrRNA hybrid
guides CAS (CRISPR-associated) proteins to cleave target DNA
(42). Since the beginning of 2013, there has been a surge of
reports of successful adaptation of the CRISPR/CAS9 system
for human genome editing (43– 46). Targeted cleavage by
CRISPR/CAS9 in human cells requires the introduction of a
CAS9 expression vector and the guide RNAs (crRNA and
tracrRNA). The system has been further simplified by fusing
the two RNAs into a chimeric RNA (44). Targeting CAS9 to a
desired genomic site only entails cloning the 20 bp of target
sequence into the spacer region of the crRNA locus (Fig. 1).
Several versions of the CRISPR/CAS9 system are available from
plasmid-sharing services. This potentially makes the exclusivity
of genome editing technology a thing of the past. The CRISPR/
CAS9 system is also amenable to high-throughput construction
of a library of targeting vectors. Because of the small size of the
guide RNA, it is also possible to deliver multiple guide RNAs at
the same time to achieve multiplex targeting (45, 47). A recent
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study has compared the efficiency of CRISPR/CAS9 with that of
TALENs in targeting the same genomic sites in hPSCs (48).
CAS9 outperformed TALENs in gene disruption, gene knock-
in, and bi-allelic targeting across all loci. It was speculated that
this might be due to a higher expression level and lower cyto-
toxicity of the CAS9 protein (48).

Despite its versatility, the CRISPR/CAS9 system has several
limitations. First, the targetable sites of CAS9 are constrained
by the requirement of a GN20GG sequence motif, which may
cause a problem when targeting certain loci. Second, up to six
mismatches between crRNA and target DNA are tolerated by
CAS9, which may result in off-target cleavage (41). Indeed, a
recent study showed that CRISPR/CAS9 nucleases induce
mutations at off-target sites with up to five mismatches (49).
More importantly, frequencies of off-target mutations are
equal to or higher than those of on-target mutations (49). CAS9
mutants with a more stringent requirement of crRNA-target
DNA complementation may be engineered by directed evolu-
tion. CAS9 has been converted into a nickase, which reduces
mutagenesis at off-target sites (45). In addition, a systematic
examination of the off-target effects of CRISPR/CAS9 ought to
be performed using the technologies discussed above with
regard to ZFNs and TALENs.

Genome Editing without Nucleases

There are other tools that enable efficient genome editing in
human cells without the aid of synthetic nucleases. Compared
with synthetic nuclease-based methods, the classic HR method
is less likely to have off-target effects. However, the low effi-
ciency of HR in human cells is a major roadblock (5). Several
approaches have been designed to overcome this issue,
including the use of bacterial artificial chromosomes, adeno-
associated viruses, and helper-dependent adenoviral vectors
(HDAdVs) (50 –56). Among these, HDAdVs have enjoyed the
most success in genome editing of hPSCs. HDAdVs are so-
called last-generation adenoviruses developed for gene therapy.
They are non-integrative viral vectors engineered to be low
immunogenic and able to transduce a wide range of cell types
with high efficiency. Since all viral genes are deleted from
HDAdVs, they have a large cloning capacity of 36 kb (57). These
features make HDAdVs ideal vectors for delivering HR donor
constructs with extended homology arms (Fig. 1). HDAdVs
have been successfully applied to genome editing in hPSCs,
including genetic correction of Hutchinson-Gilford progeria
syndrome, sickle cell disease, and Parkinson disease in hiPSCs
(50 –53). The percentage of clones harboring the correct target-
ing event via HR after drug selection is significantly higher than
the classical HR method (range of 17–100%). Unlike synthetic
nucleases, HDAdVs offer a prospect of in vivo delivery. Addi-
tional benefits of HDAdVs include 1) no restriction on target
site selection, 2) simultaneous introduction of multiple modifi-
cations to a large span of DNA region, 3) efficient transduction
into a wide range of cell types, and 4) no risk of off-target cleav-
age. One study has looked at the genomic and epigenomic sta-
tus of HDAdV-modified hiPSCs and found it to be highly sim-
ilar to that of the parental lines (52). However, HDAdVs carry a
rare chance of integrating into the genome, although such an
event was not detected by using a variety of techniques in our

research (50). The construction of HDAdVs is rather techni-
cally challenging and labor-intensive, which may present a bar-
rier to adopting this technology. Another drawback is that
HDAdV-mediated genome editing requires drug selection,
which is lengthy and necessitates an additional step to remove
the drug-selectable marker, and a genomic scar (e.g. a loxP or
FRT site) is left behind. It is possible to deliver synthetic
nucleases (e.g. TALENs) and the donor construct in an “all-in-
one” HDAdV, therefore avoiding drug selection and the issues
associated with it.

Conclusions and Perspectives

The rapid progression of genome editing technology is a
boon to both basic science and cell and gene therapy. Ideally,
cells that have undergone genome editing should contain only
the intended change in an otherwise isogenic background, thus
providing the most stringent test of gene function. However,
this may not be the case due to off-target effects of ZFNs,
TALENs, and CRISPR/CAS9. One way to minimize these
experimental confounders is to improve the design of the
genome editing tools. DNA nickase, obligate heterodimeric
FokI, and mutant variants with enhancer specificity all increase
the fidelity of synthetic nucleases. Because it is still difficult to
determine the full extent of off-target effects of synthetic
nucleases, prudent experimental designs should be the second
line of defense. It may not be enough to just analyze multiple
clones resulting from one nuclease design because off-target
cleavage could be common among clones. If clones generated
by an independent nuclease that is targeted to a different region
of the same locus have the same phenotypes, then the genotype-
phenotype relationship can be established with confidence.

Other than elucidating gene function and modeling human
diseases, genome editing technologies can facilitate a variety of
novel studies, such as improving directed differentiation of
hiPSCs by generating lineage-specific reporter lines, engineer-
ing dendritic cell-directed cancer vaccines and T cell immuno-
therapies (58, 59), and generating human cell lines with
enhanced production of biomolecules for biotechnology and
pharmaceutical industries.

The use of genome editing in the clinic requires extra scru-
tiny. Although only a few exonic mutations are induced during
gene correction, and mice transplanted with these modified
cells do not have tumors, the long-term safety issue is still
unclear (27, 60). We still do not understand how to control
mutation accumulation during culture and the implications of
these mutations in vivo. Since these unintended mutations are
permanent changes that may have long-term delayed adverse
effects, such as those observed in the X-linked severe combined
immunodeficiency trial (25, 61), long-term evaluation of the
safety of cells that have undergone genome editing in primates
is highly recommended. Because genome editing technology is
an emerging field, it would be advisable that the proper author-
ities, including the Food and Drug Administration, issue spe-
cific and sensible guidelines for the design of preclinical studies.
A better understanding of the risk of genome editing technol-
ogies may allow their use in non-life-threatening conditions,
therefore potentially benefiting more people. It may be unreal-
istic and unreasonable to require a zero tolerance of mutations
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or demand a full investigation into every genetic variance. Per-
haps the key is to strike a balance between risks and benefits to
the patients. Today, it is clear that we are experiencing the dawn
of a new era in biomedical research ushered in by genome edit-
ing technologies.
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Hydrogen peroxide, the nonradical 2-electron reduction
product of oxygen, is a normal aerobic metabolite occurring at
about 10 nM intracellular concentration. In liver, it is produced
at 50 nmol/min/g of tissue, which is about 2% of total oxygen
uptake at steady state. Metabolically generated H2O2 emerged
from recent research as a central hub in redox signaling and
oxidative stress. Upon generation by major sources, the NADPH
oxidases or Complex III of the mitochondrial respiratory chain,
H2O2 is under sophisticated fine control of peroxiredoxins and
glutathione peroxidases with their backup systems as well as by
catalase. Of note, H2O2 is a second messenger in insulin signal-
ing and in several growth factor-induced signaling cascades.
H2O2 transport across membranes is facilitated by aquaporins,
denoted as peroxiporins. Specialized protein cysteines operate
as redox switches using H2O2 as thiol oxidant, making this reac-
tive oxygen species essential for poising the set point of the
redox proteome. Major processes including proliferation, dif-
ferentiation, tissue repair, inflammation, circadian rhythm, and
aging use this low molecular weight oxygen metabolite as signal-
ing compound.

One of the surprises in redox biology was the relatively recent
appreciation of hydrogen peroxide as a messenger molecule. It
is now widely accepted that this low molecular weight molecule
is utilized in metabolic regulation in ways similar to diffusible
gases such as NO, CO, or H2S. Even more so, H2O2 is recog-
nized as being in the forefront of transcription-independent
signals, in one line with Ca2� and ATP (1). H2O2 diffuses
through tissues to initiate immediate cellular effects, such as
cell shape changes, the formation of functional actomyosin
structures, and the recruitment of immune cells (1). Among the
various reactive oxygen species, H2O2 has been identified as a
suitable second messenger molecule, in part because of its reac-
tions with specific oxidation-prone protein cysteinyl residues in
local environments that lower the pKa to provide specificity in

time and space, required in signaling (2, 3). However, until
recently, assessing the precise amount of hydrogen peroxide in
cellular and subcellular locations under in vivo conditions was
challenging, but promising progress in methodology has
opened a new level of analysis, introducing genetically encoded
fluorescent indicators as H2O2 reporter molecules (4).

Against this background, the present minireview will address
the following questions. 1) How can H2O2 be assayed in the
biological setting? 2) What are the metabolic sources and sinks
of H2O2? 3) What is the role of H2O2 in redox signaling and
oxidative stress?

How Can H2O2 Be Assayed in the Biological Setting?

In his book “On the Catalytic Actions of the Living Sub-
stance,” in 1928 Otto Warburg (5) noted that one should “study
enzymes under the most natural conditions of action, in the
living cell itself. From the standpoint of preparative chemistry
they may be looked upon as being of utmost impurity. However,
if one finds reactants that selectively react with the enzymes,
the rest of the cell interacts as little as the glass wall of a test tube
in which a chemical reaction is carried out.” This is the mindset
behind the current use of proteins selectively sensing and
reporting ligands or reactants such as H2O2.

Organ Spectrophotometry of Catalase Compound I

The first demonstration that H2O2 is present as a normal
attribute of aerobic metabolism in mammalian cells was by
spectrophotometry of catalase Compound I, which is formed in
the reaction of catalase with H2O2 (6). Catalase minus catalase
Compound I (7) has an optical difference spectrum in the near
infrared amenable to specific spectrophotometry in biological
systems because there is negligible interference from other
components and little light scattering. The absorbance differ-
ence between 640 and 660 nm was identified to selectively mon-
itor the steady-state level of catalase Compound I in intact liver
(6), enabling readout of H2O2 by using Compound I as a molec-
ular beacon and proving the existence of H2O2 under normal
metabolic conditions. As illustrated in Fig. 1, the continuous
endogenous production of H2O2 was demonstrated by its reac-
tion with the hydrogen donor, methanol. There is increased
formation of Compound I upon infusion of substrate for
enhanced production of H2O2, e.g. glycolate (8). Methanol can
be used as hydrogen donor for titrations in intact tissues
because unlike ethanol, it reacts specifically with catalase Com-
pound I. From titrations with methanol, the steady-state rate of
H2O2 production was quantified to be 50 nmol/min/g of liver,
which is about 2% of the respiration rate of the liver (9). Supply
of medium-chain fatty acids such as octanoate increased the
rate of H2O2 generation to 170 nmol/min/g of liver (Table 1).
The concentration of H2O2 was estimated to be about 10 nM

(10). Exposed liver of anesthetized rats in situ is amenable to
this H2O2 assay as well (11). These data represent H2O2
detected by catalase in the liver, a tissue rich in peroxisomes
(see Ref. 10). Rates and concentrations of H2O2 in other cell
types may be different. Isolated mitochondria had an upper
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estimate of the proportion of electron flow giving rise to H2O2
with palmitoyl carnitine as substrate of 0.15% (12), an order of
magnitude lower than the 2% mentioned above for the intact
liver. Thus, either there is an artifactually low rate after isolation
of the organelles, or the contribution by extramitochondrial
sources is considerable, or there is an overestimation by the
hydrogen donor titration method. Conversely, in addition to
the H2O2 detected with the catalase Compound I method
(Table 1), additional H2O2 flux occurs through the peroxire-

doxins, thioredoxins, and GSH peroxidases (see below). These
issues need to be addressed in further studies as methodology
advances.

Genetically Encoded Fluorescent Protein Indicators of H2O2

The fluorescent probe HyPer (4) consists of circularly per-
muted yellow fluorescent protein (cpYFP) inserted into the reg-
ulatory domain of the prokaryotic H2O2-sensing protein, OxyR
(hydrogen peroxide-inducible gene regulator). An illustration
of the type of imaging of H2O2 in intact organisms is given in
Fig. 2, where the time course and color intensity ascribed to
H2O2 generation in a model of tissue injury and repair as well as
proliferation are indicated (13). Several types of redox-sensitive
proteins have been developed, as reviewed in Refs. 14 and 15).
Major issues concern specificity and sensitivity. Nonetheless,
progress in the development of these techniques has enormous
potential in noninvasive investigation of physiological and
pathophysiological processes. The use of H2O2-generating
enzymes fused to HyPer is one such example; the HyPer-D-
amino acid oxidase construct enables calibration and intercel-
lular as well as subcellular analysis noninvasively (16).

“Nonredox” Exogenous Probes

Using boronate-based chemistry (17, 18), an exogenous
probe compound is administered to the intact cell or organism
that is then to be transformed in vivo to a diagnostic fluorescent
compound or an ”exomarker,“ which is analyzable by e.g. mass
spectrometry. One such example is the use of the compound,
MitoB ((3-hydroxybenzyl)triphenylphosphonium bromide), to
infer levels of mitochondrial H2O2 (19). Peroxynitrite can also
react with the boronate-based probes. Possibilities and pitfalls
in using available methods to detect hydrogen peroxide in living
cells were examined (20, 21).

What Are the Metabolic Sources and Sinks of H2O2?

Sources

A major source of hydrogen peroxide comes from the dismu-
tation of the superoxide anion radical, formed by 1-electron
reduction of oxygen. Although there is spontaneous dismuta-
tion, superoxide dismutases catalyze the reaction. Among sev-
eral types of superoxide source, NAD(P)H oxidases are promi-
nent, operating under the control of growth factors and
cytokines (22). Activated monocytes or macrophages release
superoxide (23), and neutrophils and eosinophils utilize oxi-
dants in antibacterial defense (oxidative burst). Important for
signaling, other cell types also exhibit controlled release of
superoxide, as shown for human dermal fibroblasts treated
with the proinflammatory cytokines interleukin-1 or tumor
necrosis factor-� (24). Spatial and temporal analysis of NADPH
oxidase-generated H2O2 signaling became amenable using
novel fluorescence resonance energy transfer (FRET)-based
reporter proteins, OxyFRET and PerFRET (25).

Another major cellular source of H2O2 resides in the mito-
chondria (26). Respiratory chain-linked H2O2 production (27)
was attributed to superoxide radicals (28), and the mechanism
of mitochondrial superoxide production by the cytochrome bc1
complex (Complex III) has been elucidated (29). It is notewor-

FIGURE 1. Demonstration of steady-state H2O2 generation in intact liver
by organ spectrophotometry. A, the absorbance difference between 640
and 660 nm is used for monitoring catalase Compound I (top) and oxygen
concentration in effluent perfusate (bottom). Anoxia and reoxygenation
(argon and oxygen, arrows) and methanol (arrow) as hydrogen donor modu-
late, and thereby prove the existence of, H2O2 steady states; from Sies and
Chance (6) with permission. B, catalase minus catalase Compound I difference
spectra. Left, isolated enzyme. Right, organ difference spectrum (trace A) and
cyanide difference spectrum (trace B); from Sies et al. (8) with permission.

TABLE 1
H2O2 production rates in intact organ
Isolated hemoglobin-free perfused liver data were obtained by methanol titration of
catalase Compound I; from Oshino et al. (9). For discussion, see Refs. 10 and 32.

Substrate or inhibitor
H2O2

production rate

nmol of
H2O2/min/g of

liver wet wt
L-Lactate, 2 mM; pyruvate, 0.3 mM 49

� Antimycin, 8 �M 75
� Octanoate, 0.3 mM 170
� Oleate, 0.1 mM 66
� Glycolate, 3 mM 490
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thy that Complex I is another major source of mitochondrial
superoxide production and that the release of superoxide is
directed toward the mitochondrial matrix space, whereas Com-
plex III produces it toward the intermembrane space. Transi-
tory reactivation of Complex I is a central pathological feature
in ischemia-reperfusion injury. Prevention of this reactivation
by modification of a cysteine switch (S-nitrosation of Cys-29 in
the ND3 subunit) was shown to be a robust cardioprotective
mechanism (30). Mitochondrial Complex II is a further inde-
pendent source of mitochondrial reactive oxygen species (31).
Direct production of H2O2 by enzymatic sources occurs by a
number of oxidases, many of which operate in specific cell types
and in specific subcellular compartments, such as xanthine oxi-
dase, monoamine oxidases, or D-amino acid oxidase, to name a
few (32).

Sinks

Metabolic sinks of H2O2 include the catalatic reaction, car-
ried out by catalase, as well as the various peroxidatic reactions,
performed as well by catalase, but importantly also by numer-
ous peroxidases. Furthermore, in organs, the diffusion of H2O2
away from its source, even across membranes to the extracel-
lular space or to other cells, is a possibility. The catalatic reac-
tion, i.e. the dismutation of H2O2 to H2O and O2, may be
regarded as a safety valve, occurring at higher ranges of H2O2
concentration, e.g. under toxic conditions. Catalase can also
reduce H2O2 in the presence of metabolic hydrogen donors in
the peroxidatic reaction (33). As shown in Fig. 1, external
hydrogen donors such as methanol can be used to ”titrate“ cat-
alase Compound I (8, 9). Peroxidases reduce H2O2 in usually
highly specialized reactions. Although the flux in these peroxi-
dase reactions may be low, their metabolic significance is con-
siderable, in view of temporal and spatial regulation (see below).

Peroxidases of various nature are susceptible to regulation by
metabolic signals. A foremost example emerged with the dis-
covery of the peroxiredoxins (34), as reviewed (35). The 106-

fold higher rate constant of the reaction of H2O2 with the cys-
teine thiolate (Cp) in peroxiredoxins as compared with most
other deprotonated thiols (36 –38) makes for a special role.
Thus, under normal cellular conditions, eukaryotic peroxire-
doxins were predicted to be responsible for the reduction of
up to 90% of mitochondrial H2O2 and even more than that of
cytosolic H2O2 (39, 40). On the other hand, cysteine residues
in peroxiredoxins can become hyperoxidized to cysteine sul-
finic acid, which results in an inactivation of the peroxidase.
This is crucial for the sensitivity in H2O2 redox signaling. As
a result, there is a subsequent local buildup of H2O2, allowing
the oxidation of specific target proteins, likened to the open-
ing of a “floodgate” (41). The functional loop is closed by
sulfiredoxins, which reduce the hyperoxidized peroxiredox-
ins (Fig. 3) (42, 43).

Glutathione peroxidases in various subcellular compart-
ments and cell types have a major function in the control of
H2O2 and of other hydroperoxides (see Refs. 44 and 45). Gluta-
thione disulfide reductase activity allows for maintenance of
flux, and GSSG efflux from cells is another option. Using exter-
nal H2O2 as challenge, the rate of GSSG efflux from liver, for
example, was 3 nmol of GSSG/min/gram of wet weight at a
steady-state rate of H2O2 infusion of 100 nmol/min/gram of
wet weight (46).

H2O2 Compartmentation

As discussed above, the local concentration of H2O2 is gov-
erned by the control of its generation and of its removal. Con-
cerning removal, the diffusion of this uncharged molecule away
from the site of generation and across biomembranes leads to
H2O2 gradients (47). High capacity of removal, e.g. by catalase
in the peroxisomes, will generate intracellular gradients.
Importantly, the local activity of peroxiredoxins near signaling
sites, e.g. caveolae areas of the plasma membrane, will govern
steady-state concentrations. Use of techniques for cell culture
studies with the glucose oxidase/catalase system (48) yielded

FIGURE 2. Production of H2O2 during tadpole tail regeneration. Images on the bottom show the false color representation of [H2O2] at 2 min post
amputation (mpa) of the tadpole tail and in hours (hpa) or days (dpa) post amputation. From Love et al. (13), with permission.
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the insight that the peroxiredoxin-2 dimer-to-monomer ratio is
suitable to follow the H2O2 steady-state concentration down to
physiological levels (49).

Aquaporins as Peroxiporins

H2O2, a molecule with chemical and physicochemical prop-
erties close to those of H2O, was shown to use water channels,
the aquaporins, to cross the cell membrane more rapidly than
by simple diffusion (50). This discovery opened an exciting field
on membrane transport of hydrogen peroxide (51). Specific
aquaporins facilitate the diffusion of H2O2 across membranes,
which is why they are also referred to as peroxiporins (52).
Mitochondrial aquaporin-8 knockdown in human hepatoma
HepG2 cells caused loss of viability (53). Silencing of aqua-
porin-8 inhibited H2O2 entry into HeLa cells (54). Aquaporin-3
was shown to mediate H2O2 uptake to regulate downstream
signaling (55). There are multiple interactions of aquaporins
and H2O2 in cells, both at the intracellular-extracellular spaces,
but also within subcellular compartments (56). Aquaporin-8 is
able to modulate Nox (NAD(P)H oxidase)-produced H2O2
transport through the plasma membrane in leukemia cells
(57), an interesting aspect for potential therapeutic strategies
addressing H2O2 transport.

What Is the Role of H2O2 in Redox Signaling and
Oxidative Stress?

Mechanism

The oxidative modification of amino acid side chains in pro-
teins by H2O2 involves, in decreasing order of reactivity and
biological reversibility, cysteine, methionine, proline, histidine,
and tryptophan (see Ref. 58). Thiol modification is key in H2O2
sensing and perception in proteins (59). Transmission of a
redox signal to protein thiols initiated by H2O2 can occur in
several ways (see Ref. 37): (i) by direct oxidation of a target

protein, (ii) by oxidation via a highly reactive sensor protein,
(iii) by activation of a target protein upon dissociation of an
oxidized inhibitor, (iv) by oxidation of a target protein via a
secondary product generated through e.g. thioredoxin, (v) by
inactivation of a scavenging protein such as peroxiredoxin to
allow the oxidation of the target protein (floodgate model, see
Ref. 41 above), and (vi) by association of the target protein with
an H2O2-generating protein to allow site-directed oxidation. In
addition to direct oxidation, protein glutathionylation and
other modifications can occur and serve in redox signaling.

Targets

Insulin signaling was probably the first transduction chain in
which H2O2 was invoked as a second messenger (60); H2O2 was
called an “insulinomimetic” (61). Growth factors such as plate-
let-derived growth factor (PDGF) (62), through H2O2 produc-
tion, induce downstream effects on tyrosine phosphorylation,
as do other important growth factors such as epidermal growth
factor (EGF) (63), fibroblast growth factor (FGF) (64), or vascu-
lar endothelial growth factor (VEGF) (65). A major mechanism
is the inactivation of protein phosphatases by H2O2, thereby
increasing the level of protein phosphorylation. Also, direct
modification of the EGF receptor by H2O2 at a critical active site
cysteine (Cys-797) was shown to enhance tyrosine kinase activ-
ity (66).

Regarding nonreceptor kinases, signal-mediated H2O2 pro-
duction increases Akt (also known as protein kinase B (PKB))
activation (67). Another group of serine/threonine kinases, the
MAP kinases, mediate redox modulation of Erk1/2, JNK, and
p38. As comprehensively reviewed in Ref. 68, many studies doc-
umented H2O2-induced activation of MAPK pathways, and the
redox-based inactivation of upstream components also serves
to modulate MAPK signal duration. Critical thiols are centrally
involved in activation of essential switches in defense reactions,
namely in the NF-�B (69) and Nrf2/Keap1 (70) systems, impor-
tant in chemoprevention and cytoprotection (71). The nature
of targets extends from the specific ones mentioned above to
reactive cysteines in general, a wide open field of research on
sulfur switches, governing the set point in the protein-cysteine
redox proteome (72–74).

Processes

The functional consequences of H2O2 signaling concern fun-
damental biological processes. The role of mitochondrial H2O2
was recently discussed (75) for hypoxia, inflammation, apopto-
sis, and autophagy. Concepts of the inflammasome (76) and
redoxosome (77) have evolved. In wound healing, H2O2 signal-
ing has been established as a prominent early feature (1, 78, 79),
shown for the wound healing/proliferation model in Fig. 2.
H2O2 acts as a chemoattractant (78, 80). New horizons have
been opened in understanding the intricate relationships of
reactive oxygen species in immunology (81).

Much has to be learned for better understanding the role of
redox signaling in metabolism, in insulin signaling in particular
(82). Although reactive oxygen species enhance insulin signal-
ing (83), excessive levels may cause diabetic complications, so
that these opposing actions constitute a “peroxide dilemma”
(84, 85).

FIGURE 3. Role of sulfiredoxin (Srx) as a regulator of peroxiredoxin (Prx)
function and regulation of its expression. Relationship to external stimuli is
also shown. From Jeong et al. (43), with permission.

MINIREVIEW: Hydrogen Peroxide and Redox Signaling

8738 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 289 • NUMBER 13 • MARCH 28, 2014



The current perception of the aging process includes a role of
metabolic alterations such as dysregulated nutrient sensing and
mitochondrial dysfunction, all of which encompass alterations
in H2O2 signaling. Intracellular H2O2 concentration in skeletal
muscle rises by about 100 nM during contractions (86). This
response is weakened in aging, which may contribute to age-
related loss of muscle mass and to frailty (86). An interesting
aspect of redox regulation in aging is the cellular polarity, medi-
ated by the activity of AMP-activated protein kinase (AMPK) in
controlling the cytoskeleton (87). Peroxiredoxins are conserved
markers of circadian rhythm (88), and chronobiological
research has revealed a tight coupling of redox reactions to
circadian rhythmicity (89).

Oxidative Stress

The initial concept of oxidative stress focused on the damage
of biomolecules such as DNA, lipids, and proteins (58). It was
extended to include the emerging role of biologically generated
oxidants in redox signaling (90): “Oxidative stress is an imbal-
ance between oxidants and antioxidants in favor of the oxi-
dants, leading to a disruption of redox signaling and control
and/or molecular damage.” With the recognition of the role of
low level oxidant stimuli for altering the set point of gene
expression for batteries of enzymes, known as hormesis (91),
physiological oxidative stress came into focus on a spatial and
temporal dimension. Tissue-scale gradients and regional spec-
ificity are being identified (78, 92).

Concluding Remarks

Retrospective

The occurrence of H2O2 in normal aerobic metabolism was
heavily contested in the early days of research in bioenergetics,
with the quote from the 1920s in the Warburg-Wieland dispute
“that even after killing a whole dog there was not one drop of
H2O2 detectable.” In addition, Keilin and Hartree in 1945 (33)
stated: “Contrary to the view that H2O2 is generally formed in
cells and tissues during respiratory processes are the following
two facts . . . ” and Britton Chance in 1951 (93) concluded:
“Quantitative evidence for the existence of significant amounts
of . . . H2O2 . . . in tissue is lacking, since catalase, by virtue of its
peculiar capacity for catalatic reactions literally ‘destroys the
evidence’ of free hydrogen peroxide in the cell.” It was not until
the continuous detection of catalase Compound I in intact tis-
sue under steady-state conditions that H2O2 production was
proven in 1970 (6). It might be appropriate to quote the final
sentence in the review on hydroperoxide metabolism in mam-
malian organs from 1979 (10): “Finally, recent understanding of
the beneficial action of H2O2 in phagocytosis and in ethanol
oxidation suggests caution in condemning any metabolite as
useless until its functions in toto are thoroughly understood.”

Prospective

The advent of novel converging techniques from cell biology,
noninvasive imaging for H2O2 detection, and metabolic studies
opened a new vista. Hopefully, there will be real-time spatially
resolved quantitative monitoring of H2O2 as a versatile and
innocuous oxygen metabolite functioning in redox signaling.

Appropriate control is provided by the powerful generators,
scavengers, and switches discussed above. H2O2 serves as a
central hub for information flow in plant cells as well (94), and
there is indication that waves of H2O2 transmit information in
plant cells (95). At present, it still appears puzzling how local
fine-tuning is orchestrated in the simultaneous presence of a
multitude of potential reactants. Shaping the microenviron-
ment for the recruitment of target proteins to the site of H2O2
production, and vice versa, is one of the strategies. A concept
has been proposed (96) of ”redox optimization“ between mito-
chondrial respiration and formation of reactive oxygen species.
More refinement of methodology for noninvasive detection of
H2O2 production by cellular NADPH oxidases is required (97).
The threshold from signaling to excessive toxic levels will be
challenging to further identify. The precise transition points for
these cellular responses may vary due to cell type and metabolic
conditions (see Ref. 2).

Note: This minireview focused on aspects of metabolic H2O2
generation. Xenobiotic and toxicological sources such as in
”redox cycling“ and lipid peroxidation (98) were not considered
here. Further, it should be mentioned that redox signaling
extends to other large and important sectors, only one example
being that of peroxynitrite biology and the field of protein tyro-
sine nitration (99, 100). It will be another challenging area of
research to analyze the cross-talk and interrelationships
between different modalities of redox signaling.
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The importance of reversible protein phosphorylation to cel-
lular regulation cannot be overstated. In eukaryotic cells, pro-
tein kinase/phosphatase signaling pathways regulate a stagger-
ing number of cellular processes, including cell proliferation,
cell death (apoptosis, necroptosis, necrosis), metabolism (at
both the cellular and organismal levels), behavior and neurolog-
ical function, development, and pathogen resistance. Although
protein phosphorylation as a mode of eukaryotic cell regulation
is familiar to most biochemists, many are less familiar with pro-
tein kinase/phosphatase signaling networks that function in
prokaryotes. In this thematic minireview series, we present four
minireviews that cover the important field of prokaryotic pro-
tein phosphorylation.

The phenomenon of reversible protein phosphorylation was
discovered �50 years ago by Edwin Krebs and Edmond Fischer
and described in a series of classic papers published in this jour-
nal. These papers described a protein kinase activity that con-
verted phosphorylase b to phosphorylase a and laid the ground-
work for dissecting the molecular signaling pathway by which
epinephrine could inactivate muscle glycogen synthase (1, 2).

The notion of a multistep protein kinase pathway triggered
by the production of second messengers and inactivated by pro-
tein phosphatases also set a paradigm for understanding signal
transduction by protein phosphorylation cascades. Numerous
protein kinase cascades have been described in the intervening
years, including the MAPKs, the Akt and mTOR pathways, the
NF-�B pathway, the JAK/STAT pathway, and others. Each of
these pathways is recruited by extracellular stimuli acting
through receptors that transduce these signals through the gen-
eration of second messengers (cyclic nucleotides, inositol phos-
phates, etc.), receptor Tyr kinase autophosphorylation (a form
of second messenger in which such phosphorylation, at the
receptor intracellular extensions, prompts the binding and
membrane recruitment of downstream adaptors), or the more
recently discovered stimulus-induced formation of second
messengers consisting of free Lys63-linked polyubiquitin chains
(3–9).

Eukaryotic protein kinases fall into three broad classes: Ser/
Thr-specific protein kinases that phosphorylate Ser or Thr res-
idues exclusively, Tyr kinases that phosphorylate Tyr exclu-
sively, or dual-specificity kinases (exemplified by MEKs) that
can phosphorylate Tyr and Ser/Thr concomitantly (10, 11).

All eukaryotic protein kinases contain a conserved phospho-
transferase catalytic domain consisting of 12 conserved sub-
domains designated with Roman numerals (I–XII). These fold

into a bilobed structure consisting of a smaller N-terminal lobe
comprised of subdomains I–IV, which is involved primarily in
anchoring and orienting nucleotide triphosphate (in most
cases, ATP) (10, 11).

Within this lobe is a classic glycine-rich subdomain I motif
(G50XGXXGXV57 in PKA) that forms part of the nucleotide-
binding pocket. A subdomain II invariant Lys residue (Lys72 in
PKA) coordinates the �-phosphate of ATP and is critical for the
phosphotransfer reaction (10, 11).

A larger C-terminal lobe consisting of subdomains VI–XII
binds substrate protein and initiates phosphotransfer. Subdomain
V serves as a linker region between the two lobes (10, 11).

A portion of subdomain VI contains a conserved motif
(H164RDLKXXN171 in PKA) that includes an Asp residue that
likely functions as a catalytic base. A conserved subdomain VII
triplet (D184FG186 in PKA) chelates the Mg2� ions that bridge
the �- and �-phosphates of ATP. Subdomain VIII contains an
activation loop that includes a conserved triplet (APE, amino
acids 206 –208 in PKA) and distinct residues that are conserved
among different protein kinase families. This region often con-
tains phosphoacceptor sites targeted by upstream regulatory
protein kinases that control the activation state of the target
protein kinase. This domain is also key to the recognition of
peptide substrates (10, 11).

There is conservation between the catalytic domains of Ser/
Thr, Tyr, and dual-specificity kinases; however, Tyr kinase cat-
alytic domains also have distinct structural features that medi-
ate their specificity for tyrosine residues. For example, the
classic GXGXXG motif in subdomain I is more narrowly
defined in Tyr kinases (GXGXPG), whereas the HRDLKXXN
motif in Ser/Thr kinases is HRDLXXXN in Tyr kinases (10 –12).

Nevertheless, the conserved eukaryotic protein kinase
domain retains its bilobed structure throughout the family.
This structure and its components have been reviewed exten-
sively (10 –12).

Protein kinases in prokaryotic cells are a more recent discov-
ery, originating from work beginning in the 1970s. Emerging
evidence indicates that, as with eukaryotes, prokaryotic cell
protein phosphorylation networks regulate a wide variety of cell
functions.

Unlike mammalian protein kinase signaling, which has seen
remarkable progress in the last 30 years, progress in dissecting
and understanding prokaryotic protein kinase and phosphatase
signaling has been slower. This is a shame because understand-
ing these pathways could be of considerable clinical (many such
pathways are key to the survival and physiology of pathological
microorganisms) or industrial importance. Moreover, under-
standing the structural similarities (and notable differences)
between eukaryotic and prokaryotic protein phosphorylation

1 To whom correspondence should be addressed: E-mail: jkyriakis@
asbmb.org.
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polypeptides and between their respective physiological func-
tions provides important insight into the evolution of protein
phosphorylation as a mechanism of cellular regulation. This is
key inasmuch as the existence of whole protein kinase groups is
not evenly distributed among eukaryotes; for example, among
eukaryotes, receptor Tyr kinases are found only in metazoans.

In this thematic minireview series, we present four exciting
minireviews on prokaryotic protein kinases. In the first mini-
review, Yossef Av-Gay and colleagues discuss prokaryotic pro-
tein-Tyr kinases. Of particular note, these fall into two broad cat-
egories: one that resembles structurally eukaryotic Tyr kinases and
the other that includes the so-called BY-kinases (bacterial tyrosine
kinases) and the “odd” kinases. The BY-kinases are unrelated to
any known eukaryotic kinases, suggesting an early evolutionary
divergence in protein kinase structure (13).

In contrast to the consensus eukaryotic Tyr kinase domain,
the catalytic domains of BY-kinases consist of Walker A loops
(for nucleotide binding) and Walker B loops (for nucleotide
hydrolysis) (13). As one might expect, the non-conserved BY-
kinases regulate functions that are seemingly unique to bacteria
such as biofilm formation and capsule formation, whereas there
is an interesting (if admittedly simplistic) similarity between the
conserved prokaryotic Tyr kinase functions and the functions
of eukaryotic Tyr kinases (i.e. regulation of cell growth, metab-
olism, and development) (13).

Av-Gay and colleagues provide special focus on the odd non-
conserved Mycobacterium tuberculosis Tyr kinase PtkA. This
kinase contains neither the conserved GXGX(X/P)G motif of
eukaryotic Tyr kinases nor the Walker A motifs of BY-kinases.
Of note, a key substrate of PtkA is a prokaryotic Tyr phospha-
tase (PtpA) required for virulence (13).

In the second minireview, Virginie Molle and her colleague,
Marc J. Canova, discuss prokaryotic Ser/Thr kinases. Ser/Thr
kinases are present in a broad range of microbial pathogens,
including Streptococcus, Mycobacteria, Yersinia, and Listeria,
where they participate in host-pathogen interactions (14). By
and large, the catalytic domains of prokaryotic Ser/Thr kinases
are structurally within the consensus defined by eukaryotic Ser/
Thr kinases (14).

Many of these kinases are secreted, and a signature function
of many Ser/Thr kinases in microbial pathogens is the phos-
phorylation of host cell proteins, a process that disrupts host
cell function and contributes to pathogenicity. Thus, Yersinia
pestis YpkA consists of an N-terminal kinase domain and a
C-terminal guanine nucleotide exchange inhibitor domain.
The former domain can phosphorylate and inactivate the host
cell G�q protein, whereas the guanine nucleotide exchange
inhibitor motif can inactivate the mammalian Ras superfamily
protein RhoA. These events can lead to a distortion of cell shape
and motility. The Legionella kinase LegK1 phosphorylates the
host cell I�B protein, thereby triggering activation of the NF-�B
pathway and producing an inappropriate and potentially lethal
hyperinflammatory response (14). Others of this group of
kinases, including the four Pkn kinases of M. tuberculosis, are
more poorly understood, although they appear to be antagonis-
tic to pathogenicity (14). The obvious clinical significance of
these kinases makes them ideal candidates for drug development.

In the third minireview, Peter J. Kennelly discusses the pro-
tein-Ser/Thr and protein-Tyr kinases of the most ancient of
species, the archaea. Interestingly, archaea, which share more
similar properties with eukaryotic cells than do eubacteria, con-
tain both protein kinases and phosphatases that structurally
resemble their eukaryotic cell distant cousins. The protein
kinases of archaea are all structurally related and resemble both
eukaryotic Ser/Thr and Tyr kinases. Indeed, the phosphopro-
teomes of archaea that have been examined contain phospho-
Ser, phospho-Thr, and phospho-Tyr. By contrast, the phospha-
tases in these organisms diverge structurally and fall into either
the protein-Ser/Thr phosphatase or protein-Tyr phosphatase
superfamily (15).

Still, it is important to note that the structural resemblance
between eukaryotic and archaeal protein kinases and phospha-
tases suggests, as Kennelly notes, that the first eukaryotic pro-
tein kinases likely appeared after the divergence of the com-
bined archaeal/eukaryotic line but prior to the divergence of the
archaea from eukaryotes (15).

Much less is known of the functions of archaeal protein phos-
phorylations. Much of what is known arises from studies of the
Sulfolobales order. Sulfolobus solfataricus PK3, a kinase from
this group, appears to be Ser/Thr-specific. Studies of the phos-
phoproteomes of Sulfolobales indicate a variety of potential tar-
gets, including aminoacyl-tRNA synthases, DNA helicases,
gyrases, and other proteins, and an abundance of Tyr phos-
phorylation. The stoichiometry of each phosphorylation event
and its physiological significance are somewhat unclear; how-
ever, the sheer number of phosphoproteins in these archaea
indicates relevance. Indeed, substantial alterations in the S. sol-
fataricus phosphoproteome change with alterations in the
nutrient milieu, and in vitro studies indicate that kinases in
these organisms can regulate metabolic enzymes in a phospho-
rylation-dependent manner (15).

Finally, Nicole A. LaRonde presents a minireview on micro-
bial RIO (right open reading frame) kinases. The RIO kinases
may be the most ancient (they may have emerged before the
divergence of archaea and eubacteria) and widely expressed
kinases, with examples in all prokaryotes and in eukaryotes,
including humans (16).

Structurally, the catalytic cores of RIO kinases resemble the
canonical eukaryotic structure; however, in the RIO family, the
consensus domain is considerably truncated, missing the key
subdomain VIII activation loop sequences. However, all of the
nucleotide-binding and phosphoryl transfer loops seen in
eukaryotic kinases are present. Many RIO kinases also contain
extracatalytic domains that are required for enzymatic function
(16).

Although a function for eukaryotic RIO kinases in ribosome
biogenesis has been identified, little else is known about RIO
kinase substrates or functions, especially in prokaryotes. Some
archaeal RIO kinases may modulate ribosomal activity, serving
as ribosome-processing factors, whereas others may play a role
in modulating the proteasome (16).

This thematic minireview series provides a survey of pro-
karyotic protein kinases and sheds light on the wide conserva-
tion of protein phosphorylation as a mode of cellular regulation.
With this series, we hope to provoke greater interest in this

MINIREVIEW: In the Beginning, There Was Protein Phosphorylation

APRIL 4, 2014 • VOLUME 289 • NUMBER 14 JOURNAL OF BIOLOGICAL CHEMISTRY 9461



emerging and exciting field. The elucidation of functions for
these enzymes will prove important in clarifying the molecular
evolution of protein kinases and could prove critical to the
development of novel clinical approaches to deal with micro-
bial pathology. One lesson is already clear. It is important that
we broaden our thinking about protein phosphorylation to
consider non-eukaryotic cell mechanisms.
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Microbial ester kinases identified in the past 3 decades came
as a surprise, as protein phosphorylation on Ser, Thr, and
Tyr amino acids was thought to be unique to eukaryotes.
Current analysis of available microbial genomes reveals that
“eukaryote-like” protein kinases are prevalent in prokaryotes
and can converge in the same signaling pathway with the classi-
cal microbial “two-component” systems. Most microbial tyro-
sine kinases lack the “eukaryotic” Hanks domain signature and
are designated tyrosine kinases based upon their biochemical
activity. These include the tyrosine kinases termed bacterial
tyrosine kinases (BY-kinases), which are responsible for the
majority of known bacterial tyrosine phosphorylation events.
Although termed generally as bacterial tyrosine kinases, BY-ki-
nases can be considered as one family belonging to the super-
family of prokaryotic protein-tyrosine kinases in bacteria. Other
members of this superfamily include atypical “odd” tyrosine
kinases with diverse mechanisms of protein phosphorylation
and the “eukaryote-like” Hanks-type tyrosine kinases. Here, we
discuss the distribution, phylogeny, and function of the various
prokaryotic protein-tyrosine kinases, focusing on the recently
discovered Mycobacterium tuberculosis PtkA and its relation-
ship with other members of this diverse family of proteins.

Signal transduction mediated by protein phosphorylation is a
complex and highly regulated means for cells to sense and
respond to their environment. In eukaryotes, this process is
mediated primarily by serine, threonine, and tyrosine kinases
and has been intensely studied for �50 years (1). However, in
prokaryotes, research progress has been slower; until their dis-
covery in the late 1970s, protein phosphorylation was thought
to be unique to eukaryotes. Although pioneering experiments
identified phosphorylation on Ser and Thr residues (2, 3), it was
the two-component systems consisting of histidine kinases and
response regulators that were first discovered in the early 1980s
(4, 5) and heavily researched in bacteria. These findings led to
the initial hypothesis that Ser/Thr/Tyr phosphorylation is a
eukaryotic trait, whereas His/Asp phosphorylation is restricted
to prokaryotes. This understanding has since been revised on
both fronts. Hundreds of homologous two-component systems
have been found in eukaryotic organisms (6), and with the dis-

covery of Ser kinase/phosphatase (7) and later Hanks-type Ser/
Thr protein kinases (8), Ser/Thr protein phosphorylation is
now well established in bacteria (9 –11). In fact, analysis of
available microbial genomes combined with recent meta-
genomic data from global ocean sampling revealed that
“eukaryote-like” protein kinases are as prevalent in prokaryotes
as their histidine kinase counterparts (12). Furthermore, we
and others have shown experimentally that these two systems
can converge in the same signaling pathway in both eukaryotic
and prokaryotic organisms (13), broadening the complexity
and integration of these signaling events.

The discovery of Ser/Thr protein kinases in bacteria left a
surprising absence of identifiable Hanks-type prokaryotic
protein-tyrosine kinases (PPTKs),2 despite the presence of bac-
terial protein-tyrosine phosphatases. Instead, proteins with
homologies to various kinase and non-kinase protein families
were shown to possess tyrosine kinase activity. Most notably,
beginning with the discovery of Ptk in Acinetobacter johnsonii
(14), an entire family of proteins with homology to MinD and
ArsA ATPases have been identified to be protein-tyrosine
kinases (15). With no known eukaryotic counterparts, these
kinases have been termed bacterial tyrosine kinases (BY-ki-
nases), and they are responsible for the majority of known bac-
terial tyrosine phosphorylation (15). Nevertheless, tyrosine
kinases that do not show homology to the BY-kinases continue
to be discovered in bacteria, including, among others, PtkA
from Mycobacterium tuberculosis (16). As such, the BY-kinases
are one family belonging to the superfamily of protein-tyrosine
kinases found in bacteria, which we will refer to here as the
PPTK superfamily. The other two families are the Hanks-type
PPTKs and an umbrella family of “odd” PPTKs. Phylogenetic
analysis of the kinase domains of known PPTKs (Table 1) dem-
onstrated clustering into these three families (Fig. 1), support-
ing our classification system.

BY-kinases

The burgeoning field of BY-kinases is highlighted in a
recent set of excellent reviews (15, 17–20). To avoid redun-
dancy, readers are encouraged to refer to these publications
for broader background information. Here, we highlight our
point of view based on our understanding and some recent
advances.

With �6700 entries in the BY-kinase database (BYKdb) (90)
as of this writing, BY-kinases represent a major class of tyrosine
kinases that do not share sequence or structural homology to
eukaryotic tyrosine kinases (21). Instead, the catalytic domain
of BY-kinases consists of variants of the Walker A (P-loop) and
Walker B motifs, which are involved in nucleotide binding and
hydrolysis, respectively. BY-kinases possess an additional motif
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TABLE 1
PPTKs
Provided is a list of elucidated PPTKs, known substrates, and functions categorized by protein family subtype. TAD, transmembrane activator domain; EPS, extracellular
polysaccharide; TCS, two-component system.
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located between the Walker A and B motifs, designated Walker
A�, which is also found in certain P-loop nucleotide kinases and
other ATPases (15).

BY-kinases are organized into two subfamilies based on their
architectural types, the Gram-negative Proteobacteria-type
(P-type) and the low-GC Gram-positive Firmicutes-type

FIGURE 1. Phylogenetic distribution of known PPTKs. Alignment of the kinase domains of known PPTKs revealed clustering into three main families of
tyrosine kinases: the BY-kinases (BYK), the Hanks-type PPTKs (HYK), and the “odd” PPTKs (OYK). The BY-kinases further clustered according to their architectural
subtypes: the single-protein P-type and the two-protein F-type. The Hanks-type PPTKs clustered together with the eukaryotic kinases (Src tyrosine kinase and
Ser/Thr cAMP-dependent protein kinase A) and the Hanks-type Ser/Thr kinase PknB of M. tuberculosis. The DivL kinase of C. crescentus and the putative BC4770
tyrosine kinase of B. cereus clustered with the histidine kinases of E. coli (EnvZ and PhoR). P. aeruginosa WaaP is reported to contain 9 of the 11 Hanks domains
(51) and clustered near the Hanks-type PPTKs. Although grouped together, the “odd” PPTKs are distantly related as expected. The following sequences were
used for alignment in ClustalX2: the C-terminal catalytic domains of BY-kinases; the kinase domains of Hanks-type kinases and histidine/histidine-like kinases,
identified using the ScanProsite tool (70); the catalytic domain of M. tuberculosis PtkA determined in Fig. 3; and full-length PutA and WaaP as their tyrosine
kinase domains are not defined. The phylogenetic tree was displayed using Molecular Evolutionary Genetics Analysis (MEGA) 5 software.
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(F-type), designated for their abundance in, but not restricted
to, these two phyla (22). The P-type contains an N-terminal
two-pass transmembrane portion with an extracellular hairpin
loop domain. The intracellular portion encompasses the cata-
lytic domain and a tyrosine-rich C-terminal domain as the site
for autophosphorylation. In the F-type, the extracellular trans-
membrane domain and the intracellular catalytic domain are
two independent proteins encoded by two separate genes.
Kinase activity in this two-protein F-type requires interaction
between the intracellular tail of the transmembrane activator
protein and the catalytic polypeptide (23).

The abundance of the two subfamilies of annotated BY-ki-
nases and their distribution among bacterial phyla is shown in
Table 2. Despite their designation, both the single-protein
P-type and the two-protein F-type can be found in nearly all
bacterial phyla (Table 2) and, in some cases, even in the same
organism (e.g. Myxococcus xanthus) (24). With the obvious
exception of the Firmicutes, the predominant form of BY-ki-
nases within each phylum is the single-protein P-type, includ-
ing within the high-GC Gram-positive Actinobacteria phylum
(Table 2).

BY-kinases are involved in many diverse functions in bacte-
ria, such as antibiotic resistance (25), DNA replication (26) and
metabolism (27), heat shock response (28), biofilm formation
(29, 30), spore formation (24), and virulence (31–33). The

majority of characterized BY-kinases regulate the production
and export of capsular and extracellular polysaccharides (Table
1). Table 1 provides a list of known BY-kinases, their substrates,
and functions.

In Escherichia coli, the cps locus, encoding the Wzc BY-ki-
nase and its cognate tyrosine phosphatase, Wzb, is responsible
for group 1 capsule biosynthesis (34, 35). Interestingly, both
kinase and phosphatase activities are required for proper
exopolysaccharide synthesis (36 –38). Specifically, the overall
level of phosphorylation of the tyrosine-rich cluster is respon-
sible for Wzc activity (37). These findings led to a cycling
hypothesis whereby Wzc alternates between phosphorylated
and Wzb-mediated unphosphorylated states (20). This phe-
nomenon highlights the elegant use of bacterial signal trans-
duction pathways where a kinase and a phosphatase are used in
concert to control synthesis of functional and structural ele-
ments. Structural dependence on phosphorylation status is also
exemplified by this system. In its unphosphorylated state, Wzc
forms an oligomer able to transautophosphorylate the tyrosine
cluster through association of its kinase domains (39). In its
phosphorylated state, Wzc dissociates into active monomers,
where it is free to phosphorylate its substrates, including UDP-
glucose dehydrogenase, an enzyme involved in the synthesis of
polysaccharide precursors (40). Dephosphorylation of Wzc by
Wzb returns Wzc to its unphosphorylated state (33, 41), com-
pleting the cycle. Initially, a low-resolution crystal structure
suggested that dephosphorylated Wzc forms a tetrameric
structure that spans the periplasm and interacts with the outer
membrane octameric porin Wza (42). However, work by
Bechet et al. showed that Wzc in its dephosphorylated state
generates an octamer postulated to form a channel passing
through the inner membrane (39) and interacts with the octa-
meric outer membrane porin (42). This complex putatively
forms a complete channel that is able to span both membranes.
The octameric quaternary structure of Wzc agrees with the
finding that the recombinant Wzc homolog in Staphylococcus
aureus, CapAB fusion protein, also forms an octamer when
dephosphorylated (43). This opens up a fascinating new
hypothesis that Wzc-Wza may be a novel secretion system,
allowing for the export of precursors for capsule biosynthesis.
Further experiments are required to test this hypothesis.

The E. coli group 4 capsule (34) is synthesized by the same
Wzy-dependent mechanism as the cps locus and uses the BY-
kinase Etk and its cognate tyrosine phosphatase, Etp. Interest-
ingly, Etp is tyrosine-phosphorylated, and its phosphorylation
state affects capsule biosynthesis (44). Adding to the complex-
ity of this model for capsule synthesis, neither of the E. coli
BY-kinases (Etk or Wzc) are required for Etp phosphorylation,
indicating there are additional unidentified PPTK(s) responsi-
ble for this phosphorylation (44).

Hanks-type Tyrosine Kinases

Although Hanks-type PPTKs are not readily identifiable in
bacteria, bacteria are not completely void of these kinases.
M. xanthus MasK, involved in motility, is currently the only
known protein-tyrosine kinase in bacteria that bears a Hanks-
type tyrosine kinase-specific active-site signature (45). Patho-
genic E. coli harboring the Shiga toxin type 2-encoding bacte-

TABLE 2
Distribution of annotated BY-kinases
The number of single-protein P-type (red) and two-protein F-type (green) BY-
kinases is given for each bacterial phylum. Phyla with no known BY-kinases are not
shown. Data are updated from Ref. 15.
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riophage 933W also expresses a Hanks-type PPTK, Stk.
Although technically a phage protein, Stk is involved in main-
taining lysogeny and bears homology to Ser/Thr protein
kinases, but it instead possesses tyrosine kinase activity (46).
Furthermore, the Ser/Thr kinase PknD of Chlamydophila
pneumoniae was also found to autophosphorylate on Tyr resi-
dues and thus belongs to a new group of dual-specificity protein
kinases (DSPKs) in bacteria (47). Two additional Hanks-type
PPTKs, PrkD and PrkG, were recently identified in Bacillus
anthracis, and they belong to two separate DSPK subfamilies
(48). Both PrkD and PrkG autophosphorylate on Ser/Thr and
Tyr residues, with PrkG transphosphorylating the artificial sub-
strate myelin basic protein also on all three residues. Regulated
predominantly by tyrosine autophosphorylation, PrkD is able
to phosphorylate its endogenous substrates only on Ser and Thr
(48), a mechanism typical of eukaryotic dual-specificity tyro-
sine phosphorylation-regulated kinases (DYRKs) (49). There-
fore, PrkD represents the first known prokaryotic DYRK-like
protein (48).

“Odd” Tyrosine Kinases

A handful of additional proteins, including M. tuberculosis
PtkA, belonging to various protein families were also found to
possess tyrosine kinase activity (Table 1). Because these kinases
are few and sparse, with only one reported occurrence in each
protein family, we describe these kinases here under the
umbrella term “odd” PPTKs.

DivL is an essential tyrosine kinase in Caulobacter crescentus
that is involved in cell cycle progression via phosphorylation of
its substrate, CtrA (50). Interestingly, DivL belongs to the two-
component system histidine kinase family. However, in place of
the conserved histidine residue at the site of autophosphoryla-
tion, DivL is equipped with a Tyr residue that undergoes auto-
phosphorylation (50).

WaaP of Pseudomonas aeruginosa and PutA of Salmonella
typhimurium are not strict protein-tyrosine kinases, as other
functions have been ascribed to these proteins. WaaP is
described to contain 9 of the 11 conserved Hanks domains of
eukaryotic kinases (51), but it is also an essential sugar kinase
involved in core lipopolysaccharide biosynthesis (52). PutA has
a suspiciously large array of functions. In addition to catalyzing
two separate steps of proline degradation and functioning as a
DNA-binding transcriptional repressor, the bifunctional PutA
is described to possess Ser, Thr, and Tyr dual-specificity auto-
phosphorylation activity (53). As no follow-up experiments on
kinase activity have been performed in nearly 2 decades, it may
be worthwhile to confirm PutA autophosphorylation.

The McsB protein found in Bacillus subtilis and B. anthracis
was thought to use its guanidinophosphotransferase domain to
autophosphorylate and phosphorylate its substrate, CtsR, on
Tyr (54). However, McsB was later determined to be the first
known protein-arginine kinase in bacteria (55, 56). Involved in
regulating the heat shock response, McsB phosphorylates the
CtsR repressor of class III heat shock response genes on Arg (54,
55). Furthermore, the annotated protein-tyrosine phosphatase
that acts in opposition to McsB was also shown to be a phos-
phoarginine phosphatase (57).

The “odd” tyrosine kinases DivL and PtkA (described below),
as well as the majority of the Hanks-type PPTKs, represent the
sole tyrosine kinase found in their respective protein subfami-
lies (Table 1). However, the existence of one tyrosine kinase
strongly suggests the existence of additional kinases within the
same subfamily. For example, the annotated sensor histidine
kinase BC4770 of Bacillus cereus and its orthologs in B. anthra-
cis and Bacillus thuringiensis contain Tyr amino acids instead
of His at the site of autophosphorylation (58). Therefore, these
proteins likely represent additional members of the histidine
kinase-like protein-tyrosine kinase subfamily to which DivL
belongs. In addition, as described below, the entire operon con-
taining the protein-tyrosine kinase PtkA in M. tuberculosis is
conserved in multiple Actinomycetes species.

M. tuberculosis PtkA

Within a pathogenicity cluster in M. tuberculosis, we have
identified an open reading frame that encodes a unique protein-
tyrosine kinase, PtkA (16). PtkA was originally annotated as a
member of the haloacid dehalogenase (HAD) superfamily
based upon sequence homology. However, biochemical analy-
sis of its enzymatic activity demonstrated that PtkA is a genuine
protein-tyrosine kinase (16). PtkA is therefore the first of its
kind in the HAD family, which, despite the terminology, con-
sists of a vast number of phosphotransferases, phosphatases,
ATPases, and phosphoglucomutases, in addition to dehaloge-
nases (59).

Signature motifs of Hanks protein kinases, such as the gly-
cine-rich domain, are not found in PtkA, nor are Walker A, A�,
and B motifs typical of BY-kinases. Hence, PtkA is considered
here as an odd PPTK. Interestingly, extension of the HAD
domain of PtkA (hhhhDhD) bears striking resemblance to the
Walker A� motif (hhhhDXDXR), where h is a subset of hydro-
phobic amino acids (ILVFM) commonly found in BY-kinase
conserved sequences (60). Point mutations of the three Tyr
residues in PtkA revealed that Tyr-262 is the site of autophos-
phorylation (16). Furthermore, mutations of the first aspartate
residue of the highly conserved DXD motif, which is essential
for the phosphotransferase catalytic mechanism in HAD
enzymes (59), abolished the tyrosine kinase activity of PtkA
(16). These observations indicate that PtkA might utilize an
enzymatic mechanism that is similar to that of other HAD
members but has been fine-tuned for tyrosine phosphorylation.
Further biochemical studies on PtkA activity are ongoing to
elucidate its exact catalytic mechanism.

ptkA is located in an apparent three-gene operon upstream of
ptpA, encoding the low-molecular-weight protein-tyrosine
phosphatase PtpA (61, 62), and Rv2235, encoding a predicted
transmembrane protein. Interestingly, with reverse analogy to
the BY-kinases that are dephosphorylated by their cognate
tyrosine phosphatases (41), PtkA phosphorylates the M. tuber-
culosis protein-tyrosine phosphatase PtpA (16). As with many
of the BY-kinases involved in exopolysaccharide synthesis,
PtkA and PtpA do not form classical on/off switches of signal
transduction. Instead, PtpA is secreted by M. tuberculosis into
the host macrophage during infection (61), and thus, the PtkA-
PtpA kinase-phosphatase pair seems to be geared to a linear
pathway targeting the human host protein machinery. In the
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host, PtpA binds to subunit H of the human vacuolar H�-
ATPase pump and dephosphorylates human VPS33B (vacuolar
protein sorting 33B) to inhibit phagosome acidification and
block fusion with lysosomes, respectively (16, 62).

PtkA phosphorylates PtpA on Tyr-128 and Tyr-129, which
are located in the D-loop of PtpA together with the catalytically
critical Asp-126 residue. Further supporting PtkA phosphory-
lation of PtpA, the interface between PtpA and PtkA is at the P-
and D-loops of PtpA (63). Although the functional role of PtpA
phosphorylation by PtkA is unknown, the D-loop of PtpA
switches from an “open” to a “closed” conformation upon bind-
ing to a substrate (63). Thus, PtkA phosphorylation of PtpA
Tyr-128 and Tyr-129 might modulate the conformational
change of the D-loop, thereby regulating the phosphatase activ-
ity of PtpA. It is also interesting to note that the human low-
molecular-weight protein-tyrosine phosphatase HCPTP-A,
which has 37% sequence similarity to PtpA, was found to be
phosphorylated in vitro by pp60v-Src on Tyr-131 and Tyr-32
residues located in the D-loop (64). Furthermore, phosphory-
lation of each site results in different effects on phosphatase
structure and function. Whereas Tyr-131 phosphorylation
leads to a 25-fold increase in HCPTP-A activity, Tyr-132 phos-
phorylation serves as a signal for the recruitment and binding of
the Grb2 adaptor protein. Therefore, it is tempting to speculate
that PtkA phosphorylation of PtpA might similarly have dual
effects by enhancing PtpA activity and signaling for the forma-
tion of a multisubunit protein complex that plays a role in
M. tuberculosis pathogenesis.

Intriguingly, PtkA is predicted to localize to the mycobacte-
rial cell wall or outer membrane (65). The last gene in the PtpA
operon, Rv2235, is also predicted to possess three transmem-
brane helices and was previously identified in the cell wall frac-
tion of M. tuberculosis H37Rv (66). Based on these localiza-
tions, PtkA may play a role in regulating the export of PtpA

instead of, or in addition to, the maintenance of PtpA activity in
the host macrophage. Further investigation is needed to fully
understand the functional role of PtkA phosphorylation of
PtpA.

The PtkA-PtpA operon is conserved among numerous spe-
cies of the Actinomycetes order, including the genera Rhodo-
coccus, Corynebacterium, Gordonia, Amycolicicoccus, and
Mycobacterium, albeit with limited individual protein homol-
ogy (39 –76% identity for PtkA) (Fig. 2). The fact that the whole
operon is conserved suggests that these PtkA homologs are also
protein-tyrosine kinases; however, the low-percent identity
indicates that a common broader biological phenotype is asso-
ciated with this operon rather than specific targets. In contrast,
this operon is highly conserved (100% protein identity)
uniquely within the M. tuberculosis complex (Fig. 2), which uti-
lizes PtpA for virulence (61). In addition, individual orthologs of
PtkA exist among all domains of life (Fig. 2). In total, 924 unique
orthologs of PtkA were found using a FastA alignment in the
KEGG Sequence Similarity Database at the time of this writing
(Fig. 2). Representatives of these sequences with the highest
homology to PtkA, as well as the top 15 eukaryotic orthologs,
are shown as a dendrogram in supplemental Fig. S1, and they
show a clear clustering of PtkA orthologs where the ptpA
operon is also conserved. Interestingly, the phylogenetic distri-
bution of the 924 orthologs revealed a subset of 220 proteins
with closest homology to PtkA (supplemental Fig. S2).
Sequence analysis of these 220 orthologs revealed at least five
conserved domains (Fig. 3, bars), including the DXD motif
(hhhDhDGTh), and two lysine residues that are required for
PtkA kinase activity (hXhX(S/T)XK and KX(D/E)hhXXXh)
(16). Additionally, numerous Gly and hydrophobic residues are
conserved (Fig. 3, asterisks). Whereas the autophosphorylating
Tyr-262 residue of PtkA is conserved only in �60% of the
sequences, a second Tyr at position 260 is found in the majority

FIGURE 2. Distribution of PtkA orthologs. A simple orthology search of the KEGG Sequence Similarity Database revealed 1772 orthologs of PtkA with a
minimum Smith-Waterson score of 150 using the best-best alignment FastA algorithm. Excluding orthologs found in multiple strains of the same species
identified 924 unique orthologs distributed among all domains of life. The number of unique species is given after the phylum name/description, and the range
of percent identity in given in parentheses. The ptpA operon, which encodes PtkA, was also conserved in 35 of the 123 Actinomycetes species (bar chart). Mtb,
M. tuberculosis.
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of the remaining sequences (Fig. 3) and thus may require man-
ual alignment. Further experiments are required to verify that
these proteins are in fact tyrosine kinases and to determine
whether the conserved sequences identified here are too broad
or too restrictive.

Concluding Remarks

The prominent roles of PPTKs in bacterial physiology are
highlighted by the recent discovery of 512 unique phosphoty-
rosine sites on 384 E. coli proteins, corresponding to up to 6% of
the E. coli proteome (67). This level of tyrosine phosphorylation
is far more prevalent than previously thought and exceeds even
tyrosine phosphorylation events reported in mammalian cells
(68). These identified phosphoproteins are involved in impor-
tant cellular processes, including cell division, virulence, trans-
port, transcription, and translation, and they are central to
numerous metabolic pathways (67). Furthermore, up to almost

half of the tyrosine phosphorylation events could not be
accounted for by the only two known tyrosine kinases, Wzc and
Etk of the BY-kinase family (67), indicating the existence of
as-of-yet unidentified PPTK(s) in the E. coli genome.

The discovery of PtkA represents a new member of an atyp-
ical tyrosine kinase in bacteria and establishes a novel function
of HAD proteins. Through distribution and primary sequence
analysis, we propose that PtkA is a representative of a new
group of “odd” PPTKs that use the HAD phosphoryl transfer
mechanism for protein tyrosine phosphorylation. PtkA phos-
phorylation of PtpA, a key virulence factor in M. tuberculosis,
marks the involvement of tyrosine kinases in microbial patho-
genesis and represents an unexplored area for anti-infective
drug discovery (69).

The diverse variety of PPTKs indicate that prokaryotes pos-
sess a much wider repertoire of signaling proteins compared
with eukaryotes. With thousands of uncharacterized BY-ki-

FIGURE 3. Conserved domains of the protein-tyrosine kinase PtkA. The cluster of 220 orthologs identified in supplemental Fig. S1 was aligned with Clustal
Omega and displayed using WebLogo 3. Conserved domains are highlighted with bars, and conserved residues are highlighted with asterisks.
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nases, novel Hanks-type DSPKs, and the recent addition to the
“odd” PPTK family, it is likely that we are just beginning to
scratch the surface of the prominent role of tyrosine phos-
phorylation in bacterial physiology.
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In bacterial pathogenesis, monitoring and adapting to the
dynamically changing environment in the host and an ability to
disrupt host immune responses are critical. The virulence deter-
minants of pathogenic bacteria include the sensor/signaling
proteins of the serine/threonine protein kinase (STPK) family
that have a dual role of sensing the environment and subverting
specific host defense processes. STPKs can sense a wide range of
signals and coordinate multiple cellular processes to mount an
appropriate response. Here, we review some of the well studied
bacterial STPKs that are essential virulence factors and that
modify global host responses during infection.

Successful adaptation to a changing environment requires
efficient monitoring and a rapid response. The cascade of
chemical reactions culminate in gene transcription and a fast
metabolic adaptation. These rapid changes are important espe-
cially when responses have to be orchestrated from different
cellular compartments. Thus, given the importance of signaling
in the normal functioning of the host cell, it is not surprising
that pathogens exploit host cell signaling networks to optimize
their infectious cycles. Signaling systems are commonly
involved in regulation of the expression of virulence factors of
pathogenic bacteria during disease progression. Previously, the
two-component systems were the only tools known for envi-
ronmental sensing in bacteria (1, 2). In contrast, signaling in
eukaryotes is accomplished primarily by a network of protein
phosphorylation cascades that require the coordinated action
of a number of serine/threonine and tyrosine kinases and their
associated phosphatases. These protein kinases transfer a phos-
phate group from ATP or GTP onto specific serine, threonine,
and/or tyrosine residues of a protein substrate. Typically, the
phosphorylation functionally activates the substrate to perform
either a specific activity or cellular localization and/or transfer
the phosphate group to a downstream effector, initiating a cas-
cade of signal-response reactions. The reverse reaction of
dephosphorylation restores the activators and effectors to their
initial functional state (not phosphorylated), preparing the sys-
tem for the next signaling event. Thus, kinases and phospha-

tases function as on/off switches, modulating specific signal
transduction pathways (3).

Until recently, it was assumed that signaling in prokaryotic
and eukaryotic organisms was mediated by distinct mecha-
nisms. However, recent advances in genetic strategies and
genome sequencing have revealed the existence of “eukaryote-
like” serine/threonine protein kinases (STPKs)2 and phospha-
tases in a number of prokaryotic organisms, including patho-
gens such as Streptococcus spp. (4 –7), Mycobacterium (8 –13),
Yersinia spp. (14, 15), Listeria monocytogenes (16, 17), Pseu-
domonas aeruginosa (18), Enterococcus faecalis (19), and Staphy-
lococcus aureus (20–22). In fact, the so-called eukaryote-like Ser/
Thr kinases identified in prokaryotes share characteristic
signature sequence motifs with the eukaryotic protein kinase
superfamily based on sequence homology between their kinase
domains (23). These domains are typically organized into 12
subdomains (Hanks domains) that fold in a characteristic two-
lobed catalytic core structure, with the catalytic active site lying
in a deep cleft formed between the two lobes (23, 24). The
kinase catalytic domain can be defined by the presence of spe-
cific conserved motifs and nearly invariant residues that are
directly or indirectly involved in positioning the phosphate
donor ATP molecule and the protein substrate for catalysis.
The structural conservation of the catalytic domain between
different kinases is remarkable and is maintained across
kingdoms.

The discovery of eukaryote-like signaling systems in bacterial
pathogens has sparked an interest in understanding their func-
tion. This is due partly to the fact that eukaryotic protein
kinases are currently the largest group of drug targets, second
only to G-protein-coupled receptors (25, 26). A large number of
STPK inhibitors have been approved by the Food and Drug
Administration for use in humans (26), and �150 kinase inhib-
itors are also being tested in clinical trials (27, 28). In addition,
STPKs are also being investigated as potential tools in thera-
peutic strategies (29, 30). Therefore, studies on prokaryotic
STPKs in human pathogens have gained interest owing to the
prospect of exploiting these signaling components in future
anti-infective therapies.

The contribution of STPKs to bacterial growth and patho-
genesis is multifaceted, as has been observed for other signaling
systems. However, the mechanisms by which these kinases
mediate diverse functions in a coordinated fashion remain to be
completely understood, particularly their role(s) during host
invasion/persistence, as we propose to detail in this minireview.
The STPK-directed host-pathogen interactions known so far
appear to be of different types: those in which the bacterial
STPK phosphorylates a host substrate(s), those in which host
defense is disrupted by STPK activity, and those in which the
role of STPK is essential but the mechanism of interaction has
not yet been clarified.
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Bacterial Ser/Thr Kinases That Phosphorylate Eukaryotic
Host Proteins

Yersinia YpkA—Bacteria from the genus Yersinia (Y. pestis,
Y. pseudotuberculosis, and Y. enterocolitica) secrete the STPK
Yersinia protein kinase A (YpkA, also named YopO) into host
target cells via a type III secretion system (T3SS) (31). This
kinase has been shown to disrupt the actin cytoskeleton and
contribute to resisting phagocytosis by macrophages (32, 33).
YpkA is a multidomain protein harboring an N-terminal Ser/
Thr kinase domain and a C-terminal guanine nucleotide disso-
ciation inhibitor (GDI) domain, followed by an actin-binding
domain (Fig. 1A) (14, 15, 32, 34, 35). Once secreted into the
host, YpkA localizes at the inner surface of the cytoplasmic
membrane in eukaryotic cells (15, 34). Its kinase domain seems
essential for virulence, as strains harboring an internal deletion
in this domain show reduced lethality in infected mice (14, 36).
In vitro kinase activity has been demonstrated for YpkA as
being dependent on its interaction with globular actin (32, 37).
Moreover, using J774 macrophages cell extracts, Juris et al. (38)
have shown that YpkA phosphorylates actin and otubain, a cys-
teine protease involved in ubiquitin signaling and in the macro-
phage activation cascade, although the regulatory role of phos-
phorylation in these interactions was not clearly demonstrated.
Although the relation between YpkA and actin depolymeriza-
tion remains to be clarified, it seems that the kinase activity of
YpkA is necessary for host cell shape and phagocytosis inhibi-
tion (36, 37).

The G�q family of heterotrimeric G-proteins is known to
activate RhoA-mediated pathways and plays a central regula-
tory role in a number of cellular activities requiring cytoskeletal
rearrangements such as phagocytosis and motility (Fig. 1B)

(39). Navarro et al. (40) demonstrated that YpkA phosphory-
lates G�q on Ser-47, a key residue located in the binding loop of
the G-protein, inhibiting GTP binding and thereby inhibiting
G�q signal transduction (Fig. 1C). Moreover, YpkA has also
been shown to interact with other host proteins without phos-
phorylating them. The YpkA kinase carries a C-terminal Rho
GTPase-binding domain that specifically binds and inactivates
the small GTPases RhoA and Rac-1, two proteins of the Rho
family involved in cytoskeleton integrity (34, 35, 41). YpkA thus
mimics a host GDI (35) to “switch off” the RhoA/Rac pathways,
causing cytoskeletal disruption and distortion of cell shape.
Thus, the kinase- and GTPase-binding domains of YpkA act
synergistically to impair specific host cellular functions. These
studies highlight the role of YpkA in promoting the immune
system failure at various levels.

Staphylococcus Stk1—S. aureus is considered mostly as an
extracellular pathogen, but it can invade a variety of mamma-
lian non-professional phagocytes such as epithelial cells (42)
and keratinocytes (43) and survive phagocytosis by professional
phagocytes such as neutrophils (44) and macrophages (45).
S. aureus displays various protective and offensive responses
that facilitate its persistence in the host (46, 47). Interestingly,
Stk1 (also named PknB) has been shown to be important for
infection in mice in an abscess model (48) as well as in a cuta-
neous model (49), and it is also required for antibiotic resistance
(49). Stk1 was thought to be strictly membrane-associated until
Miller et al. (50) demonstrated that the full-length protein
could be detected in the extracellular medium, although the
mechanism remains unknown. In this elegant study, the
authors used a peptide microarray loaded with human peptides
and identified 68 potential host-phosphorylated substrates

FIGURE 1. Y. pestis YpkA phosphorylates a host substrate and interferes with the host RhoA/Rac pathway. A, YpkA is a multidomain protein harboring an
STPK domain, a GDI domain, and an actin-binding domain (ABD). aa, amino acids. B, in an inactive form, the heterotrimeric G-protein G�q-�� is associated with
G-protein-coupled receptors (R), with G�q bound to GDP. Upon activation of the receptor, GDP is exchanged for GTP on G�q, which induces dissociation of the
trimer from the receptor, and into G�q and G�� subunits. G�q-GTP activates the RhoA/Rac pathway through the LARG Rho guanine nucleotide exchange factor
(leukemia-associated RhoGEF), which triggers formation of actin stress fibers. The GTPase activity of G�q then hydrolyzes GTP to GDP, and the system reverts
to the inactivate state. C, when YpkA is secreted into the host cell, its STPK domain is activated through interaction with host actin, and it phosphorylates G�q.
The latter can no longer bind GTP, which eventually leads to disruption of cytoskeletal integrity. Concurrently, the GDI domain of YpkA interacts with RhoA and
Rac, leading to a switch off of the RhoA/Rac pathways.
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(50). Interestingly, the substrates identified in this assay are
involved in different cellular pathways such as signal transduc-
tion and stress or immune response. Among these is ATF-2, a
DNA-binding protein known to regulate the expression of a
broad set of genes coding for proteins involved in different pro-
cesses such as cell cycle molecules (cyclin D1) (51), anti-apopto-
tic factors (52), and invasion-related molecules (53). Although
it remains to be confirmed biochemically, other host proteins
such as the pro-apoptotic Bcl-2-interacting protein Bim and
the cytoskeleton-associated protein paxillin seem to be phos-
phorylated by Stk1.

Salmonella SteC—Salmonella enterica serovar Typhimu-
rium (S. typhimurium) causes gastrointestinal disease in
humans and a typhoid-like systemic infection in certain mouse
strains. Its essential virulence factors include two T3SSs,
encoded by genes from two gene clusters called SPI (Salmonella
pathogenicity island)-1 and SPI-2, respectively. Effector pro-
teins translocated by the SPI-1-encoded T3SS interfere with the
actin cytoskeleton to induce bacterial invasion and contribute
to the early maturation of the Salmonella-containing vacuole
(SCV) (54). The SCV matures into an organelle that has some
properties of late endosomes but lacks degradative enzymes of
lysosomes. A few hours after bacterial entry, the SPI-2-encoded
T3SS is activated and delivers a second set of effector proteins
across the vacuolar membrane. These further modify the SCV
and enable intravacuolar bacterial replication (55). In the
course of these events, S. typhimurium causes major alterations
to the microtubule, intermediate filament, and actin networks.
The kinase activity of the STPK SteC, which is secreted by the
SPI-2 T3SS, induces a meshwork of F-actin that is formed
around SCVs and bacterial microcolonies (56). Recently, Oden-
dall et al. (55) demonstrated that SteC promotes actin cytoskel-
eton reorganization by activating a signaling pathway involving
the MAPKs MEK and ERK, myosin light chain kinase, and myo-
sin IIB. Specifically, SteC phosphorylates MEK directly on Ser-
200, a previously unknown phosphorylation site. Ser-200 phos-
phorylation is predicted to displace a negative regulatory helix
causing autophosphorylation on the known MEK activatory
residues, Ser-218 and Ser-222. Both steC-null and kinase-defi-
cient mutant strains display enhanced replication in infected
cells, suggesting that the effects of SteC on the actin cytoskele-
ton limit bacterial growth (55).

Bacterial STPKs That Disrupt Host NF-�B Pathways

In a host cell, the transcription factor NF-�B protein com-
plex is critically important in triggering an immune/inflamma-
tory response. In the absence of cognate stimuli, NF-�B is pre-
vented from translocating to the nucleus by inhibitors of the
I�B family. In response to stimuli such as a bacterial infection,
NF-�B is translocated to the nucleus, where it transcriptionally
induces specific genes involved in a variety of processes aimed
at eliminating the pathogen. In contrast, certain pathogenic
bacteria present mechanisms to counter these attacks, some of
which involve bacterial STPKs. Structurally, the different mem-
bers of the NF-�B family are composed of combinations of five
subunits, p50, p52, RelA (p65), RelB, and c-Rel, of which p50
and p52 are derived from p105 and p100, respectively. STPKs
from different pathogenic bacteria seem to interact with host

factors to disrupt the NF-�B signaling pathways and down-
stream processes as discussed below (Fig. 2).

Legionella LegK1—Legionella pneumophila infects the lung
macrophages and causes the so-called Legionnaires’ disease.
Once in the phagosome, this pathogen is able to redirect the
classical bacterial phagolysosomal elimination to establish a
replicative niche within an endoplasmic reticulum-derived
compartment, named the Legionella-containing vacuole, and
evade host cell defenses (57–59).

Different species of Legionella harbor three to five genes
encoding putative STPKs (legK1–legK3 for L. pneumophila
Philadelphia-1 (60) and legK1–legK5 for L. pneumophila Lens
(61)). LegK1–LegK4 are known to be secreted by a type IV
secretion system called Dot/Icm, which is essential for intracel-
lular growth (58, 59). Only LegK1 has been shown to interfere
with the NF-�B pathway, acting as an inflammatory activator.
Using an NF-�B-specific luciferase reporter system, Ge et al.
(62) demonstrated that ectopic expression of LegK1 in HEK-
293T cells triggers activation of the NF-�B cascade (Fig. 2, A
(left) and B). The same assay conducted with LegK2, LegK3, and
a LegK1 kinase-dead mutant (carrying a mutation in the kinase
domain) resulted in no activation of the NF-�B system. There-
fore, LegK1 seems to be the only STPK able to interfere with the
NF-�B pathway, and its kinase activity is required. Moreover,
LegK1 activity is specific to NF-�B and does not affect other
innate immune signaling pathways such as MAPK and IFN (62).
Moreover, in the same study, the authors used a cell-free recon-
stitution system to show that LegK1 is able to phosphorylate
I�B�, a central regulator of the NF-�B pathway (Fig. 2A), on
Ser-32 and Ser-36 in an I�B kinase (IKK)-independent manner.
In vitro assays with I�B� and a variety of LegK1 derivatives
confirmed phosphorylation of I�B� by LegK1, indicating that
the N-terminal “pre-kinase” part is critical for I�B� phos-
phorylation. The authors also demonstrated that p100, the pre-
cursor of the non-canonical NF-�B complex, is processed into
p52 when phosphorylated by LegK1 (Fig. 2B). Taken together,
these data highlight the function of the LegK1 kinase as a mimic
of the host IKKs in the NF-�B response activation. Thus,
L. pneumophila LegK1 is an STPK that phosphorylates host
substrates (I�B� and p100) and disrupts the NF-�B pathway,
thereby modulating host innate defenses and inflammatory
responses during infection.

Shigella OspG—Shigella spp. are the agents of shigellosis in
humans, a disease that is characterized by the destruction of the
colonic epithelium and that is responsible for 1 million deaths
per year (63). Shigella spp. use a T3SS to enter epithelial cells,
thus triggering apoptosis (64). About 20 proteins have been
identified as substrates of the T3SS (65). One of these, OspG, is
an STPK known to manipulate the host innate immune system
by down-regulating the canonical NF-�B pathway (Fig. 2A
right). Using in vivo and in vitro approaches, Kim et al. (66)
demonstrated that OspG is an STPK able to bind to ubiquitiny-
lated E2 enzymes such as UbcH7 and UbcH5 without phos-
phorylating them. They showed that this sequestration leads to
a decrease in I�B� degradation, thus blocking the activation
pathway of NF-�B. The action of OspG seems to be dependent
on its kinase activity, as the inactivated kinase mutant does not
generate a similar attenuation of NF-�B signaling. In addition,
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infection assays carried out on the ligated ileal loop in rabbits
confirmed that inactivation of ospG in Shigella strains induces a
stronger inflammatory response in vivo (66). Moreover, in a
recent study, OspG was found to be able to bind ubiquitin and
polyubiquitin. This interaction seems to activate OspG kinase
activity in vitro and to be required for attenuating the host
NF-�B signaling pathway in vivo (67).

Escherichia NleH1 and NleH2—Enteropathogenic Esche-
richia coli (EPEC) and enterohemorrhagic E. coli (EHEC) are
two diarrheagenic strains of E. coli that contribute to the health
burden of food-borne disease. EHEC and EPEC are known to
express and secrete effectors into intestinal epithelial cells
through a T3SS (68). NleH1 and NleH2 have been biochemi-
cally characterized as STPKs and secreted in HeLa cells through
a T3SS. These STPKs are able to interact with RPS3, a host
protein known to bind the p65 subunit of NF-�B and regulate
its affinity for its target genes (Fig. 2C) (69, 70). The interaction
of RPS3 and NleH1, but not NleH2, reduces the nuclear abun-
dance of RPS3, causing inhibition of the NF-�B-dependent
transcriptional activity. The NF-�B activity seems also to be
decreased by NleH2 when IKK� is overexpressed (71, 72). In
vivo tests showed that the EHEC �nleH1 strain, but not the
�nleH2 strain, is hypervirulent in a gnotobiotic piglet infection
model, indicating that NleH1 and NleH2 differentially regulate
the inflammatory response of the host (70). In a mouse intestine
model, EPEC NleH1 and NleH2 seemed to increase coloniza-
tion and decrease inflammation (71). Phosphorylation of RPS3

on Ser-209 by IKK� enhances its association with importin-�,
thus mediating RPS3 entry into the karyopherin pathway for
nuclear translocation (73). The interaction of RPS3 with NleH1
leads to the inhibition of its phosphorylation by IKK�. Recently,
a high-throughput screen to identify a host cell substrate of
NleH1 yielded the CRKL (v-Crk sarcoma virus CT10 onco-
gene-like) protein (74). According to the proposed model,
CRKL interacts dually with NleH1 and IKK�. Interaction of a
kinase-active form of NleH1 with CRKL is essential for the abil-
ity of NleH1 to inhibit RPS3 phosphorylation by IKK�.

Bacterial STPKs with Unidentified Host Substrates

In some of the host-pathogen interactions known so far, the
kinase activity of the bacterial STPKs is required, but the sub-
strate has not been identified. In addition to E. coli NleH1 and
NleH2 described above, this category also includes Legionella
LegK2. Similarly, the substrates of most of the mycobacterial
STPKs that participate in host-pathogen interactions have not
yet been identified.

Legionella LegK2—LegK2 has been identified to be involved
in the virulence of L. pneumophila by a combination of in vitro
and in vivo approaches (61). A �legK2 mutant showed no
defects in in vitro growth but presented less cytotoxicity and
delayed intracellular replication in amoebas compared with the
wild-type strains. Moreover, vacuoles containing the mutant
strain showed less efficient recruitment of endoplasmic reticu-
lum markers. Complementation assays performed with wild-

FIGURE 2. Interference with the host NF-�B signaling pathways by STPKs of pathogenic bacteria: LegK1, OspG, and NleH1. In the canonical NF-�B
pathway, in response to stimulation, the IKK trimer (IKK�/IKK�/NEMO) phosphorylates I�B inhibitor (here, I�B�), which normally sequesters the NF-�B
(p50/p65) dimer in the cytoplasm. Once phosphorylated, I�B� dissociates from NF-�B dimer, which then translocates into the nucleus and activates genes
implicated in the immune response. The dissociated phospho-I�B� is ubiquitinated by the ubiquitinylation system (E1, E2, and E3) and is addressed to and
degraded in the proteasome. In the non-canonical pathway, the IKK� dimer phosphorylates p100, the precursor of p52 that is an inhibitor of the NF-�B dimer.
Once phosphorylated, p100 is processed to p52, and the p52/RelB NF-�B dimer thus activated is translocated into the nucleus. The Legionella STPK LegK1
mimics IKKs in both canonical (A, left) and non-canonical (B) pathways and induces activation of the NF-�B pathways in the host. A (right), the Shigella sp. STPK
OspG interacts with the ubiquitin-conjugating enzyme E2, blocking phospho-I�B� degradation and thus silencing the inflammatory response of the host. C,
the RPS3 protein interacts with the p65 subunit of NF-�B, and when phosphorylated by IKK�, RPS3 is translocated into the nucleus and determines the
regulatory specificity of NF-�B for target genes. The E. coli STPK NleH1 inhibits RPS3 phosphorylation and thus inhibits the host NF-�B response mechanism.
CRKL could be involved in this inhibition, but the exact mechanism remains to be elucidated.
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type and kinase-dead proteins provided evidence that LegK2
kinase activity is required for the normal infectious phenotype
of L. pneumophila (61). Although no host targets have yet been
identified, LegK2 seems to be a crucial virulence determinant
involved in the establishment of the replicative niche in the
macrophage.

Mycobacterium tuberculosis STPKs—M. tuberculosis is the
causative agent of tuberculosis. It is capable of infection and
long-term survival in host macrophages. The bacterium pos-
sesses several virulence factors that are expressed at different
steps of infection all the way to establishing a latent infection
and an eventual resuscitation from dormancy. Genome
sequence analyses revealed 11 STPKs (8), four of which have
been demonstrated to be involved in virulence in vivo: PknH,
PknI, PknK, and PknG. Although these STPKs are important
virulence factors, their host cell interactors have not yet been
identified, except for that of PknG. Studies with genetic
mutants of the above STPKs have revealed their roles in estab-
lishing an infection. In a mice model, the pknH mutant was
found to survive and replicate to a higher bacillary load in
mouse organs compared with its parental strain (75). Similarly,
a pknI-null mutant showed increased intracellular growth
inside THP-1 macrophage cells and hypervirulence in immu-
nodeficient mice (76). More recently, Malhotra et al. (77)
showed that a pknK deletion results in increased resistance of
the mutant to acidic pH, hypoxia, and oxidative and stationary
phase stress in vitro and increased survival during persistent
infection in mice. Moreover, assays performed on host immune
effectors suggested an immunomodulatory function of PknK
during acute infection in mice (77).

PknG is a soluble STPK expressed by pathogenic or attenu-
ated mycobacteria such as M. tuberculosis and Mycobacterium
bovis bacillus Calmette-Guérin, but not by Mycobacterium
smegmatis, a non-pathogenic species. PknG is known to play a
role in persistence inside macrophages, presumably by inhibit-
ing the critical step of phagosome-lysosome fusion, as shown
for M. bovis and M. smegmatis in cultured macrophages (78,
79) and in a mouse model (80). Interestingly, the basis for the
PknG-mediated enhanced survival in macrophages appears to
be its interaction with, but not phosphorylation of, PKC�, an
STPK from the host cell that is known to regulate phagolyso-
some formation (81). Other studies have also highlighted the
role of PknG in interacting and disturbing host defense path-
ways (82– 85). Recently, in Mycobacterium marinum, SecA2
was identified as the secretion system that likely introduces
PknG into the host cell (86).

Conclusions

Thus, the emerging theme from the above examples is that
not only are the STPKs in pathogenic bacteria essential for reg-
ulating important bacterial processes, but some are secreted
such that they can interact with host substrates also, subverting
essential host functions such as immune responses and cell
shape and integrity. It is not yet clear whether these STPK inter-
actions all involve phosphorylation of a host substrate. In some
cases, the phosphorylation of a host substrate has been demon-
strated, whereas in others, the STPK kinase activity is seen to be
essential, but a phosphorylated substrate has not been identi-

fied. The biochemical mechanisms of these pathogen-directed
targeted perturbations in the host cell signaling network are
being actively investigated. Thus, bacterial STPKs are proving
to be molecular switches that play key roles in host-pathogen
interactions.
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The third domain of life, the Archaea (formerly Archaebacte-
ria), is populated by a physiologically diverse set of microorgan-
isms, many of which reside at the ecological extremes of our
global environment. Although ostensibly prokaryotic in mor-
phology, the Archaea share much closer evolutionary ties with
the Eukarya than with the superficially more similar Bacteria.
Initial genomic, proteomic, and biochemical analyses have
revealed the presence of “eukaryotic” protein kinases and phos-
phatases and an intriguing set of serine-, threonine-, and tyro-
sine-phosphorylated proteins in the Archaea that may offer new
insights into this important regulatory mechanism.

A Maturing Evolutionary Perspective on Protein
(De)phosphorylation

For several decades, the phosphorylation of proteins on ser-
ine and threonine residues was generally regarded as exclu-
sively eukaryotic in origin and distribution, an adaptation to the
coordination and communication requirements of a more
complex compartmentalized cell form (1). In this scenario,
tyrosine phosphorylation emerged to meet the expanded signal
transduction needs of “higher” eukaryotes composed of multi-
ple differentiated cells. The persistence and pervasiveness of
this viewpoint are manifested by the continued use of the des-
ignator “eukaryotic protein kinase” (ePK)2 when referring to
homologs of the prototype for this superfamily, the catalytic
subunit of the cAMP-dependent protein kinase.

As the 1990s dawned, occasional reports surfaced indicating
the presence of eukaryotic protein kinases and protein phos-
phatases in bacteria and viruses (1, 2). However, their close
association with pathogenic organisms, tendency to target pro-
teins endogenous to their eukaryotic hosts, and frequent coding
by mobile elements such as plasmids were consistent with
acquisition from the Eukarya by lateral gene transfer. It was not
until genomics fueled a quantum leap in our understanding of
the macromolecular populations within living organisms that it
became apparent that many ostensibly eukaryotic protein
kinases and protein phosphatases were in fact indigenous to
some prokaryotes as well (3, 4).

Early Studies on Protein Phosphorylation in the Archaea

In the late 1970s, the Archaea emerged as a new player in the
exploitation of phylogenetic diversity for tracing the evolution
of biological macromolecules (5). Although morphologically
prokaryotic, the rRNA sequences of the Archaea were more
closely related to those of the Eukarya than to the superficially
similar Bacteria, indicating that the first divergence from the
last universal common ancestor separated the bacterial line of
descent from a conjoint eukaryal/archaeal one.

The first indication that archaeal proteins were subject to
regulation via covalent phosphorylation was reported by Spu-
dich and Stoeckenius (6), who detected multiple radiolabeled
polypeptides in extracts from cultures of the extreme halophile
Halobacterium halobium that were grown in media containing
32P-labeled inorganic phosphate. The radiolabel remained
associated with the polypeptides following exposure to either
acid or hydroxylamine, indicating that the phosphoryl moieties
were bound via phosphoester linkages. The apparent degree of
phosphorylation of several polypeptides visibly decreased upon
exposure to light, a phenomenon dependent on the presence of
retinal (6). Skórko (7) employed a similar in vivo labeling
approach to elucidate the presence of serine- and threonine-
phosphorylated polypeptides in membrane fractions from the
extreme acidothermophile Sulfolobus acidocaldarius.

A new twist was added when it was reported that multiple
polypeptides from three diverse archaea (Haloferax volcanii,
Methanosarcina thermophila TM-1, and Sulfolobus solfatari-
cus P1) tested positive on Western blots probed with antibodies
against phosphotyrosine (8). Immunoreactivity could be elim-
inated by prior treatment with alkaline phosphatase. This
wholly unexpected finding was buttressed by the subsequent
isolation of three phosphotyrosine-containing proteins from
Thermococcus kodakaraensis KOD1 using a substrate-trapping
version of an endogenous protein-tyrosine phosphatase (TkPTP):
phenylalanyl-tRNA synthetase, an RNA terminal phosphate
cyclase, and phosphomannomutase (9). Although highly sugges-
tive of the existence of archaeal protein-tyrosine kinases, these
findings were insufficient to rule out potential alternative explana-
tions such as the hydrolytic breakdown of nucleotidylated tyrosine
residues (10), trapping of phosphoenzyme intermediates (11), or
adventitious autophosphorylation (12).

Protein-serine/threonine/tyrosine Kinases and
Phosphatases: Demise of the “Eukaryotic” Paradigm

The first example of apparent domain trespass by a eukary-
otic protein kinase or phosphatase in the Archaea was PP1-
arch1, a PPP family protein-serine/threonine phosphatase.
First detected by incubating soluble extracts of S. solfataricus
P1 with 32P-phosphoproteins (13), subsequent purification and
cloning of its gene revealed a monomeric enzyme sharing �30%
identity with the catalytic domains of PP1 and PP2A from the
Eukarya (14). Subsequently, genes encoding two additional
archaeal PPPs, PP1-arch2 from M. thermophila TM-1 (15) and
PyPP1 from Pyrodictium abyssi TAG11 (16), were cloned, and
their recombinant protein products were demonstrated to pos-

* This is the third article in the Thematic Minireview Series “Protein Serine/
Threonine and Tyrosine Phosphorylation in Prokaryotes.”

1 To whom correspondence should be addressed. E-mail: pjkennel@vt.edu.
2 The abbreviations used are: ePK, eukaryotic protein kinase; PTP, protein-

tyrosine phosphatase; PPP, family of protein-serine/threonine phospha-
tases that include eukaryotic PP1, PP2A, and PP2B; cPTP, conventional PTP;
LMW, low molecular weight; PPM, family of eukaryotic divalent metal ion-
dependent protein-serine/threonine phosphatases whose exemplar is
protein phosphatase 2C; RIO, right open reading frame; FHA,
forkhead-associated.
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sess protein-serine/threonine phosphatase activity. All three
archaeal PPPs preferred Mn2� as cofactor; little activity was
detected in the presence of Mg2�. A dendrogram constructed
using established PPP family protein phosphatases from the
Archaea, Bacteria, and Eukarya mirrors the Woesian tree (Fig.
1), indicating that archaeal PPPs were inherited from the last
universal common ancestor (17), not acquired by lateral gene
transfer. Intriguingly, PP1-arch2 was inhibited by micromolar
concentrations of okadaic acid, a classic diagnostic agent for
PP1 and PP2A in eukaryotes (15). The primordial origins of this
important family of signal transduction enzymes offered the
first hint that protein (de)phosphorylation emerged at an ear-
lier point in evolution than previously suspected.

Capitalizing on the initial wave of genome sequencing, Smith
and King (18) reported the presence of ORFs encoding deduced
ePK homologs in three methanogenic archaea: Methanococcus
vannielii, Methanococcus voltae, and Methanobacterium ther-
moautotrophicum. As genome sequences continued to accu-
mulate, it became increasingly apparent that virtually every mem-
ber of the Archaea possessed an ORF encoding an ePK homolog (4,
19). However, although ubiquitous, the number of ePKs present in
archaeal genomes was generally small, generally one to four (20).
Perhaps more significantly, those ePKs previously stereotyped in
the Eukarya as being “atypical” (21) dominated archaeal kinomes,
often to the exclusion of typical ePKs (3, 22).

The distribution of protein-serine/threonine/tyrosine phos-
phatase homologs among the Archaea exhibits a strikingly
mosaic pattern wherein no superfamily predominates (Table
1). Little correlation is evident between the number of deduced
protein phosphatases in a given archaeal genome and the quan-

tity of prospective ePKs. Even in those archaea wherein the
number of deduced ePKs reached 10 or more, the number of
deduced protein phosphatases rarely exceeded two (20). How-
ever, roughly three-quarters possess a conventional PTP
(cPTP) and/or a low molecular weight (LMW) PTP (19, 23).
Indeed, the deduced complement of protein-serine/threonine/
tyrosine phosphatases for one-third of archaea listed in Table 1
consists exclusively of one or more PTPs. No representatives of
the Cdc25 family of dual-specificity protein phosphatases have
been detected in the Archaea, notwithstanding the presence of
the Cdc25 evolutionary precursor rhodanese (24).

Two archaeal cPTPs have been characterized to date: TkPTP
from T. kodakaraensis (9) and SsoPTP from S. solfataricus (25).
Both proteins exhibited tyrosine phosphatase activity in vitro.
In addition, TkPTP hydrolyzed free phosphoserine at rates
comparable to free phosphotyrosine (9). X-ray crystallography
of SsoPTP revealed considerable structural homology to VH1
family PTPs. The depth of its active site pocket suggests that
SsoPTP is tyrosine-specific (25).

Of the two major protein-serine/threonine phosphatase
families encountered in eukaryotic organisms (26), the PPP
superfamily predominates over the PPM superfamily by a ratio
of 3:1 (Table 1). The only archaeal PPM characterized to date,
TvnPPM from Thermoplasma volcanium, exhibited both pro-
tein-tyrosine and protein-serine/threonine phosphatase activ-
ities in vitro, a property it shares with a handful of bacterial PPM
homologs (27). The protein-tyrosine phosphatase activity of
TvnPPM may be physiologically significant, as T. volcanium
lacks deduced LMW PTPs or cPTPs.

Whence Eukaryotic Protein Kinases and Phosphatases?

What can the Archaea tell us about the origins and evolution
of the protein kinases and protein phosphatases that lie at the
core of the signal transduction networks in the Eukarya? The
universal presence of specific families of atypical ePKs in both
the Archaea and Eukarya, but not the Bacteria (3, 22, 28), indi-
cates that the first recognizable member of the ePK superfamily
appeared after the divergence of the combined archaeal/eu-
karyal line of descent from the bacterial but prior to the diver-
gence of the Archaea from the Eukarya (3). The nearly universal
presence of piD261/Bud32 and right open reading frame (RIO)
protein kinases among the Archaea and Eukarya further sug-
gests that these atypical ePKs most closely echo the archetypic
ePK (22, 29, 30). Typical ePKs appear to have first emerged in
the Eukarya (3), where they proliferated to an extent that far
outstripped their older atypical siblings (21). From the Eukarya,
typical ePKs spread to the Bacteria and, presumably, the
Archaea via lateral gene transfer (4).

The two major families of eukaryotic protein-serine/threo-
nine phosphatases offer a study in contrasts. The PPP family has
a long evolutionary history dating to the last universal common
ancestor (4, 31). PPPs appear to have spread throughout the
three extant phylogenetic domains primarily via direct inheri-
tance. In contrast, the PPM family emerged much later, in the
Eukarya, and later spread to the Bacteria by lateral gene transfer
(4, 32). It appears likely that the handful of archaeal PPMs were
acquired “secondhand” from the Bacteria.

FIGURE 1. PPP tree. Shown is a dendrogram constructed using the sequences
of assorted eukaryal (blue) and bacterial (green) PPP family protein phospha-
tases along with the three verified PPP family protein-serine/threonine phos-
phatases (red): PP1-arch1 from S. solfataricus (S. solf.) (14), PP1-arch2 from
M. thermophila (M. therm.) TM-1 (15), and PyPP1 from P. abyssi TAG11 (16). PP,
protein phosphatase; M. aerug., Microcystis aeruginosa.
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The widespread phylogenetic dispersal of the cPTPs and
LMW PTPs is indicative of ancient origins that likely date back
to the last universal common ancestor (33–35). Although rho-
danese, the progenitor of the Cdc25 dual-specificity protein
phosphatases, is pervasive among prokaryotic organisms,
Cdc25 appears to be exclusively eukaryal in residence and, by
extension, origin (24). The seemingly random distribution of
these ancient protein phosphatases likely reflects the impact of
reductive evolution (36, 37). Presumably the PPP, cPTP, and
LMW PTP families were each represented in the original
archaeal phosphatase suite. However, as they segregated to
environmentally extreme but relatively monotonous habitats,
many archaea downsized their sensor-response capabilities.

The Sulfolobales Kinome

Much of what we currently know concerning protein
(de)phosphorylation in the Archaea has been generated from
investigations of the members of the order Sulfolobales, in par-
ticular S. solfataricus. The S. solfataricus genome contains 10
ORFs encoding prospective ePKs, two of which exhibit recog-

nizable transmembrane domains (Fig. 2). By eukaryal stan-
dards, ePKs account for only a minute portion (0.34%) of the
S. solfataricus genome (38). However, relative to most other
archaea, S. solfataricus is protein kinase-rich, with a kinome
that even includes both typical and atypical ePKs. In contrast,
like most archaea, its suite of recognizable protein phospha-
tases is relatively sparse, consisting of a single PPP family pro-
tein-serine/threonine phosphatase, PP1-arch1 (14), and a sin-
gle cPTP (25). Of the 10 prospective ePKs from S. solfataricus,
three have been studied in the laboratory: SsoPK2, SsoPK3, and
SsoPK5 (Fig. 2). (The designator SsoPK1 was reserved for
an �62-kDa membrane-associated glycoprotein with protein-
serine/threonine kinase activity, possibly the product of ORF
sso2291 (39, 40).3)

SsoPK2 is the protein product of ORF sso2387. It is an atyp-
ical ePK that does not appear to group with any of the “major”
atypical subfamilies. It also has been annotated as a secretory

3 B. H. Lower and P. J. Kennelly, unpublished data.

TABLE 1
Distribution of eukaryotic protein-serine/threonine/tyrosine kinase/phosphatase superfamilies in the Archaea
Listed below are archaeal organisms whose genomes have been annotated by the Comprehensive Microbial Resource (J. Craig Venter Institute). “Yes” indicates that the
genome in question contains one or more ORFs encoding a potential ePK, PPP family protein phosphatase, PPM family protein phosphatase, cPTP, or LMW PTP.

Archaeon ePK PPP PPM cPTP LMW PTP

Aeropyrum pernix K1 Yes Yes
Archaeoglobus fulgidus DSM4303 Yes Yes Yes
Caldivirga maquilingensis IC-167 Yes Yes Yes
Candidatus Korarchaeum cryptofilum OPF8 Yes Yes Yes Yes
Candidatus Methanoregula boonei 6A8 Yes Yes Yes
Haloacrula marismortui ATCC 43049 Yes Yes Yes
Halobacterium NRC-1 Yes Yes
Halobacterium salinarium R1 Yes Yes
Halomicrobium mukohataei DSM12286 Yes Yes Yes Yes
Haloquadratum walsbyi DSM16790 Yes Yes
Ignicoccus hospitalis KIN4/l Yes Yes
Metallosphaera sedula DSM5348 Yes Yes Yes
Methanobacterium thermoautotrophicus Delta H Yes Yes Yes
Methanococcoides burtonii DSM6242 Yes
Methanococcus aeolicus Nankai-3 Yes Yes
Methanococcus jannaschii DSM2661 Yes Yes
Methanococcus maripaludis C5 Yes Yes
Methanococcus maripaludis C6 Yes Yes
Methanococcus maripaludis C7 Yes Yes
Methanococcus maripaludis S2 Yes Yes
Methanocorpusculum labreanum Z Yes Yes
Methanoculleus marisnigri JR1 Yes Yes
Methanopyrus kandleri AV19 Yes
Methanosaeta thermophila PT Yes Yes
Methanosarcina acetivorans C2A Yes Yes Yes
Methanosarcina barkeri Fusaro Yes Yes
Methanosarcina mazei Goe1 Yes Yes Yes
Methanosphaera stadtmanae DSM3091 Yes
Methanospirillum hungatei JF-1 Yes Yes Yes
Nanoarchaeum equitans KIN4-M Yes
Natronomonas pharaonis sp. Yes Yes
Picrophilus torridus DSM9790 Yes Yes
Pyrobaculum aerophilum IM2 Yes Yes Yes
Pyrobaculum arsenaticum DSM13514 Yes Yes Yes
Pyrobaculum islandicum DSM4184 Yes Yes Yes
Pyrococcus abyssi GE5 Yes Yes
Pyrococcus furiosus DSM3638 Yes Yes Yes
Pyrococcus horikoshii Shinkaj OT3 Yes Yes
Staphylothermus marinus F1 Yes Yes
Sulfolobus acidocaldarius DSM639 Yes Yes Yes
Sulfolobus solfataricus P2 Yes Yes Yes
Sulfolobus tokodaii strain 7 Yes Yes Yes
Thermococcus kodakaraensis KOD1 Yes Yes Yes
Thermofilum pendens Hrk5 Yes Yes
Thermoplasma acidophylum DSM1728 Yes
Thermoplasma volcanium GSS1 Yes Yes Yes
Uncultured methanogenic archaeon RC-1 Yes Yes
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ATPase (41). The catalytic domain of SsoPK2 occupies the
C-terminal half of a projected 583-residue polypeptide. Analy-
sis of the sequence of the N-terminal region revealed no obvi-
ous ligand-binding sites, protein-protein interaction sites, or
transmembrane domains, suggesting that anchoring occurs via
association with a second, membrane-bound protein (41).
Expression of the mRNA encoding SsoPK2 could be detected
only in cells grown on rich media (41).

Recombinant SsoPK2 phosphorylated itself in vitro (41, 42),
as well as exogenous proteins of grossly basic (histones and
bovine serum albumin) and acidic (casein and reduced car-
boxyamidomethylated and maleylated lysozyme) character
(42). Phosphorylation occurred exclusively on serine residues.
No activity was detected using the classic tyrosine kinase sub-
strates poly(Glu,Tyr) and poly(Glu4,Tyr) or using GTP as the
phosphodonor substrate (42). SsoPK2 exhibited ATPase activ-
ity at high temperatures (41). Both the protein kinase and
ATPase activities of SsoPK2 exhibited a preference for Mn2�

over Mg2� as cofactor (41, 42). Although autophosphorylation
takes place on multiple serine residues, substitution of one of
these, Ser548, which resides in the predicted T loop located
between subdomains VII and VIII of the catalytic domain, by
alanine resulted in complete abolition of autophosphorylation
in vitro (42). Phosphorylation of an exogenous substrate
(casein) was not affected, however.

SsoPK3, the polypeptide product of ORF sso0469, was first
identified as one of the phosphoproteins produced when
membrane extracts of S. solfataricus were incubated with
[�-32P]ATP (43). SsoPK3 belongs to the ATPase-like subfamily
of atypical ePKs. Like SsoPK2, its catalytic domain occupies the
C-terminal portion of the polypeptide. Although membrane-
associated, it exhibits no obvious transmembrane domain, sug-
gesting that anchoring occurs via some other structural motif.
Recombinant SsoPK3 autophosphorylated itself on threonine
and exogenous substrates such as casein, bovine serum albu-
min, and histone H4 on serine and, to a lesser degree, threonine

(43). No activity was detected toward poly(Glu,Tyr) or
poly(Glu4,Tyr). Like SsoPK2, Mn2� was preferred as cofactor
(43).

SsoPK5, the product of ORF sso0433, is among the smallest
ePKs yet encountered. It is a member of the most ancient extant
family of ePKs, the piD261/Bud32 protein kinases, whose sole
mammalian homolog is the p53-related protein kinase (30). A
candidate for the direct lineal descendant of the primordial
ePK, homologs of piD261/Bud32 are found throughout the
Archaea and Eukarya but are absent from the Bacteria (34).
Disruption of the gene for piD261/Bud32 in Saccharomyces
cerevisiae confers a severe slow growth phenotype that can be
partially rescued by the p53-related ePK (44). Despite its essen-
tial nature and significant evolutionary head start over virtually
every other family of ePKs, the piD261/Bud32 family has under-
gone no detectable expansion over the eons (29).

In archaeal genomes, the sequences encoding piD261/Bud32
homologs are generally located adjacent to or fused with the
gene encoding Kae1 (kinase-associated endopeptidase 1),
which is universally present in the members of all three phylo-
genetic domains (45). Structural analyses (46, 47) have revealed
that piD261/Bud32 and Kae1 are components of a larger multi-
protein complex dubbed the EKC/KEOPS complex, which
stands for endopeptidase-like kinase chromatin-associated/
kinase, endopeptidase, and other proteins of small size (45). It
has been suggested that, in yeast, the complex plays a dual role
involving regulation of transcription and maintenance of
telomere integrity (46 – 48). More recently, it has been discov-
ered that the EKC/KEOPS complex catalyzes the formation of
N6-threonylcarbamoyl adenosine, a universal modification of
tRNAs recognizing codons that begin with an adenine nucleo-
tide (49). Within the context of this complex, piD261/Bud32
has been observed to display switchable protein kinase and
P-loop ATPase activity (50).

When SsoPK5, the homolog of piD261/Bud32 from S. solfa-
taricus, was expressed in Escherichia coli, the recombinant pro-

FIGURE 2. Known and deuced ePKs encoded by the genome of S. solfataricus P2. Shown are schematic diagrams of the known and deduced ePKs encoded
by the genome of S. solfataricus (38). The identity of the ORF is given on the right along with the protein name, if any. The name of the most closely related
protein kinase subfamily, as deduced from the sequence of the putative catalytic domains, is shown in parentheses using the classification scheme of Leonard
et al. (3). The predicted catalytic, transmembrane, (TM), and tetratricopeptide repeat (TPR) domains are colored green, blue, and yellow, respectively. Other
prospective features include winged helix-turn-helix (wHTH; red), leucine zipper (orange), methyltransferase-like (MTS; purple), and heavy metal-associated
(HMA) domains.
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tein exhibited detectable but relatively sluggish protein-serine/
threonine kinase activity toward acidic proteins such as casein
and reduced carboxyamidomethylated and maleylated lysozyme
(51). No activity was detected toward two basic proteins: his-
tones and myelin basic protein. SsoPK5 also phosphorylated
itself on serine and threonine. Substitution of Thr159, a pre-
dicted site of autophosphorylation, by alanine resulted in a 50%
decrease in self-phosphorylation and loss of activity toward
exogenous protein substrates (51). Intriguingly, ADP-ribose,
the breakdown product of the poly(ADP-ribose) chains that
covalently modify many eukaryal proteins, particularly those
found in chromatin, markedly stabilized SsoPK5, an effect that
could be enhanced by millimolar levels of 5�-AMP. Enhance-
ment was highly specific to 5�-AMP and independent of auto-
phosphorylation (51).

Three ORFs in the S. solfataricus genome code for poten-
tial homologs of the typical ePKs, specifically the protein
kinases that phosphorylate eIF2� in the Eukarya: sso2291,
sso3182, and sso3207 (Fig. 2). Phosphorylation of eIF2� by
eukaryal eIF2� protein kinases inhibits global polypeptide
synthesis in response to a variety of cellular stresses (52). An
eIF2� protein kinase homolog from the hyperthermophilic
archaeon Pyrococcus horikoshii OT3 (Ph0512p) phosphory-
lates the archaeal homolog of eIF2� (aIF2�) in vitro (53).
Phosphorylation occurred on Ser48, which aligns with the
site of regulatory protein phosphorylation in eIF2� (Ser51).
This serine residue is conserved in deduced aIF2� proteins
in the archaea Methanococcus jannaschii, M. thermoau-
totrophicum, and Archaeoglobus fulgidus (53), as well as
S. solfataricus (38).

Like S. solfataricus, Sulfolobus tokodaii is relatively rich in
ORFs encoding deduced ePKs. Moreover, at least one of the
eight potential ePKs identified, the protein product of st1565,
resembles the typical ePKs that predominate in eukaryotes (54).
Using two-hybrid screens and pulldown assays, it was deter-
mined that the ST1565 protein kinase complexes with the
protein product of st0829, a forkhead-associated (FHA)
domain-containing transcription factor that interacts with the
promoter region of a gene cluster encoding flagella-like pro-
teins (55). Moreover, phosphorylation of the FHA domain-con-
taining protein by the ST1565 protein kinase abrogated the
former’s DNA-binding capacity in vitro (55).

ORFs sso0197 and sso2374 from S. solfataricus encode
potential RIO ePKs. The RIOs constitute the primary rival of
piD261/Bud32 for the title of most ancient extant ePK family (3,
28). The RIO ePKs were first encountered in yeast, where they
have been implicated in ribosome biogenesis, cell cycle pro-
gression, and genome integrity (56). Although the S. solfatari-
cus RIO ePKs remain uncharacterized, the crystal structure for
Rio2 from A. fulgidus has been determined (57), and a second
archaeal RIO ePK from H. volcanii has been shown to phos-
phorylate the � subunit of the 20 S proteasome on serine and
threonine in vitro (58). For more on the RIO ePKs, see the
accompanying minireview by LaRonde (71).

The Sulfolobales Phosphoproteome

Recent mass spectrometric analysis of the proteins from
S. solfataricus resulted in the identification of 1318 different

sites of covalent phosphorylation distributed among 540 differ-
ent proteins (59). Modification by phosphorylation appeared to
be both physically and functionally pervasive, as the phospho-
proteins identified included members of 21 of the 26 archaeal
clusters of orthologous groups (60) represented in the S. solfa-
taricus genome (59). In addition to a broad spectrum of pro-
teins that participate in core metabolic processes, the S. solfa-
taricus phosphoproteome also includes a number of deduced
transcription factors; many ribosomal proteins; a large number
of aminoacyl-tRNA synthetases; a predicted adenylate cyclase;
DNA helicases, gyrases, primases, topoisomerases, trans-
posases, and polymerases; ATPases; translation initiation and
elongation factors; assorted permeases and transporters; ePKs;
and a large number of unidentified proteins.

Perhaps even more unexpected than the unanticipated sur-
feit of phosphoproteins was the abundance of phosphorylated
tyrosine residues in the phosphoproteins from S. solfataricus
(59). In fact, the number of sites of tyrosine phosphorylation
marginally exceeded the number of combined sites of serine
and threonine phosphorylation. By contrast, the only other
reported archaeal phosphoproteome, that of the extreme halo-
phile Halobacterium salinarium, encompassed only 81 sites of
phosphorylation on 69 proteins, only one of which was identi-
fied, albeit tentatively, as tyrosine (61).

It has yet to be determined what proportion of these archaeal
phosphoproteins are the product of regulatory phosphoryla-
tion events. The fact the S. solfataricus phosphoproteome
exhibited marked shifts when the organism’s carbon source was
switched from glucose to Tryptone is suggestive of the dyna-
mism characteristic of regulatory events (59). However, data
affirming that covalent phosphorylation plays a regulatory role
in the Archaea have emerged for only a handful of proteins to
date, such as D-gluconate dehydratase (62) and phosphohexo-
mutase from S. solfataricus (63), an FHA domain-containing
protein from S. tokodaii (55), and the proteasome from H. vol-
canii (58).

The phosphorylation of D-gluconate dehydratase was
detected by growing S. solfataricus in the presence of
[32P]phosphate (62). Subsequent incubation of the phospho-
protein with broad-spectrum acid phosphatases resulted in a
loss of catalytic activity, implicating phosphorylation as an
essential prerequisite for function. The S. solfataricus phospho-
hexomutase was identified via mass peptide profiling of cellular
proteins. Although formation of a covalent phosphoenzyme
intermediate constitutes an integral step in the enzyme’s cata-
lytic mechanism, the catalytic serine (Ser97) was distinct from
the site of phosphorylation identified by mass spectrometry
(Ser309). Modeling the S. solfataricus protein using the x-ray
structure of a homolog predicted that Ser309 resided near the
mouth of the active site, suggesting that phosphorylation of this
residue would inhibit binding of phosphohexose substrates by
an electrosteric mechanism similar to that by which phos-
phorylation inhibits the isocitrate dehydrogenases of enteric
bacteria (64). Substitution of Ser309 by aspartate reduced Vmax
by 20-fold, indicating that phosphorylation at that site is inhib-
itory (63).

The FHA domain-containing protein was initially implicated
by its capacity to bind to and to physically interact with a typical
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ePK, the product of ORF st1565 from S. tokodaii (54). Subse-
quent analysis quickly revealed that the FHA domain-contain-
ing protein was phosphorylated by the ST1565 ePK in vitro,
although the identity and location of the amino acid residue
modified were not determined. Subsequent studies revealed
that phosphorylation of the FHA domain-containing protein
adversely impacted its ability to bind DNA (55). Analysis of the
20 S proteasome from H. volcanii by mass spectrometry
revealed numerous covalent modifications, including phos-
phorylation of the �1, �2, and � subunits on serine and/or thre-
onine (58). Blocking phosphorylation of serine and threonine
�1 subunits by substituting alanine produced variants that were
unable to restore pigment production or salt tolerance to �1
knock-out strains (65).

Open Questions

Studies to date on the protein phosphorylation networks res-
ident in the members of the domain Archaea have raised some
intriguing questions regarding the origins and development of
this highly versatile molecular regulatory mechanism (66). For
example, typical ePKs appear to be absent from the Euryar-
chaea, one of the two major subgroups within the domain
Archaea. Moreover, certain of the typical ePKs within the other
subgroup, the Crenarchaea, are homologs of a specific subset of
typical ePKs, the eIF2� protein kinases (4), suggesting that
these crenarchaea acquired them by horizontal gene transfer
from the Eukarya. Dissecting the circumstances under which
such a transfer may have occurred may reveal much about the
elusively complex evolutionary events that generated the
mosaic of unique, Bacteria-like, and Eukarya-like features that
characterize archaeal genomes (67).

Another looming question is how to reconcile the apparent
existence of protein tyrosine phosphorylation in the Archaea
with its skewed distribution within the Eukarya (68). For years,
bona fide rather than dual-specificity tyrosine phosphorylation
has been described as a late-emerging process that evolved spe-
cifically to meet the demands of multicellular specialization in
higher eukaryotes (35, 69). If archaeal protein tyrosine phos-
phorylation is ancient in origin, why was it not passed on to all
members of the Eukarya? Did fungi and other protists somehow
lose this capability along the way, and if so, what evolutionary
pressures promoted its retention among many of the Archaea?
Did phosphotyrosine’s immunity from �-elimination render it
better suited for hyperthermophiles? Does it necessarily follow,
however, that loss of thermophily is sufficient to explain its
putative disappearance? If the pervasiveness of PTPs among the
Archaea indicates that the cPTPs and LMW PTPs predate pro-
tein tyrosine phosphorylation, what purpose did they serve in
primordial organisms? Might they still be serving these roles
today? Ample evidence exists for the catalytic adaptability of
both PTP scaffolds in the form of homologs that hydrolyze
phosphoinositides (70), dephosphorylate serine and threonine
residues (34), and reduce arsenate to arsenite (19). Does the
seeming imbalance between the handful of ePKs and protein
phosphatases in an archaeon like S. solfataricus and its massive
phosphoproteome indicate that the Archaea harbor some as
yet unrecognized types of protein-serine/threonine/tyrosine
kinases and/or phosphatases?
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The RIO kinases existed before the split between Archaea and
Eubacteria and are essential in eukaryotes. Although much has
been elucidated in the past few years regarding the function of
these proteins in eukaryotes, questions remain about their role
in prokaryotes. Comparison of structure and sequence suggests
that the ancient RIO kinases may have similar functional prop-
erties in prokaryotes as they do in eukaryotes. The conservation
of charge distribution, functional residues, and overall structure
supports a role for these proteins in ribosome interactions, as is
their purpose in eukaryotes. However, a lack of study in this area
has left little direct evidence in support of this function.

The RIO kinases belong to an ancient group of proteins with
an atypical protein kinase-like fold (1, 2). Of this group, which
also contains the homologs of Bud32 and KdoK, RIO kinases
are the most studied. The RIO kinase family clearly contains at
least four subfamilies, named Rio1, Rio2, Rio3, and RioB (3, 4).
Rio1 and Rio2 are found in most archaea and all eukaryotes,
Rio3 is found in multicellular eukaryotes, and RioB is found in
some archaea and some eubacteria (3, 4). The existence of these
proteins in prokaryotes establishes that they are at least 1.5
billion years older that canonical eukaryotic protein kinases
(ePKs).2 In fact, in a study on the evolution of the protein
kinases, Leonard et al. (5) suggested that the RIO kinases could
be the ancestors of the canonical ePKs. Although the role of the
RIO kinases in prokaryotes is not known, in eukaryotes, it is
clear that RIO kinases are essential and are required for the
synthesis of new ribosomes (6 – 8). In particular, they are
required for the last maturation step of the small subunit of the
ribosome. This minireview will document what is known thus
far about this family in microbes and provide support for the
probability that archaeal RIO kinases perform similar biological
roles as observed in eukaryotes. However, the role of RIO
kinases in the eubacteria in which they exist remains a compel-
ling unanswered question for which there are few clues.

Structures of the RIO Kinases of Archaea

Structural characterization of the RIO kinases was first per-
formed using the homologs from Archaeoglobus fulgidus (Fig.
1) (9, 10). These structures firmly established that the core RIO
kinase domain is similar in structure to canonical ePKs. How-
ever, the RIO kinase domain from these structures is a trimmed
version of the conserved ePK core and, as such, lacks some key
regions, including the activation loop (or subdomain VIII) and
helices H and I (11). These regions are important in ePKs for
interaction with substrate and converting the enzyme from an
inactive to an active state. Like the ePK kinase domain for which
a structure was first determined for cAMP-dependent protein
kinase in 1991, the RIO kinase fold consists of two subdomains,
called the N- and C-terminal lobes, connected by a hinge region
(9, 12). In the cleft between these domains, the ATP and mag-
nesium bind, and the reaction is catalyzed (10, 13). The invari-
ant catalytic residues present in the C-terminal lobe of ePKs,
including asparagine and aspartic acid residues on the catalytic
loop (C-loop) and an aspartic acid residue on the metal-binding
loop (M-loop), are all conserved in the RIO kinase domains,
suggesting that they catalyze phosphoryl transfer as well (Fig.
2). RIO kinases also have a distinct phosphate-binding loop
(P-loop) that is subfamily-specific (Fig. 2A) and a flexible loop
(F-loop) region that is located in the N-terminal lobe. In addi-
tion, RIO kinases contain subfamily-specific domains outside
the RIO domain required for function. All Rio2 proteins con-
tain an N-terminal winged helix-turn-helix (wHTH) domain,
and eukaryotic Rio1 and Rio2 proteins (but not archaeal) con-
tain conserved, highly basic, C-terminal extensions, whereas
Rio3 contains a conserved N-terminal domain of unknown
structure that binds to ubiquitin in human cells (3, 14). The
functions of these domains have not been clearly delineated,
except for the role of the Rio2 wHTH domain in binding to the
pre-40 S particle.

The Search for RIO Kinase Substrates

For several years, there has been an ongoing search for sub-
strates for the RIO kinases. This is, of course, with the goal of
elucidating function for these ancient protein kinases. All RIO
kinases that have been purified and biochemically character-
ized have shown autophosphorylation activity (8 –10, 15–17).
For at least one RIO kinase, Rio1 from A. fulgidus, this has been
shown to occur in trans, i.e. one molecule phosphorylates
another. Despite years of study in this area, the identification of
other validated protein substrates for these enzymes has been
elusive. In fact, incubation of Rio2-containing pre-40 S parti-
cles with radiolabeled ATP in yeast resulted in no labeling of the
pre-40 S subunit, suggesting that there are no substrates for the
Rio2 protein on the pre-40 S particle (17). In the haloarcheon
Haloferax volcanii, a subunit of the proteasome (�1) is phos-
phorylated by Rio1 in vitro, and mutation of the phosphoryla-
tion sites of �1 resulted in a functional defect in vivo (18). Given
the paucity of Ser/Thr/Tyr protein kinases in archaeal
genomes, this result could indicate that Rio1 does phosphory-
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late this site in vivo. However, there have been no additional
data to suggest that this is a conserved function of Rio1.

Known Functions of the RIO Kinases

In eukaryotes, it is well established that the functional role of
the RIO kinases, especially Rio1 and Rio2, is the maturation of
the small subunit of the ribosome. In Saccharomyces cerevisiae
(budding yeast), in which the first RIO kinase was discovered,
both RIO kinases are essential (6, 7, 15). Deletion of either one is
lethal, and depletion of either one results in the accumulation of
an immature pre-rRNA species (6, 7). The species that accumu-
lates (20 S rRNA) is the same for depletion of either Rio1 or
Rio2, indicating that they are involved in the same maturation
step. For both genes, kinase activity is important to the func-
tion, and loss of kinase activity results in significant growth
defects and cold sensitivity (7, 17). RIO kinase activity was
shown to be necessary for 40 S maturation in human cells as
well (19).

Although the mechanisms by which RIO kinases function in
eukaryotes are poorly defined, recent data have emerged that
yield important clues. A recent crystal structure of a eukaryotic
Rio2 kinase from Chaetomium thermophilum revealed that
ADP and a phosphoaspartate intermediate state were gener-
ated after incubation with ATP and magnesium ions (17). This
led to the observation of robust, although modest, ATPase
activity for this enzyme. The ATPase activity, which had a
measured turnover rate of 0.9 min�1, is higher than the auto-

phosphorylation activity by 50 –100-fold. These data, along
with the observation that the Rio2 kinase likely binds the pre-
40 S particle with its active site inaccessible to protein sub-
strate, led to the conclusion that Rio2 functions as an ATPase in
the maturation steps of the pre-40 S particle (17).

All eukaryotes contain at least two RIO kinases, Rio1 and
Rio2. Most archaeal organisms also contain one of each. A
review containing a bioinformatics analysis of archaeal
genomes has shown that some actually have duplicate copies of
Rio2 and/or a combination of Rio2 and RioB instead of Rio2 and
Rio1 (4). At this point, nothing is known about RioB, as there is
no structural, genetic, or biochemical data addressing this sub-
family. Neighborhood analysis has strongly implicated a role for
RIO kinases in interaction with other proteins such as the
archaeal initiation factor aIF1A (4). Therefore, what is the role
of the RIO kinases in microbes? To fully answer this question,
we will need more direct study of the RIO kinases of these
organisms and some characterization of the RioB family. How-
ever, evidence is presented below to suggest that RIO kinases, at
least Rio2, are also involved in ribosome biogenesis in archaea.

Archaeal RIO Kinases as Ribosome-processing Factors

In the first line of evidence, comparisons of the structures of
the archaeal RIO kinases with the recently solved structures of
eukaryotic RIO kinases have shown remarkable similarity in the
RIO domain. In all RIO domains from both Rio1 and Rio2 that
have been structurally characterized, the surface surrounding
the entrance to the active site is positively charged. A recent
structural and functional analysis of a eukaryotic Rio2 protein
indicated that this positively charged surface is involved in
interaction with rRNA when Rio2 is bound to the pre-ribosome
(17). The conservation of this positive charge distribution in
archaeal Rio2, which extends to the wHTH domain in Rio2,
supports the premise that Rio2 proteins in archaea are also
involved in interactions with the rRNA. As Rio1 proteins also
display a positively charged surface surrounding the active site,
Rio1 may also bind the pre-40 S particle in an orientation sim-
ilar to that observed for Rio2. Fig. 1B shows the surface electro-
static distribution for A. fulgidus Rio1 and Rio2 and a homology
model of RioB for comparison.

In addition, the conserved lysine residue of the P-loop (Rio1
STGKEA, Rio2 GXGKES, Rio3 STGKES, and RioB SGKEA)
(Fig. 2, A and D) has no interaction with nucleotide in the active
site in the known crystal structures (10, 13, 17). However, muta-
tion of this residue to glutamate in yeast results in loss of bind-
ing to the pre-40 S particle and loss of cell viability (17). There-
fore, it was concluded that this conserved lysine is important for
pre-40 S interaction. If that is indeed the case, the conservation
of this residue in all RIO kinases strongly suggests that it plays a
similar role, namely rRNA binding, in archaea. The conserved
glutamate residue next to the lysine is also a clue. In structures
of the RIO kinases, it appears to be ideally located to play a role
in hydrolysis of the phosphoaspartate intermediate (Fig. 2D). If
that is indeed the case, the presence of this residue in all RIO
kinases suggests that ATPase activity is common to all RIO
kinases. However, further studies are required to support this
possibility.

FIGURE 1. Structure and electrostatic surfaces for prokaryotic RIO
kinases. A, the crystal structures of A. fulgidus Rio1 (cyan; Protein Data Bank ID
1ZP9) and Rio2 (blue; ID 1ZAO) bound to ATP superposed on their structures
in the absence of nucleotide (yellow and orange, respectively; ID 1ZTF and
1TQI) and a homology model for Tetrasphaera elongata RioB (UniProt
N0DXF0). The model was created using MODELLER (23, 24). The N and C
termini and the C-, F-, P-, and M-loops are indicated. All structure figures were
generated using PyMOL (25). B, electrostatic surfaces for the structures in A in
an equivalent orientation. Surfaces were generated using PyMOL (25).
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Other structural evidence has demonstrated that the F-loops
of the RIO kinases have an overall net positive charge. The
distribution of positive charge in these loops is in agreement
with data in support of a major role in interaction with the
pre-ribosome (17). Based on structural analysis, the F-loop is
predicted to interact near helix 31 of the eukaryotic pre-40 S
rRNA, and mutation of positively charges residues of yeast Rio2
to neutral residues results in loss of binding to the pre-40 S
particle and loss of Rio2 function (17, 20). The conservation of
positively charged residues in this loop in all RIO kinases
strongly suggests that they all participate in a similar mode of
rRNA binding. Fig. 2C shows the consensus sequences for the
F-loops in the microbial RIO kinases. Even RioB contains an
extended loop with conserved positively charged residues in
this region.

In a less direct line of evidence, RIO kinases, in particular the
activities of Rio2 proteins, are required in eukaryotes for the
efficient release of several late pre-40 S particle-processing fac-

tors that are also present in some archaea. Nob1, Enp1, Ltv1,
and Rio2 all accumulate on pre-40 S particles in the absence of
Rio2 catalytic activity (17). Both Nob1 and Ltv1 have identifi-
able homologs in Euryarchaeota.

RIO Kinases in Microbes

Several unanswered questions still remain regarding the role
of microbial RIO kinases. As some of the most ancient proteins
with a kinase-like fold, one of the major questions is the nature
of the reaction catalyzed by these enzymes in prokaryotes.
Although it has been shown that RIO kinases of the Rio1 and
Rio2 subfamilies are capable of measurable ATPase activity, no
activity has been documented for the RioB family at this point.
Arguably representative of the oldest RIO kinase, determining
the nature of RioB activity will inform us on the question of the
original activity of the RIO kinases. In addition, it will help
elucidate the sparse distribution of RioB proteins in some
Gram-negative bacteria.

FIGURE 2. Sequences and structures of the conserved loops of the prokaryotic RIO kinases. Sequence logos (26) for the P-loop (A), C-loop (B), and F-loop
(C) of the prokaryotic RIO kinases. WebLogo (27) was used to generate sequence logos that indicate the level of conservation of amino acids based on multiple
sequence alignments generated using ClustalW (28). The colors indicate chemical properties: red, negatively charged; blue, positively charged; black, hydro-
phobic; green, polar or non-hydrophobic; magenta, amides. D, alignment of the C-, M-, and P-loops of A. fulgidus Rio1 (cyan), Rio2 (blue), and C. thermophilum
Rio2 (pink; Protein Data Bank ID 4GYI) in their ATP-bound state. Invariant residues are indicated by their single-letter codes. The asterisk indicates the
phosphoaspartate intermediate observed in eukaryotic Rio2.
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More compelling, perhaps, is the idea that RIO kinases are
ATPases rather than kinases. If so, were the first RIO kinases
really ancient ATPases, and therefore, did kinases originate
from ATPases? The reaction itself is not that different and
involves the transfer of phosphate from ATP to a protein Ser,
Thr, or Tyr for the kinases instead of to water for the ATPases.
However, the mechanism that is proposed for phosphoryl
transfer catalyzed by the kinase domain (the C-loop Asp-cata-
lyzed nucleophilic attack by the hydroxyl-containing side chain
on the �-phosphate of ATP) is quite distinct from that for the
transfer of the �-phosphate to the M-loop Asp in an interme-
diate step prior to hydrolysis of the resulting phosphoaspartate
proposed for the ATPase reaction of Rio2 (21). This is with all of
the catalytic residues remaining invariant between RIO kinases
and ePKs (Fig. 2B). It will be an interesting challenge to address
that will benefit from knowledge of the function and activity of
the microbial RIO kinases.

In addition, do the RIO kinases function as kinases with func-
tional substrates in bacteria and archaea? Certainly, the identi-
fication of the �1 subunit of the haloarchaeal proteasome is
suggestive of that possibility (18). However, studies of the activ-
ity of the RIO kinases have shown that they are very poor
kinases compared with known kinases both on widely used sub-
strates such as myelin basic protein and in autophosphoryla-
tion. This could mean that the proper substrate has not been
identified, but coupled with the lack of the expected substrate-
binding surfaces, it seems likely that the role of the RIO proteins
is not to phosphorylate other proteins but simply to couple
conformational change to ATP hydrolysis. If this is the case,
why do RIO kinases all show this ability to autophosphorylate?
Rio1 kinases from A. fulgidus and humans also oligomerize, and
autophosphorylation reduces the amount of oligomerization
(16). Therefore, autophosphorylation may provide a means by
which the proteins are regulated, assuming that their activity is
different in the oligomeric form. This scenario is plausible, as
the proteins likely bind to the pre-ribosome as monomers.
However, other possible roles for autophosphorylation of the
RIO kinases cannot be ruled out, especially because Rio2 pro-
teins have not been shown to oligomerize. Future work should
focus on the identification of binding partners of RIO kinases in
prokaryotes, including direct testing of their ability to bind
RNA in the cell, and biochemical characterization of activity.

Development of Inhibitors Using Microbial RIO Kinases

Although the role of RIO kinases in microbes is far from
clear, they are essential in yeast and are present in many harm-
ful bacterial organisms. Research is ongoing in the pursuit of
specific inhibitors of RIO activity, and a few starting molecules
for the inhibition of Rio1 have already been identified. These
molecules, which include a previously studied cytotoxic mole-
cule (toyocamycin) and a group of caffeic acid benzyl deriva-
tives, were discovered through virtual screening and structure-
based drug design using the structures of the archaeal RIO
kinases (16, 22). These molecules bind in the ATP-binding
pocket of Rio1, and due to the high level of structural conser-
vation between the active sites of archaeal and eukaryotic RIO
kinases (see Fig. 2D for a comparison of active site loops), they
are capable of interacting with human Rio1 kinase as well (16).

Conclusions

The RIO kinases continue to be an intriguing group of
enzymes. They are essential in eukaryotes and have been
around since before the divergence of archaea and eubacteria.
Despite several years of study, their function and enzymatic
activity remain unclear. In addition, although they bear strong
resemblance to the well studied group of ePKs, they show
enough divergence to perhaps function via a different catalytic
mechanism. Furthermore, the demonstration of ATPase activ-
ity in the eukaryotic RIO kinases suggests that the origins of
protein kinase activity may lie in ancient ATPases. To elucidate
the functions of this group of atypical protein kinases and to
determine how we might be served by modulation of their
activity, the microbial RIO kinases must be studied to provide
molecular level detail of their role.
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The three-dimensional structure of the PMCA pump has not
been solved, but its basic mechanistic properties are known to
repeat those of the other Ca2� pumps. However, the pump also
has unique properties. They concern essentially its numerous
regulatory mechanisms, the most important of which is the
autoinhibition by its C-terminal tail. Other regulatory mecha-
nisms involve protein kinases and the phospholipids of the
membrane in which the pump is embedded. Permanent activa-
tion of the pump, e.g. by calmodulin, is physiologically as harm-
ful to cells as its absence. The concept is now emerging that the
global control of cell Ca2� may not be the main function of the
pump; in some cell types, it could even be irrelevant. The main
pump role would be the regulation of Ca2� in cell microdomains
in which the pump co-segregates with partners that modulate
the Ca2� message and transduce it to important cell functions.

Decades of study on the mammalian Ca2�-ATPase of the
plasma membrane (the PMCA pump) (1) have revealed many
properties that set it apart from the other members of the
superfamily of P-type pumps (2). One property that is immedi-
ately obvious is the long C-terminal tail, which is the locale of
the numerous regulatory processes. Another distinctive prop-
erty of the pump is the wealth of interactors with which the
pump triggers processes of general significance for the cell.
The basic information on these and other general aspects of the
PMCA pump has been collected in other comprehensive
reviews (3–5) and will not be repeated here. In this minireview,
we instead look at the pump in a novel perspective, in which the
extrusion of Ca2� will not be considered as a mechanism to
regulate bulk cell Ca2� but will be integrated in a complex array
of processes that modulate Ca2�-dependent processes within
the cell (6). We focus on the most important regulatory mech-
anisms of the pump. We posit that, in many cell types, the
quantitative contribution of the pump to the total extrusion of
Ca2� could be minor or even irrelevant. Because the main role
of the pump would be to do something else, the conclusion
would offer a rationale for the puzzling finding that, in some
plasma membranes, the pump coexists with a much more pow-
erful Ca2� extrusion system, e.g. Na�/Ca2� exchange in car-
diomyocytes (7). Naturally, the function of the pump is still
essential to the well being of the cell, as underscored by the

causative involvement of its malfunction in disease pro-
cesses (8).

The pump contains 10 transmembrane domains, two main
cytosolic loops, and a long cytosolic C-terminal tail (9, 10). Sep-
arate genes encode its four basic isoforms: PMCA1 is ubiqui-
tous and has a housekeeping role; PMCA4 is also ubiquitous but
is endowed with tissue-specific roles; and PMCA2 and PMCA3
are tissue-restricted, with high levels of expression in neurons.
Complex alternative splicing processes at a site in the first cyto-
solic loop of the pump (site A) and within the C-terminal cal-
modulin-binding domain (CaM-BD3; site C) generate numer-
ous pump variants with special properties. The best understood
regulatory mechanism of the pump is that by CaM, which inter-
acts with high affinity with the C-terminal tail, reducing the
Km(Ca2�) of the pump to submicromolar values. In the absence
of CaM, the CaM-BD binds to the main body of the pump to
keep it (auto)inhibited (11, 12). CaM removes the domain from
these sites, restoring activity. (A second, lower affinity CaM-BD
has recently been identified downstream of the first in some
splice variants of the pump (13).) The autoinhibition mecha-
nism is unique among P-type pumps: other pumps of the super-
family are also inhibited in the resting state, but the mechanism
involves extraneous proteins, e.g. phospholamban in the case of
the SERCA pump.

Studies that preceded the purification of PMCA found that it
is stimulated by phospholipids (PL). Treatment of red cell
ghosts with phospholipases reduced its activity, which was
restored by PL. According to one study (14), all PL were effec-
tive, whereas another study (15) found that only acidic PL
(phosphatidylserine) were effective. The specificity of acidic PL
was confirmed on the purified pump (16). They reduced its
Km(Ca2�) to even lower values than CaM (17), and it was calcu-
lated that the concentration of phosphatidylserine in the inner
leaflet of the plasma membrane bilayer was, in principle, suffi-
cient for 50% of maximal pump activity (18). A particularly
effective PL was the doubly phosphorylated product of phos-
phatidylinositol (PIP2) (19). The PL effect still has obscure
aspects that will be discussed in detail below, but it has always
been considered potentially important; for example, a reversi-
ble modulation of pump activity was suggested for PIP2 (19),
which is the only PL that undergoes rapid agonist-induced
changes in concentration.

Protein kinases also modulate the activity of the pump by
phosphorylating target residues in its C-terminal tail: PKA
phosphorylates a Ser residue downstream of the CaM-BD,
increasing the Ca2� affinity of the PMCA1 pump (20). The
work on PKC has yielded conflicting results, particularly
because the original finding had shown that the effects of phos-
phorylation and of CaM were additive (21), whereas others had
found that the phosphorylation decreased the stimulation by
CaM (22). The target residues for PKC are a Thr residue in the
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CaM-BD and a Ser residue farther downstream present in all
pump isoforms. Surprisingly, the phosphorylation by PKC was
found to increase the Vmax of the pump, but not its Km for Ca2�

(22). It was later found that phosphorylation of the Thr residue
within the CaM-BD reduced its ability to autoinhibit the pump
(23). A complicating aspect of the activation by the kinases is
the requirement for the inositol 1,4,5-trisphosphate (IP3) and
diacylglycerol (DAG) and thus for the hydrolysis of PIP2, which
is itself strongly activatory. Therefore, the activation by the
kinases should, in principle, be counteracted by the disappear-
ance of PIP2. Possibly, temporal or/and spatial aspects in the
activation could provide a way out of the conundrum.

Activation of the pump by calpain involves the shaving off of
the C-terminal tail of the pump (24), which becomes constitu-
tively activated and CaM-independent. This irreversible mech-
anism could come into play in conditions that demand a per-
manent increase in the activity of the pump, but it is more likely
to have a role in conditions of pathology that produce cytosolic
Ca2� overload.

Other described mechanisms of PMCA activity modulation
are mechanistically interesting but may not have a physiological
role: that by the dimerization (oligomerization) of the pump
(25) through its CaM-BD (26); that linked to the membrane
protein concentration (27); and that involving the association
of the PMCA pump with the actin cytoskeleton (28), with G-ac-
tin being activatory and F-actin inhibitory. Interestingly, two
possibly allosteric Ca2�-binding sites with nanomolar and
micromolar affinities, respectively, have been found at the two
sides of the C-terminal CaM-BD (29).

A General Comment on Regulation of the PMCA Pump

Activation of the pump by protein kinases implies a built-in
stop mechanism: the phosphorylation by PKA is activated by
the liberation of Ca2� from the endoplasmic reticulum by IP3
because most adenylyl cyclase isoforms are Ca2�-dependent,
and the phosphorylation by PKC is activated by the production
of DAG. Both mechanisms demand the hydrolysis of PIP2 and
thus, in principle, the removal of its activation of the pump.
Phosphatases that dephosphorylate the pump also play a role in
reversing the activation. The built-in stop mechanism in the
activation by the kinases has more general significance. It also
concerns the activation by CaM: once the latter activates the
pump, Ca2� in the microenvironment of the enzyme decreases.
As a result, CaM will leave the pump, restoring autoinhibition.
Thus, one should conclude that the pump can be activated only
in temporally limited bursts (apart, of course, from the case of
proteolysis or, perhaps, of the long-range effect of the lipid
environment; see below). The time factor is relevant; for exam-
ple, once an IP3-linked agonist provokes the hydrolysis of PIP2,
the pump should immediately become less active. Shortly
thereafter, however, it will be activated again by Ca2� (directly
via CaM and indirectly via PKA) and indirectly by DAG. The
spatial factor could also have a role, i.e. the pump could be
distributed inhomogeneously in the plasma membrane and/or
recycled in a regulated way from membrane microdomains
by endocytosis. The activation/inhibition effects could thus
involve only a fraction of it.

Regulation of the PMCA Pump by Phospholipids

Membrane lipids have an obvious structural role, but they are
also critical actors in signal transduction: membrane-linked
signaling proteins may be sequestered in domains enriched
with specific interacting lipids but can also be modulated by
lipid-mediated changes in membrane fluidity that could influ-
ence their lateral mobility. Special membrane domains such as
rafts, caveolae, and dendritic spines are indeed loci of dynamic
signal transduction activity involving Ca2�. Concerning the
response of the PMCA pump to acidic PL, its active core is
located closer to the cytosolic side of the membrane. The asym-
metric lipid distribution in the bilayer is thus of particular inter-
est. Phosphatidylcholine and sphingomyelin, which do not acti-
vate the pump, are located predominantly in the outer leaflet,
whereas phosphatidylethanolamine, the acidic phosphatidyl-
serine (PS), phosphatidylinositol, and its two phosphorylated
derivatives (PIP1 and PIP2) are located predominantly in the
leaflet facing the cytoplasm. This asymmetry is maintained by
three classes of enzymes: flippases, floppases, and scramblases
(for an extended review, see Ref. 30). Flippases are P-type
ATPases that perform the ATP-dependent transfer of amino-
PL (especially PS) from the outer to the inner leaflet of the
bilayer, whereas floppases catalyze their movement in the
opposite direction. Scramblases dissipate the lipid asymmetry:
they may reorganize PL in the plasma membrane in response to
cell stimulation (31–33). They are specifically important in the
externalization of PS on the cell surface, a process that occurs
early in apoptosis to make cells recognized by phagocytes (34,
35). Two types of scramblases have been described: one is
Ca2�-independent (36), and the other is Ca2�-dependent (37).
A mechanism could thus be envisaged in which scramblases
could become activated to externalize PS, e.g. in response to the
increase in cell Ca2� (38 – 40), removing a mechanism for the
activation the PMCA pump and thus increasing the Ca2� over-
load. The mechanism of the flip-flop operation is still poorly
understood, but structural information on the enzymes that
perform it now begins to shed light (41, 42). Indications have
also appeared for a possible role of caspases (43, 44) and of
transient receptor potential channels and the Rho kinase family
(45, 46) in the PS exposure process.

Acidic PL interact directly with the pump. Two binding sites
have been identified: one in the first cytosolic loop and the other
in the CaM-BD (47, 48). The contribution of the two sites to
activation is still poorly understood (49). However, inhibition of
Ca2� efflux has been documented in umbilical vein endothelial
cells exposed to treatments that increase PS externalization
(50).

Changes in the PL environment of the pump in the rapid time
scale of the events linked, for example, to the action of CaM or
agonists will probably not occur. Thus, PL probably are longer
range “buffers” of pump activity. One exception could be the
strongly activatory PIP2 (19), which is the only PL with a con-
centration that changes rapidly upon cell stimulation. A revers-
ible rapid activation cycle had indeed been proposed for PIP2

(19). However, as mentioned, the role of PIP2 has additional
complicating aspects (see below).
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In addition to interacting directly with the pump, lipids of the
plasma membrane could also influence its activity in indirect
ways. Pump units could be sequestered in membrane domains
of particular lipid composition and/or fluidity; the fluidity of
the lipid environment indeed influences pump activity both in
vitro and in vivo (51–53). Plasma membrane domains such as
rafts and caveolae (54 –56) are enriched in sphingolipids and
cholesterol. The plasma membrane of the caveolae concen-
trates the PMCA pumps, but also PS and many interacting fac-
tors that modulate their activity are associated with them (6).
Notably, the association of PMCA pumps with caveolae/rafts
could even be isoform-specific: in intestinal smooth muscle, the
full-length isoform 4b is associated with caveolin-1, whereas
the truncated splice isoform 4a (see below) is instead associated
with the rafts (58). The spines that protrude from neuronal
dendrites also compartmentalize multiprotein Ca2� signaling
complexes; their plasma membrane is enriched in lipid rafts
(59).

Because the membrane PL are spatially separated from the
catalytic core of the pump, it appears to be difficult to involve
them directly in the operation of the enzyme cycle. The inter-
action of PS with cytosolic portions of the pump would demand
that the latter come in contact with the surface of the mem-
brane where the polar heads of activatory PL are located. Thus,
the effect of PL would be structural: they could somehow affect
the access of substrates to the active site, explaining also effects
on the enzyme cycle, i.e. acceleration of the dephosphorylation
of the pump (60).

Autoinhibition of the PMCA Pump

That the PMCA pump at rest is in an autoinhibited state was
first indicated by the activatory effect of calpain (18, 61– 63). At
the time of the finding, the cleavage site by calpain was still
undefined. It was then found that the protease removed the
entire C-terminal tail of the pump (24), strongly indicating the
latter as the portion of the molecule responsible for the autoin-
hibition. Direct verification was then provided by the finding
that synthetic peptides representing the C-terminal CaM-BD
inhibited the truncated pump (11, 12). They bound to the two
sequences in the main body of the pump: one next to its active
site in the main cytosolic unit and the other in the cytosolic unit
protruding between transmembrane domains 2 and 3. It was
proposed that the C-terminal tail would interact with the main
body of the pump with its CaM-BD, somehow “closing” the
access route to the active site. CaM would then “open” the
pump by detaching its binding domain from the two binding
sites. Support for the proposal was then provided by a study in
which blue and green fluorescent proteins were fused to the N
and C termini of pump 4b (64). In the autoinhibited state, sig-
nificant FRET was detected in the recombinant pump purified
from yeast, consistent with an average distance of 45 Å between
the two fluorophores. The FRET intensity decreased when the
pump was activated by CaM and also by acidic PL or calpain
proteolysis, indicating a rearrangement of the pump structure
that separated its two ends. Later studies on the autoinhibition
process have shown that even minor alternative splicing differ-
ences (see below) in the CaM-BD inhibited the pump to differ-
ent extents (65, 66). Other elements in the CaM-BD and in the

C-terminal tail also interfere with the autoinhibition process
(67, 68), e.g. mutation of the CaM anchor residue Trp-1093 of
PMCA4 increased its basal activity (69). Other regions outside
the CaM-BD also appear to be involved in the maintenance of
autoinhibition; in particular, residues in the proposed cytosolic
“stalk” regions (Asp-170 in S2) (70) could help in the stabiliza-
tion of the inactive state, as their mutation decreased the auto-
inhibition. A recent contribution (71) underlines the role of
conserved residues in the stalk region in the formation of four
basic pockets, suitable for the binding of the head groups of
PIP2. Remarkably, bound PIP2 is protected from phospholipase
C-mediated degradation.

Structural changes in the transition between the autoinhib-
ited and activated states have also been shown by studies (72,
73) of the incorporation of photoactivatable PL probes into the
pump: the incorporation, which would correspond to the expo-
sure of the pump to the surrounding PL, was greatly decreased
by CaM and, albeit differently, by acidic PL. The FRET between
the pump labeled in the ATP-binding site and a PL included in
the micelles of the purified pump was decreased by CaM but
not by acidic PL. Differences thus apparently exist between the
active conformations of the pump induced by CaM and PL.

Alternatively Spliced Pump Variants Have Special
Properties (and Roles)

The four basic pumps have a sequence identity of �80%, but
they differ significantly in some regions, very likely reflecting
the specific features of each isoform (74). One important fea-
ture distinguishes PMCA2 from the other isoforms: its basic
activity is nearly as high in the absence of CaM as in its pres-
ence. Because the sequence of the CaM-BD of the PMCA2
pump is identical to that of the other isoforms, the difference
evidently reflects differences in the portions of the main core of
the pump involved in the autoinhibition process and/or differ-
ences in the C-terminal tail outside the CaM-BD (75, 76). This
property of PMCA2 satisfies the Ca2� homeostasis demands of
cells that require the sustained ejection of Ca2� even in the
absence of activators, e.g. the outer hair cells of the inner ear.
The kinetics of activation by Ca2� also differs in the four iso-
forms, i.e. the rate of stimulation (and of inactivation upon
Ca2� removal) of PMCA1 and PMCA4 is considerably slower
than that of PMCA2 and PMCA3; the first two are thus “slow”
and the last two “fast” pumps. Their expression correlates with
the requirements of cells in which Ca2� signals are slow or fast,
respectively (77).

The primary transcripts of all PMCA pumps undergo alter-
native splicing at the two sites mentioned above (5). The splic-
ing at site A is related to the localization of the pump to the
apical plasma membrane (78), whereas the splicing at site C,
within the CaM-BD, defines the properties of the regulation
processes of the pump (74). At site C, exons are inserted in the
transcript, producing variants a, c, and d (variant b has no site C
inserts) and generating pumps with diverging C-terminal
sequences. The insert begins in the middle of the CaM-BD.
Interestingly, in variants a, c, and d, five or six of the first 10
residues of the insert that replaces the C-terminal half of the
CaM-BD are the same as those of the original non-inserted
CaM-BD, i.e. the original full CaM-BD is nearly reconstructed
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in the inserted variance. The insert in variant a is out of frame
and generates a truncated pump. The sequence variations pro-
duced by the site C inserts affect both the autoinhibitory role of
the C-terminal tail and its interaction with CaM. Peptides cor-
responding to the CaM-BD of variant a have lower affinity for
CaM and decreased efficiency as inhibitors of the pump acti-
vated by calpain proteolysis than those of variant b (65, 66). The
PMCA4a variant is more active in the non-activated state than
the PMCA4b variant, i.e. the C-terminal tail of PMCA4a is less
autoinhibitory (79).

A recent study (13) on the ortholog of the PMCA pump in
Arabidopsis thaliana has demonstrated that its autoinhibitory
region, which is N-terminal in plant PMCA pumps, contains
two (not one) adjacent CaM-binding sites. The second site,
which has lower affinity for CaM and is located downstream of
the first, plays a role in autoinhibition of the pump, suggesting
that the regulation of the pump could be finely tuned by the
Ca2� concentration. Nanomolar levels of Ca2� would partially
activate the pump via the first CaM-BD, but the pump would
become fully activated by the binding of CaM to the second
domain only at micromolar levels of Ca2�. The presence of the
second CaM-binding site has also been found in some splice
variants of the animal pumps, notably the PMCA1d and
PMCA4d variants. The PMCA4d variant is expressed in adult
and fetal human heart cells, where it accounts for �30% of the
PMCA transcripts (80), and the PMCA1d variant is expressed
in skeletal muscle and, less prominently, in brain (5). The
bimodular regulation mechanism could thus also be opera-
tional in some splice variants of the animal pumps. A compre-
hensive scheme summarizing the major mechanism of PMCA
pump regulation is presented in Fig. 1.

Cellular (Protein) Partners of the PMCA Pump

Numerous protein partners regulate activity, membrane tar-
geting, and recruitment of the PMCA pump to diverse cell com-
ponents (e.g. the cytoskeleton). Many studies have dealt with
the interplay of the pump with proteins containing PDZ
domains; these are 80 –90-amino acid domains found in hun-
dreds of signaling proteins that recognize the C terminus of
proteins to cluster them with other proteins and “target” them
to signaling pathways. The first studied PDZ domain-contain-
ing proteins were members of the family of MAGUK kinases
(81); the association was proposed to maintain the pumps in
specific plasma membrane regions to control Ca2� homeosta-
sis in local microdomains. Other studies have shown that pump
4b is recruited through PDZ domains to the filopodia adjacent
to the actin cytoskeleton during platelet activation (82).
Another MAGUK kinase, CASK (Ca2�/CaM-dependent serine
kinase), has also been found to interact with pump 4b (83).
CASK is a coactivator of transcription by promoters containing
the T-element, which would down-regulate the T-element-de-
pendent reporter activity by depleting Ca2� in its microenvi-
ronment. Because CASK is located at synapses, its interplay
with the pump could have a role in synaptic regulation. Another
PDZ protein, NHERF2 (Na�/H� exchanger regulatory factor 2;
a member of the family of NHERF proteins, which are impli-
cated in the targeting, retention, and regulation of a number of
membrane proteins), has shown specificity for PMCA isoforms,
as it interacted with variant 2b, but not variant 4b (84). The
interaction was suggested to allow the clustering of the
PMCA2b pump in a multiprotein Ca2� signaling complex,
facilitating cross-talk among its partners. The finding that var-
iant 4b failed to interact with NHERF2 shows that even minimal

FIGURE 1. Scheme summarizing the main mechanisms for activation of the PMCA pump. PM, plasma membrane. A, N, and P in the cytosolic loops refer to
the equivalent cytosolic domains originally defined in the SERCA pump. The encircled D is the aspartic residue phosphorylated in the catalytic cycle.
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sequence differences, such as those between the C-terminal
residues of variants 2b and 4b, could be critical in the interac-
tion with partners. PDZ domains also mediate the interaction
of variant 4b of cardiac cells with NOS-1 in a ternary complex
with �-syntrophin, which binds to the pump at a site upstream
of the C terminus (85). By down-regulating the production of
nitrogen monoxide (NO), the interaction would confer to the
pump a role in the regulation of Ca2� related to local signaling
that would prevail over its role in the extrusion of Ca2� (86). It
was then found that, in cardiomyocytes of PMCA4�/� mice,
NOS became delocalized from the plasma membrane to the
cytosol, leading to a decrease in microdomain cGMP and to
elevation of local cAMP. As a result, the L-type channel-medi-
ated Ca2� influx and contractility were enhanced (87). PMCA4
thus had a structural role in tethering NOS to a selected plasma
membrane domain. Importantly, the pump had no influence on
global Ca2� homeostasis in cardiomyocytes, which was unaf-
fected in PMCA4�/� cardiomyocytes.

A number of other PDZ domain-containing proteins also
interact with the PMCA pump, recruiting it to selected plasma
membrane domains (88, 89) or to actin (90). The recruitment to
actin of preparations of the purified erythrocyte pump (a mix-
ture of variants 4b and 1b) modified the pump steady-state
phosphorylation level, thus influencing activity; G-actin acted
as an activator, and F-actin acted as an inhibitor.

In addition to the C-terminal domain, other regions of the
pump molecule also interact with partner proteins. The main
intracellular loop binds the tumor suppressor Ras-associated
factor 1, inhibiting the Ras-associated signaling pathway (91),

and also interacts with the catalytic subunit of calcineurin,
down-regulating its activity (92). The N-terminal cytosolic
region, which has a low degree of sequence similarity among
pump isoforms, has been used to search for the isoform speci-
ficity of interactors. The work has identified protein 14-3-3 as
an inhibitory interactor that acts on isoforms 1b, 3b and 4b, but
not on isoform 2b; the finding again shows that isoform 2b
has properties that set it apart from the other pump isoforms
(57, 93).

Conclusion

The properties of the PMCA pumps discussed above are not
the focus of earlier reviews. Some deal with aspects that are not
well understood or not firmly established; they nevertheless
offer novel perspectives on the role of the pump. Most of them
are related to problems of regulation, which is not surprising,
considering the unusually complex set of regulatory mecha-
nisms that act on PMCA pumps. The first important concept to
be underscored is the shift in emphasis that is now gaining
momentum regarding the primary role of the pump, which is
the spatially and temporally restricted control of Ca2� signaling
within cellular microdomains rather than the bulk regulation of
cell Ca2� (Fig. 2). Regulation of the interplay of the pump with
partners co-sequestered with it in local microdomains will then
transduce the local Ca2� modulation to important activities
elsewhere in the cell.

The recruitment of the pump to restricted domains of the
plasma membrane maximizes its effects on the locally
restricted Ca2� signaling but in turn exposes the pump to the

FIGURE 2. Scheme summarizing the spatial and temporal aspects of PMCA regulation. A, fast and slow regulatory modes are shown. The scheme
represents the fast regulation that characterizes the direct interaction of CaM and acidic PL with specific domains of the pump and the slow regulation
mediated by changes in the membrane lipid composition, e.g. by variations of the cholesterol content of the lipid bilayer. B, spatial regulation of the pump can
be performed either by targeting PMCA isoforms and splicing variants to specialized compartments of the cell surface (e.g. stereocilia of outer hair cells of the
inner ear) or by confining the pump to specific portions of the plasma membrane (caveolae and lipid rafts) enriched in intracellular signaling complexes.
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potentially important regulatory activity of the PL environ-
ment, which could even change relatively rapidly due to the
action of the enzymes that move PL across the membrane
bilayer. The activatory action of acidic PL is not yet fully under-
stood, but one interesting possibility that is emerging suggests a
role of the PS changes in the apoptotic death of cells. It is tempt-
ing to suggest that the removal of PS from the inner leaflet of the
membrane bilayer, which occurs early in apoptosis, contributes
to amplification of the pro-apoptotic Ca2�-overloading proc-
ess. The activation by PL is relevant to another aspect of the
function of the pump. The action of the classical activator CaM
is rapid, and one can perhaps expect rapidity also of the action
of the kinases primed by the products of PIP2 hydrolysis. By
contrast, the effect of PL (except that linked to the direct bind-
ing of PS) is probably slower. Changes in the PL environment,
such as fluidity variations that would affect lateral mobility of
pump units, could be a means to modulate pump activity in a
longer time range.

The matter of pump activation has another interesting facet.
As mentioned, fast modulation mechanisms, beginning with
CaM, have an internal stop signal. When CaM activates the
pump, it decreases Ca2� in the microenvironment surrounding
the active center of the pump. CaM would thus come off the
pump, terminating activation. In principle, then, CaM activa-
tion is bound to have an oscillatory behavior. The reasoning
becomes more complicated in the case of the kinases: their
activation demands the hydrolysis of PIP2. IP3/Ca2� and DAG
would then activate the pump, but the pump at the same time
had ceased to be activated by PIP2. Spatial and/or temporal
factors in the activation process could possibly provide a rea-
sonable way out of the paradox.

One additional point regarding the activation process must
be underscored: activation of the pump is not always in the best
interest of cells. If the main role of the pump is the control of
Ca2� signaling in selected cell domains, its permanent activa-
tion cannot be tolerated. The correct regulation of cell Ca2�

signaling demands that the activity of PMCA pumps be mod-
ulated positively or negatively; their protracted and uncon-
trolled activation is probably as negative as their continuous
inhibition.

The last point that deserves a comment is the autoinhibition
process, which is unique among P-type pumps. Some of its
molecular aspects are still not completely understood, but it is
gradually becoming clear that it may involve not only CaM but
also modulatory PL. It is also becoming clear that changes in the
autoinhibition process may underlie conditions of pathology in
which the PMCA pump has a causative role.
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��-Crystallin-type double clamp (N/D)(N/D)XX(S/T)S motif
is an established but sparsely investigated motif for Ca2� bind-
ing. A ��-crystallin domain is formed of two Greek key motifs,
accommodating two Ca2�-binding sites. ��-Crystallins make a
separate class of Ca2�-binding proteins (CaBP), apparently a
major group of CaBP in bacteria. Paralleling the diversity in
��-crystallin domains, these motifs also show great diversity,
both in structure and in function. Although the expression of
some of them has been associated with stress, virulence, and
adhesion, the functional implications of Ca2� binding to
��-crystallins in mediating biological processes are yet to be
elucidated.

Ca2�-binding Proteins: One Ligand, Many Motifs

Ca2� binding, already a very abundant physiological process,
has a repertoire of associated Ca2�-binding proteins (CaBP)4,
including numerous proteins involved in signaling events (a few
reviews, see Refs. 1– 4). Ca2�-binding proteins are grouped
according to the nature of their binding motifs. The well stud-
ied all-�-helical EF-hand motif and all-�-sheet-containing C2
domains, which possess diverse functions, predominate sen-
sory CaBP (5– 8). Many CaBP with extracellular EGF
domains, �-propeller-like domains, and cadherins are also
known (9 –12). These independent structural units perform
their Ca2�-dependent roles either as complete proteins or as
modules in multidomain proteins.

The Ca2�-binding motif of the ��-crystallin type is a recently
established motif with a wide prevalence. Here, we lay out our
understanding of this motif with respect to the geometry of
binding sites, modes of Ca2� coordination, and prediction of
functional, disabled, or degenerate (nonfunctional) motifs. The
well characterized founding members of the ��-crystallin
superfamily are lens �- and �-crystallins, which are major con-
stituents of the vertebrate eye lens, rendering it with a high
refractive index and transparency (for reviews, see Refs. 13–18). As
in the case of some other Ca2�-binding proteins (C2 domains,

EGF domains, and cadherins), ��-crystallins possess an all-� fold,
made of strand exchanged Greek key motifs (19, 20).

The ��-crystallin domain is an ancient protein fold, and sev-
eral proteins across different domains of life are found to have
this fold, a majority of them being expressed in bacterial species
(15, 17, 21). Many ��-crystallin domains have been studied in
the recent past, and insights obtained from ion binding in these
��-crystallins have led to the proposition that proteins of this
superfamily possess a universal Ca2�-binding motif (22, 23).
Notwithstanding that ��-crystallins have been established as a
superfamily of Ca2�-binding proteins, their involvement in the
cellular Ca2� metabolism or signaling is far from being recog-
nized yet. We summarize a critical analysis of the Ca2�-binding
motif present in this superfamily of proteins.

��-Crystallins and Ca2� Binding: A Chronology

Although the very first non-lens protein belonging to the
��-crystallin superfamily was Protein S from the bacterium
Myxococcus xanthus (24), it took almost two decades to classify
these proteins as a separate group of CaBP. In the absence of
structural information, Protein S was earlier speculated to pos-
sess extensively modified EF-hand motifs (25). Weak binding of
Ca2� to lens �-crystallins was reported on the basis of equilib-
rium dialysis and interaction with the Ca2� mimic dye Stains-
all (26, 27). Another decade passed before Spherulin 3a, a protein
from slime mold Physarum polycephalum that was predicted to be
a single domain ��-crystallin (28), was finally shown to bind Ca2�,
with clues from Ca2� binding to lens �-crystallin (29–31). Based
on Ca2� binding to a peptide corresponding to a Greek key motif
of �-crystallin (32), a proposition that ��-crystallin-type Greek key
could form the motif for Ca2� binding was formulated. Concur-
rent structural studies shed light on the coordination pattern of
Ca2� binding to Spherulin 3a and Protein S (22, 33).

The recognition of ��-crystallins as a distinct superfamily of
Ca2�-binding proteins was still in its infancy. The factors
responsible for this were: (i) undefined motif of Ca2� binding,
(ii) lack of information about the role of Ca2� in protein func-
tions, and (iii) no substantial addition of novel members to this
superfamily. For a long time, this superfamily was considered a
sparsely distributed family with only a few scattered members,
although some more proteins (e.g. WmKT, SKLP, and SMPI)
were identified based on structural similarity (34 –36); these did
not belong to the ��-crystallins lineage and may have arisen
from convergent evolution (37). With the advent of genomic
sequence information, many members from diverse species
(bacteria, archaea, and urochordate) were added to the super-
family and also confirmed to be Ca2�-binding proteins (22, 23,
38 – 43), leading to the recognition of a common motif for ion
binding, and thus prompting the organization of these proteins
as a separate set of Ca2�-binding proteins (23, 44).

Architecture of the ��-Crystallin-type Ca2�-binding
Motif

The domain topology of ��-crystallins is based on a pair of
Greek key motifs (19, 28). The Greek key motif, a terminology
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based on the pattern and supersecondary features observed in
proteins, is a basic theme of many all-� proteins (45, 46). Greek
keys are quite diverse in topology and hence were further clas-
sified as (4,0), (3,1), and (2,2) patterns, based on the arrange-
ment and connectivity of strands (46). According to the above
classification, proteins of the ��-crystallin superfamily fall into
the (3,1) category (47), where one strand (third strand, c and c�
of the respective Greek key motif) out of the four is shared by a
partner motif (Fig. 1).

��-Crystallin-type Greek key motif has a distinct signature
sequence of residues “(F/Y/W)XXXX(F/Y)XG” (28) in the
�-hairpin loop between the first and the second strands (19)
(Fig. 1). Along with this signature sequence, �24 –30 residues
downstream, a conserved Ser is located (on the fourth
�-strand), which plays a structural role by stabilizing this
�-hairpin (19, 20, 48). The third strand of each Greek key is
swapped and becomes a part of the partner Greek key motif
((3,1) arrangement of �-strands) (Fig. 1b). The fourth strand
folds back to the previous sheet via a connecting loop, which is
variable in length and occasionally has a small helical segment.
This loop (named loop1 in the first Greek key and loop2 in the
second Greek key motif) occupies the top of the ��-crystallin
domain (Fig. 1c).

A �� domain has two juxtaposed Ca2� binding sites, which
are mainly formed of the loops (loop1 and loop2) with an
(N/D)(N/D)XX(T/S)S sequence stretch, running in opposite
directions in three-dimensional space, along with the residues
from �-hairpins (22, 23, 33, 40) (Fig. 1, c and d). Thus, each

Ca2�-binding site is formed by four residues located at three
different regions in the primary sequence. The first Ca2�-bind-
ing site is formed via one residue from �-hairpin1, two residues
from loop1, and one residue from loop2, and in a similar way,
the second site is formed by one residue from �-hairpin2, two
residues from loop2, and one residue from loop1 (22, 23) (Fig.
1d). This arrangement is common in the �� domains studied
structurally: Protein S (33), Spherulin 3a (22), Ci-��-crystallin
(40), Clostrillin, Flavollin, M-crystallin (23, 41), and Geodin
(42).

Coordination Geometry of the Ca2�-binding Site

In ��-crystallins, the Ca2� coordination number varies from
five to eight, four being provided by protein ligands, the rest
being satisfied by water molecules (22, 23, 33, 40, 42). The �x
position of the coordination sphere is provided by the main
chain carbonyl of the first X residue of (F/Y)XXXX(Y/F)XG
stretch, which is next to the first conserved aromatic residue of
�-hairpin1 (Fig. 2). The second coordination (�y position) is
provided by the main chain carbonyl oxygen of the third residue
and the third coordination (�z position) by the side chain oxy-
gen of the fifth residue of the (N/D)(N/D)XX(T/S)S stretch of
the same Greek key motif (22, 23, 40) (Fig. 2). The involvement
of the Ser or Thr hydroxyl group to coordinate Ca2� is distinc-
tive to this motif as most Ca2�-binding sites do not involve
these residues in Ca2� ion coordination (49). The fourth coor-
dination (�x position) is provided by the side chain oxygen
of the second residue (mostly Asp or sometime Asn) of

FIGURE 1. a, graphic representation of a typical Ca2�-binding ��-crystallin (Clostrillin) showing the overall domain organization (PDB ID: 3I9H). b, topology
diagram showing the secondary structural arrangement of a ��-crystallin where two Greek keys pair together by swapping their third �-strand. The (N/D)(N/
D)XX(T/S)S motifs are parts of the loops, running in opposite directions, which connect the third and fourth strands in respective Greek key motifs (c– d and
c�– d�). c, each domain generally has two Ca2�-binding sites comprised mainly from �-hairpin and loop regions. d, schematic representation of two Ca2�-
binding sites of a domain. Each Ca2�-binding site is formed by one residue from the �-hairpin via main chain coordination, two residues (one coordinates via
the main chain and the other via the side chain) from the (N/D)(N/D)XX(T/S)S stretch of the same Greek key, and one residue from the (N/D)(N/D)XX(T/S)S stretch
of the partner Greek key. Broken and continuous lines represent coordination via the main chain and side chains, respectively.
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the (N/D)(N/D)XX(T/S)S stretch from the partner Greek
key motif. The �y and �z positions are satisfied by water
molecules.

Both sites of a domain exhibit similar or slightly altered coor-
dination geometry. The coordination number is seven, with
pentagonal bipyramidal geometry, but octahedral geometry
(coordination number: 6) and square anti-prismatic (coordina-
tion number: 8) are also seen. A coordination number of five has
also been observed in the first Ca2� binding site of Protein S
(33). The average coordination radius at each of these sites var-
ies from 2.4 to 2.8 Å.

Preferred Residues in the Binding Motif and Their
Significance

An analysis of �100 sequences of canonical motifs available
demonstrated that the amino acid residues forming the
(N/D)(N/D)XX(S/T)S fingerprint vary in various proteins of
the superfamily (44). The first residue of the fingerprint is
involved in stabilizing the pocket through hydrogen bonding
with the hydroxyl side chain of Ca2� coordinating Ser/Thr and
in some cases supports a water molecule present at the �y
position. The second residue, also a polar amino acid (mostly
Asp), directly coordinates Ca2� by providing monodentate
ligation at the �x position. These first two residues act in trans,
i.e. the first two residues of loop1 of the first Greek key, become
part of the second Ca2�-binding site and vice versa; thus, the
motif gets its name as a “double clamp” motif (23) (Figs. 1 and
2). The third residue (X1) coordinates via main chain carbonyl
oxygen and is generally a polar residue, but is variable in nature,
thus providing variations in the microenvironment around the

Ca2�-binding site. The nonligating fourth residue (X2) is gen-
erally hydrophobic. It forms a part of the hydrophobic core and
may be an important player in relaying signals to the core; local
conformational changes in the loop upon Ca2� binding can
thus affect the stability of the protein (23, 44). The fifth residue
is usually Ser (or sometimes Thr), which coordinates via the
hydroxyl oxygen and is a determinant for domain properties.
The sixth nonligating residue is highly conserved structural
Ser, which stabilizes the �-hairpin loop (48). The crystal
structures of ��-crystallin domains available in the Ca2�-
bound form display a common theme of Ca2� coordination
that led to the proposition of a distinct motif for Ca2� bind-
ing in the ��-crystallin superfamily (Table 1), although some
of these structures carry minor variations in this theme,
which are discussed below.

Deviations within the Common Theme of the Binding
Sites

The second Ca2�-binding site of Ci-��-crystallin (Protein
Data Bank (PDB) ID: 2BV2) from Ciona intestinalis is a minor
exception to the theme described above (40). In this site, the
protein molecule provides five coordinations, where the third
residue (Glu-76) of the (N/D)(N/D)XX(T/S)S fingerprint coor-
dinates through the side chain oxygen at the �z position, in
addition to the usual coordination by the main chain carbonyl
oxygen at �y (Fig. 3a). Similarly, in the W39D mutant of Clos-
trillin, Asp-39 coordinates via the main chain carbonyl oxygen
in addition to the side chain carboxyl oxygen, whereas in the
wild type, only the main chain carbonyl of Trp-39 coordinates
at the �y position (44). The pentagonal bipyramidal geometry

FIGURE 2. a, formation of a double clamp using two (N/D)(N/D)XX(T/S)S motifs. b, Ca2�-binding sites of Clostrillin (PDB ID: 3I9H) showing the Ca2� coordination
sphere. Both sites of Clostrillin show a coordination of 7, but in the superfamily, it varies from 5 to 8. The first coordination at the �x position is via the main chain
carbonyl oxygen coming from the �-hairpin. The second coordination at the �y position takes place via the main chain carbonyl oxygen of the third residue
of the (N/D)(N/D)XX(T/S)S stretch. Although the third coordination at the �z position is from the hydroxyl oxygen of the side chain of the fifth residue of the
(N/D)(N/D)XX(T/S)S stretch (usually a Ser residue but in this case it is Thr), the fourth coordination at the �x position is from the side chain carboxyl oxygen of
the second residue of the (N/D)(N/D)XX(T/S)S stretch that comes from the partner Greek key. The �y and �z positions are satisfied by water molecules.
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FIGURE 3. a, the Ca2�-binding site of Ci-��-crystallin where Glu, the third residue of the (N/D)(N/D)XX(T/S)S fingerprint, coordinates with the side chain carboxyl
oxygen at the �z position along with the main chain carbonyl oxygen at the �y position. b, the Ca2�-binding site of Geodin showing a glycerol molecule
occupying the positions (�y) corresponding to the water molecule in the Ca2� coordination sphere. c, the first Ca2�-binding site of Ci-��-crystallin where Glu-7
from a symmetry-related molecule occupies the �z position corresponding to the water molecule. d, a schematic diagram showing the pattern coordination
and mode of Ca2� ligation along with the primary sequence of the binding site. As in Fig. 1, the broken and continuous lines represent coordination via the main
chain and side chain, respectively.
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with coordination number 7 is more prevalent in the ��-crys-
tallin superfamily, where three positions corresponding to �y1,
�y2, and �z positions of the coordination sphere are occupied
by water molecules (Fig. 2). However, the water molecules
coordinating with Ca2� vary in number, leading to different
coordination geometries as well. In Geodin (from a marine
sponge), only one Ca2� bound to a C-terminal domain is
observed as only one site is canonical (42), attesting to the pre-
diction made by Clout et al. (22) applying fingerprint compar-
ison. In selenomethionine derivatized crystal, the water mole-
cules corresponding to �y1 and �y2 positions, as seen in
underivatized crystals, have been replaced by hydroxyl oxygens
of glycerol molecule without affecting the overall coordination
geometry (Fig. 3b). Ci-��-crystallin is another example, where
a water molecule at the first Ca2�-binding site (�z position) is
replaced by the side chain carboxyl oxygen of Glu-7 from a
symmetry-related molecule as an effect of crystal packing (Fig.
3c) (40). These examples suggest that the water molecules par-
ticipating in Ca2� coordination are not very strongly bound in
��-crystallins and can be replaced by other suitable ligands, if
conditions are favorable for their binding.

Signature Sequence and Identification of New
Ca2�-binding ��-Crystallins

With the growing number of protein sequences in databases,
the (N/D)(N/D)XX(S/T)S sequence fingerprint can be used to
predict Ca2�-binding ��-crystallins as with the consensus
sequence of the EF-hand motif. The (N/D)(N/D)XX(S/T)S fin-
gerprint occurs twice in a domain due to the pairing of the two
Greek key motifs. As two Greek key motifs participate in con-
structing a site, both should be taken into consideration for
prediction (Fig. 3d). Only two residues use their side chains in
coordinating Ca2�, and any change at these positions leads to
either complete loss or reduction in Ca2� binding ability. The
first critical residue is Ser/Thr at the fifth position, and the
second is Asp or Asn from the juxtaposed motif at the second
position in the (N/D)(N/D)XX(S/T)S fingerprint (Fig. 3d). As
an example, in Clostrillin, at the first Ca2�-binding site, Thr
from the motif NDWMTS ligates via the side chain hydroxyl
oxygen at the �z position and Asp residue from the second
motif NDKMTS coordinates via the side chain carboxyl oxygen
at the �x position (Table 1). Similarly, for the second site, Thr
from the motif NDKMTS would provide its side chain for coor-
dination at the �z position, and the site would be completed by
the side chain of the Asp residue coming from NDWMTS (23).
Thus, both sites are well matched for binding Ca2� (Table 1).

In the case of the first site of the C-terminal domain of Geo-
din, Lys from the first �-hairpin loop and Gly from the motif
IGGVSS would coordinate via main chain, besides Ser at the
fifth position in the motif (Table 1) (42). This site would bind
Ca2� only if the second residue of the second motif NDALKS is
also favorable for ligation. It is Asp, and hence the first site in
this protein is suitable for Ca2� binding. At the second site, Lys
occupies the fifth position in the motif NDALKS, which is not
compatible. Also, the second residue of the partner motif
IGGVSS is Gly, which, again, cannot provide its side chain for
completing the site, and thus the second site of this domain

would not bind Ca2�. This consensus sequence has aided into
the identification of new members of this family.

Degeneracy of Motif: Constraints and Gains

Not all ��-crystallins possess the canonical (N/D)(N/
D)XX(S/T)S fingerprint of ion binding. Most proteins of this
family with functional Ca2�-binding motifs are from bacterial
sources or lower eukaryotes (Table 1). The vertebrate homo-
logues, such as lens ��-crystallins, AIM1, Crybg3, and a few
more diverged domains do not have the canonical sequence,
and their binding sites are degenerated to an extent that Ca2�

binding is either very poor or lost (23, 43, 50 –54). It is proposed
that although Ca2� binding might have been a vital need for
ancestors of lens crystallins, most binding sites in lens ��-crys-
tallins were evolutionarily disabled to gain extra stability (52,
54) because high domain stability is an indispensable require-
ment of lenticular proteins (15, 55). It is, however, speculated
that these ��-crystallins may be involved in Ca2�-dependent
functions in non-lenticular tissues as shown in brain and testes
(56, 57).

The C-terminal domain of Geodin with one naturally dis-
abled Ca2�-binding site (42) is unusual as most �� domains
have two juxtaposed Ca2�-binding sites. Nitrollin, a ��-crystal-
lin from the bacterium Nitrosospira multiformis, which is pecu-
liar for its mode of domain swapping, does not bind Ca2� due to
the presence of Arg in place of conserved Ser along with other
unfavorable residues (43). Thus, even bacterial homologues can
have disabled sites. Substitution of Ser/Thr with Arg leads to
the loss of Ca2� binding in many homologous proteins, such as
Protein S, Flavollin, and Clostrillin (24, 44). This leads to
enhanced stability of the protein, which, in some cases, is com-
parable with stability gained upon Ca2� binding (52).

Comparisons with Other Ca2�-binding Motifs

Multiple modules, EF-hands, C2 domains, and EGF domains,
have purposes such as sensing and sequestration of Ca2� (5, 7,
58, 59), and Ca2� binding takes place at a specific motif forming
continuous or discontinuous Ca2�-binding sites (60, 61). The
EF-hand motif, an example of a continuous site, is the predom-
inant class in CaBP. The EF-hand loop between the E and the F
helices coordinates Ca2� ion, usually with coordination num-
bers of 7 or 8 (6, 62– 64). Non-EF-hand proteins utilize fewer
protein ligands for coordinating Ca2� (65). Unlike ��-crystal-
lins in which the ion is exposed to the solvent with 1– 4 water
molecules in direct coordination with Ca2�, the EF-hand
bound Ca2� is exposed to a single water molecule (Table 2).
Similarly, in ��-crystallins, fewer protein ligands (4) and more
water (1– 4) molecules are seen. The affinities of Ca2� toward
EF-hand proteins are moderate to very high with Kd values in
the nanomolar range (6), whereas ��-crystallins display affini-
ties in the micromolar range (Table 1).

Unlike the EF-hand motifs, C2 domains are all-� conforma-
tional Ca2� sensors and share the �-sandwich arrangement not
akin to ��-crystallins (Table 2) (7). C2 domain-containing syn-
aptotagmins are major players in neurotransmitter exocytosis
and are involved in Ca2�-dependent phospholipid binding (66).
The domains are incorporated in multiple proteins (such as
phospholipases) for their Ca2� sensing roles (67). The Ca2�-
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binding site is discontinuous and formed by mutually distant
regions in the primary sequence of this domain (68) as is the
case with ��-crystallins. In the C2 domains, the Ca2� ions are
coordinated by a network of aspartate side chains in mono- or
bidentate fashion with one aspartate involved in coordination
with two Ca2� ions (58, 69 –71).

Minutiae of Ca2� Binding and Origin of Domain Diversity

The affinity of Ca2� for Ca2�-binding proteins ranges from
intracellular nM to extracellular mM, depending on their spatio-
temporal localization, which in turn reflects their functions.
With the limited information available, it appears that most
��-crystallins are extracellular or secretory proteins (72–78).
��-Crystallins bind Ca2� with affinities in the lower micromo-
lar range (M-crystallin, 32 �M; Clostrillin, 4 �M; Flavollin, 30
�M; Protein S, 27 and 76 �M) (Table 1) (23, 24, 79). Ca2� bind-
ing affinities of Ci-��-crystallin from C. intestinalis, DdCad-1,
and Geodin have not been reported. Comparatively weak bind-
ing affinity is reported for ��-crystallins from eukaryotic spe-
cies (9 and 200 �M for Spherulin 3a, and 260 �M for amphibian
EP37) (23, 30, 31). Although the affinity of these proteins ranges
in �M, a clear-cut variation has been seen not only in different
��-crystallin domains but also between two juxtaposed sites of
the same domain.

The molecular determinants of affinity are not well under-
stood in this domain. Either of the sites in a domain is interde-
pendent as abrogating binding in one site attenuates the affinity
of the juxtaposed site (44, 80). Nevertheless, it is not clear
whether filling of Ca2� at the two sites is simultaneous or
sequential, cooperative or noncooperative. The microenviron-
ment around a Ca2�-binding site affects its affinity toward
Ca2�. Even a homologous replacement of the fifth residue of
the motif between structurally very similar domains changes its
affinity as well as domain properties (44, 52). Consequently, this
motif acts as a tuning knob for such a high diversity in domain
properties (52). All the proteins studied so far show little or no

binding toward divalent Mg2�, confirming the Ca2� specificity
of these binding sites. Similar observations for ion selectivity
have been made in C2 domains (81), whereas Mg2� is known to
bind functionally, at least in the resting state, to Ca2�/Mg2�-
binding EF-hands (6). Mg2� may bind even the Ca2�-specific
(regulatory) EF-hands, although with very weak affinity, with-
out affecting the overall conformation of the protein (6).

Prevalence of the ��-Crystallin-type Ca2�-binding
Protein Family

The advent of more genomic information has revealed a
widespread occurrence of this superfamily and recruitment of
��-crystallin domains in conjunction with domains of different
functions. An analysis demonstrates that it exists in several hun-
dred species (source: Pfam database, accession number PF00030).
Three out of four protein sequences of ��-crystallins from an
invertebrate species Branchiostoma floridae (amphioxus) also
possess Ca2� binding fingerprints probably similar to that seen
in Ci-��-crystallin from Ciona intestinalis (21). In a limited
analysis of sequences, it was observed that the domain is
recruited in serine proteases (Sorangium cellulosum), aspartate
metalloproteases (Saccharophagus degradans), carbohydrate-
binding glycosyl hydrolases (Flavobacterium johnsoniae and
other bacterial species), and cell adhesion molecules (Dictyos-
telium discoideum). Isolated ��-crystallins are also found as
part of proteins from Vibrio cholerae, Maricaulis maris, Oce-
anicaulis alexandrii, and M. xanthus and in the archaeal spe-
cies Methanosarcina acetivorans. Such extensive recruitment
as modules in proteins of diverse functions clearly indicates
some significant and widespread roles of these domains in pro-
tein function.

Ca2� Binding and Domain Stabilization

CaBP, mostly those of the EF-hand family, undergo large
conformational changes upon binding Ca2�. Contrary to this,
��-crystallins generally do not undergo a drastic change in con-
formation upon binding Ca2�, suggesting that apo forms are
conformationally not very flexible (e.g. Protein S, Spherulin 3a)
(30, 82). This is attributed to thermodynamically robust
domain architecture (reviewed in Ref. 17). Some individual
domains of larger proteins from the pathogenic bacterium Yers-
inia pestis and the extremophilic Caulobacter crescentus and
Hahella chejuensis are intrinsically unstructured (or partly
unstructured) in the apo form and gain significant structure
upon binding Ca2� (38, 39, 83).

Although �� domains do not undergo major structural
change upon binding Ca2�, they assume a reduced hydrody-
namic size and thermodynamically drift to a state of higher
structural stabilization. Therefore, in some ��-crystallins,
Ca2� plays the role of an extrinsic stabilizer. Within the
superfamily, there exists a stability gradient across the
domains and differences in the extent of gain in stability
upon Ca2� binding from very low (in Vibrillin) to very high
(in Centillin) (Table 1) (52, 84). As noted in Y. pestis, ��
domain-containing proteins are differentially expressed in
Ca2�-depleted avirulent strains (85, 86) and are unstruc-
tured in apo form (38), raising the prospective of their role in
virulence via low calcium response.
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Ca2�-dependent Functions: An Underexplored Arena

It is clear that the ��-crystallin domain is widely spread.
However, it has been difficult to assign functions in many
��-crystallins studied so far (22, 23, 38, 41, 40, 83, 87, 88). Pro-
tein S of M. xanthus is expressed as a soluble protein and self-
assembles as a multilayer spore coat in a Ca2�-dependent man-
ner. Based on the observations that adjacent spores were fused
to each other via a common Protein S layer, it was proposed that
Protein S is involved in spore-spore interaction in the fruiting
body (76). Spherulin 3a is another Ca2�-binding ��-crystallin
induced during stressful situations, but just like Protein S, its
Ca2�-dependent functional implications in the physiological
context have not yet emerged.

Ci-��-crystallin from C. intestinalis is localized in the otolith
and thus might be involved in a primordial sensory system (40).
It binds Ca2� at both binding sites, but the Ca2�-dependent
role of this single domain protein in the urochordate remains an
enigma.

��-CAT from the skin of the frog Bombina maxima is impli-
cated in several in vivo toxic effects on mammals (72, 89, 90).
The ��-Crystallin domain of this protein binds Ca2� (its affin-
ity has not been reported), and when red blood cells were
treated with this protein, increased Ca2� flux was observed that
eventually resulted in hemolysis (73).

The cell adhesion molecule DdCad-1 from D. discoideum is
involved in cell-cell adhesion in a Ca2�-dependent manner via
dimer formation through two ��-crystallin domains (91). Dur-
ing its transport, the protein is internalized in vacuoles in a
Ca2�- and conformation-dependent manner (92, 93). The
available functional information, although limited, suggests
important roles played by this domain that remain yet to be
explored.

Perspective

Although ��-crystallins are distinct in terms of their Ca2�

binding properties with a well defined Ca2�-binding motif, the
functions of many proteins in the protein sequence/structure
databases are either uncertain or unknown. The loss of Ca2�

binding ability in recent homologues of ��-crystallins (as in
mammals) with persistence of their structural features is a use-
ful paradigm for understanding the evolution of new protein
functions. The functional aspect of these domains in isolation
and with respect to Ca2� binding still needs to be worked out in
detail. This is particularly relevant in prokaryotes where the
study of calcium sensing is still in the primitive stages, and
except for a few proteins of the EF-hand superfamily (3, 94) and
some proteins with orphan motifs for Ca2� binding, there are
no major classes of Ca2�-binding proteins identified. Recently,
all-�-sheet bacterial immunoglobulin-like (Big) domains were
shown to have Ca2� binding ability; however, their Ca2� coor-
dination pattern is yet to be deciphered (95, 96).

In summary, the Ca2� binding at the (N/D)(N/D)XX(S/T)S
motif may serve as a domain stabilizer, and evolutionary imper-
atives may have replaced this stabilizing function of Ca2� with
an intrinsic stability of the domain. Although the motif has
established its identity, the functional analysis of its mem-
bers still remains to be addressed, which is a challenging yet

imminent task considering the appearance of numerous new
members.
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34. Antuch, W., Güntert, P., and Wüthrich, K. (1996) Ancestral ��-crystallin
precursor structure in a yeast killer toxin. Nat. Struct. Biol. 3, 662– 665

35. Ohno, A., Tate, S., Seeram, S. S., Hiraga, K., Swindells, M. B., Oda, K., and
Kainosho, M. (1998) NMR structure of the Streptomyces metalloprotei-
nase inhibitor, SMPI, isolated from Streptomyces nigrescens TK-23: An-
other example of an ancestral ��-crystallin precursor structure. J. Mol.
Biol. 282, 421– 433

36. Ohki, S. Y., Kariya, E., Hiraga, K., Wakamiya, A., Isobe, T., Oda, K., and
Kainosho, M. (2001) NMR structure of Streptomyces killer toxin-like pro-
tein, SKLP: further evidence for the wide distribution of single-domain
��-crystallin superfamily proteins. J. Mol. Biol. 305, 109 –120

37. Clout, N. J., Slingsby, C., and Wistow, G. J. (1997) Picture story. An eye on
crystallins. Nat. Struct. Biol. 4, 685

38. Jobby, M. K., and Sharma, Y. (2005) Calcium-binding crystallins from
Yersinia pestis: characterization of two single ��-crystallin domains of a
putative exported protein. J. Biol. Chem. 280, 1209 –1216

39. Jobby, M. K., and Sharma, Y. (2007) Calcium-binding to lens �B2- and
�A3-crystallins suggests that all �-crystallins are calcium-binding pro-
teins. FEBS J. 274, 4135– 4147

40. Shimeld, S. M., Purkiss, A. G., Dirks, R. P., Bateman, O. A., Slingsby, C., and
Lubsen, N. H. (2005) Urochordate ��-crystallin and the evolutionary or-
igin of the vertebrate eye lens. Curr. Biol. 15, 1684 –1689

41. Barnwal, R. P., Jobby, M. K., Devi, K. M., Sharma, Y., and Chary, K. V.
(2009) Solution structure and calcium-binding properties of M-crystallin,
a primordial ��-crystallin from archaea. J. Mol. Biol. 386, 675– 689

42. Vergara, A., Grassi, M., Sica, F., Pizzo, E., D’Alessio, G., Mazzarella, L., and
Merlino, A. (2013) A novel interdomain interface in crystallins: structural
characterization of the ��-crystallin from Geodia cydonium at 0.99 Å
resolution. Acta Crystallogr. D Biol. Crystallogr. 69, 960 –967

43. Aravind, P., Suman, S. K., Mishra, A., Sharma, Y., and Sankaranarayanan,
R. (2009) Three dimensional domain swapping in nitrollin, a single-do-
main ��-crystallin from Nitrosospira multiformis, controls protein con-
formation and stability but not dimerization. J. Mol. Biol. 385, 163–177

44. Mishra, A., Suman, S. K., Srivastava, S. S., Sankaranarayanan, R., and
Sharma, Y. (2012) Decoding the molecular design principles underlying

Ca2�-binding to ��-crystallin motifs. J. Mol. Biol. 415, 75–91
45. Richardson, J. S. (1976) Handedness of cross over connections in � sheets.

Proc. Natl. Acad. Sci. U.S.A. 73, 2619 –2623
46. Richardson, J. S. (1977) �-Sheet topology and the relatedness of proteins.

Nature 268, 495–500
47. Hutchinson, E. G., and Thornton, J. M. (1993) The Greek key motif: ex-

traction, classification and analysis. Protein Eng. 6, 233–245
48. Slingsby, C., Norledge, B., Simpson, A., Bateman, O. A., Wright, G., Dries-

sen, H. P. C., Lindley, P. F., Moss, D. S., and Bax, B. (1997) X-ray diffraction
and structure of crystallins. Prog. Retin. Eye Res. 16, 3–29

49. McPhalen, C. A., Strynadka, N. C. J., and James, M. N. G. (1991) Calcium-
binding sites in proteins: a structural perspective. Adv. Protein Chem. 42,
77–144

50. Rajini, B., Graham, C., Wistow, G., and Sharma, Y. (2003) Stability, ho-
modimerization, and calcium-binding properties of a single, variant ��-
crystallin domain of the protein absent in melanoma 1 (AIM1). Biochem-
istry 42, 4552– 4559

51. Aravind, P., Wistow, G., Sharma, Y., and Sankaranarayanan, R. (2008)
Exploring the limits of sequence and structure in a variant ��-crystallin
domain of the protein absent in melanoma-1 (AIM1). J. Mol. Biol. 381,
509 –518

52. Suman, S. K., Mishra, A., Ravindra, D., Yeramala, L., and Sharma, Y. (2011)
Evolutionary remodelling of the ��-crystallins for domain stability at the
cost of Ca2�-binding. J. Biol. Chem. 286, 43891– 43901

53. Rajanikanth, V., Srivastava, S. S., Singh, A. K., Rajyalakshmi, M., Chandra,
K., Aravind, P., Sankaranarayanan, R., and Sharma, Y. (2012) Aggregation-
prone near-native intermediate formation during unfolding of a structur-
ally similar nonlenticular ��-crystallin domain. Biochemistry 51, 8502–
8513

54. Suman, S. K., Mishra, A., Yeramala, L., Rastogi, I. D., and Sharma, Y. (2013)
Disability for function: Loss of Ca2�-binding is obligatory for fitness of
mammalian ��-crystallins. Biochemistry 52, 9047–9058

55. Mills, I. A., Flaugh, S. L., Kosinski-Collins, M. S., and King, J. A. (2007)
Folding and stability of the isolated Greek key domains of the long-lived
human lens proteins �D-crystallin and �S-crystallin. Protein Sci. 16,
2427–2444
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The gut is anatomically positioned to play a critical role in the
regulation of metabolic homeostasis, providing negative feed-
back via nutrient sensing and local hormonal signaling. Gut hor-
mones, such as cholecystokinin (CCK) and glucagon-like pep-
tide-1 (GLP-1), are released following a meal and act on local
receptors to regulate glycemia via a neuronal gut-brain axis.
Additionally, jejunal nutrient sensing and leptin action are dem-
onstrated to suppress glucose production, and both are required
for the rapid antidiabetic effect of duodenal jejunal bypass sur-
gery. Strategies aimed at targeting local gut hormonal signaling
pathways may prove to be efficacious therapeutic options to
improve glucose control in diabetes.

Diabetes is now a worldwide epidemic affecting �350 mil-
lion people worldwide (1). Almost 80% of type 2 diabetic indi-
viduals are overweight or obese (2) due in part to the interaction
between genetics and the environment, such as overconsump-
tion of a hypercaloric, western diet that is associated with a
dysregulation in glucose homeostasis (3). As hyperglycemia is a
primary cause of diabetic complications and accounts for the
majority of economic costs associated with diabetes (4), current
therapeutic approaches to treat diabetes and to lower the asso-
ciated economic burden are focused on regulating glucose lev-
els and hepatic glucose production (GP).6 Indeed, metformin is
the most widely prescribed diabetic drug, normalizing glycemia
through a reduction in GP (5). However, metformin has side
effects, leading to the development of the recent oral hypogly-
cemic agents aimed at increasing circulating levels and action of
gut-derived incretins, such as dipeptidyl peptidase-4 (DPP-4)
inhibitors and glucagon-like peptide 1 receptor (GLP-1R) ago-

nists (exenatide and liraglutide). The early success of these
treatments highlights the importance of the gastrointestinal
tract in regulating glucose homeostasis.

Indeed, the gastrointestinal tract is anatomically positioned
as the first line of defense to prevent nutrient excess by initiat-
ing negative feedback mechanisms through nutrient-induced
secretion of gastrointestinal hormones (Fig. 1). Starting in the
stomach, ghrelin is an orexigenic peptide, with increased levels
associated with the timing of a meal (6, 7), whereas intake of
nutrients suppresses ghrelin secretion in both rodents and
humans (8, 9). Although ghrelin may act in an endocrine fash-
ion (10, 11), vagal afferents innervating the stomach express the
ghrelin receptor, and in both rodents and humans, a vagotomy
(which disrupts communication between the stomach and
brain) abolishes the ability of ghrelin to increase food intake (12,
13), suggesting a local (paracrine) effect. In addition to its
effects on food intake, ghrelin regulates glucose homeostasis by
increasing the gastric emptying rate (14) and inhibiting glu-
cose-stimulated insulin secretion (15). More distally to the site
of ghrelin secretion, the small intestine contains a variety of
regulatory signals (Fig. 1) including: (i) the more proximal hor-
mones within the duodenum and jejunum, cholecystokinin
(CCK) in I cells and glucose-dependent insulinotropic polypep-
tide (GIP) in K cells, and (ii) more distal hormones in the ileum
and large intestine within L cells, glucagon-like peptide-1/2
(GLP-1/2), oxyntomodulin (OXN), and peptide YY (PYY). The
secretion of these hormones is stimulated by nutrients within
the intestine that then act on their respective receptors either
centrally, or locally on vagal afferents that are in close proximity
to enteroendocrine cells, to regulate metabolic homeostasis
through various changes in food intake, gastric emptying, intes-
tinal motility, and/or energy expenditure (see Ref. 16). In light
of this evidence, we put forward a working hypothesis that
nutrient-induced gut-derived hormones activate local gut sig-
naling events to trigger the central nervous system via the vagus
nerve to regulate glucose homeostasis.

CCK Action in the Duodenum

CCK is secreted from enteroendocrine I-cells predominantly
located in the proximal small intestine, mainly in response to
fatty acids (Fig. 1) (17). Besides promoting satiation through a
neuronal network, endogenous CCK also mediates the ability of
intestinal lipids to lower GP via a gut-brain-liver neuronal axis
(18). This glucose-lowering effect of duodenal lipids is depend-
ent on intracellular esterification of long-chain fatty acids
(LCFAs) to long-chain fatty acyl-CoA (LCFA-CoA) via acyl-
CoA synthetase (ACS)-3 (Fig. 2), indicating the importance of
both luminal lipid hydrolysis to LCFAs and subsequent absorp-
tion into intestinal cells possibly via fatty acid transporter clus-
ter of differentiation 36 (CD36) (19). Although the role of CD36
in mediating the glucoregulatory role of lipids remains to be
tested, it is interesting to note that CD36 knock-out mice
exhibit reduced release of CCK both in vivo and in vitro (19).
Furthermore, LCFA-induced secretion and the glucose-lower-
ing effect of CCK are dependent upon protein kinase C-�
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(PKC-�) stimulation, which is localized to the duodenal muco-
sal layer (20, 21). However, the mechanistic link between PKC-�
signaling and CCK secretion remains to be investigated. Nev-
ertheless, this LCFA3 PKC-�3 CCK pathway requires acti-
vation of CCK-1 receptors (CCK-1R), located on the vagal
afferent fibers innervating the small intestine (22). Binding of
CCK to its receptor leads to protein kinase A (PKA) signaling,
which is sufficient and necessary to enhance N-methyl-D-as-
partate (NMDA) receptor-mediated neuronal transmission in
the nucleus of the solitary tract to lower GP via the hepatic vagal
branch (Fig. 2) (23). Taken together, these results suggest that
paracrine CCK action mediates the ability of duodenal lipids to
regulate glucose homeostasis by signaling to the central ner-
vous system.

Interestingly, this ability of CCK and intestinal lipids to
reduce GP is diminished when rats are placed on a 3-day high
fat (HF) diet (18, 24) that much resembles the western diet,
highlighting the pathophysiological relevance of this pathway.
Closer analysis indicates that this diet induces CCK resistance
at the level of the CCK-1 receptor signaling by impairing PKA
activation and subsequently, the gut-brain-liver axis (23). Thus,
the ability to manipulate gut CCK signaling may prove an effi-
cacious therapeutic option, evidenced by the fact that improve-
ments in glycemic control were seen in humans with impaired
glucose tolerance after 8-week treatment of the bile acid
sequestrant, colesevelam. These improvements were the
results of colesevelam preventing bile acid absorption and thus
increasing local CCK secretion, which possibly activates the
aforementioned glucoregulatory pathway (25).

GLP-1 Action in the Gut

Although CCK signaling appears to mediate the glucose-
lowering effects of intestinal lipids, GLP-1, which is released
predominately from L-cells of the distal intestine (Fig. 1), has
been extensively studied for its incretin effect. GLP-1 secretion
is biphasic, with the early peak (within minutes) attributed to a
neurohormonal reflex (26), although recent studies argue for
direct nutrient exposure of proximal L-cells (27, 28) and the

later peak mediated by direct nutrient stimulation of distal
intestinal L-cells (29). Interestingly, both glucose and fatty acids
are potent stimulators of GLP-1 release; however, the receptors
and intracellular mechanisms mediating GLP-1 secretion are
controversial and remain to be clarified (see Ref. 30). The glu-
coregulatory action of GLP-1 has been widely established since
the pioneering study demonstrated its potent incretin effect
almost three decades ago (31). Indeed, GLP-1 acts on the
GLP-1R localized on the outer membrane of pancreatic �-cells
to promote insulin secretion via activation of PKA-dependent
and -independent pathways. Additionally, GLP-1 action in the
pancreas inhibits glucagon and stimulates somatostatin release,
and also increases �-cell sensitivity to glucose, insulin biosyn-
thesis, and proliferation (32). However, GLP-1 is rapidly
degraded by DPP-4, resulting in a diminished concentration of
GLP-1 in the hepatoportal vein (�50%) and an even smaller
amount entering systemic circulation (less than 10%) (33). As
such, studies have hypothesized that insulin release, as well as
other glucoregulatory effects such as glucose utilization, GP,
and counterregulatory hormone production, are all mediated
by a gut-brain-periphery axis (34), involving the enteric ner-
vous system, especially in the hepatic portal region (35). Indeed,
findings have demonstrated that glucose-induced GLP-1 secre-
tion activate vagal afferent neurons of the common hepatic
branch activating the nucleus of the solitary tract (34, 36, 37).
This signal is then relayed to the hypothalamus, which gener-
ates efferent signals to control glucose flux (36). Studies dem-
onstrate that both the sensory and the motor components of
the vagus are essential because blockade of the afferent or effer-
ent vagal relay attenuates the increase to GLP-1R-mediated
insulin release (38). However, this GLP-1-dependent enteric
glucose sensor is not entirely straightforward as GLP-1 alters
glucose utilization only when the hepatoportal glucose gradient
conditions mimic the postprandial state (39). Furthermore,
selective surgical removal of the common hepatic branch of the
vagus did not abolish the glycemic effects of endogenous
GLP-1, indicating that vagal afferents innervating the intestinal
tract may be more important in mediating GLP-1-induced
incretin signaling (40).

Postprandial levels of active GLP-1 are diminished in obese
and diabetic individuals (41), leading to the development of
GLP-1R agonists (exenatide and liraglutide) and DPP-4 inhibi-
tors as type 2 diabetic treatments (42), which are moderately
successful in improving glycemic control. Interestingly, the
success of these GLP-1-modifying treatments has been attrib-
uted to up-regulation of this local GLP-1 gut-brain-periphery
axis. For example, oral administration of low doses of DPP-4
inhibitor, sitagliptin, aimed at selectively inhibiting intestinal,
but not systemic, DPP-4 activity still resulted in enhanced gly-
cemic control and plasma insulin levels through activation of
local GLP-1R on the vagus nerve. This indicates a predominant
role for enhancement of the GLP-1 gut-brain-periphery axis in
the ability of sitagliptin to reduce local intestinal DPP4 activity
and regulate glycemia (43). Furthermore, the rapid remission of
type 2 diabetes following gastric bypass surgeries has been
hypothesized to be mediated by GLP-1 (44, 45). Indeed, gastric
bypass results in dramatically and rapidly enhanced meal-stim-
ulated GLP-1, independent of weight loss and calorie restric-

FIGURE 1. Gut peptide hormones and regulatory signals are released
along the length of the gastrointestinal tract. Both ghrelin and leptin are
secreted from the stomach, whereas CCK and GIP are secreted from I cells and
K cells, respectively, in the duodenum. It is debated whether L cells, which
secrete GLP-1, GLP-2, OXN, and PYY, are located in the duodenum. More dis-
tally secreted in the intestine are CCK and GIP from the jejunum, and GLP-1,
GLP-2, OXN, and PYY from the ileum.
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tion, likely from more direct nutrient exposure to intestinal
L-cells (45). Furthermore, antagonism of the GLP-1R following
Roux-en-Y gastric bypass (RYGB) worsens glucose tolerance
and postprandial insulin secretion (46). Additionally, respon-
siveness to GLP-1R agonism in rodents was able to predict
improvements in glycemic control following bariatric surgery,
independent of weight loss (47). Despite this, both vertical
sleeve gastrectomy and RYGB are effective in normalizing gly-
cemia in several models of models of GLP-1R deficiency (48,
49), whereas duodenal-jejunal bypass (DJB) improves glucose
levels despite nonelevated postsurgical GLP-1 levels in nono-
bese type 1 diabetic rats (50). Thus, the role of GLP-1 in medi-
ating the antidiabetic effects of bariatric surgery still remains
highly controversial (44, 45, 51–55).

Jejunal Nutrient Sensing

Although bariatric surgery is primarily used as a weight loss
procedure for morbidly obese subjects, patients with type 2 dia-
betes very often exhibit rapid remission of diabetes. This led to
the emergence of “metabolic surgery” as a new area of research
and treatment (56). Indeed, studies in both rodents and
humans demonstrate the glucose-lowering effects of RYGB
surgery and sleeve gastrectomy (57, 58), the more common
surgical procedures used today. Although these surgical
techniques include a restrictive component (reduction of
stomach size), the improvements in glucose levels are not
correlated with changes in body weight (46, 59 – 61). To
determine the effects of gastric restriction versus the
involvement of the small intestine itself to regulate glucose
control, an experimental surgical procedure was developed:
DJB surgery. This surgical technique leaves the stomach
intact but bypasses the proximal intestine, increasing the

flow of nutrients directly into the jejunum and producing
rapid antidiabetic effects. In Goto-Kakizaki rats, a rodent
model of nonobese type 2 diabetes, DJB improved glycemic
control in as little as 1 week postoperatively, with no changes
in body weight (62). Rapid weight-independent improve-
ments in glycemia are also consistent with DJB in nonobese
or mild obese type 2 diabetic humans (63– 66). These studies
suggest that the rearrangement of the intestinal tract medi-
ates the glucose-lowering effects of DJB. In light of the pos-
sibility that gut hormonal signaling contributes to the clini-
cal and therapeutic antidiabetic outcomes of bariatric
surgery as discussed above, this suggests that nutrient sens-
ing, which mediates gut hormonal release, may play a role in
the effect of bariatric surgery.

Nutrient sensing in the distal portions of the small intestine,
from an increased flux of unabsorbed nutrients, could play a
role in the antidiabetic effects of DJB. In rats, administration of
both glucose and lipids into the jejunum decreases GP through
a gut-brain-liver axis, likely via nutrient uptake and metabolism
in intestinal cells and subsequent neuronal signaling (Fig. 2)
(50). To determine the importance of nutrient sensing in DJB,
this bariatric surgical technique was performed in two strains of
insulin-deficient uncontrolled diabetic rodents, the diabetes-
prone Biobreeding (BBdp) and nonobese uncontrolled strepto-
zotocin (STZ)-induced rats. Interestingly, DJB resulted in a
rapid reduction in plasma glucose levels (2 days postoperative)
independent of weight loss (50). Although a physiological
shunting of nutrients into the distal intestine achieved by
refeeding activated jejunal nutrient sensing to maintain plasma
glucose concentrations, blocking jejunal nutrient sensing
reversed the beneficial glucose-lowering effects of DJB. Impor-

FIGURE 2. Gut nutrient-sensing mechanisms and subsequent peptide hormone release in normal and DJB surgery settings. Nutrient influx in both
the duodenum and the jejunum triggers hormonal release and downstream signaling to lower GP through a neuronal network. In the duodenum, these
mechanisms are disrupted upon high fat feeding. DJB surgery results in the influx of nutrients and hormones, such as leptin, directly into the jejunum
to suppress GP through downstream mechanisms. ACS, acyl-CoA synthetase; NTS, nucleus of the solitary tract; SGLT1, sodium glucose luminal
transporter-1.
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tantly, the rapid 2-day glucose-lowering effect of DJB is inde-
pendent of insulin action in both models (50).

Traditionally, insulin action has been thought be an impor-
tant mediator of glucose homeostasis through its actions on the
liver, muscle, adipose tissue, and more recently, the brain. How-
ever, studies indicate that the hormone leptin can lower blood
glucose concentrations in uncontrolled STZ-induced diabetic
rodents independent of insulin action, described later, suggest-
ing that insulin action may not be the sole mediator of glucose
homeostasis. Contributing to this hypothesis, nutrient-sensing
mechanisms also remain intact in this rodent model to lower
glucose concentrations after DJB surgery independent of a rise
in insulin levels (50). This is consistent with other studies dem-
onstrating that DJB suppresses GP in type 2 diabetic rodents
without improving insulin sensitivity (52). These findings sug-
gest that although insulin mediates glucose suppression in
some settings, other local intestinal signals are important con-
tributors to the antidiabetic effects of DJB (Fig. 2).

Gastric Leptin

Gastric Leptin Release

As discussed above, nutrient sensing plays an important role
in the antidiabetic effects of DJB. Although increased nutrient
exposure to the distal small intestine likely results in increased
release of CCK and GLP1, it is unlikely that these peptides play
a role in the ability of DJB to lower GP as activation of jejunal
PKA, a signaling pathway that mediates both CCK and GLP-1
receptor activation (67), has no effect on GP (23). However,
CCK and GLP-1 receptors also signal through PKA-indepen-
dent pathways in peripheral tissues (68 –70), but whether these
pathways exist in the intestine remains to be elucidated. Often
disregarded, nutrient ingestion also results in the release of gas-
tric leptin (71, 72), but its function in the intestine beyond con-
trol of food intake (73) remains largely unknown.

Gastric leptin is predominantly secreted from the fundic
region of the stomach (71, 72) as well as in gastric epithelial cells
(74). Although studies mostly focus on adipocyte-derived leptin
and its central actions to control feeding, nutrient ingestion has
been demonstrated to cause the release of gastric leptin (71, 72)
directly into the gastric lumen (74, 75). Importantly, in order for
gastric leptin to reach the intestine, it must withstand the harsh
proteolytic environment of the stomach. It is postulated that
leptin is secreted as a complex with the soluble leptin receptor
(SLR), a peptide that resembles the extracellular domain of the
leptin receptor (75). The SLR prevents the degradation of leptin
and allows it to enter the intestine to subsequently bind and
activate the functional long form leptin receptor (Ob-Rb) (76).
In contrast, a study in humans suggests that gastric leptin is not
bound to macromolecules such as the SLR (77). Nonetheless,
leptin is unable to bind and activate the Ob-Rb when com-
plexed to the SLR in vitro (78, 79). Although the effect of the
SLR on leptin action remains unclear, leptin has been detected
in duodenal juices and thus reaches the duodenum in its intact
form (73). Furthermore, the Ob-Rb is found to be expressed on
cells of, or vagal afferents innervating, the small intestine (76,
80 – 83), and activation of these receptors results in various
functions, such as regulating nutrient transport (84). Notably,

leptin administration in the intestinal lumen inhibits the
recruitment of sodium-glucose transporters to the apical mem-
brane, hindering intestinal glucose absorption, and demon-
strating a role for leptin in regulating glucose control (85).
However, given the well known glucoregulatory effects of cen-
tral leptin, it remains possible that gastric leptin has a more
extensive role via a gut-brain neuronal pathway.

Leptin Signaling and Action

The effects of leptin on glucose regulation have been exten-
sively studied in the brain. Leptin binds to the hypothalamic
Ob-Rb and activates downstream effectors STAT3 via Jak-2
(86, 87) and PI3K through phosphorylation of insulin receptor
substrate (88) to regulate glucose homeostasis. Importantly,
subcutaneous leptin administration in insulin-deficient dia-
betic rodents normalizes glucose levels (89 –91). This effect is
likely mediated by the CNS as intracerebroventricular leptin
lowers plasma glucose levels in insulin-deficient rodents (92,
93), emphasizing the insulin-independent ability of leptin to
lower glucose levels. Interestingly, both STAT3 (83, 84) and
PI3K (94) are also present in the gut, and leptin has been shown
to activate intestinal STAT3 to protect against infection (95).
Therefore, it is possible that leptin acts on STAT3 and/or PI3K
in the intestine to affect glucose homeostasis, as it does in the
CNS. Moreover, similar to intracerebroventricular leptin, jeju-
nal nutrient sensing lowers GP and mediates the antidiabetic
effects of DJB surgery independent of insulin action. These data
suggest a role for gastric leptin in mediating the antidiabetic
effects of DJB. Thus, we aimed to dissect the role of leptin in the
intestine to regulate glucose homeostasis and its potential in
mediating the antidiabetic effect of DJB surgery.

Jejunal Leptin Lowers GP via a Neuronal Mediated Ob-Rb3
PI3K Signaling Cascade

An intestinal leptin infusion was administered to determine
its preabsorptive effects on glucose regulation. Although duo-
denal leptin did not affect glucose homeostasis, jejunal leptin
increased the glucose infusion rate needed to maintain eugly-
cemia, which was due to a decrease in GP, rather than an
increase in peripheral glucose uptake during the clamps (96).
This effect was mediated by the Ob-Rb as coinfusion of leptin
with a chemical inhibitor or infusion of jejunal leptin in two
leptin receptor-deficient rodent models, the Koletsky fak/fak

rats and db/db mice, abolished the glucoregulatory effect of
leptin. Furthermore, activation of PI3K, and not STAT3, was
required for intrajejunal leptin to lower GP as infusion of the
STAT3 inhibitor with leptin failed to negate its glucose-lower-
ing effects, but inhibiting PI3K abolished the ability of leptin to
lower GP (96). It is interesting to note that duodenal leptin was
unable to lower GP and likewise failed to increase PI3K activity,
indicating that PI3K activation may mediate the glucose-low-
ering effect of leptin. Given our previous work detailing a gut-
brain-liver neuronal axis to lower GP (97, 98), we tested the
involvement of a neuronal network in mediating the effects of
leptin. The local anesthetic tetracaine was infused to block neu-
ronal innervation of the jejunum, which consequently abol-
ished the ability of leptin to increase the glucose infusion rate
and suppress GP (96). Thus, jejunal leptin triggers a neuronal
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mediated Ob-Rb 3 PI3K signaling cascade to lower GP.
Although untested, it is possible that similar to CCK acting on
gut vagal afferents to lower GP, gastric leptin may activate
Ob-Rb receptors on vagal afferents terminating in the jejunal
lamina propria as the Ob-Rb receptor has been detected in the
nodose ganglia (81, 99).

Jejunal Leptin Lowers GP in Diseased Models

As hypothalamic leptin is demonstrated to lower GP in rats
fed a HF diet for 3 days, jejunal leptin action was tested in this
same model. Rats develop duodenal CCK resistance after 3
days of hyperphagic HF feeding; however, jejunal leptin actions
remained intact, and it was able to lower GP in this rodent
model. Moreover, leptin also lowered GP and plasma glucose
levels in uncontrolled STZ induced-diabetic rats with insulin
levels reduced by �80%, independent of changes in plasma
insulin (96). This indicates that although duodenal nutrient/
CCK resistance may demonstrate a possible pathophysiological
role in the development of diabetes, the success of jejunal leptin
in diseased states demonstrates a potential role for gastric lep-
tin in mediating the glucose-lowering effect of DJB.

Jejunal Leptin Mediates the Antidiabetic Effects of DJB

Therefore, to test the involvement of leptin in mediating the
antidiabetic effects of DJB, we performed fasting-refeeding
studies to stimulate physiological gastric leptin release in STZ-
diabetic rats that had received DJB surgery, while disrupting
leptin signaling. Although glucose control remained intact in
rats with a jejunal saline infusion, it was disrupted by blocking
leptin signaling. However, blockade of leptin signaling did not
disrupt glucose homeostasis to the same extent as seen in STZ-
diabetic rodents who had received sham surgery (96). Thus,
other factors influencing glucose control could be at play, and it
may be that nutrient-sensing mechanisms and leptin signaling
in the jejunum converge to control glucose homeostasis after
DJB surgery (Fig. 2).

Conclusion

In a recent review, Schwartz et al. (100) elegantly proposed a
“revised” two-compartment model for the pathogenesis of type
2 diabetes. As opposed to the traditional islet malfunction-cen-
tered view, this model suggests that diabetes develops from a
cooperative failure of glucose homeostasis from both pancre-
atic islets and a brain-centered glucoregulatory system. In light
of accumulating research presented in this review, we argue
that the gastrointestinal tract should also be recognized as a
major player in this revised model of type 2 diabetes pathogen-
esis. The importance of this “second brain” in glucose homeo-
stasis is often overlooked, despite its central location and highly
intricate and bidirectional signaling pathways. Indeed, the gut
represents the initial target site of nutrients, mediating the
influx of glucose and other metabolic products. Furthermore,
as highlighted in this review, the gut produces the initial meal-
induced feedback signals to the rest of the body, via neuronal
and hormonal signals. These gut-derived peptides, such as CCK
and GLP-1, exhibit both insulin-dependent and insulin-inde-
pendent glucoregulatory mechanisms, indicating a link from
the gut to both the brain and the pancreas. Rapid failure of this

gut-brain axis in mediating glucose homeostasis in diseased
conditions (18, 23, 24) may both precede and contribute to the
initial dysregulations of the brain and islets.

Thus, we propose that the gut lies upstream of this two-com-
partment model, where early impairments in gut function may
be the initial stimuli that lead to initial damages of both the
brain and the islet glucoregulatory systems, which subsequently
worsen into the development of diabetes. The best support of
this hypothesis comes from the fact that the most effective
treatment of type 2 diabetes to date is from remodeling of the
gut via bariatric surgery. Although the underlying mecha-
nism(s) resulting in rapid normalization of glucose homeostasis
after bariatric surgery is still unknown, it likely involves gut-
initiated restoration of both insulin-dependent and neuronal
mediated insulin-independent mechanisms. Indeed, evidence
suggests that early changes in incretin levels may contribute to
the rapid remission of types 2 diabetes, whereas we have dem-
onstrated the importance of the insulin-independent nutrient
and hormonal gut-brain-liver signaling axis in restoring glu-
cose homeostasis. Therefore, the ability to manipulate this sec-
ond brain may be an effective strategy to target both the islet-
centered and the brain-centered glucose control systems, and
improve the management of type 2 diabetes.
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This minireview looks back at a century of glycolysis research
with a focus on the mechanisms of flux regulation. Traditionally,
glycolysis is regarded as a feeder pathway that prepares glucose
for further catabolism and energy production. However, glycol-
ysis is much more than that, in particular in those tissues that
express the low affinity glucose-phosphorylating enzyme glu-
cokinase. This enzyme equips the glycolytic pathway with a spe-
cial steering function for the regulation of intermediary metab-
olism. In beta cells, glycolysis acts as a transducer for triggering
and amplifying physiological glucose-induced insulin secretion.
On the basis of these considerations, I have defined a glycolytic
flux regulatory unit composed of the two fructose ester steps of
this pathway with various enzymes and metabolites that regu-
late glycolysis.

History of Glycolysis Research

Research during the last 25 years has provided a fresh view of
glycolysis. This minireview focuses on the importance of the
upper part of the glycolytic pathway, the fructose esters fruc-
tose 6-phosphate (Fru-6-P)2 and fructose 1,6-bisphosphate
(Fru-1,6-P2) (see Fig. 1), for metabolic flux regulation, with spe-
cial emphasis on the role of glucokinase.

In 1913, Carl Neuberg (born July 29, 1877, in Hannover,
Germany; died May 30, 1956, in New York) considered the
glycolytic breakdown of the glucose molecule to be achieved
through the formation of a methylglyoxal intermediate (1).
Although this concept ultimately turned out to be incorrect,
it dominated the thinking of the research community for
many years (2).

In 1933, Gustav Embden (born November 10, 1874, in Ham-
burg, Germany; died July 25, 1933, in Nassau, Germany) pro-
posed a new scheme for glycolysis that comprised the crucial

step for splitting Fru-1,6-P2 into the triose esters dihydroxyac-
etone phosphate and glyceraldehyde 3-phosphate (3). Publish-
ing this new scheme in the journal Klinische Wochenschrift (3)
allowed Embden to bypass the journal Biochemische Zeitschrift,
for which Neuberg was the editor. Embden was probably the
only one at that time who believed this scheme (2), but it ended
up being correct. Nevertheless, as Carl Cori mentioned later,
progress in the research field was delayed by the “persistence of
many wrong leads” (2).

After Embden’s sudden death in 1933, other researchers, in
particular Otto Meyerhoff (born April 12, 1884, in Hannover;
died October 6, 1951, in Philadelphia) and Jakub Parnas (born
January 16, 1884, in Mokrinay/Drohobych, Ukraine, near Lviv;
died January 29, 1949, in Moscow), proceeded with experimen-
tal work on glycolysis, and within a few years, the steps involved
in the phosphorylating degradation of glucose as known today
were fully elucidated (1, 2). This is why the glycolytic pathway is
also known as the Embden-Meyerhof or Embden-Meyerhof-
Parnas pathway.

Glycolysis was the first important metabolic pathway elu-
cidated between 1913 and 1938 (1). Metabolic flux is typi-
cally regulated during the initial steps of a metabolic path-
way (for review, see Ref. 4). 6-Phosphofructo-1-kinase
(PFK1)-mediated phosphorylation is the regulated step in
glycolysis. In tissues such as pancreatic beta cells and liver, it
is the phosphorylation of glucose by the low affinity glucose-
phosphorylating enzyme glucokinase. In some tissues, glu-
cose uptake into the cell can be rate-limiting, such as is the
case for GLUT4 glucose transporter-mediated glucose
uptake in muscle.

Being of Jewish descent, Neuberg and Meyerhof were dis-
missed from their academic positions at the Kaiser Wilhelm
Institute in Berlin by the National Socialist regime in 1933.
Embden, who was professor of physiology at Frankfurt Uni-
versity at that time, died soon after the Nazi regime came
into power in Germany. Although born in Galicia, Parnas
had studied in Berlin before becoming a professor at the
universities of Strasbourg, Warsaw, Lviv (Lemberg), and
finally Moscow, where he died in 1949 from a heart attack
during an interrogation by the KGB in the infamous Luby-
anka prison.

Embden and Meyerhof were medically qualified; Neuberg
and Parnas obtained their first degrees in chemistry during
their university educations. In a sense, they were all life scien-
tists who worked at the interface between medicine and bio-
chemistry. Their lives were much affected by the political geog-
raphy of the twentieth century in Europe. Embden and Parnas
died of sudden cardiac death triggered by exceptional emo-
tional stress in difficult times of their lives. Neuberg and Mey-
erhof emigrated to the United States in the late 1930s. Thus, the
political events of the twentieth century with the cruel dictator-
ships in Germany and the Soviet Union had a severe impact
upon research in this field of biochemistry (for further histori-
cal information, see Refs. 5–7).
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Role of Glucokinase in Regulation of Physiological
Insulin Secretion from Pancreatic Beta Cells

The glycolytic pathway is characterized in some cell types
(8 –10), in pancreatic beta cells (4, 11–13) and alpha cells (14),
hepatocytes (15–19), certain specific pituitary cells (20), and
brain neurons (21) by a specific feature. This is the expression of
a fourth hexokinase isoenzyme, glucokinase, which has a Km
value in the physiological range of blood glucose concentration
(15–17, 22–25). These kinetic properties provide the glycolytic
pathway in these cell types with additional options for the reg-
ulation of metabolic flux in both the healthy and diabetic states
(4, 11, 13).

In pancreatic beta cells of the islets of Langerhans, metabo-
lism has a signal-generating function for glucose-induced insu-
lin secretion. Glucose transporters do not limit access of glu-
cose to beta cells (4, 13), even in human beta cells, where the
expression of the GLUT2 glucose transporter is lower than in
rodent beta cells (26, 27). Together with the GLUT1 glucose
transporter, the expression of these two transporter isoforms
supports sufficient glucose uptake into the beta cell in the post-
prandial state, reaching millimolar concentrations that are in
the range of the Km of glucokinase. Glucokinase thus equips the
insulin-secreting cells with the capability to connect changes in
the physiological blood glucose concentration to changes in
glycolytic flux (4). Two pathways act in concert (for review, see
Ref. 28) in beta cell glucose metabolism; glucokinase serves as
the glucose sensor (11) and, by recognizing glucose, initiates
glucose-induced insulin secretion (4, 13). When blood glucose
increases during the postprandial phase, glucokinase is the
dominating glucose phosphorylator because, in contrast to glu-
cokinase, high affinity hexokinase isoenzymes are inhibited by
glucose 6-phosphate (Glc-6-P) (4, 29, 30). Thus, the regulation
of glucokinase activity is the crucial determinant for the flux
rate through glycolysis during the postprandial state.

The first signaling pathway of glucose-induced insulin secre-
tion comprises a number of steps involving glucose uptake and
metabolism in beta cells, depolarization of the plasma mem-
brane through the closure of a K�

ATP channel induced by an
increase in the ATP/ADP ratio, and the subsequent opening of
voltage-sensitive Ca2� channels, initiating the exocytosis of
insulin via an increase in the free cytosolic Ca2� concentration.
The last crucial component of this pathway to be identified was
the K�

ATP channel in the beta cell membrane (31–33). This
pathway is well established and called the “triggering pathway”
(28).

Metabolic flux is increased through glycolysis, the citric acid
cycle, and the respiratory chain to achieve changes in the citrate
concentration and the NAD(P)/NAD(P)H and ATP/ADP
ratios (34 –36). The increase in citrate and the ATP/ADP ratio
can also inhibit glycolytic flux allosterically through inhibition
of the glycolytic enzymes PFK1 and pyruvate kinase and also
indirectly through inhibition of 6-phosphofructo-2-kinase
(PFK2), thereby providing an opportunity to link the pulsatile
activities of glycolysis, K�

ATP channels, and Ca2� channels to
the rate of insulin exocytosis.

A second K�
ATP channel-independent pathway was also

described (37), called the “amplifying pathway” of glucose-

stimulated insulin secretion (28, 38). This latter pathway ampli-
fies the signal generated by the triggering pathway through
metabolic amplification of the action of increased cytosolic
Ca2� (28). Although not yet fully elucidated, the amplifying
metabolic signals are most likely generated in the tricarboxylic
acid cycle. These metabolites, in particular citrate, are exported
into the beta cell cytosol (39). In quantitative terms, the ampli-
fying pathway provides at least as much insulin to the organism
as the triggering pathway (28).

Role of Glucokinase in Glycogen Storage in the Liver

In the liver, glucokinase regulation is important for synthesis
and subsequent storage of glycogen in the postprandial state,
but not for energy, as the liver does not rely on glucose as its
primary energy source. During starvation, when liver glycogen
stores decrease, glucose supply to the brain is maintained by an
increasing rate of gluconeogenesis. In this context, glucose
phosphorylation by low affinity enzymes is minimal due to the
low blood glucose concentration and because glucokinase is
translocated into the nucleus and inhibited by its binding to
glucokinase regulatory protein (GRP) (40 – 45).

Differential Regulation of Glucokinase in Pancreatic Beta
Cells and the Liver

Not only is glucose the crucial nutrient for beta cell survival,
but it also fuels insulin biosynthesis and exocytosis. In the liver,
insulin and glucagon together regulate gene expression,
whereas glucose plays this role in beta cells through changes in
its concentration during feeding-starvation-refeeding cycles.
Glucose is the crucial regulatory molecule for pancreatic beta
cell glucokinase (46, 47). The regulation of glycolytic flux
through enzyme phosphorylation and dephosphorylation does
not play the prominent role in beta cells that it does in the liver.
Glucokinase enables glycolysis to generate the metabolic sig-
nals needed for initiation and amplification of insulin secretion
(4, 28).

Glucokinase Regulation

For many years, glucokinase has been considered to be only
weakly regulated (15–17). Early on, glucokinase enzyme activ-
ity was known to be dependent on the nutritional status of the
cell. Only later did it became evident that glucokinase regula-
tion is different in hepatocytes and pancreatic beta cells. Fol-
lowing 48 h of starvation, glucokinase enzyme activity was
reduced in the liver by nearly two-thirds (47, 48), and gene
expression was reduced to nearly zero (47, 49), whereas glu-
cokinase activity and gene expression were reduced by only 50%
in pancreatic beta cells (47, 48). Refeeding experiments indi-
cated that the restoration of starvation-reduced glucokinase
enzyme activity, as well as glucokinase gene expression, is insu-
lin-dependent in the liver but glucose-dependent in beta cells
(47). These findings were subsequently confirmed in in vitro
experiments (46).

A teleological explanation can be provided for the smaller
reduction in glucokinase expression and activity seen in beta
cells. In the liver, glucokinase mediates the postprandial phos-
phorylation of glucose needed for the synthesis and storage of
glycogen, whereas in beta cells, glucokinase is involved in the
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generation of the metabolic signals necessary for physiological
glucose-induced insulin secretion. Thus, even after a long star-
vation period, at least some glucokinase enzyme activity is
instantaneously available in beta cells to link increased blood
glucose to glucose phosphorylation. After a meal, the metabol-
ically stimulated insulin secretion can then immediately supply
the organism with insulin, and the insulin-sensitive organs will
gain abundant energy via insulin-regulated glucose uptake
through the GLUT4 glucose transporter. Thereafter, superflu-
ous glucose is stored as glycogen in the liver. Therefore, a
delayed restoration of glucokinase expression and enzyme
activity during energy replenishment after starvation in the
liver is physiologically favorable.

Liver Glucokinase Regulation through Inhibitory
Proteins

Hepatocyte glucokinase is inhibited through a specific inhib-
itory protein, GRP, which was detected by Van Schaftingen in
1989 (42). GRP is a nuclear protein that binds glucokinase,
thereby inactivating the enzyme during starvation (40 – 45).
Fru-6-P strengthens the inhibitory interaction between glu-
cokinase and GRP, whereas fructose 1-phosphate, which is an
intermediate of fructose degradation but not of glycolysis,
weakens this interaction (40 – 43). After re-exposure to food,
glucokinase is released from being bound to GRP in the
nucleus, returning it to its active form in the cytosol (40 – 43).
Fructose 1-phosphate, which is generated by fructokinase, par-
ticularly after fructose ingestion (50), acts antagonistically to
Fru-6-P to cause release of glucokinase from binding to GRP in
the nucleus (40 – 43). This increases the availability of active
enzyme for glucose phosphorylation and subsequent glycogen
synthesis in the cytosol.

Pancreatic Beta Cell Glucokinase Regulation through
Inhibitory Proteins

Although GRP is not expressed in pancreatic beta cells (46),
beta cells express proteins that bind to glucokinase and inhibit
its enzyme activity. This occurs through ubiquitination (51)
and proteins (midnolin and parkin) having ubiquitin-like
domains (52). These interactions are weaker than the interac-
tion between glucokinase and GRP. Glucokinase ubiquitination
can also occur in the liver, but it is less important there than in
beta cells because the strong glucokinase inhibitor GRP local-
izes glucokinase to the nucleus and therefore reduces the like-
lihood of glucokinase being ubiquitinated in the cytosol.

Pancreatic Beta Cell Glucokinase and Liver Glucokinase
Are Regulated by the Same Stimulatory Protein

In 2001, the enzyme PFK2/fructose-2,6-bisphosphatase
(FBPase) was identified as a potent glucokinase activator in
both pancreatic beta cells and liver (53). Activation is achieved
through the binding of glucokinase to the bisphosphatase
domain of the enzyme. This interaction is physiologically cru-
cial for maintaining glucokinase activity after food ingestion
during a state of maximal activity. This activation increases the
capacity for glucose phosphorylation at any given glucose con-
centration in both organs but does not decrease the affinity of
glucokinase for glucose, avoiding the risk of hypoglycemia (54).

This is in contrast to the action of small molecule chemical
glucokinase activators (8). These chemical compounds have
not yet found their way into antihyperglycemic therapy of dia-
betic patients with defective beta cell responsiveness to physi-
ological glucose stimulation, as none of the candidate mole-
cules synthesized thus far are able to activate glucokinase
enzyme activity without concomitantly reducing the Km value
of the enzyme (54), the prerequisite for a safe drug. Although a
large number of compounds with different chemical structures
have been synthesized and patented and all having glucokinase-
activating potency (55), it is an open question whether a syn-
thetic glucokinase activator with an optimized chemical struc-
ture (56) and without serious hypoglycemic potential will be
developed. Interestingly, nature has already achieved this with
the endogenous glucokinase activator PFK2/FBPase-2 (54).

A Fresh View of Glycolysis: The Importance of the
Fructose Ester Steps for Its Regulation

The classical view is that Glc-6-P has to be converted first in
the glycolytic pathway into Fru-6-P because only the fructose
molecule can be cleaved into trioses. However, this view is too
simple because the role of the fructose esters (Fru-6-P and Fru-
1,6-P2) (Fig. 1) in glycolysis is more complex.

The glycolytic pathway contains a regulatory unit composed
of the fructose ester steps at the interface between the initial
step of glucose trapping in the cell through phosphorylation
and the conditioning of the glucose molecule for catabolism
(Fig. 1). Several molecules in these fructose phosphorylation

FIGURE 1. The regulatory unit of the glycolytic pathway composed of the
fructose steps at the interface between the initial step of glucose trap-
ping in the cell through phosphorylation and the conditioning of the
glucose molecule for catabolism. Several molecules in these fructose steps
are regulatory in nature and determine the glycolytic flux rate. Regulatory
proteins that inhibit glucokinase (GK) in pancreatic beta cells and the liver are
encircled in green (midnolin and parkin) and blue (GRP), respectively.
FBPase-2, which activates glucokinase in pancreatic beta cells and the liver, is
encircled in red. Regulatory small molecules that are expressed only in the
liver but not in pancreatic beta cells are printed in blue. �, activation; �,
inhibition; ��, strong inhibition of target structures. HK, hexokinase; PP, pen-
tose phosphate.
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steps are regulatory in nature and determine the glycolytic flux
rate.

As regulator of PFK1, Fru-1,6-P2 is weak, and fructose 2,6-
bisphosphate (Fru-2,6-P2) is strong. Fru-6-P is an activator of
PFK2, as well as of GRP in the liver. These fructose esters (Fru-
1,6-P2 and Fru-2,6-P2), as well as Fru-6-P, can also inhibit the
respective phosphatases FBPase-1 and FBPase-2. However,
only the inhibition by Fru-2,6-P2, as well as that by Fru-6-P,
takes place at physiologically relevant concentrations. Through
this inhibition of phosphatases, glucose catabolism is not ham-
pered in the postprandial state when glucose supply is plentiful.
This is the case in both tissues.

PFK1/FBPase-1 and PFK2/FBPase-2 are bifunctional enzyme
complexes, and different isoforms exist (53, 57, 58). It is the mus-
cle-type PFK1 isoform and not the liver-type isoform that is
expressed predominantly in beta cells, and it is also this iso-
form that is activated by micromolar Fru-2,6-P2 concentra-
tions under near-physiological conditions (57). Conversely,
FBPase-2 is inhibited.

The liver-type PFK2/FBPase-2 isoform is regulated by gluca-
gon and insulin through phosphorylation and dephosphory-
lation via cAMP, whereas the brain isoenzyme, which is
expressed in pancreatic beta cells (53), is not regulated through
this mechanism. The activation of glucokinase through binding
of the FBPase-2 domain is antagonized in the liver by cAMP and
mediated through a regulatory site for phosphorylation by a
cAMP-dependent protein kinase (45), whereas this interaction
is glucose-regulated in pancreatic beta cells (59).

In the liver, where these phosphatases are activated during
starvation through phosphorylation via a cAMP-mediated
mechanism involving the action of glucagon, they provide Glc-
6-P for gluconeogenesis by glucose-6-phosphatase (60), allow-
ing glucose neoformation during periods of food deprivation.
As pancreatic beta cells do not express glucose-6-phosphatase
(61), gluconeogenesis is not functional in this cell type.

Role of the Enzyme FBPase-2 as a Glucokinase Activator
Protein—High glucokinase activity is important for postpran-
dial glucose phosphorylation and metabolic signal generation
in glucose-induced insulin secretion in beta cells, as well as for
the storage of glucose as glycogen in the liver. The activation of
glucokinase in the cytosol is achieved by its interaction with the
endogenous glucokinase activator, the bisphosphatase domain
of the bifunctional enzyme PFK2/FBPase-2 (53).

Interestingly, the identification of PFK2/FBPase-2 as an
endogenous activator of pancreatic beta cell glucokinase and
liver glucokinase (53, 62) represents a novel aspect of the regu-
lation of glycolysis, as other glycolytic activators are typically
small molecule fructose esters and small molecules in nature.
The enzyme acts as a glucokinase activator via its FBPase-2
domain binding to the glucokinase protein (53).

Thus, PFK2/FBPase-2 has a dual function. Although the pri-
mary function of PFK2/FBPase-2 is enzymatic, generating the
allosteric regulator of glycolysis, Fru-2,6-P2 (63– 65), the
FBPase-2 domain of the protein is at the same time the strong-
est activator of glucokinase and hence a direct regulator of gly-
colytic flux. This is in contrast to the inhibition of glucokinase
by GRP in the liver (41, 43) and proteins with a ubiquitin-bind-

ing domain in pancreatic beta cells (51, 52). These latter pro-
teins do not affect glycolytic flux in such a dual fashion.

Importance of the Fru-6-P-phosphorylating Enzymes PFK1
and PFK2 in Pulsatile Glycolytic Flux—PFK1, the generator of
Fru-1,6-P2, is endowed with threshold properties as a glycolytic
oscillator through autocatalytic feedback of Fru-1,6-P2 and
through activation of PFK1 by its substrate and subsequent
depletion of its product (66). PFK1 is the established mediator
of slow glycolytic oscillations (67). This is why only glucose,
which generates a glucokinase-mediated metabolic flux
through glycolysis, induces slow oscillations of [Ca2�]i; this is in
contrast to insulin secretory substrates that enter glycolysis
below PFK1 (67, 68). PFK2, the generator of Fru-2,6-P2, modu-
lates the frequency of and modifies the threshold for glycolytic
oscillations by lowering the PFK1 threshold and increasing the
activity of PFK1, thereby generating metabolic oscillations as
documented by oscillations of [Ca2�]i as a surrogate of pulsatile
insulin release. Due to these oscillations, flux through glycolysis
is self-regulatory, preventing overshooting deviations of flux
rate from the mean. The two PFK isoenzymes generate and
modulate glycolytic oscillations in the tissues irrespective of the
expression of the low affinity phosphorylating enzyme glucoki-
nase (58, 69). An interaction with glucokinase is not the primary
determinant of these metabolic oscillations (69). These isoen-
zymes also determine the oscillatory behavior of pancreatic
islet function and account for pulsatile physiological insulin
secretion (66, 67).

Glucokinase phosphorylates glucose in the physiological
millimolar concentration range and is thus the primary deter-
minant for the magnitude of the glycolytic flux rate. Glycolytic
oscillations are observed only at intermediate glucose concen-
trations, in the range of the Km of the glucokinase enzyme. They
go along with an intermediate glycolytic flux rate and keep the
system ready for a switch to a lower or higher flux. These are
also glucose concentrations that prevail postprandially in
healthy humans. As has been annotated earlier (70), at the very
low glucose concentrations that are present after prolonged
fasting, as well as at the very high glucose concentrations that
prevail in the prediabetic and diabetic states, glycolytic oscilla-
tions are not present.

Conclusion

Whereas glycolysis research in the first decades of the twen-
tieth century was devoted to the elucidation of intermediates
and enzymes in the pathway, research in the last decades has
sought to identify crucial regulatory components of the path-
way. This research allowed the definition of a regulatory unit in
the glycolytic pathway that comprises the two fructose steps, in
which a variety of regulatory molecules are generated (Fig. 1).
The phosphofructokinase-mediated enzymatic steps confer the
pulsatile nature to glycolytic flux and physiological insulin
secretion, whereas the fructose (bis)phosphate esters confer the
potential to regulate metabolic flux through glycolysis. With its
bisphosphatase domain, PFK2/FBPase-2 is the endogenous
activator of glucokinase. It endows the glucokinase-expressing
tissues with the ability to activate glucokinase in the postpran-
dial phase after a starvation period and fulfill its task as a signal-
ing enzyme after carbohydrate ingestion, inducing glycogen
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storage in the liver and glucose-induced insulin secretion from
pancreatic beta cells. Thus, although glucose phosphorylation
by hexokinase and in particular glucokinase initiates glycolytic
flux, the PFK/FBPase isoenzymes and their (bis)phosphate
ester products are the crucial regulatory molecules that control
metabolic flux through glycolysis.
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Intein-mediated protein splicing raises questions and creates
opportunities in many scientific areas. Evolutionary biologists
question whether inteins are primordial enzymes or simply self-
ish elements, whereas biochemists seek to understand how
inteins work. Synthetic chemists exploit inteins in the semisyn-
thesis of proteins with or without nonribosomal modifications,
whereas biotechnologists use modified inteins in an ever
increasing variety of applications. The four minireviews in this
series explore these themes. The first minireview focuses on the
evolution and biological function of inteins, whereas the second
describes the mechanisms that underlie the remarkable ability
of inteins to perform complex sets of choreographed enzymatic
reactions. The third explores the relationship between the three-
dimensional structure and dynamics of inteins and their biochem-
ical capabilities. The fourth describes intein applications that have
moved beyond simple technology development to utilizing inteins
in more sophisticated applications, such as biosensors for identify-
ing ligands of human hormone receptors or improved methods of
biofuel and plant-based sugar production.

Inteins are proteins that have the remarkable ability both
to excise themselves from precursor proteins and to ligate
their flanking polypeptides to yield a mature host protein
(extein) and a stable intein. They have captured the attention
of diverse groups of scientists who wonder how they work,
where they came from, and how they can be used. Although
progress has occurred in each of these areas, there is still
much to be learned.

Intein evolution, biological distribution, and biological func-
tion are the themes of the first minireview by Novikova et al. (1).
Inteins share a structural fold with the essential metazoan
Hedgehog signaling protein autoprocessing domain, suggest-
ing that inteins evolved from ancient proteins that predate the
separation of prokaryotes and eukaryotes (2, 3). Many modern
intein genes are mobile genetic elements encoding intein pro-
teins with a homing endonuclease domain that is able cleave
DNA at the site at which the intein coding sequence is inserted.
The location of inteins within conserved extein motifs has
helped to ensure their survival because imprecise intein dele-
tions would inactivate the extein protein and reduce the viabil-
ity of the host. It also enhances horizontal transfer by decreas-
ing DNA sequence variability at the homing endonuclease
recognition site. Although modern mobile intein genes repre-

sent selfish DNA, Novikova et al. suggest that conditional pro-
tein splicing may occur in natural systems and that the role of
inteins in present day organisms may be to regulate protein
function. The search for an example of naturally controlled
splicing in a native organism is ongoing.

Although the basic class 1 intein splicing pathway was deter-
mined 20 years ago, the details of the splicing mechanism are
just beginning to be elucidated. Inteins are single turnover
enzymes that use all of the strategies that enzymes can muster
to achieve catalysis under physiological conditions in a reason-
able time frame. The second minireview in this series, by Mills
et al. (4), focuses on the rich variety of splicing mechanisms that
utilize different combinations of amino acids in the catalytic
mechanism of each different intein. Many aspects of splicing have
been identified through a combination of mutation, comparative
sequence analysis, structural approaches, and molecular dynamics
simulations. However, major mechanistic questions remain,
including control of the steps in the splicing reaction, the effects of
exteins, and the full repertoire of strategies that diverse inteins use
to achieve catalysis. Finally, the question of whether insights
gained from studying one intein can be applied to all inteins or only
to inteins with a similar set of nucleophiles and assisting amino
acids remains to be determined.

The third minireview in this series, by Eryilmaz et al. (3),
explores the mechanism of protein splicing from a structural
and molecular dynamics perspective and reports that, in
native systems studied to date, splicing appears to occur as soon as
the intein folds. This minireview also discusses the theme of trans-
splicing with split precursors and its implications for nucleation of
folding in all inteins. It further examines the possibility that inteins
can mediate domain shuffling by trans-splicing, a possibility that
would promote evolution while maintaining the genome.

The last minireview in this series, by Wood and Camarero
(5), describes a very full intein toolbox. Early uses of inteins
include protein purification and the ability to generate a C-ter-
minal thioester on a target protein to serve as a building block
for various tagging, binding, and semisynthetic applications.
Intein technology has moved past these initial applications into
more complex second-generation applications, such as intein-
based biosensors, redox state detectors, conditional protein
activation, gene delivery components, and control of transgene
function. Applications discussed in this minireview include
intein biosensors that have been developed to detect ligands of
human hormone receptors and the use of inteins to prevent the
transmission of transgenes from genetically modified organ-
isms. A third area of intensive study is conditional protein splic-
ing. For example, temperature-dependent splicing was used to
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regulate a xylanase introduced into corn so that it is inactive
until post-harvesting heat treatment induces splicing, which
in turn activates it and enables “self-processing” of the cel-
lulosic biomass.

Collectively, these minireviews summarize our current
understanding of protein splicing, the questions yet to be
answered, and the potential of intein applications. Intein mech-
anisms provide insight into how enzymes adapt to mutations in
a system that is more amenable to change because rapid turn-
over and substrate binding are not limiting. Recent advances in
the diversity and relevance of intein applications reflect a mat-
uration of their potential as tools for modifying, synthesizing,
and controlling protein function.
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Inteins are mobile genetic elements capable of self-splicing
post-translationally. They exist in all three domains of life
including in viruses and bacteriophage, where they have a spo-
radic distribution even among very closely related species. In
this review, we address this anomalous distribution from the
point of view of the evolution of the host species as well as the
intrinsic features of the inteins that contribute to their genetic
mobility. We also discuss the incidence of inteins in functionally
important sites of their host proteins. Finally, we describe
instances of conditional protein splicing. These latter observa-
tions lead us to the hypothesis that some inteins have adapted to
become sensors that play regulatory roles within their host pro-
tein, to the advantage of the organism in which they reside.

Protein Splicing

Protein splicing is a naturally occurring biochemical process
that mediates the post-translational conversion of a precursor
polypeptide into a mature and functional protein through the
removal of an internal protein element, called an intein (Fig.
1A). The process is analogous to intron splicing at the RNA
level. The protein splicing mechanism involves a series of auto-
catalytic peptide bond rearrangements, where the intein excises
itself from the precursor polypeptide with concurrent ligation
of the flanking sequences, called exteins (N- or C-exteins rela-
tive to the position of intein) (for review, see Refs. 1–3). As a
result of this process, two proteins are produced from a single
polypeptide product. The term intein refers to both the genetic
element in the DNA or RNA and the protein splicing entity.

Most inteins are expressed within a single polypeptide chain
(cis-splicing inteins), but some are split into two polypeptides
each containing one extein and an intein fragment (trans-splic-
ing inteins) (4, 5). In the case of split inteins, reassociation of the
fragments at a zipper-like interface (6) precedes protein splic-
ing (Fig. 1B). Both cis-splicing and trans-splicing inteins are
frequently utilized in various biotechnological applications
including protein purification, modification, labeling, and post-
translational control of expressed proteins (reviewed in Refs. 7
and 8). The cis-splicing inteins often contain a distinct homing

endonuclease (HEN)2 domain (9). HEN-containing inteins are
naturally occurring mobile genetic elements. The presence of a
HEN provides inteins the ability to transfer their coding ele-
ments into homologous alleles at homing sites that lack the
intein sequence (Fig. 1D). This HEN-mediated homing process
can result in horizontal gene transfer (HGT) of inteins, by inva-
sion of diverse species, followed by vertical transmission of
inteins (10, 11). Moreover, HEN-containing inteins are in-
volved in a so-called “homing cycle” that includes two opposing
processes, precise intein loss and reinvasion of a newly formed
vacant homing site. It is believed that the homing cycle allows
the HEN to avoid fixation and functional decay in one locus
(12).

Sporadic Distribution of Inteins Relative to the
Evolutionary History of Their Host

An intein was initially found in the yeast genome, in the vac-
uolar ATP synthase catalytic subunit A (VMA) (13, 14). Since
then, inteins have been identified in all three domains of life, but
none have been discovered in the nuclear genome of a multi-
cellular organism. Notably, the distribution of inteins in differ-
ent phyla and even among closely related species is sporadic
(15, 16). To examine intein distribution, one can survey the
intein database, InBase (16), for inteins across the tree of life,
including viruses and bacteriophage. To more adequately sam-
ple intein occurrence, we also mined inteins from the National
Center for Biotechnology Information (NCBI) Gene database
(www.ncbi.nlm.nih.gov/gene). Based on the data from the
NCBI, we performed a rough assessment of the number of
putative intein sequences in sequenced genomes. Addition-
ally, we searched for inteins in Eubacteria and Archaea by
filtering the Gene database (Fig. 2; the complete analysis will
be published elsewhere). A summary of the intein distribu-
tion derived from these databases throughout the tree of life
appears in Fig. 2.

InBase content has some bias in the dataset when compared
with the NCBI Gene database because InBase was generated by
submissions from individual investigators. There are phyla that
are either absent from or underrepresented in InBase (e.g. Spi-
rochaete and Firmicutes), and there are significantly more
putative inteins available in the NCBI Gene database than there
were submitted into InBase. However, there are many parallels
between the two databases, and for both there is clearly a spo-
radic pattern in intein distribution. The uneven nature of intein
occurrence suggests biased intein acquisition, maintenance,
and/or loss (Fig. 2).

Intein Flux

Although the dramatic variation in intein occurrence, even
among closely related species, suggests that host genomes as a
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whole and inteins in particular are in flux, fully explaining this
phenomenon remains a challenge in evolutionary biology.
There are several potential interdependent factors contributing
to the observed pattern of intein distribution that should be
considered. Undoubtedly, the diverse evolutionary histories of
the host genomes contributed to the heterogeneity of inteins at
all scales (17, 18). Changes in genome size and frequent HGT
should be weighed against gene-specific intein acquisition or

loss resulting in the observed intein distribution. Usually, it is
assumed that inteins are not under strong selective pressure,
either negative or positive, because they splice out efficiently,
producing fully functional host proteins. The only evolutionary
pressure that is routinely attributed as acting on the inteins is
selection for efficient protein splicing (10, 11). However, a num-
ber of the genome-reshaping processes might directly affect
intein distribution.
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Genome streamlining, the selective elimination of unneces-
sary DNA to decrease the metabolic burden on DNA replica-
tion, was proposed as a mechanism for genome reduction in
free-living species with very large successful populations (19 –
21). In contrast, parasitic and symbiotic organisms undergo sig-
nificant genome size reduction due to relaxation of positive
selection, a bias favoring deletions over insertions, and pseu-

dogenization (22–27). Both genome streamlining and adapta-
tion to a symbiotic/parasitic lifestyle would result in intein loss.
HGT (not associated with HEN activity and intein mobility), on
the other hand, would aid the dissemination of inteins between
distantly related species or even across the domains of life. HGT
is common among Archaea and Bacteria and is believed to be
the essential mechanism for the attainment of genetic diversity
(28). Among the most prominent examples of massive and
recurrent HGT is the dissemination of antibiotic resistance
genes among bacterial pathogens (29 –31).

HGT is also an important mechanism in eukaryotic
genome evolution, particularly in unicellular organisms (32–
35). More and more candidates for horizontally transferred
genes are being identified: from Eubacteria to Eukaryota (33);
from Eubacteria to Archaea (36); and among Eukaryota (34).
Inteins might hitchhike as fragments of the horizontally trans-
ferred genes, gene clusters, genome fragments, or even whole
chromosomes.

Viruses and bacteriophage represent ideal HGT vectors for
intein dissemination (18, 37–39). They can carry intein
sequences across cell boundaries as part of their own genomes
or transfer cellular genes they acquired as a result of rampant
recombination (37). There are many examples of viral and bac-
teriophage intein-bearing genomes. Among them is a giant
virus from a major marine microflagellate grazer Cafeteria
roenbergensis, a Mimivirus (40), a virus infecting disparate algae
Heterosigma akashiwo (18), and Chrysochromulina ericina
(41). There are also inteins in invertebrate-infecting Iridoviri-
dae (42, 43), in the Chlorella virus NY-2A (44), and in cocco-
lithoviruses infecting Emiliania huxleyi (45). Intein-containing
haloviruses were described recently in metatranscriptomic
analysis of the hypersaline community (46). Bacteriophage that
carry inteins are also prevalent and were reported for Bacillus
(47, 48), Mycobacteria (49), and Caulobacter (50), among oth-
ers (16, 51–53).

Distribution of Inteins Is Biased toward Specific Proteins

Although inteins occur in proteins with diverse functions,
there is a bias for inteins to insert into proteins involved in DNA
metabolism, such as polymerases (Pols), helicases, topoisomer-
ases (TOPOs), and ribonucleotide reductases (RNRs) (Table 1;
Fig. 3A) (16). Out of 545 inteins reported in InBase, 266 occur
either in polymerases, such as PolA, PolB, PolC, DnaE, and
RPB1, or in helicases including replicative helicases, DnaB (bac-
terial), and MCM/Cdc21 (archaeal) (Table 1). A search of the
NCBI Protein database revealed that �27% of proteins with
inteins across all groups corresponded to DNA metabolism
proteins with the highest fraction in Archaea (�50% of all puta-
tive intein-containing proteins) and lowest in Eukaryota (only
�3%; Fig. 3A). The discrepancy between the fractions of intein-
containing DNA-related proteins in the two databases is again
attributable to different data submission criteria, but in both
cases, the preponderance of inteins in DNA metabolism pro-
teins is striking.

Several hypotheses have been proposed for the biased inser-
tion of inteins into these proteins. First, because the intein HEN
is produced simultaneously with its host protein, a possible
advantage for an intein could be to ensure its own presence at
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times of DNA replication and repair. Because intein homing
requires the host replication and repair machinery, it is efficient
for the intein to be produced in concert with these replication
and repair proteins. A second hypothesis suggests that mobility
during replication and repair decreases selection against the
intein. Indeed, the result of nonspecific activity of the intein
HEN can be efficiently repaired during this period, reducing the
risk of intein propagation (54). Finally, Pols, helicases, and
TOPOs are frequently found in viral genomes (roughly 18% of
the total viral proteome available at NCBI) (37). Viruses are
efficient vectors for HGT (55–57) and, thus, they might facili-
tate spreading of inteins across species boundaries (18, 37–39).

Inteins Tend to Be Located at Protein Active Sites

Inteins often occur at sites critical to the function of the pro-
teins, such as catalytic centers and key binding surfaces. Inter-
estingly, a conserved motif containing the Walker A box (58) in
a phosphate-binding loop called the P-loop is a hot-spot for
intein invasion in some of these proteins. For example, of 33
species/strains with inteins that we found for recombinase
RadA/RecA proteins, 12 had insertions in the P-loop, which has
been identified in many ATP- and GTP-binding proteins (59)
(Fig. 3B). Additionally, P-loop insertions in DnaB and MCM/
Cdc21 helicases were found in 47 and 51 species/strains,
respectively (Fig. 3B). Although other helicases also had intein
insertions in the P-loop, this is not the case for the P-loops of
Pols (Table 1) (16). Nevertheless, in line with inteins localizing
to the conserved domains that are functionally important,
inteins are inserted into either catalytic or ligand-binding sites
of RNR, archaeal mini-chromosome maintenance protein
(MCM) helicases and archaeal replication factor C (RFC),
archaeal/eukaryotic VMA, and eukaryotic RNA polymerases
(11, 60, 61).

The rationale behind the localization of inteins to the most
critical domains of proteins is still a matter of debate, and might
reflect differential targeting, maintenance, or loss. First, target-
ing of conserved sites might be explained by the specificity of
intein HENs. Conserved amino acid residues within function-
ally important protein motifs limit the range of nucleotide sub-

stitutions that can be tolerated at such sites. Thus, the chance to
lose the site recognized by the HEN is lower at active centers in
comparison with other regions in the protein. Second, purifying
selection, which plays an important role in maintaining the long
term stability of biological systems by removing deleterious
mutations, will preserve the functionally important motifs,
facilitating intein invasion into that site by HGT across a wide
range of species. Third, inteins could insert themselves into
diverse sites throughout a genome, but only insertions at spe-
cific sites might become fixed in the population. The retention
of inteins in conserved protein motifs would likely be due to the
low rate of intein loss through excision. The removal of the
intein, if not precise, would disrupt protein function and there-
fore would be deleterious (11, 60). If the intein were precisely
excised from the genome, this new viable intein-less variant
would likely be reinvaded if the intein contained an active HEN
as a result of the homing cycle (12). A similar argument has
been posited for retention of self-splicing introns in function-
ally important motifs (62, 63).

Finally, the presence of inteins in particular conserved motifs
might be explained by an adaptive role of inteins. Mobile ele-
ments in general have been shown to evolve diverse roles (64 –
66). The vast knowledge that has accumulated about genome
organization and gene expression during the last two decades
has led to a paradigm shift from seeing mobile elements as
solely parasitic entities to understanding their dynamic role in
evolution of species (66). Despite their importance in biotech-
nology, inteins remain among the least studied mobile elements
in terms of their possible function(s) (67). Nevertheless, the
data available, especially on conditional protein splicing, sug-
gest that inteins might be involved in regulation of function of
the host protein.

Conditional Protein Splicing and Splicing Regulation

Both native and artificially designed inteins can undergo con-
ditional protein splicing (CPS). CPS depends on the presence of
a particular trigger, such as a change in redox state, tempera-
ture, small molecules, or light, as has been recently reviewed
(7, 8). The existence of stimulus-dependent inteins suggests

TABLE 1
Some of the most common proteins with intein insertions

Protein (P-loop insertion: �/�) Function, process Intein distribution

Helicase (DnaB) (�) Replicative DNA helicase, DNA replication Eubacteria
Mini-chromosome maintenance protein (MCM)/cell division

control protein (Cdc21) (�)
Replicative DNA helicase, DNA replication Archaea

Replication factor C (RFC) (�) DNA clamp loader, DNA replication Archaea
Recombinase (RecA/RadA) (�) Recombinase, DNA repair Eubacteria; Archaea
SF2 helicase (SWI/SNF2/Rad54) (�) DNA helicase, DNA repair Eubacteria
SF1 ATP-dependent DNA helicase (UvrD/Rep/PcrA) (�) DNA helicase, DNA repair Eubacteria
Catalytic � subunit of DNA polymerase III (DnaE) (�) DNA polymerase subunit, DNA replication Eubacteria
Subunit �/� of DNA polymerase III (DnaZX) (�) DNA polymerase subunit, DNA replication Eubacteria
DNA polymerase I (PolB) (�) DNA polymerase, DNA replication Archaea
DNA polymerase II, large subunit DP2 (PolC) (�) DNA polymerase subunit, DNA replication Archaea
Topoisomerase II – DNA gyrase, subunit B (GyrB) (�) Topoisomerase, DNA replication Eubacteria; Archaea;

Bacteriophage
Bacterial DNA polymerase I (PolA) (�) DNA polymerase, DNA repair Eubacteria
Bacterial DNA polymerase II (PolB) (�) DNA polymerase, DNA repair Eubacteria
SF6 Holliday junction ATP-dependent DNA helicase (RuvB) (�) DNA helicase, DNA repair Eubacteria
Phage terminase, large subunit (�) Terminase, DNA packaging Bacteriophage
Ribonucleoside diphosphate reductase (RNR) (�) Ribonucleoside diphosphate reductase,

DNA synthesis
Eubacteria; Archaea

Vacuolar ATP synthase catalytic subunit A (VMA) (�) Vacuolar H�-pump ATPase Eukaryota; Archaea
Pre-mRNA-processing-splicing factor (PRP8) (�) Spliceosome factor, splicing Eukaryota
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the possibility that some inteins may adapt to their intracellu-
lar niche by becoming post-translational regulatory elements
that modulate protein splicing in accord with environmental
conditions.

An example of such regulated protein splicing is provided by
formation a disulfide bond by cysteine residues involved in the
splicing mechanism, thereby trapping the intein inside a pre-
cursor protein depending on the redox state. Several inteins
were artificially designed where disulfide bond formation con-
trols premature cleavage or splicing reactions (68 –70) (Fig.
1C). One of these designs inspired a search for physiologically
relevant regulation of protein splicing by a disulfide bond. After
determining by mutational analysis that cysteine at the �3

position of the upstream extein can trap the catalytic cysteine
(Cys1) at the beginning of the cyanobacterial Ssp DnaE intein
(68, 71), data mining revealed several native inteins with cys-
teine at the �3 position. Examples include the MoaA precursor
protein from the thermophilic archaeon Pyrococcus abyssi, a
radical S-adenosylmethionine domain protein of sulfate-reduc-
ing archaeon Archaeoglobus profundus,and the pyruvate-for-
mate lyase-activating enzyme (PFL-AE) from an uncultured
archaeon GZfos13E1 (68).

Strikingly, all three of the above mentioned proteins are pre-
dicted to catalyze redox chemistry, and each of the three inteins
resides in a conserved CysXXXCysXXCys motif (where X is any
amino acid residue). In all cases, the last Cys of the CysXXX-

= total proteins with inteins14389

3848

VIRUSES PHAGE/EUBACTERIA ARCHAEA EUKARYOTA

27%

1856

313

8853

2531

1887

945

1793

59
3%50%29% 17%

410 2

12

GEFGSGKTQLAH

P-LOOP

R A/R AAD EC RECOMBINASE

G xGxGK(T/S)xxxx

D BNA HELICASE GRPGMGKT
TLALS

52

MCM HELICASE GDPGTGK QMLS S

214 2717

RFC (DNA )CLAMP LOADER GPPGVGK TAAT L
5110

8

47

51

28

number of intein
insertions in P-loop=

= other inteins

A

B

522

7626161259

= DNA metabolism proteins with inteins

= proteins with P-loop insertion

FIGURE 3. Distribution of inteins in proteome. A, intein concentration in proteins of DNA metabolism. Inteins tend to invade Pols, helicases (HELICs), TOPOs,
and RNRs. Inteins occur in 27% of Pols, HELICs, TOPOs, and RNRs. The fraction of the inteins found in these proteins is shown for the three domains of life and
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CysXXCys motif is Cys1 of the intein, whereas the central Cys
corresponds to the Cys�3 that forms a disulfide with Cys1 of
the MoaA intein. Although disulfide bond formation and its
regulatory role in the radical S-adenosylmethionine domain
protein and pyruvate formate-lyase-activating enzyme remain
to be elucidated, characterization of the MoaA intein in Esche-
richia coli revealed that the Cys�3-to-Cys1 disulfide bond can
control intein splicing activity depending on the redox state of
the host organism (68).

There are other naturally occurring examples of redox-sen-
sitive inteins. Another P. abyssi intein, the PolII intein, can form
a disulfide bond between Cys1 and the downstream extein
Cys�1 that prevents splicing (72). A second PolII intein, Mma
PolII intein from the methanogenic archaeon Methanoculleus
marisnigri, can form an internal disulfide bond that modulates
splicing activity of the intein depending on the redox state of
E. coli or localization to the periplasm or cytoplasm (73).

Protein splicing can also be modulated by temperature. This
regulation may have physiological relevance, as it was demon-
strated that the activity of various inteins from extreme ther-
mophiles depends on temperature (74 – 81). In addition to
native temperature-dependent inteins, several temperature-
sensitive inteins were developed to regulate gene expression
using the yeast Sce VMA intein (82, 83). Additionally, some
inteins have a modest pH dependence with a preference for low
pH, which can be amplified by mutation (84). Although the
natural importance of low pH preference for splicing is not yet
known, it should be noted that the modulation of the Mtu RecA
intein splicing by pH occurs precisely over the range of internal
pH (pH 6 – 8) maintained by Mycobacterium smegmatis and
Mycobacterium bovis BCG exposed to high acidity (85).

However, other inteins have been engineered to splice con-
ditionally, and these are worth brief consideration because they
may foreshadow the discovery of a similar innate control of
splicing. For example, the activity of a trans-splicing intein (Fig.
1B) has been manipulated to depend on the presence of the
small molecule, rapamycin, that induces intein reassociation
and splicing (86, 87). Another way to control the intein relies on
the substitution of the HEN domain by a receptor and utiliza-
tion of a receptor-ligand binding event to trigger splicing.
Examples include estrogen (88 –90) and thyroid hormone (89,
91) with their respective receptors, and peroxisome prolifera-
tor-activated receptor (92). Although the development of these
inteins involves a directed evolution step to tune the intein
response to the ligand, the regulation of intein splicing implies
some cross-talk between the catalytic center of the intein and
extraneous peptide fusions to the intein.

The existence of both native and synthetic CPS anticipates
more examples of regulated protein splicing in vivo with the
appearance of a functional protein dependent on a specific
environmental stimulus. The naturally occurring inteins are
thought to have undergone evolution from invasive parasites to
persistent mutualists that provide adaptive post-translational
regulatory advantage to the host for survival under specific cel-
lular and environmental circumstances. We thus anticipate
more examples of CPS of inteins that respond to varied envi-
ronmental cues in their natural host.

Conclusions

Intein occurrence is sporadic among related species. Inteins
frequently reside in proteins involved in DNA metabolism,
particularly in their active centers. Consideration of the innate
invasiveness of inteins, evolutionary history of intein-contain-
ing species, as well as the nature of their protein hosts is nec-
essary for a deeper understanding of intein dynamics and dis-
tribution. Although the loss of inteins is likely to be the
consequence of genome size reduction in many species, the
recurrent invasion of inteins is possible largely due to their
intrinsic features as mobile elements and their ability to spread
vertically and horizontally among species. An understanding of
the evolution and distribution of inteins will shine light on the
possible functionality of inteins as unique regulatory elements.
Moreover, further studies of inteins could benefit if these
genetic elements were viewed as the part of a complex system
involving the nature of the split protein, the intein insertion
site, the host species, and its environment.
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Inteins are nature’s escape artists; they facilitate their excision
from flanking polypeptides (exteins) concomitant with extein
ligation to produce a mature host protein. Splicing requires
sequential nucleophilic displacement reactions catalyzed by
strategies similar to proteases and asparagine lyases. Inteins
require precise reaction coordination rather than rapid turn-
over or tight substrate binding because they are single turnover
enzymes with covalently linked substrates. This has allowed
inteins to explore alternative mechanisms with different steps
or to use different methods for activation and coordination of
the steps. Pressing issues include understanding the underlying
details of catalysis and how the splicing steps are controlled.

The first intein sequence was published 25 years ago (1). In
those early days of gene analysis, it was hard to decipher why the
Saccharomyces cerevisiae Sce VMA1 vacuolar ATPase gene was
so large. Two years later two groups showed that a section of the
VMA1 gene was absent in the mature ATPase (2, 3). They chal-
lenged existing fundamental beliefs about gene expression by
predicting that an internal section of this protein was removed
by protein splicing instead of RNA splicing and that a single
gene encoded two stable proteins: the host protein (extein) and
the intervening protein (intein) (4). All attempts to demon-
strate RNA splicing failed. In vivo time courses suggested pro-
tein splicing (5, 6), which was definitively established as a new
method of gene expression when the elusive precursor protein
was isolated by cloning a Pyrococcus species DNA polymerase
intein between two unrelated proteins, resulting in tempera-
ture-dependent splicing (7). This first example of in vitro splic-
ing revealed important mechanistic insights: splicing occurs
when the intein and the first C-extein residue are embedded in
a heterologous host protein, inefficient splicing can result in
off-pathway single splice site cleavage (Fig. 1), splicing can be
controlled, and splicing proceeds through a slowly migrating
branched intermediate with two N termini.

We consider inteins to be single turnover enzymes because
they use the same strategies as classical enzymes to perform

catalysis (8). Splicing occurs in the absence of any known cofac-
tor, chaperone, or energy source. All that is required is proper
folding of the intein in the precursor to align nucleophilic residues
and residues that assist catalysis (Fig. 2), leading some to call
inteins nature’s escape artists (9). Because inteins utilize groups of
similar nucleophiles, subtle variations in the reactivity of these
amino acids require different sets of assisting residues. As a result,
some residues facilitating catalysis may still be unknown.

There are three classes of inteins based on sequence signa-
tures and splicing mechanisms (10). The standard class 1 intein
splicing mechanism (Fig. 3) consists of 1) an acyl rearrangement
to convert the N-terminal splice site peptide bond from an
amide to a (thio)ester, 2) a transesterification to form a
branched intermediate, 3) Asn cyclization resolving the
branched intermediate by cleaving the C-terminal splice site,
and 4) a second acyl shift to form an amide bond between the
ligated extein segments (5–7, 11–16). Off-pathway cleavage
occurs when coordination of the steps is perturbed by mutation
or by expression between foreign exteins (Fig. 1). This may
result from an increase in the cleavage rate at that splice site, a
decrease in the reaction rate of another step, or interference
with a mechanism-linked conformational change required to
promote a downstream step.

As the number of sequenced inteins increased, sequence
alignments revealed four splicing motifs termed blocks A, B, F,
and G (Fig. 2) (17–20). Although not conserved in their
entirety, several positions in each motif contain highly con-
served groups of similar amino acids. The nucleophiles for each
step are: Cys1 or Ser1 in step 1; Cys�1, Ser�1, or Thr�1 in steps
2 and 4; and the intein C-terminal AsnG:7 in step 3 (see Fig. 2 for
residue nomenclature). Known assisting residues include posi-
tions 7 and 10 in block B (ThrB:7 and HisB:10), the intein penul-
timate HisG:6, and the less conserved positions 4 and 13 in block
F (Fig. 2). Position F:4 is most commonly Asp, followed by Cys
and then Trp, and F:13 is most commonly His (10, 20).

Inteins come in many flavors. Most inteins are large chimeras
containing both a splicing domain and the same type of endo-
nucleases that mediate intron mobility (Fig. 2) (20 –22). Other
inteins are naturally occurring mini-inteins that are as small as
134 residues and lack an endonuclease domain (20). Studies of
both native and engineered mini-inteins helped define the
intein splicing domain (20, 23–27). Intein genes may also be
split between motifs B and F; however, the expressed precursor
protein fragments rapidly assemble to splice in trans by the
same mechanisms used in cis-splicing inteins (28 –32). Both
naturally occurring and engineered split inteins have found
great utility in biotechnology applications (33). Intein splicing
domains may have been derived from ancient enzymes because
they are small and are closely related by structure, conserved
motifs, and enzymatic activities to Hedgehog autoprocessing
domains, which activate essential signaling proteins for meta-
zoan development (34, 35). Inteins are also related to bacterial
intein-like (BIL)2 domains (36 –39).
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Establishing a universal mechanism for all inteins at the
atomic level is unlikely because the methods used to promote
each rearrangement and the roles played by the assisting resi-
dues vary. Instead, we will discuss both the canonical and the
alternative protein splicing mechanisms, and general strategies
for catalysis and coordination of the steps. Detailed mechanism
reviews are available (8, 9, 40), and intein structure, molecular

dynamics, evolution, and applications are covered in compan-
ion reviews in this series (21, 33, 41).

The Class 1 Splicing Mechanism: Step 1

Conversion of amide bonds to enzyme-linked thioesters or
esters, as in step 1 of protein splicing, is a common method of
catalysis used by proteases and autoprocessing enzymes includ-
ing glycosyltransferases and pyruvoyl enzymes (8, 9, 40).
Although protein splicing employs a series of bond rearrange-
ments rather than the bond cleavage facilitated by proteases,
inteins use similar strategies to destabilize the peptide bond to
favor (thio)ester formation, including catalytic bond strain,
general acid/base catalysis, and an oxyanion hole to stabilize the
tetrahedral intermediate.

Most residues involved in catalysis assemble near the center
of the disk-shaped HINT (Hedgehog-intein) fold of the intein
splicing domain (34). For example, residues near the N-termi-
nal scissile bond include ThrB:7 and HisB:10 in a type I �-turn
and AspF:4 in a �-strand. Experimental data show that ThrB:7,
HisB:10, and residue F:4 affect N-terminal splice site reactions,
as do flanking extein residues (13, 14, 20, 42–51). HisB:10 is the
most conserved intein residue (20). Of the two inteins without
HisB:10, one is a degraded pseudogene (52), and the other (the
Thermococcus kodakaraensis Tko CDC21-1 intein) uses Lys58

to activate the N-terminal splice site by possibly stabilizing the
initial N–S acyl shift tetrahedral intermediate (53). Lys58 lies
outside the conserved intein motifs (53) and is one residue
beyond a newly identified position (22 residues past HisB:10)
that potentially activates the N-terminal nucleophile (40).
N-extein residues were shown to influence the equilibrium
position between amide and ester in the Sce VMA intein (44)
and to affect N-terminal reactions by van der Waals contacts
with Pyrococcus horikoshii Pho RadA intein residues (46). The
Nostoc punctiforme Npu DnaE intein �2 C-extein residue also
affects splicing, possibly by filling space at the active site to
optimally align catalytic residues (48, 49).

Some inteins distort the N-terminal scissile bond generating
catalytic strain to accelerate step 1. Adjacent extein residues
and block B residues help form this strained local conforma-
tion, as evidenced by both structural and biochemical stud-
ies. A crystal structure of the Sce VMA intein displays bond
angle distortions near the N-terminal splice junction (54).
The Mycobacterium xenopi Mxe GyrA intein crystal struc-
ture has a cis-peptide bond linking the N-extein and intein,
and NMR data suggest a lack of amide bond resonance that is
resolved when HisB:10 is mutated (42, 55). HisB:10 is in hydro-
gen bond distance to the amide nitrogen of the N-terminal
scissile bond in several inteins, suggesting that it plays a role
in coordinating the scissile bond (54 –57). A similar role was
observed for ThrB:7 in a Synechocystis species Ssp DnaE
intein structure (58).

A second strategy is to accelerate the rate at which the amide-
ester equilibrium is reached by activating the N-terminal
nucleophile via thiol deprotonation (experimentally detected as
a lower pKa), stabilizing the tetrahedral intermediate, and/or
influencing how the tetrahedral intermediate is resolved. Likely
contributors again include ThrB:7, HisB:10, and AspF:4. A close
look at the Mycobacterium tuberculosis Mtu RecA intein pro-

FIGURE 1. Potential intein reactions. Protein splicing results in ligation of
the N-extein (EN) and C-extein (EC), as directed by the intein (I). When inteins
are mutated or inserted in heterologous contexts, off-pathway reactions can
occur resulting in N-terminal, C-terminal, or double cleavage products that
are unable to splice. Off-pathway N-terminal cleavage can occur in both the
linear and the branched (thio)ester intermediates. Off-pathway C-terminal
cleavage occurs when cyclization of the intein C-terminal residue precedes
branch intermediate formation.

FIGURE 2. Precursor domains and conserved motifs. A, a precursor with an
intein containing a homing endonuclease domain (gold) is depicted with
intein splicing domain motifs (red) listed above and conserved residues that
participate in catalysis listed below. Residues in intein motifs are numbered
based on their position within each motif (green) as defined in InBase (20).
Residues specific to class 2 or 3 inteins are in lowercase, and only a subset of
residues found at A:1 is depicted. Motifs A, B, F, and G have also been called
N1, N2, C2, and C1, respectively (17–20). Motifs C, D, E, and H are specific to
certain homing endonucleases and are not shown. To simplify discussion of
inteins in various precursors, residues in each part are numbered independ-
ently. Intein residues are numbered from the N to C terminus beginning with
1. Residues in the N- and C-exteins (blue) are numbered from the splice site
outwards and include a minus sign for N-extein and a plus sign for C-extein
residues. B, folding of the precursor forms the intein active site and initiates
protein splicing. Homing endonuclease domains in larger inteins fold sepa-
rately from the intein and extein domains. Association of extein fragments
can influence precursor folding and active site architecture. X represents an
oxygen or a sulfur atom.
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vides several lines of evidence to support these strategies. NMR
and quantum mechanical/molecular mechanics studies suggest
that HisB:10 may deprotonate the thiol of the N-terminal Cys1 to
drive formation of the tetrahedral intermediate and then
donate the proton to the Cys1 �-amino group to resolve the
tetrahedral intermediate as a thioester (59). These roles are sup-
ported by changes in the pKa of HisB:10 from neutral to acidic
during splicing (60). Similarly, a Mtu RecA intein structure
shows AspF:4 in position to hydrogen bond to the thiol of Cys1

to deprotonate this nucleophile (61). Moreover, the pKa of the
Mtu RecA intein AspF:4 is elevated and the pKa of Cys1 is lower
than normal, but both pKa values return to normal when either
residue is mutated (59). Taken together, these studies support a
proposed proton transfer network in the Mtu RecA intein that
assists deprotonation of the Cys1 nucleophile and the forward
resolution of the tetrahedral intermediate (59 – 61). However,
studies of the Synechocystis sp. PCC6803 Ssp DnaB intein with
an unnatural N-terminal residue indicate that activation of this
nucleophile is not essential for linear thioester formation (62),
emphasizing the unique active sites and catalytic strategies uti-
lized by individual inteins.

The Class 1 Splicing Mechanism: Step 2

The second step has proven the most challenging to study as
it is difficult to isolate branched intermediates. Mutations that
should result in accumulation of branched intermediates often
result in decay to N-terminal cleavage products, especially
when a thioester linkage is present (13). Ester-linked branched
intermediate formation is reversible, which can result in accu-
mulation of precursor rather than intermediate (7). Several
studies suggest that the intein promotes step 2 by controlling
the protonation state of the �1 nucleophile. For example, the
pKa of Cys�1 in the Mtu RecA intein is depressed to 5.8,
increasing its nucleophilicity at physiological conditions (63).
Furthermore, quantum mechanical simulations suggest that
Cys�1 in the Mtu RecA intein may be deprotonated by AspF:4

and that this deprotonation may be driven in part to stabilize
the positive charge on the �-amino group of Cys1 in the linear
thioester intermediate (64). Step 2 is strictly coupled to step 1 in
class 1 inteins, although the exact mechanism has yet to be
determined (13–15, 65). It is possible that linear thioester for-
mation removes elements that are masking the reactive thiol of
the �1 residue or induces a conformational change to align
active site residues for transesterification (see below).

The Class 1 Splicing Mechanism: Step 3

Evidence for the third step of splicing includes loss of C-ter-
minal splice site cleavage after mutation of the intein C-termi-
nal AsnG:7 and the detection of excised inteins with C-terminal
succinimide residues (11–15). The intein must catalyze Asn
cyclization, because in other systems it results in side-chain
deamidation rather than peptide bond cleavage (66), and com-
putational modeling suggests very high energy barriers in non-
catalyzed models of cleavage by Asn cyclization (67).

Several strategies have been proposed for enzymatic activa-
tion of step 3 including three coupled modes of catalysis: 1)
HisF:13 increases the nucleophilicity of the C-terminal AsnG:7

by deprotonation, 2) the tetrahedral intermediate is stabilized
by charged HisF:13 and HisG:6 residues, and 3) the electrophilic-
ity of the backbone amide may be increased by HisG:6 (55, 57,
67– 69). Alternatively, given that C-terminal cleavage is favored
at low pH (65, 70, 71), protonation of the backbone amide nitro-
gen of the scissile peptide bond may have precedence over
deprotonation of the Asn side-chain amide (72). Separate stud-
ies suggest two other modes of catalysis: change in the local
environment near the scissile bond that depends on branched
ester formation (69) and destabilization of the scissile bond by a
polarizable adjacent C-extein residue (73).

HisF:13 and HisG:6 are not required for Asn cyclization in all
inteins (28, 56, 74, 75). Mutation of HisF:13 in a class 2 intein had
no effect (76), and �5% of functional inteins have an alternate
G:6 residue (20, 28, 56, 74, 75). Splicing can be enhanced by
“reverting” back to HisG:6 in some inteins, whereas a HisG:6

actually impairs splicing in other inteins (28, 74, 75, 77). These
differences may reflect different positions along the evolution-
ary path to overcoming loss of HisG:6.

Some inteins lacking AsnG:7 have similar residues (Asp and
Gln) that can undergo cyclization to cleave the C-terminal
splice site (20, 71, 78 – 80). For both the Pyrococcus abyssi and

FIGURE 3. The intein-mediated class 1 protein splicing mechanism. Class 1
inteins with a C-terminal Asn and a Cys, Ser, or Thr at the first position in
both the intein and the C-extein splice using the standard four-step pro-
tein splicing mechanism depicted in this figure. Inteins with C-terminal
Glu, Gln, or Asp use this same mechanism except for Glu, Gln, or Asp
cyclization in step 3, although other mechanisms are possible. Succinim-
ide hydrolysis can also produce iso-Asn. X represents an oxygen or a sulfur
atom. For clarity, tetrahedral intermediates and residues facilitating each
step are omitted. Although the definition of an intein is the excised
sequence (4), for brevity we will include the C-extein nucleophile when
discussing mechanisms.
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the Methanoculleus marisnigri Pol II inteins, splicing with a
C-terminal Gln is slow, but is improved with substitution to
Asn (71, 78, 79). On the other hand, the Chilo iridescent virus
ribonucleotide reductase (CIV RNR) intein can splice with a
native C-terminal Gln more efficiently than with Asn (80). As in
the case of inteins lacking HisG:6, it is likely that these variant
inteins represent different stages in evolving optimal activity
after an initial mutation removed a catalytically important res-
idue. Retaining a slow or inefficient step 3 may not be detrimen-
tal when it does not lead to off-pathway N-terminal cleavage.

The Class 1 Splicing Mechanism: Step 4

Step 4 consists of two finishing steps, neither of which is
necessarily catalyzed by the intein. The intein C-terminal ami-
nosuccinimide is slowly hydrolyzed to Asn or iso-Asn (11–13),
and the (thio)ester linking the extein segments reverts to the
amide. Experiments with model peptides demonstrate that the
rate of conversion from a (thio)ester to an amide is faster than
the overall rate of splicing (81). This final acyl shift is thermo-
dynamically favorable and is not influenced by the presence of
the intein (11, 69).

Variant Splicing Mechanisms: Class 2 Inteins, Class 3
Inteins, and BILs

The robustness of intein-mediated protein splicing is illus-
trated by the array of acceptable modifications to the standard
four-step mechanism. BILs lack the C-extein �1 nucleophile
and are therefore unable to form the block G branched inter-
mediate (36 –38). Both class 2 and class 3 inteins can still splice,
although they lack a Ser1 or Cys1 nucleophile and are thus
unable to form the linear (thio)ester intermediate (Fig. 4).

To date, all class 2 inteins are orthologs of the Methanococcus
jannaschii Mja KlbA intein (20, 77). They all have SerG:6 instead
of the more common HisG:6 and Ala1. Class 2 inteins bypass the
first step of splicing with Cys�1 directly attacking the N-termi-
nal splice site amide bond, resulting in the same block G
branched intermediate as in class 1 inteins. Thereafter, they
follow the standard splicing pathway (76, 77). How class 2
inteins activate the N-terminal splice site for direct attack by
Cys�1 and why class 1 inteins cannot (13–15, 65) remains to be
fully determined. A possible explanation comes from the NMR
structure of the Mja KlbA intein where a slight widening of its
active site as compared with class 1 inteins allows the Cys�1

nucleophile to approach the N-terminal splice site without for-
mation of a linear (thio)ester intermediate (76). The same three
residues (ThrB:7, HisB:10, AspF:4) that activate class 1 N-terminal
splice sites are also required in class 2 inteins (76, 77). Mutation
of HisB:10 and AspF:4 block splicing and drastically reduce both
N-terminal and C-terminal cleavage (76, 77). ThrB:7 and HisB:10

are positioned near the backbone nitrogen of Ala1, and model-
ing of an active conformation showed AspF:4 hydrogen bonding
to the Cys�1 thiol to possibly activate it by deprotonation (76).

Class 3 inteins have a remarkable mechanism that includes
two branched intermediates (Fig. 4) (10, 82, 83). Cys is con-
served at position F:4 in all class 3 inteins. It directly attacks the
N-terminal splice site amide bond, resulting in the N-extein
linked by a thioester to CysF:4, yielding a block F branched inter-
mediate. Next, the N-extein is transferred to the side chain of
Cys�1 to form a standard block G branched intermediate. Tori
et al. (10) hypothesized that the position of CysF:4 in the intein
active site allows it to substitute for the loss of the intein N-ter-
minal nucleophile, in conjunction with two other positions that
are conserved in all class 3 inteins. Monophyletic class 3 inteins
appear to have arisen in a phage gene and spread to helicase
genes in numerous organisms (52, 82). Thus the evidence sug-
gests that both class 2 and class 3 inteins arose from single
events.

There are at least two classes of BILs (38). Type A BILs have
C-terminal His-Asn residues like inteins and can splice,
although cleavage products dominate; type B BILs lack similar-
ity to intein block G and catalyze splice site cleavage reactions
uncoupled to splicing (38). The proposed mechanism for type A
BIL splicing involves formation of a thioester bond at the BIL N
terminus (intein step 1) and cleavage at the BIL C terminus by
Asn cyclization (intein step 3). The free amino group on the
C-terminal fragment attacks the N-terminal thioester bond to
ligate the fragments flanking the BIL (36 –38). The Magnetospi-
rillum magnetotacticum BIL did not splice until Tyr�1 was
mutated to Cys (39), suggesting that it is still tuned to act like an
intein. It is likely that BILs arose in the distant past from
mutated inteins or from a common ancestor of inteins.

Regulation of Splicing by Mechanism-linked
Conformational Changes and Kinetic Rates

Although the basic steps in protein splicing were elucidated
in the 1990s, we still lack a consensus for how they are coordi-
nated. Two basic processes are invoked: 1) conformational
changes triggered by a preceding step result in formation of a
robust active site for the next step and 2) differences in kinetic

FIGURE 4. Variations in splicing mechanisms. Inteins missing the standard
N-terminal nucleophile use various strategies to get to the same block G
branched intermediate formed after step 2 in class 1 inteins. Class 2 inteins
form the block G branched intermediate after direct attack on the amide
bond at the N-terminal splice site by Cys�1. Class 3 inteins first form a block F
branched intermediate with CysF:4 as the branch point and then transfer the
N-extein to the �1 residue to form the block G branched intermediate. Once
the block G branched intermediate is formed, class 2 and class 3 inteins follow
the same steps (3 and 4) to complete splicing as in class 1 inteins. Abbrevia-
tions used are: EN, N-extein; EC, C-extein; I, intein; BI, branched intermediate; X,
an oxygen or a sulfur atom.
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rates for each step ensure correct reaction order. Conforma-
tional changes may be as simple as fixing different rotamer
positions, or they may involve larger movements. Evidence for
conformational control can be inferred from the absolute cou-
pling of N-terminal and C-terminal reactions observed in some
inteins where C-terminal cleavage only occurs if preceding
steps have been completed (14, 59, 69, 84, 85).

The most common argument for larger scale movement in
intein active sites comes from intein structures. Only the Sce
VMA intein (86) and the Pho RadA intein (46) structures have
distances between the C-extein nucleophile and N-terminal
scissile bond that are directly compatible with catalysis (3.8 Å).
This distance is much larger (�8 Å) in all other intein struc-
tures to date and requires a conformational change for catalysis
(41). A conformational shift was also proposed in the class 2
Mja KlbA intein where a rearrangement of SerG:6, AsnG:7, and
Cys�1 (G:8) backbone torsional angles could enable a close
approach of the Cys�1 nucleophile to the N-terminal scissile
bond (76). It remains to be determined why inteins display such
an open active site and whether it represents a true conforma-
tion or an artifact of experimental conditions that prevent splic-
ing, including mutations to active site residues and differences
in extein sequence or length.

Movement of side chains during splicing can coordinate the
reaction by the gain or loss of hydrogen bonds and changes in
van der Waals packing interactions to align catalytic residues.
For example, structures of the Pho RadA intein suggest that
AspF:4 hydrogen-bonds to AsnG:7, preventing Asn cyclization
until branched intermediate formation causes reorientation of
the AspF:4 side chain (46). Another example involves coupling
of N- and C-terminal cleavage in the Ssp DnaE intein, which is
proposed to be due to Tyr�1 preventing proper orientation of
ArgB:11 until formation of the linear and/or branched thioester
intermediate results in movement of the Tyr�1 side chain,
allowing the ArgB:11 side chain to reorient and assist Asn cycli-
zation (87). In the Mxe GyrA intein, NMR data show that chem-
ical or conformational changes in the branched intermediate
stimulates Asn cyclization (69).

Kinetic data can provide further insight into how inteins con-
trol the steps of splicing. Asn cyclization is the slowest step for
most inteins studied to date, including the Pab Pol II intein (71),
the split Ssp DnaE intein (32, 49, 88), and the Mxe GyrA intein
(69). In the Pab Pol II intein, substitution of GlnG:7 with the
more common AsnG:7 accelerated C-terminal cleavage by
20-fold and the overall splicing reaction by 3-fold. The naturally
split Npu and Ssp DnaE inteins have been extensively investi-
gated as model systems for intein kinetics because it is easy to
initiate reactions by mixing fragments (29, 32, 48, 49, 87–90).
Ssp DnaE intein studies demonstrate that association between
the fragments is not rate determining (32). Whereas Asn cycli-
zation is the slow step for the Ssp DnaE intein, all steps occur
with similar rates in the Npu DnaE intein (32, 49). Although the
Ssp DnaE intein splices with overall rates similar to standard
inteins, the Npu DnaE intein splices very rapidly, with a half-life
of 1 min or less (30, 89). Recently discovered split inteins from
metagenomic samples can splice even more rapidly (91).

The class 2 Mja KlbA intein was studied using a semisyn-
thetic intein precursor that could be induced to splice with a

redox switch (92). Branched intermediate formation was com-
parable with the rate of Asn cyclization, and a clear rate-limit-
ing step was not identified.

In all of these inteins, the rates of Asn cyclization are compa-
rable or slower than preceding steps, ensuring that Asn cycliza-
tion will not precede extein ligation, which occurs during
branched intermediate formation. Kinetic control comple-
ments coordination strategies involving conformational
changes. This was shown experimentally in the Mxe GyrA
intein, where the rate of C-terminal cleavage increased 10-fold
when a branched intermediate was present (69).

Conditional Protein Splicing

Inteins have evolved to tightly regulate the steps of splicing.
This is essential as inteins interrupt highly conserved domains
of proteins important to their host organisms, including DNA
polymerases and helicases (93). However, no evidence has been
discovered for a physiologically relevant role for conditional
protein splicing. This suggests that modern inteins are likely
molecular parasites and that efficient, traceless splicing is
essential for their maintenance in the host genome. However,
inteins can be engineered to be sensitive to changes in light, pH,
temperature, or redox state and to be responsive to the addition
of small molecules (33, 94). Even unmodified inteins can be
controlled under specific conditions. For example, inteins from
thermophilic organisms display temperature-dependent splic-
ing in heterologous precursors (7, 78, 95), both cis-splicing and
trans-splicing inteins are sensitive to inhibition by divalent cat-
ions (87, 88, 96 –98), and disulfide bonds involving active site
Cys residues sensitize splicing to cellular oxidation state (79, 99,
100).

Conclusions

Remaining mechanistic challenges include deciphering how
reactions are coordinated and illuminating the diverse ways
that inteins promote catalysis. Going forward, detailed studies
of catalytic mechanisms, intein kinetics, and structures must
occur in the context of native host exteins, which will distin-
guish between physiologically significant observations and
those that may be artifacts of heterologous model systems. Fur-
thermore, detailed studies of multiple inteins will determine
whether catalytic strategies are universal or specific to a subset
of inteins.

The plethora of reactions performed by HINT domain pro-
teins highlights the robust and flexible nature of catalysis when
rapid turnover and substrate binding are not required. This
allows for survival of mutated inteins as long as compensatory
residues are present to permit a low level of splicing and pro-
vides time for the intein to evolve into a more efficient enzyme
by testing new catalytic strategies. Thus the flexibility of inteins,
BILs, and Hedgehog proteins provides a blueprint for modify-
ing enzyme activity by varying nucleophiles and strategies to
activate these nucleophiles.
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Protein splicing is a posttranslational modification where
intervening proteins (inteins) cleave themselves from larger
precursor proteins and ligate their flanking polypeptides
(exteins) through a multistep chemical reaction. First thought to
be an anomaly found in only a few organisms, protein splicing by
inteins has since been observed in microorganisms from all
domains of life. Despite this broad phylogenetic distribution, all
inteins share common structural features such as a horseshoe-
like pseudo two-fold symmetric fold, several canonical sequence
motifs, and similar splicing mechanisms. Intriguingly, the splic-
ing efficiencies and substrate specificity of different inteins vary
considerably, reflecting subtle changes in the chemical mecha-
nism of splicing, linked to their local structure and dynamics. As
intein chemistry has widespread use in protein chemistry,
understanding the structural and dynamical aspects of inteins is
crucial for intein engineering and the improvement of intein-
based technologies.

Protein splicing is a posttranslational modification, a multi-
step autoprocessing event, where intervening proteins (inteins)
self-excise themselves from the precursors followed by the liga-
tion of external proteins (exteins) (1). Once thought anomalies,
inteins have since been found in all domains of life. Beyond
their biological context, inteins are particularly intriguing as
their capacity to process the polypeptide backbone makes them
useful tools for protein engineering. Despite the fact that all
inteins share the same fold and have highly conserved sequence
motifs in their active sites, inteins have surprisingly different
splicing efficiencies, and their extein sequence preferences dif-
fer dramatically. Here, we review studies on intein structure
and dynamics that shed light on their complex conserved fold
and their divergent efficiency and substrate specificity.

The Intein Fold

The conserved horseshoe-like fold of inteins (Fig. 1A) has
been seen in all intein structures solved by NMR and x-ray
crystallography (2–11). The fold comprises primarily �-sheets,

loops, and two short helices and has pseudo two-fold symmetry
(Fig. 1B). Given this symmetry, it has been proposed that this
fold arose due to a gene duplication event of some parent pro-
tein (6). The intein fold has three remarkable features: 1) the
topology is complex, involving multiple passes of the polypep-
tide chain back and forth between the symmetry-related halves
(Fig. 1B); 2) the extein-bearing termini of the intein are brought
in close proximity (�10 Å) for splicing; and 3) multiple pro-
tease-like active sites composed of conserved sequence motifs
are built around these termini to carry out each of the chemical
steps involved in protein splicing. Folding of an intein is cou-
pled to the reaction; the initial structure facilitates the first step
of splicing, and thereafter each splicing step causes local con-
formational changes, affecting the fold of the catalytic appara-
tus and hence affecting the reaction coordinate and shifting the
equilibrium position.

The splicing motifs are found in two splicing regions, the
N-terminal splicing region (N-intein) and C-terminal splicing
region (C-intein) (Fig. 2A). In standard contiguous inteins (cis-
splicing), these two splicing regions are separated by homing
endonuclease or linker sequences, whereas in split inteins
(trans-splicing), the splicing regions are translated separately.
In a functional intein fold, these two splicing regions, whether
in contiguous or in split inteins, are entwined to bring all cata-
lytic residues and the termini together, which is a unique fold-
ing/molecular recognition problem preceding protein splicing.
Surprisingly, despite the fact that protein splicing is initiated by
this folding event, few studies have addressed the folding of
inteins (12, 13).

The intertwined fold of fragments requires some degree of
disorder in individual partners. In the Npu DnaE split intein,
the C-intein (NpuC) is completely disordered, whereas the
N-intein is partially disordered at its C-terminal half in isolation
(NpuNC) (12) (Fig. 1C). The folding is initiated by electrostatic
charge complementarity between the disordered C-intein and
the disordered C-terminal half of the N-intein, “capture,” and
this intermediate is stabilized further by hydrophobic interac-
tions between the C-intein and the N-terminal half of the N-
intein, “collapse” (12) (Fig. 1C). The “capture and collapse”
mechanism points toward a general folding pathway of all
inteins including contiguous inteins. The initiating electro-
static interactions are unique to split inteins (14), yet it is pos-
sible that the “split site” in split inteins could be a point of
nucleation in contiguous inteins; in contiguous inteins with
homing endonuclease (HE) domains, the folding of the homing
endonuclease domain could nucleate intein folding. The intrin-
sic disorder seen in the Npu DnaE split intein is also seen in the
related Ssp DnaE split intein, further supporting the notion that
the folding pathway is conserved (13). Surprisingly, the N- and
C-terminal splicing regions of different intein molecules can
interact to form a domain-swapped dimer (Fig. 1D). As this type
of noncovalent interaction between different split inteins cre-
ates hybrid active sites and mixed extein combinations, it has
been proposed such structures may yield alternative spliced

* This work was supported, in whole or in part, by National Institutes of Health
Grant GM086868 (to D. C.). This is the third article in the Thematic Minire-
view Series ”Inteins.“

1 To whom correspondence should be addressed. Tel.: 718-430-8621; E-mail:
david.cowburn@einstein.yu.edu.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 289, NO. 21, pp. 14506 –14511, May 23, 2014
© 2014 by The American Society for Biochemistry and Molecular Biology, Inc. Published in the U.S.A.

14506 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 289 • NUMBER 21 • MAY 23, 2014

MINIREVIEW



products that could expedite evolution by sampling alternate
phenotypes under a constant genetic background (3).

The Structural Basis of Protein Splicing

Protein splicing is a multistep process (Fig. 2B). The first step
is N–S/O acyl shift initiated by the N-terminal intein residue,
generally a cysteine or serine (15, 16), acting on �1 residue
carbonyl carbon (1, 17), resulting in linear (thio)ester interme-
diate. The next step is the trans-(thio)esterification caused by a
nucleophilic attack by C-extein �1 residue, which is a cysteine,
serine, or threonine. The resultant branched (thio)ester inter-
mediate is resolved by cyclization of the conserved C-terminal
asparagine of intein. Once the succinimide forms, the intein is
excised from the exteins. Finally, the linkage between the
exteins rearranges from a (thio)ester to an amide in an intein-
independent manner, and the C-terminal succinimide of the
intein slowly hydrolyzes (18). All these sequential steps
require multiple active sites with distinct residues all in close
proximity to the intein termini. These active-site residues
are conserved among most inteins, but several exceptions
exist. Below, we discuss the structural details of each step in
protein splicing and discuss the unique ways in which some
divergent inteins accommodate mutations in the conserved
splicing motifs.

N-to-O/S Acyl Shift

This step is carried out by the N-terminal cysteine or serine
of the intein, which attacks the C-terminal extein residue at its
carbonyl carbon. The attack is facilitated by the Block B
(TXXH) threonine and histidine and the Block F aspartate (Fig.
2C). The Block F aspartate serves as a hydrogen bond donor and
stabilizes C1 thiolate (19) and is a strict requirement for N–O/S
acyl shift reaction (20). Block B histidine is absent only in the
Thermococcus kodakaraensis Tko CDC21-1 intein, and the Tko
CDC21-1 intein circumvents the lack of Block B histidine by
using an alternate mechanism facilitated by Lys58, which is out
of the conserved motifs (21). This first step of splicing, N–O/S
acyl shift, requires a substantial challenge as peptide bond
cleavage in general has a large kinetic barrier. It is possible that
the energy gained from folding into a very stable conformation
is coupled directly to overcoming the energy barrier for the
initial splicing step. Such a mechanism is observed in the SEA
(named after its initial identification in a Sperm protein, in
Enterokinase, and in Agrin (50)) domains of human MUC1,
where the autoproteolysis is catalyzed by conformational stress
(22). In the Ssp DnaE intein structure, the exteins are tightly
packed (11), and upon intein assembly, they may create a steric
clash at the active site so that the splicing reaction may be the
most kinetically accessible escape mechanism from this clash.

FIGURE 1. Intein fold. A, T. kodakaraensis Pol-2 intein (Protein Data Bank (PDB) 2CW7) (9). The N-intein (blue) and C-intein (red) are shown. B, secondary structure
topology map of Drosophila melanogaster Hog domain, a relative of inteins (PDB 1AT0) (6). The pseudo two-fold symmetry axis is highlighted with a star. C,
capture and collapse folding mechanism of the Npu DnaE intein (12). The N-intein is blue (dark blue for NpuNN and light blue for NpuNC), the C-intein is red, and
the extein-bearing termini are marked by orange circles. D, three-dimensional domain swapped dimer of a contiguous Npu DnaE intein variant (3).
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Also, the structure of the Ssp DnaE intein caught in a redox trap
(4), supplemented by further computational and crystallo-
graphic evidence (5), shows that the initial rearrangements of
residues and the first step, N–O/S acyl shift, are accelerated by
localized structural strain on the �1 N-extein residue, medi-
ated by the conserved Block B threonine, which makes bonding
interactions with C1 and the �2 N-extein residue. Additionally,
some inteins lack a Block A nucleophile; instead they have an
alanine or a proline. Several studies have shown a twisted or
destabilized N-terminal scissile peptide bond in the precursor
protein (5, 23). These inteins directly form a typical branched
intermediate upon N-terminal activation (24), or in some cases,
they use a Block F cysteine to form a different branched (thio-
)ester intermediate before the canonical branched intermediate
(25). The Mja KlbA intein, with an alanine at N terminus, has a
peptide bond in cis-conformation possibly making it unstable
or increasing its susceptibility to a nucleophilic attack (7).

trans-(Thio)esterification

This step is the least understood step in protein splicing
because it is probably the most difficult step to investigate
experimentally (the linear (thio)ester intermediate cannot be

isolated). trans-(Thio)esterification requires deprotonation of
Cys/Ser/Thr�1 side chain and nucleophilic attack to the linear
(thio)ester linkage at Cys/Ser1, which are far apart in high-res-
olution structures (9 –10 Å) (11, 26, 27) (Fig. 2D). In Mtu RecA,
Block F aspartate together with C�1A mutation showed no
N-cleavage activity, and Block F aspartate mutated to residues
that are not hydrogen bond-capable showed similar results,
implying that Block F aspartate accomplishes its role in trans-
(thio)esterification through hydrogen bond interactions (28),
which was also supported by NMR-based pKa studies (19). All
these studies indicate that the first two steps of protein splicing
are achieved by a complex hydrogen-bonding network of three
conserved residues, N-terminal cysteine/serine, Block B histi-
dine, and Block F aspartate (29).

Branched Intermediate Resolution

Branched intermediate (BI)2 resolution is irreversible and
achieves the cleavage of the peptide bond between the intein
and the C-extein. The side chain nitrogen of C-terminal aspar-
agine performs a nucleophilic attack on the carbonyl carbon of
the peptide bond to form a succinimide, subsequently cleaving
the intein from BI (30, 31). Indeed, Asn side chain nucleophiles
are biochemically rare (also found in N-glycosylation) (32), and
succinimide formation in proteins more commonly occurs by
nucleophilic attack of a backbone amide nitrogen to an Asn side
chain carbonyl carbon, resulting in deamidation of the side
chain (33). Both structural and computational studies revealed
that Block F and Block G (penultimate) histidines are important
in BI resolution; they activate asparagine and protonate the
forming amine (18) (Fig. 2E). Interestingly, some inteins lack a
penultimate histidine (34). In DnaE split inteins, this histidine is
either a serine or an alanine (35). It is not clear how these diver-
gent inteins can circumvent the need for two histidines and
carry out splicing reaction. However, there are other proximal
residues that may serve as general acids or bases during splicing.
Interestingly, although His48 in DnaE inteins has not been
implicated in splicing, it is close to the active site and may sub-
stitute Block G histidine (Fig. 2F). Although not apparent in
crystal structures, it is presumed that each splicing step causes
local conformational changes, affecting the reaction coordi-
nate, shifting the equilibrium position. Consistent with this
notion, branched intermediate formation in both the Mxe
GyrA (18) and the Npu DnaE (36) inteins dramatically
enhances Asn cyclization kinetics, indicating that the branched
architecture changes the structure and dynamics of the active
site. Indeed, NMR data on the precursor GyrA intein and a
synthetically trapped branched intermediate indicate that the
chemical environment and relaxation dynamics around the
scissile peptide bond change upon branch formation.

Extein Dependence on Protein Splicing

It is intriguing that hundreds of different inteins can carry
out the same chemistry but with different extein specificity.
Different inteins have evolved to splice different proteins in
nature, and thus their extein sequence preferences are roughly
defined by their native contexts. Deviation from these prefer-

2 The abbreviation used is: BI, branched intermediate.

FIGURE 2. Canonical splicing motifs and mechanism. A, intein is shown as a
color gradient from blue to red, and exteins are show in green. The canonical
motifs and corresponding blocks are shown. B, a simplified schematic of splic-
ing reaction is shown; the splicing steps 1–3 are shown with circles. C–E, key
residues, which take part in each splicing step, steps 1–3 in panel B, are high-
lighted as yellow sticks on the Mtu RecA intein (PDB 2L8L) (19). F, an alternate
mechanism seen in DnaE inteins, lacking penultimate histidine, is shown on
the Npu DnaE intein (PDB 2KEQ) (10).
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ences often results in a profound effect on splicing kinetics and
yield, suggesting that the exteins can contribute either chemi-
cally or structurally to the intein active site. For example, in the
Npu DnaE intein, the splicing is minimally affected by local
N-extein sequence, but the variation of the local C-extein
sequence dramatically affects splicing efficiency (37–39) by
perturbing branched intermediate resolution (40). In the struc-
ture of the orthologous Ssp DnaE intein, the native Phe�2 side
chain packs against and stabilizes Block F histidine (Fig. 3A).
This conserved catalytic histidine lies on a flexible loop and has
been implicated as a general base or acid in the BI resolution
step in many inteins (11, 18). The flexible loop containing Block
F histidine is modulated by the C-extein composition and has
been used to engineer Npu into a more extein-tolerant intein.
The mutation, D124Y, on this loop stabilizes and orients His125

to a catalytically favorable pose, hence reducing the Phe�2
extein dependence on Npu (36). In a computational study on
the Mtu RecA intein, where quantum mechanics/molecular
mechanics methods were used and the local extein electronic
structure of various �1 residue mutants was investigated, it was
found that the mutants have different electron affinities and
ionization potentials imposing different energy barriers (41). In
the Ssp DnaB mini-intein, analysis of the crystal structure
explains why the �1 position can only be occupied by a Gly.
Modeling suggests that any bigger residue would abrogate
splicing by causing steric clashes (42) (Fig. 3B). Additionally, in
the Pho RadA intein, it was shown that the size and charge of
the side chain have an impact at position �1 due to electrostatic
and packing interactions with the active site; negatively charged
amino acids, �-branched amino acids, proline, and amino acids
with small side chains have lower splicing efficiency (43) (Fig. 3,
C and D).

Distal Mutations Affect Protein Splicing

Using mutagenesis strategies, enhancing/activating muta-
tions distal from the active site have been observed, suggesting
that the overall structure and dynamics of the intein fold are
somewhat plastic (Fig. 4). For example, in DnaE split inteins,
several residues that are distant from the active site have pro-
found effects on splicing efficiency; these residues either stabi-
lize the global fold or stabilize and orient the active-site splicing
motifs (39). The fast split inteins of this family prefer an aro-
matic residue at position 56, which is adjacent to the conserved
TXXH motif and may facilitate packing interactions and stabi-
lize the TXXH motif. A preferred glutamate at position 89 takes
part in an ion cluster shown to be important in stabilizing the
intein complex (14), whereas another glutamate is preferred at
position 122 close to Block F histidine. Additionally, Glu23 is
important for stability and dynamics and has been shown to be
an activating point mutation (44, 45). In the minimized Mtu
RecA intein, a mutation distal from the active site, V67L,
enhances splicing by modifying the active site through improv-
ing packing interactions in an internal hydrophobic core (20)
and reducing the ensemble distribution (45). This single V67L
mutation minimally affects the crystal structure (20) but has
profound effects on global dynamics specifically on the dynam-
ics of N and C termini of the intein shown by NMR chemical
shift perturbations and H/D exchange (45). Directed evolution
studies also show that distal mutations have enhancing effects
on splicing (40, 44, 46). In the Ssp DnaB mini-intein, the muta-
tions acquired through directed evolution have additive effects,
and the mutant intein becomes more tolerant to the local extein
sequences and the constraints these sequences impose on the
intein active site (44). Similarly, the Npu DnaE intein, selected
against noncanonical C-extein (SGV instead of the native
CFN), accumulate mutations distal from the active site (40).
These mutations were identified as either a part of or juxta-
posed to a spatially contiguous network of amino acids pre-
dicted to be energetically coupled to the active site. A directed
evolution system, using phage display to generate novel inteins
with enhanced activity over a broad pH and temperature range,
demonstrated that most mutations that accommodated the
stress conditions mapped on the surface of the intein. This
again emphasizes that peripheral mutations can cause subtle
conformational changes in the active-site environment (47).
The mutations proximal to the active site typically orient
and/or stabilize active-site residues. The distal mutations
appear to either stabilize the intein fold and/or relay perturba-
tions through a contiguous network of amino acids that can
alter the active-site structure and dynamics.

Conclusions

Thus far, traditional structural biology and biochemistry
approaches have elucidated many details of the structural basis
for protein splicing. However, a detailed understanding of how
the intein fold coordinates the chemistry of its multiple active
sites is still lacking, as is a better understanding of the general
rules for extein preferences. The fact that intein activity can be
modulated by mutations distant from the active site suggests
that allosteric networks may play a larger role in determining

FIGURE 3. Extein dependence. A, in the DnaE Ssp DnaE intein, Phe�2 packs
against Block F histidine, modulating its pose and hence increasing efficiency.
B, DnaB Ssp mini-intein can only tolerate Gly at �1 position; any bigger resi-
due (i.e. the alanine shown) creates steric clashes in the active site. C, the
native �1 amino acid in the Pho RadA intein (PDB 4E2T) is a lysine that makes
charge-charge interaction with Glu71 (Lys�1 was modeled by using CHIMERA
(49)). D, �1 residue in Pho RadA mini-intein tightly interacts with Glu71, Val73,
and Val151 (PDB 4E2U).
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intein activity than previously thought. Ultimately, a better
understanding of the structure and dynamics of inteins is cru-
cial as using this information will be essential to engineer
inteins as better biotechnology tools. Currently, some of reac-
tive intermediates in the splicing pathway are not readily exper-
imentally observable by using traditional experimental tech-
niques. However, combinations of synthetic chemistry,
directed evolution, and computational modeling (for example,
see Ref. 48) are likely to provide insights into these areas, result-
ing in a better understanding of protein splicing and eventually
new, highly efficient inteins for protein engineering.
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The discovery of inteins in the early 1990s opened the door to
a wide variety of new technologies. Early engineered inteins
from various sources allowed the development of self-cleaving
affinity tags and new methods for joining protein segments
through expressed protein ligation. Some applications were
developed around native and engineered split inteins, which
allow protein segments expressed separately to be spliced
together in vitro. More recently, these early applications have
been expanded and optimized through the discovery of highly
efficient trans-splicing and trans-cleaving inteins. These new
inteins have enabled a wide variety of applications in metabolic
engineering, protein labeling, biomaterials construction, pro-
tein cyclization, and protein purification.

The ability of inteins to form and cleave specific peptide
bonds in a variety of contexts has enabled the development of
powerful new tools in molecular biology. Initial applications
focused on self-cleaving affinity tags and protein modification
and labeling, and utilized mutations that altered the native
splicing reactions described by Perler and co-workers (89) in
this series. An important advantage of intein-based methods is
that they are generally enzymatic in nature, and therefore
exhibit highly specific activities under physiological conditions.
Although thiol compounds are used in some applications, the
chemistries involved in most intein methods are innocuous to
their various target proteins. Intein-based methods have greatly
expanded in subsequent years through the discovery of hun-
dreds of additional inteins, and new applications in protein
activity regulation and modification have followed. An impor-
tant underlying theme in this work has been the discovery and
development of highly efficient split inteins for advanced appli-

cations in vitro and in vivo. These trans-splicing and -cleaving
inteins have been employed for applications ranging from the
purification of recombinant products to the in vivo control of
protein function and labeling.

Protein Purification

One of the first major applications of inteins was the devel-
opment of self-cleaving affinity tags for the recovery of
untagged target proteins in recombinant expression systems
(1–3). In these applications, a modified intein is expressed in
fusion to an affinity tag and target protein, and once the fusion
is affinity-purified, the intein is induced to cleave the target
protein from the intein and tag (Fig. 1). The first commercial
intein system was released by New England Biolabs in 1997 and
employed a modified Sce VMA1 3 intein that is triggered to
cleave at its N terminus (IMPACT system), or both N and C
termini (IMPACT-CN system), by the addition of thiol com-
pounds (e.g. Refs. 4 –7) (Fig. 1A, left). Shortly thereafter, inteins
with rapid C-terminal cleaving activity were published. These
inteins exhibit suppressed cleavage activity at pH 8.5, allowing
purification of the tagged target, and are then induced to cleave
by a shift to pH 6.5. The cleavage activity of these inteins is also
strongly influenced by temperature, where the most rapid
cleaving is observed at 37 °C (8 –10) (Fig. 1A, right). The devel-
opment of these inteins led to a variety of new tag systems and
configurations for protein purification, initially including the
chitin (3) and maltose-binding proteins (11), as well as non-
chromatographic purification tags (12, 13). More recently,
small ubiquitin-like modifier (SUMO) and ubiquitin tags have
been used to increase expression efficiency and simplify purifi-
cation (14, 15), and an ELP precipitation tag has been combined
with a dockerin-cohesin binding pair to provide optimized
expression with a reusable non-chromatographic purification
reagent (16).

A key requirement for all intein-based purification systems is
the ability to minimize cleavage during protein expression but
cleave rapidly once the fusion precursor is purified. Many early
intein systems required long incubation times for complete
C-terminal cleaving or high concentrations of thiol for efficient
N-terminal cleaving. Further, C-cleaving inteins are plagued by
premature cleavage during expression, whereas N-cleaving
inteins are difficult to use with target proteins containing disul-
fide bonds. For this reason, recent work has focused on control-
ling intein function through the reassembly of trans-cleaving
inteins, as well as the engineering of disulfide bonds into exist-
ing intein systems (17). Early trans-cleaving intein systems were
generated by splitting cis-splicing inteins into two parts and
inducing cleavage of the target protein by fragment reassembly
(18 –20). Although this strategy was effective in suppressing
premature cleaving during expression, soluble expression and
reassembly of the intein fragments were often inefficient (21).
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The discovery of naturally split inteins had a major impact in
this field, however, because the segments of these inteins are
capable of efficient expression and reassembly both in vivo and
in vitro (22, 23). Recently reported examples of trans-cleaving
systems are based on an engineered Ssp DnaB intein and the
naturally trans-splicing Npu DnaE intein.

The Ssp DnaB intein has been engineered to suppress prema-
ture cleavage via an 11-amino acid deletion at its N terminus
(24). This deletion abolishes cleaving activity in the remaining
intein, allowing the purification of a C-terminally fused target
protein. Cleavage is induced by the addition of the 11-residue
peptide (Fig. 1B). Conversely, the 11-residue peptide can also be
used as an effective protease target sequence, where N-terminal
cleaving from this segment is induced by the addition of the
C-terminal segment in the presence of thiol. In both cases,
the intein cleaving mechanism releases the target protein from
the immobilized tag during purification.

Another split intein purification system is based on the Npu
DnaE intein, which naturally exhibits extremely rapid trans-
splicing and has been engineered to exhibit rapid C-terminal
cleaving upon reassembly (Fig. 1C). In this system, the N-ter-
minal segment of the intein is fused to an affinity tag and immo-
bilized, while the C-terminal segment is fused to the target pro-
tein. Association of the intein segments acts as the mechanism
for purification, where cleavage during assembly and purifica-
tion is suppressed by zinc ion. Once purified, rapid cleavage of
the target is activated by thiol addition.

Remarkably, this intein can undergo complete cleaving in
less than 30 min at room temperature (25, 26) and in only a few
hours at 6 °C. This cleavage rate can be attributed to two ratio-
nal modifications of the Npu intein. The first is the introduction
of the previously reported �I-CM intein mutation of aspartic
acid to glycine in the intein F-motif (9) (Fig. 1A, right), while the
second is the repositioning of the affinity tag from the N termi-
nus of the IN segment to the C terminus of the IN segment.
Repositioning the affinity tag mimics the N-terminal cleavage
of a short extein segment in the IMPACT-CN system, which
greatly accelerates C-terminal cleavage (2) (Fig. 1A, left). Thus,
these two established cis-splicing intein modifications have
been introduced to a naturally fast trans-splicing intein to gen-
erate a highly effective C-terminal split intein cleaving system.
This system is currently being optimized for expression of pro-
teins in various host cells and is showing particular promise as
an effective platform for virtually any expression host (27).

Protein Modification

Inteins are also used to modify proteins through rearrange-
ments of peptide bonds. Applications include the production of
proteins with structural modifications, including backbone
cyclization, site specific labeling, and proteolysis. In each of
these cases, a mutated intein is moved to a non-native context,
and the resulting modified splicing reaction is used to generate
covalent modifications to the target protein.

FIGURE 1. Self-cleaving affinity tags based on inteins. A, initial tags used
thiol addition or temperature (Temp) and/or pH changes to induce cleaving in
cis-cleaving inteins. The IMPACT-CN system (left) includes an affinity tag
within the intein, and C-terminal cleaving is induced via thiol-induced cleav-
age of a short N-terminal extein peptide (step 1 at bottom). Cleavage of N-ex-
tein peptide then leads to rapid C-terminal cleavage (step 2 at bottom), and
the N-terminal peptide is subsequently separated from the cleaved target
protein by dialysis. The �I-CM intein (right) provides C-terminal cleaving in
the absence of N-terminal cleavage, where the cleavage reaction is controlled
by shifts in pH and/or temperature. In this intein, the cleavage reaction is
additionally accelerated through mutation of a conserved aspartic acid to
glycine, close to the C terminus of the intein. B, the Ssp DnaB intein has been
engineered with an 11-residue deletion at its N terminus to eliminate prema-
ture cleaving during expression. C-terminal cleavage of the intein can be
induced by the addition of the 11-residue intein segment (left panel), or con-
versely, N-terminal cleaving from the 11-residue intein segment can be
induced by the addition of the remaining intein in the presence of thiol (right
panel). C, the Npu DnaE naturally split intein has been engineered with an

internal affinity tag to provide extraordinarily rapid cleaving upon reassem-
bly. This intein effectively combines the N-extein removal of the IMPACT-CN
system with the aspartic acid to glycine mutation of the �I-CM intein, leading
to very rapid cleaving that can be controlled by intein reassembly in the pres-
ence of zinc.
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Protein Backbone Cyclization

Backbone cyclization of recombinant polypeptides can be
accomplished both in vitro and in vivo by either expressed pro-
tein ligation (EPL) or protein trans-splicing (PTS) (reviewed in
Ref. 28). EPL-based cyclization is accomplished by fusing the
target polypeptide N terminus to a peptide leader sequence
that ends with a Cys residue, while the C terminus is fused to an
engineered intein (Fig. 2A, left). The N-terminal leader
sequence can be cleaved in vivo or in vitro by a proteolytic or
self-proteolytic event, leaving an N-terminal Cys residue on the
target peptide. The Cys residue can then react in an intramo-
lecular fashion with an �-thioester generated by the down-
stream intein, thus providing a backbone cyclized polypeptide.

The use of EPL-mediated backbone cyclization was first
reported by Camarero and Muir (29) in 1999, using the N-ter-
minal SH3 domain of the c-Crk protein as a model system. The
resulting circular protein domain folded faster and was more
stable than the linear counterpart (30). A similar approach has
been used by Iwai and Plückthun for the biosynthesis of circular
�-lactamase (31) and green fluorescent protein (GFP)(32). The
resulting circular proteins were biologically active and found to
be more resistant to thermal denaturation (31, 32). The general
applicability of this approach has recently been further demon-
strated through the cyclization of several disulfide-rich back-
bone-cyclized peptides, including cyclotide Kalata B1 (33),
Bowman-Birk inhibitor SFTI-1 (34), �-defensins (35), and an
artificially cyclized �-defensin (36).

EPL cyclization has also been used inside living cells (37).
This technique allows the production and genetic selection of
complex libraries of cyclic polypeptides using standard recom-
binant techniques. These highly stable cyclic scaffolds provide
biologists with a powerful molecular tool and have been used to
unravel genomic information encoding complex biochemical
pathways and protein interaction networks (38, 39). For exam-
ple, Camarero and co-workers (33, 40) have recently used EPL
for in-cell expression of cyclotide-based libraries using stan-
dard bacterial host systems. Cyclotides are small globular
microproteins with a head-to-tail cyclized backbone, which is
further stabilized by three disulfide bonds forming a cysteine
knot. This cysteine knot motif (CCK) gives cyclotides excep-
tional resistance to physical, chemical, and biological degrada-
tion, making them ideal scaffolds for the development of novel
peptide-based therapeutics (41, 42). The cyclotide libraries
were assayed for biological activity and the ability to fold cor-
rectly (43). A similar study was also performed by the same
group using the naturally occurring cyclic peptide SFTI-1 as
molecular scaffold for the generation of genetically encoded
libraries (34).

Another approach for the recombinant production of cyclic
peptides in vivo, first reported by Benkovic and co-workers (44)
using the naturally occurring Ssp DnaE split intein, is PTS (Fig.

FIGURE 2. Intein applications involving post-translational modifications
of target proteins. A, left panel, EPL methods involve a nucleophilic attack of
an N-terminal Cys residue on a thioester formed by a downstream intein. The
N-terminal Cys can be generated by a second, upstream intein or by conven-
tional proteolytic cleavage. Right panel, PTS methods produce cyclized pro-
teins through the assembly and splicing of an inverted split intein fused to the
N and C terminus of the target protein. B, fluorescent labeling of proteins
using a self-quenched intein-based PTS reagent. In this case, PTS simultane-

ously labels the target protein while releasing the quencher from the dye,
thus providing a strong label signal with minimal background from unre-
acted label. C, protein-protein interactions can be detected by fusing “bait”
and “prey” proteins to each half of a weakly interacting trans-splicing intein.
Interactions between bait and prey drive assembly and splicing of the intein,
resulting in activation of a reporter enzyme.
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2A, right). PTS relies on an intein splicing domain that is split
into two fragments (IN and IC). The split intein fragments are
not active individually but can bind to each other with high
specificity under appropriate conditions to form an active splic-
ing domain in trans. By inverting the order of the intein frag-
ments and fusing them in-frame to the polypeptide to be cycl-
ized, the trans-splicing reaction results in the formation of a
backbone-cyclized polypeptide. PTS has been used for the gen-
eration of several naturally occurring cyclic peptides, as well as
large libraries of small cyclic peptides (45). For example, Benk-
ovic and co-workers (46) have recently used this technology in
combination with nonsense codon suppressor tRNA technol-
ogy to build libraries of cyclic hexapeptides that include non-
natural amino acids. These libraries were screened for HIV pro-
tease inhibitors using a cell-based lethality assay (46).

PTS has been also successfully used for the generation of
larger circular proteins (44, 47). For example, the artificially
split Ssp DnaB mini-intein has been used to cyclize TEM-1
�-lactamase in the bacterial periplasm, where the TEM-1 �-lac-
tamase export signal peptide was added to the split intein pre-
cursor (47). This group also produced large libraries of small
circular peptides using PTS, estimating that � 50% of the com-
binatorial peptides cyclized efficiently inside the cell. The Kang
group (48) recently reported an enhancement of this method,
where backbone cyclization through PTS generates an intact
c-Myc epitope tag, thus simplifying the detection and purifica-
tion of the cyclic products.

Although PTS offers a good alternative to EPL for the pro-
duction of backbone-cyclized polypeptides, it should be noted
that most split inteins require specific amino acid residues at
the intein-extein junctions for efficient protein splicing (45).
The Camarero group (49) has recently shown that the highly
efficient Npu DnaE intein is able to tolerate non-native junction
sequences, however, making it possible to produce correctly
folded cyclotide MCoTI-I containing non-natural fluorescent
amino acids in an intracellular bacterial expression system (49).
This exciting finding suggests the possibility for high through-
put screening of genetically encoded cyclotide libraries for the
ability to bind specific bait proteins.

The production of circular polypeptides using standard
biological expression systems has also made possible the
inexpensive introduction of NMR active isotopes (15N
and/or 13C), thus facilitating the use of NMR to study struc-
ture-activity relationships of circular polypeptides and their
targets (50). The recent development of in-cell NMR using
sequential labeling approaches (51) could also be easily
interfaced for in-cell screening of genetically encoded librar-
ies of circular polypeptides.

Site-specific Labeling of Proteins

EPL and PTS can also enable the introduction of site-specific
modifications to proteins, including glycosylation, biotinyla-
tion, ubiquitination, phosphorylation, and segmental isotopic
labeling, among others (see Refs. 52 and 53 for recent reviews).
These methods can also be applied to the N- and C-terminal
labeling of membrane-associated proteins. In this section, we
will focus on recent applications where inteins have been used
for site-specific labeling of proteins in living cells.

The C terminus of the membrane-associated human trans-
ferrin receptor was recently labeled with fluorescein and biotin
on the surface of live mammalian cells using the Ssp GyrB split
intein (54). Using a similar approach, the N terminus of the
monomeric red fluorescent protein (mRFP) was site-specifi-
cally labeled with biotin on the surface of CHO cells (55). Mootz
and co-workers have also used the Npu DnaE split intein to
attach enhanced GFP (eGFP) to trans-membrane and glycosyl-
phosphatidylinositol-anchored membrane proteins using PTS
in live cells (90).

PTS has also been used for site-specific labeling of proteins
inside live cells. The split inteins used to accomplish this task
are usually formed by either short IN fragments or short IC

fragments, thereby facilitating their chemical synthesis with
chemical probes. In-cell intein-mediated protein labeling has
several advantages over other chemoselective ligation tech-
niques. In particular, PTS-mediated labeling uniquely provides
site-specific covalent modification of the target protein, and
more importantly, the splicing reaction relies on a specific rec-
ognition event between the corresponding IN and IC fragments.
Hence, the use of orthogonal split inteins (i.e. split inteins that
do not cross-react with each other) might allow simultaneous
multicolor labeling of proteins within living cells (56).

The in vivo use of PTS for site-specific fluorogenic dye label-
ing of proteins requires that the labeling process be linked to the
simultaneous activation of fluorescence, thus minimizing back-
ground signal from unreacted label. Camarero and co-workers
(56) have recently used Förster resonance energy transfer
(FRET) quenched with a DnaE split intein to accomplish this in
living cells. The fluorescent label is introduced at the C termi-
nus of the C-extein, while the quencher is introduced on the IC

intein segment (Fig. 2B). The PTS reaction ligates the fluoro-
phore to the protein of interest while simultaneously dissociat-
ing the dye from the quencher and activating its fluorescence.
This approach was used for site-specific in-cell labeling of the
DNA-binding domain (DBD) of the transcription factor YY1 in
several human cell lines, showing that this method can be used
for modifying proteins to control their cellular localization and
alter their biological activity (56).

The C-terminal labeling of a pleckstrin homology (PH)
domain with quantum dots inside Xenopus embryos has also
been accomplished using PTS with the split DnaE intein (57). A
more recent publication demonstrates that a split mini-DnaB
intein can also be used for N-terminal labeling (58), thereby
demonstrating the potential for using orthogonal split inteins
for multiprobe labeling.

PTS has also been used for segmental isotopic protein label-
ing in live cells (59). This is accomplished by sequentially
expressing the labeled and unlabeled fragments in labeled and
unlabeled medium, respectively, via a compatible dual expres-
sion system with different inducible promoters. For example,
Züger and Iwai used in-cell PTS to fuse unlabeled immunoglob-
ulin-binding protein G domain B1 (GB1) to the C terminus of
the yeast prion protein Sup35 (residues 1– 61), resulting in the
production of a fusion protein with improved solubility and
stability provided by the NMR-invisible tag (60).
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Site-specific Proteolysis

Split inteins can also provide a means for efficient site-spe-
cific proteolysis in living cells. For example, the non-canonical
Ssp DnaB S1 split intein has recently been used as an efficient
and highly site-specific cellular protease (61). In this work, the
protease recognition sequence is formed by the 11-residue IN
fragment and five native N-extein residues. This sequence is
recognized by the corresponding IC fragment, which is called
the intein-derived protease. When the two fragments are co-
expressed, they bind to each other in trans, reconstituting a
fully active splicing domain that cleaves the protein of interest
through N-terminal cleavage. This approach, which is analo-
gous to the N-terminal tag cleavage reaction shown in Fig. 2B,
has been shown to work efficiently in bacterial and eukaryotic
cells. In contrast to other less specific proteases, intein-derived
proteases are highly specific, presenting extremely low activity
toward other cellular proteins not containing the IN recogni-
tion sequence.

Intein-based Biosensors

Intein-based biosensors are usually built from independent
protein domains, which can be expressed inside living cells. The
signal of interest is recognized by a sensing module, which then
induces a change in the splicing activity of a fused intein mod-
ule, resulting in a change in the activity of a reporter module. A
common mechanism by which intein-based biosensors func-
tion is through conditional protein splicing (see Ref. 62 for a
recent review). Conditional protein splicing of the intein
domain is activated by an external stimulus such as the binding
of small molecule, light, or a change in temperature, pH, or
redox state (62). The splicing reaction restores the function of a
reporter domain, which then produces an easily detectible sig-
nal. Importantly, the intein domain enables a modular design of
these sensors, allowing the easy exchange of sensing and
reporter domains. This feature has facilitated the design of sen-
sors for protein-protein interactions, small molecules, redox
states, protease activity, DNA methylation, and other types of
stimuli.

Detecting Protein-Protein Interactions

Biosensors to detect protein-protein interactions make use
of artificially or engineered split inteins with reduced affinity
between the IN and IC fragments (Fig. 2C). The interacting pro-
teins or protein domains are fused to the C and N termini of
paired IN and IC fragments, respectively, which are in turn fused
to the segments of a split reporter module. An interaction
between the protein partners brings the split intein fragments
into close proximity, leading to intein activation and splicing of
the reporter protein. Umezawa and co-workers (63– 65) used
this concept to design several protein-protein interaction bio-
sensors using GFP and luciferase as reporters in single cell
organisms and transgenic animals. These approaches have also
been used for intracellular detection of interactions between
the phosphorylated insulin receptor substrate 1 and the N-ter-
minal SH2 domain of PI3K kinase (66), the interaction between
the MyoD and Id proteins (67), and the epidermal growth factor
(EGF)-induced interaction between an oncogenic mutant of
Ras and Raf-1 (63).

Detecting Protein-DNA Interaction

A similar PTS-mediated biosensor has also been designed for
detecting specific changes in DNA methylation. This biosensor
was designed around a split version of the Sce VMA intein,
where each intein segment is fused to a pentadactyl zinc finger
domain and a split firefly luciferase segment. Binding of both
zinc finger domains to their specific DNA target sequences
induces intein-mediated reconstitution of the luciferase
reporter (68). This biosensor was used to detect the loss of epi-
genetic silencing and increased accessibility of a DNA sequence
near the promoter region of L1PA2 upon treatment with a
demethylation drug.

Detecting Small Molecules

Wood and co-workers (69, 70) have designed allosteric intein
biosensors for the detection of human nuclear hormone recep-
tor ligands. In this case, a non-splicing mini-intein acts as an
allosteric signal transducer between the receptor ligand-bind-
ing domain (LBD) and the reporter enzyme. The biosensor
relies on a rationally designed fusion of the Mtu RecA mini-
intein splicing domain with a human nuclear hormone receptor
LBD. This module is then fused to the C terminus of the Esch-
erichia coli maltose-binding protein (MBP) and to the N termi-
nus of the T4 thymidylate synthase enzyme. In practice, the
activity of the thymidylate synthase reporter is modulated by
hormone binding to the LBD, allowing the production of E. coli
cell lines that report the presence of hormone-like ligands
through a simple growth phenotype assay (69). Initial studies
used the human estrogen (ER�) and thyroid hormone (TR�-1)
receptors and showed that this sensor can differentiate between
receptor agonists and antagonists (71). Further, the modular
design of the sensor has simplified the development of addi-
tional biosensors based on estrogen (ER� and ER�) (69) and
thyroid hormone (TR�-1 and TR�-1) receptors (72), as well
as the human peroxisome proliferator-activated receptor �
(PPAR�) receptor (73) and several animal estrogen receptors
(74).

Liu and co-workers (75) have also designed an intein-based
biosensor for the detection of estrogens. In this work, an estro-
gen-sensitive intein was created by replacing the endonuclease
region of the Sce VMA intein with the human ER� receptor
LBD. The DNA encoding this modified intein was inserted into
the constitutively expressed chromosomal lacZ gene. The
resulting intein was designed to be able to splice in the presence
of estrogenic ligands to produce an active �-galactosidase
reporter enzyme (76).

Detecting Redox State

The split Ssp DnaE intein has recently been used for the
development of a bacterial redox sensor. This sensor was
designed by engineering a new disulfide bond that includes the
catalytic N-terminal intein Cys residue (17, 77). The activity of
the intein is reported by a FRET pair formed by cyan and yellow
fluorescent proteins. In the disulfide-bonded state, the intein is
inactive, providing high FRET. When the disulfide bond is
reduced, however, the intein becomes active, triggering the
N-terminal cleavage of the cyan fluorescent protein with a con-
comitant decrease in the FRET signal. This biosensor has been
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successfully used to select hyperoxic mutant E. coli strains
(17, 77).

Detecting Protease Activity

In-cell protease activity has been also detected using protein
trans-splicing (78). In this work, the luciferase reporter protein
backbone was cyclized through PTS using the Ssp DnaE intein
with a caspase-3 substrate linker. In the cyclized state, the activ-
ity of luciferase is greatly reduced due to steric hindrance, but is
fully restored after cleavage by caspase-3. This sensor has
enabled real-time sensing of caspase activity in living mice (78).

Gene Delivery and Control in Transgenic Organisms

Split inteins in combination with PTS can also be used to
control the delivery of heterologous genes into transgenic
organisms (see Ref. 79 for a recent review on plants). This
approach relies on splitting the target protein into two seg-
ments, which can be post-translationally reconstituted in vivo
by PTS. This approach minimizes the risk for transferring par-
ticular genes that confer desired traits to unwanted hosts, as in
the case of herbicide resistance genes. For example, the
metabolic enzyme acetolactate synthase has been split and suc-
cessfully reconstituted by PTS in E. coli (80). In a similar fash-
ion, the bacterial 5-enolpyruvylshikimate-3-phosphate syn-
thase (EPSPS) was also reconstituted by PTS in the chloroplasts
of Nicotiana tabacum to produce an herbicide-resistant trans-
genic crop (81, 82). By splitting the gene between nuclear and
chloroplast chromosomes, the potential for recombination and
transfer to an undesired host is strongly inhibited. Similar PTS
strategies have also been used for the reconstitution of fully
active heterologous �-glucuronidase in the plant Arabidopsis
thaliana (83) as well as in the leaves of barley, soybean, maize,
and pea (84).

The thermostable self-splicing bacterial intein from Ther-
mus thermophilus has been recently used to control a thermo-
stable xylanase (XynB) from Dictyoglomus thermophilum in
maize (85). By producing the XynB enzyme within the corn
plant itself, the authors have created “self-processing” corn,
which hydrolyzes its own cellulosic biomass to simple sugars
for fermentation. Transgenic maize expressing active XynB
exhibits shriveled seeds and low fertility, but maize expressing
the conditionally active XynB-intein fusion produces normal
seeds and fertility. By using directed evolution, the authors gen-
erated mutants of the XynB-intein construct that could splice
only at high temperature to restore wild-type xylanase activity.
These strains have great potential in simplifying pretreatment
of plant cellulosic biomass to release soluble sugars.

PTS has also enabled the delivery and control of oversized
transgenes in mammalian cells and mice. For example, the split
DnaB mini-intein has been employed in cell culture (86) and in
mice (87) for joining the heavy and light chains of the B-domain
deleted factor VIII. In this case, the split genes were delivered by
two separate viral vectors (86, 87), and in vivo splicing activity
was evaluated via measurements of plasma protein concentra-
tion and increased coagulation activity. These findings suggest
that PTS can be efficiently used for in vivo production of pro-
teins that would otherwise be too large to be delivered by a
single viral vector.

The split DnaE intein has also been employed for the produc-
tion of Cre recombinase in mice (88). By placing the two split
intein-Cre constructs under the control of two different pro-
moters, the split Cre system can be used to interrogate the
expression patterns of two genes or promoters while allowing
the production of proteins under control of the Cre-Lox P
system.

Conclusions

Since their initial discovery in the early 1990s, intein applica-
tions have become more efficient, and intein methods are now
commonly used in laboratories worldwide. Successes include
new understandings of cell and animal physiology, as well as
highly effective methods for protein purification. Naturally and
artificially split inteins have enhanced the effectiveness of early
technologies while enabling the development of new applica-
tions in metabolic engineering and drug discovery. These
inteins have further enabled new biological tools, allowing spe-
cific control over the biological functions of proteins in living
cells, plants, and whole animals. Perhaps the most exciting
aspect of recent intein technology development is its move-
ment out of the laboratory and into real-world applications in
energy and medicine. Future intein applications will build on
these techniques, providing new classes of therapeutic proteins
and new avenues for synthetic biology. Protein purification
methods based on self-cleaving intein tags are now commonly
used in laboratories worldwide and are expected to provide a
significant platform for the production of commercial enzymes
and therapeutic proteins. These developing applications sug-
gest that inteins are becoming a mature and critical biological
tool, capable of opening new avenues of scientific research, as
well as enhanced transgenic plants and new therapeutic
strategies.
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The pyruvate dehydrogenase complexes (PDCs) from all
known living organisms comprise three principal catalytic com-
ponents for their mission: E1 and E2 generate acetyl-coenzyme
A, whereas the FAD/NAD�-dependent E3 performs redox recy-
cling. Here we compare bacterial (Escherichia coli) and human
PDCs, as they represent the two major classes of the superfamily
of 2-oxo acid dehydrogenase complexes with different assembly
of, and interactions among components. The human PDC is
subject to inactivation at E1 by serine phosphorylation by four
kinases, an inactivation reversed by the action of two phospha-
tases. Progress in our understanding of these complexes impor-
tant in metabolism is reviewed.

The pyruvate dehydrogenase complex (PDC)3 catalyzes the
oxidative decarboxylation of pyruvate with the formation of
acetyl-CoA, CO2 and NADH (H�) (1–3). The PDC occupies a
key position in the oxidation of glucose by linking the glycolytic
pathway to the oxidative pathway of the tricarboxylic acid cycle.
In mammals, PDC plays the role of a gatekeeper in the metab-
olism of pyruvate to maintain glucose homeostasis during the
fed and fasting states. The flux through PDC is tightly regulated

in tissues under different metabolic conditions. This is accom-
plished by covalent modification of the rate-limiting compo-
nent of the PDC involving dedicated kinases and phosphatases
(4 –7). PDC is also implicated to play a role in degenerative
neurological diseases, obesity, type 2 diabetes, and other dis-
eases (8 –11). More recently, PDC has emerged as an enzyme of
interest in cancer biology because of a switch from oxidative
metabolism to aerobic glycolysis in some cancers (12–14). The
focus of this review is to present recent developments on
structural aspects, as well as on structure-based catalytic
mechanisms of the PDCs, illustrated with Escherichia coli
PDC (PDCec) as the simplest form and human (mammalian)
PDC (PDCh) as a highly evolved form of the complex for its
regulation.

PDC Components and Organization of the Complexes

The PDCs in prokaryotes and eukaryotes are composed of
multiple copies of three catalytic enzymes: pyruvate dehydro-
genase (E1), dihydrolipoamide acetyltransferase (E2), and dihy-
drolipoamide dehydrogenase (E3) (Fig. 1, top left). These three
catalytic components work sequentially, catalyzing the oxida-
tive decarboxylation of pyruvate with the formation of acetyl-
CoA, CO2 and NADH (H�). The E1 is a thiamin diphosphate
(ThDP)-dependent enzyme and catalyzes two consecutive
steps (refer to Fig. 1, bottom): (i) the decarboxylation of pyru-
vate to CO2 with the formation of C2�-hydroxyethylidene-
ThDP (enamine) intermediate (k2, k3) and (ii) the reductive
acetylation of the lipoyl groups covalently attached to the E2
(k4, k5). The E2 catalyzes the transfer of an acetyl moiety to CoA
to form acetyl-CoA (k�7/k7). The transfer of electrons from the
dihydrolipoyl moieties of E2 to FAD and then to NAD� is car-
ried out by E3. Higher eukaryotic PDCs have an additional
structural component, dihydrolipoamide dehydrogenase-bind-
ing protein (E3BP), and two regulatory enzymes, pyruvate
dehydrogenase kinase (PDK, four human isoforms) (15, 16) and
pyruvate dehydrogenase phosphatase (PDP, two human iso-
forms) (6, 17, 18) totaling 11 proteins in PDCh with all isoforms
included. Additionally, there are two isoforms of the � subunit
of E1h that are encoded by separate genes in most mammals
(19, 20). The X-linked gene (PDHA1 in human) encodes E1�
subunit (PDHA1) present in all somatic tissues, whereas an
autosomal, intronless gene (PDHA2 in human) is expressed
only in the testis. E1h in this review refers to PDHA1 protein
expressed in somatic cells.

The E2 in eukaryotes and prokaryotes has a multidomain
structure, comprising from the N-terminal end 1–3 lipoyl
domains (L1 and L2 in E2h; L1, L2, and L3 in E2ec; �80 amino
acids each), the peripheral subunit-binding domain (PSBD,
�45 amino acids) to which E1ec and E3ec bind in PDCec or the
E1-binding domain to which E1h binds in PDCh, and a large
C-terminal catalytic domain (�250 amino acids) that forms the
dodecahedral or cubic inner core and where acetyl-CoA is syn-
thesized (Fig. 1, top right). Domains are connected by Ala- and
Pro-rich hinge regions that are 20 –30 residues in length. E3BP
has a domain structure similar to that of E2h and is composed of
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one lipoyl domain, the E3-binding domain, and a catalytically
incompetent C-terminal domain (Fig. 1, top right) (4, 21–23).
PDKs are recruited to the E2h of PDCh by preferentially bind-
ing to the lipoyl domains (L1, L2) of the E2h and L3 of E3BP in
the E2h/E3BP core (Fig. 1, top right) (17, 24).

PDC of most prokaryotes, including PDCec, is the simplest
form of this complex. In PDCec, 24 copies of E2ec form a cubic
core through the interaction of their catalytic domains. The
multiple copies of E1ec (12 E1ec dimers) and E3ec (six E3ec
dimers) are bound noncovalently to the PSBD of the E2ec core,
and the entire complex with mass of 4.5 MDa exhibits octahe-
dral symmetry (25, 26).

In mammalian PDCs, two models for E2-E3BP assembly
have been proposed: the “addition” model, where 60 copies of
E2h and 12 copies of E3BP form the E2h-E3BP core (27), and
the “substitution” model, where 48 copies of E2h and 12 copies
of E3BP (28) or 40 copies of E2h and 20 copies of E3BP form
the E2h-E3BP core (29). Low-resolution structural studies of
E2h-E3BP and cryo-electron microscopy reconstruction of
E2h-E3BP and E2h-E3BP-E3 complex support the E2h-E3BP
assembly via a substitution model (30). In mammalian PDC,
20 –30 heterotetramers of E1 (�2�2) are bound to the PSBD of
E2h; 6 –12 homodimers of E3h are bound to the E3-binding
domains (E3BD) of E3BP; and 1–3 homodimers of PDK and

FIGURE 1. Overall PDC reactions, E2 and E3BP domain structures, and stepwise E1 reactions. Top left, reaction mechanism of the pyruvate dehydrogenase
complex. Three catalytic components work sequentially, catalyzing the oxidative decarboxylation of pyruvate with the formation of acetyl-CoA, CO2, and
NADH (H�). The reaction catalyzed by E1 is in red; the reaction catalyzed by E2 is in green; and that catalyzed by E3 is in blue. Top right, schematic representation
of the domain structure of the E2ec, E2-h, and E3BP, comprising from the N-terminal end 1–3 LDs subunit-binding domain (PSBD or S) to which the E1 and E3
components are bound, and C-terminal catalytic domain (C or C�). Bottom, stepwise mechanism of PDHec reactions: right, tautomers and ionization states of
ThDP; left, all kinetic constants were obtained for PDCec using methods listed in the lower left-hand side of the figure, and all rate constants are derived from
pre-steady experiments with the exception of k7/k�7 (reproduced from Ref. 73).
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2–3 heterodimers of PDP are bound to the lipoyl domains of
E2h and/or E3BP. The entire complex (mass �9 MDa) exhibits
icosahedral symmetry. Hence, PDCh represents a multienzyme
assembly with greater complexity in function, structure, and
regulation when compared with that of PDCec.

Detailed structures of individual components of PDCh (31–
35) and PDCec (36 –39) have been determined by x-ray crystal-
lography (Fig. 2). The three-dimensional structure of the E2h
catalytic domain (40), a full-length E2h-E3BP core, and full-
length E2-E3BP-E3 complex have been reconstructed by cryo-
electron microscopy (30).

E1 Component: Structure-based Studies of the
Mechanism

Catalytic Intermediates

Using recently reported high-resolution structures of several
components of the PDCs and novel methods developed for
deciphering different steps in the five catalytic reactions carried
out by three catalytic components of the PDCec, a deeper
understanding of their mechanisms has emerged in recent
years. These approaches and their outcomes are summarized in
this section and refer to steps in Fig. 1, bottom. (a) The first
kinetic step involves the rate of deprotonation of the weak acid
C2H at the thiazolium ring of ThDP to generate the reactive

ylide that is measured by monitoring the rate of solvent deute-
rium incorporation at C2 by 1H NMR (41). Both E1ec and E1h
accelerate this rate substantially (42, 43). (b) There is evidence
for the presence of three tautomeric and ionization states of
enzyme-bound ThDP: the 4�-aminopyrimidine (AP form), the
1�,4�-iminopyrimidine (IP) tautomer (44 – 47) (Fig. 1, bottom
left), and the protonated 4�-aminopyrimidinium (APH�) form,
detected by CD and solid state NMR (48 –50). (c) The presence
of the pre-decarboxylation intermediate C2�-lactylThDP
(LThDP) could be deduced by CD as an IP tautomer (49,
51–53). An NMR method could identify ThDP-bound covalent
intermediates stable under acidic conditions (LThDP,
HEThDP, 2-acetylThDP) from the chemical shifts of their
C6�H proton resonances (54, 55). (d) Existence of the first post-
decarboxylation intermediate, the enamine/C2�-carbanion,
could be inferred from its acid quench conversion to HEThDP
and its observation by NMR (54, 55). (e) The second post-de-
carboxylation intermediate, HEThDP on enzymes also exists as
the IP tautomer, as do all ThDP-bound intermediates with tet-
rahedral substitution at C2� atom, and could be observed by
CD (52). (f) 2-AcetylThDP, the oxidized form of the enamine,
could be an intermediate on the PDC (56, 57) and was recently
observed on E1ec (derived from fluoropyruvate) via a charac-
teristic CD signal near 390 nm (58).(g) Reductive acetylation of

FIGURE 2. Crystal structures of E1 and E3 from E. coli and human. Top, ribbon diagrams illustrating structural differences between functional homodimeric
and heterotetrameric E1 enzymatic assemblies from bacterial (E. coli), and mammalian (human) sources, respectively. Left, the homodimeric assembly from
E. coli (reproduced from Ref. 34 with permission, Protein Data Bank (PDB) code 1L8A). Right, the heterotetrameric assembly from human (modified from Ciszak
et al. (Ref. 31, PDB code 1NI4). The two figures are on the same scale and shown in the same orientation after least squares alignment based on the cofactors
(ThDP) and structurally matching � carbons. The ThDP cofactors are shown in a space-filling representation. Bottom, ribbon diagrams illustrating structures of
E3 functional dimers from bacterial E3ec (left) and human E3h (right) sources. In both the left and the right figures, one of the subunits is shown in blue and the
other is shown in green, whereas the FAD cofactors are shown in a space-filling representation. The structure of the E3h dimer is shown in subcomplex with the
E3-binding domain of E3 (in red). The bottom of this figure is reproduced from Ref. 39 for E3ec (PDB code: 4JDR) and from Ref. 33 for E3h (PDB code: 1ZY8).
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E2 (information transfer from E1) and acetyl transfer between
E2 domain are monitored by high-resolution MS methods (55),
revealing that neither reductive acetylation nor interdomain
acetyl transfer is rate-limiting through acetyl-CoA formation.
(h) The formation of acetyl-CoA from [13C-C2]pyruvate could
be monitored via NMR methods (55), also affirming the result
in step g. As shown in Fig. 1, bottom, all rate constants could be
assessed for PDCec with these methods.

Communication between Active Center ThDPs in the E1
Component

When aligned by least squares superposition and put into a
common orientation, the overall structures appear very similar,
although there are great differences between the structure of
the enzymes from different species (Fig. 2, top). In both bacte-
rial and human E1s, there are two distinct active centers capable
of binding ThDP. In the structures of E1ec (�2,homodimer) in
complex with ThDP (36) or its “transition-state analog” thia-
min 2-thiothiazolone diphosphate (37), two ThDP molecules
are bound at subunit-subunit interfaces forming two active
centers. In the structure of E1h (�2�2), binding of two ThDP
molecules involves the opposite pair of each heterodimer (such as
the diphosphate-binding domain of one �� heterodimer with
aminopyrimidine-binding domain of the ���� heterodimer and
vice versa) with flexibility required for movement (31). No struc-
tural evidence was observed of nonequivalence of two active
centers.

Steady-state kinetic and spectroscopic observations of
ThDP-dependent enzymes supported communication between
active center ThDPs manifested by “half-of-the site” reactivity
(or alternating active-site mechanism) (42, 43, 59, 60). Solution
NMR evidence of nonequivalence of two active centers in E1h
and E1ec was obtained from H/D exchange kinetics at C2-H of
E1-bound ThDP (42, 43) and by analysis of covalent ThDP-
bound intermediates in E1ec and E1h catalysis (54, 61). A “pro-
ton wire” mechanism (62, 63) with a hydrated “tunnel” of acidic
residues and water molecules was suggested to enable direct
communication for proton shuttling between two ThDP N1�
atoms. Experimental evidence of such a proton wire pathway
was obtained for E1ec (43). No proton wire pathway was iden-
tified for E1h.

Structural Evidence for the Role of Phosphorylation
Loops in E1h

In the E1h (�2�2), the � subunit is a target for phosphoryla-
tion/dephosphorylation by PDKs and PDPs (7, 16, 17, 64).
There are three phosphorylation sites in E1h-� that could be
phosphorylated independently, leading to PDC inactivation:
site 1 at Ser-264-�, site 2 at Ser-271-�, and site 3 at Ser-203-�
(65– 68). In the E1h structure, site 1 and site 2 are located on a
highly conserved phosphorylation loop A, whereas site 3 is on
phosphorylation loop B (31, 33, 69). These loops are ordered on
ThDP binding and disordered in its absence. On phosphoryla-
tion of site 1 (both Ser-264-� residues in the �2�2 heterote-
tramer were phosphorylated), the phosphorylation loops were
disordered even in the presence of ThDP, leading to loss of PDC
activity (67, 69). Apparently, upon Ser-264-� phosphorylation,
the bulky phosphoryl group produces a steric clash that dis-

rupts the H-bond network involving residues from phosphory-
lation loop A and Tyr-33-�� from the E1p-� subunit, resulting
in a disordered conformation of both phosphorylation loops
(69). In E1h, the presence of both loops in the ordered confor-
mation is a requirement for lipoyl domain recognition and sub-
strate channeling to E2h (69). An alternative explanation based
on the structure of E1h S264E (site 1 pseudo-phosphorylated)
suggested that both steric and electrostatic factors affect sub-
strate channeling between E1h and E2h (33).

The Active Center Loops in E1ec

In the structure of E1ec in complex with C2�-phosphonolac-
tylthiamin diphosphate (PLThDP), a stable analog of the pre-
decarboxylation intermediate LThDP, two disordered loops
had become ordered and completed the active center: the inner
(residues 401– 413) and outer loop (residues 541–557) (38).
Kinetic, spectroscopic, NMR, and structural studies demon-
strated that His-407 from the inner loop and charged residues
flanking His-407 have a role in stabilizing/ordering of the inner
loop that is essential for substrate entry to the active site and for
sequestering the active site from undesirable side reactions (38,
70 –72). The E1ec variants with inner loop substitutions dem-
onstrated greatly impaired rate of reductive acetylation of E2ec,
suggesting that ordering of the inner loop plays a role in com-
munication between the E1ec and E2ec (71, 72). For E1ec vari-
ants with E401K, H407A (inner loop), D549A (outer loop), and
Y177A substitutions, the rate of LThDP formation was affected
when the inner loop was disordered, also confirmed by x-ray
structure of E401K and H407A E1ec variants. It was concluded
that: (a) the rate of formation of the first C–C bond is affected
when the inner loop is disordered and (b) loop dynamics con-
trols covalent catalysis with ThDP (55).

Role of the E2 Component: Identification of the
Interaction Loci between E1 and E2

Binding of E1h to the E1h-binding Domain of E2h

In icosahedral PDCh, the E2h-E3BP core provides the bind-
ing sites for E1h through the subunit-binding domain of the
E2h. The structure of the E1 from Bacillus stearothermophilus
(E1bs, �2�2) in complex with the E1/E3-binding domain of
E2bs (E2bs forms dodecahedral core of PDCbs) was determined
(74) and was employed as a model to identify residues impor-
tant for interaction between E1-binding domain of the E2h and
E1h (75). It was demonstrated that the E1bs (�2�2) binds to its
cognate E2s through the C-terminal region of the �-subunits
through electrostatic and hydrophobic interactions (74).
Screening of the surface of the � subunit of E1h for electrostatic
interactions revealed Asp-289 to be important in the formation
of a salt bridge to Lys-276 on E2h (75).

Identification of the Interaction Loci of E2ec Core with E1ec
and E3ec

In octahedral PDCs, the E1 binds to PSBD of E2 (PDCec) or
to the E2 core domain (E. coli 2-ketoglutarate dehydrogenase)
through their N-terminal regions. Studies of the E1ec variants
with substitutions in the N-terminal region (residues 1–55)
suggest that the entire N-terminal region of E1ec is responsible
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for binding to E2ec (76, 77). Studies of E2ec variants revealed
that binding of E1ec and E3ec to E2ec was strongly affected by
charge-reversed substitutions at Arg-129 and Arg-150 in PSBD
(numbers correspond to 1-lip E2ec sequence), but not affected
by substitutions at Lys-191 and Arg-202 in the N-terminal
region of the E2ec core (76). With substitutions at Arg-129
more strongly affecting the binding of E3ec and substitutions at
Arg-150 strongly affecting the E1ec binding to E2ec, the studies
suggested that E1ec and E3ec bind to nonidentical but overlap-
ping loci of PSBD (76). The R129E and R150E substitutions in
E2ec also affected the rate of reductive acetylation of E2ec by
E1ec and pyruvate, and suggest that functional communication
between E1ec and E2ec was also affected. Evidence suggests that
the lipoyl domain, in addition to PSBD, is also recruited into inter-
action with E1ec (76). No direct interaction of the N-terminal
region of E1ec with the E2ec core domain was evident.

Role of the E3 Component: Interaction loci between the
E3 and E2

The functional E3 from both sources is a homodimer with
two identical active centers located at the interface between two
subunits (32–34, 39). Each subunit is composed of four
domains: FAD-binding domain, NAD�-binding domain, the
central domain, and the interface domain. Two tightly bound
FAD molecules in the E3 dimer are involved in electron transfer
from dihydrolipoamide of E2 to NAD� with involvement of an

intramolecular disulfide bridge in each subunit (Fig. 2, bottom).
Although the overall structures are similar for E3ec and E3h,
their binding mode to the E2 core is different, and will be dis-
cussed below.

Interaction Loci of E3h-binding Protein (E3BP) with E3h

The E2h-E3BP core provides the binding sites for E3h
through the E3BD of E3BP. Two x-ray structures of the human
E3h-E3BD subcomplex were reported (Fig. 2, bottom) (33, 34),
revealing that E3BD binds in the interface between two E3h
subunits through a combination of hydrophobic and electro-
static interactions, and complexation with E3BD did not per-
turb the E3 structure (33, 34). The residues involved in the
E3h-E3BD interaction were identified by site-directed substitu-
tions using kinetic, spectroscopic, calorimetric, and surface
plasmon resonance analysis of the binding constants (34, 75,
78). The Ile-157 in E3BD and Tyr-438 in E3h were found impor-
tant for specificity of E3h recognition by E3BD (75).

Interaction of the E2ec with E3ec Studied by Fourier
Transform-Mass Spectroscopy

With the help of the known crystal structure of E3ec (39), the
loci of interaction of E3ec with E2ec were identified by peptide-
specific H/D exchange MS (Fig. 3). In the E2ec-E3ec subcom-
plex, two peptides from PSBD of 3-lip E2ec and three peptides
from E3ec (two peptides from the FAD-binding domain and

FIGURE 3. Hydrogen deuterium exchange-MS analysis of the interaction loci of 3-lip E2ec and E3ec. Top figure, butterfly plot representing average relative
deuterium incorporation percentage (y axis) (deuterons exchanged/maximum exchangeable amides � 100) of peptic fragments from 3-lip E2ec (x axis, listed
from N to C terminus) in the absence of E3ec (top) and in the presence of E3ec (bottom). Bottom figure, difference plot showing deuterium incorporation
changes in peptic fragments of 3-lip E2ec in the absence and presence of E3ec (reproduced from Ref. 39).

MINIREVIEW: Bacterial and Human PDCs

JUNE 13, 2014 • VOLUME 289 • NUMBER 24 JOURNAL OF BIOLOGICAL CHEMISTRY 16619



one from the interface domain) exhibited significant reduction
in deuterium uptake on E3ec binding to 3-lip E2ec, when com-
pared with deuterium uptake by the individual components
(Fig. 3) (39). One of the two identified peptides in 3-lip E2ec
(residues 325–338) is part of the �-helix (H1), which interacts
with the E3ec dimer in all known structures with the exception
of the 2-oxoglutarate dehydrogenase complex (79), and it pro-
vides electrostatic stabilization of the E2ec-E3ec complex. Res-
idue Arg-333 in this peptide (corresponding to Arg-129 in 1-lip
E2ec) was identified as a “hot spot” for interaction of E2ec with
both E3ec and E1ec and is a highly conserved residue in all
known PSBDs (80). In summary, in PDCec, the E1ec and E3ec
components bind to nonidentical, but strongly overlapping
epitopes of E2ec localized in the PSBD domain. Their binding
does not require competition according to the model recently
suggested for differential utilization of three chains of E2ec as a
trimer unit on its assembly with E1ec and E3ec (81).

Regulation of PDCh by Phosphorylation

Regulation of mammalian PDC is important for the mainte-
nance of glucose homeostasis during both the fed and the fasted
states. This control is achieved primarily by the reversible phos-
phorylation of E1h, resulting in its inactivation and inhibition of
PDCh activity. Phosphorylation status of E1h is highly regu-
lated by activities of PDKs and PDPs at both the transcriptional
and the post-translational levels (4, 6, 7). The three sites in E1h
are phosphorylated in vivo at different rates and with different
specificity by four PDKs (66, 67). In E1h (and also in mamma-
lian PDCs), site 1 is preferentially phosphorylated and sites 2
and 3 are sequentially phosphorylated, leading to slower rates of
the complex (64). Studies of E1h variants with only a single
functional site for phosphorylation (with the other two phos-
phorylation sites converted to alanine) revealed that each of the
three sites could be phosphorylated independently, resulting in
E1h inactivation in each case (66, 67). Mammalian PDK1 is
capable of phosphorylating all three sites in E1h, whereas PDKs
2– 4 are able to phosphorylate only sites 1 and 2. The L1 and L2
of E2h and L3 of E3BP play an essential role in regulation of
PDK activities (Table 1). Again, different binding preferences of
four kinases toward the three lipoyl domains (L1, L2, and L3)
provide flexibility for modulation of their activities. Binding of
PDKs to the lipoyl domains of E2h and E3BP co-localizes to its
substrate, E1h, bound to E2h, and also induces conformational
changes in PDKs, resulting in variable degrees of activation,
with PDK3 showing the highest degree of activation (Table 1).
Interestingly, reduction by NADH and acetylation by acetyl-
CoA of the lipoyl moiety result in variable degrees of stimula-
tion of PDKs, with PDK2 being the most sensitive to this stim-
ulation (Table 1). In contrast, high levels of pyruvate, ADP,
NAD�, and CoA are inhibitory for PDK activities (16). The
activity of PDC is tightly regulated by the cellular levels of
PDKs and PDPs in tissues under different nutritional and
disease states (7). Transcriptional modulation of these regula-
tory enzymes is under the influence of hormonal changes dur-
ing starvation, diabetes, and hyperthyroidism (6, 7). PDK4
expression is regulated by fatty acids through peroxisome pro-
liferator-activated receptor � (47) and also by glucocorticoids
(48). Detailed accounts of transcriptional regulation of PDKs

can be found in a recent comprehensive review (82, 83).
Detailed aspects of transcriptional regulation of PDKs can be
found in a recent, comprehensive review (11). Recent findings
suggest a role of post-translational modifications in regulation
of PDCh, including activation of PDK1 by tyrosine phosphory-
lation (85) and inhibition of PDP1 and E1h by lysine acetylation
(86), that control PDC activity in cancer cells. These issues need
more detailed elucidation.

The crystal structures of all four PDKs (either alone or in
association with L2, ADP, or ATP) have been reported (87–93).
Each PDK monomer has two domains of about equal size, the
N-terminal domain and the C-terminal domain, and these two
domains are connected by a flexible, poorly ordered loop. In
dimeric PDK, the C-terminal tail of each monomer interacts
with the lipoyl-binding pocket in the N-terminal domain of the
other monomer. Monomers in the dimeric PDK are in a head-
to-head orientation with the primary interaction between the
C-terminal domains. In the absence of L2, PDK dimer forms a
“closed” conformation, resulting in closing of the active-site
cleft because of the disordered C-terminal tail of one monomer
not interacting with the lipoyl-binding pocket of the opposite
monomer (91–93). This conformation stabilizes the ATP lid
and thus prevents dissociation of ADP, resulting in product
inhibition. Upon binding of PDK3 to L2, the crossover config-
uration of the C-terminal tails results in an “open” conforma-
tion promoting the widening of the active-site cleft, causing
disordering of the ATP lid and accelerating the release of
trapped ADP (88, 89, 91). The two lipoyl-binding pockets are
located on the outer surface of the PDK dimer in the opposite
direction, suggesting that PDK may bind to two different lipoyl
domains on PDC at a time. This arrangement is consistent with
a “hand-on-hand” movement of PDK to serve many E1s in the
complex (16).

PDP exists as two different forms, PDP1 (catalytic and regu-
latory subunits) and PDP2 (catalytic subunit only), with differ-

TABLE 1
Characteristics of mammalian PDK isoenzymes and PDP isoenzymes
The information presented in Table 1 is derived from Refs. 3, 6, 7, 11, 16, 24, 64, 65,
86, and 87.

a H, heart; SM, skeletal muscles; L, liver; Lg, lungs; K, kidneys; B, brain; P,
pancreas; T, testis; S, spleen.

b (�) activation; (�) inhibition.
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ing biochemical characteristics. PDP1c (catalytic) activity
strongly depends on its binding to the lipoyl domain of E2h
requiring Ca2� (24, 94 –96). In contrast, PDP2c requires nei-
ther for its activity (95). Both PDP1c and PDP2c are able to
dephosphorylate all three phosphorylation sites on E1h. PDP1c
exhibits a random mechanism of dephosphorylation (with rel-
ative rates of site 2 � site 3 � site 1), indicating a lack of site-site
dependence for dephosphorylation. In contrast, PDP2c dis-
plays interdependence in dephosphorylation of site 1 with site 2
and site 3 separately, and no interaction between site 2 and site
3 (95). The crystal structure of PDP1c reveals a unique hydro-
phobic pocket on the surface to accommodate the lipoyl moiety
of the lipoyl domain of E2 (97). It is proposed that the closure of
the lipoyl moiety-binding site is achieved by the formation of
the intermolecular (PDP1c/L2) Ca2�-binding site.

Concluding Remarks

More than 60 years have passed since lipoic acid was first
isolated and characterized by Reed et al. (84), a seminal discov-
ery in our understanding of the chemistry and core functions of
these complexes. We now have x-ray structures of several PDC
components. With advances in detecting ThDP-bound inter-
mediates using spectroscopic methods, the rates of individual
steps could be determined for the E. coli PDC, revealing that
formation of the first covalent complex between pyruvate and
ThDP is rate-limiting, and this step may be controlled by the
mobility of active center loops. Remaining challenges include
the need for a high-resolution structure of an intact E2 compo-
nent, and of course of the entire complex. Renewed interest and
enthusiasm for studying the human PDC are warranted by its
recently revealed involvement in some forms of cancer, type 2
diabetes, and obesity, probably involving the interactions of the
E2h-PDK subcomplex and providing new targets for rational
drug design to regulate glucose metabolism in cancer, type 2
diabetes, obesity, and other diseases.
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junan, P., Hübner, G., Furey, W., and Jordan, F. (2005) Glutamate 636 of
the Escherichia coli pyruvate dehydrogenase-E1 participates in active cen-
ter communication and behaves as an engineered acetolactate synthase
with unusual stereoselectivity. J. Biol. Chem. 280, 21473–21482

62. Frank, R. A., Titman, C. M., Pratap, J. V., Luisi, B. F., and Perham, R. N.
(2004) A molecular switch and proton wire synchronize the active sites in
thiamin enzymes. Science 306, 872– 876

MINIREVIEW: Bacterial and Human PDCs

16622 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 289 • NUMBER 24 • JUNE 13, 2014



63. Jordan, F. (2004) How active sites communicate in thiamine enzymes.
Science 306, 818 – 820

64. Reed, L. J., Damuni, Z., and Merryfield, M. L. (1985) Regulation of mam-
malian pyruvate �-keto acid dehydrogenase complexes by phosphoryla-
tion-dephosphorylation. Curr. Top. Cell Regul. 27, 41– 49

65. Korotchkina, L. G., and Patel, M. S. (1995) Mutagenesis studies of the
phosphorylation sites of recombinant human pyruvate dehydrogenase:
site-specific regulation. J. Biol. Chem. 270, 14297–14304

66. Kolobova, E., Tuganova, A., Boulatnikov, I., and Popov, K. M. (2001) Reg-
ulation of pyruvate dehydrogenase activity through phosphorylation at
multiple sites. Biochem. J. 358, 69 –77

67. Korotchkina, L. G., and Patel, M. S. (2001) Probing the mechanism of
inactivation of human pyruvate dehydrogenase by phosphorylation of
three sites. J. Biol. Chem. 276, 5731–5738

68. Korotchkina, L. G., and Patel, M. S. (2001) Site specificity of four pyruvate
dehydrogenase kinase isoenzymes toward the three phosphorylation sites
of human pyruvate dehydrogenase. J. Biol. Chem. 276, 37223–37229

69. Kato, M., Wynn, R. M., Chuang, J. L., Tso, S.-C., Machius, M., Li, J., and
Chuang, D. T. (2008) Structural basis for inactivation of the human pyru-
vate dehydrogenase complex by phosphorylation: role of disordered phos-
phorylation loops. Structure 16, 1849 –1859

70. Kale, S., Arjunan, P., Furey, W., and Jordan, F. (2007) A dynamic loop at
the active center of the Escherichia coli pyruvate dehydrogenase complex
E1 modulates substrate utilization and chemical communication with E2
component. J. Biol. Chem. 282, 28106 –28116

71. Jordan, F., Arjunan, P., Kale, S., Nemeria, N. S., and Furey, W. (2009)
Multiple roles of mobile active center loops in the E1 component of the
Escherichia coli pyruvate dehydrogenase complex: linkage of protein dy-
namics to catalysis. J. Mol. Catal. B Enzym. 61, 14 –22

72. Kale, S., and Jordan, F. (2009) Conformational ensemble modulates coop-
erativity in the rate-determining catalytic step in the E1 component of the
Escherichia coli pyruvate dehydrogenase multienzyme complex. J. Biol.
Chem. 284, 33122–33129

73. Wang, J., Nemeria, N. S., Chandrasekhar, K., Kumaran, S., Arjunan, P.,
Reynolds, S., Calero, G., Brukh, R., Kakalis, L., Furey, W., and Jordan, F.
(2014) Structure and function of the catalytic domain of the dihydrolipoyl
acetyltransferase component in Escherichia coli pyruvate dehydrogenase
complex. J. Biol. Chem. 289, 15215–15230

74. Frank, R. A. W., Pratap, J. V., Pei, X. Y., Perham, R. N., and Luisi, B. F.
(2005) The molecular origins of specificity in the assembly of a multien-
zyme complex. Structure 13, 1119 –1130

75. Patel, M. S., Korotchkina, L. G., and Sidhu, S. (2009) Interaction of E1 and
E3 components with the core proteins of the human pyruvate dehydro-
genase complex. J. Mol. Catal. B Enzym. 61, 2– 6

76. Park, Y. H., Wei, W., Zhou, L., Nemeria, N., and Jordan, F. (2004) Amino-
terminal residues 1– 45 of the Escherichia coli pyruvate dehydrogenase
complex E1 subunit interact with the E2 subunit and are required for
activity of the complex but not for reductive acetylation of the E2 subunit.
Biochemistry 43, 14037–14046

77. Song, J., Park, Y.-H., Nemeria, N. S., Kale, S., Kakalis, L., and Jordan, F.
(2010) Nuclear magnetic resonance evidence for the role of the flexible
regions of the E1 component of the pyruvate dehydrogenase complex
from Gram-negative bacteria. J. Biol. Chem. 285, 4680 – 4694

78. Park, Y. H., and Patel, M. S. (2010) Characterization of interactions of
dihydrolipoamide dehydrogenase with its binding protein in the human
pyruvate dehydrogenase complex. Biochem. Biophys. Res. Commun. 395,
416 – 419

79. Nakai, T., Kuramitsu, S., and Kamiya, N. (2008) Structural basis for the
specific interactions between the E2 and E3 components of the Thermus
thermophilus 2-oxo acid dehydrogenase complexes. J. Biochem. 143,
747–758

80. Mande, S. S., Sarfaty, S., Allen, M. D., Perham, R. N., and Hol, W. G. (1996)
Protein-protein interactions in the pyruvate dehydrogenase multienzyme
complex: dihydrolipoamide dehydrogenase complexed with the binding
domain of dihydrolipoamide acetyltransferase. Structure 4, 277–286

81. Song, J., and Jordan, F. (2012) Interchain acetyl transfer in the E2 compo-
nent of bacterial pyruvate dehydrogenase suggests a model with different

roles for each chain in a trimer of the homooligomeric component. Bio-
chemistry 51, 2795–2803

82. Huang, B., Wu, P., Bowker-Kinley, M. M., and Harris, R. A. (2002) Regu-
lation of pyruvate dehydrogenase kinase expression by peroxisome prolif-
erator-activated receptor-� ligands, glucocorticoids, and insulin. Diabetes
51, 276 –283

83. Kwon, H. S., Huang, B., Unterman, T. G., and Harris, R. A. (2004) Protein
kinase B-� inhibits human pyruvate dehydrogenase kinase-4 gene induc-
tion by dexamethasone through inactivation of FOXO transcription fac-
tors. Diabetes 53, 899 –910

84. Reed, L. J., Debusk, B. G., Gunsalus, I. C., and Hornberger, C. S., Jr. (1951)
Crystalline �-lipoic acid: a catalytic agent associated with pyruvate dehy-
drogenase. Science 114, 93–94

85. Hitosugi, T., Fan, J., Chuang, T.-W., Lythgoe, K., Wang, X., Xie, J., Ge, Q.,
Gu, T.-L., Polakiewicz, R. D., Roesel, J. L., Chen, G. Z., Boggon, T. J., Lonial,
S., Fu, H., Khuri, F. R., Kang, S., and Chen, J. (2011) Tyrosine phosphory-
lation of mitochondrial pyruvate dehydrogenase kinase 1 is important for
cancer metabolism. Mol. Cell 44, 864 – 877

86. Fan, J., Shan, C., Kang, H.-B., Elf, S., Xie, J., Tucker, M., Gu, T.-L., Aguiar,
M., Lonning, S., Chen, H., Mohammadi M., Britton, L.-M., Garcia, B. A.,
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Experimental and clinical data strongly support a role for the
eosinophil in the pathogenesis of asthma, allergic and parasitic
diseases, and hypereosinophilic syndromes, in addition to more
recently identified immunomodulatory roles in shaping innate
host defense, adaptive immunity, tissue repair/remodeling, and
maintenance of normal tissue homeostasis. A seminal finding
was the dependence of allergic airway inflammation on eosino-
phil-induced recruitment of Th2-polarized effector T-cells to
the lung, providing a missing link between these innate immune
effectors (eosinophils) and adaptive T-cell responses. Eosino-
phils come equipped with preformed enzymatic and nonenzy-
matic cationic proteins, stored in and selectively secreted from
their large secondary (specific) granules. These proteins con-
tribute to the functions of the eosinophil in airway inflamma-
tion, tissue damage, and remodeling in the asthmatic diathesis.
Studies using eosinophil-deficient mouse models, including
eosinophil-derived granule protein double knock-out mice
(major basic protein-1/eosinophil peroxidase dual gene dele-
tion) show that eosinophils are required for all major hallmarks
of asthma pathophysiology: airway epithelial damage and
hyperreactivity, and airway remodeling including smooth mus-
cle hyperplasia and subepithelial fibrosis. Here we review key
molecular aspects of these eosinophil-derived granule proteins
in terms of structure-function relationships to advance under-
standing of their roles in eosinophil cell biology, molecular
biology, and immunobiology in health and disease.

Over the past three decades, the role of the eosinophil in
human health and disease has received considerable attention
(1, 2). The eosinophil has a vital role in allergic inflammatory
processes that include asthma (3, 4). Evidence implicates the
eosinophil and its granule proteins in host resistance to para-
sites, particularly helminths, but also antimicrobial activities
toward bacterial, viral, and protozoan pathogens, and as medi-
ators of hypersensitivity diseases. This evidence consists of
associations between elevated levels of eosinophils in blood and
the occurrence of disease; correlations between disease severity
and degree of eosinophilia; findings that the cationic eosino-

phil-derived granule proteins (EDGPs)3 are toxic to cells and
human tissues, producing changes mimicking those associated
with disease (e.g. in bronchial asthma); deposition of the toxic
EDGPs in diseased tissue; and observations that glucocorti-
coids suppress eosinophilia as part of their therapeutic effect (5).

The eosinophil is rich in cationic granule proteins, shows a
striking respiratory burst with the production of toxic oxygen
radicals, brominates tissue and proteins, presents antigen to
T-cells, and expresses both hematopoietic and inflammatory
cytokines (2). These findings support the eosinophil as a key
player in allergic inflammation and tissue homeostasis in
hypersensitivity diseases (1, 2). Eosinophil-deficient mouse
models (3, 4, 6), including EDGP gene-deleted mice (7–9), pro-
vide unique insights into the role of the eosinophil, in both
tissue damage/repair/remodeling and novel immunomodula-
tory roles that bridge host innate and adaptive immune
responses in allergic and parasitic diseases.

Initial views of the eosinophil as providing direct antipatho-
gen (helminth) activity are being supplanted by more nuanced
views of the immunomodulatory functions of the eosinophil,
including roles in supporting parasitic nematode survival (10,
11); Appleton and colleagues (10, 11) show that growth and
survival of the muscle stage larvae of Trichinella spiralis require
eosinophils, which promote accumulation of Th2 cells and
inhibit the induction of inducible NOS by macrophages and
neutrophils. Studies using a conditional eosinophil-deficient
mouse strain (iPHIL) show that eosinophils modulate the
immune and inflammatory character of inducible allergic
responses in the lung (6). Clinical trials using anti-interleukin-5
(IL-5) antibodies to ablate eosinophils in the bone marrow and
blood, as well as reduce tissue eosinophils in patients with the
eosinophilic but not neutrophilic phenotype of asthma, show
efficacy in reversing eosinophil-mediated tissue damage,
remodeling, fibrosis, and airway dysfunction (12), as well as
end-organ damage in the hypereosinophilic syndrome (13),
highlighting the complex proinflammatory and immunomodu-
latory activities of the eosinophil in shaping the pathogenesis of
these diseases.

Eosinophil-derived Granule Proteins

With expectations that understanding the properties, activ-
ities, and secretion of eosinophil proteins in disease states
would provide insights into cellular function, the cationic com-
ponents of the large crystalloid-containing specific (secondary)
granule of the eosinophil (Fig. 1) were extensively studied.
These proteins include major basic protein-1 and -2 (MBP-1,
MBP-2), eosinophil peroxidase (EPX), eosinophil cationic pro-
tein (ECP), and eosinophil-derived neurotoxin (EDN) (Fig. 1).
The Charcot-Leyden crystal protein/Galectin-10 (CLC/Gal-
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10), although not cationic, is a hydrophobic autocrystallizing
protein comprising �7–10% of total eosinophil protein (Fig. 1).
EPX and MBP-2 are the only EDGPs uniquely expressed by the
eosinophil and not other cells; the other EDGPs are variably
expressed in �10 –100-fold lesser amounts by other blood leu-
kocytes, tissues, and cells including basophils (MBP-1 (14, 15),
EDN (16), CLC/Gal-10 (17, 18)), neutrophils (EDN, ECP) (19 –
21), liver (EDN) (22), and regulatory T cells (Tregs) (23, 24) and
TH2 central memory T cells (CLC/Gal-10) (25). Although these
EDGPs are expressed and may be secreted by these other cell
types at sites of host innate and adaptive immune responses and
inflammation, aside from expression of CLC/Gal-10 by regula-
tory T cells (23), the roles and functions of these proteins
beyond those of eosinophils have not been investigated, other
than their potential use as biomarkers.

Eosinophils form extracellular DNA traps (EETs), a compo-
nent of innate antibacterial immune responses in a number of
eosinophil-associated infectious, allergic, and autoimmune dis-
eases (26, 27). EETs consist of a meshwork of DNA fibers
(formed from mitochondrial rather than nuclear DNA), and a
number of EDGPs, including MBP-1 and ECP, co-localize in

the EETs, suggesting that they participate in trapping and kill-
ing of bacteria by this mechanism (28). EETs were identified in
the lung in allergic asthma (29) and in a number of allergic/
reactive skin diseases including allergic contact dermatitis,
ectoparasitoses, and larva migrans (30). Multiple mechanisms
of eosinophil priming and activation that include signaling
through toll-like, cytokine, chemokine, and adhesion receptors
initiate the formation of EETs containing the EDGPs (26, 31) in
a process requiring activation of NADPH oxidase. Although the
specific role of the EDGPs in EETs has not been determined,
their formation may provide a mechanism for bringing together
these cationic toxins with their pathogen targets, or alterna-
tively limit collateral tissue damage by the EDGPs (26).

Eosinophil Major Basic Protein-1

MBP-1 (13.8 kDa, extremely basic, pI � 11.4) is an abundant
granule protein localized to the electron-dense crystalloid core
of the secondary granule. The protein is initially expressed as a
25.2-kDa polypeptide (pre-pro form), comprising a highly
acidic “pro-domain” and highly basic MBP-1 protein. The pro-
domain is thought to neutralize the basic nature of MBP-1 dur-

FIGURE 1. Structural representations of the human eosinophil granule proteins showing their location and known functions. The cationic granule
proteins shown are: MBP-1 (Protein Data Bank (PDB) code 1H8U); EDN (RNase-2) (PDB code 1HI2); ECP (RNase-3) (PDB code 1QMT); and EPX/EPO) (based on
molecular modeling using a myeloperoxidase structure, PDB code 1D2V). Also shown is CLC/Gal-10 (PDB code 1LCL), which is mainly cytosolic but also present
in a small residual population of primary large core-less granules in the mature eosinophil. CLC/Gal-10 forms the hexagonal bipyramidal crystals (arrow)
considered a hallmark of eosinophilic inflammation in tissues and body fluids in eosinophil-associated diseases.
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ing its synthesis, transport, and packaging in the eosinophil
granule, but structural or functional studies are lacking. MBP-1
is highly toxic to mammalian cells in vitro and can damage
helminths, bacteria, and mammalian cells (32). MBP-1 dam-
ages cells by disrupting the lipid bilayer membrane (32) or alter-
ing the activity of enzymes within tissues. MBP-1 stimulates
mediator (histamine) release from basophils and mast cells,
activates neutrophils and platelets, and augments superoxide
generation by alveolar macrophages. MBP-1 levels are elevated
in biological fluids (e.g. sputa and bronchoalveolar lavage fluids)
from patients with asthma and other eosinophil-associated dis-
eases. MBP-1 induces bronchoconstriction when administered
into monkey lung and induces transient airway hyperreactivity
when administered into rat, rabbit, or monkey trachea (33).
These effects could be neutralized by polyanions such as hepa-
rin or polyglutamic acids. MBP-1 has been implicated in tissue
damage associated with eosinophil infiltration, notably to the
respiratory epithelium in asthma. MBP-1 binds lactoferrin (34)
and is a potent inhibitor of recombinant and eosinophil hepa-
ranase (35). Direct instillation of MBP-1 into the mouse airway
induces airway remodeling, including induction of epithelial
TGF-� and MMP1 expression and subepithelial fibrosis (36). In
a model of Duchenne muscular dystrophy and the mdx mouse
model of Duchenne muscular dystrophy, eosinophils were
shown to lyse muscle cells in vitro through release of MBP-1,
and MBP-1 promoted fibrosis of dystrophin-deficient muscle
and attenuated the cellular immune response to these cells (37).

The role of MBP-1 in the development of allergen-induced
pulmonary pathologies in asthma has been studied in mouse
asthma models in which the MBP-1 gene was knocked out
(MBP-1�/�) (38); MBP-1 deficiency had no effect on the devel-
opment of allergen-induced airway histopathologies or inflam-
matory cell recruitment, nor any effects on airway hyperre-
sponsiveness, which still developed in the absence of mouse
MBP-1. Knock-out of the EPX gene (EPX�/�) and resulting
EPX deficiency had no impact on asthma-associated pulmo-
nary pathologies induced by allergen sensitization and provo-
cation (39), suggesting that the contributions of MBP-1 and
EPX to disease pathology in allergic diseases likely occurred via
their combined activities. Crossing MBP-1�/� and EPX�/�

knock-out mice to address this issue in double knockouts unex-
pectedly generated a novel strain of mice with a highly specific
deficiency in eosinophilopoiesis, and therefore eosinophils (9).
Although the mechanism for the eosinophil deficiency in these
double knock-out mice remains to be determined, results sug-
gest that: (i) granule protein gene expression and/or defective
granulogenesis may be a checkpoint for survival of eosinophil
progenitors, (ii) loss of concurrent expression of MBP-1 and
EPX disrupts lineage-instructive gene regulatory mechanisms
required for self-renewal or eosinophil progenitor survival, or
(iii) most likely, dysfunctional granulogenesis leads to aberrant
intracellular release of a toxicant such as mouse eosinophil-
associated ribonucleases (EARs) capable of degrading intracel-
lular RNAs, leading to the observed cell-autonomous defect
(39).

A homologue of MBP-1, called MBP-2, was identified and
shown expressed exclusively by eosinophils. MBP-2 has �66%
amino acid sequence identity with MBP-1 but is significantly

less basic (pI � 8.7) (40). In vitro activities of MBP-1 and MBP-2
appear similar, e.g. cell destruction, induction of superoxide
anion, IL-8 release from neutrophils, and induction of hista-
mine and leukotriene C4 release from basophils, but human
MBP-1 is more potent than MBP-2 in these activities (52).
MBP-2, present only in eosinophils, may be a useful biomarker
for eosinophil-associated diseases, but its utility has not been
evaluated.

MBP-1 is a monomer under physiologic conditions, but
readily polymerizes in solution, forming insoluble aggregates
due to the presence of five reactive thiol groups (in addition to
four cysteines involved in disulfide bond formation) (41).
MBP-1 is synthesized as a precursor that is proteolytically pro-
cessed to the mature granule form during packaging into the
crystalloid core of the granule. The pro-domain removed in this
process is heavily glycosylated with N-glycans, O-glycans, and
glycosaminoglycans, raising the molecular mass to �30 –50
kDa. MBP-1 does not exhibit high sequence similarity to other
proteins aside from weak similarity (23–28%) to C-type lectin
domains and the low affinity IgE receptor Fc�RII (42).

The three-dimensional structure of MBP-1 (Fig. 1) (43)
shows that its overall topology is similar to that of C-type lectin
domains, in particular to lithostathine, a glycoprotein ex-
pressed by exocrine pancreas. We showed that none of the
amino acid residues involved in calcium binding in classical
C-type lectins is conserved in MBP-1. The region correspond-
ing to the carbohydrate-binding site in MBP-1 is highly basic
and thus differs in structure from that of the other C-type lec-
tins. The crystal structure of MBP-1 in complex with heparin
disaccharide (Fig. 2A) showed that heparan sulfate may be a
ligand (in agreement with data showing MBP-1 binding to hep-
arin) (44). It is likely that heparan sulfate is not the sole physi-
ologic ligand for MBP-1, and it may have the capacity to recog-
nize a wide variety of sulfated ligands.

MBP-1 has been shown to function in vitro and in vivo as an
endogenous allosteric antagonist of the inhibitory muscarinic
M2 receptor (45). Fryer and colleagues (45) showed that MBP-1
potently inhibits binding of N-methyl scopolamine (NMS) to
guinea pig M2, but not M3, receptors. MBP-1 was found to
inhibit atropine-induced dissociation of NMS-receptor com-
plexes, showing that MBP-1 interaction with the M2 receptor is
allosteric, suggesting that it may function as an endogenous
allosteric inhibitor of agonist binding to this inhibitory recep-
tor. Inhibition of NMS binding by MBP-1 was reversible by
heparin, which binds and neutralizes MBP-1, consistent with
structural findings. Because eosinophils secrete MBP-1 during
allergen-induced airway inflammation, and treatment of aller-
gen-challenged or ozone-challenged guinea pigs with heparin
or a neutralizing antibody to MBP-1 restores M2 receptor func-
tion (46 – 48), eotaxin/CCR3-mediated eosinophil recruitment
to and release of MBP-1 on airway nerves may contribute to M2
receptor dysfunction and vagally mediated bronchoconstric-
tion in the asthmatic diathesis.

Eosinophil-derived Neurotoxin

EDN is a small, basic protein that belongs to the ribonuclease
A (RNase A) superfamily (19). It is localized to the matrix of the
secondary granule of the eosinophil (49) and is also known as
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RNase-2, nonsecretory RNase, and RNase-Us, the latter based
on its specificity toward uridine-containing nucleotides. EDN is
one of the most abundant RNases in humans and has been
isolated from a wide variety of sources including eosinophil,
placenta, liver, and urine. There is �3.3 �g of EDN/106 eosin-
ophils (16). The initial identification of EDN was based on its
induction of ataxia, incoordination, spasmodic paralysis, mus-
cle stiffness, and killing of cerebellar Purkinje cells when
injected intrathecally into rabbits, a paralytic syndrome termed
the Gordon phenomenon (52, 53).

Although EDN shares 67% amino acid sequence identity with
ECP, its sequence identity with RNase A is only 36%. The ribo-
nucleolytic activity of EDN is �3–30-fold lower than that of
RNase A, depending on the substrate (22). This enzymatic
activity is a prerequisite for its cytotoxic, neurotoxic, and anti-
viral activities (22, 51, 54). The primary sequence of EDN con-
tains a Trp-X-X-Trp motif between residues 7 and 10, specify-
ing an unusual C-mannosylation of Trp-7. This involves
attachment of an R-mannosyl residue via a C–C link to the
indole moiety of Trp-7, the first example of this post-transla-
tional modification (55). Unlike the other EDGPs, EDN is a

poor cationic toxin with limited toxicity for helminth parasites
and mammalian cells at high concentrations (50, 56). However,
as a ribonuclease, it is considerably more effective against sin-
gle-stranded RNA viruses (51).

EDN activates human dendritic cells (DCs), leading to their
expression of a variety of inflammatory chemokines, cytokines,
growth factors, and soluble receptors (57). EDN also induces
both phenotypic and functional maturation of DCs, as well as
acts as an alarmin that activates the TLR2-MyD88 signaling
pathway in DCs, enhancing Th2 immune responses (58).

The crystal structure of recombinant EDN (59) showed that
the topology of the molecule includes the RNase A fold (Fig. 1)
and that the core ribonucleolytic active site architecture (Fig.
2B) is conserved, although both ECP (60) and EDN exhibit sig-
nificant differences at the peripheral substrate-binding sites
(61). High-resolution crystal structures in complex with nucle-
otide inhibitors (59) present a detailed picture of differences
and flexibility between EDN and RNase A in substrate recogni-
tion (Fig. 2B).

In the mouse, the related family of EARs, initially identified
by Lee and colleagues (62), exhibits highly divergent properties

FIGURE 2. Molecular details of the functional sites identified thus far. A, MBP-1 carbohydrate-binding region with bound heparin disaccharide and sulfate
ions (PDB code 2BRS). B, EDN ribonucleolytic active site with bound inhibitor bis(adenosine)-5�-pentaphosphate (PDB code 1HI5). C, ECP ribonucleolytic active
site with bound adenosine-2�,5�-diphosphate (PDB code 1H1H). D, CLC/Gal-10 carbohydrate recognition domain with bound mannose (PDB code 1QKQ).
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both from one another and from human EDN and ECP. Zhang
et al. (63) showed that there is a striking similarity between the
evolutionary patterns of the mouse EAR genes and those of the
major histocompatibility complex, immunoglobulin, and T cell
receptor genes, enabling them to hypothesize that host defense
and generation of diversity are among the primary physiologi-
cal functions of the murine EARs. The discovery of a large num-
ber of divergent EARs suggests the intriguing possibility that
these proteins have been specifically tailored through evolution
to fight against distinct mouse pathogens (63).

Eosinophil Cationic Protein

ECP also belongs to the RNase A superfamily and is known as
RNase-3 (20, 64, 65). Mature ECP is a small cationic polypep-
tide of 133 residues. Similar to EDN, it is located in the matrix of
the specific granule of the eosinophil, but as compared with
EDN (pI � 8.9), ECP is considerably more cationic (pI � 10.8).
There is �5.3 �g of ECP/106 eosinophils (16). Like EDN, ECP
induces the neurotoxic Gordon phenomenon (52). ECP has
marked toxicity for a variety of helminth parasites, hemoflagel-
lates, bacteria, single-stranded RNA viruses, and host tissues
(66). Serum ECP levels can be used as a clinical tool for estimat-
ing eosinophil inflammatory activity in asthma and other aller-
gic diseases, and levels are related to disease severity. The anti-
bacterial activity and parasitic toxicity of ECP are greater than
EDN (66). In vitro, ECP can function as an antiviral agent and
may participate in host defense against the single-stranded
RNA respiratory syncytial virus (67). The toxicity of ECP for
bacteria and helminths does not appear related to its RNase
activity (66), whereas RNase activity is required for its antiviral
(67) and neurotoxic activities (52). The RNase activity of ECP is
100-fold lower than EDN for most RNA substrates, and their in
vivo substrates have not been identified (20, 68).

The crystal structure of ECP (60) shows the “RNase fold” (Fig.
1), but with significant divergence from RNase A and EDN. The
structure also shows how the cationic residues are distributed
on the ECP surface, an observation that may have implications
for understanding the considerable cytotoxicity of this enzyme.
The structure of ECP in complex with adenosine-2�,5�-diphos-
phate revealed details of the active site (Fig. 2C) and a structural
explanation for the lower substrate affinity and catalytic effi-
ciency of ECP (69).

Although eosinophils and their EDGPs are associated with
host defense responses against helminth parasites, a number of
the EDGPs also possess antibacterial activity. ECP has antibac-
terial activities not shared by EDN (70, 71). Evidence is accu-
mulating that eosinophils and the EDGPs may participate in
host responses to certain bacterial infections (72). ECP is active
in vitro against both Gram-negative and Gram-positive strains
of bacteria, its mechanism of toxicity involving both the bacte-
rial cell wall and the cytoplasmic membrane. Torrent et al. (73)
propose and provide evidence for a novel molecular mecha-
nism to explain the bacterial agglutinating activity of ECP,
showing in situ formation of fibrillar, amyloid-like aggregates at
the bacterial cell surface that bind amyloid diagnostic dyes. The
agglutinating activity of ECP appears driven by the amyloid-like
aggregation of the protein at the bacteria cell surface; elimina-
tion of the amyloidogenic behavior by a single point mutation

(I13A) abolished both its agglutinating and its antimicrobial
activities, the mutant being defective in triggering leakage and
lipid vesicle aggregation. These findings support the novel con-
cept that the amyloidogenic behavior of ECP, and possibly
other EDGPs, participates in antibacterial host responses to
infection, and suggest that the biophysical properties of bacte-
ricidal N-terminal peptides of ECP (amino acids 1– 45) (74) or
other EDGPs might guide development of novel antimicrobials
(75).

Native ECP purified to homogeneity from blood leukocytes
or purified eosinophils shows considerable molecular hetero-
geneity, from multiple glycosylated isoforms to the nonglyco-
sylated native protein, as well as functional heterogeneity of
these glycoforms relative to nonglycosylated ECP with respect
to its cytotoxic activity for mammalian cells (76). A gene poly-
morphism in the coding region, ECP 434(G�C), determines
the cytotoxicity of ECP for mammalian cells but has minor
effects on fibroblast-mediated gel contraction (measure of
fibroblast activation) and no effect on ECP RNase activity (77).
This polymorphism changes an arginine (base at 434 is G) at
position 97 to threonine (base at 434 is C). The ECP 434(G�C)
polymorphism correlates with the natural course of Schisto-
soma mansoni infection (78) and with inflammatory bowel dis-
ease in an age- and gender-dependent manner (79). These ECP
genotypes also show associations with the symptoms of allergy
and asthma (80, 81). Venge and colleagues (82) reported that
the various ECP glycoforms are processed during eosinophil
secretion; the modifications to secreted ECP by activated eosin-
ophils is explained in part by differences in their degree of
N-linked glycosylation, such that secreted ECP acquires the
masses of the more cytotoxic, less glycosylated, isoforms,
including the nonglycosylated species (82), explaining in part
the structural and functional heterogeneity of ECP as reported
in the literature.

Eosinophil Peroxidase (EPX/EPO)

During activation, eosinophils can generate potentially toxic
reactive oxygen species, which unlike the neutrophil, are
mainly directed extracellularly (83). Oxidant production begins
with the generation of superoxide by the membrane bound
NADPH oxidase of eosinophils, which dismutates into hydro-
gen peroxide (H2O2). EPX, the most abundant cationic protein
of the matrix of the specific granule, uses this H2O2 as an
oxidizing substrate to generate potent oxidizing species,
including hypohalous acids. In addition to bromide and chlo-
ride, EPX preferentially uses thiocyanate (SCN�) ions to gen-
erate HOSCN�, shown by Wang et al. (84, 85) to exert consid-
erable biologic activity, e.g. as a potent oxidant inducer of tissue
factor activity in endothelial cells; the HOSCN� generated by
EPX from activated tissue eosinophils may induce the pro-
thrombotic and proinflammatory endothelial and endocardial
phenotypes responsible for thrombotic complications seen in
the hypereosinophilic syndrome. EPX is structurally distin-
guished from the other EDGPs, being a two-chain hemoprotein
(68 kDa); it is initially synthesized as a single chain precursor
that is proteolytically processed to a 55-kDa heavy chain and
12.5-kDa light chain. EPX is highly cationic and similar to ECP
and MBP-1 in this regard. Biochemical evidence suggests that
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EPX is structurally related to myeloperoxidase (Fig. 1) present
in neutrophil-specific granules. Patients with myeloperoxidase
deficiency have normal levels of EPX, indicating independent
expression mechanisms for these peroxidases. There is �12 �g
of EPX/106 eosinophils (16). EPX exerts some cytotoxic effects
as a cationic toxin, being able to kill parasites (86, 87) and mam-
malian cells in the absence of H2O2 and a halide co-factor. Fur-
thermore, EPX exerts both anti-inflammatory (88) and pro-
inflammatory (89) activities.

All of the human EDGPs including EPX itself, MBP-1, EDN,
and ECP, are post-translationally modified by EPX via nitration
at specific tyrosine residues during their synthesis and packag-
ing in the developing eosinophil (90). High-resolution affinity-
mass spectrometry showed single specific nitration sites at Tyr-
349 in EPX and Tyr-33 in both EDN and ECP, and crystal
structures of EDN and ECP, as well as structural models of EPX,
suggest that these nitrated tyrosine residues are surface-ex-
posed. Studies in EPX�/�, gp91phox�/�, and NOS�/� knock-
out mice showed that tyrosine nitration of these cellular toxins
and ribonucleases is mediated by EPX itself in the presence of
H2O2 and small amounts of nitrogen oxide. Thus, EPX appears
to nitrate itself via an autocatalytic mechanism. Tyrosine nitra-
tion of the EDGPs was shown to occur during eosinophil differ-
entiation and was independent of inflammation. The specific
roles of EPX-mediated nitrosylation of the EDGPs in eosino-
phil-mediated innate host immune defense mechanisms char-
acterized by their secretion during cell activation, e.g. against
parasites or during tissue damage in parasitic infections or
allergic responses, have not been determined.

Charcot-Leyden Crystal Protein

CLC protein forms distinctive bipyramidal hexagonal crys-
tals, hallmarks of eosinophil participation in allergic and related
inflammatory reactions. These crystals, found at sites of eosin-
ophil infiltration in tissues and in body fluids and secretions,
were identified more than 150 years ago. CLC is a small, slightly
acidic (pI �5.1–5.7) 142-amino acid protein of 16.5 kDa (91). It
was initially identified as an eosinophil lysophospholipase
(LPLase) (92) but has since been assigned to the galectin super-
family of S-type animal lectins as the 10th member (Galectin-
10) based on amino acid sequence (91), three-dimensional

structure (CLC/Gal-10, Fig. 1) (93), and genomic organization
(94). Importantly, we showed that CLC/Gal-10 lacks any
LPLase activity and that the weak enzymatic activity initially
associated with the purified protein was due to contamination
by a highly active 75-kDa pancreatic LPLase also expressed by
eosinophils (95).

The crystal structure of CLC/Gal-10 provides details of a
carbohydrate recognition domain with both similarities to and
important differences from other members of the galectin fam-
ily (93). Structural studies showed that CLC/Gal-10 does not
bind �-galactosides, but can bind mannose in the crystal in a
unique manner different from the binding of lactosamine car-
bohydrates by other related galectins (Fig. 2D) (96). The phys-
iologic significance of this mannose binding remains equivocal.
The partial conservation of residues involved in carbohydrate
binding leads to significant changes in the topology and chem-
ical nature of the carbohydrate recognition domain and has
implications for glycan recognition by CLC/Gal-10 in vivo.
These findings are beginning to provide clues toward identify-
ing a physiologically relevant ligand for CLC/Gal-10 and under-
standing its potential intracellular and extracellular roles in
eosinophil biology.

Our recent experiments using Southwestern (ligand) blot-
ting, co-purification, co-immunoprecipitation, and confocal
microscopy show that CLC/Gal-10 interacts in vitro and intra-
cellularly in activated eosinophils with the two glycosylated
human eosinophil granule cationic ribonucleases, EDN and
ECP.4 Studies in human blood eosinophils using immunofluo-
rescence confocal microscopy show that interferon-� activa-
tion induces the rapid co-localization of CLC/Gal-10 with EDN
and CD63.4 Because CLC/Gal-10 does not inhibit the ribonu-
clease activity of EDN, it may function instead as a carrier for
the sequestration and vesicular transport of these ribonu-
cleases, during granulogenesis in the differentiating eosinophil,
and during piecemeal degranulation (Fig. 3) in the activated
eosinophil, enabling their extracellular functions in host
defense and allergic inflammation without intracellular damage
to the eosinophil itself during their secretion.

4 C. B. Doyle and S. J. Ackerman, unpublished results.

FIGURE 3. Mechanisms of eosinophil degranulation. Eosinophils release their secondary (specific) granule contents, including the granule cationic proteins
and other immunomodulatory mediators, by four different mechanisms. In classical exocytosis, mainly seen at sites of bacterial infection, the contents of single
granules are released by fusion of the granule membrane with the plasma membrane lipid bilayer. In compound exocytosis, mainly seen with eosinophil
degranulation onto helminth parasites, a number of granules first coalesce and fuse, and the cationic protein contents are then released through a single fusion
pore at the plasma membrane. In piecemeal degranulation, mainly seen in eosinophil inflammatory responses in human tissues, secretory vesicles bud from
granules, capturing granule matrix and/or core contents, and are targeted to the plasma membrane in a fashion analogous to the release of neurotransmitters
from neurons. Differential secretion of the cationic proteins from the matrix (EPX, EDN/RNase-2, ECP/RNase-3) or core (MBP-1, MBP-2) of the granule has been
shown to occur, leaving coreless granules with intact matrix or intact cores with no matrix in the cell. In cytolysis, intact whole granules are deposited in tissues
and body fluids after disruption of the plasma membrane due to eosinophil necrosis.
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In addition to its considerable expression at both mRNA and
protein levels in eosinophils and basophils, CLC/Gal-10 was
identified as a constituent of human regulatory T cells. A global
proteomics analysis of highly purified human CD4�CD25�

Tregs identified CLC/Gal-10 as a novel biomarker, shown by
siRNA knockdown to be essential for maintaining Treg anergy
and suppressive functions on T cell activation (23). The mech-
anism by which CLC/Gal-10 participates, through galectin-
type interaction with a glycan ligand(s) or protein-protein
interaction, in maintaining the CD4�CD25� Treg phenotype
has not been established.

A number of studies identify CLC/Gal-10 as a potentially
useful biomarker of eosinophil involvement in asthma, allergic
rhinitis, and other eosinophil-associated diseases. Elevated lev-
els of CLC/Gal-10 have been measured by one of us, by ELISA,
as a biomarker of active eosinophilic inflammation that is
highly correlated with the number of tissue (esophageal) eosin-
ophils in eosinophilic esophagitis (97), a rare immune-medi-
ated food allergic disease of increasing incidence. CLC/Gal-10
was also identified as a potentially useful biomarker of eosino-
philic airway inflammation in induced sputum for identifying
the eosinophilic phenotype of asthma to guide treatment con-
siderations (98). In celiac disease, CLC/Gal-10 expression was
found related to both disease activity (histologic grade) and
numbers of tissue eosinophils in intestinal lesions, suggesting it
as a novel biomarker for evaluating tissue damage and eosino-
phil involvement in the pathogenesis of this gluten intolerance.
Finally, genetic variations (SNPs) in the promoter region of the
CLC gene were identified as potential susceptibility biomarkers
for allergic rhinitis (99), with the pattern of variation compati-
ble with a recessive inheritance model and observed increased
levels of CLC/Gal-10 protein in the nasal fluid of patients with
allergic rhinitis during the allergy season (100).

Perspectives

With a goal toward understanding the roles and specific
functions of the EDGPs in the normal and pathologic activities
of the eosinophil, significant progress has been made by deter-
mining the three-dimensional structures of four of these medi-
ators using x-ray crystallographic approaches. These studies
provided novel insights and vital clues toward understanding
the structural basis for their unique biologic and enzymatic
activities at a molecular level, paving the way for future “form
and function” analyses to better define their unique biochemi-
cal properties, biologic activities, and pathologic contributions
to eosinophil-mediated inflammatory responses, tissue damage
and repair, remodeling, and fibrosis, as well as innate and adapt-
ive host immune responses to infectious agents including par-
asitic helminths, bacteria, and viruses.
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Prions are self-replicating protein aggregates and are the pri-
mary causative factor in a number of neurological diseases in
mammals. The prion protein (PrP) undergoes a conformational
transformation leading to aggregation into an infectious cellular
pathogen. Prion-like protein spreading and transmission of
aggregates between cells have also been demonstrated for other
proteins associated with Alzheimer disease and Parkinson dis-
ease. This protein-only phenomenon may therefore have
broader implications in neurodegenerative disorders. The mini-
reviews in this thematic series highlight the recent advances in
prion biology and the roles these unique proteins play in disease.

It has been more than 30 years since Stanley Prusiner coined
the term “prion” to describe a novel class of infectious agent
that causes rare degenerative diseases of the brain in humans
and animals (1). It was speculated that unlike viruses or bacte-
ria, prions were composed solely of protein and were capable of
replicating in the absence of any nucleic acids. With further
work, it became apparent that prions were composed of a host-
encoded protein, the prion protein (PrP),2 which could exist in
multiple conformational states: PrPC, the properly folded cel-
lular isoform, and PrPSc, the misfolded and infectious isoform
associated with prion disease (2). Replication of prions occurs
via a conformational remodeling event in which PrPSc induces
the misfolding of PrPC in a template-directed fashion.

Although the notion of self-replicating proteins in prion dis-
ease had been previously entertained (3), The “protein-only
hypothesis” was initially the subject of considerable debate. The
existence of multiple stable conformations of a single protein in
the absence of any post-translational modifications was seen as
a direct violation of Anfinsen’s dogma that the native structure
of a globular protein is governed entirely by its primary amino
acid sequence (4). Furthermore, many refused to believe that a
biological agent could replicate in the absence of nucleic acids
(5). In particular, the existence of distinct “strains” of prions
seemed implausible without invoking a mutation in a nucleic
acid genome (6). Today, the protein-only hypothesis is widely
accepted and has been proven beyond a reasonable doubt, the
final proof coming from the demonstration that bacterially pro-
duced PrP can be refolded into an infectious conformation (7).

In addition to constituting a unique biological paradigm,
there is also a sensationalist component to the story of prions.
Whether it be the transmission of kuru among the Fore tribe of

Papua New Guinea by ritualistic cannibalism (8) or the epi-
demic of variant Creutzfeldt-Jakob disease in Europe that
occurred via consumption of food products contaminated with
“mad cow disease” (9), prions often generate considerable pub-
lic attention.

Prions were originally defined as “small proteinaceous infec-
tious particles that are resistant to most procedures that modify
nucleic acids” (1). However, as it became recognized that the
molecular mechanism of prion replication involved template-
directed conformational change, the definition of a prion was
expanded to encompass other biological phenomena. Although
human prion diseases are very rare, it has recently been sug-
gested that the pathogenic mechanisms in much more com-
mon neurodegenerative illnesses, such as Alzheimer disease
and Parkinson disease, may also involve proteins that become
prions (10).

Because these diseases are unlikely to be transmissible from
person to person, there is considerable debate over whether the
term “prion” should be applied (11). Nomenclature notwith-
standing, there is very little scientific disagreement that the
aggregation-prone proteins at the center of these diseases can
attain properties that are reminiscent of prions (12). Hence,
prions and other self-propagating proteins seem destined to
remain at the forefront of scientific curiosity for the foreseeable
future.

This thematic series consists of four minireviews (13–16)
that cover the current knowledge of prion replication, trans-
mission, and cellular toxicity. These reviews also highlight the
importance of these pathways to disease pathogenesis and dis-
cuss the potential for therapeutic strategies to control prion-
like replication in neurodegenerative diseases.

In the first minireview (13), Joel Watts and Stanley Prusiner
discuss the key contributions that mouse models have made to
the understanding of prion infectivity and the evaluation of
promising therapies to treat these diseases. The importance of
transgenics to examine the spontaneous generation of prions is
highlighted, and the potential for the next generation of in vivo
models is also discussed.

The second minireview in this series (14), by Surachai Supat-
tapone, describes the recent advances in synthetic prions and
the role of cofactors in the generation of infectious species. The
ability of cofactor molecules to enhance infectivity and their
impact on prion strain variations by mediating conformational
transformations as well as the prospects for future research in
this area are highlighted.

The next minireview (15), written by Brandon Holmes and
Marc Diamond, summarizes the prion-like transmission of the
Tau protein associated with Alzheimer disease and a variety of
tauopathies. Intracellular Tau aggregates can be released and

1 To whom correspondence should be addressed. E-mail: pfraser@
asbmb.org.

2 The abbreviations used are: PrP, prion protein; PrPC, cellular PrP; PrPSc, PrP
Scrapie.
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taken up by neighboring cells, leading to propagation of these
toxic species through the brain. The mechanisms of cellular
uptake are discussed, and the possibilities for therapeutic inter-
ventions to remove the prion-like aggregates are summarized
in this review.

The final minireview (16), written by Giovanna Mallucci and
colleagues, Mark Halliday and Helois Radford, examines the
relationship between the generation and spreading of prions
and the observed neurotoxicity of these misfolded pathogenic
agents. Recent studies have demonstrated the potential for dis-
tinct pathways of prion formation as compared with toxicity.
Involvement of the unfolded protein response in attenuating
toxicity, in the absence of any changes in prion replication,
point to new approaches in how these diseases may be treated.

This comprehensive collection of minireviews provides an
overview of the current knowledge of prion transmission and
replication and the underlying mechanisms of neurotoxicity. It
is hoped that this thematic series will serve as a useful introduc-
tion to those currently entering this exciting field of research
and also provide a useful overview for researchers examining
prion biology.
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Prions are self-propagating protein conformers that cause a
variety of neurodegenerative disorders in humans and animals.
Mouse models have played key roles in deciphering the biology
of prions and in assessing candidate therapeutics. The develop-
ment of transgenic mice that form prions spontaneously in the
brain has advanced our understanding of sporadic and genetic
prion diseases. Furthermore, the realization that many proteins
can become prions has necessitated the development of mouse
models for assessing the potential transmissibility of common
neurodegenerative diseases. As the universe of prion diseases
continues to expand, mouse models will remain crucial for
interrogating these devastating illnesses.

Prion diseases are invariably fatal neurodegenerative disor-
ders that include Creutzfeldt-Jakob disease (CJD)2 in humans,
scrapie in sheep and goats, bovine spongiform encephalopathy
(BSE) in cattle, and chronic wasting disease (CWD) in deer, elk,
and moose. These diseases, sometimes referred to as the trans-
missible spongiform encephalopathies, are the only class of dis-
ease that can manifest in three distinct ways: sporadically,
genetically, or by means of an infectious route. Prions, the caus-
ative agents in these diseases, are composed exclusively of a
host-encoded protein, the prion protein (PrP). During prion
disease, the cellular isoform of PrP (PrPC) undergoes a pro-
found conformational rearrangement into a misfolded isoform
termed PrPSc that is aggregation-prone and infectious (1, 2).
PrPSc is self-propagating; binding of PrPSc to PrPC leads to the
conformational conversion of PrPC into an additional copy of
PrPSc. Not all PrPSc molecules are the same; distinct strains of
prions with differing biochemical, neuropathological, and
transmission properties are believed to result from conforma-
tional differences in PrPSc (3, 4). The most common biochem-

ical method for differentiating PrPC from PrPSc is based on the
observation that PrPSc is partially resistant to protease diges-
tion (5). Whereas PrPC is completely degraded by proteases
such as proteinase K (PK), digestion of PrPSc with PK results in
a truncated PK-resistant PrP fragment sometimes referred to as
PrP 27–30 or PrPres.

PrPC is a neuronal glycoprotein that is anchored to the cellular
membrane by a glycosylphosphatidylinositol (GPI) anchor. The
structure of PrPC consists of two domains: an �-helical C-terminal
domain and a flexibly disordered N-terminal domain (6). The
function of PrPC remains largely enigmatic because knock-out
mice in which the PrP gene has been ablated do not exhibit overt
phenotypic deficits, with the possible exception of a late onset
peripheral myopathy (7, 8). However, PrP knock-out mice are
completely resistant to prion disease (9), demonstrating that PrP is
essential for prion replication and propagation.

Characteristics of Prion Disease in Mice

The two most commonly used laboratory animals for
studying experimental prion disease are hamsters and mice.
Although disease incubation periods in hamsters can be
shorter (10), mice are generally preferred due to ease of
maintenance and the existence of tools for manipulating the
mouse genome. The mouse models available for studying
PrP prion diseases are arguably far superior to those avail-
able for any other human neurodegenerative illness. In fact,
it is somewhat inappropriate to refer to these as “models”
of prion disease because prion-challenged mice actually
develop bona fide prion disease and recapitulate all of the
neuropathological and biochemical hallmarks of the human
and animal diseases. In contrast, mouse models of Alzheimer
disease (AD) are non-ideal because they typically develop
senile plaques and cognitive deficits, but not the neurofibril-
lary tangles and associated neuron loss seen in AD patients
(11). Similarly, mouse models of Parkinson disease (PD)
develop a neurodegenerative disease, but the brains of spon-
taneously sick mice do not contain the Lewy bodies that are
found in the brains of patients with PD (12).

The most frequently used paradigm for studying prion dis-
ease in mice takes advantage of the infectious nature of prions.
A typical prion bioassay involves the intracerebral inoculation
of wild-type (WT) mice with a sample containing mouse-pas-
saged prions (13). Following a 4 –5-month incubation period,
which is dependent on the prion strain used, inoculated mice
begin to develop progressive clinical signs of neurological ill-
ness including ataxia (uncoordinated movement), tail rigidity,
and kyphosis (hunched back) and will eventually succumb to
prion disease. This assay is remarkably robust. If a high-titer
prion sample is used, 100% of the inoculated mice will die
of prion disease within a few weeks, or less, of each other. The
brains of prion-infected mice recapitulate all of the neuro-
pathological hallmarks of prion diseases in humans and animals
including spongiform degeneration (vacuolation of the brain),
deposition of misfolded PrP, and prominent astrocytic gliosis
(Fig. 1, left column). Furthermore, PK-resistant PrPSc, the bio-
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chemical signature of PrP prion disease, can readily be
detected in brain homogenates prepared from clinically ill
prion-inoculated mice. Although intracerebral inoculation
is the most efficient method for transmitting prion disease to
mice, peripheral routes of inoculation can also initiate prion
disease, although the resultant incubation periods are usu-
ally longer.

A major advantage of the WT mouse prion bioassay is that it
can be used to quantify levels of infectivity (i.e. prion titers) in
biological samples. Two approaches are commonly used. The
most accurate, but time-consuming, method is the end point
titration bioassay. In this assay, groups of mice are inocu-
lated with a series of 10-fold dilutions of the test sample, and
the titer is measured by determining the dilution at which
only 50% of the inoculated animals develop disease. A
quicker, but less accurate, method is the incubation time
bioassay, which takes advantage of the observation that for a
given prion strain, incubation periods in prion-inoculated
mice or hamsters are inversely related to the dose of prions
inoculated (14). Thus, prion titers can be estimated by com-
paring incubation periods with a calibration curve created
using a sample of known titer.

Mouse Models for Studying Prion Diseases of Humans
and Animals

Although the prion bioassay in WT mice described above is
considered to be the “gold standard” for interrogating prion
disease in mice, it suffers from some important drawbacks.
First, the assay is time-consuming and expensive. Using trans-
genic (Tg) mice that overexpress mouse PrP in the brain greatly
accelerates the disease process. In these mice, the incubation
period for mouse-passaged scrapie strains such as RML is
reduced to �50 – 60 days (15, 16), allowing prion titers to be
measured more rapidly (17). A distinct approach to reducing
the time needed to diagnose prion disease in mice without
requiring PrP overexpression is bioluminescence imaging
(BLI). Tg mice that express firefly luciferase under the control
of the glial fibrillary acidic protein (GFAP) promoter exhibit an
increase in brain BLI signal beginning at �60 days after inocu-
lation, less than half the time necessary for the appearance of
clinical signs of disease (18). This approach has the added ben-
efit that the results obtained are quantitative and do not rely on
the subjective assessment of neurological signs in mice. Using
BLI in combination with Tg mice that overexpress PrP further
reduces the time required to diagnose disease (19).

A second, more important drawback is that the standard WT
mouse bioassay is only suitable for studying mouse-passaged
prion strains. Inoculation of WT mice, which express mouse
PrP, with prion strains more relevant to humans, such as those
causing CJD, which are composed of human PrPSc, leads to
inefficient disease transmission due to so-called species or
transmission barrier effects (20 –22). However, utilizing Tg
mice that express a PrP gene matched to the prion strain under
investigation can mitigate these effects. For example, Tg mice
that express human PrP are susceptible to CJD prions (23, 24),
Tg mice that express sheep PrP are susceptible to scrapie prions
(25), and Tg mice that express bovine PrP are susceptible to BSE
prions (26, 27). A list of commonly used Tg lines to study vari-
ous prion diseases is shown in Table 1 (see also Ref. 28). For
efficient disease transmission to occur in Tg mice, the endoge-
nous mouse PrP gene needs to be removed, likely because it
interferes with the conversion of heterologous PrP species,
potentially by binding to an essential prion replication cofactor
(24).

Although Tg mice expressing PrP genes from various species
permit the analysis of a variety of prion strains within a reason-
able timeframe, they are not without their issues. High levels of
PrP overexpression in mice can cause late-onset spontaneous
disease (29), and the use of heterologous promoters to drive PrP
expression may not accurately mimic the normal pattern of PrP
expression in the brain (16). An alternative approach is to use
knock-in (or gene-targeted) mice in which the murine PrP gene
is replaced with the PrP gene from a different species. This
approach has the benefit that the heterologous PrP molecule is
expressed at physiological levels and under the control of its
native promoter. However, the incubation periods, especially
for sporadic CJD prions, can be very long in these mice (30, 31).

Despite robust overexpression of bovine or human PrP in the
brains of Tg mice, the incubation periods for BSE and sporadic
CJD prions in these respective mice are lengthy (Table 1). For

FIGURE 1. Neuropathological features of prion disease in mice. Brains
from clinically ill wild-type mice that were intracerebrally inoculated with the
RML strain of mouse-passaged scrapie prions (left column) or spontaneously
ill Tg mice expressing the Ile-109 polymorphic variant of bank vole PrP (right
column) exhibit all of the neuropathological hallmarks of prion disease. These
characteristics include spongiform degeneration (black arrows), as revealed
by H&E staining; deposition of aggregated and misfolded prion protein (red
arrows), as revealed by immunolabeling for PrPSc; and astrocytic gliosis, as
revealed by immunostaining for GFAP.
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the MM1 subtype of sporadic CJD prions, expressing chimeric
mouse/human PrP molecules in the brain has substantially
decreased the incubation period (32, 33). In Tg mice expressing
a chimeric mouse/human PrP molecule with only six human-
specific residues, the incubation period for MM1 prions was
�80 days (33), approximately half the amount of time it takes
Tg mice expressing human PrP to develop disease. Unfortu-
nately, the benefits of this chimera approach do not appear to
apply to all CJD strains (34).

Assessing Prion Disease Therapeutics Using Mouse
Models

The robust Tg and WT mouse models available for prion
disease have provided an excellent vehicle for testing the effi-
cacy of candidate anti-prion compounds. Small molecules, such
as compound B (cpd-B), Anle-138b, and the 2-aminothiazoles,
were capable of significantly extending the disease incubation
period in both Tg and WT mice following challenge with prions
(19, 35–37). However, an important observation that has
emerged from these therapeutic studies is that the efficacy of
anti-prion compounds is highly strain-specific. Compounds
that were effective at extending the lives of Tg mice infected
with mouse-passaged scrapie prions had no effect in Tg mice
challenged with human CJD prions (37). Thus, going forward, it
will be imperative to perform therapeutic efficacy experiments
in Tg mice expressing human PrP that have been inoculated
with human prions to assess any potential translational utility.

Tg mice have also provided clues that decreasing levels of
PrPC during prion disease may constitute an excellent thera-
peutic strategy. Prion inoculation of mice in which PrP produc-
tion can be turned off using the Cre-lox system has revealed
that prion disease-specific neuropathological and behavioral
changes can be halted by reducing PrPC levels (38, 39). Similar
results have been obtained in Tg mice in which PrPC levels can
be precisely controlled using doxycycline (40). A distinct strat-
egy is to target downstream pathways that are responsible for

PrPSc-mediated neurotoxicity. Indeed, targeting the unfolded
protein response in Tg mice overexpressing mouse PrP has
resulted in abrogation of PrPSc-induced neuropathological
changes (41).

Spontaneous Generation of Infectious Prions in Mice

In humans, sporadic and genetic forms of prion disease
account for �99% of all cases. In these illnesses, prions form
spontaneously in the brain in the absence of any exogenous
source of PrPSc. In genetic prion disease, mutations in the gene
encoding PrP result in highly penetrant disease classified as
CJD, Gerstmann-Sträussler-Scheinker (GSS) disease, or fatal
familial insomnia (FFI), depending on the specific mutation.
Results obtained from generating Tg mice expressing PrP mol-
ecules containing a mutation linked to genetic prion disease
have been somewhat disappointing. Spontaneous neurological
disease and prion disease-specific neuropathological changes
have failed to manifest in many of these lines, despite the robust
overexpression of mutant PrP (42– 44). In contrast, many other
Tg lines do develop spontaneous neurologic dysfunction and
exhibit some prion disease-specific neuropathology, although
none of them exhibit the stereotypical PK-resistant PrP signa-
ture that is observed in patients with genetic CJD (Table 2).
Until recently, transmission of disease from these spontane-
ously sick mice to Tg or WT mice expressing WT PrP (that do
not themselves develop a spontaneous neurological illness) has
proven challenging, calling into question whether true de novo
prion formation occurs in the brains of these Tg mice.

The most extensively studied human mutation in Tg mice is
P102L, which causes GSS. Tg mice overexpressing mouse PrP
containing the corresponding mutation (P101L) develop a
spontaneous neurodegenerative disease and exhibit deposition
of misfolded PrP in their brains (42, 45, 46). However, low copy
number Tg mice that express physiological amounts of the
mutant protein do not develop spontaneous disease (46), sug-
gesting that overexpression is necessary for the disease to man-

TABLE 1
Commonly used transgenic and knock-in mouse models for bioassays of prion diseases

Prion disease Line Type of mouse PrP sequence
Expression

levela
Incubation period

(in days) Reference

Mouse-passaged scrapie Tg4053 Transgenic Mouse 4� �50 15
Mouse-passaged scrapie Tga20 Transgenic Mouse 10� �60 16
Mouse-passaged scrapie Tg37 Transgenic Mouse 3� �80 86
Hamster-passaged scrapie Tg7 Transgenic Syrian hamster 8� �50 87
Sheep scrapie Tg338 Transgenic Sheep (VRQ) 8–10� �70 25
Sheep scrapie Tg(OvPrP)14882 Transgenic Sheep (VRQ) 1.4� �75 88
Sheep scrapie Tg(OvPrP-V136)4166 Transgenic Sheep (VRQ) 1� �130 89
CWD Tg(CerPrP)1536 Transgenic Deer 5� �230 90
CWD Tg10969 Transgenic Deer 1� �320 91
CWD Tg33 Transgenic Deer 1� �300 92
CWD Tg12584 Transgenic Elk 6� �120 91
CWD Tg12 Transgenic Elk 2� �120 93
CWD Tg5037 Transgenic Elk 5� �170 94
BSE Tg4092 Transgenic Cow 8� �230 95
BSE TgBovXV Transgenic Cow 8� �250 27
BSE boTg110 Transgenic Cow 8� �290 96
BSE BovTg Knock-in Cow 1� �550 30
Sporadic CJD (MM1) Tg2669 Transgenic Human (M129) 5� �150 37
Sporadic CJD (MM1) Tg35 Transgenic Human (M129) 2� �230 97
Sporadic CJD (MM1) Tg1 Transgenic Human (M129) 2� �230 93
Sporadic CJD (MM1) Tg650 Transgenic Human (M129) 6� �160 98
Sporadic CJD (MM1) HuMM Knock-in Human (M129) 1� �450 31
Sporadic CJD (VV2) Tg152 Transgenic Human (V129) 8� �200 23
Sporadic CJD (VV2) HuVV Knock-in Human (V129) 1� �270 31

a Relative to endogenous expression in WT mice.
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ifest within the normal lifespan of a mouse. Spontaneously ill
mice with the P101L substitution do not exhibit any classical
PK-resistant PrP in their brains, but do have some mildly PK-
resistant PrP that can be detected by performing the PK diges-
tion reaction at cold temperatures (46, 47). Disease can be
transmitted from mice expressing high amounts of the mutant
protein to mice expressing lower amounts of the protein, but
only if the lower-expressing lines themselves develop late-onset
spontaneous disease (42, 46, 48, 49). This has led some investi-
gators to characterize these results as disease acceleration as
opposed to true disease transmission. Although Tg mice over-
expressing human PrP containing the P102L mutation failed to
develop disease (43), Tg mice expressing cow PrP containing
the corresponding mutation did (50), suggesting that other res-
idues in PrP are important for controlling the disease pheno-
type in mice.

Other mutations that have given rise to spontaneous neuro-
degeneration in Tg mice include A117V (51) and a nine-octa-
peptide repeat insertion in the N terminus of PrP (52), both of
which cause GSS in humans, as well as D178N (53), which
causes CJD when in cis to a valine residue at codon 129 in PrP.
However, disease transmissibility has not been demonstrated
for any of these lines. The E200K mutation, which is a common
cause of genetic CJD in humans, causes spontaneous neurolog-
ical illness in Tg mice when inserted into a chimeric mouse/
human PrP molecule (54), but not in mouse PrP (42) or human
PrP (43). Tg mice expressing a GPI-anchorless PrP mutant sim-
ilar to those produced in certain types of GSS develop a spon-
taneous disease that is accompanied by large amounts of PrP-
containing amyloid plaques in the brain as well as a small
PK-resistant PrP fragment that is reminiscent of those found in
the brains of GSS patients (55). This disease was readily trans-
missible to Tg mice expressing WT PrP, proving that anchor-
less prions were formed de novo in the brains of these sponta-
neously sick animals.

Because Tg mice expressing low levels of mutant PrP have
generally failed to develop spontaneous disease, it was expected
that knock-in mice in which endogenous WT mouse PrP is
replaced with a mutant PrP molecule would behave similarly.
Indeed, knock-in mice expressing the P101L mutation failed to
develop any spontaneous illness (56). In contrast, knock-in
mice expressing the mouse equivalents of the D178N (which
causes FFI in humans when expressed with methionine at
codon 129) or E200K mutation both developed spontaneous
disease (57, 58). Although the clinical signs and neuropatholog-
ical changes in these mice were subtle, the spontaneous diseases
could be transmitted to knock-in mice expressing a similarly
epitope-tagged, but otherwise WT, PrP molecule. Thus,
although knock-in mice may not be particularly suitable as a
medium for testing therapeutics due to the long disease
incubation periods, they may be useful for understanding
how prions form spontaneously in the absence of protein
overexpression.

Recent studies have described the unexpected finding that
infectious prions can also be generated spontaneously in the
brains of Tg mice in the absence of any disease-associated
mutations in PrP. In one study, Tg mice overexpressing a chi-
meric mouse/elk PrP molecule that contains a so-called “rigidT
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loop” structure were found to develop spontaneous signs of
neurological illness as well as prion disease-specific neuro-
pathological changes (59). This illness could be transmitted to
Tg mice overexpressing mouse PrP and eventually led to the
appearance of stereotypical PK-resistant PrP following multi-
ple passages. A similar disease was observed in Tg mice express-
ing chimeric mouse/horse PrP, which also contains a rigid loop
structure, although it is currently unknown whether this dis-
ease is transmissible (60). The characterization of Tg mice
expressing WT bank vole PrP provided another surprise.
Unlike mice, bank voles are highly susceptible to a wide range of
prion strains isolated from numerous species, including
humans (61– 63). Tg mice expressing the Ile-109 polymorphic
variant of bank vole PrP develop a spontaneous neurodegenera-
tive disease that recapitulates all of the neuropathological hall-
marks of prion disease (Fig. 1, right column) (64). This disease
was rapidly transmissible to Tg mice expressing bank vole PrP,
with incubation periods as short as 35 days, and could also be
transmitted to Tg mice overexpressing mouse PrP and to WT
mice. Interestingly, despite the occurrence of rapid disease and
profound prion-specific neuropathology, only mildly PK-re-
sistant PrP was found in the brains of ill mice, suggesting that
they may be useful for investigating hypothetical neurotoxic
PrP entities such as “PrPL” (22). Moreover, because these mice
express a non-mutant PrP molecule, they may be suitable for
probing the mechanisms that lead to spontaneous prion forma-
tion in sporadic CJD patients.

Mouse Models for Studying the Expanding Universe of
Prion Diseases

There is an emerging consensus that other human neurode-
generative illnesses, including much more common diseases
such as AD and PD, are caused by the formation and spread of
self-propagating protein conformations (i.e. prions) in the brain
(65, 66). However, the prions in these diseases are not com-
posed of misfolded PrP; instead, each disease is associated with
a distinct aggregation-prone protein that becomes a prion. In
PD and multiple system atrophy (MSA), prions are composed
of �-synuclein protein, whereas in the tauopathies such as fron-
totemporal dementia and chronic traumatic encephalopathy,
the prions are composed of Tau protein. Two distinct prions

are associated with AD: self-propagating conformations of both
amyloid � peptide (A�) and Tau protein are present.

Much of the evidence for the prion-like nature of A�, �-sy-
nuclein, and Tau has come from experiments in which the
intracerebral inoculation of susceptible Tg mice with protein
aggregates induces or accelerates the deposition of misfolded
protein in the brain. For the majority of cases, these experi-
ments have required the use of Tg mice that overexpress either
WT or mutant protein in the brain and which typically develop
a late-onset spontaneous disease with concomitant protein
aggregation and deposition (Table 3). It should be noted that
although these inoculation paradigms have provided important
insight into the biology of neurodegenerative diseases, they suf-
fer from several limitations (67).

The first non-PrP, neurodegenerative disease-associated
protein shown to exhibit prion-like behavior was A�. Intrace-
rebral inoculation of the APP23 mouse model of AD, which
expresses Swedish mutant human amyloid precursor protein
(APP) and overproduces WT A�, with AD or aged APP23
mouse brain homogenates induces or “seeds” the localized dep-
osition of A� in the brain (68). Although these transmissions
are somewhat artificial in nature, several additional experi-
ments in mice have bolstered the notion that A� aggregates are
prions. First, induction of A� deposition can be achieved in Tg
mice expressing WT human APP that do not develop a spon-
taneous amyloidosis (69); induction of A� deposition in non-Tg
mice has not yet been demonstrated, although induced A�
deposits have been observed in AD-inoculated marmosets fol-
lowing long incubation periods (70). Second, cerebral A� dep-
osition can be initiated by peripheral inoculation with A�
aggregates (71), mimicking the neuroinvasive properties of
PrPSc. Finally, A� amyloid fibrils purified from the brains of Tg
mouse models of AD as well as aggregates composed exclu-
sively of synthetic A� are sufficient to induce widespread dep-
osition of A� in the brain (72), proving that A� itself is the
self-propagating agent. Unlike in PrP prion-infected mice, Tg
mice with prominent cerebral A� deposition do not exhibit
overt clinical signs of neurologic illness, hindering the monitor-
ing of A� deposition in living animals. This obstacle has been
overcome by performing BLI of A� plaque-associated astro-
cytic gliosis. Bigenic mice expressing both mutant human APP

TABLE 3
Mouse models for studying the transmissibility of A�, �-synuclein, and Tau prions

Prion Corresponding human disease(s) Mouse line Protein expressed Reference(s)

A� Alzheimer disease TgAPP23 Swedish mutant human APP 68, 72, 73
A� Alzheimer disease Tg2576 Swedish mutant human APP 99
A� Alzheimer disease TgR1.40 Swedish mutant human APP 100
A� Alzheimer disease TgI5 Wild-type human APP 69
�-Synuclein Parkinson disease, dementia with Lewy bodies,

multiple system atrophy
TgM83 A53T mutant human �-synuclein 77–79

�-Synuclein Parkinson disease, dementia with Lewy bodies,
multiple system atrophy

Wild type Endogenous mouse �-synuclein 80, 81

Tau Alzheimer disease, frontotemporal dementia, Pick
disease, progressive supranuclear palsy, chronic
traumatic encephalopathy

TgPS19 P301S mutant human Tau 76

Tau Alzheimer disease, frontotemporal dementia, Pick
disease, progressive supranuclear palsy, chronic
traumatic encephalopathy

TgALZ17 Wild-type human Tau 74, 75

Tau Alzheimer disease, frontotemporal dementia, Pick
disease, progressive supranuclear palsy, chronic
traumatic encephalopathy

Wild type Endogenous mouse Tau 75
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and a luciferase reporter driven by the Gfap promoter exhibit
an age-dependent increase in the brain BLI signal, which can be
accelerated by intracerebral inoculation with A� aggregate-
containing samples (72, 73).

Induction of Tau deposition by intracerebral injection of
brain homogenate from either aged Tg mice expressing mutant
human Tau or patients with various tauopathies has been
observed in Tg mice expressing WT human Tau, which do not
spontaneously develop Tau aggregates in their brains (74, 75).
Mild induction of Tau deposition was also obtained in non-Tg
mice inoculated with human tauopathy brain material (75). As
with A�, recombinant Tau fibrils are sufficient to accelerate
Tau deposition in Tg mice expressing mutant Tau (76). Argu-
ably, the most convincing demonstration of the prion-like
behavior of a non-PrP protein has been provided with �-sy-
nuclein. Although inoculation of Tg mice with A� or Tau
aggregates leads to an induction of cerebral protein deposition,
induction or acceleration of clinical signs of neurologic illness
has not yet been shown in any transmission experiment. In
contrast, inoculation of Tg mice expressing a mutant (A53T)
human �-synuclein allele, which causes a genetic form of PD,
with recombinant �-synuclein fibrils or brain homogenate
from spontaneously ill A53T Tg mice induces �-synuclein
aggregation and deposition in the brain, accelerates the appear-
ance of clinical signs of disease, and results in death (77, 78).
Although these initial transmission experiments utilized Tg
mice that ultimately developed spontaneous disease, identical
results have been achieved in Tg mice expressing lower
amounts of the mutant protein that do not spontaneously
develop a neurological illness (79). Furthermore, robust �-sy-
nuclein deposition can be induced in non-Tg mice using syn-
thetic �-synuclein fibrils (80, 81). Most impressively, brain
homogenates from MSA patients transmit disease rapidly to Tg
mice expressing low levels of mutant �-synuclein (79), arguing
persuasively that �-synuclein prions cause MSA. The unques-
tionable similarities between the transmission of MSA prions
to Tg mice expressing human �-synuclein and the transmission
of CJD prions to Tg mice expressing human PrP make it hard to
dismiss the notion that �-synuclein can become a prion.

Conclusions and the Next Generation of Animal Models

Although prion-infected cell culture systems and in vitro
protein misfolding assays have undoubtedly contributed to our
knowledge of prion diseases and other neurodegenerative dis-
orders, many aspects of these diseases, including the prion-like
spread of protein aggregation throughout the brain, can only be
accurately studied in an animal. As further emphasis is placed
on translational research, particularly in the area of drug devel-
opment, mouse models will continue to serve as the system of
choice for assessing biological problems in vivo. Although the
currently available mouse models for prion disease are ade-
quate in many respects, there is certainly room for improve-
ment. First, it has been puzzling why the brains of Tg mice
expressing a genetic prion disease-causing mutation have failed
to exhibit stereotypical PK-resistant PrPSc (i.e. PrP 27–30),
despite the presence of prion disease-specific neuropathology.
Perhaps human brain-specific factors or prolonged incubation
periods (that are impossible to achieve within the normal lifes-

pan of a mouse) are required for this conformation of PrPSc to
arise spontaneously. Second, it would be of great benefit to dis-
cover methods for accelerating disease incubation periods in
Tg mice, particularly for CJD prion strains, to increase research
throughput and decrease the costs associated with lengthy
bioassays.

Although Tg mice have been the paradigm for disease mod-
eling over the last few decades, the next generation of animal
models for prion diseases may rely more heavily on the use of
Tg rat models of disease. Recent advances in molecular biology
have greatly facilitated the manipulation of the rat genome and
thus the generation of knock-out, knock-in, and Tg rats (82, 83).
Rats are generally considered to be better suited as models for
human neurological diseases than mice because of their abili-
ties to exhibit more complex behaviors and their larger brain
sizes (84). Indeed, the recently described TgF344-AD rat model
may constitute the most accurate animal model of AD to date
(85). Moving forward, rat models of prion and related diseases
will likely be critical tools for studying the formation and spread
of prions in the brain.
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88. Tamgüney, G., Miller, M. W., Giles, K., Lemus, A., Glidden, D. V., DeAr-
mond, S. J., and Prusiner, S. B. (2009) Transmission of scrapie and sheep-
passaged bovine spongiform encephalopathy prions to transgenic mice
expressing elk prion protein. J. Gen. Virol. 90, 1035–1047

89. Saijo, E., Kang, H. E., Bian, J., Bowling, K. G., Browning, S., Kim, S.,
Hunter, N., and Telling, G. C. (2013) Epigenetic dominance of prion
conformers. PLoS Pathog. 9, e1003692

90. Browning, S. R., Mason, G. L., Seward, T., Green, M., Eliason, G. A.,
Mathiason, C., Miller, M. W., Williams, E. S., Hoover, E., and Telling,
G. C. (2004) Transmission of prions from mule deer and elk with chronic
wasting disease to transgenic mice expressing cervid PrP. J. Virol. 78,
13345–13350
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Recently, synthetic prions with a high level of specific infec-
tivity have been produced from chemically defined components
in vitro. A major insight arising from these studies is that various
classes of host-encoded cofactor molecules such as phosphati-
dylethanolamine and RNA molecules are required to form and
maintain the specific conformation of infectious prions. Syn-
thetic mouse prions formed with phosphatidylethanolamine
exhibit levels of specific infectivity �1 million-fold greater than
“protein-only” prions (Deleault, N. R., Walsh, D. J., Piro, J. R.,
Wang, F., Wang, X., Ma, J., Rees, J. R., and Supattapone, S. (2012)
Proc. Natl. Acad. Sci. U.S.A. 109, E1938 –E1946). Moreover,
cofactor molecules also appear to regulate prion strain proper-
ties by limiting the potential conformations of the prion protein
(see Deleault et al. above). The production of fully infectious
synthetic prions provides new opportunities to study the mech-
anism of prion infectivity directly by structural and biochemical
methods.

Prions are the unconventional infectious agents of spongi-
form encephalopathies, a group of deadly neurodegenerative
diseases that can be transmitted among humans and other
mammals. Although these infectious diseases can be propa-
gated indefinitely by serial passage in wild type hosts, prions do
not contain a replicable genome capable of directing self-syn-
thesis, in contrast to all other known infectious agents (2).
Instead, infectious prions appear to be formed by the conver-
sion of a host-encoded, membrane-bound glycoprotein termed
PrPC 2 into several misfolded conformation(s) collectively
termed PrPSc. Nonetheless, like other infectious agents, prions
can replicate to high titer and exist as self-propagating strains
within the same host species, which can be characterized by
distinct clinical phenotypes and selective patterns of neurotro-
pism (3, 4).

Several lines of evidence indicate that prion infectivity and
strain properties are encoded by specific PrPSc conforma-
tion(s), but at present neither the tertiary structure of infectious
PrPSc nor the molecular mechanism responsible for generating

infectious PrPSc conformation(s) has been fully elucidated,
despite decades of intensive investigation. Historically, several
factors have conspired to impede attempts to study these ques-
tions directly, namely: 1) PrPSc molecules exist as insoluble
aggregates, precluding structural determination by conven-
tional methods such as x-ray crystallography; 2) the most accu-
rate method to measure prion infectivity, end-point titration in
wild type hosts, is expensive and time-consuming; and 3) no
model of prion infection exists that would be amenable to
genetic screening.

In recent years, we have learned much about the mechanism
of prion infectivity by taking a reductionist biochemical
approach, particularly the critical role played by cofactor mol-
ecules. Moreover, the insights provided by these studies have
enabled the efficient synthesis of high titer infectious prions
from chemically defined components in vitro, an advance that
should facilitate experimental determination of the tertiary
structure of PrPSc by biophysical techniques such as solid-state
nuclear magnetic resonance.

In Vitro Formation of PrPSc and Prion Infectivity

Pioneering studies of seeded PrPC-to-PrPSc conversion in
vitro using purified substrates indicated that this process reca-
pitulated many of the specific features of in vivo prion transmis-
sion, but was relatively inefficient (5–7). Indeed, it was observed
that a stoichiometric excess of input PrPSc was required to drive
the conformational change of radiolabeled PrPC substrate in
this purified system. Interestingly, the efficiency of PrPSc for-
mation in this system could be increased by glycosaminogly-
cans, providing an early clue that prion conversion might utilize
factors other than PrP (8).

Soto and co-workers (9) showed that efficient amplification
of PrPSc was achievable through their development of the pro-
tein misfolding cyclic amplification (PMCA) technique. In this
technique, crude brain homogenates containing PrPC and
PrPSc are mixed together and incubated for 1–3 days with inter-
mittent sonication, amplifying both PrPSc and prion infectivity
(10). The mixture of crude brain homogenate substrates with-
out sonication also resulted in PrPSc amplification, suggesting
(by comparison with the relative inefficiency of converting
purified radiolabeled PrPC substrate) that factors present in the
brain other than PrP molecules enable efficient PrPSc amplifi-
cation (11).

Identification of Endogenous PrPSc Propagation
Cofactors

In an effort to identify endogenous PrPSc amplification cofac-
tors in crude hamster brain homogenates, my colleagues and I
subjected the homogenate substrate to various specific treat-
ments known to degrade specific classes of molecules and
assessed the effect of such treatments on PrPSc amplification
(12). Remarkably, these experiments indicated that selective
degradation of single-stranded RNA within homogenates
inhibited the amplification of PrPSc molecules derived from
several strains of hamster prions. Moreover, reconstitution of
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RNA-depleted homogenates with single-stranded nucleic acids
restored PrPSc amplification, suggesting that RNA might serve
as prion propagation cofactors for various hamster prion
strains. Further characterization studies showed that no spe-
cific nucleotide sequence was required for cofactor activity,
confirming that prions do not contain specific genomes.

Interestingly, similar enzymatic treatment and reconstitu-
tion studies using several strains of mouse prions indicated that
in vitro PrPSc propagation in this species is generally much less
reliant (than hamster) upon RNA as a cofactor (13). This dis-
crepancy suggested that it might be fruitful to search for the
presumably novel endogenous factor that facilitates the propa-
gation of mouse prions in vitro. Using a reconstitution PMCA
assay in which purified PrPC is mixed with fractions containing
cofactor activity to produce a substrate mixture, my colleagues
and I were able to purify by classical biochemical methods the
novel cofactor activity and identify it as phosphatidylethano-
lamine (PE) (14). Additional experiments showed that PE could
facilitate the propagation of PrPSc molecules derived from mul-
tiple mouse strains and even some hamster prion strains, albeit
less potently.

Because RNA and PE molecules are so different chemically, it
seems likely that there are other major classes of molecules that
serve as PrPSc propagation cofactors. Novel classes of cofactors
might be required for the efficient propagation of prions
derived from different strains or animal species.

In Vitro Generation of Chemically Defined, Highly
Infectious Prions

The identification of RNA and PE as prion propagation
cofactors provided a unique opportunity to produce chemically
defined infectious prions in vitro. Using native PrPC molecules
immunopurified from normal hamster brain (note that this
preparation was devoid of contaminating proteins, nucleic
acids, and metals, but did contain stoichiometric quantities of a
co-purified lipid) and synthetic polyadenylic acid as a substrate
mixture, my colleagues and I were able to produce and propa-
gate bona fide infectious prions from a minimal set of compo-
nents (15). End-point titration bioassay in wild type hamsters
confirmed that these prions possessed a significant level of spe-
cific infectivity (�2 � 105 LD50 units/�g of PrP). Parallel drop-
out controls demonstrated that the polyadenylic acid (poly(A)
RNA) cofactor was essential for prion propagation. Moreover,
using this simple system, it was possible to demonstrate for the

first time that PrPSc and prion infectivity could be reproducibly
generated de novo (i.e. in the absence of infectious PrPSc seed) in
a completely contamination-free (prion-naive) environment
(15) (an essential condition for demonstrating de novo prion
formation because PMCA can be subject to cross-sample con-
tamination (16)). Thus, the interaction between PrPC and
cofactor molecules may provide a useful model for studying the
spontaneous formation of infectious PrPSc molecules in the
brains of patients with sporadic Creutzfeldt-Jakob disease. Sim-
ilar results were later obtained using Escherichia coli-expressed
recombinant mouse (rec)PrP (rather than hamster PrPC) sub-
strate together with polyadenylic acid and the bacterial lipid
phosphatidylglycerol (PG) (17); again, PrPSc and prion infectiv-
ity could be produced de novo, albeit with a much lower con-
version efficiency, presumably because the ability of PG to sub-
stitute for endogenous lipid cofactor(s) such as PE is relatively
weak (14) and/or RNA interacts less well with mouse PrPC than
with hamster PrPC (13).

To test the ability of endogenous PE to produce high titer
prions, my colleagues and I generated synthetic prions using
only mouse recPrP and chemically synthesized PE. In these
reactions, the PrP conversion efficiency was nearly 100% (14)
(as compared with �2–10% previously obtained for PG (17) or
crude mouse brain homogenates (18)). More significantly, end-
point bioassay showed that PE-PrPSc molecules (PrPSc mole-
cules produced by serial PMCA propagation in recPrP and PE
mixture) displayed a level of specific infectivity (�2 � 106 LD50

units/�g of PrP) (1) that is similar to that of brain-derived ham-
ster Sc237 PrP27–30 molecules (�6.5 � 106 LD50 units/�g of
PrP) (15).

A comparison of the levels of specific infectivity associated
with various preparations of synthetic prions shows the unique
ability of PE to facilitate the production truly high titer prions
(Table 1). Notably, all preparations made to date without the
addition of cofactor molecules have specific infectivity levels
�0.1 LD50 units/�g of PrP (19 –22). Because the infectious
titers of such preparations are so low (i.e. �107-fold lower than
brain-derived prions or PE-PrPSc molecules), it is unclear
whether these minimal amounts of infectivity observed are due
to either the presence of a small amount of bacterially derived
cofactor(s) in the purified recPrP preparation or the creation of
a minimally infectious conformation that can gradually adapt
after inoculation into animals, possibly by interacting with

TABLE 1
A comparison of the specific infectivity of various preparations of synthetic (chemically defined) prions

Preparation Cofactor(s) Seed Species
Specific infectivity
(LD50/�g of PrP)a

Ability to seed brain
homogenate PMCA References

recPrP amyloid fibrils No No Mouse 0 No 18, 19, 20
recPrP amyloid fibrils No No Hamster 0 No 22, 24, 25
recPrP PMCA No Yes Mouse 0 No 14
recPrP PMCA No Yes Hamster �0.07 Not tested 22
Purified PrPC � synthetic RNA � copurified lipid PMCA Yes No Hamster �2 � 104 Yes 15
Purified PrPC � synthetic RNA � copurified lipid PMCA Yes Yes Hamster �2 � 105 Yes 15
recPrP � PE PMCA Yes Yes Mouse �2 � 106 Yes 14
recPrP � liver RNA � PG PMCA Yes No Mouse �20b Yes 17
recPrP � liver RNA � PG PMCA Yes No Mouse 0 No 27
recPrP � liver RNA � PG PMCA Yes No Mouse �2b No 28
recPrP � liver RNA � PG PMCA Yes No Mouse 0 No 28

a Specific infectivity � 50% lethal dose per microgram of PrP inoculated intracerebrally into wild-type recipients.
b End-point titration was not performed.
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endogenous cofactor molecules (23–25). In the case of “pro-
tein-only” samples produced by PMCA (as opposed to amyloid
fibrils produced by chemical denaturation), it is also possible
that either a correspondingly small fraction of PrPSc molecules
truly formed without cofactors or an accidental contamination
of the sample with very small quantities of infectious prions
occurred.

Essential Role of Cofactor for Maintaining Infectious
PrPSc Conformation

Collectively, the results from many different laboratories
attempting to make synthetic prions (Table 1) suggest that
cofactor molecules are required to produce prions with signif-
icant levels of infectivity (1, 15, 17, 19 –22). A unique opportu-
nity to test this hypothesis directly in a controlled experiment
arose once PE-PrPSc prions were produced (1). Fully infectious
PE-PrPSc prions were used as the template seed for two lines of
serial PMCA propagation processed in parallel, one using a sub-
strate mixture containing recPrP and PE and the other using
a substrate containing recPrP alone (Fig. 1). Interestingly, upon
serial PMCA propagation in recPrP alone, autocatalytic pro-
tein-only PrPSc molecules were formed exhibiting a conforma-
tion distinct from PE-PrPSc, as assessed by the size of its prote-
ase-resistant core.

End-point titration bioassay showed that protein-only PrPSc

molecules were completely noninfectious to wild type mice,
and therefore were �106-fold less infectious than PE-PrPSc

molecules produced in parallel (1). Thus, this internally con-
trolled experiment confirmed that protein molecules alone are
unable to maintain the infectious conformation of mammalian
prions. Another critical corollary of this experiment is that
autocatalytic protein misfolding does not by itself encode infec-
tivity. It is worth noting that the large differences in specific
infectivity between various preparations made either with or
without cofactor (Table 1) correlate with their ability to seed
homogenate PMCA reactions. Therefore, it is unnecessary to
invoke other potential mechanisms, such as differential clear-
ance or strain effects, beyond the lack of an infectious confor-

mation to explain the minimal in vivo infectivity of protein-only
misfolded PrP preparations.

Interestingly, the infectious conformation of PrPSc appears
to be difficult to create and maintain in vitro. Attempts to
regenerate the PE-PrPSc conformation by subsequent serial
propagation of protein-only PrPSc molecules in a substrate mix-
ture containing both recPrP and PE were not successful (1).
These negative results suggest that cofactor molecules do not
simply provide a “selective pressure” for the evolution of PrPSc

conformers during serial PMCA propagation (26). Rather, it
appears more likely that they play a more fundamental role in
maintaining the infectious conformation of PrPSc, which is lost
irreversibly when cofactor is withdrawn.

Two groups have recently reported that noninfectious PrPSc

conformers resembling protein-only PrPSc biochemically could
be produced de novo in the presence of PG and RNA (27, 28).
However, cofactor withdrawal studies were not performed to
distinguish whether these conformers are actually cofactor-de-
pendent or simply represent the formation of protein-only
PrPSc in a marginal cofactor mixture.

Strain Properties of Synthetic Prions

A key study by Castilla et al. (29) showed that the biological
strain properties of mouse prions could be maintained by serial
PMCA propagation in crude brain homogenates. Piro et al. (30)
later showed that a reconstituted system containing PrPC and
brain homogenates from knock-out mice lacking PrP could also
propagate the biological properties of several mouse prion
strains in serial PMCA reactions.

Because cofactor molecules are required to maintain the
infectious conformation of PrPSc molecules and prion strain
properties are potentially encoded by distinctive PrPSc confor-
mations (1), it was logical to employ a chemically defined serial
PMCA system to test whether cofactor molecules might play a
role in determining strain properties (by directing PrPSc con-
formation). My colleagues and I serially propagated three dif-
ferent mouse prion strains in a substrate mixture containing
only recPrP and PE, inoculated the resulting set of PE-PrPSc

molecules into wild type mice, and performed standard strain
typing assays to determine whether biological strain properties
were maintained or altered by in vitro propagation in the pres-
ence of only a single cofactor (Fig. 2) (1). The results showed
that propagation in the presence of PE as the sole cofactor
caused all three input strains to adapt into a single, apparently
novel PE-PrPSc output strain, as judged by incubation time,
neurotropism, and biochemical assays. Notably, the dramatic
strain shifts observed could not simply be attributed to the use
of recPrP substrate lacking post-translational modifications
(although glycosylation may influence the biological properties
of some mouse prion strains (31)) because one of the input
strains used in the experiment consisted of recPrPSc made with
different cofactors.

Thus, when only one cofactor is available during prion repli-
cation, nascent PrPSc appears to be conformationally con-
strained, restricting strain diversity (1). These results contrast
with those obtained when crude brain homogenate (containing
all of the potential endogenous cofactors in brain) is used as
substrate, in which case strain diversity was maintained. It is

FIGURE 1. Schematic diagram showing the effect of cofactor withdrawal
during serial propagation of purified recombinant PrPSc molecules in
vitro. Removal of cofactor from substrate mixture results in PrPSc conforma-
tion, as judged by an �2-kDa shift in the mobility of the protease-resistant
core and �106-fold loss of specific infectivity, as judged by end-point dilution
bioassay.
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tempting to speculate that prion strain diversity might be
encoded by the selective use of different sets of cofactors during
the formation of different PrPSc molecules associated with dis-
tinct strains. Consistent with this idea, it has been reported that,
under specific experimental conditions, PMCA assays of differ-
ent hamster and mouse prion strains exhibit varying levels of
RNA dependence (32, 33). Ultimately, to test this hypothesis
rigorously, it will be necessary to isolate and identify additional
prion conversion cofactors, especially the components of crude
brain homogenate that permit faithful propagation of naturally
occurring strains in vitro.

Conclusions and Future Prospects

In summary, studies of infectious prion propagation in vitro
have highlighted the important role played by cofactor molecules
in this process. Cofactor molecules appear to help maintain the
infectious conformation of PrPSc and may also influence strain
properties by facilitating specific PrPSc conformation(s).

By using chemically defined substrates to produce purified
wild type prions with levels of specific infectivity similar to
brain-derived prions, these biochemical studies have formally
fulfilled all of Koch’s postulates for prions as infectious agents
without a nucleic acid genome (1). On the other hand, these
studies also raise the possibility that infectious prions may not
be composed solely of PrP, i.e. host cofactor molecules may be
integral informational components that determine the infec-

tious conformation of the protein scaffold. This possibility
could be tested directly by determining the detailed structure of
in vitro-generated PrPSc molecules, a scenario that has become
more feasible due to our ability to produce high titer recombi-
nant prions. It may be particularly instructive to compare the
structures of infectious PrPSc molecules (such as PE-PrPSc) with
noninfectious samples prepared without cofactor (such as pro-
tein-only PrPSc) to identify the crucial structural determinants
of infectivity. It is important to note in this regard that infec-
tious prions formed with cofactors differ in their ultrastructure
and seeding specificity from amyloid fibers (18) and that PrP
amyloid fibers lack significant prion infectivity (19 –21).

Other future prospects include the identification of addi-
tional cofactors required for the faithful propagation of various
prion strains (29, 30). The selective susceptibility of neuronal
populations in vivo (3, 4) and in cultured cells (34) to specific
prion strains suggests that strain-specific cofactors may be dif-
ferentially expressed in various cell types, although other expla-
nations for these phenomena are also possible. Such cofactors
could potentially be used as novel therapeutic targets or diag-
nostic reagents. A prerequisite for the identification of strain-
specific cofactors would be the development of a simple and
rapid method to confirm the maintenance of specific strain
properties during in vitro propagation. Without a doubt, there
will be many significant opportunities and challenges ahead in
our attempts to understand the unique and remarkable mech-
anism of prion infectivity.
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Work over the past 4 years indicates that multiple proteins
associated with neurodegenerative diseases, especially Tau and
�-synuclein, can propagate aggregates between cells in a prion-
like manner. This means that once an aggregate is formed it can
escape the cell of origin, contact a connected cell, enter the cell,
and induce further aggregation via templated conformational
change. The prion model predicts a key role for extracellular
protein aggregates in mediating progression of disease. This
suggests new therapeutic approaches based on blocking neuro-
nal uptake of protein aggregates and promoting their clearance.
This will likely include therapeutic antibodies or small mole-
cules, both of which can be developed and optimized in vitro
prior to preclinical studies.

Neurodegenerative diseases account for an enormous
human and financial cost to our society, estimated in excess of
$200 billion annually (1). Despite decades of study, there is no
disease-modifying therapy. Virtually all neurodegenerative dis-
eases are associated with the accumulation of fibrillar protein
aggregates, and all are relentlessly progressive. There is now
abundant evidence for an association of neuronal networks
with patterns of spread through the brain (2– 4). Studies of rel-
atively rare, dominantly inherited neurodegenerative diseases
have indicated that proteins that accumulate in sporadic forms
of disease, such as prion protein, Tau, �-synuclein, and TDP-
43, also cause pathology in the setting of destabilizing point
mutations (5– 8). This provides a strong indication that protein
aggregation is itself a proximal cause of disease and is not sim-
ply an epiphenomenon. Indeed, protein aggregation is the most
unifying pathological feature of adult onset neurodegenerative
disorders. The proximal initiators of protein aggregation likely
vary among different proteins and cell types, whereas the accu-
mulation of misfolded species in general appears to be linked to
the age-dependent breakdown of cellular quality control path-
ways (9, 10). It is not understood, however, why neurodegen-
erative diseases are relentlessly progressive or why they involve
neural networks (3, 11, 12). A variety of studies are consistent
with the idea that mechanisms similar to those of propagation

of prion pathology could underlie disease progression. Prion
protein (PrPc)2 is a normal cellular protein that can be con-
verted to a disease-causing conformation (PrPSc) through inter-
action with a pathogenic prion protein “seed.” The conversion
mechanism is not fully understood, but involves templated con-
formational change, whereby a PrPSc seed contacts natively
folded protein and induces it to assemble onto a growing aggre-
gate. PrPSc aggregates can have multiple conformations, each
linked to unique pathological patterns (13–15), and they have
been demonstrated in experimental systems to propagate
through neural networks (16). Thus, the prion hypothesis pro-
vides a useful model by which to test ideas about propagation of
protein pathology in other neurodegenerative diseases.

Prion-like Propagation of Protein Pathology

Since the identification of prionopathies, many have theo-
rized that conventional neurodegenerative diseases might
occur by similar mechanisms. However, over the years there
was no convincing evidence that this was true. With the iden-
tification of “slow virus” pathology by Gajdusek, a variety of
studies attempted to create pathology by introducing brain
homogenates from AD patients into experimental animals.
There were variable reports of pathology (17–19), but because
the studies lacked convincing controls, it was difficult to draw
firm conclusions. Meanwhile, numerous studies began to draw
parallels between PrP and other amyloid proteins in terms of
fibril-forming behavior. For example, PrP exhibits “strain” phe-
notypes, which are defined by the stable propagation of unique
pathogenic conformations in vivo. Unique properties of PrPSc

structure are associated with different incubation times and
pathologies in animal models (20, 21). This structure is repli-
cated faithfully by templated conformational change in animal
hosts. Many prion strains have now been propagated for
decades in mouse models. Important studies of A� fibrils indi-
cated that they have conformational diversity reminiscent of
PrPSc. Specifically, it was possible to create two distinct fibrillar
A� conformers that propagate in vitro and that had different
biological effects when applied to cells (22, 23). Similar proper-
ties were described for the Tau protein (24), and subsequently
for �-synuclein (25, 26).

In vivo, there is now abundant evidence for seeding phenom-
ena. A� has been most extensively studied. Brain homogenates
from AD patients and mouse models of cerebral amyloidosis
(PD-APP) produce A� pathology when injected into a host ani-
mal (27–29). Different sources of A� will produce distinct
pathologies (30); small, soluble A� oligomers are especially
potent inducers of pathology (31); and widespread cerebral
�-amyloidosis was observed following inoculation of synthetic
A� aggregates into mouse brain (32). All such studies are most
consistent with the idea that pathology results from templated
seeding reactions in vivo. These studies have convincingly dem-
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onstrated that A� can template new pathological forms in vivo
and that this is highly prion-like. However, because most A�
pathology is extracellular, at a certain level this work could be
explained simply by contact of A� seeds with extracellular A�
peptide produced in the experimental animals. No cell-cell
transfer of pathology was required to explain the findings, and
thus these experiments could not fully account for the inexora-
ble spread of many neurodegenerative diseases that are caused
by intracellular protein accumulation.

Then, in 2008, two studies simultaneously reported on path-
ological studies of Parkinson disease patients who had received
fetal dopaminergic cell transplants, in some cases as many as 15
years prior to death. These investigators observed that fetal-
derived cells demonstrated �-synuclein accumulation reminis-
cent of Lewy bodies. This was remarkable because the cells were
no more than 15 years old, which suggested that pathology
might have derived from the host neurons (33, 34). However, it
was still unclear whether this was due to a toxic “environment”
within the host, or to actual protein transfer from one cell to
another. A key test of this question was answered by experi-
mentation in transgenic animals, in which wild-type mouse
neural stem cells were implanted in mice transgenic for human
�-synuclein. Human synuclein accumulation occurred in the
transplanted neurons, which could only have happened due to
cell-cell transfer (35–37). This work was accompanied by other
studies, which demonstrated that aggregates of Tau protein
were taken up into cultured cells where they could induce fibril-
lization of intracellular Tau (38, 39). Further, Tau aggregates
newly formed in a cell were observed to transfer to co-cultured
cells (38). This work was subsequently replicated by numerous
groups for �-synuclein (36, 37, 40 – 43), SOD1 (44), huntingtin
(45), and TDP-43 (46). It is now well established that protein
aggregates are mobile and can transmit aggregates from cell to
cell in vitro.

Work in animals has extended these studies in important
new ways. Two studies have reported apparent trans-synaptic
movement of Tau protein aggregates based on region-specific
gene expression in a transgenic mouse line. In both studies,
tetracycline-regulated gene expression was driven predomi-
nantly in the entorhinal cortex, which projects axons to the
hippocampus. In aged animals, aggregate pathology that was
most likely to have derived from the entorhinal neurons was
observed in the hippocampus (47, 48). Further, a recent study
using a lentivirus-mediated rat model of hippocampal tauopa-
thy demonstrated that wild-type Tau is transferred via axons to
distant second order neurons (49). These studies strongly sug-
gested that aggregated forms of Tau were moving across syn-
apses, and thus could potentially explain the involvement of
neural networks in neurodegenerative diseases. Finally, a recent
study presents conclusive evidence that Tau stably propagates
unique aggregate conformers, or “strains,” in cells and mice,
and that human tauopathies are composed of disease-associ-
ated strains (101).

Other studies have shown that release of Tau monomer is
increased by synaptic activity (50, 51). It remains unknown,
however, whether trans-synaptic movement of aggregates is
activity-dependent or whether it simply results from release of
aggregated material at the axon terminal, where it is taken up by

neighboring cells. Interestingly, extracellular Tau as well as
transferred Tau species are largely dephosphorylated (49,
52–54), suggesting that hyperphosphorylated Tau aggregates
are quite different from forms that propagate.

Antibodies to Target Pathology

In AD, significant protein deposition occurs in the extracel-
lular space. A seminal study reported that vaccination against
A� in transgenic mice that develop A� pathology could be pro-
foundly beneficial (55). This opened the door to multiple stud-
ies of anti-A� vaccine strategies, both active and passive. Sub-
sequent work targeted �-synuclein in a mouse model by a
similar strategy. This produced demonstrable benefits, al-
though at this time it was not appreciated that the vaccine
might have worked by targeting extracellular �-synuclein (56).
Since then, multiple active and passive vaccination studies have
been carried out against Tau, with variable results (57– 61). It is
now fairly well accepted that antibodies against pathological
proteins can ameliorate pathology in transgenic mouse models.
Although the molecular mechanisms of antibody therapies are
not yet determined, their efficacy strongly implicates extracel-
lular protein in pathogenesis. Unfortunately, clinical studies of
A� vaccines have failed to produce any benefit in the patients
with AD (62, 63). Although A� may not be a good target for AD,
more likely the treatment was initiated too late: in patients with
moderate dementia who had already developed robust Tau
pathology.

Because it is a practical impossibility to test all monoclonal
antibodies in vivo, how will antibodies be prioritized? One
strategy has been to identify the putative toxic form of a target
protein, e.g. A� oligomers, and there have now been multiple
antibodies and studies related to detection and targeting of
these species (64). This approach has also been applied to Tau,
in which an oligomer-specific polyclonal antibody was devel-
oped (58). Multiple active and passive vaccine studies have now
targeted intracellular proteins (56, 57, 59, 60, 65– 67), and most
recently, a cell-based aggregate seeding assay was used to pri-
oritize anti-Tau antibodies prior to testing in vivo (61). There
are multiple potential mechanisms for any therapeutic anti-
body. These include alteration of Tau aggregate structure, e.g.
promoting a disaggregation step or sequestering monomer;
blocking uptake into neurons; promoting neuronal clearance or
microglial uptake; and facilitating peripheral degradation.
Importantly, complete genetic ablation of Tau is fairly well tol-
erated in mice, suggesting that anti-Tau antibodies in the adult
CNS are unlikely to meet safety concerns due to disruption of
normal Tau physiology (68 –70). Finally, if parallels to prion
disease hold true, there could be variable clinical responses in
patients based on the conformation of the pathogenic species,
and possibly evolution of protein aggregate structures away
from a given therapy (71, 72). Although the most important
criterion will be the efficacy of an antibody in vivo, a strong
understanding of the biology of the most effective agents will
enable better selection and optimization. Given the relative
rapidity with which new humanized monoclonal antibodies can
be created and the plethora of protein targets, it seems likely
that more human clinical trials will result in the coming years.
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Understanding Cell Uptake

If propagation of pathology from cell-to-cell underlies dis-
ease progression, then interruption of this process could be
beneficial. At this point, it is not known how protein aggregates
might exit a neuron. This could represent an adaptive response
to an accumulation of intracellular aggregated protein. In this
case, it might be counterproductive to block release. Con-
versely, intracellular aggregates might destabilize membranes
to create transient rupture, or they might be released upon cell
death or axon degeneration. Although much contention exists
with regard to mechanisms of Tau secretion (52, 53, 73–77), a
recent study on SOD1 aggregates suggests a dual mode of
aggregate release. Under this paradigm, healthy cells release
SOD1 into the medium in association with exosomes, whereas
dying cells release free aggregates (78). However, there is clearly
no consensus about release mechanisms involved in normal
versus pathophysiology.

Initial studies of aggregate uptake implicated a role for
“bulk,” or “fluid phase” endocytosis, but did not indicate a
specific mechanism. One study has now defined the mecha-
nism of cell uptake of Tau and synuclein aggregate seeds into
neurons through macropinocytosis, a subtype of fluid-phase
bulk endocytosis (79). Macropinocytosis involves dynamic
actin restructuring, as well as the formation of large intra-
cellular vesicles. This process is initiated by the binding of
aggregated Tau and �-synuclein to heparan sulfate pro-
teoglycans (HSPGs) on the cell surface. HSPGs constitute a
family of core proteins that are decorated with glycosamin-
oglycan polysaccharides. These glycosaminoglycan chains
are extensively sulfated, which specifies various interactions
with extracellular ligands. Interestingly, although Tau mon-
omer will bind these surface proteins via putative heparan
sulfate binding domains, it will not initiate internalization,
and only aggregated species trigger uptake through this
mechanism (79). Finally, a new study suggests that HSPGs
can mediate the internalization of exosomes (80). This might
facilitate internalization of proteopathic seeds lacking hepa-
ran sulfate binding domains. As the HSPG pathway is better
understood, it may be possible to design specific inhibitors
to prevent aggregate entry and seeding in neurons, based on
blocking Tau/HSPG interactions (Fig. 1).

A provocative parallel can be drawn between the cellular
machinery mediating Tau aggregate internalization and seed-
ing and that of virus infectivity. Indeed, virus internalization
into eukaryotic cells often requires HSPG-mediated macropi-
nocytosis (81– 83). Thus, this pathway may serve as a common
and generalizable mode of cellular entry for large particles,
including pathogens.

It seems likely that other cells in the brain, e.g. microglia and
astrocytes, could play a role in aggregate uptake and clearance.
It is unknown whether cell type-specific mechanisms exist or
whether common mechanisms apply. For example, although
there is some evidence that an antibody can block Tau aggre-
gate uptake into HEK293 cells (84), other studies indicate that
an anti-synuclein antibody can promote �-synuclein uptake
into microglial cells in culture (85). Thus, it will be important to
dissect the biology of cellular internalization and the role of

antibodies so as to promote targeting of aggregates toward
clearance pathways (e.g. microglia) and away from trans-neuro-
nal propagation.

Targeting of Cell Surface Proteins

HSPGs have been previously recognized for their association
with amyloid plaques (86, 87), as well as for their ability to
promote Tau protein fibrillization (88, 89). However, recogni-
tion of their role in protein aggregate uptake and intracellular
seeding has presented interesting new possibilities for develop-
ment of therapies. HSPGs are processed through a series of
post-translational steps that add successive uronic acid and
N-acetylglucosamine groups onto core proteins. A variety of
sulfotransferases and epimerases further modify the maturing
proteins. Specific interaction of HSPGs with extracellular pro-
teins is created by unique sulfate patterns known as fine struc-
ture and enables proper cell signaling (90). It is unknown
whether the interaction of Tau and synuclein seeds with HSPGs
is specifically dictated by fine structure or whether nonspecific
interactions such as electrostatics are sufficient. If the interac-
tions are in fact specific, then it may be possible to design inhib-
itors of this pathway that selectively inhibit aggregate uptake
and seeding into neurons without interfering with normal
physiology.

FIGURE 1. Cellular mechanisms of transcellular propagation. 1, proteo-
pathic seeds accumulate within neurons where they can be released freely, or
2, in association with vesicles, such as exosomes. 3, extracellular proteopathic
seeds such as Tau and �-synuclein can bind cell surface HSPGs. 4, binding of
aggregated species stimulates macropinocytosis, an actin-driven uptake
process that results in the internalization of seeds. 5, through unknown mech-
anisms, proteopathic seeds escape the lumen of the macropinosome where
they can convert cognate monomer into aggregates via templated confor-
mational change. 6, in some instances, seeds may directly translocate across
the plasma membrane. 7, the process of transcellular propagation can be
inhibited either by antibodies that can target extracellular species or by hep-
arin mimetics that sequester proteopathic seeds away from their heparan
sulfate receptor sites.
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Targeting Aggregate Binding to the Cell Surface

Tau aggregates bind and enter the cell via HSPGs. This inter-
action can be blocked by heparin, by a variety of heparin mimet-
ics, and by interfering with proper production and post-trans-
lational modification of HSPGs (79). Importantly, HSPGs have
been previously linked to other disease-associated amyloids,
including �-amyloid (91, 92), amyloid protein A (93), and prion
protein (94 –97). Thus, preventing proteopathic seeds from
binding cell surface HSPGs may serve as a viable target for slow-
ing progression of multiple diseases. This approach has been
tried for prion disease. Pentosan polysulfate is a large sulfated
polysaccharide with weak heparin-like activity that is highly
effective at inhibiting PrPSc formation both in vitro and in
rodent models, and it is currently being tested in humans with
Creutzfeldt-Jakob Disease (98 –100). Although it is not clear
whether this strategy will work, pentosan polysulfate was well
tolerated and thus provides precedent for heparin-like mole-
cules as potential therapeutics. Preclinical studies will be
required to determine whether blocking aggregate binding to
the cell surface in fact reduces pathology in other models, such
as those of tauopathy or synucleinopathy.

Near Term and Longer Term Therapies for
Neurodegeneration

After huge expenditures on failed approaches, the pharma-
ceutical industry has understandably grown weary of therapeu-
tic trials for neurodegenerative diseases. However, these
approaches were based on discoveries that are now decades old,
and since then our understanding of pathogenesis has evolved
considerably. With recognition and growing acceptance of
prion mechanisms in neurodegenerative diseases, the last 4
years have seen an enormous growth in research in this area.
These investigations are just beginning to provide mechanistic
insights, but have highlighted the role of extracellular protein
aggregates in the development and progression of pathology.
Passive vaccination is the simplest approach to target extracel-
lular protein, and this approach has now been independently
validated in numerous animal models. There is enormous clin-
ical experience with this strategy, and thus it seems possible
that an antibody will be the first effective treatment for a neu-
rodegenerative disease. However, antibodies are cumbersome
drugs. They are expensive to produce and to administer, and
must be infused on a regular basis. Further, they will most likely
be disease-specific. In contrast, small molecules offer a more
facile treatment, but will most likely be much longer in devel-
opment. Although there are many clues to potential therapeu-
tic mechanisms, the basic biology has not yet been elucidated to
the point where it is possible to begin target-based drug devel-
opment. Nonetheless, based on our growing understanding of
pathogenic mechanisms, the path of drug discovery for neuro-
degenerative diseases has now become much more clear.
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Neurodegenerative diseases are characterized by the aggrega-
tion of misfolded proteins in the brain. Among these disorders are
the prion diseases, which are transmissible, and in which the mis-
folded proteins (“prions”) are also the infectious agent. Increas-
ingly, it appears that misfolded proteins in Alzheimer and Parkin-
son diseases and the tauopathies also propagate in a “prion-like”
manner. However, the association between prion formation,
spread, and neurotoxicity is not clear. Recently, we showed that in
prion disease, protein misfolding leads to neurodegeneration
through dysregulation of generic proteostatic mechanisms, specif-
ically, the unfolded protein response. Genetic and pharmacological
manipulation of the unfolded protein response was neuroprotec-
tive despite continuing prion replication, hence dissociating this
from neurotoxicity. The data have clear implications for treatment
across the spectrum of these disorders, targeting pathogenic pro-
cesses downstream of protein misfolding.

The “prion-like” nature of several neurodegenerative dis-
eases has been proposed for a number of years. The central
concept is the spread of self-propagating misfolded proteins
from neuron to neuron throughout the brain, associated with
more or less stereotypical patterns of neurodegeneration for
specific diseases. Apart from prion protein (PrP)2 in the arche-
typal prion diseases (typified by Creutzfeldt-Jakob disease
(CJD)), the evidence that amyloid-�1– 42 (A�), Tau, and �-sy-
nuclein all propagate through the brain is compelling, with
clear implications for the pathogenesis of Alzheimer disease,
frontotemporal dementias and other tauopathies, and Parkin-
son disease. The spread (within the brain, at least) of neurode-
generative diseases through protein misfolding appears to be a
truly generic phenomenon. However, the spread of misfolded
protein is not evidence of neurodegeneration, and this raises
critical questions about the link, or lack of it, between transmis-
sion of pathological proteins and their neurotoxic effects. What
is the relationship between toxicity and “infectivity” in classic
prion disease and other protein misfolding disorders? This
review will consider this relationship, and discusses the advan-
tages of focusing on neurotoxic pathways, downstream of the

prion replication process, for treatment of this group of
disorders.

Prion Formation in Prion Disease

Prion diseases are fatal transmissible neurodegenerative dis-
orders of humans and other mammals (see Watts and Prusiner
(53) in this series). The classic veterinary disorder is scrapie in
sheep; the most common human disease is CJD. The infectious
agent is now widely accepted to be a protein that self-replicates,
without the need for nucleic acids (1), confirming the “protein-
only hypothesis” of transmission of these disorders first postu-
lated by Griffith (2). The scrapie agent is a protein, present in
aggregated form, highly insoluble in non-ionic detergents and
partially protease-resistant, with a relative molecular mass of
27–30 kDa (3). Known as prion protein, PrP, it was found to be
encoded by an endogenous gene, PRNP (4), which, intriguingly,
was equally expressed in both infected and uninfected animals
(4, 5). The normal product of the PRNP gene is PrPC, for cellular
prion protein, a protease-sensitive protein of 33–35 kDa,
whereas the previously isolated disease-specific protein was
called PrPSc, for scrapie-associated prion protein. These two
isoforms of PrP share identical primary structures but differ in
secondary and tertiary structure. The central mechanism of
infectivity involves a change in the normal cellular isoform,
PrPC, into PrPSc (6). This conversion is thought to be a post-
translational change in conformation, which initiates the auto-
catalytic conversion of PrPC into PrPSc, by interaction with
existing PrPSc molecules. As neurons are depleted of PrPC,
newly synthesized PrPC provides more substrate for conversion
to PrPSc, which accumulates, converting more PrPC, and so on
(Fig. 1).

Prion-like Spread in Other Neurodegenerative Diseases

The findings that Tau, A�, and �-synuclein are all capable of
the type of templated conformational change that was first
described for classic scrapie prions and that these changes
could spread between cells were first established in cell models
(7–9). Like classic prions, these proteins also form distinct con-
formers in vivo, and a number of elegant experiments con-
firmed that A�, mutant Tau, and mutant �-synuclein cause
spread in regional pathology and disease progression in mouse
models (10 –13). More recently, the propagation and misfold-
ing of wild type �-synuclein, giving rise to “sporadic”-type phe-
notypes in mice (12, 14), have been reported. Spread between
animals has also been reported (see Holmes and Diamond (54)
in this series), but transmission through repeated passage, as
defines classic prion diseases, has not been seen.

Despite the universality of the prion-like spreading phenom-
enon, not all these models, including both classic CJD/scrapie
and other protein folding diseases, show associated neurode-
generation, however. This raises the important concept that
protein misfolding disorders have two aspects: first, within cell
(i.e. cell-autonomous) processes that cause cellular dysfunction
and ultimately neurodegeneration, and second, between cell
(i.e. non-cell-autonomous) processes, through which pathology
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spreads. The link between the two is not clear, but it is impor-
tant both for understanding disease mechanisms and for direct-
ing treatments.

Dissociation of Prion Replication and Neurotoxicity

In the classic prion diseases, prion replication involves the
conversion of native prion protein (PrPC) into the protease-
resistant, disease-associated isoform that co-purifies with
infectivity, PrPSc (see above). Given its accumulation in the
brain and its capacity to transmit these fatal neurodegenerative
conditions, PrPSc was generally assumed to be the neurotoxic
species. However, the dissociation of toxic species (what kills
neurons) and infectious agent (propagating prion protein) is
now well established (15–17). Evidence for this dissociation
appeared as early as 1993, with the landmark experiments of
first Büeler et al. (18) and then Manson et al. (19), who showed
that in the absence of PrPC, PrPSc was not toxic to brains of
inoculated PrP-knock-out mice. Similarly, only wild type tissue
expressing PrPC grafted into the brains of PrP-null mice
showed neurotoxic effects of prion infection (20). However, the
key evidence came from the discovery of subclinical states of
prion infection, characterized by experimental animals that
were asymptomatic carriers of infectivity, never developing
clinical disease throughout their lifespan (extensively reviewed
by Hill and Collinge (16)). Similar subclinical states were
observed by others (21–23), and the converse situation, neuro-
degeneration with minimal levels of PrPSc, which was seen in
certain inherited human prion diseases (24, 25) and in animal
models (26), also supported the dissociation. Interestingly,
switching off prion conversion in neurons during the course of
prion infection, but allowing it to continue in astrocytes, leads
to profound neuroprotection and rescue of neurons from prion
toxicity despite massive extraneuronal accumulation of PrPSc

(15, 27, 28). Removing the glycosylphosphatidylinositol anchor
from PrP releases it from the neuronal cell surface and similarly
prevents neurotoxicity (29) despite extensive extraneuronal
PrPSc accumulation (this occurs over time despite low levels of

expression of anchorless PrP in this model). Again, the findings
discussed above support the idea that PrPSc itself is not directly
toxic to neurons, but rather indicate that it is the process of
prion conversion within them that leads to downstream (indi-
rect) toxic effects. This is a critical finding as it implies the
presence of generic, cellular pathways mediating toxicity in
classic prion, and likely, in other neurodegenerative diseases.

This dissociation between prion propagation and neurotoxic
effect is sometimes seen in the other neurodegenerative dis-
eases. The landmark study by Clavaguera et al. (10), describing
prion-like transmission of mutant human P301S Tau in mice,
similarly showed spread of pathology, without neurodegenera-
tion, as did the recent report of wild type �-synuclein (14). This
is in contrast to the propagation and disease in other models
(12, 13, 30). So cell-autonomous and non-cell-autonomous
mechanisms co-exist, but they do not necessarily impinge
equally on neurotoxicity in all cases. Both, however, clearly
result from the same central phenomenon: the accumulation of
misfolded proteins.

Generic Mechanisms of Neurotoxicity

The prion-like neurodegenerative disorders, including the
classic prion diseases, but also Alzheimer and Parkinson dis-
eases and the tauopathies, as well as amyotrophic lateral scle-
rosis, all share the two key features: accumulation of misfolded
proteins (irrespective of spread) and neuronal loss. We have
used prion-infected mice to understand the link between pro-
tein misfolding and neurodegeneration. Prion-diseased mice
are unique among mouse models of neurodegeneration as they
truly recapitulate the human disorders and have extensive neu-
ronal loss in association with accumulation of misfolded
protein.

We studied tg37 mice used in our previous studies (15, 27, 28,
31–33). These mice overexpress PrP at around 3-fold wild type
levels and succumb to Rocky Mountain Laboratory (RML)
prion infection in around 12 weeks (31). Our first key observa-
tion biochemically was the finding that, in the context of
increasing prion replication and rising levels of misfolded PrP,
there was a sudden, abrupt reduction in the number of synaptic
proteins at 9 weeks post infection (wpi). This correlated with
critical reduction in both synapse number and neurotransmis-
sion and with accompanying behavioral decline and loss of
object recognition memory. It was closely followed by neuronal
loss, at 10 wpi (33). The reduction in synaptic protein levels at 9
wpi was clearly a catastrophic event, occurring at a critical
moment during the disease process. We asked whether this
drop reflected increased degradation of proteins or decreased
synthesis. The ubiquitin proteasome pathway is known to be
inhibited in prion disease, causing a reduction, not an increase,
in protein degradation (34). We therefore asked whether pro-
tein synthesis was reduced through altered translational con-
trol mechanisms. Specifically, we examined the role of the
unfolded protein response (UPR).

The Unfolded Protein Response

The UPR is a protective cellular mechanism that is induced
during periods of cellular and endoplasmic reticulum (ER)
stress, which aims to maintain protein-folding homeostasis

FIGURE 1. Schematic of prion conversion. Native prion protein (PrPC;
blue circular shapes) is converted into PrPSc (black hexagonal shapes) in an
autocatalytic process during prion replication. The two proteins have
identical primary but different secondary structure. PrPSc is rich in �-sheet,
is protease-resistant, and accumulates, recruiting more PrPC for further
cycles of conversion.
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within the ER (35). The UPR has three main branches, all acti-
vated by rising levels of misfolded proteins in the ER. Two of
these (the ATF6 and IRE1 branches) result in transcriptional
changes that increase chaperone expression to enhance correct
protein folding. The third, the PERK/eIF2� branch, results in a
signaling cascade that leads to the transient shutdown of pro-
tein synthesis. Binding immunoglobulin protein (BiP) normally
holds PERK in its inactive state, but when bound to unfolded
proteins, it releases PERK, which autodimerizes and autophos-
phorylates. Phosphorylated PERK (PERK-P) phosphorylates
eIF2�, which then inhibits the formation of the ternary com-
plex that loads the 40 S ribosome onto the mRNA strand to be
translated (36). Phosphorylated eIF2� (eIF2�-P) binds tightly
to eIF2B, the guanine exchange factor that supplies the energy
for the formation of the ternary complex, preventing it from
supplying the GTP needed for loading to take place.

Thus, induction of the UPR leads to complex changes includ-
ing the translation of molecular chaperones, the synthesis of
lipids to increase ER volume, and a reduction in global protein
synthesis to alleviate effects of overload of unfolded proteins
inside the ER. UPR activation is usually a transient event;
eIF2�-P is rapidly dephosphorylated by expression of the phos-
phatase GADD34/PP1, allowing normal protein translation to
restart (37).

The UPR in Prion Neurotoxicity

We analyzed activation of the UPR during rising levels of
prion protein accumulation during the course of disease (see
Fig. 3) as PrP is synthesized in the ER. We found that there
was a progressive increase in PERK-P and eIF2�-P as the
disease progressed (see Fig. 3a). GADD34 levels did not
change, despite the rising eIF2�-P levels, suggesting that
there was insufficient GADD34 to dephosphorylate the
increased amounts of eIF2�-P. This shows that the PERK/
eIF2� arm of the UPR is activated in prion disease, inhibiting
protein translation and leading to a reduction in the levels of
synaptic proteins. We also examined mice expressing even
higher levels of PrP, with faster prion incubation times, and
wild type mice. In each case, rising levels of misfolded prion
protein triggered sustained activation of eIF2�-P and reduc-
tion in protein synthesis at a stage consistently �75%
through the incubation period.

We measured total protein synthesis rates in the hip-
pocampus via incorporation of radioactive methionine into
protein in hippocampal slices, and also measured translation
of specific mRNA by polysome profiling. A 50% decline in
global protein synthesis was observed (see Fig. 3b), with a
simultaneous reduction in the overall number of actively
translating ribosomes at 9 wpi (33). Northern blots of
SNAP-25 and �-actin mRNA also showed reduced active
translation. In contrast ATF4 mRNA, which escapes eIF2�-P
mediated inhibition of translation due to the presence of
upstream open reading frames in its 5�-UTR (38), showed
increased active translation. PrP mRNA did not show
reduced translation, likely due to the presence of similar
translational control elements within the PrP gene as ATF4.

Therapeutic Manipulation of the UPR in Prion
Neurodegeneration

Although transient eIF2� phosphorylation is beneficial to
cells experiencing ER stress due to misfolded proteins, persis-
tently high levels of eIF2�-P are likely to be detrimental. To test
whether eIF2�-P is directly involved in prion neurodegenera-
tion in vivo, we asked whether reducing the levels of eIF2�-P in
prion disease would be neuroprotective. To do this, we overex-
pressed GADD34 using a lentiviral vector, to reduce eIF2�-P
levels directly, and in parallel we used targeted RNAi of PrP to
remove the source of UPR activation and prevent eIF2�-P for-
mation (Fig. 2). We also asked whether increased levels of
eIF2�-P exacerbate prion neurotoxicity by using salubrinal, an
inhibitor of eIF2�-P dephosphorylation.

At 9 wpi, mice injected with a lentivirus expressing GADD34
showed a similar level of PERK-P as untreated mice, demon-
strating that the UPR was still being activated, but eIF2�-P lev-
els were reduced (Fig. 3) (33). RNAi against PrP prevented the
PrP-induced rise in PERK-P and eIF2�-P seen in untreated ani-
mals, confirming prevention of UPR activation. Both GADD34
overexpression and PrP knockdown restored global translation
rates at 9 wpi. As a result, synaptic protein levels, synaptic trans-
mission, and synapse number in prion-diseased mice treated
with GADD34 or PrP knockdown were protected and equiva-
lent to levels in uninfected control mice. Burrowing deficits
were prevented, and there was extensive neuronal protection in
the hippocampus, with no neuronal loss and markedly reduced
spongiform change (Fig. 3). Importantly, targeted expression of
GADD34 and focal PrP knockdown had a modest, but highly
significant, effect on survival.

LV-shPrP

LV-GADD34

Salubrinal

GADD34
eIF2 eIF2

PERK

Bip

Unfolded/misfolded
proteins

P

P
P

GSK2606414

reduced
translation

FIGURE 2. Schematic representation of PERK branch of the UPR leading to
translational repression and points of intervention. Rising levels of mis-
folded proteins are detected by binding immunoglobulin protein (BiP) in the
ER, activating PERK, which autophosphorylates, and in turn phosphorylates
eIF2�, resulting in reduced translation. The decline in protein synthesis leads
to the loss of key proteins, and hence synaptic failure and neurodegenera-
tion. The points of action of GSK2606414, (a specific inhibitor of PERK), of
lentivirus mediating RNAi of PrP (LV-shPrP), and of lentivirus overexpressing
the eIF2�-P phosphatase, GADD34/PP1 (LV-GADD34) are shown. By inhibit-
ing/preventing PERK phosphorylation (GSK2606414 and LV-shPrP) or
dephosphorylating eIF2�-P (LV-GADD34), protein synthesis is restored. (Salu-
brinal prevents dephosphorylation of eIF2�-P, exacerbating the reduction of
translation.)
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Critically, treatment with salubrinal had the opposite effect,
by preventing dephosphorylation of eIF2�-P. Thus, eIF2�-P
levels were markedly higher at 9 wpi than in prion-only con-
trols, causing further repression of global translation. Salubri-
nal treatment resulted in earlier severe neuronal loss and sig-
nificantly accelerated disease when compared with untreated
prion-infected mice.

The striking neuroprotection achieved by genetic manipula-
tion of the UPR led us to predict that pharmacological inhibi-
tion of PERK/eIF2�-P would be similarly protective. We used a
highly selective inhibitor of PERK GSK2606414 (39), originally
designed as an anticancer compound (Fig. 2). We therefore
treated prion-infected tg37 mice with GSK2606414, adminis-
tered orally, from 7 weeks post infection. The PERK inhibitor
prevented high levels of eIF2�-P and restored global protein
synthesis rates. As with genetic manipulation of the UPR, the
mice were clinically cured (32) and there was marked neuro-
protection throughout the brain (Fig. 4), although effects on
survival could not be assessed due to exocrine pancreatic tox-
icity associated with the compound, which resulted in weight
loss necessitating termination of the experiment, despite the
absence of prion clinical signs. The beneficial effects held true
for animals treated both at the preclinical stage and also later in

disease, when behavioral signs had emerged (32). Critically, the
compound acts downstream, and independently, of the pri-
mary pathogenic process of prion replication and is effective
despite continuing accumulation of PrP. Interestingly, we think
the UPR is triggered by rising levels of total PrP synthesis in the
ER rather than as a direct effect of aggregation of PrPSc as this
occurs largely extracellularly, or within the endosomal com-
partment. We previously found that total PrP mRNA levels
increase during prion infection, suggesting that increased syn-
thesis of native PrP may cause misfolding and UPR activation
(33), and there is evidence that overexpression of protein pro-
duction can induce UPR markers (40).

Wider Relevance of UPR Activation in
Neurodegeneration: Restoring Global Protein Synthesis
Is Good for Neurons

Increased levels of UPR activation and PERK-P and eIF2�-P
have been described in the brains of Alzheimer disease, Parkin-
son disease, and prion disease patients (41– 45), and genetic
polymorphisms in PERK predispose to the tauopathy progres-
sive supranuclear palsy (46). The significance of UPR overacti-
vation is not clear, but several strands of evidence suggest that
here too, promoting protein synthesis where this is chronically

FIGURE 3. Manipulation of the UPR rescues translation and is neuroprotective in prion-diseased mice. a, lentivirally mediated RNAi against PrP (blue bars)
or overexpression of GADD34 (green) reduces levels of eIF2�-P. LV-shPrP, lentivirus mediating RNAi of PrP; LV-GADD34, lentivirus overexpressing the eIF2�-P
phosphatase, GADD34/PP1. b, restoring synapse number, global protein synthesis rates, burrowing behavior, and neuronal cell numbers when compared with
untreated prion-diseased mice (black) or empty vector controls (gray). Salubrinal (orange) had a detrimental effect in the same experiments. All data in bar
charts show mean � S.E. *, p � 0.01; **, p � 0.001; ***, p � 0.005. c, neuroprotective effects of RNAi of PrP or GADD34 overexpression in CA1 pyramidal cell
ribbon of hippocampus from prion-diseased mice. Adapted from Ref. 33.
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inhibited would be neuroprotective. Learning and memory
depend on protein synthesis (47), and recent evidence has
shown that inhibition of this pathway increases cognition in
wild type mice (48) and prevents cognitive deficits in an
Alzheimer disease mouse models (49). Restoring protein trans-
lation in a Drosophila and a mammalian neuronal cell model of
amyotrophic lateral sclerosis using GSK2606414 has also
shown benefits in reducing toxicity (50). The data therefore link
this pathway with memory and cognition as well as with global
neuronal health and viability in health and disease. The data

support drug development programs targeting PERK and other
members of this pathway for the treatment of prion, and poten-
tially other UPR-inducing, neurodegenerative diseases such as
Alzheimer and Parkinson diseases.

Concluding Comments

The relationship between toxicity and infectivity in prion
disease and other protein misfolding disorders is complex, and
we have made our case for targeting the downstream effects of
unfolded protein accumulation. However, intuitively, contain-

FIGURE 4. PERK inhibition by GSK2606414 prevents clinical disease in prion-infected mice. a, mice were treated with GSK2606414 (blue) or vehicle (red)
from 7 wpi. b– c, GSK2606414 restored global protein synthesis rates (b), prevented loss of novel object memory (c), and afforded marked neuroprotection in
hippocampus (d). e, levels of total PrP and PrPSc (as shown by proteinase K digestion (PK)) were unaffected by treatment. f and g, clinical cure in treated mice
with normal posture and movement of hind legs. All data in bar charts show mean � S.E. Controls represent mice inoculated with normal brain homogenate
(white bar) (n � 12 for each) (*, p � 0.01). Adapted from Ref. 32.
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ing spread and reducing the stimulus to UPR induction must be
beneficial, preventing the progression that characterizes the
clinical evolution of these diseases as further brain regions
are “recruited” over time. The question is how to do this. One
approach is to administer disease-specific anti-misfolded-pro-
tein antibodies, which has been proposed for Tau and SOD1
(see Holmes and Diamond (54) review in this series). Alterna-
tively, are there generic mechanisms of spread that could be
targeted? It is clear that there are common structural features of
oligomeric forms of these proteins; antibodies raised against
oligomers of PrP also detect oligomeric forms of a number of
other amyloid proteins, including A� (51). If such structural
features were involved in a universal protein propagation
mechanism, they could represent a common therapeutic target
for many neurodegenerative diseases. Further, there may be
generic cellular pathways, including exosomal and synaptic
release mechanisms, underlying pathological spreading that
could also potentially be targeted. Indeed, the neuroanatomical
basis for this propagation was recently established by the dem-
onstration of trans-synaptic spread of mutant Tau (39, 52),
although exactly how this occurs is still unclear.

In summary, the discovery of generic phenomena, such as the
spread of misfolded proteins and the effects of these on proteo-
stasis, bring stimulating new insights into neurodegenerative
diseases that may lead to new therapeutic approaches. How-
ever, we still need to understand much more both about these
processes at a molecular level and about how cell-autonomous
and non-cell-autonomous mechanisms relate to each other in
these disorders before we can determine the balance needed
when targeting these processes for therapy.
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Hepatic glucose and lipid metabolism are altered in metabolic
disease (e.g. obesity, metabolic syndrome, and Type 2 diabetes).
Insulin-dependent regulation of glucose metabolism is im-
paired. In contrast, lipogenesis, hypertriglyceridemia, and
hepatic steatosis are increased. Because insulin promotes lipo-
genesis and liver fat accumulation, to explain the elevation in
plasma and tissue lipids, investigators have suggested the pres-
ence of pathway-selective insulin resistance. In this model, insu-
lin signaling to glucose metabolism is impaired, but insulin sig-
naling to lipid metabolism is intact. We discuss the evidence for
the differential regulation of hepatic lipid and glucose metabo-
lism. We suggest that the primary phenotypic driver is altered
substrate delivery to the liver, as well as the repartitioning of
hepatic nutrient handling. Specific alterations in insulin signal-
ing serve to amplify the alterations in hepatic substrate metab-
olism. Thus, hyperinsulinemia and its resultant increased sig-
naling may facilitate lipogenesis, but are not the major drivers of
the phenotype of pathway-selective insulin resistance.

Metabolic disease (i.e. obesity, metabolic syndrome, and
Type 2 diabetes) is characterized by altered glucose homeosta-
sis, hyperinsulinemia, and hypertriglyceridemia. In the fasting
state, the hyperglycemia and hyperinsulinemia are driven by a
failure of insulin to augment muscle glucose uptake and
restrain hepatic glucose production. In the fed state, this insulin
resistance results in a failure of the liver to switch from glucose
production to glucose disposal, contributing to the exaggerated
hyperglycemia. Hyperinsulinemia is thought to be driven by the
accompanying insulin resistance in multiple tissues including
liver, muscle, adipose tissue, vasculature, and the brain.
Although overall brain glucose uptake is not regulated by insu-
lin, specific regions in the brain can become resistant to insulin.
This modifies neural circuits that regulate the insulin response

of the liver and other peripheral tissues, thereby exacerbating
hyperinsulinemia and impaired glucose metabolism (1).

The role of insulin resistance with regard to hepatic lipid
metabolism is more complex. Insulin is required for hepatic
lipid synthesis. Thus, one might hypothesize that hepatic insu-
lin resistance would decrease hepatic triglyceride synthesis and
therefore plasma triglycerides. In contrast, liver and plasma
triglycerides are increased in metabolic disease. To resolve this
paradox, investigators have proposed that there may be path-
way-selective insulin resistance, which has been observed in
vascular tissues (2– 4). This would suggest that there are dis-
tinct insulin-sensitive signaling pathways that independently
modulate glucose and lipid metabolism. Moreover, the model
proposes that the pathways are differentially altered in meta-
bolic disease. With selective insulin resistance, insulin fails to
adequately suppress hepatic glucose production or augment
hepatic glucose uptake, and yet still augments or at least sus-
tains hepatic lipogenesis and TG2 accumulation, contributing
to hypertriglyceridemia. We will examine the physiologic evi-
dence that suggests selective hepatic insulin resistance exists
and is the driver of the metabolic phenotype. We suggest that
the alterations in hepatic substrate metabolism are not simply
due to selective defects in insulin action, but to a large extent are
driven by changes in substrate delivery to the liver that arise
from impaired insulin signaling in liver, muscle, and adipose
tissues.

Throughout the 24-h feeding-fasting cycle, the liver handles
a large fraction of the dietary nutrients. Metabolic disease
markedly alters both the pattern and the absolute flux of those
nutrients to the liver. There are six major metabolic pathways
that are disrupted: two pathways are impaired (hepatic glucose
uptake and glycogen deposition); two pathways are active,
instead of inhibited due to the endocrine environment (gluco-
neogenesis and de novo lipogenesis); and two pathways are
accelerated (fatty acid delivery and triglyceride esterification
and secretion). As depicted in Fig. 1, it is the confluence of these
dysregulated pathways in multiple tissues that precipitates the
metabolic phenotype (i.e. impaired glucose tolerance, steatosis,
and hypertriglyceridemia). In the following sections, we will
discuss how each of these contributors to the phenotype of
pathway-selective insulin resistance is altered.

Hepatic Insulin Resistance and Glucose Homeostasis

With obesity and insulin resistance, hepatic glucose produc-
tion after an overnight fast is normal or elevated despite the
presence of hyperinsulinemia. This is because the ability of
insulin to regulate hepatic glucose uptake and production is
impaired (5). The defects observed in the fasted state are readily
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manifest during a hyperinsulinemic-euglycemic clamp, where
in response to an increase in insulin infusion, hepatic glucose
production fails to be suppressed. The inappropriately high
rates of hepatic glucose production in the presence of hyperin-
sulinemia are associated with an increase in gluconeogenesis
and glycogenolysis, with a greater contribution of gluconeogen-
esis to glucose production (6 –9).

Hepatic glucose uptake and glycogen synthesis are also
defective. Following a carbohydrate-containing meal, the liver
rapidly switches from a net producer to a net consumer of glu-
cose. A substantial portion of dietary carbohydrate is stored by
the liver as glycogen (approximately one-third of the dietary
glucose) and is then subsequently released during the post-ab-
sorptive state by activation of glycogenolysis (10). The magni-
tude of the hepatic glucose uptake is determined by the glucose
and insulin concentration as well as by the route of glucose
delivery (11). In addition, extrahepatic factors contribute to
failed insulin suppression of hepatic glucose production. There
is a failure of insulin to appropriately suppress glucagon secre-
tion from the pancreas, as well as impaired suppression of
adipose tissue lipolysis. Both of these exacerbate the impair-
ment in liver glucose uptake in individuals with metabolic dis-
ease (12, 13). We will briefly discuss the molecular control
points that contribute to the impaired hepatic glucose han-
dling: 1) decreased glucose uptake, 2) decreased glycogen syn-
thesis, and 3) persistent gluconeogenesis.

Hepatic Glucose Transport and Phosphorylation

In the liver, the primary regulated step that determines glu-
cose uptake is glucose phosphorylation and not glucose trans-
port. In contrast to muscle and adipose tissue, liver glucose
transport (primarily through GLUT2) is not regulated by insu-
lin and is not a significant barrier for glucose uptake (or release)
by the liver. The liver expresses hexokinase IV (i.e. glucokinase

(GK)), which is inactive when associated with glucokinase reg-
ulatory protein (GKRP) in the nucleus. The interaction of GK
with GKRP is regulated by metabolic intermediates (glucose-
6-phosphate and fructose-1-phosphate) that accumulate in
response to hyperglycemia and dietary carbohydrates (e.g. fruc-
tose). These glycolytic intermediates compete with the binding
of GK to GKRP; thus, this step is not directly controlled by
glucose (14). Allosteric regulation of GK allows the liver to be
very responsive to changes in glucose concentration (15, 16).
GK transcription is positively regulated by insulin signaling, but
this does not play a role in the rapid regulation of the glucose
phosphorylation capacity of the liver (17, 18). Therefore, the
GK activity is controlled by the partnership between insulin
signaling and substrate-dependent regulation. Metabolic dis-
ease impairs GK activity (19, 20). This can be partially reversed
if chronic hyperglycemia is corrected, suggesting that possible
post-transcriptional modification may occur (21).

Alterations in the dephosphorylation of glucose 6-phosphate
(G6P) by glucose-6-phosphatase (G6Pase) can also contribute
to the observed defects in liver glucose uptake in metabolic
disease. G6Pase is part of a multimeric complex located in the
endoplasmic reticulum membrane, which includes G6Pase and
transporters for glucose, inorganic phosphate, and glucose
6-phosphate. The regulation of this complex is poorly under-
stood (22). Deficiency of G6Pase or the G6P transporter leads to
glycogen storage disease and hypoglycemia (23). G6Pase activ-
ity is increased by glucagon and hyperglycemia and inhibited by
insulin (24, 25). In mild metabolic disease, hepatic expression of
G6Pase is not increased (26). However, the normal activity is
inappropriate for the prevailing hyperinsulinemia, indicating
predominant hepatic insulin resistance. Thus, sustained
G6Pase activity opposes GK and limits the capacity of the liver
to take up glucose.

FIGURE 1. Hepatic substrate flux in the fed state in healthy and insulin-resistant subjects.
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Liver Glycogen Synthesis

Hepatic glycogen deposition is impaired in metabolic dis-
ease. The normal activation of net glycogen deposition requires
a coordinated suppression of glycogen phosphorylase and acti-
vation of glycogen synthase. The rapid entry of glucose, facili-
tated by hyperglycemia and glucose activation of GK, increases
G6P, suppresses glycogen phosphorylase, and activates glyco-
gen synthase. In addition, both enzymes are regulated by phos-
phorylation and dephosphorylation reactions that are recipro-
cally regulated by insulin and glucagon (27). However, plasma
glucose entry via GK is not the only source of G6P for glycogen
synthesis. Gluconeogenesis is active in the fed state and
accounts for about 50% of the glycogen synthesized in the liver
after a carbohydrate-containing meal (10, 28 –30). In metabolic
disease, hepatic glycogen synthesis is decreased, and it is
accompanied by a failure to appropriately suppress glycogen
phosphorylase and activate glycogen synthase (31). As overex-
pression of a constitutively active glycogen synthase can over-
come this impairment, defects upstream of glycogen synthase
(e.g. GK) are not likely the sole determinant of the impairment
in glycogen synthesis (31, 32). As glycogen synthesis is the
major metabolic fate of glucose in the liver, glucose carbon that
cannot be deposited as glycogen must be released, oxidized, or
diverted to lipid synthetic pathways.

Hepatic Carbohydrate Oxidation

Impairments in hepatic glycogen synthesis in metabolic dis-
ease divert carbohydrate carbon flux to de novo lipogenesis
(DNL) and oxidation. Although glycogen is a main metabolic
fate of glucose after a meal, a small portion (�25%) of the glu-
cose taken up by the liver is oxidized, and an even smaller
amount is diverted to lipid synthesis. Pyruvate dehydrogenase
(PDH) activity in the liver, which is negatively regulated by
phosphorylation (PDK2 and PDK4), plays a central role in reg-
ulating pyruvate oxidation (33). Targeted removal of PDK4
improves pyruvate dehydrogenase activity and glucose homeo-
stasis and the ability of insulin to suppress gluconeogenic gene
expression in insulin-resistant mice (34). Although the liver has
the capacity to convert glucose carbon to lipid (i.e. DNL) in
whole body physiology, this is a relatively minor metabolic
pathway, except with carbohydrate overfeeding (35, 36). In
obese diabetic animal models, glycogen synthesis is impaired.
Thus, even in the fed state, the failure to augment glycogen
synthesis combined with normal or elevated G6Pase activity
allows more gluconeogenic-derived carbon to be diverted to
glucose release, rather than to storage as glycogen (37, 38), with
potential spillover of these carbons to DNL. Animals and
humans lacking normal glycogen synthase are prone to hepatic
lipid accumulation even on a normal diet (39, 40).

Gluconeogenesis

Acutely, gluconeogenesis is determined by availability of the
gluconeogenic precursors, the first pass extraction of the pre-
cursors by the liver, and the gluconeogenic capacity of liver. In
contrast to glycogenolysis, physiologic control of gluconeogen-
esis is primarily determined by hepatic gluconeogenic substrate
uptake and not by gene expression (41– 44). Although insulin
inhibits phosphoenolpyruvate carboxykinase (PEPCK) expres-

sion, acute increases in insulin do not inhibit gluconeogenic
flux (e.g. pyruvate to G6P); gluconeogenic carbon is directed to
glycogen rather than glucose. Insulin does potently suppress
lipolysis, which would decrease glycerol (a gluconeogenic pre-
cursor) flux to the liver. In metabolic disease, lipolysis can per-
sist despite hyperinsulinemia, which helps to sustain gluconeo-
genesis (38, 45). Thus, the abnormal carbohydrate handling by
the liver is driven by interplay between altered nutrient disposal
in many tissues and insulin signaling.

Hepatic Insulin Resistance and Triglyceride Metabolism

Elevated fasting plasma triglyceride concentration (hyper-
triglyceridemia) is commonly seen in metabolic disease. Circu-
lating triglycerides are primarily associated with very low den-
sity lipoprotein (VLDL) in the fasting state and with
chylomicrons in the fed state (46). An increase in VLDL secre-
tion is the main cause of the fasting hypertriglyceridemia (47,
48). Each VLDL particle is loaded with one ApoB molecule. The
lipid associated with VLDL is derived from multiple sources
(fatty acids from adipose tissue, intrahepatic lipid stores,
hepatic clearance of chylomicron remnants, and DNL (49, 50)).
Their relative contribution to VLDL flux is dependent on fast-
ing status, the composition of the diet in the fed state, and the
capacity of peripheral tissue to remove the dietary nutrients
(51, 52). Re-esterification of lipolysis-derived fatty acids com-
promises the majority of the VLDL-associated TG in the fasted
setting (49). In a net sense, hepatic lipid stores are not appre-
ciably changing as humans transition into an overnight fast
(53). Thus, mobilization of hepatic lipid stores is not contribut-
ing to fasting VLDL production. An exception to this would be
rodents where overnight fasting can induce a hepatic steatosis.
Rodents are nocturnal feeders; overnight fasting is a major met-
abolic stress, especially in mice. This results in a mobilization of
adipose-derived lipids that can accumulate in the liver.

Following a meal, hepatic handling of fatty acids is amplified
despite a fall in lipolysis as both chylomicron remnant uptake
and DNL increase (50). Although dietary or obesity-induced
hepatic steatosis does occur in humans, in most cases it devel-
ops slowly over an extended period of time (months to years).
The liver is very efficient at resisting changes in hepatic lipids,
despite the fact that intrahepatic stores are rapidly turning over
throughout the feeding-fasting cycle (80%/h in mouse and
10%/h in human). For example, to triple hepatic lipid stores in 2
weeks in mice would require only a 1.5% difference between the
net esterification rate of hepatic lipid (DNL � re-esterifica-
tion � oxidation) and rate of release of VLDL.

The molecular events that are important in the acute and
chronic regulation of hepatic lipid metabolism have been
defined in multiple species (54). We will divide the regula-
tion of hepatic lipid metabolism into three sections: 1) de novo
lipogenesis, 2) fatty acid esterification (TG synthesis), and 3)
VLDL secretion. Using gene targeting and pharmacological
approaches, investigators have identified the signaling events
and control points that seem to be major targets of insulin and
that have the potential to be dysregulated in metabolic disease
(54). A number of excellent review articles have discussed these
pathways, so we will only highlight the key control points and
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the evidence suggesting that these molecules are important in
hepatic lipid metabolism in vivo.

De Novo Lipogenesis

As already mentioned, the synthesis of newly synthesized (de
novo) lipid in the liver is normally relatively low (�5% of palmi-
tate is newly synthesized) unless animals are severely obese
(55). In individuals with diabetes, it is also low in most but not
all studies (56, 57). Because palmitate is the primary product of
DNL and represents �20% of VLDL-associated fatty acids, the
percentage of VLDL-associated fatty acids that are derived
from DNL will be even lower. The coordinated regulation of
DNL requires complex fatty acid synthetic machinery, which is
dependent on liver X receptor (LXR), SREBP-1c, ChREBP, and
others. They combine to increase the DNL capacity of the liver
(58). Insulin increases hepatic SREBP-1c, promoting expres-
sion of lipogenic genes and fatty acid accumulation in liver (59).

A key regulated step in hepatic DNL is acetyl CoA carboxyl-
ase (ACC). Initial studies indicated that ACC2 global KO mice
are protected from high fat diet-induced obesity (improved
overnight fasting glucose, insulin concentrations, and glucose
tolerance) (60, 61). However, in a separately generated animal
line, there was no glucose phenotype (62). Liver-specific loss of
ChREBP using a ChREBP-specific antisense oligonucleotide in
fructose fed rats did not alter hepatic insulin action on glucose
metabolism. These rats had a fall in plasma FFA, suggesting that
lipolysis was decreased, which likely explains the accompany-
ing decrease in VLDL flux. Although lipogenic gene expression
was decreased, hepatic lipid content was unaltered (63). In
genetically obese (ob/ob) mice, hepatic lipids were improved, as
well as tracer-determined DNL, when ChREBP was suppressed
using adenovirus expressing shChREBP (64). Moreover, as in
the prior study, plasma triglycerides and circulating fatty acids
were also decreased, thus leaving in question the contribution
of DNL to a decrease in plasma triglycerides and the specific
regulatory role of ChREBP.

Investigators using genetic manipulations have identified a
number of control points for DNL. However, these control
points are not the sole determinants of the rate of DNL in met-
abolic disease. Interestingly, although hepatic DNL gene (Fasn,
Elovl6) expression correlated with markers of steatosis and
insulin resistance, it was not correlated with plasma TG (65).
This suggests that plasma TG levels are driven by the combined
effects of hepatic and extrahepatic events. In contrast to adi-
pose tissue, changes in the absolute rate of DNL in the liver are
less responsive to rapid changes of glucose and/or insulin that
might occur throughout the feeding-fasting cycle and are more
tightly linked to the rate of substrate delivery to and uptake by
the liver (66, 67). An additional confounder is that many of the
transcription factors that are important for DNL also affect
hepatic carbohydrate metabolism and vice versa. Thus, it is
often difficult to ascertain whether insulin regulation of DNL is
modulated independent of the effects on other metabolic path-
ways. For example, patients with genetic defects in gluconeo-
genic enzymes, such as PCK1, PCK2, G6Pase, G6PC, FBP1, or
pyruvate carboxylase, manifest hypoglycemia, hepatomegaly,
and fatty liver (OMIM (Online Mendelian Inheritance in Man)
database).

TG Esterification and Secretion

The contribution of dysfunctional regulation of fatty acid
esterification into hepatic TG toward fatty liver and dyslipi-
demia is unclear (68). DGAT is the final step in the conversion
of diacylglycerol to TG. The liver expresses both DGAT1 and
DGAT2. Overexpression of either one will increase TG content
in the liver, but not plasma TG or VLDL secretion (69).
Although genes involved in DNL were increased with DGAT
overexpression, the primary driver of the elevation in hepatic
TG is likely due to diminished hepatic clearance (export) of
stored TG onto VLDL. Whether DGAT has a role in modulat-
ing insulin action is controversial; DGAT overexpression has
been reported to have no phenotype and an insulin-resistant
phenotype (69, 70). Suppression of DGAT2 (but not DGAT1) in
liver and adipose tissue improved hepatic and peripheral tissue
insulin action (71). DGAT has been evaluated as a therapeutic
target. However, the primary effect may not be on the liver
because these therapeutics limited weight gain (72).

After assembly of fatty acids onto TG, the lipid has to be
packaged in VLDL and exported; this process is inhibited by
insulin. As opposed to DNL and TG esterification, which are
increased by insulin, VLDL assembly and secretion are inhib-
ited by insulin in part though limiting apoB availability (73, 74).
ApoB is synthesized in excess of what is needed for VLDL secre-
tion, and the remainder is degraded. The rate of apoB degrada-
tion is rapidly stimulated by insulin. Increases in insulin thus
limit VLDL secretion and favor TG accumulation in the liver.
Insulin also suppresses microsomal triglyceride transfer pro-
tein (MTP) by translocating FoxO1 out of the nucleus (75, 76).
Overexpression of MTP augments VLDL flux, but this increase
is dependent on the presence of apoB as well as excess hepatic
lipid stores (77). Not surprisingly, MTP inhibitors limit export
of TG from newly esterified fatty acids and lower plasma TG,
but also cause hepatic steatosis (78). Interestingly, sustained (15
h) hyperglycemia (and concomitant hyperinsulinemia) can
increase VLDL flux if FFA delivery is not suppressed. In con-
trast, if lipolysis is allowed to decrease, acute increases in insulin
and glucose (2–3 h) suppress VLDL flux. In insulin-resistant
settings, there is a failure to suppress lipolysis and apoB degra-
dation persists (75, 79 – 82). The sustained availability of fatty
acids may combine with an impaired insulin signaling to sustain
VLDL flux (83). Thus, the alterations in lipid handling by
peripheral tissues (failed suppression of lipolysis) are a major
contributor to the altered hepatic lipid metabolism in insulin-
resistant states.

Is Insulin the Conductor or Part of the Orchestra?

We suggest that the abnormal regulation of hepatic glucose
and lipid metabolism is not dependent on alterations in the
actions of insulin with regard to metabolic process in the liver,
but rather an interaction of altered insulin signaling and nutri-
ent fluxes within the liver, from the diet, and from extrahepatic
tissues. Moreover, the differing “sensitivities” of the liver, mus-
cle, and adipose to insulin have to be considered (84 – 86). Com-
pensatory hyperinsulinemia, in an attempt to control one vari-
able, can mask specific abnormalities in that specific substrate
(e.g. obese nondiabetic individuals have near normal glucose
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concentrations), whereas abnormalities in other substrates can
still be evident (e.g. increased plasma fatty acids). As already
mentioned, substrates can be diverted to alternative pathways
(e.g. DNL). Thus, if a metabolic blockade is present in a pre-
ferred pathway (e.g. glycogen synthesis or glucose dephosphor-
ylation) (87, 88), hepatic lipid storage and DNL flux can
increase without a change in VLDL flux in vivo. A targeted
inhibition (or activation) of a single pathway (or insulin-medi-
ated signal) can generate secondary metabolic signals (e.g. car-
bohydrate sensing via ChREBP) that drive another process that
may or may not be regulated directly by insulin (75). Moreover,
the response of the liver is also dependent on the delivery and
subsequent uptake of substrates derived from the diet and/or
released (or not cleared) by extrahepatic tissues. If insulin-re-
sponsive peripheral tissues fail to efficiently clear dietary nutri-
ents, the liver will have to remove an even greater fraction of the
dietary nutrients. Therefore, altered nutrient handling by
peripheral tissues might contribute to the lipid phenotype that
is mistakenly attributed primarily to selective hepatic resistance
to insulin.

Hepatic DNL does require insulin signaling. Humans with
rare mutations and mice lacking hepatic insulin receptor do not
develop steatosis or hypertriglyceridemia (89). However, it may
be that except in these extreme cases, hepatic insulin signaling
serves more of a permissive role in allowing excess carbon to be
diverted to DNL. Any alterations in the absolute rate of DNL
may be determined more by the hepatic availability of sub-
strates for DNL. Hence, it is possible that limitation of gluco-
neogenesis in a setting of impaired glycogen synthesis could
protect the liver from substrate-driven DNL. An additional
confounder is dietary fructose. It bypasses any existing defect in
glucokinase, is preferentially taken up by the liver, and provides
additional carbohydrate carbon for DNL. This is especially true
if glycogen disposition (the preferred fate) is impaired (15, 90,
91). There have been some molecular explanations for path-
way-selective insulin resistance. Akt induces the phosphoryla-
tion of FoxO1, which removes this transcription factor from the
nucleus, shutting off gluconeogenic genes such as Pck (92). A
normal function of insulin is triggering lipogenesis in the liver.
Pathways downstream of the insulin receptor and Akt that
stimulate the lipid synthesis include the phosphorylation of
ATP-citrate lyase (ACLY) through glycogen synthase kinase 3�
(GSK3�) and the transcription of genes regulated by SREBP-1c,
whose transcription is under the control of mTORC1 (93, 94).
Inhibition of mTORC1 blocks insulin-induced up-regulation of
lipogenic gene expression, but does not affect insulin-mediated
suppression of gluconeogenic gene expression (95). This is one
explanation for selective hepatic insulin resistance. It is also
possible that a significant portion of hepatic lipogenesis is inde-
pendent of insulin signaling. A recent study suggests that
hepatic lipogenic gene expression may be driven by an Akt-
independent mechanism possibly through mTORC2 (96).
However, as with many studies, only hepatic gene expression
was assessed; the rates of the lipid esterification and DNL path-
way in vivo were not assessed.

Nutrient sensing can limit or modify insulin resistance-in-
duced defects. In the liver knock-out of the insulin receptor
(complete insulin resistance), hepatic DNL and plasma VLDL

were markedly decreased, but so was total glucokinase activity.
Furthermore, the liver is still responsive to nutrient sensing; the
SREBP response to refeeding was intact (97). Another sensor is
ChREBP, which is activated by increased glucose influx in liver
and, together with SREBP-1, drives expression of genes
involved in fatty acid synthesis and esterification (98). ChREBP
overexpression decreases the expression of gluconeogenic
genes and reduces hepatic glycogen storage in mice. In many
ways, ChREBP mirrors the insulin-like effects. In humans,
ChREBP expression is positively correlated with hepatosteato-
sis, but negatively related with insulin resistance (99). On the
contrary, ChREBP knock-out mice develop insulin resistance,
hyperglycemia, hyperinsulinemia, and increased hepatic glyco-
gen storage, without changes in body weight (100). Lipid
metabolites derived from DNL may serve as ligands to drive
metabolic changes. Mice lacking fatty acid synthase (FAS) spe-
cifically in liver showed hypoglycemia, hepatosteatosis, and
reduced glycogen storage in fasted states, without affecting
their body weight. Those changes are reversed when mice are
treated with a ligand of peroxisome proliferator-activated
receptor � (PPAR�), suggesting that fatty acid synthase is
involved in the generations of PPAR� ligands (101). An addi-
tional explanation, however, for the reversal of steatosis is that
the lipid and carbohydrate load presented to the liver was
decreased by the PPAR� ligands so that steatosis did not occur.
Thus, events occurring in multiple tissues alter substrate avail-
ability that contributes to the metabolic phenotype.

A number of physiologic modulators that are known to
improve hepatic insulin action and lower plasma TG require
combined improvements in lipid metabolism in both hepatic
and peripheral tissues. Weight loss decreases VLDL flux; this is
due primarily to a decrease in lipolysis (102). In obese patients
with nonalcoholic fatty liver disease, exercise in the absence of
weight loss lowers hepatic lipid content, but does not correct
the increase in VLDL flux (103). The persistent VLDL flux is
likely mediated by the failure of exercise in the absence of
weight loss to decrease lipolysis and FFA availability. Recent
work suggests that estrogen signaling in the liver protects
against fatty liver and improves insulin action; also, modulation
of FoxO1 can regulate glucose-dependent VLDL flux (75, 104).
This could explain why menopausal women are at greater risk
of metabolic disease than premenopausal women.

Summary

The association of hepatic insulin resistance with persistent
glucose production, lipogenic capacity, steatosis, and elevated
VLDL flux seems at first an anomaly. However, this is only an
anomaly if one assumes that insulin signaling or impaired insu-
lin signaling are the major drivers of these processes. Insulin
works in partnership with a number of physiologic regulators of
carbohydrate and lipid metabolism both in liver and in periph-
eral tissues. Although insulin signaling plays a central role in the
overall control of glucose homeostasis, its impact on lipid
metabolism is more complex and requires coordinated intrahe-
patic regulatory mechanisms that, in some ways, are indepen-
dent of insulin and work in concert with actions in peripheral
tissues. Thus, although selectively altered insulin signaling does
exist, the phenotype of metabolic disease is substrate-driven,
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and insulin signaling alterations may play more of a facilitating
role.
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The cyanobacterial circadian clock consists of a post-transla-
tional oscillator (PTO) and a PTO-dependent transcription-
translation feedback loop (TTFL). The PTO can be reconsti-
tuted in vitro with the KaiA, KaiB, and KaiC proteins, enabling
detailed biochemical and biophysical investigations. Both the CI
and the CII halves of the KaiC hexamer harbor ATPases, but
only the C-terminal CII ring exhibits kinase and phospho-trans-
ferase activities. KaiA stimulates the kinase and KaiB associates
with KaiC during the dephosphorylation phase and sequesters
KaiA. Recent research has led to conflicting models of the KaiB-
KaiC interaction, precluding a clear understanding of KaiB
function and KaiABC clock mechanism.

The circadian clock in the cyanobacteria Synechococcus elon-
gatus and Thermosynechococcus elongatus consists of a three-
protein biochemical oscillator that is coupled to a transcrip-
tion-translation feedback loop (TTFL)2 (1– 4). The KaiA, KaiB,
and KaiC proteins in the presence of ATP reconstitute a tem-
perature-compensated timer in vitro (5–7) and function as a
post-translational oscillator (PTO) in vivo, whereby the latter
constitutes the master clock (8). The cyanobacterial clock con-
tradicts the widely held belief from studies of eukaryotic cells
that the core mechanism of the circadian clock is based on a
TTFL (9, 10).

KaiC is the only enzyme among the three proteins and exhib-
its rhythmic phosphorylation and dephosphorylation with an
�24-h period (5–7). Of the two phosphorylation sites observed
in KaiC (Thr-432 and Ser-431 (11, 12)), Thr-432 becomes phos-
phorylated first followed by Ser-431, and dephosphorylation
then proceeds in the same order: TS3 pTS3 pTpS3TpS3
TS (13, 14). KaiC autophosphorylates and autodephosphory-
lates, but the other two proteins are needed to confer rhythmic-
ity; early research demonstrated that KaiA stimulates KaiC
phosphorylation (15, 16) and KaiB antagonizes KaiA action
(17). Dephosphorylation is also accompanied by exchange of
KaiC subunits among hexamers (18 –20), a process that is
believed to be important for synchronization of the clock (1).

However, swapping of KaiC subunits also proceeds in the
absence of either KaiA or KaiB (20), and sequestration of KaiA
by the KaiBC complex may be more important for properly
synchronizing the clock (21–24).

Crystal structures of Kai proteins revealed a domain-
swapped dimer for KaiA (25) (Fig. 1A), a dimer of dimers for
KaiB (26 –30) (Fig. 1B), and a homohexamer for KaiC (31, 32)
(Fig. 1C) (reviewed in Ref. 33). The quaternary structures in
solution as established by small angle x-ray scattering (SAXS)
remain the same as in the solid state (34). The 360-kDa KaiC
hexamer resembles two stacked doughnuts with overall dimen-
sions of �100 � 100 � 100 Å (Fig. 1D). Twelve ATP molecules
are lodged between subunits, six each in the N-terminal CI and
C-terminal CII rings (Fig. 1C). The N-terminal region of CII
forms a linker that tethers together the CI and CII domains of
individual subunits (Fig. 1C). The C-terminal ends of CII
domains include an S-shaped loop (31), termed A-loop (35),
and the last 20 residues protrude from the dome-shaped surface
of the upper ring (Fig. 1C).

KaiA binds to the C-terminal KaiC peptide and unravels the
A-loop (36, 37). Molecular dynamics simulations provided evi-
dence that unfolding of an A-loop increases the mobility of the
P-loop region, ATP, and the loop region harboring Thr-432 and
Ser-431 (38). Removal of an A-loop destabilizes adjacent loops
and points to a concerted allosteric mechanism of the stimula-
tion of KaiC phosphorylation by KaiA (38). This is also sup-
ported by the observation that a single KaiA dimer can push
KaiC to the hyperphosphorylated state (39). The order of phos-
phorylation (Thr-432 first) is kinetically controlled as Thr-432
lies closer to the ATP �-phosphate than Ser-431 (11, 40). Over-
all, the KaiA-KaiC interaction is better understood at this time
than the KaiB-KaiC interaction or the interactions underlying
the ternary KaiABC complex. This is because the binding site of
KaiA on KaiC can be established without ambiguity and a plau-
sible mechanism of the increase in KaiC phosphorylation in the
presence of KaiA has been formulated.

Open Questions Regarding the Structure and Function of
KaiB in the PTO

KaiB does not bind to the C-terminal KaiC tentacle, and the
possibility of KaiB simply acting as a competitive inhibitor and
displacing KaiA from KaiC can therefore be ruled out (29), but
what triggers KaiB binding in the first place? Does KaiB bind to
the same ring, CII, and therefore in the vicinity of KaiA (29), or
at the opposite end, to CI (41, 42), and does KaiB bind as a
tetramer (43), as a dimer (29), or as recent evidence suggests, in
the monomeric form (30, 44)? The challenges that the KaiB-
KaiC interaction has had in store for structural biology are
matched by those at the functional level. Does KaiB sense the
phosphorylation level of KaiC (18, 34) or the kinase state of
KaiC, i.e. by preferential binding to a particular conformational
or dynamic state of the latter (45), does it actively stimulate
dephosphorylation (15, 17), or is its function in the PTO limited
to sequestration of KaiA? The CI ATPase activity is required for
KaiB binding (42, 46), but it is unclear whether KaiB binds there

* This work was supported, in whole or in part, by National Institutes of Health
Grant R01 GM073845 (to M. E.).

1 To whom correspondence should be addressed. Tel.: 615-343-8070; E-mail:
martin.egli@vanderbilt.edu.

2 The abbreviations used are: TTFL, transcription translation feedback loop;
PTO, post-translational oscillator; ESP, electrostatic surface potential; HDX,
hydrogen-deuterium exchange; SAXS, small angle x-ray scattering; p,
phosphorylated form.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 289, NO. 31, pp. 21267–21275, August 1, 2014
© 2014 by The American Society for Biochemistry and Molecular Biology, Inc. Published in the U.S.A.

AUGUST 1, 2014 • VOLUME 289 • NUMBER 31 JOURNAL OF BIOLOGICAL CHEMISTRY 21267

MINIREVIEW



or whether the activity is sensed allosterically, e.g. at some dis-
tance from the CI ring?

Simplifying somewhat, one could attribute the difficulties to
track down function and KaiC interactions of KaiB to the com-
plexity of KaiC activities and architecture. The former are com-
posed of kinase, phospho-transferase (ATP synthase (47, 48)),
and ATPases in CII and CI. KaiB may modulate phosphoryla-
tion, dephosphorylation, or ATP hydrolysis, or perhaps influ-
ence the ratio between bound ADP and ATP (49). Because of

the rotational symmetry of the KaiC particle (Fig. 1D), in the
absence of high-resolution structural information, it is difficult
to determine which ring is which and therefore the location of
KaiB on KaiC. Moreover, the intrinsically dynamic nature of the
KaiABC clock poses hurdles for structural studies of protein-
protein interactions. Rather than moving in lockstep, individual
Kai proteins coexist with binary and ternary complexes such
that the concentrations of individual species in the PTO oscil-
late over the daily cycle both in vitro and in vivo (20).

FIGURE 1. Architecture of S. elongatus Kai proteins. A, crystal structure of domain-swapped KaiA dimer with subunits colored in light and dark gray,
respectively (61). B, crystal structure of KaiB tetramer (30). Structures of KaiC at high and low resolution are shown. C, crystal structure of S. elongatus KaiC with
the N-terminal CI and C-terminal CII domains colored in light and dark gray, respectively (31, 37). Note the C-terminal tentacles (colored in magenta) consti-
tuting the KaiA binding site that are resolved to different degrees at 2.8 Å resolution. ATP molecules are drawn in space-filling mode with carbon atoms
highlighted in green. In all depictions of KaiC included here, the original orientation has been retained, i.e. the N-terminal CI ring is at the bottom and the
C-terminal CII ring is at the top. D, negative stain EM structure of KaiC viewed from the side (center) and rotated by �45° (bottom) and �45° (top) around the
horizontal axis (37). E, SAXS structure of KaiC (34). The protrusion distinguishes the CII from the CI end. ESPs of the CI (F) and CII (G) rings in KaiC hexamer are
shown. The minimum and maximum values of the electrostatic potential are �5 (red) and �5 kt/e (blue), respectively. KaiC rings are viewed from the N terminus
(left), the side (center), and the C terminus (right). ATP molecules (green) can be seen inside positively polarized clefts in the views from the C-terminal side.
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KaiC Architecture

The two fused hexameric rings of KaiC that display similar
widths and heights (31, 37) are consistent with the earlier
notion that the protein is the result of a gene duplication (50). In
the crystal structures of KaiC, with resolutions of up to 2.8 Å,
the symmetry is broken by the C termini that protrude from the
CII ring (Fig. 1C). In three-dimensional reconstructions of KaiC
based on negative stain or cryo-EM (at 16 Å resolution or less),
these C termini are invisible (Fig. 1D). Averaging typically wipes
out electron density that could be attributed to the tails (20, 51,
52), and any attempt to distinguish between the CI and CII ends
in raw negative stain images or class sums is guesswork at best.
However, the KaiA dimer in EM images of KaiA-KaiC binary
complexes marks the CII end because this protein binds to a
C-terminal KaiC tail (37). Also SAXS studies of KaiC alone
allow a distinction of the CI and CII ends, although the resolu-
tions achieved with this technique and negative stain EM are
probably not too different. Thus, the CII tails appear as a large
protrusion in molecular envelopes computed to simulate scat-
tering curves (Fig. 1E) (34). A comparison of the shapes of the
KaiC hexamer based on crystallography, EM, or SAXS offers no
evidence of large scale conformational changes, consistent with
SAXS studies that established variations in KaiC volume of no
more than 4% over the daily cycle (43).

At the level of the CI and CII domain sequences and folding,
there is some similarity to replicative helicases (e.g. DnaB) and
recombinases (e.g. RecA) (50), but the KaiC hexameric rings
show less likeness to helicases. In terms of both the hexameric
ring conformation and the active site configuration, KaiC
shows the closest resemblance to F1-ATPase, although the sim-
ilarity is not apparent at the sequence level (31, 47). The KaiC
crystal structure readily helps rationalize the higher stability of
the CI hexamer (31, 32) relative to CII that does not form hex-
amers when expressed as a separate domain with KaiC from
both S. elongatus (29) and T. elongatus (53). Similar active site
configurations in KaiC and F1-ATPase and the aforementioned
lack of large conformational changes between the kinase and
“phosphatase” states of KaiC are also in line with the ATP syn-
thase mechanism of dephosphorylation (47). Lastly, hexameric
assembly and kinase, ATP synthase, and ATPase all mapping to
the same active sites at CII subunit interfaces are consistent
with allosteric control of KaiA-stimulated KaiC phosphoryla-
tion (38) and with communication and cooperative effects
between KaiC protomers (54).

Although the shapes and dimensions of the CI and CII rings
appear to be similar at first glance, comparison of separate sur-
face models reveals some important differences. The C-termi-
nal surface of CI is essentially flat (Fig. 1F, center panel),
whereas the corresponding side of CII has a dome-like appear-
ance (Fig. 1G, center panel). ATP molecules wedged between
subunits are apparent in clefts that open to the upper C-termi-
nal surfaces of both rings (Fig. 1, F and G, right panels). How-
ever, these clefts in the CI hexamer are obscured at the waist by
the CII hexamer. The electrostatic surface potentials (ESPs) of
the bottom (N-terminal) and top (C-terminal surfaces) of the
two rings are very different (55). The former is negatively polar-
ized, and the latter is quite positive. This means that the N-ter-

minal side of full-length KaiC is essentially flat and negatively
polarized and the C-terminal side is convex and positively
polarized (31).

The KaiCII ATPase integrates input signals through the
ATP/ADP ratio and fuels the kinase activity, whereas the KaiCI
ATPase acts as an input-independent timer and is needed for
KaiB-KaiC complex formation (42, 46). Mixing separate CI and
CII hexamers abrogates rhythmicity (53), and covalent linkage
of the CI and CII domains of subunits is therefore needed for
proper function. The structural basis for cross-talk between the
CI and CII rings remains to be elucidated. It was suggested that
rhythmic stacking and unstacking of the two rings drives the
oscillator forward (41), whereby subunit interactions in the CII
ring rhythmically tighten and relax (45). It was previously estab-
lished that phosphorylation across subunit interfaces creates
additional salt bridges and H-bonds (11) and that the volume of
the KaiC particle is smallest in the hyperphosphorylated state
(43). Crystal structures of KaiC hexamers offer no evidence for
changes in the vertical separation of the CI and CII rings. How-
ever, a comparison of the structure of S. elongatus KaiC (31)
with the recently determined structure of T. elongatus KaiC
(32) revealed a difference between the relative rotations of CI
and CII rings around the axis along the central channel that
amounts to �7 degrees. Therefore, it is possible that the KaiC
hexamer undergoes a twisting motion over the daily oscillation
instead of an up and down movement.

KaiC Phosphorylation Patterns

The strict order of phosphorylation of Thr-432 and Ser-431
is a hallmark of the KaiABC clock (13, 14). Researchers have
replaced threonine and/or serine with aspartic or glutamic acid
(e.g. T432E/S431E) to mimic phospho-threonine and phospho-
serine sites, or with alanine to prevent transfer of the phosphate
and lock KaiC either in the hypophosphorylated state (T432A/
S431A) or in the second stage of dephosphorylation (S431D or
S431E) (8, 23, 35, 41, 42, 46, 54, 56 –58). Because binding of
KaiB to KaiC involves either a particular conformational state
and/or electrostatic polarization of the latter, it is important to
keep in mind the limitation of such mimicry. Neither shape nor
charge (�1) of aspartate or glutamate is a good match for phos-
pho-threonine or -serine (charge �2). Not surprisingly, the
ESPs of the hypophosphorylated (e.g. T432A/S431A) and
hyperphosphorylated (pTpS) KaiC forms as well as the T432E/
S431E mimic of the hyperphosphorylated state show significant
differences (34). By comparison, the difference in ESP between
the T432A/S431A and the TS hypophosphorylated forms is
likely smaller, but functional assays also uncovered differences
between the T432A/S431A mutant and unphosphorylated
KaiC (59). Crystal structures of KaiC Thr-432 and/or Ser-431
mutants displayed phosphorylation patterns that are not always
consistent with the particular state of phosphorylation that
such mutants were intended to mimic (Table 1). Thus, T432E/
S431A KaiC (pTS mimic) featured Thr-426 phosphorylation in
four subunits, S431D KaiC (TpS mimic) featured three phos-
phorylated Thr-432 residues (40), and T432E/S431E (pTpS
mimic) exhibited a new phosphorylation site at Ser-320 in two
of the six subunits (34). The structural data suggest that the
mimicry with Asp or Glu residues of particular KaiC phosphor-
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ylation states along the daily cycle is not perfect, a caveat one
should bear in mind when interpreting the outcome of experi-
ments using the various KaiC single or double mutants dis-
cussed above.

Evidence That Supports Binding of KaiB to KaiCII

Looking back at the evolution of investigations directed at
KaiB function and the KaiB-KaiC binding mode, it is no sur-
prise that the first place to look for KaiB was the CII end. KaiA
associates with CII-terminal tails, and because KaiB is thought
to antagonize KaiA action, it is certainly possible that it does so
by occupying a spot on KaiC in the vicinity of KaiA. Initial SAXS
models of complexes featured both KaiA dimer and KaiB
tetramer bound near the CII dome (43). Phosphorylation alters
the ESP at the CII end but is not “felt” on the opposite side (34),
a change that might be sensed by KaiB and trigger binding to
CII (KaiB was reported to favor the phosphorylated form of
KaiC (18)). However, no other evidence besides the assumption
that antagonism could involve close association between KaiA
and KaiB tied KaiB to KaiCII in the above SAXS study. Rather
than surveying the evidence supporting a KaiCII binding mode
by KaiB in a chronological order, let us start with the most
recent data. An overview of structural and biophysical observa-
tions pertaining to the CII binding mode is given in Fig. 2.

Cryo-EM at 16 Å resolution on the one hand (30) and hydro-
gen-deuterium exchange (HDX) in combination with native
MS on the other (44) independently provide support for six
KaiB monomers interacting with the KaiC hexamer, i.e. a
KaiC6B6 stoichiometry (Fig. 2, A and E, respectively). The res-
olution of the EM density alone is insufficient to unambigu-
ously assign KaiB monomers to the CII side. However, regions
of the strongest EM density normally associated with �-helical
regions are consistent with a CII binding mode (Fig. 2C). This is
because helical portions are concentrated in the N-terminal
halves of the CI and CII rings (Fig. 1C). A negative stain EM
investigation using KaiC with C-terminal His6 tags and imaging
the KaiBC complex with or without 1.8-nm nickel-nitrilotri-
acetic acid-Nanogold clearly showed gold, His tags, and KaiB
congregating on the same side (CII; Fig. 2B) (55). The HDX data
reveal protection in areas that include the subunit interface of
one KaiC ring, and collisional cross-sections together with

computational simulations favor the CII binding mode (Fig. 1E)
(44). The cryo-EM results were also complemented by molec-
ular dynamics simulations that indicated a clear advantage of
the CII interface in terms of the buried surface when compared
with CI (30).

The convergence of cryo-EM and HDX/MS in terms of the
KaiBC model, the B-C stoichiometry, and the monomeric form
of KaiB targeting the C hexamer is remarkable. The monomeric
form of KaiB associating with KaiC subunits also eliminates a
puzzle arising from a model of the complex formed by two KaiB
dimers and a single KaiC hexamer (29), namely why subunits
constituting the KaiB dimer would engage in deviating interac-
tions with underlying KaiC subunits. In the KaiC6B6 complex,
all six KaiB monomers are expected to occupy equivalent sites
along the KaiCII ring and interact with KaiC in an identical
fashion (Fig. 2A). What other evidence exists in support of the
CII binding mode? The SAXS envelope computed for the
KaiBC complex may seem inadequate to distinguish between
KaiB binding at “the top” or at “the bottom” (Fig. 2D) (34).
However, if we take into account the SAXS envelope for KaiC
alone (Fig. 1E), it becomes evident that KaiBs are unlikely to be
associated with the CI ring as the SAXS envelope of KaiBC
should otherwise be composed of four layers (KaiB ring, CI ring,
CII ring, CII tail protrusion).

It is important to stress that the conclusion that KaiB binds
on the CII side was not reached by essentially trying to distin-
guish between the CI and CII rings at low resolution. Negative
stain EM density does not allow one to assign the KaiC ring
contacted by KaiB because of insufficient resolution and pseu-
do-symmetry of the KaiC hexamer (Fig. 1D). However, gold
labeling gave a clear answer, and these experiments were car-
ried out with full-length KaiB and KaiC proteins from S. elon-
gatus (55) that constitute the in vitro PTO together with KaiA
and ATP/Mg2�. That KaiC His6 tags may have introduced an
artifact is unlikely because C-terminally His-tagged KaiC
was used to reconstitute the PTO in the same fashion as WT
KaiC (54). The earliest evidence for CII binding actually
came from native PAGE experiments that used KaiB with
full-length KaiC (Fig. 2F) or separate CI (Fig. 2G) or CII (Fig.
2H) (29). Although the CII domain does not form a stable
hexamer in the absence of the CI ring (29, 53), mixing CII
and B protein produced a band shift (Fig. 2H). Conversely, no
complex formation was observed for CI hexamer alone and B
protein (Fig. 2G).

What are the implications of the KaiCII binding mode for
KaiB function? Cryo-EM and HDX/MS in conjunction with
modeling both place KaiB monomers at CII subunit interfaces,
thereby covering ATP binding clefts (Figs. 1G and 2A) (30, 44).
Because KaiBC association is closely linked to the phosphory-
lation of Ser-431 (13, 14), i.e. KaiB binding occurs when KaiC
phosphorylation peaks and continues during dephosphory-
lation, KaiB could possibly flip the switch from kinase to ATP
synthase by perturbing active sites at subunit interfaces. Bind-
ing by KaiB would initially be triggered by the change in ESP on
CII as a result of phosphorylation (34), but perhaps KaiB does
not actively promote KaiC dephosphorylation and instead
antagonizes KaiA action only by sequestering KaiA? A recent
EM model of the KaiABC ternary complex placed KaiA at the

TABLE 1
Phosphorylation patterns in WT and mutant KaiC crystal structures
Phosphorylation patterns for mutants are based on the S. elongatus KaiC sequence.
Dashes indicate absence of phosphorylation.

KaiC
protein

Number of phosphates in the CII half
ReferenceThr-432a Ser-431a Thr-426a Ser-320a

Wild typeb 6 4 — — 31, 37
Wild typec 6 6 — — 32
T432A — 6 — — 40
S431A 6 — 1 — 40
S431D 3 — — — 40
T426N 6 3 — — 40
T432A/T426A — 6 — — 40
T432E/S431A — — 4 — 40
T432E/S431E — — — 2 34
E318A 5 — — — 47
A422V 6 — — — 38

a Phosphorylation site.
b S. elongatus; quasi-hyperphosphorylated.
c T. elongatus; hyperphosphorylated.
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KaiBCII interface, such that KaiAs protrude from the side of the
third (KaiB) ring (34). In this fashion, each KaiB monomer can
sequester a KaiA molecule, thus preventing them from contact-
ing KaiC C-terminal tails and stimulating phosphorylation. It
would appear that a CII binding mode by KaiB is consistent
with the current (however incomplete) understanding of the
function of KaiB. However, a celebratory attitude may be some-
what premature because a further requirement for KaiB bind-
ing to KaiC cannot be readily reconciled with the KaiCII bind-
ing mode. According to two recent studies, KaiBC complex
formation is preceded by a cycle of ATP hydrolysis in the CI half
(42, 46).

Evidence That Supports Binding of KaiB to KaiCI

Using the proteins from S. elongatus, Rust and co-workers
(46) found that the amount of WT KaiB bound to a hexameric
KaiC with the T432E/S431E double mutation in CII and cata-
lytic glutamates replaced by glutamine in CI (abolishing the
ATPase there) was strongly reduced relative to WT KaiC (to
�20%). Ishiura and co-workers (42) observed that the hexa-
meric T. elongatus KaiC T432D/S431D mutant without the
ATPase in CI (KaiCCatE1-/DD) and KaiB lacking the C-terminal
tail (14 amino acids; KaiB1–94) do not interact (Fig. 3A). The
same KaiB mutant does bind to a KaiC mutant hexamer that
lacks the ATPase in CII (KaiCCatE2-) and to WT KaiC, but not to

FIGURE 2. Evidence in support of a KaiCII binding mode by KaiB. A, six KaiB monomers forming a third layer on top of the KaiCII ring, consistent with cryo-EM
density (16-Å resolution) and a more extensive buried surface at the KaiCII end based on molecular dynamics flexible fitting (MDFF) simulations when
compared with a KaiCI binding mode (30). B, negative stain EM study of KaiC with a C-terminal His6 tail (identical to the construct used for the crystal structure
determination; Fig. 1C), bound to KaiB and in the presence of 1.8-nm nickel-nitrilotriacetic acid Nanogold (left panel), bound to KaiB without gold (central panel),
and applying a weighted Fourier difference electron density analysis (right panel) (55). The gold labeling approach supports binding of KaiB to KaiCII because
of the co-localization of His tag, KaiB, and the gold cloud on top of the CII ring. C, cryo-EM density of the KaiC6B6 complex (30). The strongest density (blue regions)
maps to the �-helical regions of KaiCI and KaiCII (Fig. 1C), which is supportive of KaiBs bound to the �-rich side of the KaiCII ring. D, SAXS investigation of the
KaiBC complex with crystallographic models of KaiC hexamer (magenta, with one subunit highlighted in cyan) and KaiB dimers (green) modeled into the
three-dimensional envelope (34). The observation that the protrusions produced by the C-terminal KaiCII tails (Fig. 1C) and by KaiB appear on the same side
supports a KaiCII binding mode. E, side view of three KaiC subunits rendered in surface mode with blue patches indicating regions between subunits that are
protected from HDX (left panel). HADDOCK-based models of the KaiC6B6 complex with KaiB monomers bound to either the CII (central panel) or the CI ring (right
panel) (44). The former is favored based on MS-based ion mobility spectrometry-derived collisional cross-section data. F–H, native PAGE assays of the complex
formations between full-length KaiC hexamer and KaiB (F), KaiCI hexamer and KaiB (G), and KaiCII and KaiB (H) (KaiCII alone does not form a stable hexamer) (29).
KaiB binds to KaiC and to KaiCII but not to KaiCI (complex bands are marked by an asterisk).
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the KaiC T432A/S431A mutant hexamer that mimics the
hypophosphorylated state (Fig. 3A). Moreover, the KaiB1–94
deletion mutant binds to KaiC monomer and a KaiCI mono-
meric domain (Fig. 3B), but not to a KaiCII monomeric domain
with the T432D/S431D double mutation (Fig. 3C) (42). Al-
though these observations are intriguing, it is important to
remember that WT KaiB does not form a complex with a KaiC
monomer (42). NMR studies of a KaiB mutant lacking the
N-terminal tail (seven residues) in addition to the above C-ter-
minal deletion and additional Y8A/Y94A mutations (KaiB*)
mixed with a FLAG-tagged monomeric CI domain (CI*)
revealed formation of a specific complex (Fig. 3D) (60). No
complex is observed when CI* and KaiA lacking the N-terminal
domain (�NKaiA) are mixed alone (Fig. 3D). Conversely, shifts
in NMR signals are consistent with formation of a ternary CI*-
B*-�NA complex (Fig. 3D), indicating that the CI*B* complex
can sequester KaiA.

Why use a KaiB deletion mutant in the first place? Removal
of the C-terminal tail of KaiB abolished the in vivo rhythm of the
KaiABC clock (28). A subsequent publication reported normal
in vitro oscillations based on the KaiB1–94 mutant, but attenu-
ated amplitudes of oscillations and a lack of normal gene
expression rhythms in cells expressing KaiB1–94 (7). Both
KaiB1–94 and KaiB* appear to favor the dimeric over the
tetrameric state (7, 42, 60). As demonstrated by native MS, the
quaternary structure adopted by KaiB, tetramer, dimer, or
monomer, is influenced by both protein concentration and
temperature, with lower concentrations and reduced tempera-
tures favoring the monomer (44). From KaiB crystal structures
(no NMR solution structure of KaiB has been reported to date),
it is not obvious why removing the C-terminal tail should favor
the dimer. The tails adopt a wide range of conformations in the
crystal and do not fold back on the core structure in the
tetramer (Fig. 3E). However, removal of the tail reduces signif-
icantly the number of acidic residues (Fig. 3E) and inverts the
ESP on one face of KaiB from strongly negative to weakly pos-
itive (Fig. 3F). KaiA and KaiB do not form a complex according
to native PAGE and fluorescence assays (29). However, KaiA
(�NKaiA) and KaiB* do form a complex as demonstrated by
NMR (60). Clearly, this observation argues against the KaiB
C-terminal tail contacting KaiA. Rather, the tail might be
involved in the KaiBC interaction such that it is tucked away at

the KaiBC interface and then allows sequestration of KaiA. In
this context, it is crucial to remember that WT KaiB does not
bind KaiC monomer and that for the KaiB C-terminal tail to
properly engage, a KaiC hexamer (including subunit interfaces)
appears necessary.

What are the implications of the KaiCI binding mode for
KaiB function? The ATPase activity needed to promote KaiB
binding there could go along with a conformational change in
CI that exposes a new interface or expands an existing one (42).
The C-terminal tail of KaiB might assist in prying open an
already weakened subunit interaction in the CI ring as a result
of the hydrolysis of ATP to ADP and thus assist in the formation
of a stable interaction between KaiB and CI from individual
subunits. It has been suggested that the binding site on CI
involves the so-called B-loop (Fig. 3G) (61). This loop is highly
acidic and contributes to the overall negative ESP at the CI end
of the hexamer (Fig. 1F). The loop is more extended when com-
pared with the corresponding CII region that is buried at the
waist (32). It is somewhat implausible that KaiB with a nega-
tively polarized ESP as a result of the C-terminal tail (Fig. 3F)
would interact with a negatively polarized B-loop alone. For
one, B-loops are available on the outer surface of the CI ring,
and accessing them does not necessitate ATPase activity.
Moreover, computational simulations of KaiC6B6 complexes
with KaiB monomers located on either the CI or the CII end
demonstrated a significantly enhanced buried surface for the
latter interaction (30, 44) (Fig. 2E). In any case, KaiB binding to
CI seems to involve individual C subunits, unlike the proposed
interaction at the CII end, where KaiB monomers bridge adja-
cent KaiC subunits by covering ATP binding clefts (Fig. 2A).
Because the CI ring is more stable, KaiB docking there could
disrupt the structural platform critical for holding together the
entire hexamer, which is more in line with subunit shuffling
during the dephosphorylation phase (18 –20) than a CII bind-
ing mode. However, initial experiments to probe the effects of
the presence of either KaiA or KaiB on KaiC monomer
exchange did not show an enhancement of the process by KaiB
(20). Both the CI and the CII binding modes by KaiB in principle
allow sequestration of KaiA at the KaiBC interface. A key dif-
ference lies in the initial trigger of KaiB association with KaiC.
The KaiCII interaction is preceded by kinase activity and a con-
comitant change in the ESP that may be sensed by KaiB; the

FIGURE 3. Evidence in support of a KaiCI binding mode by KaiB. A, a native PAGE assay indicates that KaiBC complex formation requires KaiCI ATPase activity
(T. elongatus Kai proteins (42)). Clockwise from top left: WT KaiC forms a complex with a KaiB truncation mutant that lacks the 14 C-terminal residues (13% of
full-length KaiB; KaiB1–94). No complex is observed with a KaiC mutant that is unable to hydrolyze ATP in CI (KaiCCatE1-) and contains the T432D/S431D double
mutation in CII that mimics hyperphosphorylation (DD); conversely, complex formation occurs with a KaiC mutant that lacks kinase and ATPase activity in CII
(KaiCCatE2-); the T432A/S431A double mutation in CII that mimics hypophosphorylation (AA) abolishes complex formation. Please also see Ref. 46 for the
requirement of CI ATPase activity to support KaiBC complex formation (S. elongatus Kai proteins). B, the monomeric KaiCI domain forms a complex with KaiB1–94
(42) C, on the contrary, complex formation with KaiB1–94 is not observed using the monomeric KaiCII domain that carries the T432D/S431D double mutation
(DD) (42). D, methyl transverse relaxation optimized spectroscopy (TROSY) spectra of U-[15N,2H]Ile-�1-13C,1H-labeled T. elongatus CI* alone (* indicates N- and
C-terminal FLAG tags (column 1); in the presence of KaiB* (� Y8A/Y94A double mutation, 8 –94 truncation form) (column 2); in the presence of KaiB* � �NKaiA
(KaiA lacking the N-terminal domain) (column 3); and in the presence of �NKaiA alone (column 4) (60). These data support binding between KaiCI monomer and
KaiB* dimer, whereby the dimer form is supported by combined SDS-PAGE/gel filtration assays (not shown). E, superimposition of eight T. elongatus KaiB
monomers (from crystal structures of T. elongatus WT KaiB (29) and Thr-64 mutant tetramers (28)) with C-terminal tails (residues 94 up to 108) that were
resolved to various degrees in electron density maps colored differently for individual monomers. The C-terminal sequences of S. elongatus KaiB (102 amino
acids) and T. elongatus KaiB (108 amino acids) are included below the drawing for comparison. Note the different numberings (Tyr-94 in T. elongatus KaiB
corresponds to Tyr-93 in S. elongatus KaiB) and highly acidic character of the tails (Glu and Asp are highlighted in red). F, electrostatic surface potentials (ESPs)
of T. elongatus KaiB encompassing all 108 residues (left) and with the C-terminal residues 95–108 removed (right; KaiA1–94, see panels A and B). The minimum
and maximum values of the electrostatic potential are �5 (red) and �5 kt/e (blue), respectively. G, secondary structure graphic of a monomeric CI domain from
the crystal structure of T. elongatus KaiC (32). ATP/Mg2� and a negatively polarized loop region (now termed B-loop (60)) located at the N-terminal surface of
the KaiC hexamer are highlighted in ball-and-stick mode and in magenta, respectively.
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KaiCI interaction is preceded by ATPase activity and a con-
comitant conformational change that provides access for KaiB.

Perspective

Studies of the cyanobacterial KaiABC circadian clock have
led to new insights into the mechanism of circadian time keep-
ing. To a large degree this is due to the discovery that the KaiA,
KaiB, and KaiC proteins in the presence of ATP constitute a
PTO that can be studied independently from the TTFL. As far
as KaiB function and its interactions with KaiC and KaiA are
concerned, there are currently more questions than answers.
Clearly, sequestration of KaiA by KaiB that is itself bound to
KaiC is of central importance for maintaining a stable oscilla-
tor. Further, there is strong evidence that ATPase activity in the
KaiCI half boosts KaiBC complex formation. KaiB tetramers
dissociate, and it is the monomeric form of KaiB that interacts
with KaiC. However, no consensus exists in the field as to where
KaiB binds on the KaiC hexamer. There are observations that
cannot be rationalized with a KaiCI binding mode and others
that defy a binding mode that involves only KaiCII. KaiB mono-
mers bound at the CII end are shared between adjacent sub-
units, but KaiB docking at the CI end involves only individual
subunits (monomers).

A hybrid structural biology approach has been useful to char-
acterize Kai protein-protein interactions at low resolution. A
better understanding of KaiB function and its role in KaiA
sequestration at the level of KaiC hexamer now requires crystal
or high-resolution cryo-EM structures of KaiBC and KaiABC
complexes. KaiB interacting with a KaiC monomer or a KaiCI
domain opens the door to structure determination of com-
plexes by solution NMR. However, it appears unrealistic to gain
a complete understanding of a �400-kDa molecular machine
by analyzing 40-kDa fragments in the absence of (i) ATP, (ii)
KaiC phosphorylation, and (iii) cooperative effects among KaiC
subunits, and with (iv) KaiB mutants that bind KaiC monomers
although WT KaiB does not. Recent observations raise the pos-
sibility that KaiB can contact KaiC at both the CI and the CII
ends. Experiments using tagged KaiC constructs for EM or
mutants carrying spin labels for electron paramagnetic reso-
nance could be used to address the hypothesis that KaiB binds
both halves. A dual binding mode seems unnecessary just to
sequester KaiA. Perhaps KaiB is not just a key component of the
PTO but is also involved in the regulation of the clock output
pathway. These roles may necessitate different KaiC binding
modes and involve either KaiC hexamer or KaiC monomer.
Breakthroughs in both the structural and the functional realms
are still needed for a comprehensive mechanistic understand-
ing of the cyanobacterial KaiABC PTO.

REFERENCES
1. Johnson, C. H., Stewart, P. L., and Egli, M. (2011) The cyanobacterial

circadian system: from biophysics to bioevolution. Annu. Rev. Biophys. 40,
143–167

2. Mackey, S. R., Golden, S. S., and Ditty. J. L. (2011) The itty-bitty time
machine genetics of the cyanobacterial circadian clock. Adv. Genet. 74,
13–53

3. Egli, M., and Johnson, C. H. (2013) A circadian clock nanomachine that
runs without transcription or translation. Curr. Opin. Neurobiol. 23,
732–740

4. Johnson, C. H., and Egli, M. (2014) Metabolic compensation and circadian
resilience in prokaryotic cyanobacteria. Annu. Rev. Biochem. 83, 221–247

5. Tomita, J., Nakajima, M., Kondo, T., and Iwasaki, H. (2005) No transcrip-
tion-translation feedback in circadian rhythm of KaiC phosphorylation.
Science 307, 251–254

6. Nakajima, M., Imai, K., Ito, H., Nishiwaki, T., Murayama, Y., Iwasaki, H.,
Oyama, T., and Kondo, T. (2005) Reconstitution of circadian oscillation of
cyanobacterial KaiC phosphorylation in vitro. Science 308, 414 – 415

7. Murakami, R., Mutoh, R., Iwase, R., Furukawa, Y., Imada, K., Onai, K.,
Morishita, M., Yasui, S., Ishii, K., Valencia Swain, J. O., Uzumaki, T.,
Namba, K., and Ishiura, M. (2012) The roles of the dimeric and tetrameric
structures of the clock protein KaiB in the generation of circadian oscilla-
tions in cyanobacteria. J. Biol. Chem. 287, 29506 –29515

8. Qin, X., Byrne, M., Xu, Y., Mori, T., and Johnson, C. H. (2010) Coupling of
a core post-translational pacemaker to a slave transcription/translation
feedback loop in a circadian system. PLoS Biol. 8, e1000394

9. Hardin, P. E., Hall, J. C., and Rosbash, M. (1990) Feedback of the Drosoph-
ila period gene product on circadian cycling of its messenger RNA levels.
Nature 343, 536 –540

10. Aronson, B. D., Johnson, K. A., Loros, J. J., and Dunlap, J. C. (1994) Nega-
tive feedback defining a circadian clock: autoregulation of the clock gene
frequency. Science 263, 1578 –1584

11. Xu, Y., Mori, T., Pattanayek, R., Pattanayek, S., Egli, M., and Johnson, C. H.
(2004) Identification of key phosphorylation sites in the circadian clock
protein KaiC by crystallographic and mutagenetic analyses. Proc. Natl.
Acad. Sci. U.S.A. 101, 13933–13938

12. Nishiwaki, T., Satomi, Y., Nakajima, M., Lee, C., Kiyohara, R., Kageyama,
H., Kitayama, Y., Temamoto, M., Yamaguchi, A., Hijikata, A., Go, M.,
Iwasaki, H., Takao, T., and Kondo, T. (2004) Role of KaiC phosphorylation
in the circadian clock system of Synechococcus elongatus PCC 7942. Proc.
Natl. Acad. Sci. U.S.A. 101, 13927–13932

13. Nishiwaki, T., Satomi, Y., Kitayama, Y., Terauchi, K., Kiyohara, R., Takao,
T., and Kondo, T. (2007) A sequential program of dual phosphorylation of
KaiC as a basis for circadian rhythm in cyanobacteria. EMBO J. 26,
4029 – 4037

14. Rust, M. J., Markson, J. S., Lane, W. S., Fisher, D. S., and O’Shea, E. K.
(2007) Ordered phosphorylation governs oscillation of a three-protein
circadian clock. Science 318, 809 – 812

15. Williams, S. B., Vakonakis, I., Golden, S. S., and LiWang, A. C. (2002)
Structure and function from the circadian clock protein KaiA of Synechoc-
occus elongatus: a potential clock input mechanism. Proc. Natl. Acad. Sci.
U.S.A. 99, 15357–15362

16. Xu, Y., Mori, T., and Johnson, C. H. (2003) Cyanobacterial circadian clock-
work: roles of KaiA, KaiB, and the kaiBC promoter in regulating KaiC.
EMBO J. 22, 2117–2126

17. Kitayama, Y., Iwasaki, H., Nishiwaki, T., and Kondo, T. (2003) KaiB func-
tions as an attenuator of KaiC phosphorylation in the cyanobacterial cir-
cadian clock system. EMBO J. 22, 2127–2134

18. Kageyama, H., Nishiwaki, T., Nakajima, M., Iwasaki, H., Oyama, T., and
Kondo, T. (2006) Cyanobacterial circadian pacemaker: Kai protein com-
plex dynamics in the KaiC phosphorylation cycle in vitro. Mol. Cell 23,
161–171

19. Ito, H., Kageyama, H., Mutsuda, M., Nakajima, M., Oyama, T., and Kondo,
T. (2007) Autonomous synchronization of the circadian KaiC phospho-
rylation rhythm. Nat. Struct. Mol. Biol. 14, 1084 –1088

20. Mori, T., Williams, D. R., Byrne, M. O., Qin, X., Egli, M., Mchaourab, H. S.,
Stewart, P. L., and Johnson C. H. (2007) Elucidating the ticking of an in
vitro circadian clockwork. PLoS Biol. 5, e93

21. van Zon, J. S., Lubensky, D. K., Altena, P. R., and ten Wolde, P. R. (2007) An
allosteric model of circadian KaiC phosphorylation. Proc. Natl. Acad. Sci.
U.S.A. 104, 7420 –7425

22. Clodong, S., Dühring, U., Kronk, L., Wilde, A., Axmann, I., Herzel, H., and
Kollmann, M. (2007) Functioning and robustness of a bacterial circadian
clock. Mol. Syst. Biol. 3, 90

23. Qin, X., Byrne, M., Mori, T., Zou, P., Williams, D. R., McHaourab, H., and
Johnson, C. H. (2010) Intermolecular associations determine the dynam-
ics of the circadian KaiABC oscillator. Proc. Natl. Acad. Sci. U.S.A. 107,
14805–14810

MINIREVIEW: Circadian Clock Protein-Protein Interactions

21274 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 289 • NUMBER 31 • AUGUST 1, 2014



24. Brettschneider, C., Rose, R. J., Hertel, S., Axmann, I. M., Heck, A. J., and
Kollmann, M. (2010) A sequestration feedback determines dynamics and
temperature entrainment of the KaiABC circadian clock. Mol. Syst. Biol. 6,
389

25. Ye, S., Vakonakis, I., Ioerger, T. R., LiWang, A. C., and Sacchettini, J.C.
(2004) Crystal structure of circadian clock protein KaiA from Synechoc-
occus elongatus. J. Biol. Chem. 279, 20511–20518

26. Garces, R. G., Wu, N., Gillon, W., and Pai, E. F. (2004) Anabaena circadian
clock proteins KaiA and KaiB reveal potential common binding site to
their partner KaiC. EMBO J. 23, 1688 –1698

27. Hitomi, K., Oyama, T., Han, S., Arvai, A. S., and Getzoff, E. D. (2005)
Tetrameric architecture of the circadian clock protein KaiB: a novel inter-
face for intermolecular interactions and its impact on the circadian
rhythm. J. Biol. Chem. 280, 19127–19135

28. Iwase, R., Imada, K., Hayashi, F., Uzumaki, T., Morishita, M., Onai, K.,
Furukawa, Y., Namba, K., and Ishiura, M. (2005) Functionally important
substructures of circadian clock protein KaiB in a unique tetramer com-
plex. J. Biol. Chem. 280, 43141– 43149

29. Pattanayek, R., Williams, D. R., Pattanayek, S., Mori, T., Johnson, C. H.,
Stewart, P. L., and Egli, M. (2008) Structural model of the circadian clock
KaiB-KaiC complex and mechanism for modulation of KaiC phosphoryl-
ation. EMBO J. 27, 1767–1778

30. Villarreal, S. A., Pattanayek, R., Williams, D. R., Mori, T., Qin, X., Johnson,
C. H., Egli, M., and Stewart, P. L. (2013) CryoEM and molecular dynamics
of the circadian KaiB-KaiC complex indicates KaiB monomers interact
with KaiC and block ATP binding clefts. J. Mol. Biol. 425, 3311–3324

31. Pattanayek, R., Wang, J., Mori, T., Xu, Y., Johnson, C. H., and Egli, M.
(2004) Visualizing a circadian clock protein: crystal structure of KaiC and
functional insights. Mol. Cell 15, 375–388

32. Pattanayek, R., Xu, Y., Lamichhane, A., Johnson, C. H., and Egli, M. (2014)
An arginine tetrad as mediator of input-dependent and input-independ-
ent ATPases in the clock protein KaiC. Acta Crystallogr. D Biol. Crystal-
logr. 70, 1375–1390

33. Johnson, C. H., Egli, M., and Stewart, P. L. (2008) Structural insights into a
circadian oscillator. Science 322, 697–701

34. Pattanayek, R., Williams, D. R., Rossi, G., Weigand, S., Mori, T., Johnson,
C. H., Stewart, P. L., and Egli, M. (2011) Combined SAXS/EM based mod-
els of the S. elongatus post-translational circadian oscillator and its inter-
actions with the output His-kinase SasA. PLoS ONE 6, e23697

35. Kim, Y. I., Dong, G., Carruthers, C. W., Jr., Golden, S. S., and LiWang, A.
(2008) The day/night switch in KaiC, a central oscillator component of the
circadian clock of cyanobacteria. Proc. Natl. Acad. Sci. U.S.A. 105,
12825–12830

36. Vakonakis, I., and LiWang, A. C. (2004) Structure of the C-terminal do-
main of the clock protein KaiA in complex with a KaiC-derived peptide:
implications for KaiC regulation. Proc. Natl. Acad. Sci. U.S.A. 101,
10925–10930

37. Pattanayek, R., Williams, D. R., Pattanayek, S., Xu, Y., Mori, T., Johnson,
C. H., Stewart, P. L., and Egli, M. (2006) Analysis of KaiA-KaiC protein
interactions in the cyano-bacterial circadian clock using hybrid structural
methods. EMBO J. 25, 2017–2028

38. Egli, M., Pattanayek, R., Sheehan, J. H., Xu, Y., Mori, T., Smith, J. A., and
Johnson, C. H. (2013) Loop-Loop interactions regulate KaiA-stimulated
KaiC phosphorylation in the cyanobacterial KaiABC circadian clock. Bio-
chemistry 52, 1208 –1220

39. Hayashi, F., Ito, H., Fujita, M., Iwase, R., Uzumaki, T., and Ishiura, M.
(2004) Stoichiometric interactions between cyanobacterial clock proteins
KaiA and KaiC. Biochem. Biophys. Res. Comm. 316, 195–202

40. Pattanayek, R., Mori, T., Xu, Y., Pattanayek, S., Johnson, C. H., and Egli, M.
(2009) Structures of KaiC circadian clock mutant proteins: a new phos-
phorylation site at T426 and mechanisms of kinase, ATPase and phospha-
tase. PLoS One 4, e7529

41. Chang, Y. G., Tseng, R., Kuo, N. W., and LiWang, A. (2012) Rhythmic
ring-ring stacking drives the circadian oscillator clockwise. Proc. Natl.
Acad. Sci. U.S.A. 109, 16847–16851

42. Mutoh, R., Nishimura, A., Yasui, S., Onai, K., and Ishiura, M. (2013) The
ATP-mediated regulation of KaiB-KaiC interaction in the cyanobacterial
circadian clock. PLoS ONE 8, e80200

43. Akiyama, S., Nohara, A., Ito, K., and Maéda, Y. (2008) Assembly and dis-
assembly dynamics of the cyanobacterial periodosoome. Mol. Cell 29,
703–716

44. Snijder, J., Burnley, R. J., Wiegard, A., Melquiond, A. S. J., Bonvin,
A. M. J. J., Axmann, I. M., and Heck, A. J. R. (2014) Insight into cyanobac-
terial circadian timing from structural details of the KaiB-KaiC interac-
tion. Proc. Natl. Acad. Sci. U.S.A. 111, 1379 –1384

45. Chang, Y. G., Kuo, N. W., Tseng, R., and LiWang, A. (2011) Flexibility of
the C-terminal, or CII, ring of KaiC governs the rhythm of the circadian
clock of cyanobacteria. Proc. Natl. Acad. Sci. U.S.A. 108, 14431–14436

46. Phong, C., Markson, J. S., Wilhoite, C. M., and Rust, M. J. (2013) Robust
and tunable circadian rhythms from differentially sensitive catalytic do-
mains. Proc. Natl. Acad. Sci. U.S.A. 110, 1124 –1129

47. Egli, M., Mori, T., Pattanayek, R., Xu, Y., Qin, X., and Johnson C. H. (2012)
Dephosphorylation of the core clock protein KaiC in the cyanobacterial
KaiABC circadian oscillator proceeds via an ATP synthase mechanism.
Biochemistry 51, 1547–1558

48. Nishiwaki, T., and Kondo, T. (2012) Circadian autodephosphorylation of
cyanobacterial clock protein KaiC occurs via formation of ATP as inter-
mediate. J. Biol. Chem. 287, 18030 –18035

49. Nishiwaki-Ohkawa, T., Kitayama, Y., Ochiai, E., and Kondo, T. (2014)
Exchange of ADP with ATP in the CII ATPase domain promotes auto-
phosphorylation of cyanobacterial clock protein KaiC. Proc. Natl. Acad.
Sci. U.S.A. 111, 4455– 4460

50. Leipe, D. D., Aravind, L., Grishin, N. V., Koonin, E. V. (2000) The bacterial
replicative helicase DnaB evolved from a RecA duplication. Genome Res.
10, 5–16

51. Mori, T., Saveliev, S. V., Xu, Y., Stafford, W. F., Cox, M. M., Inman, R. B.,
and Johnson, C. H. (2002) Circadian clock protein KaiC forms ATP-de-
pendent hexameric rings and binds DNA. Proc. Natl. Acad. Sci. U.S.A. 99,
17203–17208

52. Hayashi, F., Suzuki, H., Iwase, R., Uzumaki, T., Miyake, A., Shen, J.-R.,
Imada, K., Furukawa, Y., Yonekura, K., Namba, K., and Ishiura, M. (2003)
ATP-induced hexameric ring structure of the cyanobacterial circadian
clock protein KaiC. Genes Cells 8, 287–296

53. Hayashi, F., Iwase, R., Uzumaki, T., and Ishiura, M. (2006) Hexamerization
by the N-terminal domain and intersubunit phosphorylation by the C-ter-
minal domain of cyanobacterial circadian clock protein KaiC. Biochem.
Biophys. Res. Commun. 348, 864 – 872

54. Kitayama, Y., Nishiwaki-Ohkawa, T., Sugisawa, Y., and Kondo T. (2013)
KaiC intersubunit communication facilitates robustness of circadian
rhythms in cyanobacteria. Nat. Commun. 4, 2897

55. Pattanayek, R., Yadagiri, K. K., Ohi, M. D., and Egli, M. (2013) Nature of
KaiB-KaiC binding in the cyanobacterial circadian oscillator. Cell Cycle
12, 810 – 817

56. Xu, Y., Mori, T., Qin, X., Yan, H., Egli, M., and Johnson, C. H. (2009)
Intramolecular regulation of phosphorylation status of the circadian clock
protein KaiC. PLoS ONE 4, e7509

57. Terauchi, K., Kitayama, Y., Nishiwaki, T., Miwa, K., Murayama, Y.,
Oyama, T., and Kondo, T. (2007) ATPase activity of KaiC determines the
basic timing for circadian clock of cyanobacteria. Proc. Natl. Acad. Sci.
U.S.A. 104, 16377–16381

58. Murayama, Y., Mukaiyama, A., Imai, K., Onoue, Y., Tsunoda, A., Nohara,
A., Ishida, T., Maéda, Y., Terauchi, K., Kondo, T., and Akiyama, S. (2011)
Tracking and visualizing the circadian ticking of the cyanobacterial clock
protein KaiC in solution. EMBO J. 30, 68 –78

59. Dong, G., Yang, Q., Wang, Q., Kim, Y. I., Wood, T. L., Osteryoung, K. W.,
van Oudenaarden, A., and Golden, S. S. (2010) Elevated ATPase activity of
KaiC applies a circadian checkpoint on cell division in Synechococcus elon-
gatus. Cell 140, 529 –539

60. Tseng, R., Chang, Y.-G., Bravo, I., Latham, R., Chaudhary, A., Kuo, N.-W.,
and LiWang, A. (2014) Cooperative KaiA-KaiB-KaiC interactions affect
KaiB/SasA competition in the circadian clock of cyanobacteria. J. Mol.
Biol. 426, 389 – 402

61. Pattanayek, R., Sidiqi, S. K., and Egli, M. (2012) Crystal structure of the
redox-active cofactor DBMIB bound to circadian clock protein KaiA and
structural basis for DBMIB’s ability to prevent stimulation of KaiC phos-
phorylation by KaiA. Biochemistry 51, 8050 – 8052

MINIREVIEW: Circadian Clock Protein-Protein Interactions

AUGUST 1, 2014 • VOLUME 289 • NUMBER 31 JOURNAL OF BIOLOGICAL CHEMISTRY 21275



Thematic Minireview Series on Phospholipase D and Cancer
Published, JBC Papers in Press, July 2, 2014, DOI 10.1074/jbc.R114.593137

Julian Gomez-Cambronero‡1 and George M. Carman§2

From the ‡Department of Biochemistry and Molecular Biology, Wright State University School Medicine, Dayton, Ohio 45435 and the §Department of
Food Science, Rutgers Center for Lipid Research, and New Jersey Institute for Food, Nutrition, and Health, Rutgers University,
New Brunswick, New Jersey 08901

Phospholipase D (PLD) signaling plays a critical role in cell
growth and proliferation, vesicular trafficking, secretion, and
endocytosis. At the cellular level, PLD and its reaction product,
phosphatidate, interact with a large number of protein partners
that are directly related to the actin cytoskeleton and cell migra-
tion. Cancer invasion and metastasis rely heavily on cellular
motility, and as such, they have put PLD at center stage in cancer
research. This minireview series highlights some of the molecu-
lar mechanisms that provide evidence for the emerging tumor-
igenic potential of PLD, the role of the microenvironment, and
putative connections with inflammation. PLD represents a
potential target for the rational development of therapeutics
against cancer and other diseases.

PLD3 catalyzes the conversion of phosphatidylcholine to PA
and choline. The enzyme reaction was first identified from car-
rots in 1947 by Hanahan and Chaikoff (1, 2), and indeed, most of
the early work on the biochemistry of PLD was performed with
the enzyme from plants (3). The existence of PLD in mammals
was not discovered until 1973 (4). From the mid-1980s to the
early 1990s, it became apparent that PLD played a major role in
lipid signaling by generating PA, which was then converted to
diacylglycerol for the activation of PKC (5). Interest in PLD
intensified with the observations that PA itself governed several
physiological processes that include cell growth and prolifera-
tion, vesicular trafficking, secretion, and endocytosis (6 –12).

Studies on PLD were challenged with serious difficulties due
to limited knowledge of its regulation on a molecular level, as
well as the difficulty of purifying the enzyme from natural
sources. However, the PLD field received a strong boost in 1994
when Wang et al. (13) identified the PLD gene from castor bean.
This seminal contribution led to the identifications of ortholo-
gous genes from yeast (14) and mammals (15–17). The field
also expanded when the action of PLD was implicated in Par-
kinson and Alzheimer diseases, as well as in several cancers.

Apart from generating one of the major lipid second messen-
gers, PA, PLD interacts with a large number of protein partners,
some of which are directly related to the actin cytoskeleton,
which is involved with the protein machinery responsible for
cell adhesion and migration (18). Precisely for this role, certain
pathologies that rely on cell migration, such as cancer metasta-

sis, have put PLD at center stage in cancer research. High levels
of PLD activity are reported in a variety of cancers, such as
breast, gastric, colorectal, and lung (19 –22) cancers. Further,
radiation in combination with PLD inhibition (specific for both
PLD1 and PLD2) has been shown to be an efficient way to
improve radiosensitivity of breast cancer cell lines and in ani-
mal models (23–26).

Recent studies with animal models have indicated that PLD
is integral to breast cancer progression by increasing tumor
growth and cell invasion (27–29). Significant expansion of the
PLD field is expected in the near future considering the avail-
ability of new genetic, biological, and chemical tools, particu-
larly PLD knock-out mice and new isoform-specific inhibitors
that are being used to tease apart the contributing roles of the
different PLD isoforms in cancer and other disease states
(30 –34).

Based on these advances, it is timely to review the multiple
roles of PLD in cancer. This minireview series discusses the
tumorigenic potential of PLD both in vitro and in vivo, the role
of the microenvironment, and the emerging connections with
inflammation. Although current studies are paving the way to a
better understanding of PLD as a major drug target candidate in
cancer therapy, it is still not clear what effects off-target PLD
inhibition might have or how impeding PA formation might
affect cell physiology as a whole because PA is a major compo-
nent of both lipid metabolism and cell signaling. Insights
obtained in the studies presented herein will help further inves-
tigations of the field.

In the first minireview, “Phospholipase D in Cell Signaling:
From a Myriad of Cell Functions to Cancer Growth and Metas-
tasis,” Julian Gomez-Cambronero (35) focuses on PLD2, a pro-
tein that functions as both a PLD enzyme and a guanine nucle-
otide exchange factor. This review discusses how PLD2 acts as
an intracellular signaling protein with roles in cell migration
through actin polymerization and protein-protein associations
with a wide network of molecules, including signaling kinases.
Additionally, this minireview discusses the roles of PLD in cell
transformation, tumor growth, and cancer metastasis.

The second minireview, “Cellular and Physiological Roles for
Phospholipase D1 in Cancer” by Zhang and Frohman (36),
highlights the generation and utilization of PLD1-deficient
mice and development of small molecule PLD-specific inhibi-
tors to define the roles for PLD1 in cancer. The review also
summarizes recent findings regarding PLD1 functions in angio-
genesis and metastasis.

The third minireview, “Functional Regulation of Phospho-
lipase D Expression in Cancer and Inflammation” by Kang et al.
(37), discusses the relationships between PLD dysregulation
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and human cancer and inflammatory diseases that have
spurred recent interest in therapeutics that target PLD func-
tion. This review summarizes progress made on the use of small
molecule PLD inhibitors for the suppression of PLD expression
and for the attenuation of PLD activity.

In the fourth and last minireview, “Phospholipase D and the
Maintenance of Phosphatidic Acid Levels for Regulation of
mTOR”, Foster et al. (38) highlight the coordinated mainte-
nance of intracellular PA levels that regulate mTOR signaling,
as stimulated by growth factors and nutrients. This minireview
discusses how cells compensate for the loss of one PA-generat-
ing system with the activation of an alternate system to generate
PA. Regulating PA levels has important implications for cancer
cells that are dependent on PA and mTOR activity for survival.

The PLD field lost two of its major contributors in 2008
when both Dennis Shields (Albert Einstein College of Medi-
cine) and Mordechai Liscovitch (Weizmann Institute of Sci-
ence Rehovot) passed away. Dr. Shields focused on the bio-
chemical mechanisms of regulated secretion from the Golgi,
whereas Dr. Liscovitch focused on cancer cell proliferation and
survival. Their achievements provided the foundation of the
enormous advances that the PLD field has experienced over the
past 15 years. They will be remembered by those of us who were
lucky to have met them, as superb researchers, teachers, and
individuals with great humanity and dedication to their stu-
dents. This minireview series is dedicated as a memorial to
these outstanding investigators.
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Phospholipase D (PLD) enzymes play a double vital role in
cells: they maintain the integrity of cellular membranes and they
participate in cell signaling including intracellular protein traf-
ficking, cytoskeletal dynamics, cell migration, and cell prolifer-
ation. The particular involvement of PLD in cell migration is
accomplished: (a) through the actions of its enzymatic product
of reaction, phosphatidic acid, and its unique shape-binding
role on membrane geometry; (b) through a particular guanine
nucleotide exchange factor (GEF) activity (the first of its class
assigned to a phospholipase) in the case of the mammalian iso-
form PLD2; and (c) through protein-protein interactions with a
wide network of molecules: Wiskott–Aldrich syndrome protein
(WASp), Grb2, ribosomal S6 kinase (S6K), and Rac2. Further,
PLD interacts with a variety of kinases (PKC, FES, EGF receptor
(EGFR), and JAK3) that are activated by it, or PLD becomes the
target substrate. Out of these myriads of functions, PLD is
becoming recognized as a major player in cell migration, cell
invasion, and cancer metastasis. This is the story of the evolu-
tion of PLD from being involved in a large number of seemingly
unrelated cellular functions to its most recent role in cancer
signaling, a subfield that is expected to grow exponentially.

Phospholipase D (PLD)2 hydrolyzes phosphatidylcholine
(PC) to yield phosphatidic acid (PA) and free choline (1). PLD is
necessary for normal maintenance of cellular or intracellular
membranes (2, 3), and it also participates in several physiolog-
ical cellular functions, such as intracellular protein trafficking,
cytoskeletal dynamics, membrane remodeling, and cell prolif-
eration in mammalian cells and meiotic division and sporula-
tion in yeast (4).

An important characteristic feature of members of the phos-
pholipase D superfamily is the presence of two HKD motifs

with the consensus amino acid sequence HXKX4DX6GSXN.
However, there are exceptions where some of the PLDs lack
these motifs and some have only one HKD motif. In Fig. 1,
phospholipases are classified as follows: (a) active phospho-
lipases with HKD motifs; (b) phospholipases with HKD motifs
that lack lipase activity; and (c) non-HKD phospholipases.

Mammalian PLDs

The two best characterized mammalian isoforms are PLD1
and PLD2 (5– 8). Their genes share about 50% homology
including two highly conserved phosphatidyltransferase HKD
catalytic motifs that are requisite for catalytic activity. PLD1
and PLD2 also have phox homology (PX) and pleckstrin homol-
ogy (PH) domains (2). A unique characteristic of PLD2 is that it
possesses guanine nucleotide exchange factor (GEF) activity for
the small GTPases Rac2 and Rho (9 –11) (Fig. 2).

The existence of isoforms PLD3, PLD4, PLD5, and PLD6 has
been recently reported. All of these PLD isoforms lack PX and
PH domains and, therefore, are termed as “non-classical PLDs”
(Fig. 1). However, all but PLD6 do have two HKD motifs,
whereas PLD6 has only one such motif. PLD3 was originally
identified as viral K4L homologue and, hence, named as Hu-K4.
Despite the presence of two HKD motifs, no similarity with
PLD1 or PLD2 was been found. SAM9 is a murine orthologue of
Hu-K4, which is expressed in brain and localized in the endo-
plasmic reticulum (12), as is PLD4. No activity has been
assigned for the products of PLD3 or PLD4 so far (13). PLD6
(also termed mitoPLD) is localized in mitochondrial outer
membranes. It is required for mitochondrial fusion during
which PLD6 located on one mitochondrion dimerizes with
PLD6 located on a second mitochondria and hydrolyzes cardio-
lipin to generate PA (14, 15).

PLD and Its Product of Reaction, PA, Affect Intracellular
Signaling Dramatically

PLD enzymes are involved in a large variety of physiological
cellular functions, and I will consider here three molecular
mechanisms by which this occurs through their lipase action,
through the GEF activity (in the case of PLD2), and through
protein-protein interactions that initiate signaling indepen-
dently of the enzymatic activities. PA is the catalytic product of
the lipase reaction with phospholipids in the cell membrane,
particularity PC. The biggest dilemma concerning the function
of PLD is the lack of clarity over a PA binding site on target
proteins and thus understanding of the mechanism of down-
stream action. This is particularly concerning given the pleth-
ora of PA-binding proteins that have been identified. Three
studies can be cited where it is indicated that PA binds to the
positively charged amino acid residues or surface-exposed
hydrophobic residues or both in the target proteins (16 –18),
but clearly a specific PA binding site is lacking, and once found,
the field should advance considerably. Related to this, the inte-
gration of PA and PLD has been addressed only in one review by
Jang et al (19). The authors found that 9 out of 50 binding
partners are common between PA and PLD. Based on this, the
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authors suggested a complex regulation patterns between PLD,
PA, and their binding partners. This paucity of intersection
indicates that indeed, PLD is an enzyme that cannot be con-
fined to the sole actions derived from its enzymatic activity and,
as I will discuss later, the protein-protein interactions involving
the whole PLD or parts of the PLD molecular are central to PLD
signaling, particularly in cell migration.

A further interest in this PA-PLD topic has become high-
lighted by the discovery of PLD2 as a GEF that makes more
challenging a demarcation between lipase-mediated and/or
GEF-mediated functions of PLD2 (9). However, the finding
that PA regulates the GEF activity of PLD2 adds a further
level of sophistication in the regulation of this enzyme that is
necessary considering the key role it has in cellular functions

FIGURE 1. Classifications of PLDs. A, phospholipase D enzymes with HKD domains and intact lipase activity. B, phospholipase D enzymes with HKD domains
that lack lipase activity. C, phospholipase D enzymes that lack HKD domains but are dependent on divalent cations for action. Parts of this panel are based on
Ref. 99. Abbreviations: Phospholipase D activity, lipid phosphodiesterase toward PC (also phosphatidylethanolamine, phosphatidylserine, and cardiolipin)
releasing PA and polar head; Ce, Caenorhabditis elegans; Dm, Drosophila melanogaster; Dr, Danio rerio; MLS, mitochondrial localization signal; mPLD5, mouse
PLD5; sc, Streptomyces chromofuscus; GPI, glycosyl phosphatidyl inositol. Red boxes marked with TM, transmembrane domains; black boxes, HKD motifs
(HXKX4DX6GSXN); yellow box, C2 domain.
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(20). Further, with the discovery of the GEF catalytic site, it is
now possible to use lipase-inactive or GEF-inactive mutants
to determine lipase or GEF-mediated functions (11).

PLD Signaling as a Phosphoprotein and Its Interaction
with Tyrosine Kinases

PLD is a phosphoprotein whose phosphorylation is regulated
by kinases and phosphatases (Fig. 3). Protein kinase C (PKC)
interacts with both PLD1 and PLD2 and enhances lipase activ-
ity (21, 22). PKC� phosphorylates PLD2 by direct association,

thereby aiding in the localization of PLD2 at lamellipodia and
promoting integrin-mediated cell spreading (23). A physical
association between PLD2 and PLC� occurs in an EGF-depen-
dent fashion and enhances PLD activity (24). Cdk5-mediated
phosphorylation and activation of PLD2 is responsible for EGF-
dependent insulin secretion (25). Phosphorylated PLD2 forms a
ternary complex with both PTP1b and Grb2, a critical signal
transducer of EGFR, which links PLD2 to cellular proliferation
and the MAPK and Ras/Erk pathways (26).

FIGURE 2. Regulation of PLD enzymatic activities. A, list of specific regulation(s) of PLD1 and PLD2, the most studied mammalian isoforms. PIP2, phosphati-
dylinositol 4,5-bisphosphate; CRIB motif, Cdc42/Rac interactive binding motif. B, phospholipase D2 is a dual enzyme that catalyzes a lipase activity, as well as a
guanine nucleotide exchange. Shown are the N-terminal PLD2-PX (where part of the GEF activity resides) and the C-terminal HKD1/2 domains (where lipase
activity resides). For the GEF reaction, PLD2 causes Rac2-based GDP dissociation upon interaction with Rac2-GDP. In a second step, PLD2 stabilizes nucleotide-
free Rac2 until GTP binds, after which PLD2 is released from the complex, leading to the activation of Rac2. For the lipase reaction, the catalytic HKD motifs of
PLD2 fold around the substrate phosphatidylcholine (P-Cho). In the first step, a phosphatidyl-histidine intermediate is generated due to a nucleophilic attack
of the histidine of the lipases on the phosphate of phosphatidylcholine. In the next step, the hydroxyl group of water attacks the phosphatidyl-histidine
intermediate, leading to the formation of phosphatidic acid, at which time the enzyme is regenerated for the next cycle of PC breakdown. C–E, schematic
drawings of main domains in the PLD2 structure. C, ribbon model of PLD2-PX domain noting key amino acids needed for the GEF activity. D, ribbon model of
PLD2-PH domain that includes CRIB-1 and CRIB-2 needed for interaction with small GTPases (e.g. Rac2). E, ribbon model of PLD2-HKD domain. Serine residues
that are mutated for inhibitor studies but that retain lipase activity are highlighted. The structures in C–E were generated by using protein prediction servers
such as I-TASSER and Phyre (52). Once the structures were obtained, they were validated using biochemistry data available from both my laboratory and those
of published authors in the field.
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Although PLD2 can be phosphorylated by the serine/threo-
nine kinase AKT at residue Thr-175, which serves to up-regu-
late DNA synthesis, more typically PLD is known as a substrate
for many receptor (EGFR and PDGFR) and non-receptor tyro-
sine kinases (Src and JAK3). Choi et al. (27) have found that
PLD2 is specifically phosphorylated on residues Tyr-11, Tyr-
14, Tyr-165, and Tyr-470. Phosphorylation targets within the
PLD2 molecule have been mapped that are vital to its regulation
as a lipase and thus correlated in vitro to at least three different
tyrosine kinases, EGFR, Src, and Janus kinase 3 (JAK3) (28), that
target Tyr-296, Tyr-511, and Tyr-415, respectively, and that
yield either positive or negative effects on the lipase.

Elevation of either PLD1 or PLD2 has the potential to trans-
form rat fibroblasts and contribute to cancer progression of the
malignant phenotype in cells that also have elevated levels of
EGFR or Src tyrosine kinases (29). Contrarily, it has been
hypothesized that PLD2 activity in certain breast cancer cell
lines is comparatively low when compared with non-cancerous
cells or other breast cancer cell lines because it is down-regu-
lated by tyrosyl phosphorylation at Tyr-296 via EGFR (28). This

low level of PLD activity can be increased by in vitro treatment
with either JAK3 or Src. Src participates in the activation of
PLD through the Ras pathway and the kinases Fyn and Fgr but
not Lyn (27).

There are also protein-protein interactions between PLD2
and JAK3, as well as with another tyrosine kinase, FES, which is
implicated in the proliferation of breast cancer cells (30). The
PLD2-JAK-FES inter-regulation of this lipase and these kinases
is implicated in the high proliferation rate of MDA-MB-231
breast cancer cells (30). Additionally, PLD interacts with
type-Ia phosphatidylinositol-4-phosphate 5 (PI4P5) kinase. In
turn, phosphatidylinositol 4,5-bisphosphate (PIP2) generated
by phosphatidylinositol-4-phosphate 5 kinase is essential for
PLD activity (31).

The Complex Interaction between Small GTPases with
PLD

GTPases regulate PLD activity, and PLD in turn regulates
GTPases (32). For GTPases regulating PLD, it was found ini-
tially that Arf1 and RalA directly interact with and activate

FIGURE 3. Multiple signaling pathways result in PLD2 contributing to many different steps in this process. As shown in the schematic drawing, PLD2 has
many functions in the cell. The invasive phenotype of MDA-MB-231 cells is mediated by PLD2 under control of JAK3 and EGFR. Serum deprivation of cells results
in an up-regulated EGFR/JAK3/PLD2-PA system, which is extremely sensitive to JAK3 and PLD2 inhibitors. JAK3 and FES greatly enhance PLD activity following
protein-protein interaction through the SH2 domain and the Tyr-415 residue of PLD2. PA enhances FES activity in cancer cells, which provides a positive
activation loop between FES and PLD2. PLD2 anchors WASp at the phagocytic cup through Grb2 following protein-protein interactions and also activates it,
making key lipids available locally. The heterotrimer PLD2-Grb2-WASp then enables actin nucleation at the phagocytic cup and phagocytosis, which are at the
center of the innate immune system function. PLD2 binds to the small GTPase Rac2, which results in a PLD2-GEF activity that switches Rac2 from the
GDP-bound to the GTP-bound states, which impacts actin and cell motility. PLD-derived PA binds to ribosomal S6 kinase (S6K), whose enzymatic activity
regulates the activation of actin nucleation, and to nuclear receptors (NR) in the nucleus, which contributes to synthesis of EGFR protein and increases cell
proliferation.
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PLD1 (33). Several other GTPases, such as RhoA, RhoB, Rac1,
Rac2, and Cdc42, activate PLD. The Switch I region of Rho A
directly interacts with the C-terminal region of PLD1 (34, 35).
These GTPases must be GTP-bound to stimulate/activate PLD
because mutation of the Rho binding site on PLD1 abrogates
PLD1/Arf interaction.

There is a dual (positive and negative) effect of Rac2 on PLD2
activity that is implicated in regulation of chemotaxis. Rac2
localizes in vivo at the leading edge of leukocyte pseudopodia,
with PLD2 being physically posterior to a wave of Rac2. This
impedes the membrane association of PLD2 and thereby inhib-
its the lipase activity (36). Rac2 has a negative effect on PLD2
gene expression as well (37). Regulation of PLD2 activity by the
small GTPase Sar1p is implicated in COPII-mediated endo-
plasmic reticulum export (38) (39). Further, PLD2 acts as a
GTPase-activating factor (GAP) for dynamin (40).

PLD2 Is a GEF

Not only is PLD2 regulated by small GTPASES, as just dis-
cussed, but PLD2 also regulates GTPases; in fact, PLD2 is a GEF
for small GTPases (Fig. 2). PLD2 but not PLD1 is upstream to
small GTPases, such as Rac1, RhoA, and Rac2 via its GEF activ-
ity or via a PA-dependent manner (9, 10, 23). PLD2 possesses a
GEF activity for the small GTPase Rac2 or RhoA (9, 10). After
the discovery of the GEF activity of PLD2, PLD2-mediated

functions are more challenging in terms of demarcating the
lipase- or GEF-mediated functions of PLD2. By extensive muta-
tional analysis, my laboratory discovered the essential amino
acid residues for GEF catalysis: Phe-107, Phe-129, Leu-166,
Arg-172, and Leu-173 (Fig. 2C) (11). This information is valua-
ble in using either the mutant lipase-inactive PLD2 or the
mutant GEF-inactive PLD2 to differentiate between varieties of
PLD2-mediated functions. PLD2-GEF activity correlates with
Ras activation in highly proliferative and metastatic breast can-
cer cells (41). This is a very important area to be pursued fur-
ther, as not only mutations in Ras, but also hyperactivation of
Ras, promote tumorigenesis (42).

PLD2 is a dual enzyme with GEF and lipase activities embed-
ded in the N- and C-terminal regions, respectively. Very inter-
estingly, for the dual GEF/lipase activity, the products of the
lipase and the GEF reactions regulate the alternate activity. This
involves the dual effect of PA on PLD2-GEF activity and a tem-
poral switch in lipase and GEF activities (20).

WASp, Grb2, and Rac2: The Mechanism by Which PLD
Acts on Cell Migration

PLD is an important player in the regulation of actin cyto-
skeletal regulation and, as such, a key element for cell migration
(Fig. 4). A component of this effect is due to the product of its
reaction, PA, and another is through protein-protein interac-

FIGURE 4. Role of PLD in cell migration. PLD is a key component of cell migration of both cancer and inflammatory cells that includes a variety of different
intracellular events (such as cytoskeletal organization, vesicle trafficking, endocytosis/exocytosis, etc.) using both PA-mediated mechanisms and protein-
protein interactions. The figure shows that PA provides a curvature in the cell membrane that is conducive to formation of lamellipodia. On the other hand, PA
is a second messenger on its own right, and carries the signal from the membrane to several proteins in the cytoplasm and in the nucleus. The GEF function of
PLD2 targets small GTPases involved in cell migration, such as Rac2. Lastly, multiple protein-protein interactions have been described with PLD2 and motility
proteins, such as Grb2-WASp.
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tion with the intracellular motility machinery. PA regulates
actin and leukocyte cell migration because lamellipodia struc-
tures and membrane ruffles can be hindered if PLD is inhibited
(43). PLD activation plays a vital role in actin cytoskeleton for-
mation (4). ARF6 activation by ARNO stimulates epithelial cell
migration through Rac1 and PLD (44), and PLD is necessary for
actin localization and actin-based motility in Dictyostelium via
phosphatidylinositol 4,5-bisphosphate (45). PLD2 mediates
adhesion via regulation of cell surface integrins (46) and is
involved in cytoskeletal organization, macrophage phagocyto-
sis and neutrophil recruitment (43, 47, 48). In leukocytes, PA is
a chemoattractant that acts via ribosomal S6 kinase (S6K) (49)
and Fer (17), and 5-fluoro-2-indolyl des-chlorohalopemide
(FIPI) is a PLD inhibitor that alters cell spreading and inhibits
chemotaxis (50). DOCK2 is controlled by PLD during neutro-
phil chemotaxis (51) and, conversely Rac2 controls PLD2 reg-
ulation during the onset and termination of chemotaxis (36).

There are at least two ways by which PLD is connected to cell
migration. The first involves Rho family GTPases (10, 53). The
second way is through PLD-mediated cell migration, which is
also regulated by specific protein-protein interactions, such as
Grb2, which is a docking protein for PLD2 that is dependent on
the SH2 domain of Grb2 and involves Tyr-169 and Tyr-179 of
PLD2 (26). Upon interaction, Grb2 promotes lipase activity and
regulates the localization of PLD2 (54). PLD2 recruits WASp to
the plasma membrane and enhances phagocytic cup formation
via Grb2 (55) (Fig. 4C). PLD activity and Rac2 cooperation are
increased in macrophages following binding of PLD2 to Grb2,
which stimulates actin polymerization and membrane ruffling
(56). PLD2/Grb2-mediated chemotaxis and phagocytosis of
RAW264.7/LR5 macrophages is dependent upon Grb2 inter-
acting with other proteins, such as Rac2, PTP1b, and especially
WASp (54, 57).

PLD Close Interaction with Other Lipid Enzymes

PLD-derived PA binds to and regulates sphingosine kinase 1
(SK1) (58). The product of SK1, sphingosine 1-phosphate, acts
as a survival signal in cancer and also mediates tumorigenesis
(59, 60). More importantly sphingosine-1-phosphate is also
involved in transactivation of various growth factors (61) that
are upstream of PLD activity. This suggests the possibility of
cross-talk between SK1/sphingosine-1-phosphate and possibly
PLD/PA pathways that might play a crucial role in cancer
progression.

Lipid phosphate phosphatases (LPPs) hydrolyze a variety of
phospholipids including PA (62). LPPs possess an inhibitory
effect on lysophosphatidic acid-mediated PLD activity (63).
Although LPP expression is low, PLD levels are high in a variety
of cancers (64). In addition to the PLD inhibitors, the cross-
signaling between LPPs and PLD/PA thus seems to be an area of
interest in cancer perspective.

PLD in Tumor and Cancer Metastasis

PLD2 overexpression leads to elevated adhesion invasion
and metastasis in a lymphoma cell line (65). Further, elevated
PLD activity, as well as expression, has been reported in a wide
variety of cancers, such as gastric, colorectal, renal, stomach,
esophagus, lung, and breast. In addition, a PLD2 gene polymor-

phism was shown to be prevalent in colorectal cancer, where it
was demonstrated that a C3T mutation resulting in Thr3 Ile
is associated with colorectal cancer. However, lipase activity
was not affected with this mutation (66). A clear correlation was
observed between PLD2 expression and the tumor size, as well
as patient survival, and it has been proposed that PLD2 might be
a prognostic indicator in colon cancers (67).

PLD also acts as a survival signal for cancers, such as renal
cancer cells where PLD regulates hypoxia-inducible factor 1a
(HIF-1a) at the translation level, in a von Hippel-Lindau (vHL)-
independent fashion, and promotes cancer cell proliferation
(68). In ovarian cancer cells, PLD is shown to be essential for
agonist-induced lysophosphatidic acid production and pro-
motes motility, growth, and proliferation (69). PLD2 enhances
the expression of anti-apoptotic proteins such as Bcl-2 and
Bcl-xL in lymphoma cells (70).

PLD signaling with other cancer regulators (Ras, PDGF,
TGF, and kinases) provides survival signals, thereby promoting
tumorigenesis (71). PLD2 is linked to the progression of EWS-
Fli sarcoma due to its cross-talk with PDGF-mediated signaling
(72). A transmodulation between PLD2 and the oncogenic
kinase RET is evident in thyroid cancer cells where PLD2
enhances STAT3 phosphorylation and transcriptional activa-
tion (73). A role for kinase-mediated regulation of PLD2 was
seen in cell proliferation (74).

Recent Developments in Cancer and PLD Research

Some important clues indicating a role for PLD in cancer
were given by the fact that PLD was involved in cell prolifera-
tion and in cell invasion. Additionally, it has been demonstrated
that active PLD enhances lymphoma cell metastasis, and inac-
tive PLD2 inhibits metastasis (75), MMP-2 expression, and gli-
oma cell invasion (76). PLD2, EGFR, and JAK3 are involved in
common pathways that maximize cancer cell invasion (77, 78).
Several PLD-specific inhibitors interfere with cancer cell inva-
sion (79). Because of this role of PLD in cell migration, che-
motaxis, and cell invasion, the role of PLD in cancer has been
significantly expanded.

The last 5– 6 years have witnessed an exponential growth in
research in PLD and cancer. PLD inhibitors have a negative
effect on tumor growth in mice (75, 80, 81). A PLD2-specific
inhibitor (ML298) and a dual PLD1/PLD2 inhibitor (ML299)
were both found to have a potential role in treating brain cancer
(82). FES and JAK3 were found to elevate PLD2 expression, and
this interaction was found to be a reason for the elevated pro-
liferation rate of MDA-MB-231 cells (30).

Elevated levels of PA are observed in colorectal tumors,
which are driven by the Wnt/�-catenin pathway. In the same
study, it has been reported that PLD1 and PLD2 are targets of
the Wnt/�-catenin pathway (83– 85). A potential therapeutic
target for osteolytic bone metastases in lung cancer patients has
been proposed (86). PLD inhibitors inhibit the invasion of
breast cancer cells in culture or their proliferation (87, 88).

Cell Invasion and Metastasis, Central to the Tumorigenic
Potency of PA

As indicated earlier, PLD2 has a direct role in cell migration,
and it is also key to cell invasion and metastasis (65, 75, 80).
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Knowledge of the particular molecular mechanisms of PLD in
cancer tissues now enable us to take advantage of the many new
biological tools, and these mechanisms are only now coming to
light. A tumorigenic role for PLD2 was established by xeno-
transplantation of human breast cancer cells into SCID mice
(80). Primary tumors from xenotransplanted mice were larger,
grew faster, and developed more lung metastases. Micro-os-
motic pumps that delivered PLD-specific small-molecule
inhibitors were implanted into xenotransplanted SCID mice,
which inhibited primary tumor growth and lung metastases.
Ablation of PLD1 in the tumor environment compromised the
neovascularization and growth of tumors (81). PLD1 deficiency
reduced tumor angiogenesis in a xenograft model. In addition,
mice lacking PLD1 or treatment with 5-fluoro-2-indolyl des-
chlorohalopemide incurred fewer lung metastases than did
wild-type mice.

Very recent studies have indicated that PLD1 specific inhib-
itors prefer (S)-configuration on the methyl carbon adjacent to
the amide linkage, whereas PLD2 selective inhibitors prefer
spiro ring fused with lactam. Based on these factors, 4-amin-
opyrazolopyrimidines (used as kinase inhibitors) have been
developed, which have IC50 values of 5 and 15 nM for PLD1 and
PLD2, respectively (89). Although targeting PLD isoforms is the
main focus for abrogating the effects of PLD on cancer growth,
using indirect inhibitors of upstream regulators of PLD is
another approach. Rebamipide, an antiulcer drug, has been
shown to inhibit Helicobacter pylori-induced PLD1 expression
and activity in gastric cancer cells (90).

Inhibition of PLD2 but not PLD1 or diacylglycerol kinase
(DGK) inhibited nuclear ERK activity in a variety of cancer
cells, causing a reduction in ERK-targeted gene expression.
This suggests that PLD2 is upstream of ERK and that targeting
PLD2 will further suppress ERK-mediated cancer cell growth
factor signaling (91). Breast cancer cells expressing an onco-
gene FAM83B have been shown to possess high PLD1 but not
PLD2 activity. In addition, PLD1 activity is an essential factor
required for the transformation mediated by Ras and FAM83B
(92).

One of the major problems in cancer treatment is resistance
of cancer cells to chemotherapy and radiation. Radiation in
combination with PLD inhibition (PLD1 and PLD2) has been
shown to be an efficient way to improve radiosensitivity of the
human breast cancer cell line, MDA-MB-231 (93). In agree-
ment with the involvement of PLD in inducing resistance of
cancer cells, it has been shown in laryngeal cancer cells that
membrane-associated estrogen receptor �36 (ER�36) activates
PKC, which in turn enhances PLD activity via estradiol (E2)
(94).

Unresponsiveness of cancer cells to upstream chemokines
makes them more aggressive. In this context, PLD1/Arf signal-
ing has been demonstrated as one of the key factors that con-
tribute to this unresponsiveness of leukemia cells (95). The acti-
vation of PLD improves chemotherapeutic sensitivity via
reducing the gene expression of multidrug resistance (96).

The involvement of PLD in inhibiting multidrug resistance
(99) is in contradiction with other studies that support the role
of PLD in making the cancer cells resistant (98). One possibility
might be that this phenomenon of PLD might be cell/tissue- or

cancer-dependent mechanism rather than a general mecha-
nism. However, it is essential to confirm the chemotherapeutic
sensitivity-promoting nature of the otherwise cancer-promot-
ing PLD2. At any rate, a more conclusive explanation awaits.
This is important because a compelling case will be needed for
use of PLD inhibitors in the treatment of cancer, even if such
information is used to determine which cancers are likely to
respond to such inhibitors in a manner that has therapeutic
utility, i.e. leading to a stratified approach.

Cancer, Autophagy, and PLD

Despite its role in promoting cancer, the mechanism behind
PLD-mediated cancer is not clearly understood, and some sub-
topics are not entirely settled yet. Take for example the role of
PLD in autophagy and cancer. On the one hand, PLD appears to
inhibit autophagy (97) because PLD/PA has been shown to acti-
vate mammalian target of rapamycin (mTOR), which is an
inhibitor of autophagy. Therefore, PLD inhibitors increase
autophagy, which in this case leads to cell death. In contrast,
another group of researchers (98) has indicated that PLD acti-
vates autophagy as inhibition of PLD reduces autophagy, lead-
ing to a decrease in cell viability, whereby autophagy might be a
protective cell survival mechanism. In addition, these cancers
might have different dependence on AKT or mTOR for regu-
lating the cellular outcome of the autophagic response in a par-
ticular cancer. This discrepancy might be a result of depen-
dence on cell or cancer type. Because the research on the effects
of PLD on autophagy is novel, it is very important to investigate
the same in various types of cancers and determine whether it is
a general phenomenon or cancer type-dependent.

Remaining Challenges

At least four challenges remain for the immediate future.
First, there is no crystal structure of mammalian PLD2 cur-
rently. To understand the mechanism underlying the multiple
roles of PLD2 as a lipase, GEF, and as a signaling protein by itself
via protein interactions, it is essential to obtain a three-dimen-
sional structure of PLD2. This will further facilitate the investi-
gation of PLD2-mediated biochemical functions and develop
novel PLD molecule-specific inhibitors or modulators that can
be developed to regulate PLD activities/protein interactions.

Second, although PLD2 activity is shown to be necessary for
cellular processes like chemotaxis and phagocytosis, deregu-
lated PLD2 levels were reported in several cancers such as
breast, colorectal, and renal cancers. All this suggests increasing
demand for the understanding of the in vivo mechanisms for
which there is an abundant amount of information regarding in
vitro and cultured cells, but it remains to be seen which of those
are applicable to in vivo cancer studies.

Third, and as studies with autophagy and ARF have amply
demonstrated, PLD might be cell/tissue- or cancer-dependent
mechanism rather than a general mechanism. Genome se-
quencing of specific cancer cells derived from patients at sev-
eral stages of the disease should clarify this, and this should
provide a better understanding of which PLD inhibitor (or
appropriate therapy) should be followed.

Fourth, it is becoming evident that several lipid enzymes are
deregulated in cancer tissues. It will probably not come as a
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surprise that the effects of PLD are not alone, but rather, they
are the result of cooperation with other lipid enzymes, particu-
larly sphingosine kinase and/or lipid phosphate phosphatases.

In conclusion, further study of the pathways and mecha-
nisms in which PLD is key to cancer will be developed from
patients representing the different stages of breast cancer (0 to
IV). In addition, more studies on PLD inhibitors will need to be
conducted in order for PLD inhibitors to be possibly used clin-
ically in cancer.
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Phospholipase D enzymes have long been proposed to play
multiple cell biological roles in cancer. With the generation of
phospholipase D1 (PLD1)-deficient mice and the development
of small molecule PLD-specific inhibitors, in vivo roles for PLD1
in cancer are now being defined, both in the tumor cells and in
the tumor environment. We review here tools now used to
explore in vivo roles for PLD1 in cancer and summarize recent
findings regarding functions in angiogenesis and metastasis.

The phospholipase D (PLD)2 enzyme superfamily is defined
by a conserved catalytic site and a functional commonality of
transphosphatidylation activity at phosphodiester bonds found
in a wide range of substrates. PLDs are present in bacteria and
viruses as well as in yeast, plants, and animals. Classical PLD
enzymes hydrolyze the abundant membrane lipid phosphati-
dylcholine to yield the second messenger phosphatidic acid
(PA) and choline (1). Most vertebrates have two classic iso-
forms, PLD1 (2) and PLD2 (3), which are 50% identical in pro-
tein sequence in mammals and arose from a gene duplication
event early in the vertebrate lineage. PLD2 is particularly
intriguing in that it has a compact gene structure (4, 5) and
resides within a 50-kb intron of another gene. Other animals,
such as Drosophila melanogaster and Caenorhabditis elegans,
have single PLD genes that are intermediate between mamma-
lian PLD1 and PLD2 (1, 6, 7). PLD1 and PLD2 encode an iden-
tical series of protein regions, including Pleckstrin homology
(PH) and Phox (PX) domains and a phosphatidylinositol 4,5-
bisphospate-interacting motif that regulate association with
specific subcellular membranes during signaling events, in
addition to the pair of split catalytic domains (1). PLD function
has been studied using biochemical, cell biological, and now
physiological approaches. Potential roles for PLD in general or
for PLD1 specifically have been reported in numerous physio-
logical settings including ones relevant to cancer such as sur-
vival signaling (8 –11), control of cell polarity (12, 13), Ras acti-
vation (14 –19), and cell migration (13, 20 –26). Moreover, a

PLD1 single nucleotide polymorphism (SNP) associates with
the risk of non-small cell lung cancer and increased PLD1
expression and/or PLD activity have been reported in multiple
types of cancer (27–33), although the mechanisms underlying
this increase and the specific advantage this confers to the
tumor cells are not known. As will be discussed as well, roles for
PLD1 in the tumor microenvironment have also been uncov-
ered, specifically in relationship to platelet activation (34 –36)
and angiogenesis (22, 26, 37).

In this review, we discuss physiological roles, in particular in
the context of cancer, that have been identified for PLD1 using
PLD lipase activity inhibitors and genetically modified animal
models.

Tools Used for Study of PLD Function

Cell biological roles for PLD enzymes have long been
explored using a variety of types of inhibitors, the most popular
of which has involved primary alcohols. Although classic PLDs
use water as a nucleophile in the transphosphatidylation reac-
tion to hydrolyze their target lipids and thus generate PA, they
can also use short-chain primary alcohols to generate phos-
phatidyl (Ptd) alcohols (38, 39). Ptd alcohols can be generated
only through the action of PLD, whereas PA can be generated
through three other enzymatic pathways (de novo synthesis,
acetylation of lysoPA, and phosphorylation of diacylglycerol
(40 – 42)), and the Ptd alcohols are metabolized slowly, making
them excellent reporters of PLD activity (38). Because primary
alcohols such as ethanol and 1-butanol possess more than
1000-fold greater nucleophilicity than water (39), they are pref-
erentially used by PLD when present and thus divert the PLD
from generating PA. Because the Ptd alcohols were thought to
be biologically inert, ethanol and 1-butanol have been used to
inhibit PLD generation of PA for more than two decades. How-
ever, concerns were raised in 2002 that the concentrations of
ethanol and 1-butanol commonly used for inhibition were not
sufficient to block PA production and that the amounts of alco-
hol required to fully block PA production had many other
effects on cellular lipids that complicated interpretation of the
ensuing findings (43). In addition, Ptd ethanol was found to
trigger cell biological responses (44), and a number of groups
reported that the primary alcohols block receptor activation at
the receptor level, including the insulin receptor (45, 46), cre-
ating additional challenges for drawing definitive conclusions
through use of alcohols to suppress PA formation. We then
reported that whereas 1-butanol blocked glucose-stimulated
insulin release but did not affect plasma membrane levels of PA,
a new and highly effective and specific PLD inhibitor, 5-fluoro-
2-indolyl des-chlorohalopemide (FIPI), blocked increases in
the level of PA but did not block glucose-stimulated insulin
release, indicating that the 1-butanol was blocking insulin
release through a nonspecific mechanism (47). Finally, with the
availability of primary cells prepared from mice lacking both
PLD1 and PLD2, it has been conclusively shown that although
primary alcohol blocks neutrophil degranulation in response to
bacterial peptide stimulation, ablation of PLD1 and PLD2 has
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no effect on the process, revealing a nonspecific inhibition
mediated by the primary alcohol in this event (48). Several indi-
rect inhibitors of PLD activity have been reported including
neomycin (49) and ceramide (50 –52), and some natural prod-
ucts also possess PLD inhibitory effects albeit through indirect
mechanisms (53). However, none of these specifically inhibit
PLD. Taken together, there is a need to reassess prior studies
that made use of primary alcohol or indirect PLD inhibitors
using modern, PLD-specific small molecule inhibitors, RNAi,
or PLD-ablated cells to confirm that the phenotypes previously
reported are reproduced with these other methods.

More recently and usefully, a large scale screen performed by
Steed and colleagues (54) at Novartis for small molecule PLD
inhibitors resulted in the identification of FIPI. Initially
reported as a PLD2 inhibitor, we and others subsequently
reported that FIPI is a potent inhibitor of both PLD1 and PLD2
(47, 55), and Brown and colleagues (56) have pursued combina-
torial chemistry approaches to generate subtype-selective PLD
inhibitors. FIPI and the isoform-selective inhibitors have
become widely used to explore roles for PLD in cells (11, 13, 21,
34, 57– 65). To date, the inhibitors have not been associated
with off-target or nonspecific effects, excepting one of the
PLD1-selective compounds (66). FIPI has also been employed
in vivo to study cancer growth and metastasis and platelet acti-
vation (22, 35, 67), which was achievable given its 5.5 h half-life
and acceptable bioavailability and solubility (54). The subtype-
specific PLD inhibitors currently available are less amenable for
in vivo studies with shorter half-lives (45 min to 1 h) and effi-
cient first-pass clearance (56), but with continued development
could become invaluable tools for study in animal models and
as potential therapeutics.

As useful and popular as these inhibitors are becoming for
the study of PLD function, it should be cautioned that PLD
inhibition may not always yield the same outcome as PLD gene
ablation or RNAi because both PLD1 and PLD2 have been
reported to mediate non-enzymatic functions in specific set-
tings (23, 68). More generally, PLD1 has been reported to inter-
act with 28 other proteins and PLD2 been reported to interact
with 29, only 11 of which are shared in common (see
www.ncbi.nlm.nih.gov/gene (accession numbers 5337 and
5338) for details), and in most instances these interactions
should presumably not be dependent on PLD activity. Thus,
there may be many changes in signaling pathways that occur
when the proteins are absent that are not observed when the
enzymatic function is simply suppressed.

Roles for PLD1 in Cancer Signaling from Studies of Cell
Lines in Culture

PLD activity has been proposed to stimulate pro-survival
tumor cell pathways (69) and to facilitate a switch in energy
metabolism from normal oxidative phosphorylation glycolysis
to the aerobic one characteristic of cancer (the Warburg effect)
(70). These roles will be discussed in separate minireviews
within this series. Here we will mainly focus on other roles
proposed for PLD1 in cancer based on study of cell lines.

Combatting metastasis remains the key challenge in manag-
ing cancer (71), and PLD1 has been reported to affect a number
of processes relevant to it. One of the earliest steps in many

types of tumors involves persistent activation of the small
GTPase Ras. Although regulation of Ras has been more broadly
connected to PLD2 (18, 19), PLD1 has also been shown to pro-
mote Ras and ERK activation and transformation in epithelial
cells (14) via interaction with PEA-15 (72). Another early step
involves loss of polarization for epithelial cells. PLD1 has been
linked to epithelial cell polarization downstream of the tumor
suppressor LKB1 via effects on the small GTPase Rap2A and
the actin-binding protein Ezrin (12) and for motile cells such as
neutrophils via control of recruitment of Rac1 to the leading
edge of the cell and subsequent actin cytoskeletal reorganiza-
tion (13). An important subsequent step involves increasing
invasive capacity to facilitate movement into the vascular or
lymphatic circulation. PLD1 has been linked by many groups to
increased release of extracellular proteases such as MMP-2 and
MMP-9 that facilitate invasion for multiple types of tumors
(73–76). Increased cell motility is similarly important in most
types of cancer. PLD1 has been linked to cell migration in mul-
tiple settings for non-transformed cells (21–26) and may have
similar roles in some types of cancer cells. The most interesting
finding related to PLD1 and motility of cancer cells, however,
addresses a setting in which loss of PLD1 activity results in
decreased motility that enhances the oncogenic process. Spe-
cifically, PLD1 facilitates endosomal recycling of the small
GTPase Rap1 to the plasma membrane, leading to activation of
LFA-1, an integrin that regulates lymphocyte entry into and
exit from lymph nodes (77). A subset of chronic lymphocytic
leukemia cases is characterized by defective activation of PLD1,
resulting in loss of Rap1 translocation and blunted LFA-1 acti-
vation, causing the malignant cells to become arrested in lymph
nodes where they are exposed to survival/proliferation signals
in the tissue microenvironment, which correlates with shorter
survival of the patients (20, 78). Taken together, roles for PLD1
in tumor cells have been described that are generally but not
always pro-oncogenic, suggesting that a PLD1 therapeutic
would be potentially useful in many settings but might be con-
traindicated in others such as chronic lymphocytic leukemia.

Oncogenic and Relevant Physiological Roles for PLD1
Revealed through Animal Models

Danio rerio (Zebrafish)

Two studies using D. rerio as a model organism are interest-
ing in connection to PLD1 and oncogenesis. First, Zeng et al.
(37) found that use of antisense morpholino oligonucleotides to
inhibit PLD1 expression led to impaired intersegmental vessel
development. The phenotype could be rescued in part by trans-
plantation of non-targeted mesenchymal notochord tissue,
suggesting that the defect arose from loss of a notochord mor-
phogen that stimulated angiogenesis. Although intriguing,
mice lacking PLD1 do not appear to exhibit this developmental
phenotype, and the phenotype may not relate well to the role of
PLD1 in neoangiogenesis in adult mice, which directly connects
to the vascular endothelial cells (22, 26), as will be discussed
subsequently.

Another intriguing story was reported by Liu et al. (79) who
discovered that PLD1 is up-regulated and hyperactivated in the
fat-free (ffr) mutant, accompanied by decreased levels of phos-

MINIREVIEW: PLD1 Roles in Cancer

22568 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 289 • NUMBER 33 • AUGUST 15, 2014



phatidylcholine, and showed that this phenotype could be ame-
liorated through suppression of PLD activity. This study sug-
gests a potential role for PLD1 in cell metabolism that has not
yet been explored in cancer pathways, although PLD1 has been
linked to lipid droplet generation and storage in non-trans-
formed cells (80).

Mouse Models

PLD1 and PLD2 are expressed in most tissues but vary in
relative and absolute levels (81, 82). The isoforms are both acti-
vated by G-protein-coupled and receptor tyrosine kinase path-
ways and use similar mechanisms to target subcellular mem-
brane sites (83), but subtle differences in the protein sequences
of the conserved domains and the only partially overlapping
regulatory mechanisms and sets of binding-partners lead PLD1
and PLD2 to localize in general to different intracellular sites
(84) and to exhibit isoform-specific functions (85), although
redundancy to differing degrees has also been reported as dis-
cussed below.

Mice lacking PLD1 are viable and grossly normal (34), but
have an interesting set of phenotypes. The first study on
PLD1�/� mice described defective platelet function, princi-
pally involving blunted activation of integrin �IIb�3 (34). Acti-
vated �IIb�3 binds fibrinogen, a key step in converting mono-
layers of platelets on damaged vessel walls into full-scale
thrombi. Exploring the pathophysiological consequences of
this defect led to the demonstration that PLD1�/� mice were
protected from major thrombotic events such as pulmonary
emboli, strokes, and aortic occlusion after vessel wall damage,
without affecting tail bleeding times. The phenotype could be
reproduced using in vivo administration of the PLD1/2 small
molecule inhibitor FIPI (35), both providing a potential thera-
peutic opportunity for PLD inhibitors and demonstrating that
the defect ensued from loss of PA generation rather than phys-
ical loss of PLD1. Both PLD1 and PLD2 are expressed in plate-
lets and activated by thrombin (86), albeit PLD1 is responsible
for generation of PA significantly earlier than PLD2 (34). Abla-
tion of PLD2 has no effect on platelet activation; however, the
absence of both PLD1 and PLD2 strengthened the PLD1 phe-
notype, revealing an additional parameter of �-granule release
(36). Depending on the strength of the inhibition desired, a
PLD1-selective or a dual PLD1/2 inhibitor might be most useful
for therapeutic purposes. Although not appreciated at the time,
the PLD1�/� platelet phenotype is relevant to metastasis as
discussed below.

Our initial studies on inhibition of PLD activity in several
types of tumor cells were unrewarding in that no changes in
proliferation, survival, or migration on standard substrates
were discernable. A very interesting finding was obtained, how-
ever, through implantation of wild-type melanoma and lung
tumors into mice lacking PLD1. In brief, the xenografts grew
slowly and exhibited virtually no tumor angiogenesis (22). This
was traced to blunted signaling through the VEGF receptor,
leading to minimal neoangiogenesis in response to VEGF sig-
naling as the tumor grew hypoxic. Part of the aberrant response
appears to involve interaction of the vascular endothelial cells
with extracellular matrix because aortic endothelial cells lack-
ing PLD1 had difficulty in attempting to generate microvessels

in response to serum stimulation. In addition, PLD1�/� lung
endothelial cells proliferated equally well and appeared identi-
cal to wild-type lung endothelial cells when cultured in stand-
ard tissue culture dishes, but failed to reorganize into vascular
cords when replated onto extracellular matrix substrates and
adhered poorly to fibronectin, vitronectin, and collagen, signi-
fying poor activation of integrins �5�1, �v�3, and �2�1, the
extracellular receptors that interact with them. These findings
were reminiscent of the blunted activation of �IIb�3 for
PLD1�/� platelets (34), suggesting a common underlying
mechanism. PLD1 has also been linked to hypoxia-induced,
VEGF-stimulated pathological retinal angiogenesis via siRNA
studies, although the signaling pathways involved may differ in
detail (26).

Metastasis to the lung after introduction of tumors cell intra-
venously was also reduced in PLD1�/� mice, and this finding
was discovered to reflect aberrant interaction of the tumor cells
with the PLD1�/� platelets (22). Although part of the platelet
deficiency could involve poor �IIb�3 activation because this
integrin is known to be important for tumor-platelet interac-
tions and the efficiency of metastatic seeding (87), a second role
for PLD1 was uncovered as well, which we hypothesize involves
transmission of a signal from the platelets to the tumor cells to
promote epithelial-mesenchymal transformation (EMT).
Although EMT is classically thought to underlie the conversion
from epithelial cells to mesenchymal cells that promotes emi-
gration from the primary tumor, it has recently been shown that
sustained contact between platelets and circulating tumor cells
in the vasculature reinitiates EMT pathways in the tumor cells
and facilitates their successful colonization at sites of metastasis
(88). The platelet-promoted EMT process involves both TGF�
release that stimulates a SMAD-dependent pathway and a
physical interaction that activates NF-�B signaling. Given the
observations that PLD-deficient platelets have a secretion
defect and that PLD1�/� platelets have decreased physical
affinity for tumor cells (22), PLD1 could be involved in either or
both of these stimulatory mechanisms (Fig. 1). Finally, both the
tumor angiogenesis and metastasis could be suppressed equally
well in wild-type mice through administration of the PLD
inhibitor FIPI, indicating the enzymatic role of PLD1 in this
setting and the potential utility of a PLD1 inhibitor for multiple
types of cancer.

PLD1 has been linked to some additional interesting path-
ways. Neovascularization of tumors often results in morpho-
logically and functionally abnormal blood vessels that are leaky,
i.e. have increased permeability, and this is thought to prevent
cytotoxic drugs from fully infusing into the core of malignant
tumors. Normalization of tumor blood vessels has been pro-
posed as a goal to improve nanomedicine delivery (89).
PLD1�/� but not PLD2�/� mice exhibit decreased Evan’s blue
ear leakage following irritation with mineral oil (21), indicating
that PLD1�/� mice have reduced vascular permeability. VEGF
receptor 2 (VEGFR2), which is also called vascular permeability
factor, plays an important role in regulating vascular permea-
bility (90). We have shown reduced ERK1/2, p38-MAPK, and
Akt signaling downstream of VEGFR2 stimulation in
PLD1�/� primary endothelial cells (22). Taken together, these
results suggest that VEGFR2 signaling impairment in the
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absence of PLD1, which leads to reduced vascular permeability,
could potentially normalize tumor blood vessels and improve
chemotherapeutic delivery to pre-established and vascularized
tumors.

Autophagy is a widely studied topic in oncogenesis. The
autophagic process recycles cellular organelles, facilitating cell
survival in settings of nutrient starvation, radiotherapy, and
certain cytotoxic drugs (91). PLD1 ablation decreases starva-
tion-induced expansion of LC3-positive compartments, a
marker for autophagy (92), although whether this is pro- or
anti-oncogenic depends on the type of tumor and setting (93).

Another complicated topic involves the innate immune
response to tumors. Tumor-associated macrophages can be
either supportive or suppressive for tumor growth. PLD1�/�

macrophages exhibit several types of defects including blunted
phagocytosis, spreading, and migration (21). Because local
macrophages tend to be tumor-promoting and recruited ones
tend to be tumor-suppressive, such migration defects in
PLD1�/� mice may favor a shift in the balance toward tumor
promotion.

Aside from tumorigenesis, roles for PLD1 have been assessed
in other mouse models that may provide insights for cancer
research. TGF� is a pathogenic mediator of acute lung
injury, of which the major consequence is human acute res-
piratory distress syndrome. TGF� increases endothelial and
epithelial permeability and facilitates alveolar flooding, the pri-
mary symptom of acute respiratory distress syndrome (94). The
epithelial sodium channel (ENaC) promotes clearance of water
from the alveolar (95). Explorations in a mouse acute lung

injury model have shown that TGF� promotes �ENaC inter-
nalization through a PLD-driven pathway, i.e. siRNA-mediated
knockdown of PLD1 prevents �ENaC internalization in human
lung epithelial A549 cells (96). PLD1 knockdown also blocks
TGF�-induced reactive oxygen species production, which
depending on the setting could be either pro-oncogenic or anti-
oncogenic. Ribosomal S6 kinase 2 (RSK2) functions as a pro-
oncogenic manner in many pathways (97) and also regulates
PLD1 via phosphorylation in the setting of neurite extension
(98), but whether this also plays a role in cancer progression is
unknown.

Finally, to emphasize some points made earlier, in some set-
tings PLD1 and PLD2 function in relatively distinct manners
with virtually no overlap in function. For example, PLD1 is
required for �IIb�3 activation on platelets, whereas PLD2 is not.
In contrast, Fukui and colleagues (64) have shown that PDGF-
stimulated dorsal ruffling on mouse embryo fibroblasts pro-
ceeds with normal kinetics in the presence of either PLD1 or
PLD2, but not when both isoforms are absent, presenting a cell
biological process in which there is substantial overlap in func-
tion for the isoforms. Thus, roles in cancer-connected pro-
cesses will have to be examined on a case-by-case basis to deter-
mine whether it would be most advantageous to inhibit one or
both of the PLD isoforms for optimal therapeutic benefit.

Perspective

Over the past two decades, hundreds of studies have ex-
plored roles for PLD isoforms using cell culture approaches.
Many of these need to be reassessed because they employed

FIGURE 1. Graphic depiction of PLD1 roles in tumor progression. Upper left, cancer cells in a primary tumor are shown piling up in place of the organized
epithelial cell layer. Not shown: evidence has been published to suggest that PLD or PLD1 specifically may affect the steps leading up to this stage through 1)
stimulating Ras activation to increase proliferation, 2) generating survival signals that suppress apoptosis in settings of nutrient deprivation, hypoxia, and
anoikis driven by detachment from the basal lamina extracellular matrix, and 3) regulating cell polarity to enable the detachment (8 –19). Shown: VEGF released
by tumor cells stimulates neoangiogenic vascularization of the tumor. Middle left, PLD1 may also increase tumor cell invasive capacity via MMP release and
facilitate migration and thus entry into circulation. Once in circulation, the tumor cells aggregate through interaction with platelets and fibrinogen, shielding
the tumor cells from the immune system, physically protecting them from flow stress, promoting EMT, and (lower left) assisting them in seeding at distal
metastatic sites. Right, in the absence of PLD1, vascular endothelial cells respond poorly to the VEGF released by the primary tumor, strongly decreasing
neoangiogenesis. For those tumor cells that enter into circulation, decreased interaction with platelets leads to reduced efficiency of metastatic seeding, via
any or multiple of the mechanisms listed above.
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primary alcohol as a PLD activity inhibitor. However, even for
the more recent studies that employed RNAi or highly specific
small molecule inhibitors, cell culture findings are not always
predictive of organismal responses. The limited number of ani-
mal studies that have been performed, however, suggest that
both PLD1 and PLD2 play roles in tumor progression and that
there will be many interesting stories to come in the context of
primary cancer cell migration, inflammatory responses, and
metabolic reprogramming. New techniques such as advanced
intravital imaging, which can now be employed down to the
subcellular level to examine tumor-stroma interactions (99),
genetically encoded PA sensors (16, 62), or in vivo cell tracking
using MRI and single-photon emission computed tomography
(100) will advance our understanding of the role of PLD1 in the
early steps of tumor development and metastasis. Therapy
resistance is one of the major challenges in treating cancer.
Both intrinsic genetic changes in cancer cells and changes in the
extrinsic tumor microenvironment can contribute to the devel-
opment of resistance (101). PLD may play any of several roles in
this process. In addition, the role of PLD in CTLA4 processing
(102) may offer the potential to predict immune therapy out-
comes. Inhibition of PLD activity as a means of decreasing
platelet activation might also provide benefit in management of
the hypercoagulation that is a common complication of cancer
and cancer therapeutics (22, 103) and increases the risk of
stroke (104).

Conclusion

Evidence for roles of PLD1 in cancer progression are becom-
ing well established, setting the stage for crossing PLD1�/�

mice into genetic mouse models of cancer and conducting
pharmacological studies on genetic models, potentially in com-
bination with other chemotherapeutic agents. Mice lacking
both PLD1 and PLD2 are viable, fertile, and overtly normal,
suggesting that isoform-selective or dual PLD1/2 inhibitors
should be well tolerated even for extended periods of time.
Nonetheless, given the partial redundancy between PLD1 and
PLD2 function and the several other means of generating PA in
the cell as a form of induced compensation, critical roles for the
PLD isoforms will need to be established empirically in each
setting.
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Phospholipase D (PLD) regulates downstream effectors by
generating phosphatidic acid. Growing links of dysregulation of
PLD to human disease have spurred interest in therapeutics that
target its function. Aberrant PLD expression has been identified
in multiple facets of complex pathological states, including can-
cer and inflammatory diseases. Thus, it is important to under-
stand how the signaling network of PLD expression is regulated
and contributes to progression of these diseases. Interestingly,
small molecule PLD inhibitors can suppress PLD expression as
well as enzymatic activity of PLD and have been shown to be
effective in pathological mice models, suggesting the potential
for use of PLD inhibitors as therapeutics against cancer and
inflammation. Here, we summarize recent scientific develop-
ments regarding the regulation of PLD expression and its role in
cancer and inflammatory processes.

Phospholipase D produces phosphatidic acid (PA)2 via
hydrolysis of phospholipids such as phosphatidylcholine and
cardiolipin. As a lipid second messenger, PA has been impli-
cated in a wide range of pathophysiological processes including
proliferation, oncogenesis, inflammation, phagocytosis, mem-
brane fusion, and spermatogenesis. Phosphatidylcholine-spe-
cific PLD1 and PLD2 are the classic mammalian isoforms of
PLD (1, 2). Growth factor, mitogen, and inflammatory cyto-
kines up-regulate expression and activity of PLD; however,
aberrant dysregulation of PLD occurs in various cancers and
inflammation-related diseases. Accordingly, it is important to
understand how expression of PLD is regulated and contributes
to these diseases.

An association between inflammation and cancer has been
observed (3) and supported by recent epidemiological data that
indicated �20% of cancer deaths are linked to chronic infec-
tions and persistent inflammation (4). The PLD signaling path-
way provides a possible molecular link between inflammation
and cancer; however, systematic investigation of PLD as a ther-
apeutic target has only begun within the last few years with
the development of small molecule PLD inhibitors and PLD
knock-out mice (5–13). This review covers recent advances in
the regulation of PLD expression and its role in cancer and
inflammation.

Expression and Activity of PLD Are Dysregulated in
Cancer

Role of PLD Up-regulated in Cancer

Elevated expression and activity of PLD have been detected
in various human cancers, including colon, breast, gastric, thy-
roid, brain, kidney, and uterine smooth muscle when compared
with adjacent non-neoplastic tissues. PLD contributes to vari-
ous mitogenic or oncogenic signaling pathways, including G
protein-coupled receptor (14), receptor tyrosine kinases (15,
16), integrin (7, 17), mammalian target of rapamycin (mTOR)
(18 –20), and Wnt signaling (21, 22).

PLD isozymes have been linked to protumorigenic and pro-
metastatic phenotypes, although they play different roles in this
context (23). Overexpression of PLD1 and its activity are
required for mutant H-Ras-induced transformation and
tumorigenesis (24). Moreover, PEA-15, a binding partner of
PLD1, promotes H-Ras-mediated cell transformation via
enhanced expression and activation of PLD1 (23). PLD2-gen-
erated PA in response to EGF activates Ras by recruiting its
immediate activator, SOS, to translocate to the plasma mem-
brane (16). Interestingly, PLD2 binds to Ras and acts as a gua-
nine nucleotide exchange factor (GEF) of Ras.

The GEF action of PLD2 is due to the PLD2 protein itself and
occurs independent of the lipase activity. Moreover, the GEF
activity of PLD2 is greatly elevated in rapidly growing and
highly metastatic cancer cells (25). Thus, PLD1 might be a crit-
ical downstream mediator of H-Ras-induced tumorigenesis,
and PLD2-generated PA and/or PLD2 protein itself play crucial
roles in the activation of Ras. PLD also activates mTOR and
Wnt signaling and is linked to oncogenesis (18 –22). In addi-
tion, PLD enhances secretion of matrix metalloproteinases
(MMPs), which degrade surrounding extracellular matrix to
facilitate cellular movement (26, 27). Thus, it seems that aber-
rant expression and activation of PLD in cancers accelerates
these signaling pathways and contributes to cancerous
phenotypes.

PLD2 expression level is correlated with tumor size and sur-
vival of patients with colorectal carcinoma, indicating that it
might be a prognostic marker in colorectal cancers (28). Ele-
vated expression of PLD2 in low invasive breast cancer cells has
been shown to induce a highly aggressive phenotype, with pri-
mary tumors that formed following xenotransplantation being
larger, growing faster, and developing lung metastases more
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readily (29). Silencing of PLD2 and PLD inhibitors (FIPI:
5-fluoro-2-indolyl des-chlorohalopemide; NOPT: N-[2-(4-
oxo-1-phenyl-1,3,8-triazaspiro[4,5]dec-8-yl)ethyl]-2-naphtha-
lenecarboxamide) in highly metastatic aggressive breast cancer
cells decreases tumor size and metastases formation in vivo
(29). Moreover, overexpression of wild-type PLD2 enhanced
processes favorable to lymphoma cell metastasis in vivo,
whereas catalytically inactive PLD2 reduced liver metastasis
relative to control cells (30).

Simpler organisms, especially those containing a single gene,
offer a useful setting to examine the role of PLD in cellular
physiology. Deficiency of PLD in yeast is tolerated during veg-
etable growth, but the enzyme plays a critical role during spor-
ulation (31). Inactivation of PLD in Caenorhabditis elegans
results in viable progeny with no overt phenotype (32). Dro-
sophila also has a single gene, but deficiency again results in a
benign phenotype (33). Zebrafish have two PLD genes, and
inhibition of PLD1 expression impairs blood vessel develop-
ment in this organism (34). However, mice lacking PLD1 and
PLD2 are viable, fertile, and have very benign phenotypes
(5– 8). Thus, PLD may play distinct roles in different species.
Accordingly, this information points to a need for further dis-
cussion about the true function of the PLD mammalian system.

It has been suggested that PLD1 or PLD2 ablation might be
compensated for by the other isoform or other signaling
enzymes that increase the formation or decrease the catabolism
of PA (7). Thus, it can be assumed that PLDs have dispensable
functions during development and in normal mouse physiol-
ogy. However, PLD1 and PLD2 knock-out mice are protected
under pathological conditions (5– 8). Although pharmacologi-
cal inhibition of PLD1 and PLD2 would be well tolerated, it
seems that these observations do not fit the plethora of func-
tions ascribed to these genes well.

Because specific inhibitors for PLD were unavailable until
recently, many PLD functional studies have employed primary
alcohols to inhibit PLD-dependent generation of PA. However,
more recent studies have raised concerns about off-target
effects of primary alcohols, even when the tertiary alcohol is
used as a control, and emphasized that the role of PLD in cell
functions should be reevaluated (12, 35, 36).

It has been suggested that mice lacking PLD1, but not PLD2,
incurred fewer lung metastases than wild-type mice, and thus
PLD1 in the tumor microenvironment is critical for tumor
growth and metastasis (8). These studies report complemen-
tary portions of the role of PLD1 and PLD2 in tumorigenesis
and metastasis, indicating that a small molecule capable of
inhibiting both PLD1 and PLD2 may be used in cancer thera-
peutics. Although small molecule PLD inhibitors appear to
have some value in cell culture systems, their usefulness for
PLD inhibition in vivo in animal models is less well established.
Recent studies have shown that pharmacologically and geneti-
cally induced PLD inhibition had no obvious side effects (8, 11);
thus, such a safe therapy could be particularly advantageous in
clinical practice. Accordingly, highly selective PLD inhibitors
with greater potency need to be developed and analyzed to
enable optimized drug delivery and bioavailability.

Triple-negative breast cancers (TNBC) are difficult to treat
due to their negative hormone receptor and ErbB2/HER2 sta-

tus. In addition, TNBC are aggressive because of their frequent
recurrence and high metastatic potential (37). Ceramide trans-
fer protein (CERT) was recently reported to determine the sig-
naling output of the EGF receptor (EGFR/ErbB1), which is up-
regulated in TNBC (38). Reduced expression of CERT in TNBC
is associated with alterations in plasma membrane organization
and PLD2 activation (38). Heering et al. (38) suggested that the
loss of CERT might trigger aberrant ligand-induced ErbB1 sig-
naling through PLD2 activation, which may be relevant to the
design of therapeutic interventions targeting TNBC. Choline
kinase-� (ChK-�) is up-regulated in several cancers and a major
contributor to increased phosphocholine, which is known as a
metabolic hallmark in various cancers (39). Choline generated
by PLD activation is used as a substrate of ChK-�. Recently,
these two enzymes were found to be interactive, with depletion
of ChK-� increasing PLD1 expression and vice versa in breast
cancer cells and simultaneous depletion of both enzymes
increasing apoptosis (40). Thus, ChK-� and PLD1 might be
multiple target enzymes in choline phospholipid metabolism of
breast cancer. Combined treatment with ChK-� inhibitor and
PLD inhibitor will be more effective against breast cancer than
individual treatments alone.

Genomic Alternation of PLD1 Gene in Cancer

Despite the dramatic advances in the field being driven by
genome sequencing, somatic mutations or genomic alterna-
tions (rearrangements, copy number variations) at the PLD
gene loci have not been widely observed in cancer. The Cancer
Genome Atlas (TCGA) indicates that the PLD1 gene is
mutated, amplified, and up-regulated in several types of can-
cers, including lung squamous cell carcinoma, ovarian serous
cystadenocarcinoma, breast invasive carcinoma, uterine corpus
endometrioid carcinoma, bladder urothelial carcinoma, and
hepatocellular carcinoma. Accordingly, although changes in
PLD expression may occur in some cancers, the mechanisms
involved might be driven by environmental or genetic factors
that constitute the primary cause of the disease.

Although PLD inhibition may have a place in cancer therapy,
this approach might not be targeting the primary cause of the
disease. A possible exception may be the 3q26 amplicon.
Indeed, the 3q26 locus is frequently amplified in various types
of cancer (ovarian, breast, and non-small cell lung cancers) and
is correlated with poor prognosis and an invasive phenotype
(41, 42). PLD1 was identified as a resident gene in the minimal
common amplified region of 3q26 (42). However, the informa-
tion relating copy number variation at this locus with PLD1
mRNA levels is not yet available in the TCGA. Although PLD1
has not been suggested as a transforming gene because overex-
pression of PLD1 did not show highly invasive capability in
immortalized mammary epithelial cells (41), it is speculated
that other genes at 3q26, including PLD1, may contribute to
other cancer-related phenotypes. Overexpression of PLD1 may
result in cancerous phenotypes via activation of various mito-
genic or oncogenic signaling pathways. However, it is impor-
tant to know how the very high expression levels needed to see
these effects relate to changes in PLD1 expression as a result of
3q26 locus amplification.
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PKC� and SOX2 were recently reported to be coamplified on
chromosome 3q26, as well as to cooperate to activate hedgehog
(Hh) signaling and drive a stem-like phenotype in lung squa-
mous cell carcinoma (LSCC) (44). Aberrant Hh signaling has
been implicated in the initiation and progression of various
cancer subtypes. PKC� activates the Hh signaling pathway to
stimulate oncosphere growth. Interestingly, RNA sequencing
(RNA-Seq) data have revealed that knockdown of PKC�
decreased expression of PLD1 and PLD2, which was increased
in the oncosphere of lung squamous cell carcinoma (43). Fur-
thermore, PLD inhibitors suppressed anchorage-independent
growth of glioma stem cells (44). Thus, it is possible that PLD
plays a role in stem-like cells and regulates the Hh signaling
pathway.

MicroRNA Targeting PLD in Cancer

MicroRNA (miR), endogenous non-coding small strands of
RNA 19 –25 nucleotides in length, regulate gene expression
through binding to the 3�-untranslated region (UTR) of target
mRNAs, which eventually results in either mRNA degradation
or translational repression. MiR is important in the develop-
ment and progression of various types of cancer. Treatment of
hypopharynx cancer cells with paclitaxel increased miR-29b-
1*, which putatively mediated the decreased expression of
PLD1 (45). miR-203 is reduced in various types of cancer, and
acts as a tumor-suppressive microRNA by directly targeting
certain oncogenes (46, 47). Expression of miR-203 is signifi-
cantly lower in high World Health Organization (WHO) grade
glioma tissues than low WHO grade glioma tissues and normal
brain tissues (48). miR-203 inhibited the proliferation and inva-
sion of glioma cells, at least in part, by targeting 3�-UTR of
PLD2 and suppressing its expression (48). Moreover, PLD2 has
been identified as a regulator of cell survival in glioblastoma
through its regulation of the prosurvival kinase Akt (44). Thus,
PLD2 as a new target of miR-203 may be a potential therapeutic
candidate for the treatment of glioblastoma.

Dynamics of PLD Expression via Use of Different
Transcription Factors in Cancer

Autoregulation of PLD Activity Is Coupled to Selective
Induction of PLD1 Expression via NF�B

Despite the importance of the duration and amplitude of
PLD signaling in cancer, mechanisms that regulate PLD expres-
sion remain poorly understood. Conversion of transient activa-
tion of signaling pathways to long term changes in cellular
behavior is accomplished through changes in gene expression
patterns. Despite the extensive information regarding the reg-
ulation of PLD activity, the long term effects of PLD activation
on PLD expression have not yet been elucidated. It is well
known that protein kinase C (PKC) stimulates PLD activity
(49). Physiological activators of PLD (PDGF, EGF, or IL-1�) and
phorbol-12-myristate-13-acetate, a PKC activator, enhanced
the expression of PLD1, but not PLD2 (50). Phorbol-12-myris-
tate-13-acetate and PDGF enhance binding of two functional
NF�B sites to PLD1 promoter, suggesting that PLD1 is a down-
stream target of NF�B (50, 51). Depletion of PLD1 or PLD2
inhibited PDGF-induced PLD1 expression (51). Additionally,
ectopic expression of wild-type PLD1 and PLD2, but not cat-

alytically inactive PLD isozymes, increased the mRNA level
and promoter activity of PLD1, but not PLD2. PA also
increased PLD1 expression via the NF�B elements (52). More-
over, inhibitors selective for PLD1 and/or PLD2 (VU0155056,
VU0155069, and VU0285655-1) suppressed the expression of
PLD1 stimulated by the growth factor, but not that of PLD2
(52). Kang et al. (52) suggested that enzymatic activities origi-
nating from both PLD1 and PLD2 are required for selective
induction of PLD1 via the positive feedback loop.

Helicobacter pylori induces chronic gastric inflammation
and has been defined as a carcinogen leading to gastric cancer
(53). H. pylori cagPAI (cag pathogenicity island) is a strain-spe-
cific locus that encodes a secretion system responsible for
mediation of the translocation of bacterial virulence factor
cagA protein into host epithelial cells (54). Infection of gastric
cancer cells with cagA-positive H. pylori led to selective induc-
tion of PLD1 expression via cagA-dependent activation of
NF�B (55), and H. pylori and expression of cagA increased the
binding of NF�B to the PLD1 promoter. Additionally, expres-
sion of PLD1 was elevated in H. pylori-infected human gastric
cancer tissues. Considering the direct link between cagA and
the PLD1 signaling pathway, cagA-positive H. pylori-induced
NF�B activation might lead to a risk of gastric cancer via up-
regulation of PLD1 expression. Mutated H-Ras selectively
increased PLD1, but not PLD2, via an interaction between Sp1
and its binding site in the 5� promoter of PLD1 (56). Because
mutated H-Ras is known to increase PLD activity, H-Ras can
enhance PLD1 expression via NF�B. Autoregulation of PLD
activity is coupled to selective induction of PLD1 expression via
NF�B and contributes to cancer progression through increased
MMP up-regulation and invasion (Fig. 1). Thus, PLD inhibitor
may be useful for cancer therapy via inhibition of both PLD1
expression and PLD activity. However, it cannot exclude the
possibility that such double inhibition would affect other key
and necessary functions, such as membrane maintenance.

Ewing Sarcoma Fusion Protein, EWS-Fli and Fli, Selectively
Increase PLD2 Expression via the ETS Binding Motif

The reduced EWS-Fli-1 expression down-regulated PLD2
protein expression, resulting in repression of PDGF-mediated
cell growth signaling in Ewing sarcoma (EWS) cells (57). EWS-
Fli1, which is a fusion gene resulting from a chromosomal
translocation t (11;22, q24;q12) found in EWS and primitive
neuroectodermal tumors, encodes a transcriptional activator
and promotes cellular transformation (58). Fli-1 genes are
members of the erythroblast transformation-specific (ETS)
family of transcription factors. Overexpression of EWS-Fli or
Fli increases expression of PLD2 (60). PLD2, which is mainly
involved in the increased PLD activity in EWS tumors (59), is a
novel target of EWS-Fli-1 as well as Fli-1 transcription factor on
the ETS binding site that functions as the principal promoter of
the PLD2 gene. Other ETS transcription factors such as PU.1,
ETS1 and ETS 2 could induce PLD2 gene expression, suggest-
ing PLD2 as a general target of the ETS protein family. Thus,
EWS-Fli1 might play a role in regulation of tumor proliferation-
signaling enzymes via PLD2 expression in Ewing sarcoma cells.
TC135 cells, an EWS cell line, showed predominant expression
of PLD2, whereas PLD1 protein and gene expression were very
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weak. Although PLD1 promoter also contains six candidate
ETS binding site motifs within the 5� promoter region, PLD1
was not responsive to EWS-Fli-1 or Fli-1 transcription factors.
The condition in histone acetylation around the PLD1 genome
could be one possible mechanism of the insensitivity of PLD1
transcription to members of the ETS family of proteins. Kikuchi
et al. (59) suggested that trichostatin A, an inhibitor of histone
deacetylase, could increase PLD1 expression in EWS cells.
However, expression of PLD1 gene by histone deacetylase
inhibitor needs further analysis. EWS-Fli1 plays a role in PDGF-
induced signaling by regulating PLD2 expression in EWS cells
(57, 59). Based on our finding that PDGF-induced PLD activa-
tion is associated with PLD1 induction in breast cancer cells,
regulation of the expression of each PLD isoform gene might
be cell type-specific. Thus, differential expression of PLD
isozymes might be mediated via a distinct signaling pathway or
through different transcription factors dependent on the phys-
iological status of cells or cell type (Fig. 1).

Wnt/�-Catenin Signaling Up-regulates Expression of Both
PLD1 and PLD2 Isozymes via TCF

Aberrant activation of Wnt/�-catenin signaling followed by
hyperactivation of T-cell transcription factor (TCF)-dependent
transcription of target genes is linked to various cancers.
Recently, both PLD1 and PLD2 were identified as target genes
of Wnt/�-catenin signaling via binding of TCF4/�-catenin in
their promoters (21, 22, 60). �-Catenin and TCF4 were shown
to elevate expression and activity of PLD isozymes, whereas
PLD isozymes were found to act as a positive feedback regulator
of Wnt signaling, which subsequently promotes Wnt-driven
anchorage-independent growth of colorectal cancer cells (Fig.
1). PLD enhances expression of the MMP-2 gene by increasing
the DNA binding activity of NF�B and Sp1, and then promotes
glioma cell invasion (27). Thus, it is believed that PLDs can

promote tumor phenotype independence of TCF-induced
genes. PLD activity is required for �-catenin/TCF-4 transcrip-
tional activation, which occurs via increased formation of the
�-catenin/TCF-4 complex (21). A PLD inhibitor that sup-
presses binding of TCF-4 to �-catenin may confer a clinical
benefit during treatment of Wnt/�-catenin-driven malignan-
cies. Further studies will enhance our understanding of the spe-
cific mechanisms by which increased expression of PLD con-
tributes to the development and progression of cancer.

Regulation of PLD Expression in Inflammation

Selective Induction of PLD1 by Inflammatory Cytokines

Expression of PLD1 has been shown to be up-regulated in a
variety of inflammatory and autoimmune diseases, including
acute pancreatitis (61), peritonitis (62), brain ischemia (63),
rheumatoid arthritis (64), and Alzheimer disease (65). Thus,
PLD may be involved in various inflammatory diseases. It has
been reported that PLD2 expression is not affected in activated
monocytes, and it appears to be a constitutive enzyme in circu-
lating monocytes (66). Conversely, PLD1 is an inducible protein
selectively induced during cell activation (52), suggesting dif-
ferent roles of PLD isoforms in mononuclear phagocytes.
Therefore, selective induction of PLD1 by pathogen activation
might play a relevant role in the late phase of immune response
and in chronic inflammation. Microarray analysis during the
transcriptional profiling of peripheral blood mononuclear cells
associated with acute pancreatitis demonstrated that PLD1 was
the top up-regulated gene (61), suggesting that it is a suitable
molecular marker of acute pancreatitis. Genetic silencing of
PLD1 effectively blocked the cytokine/chemokine production,
vascular permeability, and leukocyte recruitment triggered by
tumor necrosis factor � (TNF�) in an in vivo peritonitis model
(62). Based on these findings, blockade of PLD1 has potential

FIGURE 1. Dynamics of differential regulation of PLD expression in cancer progression. Growth factor, mitogen, H. pylori infection, and Wnt signaling
differentially express PLD isozymes via distinct signaling pathways or through different transcription factors depending on the physiological status of cells or
cell type. TBE, TCF binding element.
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clinical implications for improving acute inflammatory condi-
tions. PLD1 also plays a critical role in IL-1�-induced synovio-
cyte activation and the progression of chronic inflammatory
arthritis (64). PLD1 expression and activity in the synovium or
synoviocytes were found to be higher in rheumatoid arthritis
(RA) patients than in osteoarthritis patients. RA is a chronic
inflammatory disease characterized by the progressive destruc-
tion of articular cartilage and bone in the chronic phase. PLD1
expression correlates well with the severity of RA; thus, abnor-
mal up-regulation of PLD1 may contribute to the pathogenesis
of chronic arthritis. Increased expression of PLD1, but not
PLD2, was triggered by proinflammatory cytokines such as
IL-1�, TNF�, and IL-6 in RA synoviocytes, but not in osteoar-
thritis synoviocytes. IL-1� induced PLD1 expression via the
NF�B and ATF-2 pathways. IL-1� enhances proinflammatory
mediators, angiogenic factors, and proliferation and migration
via PLD1-mediated NF�B or HIF-1� activation and the FoxO3a
inactivation signaling pathway in RA synoviocytes (Fig. 2A).
Osteoclastogenesis plays an important role in joint destruction
in RA rheumatoid arthritis. It was recently suggested that oste-
oclastogenesis may occur through the expression of PLD1-in-
duced receptor activator of nuclear factor-�B ligand (RANKL)
in rheumatoid synoviocytes stimulated by IL-15 (67). More-
over, the PLD signaling pathway is involved in the lung cancer-
derived IL-8-induced increase in osteoclastogenesis (68). Thus,
regulation of PLD expression in RA patients may provide a new
treatment strategy for inhibition of the bone destruction caused
by this disease, as well as RA. IL-1� or TNF� has been reported
to induce PLD1 expression by increasing the expression of cal-

cium/calcineurin-regulated NFATc2/NFAT1 (69). It has also
been suggested that PLD1 promoter contains putative NFAT
binding sites. Taken together, these results indicate that proin-
flammatory cytokines selectively induce PLD1 expression via
NF�B, ATF2, or NFATc2 transcription factors (Fig. 2A).

Role of PLD2 Expression in Inflammatory Cytokine-induced
Migration of Immune Cells

IL-8, a potent chemoattractant, increases activity and
expression of PLD2 and enables PLD2 to function as a facilita-
tor for migration of immune cells (70). Leukocytes infiltrate
into tissues at the site of inflammation and stay for prolonged
periods of time until the insult is cleared, or remain longer in
the case of chronic inflammation. Speranza et al. (71) recently
demonstrated that, in the early stages of inflammation, activa-
tion of leukocytes by MCP-1/CCL2 induces the binding of Rac2
to PLD2 in the cytosol, which leads to stimulation of che-
motaxis. Later in the process, Rac2 translocates into the
nucleus and activates Sp1 via an unknown mechanism and then
represses PLD2 expression. The subsequently reduced PLD2
activity inhibits the ability of cells to undergo chemotaxis.
Although MCP-1 can activate �-catenin and increase PLD2
expression at earlier times in the process, Rac2 dominates at
later times, exerting a negative effect on PLD2 expression.
These findings suggest that if this negative effect is sustained, it
could induce prolonged immobilization of leukocytes from
normal functionality to the pathological stages of chronic
inflammation (Fig. 2B).

FIGURE 2. Role of proinflammatory cytokine-induced PLD expression in chronic inflammation. A, proinflammatory cytokines selectively induce
PLD1 expression via NF�B and ATF2. PLD1-derived PA promotes the binding of NF�B or HIF-1� to the promoters of its target genes and then increases
the expression of proinflammatory mediators, migration, and angiogenic factors. However, PA suppresses the expression of cell cycle arrest genes via
inhibition of FoxO3a transactivation. Moreover, PLD1 promotes osteoclastogenesis via up-regulation of RANKL expression in rheumatoid synovial
fibroblasts stimulated by IL-15. Ultimately, up-regulation of PLD1 by proinflammatory cytokines can induce the pathogenesis of chronic inflammation.
HRE, hypoxia-responsive element. B, during the early stages of inflammation, activation of leukocytes by MCP-1 induces the binding of Rac2 to PLD2 in
the cytosol and then stimulates chemotaxis. During sustained inflammation, PLD2 expression is repressed by unknown mechanisms involving Rac and
Sp1, and migration of the immune cells is suppressed. Prolonged immobilization of leukocytes by PLD2 repression can induce pathological stages of
chronic inflammation. TBE, TCF binding element.
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Compounds Down-regulating PLD Expression

PLD isozymes are downstream transcriptional target mol-
ecules of NF�B, Sp1, TCF4, EWS-Fli or Fli, ATF-2, and
NFATc2, which contribute to carcinogenesis or inflammation.
As a result, compounds suppressing PLD expression might be
useful in sensitizing resistant cancers and reducing inflam-
mation. PLD inhibition abolishes growth factors and inflam-
matory cytokine-induced PLD1 expression, which induces
proliferation, migration, invasion, angiogenesis, and chronic
autoimmune inflammatory arthritis; therefore, selective PLD
inhibitors may have therapeutic potential as anti-cancer and
anti-inflammatory agents. Several compounds are known to
suppress inflammation and proliferation of cancer cells via
down-regulation of PLD. Triptolide, a natural product used in
traditional Chinese medicine, has a myriad of therapeutic uses
against inflammation and autoimmune disease (72). Rebamip-
ide, a mucosal protective agent, has been used clinically for
treatment of gastritis and peptic ulcers (73). Triptolide and
rebamipide suppressed the expression and activity of both
PLD1 and PLD2 isozymes in various cancer cells, which was
followed by inhibition of the proliferation of cancer cells (74,
75). Triptolide- or rebamipide-mediated PLD1 repression was
due to inhibition of NF�B activity. However, it is likely that the
compounds inhibit PLD2 expression via a pathway distinct
from that of PLD1 because NF�B is not responsible for PLD2
expression. PLD isozymes might be a potential therapeutic tar-
get of triptolide and rebamipide. Triptolide has been shown to
interfere with a number of transcription factors at the molecu-
lar level, including NF�B, p53, NFAT, HSF-1, and xeroderma
pigmentosum group B protein (XPB) (76 –79), whereas rebam-
ipide might contribute to the anti-tumorigenic effect of gastric
cancer cells via inhibition of the H. pylori cagA-NF�B-PLD1
signaling pathway (55). Quercetin and caffeic acid phenethyl
ester are natural compounds that have also been shown to exert
a broad range of pharmacological effects, including anti-oxi-
dant and anti-inflammatory activities. Quercetin and caffeic
acid phenethyl ester abolished PLD1 expression via inhibition
of NF�B transactivation, leading to inhibition of the invasion
and proliferation of glioma cells (80, 81). These compounds
mentioned above are known to indirectly inhibit PLD activity,
but are inadequate as chemical probes because they have
many molecular targets in various signaling pathways.
Novartis Pharmaceuticals identified a psychotropic agent,
halopemide, by high throughput screening, which was used as
a starting point for PLD inhibitor development (10). Brown
and colleagues (9) developed highly selective PLD1 and PLD2
inhibitors based on this halopemide scaffold. PLD-selective
inhibitors will undoubtedly lead to new opportunities in inves-
tigations of PLDs and enable development of potential and
therapeutic drugs for treatment of diseases related to PLD dys-
regulation such as cancer and inflammation that function by
suppressing both the activity and the expression of PLD.

Conclusion and Future Perspectives

In the last few years, the function of mammalian PLD has
been investigated in greater detail because of the development
of selective PLD inhibitors and PLD knock-out mice. As a

result, we now have a much better molecular understanding of
the multiple roles of PLD. Increasingly, PLD has emerged as a
critical modulator of cancer and inflammatory responses, and
its expression and activities have been linked to multiple dis-
eases, including cancer, inflammation, neurodegeneration,
hypertension, thrombosis, and ischemic stroke. However, key
questions still remain. For example, we still have a poor under-
standing of the molecular mechanisms differentially regulating
PLD isozyme expression and of the precise role of each isoform.
Additionally, it is not clear whether PLD isozyme is regulated in
a coordinated fashion or separately in cancer and inflamma-
tion. However, future design of the next generation of isoform-
specific therapeutics for the treatment of cancer and other dis-
eases looks promising.

REFERENCES
1. Hammond, S. M., Altshuller, Y. M., Sung, T. C., Rudge, S. A., Rose, K.,

Engebrecht, J., Morris, A. J., and Frohman, M. A. (1995) Human ADP-
ribosylation factor-activated phosphatidylcholine-specific phospholipase
D defines a new and highly conserved gene family. J. Biol. Chem. 270,
29640 –29643

2. Colley, W. C., Sung, T. C., Roll, R., Jenco, J., Hammond, S. M., Altshuller,
Y., Bar-Sagi, D., Morris, A. J., and Frohman, M. A. (1997) Phospholipase
D2, a distinct phospholipase D isoform with novel regulatory properties
that provokes cytoskeletal reorganization. Curr. Biol. 7, 191–201

3. Balkwill, F., and Mantovani, A. (2001) Inflammation and cancer: back to
Virchow? Lancet 357, 539 –545

4. Kuper, H., Adami, H. O., and Trichopoulos, D. (2000) Infections as a major
preventable cause of human cancer. J. Intern. Med. 248, 171–183

5. Oliveira, T. G., Chan, R. B., Tian, H., Laredo, M., Shui, G., Staniszewski, A.,
Zhang, H., Wang, L., Kim, T. W., Duff, K. E., Wenk, M. R., Arancio, O., and
Di Paolo, G. (2010) Phospholipase D2 ablation ameliorates Alzheimer’s
disease-linked synaptic dysfunction and cognitive deficits. J. Neurosci. 30,
16419 –16428

6. Dall’Armi, C., Hurtado-Lorenzo, A., Tian, H., Morel, E., Nezu, A., Chan,
R. B., Yu, W. H., Robinson, K. S., Yeku, O., Small, S. A., Duff, K., Frohman,
M. A., Wenk, M. R., Yamamoto, A., and Di Paolo, G. (2010) The phospho-
lipase D1 pathway modulates macroautophagy. Nat. Commun. 1, 142

7. Elvers, M., Stegner, D., Hagedorn, I., Kleinschnitz, C., Braun, A., Kuijpers,
M. E., Boesl, M., Chen, Q., Heemskerk, J. W., Stoll, G., Frohman, M. A.,
and Nieswandt, B. (2010) Impaired �IIb�3 integrin activation and shear-
dependent thrombus formation in mice lacking phospholipase D1. Sci.
Signal. 3, ra1

8. Chen, Q., Hongu, T., Sato, T., Zhang, Y., Ali, W., Cavallo, J. A., van der
Velden, A., Tian, H., Di Paolo, G., Nieswandt, B., Kanaho, Y., and Fro-
hman, M. A. (2012) Key roles for the lipid signaling enzyme phospholipase
D1 in the tumor microenvironment during tumor angiogenesis and me-
tastasis. Sci. Signal. 5, ra79

9. Scott, S. A., Selvy, P. E., Buck, J. R., Cho, H. P., Criswell, T. L., Thomas,
A. L., Armstrong, M. D., Arteaga, C. L., Lindsley, C. W., and Brown, H. A.
(2009) Design of isoform-selective phospholipase D inhibitors that mod-
ulate cancer cell invasiveness. Nat. Chem. Biol. 5, 108 –117

10. Monovich, L., Mugrage, B., Quadros, E., Toscano, K., Tommasi, R.,
LaVoie, S., Liu, E., Du, Z., LaSala, D., Boyar, W., and Steed, P. (2007)
Optimization of halopemide for phospholipase D2 inhibition. Bioorg.
Med. Chem. Lett. 17, 2310 –2311

11. Stegner, D., Thielmann, I., Kraft, P., Frohman, M. A., Stoll, G., and
Nieswandt, B. (2013) Pharmacological inhibition of phospholipase D pro-
tects mice from occlusive thrombus formation and ischemic stroke: brief
report. Arterioscler. Thromb. Vasc. Biol. 33, 2212–2217

12. Su, W., Yeku, O., Olepu, S., Genna, A., Park, J. S., Ren, H., Du, G., Gelb,
M. H., Morris, A. J., and Frohman, M. A. (2009) 5-Fluoro-2-indolyl des-
chlorohalopemide (FIPI), a phospholipase D pharmacological inhibitor
that alters cell spreading and inhibits chemotaxis. Mol. Pharmacol. 75,
437– 446

MINIREVIEW: PLD Expression in Cancer and Inflammation

22580 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 289 • NUMBER 33 • AUGUST 15, 2014



13. O’Reilly, M. C., Scott, S. A., Brown, K. A., Oguin, T. H., 3rd, Thomas, P. G.,
Daniels, J. S., Morrison, R., Brown, H. A., and Lindsley, C. W. (2013)
Development of dual PLD1/2 and PLD2 selective inhibitors from a com-
mon 1,3,8-triazaspiro[4.5]decane core: discovery of Ml298 and Ml299 that
decrease invasive migration in U87-MG glioblastoma cells. J. Med. Chem.
56, 2695–2699

14. López De Jesús, M., Stope, M. B., Oude Weernink, P. A., Mahlke, Y.,
Börgermann, C., Ananaba, V. N., Rimmbach, C., Rosskopf, D., Michel,
M. C., Jakobs, K. H., and Schmidt, M. (2006) Cyclic AMP-dependent and
Epac-mediated activation of R-Ras by G protein-coupled receptors leads
to phospholipase D stimulation. J. Biol. Chem. 281, 21837–21847

15. Lu, Z., Hornia, A., Joseph, T., Sukezane, T., Frankel, P., Zhong, M., Byche-
nok, S., Xu, L., Feig, L. A., and Foster, D. A. (2000) Phospholipase D and
RalA cooperate with the epidermal growth factor receptor to transform
3Y1 rat fibroblasts. Mol. Cell Biol. 20, 462– 467

16. Zhao, C., Du, G., Skowronek, K., Frohman, M. A., and Bar-Sagi, D. (2007)
Phospholipase D2-generated phosphatidic acid couples EGFR stimulation
to Ras activation by Sos. Nat. Cell Biol. 9, 706 –712

17. Powner, D. J., Payne, R. M., Pettitt, T. R., Giudici, M. L., Irvine, R. F., and
Wakelam, M. J. (2005) Phospholipase D2 stimulates integrin-mediated
adhesion via phosphatidylinositol 4-phosphate 5-kinase I�b. J. Cell Sci.
118, 2975–2986

18. Chen, Y., Rodrik, V., and Foster, D. A. (2005) Alternative phospholipase
D/mTOR survival signal in human breast cancer cells. Oncogene 24,
672– 679

19. Fang, Y., Vilella-Bach, M., Bachmann, R., Flanigan, A., and Chen, J. (2001)
Phosphatidic acid-mediated mitogenic activation of mTOR signaling. Sci-
ence 294, 1942–1945

20. Xu, L., Salloum, D., Medlin, P. S., Saqcena, M., Yellen, P., Perrella, B., and
Foster, D. A. (2011) Phospholipase D mediates nutrient input to mamma-
lian target of rapamycin complex 1 (mTORC1). J. Biol. Chem. 286,
25477–25486

21. Kang, D. W., Lee, S. H., Yoon, J. W., Park, W. S., Choi, K. Y., and Min, D. S.
(2010) Phospholipase D1 drives a positive feedback loop to reinforce the
Wnt/�-catenin/TCF signaling axis. Cancer Res. 70, 4233– 4242

22. Kang, D. W., and Min, D. S. (2010) Positive feedback regulation between
phospholipase D and Wnt signaling promotes Wnt-driven anchorage-
independent growth of colorectal cancer cells. PLoS One 5, e12109

23. Sulzmaier, F. J., Valmiki, M. K., Nelson, D. A., Caliva, M. J., Geerts, D.,
Matter, M. L., White, E. P., and Ramos, J. W. (2012) PEA-15 potentiates
H-Ras-mediated epithelial cell transformation through phospholipase D.
Oncogene 31, 3547–3560

24. Buchanan, F. G., McReynolds, M., Couvillon, A., Kam, Y., Holla, V. R.,
Dubois, R. N., and Exton, J. H. (2005) Requirement of phospholipase D1
activity in H-RasV12-induced transformation. Proc. Natl. Acad. Sci. U.S.A.
102, 1638 –1642

25. Henkels, K. M., Mahankali, M., and Gomez-Cambronero, J. (2013) In-
creased cell growth due to a new lipase-GEF (Phospholipase D2) fastly
acting on Ras. Cell Signal. 25, 198 –205

26. Kato, Y., Lambert, C. A., Colige, A. C., Mineur, P., Noël, A., Frankenne, F.,
Foidart, J. M., Baba, M., Hata, R., Miyazaki, K., and Tsukuda, M. (2005)
Acidic extracellular pH induces matrix metalloproteinase-9 expression in
mouse metastatic melanoma cells through the phospholipase D-mitogen-
activated protein kinase signaling. J. Biol. Chem. 280, 10938 –10944

27. Park, M. H., Ahn, B. H., Hong, Y. K., and Min, D. S. (2009) Overexpression
of phospholipase D enhances matrix metalloproteinase-2 expression and
glioma cell invasion via protein kinase C and protein kinase A/NF�B/Sp1-
mediated signaling pathways. Carcinogenesis 30, 356 –365

28. Saito, M., Iwadate, M., Higashimoto, M., Ono, K., Takebayashi, Y., and
Takenoshita, S. (2007) Expression of phospholipase D2 in human colorec-
tal carcinoma. Oncol. Rep. 18, 1329 –1334

29. Henkels, K. M., Boivin, G. P., Dudley, E. S., Berberich, S. J., and Gomez-
Cambronero, J. (2013) Phospholipase D (PLD) drives cell invasion, tumor
growth and metastasis in a human breast cancer xenograph model. Onco-
gene 32, 5551–5562

30. Knoepp, S. M., Chahal, M. S., Xie, Y., Zhang, Z., Brauner, D. J., Hallman,
M. A., Robinson, S. A., Han, S., Imai, M., Tomlinson, S., and Meier, K. E.
(2008) Effects of active and inactive phospholipase D2 on signal transduc-

tion, adhesion, migration, invasion, and metastasis in EL4 lymphoma cells.
Mol. Pharmacol. 74, 574 –584

31. Waksman, M., Eli, Y., Liscovitch, M., and Gerst, J. E. (1996) Identification
and characterization of a gene encoding phospholipase D activity in yeast.
J. Biol. Chem. 271, 2361–2364

32. Matthies, D. S., Fleming, P. A., Wilkes, D. M., and Blakely, R. D. (2006) The
Caenorhabditis elegans choline transporter CHO-1 sustains acetylcholine
synthesis and motor function in an activity-dependent manner. J. Neuro-
sci. 26, 6200 – 6212

33. LaLonde, M., Janssens, H., Yun, S., Crosby, J., Redina, O., Olive, V., Alt-
shuller, Y. M., Choi, S. Y., Du, G., Gergen, J. P., and Frohman, M. A. (2006)
A role for Phospholipase D in Drosophila embryonic cellularization. BMC
Dev. Biol. 6, 60

34. Zeng, X. X., Zheng, X., Xiang, Y., Cho, H. P., Jessen, J. R., Zhong, T. P.,
Solnica-Krezel, L., and Brown, H. A. (2009) Phospholipase D1 is required
for angiogenesis of intersegmental blood vessels in zebrafish. Dev. Biol.
328, 363–376

35. Norton, L. J., Zhang, Q., Saqib, K. M., Schrewe, H., Macura, K., Anderson,
K. E., Lindsley, C. W., Brown, H. A., Rudge, S. A., and Wakelam, M. J.
(2011) PLD1 rather than PLD2 regulates phorbol-ester-, adhesion-depen-
dent and Fc�-receptor-stimulated ROS production in neutrophils. J. Cell
Sci. 124, 1973–1983

36. Yanase, Y., Carvou, N., Frohman, M. A., and Cockcroft, S. (2010) Revers-
ible bleb formation in mast cells stimulated with antigen is Ca2�/calmod-
ulin-dependent and bleb size is regulated by ARF6. Biochem. J. 425,
179 –193

37. Hurvitz, S. A., and Finn, R. S. (2009) What’s positive about ‘triple-negative’
breast cancer? Future Oncol. 5, 1015–1025

38. Heering, J., Weis, N., Holeiter, M., Neugart, F., Staebler, A., Fehm, T. N.,
Bischoff, A., Schiller, J., Duss, S., Schmid, S., Korte, T., Herrmann, A., and
Olayioye, M. A. (2012) Loss of the ceramide transfer protein augments
EGF receptor signaling in breast cancer. Cancer Res. 72, 2855–2866

39. Janardhan, S., Srivani, P., and Sastry, G. N. (2006) Choline kinase: an im-
portant target for cancer. Curr. Med. Chem. 13, 1169 –1186

40. Gadiya, M., Mori, N., Cao, M. D., Mironchik, Y., Kakkad, S., Gribbestad,
I. S., Glunde, K., Krishnamachary, B., and Bhujwalla, Z. M. (2014) Phos-
pholipase D1 and choline kinase-� are interactive targets in breast cancer.
Cancer Biol. Ther. 15, 593– 601

41. Akagi, I., Miyashita, M., Makino, H., Nomura, T., Hagiwara, N., Taka-
hashi, K., Cho, K., Mishima, T., Takizawa, T., and Tajiri, T. (2008) SnoN
overexpression is predictive of poor survival in patients with esophageal
squamous cell carcinoma. Ann. Surg. Oncol. 15, 2965–2975

42. Hagerstrand, D., Tong, A., Schumacher, S. E., Ilic, N., Shen, R. R., Cheung,
H. W., Vazquez, F., Shrestha, Y., Kim, S. Y., Giacomelli, A. O., Rosenbluh,
J., Schinzel, A. C., Spardy, N. A., Barbie, D. A., Mermel, C. H., Weir, B. A.,
Garraway, L. A., Tamayo, P., Mesirov, J. P., Beroukhim, R., and Hahn,
W. C. (2013) Systematic interrogation of 3q26 identifies TLOC1 and SKIL
as cancer driver. Cancer Discov. 3, 1044 –1057

43. Justilien, V., Walsh, M. P., Ali, S. A., Thompson, E. A., Murray, N. R., and
Fields, A. P. (2014) The PRCK1 and SOX2 oncogenes are coamplified and
cooperate to activate Hedgehog signaling in lung squamous cell carci-
noma. Cancer Cell 25, 139 –151

44. Bruntz, R. C., Taylor, H. E., Lindsley C. W., and Brown, H. A. (2014)
Phospholipase D2 mediates survival signaling through direct regulation of
Akt in glioblastoma cells. J. Biol. Chem. 289, 600 – 616

45. Xu, C. Z., Shi, R. J., Chen, D., Sun, Y. Y., Wu, Q. W., Wang, T., and Wang,
P. H. (2013) Potential biomarkers for paclitaxel sensitivity in hypopharynx
cancer cell. Int. J. Clin. Exp. Pathol. 6, 2745–2756

46. Bian, K., Fan, J., Zhang, X., Yang, X. W., Zhu, H. Y., Wang, L., Sun, J. Y.,
Meng, Y. L., Cui, P. C., Cheng, S. Y., Zhang, J., Zhao, J., Yang, A. G., and
Zhang, R. (2012) MicroRNA-203 leads to G1 phase cell cycle arrest in
laryngeal carcinoma cells by directly targeting survivin. FEBS Lett. 586,
804 – 809

47. Wang, C., Zheng, X., Shen, C., and Shi, Y. (2012) MicroRNA-203 sup-
presses cell proliferation and migration by targeting BIRC5 and LASP1 in
human triple-negative breast cancer cells. J. Exp. Clin. Cancer Res. 31, 58

48. Chen, Z., Li, D., Cheng, Q., Ma, Z., Jiang, B., Peng, R., Chen, R., Cao, Y., and
Wan, X. (2014) MicroRNA-203 inhibits the proliferation and invasion of

MINIREVIEW: PLD Expression in Cancer and Inflammation

AUGUST 15, 2014 • VOLUME 289 • NUMBER 33 JOURNAL OF BIOLOGICAL CHEMISTRY 22581



U251 glioblastoma cells by directly targeting PLD2. Mol. Med. Rep. 9,
503–508

49. Selvy, P. E., Lavieri, R. R., Lindsley, C. W., and Brown, H. A. (2011) Phos-
pholipase D-enzymology, functionality, and chemical modulation. Chem.
Rev. 111, 6064 – 6119

50. Kang, D. W., Park, M. H., Lee, Y. J., Kim, H. S., Kwon, T. K., Park, W. S., and
Min, D. S. (2008) Phorbol ester up-regulates phospholipase D1 but not
phospholipase D2 expression through a PKC/Ras/ERK/NF�B-dependent
pathway and enhances matrix metalloproteinase-9 secretion in colon can-
cer cells. J. Biol. Chem. 283, 4094 – 4104

51. Kang, D. W., and Min, D. S. (2010) Platelet derived growth factor increases
phospholipase D1 but not phospholipase D2 expression via NF�B signal-
ing pathway and enhances invasion of breast cancer cells. Cancer Lett.
294, 125–133

52. Kang, D. W., Park, M. H., Lee, Y. J., Kim, H. S., Lindsley, C. W., Alex Brown,
H., and Min, D. S. (2011) Autoregulation of phospholipase D activity is
coupled to selective induction of phospholipase D1 expression to promote
invasion of breast cancer cells. Int. J. Cancer 128, 805– 816

53. Hatakeyama, M. (2008) Linking epithelial polarity and caecinogenesis by
multitasking Helicobacter pylori virulence factor CagA. Oncogene 27,
7047–7054

54. Hatakeyama, M. (2004) Oncogenic mechanisms of the Helicobacter pylori
CagA protein. Nat. Rev. Cancer 4, 688 – 694

55. Kang, D. W., Hwang, W. C., Park, M. H., Ko, G. H., Ha, W. S., Kim, K. S.,
Lee, Y. C., Choi, K. Y., and Min, D. S. (2013) Rebamipide abolishes Heli-
cobacter pylori CagA-induced phospholipase D1 expression via inhibition
of NF�B and suppresses invasion of gastric cancer cells. Oncogene 32,
3531–3542

56. Gao, S., Murakami, M., Ito, H., Furuhata, A., Yoshida, K., Tagawa, Y.,
Hagiwara, K., Takagi, A., Kojima, T., Suzuki, M., Banno, Y., Nozawa, Y.,
and Murate, T. (2009) Mutated RAS induced PLD1 gene expression
through increased Sp1 transcription factor. Nagoya J. Med. Sci. 71,
127–136

57. Nozawa, S., Ohno, T., Banno, Y., Dohjima, T., Wakahara, K., Fan, D. G.,
and Shimizu, K. (2005) Inhibition of platelet-derived growth factor-in-
duced cell growth signaling by a short interfering RNA for EWS-Fli-1 via
down-regulation of phospholipase D2 in Ewing sarcoma cells. J. Biol.
Chem. 280, 27544 –27551

58. Arvand, A., and Denny, C. T. (2001) Biology of EWS/ETS fusions in Ew-
ing’s family tumors. Oncogene 20, 5747–5754

59. Kikuchi, R., Murakami, M., Sobue, S., Iwasaki, T., Hagiwara, K., Takagi, A.,
Kojima, T., Asano, H., Suzuki, M., Banno, Y., Nozawa, Y., and Murate, T.
(2007) Ewing’s sarcoma fusion protein, EWS/Fli-1 and Fli-1 protein in-
duce PLD2 but not PLD1 gene expression by binding to an ETS domain of
5� promoter. Oncogene 26, 1802–1810

60. Kang, D. W., Choi, K. Y., and Min, D. S. (2011) Phospholipase D meets
Wnt signaling: a new target for cancer therapy. Cancer Res. 71, 293–297

61. Bluth, M., Lin, Y. Y., Zhang, H., Viterbo, D., and Zenilman, M. (2008) Use
of gene expression profiles in cells of peripheral blood to identify new
molecular markers of acute pancreatitis. Arch. Surg. 143, 227–233

62. Sethu, S., Pushparaj, P. N., and Melendez, A. J. (2010) Phospholipase D1
mediates TNF�-induced inflammation in a murine model of TNF�-in-
duced peritonitis. PLoS ONE 5, e10506

63. Lee, M. Y., Kim, S. Y., Min, D. S., Choi, Y. S., Shin, S. L., Chun, M. H., Lee,
S. B., Kim, M. S., and Jo, Y. H. (2000) Upregulation of phospholipase D in
astrocytes in response to transient forebrain ischemia. Glia 30, 311–317

64. Kang, D. W., Park, M. K., Oh, H. J., Lee, D. G., Park, S. H., Choi, K. Y., Cho,
M. L., and Min, D. S. (2013) Phospholipase D1 has a pivotal role in inter-
leukin-1�-driven chronic autoimmune arthritis through regulation of
NF�B, hypoxia-inducible factor 1�, and FoxO3a. Mol. Cell Biol. 33,
2760 –2772

65. Jin, J. K., Ahn, B. H., Na, Y. J., Kim, J. I., Kim, Y. S., Choi, E. K., Ko, Y. G.,
Chung, K. C., Kozlowski, P. B., and Min, D. S. (2007) Phospholipase D1 is

associated with amyloid precursor protein in Alzheimer’s disease. Neuro-
biol. Aging 28, 1015–1027

66. Locati, M., Riboldi, E., Bonecchi, R., Transidico, P., Bernasconi, S.,
Haribabu, B., Morris, A. J., Mantovani, A., and Sozzani, S. (2001) Selective
induction of phospholipase D1 in pathogen-activated human monocytes.
Biochem. J. 358, 119 –125

67. Park, M. K., Her, Y. M., Cho, M. L., Oh, H. J., Park, E. M., Kwok, S. K., Ju,
J. H., Park, K. S., Min, D. S., Kim, H. Y., and Park, S. H. (2011) IL-15
promotes osteoclastogenesis via the PLD pathway in rheumatoid arthritis.
Immunol. Lett. 139, 42–51

68. Hsu, Y. L., Hung, J. Y., Ko, Y. C., Hung, C. H., Huang, M. S., and Kuo, P. L.
(2010) Phospholipase D signaling pathway is involved in lung cancer-
derived IL-8 increased osteoclastogenesis. Carcinogenesis 31, 587–596

69. Yang, T. T., Ung, P. M., Rincón, M., and Chow, C. W. (2006) Role of the
CCAAT/enhancer-binding protein NFATc2 transcription factor cas-
cade in the induction of secretory phospholipase A2. J. Biol. Chem. 281,
11541–11552

70. Tabatabaian, F., Dougherty, K., Di Fulvio, M., and Gomez-Cambronero, J.
(2010) Mammalian target of rapamycin (mTOR) and S6 kinase down-
regulate phospholipase D2 basal expression and function. J. Biol. Chem.
285, 18991–19001

71. Speranza, F. J., Mahankali, M., and Gomez-Cambronero, J. (2013) Macro-
phage migration arrest due to a winning balance of Rac2/Sp1 repression
over �-catenin-induced PLD expression. J. Leukocyte Biol. 94, 953–962

72. Qiu, D., and Kao, P. N. (2003) Review Immunosuppressive and anti-in-
flammatory mechanisms of triptolide, the principal active diterpenoid
from the Chinese medicinal herb Tripterygium wilfordii Hook. f. Drugs.
R. D. 4, 1–18

73. Arakawa, T., Kobayashi, K., Yoshikawa, T., and Tarnawski, A. (1998) Re-
bamipide: overview of its mechanisms of action and efficacy in mucosal
protection and ulcer healing. Dig. Dis. Sci. 43, 5S–13S

74. Kang, D. W., Lee, J. Y., Oh, D. H., Park, S. Y., Woo, T. M., Kim, M. K., Park,
M. H., Jang, Y. H., and Min, D. S. (2009) Triptolide-induced suppression of
phospholipase D expression inhibits proliferation of MDA-MB-231 breast
cancer cells. Exp. Mol. Med. 41, 678 – 685

75. Kang, D. W., Min, G., Park, do. Y., Hong, K. W., and Min, D. S. (2010)
Rebamipide-induced downregulation of phospholipase D inhibits inflam-
mation and proliferation in gastric cancer cells. Exp. Mol. Med. 42,
555–564

76. Qiu, D., Zhao, G., Aoki, Y., Shi, L., Uyei, A., Nazarian, S., Ng, J. C., and
Kao, P. N. (1999) Immunosuppressant PG490 (triptolide) inhibits T-
cell interleukin-2 expression at the level of purine-box/nuclear factor of
activated T-cells and NF�B transcriptional activation. J. Biol. Chem. 274,
13443–13450

77. Chang, W. T., Kang, J. J., Lee, K. Y., Wei, K., Anderson, E., Gotmare, S.,
Ross, J. A., and Rosen, G. D. (2001) Triptolide and chemotherapy cooper-
ate in tumor cell apoptosis: a role for the p53 pathway. J. Biol. Chem. 276,
2221–2227

78. Westerheide, S. D., Kawahara, T. L., Orton, K., and Morimoto, R. I. (2006)
Triptolide, an inhibitor of the human heat shock response that enhances
stress-induced cell death. J. Biol. Chem. 281, 9616 –9622

79. Titov, D. V., Gilman, B., He, Q. L., Bhat, S., Low, W. K., Dang, Y., Smeaton,
M., Demain, A. L., Miller, P. S., Kugel, J. F., Goodrich, J. A., and Liu, J. O.
(2011) XPB, a subunit of TFIIH, is a target of the natural product triptolide.
Nat. Chem. Biol. 7, 182–188

80. Park, M. H., and Min, D. S. (2011) Quercetin-induced downregulation of
phospholipase D1 inhibits proliferation and invasion in U87 glioma cells.
Biochem. Biophys. Res. Commun. 412, 710 –715

81. Park, M. H., Kang, D. W., Jung, Y., Choi, K. Y., and Min, D. S. (2013) Caffeic
acid phenethyl ester downregulates phospholipase D1 via direct binding
and inhibition of NF�B transactivation. Biochem. Biophys. Res. Commun.
442, 1–7

MINIREVIEW: PLD Expression in Cancer and Inflammation

22582 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 289 • NUMBER 33 • AUGUST 15, 2014



Phospholipase D and the
Maintenance of Phosphatidic
Acid Levels for Regulation of
Mammalian Target of
Rapamycin (mTOR)*
Published, JBC Papers in Press, July 2, 2014, DOI 10.1074/jbc.R114.566091

David A. Foster1, Darin Salloum, Deepak Menon,
and Maria A. Frias
From the Department of Biological Sciences, Hunter College of the City
University of New York, New York, New York 10065

Phosphatidic acid (PA) is a critical metabolite at the heart of
membrane phospholipid biosynthesis. However, PA also serves
as a critical lipid second messenger that regulates several pro-
teins implicated in the control of cell cycle progression and cell
growth. Three major metabolic pathways generate PA: phos-
pholipase D (PLD), diacylglycerol kinase (DGK), and lysophos-
phatidic acid acyltransferase (LPAAT). The LPAAT pathway is
integral to de novo membrane phospholipid biosynthesis,
whereas the PLD and DGK pathways are activated in response to
growth factors and stress. The PLD pathway is also responsive to
nutrients. A key target for the lipid second messenger function
of PA is mTOR, the mammalian/mechanistic target of rapamy-
cin, which integrates both nutrient and growth factor signals to
control cell growth and proliferation. Although PLD has been
widely implicated in the generation of PA needed for mTOR
activation, it is becoming clear that PA generated via the LPAAT
and DGK pathways is also involved in the regulation of mTOR.
In this minireview, we highlight the coordinated maintenance of
intracellular PA levels that regulate mTOR signals stimulated by
growth factors and nutrients, including amino acids, lipids, glu-
cose, and Gln. Emerging evidence indicates compensatory
increases in one source of PA when another source is compro-
mised, highlighting the importance of being able to adapt to
stressful conditions that interfere with PA production. The reg-
ulation of PA levels has important implications for cancer cells
that depend on PA and mTOR activity for survival.

Phosphatidic acid (PA)2 has many diverse roles in cell phys-
iology. Most significantly, PA is at the center of membrane

phospholipid biosynthesis (Fig. 1), and as a consequence, the
level of PA is carefully controlled to maintain lipid homeostasis
(1, 2). In addition, PA has emerged as a critical factor for several
key signaling molecules that regulate cell cycle progression and
survival, including the protein kinases mTOR (mammalian/
mechanistic target of rapamycin) (3) and Raf (4). Of signifi-
cance, both mTOR and Raf have been implicated in human
cancer. Consistent with this emerging role for PA in regulating
cell proliferation, elevated expression and/or activity of
enzymes that generate PA is commonly observed in human
cancer, most notably phospholipase D (PLD) (5, 6), which is
elevated especially in K-Ras-driven cancers (7–9). Other
enzymes that generate PA (lysophosphatidic acid (LPA) acyl-
transferase (LPAAT), and diacylglycerol (DG) kinase (DGK)
(Fig. 1)) have also been implicated in human cancers (10 –14).
Importantly, LPAAT and DGK have been shown to stimulate
mTOR (14 –17), reinforcing the importance of the PA-mTOR
axis in the control of cell growth and proliferation. Moreover,
there appears to be compensatory production of PA under
stressful conditions where one source of PA is compromised (7,
18).

The LPAAT pathway, which is an integral part of the de novo
pathway for biosynthesis of membrane phospholipids, is likely
the most significant source of PA for lipid biosynthesis. How-
ever, growth factors (6) and nutrients (19, 20) also stimulate PA
production through the action of phospholipases that break-
down membrane phospholipids, potentially leading to high PA
concentrations at specific locations and times. This can be
accomplished by PLD, or a combination of phospholipase C
(PLC), which generates DG, and the subsequent conversion to
PA by DGK. The generation of PA from membrane phospho-
lipids by phospholipases produces PA predominantly for sec-
ond messenger effects on proteins such as mTOR and Raf.
mTOR especially is a critical target of PA because of its role as
an integrator of both growth factor and nutrient signals (21, 22).
Because PA is produced in response to both growth factor sig-
nals and synthesized from nutrient sources such as glucose and
possibly Gln, PA is ideally positioned as a key regulator of both
cell cycle progression and cell growth.

The Role for PA in Cell Cycle Progression

During the mammalian cell cycle, it is in early G1 phase
where growth factors exert their influence on whether it is
appropriate for a cell to divide or to enter a state of quiescence
commonly referred to as G0 (23). After committing to divide in
response to growth factor cues, cells must then determine
whether there are sufficient nutrients available for the cell to
double its mass and divide (24). There must be a supply of
essential amino acids, Gln, and glucose available to generate the
biological molecules needed to produce two daughter cells.
Notably, there are a series of cell cycle checkpoints that sense
the presence of essential amino acids and Gln in late G1 that
must be passed before cells commit to enter S-phase and repli-
cate the genome (25) (Fig. 2). Suppression of mTOR, like amino
acid deprivation, also leads to late G1 arrest (25, 26). Because
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essential amino acids activate mTOR via Rag GTPases at the
lysosomal membrane (27), it was surprising that suppression of
mTOR blocked cell cycle progression at a site later in G1 than
the checkpoints that monitor the presence of essential amino
acids and Gln (25) (Fig. 2). Thus, nutrient input to mTOR for
control of G1/S cell cycle progression appears to be more com-
plicated than simply reflecting a need for essential amino acids.

We previously proposed that the responsiveness of mTOR to
PA evolved as a means for sensing the sufficiency of lipid pre-
cursors for membrane phospholipid biosynthesis (28). This was
based on the central position of PA in the anabolic synthesis of
membrane phospholipids (Fig. 1) and is therefore an ideal indi-
cator of lipid sufficiency. The ability to sense the presence of
lipids via interaction with PA was proposed as a complement
for the ability of mTOR to sense the presence of essential amino
acids and glucose. As indicated in Fig. 2, an mTOR-dependent
cell cycle checkpoint maps late in G1 downstream of essential
amino acid and Gln checkpoints (25). Because PA interacts
directly with mTOR (29) and is required for the stability of both
mTORC1 and mTORC2 complexes (30), PA likely works in
concert with essential amino acids and possibly Gln to promote
cell cycle progression through the late mTOR-dependent
checkpoint. Although there is much to be learned about nutri-
ent input into G1 cell cycle progression, it is clear that PA is
essential for mTOR activity and mTOR activity is required for
progression from G1 into S-phase, indicating that PA, via input
to mTOR, is requisite for cell cycle progression.

Sources of PA

Most of the support for a role for PA in the mTOR-depen-
dent cell cycle progression from G1 into S-phase comes from
studies linking PLD with cell transformation and cancer (3, 5,
29 –31). However, knock-out of both PLD1 and PLD2 yields
viable mice (32, 33), whereas mTOR knockouts are embryonic
lethal (34, 35). Thus, the PA needed to keep mTOR intact and
active must be generated from sources other than the hydroly-
sis of phosphatidylcholine by PLD. As shown in Fig. 1, there are
minimally three sources of PA, perhaps the most significant
being the LPAAT pathway where de novo synthesized and die-
tary fatty acids are acylated onto glycerol 3-phosphate (G3P)
derived from dihydroxyacetone phosphate (DHAP), a glyco-
lytic intermediate (Fig. 1). The LPAAT pathway is likely the
most significant for sensing lipids needed for cell growth
because it is via this pathway where lipids targeted for mem-
brane phospholipid biosynthesis are generated and incorpo-
rated into PA. A third pathway for PA production is via DGK,
which phosphorylates DG to generate PA (Fig. 1). The source of
DG for synthesis of PA is of interest. DG can be generated from
stored triglycerides by a triglyceride lipase or from the PLC-
mediated hydrolysis of phosphatidylinositol 4,5-bisphosphate.
However, it is difficult to imagine generating significant levels
of PA via the PLC-DGK pathway because the source of the
PLC-generated PA is phosphatidylinositol 4,5-bisphosphate,
which is present in very small amounts in the cell and is gener-
ated by the action of phosphatidylinositol kinases (36) and is
therefore energetically expensive to generate. In contrast, the
PLD substrate is phosphatidylcholine, the most abundant
membrane phospholipid, and it does not need to be modified to

FIGURE 1. Metabolic pathways for PA production. There are three main
pathways leading to the production of PA. For de novo synthesis of mem-
brane phospholipids is the LPAAT pathway where G3P, derived largely from
the glycolytic intermediate DHAP, is doubly acylated with a fatty acid, first by
G3P acyltransferase (GPAT) to generate LPA, and then by LPAAT to generate
PA. The DGK pathway involves the phosphorylation of DG to generate PA. DG
can be generated from stored triglycerides (TG) by a lipase, or from phos-
phatidylinositol 4,5-bisphosphate (PIP2) via growth factor-stimulated phos-
pholipase C. The third mechanism is the hydrolysis of phosphatidylcholine
(PC) by PLD. Like PLC, the PLD reaction is commonly stimulated by growth
factors. The balance between PA and DG is carefully controlled by both DGK
and PA phosphatases that convert PA to DG. Both PA and DG are important
intermediates in phospholipid biosynthesis. It is hypothesized that the PA
input to mTOR is an indicator of sufficient lipid precursors for cell growth and
a signal to promote cell cycle progression. GPDH, G3P dehydrogenase.

FIGURE 2. Regulation of G1 cell cycle progression by growth factors and
nutrients. G1 can be separated into two phases referred to as G1-pm (post-
mitotic) and G1-ps (pre-S) by a growth factor (GF)-dependent restriction point
(23). At the restriction point, the cell receives signals signifying that it is appro-
priate to divide. Later in G1-ps there is a series of metabolic checkpoints that
evaluate whether there are sufficient nutrients for the cell to double in mass
and divide. There are distinct checkpoints for essential amino acids (EAA), the
conditionally essential amino acid Gln, and a later checkpoint mediated by
mTOR. The schematic shows the relative order of the checkpoints, but does
not reflect an accurate time frame. Because mTOR requires PA for stability of
the mTOR complexes (30), this late mTOR checkpoint also requires PA. It is not
clear whether there is a separate checkpoint for PA like there is for the essen-
tial amino acids (EAA), which are also required for mTOR activity.
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be a substrate, as does phosphatidylinositol. Thus, it is not clear
under what conditions the PLC-DGK pathway would be used,
but it has been suggested as a compensatory mechanism if PLD
is suppressed (18).

Another factor that regulates PA levels are the PA phospha-
tases, also called lipins, that convert PA to DG (2, 37). The lipins
are critical for maintaining lipid homeostasis and may contrib-
ute to determining the equilibrium between PA and DG. This
equilibrium could have important implications for cell cycle
control, with PA and mTOR favoring proliferation and DG pro-
moting cell cycle arrest. DG leads to the activation of protein
kinase C isoforms that, with the exception of protein kinase C�,
tend to have anti-proliferative effects (38, 39). Thus, the com-
plex interplay of lipid metabolic flux through PA and DG could
have profound effects on cell cycle progression and cell growth.

PA as a Broader Indicator of Nutrient Sufficiency

The role of mTOR as a sensor of nutrients is based largely on
its dependence on the presence of essential amino acids (21,
40). Much has been learned in the last several years on the
mechanistic basis for the sensing of amino acids by mTOR at
the lysosomal membrane via Rag GTPases (27, 41). The activa-
tion of mTOR in response to amino acids also requires PLD (19,
20, 42). However, very little is known about the dependence of
mTOR on glucose, another critical nutrient sensed by mTOR.
Although the PA dependence of mTOR that has been proposed
represents a means for sensing sufficient lipids for cell growth
(17, 28), it is plausible that PA represents a broader indicator of
nutrient sufficiency. In dividing cells and cancer cells, there is a
metabolic reprograming that shifts from the catabolic genera-
tion of reducing power (NADH) that drives mitochondrial ATP
generation to anabolic synthetic reactions that generate the
biological molecules needed for doubling the cell mass prior to
cell division (43). Much of the reprogramming involves divert-
ing glycolytic and TCA cycle intermediates for synthesis of
amino acids, nucleotides, and lipids. During glycolysis, glucose
is converted to pyruvate in the cytosol. Pyruvate enters the
mitochondria and is converted to acetyl-CoA, which condenses
with oxaloacetate to form citrate. In dividing cells, citrate exits
the mitochondria, and acetyl-CoA and oxaloacetate are regen-
erated. The acetyl-CoA is then used for fatty acid synthesis,
generating palmitoyl-CoA, which can be acylated onto G3P and
ultimately become part of PA. The G3P is derived from the
glycolytic intermediate DHAP; thus, PA is synthesized from
two distinct components derived from glucose and therefore
could contribute to the sensing of sufficient glucose. This is
shown schematically in Fig. 3.

The exit of citrate from the TCA cycle and the mitochondria
creates a need for anaplerotic replenishment of a TCA cycle
intermediate to provide the carbon lost by the exit of citrate.
Although there are many possible anaplerotic sources, the most
abundant is Gln, which is used as both a carbon and a nitrogen
source for dividing cells (44). Gln enters the TCA after being
converted first to glutamate and then to �-ketoglutarate (Fig.
3). Gln is designated as a “conditionally” essential amino acid
because although it is synthesized under non-proliferative con-
ditions, it becomes essential during proliferation. Of signifi-
cance, there is a Gln-sensitive G1 cell cycle checkpoint that can

be distinguished from an essential amino acid checkpoint in
mammalian cells (25). Thus, it may be important for mTOR to
sense this critical nutrient input. Because anaplerotic entry of
Gln into the TCA cycle is essential for continued exit of citrate
for fatty acid synthesis, and as a consequence, PA synthesis via
the LPAAT pathway, it is plausible that the presence of both
glucose (which generates acetyl-CoA and G3P) and Gln is crit-
ical for mTOR function. Most of the anaplerotic Gln is used for
NADPH production via the oxidative decarboxylation of
malate to pyruvate to generate the NADPH needed for fatty
acid synthesis and other anabolic reactions (Fig. 3). However,
25% of the anaplerotic Gln is converted into lipids (45). This
observation demonstrates that Gln contributes significantly to
the fatty acids incorporated into PA via the LPAAT pathway.
The conversion of �-ketoglutarate to citrate can be accom-
plished by two different mechanisms: first, by traversing the
TCA cycle to oxaloacetate, which can condense with acetyl-
CoA (derived from glycolysis) to form citrate; and second, by
the reductive carboxylation of �-ketoglutarate to isocitrate and
then to citrate via a reverse reaction of the TCA cycle (46, 47)
(Fig. 3). Thus, the generation of PA from synthesized fatty acids

FIGURE 3. Metabolic pathways from glucose and Gln to PA. Glucose is
converted into lipids via two pathways. The first pathway is the conversion of
the glycolytic intermediate DHAP to G3P by G3P dehydrogenase (GPDH). G3P
is then fatty acylated, first to LPA by G3P acyltransferase (GPAT) and then to PA
by LPAAT. The second pathway utilizes the end product of glycolysis, pyru-
vate. Pyruvate is converted to acetyl-CoA, which condenses with oxaloace-
tate to form citrate. Citrate leaves the mitochondria and is then converted
back to oxaloacetate and acetyl-CoA, which is then used to synthesize the
fatty acids that will be used to acylate G3P and generate PA. With the exit of
citrate from the TCA cycle, there is a need for anaplerotic replenishment of the
carbon provided by citrate. This is provided by the conditionally essential
amino acid Gln, which enters the TCA cycle by being deaminated to gluta-
mate and then to �-ketoglutarate by transamination. Via the TCA cycle, most
of the Gln is converted to malate and then to pyruvate to generate NADPH for
fatty acid synthesis. Gln can also go from malate to oxaloacetate where it can
then condense with acetyl-CoA derived from glucose to form citrate and then
fatty acids as above. Gln can also be reductively carboxylated to isocitrate and
then converted to citrate in a reverse TCA cycle reaction of isocitrate dehy-
drogenase. In the absence of Gln, glucose cannot be converted to fatty acid
synthesis.
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and G3P involves both glycolysis and glutaminolysis, which
could represent input to mTOR from both glucose and Gln.

Compensatory Production of PA in Response to
Metabolic Stress in Cancer Cells

We previously reported that in response to serum with-
drawal there was a substantial increase in PLD activity in cancer
cells (7), most notably in cancer cells harboring Ras mutations
(9). More recently, we reported that PLD activity is also elevated
in response to changing from medium with 10% serum to 10%
delipidated serum (48). The effect appears to be a stress re-
sponse in Ras-driven cancer cells because these cells have a
greater need for exogenously supplied lipids (48, 49). Ras-
driven cancer cells have a compromised ability to increase lev-
els of stearoyl-CoA desaturase-1 in response to serum with-
drawal (48). Thus, newly synthesized fatty acids cannot be
desaturated, which is essential for synthesis of phospholipids
targeted for membranes. Of interest, Ras-driven cancer cells
have increased macropinocytosis (50), which has been shown
to be an important source for amino acids derived from proteo-
lytic digestion of scavenged proteins, the most abundant being
albumin (51). Albumin is a carrier protein for lipids (52), and
thus, the scavenging of albumin also involves the scavenging of
lipids. It was recently reported that constitutive mTORC1
activity renders hypoxic cells dependent on exogenous desatu-
rated lipids for survival (53). Although this study did not con-
nect the need for desaturated lipids and the dependence of
mTOR on PA, it did provide further evidence for a lipid
dependence of mTOR and potentially a dependence on desatu-
rated lipids. Coleman and colleagues (54) recently reported that
the mTORC2 complex falls apart in the presence of dipalmi-
toyl-PA, which consists of two saturated fatty acids. This is in
stark contrast to the effect of PA containing palmitate (satu-
rated) and oleate (mono-unsaturated), which stabilized both
mTORC1 and mTORC2 complexes in cells where PA produc-
tion by PLD was suppressed (30). These studies suggest a sig-
nificant difference between PA with saturated fatty acids and
those with some degree of unsaturation on mTOR. Because
PLD generates PA from membrane phosphatidylcholine, this
PA will most likely consist of a saturated and an unsaturated
fatty acid that is typical of membrane glycerophospholipids
(55). Thus, the ability of Ras-driven cancer cells to elevate PA
levels in the absence of exogenous lipids prevents these cells
from undergoing a default apoptotic program and underscores
the importance for cells to generate compensatory levels of PA
when another source of PA is compromised. It is also of signif-
icance that under the stress of serum withdrawal, these cells
increase their ability to migrate and invade Matrigel in a PLD-
dependent manner (7), indicating a survival program that not
only prevents apoptosis, but also promotes migration to a more
hospitable environment. This effect in cancer cells suggests a
link between the level of PA and metastatic potential in cancer
cells.

There are other examples of compensatory changes in PA
that go in the opposite direction. Inhibition of PLD activity
actually led to increased levels of PA from an undetermined
source (18). There is also evidence that endoplasmic reticulum
stresses such as low glucose or hypoxia cause the protein kinase

PERK (protein kinase R-like endoplasmic reticulum kinase) to
phosphorylate DG to generate PA and elevate mTOR activity
(56). These results indicate that regulating PA levels, for both
membrane phospholipid biosynthesis and second messenger
activity that controls cell cycle progression and survival, are
carefully controlled. They also point out the potential for tar-
geting PLD and PA metabolism in cancer cells to suppress sur-
vival and perhaps migration signals.

An intriguing question with regard to alternative compensa-
tory increases in PA via alternative mechanisms is whether the
acyl component of PA is equivalent when coming from differ-
ent sources. As indicated above, there is an apparent require-
ment for an unsaturated fatty acid in order to achieve mTOR
complex stability (30, 54). Thus, it will be of interest to deter-
mine whether there are significant differences in the acyl com-
position of PA obtained from the different sources. An interest-
ing possibility is the purposeful generation of PA consisting of
two saturated fatty acids to suppress mTOR as was shown with
dipalmitoyl-PA and mTORC2 (54).

PLD and Intracellular Signals That Target mTOR

Since the seminal finding that PA is critical for the activity of
mTOR (29), there has been a substantially increased interest in
PLD. However, it is likely that the more primitive pathway for
PA generation is the LPAAT pathway, which generates PA tar-
geted for either membrane phospholipid synthesis or lipid stor-
age. The generation of PA for mTOR via PLD likely evolved
later in multicellular organisms where nutrient sensing by
mTOR became coupled with response to growth factors and
insulin. Significantly, PLD activity is elevated in response to
platelet-derived growth factor (57), fibroblast growth factor
(58), epidermal growth factor (59), insulin-like growth factor 1
(60), and insulin (61). The activation of PLD by insulin is of
particular interest because insulin controls the levels of glucose
and glucose transporters, and PLD is dependent on mTOR (22),
but is not ordinarily associated with mitogenic signals. The
dependence of insulin-induced mTOR on PLD suggests that
stimulation of PLD is needed because of the need for PA by
mTOR, and not just for mitogenic signals. Thus, activation of
PLD in mammalian cells can be elevated in response to signals
that require mTOR activation, including both growth factors
and insulin.

It has been speculated that signals leading to mTOR activa-
tion are the most commonly dysregulated in human cancer (47,
62). Because PLD activity is elevated in many human cancers (5,
6), it appears that cancer cells have co-opted the dysregulation
of PLD along with dysregulation of other signaling pathways
that contribute to mTOR activation, such as the phosphatidy-
linositol-3-kinase/AKT/Rheb pathway that activates mTORC1
(40). Consistent with the importance of increased PLD activity
observed in human cancers, early studies demonstrated that
PLD activity is elevated in cells transformed by a variety of
transforming oncogenes including v-Src (31), v-Ras (63), v-Fps
(64), and v-Raf (65). Thus, there is a strong correlation between
cell transformation and elevated PLD activity, a signal that is
critical for mTOR activation.
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Conclusions and Perspective

In this review we have highlighted the significance of control-
ling the levels of PA and its impact on mTOR, which requires
PA for the stability and activity of both mTOR complexes,
mTORC1 and mTORC2 (30). It is proposed that the PA
requirement for mTOR evolved as a need to sense the presence
of sufficient lipids, and perhaps glucose and Gln, for cell growth
and division. However, with evolution to multicellularity, PLD
emerged as a critical factor in the ability of mTOR to respond to
both nutrients and growth factors/insulin. Many questions
remain with regard to the regulation of PA levels and the impact
on mTOR. A key issue is the location of PA synthesis. Phospho-
lipid biosynthesis via the LPAAT pathway takes place on sub-
domains of the endoplasmic reticulum and then is shuttled via
vesicles to various cellular destinations (66). mTOR has a
strong lysosomal location under conditions where there are
sufficient amino acids (27). It is unclear as to whether shuttled
PA can impact on lysosomal mTOR. Thus, PLD may be the
more likely source of PA on lysosomes, in that PLD, notably
PLD1, can shuttle between organelles and has a strong lyso-
somal distribution (67, 68). It is also of note that forced local-
ization of mTOR to lysosomes activated mTOR in the absence
of amino acids if Rheb was present (69). Rheb is one of many
GTPases that activate PLD1 (20, 70, 71), indicating that PLD
may work in concert with the signaling mechanisms that acti-
vate Rheb. The picture that emerges is one where LPAAT-gen-
erated PA may be the more critical source for nutrient sensing
by mTOR, but that PLD is the more versatile source of PA that
can respond locally to growth factor/insulin signals and stress.
The PLC/DGK pathway may also provide PA under other less
well understood conditions. Given the critical role that mTOR
plays in cancer cell survival and proliferation, interfering with
PA metabolism could prove to be an effective strategy for tar-
geting what would be a large number of human cancers.
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Most types of cells in the body do not express the capability of
catabolizing cholesterol, so cholesterol efflux is essential for
homeostasis. For instance, macrophages possess four pathways
for exporting free (unesterified) cholesterol to extracellular high
density lipoprotein (HDL). The passive processes include simple
diffusion via the aqueous phase and facilitated diffusion medi-
ated by scavenger receptor class B, type 1 (SR-BI). Active path-
ways are mediated by the ATP-binding cassette (ABC) trans-
porters ABCA1 and ABCG1, which are membrane lipid
translocases. The efflux of cellular phospholipid and free cho-
lesterol to apolipoprotein A-I promoted by ABCA1 is essential
for HDL biogenesis. Current understanding of the molecular
mechanisms involved in these four efflux pathways is presented
in this minireview.

Because most cells in the periphery of the body do not
express pathways for catabolizing cholesterol, efflux of choles-
terol is critical for maintaining homeostasis. The efflux process
is very significant because cholesterol overloading, such as
occurs in macrophage foam cells in the arterial wall, leads to the
development of atherosclerotic plaque (1). Appropriate accep-
tors of cholesterol in the extracellular medium are required for
efflux to proceed, and high density lipoprotein (HDL) particles
in lymph and plasma fulfill this role. This function of HDL is the
basis, at least in part, for the well known epidemiological obser-
vation that high levels of plasma HDL cholesterol are associated
with decreased risk of cardiovascular disease (2). HDL com-
prises a heterogeneous population of microemulsion particles
that are 7–12 nm in diameter and contain a core of cholesterol
ester (CE)2 and triglyceride (TG) molecules stabilized by a
monomolecular layer of phospholipid (PL) and apolipoprotein
(apo), of which apoA-I is the principal component (3). The
presence of PL in the particles enables HDL to solubilize and
transport unesterified (free) cholesterol (FC) released from
cells. This ability underlies the anti-atherogenic properties of

HDL because the lipoprotein can thereby mediate removal of
cholesterol from cholesterol-loaded arterial macrophages and
transport to the liver for catabolism and elimination from the
body (reverse cholesterol transport) (4, 5). Furthermore, the
ability to mediate cellular cholesterol efflux underlies some of
the anti-inflammatory and immunosuppressive functions of
HDL (6), as well as the ability of this lipoprotein to regulate
hematopoiesis (7).

The first step in reverse cholesterol transport is efflux of FC
from the cell plasma membrane to HDL and, in the case of
macrophages, the four efflux pathways listed in Table 1 have
been identified (8). The two passive processes involve simple
diffusion (aqueous diffusion pathway) and facilitated diffusion
(SR-BI-mediated pathway). The two active processes involve
members of the ATP-binding cassette (ABC) family of trans-
membrane transporters, namely ABCA1 and ABCG1. In the
case of cholesterol-loaded mouse peritoneal macrophages
incubated with diluted human serum, approximately two-
thirds of the cholesterol efflux is by active pathways with
ABCA1 being predominant (8). Aqueous diffusion is the pri-
mary passive pathway involved for these cells (�30% of the
cholesterol efflux), and it is noteworthy that, in mouse perito-
neal macrophages containing normal cholesterol levels, �80%
of the total efflux involves this pathway. The key role played in
cellular cholesterol homeostasis by the increased expression of
ABCA1 and ABCG1 upon cholesterol loading of mouse macro-
phages is reflected in the fact that combined deficiency of these
transporters leads to foam cell accumulation and accelerated
atherosclerosis in mice (9).

In this review, current understanding of the molecular mech-
anisms involved in the four cholesterol efflux pathways men-
tioned in Table 1 is summarized. The roles played by various
HDL subspecies in each of the pathways are also explained.

Aqueous Diffusion Efflux Pathway

The phenomenon of FC efflux from cells was first demon-
strated when radiolabeled cholesterol was discovered to
undergo bidirectional exchange between the plasma mem-
brane of red blood cells and plasma by a passive process
(reviewed in Ref. 10). Bates and Rothblat (11) subsequently
showed that HDL is the component of serum responsible for
mediating FC efflux from monolayers of mouse L-cell fibro-
blasts. The first order rate constants describing the influx and
efflux arms of FC bidirectional flux between HDL and cells in
monolayer culture have been determined from a detailed
kinetic analysis, and PL depletion of HDL was shown to impair
its ability to accept cellular FC (12). The net mass FC efflux from
cells to HDL in the extracellular medium is promoted by met-
abolic trapping in which return of released FC to the cell is
prevented by esterification when lecithin-cholesterol acyltrans-
ferase acts on HDL (13). This process is an essential part of the
reverse cholesterol transport pathway (5, 14).

The molecular mechanism by which FC molecules exchange
between PL bilayer membranes was elucidated by the use of a
PL small unilamellar vesicle (SUV) model system where stable
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donor and acceptor particles undergo elastic collisions (15, 16).
The rate of FC transfer from donor to acceptor SUV is inde-
pendent of acceptor concentration when the donor particle
concentration is held constant, indicating that the frequency of
diffusional collisions between donor and acceptor SUV has no
influence on the FC transfer rate. The transfer rate is first order
with respect to the entire FC pool in the donor SUV, indicating
that trans-bilayer FC movement is fast relative to the rate of
transfer to acceptor SUV (15). FC has a limited but finite aque-
ous solubility in the 10 nM range (see Refs. 10 and 17, and infor-
mation and references contained therein), and transfer occurs
by an aqueous phase intermediate where monomeric FC mol-
ecules desorb from the donor particle and diffuse until they are
absorbed by an acceptor particle (Fig. 1). FC was also shown to
efflux from cells by this mechanism (18). Evidence for this so-
called aqueous diffusion mechanism has been reviewed in detail
(10).

FC Desorption

The desorption step (described by the rate constant koff) is
rate-limiting because of the high energy cost of transferring a
hydrophobic FC molecule from the nonpolar PL environment
in the donor particle surface via a partially desorbed transition
state into the aqueous phase (Fig. 1) (10, 17). In the case of a cell,
such as an erythrocyte in suspension incubated with acceptor
HDL particles, desorption of an FC molecule is reversible with
respect to the particular donor cell from which it originated.
This effect occurs because, from the Stokes-Einstein equation
that shows that the diffusion coefficient of a sphere is inversely
proportional to its radius, the diffusion coefficient of the
released FC molecule (radius �1 nm) is some 3 orders of mag-
nitude greater than that of the relatively massive and slow mov-
ing donor cell (radius �4 �m). Consequently, for the desorbed
FC molecule undergoing rapid Brownian motion in the
unstirred water layer surrounding the cell (19), the probability
of collision and resorption into the original donor cell is much
greater than the probability of collision with and absorption
into either a different cell or an acceptor HDL particle. A pro-
ductive collision of a desorbed FC molecule in the aqueous
phase with an acceptor HDL particle is required for effective FC
efflux from a donor cell. The efflux rate shows a hyperbolic
dependence on acceptor PL concentration, and the maximal
rate achieved at high acceptor concentrations reflects the rate-
limiting step of FC desorption from the cell plasma membrane.
At subsaturating concentrations of acceptor, the rate of efflux
depends on the propensity of FC to collide with and incorporate
into the PL milieu in an HDL acceptor particle. When com-
pared on the basis of PL content, HDL particles of varying size

(diameter range � 7–13 nm) are equally effective acceptors of
cellular cholesterol via the aqueous diffusion pathway (20).
However, when compared on the basis of particle number, big-
ger HDL particles are more efficient acceptors because they
provide a larger target for effective collisions with diffusing FC
molecules (21). The effectiveness of collisions is dependent on
the physical state of the PL in the acceptor HDL particle. HDL
particles containing highly fluid surfaces (shorter PL acyl chain
length and increased chain unsaturation) sequester FC mole-
cules that have diffused from the cell plasma membrane at a
faster rate than those containing highly organized lipid surfaces
with restricted PL acyl chain mobility (22).

A variation to the aqueous diffusion mechanism summarized
in Fig. 1 proposes that the transferring FC molecule is captured
by the acceptor particle when it is partially desorbed rather than
when it is fully desorbed from the donor particle surface (23,
24). This “activation-collision” mechanism was proposed
because measurements of the volume dependence of FC trans-
fer kinetics indicate that desorption is reversible with respect to
the originating donor particle. However, this model overlooks
the fact that, as explained above, complete desorption of an FC
molecule into the aqueous phase is expected to be reversible
with respect to a given donor particle. Thus, the transfer kinet-
ics are predicted to be the same for models with transition
states involving either fully or partially desorbed FC molecules.
On the grounds of parsimony, the more complex model in
which the transition state involves formation of a donor-accep-
tor particle complex with a transferring FC molecule straddled
between them seems unnecessary.

Factors Affecting FC Transfer Kinetics

The rate of FC desorption from the donor particle surface is
sensitive to the physical state of the PL milieu in which the
transferring FC molecules are located. Thus, differences in
FC-PL van der Waals interaction energy are an important cause
of varying rates of cholesterol exchange from different host PL
bilayer membranes (25). The values of koff (Fig. 1) are higher for
phosphatidylcholine bilayers as compared with sphingomyelin
bilayers, as well as for smaller, more highly curved, SUV relative
to larger PL vesicles (26). The above effects are a reflection of
the fact that the rate of FC transfer is a function of its activity or
tendency to escape from the PL membrane (27). Thus, scram-
bling of the PL organization in cell plasma membranes activates
the FC and enhances the rate of desorption and transfer (28).
Relative to HDL particles, cyclodextrins, which are small mol-
ecules, are much more effective acceptors of FC from cells (29).
The resultant rapid efflux of plasma membrane FC observed
with these compounds has indicated that FC trans-bilayer dif-

TABLE 1
Pathways and receptors involved in cholesterol efflux from cells to HDL and apoA-I

Efflux pathway Energetics

Receptor characteristics
Number of amino
acids/monomera

Number of transmembrane
helices/monomer

State of
self-association

Aqueous diffusion Passive
Scavenger receptor class B, type I (SR-BI) Passive 552 2 Homodimer
ATP-binding cassette transporter G1 (ABCG1) Active 678 6 Homodimer
ATP-binding cassette transporter A1 (ABCA1) Active 2261 12 Dimer/tetramer

a Data for the human proteins were taken from the Swiss-Prot UniProt database. SR-BI and ABCG1 exhibit polymorphism.
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fusion occurs in seconds (24) and that efflux occurs with differ-
ent kinetics from different FC pools, most likely laterally sepa-
rated in the plane of the membrane. Additionally, low
concentrations of cyclodextrins added to serum act catalyti-
cally, accelerating exchange of cholesterol between cells and
lipoproteins (30). This synergistic effect occurs because cyclo-
dextrin molecules act as shuttles transferring FC molecules
from cells to larger lipoprotein particles, which act as sinks for
FC (31). It is noteworthy that serum albumin acts as a shuttle in
this fashion to enhance FC efflux from cells (32). In summary,
the aqueous diffusion pathway involves a simple diffusion proc-
ess and underlies nonprotein-mediated cell FC efflux pathways.
This pathway contributes significantly to FC efflux from
macrophages. Variations in koff probably underlie some of the
observed variations in rates of FC transfer from different cell
types to a common acceptor (which can be almost as much as
an order of magnitude (33)). However, the major cause of vari-
ations in cellular cholesterol efflux rates is the presence in the
plasma membrane of the various transporter proteins listed in
Table 1.

SR-BI Efflux Pathway

Scavenger receptor class B, type I (SR-BI) is a member of the
CD36 superfamily of scavenger receptor proteins that also
includes lysosomal integral membrane protein-2 (LIMP-2).
The receptor is most abundantly expressed in liver, where it
functions in the reverse cholesterol transport pathway and in

steroidogenic tissue, where it mediates cholesterol delivery
(14). SR-BI is a homo-oligomeric glycoprotein located in the
plasma membrane with two N- and C-terminal transmem-
brane domains and a large central extracellular domain (Table
1) (34, 35). In 1996, Krieger and colleagues (36) established that
SR-BI is an HDL receptor that mediates cholesterol uptake into
cells. This process involves selective transfer of the CE in an
HDL particle into the cell without the endocytic uptake and
degradation of the HDL particle itself. SR-BI plays a key role in
HDL metabolism and is atheroprotective in mice because its
elimination leads to elevated atherosclerosis, despite increased
plasma HDL cholesterol levels (37). In addition to promoting
delivery of HDL cholesterol to cells, SR-BI also enhances efflux
of cellular cholesterol to HDL (38, 39) with the two processes
being related (40). Such SR-BI-mediated FC efflux can induce
important changes in intracellular signaling (41). Given the
physiological significance of SR-BI-mediated cholesterol trans-
port at cell surfaces, there has been considerable effort
expended on determining the molecular mechanisms involved
in this facilitation of bidirectional cholesterol flux between
HDL and the cell plasma membrane.

Selective CE Uptake via SR-BI

In the case of CE uptake from HDL, the mechanism involves
a two-step process in which HDL first binds to the receptor and
then CE molecules transfer from the bound HDL particle into
the cell plasma membrane. Measurements as a function of HDL

FIGURE 1. Summary of steps involved in the exchange of cholesterol molecules between PL-containing donor and acceptor particles by the aqueous
diffusion mechanism. The rate of transfer of the highly hydrophobic cholesterol molecule from donor to acceptor by this simple diffusion process is limited
by the rate of desorption into the aqueous phase. As shown at the left of the diagram, the transition (activated) state involves an almost completely desorbed
cholesterol molecule; the free energy of such a molecule that is attached to the donor particle surface by its nonpolar end but has most of its hydrophobic
surface exposed to water is high (see the free energy profile). This state is achieved by oscillatory motions of the cholesterol molecule in the plane perpendicular
to the surface of the particle. Most of the time, the free energy of a cholesterol molecule in this transition state is reduced by relaxation of the molecule back into
the donor particle where the cholesterol molecule is fully solvated by PL acyl chains. Occasionally, a cholesterol molecule desorbs completely into the aqueous
phase (net free energy change, �Gtransfer) where, because of its small size, it diffuses relatively quickly until a collision with an acceptor particle leads to rapid
absorption and capture. The flux of cholesterol mass out of the donor particle is given by the product (rate constant for desorption, koff) � (mass of cholesterol
in the donor particle). Cholesterol molecules can diffuse in both directions between donor and acceptor particles with the direction of net mass transfer being
determined by the concentration (activity) gradient (which approximates to the difference in the cholesterol/PL ratios of the two particles). The physical state
of the PL in the particle surface influences the activity (fugacity) of the cholesterol molecules so that koff is dependent on parameters such as degree of PL acyl
chain unsaturation and the content of sphingomyelin. See under “Aqueous Diffusion Efflux Pathway” for further details.
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concentration indicate that the Kd for HDL binding and the Km
for CE uptake are similar, as expected for coupled processes
(42). The Kd is dependent upon HDL particle size with the value
for an 8-nm-diameter particle being 50-fold greater than that
for a 10-nm particle (43). This enhanced binding of larger HDL
particles to SR-BI increases the selective delivery of CE (44).
The binding of HDL to the extracellular domain of SR-BI
involves direct protein-protein contact with a recognition
motif being the amphipathic �-helix characteristic of HDL apo-
lipoproteins (45). The interaction is not highly specific because
various apolipoproteins and amphipathic �-helical peptides are
recognized by the receptor. However, the interaction must lead
to formation of a productive complex in which the bound HDL
and SR-BI are appropriately organized so that cholesterol
transport can occur (46). Comparison of the abilities of SR-BI,
CD36, and some chimeric receptors to mediate CE selective
uptake indicates that this functionality is conferred by the
extracellular domain of SR-BI (47, 48).

Consistent with CE selective uptake being a passive process,
the rate of uptake is proportional to the amount of CE initially
present in the HDL particles. This observation suggests that the
mechanism involves movement of CE down its concentration
gradient from HDL particles docked on SR-BI into the cell
plasma membrane. Other lipid components of a bound HDL
particle are also taken up selectively; nonpolar FC, CE, and TG
molecules are transported most efficiently with the rates for
various more polar PL molecules being 5–10 times slower (42,
49). The activation energy for CE uptake from HDL is about 9
kcal/mol, indicating that the rate-limiting step in this uptake
involves a nonaqueous pathway (42). On the basis of the above
kinetic characteristics, in 1999 my colleagues and I proposed
that HDL binding to SR-BI allows CE molecules access to a
hydrophobic “channel” formed by the extracellular domain of
the receptor from which water is excluded and along which CE
molecules diffuse (42).

There was a 14-year hiatus in the development of more
detailed understanding of this molecular mechanism until the
recent publication of the high-resolution crystal structure of
the extracellular domain of LIMP-2, and by homology model-
ing of SR-BI (50). The globular structure comprises a new pro-
tein fold with an antiparallel �-barrel core and many short hel-
ical segments. A three-helix bundle at the apex of the structure
creates a cluster of basic residues to facilitate binding of the
acidic amphipathic �-helices present in an apoA-I molecule
located at the surface of an HDL particle. Strikingly, the struc-
ture contains a series of interconnected cavities that form a
predominantly hydrophobic tunnel that traverses the entire
length of the molecule. The tunnel has a 5 � 5 Å opening and a
prominent 22 � 11 � 8 Å cavity located at the center of the
�-barrel. These dimensions are sufficient to accommodate CE
and FC molecules, providing direct structural support for the
concept that this tunnel facilities cholesterol transport between
bound HDL particles and the cell plasma membrane. Further
support for this idea comes from the observation that an inhib-
itor of SR-BI-mediated lipid transport functions by binding
covalently to cysteine 384 (51), which the crystal structure indi-
cates is located in the lumen of the tunnel, where attachment of
the inhibitor would be expected to block lipid transit (50).

FC Efflux via SR-BI

In contrast to the situation described above, for CE selective
uptake via SR-BI where HDL binding and CE uptake are tightly
coupled, measurements of the dependence of SR-BI-mediated
FC efflux on HDL concentration indicate that FC efflux and
HDL binding are not completely coupled. It is apparent that the
FC efflux mechanism proceeds by different pathways at low and
high extracellular HDL concentrations (44, 52). At low HDL
concentrations, binding of HDL to SR-BI is critical, allowing
bidirectional FC transit through the hydrophobic tunnel pres-
ent in the extracellular domain of the receptor (Fig. 2B).
Because the FC concentration gradient between the bound
HDL particle and the cell plasma membrane is opposite to that
of CE, the relatively high FC/PL ratio in the plasma membrane
causes the direction of net mass FC transport to be out of the
cell. Consistent with this concept, enhancing the PL content of
HDL promotes FC efflux from cells (53). As occurs with CE
uptake, larger HDL particles promote more FC efflux than
smaller HDL because they bind better to SR-BI (44). At higher
HDL concentrations where binding to the receptor is saturated,
FC efflux still increases with increasing HDL concentration
(44). This effect occurs because SR-BI induces reorganization
of the FC in the cell plasma membrane. The receptor creates
domains of activated FC that are more susceptible to oxidation
by cholesterol oxidase (52) and removal by cyclodextrins pres-
ent in the extracellular medium (54). As discussed for the aque-
ous diffusion pathway, the activated FC molecules created by
the presence of SR-BI can desorb more readily (Fig. 2A).

ABCG1 Efflux Pathway

ABCG1 functions as a homodimer (Table 1) and is expressed
in several cell types, including macrophages, where it mediates
cholesterol transport through its ability to translocate choles-
terol and oxysterols across membranes. ABCG1 is located in
endosomes, where it promotes transport of FC from the endo-
plasmic reticulum to the plasma membrane (55), but there is
disagreement about whether or not the transporter is located in
the plasma membrane (55–57). The distribution of ABCG1
into the plasma membrane may be dependent upon the level of
the protein in the cell. Expression of ABCG1 enhances FC and
PL efflux to HDL (58, 59) but not to lipid-free apoA-I (56, 60).
The presence of the transporter induces reorganization of
plasma membrane cholesterol so that it becomes accessible to
cholesterol oxidase (56). As summarized in Fig. 2A, this cre-
ation of an activated cholesterol pool in the plasma membrane
is similar to the situation with SR-BI and can lead to enhanced
FC efflux by the aqueous diffusion pathway. In agreement with
this concept, ABCG1-mediated FC efflux to HDL does not
involve binding of the lipoprotein to the cell surface (58, 60),
and efflux to different types of acceptor particles (e.g. cyclodex-
trins and PL SUV) is promoted.

My colleagues and I investigated the kinetics of ABCG1-me-
diated FC efflux to various acceptor particles in detail to deduce
the underlying molecular mechanism (60). Increased expres-
sion of ABCG1 enhances FC efflux to HDL2 and HDL3 similarly
but has no effect on the influx of FC from these lipoprotein
particles, which is in contrast to expression of SR-BI, which
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facilitates bidirectional movement of FC between HDL and the
cell plasma membrane. Expression of ABCG1 increases both
the cell FC pool available for efflux and the rate constant for
efflux. The former effect occurs because the activity of ABCG1
leads to redistribution of FC from the cell interior to the plasma
membrane. The second effect occurs because, as discussed
above, an activated pool of plasma membrane FC is created, and
desorption of FC molecules from this environment into the
extracellular medium is facilitated (Fig. 2A). The combined
effects of the increases in koff and mass of cholesterol in the
plasma membrane resulting from ABCG1 activity leads to
enhanced flux of cholesterol mass out of the cell by the aqueous
diffusion pathway (cf. Fig. 1).

ABCA1 Efflux Pathway

Incubation of apoA-I with macrophage foam cells leads to FC
efflux and formation of HDL particles in the extracellular
medium (61), whereas such efflux does not occur with fibro-
blasts isolated from individuals with Tangier disease (62). The
molecular basis for this difference was explained in 1999 by the
discovery that Tangier disease, which is associated with low
plasma HDL levels, is a consequence of mutations in the
ABCA1 gene (reviewed in Ref. 63). ABCA1 is a full transporter
(Table 1) whose expression is up-regulated by cholesterol load-
ing, which leads to enhanced FC efflux. The structure of
ABCA1 is not known, but by analogy to the high-resolution
crystal structure of a related bacterial transporter (64), a two-
state mechanism probably explains the active transport activity

of ABCA1. Binding and hydrolysis of ATP by the two cytoplas-
mic, nucleotide-binding domains control the conformation of
the transmembrane domains so that the extrusion pocket is
available to translocate substrate from the cytoplasmic leaflet to
the exofacial leaflet of the bilayer membrane. ABCA1 actively
transports phosphatidylcholine, phosphatidylserine, and sph-
ingomyelin with a preference for phosphatidylcholine (65).
This PL translocase activity of ABCA1 leads to the simultane-
ous efflux of PL and FC (66, 67) to lipid-free apoA-I (plasma
pre-�1-HDL). The cellular FC released to apoA-I originates
from both the plasma membrane and the endosomal compart-
ments (68); this phenomenon occurs because plasma mem-
brane constituents are internalized and recycled via endocytic
compartments to the cell surface on a timescale of minutes.

Because of the key role played by ABCA1 in mediating cellu-
lar PL and FC efflux and nascent HDL particle biogenesis, there
has been much research activity aimed at understanding the
cellular and molecular mechanisms involved (for reviews, see
Refs. 14 and 69). It is established that ABCA1 recycles rapidly
between the plasma membrane and late endocytic vesicles (70)
and that its distribution to the plasma membrane is promoted
by palmitoylation (71). ABCA1 is degraded rapidly after tran-
scription (half-life of 1–2 h), and its cellular level is sensitive to
the presence of apoA-I because apoA-I binds to the transporter
and protects it from calpain-mediated proteolysis (72). This
effect leads to enhanced HDL biogenesis because the ABCA1-
mediated assembly of nascent HDL particles occurs primarily

FIGURE 2. Mechanisms of cellular cholesterol efflux by facilitated diffusion. A, this schematic shows that the presence of the integral membrane proteins,
SR-BI and ABCG1, leads to formation of an activated pool of cholesterol in the plasma membrane. The higher activity of this cholesterol leads to enhanced
desorption (elevated koff) and increased efflux by the aqueous diffusion mechanism (cf. Fig. 1). Under this condition, efflux is not influenced by changes in
binding of HDL acceptor particles to either SR-BI or ABCG1. Active transport of cholesterol from the cell interior to the plasma membrane mediated by ABCG1
contributes to the formation of the activated cholesterol pool in the plasma membrane by this transporter. B, HDL binds to SR-BI with high affinity, and at low
extracellular concentrations of HDL, this interaction promotes cholesterol efflux to the docked HDL particles. The facilitated movement of cholesterol mole-
cules between the PL bilayer of the plasma membrane and the HDL particle bound in the appropriate conformation occurs by diffusion through a nonpolar
channel (tunnel) formed by the extracellular domain of the SR-BI molecule. Because the concentration of free (unesterified) cholesterol is higher in the plasma
membrane than in the HDL particle, efflux of free cholesterol is favored. It should be noted that because the concentration gradient of cholesterol ester is in the
opposite direction, the net influx of cholesterol ester from bound HDL particle to the plasma membrane is favored (the so-called selective uptake process). See
under “SR-BI Efflux Pathway” and “ABCG1 Efflux Pathway” for further details.
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at the cell surface (73, 74), where extracellular apoA-I for HDL
particle formation is available. The PL translocase activity of
ABCA1 induces reorganization of lipid domains in the plasma
membrane (75). ABCA1 exports PL and FC to various plasma
apolipoproteins, indicating that there is not a highly specific
structural requirement for lipid acceptor activity. However, in
the case of apoA-I, alterations in its structure modify its activity
(the Km for ABCA1-mediated PL and FC efflux is �0.1 �M for
wild-type human apoA-I). The C-terminal �-helix plays a crit-
ical role because its elimination greatly reduces FC efflux (76 –
78); the relatively high hydrophobicity and lipid affinity of this
segment of the apoA-I molecule are particularly important (79).
Indeed, peptides containing two amphipathic �-helical seg-
ments with the appropriate lipid affinities exhibit similar
activity to the full-length apoA-I molecule (80 – 82). Besides
FC efflux, intracellular signaling pathways are activated by
the interaction of apoA-I with ABCA1 (for reviews, see Refs.
41 and 83).

Mechanism of PL/FC Efflux and Nascent HDL Particle
Formation

It is well established that the activity of ABCA1 in the plasma
membrane enhances binding of apoA-I to the cell surface, but
there has been controversy about the role of this binding in the
acquisition of membrane PL by apoA-I. It has been variously
proposed that apoA-I acquires PL either directly from ABCA1
while it is bound to the transporter or indirectly at a membrane
lipid-binding site created by ABCA1 activity. Single-molecule
imaging studies have been interpreted in terms of the first pos-
sibility with monomer-dimer interconversion of ABCA1 lead-
ing to PL and FC loading onto bound apoA-I molecules (84).
This model provides a mechanism for formation of discoidal
HDL particles containing two apoA-I molecules but not one for
the simultaneous formation of discs containing three apoA-I
molecules (see below). The second possibility is supported by
quantitative analysis of apoA-I binding to ABCA1-expressing
cells, which has established that there are two types of high
affinity binding sites (85, 86). A low capacity site formed by
direct apoA-I/ABCA1 interaction functions in a regulatory role
(stabilizing the transporter, as discussed above). A much higher
capacity site generated by apoA-I/lipid interactions functions
in the assembly of nascent HDL particles. On the basis of these
findings and the known properties of the apoA-I molecule, my
colleagues and I proposed the model depicted in Fig. 3 for the
mechanism of ABCA1-mediated PL and FC efflux and forma-
tion of HDL particles (87). A critical feature is the well known
ability of apoA-I to act like a detergent and solubilize PL bilayer
membranes and form discoidal HDL particles. The spontane-
ous solubilization of dimyristoyl phosphatidylcholine vesicles
by apoA-I (and other apolipoproteins) in cell-free systems and
the structures of the resultant HDL particles have been studied
extensively (for reviews, see Refs. 3 and 88). The process
involves penetration of apoA-I amphipathic �-helices with
appropriate lipid affinities (80) into lattice defects in the PL
bilayer membrane, causing destabilization of the vesicle and
rearrangement into discoidal HDL particles. These nanoscale
particles comprise small segments of bilayer (containing on the
order of 100 PL molecules) stabilized by the presence of

amphipathic �-helices around the edge. The solubilization of
the exovesiculated plasma membrane domain created by the PL
translocase activity of ABCA1 (Fig. 3) is rate-limiting for the
overall FC and PL efflux reaction. This conclusion is based on
the observation that mutations in apoA-I have parallel effects
on the kinetics of HDL particle formation when PL vesicles are
solubilized in cell-free systems and when HDL particles are cre-
ated with ABCA1-expressing cells (87, 89).

Further support for the idea that the membrane microsolu-
bilization process leading to HDL particle formation is funda-
mentally the same in cell and cell-free systems comes from the
fact that factors controlling HDL particle size heterogeneity are
the same in both cases. Thus, the ratio of available lipid
(whether provided by ABCA1 activity or added in a test tube) to
apoA-I is critical, with increases in the ratio promoting forma-
tion of discoidal HDL particles containing more apoA-I and
more lipid per molecule of apoA-I (90). The predominant nas-
cent HDL species contain two or three apoA-I molecules (Fig.
3) (91, 92), and these are produced simultaneously (77). The
lipid compositions of the two sizes of HDL particles differ, but

FIGURE 3. Summary of the molecular mechanism by which ABCA1 activity
in the plasma membrane of cells promotes efflux of PL and cholesterol to
extracellular apoA-I and formation of nascent HDL particles. As shown at
the top of the diagram, direct apoA-I/ABCA1 interaction and apoA-I/mem-
brane lipid interactions occur with the former leading to transporter stabili-
zation and the latter leading to HDL particle assembly. The activated lipid
domain to which apoA-I binds is created as a consequence of the PL translo-
cation induced by ABCA1. As shown in the lower part of the figure, the acti-
vated lipid domain is formed by membrane bending and comprises an exove-
siculated segment of the plasma membrane. Amphipathic �-helices in the
apoA-I molecule confer detergent-like properties on the protein, allowing it
to solubilize PL by binding to lattice defects in highly curved PL bilayer sur-
faces, thereby inducing bilayer fragmentation and formation of discoidal nas-
cent HDL particles. These particles comprise small segments of PL/cholesterol
bilayer (containing on the order of 100 PL molecules) that are most frequently
stabilized by either two or three apoA-I molecules. The solubilization step
mediated by apoA-I is rate-limiting for the overall efflux of PL and cholesterol
from the cell. The catalytic efficiency (Vmax/Km) of apoA-I is highest for the
lipid-free protein so that its efficiency is reduced by prior phospholipidation.
See under “Mechanism of PL/FC Efflux and Nascent HDL Particle Formation”
for further details.
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phosphatidylcholine and sphingomyelin are the predominant
components in both cases (91, 92). These PL constituents orig-
inate from the cell plasma membrane, but precisely which
domains in the membrane are involved remains unclear. A con-
founding issue is that formation of the highly curved exovesicu-
lated domain in the plasma membrane (Fig. 3) is likely to induce
segregation of different lipid populations (93). The FC/PL ratio
in the nascent HDL particles created by ABCA1 activity is
dependent upon the cell type and metabolic status of the cell,
but the population of larger particles is always relatively FC-
rich as compared with the smaller particles. The size-depen-
dent distribution of FC among the particles is due to varying
amounts of PL being sequestered in a boundary layer by inter-
action with apoA-I at the disc edge (94). The greater availability
of PL molecules to solvate FC molecules in larger discoidal HDL
particles means that most efflux of FC from cells to apoA-I
involves this population. Of course, once nascent HDL particles
in which apoA-I possesses a complement of PL molecules are
formed via ABCA1, these particles have the potential to partic-
ipate in the three other cellular FC efflux pathways listed in
Table 1.

Cholesterol Efflux from Macrophages to Serum

Although the four pathways involved in the efflux of FC from
macrophages to HDL are known (Table 1), the efficiency of an
individual serum sample in accepting cellular cholesterol
depends upon both the distribution of HDL particles present
and the levels of cholesterol transporters expressed in the
donor cells. The ability of HDL to mediate cholesterol efflux
from cells contributes to the anti-atherogenic properties of this
lipoprotein because this process is the first step in macrophage
reverse cholesterol transport. Consequently, there has been
great interest in recent years in understanding what qualities of
HDL are critical for optimizing flux through the reverse choles-
terol transport pathway. It is apparent that increasing the level
of cholesterol in the HDL pool is not necessarily beneficial in
this regard (4, 5). This point is exemplified by measurements of
FC efflux from macrophages to multiple specimens of diluted
apoB-depleted serum (i.e. the HDL fractions), which show that
sera having similar HDL cholesterol and apoA-I levels differ in
their efflux capacities (95). This effect arises because the various
efflux pathways require different HDL subspecies for optimal
function, as indicated by the molecular mechanisms reviewed
above. In the particular case of human apoB-depleted serum
incubated with mouse macrophages in which ABCA1 activity is
up-regulated, this pathway contributes �50% of the total FC
efflux (8). Consequently, the measured FC efflux correlates sig-
nificantly with the concentration of the ABCA1 substrate pre-
�1-HDL (lipid free/poor apoA-I) in the serum, rather than sim-
ply with the serum HDL cholesterol or apoA-I levels (95).

A limitation of measuring only the efflux of cellular choles-
terol to either serum or HDL is that any change in the mass of
cholesterol in the cells is not monitored. Knowledge of the lat-
ter parameter requires a bidirectional FC flux assay in which
efflux, influx, and net mass flux are determined. Measurements
of this type have shown that whole sera from individuals with
unfavorable lipid levels (low HDL cholesterol and elevated TG)
induce less net release of cholesterol mass from the cells, in

part, because cholesterol influx is enhanced due to the presence
of more apoB-containing lipoproteins (96). Although such a
contribution of LDL particles to cholesterol flux between cells
and serum is expected, FC efflux to apoB-depleted serum is not
only to the HDL and apoA-I present but also to albumin. As
compared with the first two species, albumin is a relatively inef-
ficient acceptor of FC from cells, but, because of its high con-
centration, it contributes �10% of the FC efflux from macro-
phages to apoB-depleted serum (97). As mentioned earlier,
albumin can act as a shuttle for enhancing cellular FC efflux by
the aqueous diffusion mechanism, and red blood cells can act as
a sink for FC shuttled by this means (32). Thus, in the case of
efflux to whole blood, the released FC can equilibrate with the
large pool of red blood cell cholesterol. In low HDL states in
mice, the red blood cells contribute significantly to the trans-
port of cholesterol from peripheral macrophages to the fecal
compartment (98).

Cholesterol efflux capacity, measured as described above
(95), has been postulated to serve as a predictor of atheroscle-
rotic burden. To test this concept, macrophages have been
incubated with sera from participants with and without coro-
nary artery disease and, strikingly, cholesterol efflux capacity is
found to be a strong inverse predictor of the occurrence of
disease (99). This association is independent of the HDL cho-
lesterol levels, indicating that the efflux function of HDL in
serum is not explained simply by circulating levels of either
HDL cholesterol or apoA-I. An independent study confirmed
that enhanced serum cholesterol efflux capacity is inversely
associated with prevalent coronary artery disease but con-
versely with increased prospective risk for myocardial infarc-
tion, stroke, and death (97). This paradoxical finding highlights
the need for further research in this area. Studies with choles-
terol efflux assays using human macrophages and emphasizing
pathways other than ABCA1 are required. The contributions of
various HDL subspecies, including apoE-HDL, to FC efflux
from macrophages need to be ascertained using human sera,
where the protein and lipid contents of the HDL particles are
closely defined. Understanding of the mechanistic links
between macrophage FC efflux and the incidence of atheroscle-
rosis in human populations will necessitate measuring reverse
cholesterol transport in people.
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The �-helix is a ubiquitous secondary structural element that
is almost exclusively observed in proteins when stabilized by
tertiary or quaternary interactions. However, beginning with
the unexpected observations of �-helix formation in the isolated
C-peptide in ribonuclease A, there is growing evidence that a
significant percentage (0.2%) of all proteins contain isolated sta-
ble single �-helical domains (SAH). These SAH domains pro-
vide unique structural features essential for normal protein
function. A subset of SAH domains contain a characteristic
ER/K motif, composed of a repeating sequence of �4 consecu-
tive glutamic acids followed by �4 consecutive basic arginine or
lysine (R/K) residues. The ER/K �-helix, also termed the ER/K
linker, has been extensively characterized in the context of the
myosin family of molecular motors and is emerging as a versatile
structural element for protein and cellular engineering applica-
tions. Here, we review the structure and function of SAH
domains, as well as the tools to identify them in natural proteins.
We conclude with a discussion of recent studies that have suc-
cessfully used the modular ER/K linker for engineering chimeric
myosin proteins with altered mechanical properties, as well as
synthetic polypeptides that can be used to monitor and system-
atically modulate protein interactions within cells.

Coiled-coil or Single �-Helical (SAH) Domain?

Until recently, SAH2 domains in natural proteins were pre-
dicted by secondary structure prediction algorithms to form a
coiled-coil, in part due to the high concentration of charged and
polar residues that are also the hallmark of the coiled-coil motif
(1). Among the multiple folds in globular proteins that stabilize
�-helices, the coiled-coil motif has been extensively character-
ized and in general is the most predictable form of tertiary pro-
tein structure (2). In the coiled-coil motif, two or more �-heli-
ces are individually stabilized by sequence-specific packing at

consensus hydrophobic patches. Extensive studies have elicited
general sequence and structure rules that govern coiled-coil
interactions. Briefly, the amino acid sequence of each �-helix in
a coiled-coil is divided into heptads (7 residues) that form
nearly two complete �-helical turns and span 1.05 nm along the
helical axis. Each amino acid in the heptad is described by its
relative position, moving from the N to C terminus, using the
nomenclature abcdefg. In canonical dimeric coiled-coils, the a
and d positions radiate away from the core of the �-helix, 60°
apart and offset by 0.45 nm along the helix length, and are
typically occupied by aliphatic hydrophobic residues, whereas
polar residues comprise the rest of the positions. As the heptad
is repeated, it forms a continuous hydrophobic patch located
along a single face of the �-helix compatible with a tight inter-
molecular interaction between polypeptides with the same or
similar heptad pattern (2). However, often polar or charged
residues occupy the a and d positions, leading to local destabi-
lization of the coiled-coil motif (2– 4). By extension, when most
or all of the a and d sites in consecutive heptads are occupied by
polar residues, individual �-helices cannot be mutually stabi-
lized through hydrophobic packing. In this event, the polypep-
tide either will exist as a monomeric random coil or in some
cases will form an SAH domain. The SAH domain is a stable,
monomeric, extended �-helix that is encoded by its primary
amino acid sequence and exists in polar solvent independent of
tertiary interactions with other protein motifs.

Stable Synthetic Alanine-based �-Helices

The rules governing the helicity of isolated peptides have
been extensively studied. We highlight select studies of partic-
ular interest, and refer to Ref. 5 for a more comprehensive
review. Prior to work on synthetic peptides from the Baldwin
laboratory, including one derived from ribonuclease A (6 – 8),
peptides shorter than 20 amino acids were not expected to
show measurable helix formation in aqueous solution based on
the statistical Zimm-Bragg model, which focuses on the prop-
agation of spontaneous helicity and does not account for long
distance electrostatic interactions between side chains (9).
Marqusee et al. (6) found that a synthetic peptide, 16 residues
long, containing primarily alanine residues sparsely inter-
spersed with a single Glu or Lys for solubilization, had high
helical content (up to 80%) in aqueous solution as measured by
CD. This study highlighted the inherent helix-forming poten-
tial of alanine in the absence of electrostatic interactions
between side chains. In a separate study, Marqusee and Baldwin
(7) synthesized peptides containing 16 residues with three pairs
of a Glu and a Lys separated by either 3 (i, i � 3) or 4 (i, i � 4)
alanines. These peptides were synthesized, in part, to charac-
terize the influence of electrostatic interactions between Glu
and Lys on �-helix formation. Both peptides were soluble and
monomeric in aqueous solution and had detectable helical con-
tent as determined by CD. However, the (i, i � 4) (i.e.
(EAAAK)3) spacing yielded significantly higher helicity when
compared with (i, i � 3), presumably due to the preferred rota-
mer configurations of the Glu and Lys side chains. Interestingly,
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the measured helicity was preserved at extremes of pH (from 2
to 12) and at high concentrations of NaCl, suggesting that the
electrostatic interactions were primarily derived from salt
bridges (H-bonded ionic interactions) rather than direct ionic
interactions. The helix-stabilizing effects of E-K interactions on
an alanine backbone were subsequently extended to D-K, E-R,
and D-R pairs (10). A subsequent study with alanine-based pep-
tides also defined the role of capping residues at the N and C
termini in stabilizing isolated �-helices. In general, �-helix for-
mation is aided by negatively charged residues at the N termi-
nus and positively charged residues at the C terminus (11). This
observation is consistent with an interaction of appropriately
charged capping residues with the dipole moment of the pro-
tein �-helix, which is directed from its C to N terminus. Fur-
ther, in the context of peptides, the charged residues at the ends
can also undergo stabilizing electrostatic interactions with the
free NH2 and COOH groups (11). These studies of synthetic
alanine-based peptides provided precedence and laid the
groundwork for identifying and predicting the stability of iso-
lated �-helices.

The (EAAAK)n motif was subsequently incorporated into
various synthetically engineered polypeptides. Arai et al. (12)
evaluated the utility of (EAAAK)n (n � 2–5) motifs as rigid
spacing linkers between a pair of green fluorescent protein vari-
ants (EBFP and EGFP). The linkers did not interfere with EBFP
and EGFP folding as evaluated from their fluorescence spectra.
FRET between EBFP and EGFP decreased, whereas helicity
increased with linker length, suggesting that stabilization of the
�-helix increased the spacing between the fluorescent proteins
fused to the ends of the linker. In a subsequent study, the con-
formations of the (EAAAK)n linkers were evaluated by small
angle x-ray scattering (SAXS). Short linkers (n � 3) showed
multimerization, whereas longer linkers (n � 4) remain mono-
meric even at high concentrations (�25 �M). The radius of
gyration increased with linker length and is higher than flexible
unstructured linkers (GGGGS)n of the same length (13).
Together, these studies support the use of the EAAAK linkers
as extended spacers between polypeptides. Utilizing this struc-
tural property, the EAAAK linker has been employed to
increase expression (14) and bioactivity (15) of fusion proteins.
However, of concern for the use of tethering generic peptides
with this particular linker, the EAAAK motif has been reported
to have autocleavage properties at pH 6 –7 (16). Regardless, this
SAH domain both demonstrates the feasibility and the high-
lights potential utility of a modular genetic element to control
intramolecular spacing between protein domains.

Stability of ER/K �-Helices

In a parallel vein, helix formation through E-K interactions,
independent of alanine, was examined by Lyu et al. (17) with
18-amino acid peptides with either (E2K2)4 or (E4K4)4 repeats.
Although the composition was exactly the same for both pep-
tides, CD and 1H NMR data showed that the E4K4 peptide has
65% helical content, whereas the E2K2 peptide is essentially a
random coil. This is consistent with studies in alanine peptides
discussed earlier, wherein (i, i � 4) interactions, as in E4K4,
stabilize the helical conformation, whereas the (i, i � 2) spacing
in E2K2 cannot facilitate these ionic interactions (Fig. 1, b and c).

These results were independent of peptide concentration in a
range of 20 –250 �M, indicating that oligomerization was not a
factor in augmenting helicity. Additionally, pH and salt titra-
tions showed that both direct ionic (E-K) and salt bridge inter-
actions (H-bonded) likely contribute to the stability of E4K4
helices. This is in contrast to (EAAAK)n, which appears to be
primarily stabilized by salt bridge interactions (7). Free energy
calculations yielded 0.5 kcal/mol stabilization for each (i, i � 4)
interaction in E4K4, and the contribution from each interaction
is proposed to stabilize the isolated �-helical conformation.

The mechanisms that underlie the stability of E4K4 helices
are also evident in molecular dynamics (MD) simulations.
Sivaramakrishnan et al. (18) performed a replica exchange MD
simulation on a (E4K4)2 peptide (Fig. 1c). Starting from either a
random coil or a fully formed �-helix, both simulations con-
verged on an �-helix. Thermal melting curves derived from the
MD simulations matched previous experimentally measured
helicities of this peptide (17). The simulations revealed dynamic
and continuous interactions between side chains, with prefer-
ential i � 4 and i � 3 interactions centered on E(i) residues and
i � 3 and i � 4 interactions centered on K(i) residues (Fig. 1c).
These computations parallel experimental measurements by
Olson et al. (19), who measured the influence of E-R side chain
spacing on helicity. Monitoring the distances between the side
chains in MD simulations, it was estimated that 45% of the time,
direct ionic interactions occur between Glu and Lys, whereas
solvent-separated salt bridges occur 37% of the time. This
observation is consistent with the presence of both ionic and
salt bridge interactions in E4K4 inferred from the pH depend-
ence of helicity (17). Additionally, it was observed that the bulky
side chains were able to partially shield backbone hydrogen
bonds from the polar solvent. Thus, the stability of the �-helical
core appears to arise from both shielded backbone hydrogen
bonds and ER/K side chain interactions. In this regard, the
ER/K motif has been likened to a tensegrity structure that is
stabilized by the juxtaposition of “contractile” (backbone
hydrogen bonds) and “tensile” (side chain) interactions (20).
Overall, the observations in synthetic ER/K peptides have
important structural implications in natural proteins as dis-
cussed in the next section.

Identification and Characterization of SAH Domains in
Natural Proteins

Although the (EAAAK)n motif was the first identified to form
SAH domains, SAH domains identified in natural proteins to
date more closely resemble the ER/K motif (i.e. (E4(R/K)4)n).
Smooth muscle caldesmon contains an �150-residue stretch in
its central region that is essentially repeating segments of
KAEEEKKAAEEK (21). Wang et al. (22) extensively character-
ized a 285-residue fragment of caldesmon that encompasses
this ER/K stretch. CD revealed �55% helicity, which is consis-
tent with a near continuous 150-amino acid �-helical region.
The sedimentation profile of this polypeptide in ultracentrifu-
gation experiments suggests a monomeric species over a wide
range of protein concentrations (0.1–3.5 mg/ml). Rotary shad-
owed EMs revealed rods with an average length of 35 nm that is
near the predicted length of an extended 150-residue �-helix.
The rod thickness in EMs was significantly less than coiled-
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coils from tropomyosin or the myosin rod segment, again sug-
gesting a single extended �-helix. In addition to stabilizing the
�-helix, Wang et al. (22) proposed that the regularly spaced salt
bridges may protect this �-helix from proteolytic cleavage.
Caldesmon interacts with both actin and myosin through dis-
tinct domains located at the ends of its SAH domain. Although
muscle caldesmon serves to inhibit the actin-activated ATPase
activity of myosins, it does not inhibit the actin-myosin inter-
action (23). Therefore, the extended single �-helix in caldes-
mon likely serves as a spacer to allosterically modify this inter-
action. However, not all SAH domains identified are expected
to function solely as spacers, for example the human pro-
grammed cell death 5 (PDCD5) protein.

The N-terminal 26-amino acid fragment (GSADEELEALR-
RQRLAELQAKHGDPG) of PDCD5 was demonstrated by Liu
et al. (24) to form a single �-helix by both CD and NMR spec-
troscopic measurements (Fig. 2c). Deletion of the N-terminal
�-helix of PDCD5 significantly attenuated the apoptosis-pro-
moting effects triggered by serum withdrawal. Based on the

differential nuclear translocation of full-length and truncated
PDCD5, Liu et al. (24) propose a role for this SAH domain in the
nuclear targeting of PDCD5.

The first high resolution structure of an SAH domain was
revealed in a crystal structure of the Bacillus stearothermophi-
lus ribosomal protein L9 (25). This protein contained a rigid
and fully extended 34-amino acid linker region between two
compact globular domains (Fig. 2d). A subsequent study syn-
thesized the corresponding peptide and found that the peptide
was primarily monomeric at concentrations up to 1 mM in ana-
lytical ultracentrifugation studies and primarily (�70%) �-hel-
ical as determined by CD spectroscopy, a much higher degree of
helicity than was expected based on its primary sequence
(PANLKALEAQKQKEQRQAAEELANAKKLKEQLEK) (26).
Further, they found that the helicity of the peptide could be
disrupted by moderate salt concentrations (�500 mM NaCl),
indicative of ionic side chain interactions contributing to the
net stability of the �-helix. Although this peptide is far from the
ideal E4K4 motif, it does have several predicted (i, i � 4) elec-

FIGURE 1. Glu and Arg/Lys side chain interactions stabilize a monomeric �-helix in solution. a, the primary amino acid sequence of the ER/K motif in Kelch
motif family protein from Trichomonas vaginalis. Positively charged residues (Arg and Lys) are shown in blue, negatively charged Glu is depicted in red, polar
residues are in black, and hydrophobic residues are in green. Note the recurrence of Glu and R/K spaced at (i, i � 4) intervals. b, a pinwheel diagram representing
the spacing of residues along an �-helix. The (i, i � 4) spacing in the ER/K motif positions amino acids 40o apart, with a distance of 0.6 nm along the helical
backbone. (Pinwheel adapted from Ref. 22.) c, ionic interactions and H-bonded salt bridges occur between Glu and R/K side chains with (i, i � 4) spacing. Top
panel, top view down the backbone from the N terminus of one heptad of (E4K4)2 peptide from an MD simulation (18). Bottom panel, a 90o rotation visualizing
the entire 16-amino acid peptide with a E-K interaction highlighted. d, a representative snap shot from a Monte Carlo simulation of the Kelch motif family
protein ER/K �-helix (as in a (29)) highlighting the extended �-helical conformation in a large polypeptide (�30 kDa).
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trostatic interactions. The single �-helix was postulated to act
as a rigid spacer between two globular domains of the L9 ribo-
somal protein such that they are properly positioned to bind
RNA. In addition to its structural role in the intact proteins, the
authors also suggest that the folding of the �-helix may initiate
and stabilize the folding of the two domains at its ends. Specif-
ically, if the �-helix does initiate the folding process, then the
folding of the two domains at the ends will be interdependent.

The most extensively characterized SAH domains to date are
the ER/K �-helices found in myosin X and VI. A study by
Knight et al. (1) investigated a putative coiled-coil motif in
murine myosin X that was highly enriched in charged residues
in the a and d positions of the heptad repeats. The authors
identified this as a peptide that did not conform with typical
coiled-coil motifs and coined the term SAH to describe an iso-
lated stable single �-helix (Fig. 2a). The 36-residue peptide
studied (RQLLAEKRELEEKKRREEEKKREEEERERERAQR)
resembles an ideal ER/K motif. Using 1H NMR, they found that
the N-terminal 6 residues form a random coil, whereas all other
residues in the peptide are �-helical. Using analytical ultracen-
trifugation, they determined the peptide to be monomeric at
concentrations up to 700 �M. Surprisingly, they found that the
�-helical content, as determined by CD, is less sensitive to
higher salt concentrations than a synthetic 19-amino acid E4K4
peptide, presumably due to more stable electrostatic interac-
tions. The study also investigated the SAH domain in the con-
text of a nearly intact myosin X, which included a directly
N-terminal putative coiled-coil region (120 amino acids total),
by rotary shadowing and negative stain EM (Fig. 2a). They
found that 90% of the peptide was monomeric, whereas 10%
appeared dimerized. Further, in the dimeric population, only a
small portion of the �-helical region appeared to be interacting.
The “head” region of the entire myosin was 15 nm longer than
expected (34.7 nm versus an expected 18.4 nm), corresponding
to the expected length of 18 nm if the entire 120-amino acid
region were in an extended �-helix. Finally, this study made

predictions for two additional SAH domains in regions puta-
tively described as coiled-coil regions in myosin VI and MyoM
(Dictyostelium myosin) based on the ER/K motif in their pri-
mary amino acid sequence, both of which were subsequently
confirmed.

Spink et al. (27) demonstrated that an ER/K motif was nec-
essary for the large (36-nm) step size of dimeric myosin VI. The
myosin VI medial tail was previously proposed to form a coiled-
coil (28) based on a prediction of the PAIRCOILS algorithm.
Spink et al. (27) showed that a polypeptide derived from the
medial tail failed to demonstrate a cooperative melting profile
characteristic of coiled-coil domains. Using a combination of
spectroscopic approaches, the medial tail was found to be
monomeric even at high concentrations (�200 �M). SAXS
reconstructions revealed an extended conformation (�10 nm)
consistent with the medial tail as an ER/K motif (Fig. 2b).
Forced dimerization of the medial tail, by insertion of a canon-
ical coiled-coil at its N terminus, substantially diminished the
step size and processivity of myosin VI. The rigidity of this ER/K
�-helix is evident in its ability to extend the mechanical stroke
of myosin VI as it resists an external force applied by optical
tweezers (29). By pairing SAXS and optical trapping measure-
ments of this and another naturally occurring ER/K motif (10 and
30 nm), the persistence length of the ER/K motif based on an ideal
worm-like chain was estimated to be 15 nm (29) (Fig. 1d).

Predicting SAH Domains from Primary Sequence

Until recently, the identification of the SAH domain was lim-
ited to the handful of natural proteins where it had been bio-
chemically characterized. Searching specifically for the mini-
mal ER/K motif (E4(R/K)4)2, Sivaramakrishnan et al. (18)
identified 123 distinct proteins, which had an average of 80%
conformity to this motif, in 137 organisms ranging from
archaea to humans. Peckham et al. (30) sought to identify SAH
domains by examining sequences predicted to be coiled-coils
based on their high charge density, but that failed to have

FIGURE 2. SAH domains have been observed in natural peptides or full-length proteins with multiple structural techniques. a, from Ref. 1, the putative
coiled-coil region of myosin 10 forms an SAH domain. Top, CD of a peptide from murine myosin 10 has a canonical �-helical spectrum at 10 °C with a negative
ellipticity at 222 nm (before and after heating to 80 °C) and a random coil spectra (with loss of ellipticity at 222 nm) at 80 °C. Bottom, rotary shadowed
transmission electron microscopy of recombinant murine myosin 10 fragments. b, from Ref. 18, the predicted structure of the medial tail (MT) ER/K region
(residues 916 –981) of myosin VI docked into its SAXS envelope. c, from Ref. 24, an alignment of 20 solution states, determined by NMR, for the programed cell
death 5 protein residues 1–26 following 1H-15N HSQC. PDB, Protein Data Bank. d, from Ref. 25, the x-ray crystal structure of ribosomal protein L9. e, from Ref. 32,
the number and percentage of total sequences of putative CSAH domains identified from the primary amino acid sequences of the indicated organisms listed
in Swiss-Prot and TrEMBL databanks utilizing the CSAH server. b– d, residues in SAH domains are colored as in Fig. 1.
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hydrophobic residues in the a and d sites. After a manual screen
of putative coiled-coil domains that were homologous to the bona
fide SAH domain in murine myosin X, they found that up to 4% of
proteins classified as coiled-coils might indeed be SAH domains
instead. This study provides an upper bound of 0.5% of all proteins
in the human database that contain an SAH domain (30).

Suveges et al. (31) took a more systematic and analytical
approach to identify charged SAH domains. They generated
two conceptually different computational models, one a scor-
ing function that identifies characteristic (i, i � 4) or (i, i � 3)
salt bridges (SCAN4CSAH), and the second one a fast Fourier
transform approach that finds like-charged residues �1 heptad
apart (FT_CHARGE). These methods detected several putative
SAH domains by cross-examining the Swiss-Prot database for
regions larger than 40 amino acids (31). Both search databases
are available at the charged SAH (CSAH) server. Applied to the
UniProt database, they provide a conservative estimate of 0.2%
of all proteins in an organism as containing CSAH structural
motifs (Fig. 2e). Interestingly, Homo sapiens were identified to
have the highest number of CSAH-containing sequences in
their genome. Of almost 300,000 proteins identified in this
search, only one had a published high resolution structure, sug-
gestive of the difficulty of obtaining x-ray crystal structures of
CSAH domains. The identified sequences had high overlap
with servers, identifying unstructured regions, and coiled-coil
motifs. The authors postulate that this motif may be rapidly
evolving and that single charge mutations may lead to fine tun-
ing of sequences between SAH, coiled-coil, and disordered seg-
ments (32). As an alternative to differentiating between SAH
and coiled-coil domains, Sunitha et al. (3) have developed a
new computational tool termed COILCHECK�. This web
interface informs the user of the strength of a potential
coiled-coil interaction at the interface region based on the
relative density of both the charged residues and the charac-
teristic repeat pattern of hydrophobic residues. Although
these bioinformatics screens require additional experimen-
tal verification, it appears that SAH domains are ubiquitous.

Applications for Modular ER/K Motifs in Protein and
Cellular Engineering

The ER/K motif has readily found applications in protein
engineering. Three separate studies have used chimeric ap-
proaches to investigate the interplay of ER/K �-helix mechan-
ical properties on myosin function (Fig. 3). Baboolal et al. (33)
demonstrated that an ER/K �-helix can function as a lever arm
in myosin V by extending a single myosin stroke nearly as effi-
ciently as its native rigid calmodulin-stabilized lever arm (Fig.
3a). However, in contrast to the native lever, the ER/K �-helix
was not able to coordinate the chemomechanical cycles of the
two myosin heads within a single dimer, possibly due to its
lower bending rigidity. Nagy and Rock (34) demonstrated that
the ER/K �-helix from myosin X was necessary and sufficient to
engineer preferential processive movement of both myosin X
and myosin V on fascin-linked actin bundles. Engineering addi-
tional flexibility into the native myosin X abolishes selectivity
for actin bundles, suggesting that the ER/K �-helix selectively
biases the orientation of the myosin heads within a dimer (Fig.
3b). Hariadi et al. (35) found that ensembles of myosin VI but

not myosin V undergo linear directed movement on a dense
cellular actin meshwork. Stochastic simulations revealed that
myosin lever arm rigidity alone was sufficient to dictate the
skewness of movement patterns on cellular actin networks.
Swapping a portion of the myosin V lever with the ER/K �-helix
from myosin VI was sufficient to linearize myosin V trajectories
and vice versa (Fig. 3c). Together, these studies bridge the
mechanical properties of ER/K �-helices with specific func-
tions in myosin.

In a radically different approach to protein engineering, the
ER/K linker has also been used to tether and dictate the effec-
tive concentration of intramolecular protein-protein interac-
tions (Fig. 4a). Sivaramakrishnan and Spudich (36) engineered
a single polypeptide sensor containing an ER/K linker with an
N-terminal calmodulin (CaM) and CFP variant attached by a
flexible (GSG)2 linker and a C-terminal YFP variant attached
with a (GSG)2 linker to a peptide known to dimerize with the
Ca2� bound CaM. The calcium-induced intramolecular inter-
action between CaM and its binding partner was detected by
changes in FRET between CFP and YFP variants. In the absence
of calcium, no significant FRET was detected with ER/K linkers
of 73 amino acids or more (corresponding to �10 nm in length
along the �-helical backbone). A dramatic increase in FRET was
observed upon the addition of calcium. Unexpectedly, calcium-
stimulated FRET was independent of the concentration of sen-
sor at levels below the bimolecular dissociation constant, indi-
cating that an intramolecular interaction was bringing the
FRET pair on either end of the ER/K linker into close proximity.
Competitive inhibition of FRET with increasing concentrations
of unlabeled CaM was used to quantify the effective concentra-
tion of the intramolecular interaction. Regardless of the bimo-
lecular dissociation constant, the effective concentration de-
creased by about an order of magnitude for each additional 10
nm of ER/K linker. Essentially, changing ER/K linker length
from 10 to 30 nm altered the effective concentration of the
intramolecular interaction from 10 �M to 100 nM (Fig. 4c) (for
reference, the effective concentration of a 60-residue unstruc-
tured linker is �100 �M (37)). Further, similar results are
observed when CaM and the CaM binding peptide are replaced
by different interacting peptides (Fig. 4b). This trend is in con-
trast to the expected behavior of an ideal worm-like chain. One
possible explanation is that a sensor in the closed state may
introduce unfavorable conformations of the ER/K linker, which
could increase the off-rate of the CaM-peptide interaction.
However, the measured off-rate was found to be independent of
ER/K linker length. The authors proposed a structural interpre-
tation of these observations by suggesting that the ER/K linker
undergoes rare stochastic breaks in helicity that create pivot
points to facilitate interactions between the ends. The fre-
quency of stochastic breaks scales linearly with �-helix length
(� L). However, the breaks are unlikely to be spatially coordi-
nated, resulting in far fewer conformations (� 1/L2) that bring
the ends in close enough proximity to precipitate CaM-peptide
interactions. Although this interpretation needs further testing,
it is consistent with a previous SAXS study suggesting that cer-
tain �-helical peptides exhibit breaks along their length (38).
The use of the ER/K linker to modulate protein-protein inter-
actions was termed Systematic Protein Affinity Strength Mod-

MINIREVIEW: Structural Properties of Isolated �-Helices

25464 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 289 • NUMBER 37 • SEPTEMBER 12, 2014



ulation (SPASM). A key feature of the SPASM approach is its
modularity, and the individual protein/peptide/fluorophore
domains can be easily exchanged with basic molecular biology
tools in most research laboratories.

The SPASM approach has since been used to engineer pro-
tein-protein interactions in live cells. Single polypeptide FRET
sensors based on SPASM have been used to detect G protein-
selective conformations of G protein-coupled receptors (39)
(Fig. 4d). Modulating effective concentration with varying
ER/K linker length has been used to modify the enzymatic
activity of focal adhesion kinase (FAK) and dissect the differen-
tial effects of kinase activity and domain-domain interactions in
controlling cellular migration (40) (Fig. 4e). The ER/K linker

provides control over the stoichiometry of expression, with
minimal FRET in the absence of an intramolecular interaction.
This feature has been used to understand the pH dependence of
FAK regulation, while correcting for the effects of pH on the
fluorescence levels of GFP variants. Additionally, the ER/K
linker has found utility in modulating domain-domain interac-
tions in multidomain proteins, which has yielded a coarse con-
figuration of both intramolecular and intermolecular interac-
tions in protein kinase C (41) (Fig. 4d). Beyond these studies, we
propose that the ER/K linker may be readily used in conjunc-
tion with other synthetic protein tools, including split proteins
and inducible protein interactions, as a means to study individ-
ual interactions or to engineer cellular systems (Fig. 4, d–f).

MyoV (IQ) MyoV (ER/K)MyoVI (ER/K) MyoVI (IQ)

MyoV (IQ) MyoV (ER/K) MyoX (IQ)MyoX (ER/K)

MyoV (6IQ) MyoV (ER/K)MyoV (4IQ) MyoV (2IQ)
Observable: powerstroke distance

25.2nm 8.9nm 21.5nm15.4nm

MyoX (ER/K) + (GSG)

16.8 nm

Observable: processive movement (Single or bundled actin filaments)
no preference prefer bundle prefer bundle no preference no preference

WT Chimera

WT Chimera

WT Chimera

Observable: trajectory shape on actin network (linear or skewed)
linear linearskewed skewed

SAH extends myosin lever arm

Rigid SAH orients motor domain
for processive movement on actin

bundles in MyoX

Actin

forceforce

Lower rigidity in MyoVI ER/K than MyoV IQ domains
changes accessibility of actin binding sites under force

linear

MyoV (IQ) MyoVI (ER/K)

a

b

c

FIGURE 3. The ER/K �-helix is a modular genetic motif that can be used to create myosin chimeras with altered mechanical properties. a, Baboolal et al.
(33) created a myosin V (MyoV) chimera containing the putative ER/K �-helix from Dictyostelium myosin M. Left, the power stroke distances of WT myosin V,
myosin V with truncation of two or four calmodulin stabilized IQ domains, and a chimera of myosin V with two native IQ domains and a 16.8-nm ER/K �-helix.
Right, an extended and rigid ER/K �-helix can propagate force generated in the myosin catalytic domain to facilitate long processive steps on actin filaments.
b, Nagy and Rock (34) generated multiple chimeras between myosin V and myosin X (MyoX) to assess structural elements that allow myosin X to preferably
move on fascin-actin bundles. Left, representative chimeras that were used to identify that in myosin X, the ER/K �-helix and not the motor domain or step size
dictates processive movement on fascin-actin bundles. Right, insertion of unstructured Gly-Ser-Gly residues between the SAH and IQ domains of myosin X
disrupts preferential processivity on fascin-actin bundles. The ER/K �-helix alters the orientation of the motor domain, allowing it to favorably bind actin sites
uniquely presented in fascin-actin bundles. c, Hariadi et al. (35) generated chimeras swapping the ER/K �-helix from myosin VI (MyoVI) with the IQ domains from
myosin V while investigating the collective movement of multiple myosins tethered together. Left, multiple myosin V proteins, but not myosin VI, display
meandering trajectories while traversing actin meshworks. Swapping regions of the lever arm containing the ER/K �-helix can reverse this phenomenon. Right,
the IQ domains are likely more rigid than the ER/K �-helix, such that the inter-myosin force can selectively alter the accessibility of actin binding sites for the less
rigid myosin VI.
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Conclusions

The SAH domain is a structural element found in numerous
proteins, where it appears to operate as a semi-rigid structural
element that tethers globular domains. Although it has only
been extensively characterized in a few natural proteins, its
sequence specifications and structural properties allow for its
identification distinct from coiled-coils. The ER/K motif is a
subset of SAH domains that have been extensively character-
ized through studies of the myosin family of molecular motors.
ER/K �-helices, encoded by this motif, have already found

applications for monitoring or systematically modulating pro-
tein interactions. The modularity of the ER/K motif makes it a
versatile protein structural element in an expanding toolbox of
technologies that are being deployed to dissect an integrated
cellular signaling network. In addition to informing cellular
function, sensors developed on an ER/K platform have direct
applications for identifying new small molecule therapeutics.
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FIGURE 4. The ER/K �-helix dictates the effective concentration of peptides attached to its distal ends and can be used for protein/cellular
engineering applications. a, top, The ER/K �-helix adopts an extended conformation in the absence of an interaction between polypeptides fused to
its ends. Bottom, interaction between peptides stabilizes the closed conformation of the ER/K �-helix, which is detected by a reporter system (e.g. FRET
between CFP and YFP). b, from Ref. 40, an example of the schematic depicted in a, in which the interacting FAK, FERM, and kinase domains, as well as the
fluorescent protein FRET pair CFP and YFP, are separated by a disordered GSG linker or by ER/K linkers with extended lengths of 10 –20 and 30 nm.
Fluorescence emission of these polypeptides was monitored at concentrations significantly lower than the bimolecular dissociation constant for the
kinase-FERM domain interaction; FRET is assessed by the characteristic increase in fluorescence at 525 nm. c, Sivaramakrishnan and Spudich (36) found
that the effective concentration of the intramolecular interaction was dependent on the ER/K �-helix length. Longer ER/K �-helix length leads to a lower
effective concentration. d–f, sample applications, some experimentally demonstrated (*) and others conceptual, of a modular ER/K linker in protein
engineering. d, left, reporting protein-protein interactions using fluorescent protein FRET reporters between conditionally interacting protein/peptide
pairs, as demonstrated by Malik et al. (39) investigating G protein-coupled receptor-G protein interactions. Top right, ER/K linker with flanking FRET
reporters inserted between domains of a multidomain protein as reported by Swanson et al. (41) investigating protein kinase C. Middle right, tethering
a bimolecular fluorescence complementation (BiFC) (42) pair to fluorescent protein with an ER/K �-helix, places the fluorescent protein beyond FRET
distance to allow for quantification of expression levels of the sensor. Bottom right, a non-fluorescent readout of a conditional protein-protein interac-
tion, for example, enzymatic activity of a split tobacco etch virus (TEV) protease, or deriving antibiotic resistance from a split �-lactamase (43). These
approaches allow for increased stringency of detection by increasing the ER/K �-helix length, while controlling for stoichiometry of interacting proteins.
e, left, ER/K �-helix length modulates protein-protein interactions to control the activity resulting from the interaction. For instance, an activity that is
dependent on two proteins interacting can occur more or less frequently depending on the length of the ER/K �-helix as demonstrated by Ritt et al. (40) investigating
the intramolecular interaction between FERM and kinase domains of FAK. Top right, the ER/K �-helix can be used to generate single polypeptide actuators, using
inducible protein interaction pairs. For instance, the optogenetically controlled dimeric dronpa fluorescent proteins (44) can be used to modulate autoinhibition of a
catalytic domain. Bottom right, the ER/K �-helix can be used to control co-recruitment of peptides to an intermolecular complex. Although the initial interaction will be
dependent on polypeptide concentration, recruitment of the second peptide tethered by the ER/K linker will be dependent on the linker length. f, ER/K �-helices can
be used to engineer structural scaffolds from polypeptides. A schematic of one such design is depicted in which the size of the structure can be adjusted by the length
of the ER/K �-helix.
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This thematic series, the sixth in the Metals in Biology collec-
tion beginning in 2009, addresses the issue of why certain metals
are used by particular enzymes, as well as the consequences of
using the wrong metal. This prologue introduces the 2014 Met-
als in Biology thematic series. The first minireview in the series
deals with general aspects of metal specificity, and the next two
deal with specific cases, the enzyme ribonucleotide reductase
and iron/manganese homeostasis in the bacterium Bacillus sub-
tilis. The fourth discusses metal selection in oxidative stress, and
the final minireview discusses lysosome-related organelles as
mediators of metal homeostasis.

Metals play an important role in biochemistry, in that it has
been estimated that �40% of enzymes use metals in some way
(1). Microbial “metalloproteomes” are still largely uncharacter-
ized (2). Metals are also critical for most reactions involving
nucleic acids. One of the questions is why enzymes are selective
for certain metals, and this matter is addressed in this thematic
series, the sixth in the area of Metals in Biology in The Journal of
Biological Chemistry (3–7).

The first minireview in the series, by Andrew W. Foster,
Deenah Osman, and Nigel J. Robinson, deals with the general
issue of metallation selectivity and the influence of biological
systems as well as the thermodynamics, i.e. metal affinity and
cellular concentration. Zn/Mg and Fe/Mn competition are
discussed, as well as the roles of delivery systems in metal
homeostasis.

The second minireview in the thematic series is authored by
Mingxia Huang, Mackenzie J. Parker, and JoAnne Stubbe, who
deal with the important enzyme ribonucleotide reductase. As in
the first minireview in this series, the Fe/Mn competition is
an issue, and organisms use either or both of these metals in
this enzyme. Also, mismetallation can occur under forced
conditions.

Our third minireview, by John D. Helmann, also deals with
the Fe/Mn conundrum and the roles of sensor proteins in metal
homeostasis. In the bacterium Bacillus subtilis, the three met-

alloregulatory proteins Fur, MntR, and PerR are involved in the
“perception” of iron and manganese.

The fourth minireview was contributed by James A. Imlay
and discusses mismetallation in Escherichia coli under oxida-
tive stress. Here we see a Fe/Zn/Mn interaction that can be
perturbed due to the oxidation of iron by partially reduced oxy-
gen species. The implications for other bacteria are discussed.

Our fifth minireview, by Crysten E. Blaby-Haas and Sabeeha
S. Merchant, addresses how eukaryotes control correct metal-
lation of metal-dependent proteins by regulating metal avail-
ability with storage organelles. From yeast and plant models,
our understanding of vacuoles and related organelles as medi-
ators of metal homeostasis is growing. The metal transporters
in the membranes of these organelles are the central players,
and some of these mechanisms have also been identified in
animal systems.

The authors of the minireviews and I hope that you will enjoy
reading this thematic series and that you will learn something,
even if metals are not your primary interest. We are continuing
this thematic series on Metals in Biology. Please visit the Enzy-
mology Affinity website (enzyme.jbc.org) for more information
on papers in The Journal of Biological Chemistry as well as
papers on other areas of relevance in this area (other affinity
groups are also important in the biology of metals area, includ-
ing Protein Structure and Folding, Metabolism, Gene Regula-
tion, and Microbiology).
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The metal binding preferences of most metalloproteins do
not match their metal requirements. Thus, metallation of an
estimated 30% of metalloenzymes is aided by metal delivery sys-
tems, with �25% acquiring preassembled metal cofactors. The
remaining �70% are presumed to compete for metals from buff-
ered metal pools. Metallation is further aided by maintaining
the relative concentrations of these pools as an inverse function
of the stabilities of the respective metal complexes. For example,
magnesium enzymes always prefer to bind zinc, and these met-
als dominate the metalloenzymes without metal delivery sys-
tems. Therefore, the buffered concentration of zinc is held at
least a million-fold below magnesium inside most cells.

This narrative sets out, with examples, how cells assist met-
allation. Such assistance is vital because the physical and chem-
ical properties of proteins tend to select essential divalent metal
ions with a ranked order of preference that follows the Irving-
Williams series (1).

Mg2� � Mn2� � Fe2� � Co2� � Ni2� � Cu2� � Zn2�

Competitive metals must be kept out of binding sites for the
weaker binding ions. Cupric ions are at the top of the series,
although their order with respect to zinc can flip (2). In the
reducing conditions of the cytoplasm, cuprous (Cu�) rather
than cupric (Cu2�) ions are expected to predominate, but these
ions can also form tight complexes, especially with sites that
contain sulfur ligands (3). In the periplasm of bacterial cells,
ferric (Fe3�) rather than ferrous (Fe2�) ions often dominate (4).
Ferric ions are retained in solution in organic complexes that
can be exceptionally tight and include binding proteins such as
the ferric-binding protein (Fbp) in the bacterial periplasm (5).

Because proteins are not rigid, the scope for steric selec-
tion of metal cofactors is imperfect. Mismetallation can
exploit a subset of ligands and/or distort the native binding
geometry. Typically, a protein becomes inactive if one or
more residues of an active metal site are recruited to an
alternative site, perhaps with alternative geometry, by a
more competitive metal. For example, glyoxalase of Clostrid-
ium acetobutylicum (GlxI) is activated by nickel or cobalt,
both of which assume octahedral geometries, whereas zinc
binds tightly in trigonal bipyramidal geometry and inacti-

vates this isoform of the enzyme (6).
Correct metallation in vivo is favored because the cytoplasm

is a metal-controlled environment. For example, two periplas-
mic cupins (manganese MncA and cupric CucA) from a model
cyanobacterium bind metal via analogous ligand sets within
analogous folds (Fig. 1), yet in vivo they acquire different metals.
MncA and CucA both show in vitro metal preferences that
match the Irving-Williams series, which is especially problem-
atic for MncA. A 10,000� and 100,000� excess of manganese is
required at MncA folding in order for manganese to outcom-
pete cupric or zinc ions, respectively (7). Cuprous ions can also
outcompete manganese. Manganese MncA has oxalate decar-
boxylase activity, whereas neither the zinc nor the copper forms
are active (7). CucA is a Sec substrate that folds in the periplasm
on secretion, whereas MncA is a Tat substrate. The Tat sys-
tem translocates prefolded proteins, and hence MncA folds
within the cytoplasm before export (7, 8). In this way, MncA
entraps manganese before exposure to copper and zinc in the
periplasm. In the cytoplasm, at the site of MncA folding, copper
and zinc must be at least 10,000 and 100,000� less available
than manganese. This must reflect the relative buffered con-
centrations of these three metals plus, hypothetically, a manga-
nese delivery system for MncA.

When Metals Compete with Other Metals for Proteins

Metal availability within cells is restricted such that proteins
compete with other molecules, including other proteins, for
limited pools of the most competitive metals. Dudev and Lim
(9) have assessed the physical and chemical properties of metals
and proteins that influence metal preferences. These include
valence, ionic radius, coordination geometry, ligand number,
second-shell ligands, effects of the protein matrix, and ligand
characteristics (net charge, dipole moment and polarizability,
charge-donating/-accepting ability, and denticity) (9). Despite
these opportunities to tune metal preferences, in vitro metalla-
tion is typically aberrant when essential metals simply compete
with each other for proteins (7).

Zinc and magnesium are the most commonly utilized metal
cofactors (�16 and �9% of all enzymes, respectively) (10), and
they dominate the subset of metalloenzymes lacking a defined
delivery system, representing �78% of this group (Table 1).
Empirically, zinc is known to replace magnesium to inactivate
enzymes including �-galactosidase (11), tyrosine kinases (12),
and magnesium alkaline phosphatase (13, 14). The calculated
free energies for replacing magnesium with zinc in rigid or flex-
ible sites implies that zinc will always be favored over magne-
sium in mono- and binuclear binding pockets, with �G for
replacement in flexible, neutral sites ranging from �10 to �29
kcal mol�1 (15). The incorporation of magnesium into chloro-
phyll to metallate chlorophyll-binding proteins is a special case
that exploits delivery systems and is therefore considered sep-
arately in a later section of this minireview.

Iron and manganese are the next most common cofactors
estimated to be exploited by �8 and �6% of enzymes (10).
These ions account for most (�18%) of the remaining fraction
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of metalloenzymes that are devoid of delivery systems, noting
that another subset of iron enzymes does have metal delivery
systems and iron is commonly found in preassembled cofac-
tors. The divalent ions of manganese and iron have similar
ligand affinities, radii, coordination preferences, and solvation
free energies, creating a distinct challenge for proteins to dis-
cern between these elements when they compete for a site (9).

Uncertain Metallation in Vivo and Cambialistic Proteins

With a few pioneering exceptions (16, 17), the extent of mis-
metallation in vivo is unknown. Current methods for native
metalloproteomics are neither global nor high throughput (7,
18), and so the extent of post-translational regulation through
metallation is unclear. The picture is further complicated
because multiple metals support catalysis in so-called cambial-
istic enzymes. Acireductone dioxygenase (ARD)2 from Kleb-
siella oxytoca is currently a rare example of an enzyme that can
catalyze two different reactions dependent upon metal occu-
pancy (19). Iron�ARD is widespread, and the nickel�ARD-de-
pendent pathway has been observed in Bacillus subtilis and
Escherichia coli, but both forms have been recovered from
K. oxytoca. However, there is currently no evidence that both
forms of the enzyme confer a selective advantage to K. oxytoca.
Fractional occupancies of ARD with nickel and iron remain to
be investigated in vivo, as does the tantalizing possibility that
metallation is switched to match metabolic need.

Conformationally Trapped Metals and Opportunities for
Proofreading of Metallation

There is scope for mismetallated proteins to be selectively
degraded or recycled or to remain in a partially unfolded state.

A subset of metal cofactors becomes kinetically trapped in pro-
teins. The correct geometry can stabilize the fold, offering, in
effect, the potential for proofreading of metal occupancy based
upon second coordination shell interactions. For example,
manganese in the copper�cupin CucA is readily replaced upon
incubation with copper, but in the structurally related
manganese�cupin MncA, manganese becomes trapped at fold-
ing and refractory to subsequent replacement by copper (7).
Thus, folding and metal trapping are uncoupled from manga-
nese binding to CucA, where this is mismetallation, but coupled
to manganese binding in MncA. To date, in vitro biochemical
studies of metal binding preferences of proteins have not
included protein folding chaperones such as Hsp70 or its co-
chaperones and nucleotide exchange factors. Association of
chaperones with exposed hydrophobic patches of nascent pro-
teins impacts upon the energetics of protein folding (20), but it
remains to be tested whether or not this sometimes imposes a
bias in favor of the correct metal.

Metal Delivery Pathways

Fidelity in metallation with two competitive metals, nickel
and copper, is typically assisted by metallochaperones (21–23).
The term “metallochaperone” describes a collection of pro-
teins, for a diversity of metals, which differ in their biochemical
mechanisms. Known nickel chaperones, which include HypB,
interact with a battery of other proteins with consumption of
nucleotide cofactors aiding metal insertion (21, 22). When
Helicobacter pylori HypB aberrantly binds zinc its GTPase, activ-
ity is not triggered, and in this way, cofactor delivery becomes
selective for nickel (24). Known copper chaperones do not
require nucleotide cofactors. Both copper and nickel chaper-
ones introduce a kinetic bias into the partitioning of metals by
engaging in specific protein-protein interactions that recognize
the correct partners (23). Such interactions also orientate the
donor and acceptor ligands to encourage facile ligand exchange
(25).

Preassembled complex metal cofactors include cobalamin
(cobalt), iron-sulfur clusters, heme and siroheme (iron), molyb-
dopterin (molybdenum), F430 (nickel), and chlorophyll (mag-
nesium). Discrimination between these more elaborate molec-
ular assemblies as opposed to individual metal ions at cofactor
selection is less challenging, but nonetheless may be aided by
delivery proteins. For example, monothiol glutaredoxins (Grxs)
and BolA proteins play roles in [FeS] cluster delivery as well as
iron sensing (26), with yeast strains deficient in Grx3 and Grx4
exhibiting defects in multiple iron-dependent enzymes (27, 28);
NarJ assists in the insertion of molybdopterin into nitrate
reductase in E. coli cells (29), and CcmE functions as a heme
chaperone in the periplasm of E. coli, delivering its cargo to
CcmF for insertion into cytochrome c (30).

Metallochaperones that contribute toward fidelity in parti-
tioning metals during complex cofactor assembly include che-
latases for heme, cobalamin, and chlorophyll (31, 32) and MoeA
for molybdopterin (33). Ferrochelatases, for example, can cat-
alyze the insertion of metals other than iron into tetrapyrroles,
such that zinc protoporphyrin IX becomes diagnostic for some
iron deficiencies (34). The metal preferences and metallation of
metallochaperones warrant investigation.

2 The abbreviations used are: ARD, acireductone dioxygenase; SOD, superox-
ide dismutase; CCS, copper chaperone for superoxide dismutase.

FIGURE 1. Metallation is governed by metal availability for MncA and
CucA. a, Mn(II)-MncA global fold. b, Cu(II)-CucA global fold. Both proteins
adopt a cupin architecture, with MncA composed of two cupin domains. c,
MncA N-terminal Mn(II)-binding site. d, CucA Cu(II)-binding site. Both pro-
teins coordinate their metals with identical ligand sets, with a water molecule
in the open coordination position (this position is occupied by acetate in the
C-terminal Mn(II)-binding site of MncA). MncA and CucA both prefer to bind
copper rather than manganese in vitro, but MncA folds and traps manganese
in the metal-regulated environment of the cytoplasm. Protein Data Bank
(PDB) codes: 2VQA and 2XL7.
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The majority of copper proteins are secreted, and copper efflux
from the cytosol is driven by P1-type ATPases that acquire copper
from metallochaperones such as Atx1 (35, 36). Exactly how cop-
per is then handed to nascent proteins post-secretion is the
topic of current investigations. Oddly, CucA in the cyanobac-
terial periplasm has impaired metallation in mutants missing
copper-transporting P1-type ATPases (CtaA and PacS), and the
mutant periplasm is devoid of CucA but enriched with low Mr
copper complexes (37). Thus, copper is routed via the cyto-
plasm and the cyanobacterial copper chaperone Atx1, before
export via a P1-type ATPase to load CucA. Moreover, secretion
of CucA seems to be coupled to copper efflux (37). A subset of
P1-type ATPases that have tight Km and low Vmax does not
confer copper resistance but appears to support metal delivery
to nascent cupro-proteins (38). There is evidence of interaction
between E. coli periplasmic copper chaperone CusF and
P1-type ATPase CopA, whereas periplasmic copper chaperone
CueP is required for metallation of SodCII in Salmonella
enterica sv. Typhimurium (39, 40).

Evaluating the Contribution of Delivery Pathways to
Metallation

To estimate the fractions of metalloproteins that bind pre-
assembled cofactors or are otherwise metallated via metal-

lochaperones, the Metal MACiE database has been interro-
gated. Metal MACiE is a manually curated catalogue of
enzymes that require metals for their catalytic mechanisms
and for which a protein structure has been determined (41).
Metal ions solely performing structural roles in proteins that
are not enzymes are not annotated in Metal MACiE. This is
liable to lead to an under-representation of zinc, which is
widely used in zinc fingers (42). With such limitations in
mind, Metal MACiE can be used to make first approxima-
tions of the proportions of enzymes with various metal cen-
ters. Table 1 lists the types of sites in the database, noting
where proteins are known to assist in metal delivery directly to
the enzyme (exemplified by nickel and copper), to a subcellular
compartment containing the enzyme (exemplified by copper in
the secretory system or periplasm), or to preformed metal cofac-
tors. In total, 30% of metalloenzymes within the database are esti-
mated to lie at the end of such delivery pathways, and metalloen-
zymes are estimated to account for almost half of all enzymes
(43).

It is uncertain where most metallochaperones acquire metal
and to what extent their relative metal affinities correspond to
the metal requirements of the delivery pathways. Cyanobacte-
ria are useful models for exploring partitioning among metal-

TABLE 1
Types of metal sites and metal delivery pathways in Metal MACiE

Metal and site type Example enzyme from Metal MACiEa Delivery pathway/chaperone
% of Metal

MACiE totalb,c

Magnesium
Mononuclear Adenylate cyclase (M0058) None known 38
Trinuclear (magnesium) Trichodiene synthase (M0262) None known 3

Manganese
Mononuclear Xylose isomerase (M0308) None known 8
Trinuclear (manganese or zinc) Deoxyribonuclease IV (M0011) None known �1

Iron
Mononuclear Catechol 2,3-dioxygenase (M0034) None known 3
Dinuclear (FeFe) Ferredoxin hydrogenase (M0127) HydE/G provide iron as �FeS	, production of which is

dependent on CyaY
�1

Dinuclear (NiFe) Cytochrome c3 hydrogenase (M0126) Assembly of cyano-, carbonyl-coordinated iron
occurs on HypD; source of iron is unknown

�1

Dinuclear (ZnFe) Purple acid phosphatase (M0043) None known �1
Heme Ubiquinol-cytochrome c reductase (M0208) Iron chelatase 7
Iron-sulfur cluster Aldehyde oxidase (M0105) CyaY 14

Cobalt
Mononuclear Thiocyanate hydrolase (M0284) None known 2
Cobalmin Methionine synthase (M0268) CbiX 2

Nickel
Dinuclear (NiFe) Cytochrome c3 hydrogenase (M0126) HypA/ HypB/ SlyD �1
Dinuclear (NiNi) Urease (M0087) UreE/ UreG �1
Factor-430 Coenzyme B sulfoethylthiotransferase (M0156) None known �1

Copper
Mononuclear Copper-zinc SOD (M0138) CCS (and others) 2d; 1e

Dinuclear (CuCu) Tyrosinase (M0125) Atx1 (and others) 1
Dinuclear (CuMo) Carbon-monoxide dehydrogenase (M0107) None known �1

Zinc
Mononuclear Alcohol dehydrogenase (M0256) None known 11
Dinuclear (ZnZn) Beta lactamase (M0015) None known 2
Dinuclear (ZnFe) Purple acid phosphatase (M0043) None known �1
Trinuclear (zinc) Phospholipase C (M0027) None known 1

Molybdenum
Molybdopterin Xanthine dehydrogenase (M0139) MoeA 2
FeMo cofactor Nitrogenase (M0212) CyaY, NifH �1
Dinuclear (CuMo) Carbon-monoxide dehydrogenase (M0107) None known �1

a Metal MACiE identifier shown in parentheses.
b Total excludes calcium enzymes represented in Metal MACiE.
c Hetero-dinuclear sites count as one site for each metal ion, and homo di- and tri-nuclear sites count as one site.
d Known delivery pathways.
e Unknown delivery pathways.
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lochaperones. In common with other photosynthetic organ-
isms, they have a high demand for metals (44), but they also
have delivery proteins for an especially wide range of metals:
Atx1 for copper to thylakoids (45), UreE and HypA/B for nickel
to urease and hydrogenase (46), ferrochelatase for iron to heme
and siroheme (47), magnesium chelatase for magnesium to
chlorophyll (48), CbiX for cobalt to cobalamin (plants in con-
trast do not make cobalamin) (49), MoeA for molybdenum to
molybdopterin, CyaY for iron to iron-sulfur clusters, and pos-
sibly PratA for manganese to photosystem II (50). A set of metal
competition experiments between the purified cyanobacterial
metallochaperones could establish whether or not their relative
metal affinities simply enable metals to partition to the correct
delivery pathway. This in turn would resolve the metallation
challenge for �30% of metalloenzymes.

Alternatively, metallochaperones might directly acquire
metal from importers assisted by specific protein interactions.
The idea that inward metal transport is coupled to the loading
of delivery pathways, to channel metals to sites of metalloen-
zyme assembly, is widely envisioned but sparsely evidenced.
Notably, analyses of yeast mutants did not identify any single
copper donor for either of two copper metallochaperones (51).
Nonetheless, there is evidence that the copper chaperone for
superoxide dismutase (CCS) can interact with membranes and
with the copper importer Ctr1 (52), and metal transfer to Atx1
has also been observed in vitro using a cytosolic domain of Ctr1
(53). Nickel imported by the Nik system is destined for hydro-
genase and largely unavailable to nickel-responsive transcrip-
tional regulators (54), which might also suggest direct handover
of nickel to HypA/B. However, evidence that the substrate for
the Nik importer is a nickel-histidine complex provides an
alternative explanation for these observations if HypA/B can
preferentially acquire nickel from nickel-histidine (55). There is
evidence that a mitochondrial iron importer mitoferrin-1 inter-
acts with a ferrochelatase for heme biogenesis (56). This iron
supply pathway cannot be “hardwired” exclusively for iron if
zinc protoporphyrin IX accumulates under iron deficiency (34).
Iron-sulfur clusters are the targets for surplus cobalt and copper
(57–60). Both cobalt and copper directly destabilize the assembled
cluster on the scaffold proteins and, at least for cobalt, it is known
that the resultant mixed cluster can be delivered to apo-proteins
(58, 59). Thus, imperfect metal preferences of delivery systems can
sometimes propagate mismetallation.

Metallochaperone-catalyzed delivery of the more competi-
tive metals, such as nickel and copper, enables cells to more
efficiently cofactor a subset of proteins with these ions. How-
ever, viewed from a different perspective, such metal delivery
supports metallation at low buffered concentrations sufficient
to exclude these elements from binding sites for metals lower
down the Irving-Williams series (1). For example, cyanobacte-
rial mutants missing the copper metallochaperone Atx1 show
phenotypes indicative of the mismetallation of binding sites for
other metals with copper (61).

The Set Points for Metal Homeostasis

The buffered (rather than total) set points for metals can vary
between cell types and intracellular compartments and through-
out the lifetime of a cell. Nonetheless, magnesium appears to be

universally held at �10�3 M inside cells (Fig. 2, gray bars), about 10
times less than the concentration in sea water and 10 times
more than typical concentrations in fresh water (62, 63). Pro-
teins that require ferrous ions often exhibit affinities of �10�7 M,
which is suggested to match the ferrous concentration in the
sulfide-rich anaerobic conditions when life first evolved (64). By
determining the ferrous affinity of glutathione (glutathione has
a concentration of �2–10 mM within the cytoplasm), and
assuming that this complex is a major component of the cyto-
solic iron pool, a value in the region of 10�6 to 10�7 M for the
buffered concentration of ferrous iron is plausible (65) (Fig. 2,
gray bars).

The cytosolic concentration of manganese has been esti-
mated to be comparable with ferrous iron (66, 67) (Fig. 2, gray
bars). However, manganese concentrations may be elevated
within organelles such as the chloroplast or mitochondria
where there is high demand. In a bacterial cytosol, the concen-
tration of manganese can vary. For example, in response to
oxidants, manganese is elevated to correctly metallate manga-
nese superoxide dismutase (SOD) (16). Nickel- and cobalt-re-
quiring enzymes are thought to have been more prevalent in
early anaerobic life, and Fraústo da Silva and Williams (62) sug-
gest that these two metals are unlikely to have ever exceeded
10�10 M in the cytosol (Fig. 2, gray bars).

Zinc-binding sites in most proteins have affinities that are
typically 10�11 M or tighter (68). The use of either synthetic or
genetically encoded zinc-responsive fluorophores has placed
buffered zinc concentrations within the cytosol of bacteria and
eukaryotic cells in the 10�12 to 10�10 M range (69 –72). Buffered
cytosolic copper concentrations have been estimated to be

FIGURE 2. Correlation between buffered set points and metal sensor
affinities. Shown are graphical representations of estimated intracellular
buffered metal concentrations (gray bars) for magnesium, manganese, iron,
cobalt, nickel, copper, and zinc (62, 65, 66, 72, 73, 90, 91) and correlation with
KMetal of cytosolic metal sensors for their cognate metal, including Fur (92),
RcnR (93), NikR (94), CueR (89), Zur (88), and ZntR (88), from E. coli (red circles);
the M-box riboswitch (95), MntR (96), Fur (96), CsoR (97), and Zur (98), from
B. subtilis (blue triangles); CoaR (84), InrS (83), Zur (85), and ZiaR (85) from
Synechocystis PCC 6803 (green diamonds); and CsoR (99) and CzrA (100)
from Staphylococcus aureus (purple squares). It is hypothesized that KMetal of
metal sensors maintains the set points for buffered metal concentrations as
an inverse function of the Irving-Williams series.
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�10�15 M or less using copper-responsive fluorophores (73, 74)
(Fig. 2, gray bars). In yeast, copper zinc SOD1 has a copper
affinity of 10�15 M but requires the CCS metallochaperone for
activation in vivo. Consequently, it was inferred that copper
must be buffered below 10�15 M (75). CCS additionally cata-
lyzes the formation of a vital disulfide bond within SOD1 (76),
providing an alternative explanation for inactivity of SOD1 in
CCS-deficient cells.

What sustains these different buffered metal concentrations?
An expectation is that this relates to detection thresholds of
sensors that control homeostasis for the respective metals.
There are pitfalls in the estimation of KMetal, especially for
tighter binding elements (77), generating a jumble of erroneous
values. Nonetheless, mindful of this caveat, a remarkable cor-
relation exists between estimates of KMetal for metal sensors
and estimates for buffered cytosolic metal concentrations (Fig.
2). This observation is consistent with the intracellular set point
for metal homeostasis being a function of these sensor affinities.
By setting the metal affinities of metal sensors such that those
for the most competitive metals are the tightest, the control of
metal efflux, metal influx, and metal sequestration and the
switching of metabolism to spare limiting metals are thus
primed to maintain the buffered metal concentrations as an
inverse function of the Irving-Williams series. Under this
regime, subtle differences in the relative metal preferences of
metalloenzymes now become sufficient to enable correct in
vivo metallation.

How a Cell’s Set of Metal Sensors Acts in Concert to
Discern Metals One from Another

The actions of metal sensors help maintain buffered metal
concentrations, and these concentrations in turn influence
which metals are acquired by �70% of metalloenzymes. Thus,
the metal specificity of metal sensors becomes a dominant fac-
tor in the fidelity of metallation. The proportion also becomes
even higher than 70% if some metallochaperones are metallated
from buffered metal pools. Metal-sensing, DNA-binding tran-
scriptional regulators have been extensively characterized in

bacteria (78, 79) and identified for copper, iron, and zinc in
yeast (80, 81). However, where metal affinities have been mea-
sured for multiple metals, the metal preferences of bacterial
metal sensor proteins again tend to simply abide by the Irving-
Williams series (78, 79, 82).

Affinity, Access (Kinetics), and Allostery

A series of publications in the first decade of this century
revealed that metal specificity of metal sensors can be deter-
mined by three factors. First, metal affinity contributes toward
metal selectivity. Second, the allosteric mechanism connecting
metal binding to altered DNA binding or to gene activation can
respond selectively to different metals. Finally, the kinetics of
access can differ for different sensors, for example due to deliv-
ery proteins (10, 82).

Relative Affinity, Access and Allostery

Since 2010 it has become evident that affinity, allostery, and
access operate as relative parameters in a set of sensors (83– 85).
Such observations are now possible because sufficiently large
numbers of bacterial metal sensors have been characterized.
Metal selectivity is now seen to result from the concerted
actions of a cell’s complement of metal sensors. In this manner,
specificity is not constrained by absolute metal preferences (10,
82). The best sensor in the set is the sensor that responds. What
defines the best in the set for each metal?

Recent studies of the metal sensors of the model organism
Synechocystis PCC 6803 exemplify the contributions of relative
affinity, relative allostery, and relative access. By examining one
sensor from each family of metal sensors present in this orga-
nism, the parameter correlating with selective metal detection
was found to vary from metal to metal (Fig. 3). Importantly, the
absolute metal preferences, as reflected in KMetal values of InrS
(nickel-responsive efflux derepressor), CoaR (cobalt-respon-
sive efflux activator), and ZiaR and Zur (zinc-responsive efflux
derepressor and influx corepressor, respectively) (61, 83, 86,
87), do not universally match their metal specificities in vivo.
Rather, the detection of nickel correlates with relative nickel

FIGURE 3. Relative affinity, relative access, and relative allostery in a complement of metal sensors influences the metals detected in vivo. a, calculated
fractional occupancy of InrS, Zur, ZiaR, and CoaR with Ni(II), Zn(II), and Co(II) as the concentration of these elements changes: Fractional occupancy: �

[Metal]buffered/(KMetal � [Metal]buffered) using published KMetal (83– 85). b, fractional occupancy of specific DNA (top) with apo- (dashed) and zinc-InrS (solid) and
(bottom), apo- (dashed) and zinc-ZiaR (solid), as a function of protein concentration. Coupling free energy: �GC 
 �RTln(KDNA2/KDNA1). The simulated curves
were generated using published KDNA values (85), [DNA] 
 10 nM. The selective detection of nickel correlates with relative nickel affinity, of zinc with relative
�GC for zinc, but a major kinetic contribution (channeling) is invoked for cobalt.
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affinity, and the detection of zinc correlates with relative free
energy coupling DNA binding to zinc binding (relative allo-
stery), but a substantial kinetic contribution is invoked in the
selective detection of cobalt (relative access) (83– 85) (Fig. 3).

To elaborate, InrS possesses the tightest nickel affinity in this
set of metal sensors (83). Thus, as the buffered concentration of
nickel rises, provided the distribution of nickel among the sen-
sors approximates to the thermodynamic equilibrium state,
InrS will trigger nickel efflux before the concentration becomes
sufficiently high for nickel to aberrantly bind to any of the other
sensors (Fig. 3a) (83). This assumes roughly equivalent num-
bers of molecules of each sensor per cell (a parameter that in the
future needs to be measured). Cognizant of the challenges in
determining protein-metal affinities and noting the weak KNi(II)
of ZiaR and Zur, a series of interprotein competition experi-
ments also confirmed that nickel partitions from each of the
other sensors to InrS (83).

In contrast to nickel, cobalt affinities do not correlate with in
vivo specificities; rather, cobalt-sensing CoaR has the weakest
KCo(II) of the set of sensors (84), (Fig. 3a). Moreover, in vitro,
cobalt promotes DNA association by Zur and DNA dissocia-
tion by ZiaR, yet neither ZiaR nor Zur responds to cobalt in vivo
under conditions in which CoaR responds (84). This implies
that cobalt is channeled to CoaR and away from ZiaR and Zur
with their tighter cobalt affinities. There is evidence that CoaR
is membrane-associated, and cobalt acquisition may involve
channeling via the cobalamin biosynthetic complex, which is
also membrane-associated. Additionally, there is evidence that
CoaR may not solely sense cobalt directly, but also detect an
intermediate in the B12 assembly pathway (84). In summary,
CoaR has preferential access to the cobalt effector relative to
ZiaR and Zur.

The zinc affinity of InrS is comparable with the sensory sites
of ZiaR and Zur (Fig. 3a), yet following prolonged zinc expo-
sure, ZiaR responds but InrS does not. Critically, although the
allosteric mechanism of InrS is capable of responding to zinc,
the coupling free energy linking zinc binding to DNA binding
(�GC

zinc�sensor�DNA) is greater for ZiaR than for InrS (85), (Fig.
3b). In short, zinc is a more effective derepressor of ZiaR than of
InrS. Thus, at some equivalent fractional zinc occupancies, a
greater proportion of InrS relative to ZiaR will be bound to DNA.
InrS can thereby repress its gene target, whereas the ZiaR target
remains derepressed. This exemplifies how relative coupling free
energy �GC, that is relative allosteric effectiveness, in a comple-
ment of metal sensors can also dictate selectivity (Fig. 3b).

Improbable Kinetics and Associative Metallation

Metal affinities of metal sensors for the most competitive
metals such as nickel, zinc, and copper are so tight that it is not
credible for metal partitioning to and from solution to reach
equilibrium in a viable timeframe. The off-rates are too slow.
However, this assumes dissociative metal exchange. As an alter-
native, associative metal exchange can occur to/from labile
metal sites of proteins (including metal sensors) and compo-
nents of a polydisperse buffer. This ill-defined buffer is com-
posed of small molecules such as amino acids, glutathione,
organic acids, and inorganic ligands, plus weak adventitious
ligands on the surface of macromolecules, specific buffering

proteins, and a subset of the delivery proteins. Rates of metal
exchange in cells can thus be unexpectedly fast, and can swiftly
approach the equilibrium state. Moreover, such a process of
associative ligand exchange through a polydisperse buffer can
operate at buffered concentrations below 10�9 M, the theoreti-
cal threshold for one atom per cell volume in a bacterium such
as E. coli (88).

For the most competitive metals, the fully hydrated pool is
indeed estimated to be below 10�9 M and thus equates to less
than one (free) atom per cell at any instant (88, 89) (Fig. 2). In
relation to Fig. 3 and the example in the preceding section, InrS
does transiently respond to zinc in vivo, whereas the response of
ZiaR is persistent. The buffered concentration of zinc would
have to fall below 10�11 M for a protein with the KZn(II) of InrS to
have less than full zinc occupancy to restore repression. Under
these conditions, persistent ZiaR must therefore detect a pool
of exchangeable zinc that is buffered at least 2 orders of magni-
tude below �10�9 M (85). One explanation is that ZiaR is met-
allated through associative ligand exchange with a polydisperse
buffer rather than depending upon a hydrated pool of zinc ions.
By way of illustration, the equations in Fig. 4 represent the
transfer of zinc from InrS to ZiaR (i) by a dissociative process
requiring the slow release of zinc from InrS to the hydrated
state, and (ii) by potentially swift associative exchange with
ligands of a buffer.

Prospective: The Elements of Biotechnology and
Biomedicine

With such a large proportion of enzymes requiring metals,
discord between their metal binding preferences and metal
requirements has implications for biological chemistry, as well
as applications in biomedicine and biotechnology. For example,
knowledge of the in vivo metallation states of components of
metabolic and signaling networks is required to improve the
accuracy of systems biology computations. Synthetic biology
aims to engineer cells for new purposes. Success may often
depend upon an ability to coincidentally rewire the circuitry for
enzyme metallation.
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Over one-third of all proteins require metallation for function
(Waldron, K. J., Rutherford, J. C., Ford, D., and Robinson, N.J.
(2009) Nature 460, 823– 830). As biochemical studies of most
proteins depend on their isolation subsequent to recombinant
expression (i.e. they are seldom purified from their host organism),
there is no gold standard to assess faithful metallocofactor assem-
bly and associated function. The biosynthetic machinery for met-
allocofactor formation in the recombinant expression system may
be absent, inadequately expressed, or incompatible with a heter-
ologously expressed protein. A combination of biochemical and
genetic studies has led to the identification of key proteins involved
in biosynthesis and likely repair of the metallocofactor of ribonu-
cleotide reductases in both bacteria and the budding yeast. In this
minireview, we will discuss the recent progress in understanding
controlled delivery of metal, oxidants, and reducing equivalents for
cofactor assembly in ribonucleotide reductases and highlight
issues associated with controlling Fe/Mn metallation and avoid-
ance of mismetallation.

Class I Ribonucleotide Reductases

Ribonucleotide reductases (RNRs)2 catalyze de novo biosyn-
thesis of deoxynucleotides (Reaction 1) in almost all organisms
(1). Three classes of RNRs have been identified; they all share a
structurally homologous � subunit that binds the NDP(NTP)
substrates and houses the two cysteines that provide the reduc-
ing equivalents for dNDP(dNTP) formation (where NDP is
nucleoside diphosphate), and a third cysteine that must be oxi-
dized transiently to a thiyl radical to initiate the reduction pro-
cess (2). The class I RNRs, the focus of this review, require a
second subunit �, which houses the essential metallocofactor
(Fig. 1) and is required for thiyl radical formation in � in an
oxidation that occurs over a 35 Å distance in an unprecedented
process in biology (recently reviewed) (3). The class I RNRs
have been subclassified based on their metal composition. The

class Ia RNRs are found in eukaryotes (for example, humans
and Saccharomyces cerevisiae) and a few prokaryotes (for exam-
ple, Escherichia coli and Salmonella enterica serovar Typhimu-
rium (S. typhimurium)). The class Ib RNRs are found in most
prokaryotes (for example, E. coli, Corynebacterium ammoni-
agenes, Bacillus subtilis, Streptococcus sanguinis, Bacillus
cereus, and Bacillus anthracis) (4). A few prokaryotes possess
both Ia and Ib RNRs (5, 6). A class Ic RNR has been character-
ized only in vitro, and thus will not be further discussed (7). The
Ia RNRs utilize a diferric-tyrosyl (FeIII

2-Y�) radical cofactor, and
the Ib RNRs are able to use in vitro a diferric or dimanganic-
tyrosyl radical (MnIII

2-Y�) cofactor.

E. coli Has Both Class Ia and Class Ib RNRs

The metallocofactor in the E. coli class Ia RNR was the first
one characterized. Landmark experiments identified a “stable”
Y� whose formation was mediated by the adjacent non-heme
di-iron cluster (8). Fortuitously, � in the apo-form can self-
assemble an “active” cofactor from Fe2�, O2, and a reducing
equivalent (Reaction 2) (9), providing insight for biosynthetic
requirements: modulation of apo-�2 conformation and con-
trolled metal, oxidant, and reductant deliveries. The success of
the assembly process in vitro, however, is highly variable
between RNRs in different organisms and when optimized
gives �1 Y�/�2. We have recently established that the Y� is dis-
tributed equally between each �, suggesting the likelihood of 2
Y�s/�2 (5). The variability of cofactor loading and the genomic/
bioinformatic discoveries that in many prokaryotes, biosyn-
thetic pathways are organized in operons, suggested that even
with a cofactor as simple as those required for class I RNR
activity, dedicated machinery will be required. In this review,
we briefly summarize the search for and discovery of candidate
proteins involved in the assembly of the FeIII

2-Y� cofactor in the
class Ia RNRs from E. coli and S. cerevisiae and the discovery of
the biosynthetic machinery for the long proposed (10), but elu-
sive, MnIII

2-Y� cofactor in the class Ib RNRs of E. coli, B. subtilis,
and S. sanguinis. The class Ib RNRs also can self-assemble an
active FeIII

2-Y�, and thus this class of RNR offers a unique sys-
tem to discover and understand the factors that control transi-
tion metal delivery for cofactor assembly in the cell.

The laboratory strain of E. coli is unusual in that it has both a
class Ia RNR and a class Ib RNR. Its class Ia enzyme, coded for
by nrdAnrdB (NrdA or � and NrdB or �), is essential for DNA
replication and repair. The class Ib, on the other hand, is coded
for by nrdEnrdF (NrdE or � and NrdF or �), is expressed under
iron-limited and oxidative stress conditions, and cannot sup-
port growth in the absence of nrdAnrdB (6, 11). In contrast,
most prokaryotic organisms only have a class Ib RNR that plays
the same role as the Ia, that is, it is involved in DNA replication
and repair.

A bioinformatics search for conserved genes of interest con-
tiguous with nrdAnrdB identified yfaE, annotated as a [2Fe-
2S]2�/1�-ferredoxin, within the same operon (12). Our hypoth-
esis was that YfaE might function as the one electron donor
required for cofactor assembly (Reaction 2) as well as the reduc-

* This work was supported, in whole or in part, by National Institutes of Health
Grants GM81393 (to J. S.) and CA125574 (to M. H.). This is the second article
in the Thematic Minireview series “Metals in Biology 2014.”

1 To whom correspondence should be addressed: Depts. of Chemistry and
Biology, Massachusetts Institute of Technology, 77 Massachusetts Ave.,
Cambridge, MA 02139. Tel.: 617-253-1814; Fax: 617-324-0505; E-mail:
stubbe@mit.edu.

2 The abbreviations used are: RNR, ribonucleotide reductase; CIA, cytosolic
iron-sulfur cluster assembly; ISC, iron-sulfur cluster; FeIII

2-Y�, diferric-tyrosyl
radical; MnIII

2-Y�, dimanganic-tyrosyl radical.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 289, NO. 41, pp. 28104 –28111, October 10, 2014
© 2014 by The American Society for Biochemistry and Molecular Biology, Inc. Published in the U.S.A.

28104 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 289 • NUMBER 41 • OCTOBER 10, 2014

MINIREVIEW



tant to repair Y� reduced RNR, met-RNR, by reduction of the
diferric cluster to the diferrous state, which then allows biosyn-
thesis (Fig. 2). Biochemical studies monitoring cluster self-as-
sembly establish that only 2 Fe2�/� are required for assembly
when YfaE is present in the reaction mixture, whereas 3 Fe2�/�
are required in its absence (the third Fe2� can supply the reduc-
ing equivalent in vitro) (12). This observation supports the pro-
posed role in cluster assembly. In a second set of experiments
(13), expression of � in E. coli from 4 to 3300 �M revealed in all
cases 0.1– 0.3 Y�s/�2. The normal endogenous � level is 0.5 �M.
Titration of [2Fe-2S]1�-YfaE into crude cell extracts followed
by the addition of O2 revealed, for the first time, that 2 Y�s/�2
could be generated and as much as 250 �M �2 could be loaded.
Thus, YfaE is interesting and as noted below likely plays an
additional role in active cluster formation (13). Measurement of
concentrations of YfaE relative to NrdB has been challenging,
due to poor antibody quality, but it appears to be acting cata-
lytically. Two unresolved issues regarding YfaE function are: 1)
a number of genomes with only class Ia RNRs do not have a
readily identifiable YfaE based on bioinformatic searches; and
2) the E. coli YfaE is not essential under normal growth condi-
tions (LB). However, as noted in the next section, YfaE is essen-
tial for NrdB cluster assembly under oxidative stress (6), and a
YfaE counterpart appears to play an essential role in S. cerevi-
siae cluster assembly (14).

In our search for factors involved in Fe2� delivery (iron trans-
porter, ferritin, chaperone etc.) required for Ia cofactor assem-
bly, isogenic strains of the WT E. coli where four Fe2�/Me2�

transporters were deleted were studied by whole cell Möss-

bauer spectroscopy (13, 15). Under these conditions, we found
that NrdEF is induced and becomes important for E. coli viabil-
ity. A search of genomes for genes contiguous to nrdEnrdF
revealed nrdI, annotated as a flavodoxin. NrdI was first identi-
fied in an operon containing the Lactococcus lactis nrdEnrdF
genes, suggesting its importance in RNR metabolism (16).
However, until 2010 its function remained a mystery. Initially,
we thought that NrdI would function as an electron donor to
assemble an FeIII

2-Y� cofactor in RNR Ib, that is, a YfaE equiv-
alent under iron-limiting conditions (17). However, old biolog-
ical literature suggested that there was a manganese-requiring
RNR (10). Despite efforts by many investigators to load Ia or Ib
RNRs with manganese followed by the addition of a wide range
of oxidants (O2

. , H2O2, HOCl), in analogy with the self-assem-
bly of the FeIII

2-Y� cofactor, no RNR activity and no Y� were
detected. The missing link turned out to be NrdI. Its unusual
1e� oxidation potentials, relative to flavodoxins involved in
electron transfer, suggested that it might be functioning as the
missing oxidant required to assemble a MnIII

2-Y� cofactor (5).
In vitro, this turns out to be the case. Our recent mechanistic
studies suggest that the function of the reduced form of NrdI
(NrdIhq, reduced FMN) is to generate O2

. and to deliver it
directly via channeling to manganese in the metal 2 site in NrdF
in a NrdF�NrdI complex (Fig. 1C) (18). Thus, in the case of
MnIII

2-Y� cluster assembly, the required e� and oxidant com-
bine, and O2

. is the oxidant (Reaction 3). As noted above, an
FeIII

2-Y� cluster can also self-assemble to give active RNRs with
Mn-RNR five times more active than the Fe-RNR (19).

FIGURE 1. Ligands to the iron and manganese binding sites in class Ia and Ib �s and proposed pathway for oxidant access. A, the first coordination sphere
ligands for iron and manganese binding are the same. The metal closest to Tyr is designated site 1 (Fe1, Mn1), and the other is site 2 (Fe2, Mn2). B, proposed route (gray
arrow) for O2 (oxidant) access to the ferrous Fe2 site in the class Ia RNRs (Protein Data Bank (PDB) code 1PIY). Fe2� ions are shown as orange spheres. C, proposed route
(gray arrow) for O2

. (oxidant) access to the manganous Mn2 site in the class Ib RNRs (PDB 3N3A); depicted are the Mn2� ions (purple spheres), NrdF (gray), NrdI (green),
FMN (yellow), waters (red mesh spheres), and hydrophilic residues lining the oxidant channel. (Reproduced with permission from Ref. 15.).
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Class Ib RNRs Are Mn-RNRs In Vivo

Recent studies using different approaches have established
the importance of the MnIII

2-Y� NrdF in vivo in organisms with
class Ia and Ib RNRs and with only class Ib RNRs. Studies by
Martin and Imlay (6) in E. coli took advantage of the presence of
a class III RNR (glycyl radical, anaerobic RNR) to keep
�nrdAnrdB cells alive under anaerobic conditions, which
allowed outgrowth in NrdEF� cells under iron-limiting and
iron-replete conditions in oxygenated media. In the former
case, the Y� of Mn-NrdF was observed by whole cell EPR,
whereas in the latter case, the Y� of Fe-NrdF was observed. The
Mn-NrdF allowed cell growth, whereas the Fe-NrdF did not.
These results suggest that the NrdF can self-assemble an iron
cofactor in vivo. The inactivity of Fe-NrdF, however, is at odds
with our experiments in vitro (20).

The Martin and Imlay studies (6) on NrdF gave insight into
the function of YfaE in NrdB cluster assembly, specifically that
YfaE is required to select iron over manganese loading to form
active cofactor. They established that although yfaE is not
essential under iron-replete growth conditions, it becomes
essential in Hpx� cells. These cells lack catalase and peroxidase
genes and as a result experience increase oxidative stress,
including elevated levels of H2O2. Elevated peroxide up-regu-
lates MntH, a manganese transporter. The lethality of
�hpx�yfaE was suppressed by deletion of MntH (6). The model
is that manganese is able to compete with iron for binding to
NrdB and that YfaE facilitates iron loading over manganese.
Thus, their studies indicate that mismetallation occurs and that
mechanisms have evolved to limit mismetallation, but the
details remain to be revealed.

An alternative approach to establishing the importance of
Mn-NrdF in vivo involved isolation of NrdF from its endoge-
nous host. Studies from the Auling/Lubitz groups (21) with
C. ammoniagenes and our group with E. coli and B. subtilis (20,
22, 23) all revealed Mn-NrdF and no apparent Fe-NrdF. Bio-
chemical studies on these NrdFs have revealed that the activity
of Mn-NrdF is 3.5–7 times that of the iron form and that both
are active. These studies and more recent studies on NrdFs
from B. anthracis, B. cereus, and S. sanguinis reveal that the
issue of manganese loading remains a challenge (24 –27). The
reported very low specific activities are likely associated with
apo-proteins in conformations that cannot be properly loaded
with manganese in vitro. As in the class Ia RNRs, we are unable
to deliver all of the metals (Me1 versus Me2, Fig. 1A) with the
correct timing to the correct state of �. The timing of metal
delivery, that is, whether to the folded or unfolded � and
whether to the � (monomer) or �2 (dimer), is not known.
Finally, in the case of B. subtilis, S. sanguinis, and Streptococcus
pyogenes, NrdI has been shown to be essential under normal
growth conditions (LB), and antibody studies reveal that NrdI
acts catalytically (23, 27, 28).

Recently, a third and most comprehensive set of experiments
has revealed the importance of S. sanguinis Mn-RNR to the
survival of the organism in culture and in an animal model (27).
This organism colonizes in biofilms in plaque deposits on teeth
and during dental surgery can be dislodged into the blood, ulti-
mately resulting in infective endocarditis due to the ability of
the bacterium to colonize in the heart. As a note that reempha-
sizes the importance of the environmental niche of the orga-
nism being investigated, in the mouth, the concentration of
manganese is 36 �M, and in the serum, it is 20 nM. S. sanguinis is
also unusual in that it can tolerate 100 �M concentrations of
H2O2 (29).

The S. sanguinis genome has been sequenced (30), the essen-
tial genes have been identified (31), and SsaB, a manganese
transporter, has been established as a virulence factor (29, 32).
Bioinformatics analysis of the S. sanguinis genome revealed
that it has one aerobic RNR, a class Ib enzyme, and a class III
RNR, required for anaerobic growth. In addition, three genes

FIGURE 2. A model for the biosynthesis and maintenance pathways of the FeIII
2-Y� cofactor of the class Ia RNR in E. coli and S. cerevisiae. Cofactor

assembly in only one monomer of �2 is shown for simplicity. The biosynthetic pathway requires loading of two Fe2� and one reducing equivalent per � to carry
out the four-electron reduction of O2 to H2O (Reaction 2); the other three electrons come from the two Fe2� and the Tyr residue that form the FeIII

2-Y�. YfaE in
E. coli and Dre2 in S. cerevisiae are proposed to supply the obligatory electron by oxidation of their [2Fe-2S]1� to [2Fe-2S]2�, which is subsequently re-reduced
to [2Fe-2S]1� by Fre and Tah18, respectively. The maintenance pathway may use the same source of reducing equivalents to convert the inactive FeIII

2-Y cluster
to FeII

2-Y, which subsequently reforms FeIII
2-Y� in the presence of O2 via the biosynthetic pathway. HU � hydroxyurea.
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were annotated as NrdIs, only one of which is essential and
involved in manganese cofactor assembly (27). Biochemical
analysis has established that both the manganese-loaded and
the iron-loaded RNRs are active with the former being 3.5 times
more active than the latter (26).

Two sets of experiments have recently established that the
Mn-RNR is required under normal aerobic growth conditions
(6% O2/brain heart infusion medium) and in a rabbit model for
infective endocarditis. To test the metallation state, several
knockouts in the WT strain background were generated:
�nrdHEKF,3 �nrdD, and �nrdI. The experimental design is
based on the different O2 requirements for cluster assembly of
the Fe-RNR and Mn-RNR and the class III RNR. For the Fe-
RNR to be active, only NrdENrdF are required, and the orga-
nism should be viable with deletion of NrdI; the Mn-RNR
requires NrdENrdF and NrdI; and the NrdD (anaerobic RNR) is
inactivated in O2. The strains were prepared, and growth stud-
ies were carried out. The results indicated that under normal
aerobic conditions, �nrdI showed a 10-fold decrease in cfu and
that �nrdHEKF showed a similar decrease. Thus, these data
reveal that a self-assembled Fe-RNR, if formed in vivo, is not
sufficient to keep the organism alive and strongly support the
importance of the Mn-RNR in vivo. In a rabbit model for infec-
tive endocarditis, in which a catheter was used to damage the
heart valve where the bacteria colonize, the same strains, each
with a distinct antibiotic resistance marker to facilitate cfu
counting, were used. The WT strain and, for example, the
�nrdI cells were mixed in a 1:1 ratio and injected into the rabbit.
After an established time period, the heart was removed, and
the vegetative growth of S. sanguinis was examined. The results
indicated that the viability of the �nrdD strain was very similar
to WT, and thus the anaerobic RNR is not required for colony
growth in this model. The studies with �nrdI resulted in 104

less cfu relative to WT and indicate that NrdEF, as in the in vitro
growth assays described above, is unable to support growth
with Fe-NrdF. The two independent assays highlight the
importance of the Mn-RNR and suggest that the virulence asso-
ciated with the SsaB transporter could be related to the require-
ment of the organism for the Mn-RNR.

The results from the S. sanguinis studies and the E. coli stud-
ies, with Ib RNRs with very distinct functions, strongly suggest
that in both cases, the Mn-RNR is the important form in vivo.
The presence of a MnIII

2-Y� cofactor in E. coli Ib RNR in which
Ia is required for primary metabolism and in S. sanguinis where
Ib is required for primary metabolism suggests that Mn-RNR
can be essential for viability of organisms with different life
styles and in different environments.

Class Ia RNRs of Eukaryotes: S. cerevisiae as a Model
System

Eukaryotic class Ia RNRs thus far have been shown to utilize
only the FeIII

2-Y� cofactor. As with the bacterial systems, the
cluster can self-assemble, and with the mouse RNR (33), the
stoichiometry is identical to that shown in Reaction 2. Our focus

has been on the model organism S. cerevisiae as it is amenable to
both biochemical and genetic analyses. The RNRs from S. cerevi-
siae are biochemically similar to the human RNRs, but the regula-
tion of iron homeostasis and of dNTP production is distinct. Thus,
we will focus on our studies in S. cerevisiae and the similarities/
differences of our results from the bacterial system.

S. cerevisiae RNR is unusual in that its � subunit is a het-
erodimer (���) in which �� is homologous to �, but has muta-
tions in three of the six active site amino acids ligated to iron,
preventing cluster assembly (34, 35). Thus, in vitro, only 1
Y�/��� is possible. Studies in vitro have established that recom-
binant � and �� form apo-homodimers, which rapidly (�1 min)
interconvert to ��� when mixed in a 1:1 ratio (36). Structures of
�2, ��2, and ��� have been solved, but metal loading in the
oxidized and reduced states is incomplete, suggesting protein
conformational heterogeneity (37, 38). As observed with the
bacterial RNRs, our in vitro self-assembly studies with opti-
mized protocols generated only �0.2 Y�/��� (39), suggesting
the importance of a biosynthetic pathway (Fig. 2). We and oth-
ers have established that the active form of the S. cerevisiae �2
subunit in vivo under normal growth conditions is ���, and our
whole cell EPR and quantitative Western analyses under nor-
mal growth conditions reveal 1 Y�/��� and very high catalytic
activity (36, 39, 61). In S. cerevisiae W303 strains, �� (encoded
by RNR4) is essential for dNTP production and cell growth,
whereas in the S288C strains, it is not. However, the doubling
time of the S288C �rnr4 mutant is prolonged (180 min versus
90 min for the isogenic WT), and � is overexpressed 10-fold.
The �rnr4 mutant has only 0.01 Y�/�2, which surprisingly can
support cell proliferation (36). High levels of RNR activity can
be rapidly restored to these cells by induced expression of ��
(e.g. by using a galactose-inducible promoter-driven GalRNR4)
or by supplementation of recombinant �� to permeabilized
�rnr4 cells (14). Thus, �� is also central to FeIII

2-Y� formation
and RNR activity. �� appears to be required to maintain � in a
conformation that is accessible for iron loading.

Source of Iron

As noted with bacterial systems, the source of iron (iron
importers, storage proteins, labile iron pool, chaperone pro-
teins) (40) has not been established in any case. To address this
issue in eukaryotes, experiments in humans and S. cerevisiae
have been carried out by several groups (41– 45). Recent studies
by the Philpott group in human cells suggest that poly(rC)-
binding proteins (PCBPs) function as iron chaperones that are
required for iron delivery to some iron-requiring proteins
including ferritin (41), hypoxia-inducible factor (HIF) prolyl
hydroxylases (42), and deoxyhypusine hydroxylase (43). How-
ever, because S. cerevisiae does not have a poly(rC)-binding
protein counterpart, this protein will not be further discussed.
Recent studies (44) have shown that the cytosolic monothiol
glutaredoxins, Grx3 and Grx4, function in intracellular iron
sensing and trafficking. Grx3 and Grx4 form homo- or het-
erodimers with a labile, glutathione-ligated [2Fe-2S] cluster at
the dimer interface (45). Cells depleted of Grx3/Grx4 are
impaired in iron-requiring reactions in the mitochondria, cyto-
plasm, and nucleus including proteins with Fe-S clusters,
hemes, and di-iron clusters such as RNR. It is unclear whether

3 nrdK is a non-essential gene of unknown function in the S. sanguinis class Ib
RNR operon (31). Our biochemical studies suggest that it is not a manganese
chaperone protein (unpublished data (O. Makhlynets and J. Stubbe)).
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and how Grx3/4 directly or indirectly participates in iron deliv-
ery into these diverse iron-requiring proteins. However, simul-
taneous deletion of both GRX3 and GRX4 is viable in the S288C
strain background, whereas it is lethal in the W303 strain back-
ground. Thus, additional protein(s) or small peptides must be
able to take the place of Grx3/4 as the iron source in the viable
�grx3�grx4 mutant cells.

Whether a protein with an Fe-S cluster can deliver only iron
and function as a chaperone protein remains to be established.
Nevertheless, from studies on Fe-S-containing bacterial tran-
scription factors, it is clear that oxidation of an Fe-S cluster can
result in labilization of iron (46), and studies on Fe-S-requiring
biotin synthase (47) and lipoate synthase (48) have demon-
strated that an Fe-S cluster can deliver sulfur with loss of iron
during this process. It remains to be determined whether the
[2Fe-2S] cluster in Grx3/4 or a less stable version of this cluster
can perform the function of iron delivery for RNR.

Source of Electrons

Our search for eukaryotic electron donors in RNR cofactor
assembly was inspired by studies of the E. coli YfaE. The only
yeast ferredoxin ortholog identified to date (Yah1) and its
reductase (Arh1) are localized predominantly in the mitochon-
dria. Studies by Netz et al. (49) and us (14, 50) have suggested
that a protein complex formed between Dre2, containing a
[2Fe-2S]2�/1� and a [4Fe-4S] cluster (the redox state of the
[4Fe-4S] is unclear), and Tah18, an NADPH-FMN/FADH2 oxi-
doreductase, functions as the cytosolic counterpart of Yah1-
Arh1. Dre2-Tah18 constitutes an electron transfer chain in
which electrons from NADPH are transferred via the flavins to
the [2Fe-2S]2� cluster of Dre2. Both DRE2 and TAH18 are
essential genes. By using a conditional promoter-driven Gal-
DRE2, we found that depletion of Dre2 greatly diminishes
cellular RNR activity (50). In a separate assay, we used a
GalRNR4�crt1 system in which � is constitutively overex-
pressed (due to removal of CRT1-mediated transcription
repression), and thus formation of ��� and assembly of FeIII

2-Y�

are solely dependent on induction of �� by turning on the galac-
tose-inducible promoter. Under these conditions, we moni-
tored reconstitution of Y� and ��� activity upon �� induction in
the WT and two tah18 temperature-sensitive mutant strains
under the non-permissive temperature. We found that the
tah18 mutants exhibited significant defects in both the kinetics
and the maximum levels of Y� and ��� activity relative to the
WT. These results support a model in which Dre2-Tah18
serves as the electron donor to RNR cofactor assembly. Impor-
tantly, Dre2 interacts physically with �, consistent with the
notion of Dre2 directly delivering an electron to �.

In addition to RNR cofactor assembly, Dre2-Tah18 is also
required at an early step(s) in the cytosolic Fe-S cluster assem-
bly (CIA) pathway (49). Target proteins of the CIA machinery
include the three major replicative DNA polymerases (�, �, and
�) and several DNA helicases/nucleases (51, 52). As such, defi-
ciency in Dre2-Tah18 leads to pleiotropic defects in genome
stability due to their roles in cluster assembly both in the DNA
replication and repair enzymes and in the RNR supplying the
dNTP pools. Thus, genetic and biochemical analyses need to be

combined to dissect the complex contributions of Dre2-Tah18
in these processes.

Link of RNR to Iron Metabolism

Physical interactions have been reported between Dre2 and
Grx3 (53, 54), suggesting that electron transfer or perhaps Fe-S
transfer can occur between these two proteins (Fig. 3). The
findings that Grx3/4 and Dre2-Tah18 are required for both
RNR cofactor formation and the CIA pathway have raised the
interesting perspective that two distinct types of non-heme iron
cofactors share the same sources of iron as well as reducing
equivalents. A mechanism for how iron could be delivered to
apo-protein from Grx3 (if in fact this occurs directly) remains
unknown.

Finally, both Grx3 and Dre2-Tah18 have counterparts in
humans (PICOT and CIAPIN1-NDOR1). CIAPIN1-NDOR1
and CIAPIN1-PICOT form complexes as well, and the former
can substitute for the essential function of their yeast counter-
parts in yeast cells (49, 55). Their potential roles in Fe-S protein
biogenesis and RNR cofactor assembly in human cells remain
to be addressed. Given the surprisingly short half-life of the
human FeIII

2-Y� (30 min at 37 °C) relative to the length of the S
phase (5– 6 h) of the cell cycle, it is likely that FeIII

2-Y� biosyn-
thesis and repair play an important role in regulating human
RNR activity. Further study of these proteins is thus warranted.

Issue of Mismetallation

Previous studies with prokaryotic and eukaryotic RNRs in
vitro have established that Mn2� can compete with Fe2� for
binding and prevent FeIII

2-Y� cluster formation (56, 57). Given
that mismetallation has been demonstrated for yeast mito-
chondrial manganese-superoxide dismutase when Fe2� levels

FIGURE 3. Connection between cofactor assembly pathways of the
RNR and the mitochondrial (ISC) and cytosolic (CIA) iron-sulfur pro-
tein biosynthetic pathways in S. cerevisiae. Apo-�2 and -��2 rapidly
form apo-���. Assembly of FeIII

2-Y� in ��� is facilitated by ��, which stabi-
lizes � in a conformation that allows iron binding. The [2Fe-2S]-bridged
homodimer of Grx3 (Grx4) or heterodimer of Grx3/Grx4 is proposed to be
required directly or indirectly for iron delivery to proteins involved in Fe-S
cluster biosynthesis. The [2Fe-2S]2� cluster of Dre2 receives an electron
from NADPH via the FAD/FMN in Tah18 and is proposed to deliver it to � in
RNR and to early step(s) in CIA (between Cfd1 and Nbp35). Assembly of the
[2Fe-2S] clusters in Grx3/4 and Dre2 requires the mitochondria ISC, but
not the cytosolic ISC machinery. Genetic and physical interactions have
been observed between Dre2 and Grx3, although a mechanistic under-
standing of these interactions is lacking.
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are elevated inside the mitochondrion (58, 59), it is likely that
when the Mn2�/Fe2� ratios are altered, similar mismetallation
could occur in RNR, leading to reduced ability to generate
dNTPs. The Culotta and Hoffman groups have recently shown
that cells lacking the Golgi Mn2�/Ca2� transporter Pmr1 have
up to a 10-fold increase of intracellular manganese levels, which
can be increased further by Mn2� supplementation in the
medium (60). Using this information, the �pmr1GalDRE2
strain was created to investigate RNR. We found that the levels
of Fe/� drop from 2 to 0.7 in the �pmr1GalDRE2 mutant grown
under Gal-off and Mn2�-supplemented conditions.4 Thus, in
cells where Dre2 is depleted and Mn2� levels are elevated,
iron loading into � is compromised, possibly due to mismetal-
lation by Mn2�. It remains to be determined whether Dre2, like
the E. coli YfaE, can facilitate the choice of iron over manganese
in RNR cofactor assembly in yeast cells. Consistent with a role
in metal selection, YfaE is always found in bacterial genomes
that contain both an Fe-RNR (Ia) and a Mn-RNR (Ib). Although
eukaryotes only have Ia RNRs, it is conceivable that a YfaE-like
specificity factor is needed to deal with complex changes in
cellular iron and manganese levels in different cell types under
various physiological conditions.

Summary and Future Prospects

Studies in the past few years have shown that under per-
turbed environmental conditions (often genetically), mismetal-
lation in metalloenzymes can occur, raising the possibility that
it may occur to some extent under normal growth conditions as
well. Using RNR as the example for consideration of other met-
alloproteins, the extent of mismetallation will be governed by
the binding constants for Fe2� versus Mn2� loading, the ratios
of Fe2�/Mn2� in the cytosol where cofactor assembly occurs,
the speciation of both metals, the concentration of �, and the
rate constants for Fe2� and Mn2� binding, dissociation, and
cofactor assembly. Biochemical and biophysical determina-
tions of these parameters present many technical challenges. It
is remarkable how little quantitative information is available for
any metalloprotein about these fundamental steps in cluster
biosynthesis. In eukaryotic systems, the issues are even more
complex as metal compartmentalization also comes into play.
Each organism has distinct regulatory mechanisms for metal
sensing, uptake, efflux, storage, etc. Finally, with RNR, the stud-
ies described herein on cluster assembly highlight another reg-
ulatory mechanism for controlling dNTP pools: cluster assem-
bly and repair. The recent discovery (51, 52) of Fe-S clusters in
polymerases, helicases, DNA repair enzymes, and the links
between the CIA pathway and di-iron-cluster in RNR in
eukaryotes makes iron homeostasis and nucleic acid biosynthe-
sis intricately intertwined and deconvolution especially chal-
lenging. Because many of the proteins involved in cluster
assembly are essential for cell survival, investigations of their in
vivo functions have to utilize a protein depletion experiment
using a conditional promoter shut-off method. The extent of
the depletion depends on the half-life of the protein and
whether it acts catalytically. Prolonged depletion may also trig-
ger cellular stress responses that further complicate interpreta-

tion of the downstream events. New and more sensitive meth-
ods will be essential for future progress in both in vitro and in
vivo studies addressing these critical problems.
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Metalloregulatory proteins allow cells to sense metal ions and
appropriately adjust the expression of metal uptake, storage,
and efflux pathways. Bacillus subtilis provides a model for the
coordinate regulation of iron and manganese homeostasis that
involves three key regulators: Fur senses iron sufficiency, MntR
senses manganese sufficiency, and PerR senses the intracellular
Fe/Mn ratio. Here, I review the structural and physiological
bases of selective metal perception, the effects of non-cognate
metals, and mechanisms that may serve to coordinate iron and
manganese homeostasis.

Manganese and Iron: Chemically Similar Elements with
Distinct Roles in Cell Physiology

Manganese and iron are both predominantly present as diva-
lent cations in the reducing environment of the cytoplasm and
are maintained at overall concentrations (averaged over the
cell) that can approach 0.5 mM (1–3). Much of this manganese
and iron is bound by enzymes that acquire metal from a kinet-
ically accessible (labile) pool buffered in the low �M range
(4 – 6). These two metals are not only important from the per-
spective of individual microbial cells, but have a global impact
due to their central roles in photosynthesis, nitrogen fixation,
and other key steps in elemental cycling.

Nearly all cellular life requires significant amounts of iron.
The sole documented exceptions are the lactobacilli and the
spirochete Borrelia burgdorferi, which have little if any require-
ment for iron (3). Coincident with this disregard for iron, these
same organisms have high requirements for manganese and
have been described as manganese-centric (7). Conversely,
other organisms have little demonstrable requirement for man-
ganese, although they may use manganese when available. The
best characterized is Escherichia coli, which has a largely iron-
centric metabolism, but conditionally imports manganese in
response to oxidative stress (8).

Here, I review the key factors regulating iron and Mn home-
ostasis in the model organism Bacillus subtilis. B. subtilis
encodes three members of the Fur2 family (Fur, PerR, and Zur)

and one member of the DtxR/MntR family (MntR) that regulate
the import of nutrient metal ions (9 –11). Structural and bio-
chemical studies have provided insights into the mechanisms of
selective activation of these repressors by their cognate metal
ions (12–14). B. subtilis requires both iron and manganese for
growth, a property shared with many pathogens for which the
ability to obtain these metals from the host is a critical determi-
nant of virulence (7, 15–17).

Metalloregulators as a Window into Cellular Physiology

Metalloregulators function as the arbiters of metal ion suffi-
ciency and excess (6, 12, 18). For those that sense sufficiency,
the affinity (measured as Kd) for their cognate metal(s) defines
the level of metal judged to be sufficient. When free metal con-
centrations rise above this level, the regulator transitions from
its inactive (apo-) form to its activated (holo-) form and
represses expression of metal import. In B. subtilis, Fur serves
as the primary sensor of iron sufficiency (19), and MntR mon-
itors manganese sufficiency (11), with both Mn2� and Fe2�

pools buffered to the low �M range (4).
The ability of metalloregulators to respond selectively to

their cognate metals relies on a complex interplay of multiple
factors that can be succinctly described as affinity, access, and
allostery (5). Affinity is largely determined by the nature and
geometry of the metal-binding ligands. However, in agreement
with the Irving-Williams series, sensors of Mn2� and Fe2� typ-
ically bind Zn2� with an affinity greater than their cognate met-
als. Nevertheless, Zn2� does not elicit repression because cel-
lular levels of free Zn2� are maintained far below those for Fe2�

and Mn2� (4). This highlights the second key determinant of
selectivity: response to metals depends on access, and this can
vary drastically between organisms. Finally, non-cognate met-
als may be discriminated against after binding: they may fail to
elicit a genetic response due to an inability to trigger allostery.

Biochemical measurements can provide insights into the
affinity of metalloregulators for metal ions. Direct measure-
ments of metal binding in the absence of DNA are likely most
relevant for metal-activated repressors that bind DNA subse-
quent to metal binding. Because of the thermodynamic cou-
pling (coupling free energy) between metal and DNA binding,
binding to DNA influences metal affinity to the same degree
that metal binding influences DNA affinity (6). This is of par-
ticular relevance when considering sensors of metal excess that
bind DNA as apo-proteins and dissociate upon metal binding.
In this case, the functional metal sensor (DNA-bound apo-pro-
tein) will bind metal with an affinity significantly lower than
measured for the apo-protein in solution.

Studies of metalloregulators, and in particular the identifica-
tion of their target genes, also provide insights into metal phys-
iology. In addition to the derepression of uptake systems, metal
limitation may activate pathways to repress the synthesis of
some metalloenzymes and to induce alternative enzymes to
replace those whose activity becomes compromised when their
metal cofactor is limiting (20). For example, when B. subtilis is
zinc-limited, derepression of the Zur regulon leads to induction
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of an alternative, non-zinc-dependent enzyme required for
folate biosynthesis (21). Indeed, sophisticated mechanisms to
bypass what would otherwise be metabolic bottlenecks created
by limitation for specific elements are legion (20).

Metal Ion Speciation in the Cell

The total metal content (quota) of the cell is distributed
among ligands with a wide range of affinities and kinetic lability,
from comparatively tight binding metalloproteins to both low
molecular weight (LMW) and macromolecular anions. In both
E. coli and Bacillus anthracis, the largest pools of protein-asso-
ciated iron are in iron-superoxide dismutase (Fe-SOD) and oxi-
dized to ferric hydroxide within ferritins and mini-ferritins
(Dps family proteins) (22, 23). Once oxidized, stored iron no
longer contributes to the labile iron pool. Mn-SOD may be a
dominant pool of protein-bound manganese in Bacilli (23).

The labile pool can be defined as that portion of the metal
quota that is available for equilibration with metalloregulators.
The labile manganese pool is likely buffered as an LMW pool
bound to phosphate, nucleotides, peptides, and organic acids
(24, 25), including the abundant metabolite fructose 1,6-
diphosphate (26). The labile iron pool is thought to be largely
chelated by LMW thiols such as glutathione, with a lesser con-
tribution from citrate and other organic acids (27).

The labile manganese and iron pools may represent a signif-
icant fraction of the total metal quota. Indeed, metallated
enzymes may comprise part of the labile pool for these metals.
For example, the metallation state of both Fe-SOD and Mn-
SOD can be very sensitive to metal availability in the cell, with
binding of the non-cognate ion typically leading to enzyme
inhibition (8, 23, 28, 29) In addition, both iron and manganese
present in mononuclear enzymes may dissociate readily during

purification, suggestive of weak binding (30, 31). Direct mea-
surements of Mn2� dissociation from the B. anthracis MntR
ortholog reveal a half-time of 6 s (32), and exchange reactions
on this time scale are likely common in the cytosol. To the
extent that Mn2�- and Fe2�-cofactored enzymes rapidly
exchange their cofactor, these ions may be considered part of
the labile pool.

B. subtilis Fur, MntR, and PerR Coordinate Iron and
Manganese Homeostasis

Fur, MntR, and PerR are the key regulators of iron and man-
ganese homeostasis in B. subtilis (13). Fur senses the labile iron
pool, whereas MntR monitors the free manganese pool (Fig. 1).
PerR is a Fur paralog best known for its role in the regulation of
peroxide stress genes. When metallated by iron, PerR is exqui-
sitely sensitive to H2O2, which oxidizes either of two His ligands
to 2-oxo-His (33, 34). In addition, PerR has a second function as
sensor of the Fe/Mn ratio. In addition to Fur and PerR, a third
Fur paralog, Zur, functions to maintain zinc homeostasis (10,
35).

The Fur Regulon and Iron Homeostasis

Fur is the central regulator of iron homeostasis in B. subtilis
(9). Indeed, nearly all of the genes induced by the Fe2� chelator
dipyridyl are equivalently derepressed in a fur mutant (19). Fur
represses synthesis of the bacillibactin siderophore together
with pathways involved in iron uptake (36, 37). In the stationary
phase, and in response to oxidative stress, excess cytosolic iron
may be incorporated into two mini-ferritins, Dps and MrgA
(38, 39). Fur also indirectly regulates many more genes as medi-
ated by a small RNA (FsrA) in collaboration with FbpA, FbpB,
and FbpC (putative RNA chaperones) (40). FsrA down-regu-

FIGURE 1. Schematic diagram illustrating the three interconnected metalloregulatory circuits that control iron and manganese homeostasis in
B. subtilis. The intracellular levels of manganese and iron are regulated by MntR and Fur, respectively. PerR senses the Fe/Mn ratio and represses peroxide
stress genes, fur, and perR itself. However, only the PerR:Zn,Mn form represses fur expression. Representative structures are shown for the activated metallo-
regulators including PerR:Zn,Mn (66) (representative also of the PerR:Zn,Fe form), for MntR:Mn2 (55), and for a homology model of the Fur:Zn,Fe2 repressor (4).
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lates low priority iron enzymes as part of an iron-sparing
response with far-reaching impacts on central metabolism (41,
42).

The Precarious Nature of Iron-selective Recognition
by Fur

Fur family proteins provide an instructive example of how
cells can adapt a common protein scaffold for sensing of diverse
metals including iron (Fur), zinc (Zur), manganese (Mur), and
nickel (Nur) (43, 44). Fur in particular plays a critical role in the
biology of many pathogens (45, 46). B. subtilis Fur responds
with high selectivity to Fe2�, but in other cases, metallosensing
may be more promiscuous.

A model for metal recognition by B. subtilis Fur has been
developed using homology modeling, competition metal bind-
ing, and mutational studies (4). Fur is a dimeric DNA-binding
protein with a structural Cys4:Zn site (site 1) required for pro-
tein stability (Fig. 2). Fur contains two other metal-sensing sites
per monomer (sites 2 and 3). Metal binds first at site 3 with
subsequent binding to the key allosteric site (site 2) leading to a
�100-fold increase in DNA binding affinity. In vitro, �1 �M

free iron activates DNA binding (4).
Binding of Mn2� can also activate Fur with somewhat lower

affinity (Kd �24 �M), which is above the estimated level of free
Mn2� as normally monitored by MntR (Kd �6 �M). Thus,
Mn2� does not activate Fur under most conditions. This con-
trasts with enteric bacteria where selection for manganese
resistance leads to recovery of mutations in fur (47). This might
suggest that manganese toxicity arises from inappropriate
repression of iron import. In Salmonella enterica, the mntH
gene is repressed by both MntR (in response to manganese) and
Fur (in response to iron), but both metalloregulators can also
mediate repression (albeit less efficiently) in response to the
non-cognate metal (48).

Although B. subtilis Fur is highly specific for Fe2� under
most conditions, cross-talk may sometimes occur. For example,
the Fur regulon is moderately repressed by high levels of Cd2�

and Zn2� (49). Furthermore, when Fur protein levels are ele-
vated �2-fold (by mutation of the PerR repressor) Fur is con-
stitutively activated by ambient Mn2�, leading to a severe iron
starvation phenotype (4, 50). This suggests that this system is
delicately poised, and conditions that transiently elevate the
level of either Fur protein or Mn2� will, by mass action, lead to
manganese-cofactored Fur and repression of iron import.
Cross-talk between manganese and iron clearly occurs in E. coli
(48), but this may be less of an issue for this iron-centric bacte-
rium because ambient manganese is generally maintained at
very low levels.

The MntR Regulon and Manganese Homeostasis

MntR is a Mn2�-specific metalloregulator structurally
related to DtxR/IdeR Fe2� sensors (11, 51, 52). Members of this
large and diverse protein family function to sense iron, manga-
nese, or both, and are key regulators in several pathogens (53).
B. subtilis MntR represses two manganese uptake systems: the
ATP-dependent MntABCD transporter and MntH, a proton-
coupled symporter (54). An mntR mutant is extremely sensitive
to manganese, largely due to an inability to repress MntH (11).
Unlike wild type, which tolerates 1 mM Mn2�, an mntR mutant
is unable to grow with 5 �M Mn2�. Thus, the ability to repress
Mn2� uptake is critical for cell physiology.

Selective Recognition of Manganese by MntR

From a structural perspective, B. subtilis MntR is one of the
most thoroughly studied metalloregulators and provides an
interesting comparison with the iron-sensing DtxR/IdeR
homologs (51) (Fig. 3). MntR binds Mn2� at two sites per mono-
mer, A and C (55). Formation of this metal cluster orients the
two DNA-binding recognition helices at the appropriate dis-
tance for binding to operator DNA (55, 56). Although various
Mn2� binding affinities have been measured for MntR, recent
studies reveal an overall Kd of �6 �M (4). Cd2� can also bind to
MntR to repress the MntR regulon (49, 57). Although Cd2� is
considered a non-cognate metal with respect to Mn2� homeo-
stasis, Cd2� may be a physiologically relevant agonist; MntH is
a major route of entry for the toxic cadmium ion (11).

Numerous structures are available for B. subtilis MntR as an
apo-protein (56), in various metallated states (51, 55, 57), and
for mutant proteins altered in metal recognition (57). Collec-
tively, these structures lead to a model for manganese-selective
metallosensing in which manganese binds first to the A site
with heptacoordinate ligation, and this organizes the C site to
enable binding of a second manganese and stabilization of the
active repressor conformation (Fig. 3C). MntR also binds
tightly to non-cognate metals (Fe2�, Co2�, and Zn2�), but
these fail to allosterically activate DNA binding due to an inabil-
ity to form a binuclear cluster (57). Fe2� binds at the A site but
with a different geometry than manganese, and this distorts the
C site such that the second metal binding event (required for
DNA binding) is inhibited (57). As a result, Fe2� is an antago-
nist for MntR (11, 52, 54). Indeed, an mntR-regulated gene is
not repressed even when fur mutant cells, derepressed for iron
import, are grown in high iron conditions (52). In contrast, in
S. enterica, MntR can respond to both Mn2� and Fe2� (48),

FIGURE 2. Structural insights into iron recognition by B. subtilis Fur based
on a homology model using Streptomyces coelicolor Zur as template
(Protein Data Bank (PDB) 3MWM; sequence identity: 33.3%) (92). Three
metal-binding sites are highlighted with conserved putative metal-binding
ligands shown in stick configuration. Putative metal-binding ligands that are
not conserved between ScZur and BsFur are not shown. Site 1 is the structural
zinc site required for protein folding. Both site 2 and site 3 are occupied by
metal in the functional holo-repressor, with an overall apparent affinity (Kd) of
�1 �M Fe2� in a coupled DNA binding assay. Adapted from Ref. 4.
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although the structural differences that allow this wider effec-
tor response are not understood.

Insights into the origins of metal specificity have been
obtained from structural comparisons of manganese-specific
representatives such as B. subtilis MntR and Streptococcus gor-
donii ScaR with iron-specific family members such as Coryne-
bacterium diphtheriae DtxR (52, 57–59). Comparison of MntR
and DtxR/IdeR proteins revealed two notable differences in the
first coordination sphere for the activating metal (Fig. 3B). Spe-
cifically, Met-10 in DtxR/IdeR is replaced by Asp-8 in MntR,
and Cys-102 is replaced by Glu-99 (52). This suggests that sul-
fur-containing ligands tip the balance in favor of iron activation
by altering the affinity of the metalloregulator for its activating
metal(s). Studies with mutant versions of both DtxR and MntR
provide partial support for this notion. For example, a D8M
mutant of MntR responds to both iron and manganese in
B. subtilis, suggesting that the presence of a thioether ligand
(Met) in site C is sufficient to allow activation by iron (52).

To explore the biochemical determinants for the high iron
selectivity of DtxR, this metalloregulator was expressed in
B. subtilis. Unexpectedly, DtxR responded to both iron and
manganese with comparable sensitivity in B. subtilis (52). This
suggests that the failure of DtxR to respond to manganese in its
native environment is due to a lack of access: ambient levels of
manganese that are maintained (presumably by the C. diphthe-
riae ortholog of MntR (60)) at levels below those needed for
activation. If this model is correct, C. diphtheriae MntR should
bind Mn2� with substantially higher affinity than B. subtilis

MntR. DtxR could be converted to a Mn2�-selective repressor
by replacement of two ligands corresponding to the MntR C
site; the DtxR M10D/C102E double mutant responds to man-
ganese but not to iron in B. subtilis. However, a robust response
to iron is recovered in a fur mutant strain derepressed for iron
import, indicating that these two amino acid substitutions have
reduced, but not eliminated, the ability of iron to activate DNA
binding (52). Thus, metalloregulators are finely tuned to func-
tion within their specific host milieu and, not surprisingly, evo-
lution has optimized selectivity only to the point where a suffi-
ciently selective response is obtained under ambient metal
concentrations (5).

Collectively, these results suggest that formation of a binu-
clear cluster enables selective Mn2� sensing in MntR. However,
some MntR orthologs can selectively sense Mn2� with a single
binding site. This is the case for S. gordonii ScaR (58) and Strep-
tococcus pneumoniae PsaR (59), which have a Lys residue posi-
tioned to replace the need for metal binding in the A site (Fig.
3D), as visualized in the structure of a manganese-bound EllK
variant of B. subtilis MntR (57).

PerR and the PerR Regulon

B. subtilis PerR is a member of the Fur family of proteins and
plays a central role in regulation of the adaptive response to
H2O2 (61– 63). Like its two paralogs (Fur and Zur), it forms a
stable dimer containing one structural Zn2� per monomer (in a
Cys4 site) (64). Binding of one additional metal ion per mono-
mer (in a site homologous to site 2 of Fur) activates DNA bind-

FIGURE 3. Structural insights into manganese recognition by B. subtilis MntR. A, one subunit of the dimer is colored pink, and the other is colored according
to region: cyan for the N-terminal DNA-binding domain, yellow for the dimerization domain, and green for the linking helix (�4). The N and C termini of the
multicolored subunit are labeled. Bound manganese ions are colored magenta (55). B, overlay of the two manganese-binding sites in MntR (51, 55) with the two
metal-binding sites of cobalt-bound IdeR (PDB entry 1FX7; green). Amino acid residues are labeled in black for MntR and in green for IdeR. For MntR, carbon,
nitrogen, and oxygen atoms are gray, blue, and red, respectively, and the two manganese ions are magenta spheres. For IdeR, the two metal ions are pink.
Metal-ligand interactions for MntR are denoted by dashed lines (Glu-11 of MntR omitted for clarity). Note that the activating manganese (MnC site) in MntR
aligns with the key iron-sensing site (M2) of IdeR. Boxes highlight the superposition of Asp-8(MntR) and Met-10(IdeR) and Glu-99(MntR) and Cys-102(IdeR). C
and D, comparison of manganese binding by wild-type MntR (PDB entry 2F5D) in the AC conformation (55) (C) and E11K MntR (PDB entry 4HX4) (57) (D)
(adapted from Ref. 59). All residues are shown as sticks. Coordination bonds are represented by black dashed lines, with potential electrostatic interactions for
the �NH2 group of Lys-11 in E11K MntR shown as green dashed lines. Note that all residues are conserved in S. pneumoniae PsaR with identical residue numbers
(except that His-77 is His-76 in PsaR). Thus, the MntR E11K mutant is an excellent model for manganese sensing by the streptococcal homologs including
S. pneumoniae PsaR (59) and S. gordonii ScaR (58).
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ing (33, 65, 66) (Fig. 4). B. subtilis PerR regulates peroxide
defense functions including the major vegetative catalase
(KatA), heme biosynthesis, alkyl hydroperoxide reductase
(AhpCF), and MrgA, a homolog of the E. coli DNA-binding and
iron sequestration protein, Dps (9, 38, 67). It is notable that
several PerR-regulated genes (MrgA, Fur, and ZosA) have roles
in metal ion homeostasis. Indeed, peroxide stress commonly
elicits adaptive changes in metal homeostasis that conspire to
reduce the largely iron-dependent toxicity (68).

Most studies to date of the PerR regulon have focused on the
mrgA gene as a model. Repression of mrgA requires PerR and a
divalent cation as a corepressor (33, 69). Both Mn2� and Fe2�

activate PerR to bind DNA with high affinity, thereby allowing
repression of the PerR regulon. Conversely, resuspension of
growing cells in minimal medium lacking both manganese and
iron leads to rapid derepression of the PerR regulon, whereas
omission of either metal alone does not (69).

Under most growth conditions, PerR is predominantly in the
Fe2� form (designated PerR:Zn,Fe). Indeed, in vitro, DNA
binding is activated by Fe2� (Kd � 0.1 �M) at lower concentra-
tions than Mn2� (Kd � 2.8 �M) (64), and when both metals are
present at equivalent concentrations, the iron form predomi-
nates (33). However, in medium supplemented with manga-
nese, and deficient for iron, PerR is in the PerR:Zn,Mn form and
is insensitive to H2O2 (67– 69). It is not entirely clear why some
Fur family members, such as PerR, are highly sensitive to H2O2,
whereas others are not, even when bound with iron. One factor
that influences the H2O2 reactivity of bound iron may be the
solvent accessibility (Fig. 4D), as inferred from the effects of
amino acid substitutions in PerR and Fur (70).

Importantly, not all PerR-regulated genes respond the same
to metal ion availability (69). Although manganese leads to
strong repression of all PerR-regulated genes, iron only
represses a subset including those functions most critical under
conditions of peroxide stress such as katA, ahpCF, and mrgA.
Other PerR-regulated genes, including fur and perR itself, are
repressed by PerR:Zn,Mn, but not by PerR:Zn,Fe (69). For these
genes, PerR does not function as a peroxide sensor (and these
genes are not induced by H2O2), but instead acts as a sensor of
the Fe/Mn ratio. The molecular basis for this differential regu-
lation is an active area of research.

Possible Mechanisms for Coordinating Iron and
Manganese Homeostasis

The high selectivity of the Fur and MntR metalloregulators,
as well as the minimal cross-talk observed between the iron and
manganese starvation responses, has led to a general model in
which iron and manganese homeostasis are largely indepen-
dent (Fig. 1). However, several of the observations summarized
above suggest that they may in fact be more closely integrated
than heretofore appreciated.

In addition to regulating manganese uptake via MntR, man-
ganese may, at least under some conditions, also regulate iron
homeostasis. In vitro, Mn2� can activate B. subtilis Fur to bind
DNA, and recent results reveal that ambient Mn2� levels are
sufficient to support constitutive (and inappropriate) repres-
sion of iron uptake when Fur protein levels are elevated from
�10,000 to �22,000 monomers per cell due to loss of PerR
repression (50). This cross-talk likely reflects the fact that the
affinity of Fur for Mn2� (Kd�24 �M) is only modestly less than

FIGURE 4. Structural insights into iron and manganese recognition by B. subtilis PerR. A, superposition of the global dimer structures of the apo-repressor
(PerR:Zn; brown) and holo-repressor (PerR:Zn,Mn; green). The structural zinc ions are in black, and the regulatory manganese ions are in yellow (adapted from
Ref. 66). B, close-up of the PerR regulatory site with His-37, His-91, His-93, Asp-85, and Asp-104 coordinating manganese (yellow). C, close-up of the regulatory
metal-binding site (metal in blue) and relationship to putative site 3 residues (Glu-114 and His-128) in PerR:Zn,Mn (PDB entry 3F8N; adapted from Ref. 93).
Coordination of His-37 from the DNA-binding domain, to the bound metal ion, triggers the allosteric reorientation of the two DNA-binding domains. Oxidation
of this same residue by H2O2 leads to derepression of the PerR regulon. D, top view of the regulatory site highlighting (in red) the hydrophilic environment that
facilitates metal exchange and reaction of bound iron with H2O2 (adapted from Ref. 66). Note that the size of the Asp-104 side chain affects the size of the
hydrophilic channel and thereby influences H2O2 reactivity. A D104E mutant of PerR reduces H2O2 sensitivity, and a reverse mutation in Fur (E108D) increases
H2O2 reactivity (70).
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the MntR affinity for Mn2� (Kd�6 �M) that presumably gov-
erns intracellular manganese levels. It is possible that similar
mass action effects are normally at play to fine-tune iron
responsiveness in the cell. Specifically, when the Fe/Mn ratio is
high (as sensed by PerR), fur will be derepressed, and this higher
level of Fur protein may serve to decrease the level of iron
needed to repress the Fur regulon. Conversely, when manga-
nese is abundant, fur transcription will be reduced by PerR:
Zn,Mn and higher levels of iron will be needed for the efficient
repression of iron uptake. A similar coordination is apparent in
the �-proteobacterium Bradyrhizobium japonicum; manga-
nese limitation directly regulates iron homeostasis by antago-
nizing the heme-dependent degradation of the key iron regula-
tor Irr (71).

There are also several plausible mechanisms by which iron
might modulate manganese homeostasis. For example, Fe2�

serves as an antagonist of MntR-dependent repression in vitro.
Thus, under conditions of transient iron overload (such as may
occur upon shift of iron-deficient cells to iron-sufficient
medium or as a consequence of oxidative damage to iron-con-
taining enzymes (72–74)), iron may compete for the MntR A
site and thereby impede formation of the functional repressor.
One consequence would be to increase manganese uptake
under conditions of iron excess, a plausible mechanism to
ensure a balance between these two competitive metal ions. It
has also been observed that a fur mutant strain displays down-
regulation of the two major Mn2� uptake systems (mntH and
mntABCD), and this effect required components of the iron-
sparing response (the FbpAB proteins and FsrA) (41, 42). This
raises the possibility that conditions of iron deprivation lead to
both an induction of iron uptake and a concomitant down-
regulation of manganese uptake. Such mechanisms may repre-
sent a strategy to balance the Fe/Mn ratio.

Physiological Consequences of Imbalances in the
Fe/Mn Ratio

Bacteria have evolved a wide variety of mechanisms to ensure
that iron and manganese levels are properly regulated, includ-
ing the recent discovery of manganese efflux systems (71, 75). In
E. coli, metabolism seems to be relatively iron-centric with only
conditional use of manganese (8). Indeed, Mn-SOD, a repre-
sentative manganese-dependent enzyme, is largely unmetal-
lated in unstressed cells (8). In response to oxidative stress,
manganese import is derepressed, Mn-SOD acquires its cofac-
tor, and several iron-containing enzymes switch to a less redox-
sensitive manganese form (31). Unlike E. coli, B. subtilis is
reliant on manganese for growth and normally maintains com-
parable pools of both total and labile iron and manganese.

The complexity of the interplay between iron and manganese
has been explored from several directions. For example, most
manganese- and iron-cofactored SODs are active only with
their cognate metal due to ligand-mediated tuning of the metal
redox potential (76). Proper metallation of SODs appears to be
particularly sensitive to metal availability (29, 77). Interestingly,
heterologous expression studies with Mn-SOD from the man-
ganese-centric B. burgdorferi indicate that it is only metallated
when the cytosol contains high levels of Mn2�, consistent with
the ambient conditions in its native host (28). Other enzymes

may also vary between Fe2�- and Mn2�-cofactored forms, as
shown for E. coli peptide deformylase, threonine dehydroge-
nase, cytosine deaminase, and 3-deoxy-D-arabinoheptu-
losonate 7-phosphate synthase (31). It is notable that some
essential mononuclear enzymes in B. subtilis, including peptide
deformylase and methionine aminopeptidase, have multiple
isozymes with apparently distinct metal selectivity (78, 79). The
cellular Fe/Mn ratio has also emerged as a critical determinant
of radioresistance (1), and the LMW pool of labile manganese is
thought to have significant protective effects under oxidative
stress conditions (25).

One important, but still poorly understood, area of physiol-
ogy relates to the consequences of metal imbalances. When
metal ions are deficient, cells will cease growth, but the nature
of the resulting defects are generally not known. Some insights
into the processes that fail when metals are limited can be
gleaned from genes induced in response to metal starvation.
For example, derepression of a manganese-cofactored ribonu-
cleotide reductase (RNR) in E. coli in response to iron limitation
suggests that this is one essential process that can be compro-
mised by metal limitation (80). B. subtilis encodes a single man-
ganese-ribonucleotide reductase (81) and a manganese-depen-
dent phosphoglycerate mutase (82), a key enzyme in glycolysis,
that might each contribute to the manganese requirement for
growth. Similarly, in B. japonicum, pyruvate kinase has been
defined as a key manganese-dependent enzyme (83).

The molecular basis for manganese toxicity is also poorly
understood. Manganese import into manganese-starved
B. subtilis cells leads to a transient growth arrest (associated
with manganese hyperaccumulation), and growth resumes only
after manganese levels return to normal (84). Presumably, ele-
vated manganese interferes with one or more critical iron-de-
pendent enzymes. Recent results in E. coli suggest that ferro-
chelatase may be one such enzyme (85), consistent with
biochemical studies suggesting that Mn2� can serve as a com-
petitive inhibitor of Fe2� loading into protoporphyrin IX (86).
In Neisseria meningitidis, manganese toxicity is exacerbated
under low iron conditions. As a countermeasure, the MntX
protein exports Mn2� and increases the intracellular Fe/Mn
ratio (75). This and related Mn2� efflux systems are important
in several bacterial pathogens (75, 87– 89), underlining the
importance of manganese homeostasis for pathogenicity.

Additional insights into the physiological effects of high
manganese in B. subtilis have emerged from transcriptomic
studies (54). Shifting cells from manganese-limited to manga-
nese-sufficient conditions led to a significant induction of the
�B regulon apparently due to activation of the manganese-de-
pendent RsbU phosphatase. This suggests that RsbU activity is
normally limited by cofactor availability. A second notable
effect was significant induction of the nitrogen limitation stress
response regulated by TnrA. This was hypothesized to result
from a shift of glutamine synthetase from a largely magnesium-
cofactored form to a manganese-cofactored form known, from
in vitro studies, to be less sensitive to feedback inhibition by
glutamine (54).

The consequences of iron starvation and iron overload have
also been challenging to unravel. Starvation for iron can acti-
vate sophisticated iron-sparing responses that repress synthesis
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of some iron-utilizing enzymes and may lead to mobilization of
iron either from storage proteins or by proteolysis of dispens-
able metalloenzymes. The identity of the critical step(s) that
ultimately fail is unclear and is likely dependent on growth con-
ditions. In B. subtilis, and many other organisms, iron starva-
tion leads to induction of flavodoxins that can functionally
replace ferredoxins (19, 90, 91), thereby implicating the latter as
being sensitive to iron deprivation. Conversely, the adverse
consequences of iron overload are not well understood,
although it is clear that high iron levels can enhance sensitivity
to oxidative stress (72). Another possible effect of iron overload
in a manganese-centric organism such as B. subtilis is interfer-
ence with one or more of the critical, manganese-dependent
enzymes needed for growth.

Conclusions

As this brief survey illustrates, B. subtilis provides an excel-
lent model system for investigating the complex interactions
between iron and manganese homeostasis, informed by an
abundance of structural data for the cognate metalloregulators,
transcriptome data revealing the responses to metal depriva-
tion and excess, and molecular genetic studies of the corre-
sponding gene regulatory circuitry. Studies in this and other
microbial systems promise to help elucidate the complex bio-
inorganic chemistry of the cell, which plays a central role in
host-pathogen interactions as well as elemental cycling on a
global scale.
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Mononuclear iron enzymes can tightly bind non-activating
metals. How do cells avoid mismetallation? The model bacte-
rium Escherichia coli may control its metal pools so that ther-
modynamics favor the correct metallation of each enzyme. This
system is disrupted, however, by superoxide and hydrogen per-
oxide. These species oxidize ferrous iron and thereby displace it
from many iron-dependent mononuclear enzymes. Ultimately,
zinc binds in its place, confers little activity, and imposes meta-
bolic bottlenecks. Data suggest that E. coli compensates by using
thiols to extract the zinc and by importing manganese to replace
the catalytic iron atom. Manganese resists oxidants and pro-
vides substantial activity.

Ferrous iron is an excellent surface catalyst, adeptly binding
and activating anionic metabolites for non-redox reactions.
Because the primordial Earth was anoxic, environmental iron
was present in its reduced form, which is relatively soluble (1,
2). Thus this metal was recruited to be a cofactor in numerous
enzymes, and the emerging metabolic pathways were config-
ured around the chemistry that iron can perform. That anoxic
habitat persisted for at least two billion years, during which
cellular biochemistry and metabolic networks became highly
refined and integrated.

The subsequent appearance of photosystem II triggered a
slow-moving cataclysm. Over the next 2 billion years oxygenic
photosynthesis progressively filled the atmosphere with oxy-
gen. Oxidized iron precipitated from the Earth’s seas, forcing
iron-dependent organisms to evolve complex strategies to
obtain this necessary metal. Simultaneously, they struggled to
find ways of coping with the threat of reactive oxygen species.
There is a growing recognition that these problems tightly
intertwine. Studies have revealed that oxidants primarily target
iron enzymes and that cells adjust their metal usage to compen-
sate. This review focuses upon these processes in Escherichia
coli, a model organism in which knowledge of metal and stress
metabolism is highly integrated.

How Do Cells Control What Metal Enters Which Enzyme?

Transition metals are often incorporated into larger cofac-
tors such as heme, molybdopterin, cobalamin, and iron-sulfur
(Fe-S) clusters. The metals bind first to assembly proteins and
then are transferred to the ultimate ligands, and these two steps

provide substantial metal specificity. In contrast, most mono-
nuclear enzymes, proteins that use polypeptide residues to bind
a single metal atom, appear not to employ any protein-based
metal chaperone system. Therefore the identity of the bound
metal must be dictated by the intrinsic metal binding properties
of the protein and the availability of metals inside the cell. These
determinants of metal specificity will be explored here because
oxidative stress disrupts both the metalloproteins and the metal
pools.

The primary divalent transition metals in the E. coli cyto-
plasm are iron, zinc, and manganese. (Nickel is delivered by
protein chaperones to a single enzyme, hydrogenase (3); copper
is restricted to the extra-cytoplasmic periplasm, where all cop-
per-dependent enzymes reside; and cobalt is not used at all.)
Although Fe2�, Zn2�, and Mn2� favor similar coordination
geometries and ligands, in a given enzyme one metal may pro-
vide far more activity than another. This is obvious for redox
enzymes, such as superoxide dismutase and ribonucleotide
reductase, which provide ligand spheres that poise only a par-
ticular metal at the correct potential for catalysis. Mismetalla-
tion can happen in vivo, leading to inactive enzyme, and this
observation was the first to indicate that no highly gated chap-
erone system controls metal access to mononuclear enzymes. It
appears that some of these redox enzymes use multistep load-
ing strategies to minimize mismetallation (4, 5).

A larger problem arises with non-redox enzymes that use
divalent metals to execute surface chemistry, and these are the
focus of this review. An example is ribulose-3-phosphate 5-epi-
merase (Rpe),2 a member of the pentose phosphate pathway
(Fig. 1). Four polypeptide residues coordinate its iron atom, but
the metal remains exposed to solvent so that it can bind sub-
strate (6). Epimerization entails deprotonation of a weakly acid
carbon atom, and the key role of the Fe2� is to electrostatically
support this step by stabilizing the anion that is formed. Other
mononuclear iron enzymes catalyze a variety of reaction
classes, but they have in common the use of divalent iron to
neutralize oxyanion intermediates (7–11).

One might expect that other divalent metals could also play
this role, and indeed turnover numbers drop only slightly (30 –
50%) when manganese is substituted for iron (7). However, they
plummet by up to 95% when the enzymes are charged with zinc.
This poor activity may indicate that Zn2� is slow to make the
necessary shifts between distorted tetrahedral and octahedral
geometries as substrates bind and products depart; or, because
Zn2� binds ligands with especially high avidity, it could reflect
the sluggish release of product. In any case, the inactivity of
zinc-loaded enzyme poses a real problem because these binding
sites generally exhibit metal affinities in the order zinc ��
iron � manganese. For example, manganese dissociated from
purified Rpe with a half-time of a few minutes, iron did so in 50
min, and zinc did not detectably dissociate in 8 h (12). This
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order mirrors the Irving-Williams series (13) and therefore is
difficult for evolution to circumvent. Clearly, the cell must do
something special to overcome these preferences and get the
metallation process right.

The key seems to be that cells carefully control the sizes of
their cytoplasmic metal pools. These pools are composed of
divalent metals that weakly and reversibly associate with vari-
ous metabolites, membranes, protein surfaces, and nucleic
acids. Whereas the total iron content of E. coli is �10�3 M, most
of the metal is tightly bound in dedicated enzyme sites, and the
loose-iron pool is only �10�5 M (14). Total zinc (10�4 M) and
manganese (10�5 to 10�4 M) levels are known (15, 16), but it is
less clear what fraction is available to metallate apoproteins.

Metal pools arise from the balance between the activities of
importer and exporter (or storage) proteins, and so the homeo-
static point is set by metal-specific transcription factors that
control their synthesis. The Fur transcription factor reversibly
binds Fe2�; in the Fur:Fe form it represses synthesis of import-
ers and activates synthesis of ferritin, an iron-storage protein
(17, 18). Manganese-loaded MntR represses synthesis of MntH,
the manganese importer, and activates synthesis of MntP, an
exporter (19). Zinc levels are set by two complementary regu-
lators: Zur binds Zn2� with high affinity and blocks further
synthesis of the Znu importer, whereas ZntR binds Zn2� with
somewhat lower affinity and induces the ZntA exporter (15,
20).

This scheme implies that cytoplasmic metal levels should
match the binding constants of these transcription factors.
These constants have been measured but can be misconstrued.
For example, ZntR exhibits a dissociation constant for zinc of
10�15 M (15, 21) measured against fully hydrated zinc. At first
blush this value seems untenable because as a concentration it
represents �10�6 molecules per cell. Indeed, if the concentra-
tion of zinc available to bind nascent apoprotein were only
10�15 M, then even a diffusion-limited (109 M�1 s�1) binding
process would require a week to activate half of an apoprotein
population. One resolution of this conundrum is that virtually
none of the zinc pool is fully hydrated; instead, a large (10�4 M)

pool of zinc is loosely associated with various biomolecules that
can transfer it to zinc-requiring apoproteins via ligand
exchange. In vitro studies support this idea (22). Another pos-
sibility is that the zinc pool is much larger than 10�15 M and that
ZntR tracks zinc levels according to its rate of zinc acquisition,
without achieving equilibrium. Indeed, data suggest that the
concentration of hydrated zinc inside E. coli is about 10�11 M

(23). Further, zinc-binding proteins appear to have binding
constants in the 10�12 M range, much lower than that of ZntR
(22). This disparity suggests that ZntR metallation may be
kinetically determined (23), whereas much enzyme metallation
is thermodynamically determined.

Although these binding constants do not directly represent
the real concentrations of available metal, they do enable one to
estimate the metal occupancy of proteins, if one assumes that
thermodynamic equilibrium is attained. For example, if Fur
(KD � 10�6 M (24)) establishes a loose-iron pool with a nominal
concentration of 10�6 M hydrated iron, then at equilibrium this
pool would ensure that a protein with an iron-binding site of
10�8 M affinity is 99% occupied. The problem becomes more
interesting if one posits that this theoretical protein also has a
dissociation constant for zinc of 10�10 M. This affinity is sub-
stantially greater than that for iron, in accordance with the
behavior of most metal-binding sites. However, if the nominal
availability of hydrated zinc is 10�11 M, zinc would populate
only 10% of the enzyme population. Zinc metallation would
predominate only if zinc levels rose or if iron became scarce. At
the same time, an authentic zinc-dependent enzyme might
have dissociation constants of 10�12 M for zinc and 10�6 for
iron and would be 99% zinc-bound.

Whether this scheme correctly describes the situation for
mononuclear iron enzymes depends upon their affinities for
competing metals. To date a full set of binding constants has
not been determined for any of these proteins, and so this
model must be regarded as tentative. Still, these enzymes have
exposed metal sites and exhibit iron and manganese dissocia-
tion on a minute time scale in vitro; similar behavior in the cell
should easily allow the protein to equilibrate with the loose-

FIGURE 1. The role of Fe2� in catalysis by ribulose-5-phosphate 3-epimerase. Proton abstraction from the chiral carbon is possible only because the
divalent metal stabilizes the resonance structure of the oxyanion. Reprotonation follows, with inversion of configuration.
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metal pool. Data described below indicate that even zinc disso-
ciates from mononuclear iron enzymes in the relevant time
frame in vivo (25). Thus a thermodynamic model of metal sort-
ing is plausible for this particular class of enzymes. Note that
this is less likely to be true for other groups of proteins that fold
entirely around their metals, thereby prohibiting release and
equilibration.

The Mechanisms of Oxidative Stress

These determinants of protein metallation turn out to be
important in the context of oxidative stress. Superoxide (O2

. )
and hydrogen peroxide (H2O2) are continuously generated in
aerated cells (26). These species are also formed by the chemical
oxidation of sulfur compounds in oxic/anoxic interfaces and by
the antimicrobial oxidative bursts of amoebae, plants, and
mammalian phagocytes (27–29). Exogenous H2O2 can cross
membranes into bacteria and confer stress; external O2

. , a
charged species at physiological pH (pKa � 4.8), cannot
(30 –32).

The toxicity of these species was proven by the growth
defects of scavenger-deficient mutants of E. coli. Strains that
lack cytoplasmic superoxide dismutase (SOD�) cannot catab-
olize TCA-cycle substrates, such as acetate, and they require
supplementation with branched-chain (Ile, Leu, Val), aromatic
(Phe, Trp, Tyr), and sulfur-containing (Met, Cys) amino acids
(33). E. coli uses two catalases and an NADH peroxidase to
scavenge H2O2, and mutants lacking these three enzymes
(Hpx�) exhibit defects that overlap with those of SOD� strains:
they cannot catabolize TCA substrates, and they require
branched-chain and aromatic supplements (34, 35). They also
display a high rate of mutagenesis (36).

The mutagenicity of H2O2 arises from DNA damage, and the
underlying chemistry involves electron transfer from ferrous
iron in the Fenton reaction (37).

Fe2� � H2O23 �FeO2�	3 Fe3� � OH� � HO�

REACTION 1

Some of the cellular pool of loose iron adheres to the surface of
DNA (38), and the formation of hydroxyl radicals at that site
leads to DNA lesions. It is the threat of oxidative DNA damage
that forces E. coli to limit the concentration of intracellular
iron. In mutants that lack Fur protein, the loose-iron pools swell
and mutation rates rise (14, 39). Under anoxic conditions,
where H2O2 is unlikely, E. coli relaxes this constraint and allows
more iron to enter (40).

Severe stress occurs when H2O2 flows into the cell from envi-
ronmental sources. In this circumstance most microbes acti-
vate stress responses. The H2O2 directly oxidizes a sensory cys-
teine residue on the OxyR protein itself, creating a disulfide
bond that activates it as a transcription factor (41, 42). Members
of the regulon have been identified by transcriptomic analyses
(43). Three of these play important roles in reducing loose-iron
levels and thereby suppressing DNA damage: Dps, Fur, and
YaaA. Dps is a ferritin-like protein that slows Fenton chemistry
by sequestering iron (44, 45). Mutants lacking Dps suffer pro-
fuse DNA damage during protracted H2O2 exposure (36). The
induction of Fur diminishes iron pools by repressing iron-im-

port systems (46). YaaA helps keep iron levels low as well,
although the mechanism of its action is obscure (47). Collec-
tively, these adjustments enable E. coli to survive encounters
with physiological (micromolar) doses of H2O2.

Inactivation of Iron-Sulfur Clusters

However, the primary effect of oxidative stress is not to kill
cells but to block growth. The TCA-cycle and branched-chain
biosynthetic defects arise when O2

. and H2O2 inactivate dehy-
dratases that lie in these pathways (34, 48, 49). These enzymes
are distinguished by their [4Fe-4S]2� clusters. Unlike electron-
transfer clusters, the dehydratase clusters are exposed within
the active site so they can directly bind substrate, an arrange-
ment that leaves them accessible to dissolved oxidants. The
O2

. anion is electrostatically attracted to the cluster; presum-
ably, it forms a complex, and if it is momentarily protonated, it
exerts its oxidizing potential (� 0.94 V) by abstracting an elec-
tron. The [4Fe-4S]3� species that is thereby formed is unstable
and releases an iron atom into the bulk solution. A [3Fe-4S]�
species is left behind. In this form the enzyme is inactive, and
the pathway that it belongs to cannot operate. The TCA cycle
employs two such enzymes, aconitase and fumarase, whereas
the branched-chain biosynthetic pathways include dihydroxy-
acid dehydratase and isopropylmalate isomerase (48, 50 –52).

Hydrogen peroxide can attack the same clusters in a reaction
analogous to the Fenton reaction (34). Although one might
expect a hydroxyl radical to be formed, evidence indicates that
the transfer of a second electron from the cluster preemptively
quenches the nascent ferryl radical. Nevertheless, the catalytic
iron atom is again lost, leading to the same metabolic blocks
that result from O2

. stress. The damaged enzyme can be
repaired in vitro by the addition of reductant and ferrous iron.
Enzyme reactivation occurs in vivo as well, with a half-time of
5–10 min (53). No particular proteins have been shown to be
involved in repair of [3Fe-4S] clusters, and it is plausible that the
process is solely chemical, with electron donation from reduc-
tants such as cysteine and metallation by the passive binding of
Fe2�. Other metals apparently do not bind to the [3Fe-4S] form,
so this class of enzyme is protected from mismetallation.

Damage to Mononuclear Iron Enzymes

The elucidation of the TCA and branched-chain phenotypes
laid the foundation for understanding the aromatic biosyn-
thetic defect of Hpx� and SOD� strains. In principle, the prob-
lem might arise from a block in either the aromatic pathway
itself or the pentose phosphate pathway, which generates ery-
throse-4-phosphate as an aromatic precursor. Neither pathway
employs Fe-S enzymes. Metabolic analysis ultimately showed
that both pathways suffer bottlenecks. As little as 0.5 �M cyto-
plasmic H2O2 specifically inactivates Rpe of the pentose phos-
phate pathway (12) and 3-deoxy-D-arabinoheptulosonate-7-
phosphate synthase (DAHPS) of the aromatic pathway (35).
Both enzymes use Fe2� to directly bind substrate. The concur-
rence of these two examples suggested that non-redox mono-
nuclear iron enzymes as a class might be highly sensitive targets
of H2O2. This prediction was validated through analysis of
three additional E. coli enzymes, peptide deformylase, cytosine
deaminase, and threonine dehydrogenase, all of which were
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inactivated by low-grade H2O2 stress both in vitro and in vivo
(7). It is notable that although the five enzymes all catalyze
different types of reactions, they each use lone Fe2� atoms to
bind substrate and to electrostatically stabilize an oxyanionic
intermediate. This action requires that the iron atom be sol-
vent-exposed; like the catalytic iron atom in [4Fe-4S] dehydra-
tases, this exposure allows access to small oxidants. Oxidation
by either H2O2 or O2

. converts the iron to its ferric form, which
dissociates, leaving behind an inactive apoprotein. When this
oxidation occurs in vitro, the enzymes can be reactivated by the
addition of Fe2�.

The literature on these enzymes was long unclear as to which
metal serves as cofactor. The ambiguity arose from the quick
dissociation of metals during purification, plus the fact that
enzyme activity is not necessarily greatest with the native metal.
Rpe, for example, exhibits maximal activity in the order
Co(II) � Fe(II) � Mn(II) �� Zn(II) (12). The literature on
DAHPS is particularly lively, with various authors proposing at
one point or another that the physiological metal was cobalt,
copper, manganese, iron, or zinc (54 –59). However, only the
iron-charged enzyme is sensitive to H2O2 in vitro, and the rec-
ognition that H2O2 poisons the enzyme in vivo proved that iron
is its native metal. One wonders, then, how many non-redox
enzymes that are annotated as using single manganese, zinc, or
cobalt atoms are actually cofactored by iron in vivo.

Measurements revealed that O2
. inactivates mononuclear

enzymes with the same rate constant (1–5 
 106 M�1 s�1) with
which it inactivates [4Fe-4S] dehydratases (25, 49). This makes
sense because in both cases the rate-limiting step is likely to be
complexation of the exposed catalytic iron atom. Given the
estimated concentration of O2

. in wild-type cells (10�10 M) (26),
the upshot is that these enzymes will be inactivated by endog-
enous O2

. every 30 min or so. Repair processes countervail this
effect, so that at any moment the majority of the enzymes are
functional (26). However, there is a striking discrepancy in the
timing of the auxotrophies that O2

. confers. If branched-chain
amino acids are not provided, an SOD� strain stops growing
almost immediately upon aeration. In contrast, the aromatic
defect requires hours to be fully manifest (Fig. 2). What is the
source of this difference?

Assays revealed that in SOD� mutants the activities of dehy-
dratases declined within minutes, whereas the mononuclear
enzymes retained substantial activity until much later (12, 35,
53). Importantly, although simple Fe2� addition fully reacti-
vated mononuclear enzymes that had been oxidized by O2

. in
vitro, it failed to restore any activity to extracts from SOD�

cells. The scant residual activity of the extracts was fully resis-
tant to H2O2, indicating that it originated from a metal other
than iron. The Km value of the activity matched that of zinc-
loaded enzymes, and sequential treatment with penicillamine,
which can extract zinc, and then iron allowed full activity to be
restored. This pattern was observed for DAHPS, Rpe, and thre-
onine dehydrogenase.

Thus the current model (Fig. 3) is that oxidation in vivo starts
as it does in vitro: O2

. oxidizes the ferrous iron and triggers its
dissociation. However, in the cellular environment a pool of
Fe2� is immediately available to bind apoproteins, probably
within seconds; thus the steady-state activity, which represents

the dynamic equilibrium between oxidation and remetallation,
remains high. In contrast, the repair of damaged [4Fe-4S] dehy-
dratases is far slower, so their net activities quickly decline.
However, in stressed cells the cycle of mononuclear-enzyme
demetallation and remetallation repeats itself continuously,
and with each iteration there is a finite chance that zinc will
bind to the apoprotein in place of iron. When it finally does, it
sticks tightly in the active site, and because the zinc-loaded
enzyme possesses little activity, a pathway bottleneck develops.

This model implies that iron and zinc routinely compete to
metallate apoproteins, which is a tenet of the thermodynamic
metal-loading model. In fact, when �zntA mutants that cannot

FIGURE 2. Immediate and delayed phenotypes of superoxide stress in
E. coli. A SOD� mutant growing in anoxic medium was shifted at time 0 into
oxic conditions. When Ile and Val were absent, growth stopped immediately
due to the inactivation of dihydroxyacid dehydratase, a [4Fe-4S] enzyme. In
contrast, growth continued for several hours in the aromatic-deficient
medium. Enzyme analysis showed that mononuclear iron enzymes lost activ-
ity only slowly. At time 0 these enzymes were populated by ferrous iron; at 6 h
they were populated by zinc. all AAs, all amino acids.

FIGURE 3. Model for metallation of mononuclear iron enzymes during
oxidative stress. Superoxide oxidizes bound ferrous cofactor to Fe3�, which
dissociates, leaving behind an inactive apoprotein. Remetallation by cellular
Fe2� is rapid, and steady-state activity initially remains high. However, with
each cycle of demetallation a subfraction of enzyme is inappropriately met-
allated by Zn2�. Because zinc-cofactored enzyme has minimal activity, the
pool of enzyme activity progressively declines, and metabolic bottlenecks
ensue. Supplementation with Mn2� restores enzyme activity and pathway
functions, presumably due to the alternative metallation of these enzymes by
manganese.
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export zinc were grown in zinc-rich medium, they became zinc-
overloaded and exhibited a similar mismetallation of mononu-
clear iron enzymes (25). Thus the basic competition between
iron and zinc for these enzymes was affirmed. The competition
is simply exacerbated by oxidants that repeatedly displace
bound iron.

Do Cells Rescue Mismetallated Enzymes?

The thermodynamic model also requires that metal binding
be reversible so that an equilibrium can be achieved. Superox-
ide stress was used to test that idea. When SOD� mutants were
returned to an anoxic habitat, O2

. stress ended, and over the
succeeding 30 min, the activities of zinc-loaded mononuclear
iron enzymes rose back to wild-type levels, although new pro-
tein synthesis was blocked (25). Examination confirmed that
these enzymes had exchanged zinc for iron. Spontaneous zinc
dissociation requires days in vitro, so how does it happen so
quickly in vivo?

Penicillamine, a cysteine analogue, can extract zinc from
active sites, suggesting that cysteine might be able to do the
same. In vitro experiments confirmed that physiological levels
of cysteine (0.2 mM) can do so on the appropriate time frame
(25). Interestingly, glutathione was ineffective. Cysteine binds
metals in bidentate fashion using both its sulfhydryl and pri-
mary amine moieties; in glutathione the pertinent amine is
derivatized, and so its ability to coordinate metals is suppressed.
The important point, however, is that these experiments dem-
onstrate not only that iron and zinc compete for mononuclear
metal sites, but that dissociation happens on a time scale that
enables the process to run toward equilibrium. At least in prin-
ciple, no special machinery must be invoked to favor iron bind-
ing over zinc binding.

The Protective Effect of Manganese

The role of manganese in E. coli metabolism is intriguing.
The bacterium has a single dedicated importer, MntH, that is
minimally expressed in standard laboratory media (16). Total
intracellular manganese levels are quite low (�10 �M); for
example, only a small fraction of the manganese-dependent
superoxide dismutase is actually active (16, 60). Accordingly,

�mntH null mutants grow as well as wild-type strains. Thus
manganese seems to have little role under typical growth
conditions.

However, the mntH gene is controlled by Fur and is strongly
induced upon iron depletion (61, 62) (Fig. 4). Iron-import-de-
ficient strains cannot grow without it, confirming that during
iron starvation manganese assumes an important role (63).
Manganese-dependent SOD, NrdEF ribonucleotide reductase,
and the heme biosynthetic enzyme coproporphyrinogen III
oxidase (64) depend exclusively upon manganese, as they are
redox enzymes reliant upon its reduction potential. These
genes are induced during iron starvation, whereas during iron-
replete growth their iron-dependent isozymes (SodB, NrdAB,
HemN) suffice (65, 66). Thus the overall picture is that a pri-
mary role of manganese is to compensate when iron is unavail-
able. By extension, one anticipates that manganese might
simultaneously substitute for iron in mononuclear non-redox
enzymes, sparing residual iron to be used in Fe-S cluster and
heme enzymes.

A similar substitution may occur during oxidative stress. For
many years workers recognized that manganese supplements
protect all sorts of microbes against the static effects of oxidants
(67–72). Initially, it was proposed that this effect stems from the
role of manganese in scavenging O2

. , either by cofactoring SOD
or by degrading O2

. chemically (73, 74). However, although
those mechanisms might occur, it was subsequently discovered
that E. coli induces the MntH manganese importer when OxyR
senses H2O2 stress (61). In fact, Hpx� �mntH mutants are
unable to grow aerobically, confirming that manganese import
is critical (16). The effect is independent of O2

. or H2O2 degra-
dation. These observations raised the prospect that manganese
might be an oxidant-resistant substitute for iron in mononu-
clear enzymes. Indeed, even modest manganese supplements to
Hpx� cells protect Rpe and DAHPS activities and fully suppress
the blocks in the pentose-phosphate and aromatic pathways
(12, 35).

The emerging model is that during H2O2 stress E. coli averts
iron-focused damage by shifting from iron- to manganese-cen-
tered metabolism. The sequestration of iron by Dps and the

FIGURE 4. Primary controls upon synthesis of the E. coli manganese importer. The mntH gene is repressed in unstressed, iron-sufficient cells. When iron
levels fall, the Fur repressor is inactivated by demetallation, and transcription is induced. Transcription is also induced when H2O2 activates the OxyR transcrip-
tion factor. Under both conditions, intracellular manganese levels rise and mononuclear enzymes retain function.
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suppression of its import by Fur serve to diminish the pools of
iron that might otherwise damage DNA through Fenton chem-
istry. Simultaneously, manganese import provides mononu-
clear enzymes with an oxidant-resistant cofactor that provides
nearly as much activity as does iron. The diminution of iron
pools is potentially problematic for Fe-S and heme synthesis,
but this problem is averted when OxyR induces high titers of
the Suf cluster assembly system (75) and of ferrochelatase (43).

The notion that manganese can activate iron proteins is not
new. The iron sites of Fur and PerR proteins can be effectively
metallated by manganese in vitro and in vivo (76, 77). Thus the
metal-swap idea is mechanistically reasonable and physiologi-
cally appealing. Solid proof would lie in demonstrating that
mononuclear enzymes recovered from H2O2-stressed cells
contain manganese rather than iron. However, the experiment
is technically challenging because of the high manganese disso-
ciation rate.

One alternative model might be that manganese displaces
iron from its incidental associations with metabolites, so that
the released iron can metallate enzymes. However, this scheme
requires the improbable notion that manganese outcompetes
iron for a reservoir of adventitious ligands, whereas iron out-
competes manganese for the mononuclear protein sites.

What Lies Ahead

Substantial work remains. It must still be verified that the
metallation status of non-redox iron enzymes passively follows
their metal binding affinities and the sizes of the cellular metal
pools. The full number of non-redox iron enzymes remains
unknown even for E. coli, and so the full imprint of iron defi-
ciency and of oxidative stress upon metabolism is uncertain.

A middle ground between iron and manganese centrism is
struck by Bradyrhizobium japonicum and Bacillus subtilis, aer-
obes that require both metals for optimal growth. They employ
transcription factors that are configured to respond differen-
tially to iron and manganese and thereby carefully balance the
two metal pools (77, 78). One presumes that these arrange-
ments are dictated by the threat of enzyme mismetallation. The
next step is to determine the tactics that higher organisms use
solve the same problem, whether it be by coordinating metal
pools, by replacing these enzymes with metal-free analogues, by
compartmentalizing metals in organelles, by using chaperones,
or by some combination of all of these.
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Metal ion assimilation is essential for all forms of life. How-
ever, organisms must properly control the availability of these
nutrients within the cell to avoid inactivating proteins by mis-
metallation. To safeguard against an imbalance between supply
and demand in eukaryotes, intracellular compartments contain
metal transporters that load and unload metals. Although the
vacuoles of Saccharomyces cerevisiae and Arabidopsis thaliana are
well established locales for the storage of copper, zinc, iron, and
manganese, related compartments are emerging as important
mediators of metal homeostasis. Here we describe these compart-
ments and review their metal transporter complement.

Metal ions are simple yet remarkably versatile protein cofac-
tors. Because of this versatility, copper, zinc, iron, and manga-
nese, in particular, occupy numerous and often essential posi-
tions within the chemical framework of the cell. They expand
the repertoire of protein-catalyzed reactions and enable diffi-
cult chemistry, such as dinitrogen reduction and water oxida-
tion. The latter reaction, which enabled bioenergetic diversifi-
cation, was a monumental event in the evolution of modern
metabolic capacity.

To utilize metal ions as catalysts, the cell has had to overcome
the unique challenge of specificity and selectively. With few
exceptions, proteins have evolved to exploit the properties of a
specific metal, and the interaction between a protein and a dif-
ferent metal is invariably unproductive. However, many metal-
loproteins bind Cu2� with higher affinity than they do Zn2�,
followed in descending order by Fe2� then Mn2� (1). Thus, if
these metals were presented in equimolar amounts, many apo-
proteins would consistently “pick” copper.

As a result, mechanisms evolved to ensure that each protein
binds the correct metal to the exclusion of others. Apoprotein
mismetallation in a non-native environment, either in a differ-
ent organism (2– 4) or in the wrong compartment within the
cell (5, 6), demonstrates that when imbalance between metal

availability and apoprotein abundance occurs, mismetallation
is inevitable.

A key determinant of cell-imposed metal specificity is the
orchestrated uptake and distribution of individual metal ions.
In addition to regulated transport of metals into/out of cells,
protein-to-protein ligand-exchange pathways, as described for
Cu1� transport (7, 8), and involvement of metal-storage pro-
teins, such as ferritin and metallothionein, serve to control the
interaction between metals and proteins. Eukaryotes have the
benefit of intracellular storage organelles, which provide an
additional means to maintain metal homeostasis. In this mini-
review, we present a synopsis of our current understanding on
the role of intracellular transporters in modulating storage and
mobilization of metal ions. Although plant and yeast vacuoles
are well established organelles for sequestering and mobilizing
metal ions, compartments, such as the acidocalcisome and
other lysosome-related organelles, are also emerging as impor-
tant mediators of metal homeostasis.

Metal Homeostasis and Organelles of the
Endomembrane System

The endomembrane system is a complex network of mem-
brane-bound compartments that includes the nuclear enve-
lope, the endoplasmic reticulum, the Golgi apparatus, orga-
nism- or cell type-specific post-Golgi organelles, and the
plasma membrane. A distinguishing feature of this system is
the dynamic vesicle-mediated trafficking of lipids, proteins,
metabolites, and ions between membranes. In addition to
mediating endocytosis, secretion, and excretion, the coordi-
nated exchange of membranes and cargo provides the means to
establish a myriad of specialized compartments in response to
the needs of the cell.

One such need is the balancing of metal concentrations. Sev-
eral relatively well characterized compartments house metal
transporters that are involved in both the metal-excess and the
metal-deficient situations (Fig. 1). In microbes and plants, these
compartments (specifically vacuoles) are generally constitu-
tively present in the cell because they carry out functions in
addition to metal homeostasis, but the abundance of metal
transporters in their membranes changes in response to need
(see below). There are other compartments whose presence
may be transient and are typically either observed with metal-
binding fluorescent probes or identified based on the localiza-
tion of particular metal transporters.

The Vacuole in Saccharomyces cerevisiae

The vacuole of S. cerevisiae is frequently described as an
organelle analogous to the lysosome in animals but is a jack-of-
all-trades with respect to function. Because the vacuole is the
largest organelle in the cell and is easily visualized by light
microscopy, the localization of transporters to the vacuolar
membrane is readily achieved by immunofluorescence (native
or tagged protein) or by imaging a GFP (or other fluorescent
protein) fusion.
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The involvement of the vacuole in metal homeostasis is reli-
ant in large part on the acidity of its lumen, which is maintained
by vacuolar proton-translocating ATPases (V-type ATPases).2
Defective vacuole acidification impacts a wide range of cellular
activities including the homeostasis of transition metals (9, 10).
At least two metal transporters in the vacuolar membrane are
dependent on the proton gradient for activity (members of the
NRAMP (metal/proton symporter) and CDF families (metal/
proton antiporter)) (Fig. 1).

Although trafficking of metal transporters to the vacuole is
uncharacterized, newly synthesized integral membrane pro-
teins are expected to take one of two main routes from the Golgi
to the vacuole. The carboxypeptidase Y (CPY) pathway takes
cargo through the prevacuolar/late endosomal compartment,
whereas vacuolar targeting by the alkaline phosphatase (ALP)

pathway is dependent on the adaptor protein complex-3 (AP-3)
and bypasses the prevacuolar compartment (11).

Plant Vacuoles

Depending on the developmental stage of the plant and the
cell type, at least three different types of vacuoles are described
in Arabidopsis thaliana: protein storage, senescent, and lytic.
Protein storage vacuoles accumulate primarily in developing
seeds and are less acidic than are the other two types but can
contain membrane-bound compartments called globoids,
which share characteristics with lytic vacuoles (12). The globo-
ids are rich in phytic acid, which is likely responsible for chelat-
ing metals (13, 14). A second type of vacuole is the senescence-
associated vacuole (SAV), which as the name implies, is
involved in degradation of macromolecules during senescence
(15). The liberation of metal ions during the degradation of
metalloproteins would be expected to occur in SAVs, but the
contribution of SAVs to metal homeostasis is unexplored. Lytic
vacuoles (also referred to as central vacuoles (CVs)) are the
main vacuoles found in vegetative tissue and are the major site
of metal sequestration.

As with yeast, the plant CV is not just a site for macromole-
cule degradation. The contents of the CV reflect the specialized
function of each tissue, with pigments in flower vacuoles and
some defense metabolites concentrated in the vacuoles of epi-
dermal cells. Both V-type ATPases and proton-translocating
pyrophosphatases (V-type PPase) maintain the acidic pH of the
lumen (16). The CV contains many different molecules that can
bind metals. Glutathione and phytochelatins, also found in the
yeast vacuole, have garnered much attention for their role in
detoxifying metals such as cadmium and mercury (17, 18).

There are at least two separate routes for the trafficking of
newly synthesized transporters to the vacuolar membrane:
Ap-3-dependent and Ap-3-independent routes (19). Recently,
a trafficking route that bypasses the Golgi has also been
described in meristematic root cells (20).

Acidocalcisomes

First characterized in trypanosomatids, the acidocalcisome is
a storage organelle defined by the presence of pyrophosphate
and polyphosphate complexed with calcium and other divalent
metal ions that appears as an electron-dense granule by trans-
mission electron microscopy (21). Acidocalcisomes have been
purified from parasitic protozoa, the green alga Chlamydomo-
nas reinhardtii, the red alga Cyanidioschyzon merolae, and the
amoeba Dictyostelium discoideum and are thought to be func-
tionally equivalent to a ubiquitous group of polyphosphate-
containing compartments formerly referred to as volutin gran-
ules or polyphosphate vacuoles. Analogous to the plant vacuole,
acidocalcisomes contain both the V-type ATPases and the
V-type pyrophosphatases that acidify this compartment.

These organelles contain zinc and iron, and transporters that
are predicted to facilitate their uptake (CDF and Ccc1p/VIT1
families, respectively) have been detected by proteomic analysis
(22, 23). The presence of copper in these organelles had not
been documented until recently because researchers typically
determine metal content with x-ray microanalysis of thin sec-
tions of biological material using copper grids.

2 The abbreviations used are: V-type ATPases, vacuolar proton-translocating
ATPases; SAV, senescence-associated vacuole; CV, central vacuole;
NRAMP, natural resistance-associated macrophage protein; CDF, cation
diffusion facilitator; ZIP, ZRT, IRT-like protein; CTR, copper transporter.

FIGURE 1. Schematic of common transporter families found in the mem-
branes of vacuoles and other lysosome-related organelles. Predicted
membrane topologies and common substrates for each transporter family
are shown. Solid arrows represent the direction of metal ion transport. Metal
reductases are represented as orange balls. Abbreviations: FPN, ferroportin;
FTR, Fe transporter; MCO, multicopper oxidase.
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The trafficking of resident proteins to the acidocalcisome is
poorly understood and likely varies between organisms. As with
the yeast and plant vacuoles, a role for AP-3 has been estab-
lished in both Trypanosoma brucei (24) and Leishmania major
(25), but although AP-3 is essential for acidocalcisome biogen-
esis in T. brucei, this adaptor complex was important but not
essential for L. major acidocalcisomes.

Zincosomes

In fungi and mammals, Zn2� can be sequestered in small
cytoplasmic compartments, which are typically visualized with
the fluorescently labeled, zinc-binding probes Zinquin or
FluoZin-3. In fungi, these zinc bodies are distinct from the vac-
uole (26 –28) and correspond to an uncharacterized compart-
ment. Because the predominant store of Zn2� is in the vacuole
(29), these compartments may be involved in a transient flux of
cytosolic Zn2�. In mammals, the term “zincosome” was coined
to refer to similar cytoplasmic foci corresponding to accumu-
lated Zn2� (30). These foci have different functions depending
on the cell type. Zn2�-loaded “storage granules” function in
Zn2� loading of milk (31), neuron function (32), and insulin
secretion (33). Zinc bodies also form in response to excess Zn2�

supplementation alone (30, 34) or in combination with either
the overexpression or the silencing of intracellularly localized
Zn2� transporters (35, 36).

Gut Granules

Gut granules are acidic organelles that have lysosome-like
characteristics and are found in the intestines of the nematode
Caenorhabditis elegans. As shown for Zn2� (37), these organ-
elles may be able to mediate the uptake and distribution of
metals from the diet, analogous to what the vacuoles do in plant
roots. A high Zn2� diet induces the formation of a specialized
structure that sequesters Zn2�; the gut granules take on a

bilobed appearance, and one side of the granule is loaded with
Zn2� by the Zn2� transporter CDF-2 (37). As shown for the
yeast vacuole, whereas these Zn2� compartments provide
resistance to excess Zn2�, the sequestered Zn2� can be distrib-
uted to the rest of the organism when needed.

Metal Transporters

The ability of intracellular organelles to mediate metal avail-
ability is dependent on the transporters in their membranes
(Fig. 2). In this review, we limit our discussion to those trans-
porters that facilitate the transfer of uncomplexed metal ions
across the vacuole membrane, but it should be pointed out that
metal conjugates, such as complexes of phytochelatin (38), are
also transported into the vacuole. Most of the transporter fam-
ilies were initially recognized for their involvement in the trans-
port of metal ions across the plasma membrane (or assimila-
tion). Subsequently, members of the family were localized to an
intracellular compartment (for storage and distribution). In
general, for a given transporter type, the direction of transport,
i.e. into or out of the cytoplasm, is presumed to be conserved,
regardless of the membrane in which the transporter resides.

Transport into the Cytoplasm

NRAMP

These permeases are typically divalent cation/proton sym-
porters (as described for mammalian NRAMP2 and the yeast
homolog Smf1p (39, 40)), whereas one NRAMP was shown to
have a physiological role in Al3� transport (41). Although
NRAMPs can transport a broad range of divalent cations, as
determined mainly with heterologous expression in Xenopus
laevis oocytes, these transporters are most often implicated in
the transport of Fe2� and, to a lesser extent, Mn2� (for a current
review, we recommend Ref. 42).

FIGURE 2. Metal ion transporters in A. thaliana and S. cerevisiae that enable vacuole-mediated metal storage and mobilization. Transporters from the
same family are given the same color.
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The S. cerevisiae genome encodes three members of the
NRAMP family, Smf1p, Smf2p, and Smf3p. Smf1p and Smf2p
are involved in Mn2� transport and are localized to the plasma
membrane and small intracellular compartments of unknown
function, respectively (43, 44). Smf3p has a steady-state local-
ization to the vacuolar membrane (43). Based on regulation of
gene expression (45) and higher iron content of vacuoles from a
smf3� mutant (46), Smf3 is proposed to mobilize Fe2� from
this compartment in response to iron deficiency.

Of the six NRAMP homologs in A. thaliana, AtNRAMP3
and AtNRAMP4 localize to the vacuolar membrane, and as
with SMF3, expression of both genes is increased by iron deple-
tion (47, 48). In seeds, these transporters localize to the globo-
ids, and nramp3 nramp4 double mutant displays defects in
mobilization of iron stored in globoids, which is critical during
seed germination in iron-depleted soil (47). AtNRAMP3 and
AtNRAMP4 are also located in mesophyll cells, the major site
for photosynthesis, where they are involved in the mobilization
of Mn2� from vacuoles (49). This source of Mn2� is required
for photosystem II activity when plants face suboptimal man-
ganese nutrition in the soil. Surprisingly, manganese nutrition
affects neither the expression nor the abundances of these
transporters.

The green alga C. reinhardtii provides a convenient single-
celled reference system for studying metal metabolism that is
comparable with the mesophyll cell in land plants. Of the four
NRAMP members in C. reinhardtii, CrNRAMP4 is both
orthologous to AtNRAMP4, and expression of the correspond-
ing gene is increased during growth in iron-deficient medium
(50), suggesting that CrNRAMP4 also resides in the membrane
of an intracellular compartment and can transport Fe2� into
the cytosol.

ZIP

Members of the ZIP family are characterized as divalent cat-
ion transporters (for a current review, we recommend Ref. 51).
Zn2� transport is enhanced by the addition of bicarbonate to
transfected mammalian cell lines, suggesting that these per-
meases are metal/bicarbonate symporters (52, 53). However,
based on kinetics of a bacterial homolog in reconstituted pro-
teoliposomes, ZIPs are proposed to mediate Zn2� electrodiffu-
sion (54).

Of the four ZIPs in S. cerevisiae, Zrt3p localizes to the vacu-
ole. The corresponding gene is a direct target of the Zn2�-
responsive regulator Zap1p, and expression is accordingly
increased by zinc depletion (55). ZRT3 is not associated with a
growth defect in Zn2�-depleted medium unless the genes
encoding the two major assimilatory transporters are also
deleted (56). Even in the triple knock-out, an obvious growth
phenotype is only observed within a narrow window of supple-
mental Zn2�. This phenotype is typical for vacuole-localized
transporters because the transporter is only able to confer a
fitness advantage if there is an adequate supply of metal in the
vacuole to be mobilized. At low concentrations of Zn2�, there is
not enough Zn2� available to support growth and be stored,
whereas at high concentrations of Zn2�, an internal supply is
not necessary to support growth. If the vacuole is first loaded
with Zn2� by exposing cells to high levels of Zn2� in the

medium, this store of Zn2� can sustain growth in the absence of
an external supply (29).

In contrast to yeast, the A. thaliana genome encodes 18
members of the ZIP family (57). Of these, only AtZIP1 has been
localized to the vacuole so far (58). As with ZRT3, the abun-
dance of AtZIP1 mRNA is higher in response to Zn2� depletion
(59, 60). Not surprising, given the possible redundancy of Zn2�

transport pathways, a growth phenotype linking AtZIP1 to
Zn2� homeostasis has yet to be found (58). However, AtZIP1 is
associated with manganese homeostasis because disruption of
AtZIP1 causes a growth defect on low manganese and defective
root-to-shoot translocation of manganese (58).

CTR

Trimeric CTR is proposed to form a channel-like pore
through the membrane; Cu1� is likely to transverse this pore by
a succession of ligand-exchange reactions (61). A negative
charge at the extracellular face attracts Cu1� ions, whereas a
positive charge at the cytoplasmic face promotes the exit of
Cu1� (62). As proposed for the ZIP transporters, transport is
further facilitated by the concentration gradient across the
plasma membrane that is maintained by Cu1� chelation within
the cell. Unlike ZIP transporters, which can transport a broad
spectrum of divalent metal cations, CTRs transport monova-
lent cations, lending substrate specificity to Cu1� (for a current
review, we recommend Ref. 63). Accordingly, transport by CTR
requires Cu2� reduction either at the plasma membrane for
assimilation or at the vacuole membrane for mobilization.

CTRs at the vacuole membrane lack the extracellular methi-
onine extensions (ectodomain) that are characteristic of CTRs
in the plasma membrane. Intriguingly, cleavage of the ectodo-
main in mammalian Ctr1 is required for Cu1� efflux from an
endosomal compartment (64), suggesting that the acidic pH of
the lumen likely alters the affinity of the ectodomain for Cu1�

(65), hence inhibiting transport.
In S. cerevisiae, Ctr2p (66 – 68) and the reductase Fre6p are

responsible for Cu1� transport from the vacuole. In the absence
of the assimilatory transporters Ctr1p and Ctr3p, Ctr2p is
required for Cu,Zn-Sod activity and Fe3� uptake (because
Cu1� is needed for Fet3p) (68). In A. thaliana, COPT5 is
needed during severe copper limitation (69, 70), but unlike the
situation in S. cerevisiae (61), neither COPT5 mRNA abun-
dance nor the protein amount is affected by copper (69). In
C. reinhardtii, CrCOPT1 is predicted to localize to an intracel-
lular compartment, but as with AtCOPT5, the mRNA abun-
dance of CrCOPT1 is not affected by copper deficiency.

FTR (Fe Transporter)/MCO (Multicopper Oxidase) Complex

S. cerevisiae does not contain ferritin and relies on iron
sequestration in the vacuole to balance iron levels in the cell
(71). Paralogs of the iron-specific transporter Ftr1p/Fet3p are
found in the vacuole membrane, and these function together to
mobilize sequestered iron in a situation of iron deficiency (72).
Although Smf3p also localizes to the vacuole and mediates Fe2�

transport into the cytosol, SMF3 is negatively regulated by oxy-
gen (73). Therefore, Smf3p is required for Fe2� mobilization
when Ftr1p/Fet3p is inactive due to the absence of oxygen,
which is required for ferrous oxidation and transport by this
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complex. The low affinity Fe2� transporter in the plasma mem-
brane Fet4p is co-regulated with Smf3p. Fet4p and Smf3p may
represent an Fe2� transport pathway that predates the evolu-
tion of Ftr1/Fet3 and Fth1/Fet5. The former evolved under
anoxic conditions, whereas the latter was recently acquired.

Transport Out of the Cytoplasm

CDF

CDF transporters catalyze metal/proton antiport, and the
acidic lumen of the vacuole therefore facilitates metal transport
out of the cytosol. Based on sequence similarity, the CDF family
can be divided into functional subgroups that correspond to
characterized physiological substrates (57). Within the Zn2�

subgroup, the S. cerevisiae transporters Zrc1p and Cot1p are
responsible for resistance to excess Zn2� accumulation and are
also induced by Zn2� depletion in anticipation of Zn2� shock,
which is likely a more relevant pathway for excess Zn2� to enter
the cell rather than toxic levels in the environment (74). Indeed,
this mechanism is probably conserved in C. reinhardtii
(CrMTP1) (75) and A. thaliana (AtMTP2) (60), but these trans-
porters have not yet been localized to an intracellular compart-
ment. Two additional Zn2�-type CDF transporters, AtMTP1
(76) and AtMTP3 (77), do localize to the tonoplast and can
transport Zn2� out of the cytosol, whereas a Mn2�-type CDF,
AtMTP11, localizes to a trans-Golgi compartment and medi-
ates manganese tolerance (78).

Ccc1/VIT1

This transport family has not yet been characterized bio-
chemically. Proteins containing a domain related to Ccc1p
from S. cerevisiae and VIT1 from A. thaliana are found in all
three kingdoms of life, but this domain is absent in animals
(based on a PSI-BLAST search of GenBankTM; note that Vit1-
like sequences found in Lipotes vexillifer and Pantholops hodg-
sonii genomes are likely from a contaminating source of bacte-
rial DNA given the high degree of similarity between these
proteins and ones from Acinetobacter). Several bacterial pro-
teins that contain the Vit1 domain (pfam01988) also contain a
ferritin-like domain, which is predicted to extend into the cyto-
sol (79). In bacteria, these homologs are involved in iron efflux
from the cell (80, 81), whereas in eukaryotes they are involved in
iron loading of the vacuole (82, 83). The Vit1 domain is also
found in proteins that reside in endoplasmic reticulum bodies
(84) and root nodules (85), but the function of these proteins
remains to be determined.

In order for AtNRAMP3 and AtNRAMP4 to mobilize Fe2�

within the seed, Fe2� must be preloaded into the compartment
by AtVIT1. AtVIT1 is highly expressed in developing seeds, and
AtVIT1 localizes to the vacuole membrane (86). The absence of
this transporter does not affect the absolute concentration of
iron in seeds but does lead to an aberrant distribution of iron
within the seed (86), which is detrimental when seeds from the
mutant are germinated on alkaline soil (because iron is less
soluble in alkaline soil, plant iron assimilation is affected).
Because of its constitutive role in seed maturation, AtVIT1
expression does not change in response to iron nutrition.

Expression of the two VIT1 homologs in C. reinhardtii is
increased under iron deficiency (50) in contrast to the S. cerevi-

siae homolog, CCC1, whose expression is induced by iron
excess (83). Whether these C. reinhardtii homologs also local-
ize to the vacuole and mediate iron transport is unknown, but
the differential expression between land plants, algae, and yeast
suggests that members of this family have evolved to perform
different physiological roles.

Ferroportin

Members of the ferroportin family are well characterized
iron exporters in animals that mediate iron mobilization
between tissues (87). In A. thaliana, FPN2/IREG2 transports
Fe2� (and other metal ions (88, 89)) into the vacuole. Unlike
AtVIT1, FPN2 is expressed in the two outermost layers of the
root in response to iron deficiency (88). FPN2 may either buffer
the influx of Fe2� from the soil or serve to protect the plant
from iron shock. The protein and its response to iron deficiency
is conserved in C. reinhardtii (50).

A Shifting Perspective on Metal Homeostasis

Our picture of metal economy (the uptake and distribution of
metal ions) has largely focused on one metal at a time. When
faced with metal deficiency, the goal is to increase supply rela-
tive to demand (90, 91), while prioritizing the distribution of the
limiting cofactor to essential metalloproteins.

However, metal homeostasis can be viewed another way.
Deficiency of one metal causes a relative excess of the other
metal ions in the cell. Consequently, those proteins lacking
their cofactor due to the insufficiency are more susceptible to
mismetallation. In several organisms, iron deficiency can lead
to the misincorporation of Zn2� into protoporphyrin IX (92),
whereas in yeast, manganese deficiency (generated by deletion
of a Mn2� transporter) can cause misincorporation of Fe2� into
Sod2p (93). Because these “errors” are analogous to those that
occur in the metal overload situation resulting from toxic levels
in the environment (94 –96), the compartmentalization of con-
ditionally excess metal ions is a relatively unexplored mecha-
nism of metal economy.

Metal Sequestration during Deficiency

Poor nutrition of a single metal often affects the cell quota of
one or more other metals. The molecular basis for this apparent
cross-talk is not completely understood. In several cases, unex-
pected perturbations to the cellular metal content are attrib-
uted to the promiscuity of transport pathways. As an example,
the vacuoles of iron-deficient roots of A. thaliana over-accu-
mulate manganese, zinc, and cobalt. IRT1, the major Fe2�

transporter in roots during iron deficiency, can also transport
these metals based on 1) heterologous expression in yeast, and
2) the dependency of metal hyper-accumulation on IRT1
expression in A. thaliana (97, 98).

C. reinhardtii hyper-accumulates metal ions specifically dur-
ing Zn2� limitation. The metal quota for iron, manganese, and
copper is increased to differing degrees (75). Unexpectedly,
Zn2�-limited cells are phenotypically copper-deficient as indi-
cated by expression of the copper deficiency regulon and
absence of plastocyanin (the major copper-dependent protein
in the cell), but not iron-deficient based on reduced abundance
of known iron-regulated transcripts (75). Therefore, the copper
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within the cell is relatively inaccessible to both plastocyanin and
the copper regulator CRR1.

An explanation for these observations was attained by ana-
lyzing the copper distribution within the cell. Hong-Hermes-
dorf et al.3 observed the accumulation of copper in punctate
cellular bodies in live cells using a fluorescently labeled copper
probe, Coppersensor-3, and in fixed cells with nano-scale sec-
ondary ion mass spectrometry (NanoSIMS). As with acidocal-
cisomes, these compartments are electron-dense when viewed
by transmission electron microscopy and contain polyphos-
phate and calcium.

Copper sequestration may be a mechanism to balance the
ratio of copper and zinc, thus preventing mismetallation of
Zn2�-dependent apoproteins. Plastocyanin, an essential pro-
tein for electron transfer in photosynthesis, is dispensable in
C. reinhardtii because of the presence of cytochrome c6, a func-
tionally equivalent heme-dependent protein. Therefore, to bal-
ance the Cu-Zn ratio, the cell can sequester the plastocyanin-
accessible copper pool with little consequence. Cytochrome c
oxidase in the mitochondrion, which does not have a copper-
independent backup, does not appear to be affected by copper
sequestration during zinc limitation. Copper hyper-accumula-
tion (in contrast to copper sequestration) is likely a conse-
quence of compartmentalization and the activation of the
CRR1 regulon, which includes the assimilatory Cu1� transport-
ers CTR1 and CTR2. Because plastocyanin places a relatively
large intracellular demand on C. reinhardtii for Cu1� acquisi-
tion (estimated to be 8 � 106 atoms/cell (99)), copper hyper-
accumulation provides a ready supply of copper when zinc
homeostasis is restored. Indeed, upon Zn2� resupply, the cop-
per within these bodies is mobilized and used to metallate
plastocyanin.

Looking Forward

Metal homeostasis serves to ensure that the accessibility of
metal ions is controlled, and apo-proteins only interact with the
right metal. One such mechanism is the fine-tuning of metal
balance afforded by the ability to partition metal ions through
compartmentalization. Presently accessible imaging tech-
niques such as x-ray fluorescence are being successfully
employed for the simultaneous analysis of multiple metal ions
in tissues with resolution at the single cell level (100). With
increased resolution, and with the development of more
sophisticated fluorescence-based metal sensors, we expect that
many novel aspects of intracellular metal sequestration and dis-
tribution will be illuminated.
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In this thematic minireview series, the JBC presents five pro-
vocative articles on Enzyme Evolution. The reviews discuss
stimulating concepts that include the emergence of primordial
catalysts at temperatures that were considerably warmer than
present day ones and the impact of the cooling environment on
the evolution of catalytic fitness and the preservation of cataly-
sis-promoting conformational dynamics. They also discuss the
use of Urzymes or invariant modules in enzyme superfamilies as
paradigms for understanding the evolution of catalytic effi-
ciency and specificity, the use of bioinformatics approaches to
understand the roles of substrate ambiguity and catalytic promis-
cuity as drivers of evolution, and the challenges associated with
assigning catalytic function as the number of superfamily mem-
bers grows rapidly.

How did enzymes evolve to speed up reactions moving them
from geological to biological timescales that required lowering
of formidable kinetic barriers? In the first article in the series
(1), Wolfenden explains that Arrhenius analyses indicate that
the temperature sensitivity of a reaction increases with its slug-
gishness to an extent not previously suspected. A corollary is
that the emergence of life at high temperatures would have
provided substantial acceleration of chemical reactions, has-
tening evolution. Also, if primordial catalysts, like modern
enzymes, operated primarily by decreasing the enthalpic bar-
rier (�H‡) rather than by increasing T�S‡, a selective advantage
would have been conferred as the earth cooled. Enhanced
mutation rates at high temperatures would have further accel-
erated the pace of evolution during earth’s early history.

In the second article in the series (2), Klinman and Kohen
discuss the role of protein dynamics on hydride transfer catal-
ysis. The prototype selected to illustrate the principle of coevo-
lution of catalytically important amino acid networks is dihy-
drofolate reductase, and the prototype selected to illustrate the
principle of preserving catalytic fitness during adaptation to
different environmental niches is alcohol dehydrogenase. Res-
idues in coevolving networks in dihydrofolate reductase iden-
tified by computational and genetic approaches, and evaluated
by biochemical approaches, can couple protein dynamics to the
reaction coordinate, suggesting that evolutionary pressure has
played a role in preserving conformational fluctuations impor-
tant for catalyzing the chemical step. Similarly, adaptation of
thermophilic alcohol dehydrogenase to cooler climes in psy-

chrophilic and mesophilic organisms appears to have been
accompanied by preservation of an optimal conformational
landscape for catalyzing hydride transfer.

In the third article in the series (3), Carter discusses Urzymes,
models of primordial catalysts constructed from the invariant
cores of enzyme superfamilies. The class I and II aminoacyl
tRNA synthetase Urzymes tested the hypothesis that ancestral
members of each class were derived from opposite strands of
the same gene. Significant catalytic activity and reduced speci-
ficity make these Urzymes novel experimental systems for
understanding the evolution of modern enzymes and for exam-
ining how the addition of modules might influence catalytic and
allosteric functionalities related to catalytic efficiency and
specificity.

In the fourth article in the series (4), Brown and Babbitt
describe insights derived from large scale studies on sequence-
structure relationships into the evolution of enzyme superfami-
lies. The review examines how a relatively small number of
architectural scaffolds have been repurposed to expand the rep-
ertoire of catalytic functions across diverse superfamilies.
The review also discusses the challenges associated with mak-
ing functional assignments because the number of newly
sequenced family members grows at an ever-increasing pace
and because a significant proportion of these sequences encode
domains of unknown function. The authors suggest that pro-
tein similarity network analysis will be an important approach
for generating hypotheses about structure-function relation-
ships, which can be tested experimentally and perhaps even
exploited to guide natural evolution of new functions in a lab-
oratory setting.

In the fifth article in the series (5), Dunaway-Mariano, Allen,
and coworkers discuss catalytic promiscuity and substrate
ambiguity as engines of evolutionary innovation. The poten-
tial advantages of substrate ambiguity, estimated to be a
property of some 37% of metabolic enzymes in Escherichia
coli, include disposing antimetabolites and xenobiotics,
engendering redundancy, and balancing metabolite pools.
Using as examples the phosphatases in the haloalkanoate
dehalogenase and thioesterases in the hotdog fold super-
families, the authors illustrate how promiscuity can be
achieved via domain insertion or by varying the volume and
accessibility of the active site pocket.

This collection of reviews is a sequel to an earlier set of mini-
reviews on Enzyme Evolution in the Post-genomic Era (6).
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Kelvin considered it unlikely that sufficient time had elapsed
on the earth for life to have reached its present level of complex-
ity. In the warm surroundings in which life first appeared, how-
ever, elevated temperatures would have reduced the kinetic bar-
riers to reaction. Recent experiments disclose the profound
extent to which very slow reactions are accelerated by elevated
temperatures, collapsing the time that would have been
required for early events in primordial chemistry before the
advent of enzymes. If a primitive enzyme, like model catalysts
and most modern enzymes, accelerated a reaction by lowering
its enthalpy of activation, then the rate enhancement that it pro-
duced would have increased automatically as the environment
cooled, quite apart from any improvements in catalytic activity
that arose from mutation and natural selection. The chemical
events responsible for spontaneous mutation are also highly
sensitive to temperature, furnishing an independent mecha-
nism for accelerating evolution.

Rates of Nonenzymatic Reactions

Enzymes allow certain reactions to take place take place rap-
idly as compared with other reactions that confer no selective
benefit upon the host organism. Once a substrate is bound, its
transformation often transpires in a few milliseconds. In the
absence of enzymes, the same reaction takes place relatively
slowly, with a half-life that may span many hours, days, or years.
Some biological reactions may be slower still in the absence of
enzymes. The individual bonds connecting the components of
cellulose and other polymers, readily attacked by water in the
presence of enzymes, are apparently capable of long term sur-
vival in their absence to judge from the survival of submerged
Viking ships and paper documents on the S. S. Titanic. If those
bonds were not kinetically stable, then proteins, nucleic acids,
and polysaccharides would disintegrate too rapidly to be useful
for storing energy and maintaining structure and genetic infor-
mation in the water that surrounds these molecules in living
organisms. To appreciate what evolution has accomplished, it

would be desirable to know the actual rates at which biological
reactions take place in the absence of enzymes.

There are more practical reasons for wishing to know the
extent to which enzymes enhance reaction rates. The remark-
able selectivity of each enzyme for its preferred substrate, as
well as its ability to increase the rate of reaction, is believed to
depend on a distinguishing property of catalysts that was first
recognized by Michael Polanyi in 1921. To enhance the rate of
a reaction, the affinity of a catalyst for its substrate must
increase, in passing from the ground state to the transition
state. The magnitude of that increase matches the factor by
which the enzyme enhances the rate of reaction (Fig. 1) (1).
Accordingly, a stable molecule that resembles the altered sub-
strate of an enzyme in the transition state would be expected to
be a strong reversible inhibitor, competing with substrates for a
place on the enzyme. That principle has provided a useful basis
for the design of powerful enzyme inhibitors that include sev-
eral drugs now used to control hypertension and the spread of
HIV, and have been used as haptens to elicit the production of
antibodies with catalytic activity. Transition state analogues
also furnish a probe that structural biologists can use to unveil
the details of the chemical mechanism of action of an enzyme
and the changes in enzyme structure that almost invariably
accompany catalysis (2). To estimate the minimal binding affin-
ity expected of an ideal transition state analogue inhibitor that
perfectly resembles the altered substrate in the transition state,
it is necessary to compare the rate of reaction of the enzyme-
substrate complex with the rate of the uncatalyzed reaction in
water. If one enzyme produces a 100-fold greater rate enhance-
ment than another enzyme, then the first enzyme should show
a proportionally higher affinity for a transition state analogue
inhibitor. Thus, uncatalyzed reaction rates are expected to be
useful in prioritizing enzymes according to their expected sen-
sitivity as targets for drug design.

Until fairly recently, the hydrolysis of peptide bonds was the
slowest process whose rate had been measured directly in
water, with an apparent half-life of 4 years at room temperature
(3). That reaction was so slow that its measurement required an
extraordinarily sensitive method for detecting extremely early
stages in product formation. However, there were reasons to
suppose (including, for example, the survival of ancient docu-
ments in water) that other biological reactions might be slower
still in the absence of a catalyst. An alternative approach to
measuring the rates of slow reactions was suggested by a well
known rule of thumb, according to which reaction rates tend to
double (“Q10 � 2”) when the temperature is raised by 10 °C. In
one of the first descriptions of the effect of temperature on the
rate of a reaction in water, Harcourt and Esson (4) reported a
Q10 of 2 for the well known “iodine clock” reaction, in which an
abrupt change from colorless to black makes it possible to per-
form kinetic measurements with the aid of a simple stopwatch.
Compounding that increment, one would expect rates of reac-
tion to increase �70-fold when the temperature is raised from
25 °C to the boiling point of water. Even at elevated tempera-
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tures, however, the prospects for determining the rates of very
slow reactions did not seem bright.

When that approach was first applied to very slow reactions,
the results were a surprise. The rule that Q10 � 2 applies to only
a few reactions (e.g. the hydration of CO2) that are rapid and
easy to measure at ordinary temperatures. However, slow reac-
tions are vastly more sensitive to temperature. For the decar-
boxylation of orotidine 5�-phosphate decarboxylase, an inter-
mediate in the biosynthesis of nucleic acids, Q10 is 16. Thus, the
rate of this reaction increases not 70-fold as suggested above
but 4 million-fold when the temperature is raised from 25° to
100 °C (5). Subsequent experiments have shown that Q10 values
are 4 for peptide hydrolysis, 6 for the hydrolysis of simple O-gly-
cosides, 13 for the decarboxylation of orotidine 5�-phosphate
decarboxylase, and 16 for the P–O cleavage of phosphate
monoester dianions: the reaction catalyzed by fructose-1,6-bi-
sphosphatase and inositol phosphatases. The remarkable sen-
sitivity of slow reactions to temperature, together with the lin-
earity of Arrhenius plots in which the logarithm of the rate
constant of a reaction is plotted as a function of the reciprocal of
absolute temperature (Kelvin), makes it possible to obtain, by
extrapolation, the rates of many reactions that are extremely
sluggish at ordinary temperatures (supplemental Fig. S1). Rep-
resentative half-lives at 25 °C are 7 � 105 years for fumarate
hydration, 2.3 � 109 years for uroporphyrinogen decarboxyla-
tion, and 1.0 � 1012 years for the hydrolysis of the dianions of
simple phosphate monoesters (6). The value of t1⁄2 for sulfate
ester hydrolysis by S–O bond cleavage was recently estimated
as 1018 years (7).

These observations raise two obvious questions. How did
such reactions ever get started on the primitive earth? Also,

how did enzymes ever evolve to surmount such formidable
kinetic obstacles?

Kelvin or Darwin? A Scenario for the Rapid Appearance
of Prebiotic Chemistry

In a letter to J. D. Hooker, Darwin imagined how life might
have originated, perhaps in a “warm little pond” (8). Shortly
after the publication of The Origin of Species, William Thomson
(Lord Kelvin) became interested in the age of the earth and set
his students to measuring temperatures at various depths in the
soil. He used those results to calculate the rate of heat loss from
the earth, assuming that the earth began as a molten mass, and
estimated the age of the earth as between 20 and 40 million
years. In Kelvin’s inaugural address as president of the British
Association, he stated his conviction that insufficient time had
elapsed on Earth for the chemistry of living systems to have
attained its present level of complexity without “intelligent and
benevolent design” (9).

Had he been aware of the generation of heat by the radioac-
tivity of the earth, a phenomenon that would only be discovered
much later, Kelvin would not have underestimated the age of the
earth (now known to be �4.6 billion years) by a factor of �100. It
should also be added that he was also unaware that life emerged
very early during the life of the planet, probably within the first
0.5–1 billion years. Life began, in the words of Philip Ball, “in a
blink, almost the instant the oceans were formed. It is as if it was
just waiting to happen — as indeed some have suggested.
Although Darwinian evolution needed billions of years to find a
route from microbe to man, it seems that going from mineral to
microbe took barely a moment” (10). If life began so early, then
Kelvin’s question regains some of its original force. How could
biological chemistry have gotten off to such a quick start?

New information emerging from Arrhenius analyses (6) indi-
cates that the more sluggish a reaction is, the more temperature-
sensitive it tends to be. The strength of that relationship emerges
clearly if one plots the heats of activation (�H‡) of uncatalyzed
reactions in water (a measure of the sensitivity to temperature
of a reaction) as a function of their free energies of activation
(�G‡) at 25 °C (a logarithmic function of the reaction rates)
(supplemental Fig. S2).2 Alternatively, the entropies of activa-
tion (T�S‡) of these reactions can be plotted against their
enthalpies of activation (Fig. 2). For purposes of orientation, the
diagonal broken lines in Fig. 2 show the possible values of �H‡

and T�S‡ for reactions that proceed at each of several rates at
25 °C, with t1⁄2 values of 10 ms, 1 year, or 106 years. The vertical
“Harcourt line” represents a hypothetical reaction with a Q10 of
2 (see above). The yellow point in this figure represents a typical
value observed for enzyme reactions, most of which are very
similar as discussed later. A tie-line between that point and any

2 In Arrhenius analysis, the logarithm of the rate constant of a reaction is
plotted as a function of the reciprocal of absolute temperature(Kelvin). For
most simple reactions, Arrhenius plots are linear over a broad range of tem-
peratures. At any temperature, the free energy of activation �G‡ � �RT ln K‡,
where K‡ � k/(�T/h), k is the rate constant (often expressed in units of s�1), � is
Boltzmann’s constant, and h is Planck’s constant. The enthalpy of activation
�H‡ � �R(d(ln k)/d(1/T)) � RT, where k is the rate constant, R is the gas con-
stant, and T is the absolute temperature. The entropy of activation (�S‡) is
obtained from the equation T�S‡ � �H‡ � �G‡.
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FIGURE 1. Free energy changes during enzyme catalysis. Estimation of Ktx,
the dissociation constant of the enzyme from the altered substrate in the
transition state, requires knowledge of knon, the rate constant of the uncata-
lyzed reaction in water.
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of the other points in Fig. 2 indicates the change in the thermo-
dynamics of activation that the corresponding enzyme must
produce. As will be discussed later, enzyme catalysis is usually
achieved by making �H‡ more favorable (or less positive),
rather than by making T�S‡ more favorable (i.e. more positive).
Each point in Fig. 2 represents a reaction whose thermodynam-
ics of activation have been reported, and these points are seen to
be distributed over a wide range of values of �H‡ (shown hori-
zontally) but over a relatively narrow range of values of T�S‡

(shown vertically), i.e. heats of activation play a much more
pronounced role in determining the relative rates of these
uncatalyzed reactions than do their entropies of activation.

Fig. 2 also suggests a likely source of the misleading general-
ization, the “Q10 � 2.” Rates of reaction are usually convenient
to measure if their half-lives fall between 1 min and 1 day at
ordinary temperatures, i.e. their �G‡ values fall between 20 and
24 kcal/mol at 25 °C. If T�S‡ falls between 0 and �10 kcal/mol,
as is the case for most reactions in water (Fig. 2), then the value
of �H‡ must fall in the range between 10 and 24 kcal/mol, cor-
responding to Q10 values between 2 and 4. In view of these
constraints of experimental convenience, it is not surprising
that these values appear frequently in the earlier literature (11).

It follows that if prebiotic chemistry evolved in an environ-
ment that was significantly warmer than it is today, then most
chemical processes would have taken place much more rapidly
than they do at present. Also, because the rates of the slowest
reactions are also the most sensitive to temperature, they tend
to converge and become measurable at temperatures not far
from the boiling point of water (supplemental Fig. S3).

However, was the earth hot during the early stages of chem-
ical evolution? The early emergence of life on the earth seems
consistent with the view that life emerged while the earth was
still warm. Even now, numerous organisms thrive at high tem-

peratures in hot springs and undersea thermal vents, and evi-
dence from ribosomal RNA sequences led Woese to his well
known proposal (12) that the earliest branches of the tree of life
were largely populated by thermophilic organisms. The consti-
tution of the genetic code suggests that the last common ances-
tor was a thermophile (13), and the illuminating iron-sulfur
theory of Wächtershäuser et al. (14) is predicated on the likeli-
hood that life began near thermal vents in the sea. These argu-
ments for a hot origin are necessarily based on retrospective
evidence, and it will probably never be possible to repeat the
“experiment.” It is, however, possible to test some predictions
of this hypothesis. Particularly compelling, in this author’s view,
are recent experiments showing that when amino acid
sequences from modern mesophilic organisms are used to
reconstruct the probable amino acid sequences of proteins that
served as their common ancestor, the resulting “ancestral” pro-
teins turn out to be similar in activity to modern enzymes but
remarkably thermostable, with melting temperatures of
80 –90 °C, �30° higher than those of their modern counterparts
(15, 16).

Taken together, these lines of evidence favor the view that life
originated in an environment that we would consider very
warm. Those temperatures would have greatly accelerated
chemical events on the early earth, collapsing the time required
for prebiotic evolution (supplemental Fig. S3) and countering
the view that not enough time has elapsed for life to have
achieved its present level of complexity.

How Did Enzyme Evolution Get Started? A Hypothesis
Based on “Enthalpic” Catalysis

Present day enzymes exhibit rate enhancements as large as
1021-fold (see vertical scale, supplemental Fig. S1) (17). More-
over, many enzymes have been found to act on their substrates
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with second order rate constants that approach the physical
limits imposed by enzyme-substrate encounter in solution,
with values of kcat/Km that approach 109 M�1 s�1(18) and have
evolved to “perfection” in that sense. What circumstances
would have permitted enzymes to evolve to this present state of
near perfection within the limited time available? The magni-
tude of that problem is evident if one considers the decarboxy-
lation of orotidine 5�-phosphate, an essential step in the biosyn-
thesis of pyrimidine nucleotides, and thus of DNA. This
enzyme reaction proceeds with a rate constant of 39 s�1,
whereas the half-life is �78 million years at 25 °C in neutral
solution in the absence of a catalyst (5). If a “primitive” enzyme
enhanced the rate of this reaction by a factor of only 103, 106, or
109, that enzyme would have been unhelpful to a primitive
organism in its struggle for existence. How did the earliest
enzyme reactions gain a toehold, so that natural selection could
begin its work?

Efforts to address that question have been predicated on the
conditions of life as we know it, and the barriers to reaction are
formidable at ordinary temperatures. However, as in the case of
the simple reactions considered above, the picture changes
markedly if we consider a much warmer environment in which
spontaneous reactions proceed much more rapidly.

Fig. 3 shows the temperature dependence rate of glycoside
hydrolysis in the presence and absence of a bacterial �-glycosi-
dase. The enzyme reaction is much more rapid than the uncata-
lyzed reaction at ordinary temperatures, but it is very much less
sensitive to temperature than the spontaneous reaction, so that
the rate enhancement (kcat/knon) produced by the enzyme (the
white area between the lines in Fig. 3) increases with decreasing
temperature (19).

Suppose that a primitive catalyst or proto-enzyme (perhaps a
metal ion, or a simple organic acid or base) produced a small
enhancement in the rate of a reaction at elevated temperatures.
The rate enhancement produced by that catalyst would have
increased automatically as the surroundings cooled, quite apart
from any improvements that might have resulted from the
effects of evolutionary pressure over time.

The plausibility of that scenario depends on whether, and to
what extent, a primitive catalyst might have achieved its effect
entirely by lowering the enthalpy of activation (supplemental
Fig. S4B, blue wedge), as opposed to achieving its effect en-
tirely by enhancing the entropy of activation (supplemental Fig.
S4A, orange wedge). Thus, it would be of interest to know
whether primitive nonenzymatic catalysts, such as might have
been present on the surface of a primitive earth, follow either of
those extreme scenarios. Supplemental Fig. S5 compares some
nonenzymatic catalysts or nonaqueous environments for
which rate enhancements have been reported. These include
several proteins (including a catalytic antibody, two designed
enzyme mimics, and a designed interface between protein sub-
units), three metal ions, and nonaqueous environments that
include cyclohexane, hexamethylphosphoramide, and the
vapor phase. Highlighted in orange are two particularly power-
ful catalysts acting in water, pyridoxal phosphate (PLP)3 and
CeIV, which generate rate enhancements that approach those
produced by some enzymes (the rate enhancements produced
by some enzymes are shown along the right-hand axis of sup-
plemental Fig. S5). PLP is stable at elevated temperatures,
serves as a cofactor in a wide variety of biological reactions, and
has been shown to catalyze amino acid decarboxylation in the
absence of any enzyme (20). The cerium ion CeIV, although not
known to be involved in any present day biological processes,
has been shown to be an extremely effective catalyst of the
hydrolysis of phosphoric acid esters (21, 22). When the rate
enhancements produced by PLP and CeIV were examined as a
function of temperature, the effects of these powerful catalysts
were found to be based entirely on the reduction of �H‡,
whereas their effects on T�S‡ were actually somewhat unfavor-
able (23).

How general is this behavior among nonenzymatic catalysts
that act in water? Rate enhancements have been shown to
depend primarily on a reduction in �H‡, rather than an increase
in T�S‡, in general base catalysis by glycolate of the bromina-
tion of acetoacetate (24), in general base catalysis of ester ami-
nolysis by amines (25), in MgII catalysis of the alcoholysis of
ATP (26), in imidazole catalysis of ester hydrolysis (27), and in
phase-transfer catalysis of phosphodiester hydrolysis in the
presence of cyclohexane (28). Of special interest is the finding
that catalytic antibodies for several reactions produce rate
enhancements that are entirely enthalpic in origin (29 –31). It
would be of interest to know whether improvements in the
activities of catalytic antibodies or artificial enzymes, which
result from the application of selective pressure (or directed
evolution) in the laboratory, are accompanied by progressive
reductions in the value of �H‡ or by increases in the value of
T�S‡.

Is this behavior shared by present day enzymes? In fact, it
appears that most modern enzymes resemble �-glycosidase
(Fig. 3) in that the enthalpy of activation (�H‡) for kcat is much
less positive for the enzyme reaction than for the uncatalyzed
reaction. For a randomly chosen set of enzymes catalyzing the
cleavage of bonds of seven different types, the value of �H‡

3 The abbreviation used is: PLP, pyridoxal phosphate.

FIGURE 3. Arrhenius plots for the enzymatic and nonenzymatic �-gluco-
sidase reactions. The bold segments of the line show the temperature range
over which rate measurements were conducted (11).
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associated with kcat is reduced by an average value of 16 kcal/
mol (23). In contrast, the value of T�S‡ increases in some cases
and decreases in others. Its average value hardly changes, as can
be seen in Fig. 2, where the point marked in yellow represents
the average values of �H‡ and T�S‡ for a randomly chosen set of
enzyme reactions.

It is not enough to consider the effect of temperature on kcat
relative to knon, because both kcat and kcat/Km are important
indices of evolutionary advancement (for example, if the con-
centration of an enzyme is 10�8 M, then the value of kcat/Km
must be at least 108-fold larger than the value of knon if the
enzyme is to produce a simple doubling of the reaction rate).
Thus, it is of interest that the effects of changing temperature
on enzyme action are even more profound if we consider cata-
lytic proficiency ((kcat/Km)/knon) or transition state affinity (its
reciprocal). Supplemental Figs. S6 and S7 show that, for bacte-
rial cytidine deaminase, the values of kcat and Km both increase
with increasing temperature, and to almost the same extent.
Accordingly, kcat/Km is almost completely insensitive to tem-
perature, whereas knon decreases steeply with decreasing tem-
perature. As a result, transition state affinity increases with
decreasing temperature to an extent that is even greater than
the effect of temperature on the rate enhancement.

A conspicuous exception to this behavior is the peptidyl-
transferase center of the ribosome, an RNA catalyst that
achieves its effect entirely by rendering the entropy of activa-
tion more favorable. Interestingly, the ribosome actually ren-
ders the enthalpy of activation less favorable. The dominance of
entropy in this special case seems understandable in view of the
overarching importance of substrate specificity, rather than

rate enhancement (the ribosome produces only a modest rate
enhancement of 107-fold), in the function of the ribosome. In
this interesting case, the enzyme is believed to produce catalysis
by “physical” effects, desolvating and juxtaposing the two sub-
strates in a position conducive to reaction, rather than by acting
as a covalent or general acid/base catalyst (32, 33).

For the great majority of enzymes, it seems reasonable to
suppose that the enthalpic basis of catalysis reflects their origin
in more primitive catalysts, for which a reduction of �H‡ (rather
than an increase in T�S‡) offered a selective advantage in a
gradually cooling environment. Although the detailed means
by which that was accomplished presumably varied from case
to case, its structural basis is explained by the formation of new
electrostatic and hydrogen bonds in the transition state, for
which much evidence exists in the structures of enzyme com-
plexes with transition state analogue inhibitors (11, 34).

Potential Influences of Temperature on the Incidence of
Spontaneous Mutation

Superimposed on these enthalpy-based effects on enzyme
activity would have been any improvements in activity that
were brought about by mutation and natural selection. High
temperatures would be expected to accelerate mutation in at
least two ways. First, the familiar melting of DNA and other
macromolecules testifies to the thermal instability of the
canonical Watson-Crick base pairs. H-bonds are weakened by
increasing temperature, as indicated by the adverse effect of
increasing temperature on the dimerization of urea (35), and
both the stacking and the H-bonding of a terminal AU base
pair, in a double-stranded RNA hexamer, have been shown to

FIGURE 4. Half-lives of bonds in DNA at pH 7, based on work with individual 2�-deoxynucleosides and other model compounds (40).
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release heat (36). The resulting increase in the frequency of
mispairing would presumably have been greater at high tem-
peratures than it is at present, tending to enhance the frequency
of mutation.

Perhaps more importantly, elevated temperatures would be
expected to accelerate any irreversible chemical changes that
result in spontaneous mutation. Among the more common of
those changes are the hydrolytic deamination of cytosine and
adenine residues and the hydrolysis of glycosidic bonds that
join deoxyribose to the purine nucleobases. Ordinarily, it is not
easy to monitor these processes in vivo in the face of sophisti-
cated mechanisms for DNA repair. However, Frederico et al.
(37) were able to bypass those difficulties by measuring the rate
of reversion to uracil of a specific cytosine residue that had been
introduced by mutation of the lacZ� gene coding sequence of a
bacteriophage. The sensitivity of their assay, based on the
recovery of activity of the gene product, was such that reversion
could be detected at a frequency of 1 in 105. These investigators
showed that in single-stranded DNA, deamination occurs at a
rate (and with a heat of activation) similar to the rate of deami-
nation of CMP. They also observed that deamination proceeds
100-fold more slowly in double-stranded than in single-
stranded DNA (38). Earlier, several other striking examples of
heat-induced mutagenesis in bacteriophage T4 had been
described by Drake and his associates (39). Thus, there is syn-
ergism between the first and second effects noted above.

In model studies, the relative sensitivity of mutagenizing
events to temperature was examined by Schroeder and
Wolfenden (40), with the results shown in Fig. 4. Half-lives for
the cleavage of bonds that are present in DNA in neutral solu-
tion are shown as room temperature, and also at the elevated
temperature at which the hyperthermophilic organism Igni-
sphaera aggregans grows optimally). Cytosine deamination, for
example, proceeds �2000-fold more rapidly at 92° than at
25 °C. Notably, the half-lives for the hydrolysis of deoxyribose
linkages to purines and pyrimidines, and for the hydrolytic
deamination of cytosine derivatives, take place within a few
days in neutral solution at elevated temperature. Also, although
the phosphodiester linkages of DNA are stable under those
conditions, those of RNA decompose at rates that approach the
rate of deamination of cytosine derivatives.4

Conclusion

In summary, it seems probable that in the warm surround-
ings in which life first appeared, high temperatures would have
lowered the kinetic barriers to product formation, and that the
activity of weakly active proto-enzymes would have increased
automatically as the temperature fell. Elevated temperatures
would also be expected to have accelerated the early stages of
evolution itself, collapsing the time required for life to attain its
present level of complexity.
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The role of evolutionary pressure on the chemical step cata-
lyzed by enzymes is somewhat enigmatic, in part because chem-
istry is not rate-limiting for many optimized systems. Herein, we
present studies that examine various aspects of the evolutionary
relationship between protein dynamics and the chemical step in
two paradigmatic enzyme families, dihydrofolate reductases
and alcohol dehydrogenases. Molecular details of both conver-
gent and divergent evolution are beginning to emerge. The find-
ings suggest that protein dynamics across an entire enzyme can
play a role in adaptation to differing physiological conditions.
The growing tool kit of kinetics, kinetic isotope effects, molec-
ular biology, biophysics, and bioinformatics provides means to
link evolutionary changes in structure-dynamics function to the
vibrational and conformational states of each protein.

Dihydrofolate Reductase: Coevolving Residues and Their
Roles in Catalysis

Genetic analysis of the folA gene, which codes for dihydrofo-
late reductase (DHFR),4 has led to the identification of residues
whose evolution was biased (coevolving residues that depend
on one another) (1), constituting an evolutionarily coupled net-
work (2). Those residues are not only located in the active site,
but span across the protein, and some are far from each other in
both sequence and space. The color coding in Fig. 1a represents
the level of bias (conserved, strong, or weak coevolution).

An interesting question is raised by these findings: whether
the coevolution of these residues is related to their role in cat-
alyzing the chemical conversion of substrates to products or to
other functions of the enzyme (such as binding and release of
the reactants, folding, solubility, stability, etc.). Several of the
coevolving residues have also been indicated by independent
computer simulations to be dynamically coupled to each other
and to the reaction coordinate (i.e. the chemical step catalyzed

by the enzyme) (3–7). If the networks identified via genetic
analysis and the ones identified by calculations are the same,
then it would indicate strong evolutionary pressure to preserve
the protein dynamics involved in catalyzing the chemical step.
Protein dynamics, as presented here, refer to vibrations and
conformational fluctuations at timescales ranging from the
millisecond turnover of the catalytic cycle (kcat) to picoseconds
or even the femtosecond vibration at the lifetime of the transi-
tion state.

To test these hypotheses, the nature of the chemical step for
mutants and double mutants was examined for several of the
proposed coupled residues (highlighted as spheres in Fig. 1a).
Residues Met-42, Gly-121, and Trp-133 are strongly coupled by
genetic analysis, whereas Phe-125 is only weakly coupled (using
the residue numbers for the DHFR from Escherichia coli,
ecDHFR, which was used in all the studies mentioned here).
Some of these residues, Met-42, Gly-121, and Phe-125, were
independently identified by the calculations to be dynamically
coupled to each other and to the reaction coordinate, whereas
Trp-133 did not present significant dynamic coupling (3, 4, 6).

A broad range of kinetic methods has been used to test this
question. Those methods include measurement of steady state
rate constants (i.e. the first order rate constant kcat and the
second order rate constant kcat/Km), pre-steady state rate cons-
tants from both single turnover and burst experiments, the
kinetic isotope effects (KIEs) on these rates (KIEobs), as well as
the intrinsic KIEs (KIEint) and their temperature dependences.
Several different sets of mutants of these residues have been
examined, and here we focus on M42W, G121V, F125M, and
W133F, and several of their double mutants. The chemistry is
only partly rate-limiting for steady state rates of ecDHFR at high
pH, and is far from being rate-limiting at pH below 9 (8); thus,
these rate constants are not indicative of effects on the chemical
step. Pre-steady state rates better reflect the chemical step (i.e.
the C–H3C transfer rate) (9). The KIEobs values and KIEint
values and their temperature dependences for ecDHFR and its
mutants have also been reported (10 –13).

The outcome of these kinetic experiments indicates strong
synergy in the effects of mutants of Met-42, Gly-121, and Phe-
125 on the catalyzed chemical conversion (the C–H3C
hydride transfer). One indicator for the coupling of these resi-
dues to each other and to the chemistry is the comparison of
their pre-steady state rates with that of the wild-type (WT)
enzyme. If �G‡

i is the free energy difference between the WT
and mutant i or j, and ��G‡

i�j is the free energy difference
between the WT and the double mutant i�j, then �G‡

i � �G‡
j

� ��G‡
i�j serves as an indication of synergism between the

effect of Met-42, Gly-121, and Phe-125 mutations on the pre-
steady state rate (9, 12). W133F, on the other hand, had little
effect on the pre-steady state rate, despite a more significant
effect on kcat, indicating that its role lies in product release
rather than the chemical step (8).

An even more direct indicator for the effect of these coupled
residues on the chemical step is their alteration of the temper-
ature dependence of intrinsic KIE (T-KIEint) (14, 15). Although
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the data of the T-KIEint can be fitted to various theoretical mod-
els, there is a broad agreement that for a well defined transition
state (TS, or its QM diffused form), the tunneling ready state,
TRS (14, 15), leads to temperature-independent KIEint, as found
in most WT enzymes. A temperature-independent KIEint is asso-
ciated with a narrow distribution of hydride donor-acceptor
distance (DAD) with reduced DAD sampling at the TRS. On the
other hand, a very steep T-KIEint can indicate a broad distribu-
tion of DADs typical to poorly defined TRS (16) and increased
DAD sampling, as is often observed for mutants or nonphysi-
ological conditions (15). The size of the intrinsic KIE seems to
be a sensitive indicator of the average DAD, where a larger KIE
results from longer average DADs. In addition to the muta-
tional studies described above, two recent attempts to examine

the coupling between the protein dynamics and the DAD dis-
tribution compared T-KIEint between isotopically light versus
heavy enzymes (17, 18). The first study found steeper T-KIEint
for the heavier enzymes throughout the temperature range
(17), whereas the second found no effect at 20 – 45 °C temper-
ature range and steeper T-KIEint at lower temperatures (18).
The impact of two different effects of the heavier enzyme on the
KIEs makes it difficult to use the findings as clear evidence for
protein dynamics directly affecting the DAD; the frequencies of
the protein vibrations at the fs-ps timescale (3000 –50 cm�1)
will be reduced in the heavy enzyme, but the electrostatic mod-
ification of the C–H bonds to the more hydrophobic C–D
bonds throughout the protein may also lead to different ensem-
bles of protein conformations at the TRS. Both effects could
alter the interplay of protein dynamics with the H-transfer
coordinate that lead to narrow DAD distribution and small
T-KIEint in the natural enzyme, as well as a steeper T-KIEint in
the heavy enzyme.

Fig. 1b summarizes the results for the T-KIEint of hydrogen to
tritium for the WT and mutants by correlating Arrhenius
slopes (�Ea T-H) and their isotope effects on the Arrhenius pre-
exponential factor (AH/AT). The data for the WT and W133F
reveal a temperature-independent KIEint of about the same
size, and the data for the single mutants indicate a small
increase in T-KIEint values. The three double mutants of
M42W, G121V, and W133F, on the other hand, present a very
steep T-KIEint and small AH/AT, further revealing the signifi-
cant impact of those residues on each other and the chemical
step. In Fig. 1b, the data are compared with active site mutants
of Ile-14 (green), which is located behind the nicotinamide ring
(the H-donor) and “pushes” it closer to the folate (the H-accep-
tor), leading to narrow and short DAD distribution in the WT
(16). Fig. 1b reveals that the effect of the single mutants of res-
idues distal from the active site is similar to I14V and I14A, but
that the double mutants have as dramatic an effect as I14G,
which leads to a very broad and long distribution of DADs at the
TRS (16).

It is important to note that experimental testing of all the
residues that were predicted by both genetic coupling analysis
(1, 2) and high level simulations (3–7) confirmed the functional
coupling between them and the catalyzed chemistry. The same
analysis for a residue that was only identified by genetic analysis
(Trp-133) did not reveal an effect on the chemical step.
Although this does not rule out the possibility that this residue
is genetically coupled by evolutionary pressure to other resi-
dues, it does indicate that its coupled network does not play a
role in catalyzing the chemical step (instead perhaps participat-
ing in another functional aspect of the protein, such as stability,
folding, ligand binding, etc.). The findings bring to mind the
possibility that evolutionary pressure can lead to different net-
works of coevolving residues, but that at least one network can
have a role in catalyzing the chemical step.

In conclusion, the examination of evolutionary-dependent
(coevolving) residues and a functional network of dynamics
coupled to the chemistry catalyzed by the enzyme suggests that
coupled residues with a functional role are also coevolving, but
not all coevolving residues affect the chemical step. This possi-
bility can be rationalized, as residues may coevolve to maintain

FIGURE 1. Structural, genetic, and functional features of DHFR. a, DHFR
structure (Protein Data Bank (PDB) ID 1rx2) colored based on the genetic
coupling analysis as Conserved (red), Strongly Coupled, (pink), and Weakly
Coupled, (orange). The nicotinamide cofactor and folate are highlighted as
blue and light blue sticks, respectively, and a black arrow is drawn at the loca-
tion of the C–H3C transfer (between C4 of the nicotinamide to C6 of the
pterin). Highlighted as spheres with the same color code are the �-carbons of
the four coevolving residues that are discussed in the text above. Highlighted
as dark blue spheres are Asn-23 and Gly-51, which are the sites of the evolu-
tion-induced insertions discussed below. b, correlation of temperature
dependence parameters of T-KIEint for WT (black), distal (red), and active site
Ile-14 (green) mutants of ecDHFR, where error bars represent S.D. The yellow
block represents semi-classical range of Arrhenius pre-exponential factor
(0.3–1.7) (46). Reproduced from Ref. 12. with permission from the American
Chemical Society.
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other needed properties of the protein, such as folding and
solubility.

Dihydrofolate Reductase: Evolution from Bacteria to
Human and the Preservation of Functional Dynamics

The evolution of DHFR from bacteria (ecDHFR) to human
(hsDHFR) has been examined by phylogenetic analysis of 233
DHFR sequences (19). The values at each divergence node were
used to assess the time of divergence for each evolutionary split
in units of million years ago. The full set of sequences used is
available through the UCSC Genome Browser Wiki Site. That
analysis identified several mutations and insertions that were
statistically significant along the evolutionary path. Two of the
most significant insertions in the hsDHFR were identified as PP
at Asn-23 (E. coli numbers) and PEKN at Gly-51 (both high-
lighted as blue spheres in Fig. 1a). The N23PP mutation altered
the enzyme dynamics and was the focus of a heated debate
regarding the role of dynamics on different timescales on the
chemical step (19 –24). The mutant N23PP ecDHFR slowed
millisecond motions of the Met-20 loop and slowed the single
turnover rates, but did not alter the observed KIEs (KIEobs) for
that rate as reported by Ref. 21, and not even the T-KIEobs as
reported by Ref. 22 (which seem to have contradictory titles, yet
consistent findings). More recent studies found that this
mutant requires larger motions moving from ground state to
transition state (21) and that its T-KIEint is much steeper than
for the WT (23). Together the findings suggest that N23PP
ecDHFR has slower motions at the millisecond timescale, but
broader distribution of DADs at the TRS and larger motions
moving toward its transition state (at the pico- to femtosecond
timescale). Interestingly, the N23PP insertion was only intro-
duced in DHFR 325 million years ago (chicken), well after the
G51PEKN insertion was introduced 463 million years ago
(skate). Similarly, G51PEKX was introduced 797 million years
ago (hedgehog), but the first insertion at Asn-23 was only 499
million years ago (hagfish). Mutants of the ecDHFR either with
only N23PP or with both N23PP and G51PEKN were examined
using different QM/MM calculations (19, 24) and various
experimental tools, including steady state and pre-steady state
rates, KIEobs (21, 22), and KIEint (23), along with the tempera-
ture dependences for both KIEs. Both computer simulations
suggested that the single mutant N23PP results in an enzyme
that does not pre-organize the hydride donor and acceptor very
well, and thus many residues across the protein have to be reor-
ganized as the system moves toward its TS (19, 24). Similarly,
studies of T-KIEint revealed that N23PP resulted in an inflated
and more temperature-dependent KIEint, indicating a poorly
reorganized reactive complex. However, QM/MM calculations
for both the WT ecDHFR and the “humanized” double mutant
N23PP/G51PEKN brought the reactants to a state from which
minimal reorganization was needed to reach the TS (19), and
T-KIEint measurements with both WT and the double mutant
maintained temperature-independent KIEint (19). Both the cal-
culations of the degree of coupling between residues across the
protein (19) and T-KIEint experiments examine enzyme
dynamics at rather small amplitudes and fast frequencies (prob-
ably at the picosecond timescale) (10, 14). Given that all of the
233 naturally occurring sequences examined either do not have

the N23PP insertion or have both Asn-23 and Gly-51 inser-
tions, it is likely that evolutionary pressure maintains the pro-
tein vibrational/conformational landscape that brings the
H-donor and acceptor to an ideal orientation.

The effects of these single and double insertions on steady
state rates also fit the same pattern, as do the pre-steady state
pH-independent rates (i.e. the single mutant was slower and the
WT and double mutant have similar kinetic parameters) (23).
As those kinetic parameters reflect motions at the millisecond
timescale (including the rate-limiting step for the overall cata-
lytic cycle (8), it is likely that evolutionary pressure applies
across a hierarchy of timescales. The only reported parameter
that was not affected by the single mutation was the KIEobs on
the pre-steady state rate (21) and temperature dependence
of that KIEobs (23). Kinetic analysis of that parameter revealed
that temperature-dependent kinetic complexity deflated
KIEobs for both WT and the single mutant but with different
values and different temperature dependences. This kinetic
complexity reflects the ratio between the isotopically sensitive
step forward and microscopic rate constants along the back-
ward decomposition of the reactive complex. The different
kinetic complexities of the WT and N23PP may very well rep-
resent motions at the millisecond timescale that are altered by
the mutation, as has also been indicated by NMR experiments
(21). Unfortunately, such data are not yet available for the dou-
ble mutants, so our knowledge regarding the effect of the dou-
ble mutant on the millisecond timescale is limited to the fact
that its pH-independent pre-steady state rate is as fast as the
WT (�1000 s�1), whereas the N23PP single mutant is slower
(�35 s�1), as are its millisecond vibrations (21).

In conclusion, the studies of the WT and humanized ecDH-
FRs, together with the results of phylogenetic analysis, suggest
that the enzyme dynamics evolved to optimize the catalyzed
reaction. These studies reveal a possible evolutionary conserva-
tion of functional dynamics at different timescales and their
role in the enzyme-catalyzed reaction.

Prokaryotic Alcohol Dehydrogenases as a Model for
Protein Adaptation

The prokaryotic alcohol dehydrogenases constitute a family
of highly homologous enzymes that function within different
temperature niches. This family includes enzymes from psy-
chrophilic (ps-ADH), mesophilic (ec-ADH), and thermophilic
sources (ht-ADH) (25–28). Although it has been speculated
that thermophilic prokaryotes may be among the earliest life
forms (29), studying the behavior of this family of dehydroge-
nases is not predicated on a timeline for temperature adapta-
tion. Rather the focus is toward understanding how the intro-
duction of a new exigency (such as a change in ambient
temperature) can produce evolutionary change at the level of
protein function. The sequence identity between the orthologs
that function at extreme temperature (ps-ADH from the Ant-
arctic Moraxella sp. TAE123 and ht-ADH from Bacillus stearo-
thermophilus) is 61% (76% similar), and the three-dimensional
backbone structures for these two enzymes are effectively
superimposable (26 –28). Observed changes in functional
properties at the temperature extremes of ht-ADH and
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between ht- and ps-ADH are likely, thus, to arise from subtle
changes in protein flexibility/motions.

Tools developed initially for kinetic studies of eukaryotic
ADHs included characterizing alcohol substrates for which the
hydride transfer was fully rate-determining (30, 31). Using this
approach with ht-ADH, a temperature-dependent break in the
steady state kinetics that extended to the magnitude of primary
and secondary deuterium KIEs was observed (32). Of particular
note is the presence of a temperature independence for the
primary KIEs above 30 °C that segues to temperature-depen-
dent KIEs below 30 °C. These early studies were initially inter-
preted as a change in the contribution of hydrogen tunneling to
the reaction coordinate under physiological (�30 °C) versus
nonphysiological (�30 °C) conditions. Retrospectively, and
with the benefit of a much larger body of experimental data (e.g.
Refs. 33 and 34), the KIE behavior of ht-ADH is now concluded
to reflect a role for protein motions in the H-transfer step.
Above 30 °C, where the protein is optimally flexible, protein
sampling of the conformational landscape produces pre-orga-
nized states that transiently generate a highly structured and
tunneling-ready hydrogen DAD. Below 30 °C, a rigidification of
protein prevents optimal alignment of the H-donor and accep-
tor, with catalytic recovery requiring a distance sampling mode
that has a higher activation energy for deuterium than protium
transfer (35, 36).

Subsequent time- and temperature-dependent analyses of
hydrogen/deuterium (H/D) exchange from solvent D2O into
the peptide backbone of protein (via mass spectrometric anal-
ysis of peptides representing �95% of the ht-ADH sequence)
revealed a temperature-dependent break in the protein
dynamic behavior as well (37). In particular, five peptides that
form an extended � sheet from one of the dimer interfaces of
the tetrameric ht-ADH to the substrate-binding site undergo a
transition in behavior that correlates with catalysis. The fact
that a similar temperature-dependent change (at 30 °C) can be
observed by H/D exchange with apo-enzyme and on kcat (con-
dition of saturating cofactor and substrate) supports the view of
overlapping conformational landscapes for free versus sub-
strate-bound proteins (38, 39). The mapping of the H/D
exchange behavior onto the three-dimensional structure of ht-
ADH (Fig. 2a), indicates the highly anisotropic nature of tem-
perature-dependent changes in protein flexibility that correlate
with catalysis (37).

One property of the low temperature kinetic behavior of
hydride transfer in ht-ADH is an elevated Arrhenius pre-factor,
in excess of the semi-classical limit of �1013 s�1, that accom-
panies an �7 kcal/mol increase in the enthalpy of activation.
Insight into the physical origins of this phenomenon has
emerged from studies in which two hydrophobic side chains
that reside behind the cofactor nicotinamide ring of cofactor
(Leu-176 and Val-260) are reduced in size via site-specific
mutagenesis (40, 41). These alterations have relatively little
impact on catalytic behavior above 30 °C, but below 30 °C result
in enormous elevations in the experimental energies of activa-
tion and the Arrhenius pre-factors, with the latter achieving
values as high as 1025 s�1 (40). A physical model has been
advanced in which the combination of low temperature- and
site-specific mutagenesis leads to a greatly impaired conforma-

tional landscape (Fig. 3). Accordingly, the protein is postulated
to become trapped within low enthalpy states from which it
must emerge to achieve effective H-transfer. Because escape
from enthalpic traps also leads to an increase in the number of
available protein conformational sub-states, the magnitudes of
Ea and Aobs increase in a concerted manner. This new type of
behavior (Table 1) and the accompanying mathematical model
(40) offer a tool for assessment of changes in global protein
mobility as it affects catalysis. Specifically, changes in confor-
mational landscapes are proposed to reveal themselves as cor-
related increases/decreases in the activation parameters Ea and
Aobs. A similar pattern has recently been seen when contrasting
a smaller, less active prokaryotic lipoxygenase (42) with a
eukaryotic ortholog (33). The major structural difference
between the prokaryotic and eukaryotic enzymes appears to
reside with the size of surface loops rather than with conserved
residues in the active site.

The behavior of ht-ADH as a function of temperature- and
site-specific mutagenesis highlights two distinct classes of pro-
tein motions that are expected to contribute to catalytic fitness.
One is a global sampling of the conformational landscape
(reflected in the noncanonical activation parameters at low
temperature), whereas the other is optimization of the DAD of
the reactants (reflected in the degree to which KIEs become

FIGURE 2. Structural features of ht-ADH. a, the five peptides (1– 4 and 7) that
increase their flexibility above 30 °C in ht-ADH reside within the substrate-
binding site and are colored orange and fuchsia. The cofactor NAD� has been
modeled into the active site and is colored yellow, as are the catalytic zinc ion
(near the nicotinamide ring of cofactor) and the structural zinc ion. Repro-
duced with permission from (37), copyright (2004) National Academy of Sci-
ences, U.S.A. b, the relationship of the surface Tyr-25 (red) to the active site
Trp-87 (red). Bound substrate, adjacent to Trp-87, is black. The series of
�-sheets that increase their flexibility above 30 °C (see a above) are colored
dark blue.
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temperature-dependent when enzymes are perturbed away
from optimal conditions for function). From fitting of enzy-
matic H-tunneling parameters, the latter is shown to be domi-
nated by fairly fast (nanoseconds to picoseconds) timescales
(33), whereas the conformational search for catalytically opti-
mal configurations is expected to span a broad hierarchy of
timescales (43).

The successful achievement of temporal, as well as spatial,
resolution that links protein motions to catalysis is the “gold
ring” in our ability to predict and understand the dynamical
bases for functional evolution in proteins. The interrogation of
H/D exchange in ht-ADH, although introducing spatial resolu-
tion for the contribution of protein flexibility to hydride trans-
fer, does not provide a direct measure of a kinetic process for
protein motions. This is because the measurements were col-
lected under EX2 conditions, thereby reflecting an equilibrium
distribution of partially unfolded protein that permits deute-
rium exchange into the peptide backbone (44). Time-resolved

fluorescence methods offer a means to interrogate more rapid
protein motions using either intrinsic or extrinsic fluorescence
probes. In the case of ht-ADH, protein variants have recently
been generated that contain a single tryptophan either at in the
substrate-binding domain (Trp-87) (Fig. 2b) or in a remote
position at the protein surface (Trp-167); both single Trp vari-
ants retain the catalytic break near 30 °C of the WT enzyme
(45). Exploration of fluorescence lifetimes and time-dependent
Stokes shifts with these constructs has uncovered a distributed
network of protein side chains, extending across �30 Å,5 that
undergoes changes in fast, local motions (nanoseconds to pico-
seconds) in response to a reduction in temperature that is cou-
pled to the introduction of catalysis-affecting mutations.5
These fluorescent measurements, on a timescale 106-fold faster
than catalysis and more than 109-fold faster than H/D exchange
experiments, provide an elegant means of detecting subtle
changes in local protein dynamics that arise from a redistribu-
tion of the protein micro-states contributing to the global pro-
tein conformation landscape.

In conclusion, the rigidification of a thermophilic alcohol
dehydrogenase that takes place at reduced temperatures has
afforded unique insight into the importance of the protein con-
formational landscape in optimizing hydride transfer catalysis.
This example of enzyme adaptation to an environmental con-
tingency may provide clues regarding possible physical path-

5 Meadows, C. W., Tsang, J. E. , and Klinman, J. P. (2014) Picosecond-resolved flu-
orescence studies of substrate and cofactor-binding domain mutants in a
thermophilic alcohol dehydrogenase uncovers an extended network of com-
munication. J. Am. Chem. Soc., in press.

FIGURE 3. A diagram illustrating the distribution of conformational sub-states as a function of temperature in ht-ADH. Reproduced with permission
from Ref. 40, copyright (2011) National Academy of Sciences, U.S.A. a–c indicate the redistribution of enzyme from an inactive region of the conformational
landscape (state 4) into the regions that can support hydride transfer (states 1-3) as the temperature is raised above 30 °C. The mathematical model treats the
rate as a function of a temperature-dependent equilibration, Keq, and the rate constant, kintrinsic. d shows the ability to achieve Aobserved � 1025 s�1 via a
compensatory increase in �H‡ and T�S‡. The extrapolation to Aintrinsic is shown by the dashed line, and the extrapolation to Aobserved is shown by the solid line.

TABLE 1
Illustrative patterns in the Arrhenius activation parameters for ht-ADH
and ps-ADH below 30 °C
From Refs. 40, 47, and 50.

ADH ortholog �H‡ log(Aobs) T�S‡, 30 °C KIE, 30 °C

kcal/mol kcal/mol
ht-ADH

WT 21.4 17 5.6 3.2
L176A 25.8 19 8.8 4.1
L176del 34.8 25 16.5 4.3
V260A 32.3 24 15.4 4.1

ps-ADH 9.2 8 �7.5 4.0a

a At 20 °C; the comparable KIE for ht-ADH at this temperature is 5.0.
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ways that enable highly evolved catalysts to emerge from more
primitive precursors.

Interconverting Thermophilic and Psychrophilic Alcohol
Dehydrogenases Uncovers a Link between a Protein
Dimer Interface and Active Site Dynamics

Kinetic comparison of the ps-ADH to ht-ADH in the low
temperature regime indicates that hydride transfer is equally
rate-determining for both enzymes (KIEs of 4 –5 at 20 °C),
although with different activation parameters (47) (Table 1).
The finding that the net �G‡ is identical for the two protein
variants is yet another example of the frequently documented
pattern of enthalpy/entropy compensation in proteins (48, 49).
The property of increased values for Ea and Aobs for ht-ADH
relative to ps-ADH in the low temperature regime is analogous
to the trends seen for ht-ADH following the introduction of
single site mutants, implicating increased rigidity and impaired
conformational sampling in ht-ADH relative to ps-ADH. Com-
parative analysis of H/D exchange into peptides derived from
ps-ADH to ht-ADH at 10 °C has further shown an enhanced
flexibility in the region surrounding the active site of ps-ADH
that is accompanied by a more rigid protein periphery (27).

Insight into the structural bases for the changes in kinetic
and H/D exchange properties in ps-ADH comes from inspec-
tion of the available x-ray structures for the two extremophilic
ADHs (26 –28). One notable feature is the replacement of a
�-stacked tyrosine (Tyr-25) at a dimer interface in ht-ADH by
alanine (Ala-25) in ps-ADH. In ht-ADH, Tyr-25 resides at the
end of the extended � sheet that was previously shown to
undergo a selective increase in flexibility above 30 °C (Fig. 2);
this residue connects the protein dimer interface to the sub-
strate-binding pocket that is proximal to Trp-87. Targeting
position 25 experimentally, the thermophilic and psychrophilic
forms of ADH were interconverted, via the replacement of
Tyr-25 by Ala in ht-ADH and Ala-25 by Tyr in ps-ADH (50).
The impact of these interconversions is dramatic, with Y25A
ht-ADH losing the characteristic break in kinetic behavior for
WT ht-ADH below 30 °C, whereas the A25Y variant of ps-ADH
experiences a break at �20 °C that is accompanied by a change
in rate-determining step (with hydride transfer becoming
increasingly less rate-determining as the temperature is
reduced). One feature accompanying the kinetic changes seen
for A25Y ps-ADH is a dramatic increase in its thermostability,
up to 50 °C (50).

From a structural perspective, the four Tyr-25 residues, one
from each monomer, generate a “capstone,” �25 Å away from
the active site zinc ion at the intersection of the substrate and
cofactor-binding sites. The presence of this Tyr-based capstone
both increases ps-ADH stability at elevated temperatures and
leads to a loss of conformational flexibility in ht-ADH at low
temperatures. Although increased thermal stability can be
rationalized, at least in part, from the �-stacking interaction
between each pair of tyrosines at the protein apex, the origin of
the impact of position 25 on active site flexibility is more diffi-
cult to discern. Insight into the physical origins of the latter
comes from an analysis of a variant of ht-ADH in which Trp-87
within the substrate-binding site is converted to Ala (50). Anal-
ogous to Y25A, the replacement of Trp-87 by a smaller side

chain in ht-ADH completely eliminates the kinetic break below
30 °C characteristic of WT enzyme. This result shows that alter-
ing an amino acid side chain at either end of the extended � raft
that connects the dimer interface to the substrate-binding site
produces the same kinetic end point. Furthermore, the W87A
variant has become thermally unstable, with an increased prob-
ability of dissociating into inactive subunits.

Early efforts to understand thermal adaptation in proteins
were focused on changes in static, structural elements (51, 52).
By contrast, the described studies of ps- and ht-ADH implicate
a long range network between Tyr-25 and Trp-87 that directly
links protein stability to active site flexibility and catalytic effi-
ciency. At this juncture we do not yet understand the detailed
physical origin of the cooperative change in properties in ht-
ADH at 30 °C. One possible explanation is a type of cold dena-
turation (53, 54) that disrupts the arrangement of the �-stacked
tyrosine dimers within the capstone. In this context, the x-ray
structural data for ht-ADH collected at cryogenic temperatures
may be expected to represent enzyme in its catalytically
impaired configuration. Future x-ray studies of the tetrameric
ADHs at or above 30 °C may prove quite informative regarding
subtle structural rearrangements that control the communica-
tion of protein dynamics to the enzyme active site (55).

In conclusion, the adaptation that leads to the interconver-
sion of thermophilic and psychrophilic alcohol dehydrogenases
is shown to reside within a dynamical network that involves a
discrete region of protein extending from a subunit interface to
the active site.

Concluding Remarks

The two examples of hydride transfer presented herein have
permitted a direct analysis of the role of protein structure and
dynamics on the catalyzed chemical step. Mature enzymes
appear to evolve their dynamical motions to generate active site
configurations that are highly constrained to the internuclear
distance and charge requirements optimal to the bond cleavage
reaction coordinate. These functional dynamics can span
across the protein, undergoing either conservation or coevolu-
tion within families of proteins. With the fast increasing volume
of genomic and proteomic data, it will be fascinating to examine
further the molecular, mechanistic, and biophysical aspects of
such evolutionary effects. Future functional applications may
include understanding/overcoming the development of drug
resistance in pathogens and cancers, the accelerated in vitro
evolution of enzymes, and the ab initio design of enzymes with
high activity.

For many highly evolved enzymes, the chemical step is not
rate-limiting for either catalytic turnover (kcat) or the second
order reaction of enzyme with substrate (kcat/Km); in some
cases, this is also true during single turnover conditions. It is
frequently asked why there would be an evolutionary pressure
on steps in enzyme reactions that are no longer rate-limiting. A
reasonable view is that chemistry would have been rate-limiting
initially in solution and, presumably, also in primitive enzymes.
Such primitive enzymes would have needed to evolve the catal-
ysis of chemical step(s) by carefully tuning the dynamics of each
system to bring the reactants into ideal orientations and within
short DADs. As the chemical step(s) became faster, and other
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kinetic events began to be more rate-limiting (e.g. reactant
binding, product release, protonation/deprotonation, protein
pre-arrangement, etc.), pressure to preserve optimal catalysis of
the chemical steps would have remained. In the absence of such
evolutionary pressure, random mutations that disrupted a high
level of fine-tuning of chemical catalysis would have interfered
with the earlier rate accelerations achieved by alterations in the
structure and dynamics of a protein.
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Urzymes are catalysts derived from invariant cores of protein
superfamilies. Urzymes from both aminoacyl-tRNA synthetase
classes possess sophisticated catalytic mechanisms: pre-steady
state bursts, significant transition-state stabilization of both
amino acid activation, and tRNA acylation. However, they have
insufficient specificity to ensure a fully developed genetic code,
suggesting that they participated in synthesizing statistical pro-
teins. They represent a robust experimental platform from
which to articulate and test hypotheses both about their own
ancestors and about how they, in turn, evolved into modern
enzymes. They help reshape numerous paradigms from the
RNA World hypothesis to protein structure databases and
allostery.

Novel Methods and Targets

Urzyme derives from the German/Dutch prefix “Ur,” which
means primitive or authentic. Woese (1) used the related term
“ur-enzyme,” which he attributed to K. C. Atwood. As the name
suggests, my colleagues and I believe that Urzymes represent
legitimate experimental models for very early ancestral
enzymes. This belief is based on phylogenetic evidence, their
conservation in modern enzymes, and biochemical evidence,
their surprisingly high catalytic rate enhancements.

On an evolutionary scale (Fig. 1), Urzymes occupy a gap that
is inaccessible to other approaches to evolution. Urzymology
has different objectives and methods from ancestral gene
reconstruction and directed evolution. During most of biolog-
ical evolution, fully articulated enzymes assumed new functions
via point mutations and short insertions and/or deletions: a
process called neofunctionalization (2). Many such events can
be recovered from multiple sequence alignments by ancestral
gene reconstruction (3–9). Directed evolution uses selection to
evoke changes in contemporary enzymes.

My colleagues and I seek to characterize catalysts that are
50 – 85% smaller and more remote than their contemporary
descendants, and are missing entire domains of genetic infor-
mation. Loss of these substantial modules creates a crucial bar-

rier to accessing early developmental evolution; phylogenetic
trees based on multiple sequence alignments representing
essentially modern enzymes lose coherence at that stage and do
not root in the invariant structural cores (10).

Urzymology uses three-dimensional structural superposi-
tion to identify invariant cores. Novel combinations of modular
protein engineering, design, biochemistry, and high sensitivity
assays allow my colleagues and I then to reconstruct and ana-
lyze representations of simpler primordial enzymes that have
long been extinct in any form, and whose accessible descend-
ants are much more sophisticated.

Defining evolutionary intermediates is analogous to proving
chemical reaction intermediates (11). Intermediate states must
be identified and characterized. Then, they must be shown to
result from a plausible evolutionary precursor. Finally, they
must be shown to give rise to more modern molecular species
by similarly plausible evolutionary processes. Biological evolu-
tion intermediates are also constrained by using phylogenetic
methods to trace ancestries.

This logic extends that articulated by Thornton et al. (12).
Urzymes inferred from multiple structure alignments are not
true ancestors, but are our best approximations. Given their
homology to contemporary enzymes and their robust catalysis,
it is very likely that the catalytic cores of these enzymes con-
served across all branches of the tree of life point to a quite
similar common molecular ancestor. Moreover, irrespective of
how closely they resemble true ancestral forms, their activities
represent a powerful new tool for studies of contemporary
enzyme mechanisms.

The gap between the earliest peptide catalysts and modern
enzymes represents an intellectually challenging era that coin-
cides with the emergence of the genetic code, and hence of both
genetics and biology. Codon-dependent translation is the nexus
between chemical and biological evolution. Amino acid activa-
tion and tRNA acylation are necessary and sufficient to
translate the genetic code (supplemental Fig. S1). Thus, my col-
leagues and I have studied Urzymes derived from aminoacyl-
tRNA synthetases (aaRS)2 (13–18). aaRS form two distinct
superfamilies with unrelated primary, secondary, and tertiary
structures, as well as with significant mechanistic differences
(19) (supplemental Figs. S2 and S3).

Fig. 2 illustrates both the notion of and the precedent
involved in creating Urzymes. Schwob and Söll (20) nearly pro-
duced the first Urzyme by selecting random internal deletions
of a suppressor glutaminyl-tRNA synthetase (GlnRS; Class I)
for their ability to rescue an amber lacZ mutation. Much of the
connective peptide 1 (CP1) insertion and the anticodon-bind-
ing domain (ABD) could be removed without eliminating sup-
pression, and a “minimal GlnRS” fusion of the largest CP1 and
ABD deletions also restored prototrophy on minimal plates.* This work was supported, in whole or in part, by National Institutes of Health
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The length of this minimal GlnRS (260 residues) is still roughly
twice the size of the putative GlnRS Urzyme, which is shown as
a ribbon within the context of the full-length GlnRS.

Similar work established the functionality of tRNA acceptor
stems (21, 22) and microhelices (23), which could be acylated by
intact cognate aaRS. Thus, contemporary aaRS and tRNAs both
contain functional subsets that are 50 – 85% smaller than their
full-length relatives. The distinction between these forms and
their full-length relatives is both quantitative and qualitative.
They have fewer domains and exhibit significant reductions in
catalyzed rates.

The radical, directed protein surgery necessary to create
Urzymes was motivated by the Rodin-Ohno (RO) hypothesis
(24) (supplemental Figs. S2 and S3) that ancestral Class I and
Class II aaRS coding sequences were originally complementary
strands of the same gene. The only segments of the superfami-
lies that could be aligned antiparallel as suggested by Rodin and
Ohno also turned out to be the invariant cores that position
active site residues. The RO hypothesis thus predicted that
these cores were intermediates in aaRS evolution, and hence
should be catalytically active (18).

Excising Urzymes from full-length enzymes exposes many
hydrophobic side chains. These residues must be identified and
mutated to restore solubility. Computational methods identi-
fied side chains with the greatest newly generated solvent-ac-
cessible surface area. Suitable mutations were suggested by the
Rosetta protein design program (25). Native TrpRS Urzyme
sequences at interfaces with deleted sequences are active when
the wild type Urzyme is fused to the anticodon-binding domain
(15).

Physical principles motivating the choices that Rosetta
makes for these extinct sequences may overlap those induced
by selective pressures for stability (26), evoking surrogates for
sequence information missing in multiple sequence alignments
from living organisms. Thus, protein design extends the study
of protein evolution substantially closer to the origin of life.

My colleagues and I are fortunate to have begun by investi-
gating aaRS Urzymes. Urzymes derived from the invariant
structural cores of Class I TrpRS (17), LeuRS,3 and Class II
HisRS (16) all have only �15–25% of the total contemporary
mass, yet they accelerate both amino acid activation and tRNA
aminoacylation proportionately by �108-fold over the uncata-
lyzed rates (27).

Their strong phylogenetic support (structural invariance)
and high catalytic proficiencies afford a robust platform. They
point both backward in time to yet more ancient antecedents
and forward to the fully developed genetic code (Fig. 1). Thus,
their catalytic activities establish a base camp for articulating
and testing new and previously inaccessible experimental stud-
ies to identify and test intermediates in molecular evolution and
allostery (13, 27).

Urzyme Catalytic Activities Satisfy Complementary Tests
of Authenticity

Three lines of evidence, pre-steady state burst size, sensitivity
to mutation, and substrate binding affinity, reinforce the con-
clusion that the Urzymes themselves are the authentic sources
of the observed catalytic activities. Most unexpected was that
the TrpRS, LeuRS, and HisRS Urzymes all exhibit pre-steady

3 O. Erdogan and M. Collier, unpublished results.

FIGURE 1. Urzymology and molecular evolution. A, proposed role of aaRS
Urzymes in the development of codon-dependent translation (yellow back-
ground). The scale indicates time in years since the earth formed. Urzymes are
rehabilitated forms of invariant structural cores of modern enzyme super-
families. Many modern enzymes likely preceded the last universal common
ancestor and first “organism” (LUCA). B, methods appropriate for studying
objects and processes along the timeline in A. Because urzymology connects
the earliest genetic coding to the emergence of modern enzymes, it affords a
powerful enabling technology for studying key transitions in the evolution of
the genetic code.

FIGURE 2. Minimal Glutaminyl-tRNA synthetase (20) and its putative
Urzyme (firebrick ribbon). Selection of functional deletions from CP1
(100 amino acids; blue) and the ABD (134 amino acids; green) yielded a
minimal enzyme (wheat) that is still twice the size of the invariant core
used to construct TrpRS and LeuRS Urzymes. Active-site ligands are shown
as spheres.
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state bursts comparable in magnitude with the catalyst concen-
trations, ruling out contamination by tiny amounts of full-
length aaRS (16 –18). Bursts established that rate-limiting
product release (28) was a third fundamental link to contempo-
rary enzymes, in addition to accelerating amino acid activation
and tRNA aminoacylation (see supplemental Fig. S1).

Mutational and protein engineering experiments also sup-
port the authenticity of aaRS Urzyme catalytic activities. TrpRS
and HisRS Urzymes, expressed as maltose-binding protein
(MBP) fusions, are activated �50-fold by tobacco etch virus
protease cleavage. Further, four different HisRS Urzymes dif-
fering in the presence or absence of class-defining signature
Motif 3 and a 6-residue N-terminal extension exhibit catalytic
differences consistent with catalytic contributions of each
module plus a significant (i.e. �1.6 kcal/mole) synergistic inter-
action between them (16). Finally, point mutation of active-site
residues alter catalytic activity by an order of magnitude or
more (16, 17). None of these effects are consistent with activity
from a contaminating catalyst.

Steady-state kinetic parameters afford a third line of evi-
dence for authenticity. Both TrpRS and HisRS Urzymes bind
ATP tightly, but amino acid affinities are 10 –100-fold lower
than those of the full-length enzymes. The TrpRS Urzyme tryp-

tophan Km is 1–2 mM, 500 times that of intact TrpRS (17). Weak
cognate amino acid binding suggests that discrimination
against similar, non-cognate amino acids is also weakened, as
observed (13, 15, 17).

aaRS Urzymes: Low Specificity, High Proficiency
Catalysts

aaRS Urzyme catalytic activities are dramatically higher than
estimates for the uncatalyzed rates (Fig. 3A). Notably, Urzymes
from both classes accelerate both activation and acylation 105–
106-fold more than necessary to launch ribosome-independent
protein synthesis (Fig. 3B). Further, the two classes achieve sim-
ilar activities with similar masses, consistent with their joint
requirement for protein synthesis. Thus, both classes appear to
have achieved comparable proficiency increments as their
entirely different domain architectures grew comparably in
size.

Urzyme specificities are low. Spectra for Class I LeuRS and
Class II HisRS Urzyme specificities (Fig. 3C) are similar and
complementary. Both Urzymes activate a range of non-cognate
amino acids. Nonetheless, each Urzyme exhibits an �5-fold
preference for amino acids from its own class. Unknown differ-

FIGURE 3. Quantitative framework for assessing the catalytic significance of Urzymes and other putative stages of aaRS evolution. A, rate accelerations
estimated from experimental data for single (red) and bisubstrate (black and bold) reactions adapted from Ref. 63 to include uncatalyzed and catalyzed rates
of bisubstrate reactions of the ribosome (71), amino acid activation (18), and kinases (72). Abbreviations: CAN, carbonic anhydrase; CMU, chorismate mutase;
KSI, ketosteroid isomerase; RIBO, ribosome; CDA, cytidine deaminase; PEP, carboxypeptidase B; MAN, mandelate racemase; KINA, hexokinase; FUM, fumarase;
GLU, �-glucosidase; ODC, orotidylate carboxylase; ADC, amino acid decarboxylase; IPT, inositol phosphatase. Second order rate constants (black bars) were
converted into comparable units by multiplying by 0.002 M, which is the ATP concentration used to assay the catalysts shown in B. B, experimental rate
accelerations estimated from steady state kinetics as kcat/Km for a series of catalysts derived from Class I and Class II aaRS. A and B have the same vertical scales,
and the origin in B has been set equal to the uncatalyzed rate of amino acid activation (AAact) in A. Red bars, Class I TrpRS and LeuRS (see Footnote 3) constructs;
blue bars, Class II HisRS constructs; green bar, a ribozymal catalyst (38), for comparison. Research presented in A and B was originally published in Ref. 27. © The
American Society for Biochemistry and Molecular Biology. C, Class I LeuRS and Class II HisRS Urzyme amino acid specificities. More negative �Gkcat/Km values
indicate higher activities. By �1 kcal/mole (light bands) or �5-fold, each Urzyme prefers substrates from its own class (dark bands).
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ences between aaRS Urzymes and the true ancestral forms may
account for some of their promiscuity.

The TrpRS Urzyme provided a unique “molecular knock-
out” lacking the entire CP1 and ABD, affording a baseline
against which to determine contributions of the two deleted
modules. Neither CP1 nor the ABD restored any specificity
(15), which results entirely from their energetic coupling.

Using allosteric interactions between genetic modules entirely
absent from the Urzymes to enhance specificity resolves chal-
lenges (29 –33) associated with failure of rational amino acid-
binding pocket point mutants to accomplish anything but
reducing catalytic activity. Moreover, generating orthogonal
synthetase-tRNA pairs appears to require pruning all amino
acid-binding residues to alanine and using random mutation to
select rebuilt pockets to match the altered substrates consistent
with induced-fit mechanisms (34).

These partial results suggest that aaRS Urzymes could not
support a canonical 20-amino acid alphabet. Low Urzyme spec-
ificity and the fact that Urzymes cannot utilize the tRNA anti-
codon for recognition form the first experimental basis for the
conjecture of Woese (1, 35) that the first coded proteins were
statistical ensembles, without unique sequences.

Reduction and Recapitulation

“You have to deeply understand the essence of a product to
be able to get rid of the parts that are not essential.” (Jony Ive,
quoted in Ref. 36)

Urzymes afford a robust platform for reductionist experi-
ments aimed at characterizing even simpler ancestral protein
catalysts that look backward in time (37, 39)4 and for recapitu-
lating plausible intermediates to test possible evolutionary
paths that look forward in time (15) (Fig. 1).

The ability to measure the subtle effects of modules as small
as 6 –20 amino acids (16) greatly enhances the resolution of
modular deconstruction as a tool in protein science. Radical
surgery of Class II aaRS afforded evidence that Motif 3, consid-
ered essential to catalytic activity because of its interactions
with ATP, is dispensable and synergistic even with modular
additions elsewhere, including a 6-amino acid N-terminal
extension to Motif 1 (15). The catalytic role of Motif 3 may be
realized fully only when the Class II insertion domain is present
between the Urzyme and Motif 3 (40), or in full-length HisRS.
Further experiments are necessary to map the intermodular
synergy.

The unprecedented radical protein surgery that gave rise to
the Class I TrpRS and LeuRS Urzymes entailed removing one or
more long internal peptides as well as conventional truncation
of the C-terminal anticodon-binding domain. Deleting CP1, an
internal subdomain, was non-trivial because the two remaining
fragments had to be joined together without corrupting the
active site. The LeuRS Urzyme5 entailed removing CP2, in addi-
tion to CP1. Removing internal segments was facilitated by the
fact that � carbon atoms of their N- and C-terminal residues in
full-length aaRS are separated by the length of a peptide bond
(13).

Straightforward removal of CP1 from TrpRS and LeuRS and
CP2 from LeuRS affords existence proofs that the reverse pro-
cess, assimilation of a CP1 or CP2 ancestor, is a legitimate evo-
lutionary operation accounting for these insertions into the
Class I aaRS as they evolved. Further support for this conclusion
arises because insertions into the Toprim domain (41), the clos-
est contemporary homolog of Class I aaRS Urzymes, occur at
the locations of Class I CP1 and CP2 insertions (Fig. 4) (42).

CP1 wraps nearly 360° around the TrpRS specificity �-helix,
constraining it against the N-terminal crossover connection
that binds ATP. Molecular dynamics simulations (17) sug-
gested it might stabilize that helix, which reorients markedly in
long trajectories in the presence of ATP, but without
tryptophan.

Full TrpRS specificity and tRNATrp aminoacylation activity
(15) both require essentially complete interdomain synergy
(also called epistasis (43– 45)). The observed epistasis (15)
implies that both modules interact in the decision to activate
the amino acid present in the active site. Combinatorial
mutagenesis (13) implicated the D1 Switch, a dynamic (46)
packing motif (47), in mediating allosteric communication
between domain movement and catalysis. The four-way ener-
getic coupling between mutated D1 residues (13) makes a quan-
titatively equivalent contribution to both catalysis and specific-
ity as is observed for the intermodular CP1XABD energetic
coupling (15).

Unexpectedly, the TrpRS Urzyme appears to have higher fit-
ness at the two tasks, amino acid recognition and tRNA amino-
acylation, required of aaRS than either of the two larger inter-
mediate, potentially more advanced constructs. Urzymes thus
appear to lie closer to the actual path of aaRS evolution. The
negative epistasis suggests that evolutionary growth of contem-
porary aaRS must be subtler than simply accumulating either
CP1 or ABD domains.

RO Hypothesis Redux

The RO hypothesis may have been ignored because it was not
obvious how to test it. The relevant objects, ancestral Class I
and II aaRS, are so remote that it was hardly evident that the
hypothesis could be falsified (48). My colleagues and I articu-
lated and verified bioinformatic (14) and biochemical (16 –18,
27) predictions. The balanced, proportionate rate accelerations
of both amino acid activation and tRNA aminoacylation by
TrpRS and HisRS Urzymes confirmed the prediction that Class
I and II segments consistent with antiparallel alignment should
be active (27).

Bioinformatic predictions of sense/antisense coding ancestry
were tested by excerpting a 94-residue Urgene from �200 con-
temporary coding sequences of Class I TrpRS and Class II
HisRS. Tyrosyl-tRNA synthetase (TyrRS) and prolyl-tRNA
synthetase (ProRS) served as outgroups in rooting the respec-
tive trees. Codon middle bases formed base pairs in �0.34 of
all-by-all antiparallel alignments in all four cases, with a stand-
ard error of �0.0003, as compared with a well established value
of 0.25 for the null hypothesis (supplemental Fig. S4). Middle-
base pairing increased in independently reconstructed ances-
tral sequences for the two trees (supplemental Fig. S5 (14). Mid-
dle-base pairing of sense/antisense-related sequences thus

4 C. W. Carter, Jr., and R. Wolfenden, manuscript in preparation.
5 M. Collier, O. Erdogan, and C. W. Carter, Jr., manuscript in preparation.
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appears to be a phylogenetic metric that persists far deeper into
the past than do metrics for multiple sequence alignments for a
single phylogenetic tree.

Their sophistication and tuned catalytic activities argue that
aaRS Urzymes had far simpler ancestors. The sense/antisense
ancestry of the Urzymes suggests in turn that these simpler
ancestors also were encoded on opposite strands of the same
gene(s). Phylogenetic evidence and the similar comparisons
between two Class IC and two Class IIA aaRS sequence align-
ments (14) and analysis of amino acid activation by 46-residue
ATP-binding sites coded by a designed sense/antisense gene
(37) suggest, in turn, that certain properties of these ancestors
may be accessible via methods analogous to those of ancestral
gene reconstruction (8, 12). See Ref. 39 for additional details.

Urzymology-driven Paradigm Shifts

My colleagues and I expected that experimental studies of
ancestral aaRS would identify novel perspectives on the origins
of translation itself and hence in contemporary molecular biol-
ogy and biochemistry. However, unexpected new perspectives
on phylogenetics/genomics and the origins of protein fold-
ing, catalytic activity, specificity, and allostery will also likely
shift and enhance comprehensive paradigms in genetics and
biophysics.

Codon-dependent Translation

The evolutionary history of the universal genetic code is, in a
real sense, that of the two synthetase superfamilies and their

cognate tRNAs. Support for the RO hypothesis argues against
paradigms holding that the aaRS classes appeared independ-
ently, one after the other (49, 50). Urzyme tRNA acylation activ-
ity opens to more detailed testing the proposal that early trans-
lation used an “operational RNA code” (51) vested only in the
tRNA acceptor stem bases, the only parts of tRNA that can be
recognized by aaRS Urzymes.

Sense/antisense coding projects further into the past than
other metrics (14), implying that catalytic peptides responsible
for activating amino acids co-evolved with tRNA from a very
primitive state. Thus, contrary to the prevailing RNA World
hypothesis, my colleagues and I restated (27) the proposal
(52, 53) that genetic coding emerged from mutually catalytic
RNA and peptides, using rudimentary stereochemical coding
between the two biopolymers.

Phylogenetics/Genomics

Systematic protein structure classifications, SCOP (54) and
CATH (55), fail to identify Urzymes of either aaRS class as
ancestral forms (10). However, aaRS Urzymes represent plau-
sible ancestors for a wide spectrum of contemporary proteins.
The Rossmannoid superfamily (56), the biggest in the proteome
(57), includes consensus homologs of Class I aaRS. My col-
leagues and I argued (58) that the 26 families in the HSP70/actin
ATPase superfamily are ancient paralogs of Class II aaRS (pfam:
CL0108).

Class II aaRS Urzymes illustrate a distinct, but related prob-
lem. One might expect their descendants to include a propor-

FIGURE 4. Structural homology between Class I Urzymes and the TOPRIM domain found in topoisomerases and primases (41). Core domain structures
are superimposed in the center. Insertion points corresponding to Class I CP1 and CP2 (42) are shared by various TOPRIM domains, as indicated. The N and C
termini of the insertions are indicated by red spheres and correspond closely throughout the domain superfamily. P. horikoshii, Pyrococcus horikoshii; D. radio-
durans, Deinococcus radiodurans; E. coli, Escherichia coli.
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tion of the contemporary proteome comparable with that
(0.25– 0.3) occupied by the Rossmannoid protein superfamily
that includes Class I aaRS. The only proposed relative is the dual
function biotin synthase/repressor BirA (59). Although evi-
dence for that homology is strong, it relies heavily on the C-ter-
minal halves of the molecules that follow Motif 2. This essen-
tially modern homology may also be misleading because the
smallest Class II Urzymes lack both Motif 3 and C-terminal
insertion domains, which may obscure more distant homolo-
gies based on the Class II Urzyme, for example, the HSP70/
actin superfamily (58).

Validating the RO sense/antisense coding hypothesis (24)
thus introduces new, potentially deep relationships between
protein superfamilies. This conundrum highlights possible lim-
itations in current structural database annotations, and accom-
modating Urzymes into evolutionary frameworks should there-
fore enhance inferences drawn from structural databases.

Protein Folding

Information carried by a gene is generally perceived to be
unambiguous. However, for sense/antisense genes, this unique
information has two valid but quite different interpretations
resulting in two different folds, depending on which strand is
read. The inverse duality in the genetic code (60) ensures that
secondary structures coded by opposite strands of the same
gene can both be amphipathic, consistent with formatting glob-
ular ensembles that are, in a sense, “inside out” (Fig. 6 of Ref. 14).

Catalysis

A widespread consensus (61– 63) holds that enzymic rate
enhancements require strong bonds to the transition state and
hence favorable enthalpies of activation. To minimize unfavor-
able entropy changes in forming such strong transition state
interactions, one naively expects aaRS Urzymes to be properly
folded proteins. We do not yet know whether Urzymes are fully
folded. Recently, however, Hu (64) confirmed that alternative
properly folded and molten globular forms of the same enzyme
(65) achieve the same rate enhancements by different enthalpy/
entropy compensations. Molten globular proteins can actually
achieve higher transition state complementarity than more
rigid, folded proteins. Dissociating catalysis from the require-
ment for folding suggests that a much broader range of early
translation products may have been catalytically active, accel-
erating early stages of natural selection.

aaRS Modularity

The modularity of contemporary protein structures is a per-
plexing problem that intensifies challenges posed by protein
evolution. aaRS enzymes exhibit unusually high percentages
(5-fold more than other families (66)) of accreted sequences
with new functionality, i.e. physiocrines, along the organismal
phylogenetic trees. Physiocrines appear in aaRS from both
classes. Their functions are unrelated to translation, ranging
from endocrine regulation of cardiovascular development to
immune system activities, as well as regulation of mammalian
target of rapamycin (mTOR), IFN-�, and p53 signaling (67).
Urzymology introduces techniques needed to recapitulate the
gain of such functions.

Specificity and Allostery

The most significant puzzle arising thus far from studies of
urzymology is that enhanced specificity of contemporary
TrpRS, relative to its Urzyme, involves negative epistasis,
requiring allosteric energetic coupling between the ABD and
the CP1 insertion via a switching element intrinsic to the
Urzyme (13, 15). Intramolecular epistasis may have developed
while different modules present in contemporary aaRS func-
tioned in trans. Some authors suggest that off-loading functions
such as specificity to allosteric effects may be beneficial by mak-
ing specificity a more robust property (68). The dynamic
switching element responsible for this coupling is a widely con-
served packing motif (47). How this “protoallosteric” motif (69)
functions without the ABD and CP1 modules and how coupling
might have emerged before modules became covalently joined
remain outstanding questions.

Like knock-out mice, Urzymes are extensive molecular
knock-outs that provide unique experimental baselines for
helping to answer such questions. Their measurable catalytic
rates facilitate multidimensional thermodynamic analysis of
modular epistasis in mechanistic enzymology (13, 15).

Protein Design

Recovering Urzymes by deleting non-essential protein
masses has adverse effects on stability and solubility. Muta-
tions, identified by Rosetta (60, 61), compensate for these
effects. Interfaces between Urzymes and more recently
acquired modules can, in principle, also be redesigned. As pro-
ficient, relatively nonspecific catalysts, Urzymes can likely be
engineered to acylate tRNAs with non-canonical amino acids
(34, 70) for industrial purposes.

Urzymes Have Measurable Activities

Most enzyme-catalyzed rates are within the same order of
magnitude, irrespective of the uncatalyzed reaction rates (63).
Roughly comparable enzyme-catalyzed rates appear to be a
requirement for biology. An important implication is that cat-
alytic activities of different enzymes have always been subject to
such a constraint. The 108-fold rate accelerations observed for
Class I and II aaRS Urzymes (3, 6) suggests that other Urzymes
are likely also to have measurable catalytic rates.

Conclusions

In launching urzymology, my colleagues and I took three
steps for which there was little, if any, precedent: (i) validating
the Rodin-Ohno hypothesis; (ii) testing the evolutionary impli-
cation that the most highly conserved portions of enzymes (i.e.
their invariant cores) probably have significant catalytic activi-
ties; and (iii) using protein design (Rosetta (25)) to compensate
for protein mass lost on creating Urzymes, facilitating radical
protein surgery. Previously, there was no way to formulate or
test hypotheses about how simple, extinct ancestors came
to resemble contemporary proteins. Urzymology now offers
coherent paradigms that open unprecedented experimental
access to mechanisms of very early protein evolution, as well as
to novel and effective studies of contemporary mechanistic
enzymology.
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The first examples of urzymology introduced the ability to
use high resolution modular engineering pro-actively, to
address previously inaccessible questions. My colleagues and I
developed Class I and II aaRS Urzymes to test the Rodin-Ohno
hypothesis that ancestral forms of each class descended from
opposite strands of the same gene. Unexpected results from
that effort will likely change prevailing paradigms in several
areas. In validating the hypothesis, my colleagues and I discov-
ered that urzymology, because it connects the earliest genetic
coding to the emergence of modern enzymes, affords a power-
ful enabling technology for studying a key transitional period in
the evolution of the genetic code. aaRS Urzymes afford a base
camp for probing even more primitive peptide catalysts and for
recapitulating subsequent evolutionary steps leading to the
emergence of full-length aaRS.

Acknowledgments—I am grateful to numerous laboratory members
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for helpful discussions.
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Understanding how enzymes have evolved offers clues about
their structure-function relationships and mechanisms. Here,
we describe evolution of functionally diverse enzyme super-
families, each representing a large set of sequences that evolved
from a common ancestor and that retain conserved features of
their structures and active sites. Using several examples, we
describe the different structural strategies nature has used to
evolve new reaction and substrate specificities in each unique
superfamily. The results provide insight about enzyme evolu-
tion that is not easily obtained from studies of one or only a few
enzymes.

Although we have long assumed that there are many more
protein functions in living organisms than fold types (1), how a
modest number of structural scaffolds (2) have been remodeled
by nature to produce the proteins required by living organisms
is not well understood. This minireview focuses on functionally
diverse enzyme superfamilies, groups of proteins that offer spe-
cial insight about how nature has solved this challenge.

Functionally (or mechanistically) diverse superfamilies are
evolutionarily related sets of enzymes that may be quite diverse
in sequence, structure, and overall reaction, but share a con-
served constellation of active site residues used for a common
partial reaction or chemical capability (3–5). Knowing the fun-
damental chemical capability and associated substrate sub-
structure(s) that typify each such superfamily constrains the
search space for predicting the molecular function of superfam-
ily members of unknown function (unknowns). Comparison
among all of the sequences and/or structures in a superfamily
can then be used to deduce how evolution has varied these
features to produce new enzyme functions from the ancestral
structural scaffold. These analyses are valuable for gaining
functional clues for the enormous number of sequenced genes
that do not have experimental information.

A better understanding of natural enzyme evolution in these
types of superfamilies has many other applications as well. For

example, understanding how nature has engineered new reac-
tions using the conserved structural features typifying each
superfamily could be used to help guide enzyme design in the
laboratory (6). Further, assignment of sequences associated
with unusual chemical reactions to a superfamily with mecha-
nistically well characterized members may provide clues useful
for determining the mechanism of such “outlier” reactions.

Functionally diverse superfamilies represent a significant
proportion of the enzyme universe, making up more than one-
third of all structurally characterized enzyme superfamilies (7).
Because these superfamilies may represent many thousands of
sequences and sometimes dozens of different reactions, an
inventory of their properties typically requires computational
analysis. Many different types of large scale computational
studies, focusing on one or multiple superfamilies, have been
carried out. See Refs. 8 –10 for a few examples. Recently, some
of these studies have used network-based approaches (2,
11–13).

Reflecting this relatively new approach, sequence similarity
networks are used in some figures in this review (see Figs. 1 and
4) to enable exploration of structure-function relationships in
enzyme superfamilies from a large scale perspective. In these
networks, nodes represent one or more proteins, and edges
between them represent a measure of sequence or structural
similarity. Although not a substitute for phylogenetic trees,
similarity networks provide several advantages over trees and
multiple alignments for developing new hypotheses about the
evolution of functional features in superfamilies. They are quick
to construct, do not require an accurate multiple sequence align-
ment, and can summarize in one network relationships among
thousands of sequences. The networks can also be visualized and
interactively manipulated and explored using such software pack-
ages as Cytoscape (14). Although they are not based on an explicit
evolutionary model, initial validation studies show that similarity
networks correlate well with results from phylogenetic trees (15).

We illustrate here some major themes emerging from large
scale studies of functionally diverse enzyme superfamilies that
impact our understanding of the evolution of enzyme function.
First, studies of a number of these enzyme superfamilies suggest
that experimental knowledge of their functions is sparse and
that we know very little about the functions of a large propor-
tion of enzymes in each. This lack of knowledge limits our
understanding of the evolution of new reactions in significant
ways. Second, the patterns of structural variation associated
with the evolution of diverse functions in these superfamilies
are many and varied and include, for example, structural reor-
ganization of domains, addition of inserts, and even major
modifications in active site architecture. Many of these patterns
are difficult to deduce from small scale comparisons. Third,
deducing how differences in reaction and substrate specificity
have evolved within a functionally diverse superfamily can be
complicated by issues that are challenging to address. Func-
tional promiscuity (2) and evolutionary invention of the same
reaction more than once from intermediate ancestors in a
superfamily phylogeny (16 –18) provide relevant examples.
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We Know Very Little about Structure-Function
Relationships in Large Enzyme Superfamilies

When examining the available functional information for a
superfamily, one of the most striking observations is how much
we do not know. This is due in part to the rapid increase in
sequence information that continues to accrue at a rapid rate.
As a result, the members of many superfamilies now contain
many thousands of sequences for which no functional informa-
tion is available. Even in well studied superfamilies, there are
large swaths of protein space where reliable predictions of even

general functional features may be difficult. For example, the
sequence similarity network in Fig. 1 shows members of the
“isoprenoid synthase I” superfamily (19, 20) mapped with func-
tional annotations from the Swiss-Prot database (21). Swiss-
Prot annotations are reviewed by curators, preferably based on
experimental information, and have been found to be highly
accurate when compared with annotations from other major
protein databases (22). Although many of the sequences in Fig.
1 have a functional annotation in Swiss-Prot (red nodes), there
are many other nodes that do not, including sequences in the

FIGURE 1. Representative sequence similarity network for the isoprenoid synthase I superfamily that is available from the Structure-Function Linkage
Database (SFLD) (62). Each node (circle) represents a group of 1–732 sequences, where each sequence in a node is at least 50% identical to a seed sequence
that defines that node (computed using the CD-HIT program (63)). The 2,499 nodes in this network represent over 16,000 sequences. Each edge (line) between
two nodes indicates that the sequences represented by the connected nodes have a BLAST similarity score with an average �log(E-value) of 30 or more
significance. At this �log (E-value) cutoff, alignments have an average length of 273 amino acids, and an average percent identity of 31%. Nodes are laid out
in Cytoscape using the yFiles organic layout. A node is colored red if at least one constituent sequence represented by that node has a functional annotation
in the Swiss-Prot database. A node is colored gray if no sequence in that representative node has a functional annotation in Swiss-Prot. Several clusters of nodes
where no corresponding sequence has a functional annotation in Swiss-Prot are indicated with black ovals.
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large clusters highlighted in the figure. With so many of these
sequences representing unknowns, deducing their contribu-
tions to our understanding of the evolution of function in this
superfamily will remain challenging, perhaps for years to come.
This trend is general, with 20% of protein domains in the Pfam
database (23) annotated as “domains of unknown function”. A
recent study of model bacterial organisms suggests that many
of these domains of unknown function are essential proteins
(24).

In other superfamilies, even those of broad importance to
many organisms, the proportion of unknowns can be even
higher. In the cytosolic glutathione transferases, the large
majority of sequences are unknowns, with only a minority of
superfamily members confirmed to catalyze glutathione trans-
ferase-like reactions (16). Knowledge of the physiological reac-
tion(s) catalyzed by these important and heavily studied
enzymes is even more sparse as most enzymes experimentally
confirmed to catalyze glutathione transferase activity have
relied on assays using synthetic compounds as substrates. Like-
wise, only a relatively few of the enzymes of the “radical
S-adenosyl methionine (SAM)” superfamily have been struc-
turally characterized (25, 26). As many of the 50,000 nonredun-
dant sequences of this superfamily are highly divergent from
each other, understanding their evolution from the currently
available structural information is still substantially limited.
Further complicating this task, the few structures that are avail-
able exhibit such major variations that inference of general fea-
tures of even the folds of many unknowns is difficult.

Another confounding issue for understanding the evolution
of enzyme superfamilies is that the proteins of known function
are often not evenly distributed across the sequence space of a
superfamily. This is in part due to bias in targets chosen for
experimental characterization, with characterization favored
for proteins from model organisms or from organisms such as
pathogens where the need for functional knowledge may be
especially compelling. In the cytosolic glutathione transferases,

for example, the human enzymes are far better studied than
those from other species. Moreover, high throughput experi-
ments, in which a very small number of studies currently account
for a significant proportion of electronically available annotations,
show biases in the types of functional information they provide as
well as in the types of proteins that are targeted (27).

Many Types of Structural Variation Accompany
Evolution of New Functions

How common functional features are retained during evolu-
tion while also allowing for the sequence and structural varia-
tion required to produce new reactions remains a major ques-
tion for understanding enzyme evolution in functionally
diverse superfamilies. Variations in oligomeric state and pro-
tein-protein interactions among sets of homologous proteins
are of course well known. Large scale studies of enzyme super-
families have more recently begun to reveal in greater detail
broad patterns by which the divergence in function of each unique
superfamily may be accompanied by significant structural modifi-
cations. Here, three different superfamilies illustrate strategies
nature has used to maintain the fundamental chemistry “hard-
wired” into a structural and active-site architecture while enabling
the evolution of many different reactions.

The cofactor-dependent “two dinucleotide-binding domains
flavoproteins” (tDBDF)2 superfamily is composed of many dif-
ferent reaction families that include several types of monooxy-
genases, reductases, and dehydrogenases. Comparison of their
sequences and structures illustrates how variations in protein-
protein interactions can enable a diverse set of overall reactions
while the specific organization of the cofactors within the active
site is stringently constrained by an active site architecture
required for binding the dinucleotide cofactors (28 –30). This

2 The abbreviations used are: tDBDF, two dinucleotide-binding domains fla-
voproteins; N6P, nucleophilic attack, 6-bladed �-propeller; OSBS, o-succi-
nylbenzoate synthase.

FIGURE 2. Transfer of electrons from members of the tDBDF superfamily to acceptors. A, superimposed active sites showing 10 members of the tDBDF
superfamily. The cofactors and conserved side chains important for stabilizing the isoalloxazine and nicotinamide ring complex are shown in color with each
color representing a different reaction family structure. Water residues involved in stabilizing the complex are shown as balls. B, superfamily members can
transfer electrons to acceptors one or two at a time. Intermediate acceptors can be small molecules or proteins, which in turn transfer electrons to a variety of
small molecule acceptors or external protein partners. Figure and legend adapted from Ref. 29.
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ensures that all enzymes of the superfamily share a unidirec-
tional electron flow from the re-side to the si-side of the
isoalloxazine ring of the FAD cofactor so that electron accep-
tors unique to each member family access the FAD cofactor
from the si-side of the isoalloxazine ring (Fig. 2A). Diversity in
the functions of the different reaction families has evolved in
part by pairing the delivery of electrons out of the tDBDF mem-
ber active sites with varied electron acceptors presented via
protein-small molecule or protein-protein interactions (Fig.
2B) (29). Many of the penultimate or ultimate acceptor proteins
come from different fold classes, resulting in a number of solu-
tions for the evolution of these important oxidation/reduction
systems.

The “vicinal oxygen chelate fold” (VOC) superfamily repre-
sents a quite different structural paradigm (31). All of these
enzymes share a common ����� fold module that provides the
environment for metal coordination promoting direct electro-
philic participation of the metal ion in catalysis (with the nota-
ble exception of the non-enzymatic bleomycin- and mitomy-
cin-binding proteins (32)). This common module is combined
and permuted in at least six distinct ways in the different enzymes
in the superfamily (33), each associated with different types of
reactions, including nucleophilic opening of epoxide, oxidative
cleavage of a C–C bond, isomerization, and epimerization.

Another type of structural variation in enzyme superfamilies
involves addition of inserts of varying size and functional roles
within a conserved core domain. These can play a functional
role in enabling diversity in overall reactions while maintaining
the chemical capability common to all members of the super-
family. In the “haloalkanoic acid dehalogenase” (HAD) super-
family, an aspartate nucleophile, which forms a covalent inter-
mediate with the substrate, is well conserved (34). Other
catalytic residues are found in somewhat different configura-
tions depending on the function of the enzyme, but are also
relatively well conserved. Although the core Rossmann fold
provides much of the fundamental chemistry that typifies the
superfamily, many substrate-binding residues are contributed
by variable capping domains, with the active sites of these
enzymes situated between the core and capping domains. The
cap domains may be inserted at two different points within the
conserved core structure and can come from different fold
classes (34 –36). Although the capping domains clearly play a
role in function, functional type does not cleanly correlate with
cap type. Thus, although co-evolution between core and cap
domains offers hints about how this large superfamily has
evolved structural diversity, mapping of these variations to
functional properties remains a difficult challenge.

Profound variations in the active sites of members of func-
tionally diverse superfamilies may also allow for diversity in the
overall reactions catalyzed across a superfamily. The members
of the “nucleophilic attack, 6-bladed �-propeller” (N6P) super-
family share a general catalytic strategy involving nucleophilic
attack on an sp2-hybridized electrophilic atom (37). One major
sequence similarity subgroup of the superfamily includes only a
few characterized proteins that all catalyze esterase, lactonase,
and/or phosphotriesterase reactions; a second subgroup is pre-
dicted to catalyze arylesterase-like reactions, typified by only
one well characterized organophosphatase reaction, human

paraoxonase (38). In the experimentally and structurally char-
acterized proteins of these two subgroups, four conserved
active site residues serve as ligands to a divalent metal ion
required for catalysis in these hydrolytic reactions (39 – 42) (Fig.
3A). These conserved metal ligands can be identified from
sequence comparisons so that the structural and active site sim-
ilarities predicted for the sequences in these two subgroups
suggest that most of the unknowns likely catalyze similar types
of hydrolytic reactions.

A third sequence-similar subgroup of �600 sequences, the
“strictosidine synthase-like” proteins, was named for the func-
tion of the only experimentally characterized sequences in the
subgroup. These enzymes catalyze the metal-independent con-
densation of tryptamine and secologanin to form strictosidine
(43) (Fig. 3B). Because the sequences of this subgroup are more
similar to characterized strictosidine synthases than to the
sequences of the other two subgroups, they have been anno-
tated in public databases as strictosidine synthases or strictosi-
dine synthase-like proteins. It was not until these sequences
were examined as part of a large scale analysis of the entire
superfamily (37) that it became clear that the experimentally
characterized strictosidine synthases were outliers even in the
so-called strictosidine synthase-like subgroup. Unlike the seven
proteins experimentally confirmed to catalyze the strictosidine
synthase reaction, the huge majority of the other sequences in
this subgroup appear to conserve four metal-binding ligands,
and are thus more likely to catalyze hydrolytic reactions rather
than the condensation reaction catalyzed by strictosidine syn-
thase (Fig. 3B). Indeed, a strictosidine synthase-like protein
conserving only three of the four typical metal-binding ligands
and identified from phylogenetic analysis to be among the most
similar to the experimentally characterized strictosidine syn-
thases was shown to have hydrolytic activity, but no detectable
strictosidine synthase activity (37).

The evolutionary trajectory resulting in both the contempo-
rary hydrolytic enzymes and their metal-independent strictosi-
dine synthase homologs remains a mystery. Although both cat-
alytic types can be assigned to the same superfamily based on
sequence and structural similarities, the substantive differences
in their active sites offer stunning evidence for how little we
understand about how new enzymatic reactions evolve. The
most parsimonious explanation for the results of this study sug-
gests that strictosidine synthase may have evolved from a metal-
dependent ancestor catalyzing hydrolytic chemistry. However,
a later comparison of proteins of the larger Pfam clan to which
the N6P superfamily belongs suggests that most of those
enzymes lack the four metal-binding residues that might be
expected of a metal-dependent common ancestor (44), raising
questions about this simple hypothesis and suggesting a more
complicated path for the evolution of these enzymes.

Challenges for Understanding the Evolution of Varied
Functions in Functionally Diverse Superfamilies

Because the different reaction families of a functionally
diverse enzyme superfamily all “look alike” with respect to
superfamily common active site features, they are difficult to
annotate and easy to misannotate (22). Understanding how
their different functions evolve while conserving a fundamental
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chemical strategy is yet more difficult, in part because each
superfamily is unique with respect to the linked sequence,
structural, and functional features its members share and the
ways in which those sequences and structures have been mod-
ified by evolution for new functions.

Two other important themes complicate our understanding
and at the same time offer new clues about the ways that new
reactions may evolve. The first is functional promiscuity, which
offers insight about the capabilities of the same active site to
support different reactions. The second comes from observa-
tions that the same reaction can evolve independently from
different intermediate ancestors in a superfamily tree.

Promiscuity and “Moonlighting” Enzymes

Catalytic promiscuity, the ability of an enzyme to catalyze
different types of reactions using the same active site, has been
observed in many enzymes. The seminal study by O’Brien and

Herschlag (45) described this phenomenon in multiple systems
and tied it to the evolution of new activities via enzyme dupli-
cation, a concept further elaborated by others, for example, in
Ref. 46. Although some promiscuous enzymes evolved to cata-
lyze the same reaction with different substrates, such as cyto-
chrome P450s, others catalyze reactions that appear to be quite
different from each other. The o-succinylbenzoate synthase
(OSBS) enzyme from Amycolatopsis sp., a member of the “eno-
lase” superfamily, was originally characterized as an N-acylam-
ino acid racemase (47). This annotation was propagated to
other related sequences, and only later was it determined that
the biologically relevant function of the original enzyme was
actually OSBS (48). Other enzymes from this superfamily have
now been characterized that catalyze both the OSBS and the
N-succinyl amino acid racemase reactions, and the evolution of
both reactions continues to be a topic of investigation (49 –51).

FIGURE 3. A related catalytic strategy unites the strictosidine synthase enzymes with the rest of the N6P SF. A, left panel, active site of diisopropylfluo-
rophosphatase (Protein Data Bank (PDB) id: 2gvv). The four metal-binding ligands conserved in the majority of superfamily members are shown coordinated
to a divalent metal ion. Right panel, examples of reactions catalyzed by characterized metal-dependent proteins. B, left panel, active site of strictosidine
synthase (PDB id: 2fpb). Right panel, the metal-independent strictosidine synthase reaction. (Figure and legend adapted from Ref. 37 with permission.) In both
right panels, a red asterisk indicates the electrophilic atom that is attacked in the reactions catalyzed by characterized members of the superfamily.
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The concept of moonlighting enzymes, describing additional
structural or regulatory functions performed in addition to
their catalytic functions, has also provided novel insight about
the evolution of new reactions from existing structures. An
important early example describes the conscription of several
different enzymes to serve roles as eye lens proteins (52).
Enzymes from functionally diverse superfamilies have also been
shown to play moonlighting roles. For example, the glycolytic
enzyme enolase, another reaction family of the enolase super-
family, plays many moonlighting roles relevant to human
health and disease (see Refs. 53 and 54 for some examples).
Broader inventories of moonlighting proteins have also
recently been collected (see Refs. 55 and 56 and references
therein).

As observations of both promiscuous and moonlighting
enzymes continue to increase, it seems likely that both phe-
nomena may be far more widespread than previously thought,
although many additional studies will be needed to obtain more
accurate estimates of their prevalence. The widespread inci-
dence of promiscuous or multifunctional enzymes also suggests
that definitions of functional boundaries may be difficult to
determine, even with the aid of similarity clustering of large
numbers of sequences (see, for example, Refs. 13 and 57). As a
corollary, sorting out the evolutionary path by which these
functional types emerged may not accurately predict functional
boundaries either, especially in functionally diverse superfami-
lies. Indeed, the idea that each enzyme has a single, specific
function may be a more artificial construct than has been rec-
ognized. Alternatively, enzyme function space may perhaps be
better described as a continuum rather than a set of discrete
definitions.

Invention of the Same Reaction within a Superfamily
Phylogeny

Convergent evolution, where unrelated enzymes have
evolved to catalyze the same overall reaction, has been well
studied. (For a recent review, see Ref. 58 and references
therein.) Perhaps less widely appreciated is the propensity for
proteins with the same, or similar, functions to be invented
multiple times from different starting points within a super-
family (13, 16 –18, 59 – 61). Fig. 4 shows a sequence similarity
network of a subgroup of enzymes of the enolase superfamily,
including the two different families that catalyze the cyclo-
isomerization of muconate. These two families are distinct
from each other in the phylogenetic tree of the subgroup to
which both belong (49), suggesting that they evolved from dif-
ferent progenitors within the subgroup. Supporting this sug-
gestion, experimental work shows that the stereochemical
course of the reaction differs between the two families due to
different modes of substrate binding, which result in opposite
faces of the enolate anion intermediate being presented to the
conserved Lys acid catalyst (17). In the same subgroup, two
different families of enzymes that catalyze an N-succinyl amino
acid racemase reaction have also been identified (18).

Because all enzymes in each functionally diverse superfamily
already have the chemical machinery required for a critical part
of the reaction, it may not be surprising that enzymes catalyzing
the same overall reaction might evolve from different precur-
sors within the superfamily. This has important implications
both for understanding enzyme evolution and for predicting
the functions for proteins in functionally diverse superfamilies.
Knowing that a particular function is found in one region of a
phylogenetic tree does not preclude the same function from

FIGURE 4. Full sequence similarity network for a subset of the enolase superfamily, including the two muconate cycloisomerase families and their
closest neighbors. Each node (circle) represents a single sequence, and edges (lines) represent BLAST connections with a �log (E-value) of 47 or more
significant. Nodes are laid out using the yFiles organic layout and colored by SFLD family assignment.
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occurring in another, quite distant, area of the tree. Further,
knowing that two enzymes catalyze the same overall reaction
does not necessarily mean that they are close homologs, even if
they belong to the same superfamily.

Conclusions and Future Directions

In the breadth of their organismal representation, the range
of biochemical reactions they catalyze, and the many ways
nature has reused each ancestral scaffold for many different
functions, functionally diverse enzyme superfamilies offer a
powerful model for understanding how the enzymes required
for life have evolved. By determining the conserved structure-
function paradigm represented by each of these “privileged
scaffolds,” we can begin to sort out the structural variations
nature has used to evolve a wide array of different chemical
reactions and tailor each of them for their specialized biological
roles.

Analysis of such superfamilies is daunting, however, as each
may contain tens of thousands of sequences, most of which are
of unknown reaction or substrate specificities. Thus, the chal-
lenges even for managing the data, let alone inferring the func-
tional repertoire each superfamily supports, may appear at first
glance to be insurmountable. Offsetting the obvious impossi-
bility of experimentally characterizing the molecular functions
of the still rapidly growing volume of newly discovered enzyme
sequences, we propose that the context provided by large scale
computational characterization of these superfamilies will lead
to new types of hypotheses about their structure-function rela-
tionships that cannot be accessed by comparison of only a few
homologous enzymes. Even in the early forms in which this
technology has been used, protein similarity networks have
already been shown to provide structure-function mapping on
the scale required. Future work by both the biochemical and the
computational communities will improve both the robustness
and the interpretability of this approach and expand its appli-
cations to address pressing issues that range from choosing
experimental targets for answering many types of questions to
exploiting our understanding of natural evolution to aid in
engineering new reactions in the laboratory.
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Catalytic promiscuity and substrate ambiguity are keys to
evolvability, which in turn is pivotal to the successful acquisition
of novel biological functions. Action on multiple substrates
(substrate ambiguity) can be harnessed for performance of func-
tions in the cell that supersede catalysis of a single metabolite.
These functions include proofreading, scavenging of nutrients,
removal of antimetabolites, balancing of metabolite pools, and
establishing system redundancy. In this review, we present
examples of enzymes that perform these cellular roles by lever-
aging substrate ambiguity and then present the structural fea-
tures that support both specificity and ambiguity. We focus on
the phosphatases of the haloalkanoate dehalogenase superfam-
ily and the thioesterases of the hotdog fold superfamily.

In the 1990s, a series of studies on the evolution of catalysis in
protein fold families helped define contemporary understand-
ing of enzymes as potentially promiscuous catalysts; the analy-
ses of these enzyme superfamilies suggested that certain folds
showed higher variability than expected with regard to the
chemistries that can be catalyzed or the substrates that can be
acted on (1–11). To summarize, the current model holds that
enzyme families grow as a result of gene duplication coupled
with the acquisition of an advantageous new function. Because
the backbone folds, and thus, the catalytic scaffolds are inher-
ited, so is the chemical trait that underlies the intrinsic catalytic
functions of all family members. In enzyme families, evidence
can be found for low level intrinsic activity associated with one
or more extant members, co-existing with the high level of
activity unique to the subject enzyme (see for instance, the eno-
lase and alkaline phosphatase enzyme superfamilies (12, 13)).
The ability to carry out such alternate chemistry is termed cat-
alytic promiscuity. The plausible link between catalytic pro-
miscuity and evolvability has been explored in previous publi-
cations (for recent coverage and reviews of this topic, see Refs.
14 –17).

The most commonly encountered observation of promiscu-
ity involves the catalysis of one type of chemistry with many

different substrates. Jensen (18) referred to this trait as “sub-
strate ambiguity,” and this is the name we will use. Herein, we
examine the selective advantage associated with activity toward
multiple substrates by highlighting specific examples of
enzymes for which the level of substrate ambiguity runs high to
fulfill specific roles in the cell. We use as examples enzymes
from the haloalkanoate dehalogenase (HAD)3 superfamily and
the thioesterases of the hotdog fold superfamily. In addition, we
dissect the architectures of enzymes from these families to dis-
cover underlying structural sources of specificity and substrate
ambiguity.

Screening to Assess Substrate Ambiguity

In vitro enzyme activity measurements carried out with a
structurally diverse library of potential substrates allow one to
generate a substrate specificity profile for the enzyme of inter-
est. However, the molecules contained in the chemical library
that is used in an in vitro substrate profile analysis to assess
enzyme function may never be encountered by the enzyme in
the cell, although they might be common metabolites. This may
be due to the local concentration of the substrate or the location
of the enzyme in the cell with respect to the substrate. In such a
scenario, there is a lack of selective pressure to evolve specificity
away from the screened substrates. Thus, the observed sub-
strate range can be quite broad. Substrate specificity profiles
have been reported for numerous enzyme classes including
phosphatases (19 –23), thioesterases (24 –26), peptide race-
mases (27), and lipases/phospholipases (28). The substrate
structures can be surprisingly varied; for instance, single
enzymes can utilize long and short-chain acyl-CoA substrates
(24), apolar and anionic lipids (28), or various length phospho-
sugars and nucleotides (20).

Although a number of substrates may yield activity, there is
often a somewhat narrow substrate range. For instance, as part
of a recent bioengineering effort, 62 putative thioesterases were
functionally screened by in vivo fatty acid titers (25). When
compared with native levels or overexpression of endogenous
thioesterases, the introduced enzymes showed increased pro-
duction of saturated, unsaturated, and branched short-chain
fatty acids. From the in vivo results, six enzymes were screened
in vitro against a broad range of acyl-CoAs to determine their
substrate preferences. The results suggest that most thioes-
terases exhibit substrate ambiguity. However, they show
greater activity toward acyl-CoAs downstream in their respec-
tive metabolic pathways than for precursor acyl-CoAs. This
slight narrowing of specificity range is advantageous as it pre-
vents depletion of upstream acyl-CoAs in the same path as the
subject enzyme.
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Broader specificity against different classes of substrates
(sugars and nucleotides) was observed in a genome-wide study,
in which substrate specificities of all 23 soluble Escherichia coli
HAD superfamily members were characterized in vitro against
a set of 80 representative phosphorylated metabolites (19). The
results demonstrate that HAD superfamily members possess
the capacity to hydrolyze a wide range of phosphorylated com-
pounds such as sugars, nucleotides, organic acids, coenzymes,
and small phosphodonors. The enzymes assessed primarily act
as phosphatases with overlapping but non-identical substrate
profiles. Notably, the phylogenetic tree of the HAD superfamily
proteins computed from their sequences shows no congruence
to the functional relationships exhibited by them in vitro, sug-
gesting a lack of direct relationship between homology and
function in the HAD superfamily.

Orthogonal to the genome-wide study discussed above, Bas-
tard et al. (30) demonstrated the use of an integrated strategy
for exploring the functional diversity of a previously unde-
scribed enzyme family, DUF849 (see Fig. 1 for general reaction
and representative substrates). Based on the activity of the fam-
ily member Kce, they propose a general chemical reaction (con-
densation of a �-keto acid with acetyl-CoA to produce a CoA
ester and acetoacetate) potentially catalyzed by the family and a
list of possible substrates. Then, they select, produce, and
screen a set of representative enzymes against all substrates in
vitro in a high throughput manner. Out of 322 representative
enzymes, they were able to overexpress 124 proteins and test
their activities against 17 substrates. Although the type of
chemistry observed was not varied, their results showed that
overall 20% of the enzymes in the family (25 out of 124
screened) catalyze reactions on five or more substrates and that

two subfamilies displayed substrate ambiguity where the size
and steric and electrostatic nature of the substrate varied con-
siderably to include a range of aliphatic, polar, and cationic
groups, all with moderate efficiency (kcat/Km �10 4 M�1 s�1).
Analysis for specificity determinants showed that in one of the
subfamilies (denoted G1) showing marked substrate ambiguity,
a small cap domain covers the active site that interacts with the
varied substrates (see “Architectures for Tunable Substrate
Specificity”).

Promiscuity as an Advantage

The impact of substrate ambiguity at the cellular level has
been estimated using a genome-scale metabolic network model
for analysis of E. coli metabolism to involve �37% of metabolic
enzymes, which in turn catalyze at least 65% of the metabolic
reactions (31). Functionally, substrate ambiguity can provide
benefits to the cell via a number of mechanisms: 1) proofread-
ing, 2) scavenging of nutrients, 3) removal of antimetabolites, 3)
balancing of metabolite pools, and 4) establishing system
redundancy. Illustrations of some of these functions from the
thioesterase and HAD superfamilies are described below, and
the structural basis is discussed and elaborated in the following
sections.

Proofreading

A classic proofreading function is provided by a member of
the thioesterase family, EntH. Organisms such as E. coli synthe-
size the siderophore enterobactin to harvest iron from the envi-
ronment (32). Enterobactin is synthesized from 2,3-dihydroxy-
benzene (2,3-DHB) and L-serine through the iterative action of
the nonribosomal peptide synthetases EntB and EntF. The

FIGURE 1. Reaction and representative substrates in the DUF849, hotdog thioesterase, and HAD superfamilies. Schematic of the mechanism of each
superfamily is depicted (left) together with representative substrates (right). In the case of the HAD superfamily, two chemistries (C–P and O–P bond cleavage
reactions) are shown. Note that phosphonoacetaldehyde hydrolase is a specific enzyme; thus. only its primary substrate is depicted.
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phosphopantetheinyl transferase EntD catalyzes the transfer of
pantetheine phosphate from CoA to the Ser residue of the 2,3-
DHB carrier domain of EntB and of the peptidyl carrier domain
of EntF to generate the two holo-enzymes. The bifunctional
EntE catalyzes the adenylation of 2,3-DHB and the subsequent
aroyl transfer to the pantetheine thiol of holo-EntB. Substrate
ambiguity of EntD and EntE can derail enterobactin biosynthe-
sis by leading to the formation of misacylated holo-EntB by two
means: 1) when CoA is limited, endogenous acyl-CoA may sub-
stitute as a substrate for EntD (33), and 2) if 2,3-DHB is limited,
a carboxylate metabolite may substitute as a substrate for EntE
(34) (Fig. 1).

Although lack of specificity causes this problem, substrate
ambiguity can rescue the pathway by enabling a proofreading
function for EntH. EntH can prevent EntD-catalyzed mischarg-
ing of EntB through hydrolysis of endogenous acyl- or aroyl-
CoAs (e.g. numerous aromatic hydroxylated benzoyl-CoAs and
hydroxylated phenylacetyl-CoA are substrates with kcat/Km �
1 � 104 M�1 s�1). However, it can also release the holo-EntB
from misacylated holo-EntB by recognition and hydrolysis of
the acyl/aroyl unit of the EntB thioester substrate (kcat/Km
�1.5 � 105 M�1 s�1) (Fig. 1) (33). As discussed under “Archi-
tectures for Tunable Substrate Specificity,” the mechanism that
allows the broad substrate range of thioesterases such as EntH
is the open active-site pocket with affinity provided by the pan-
tetheine moiety of CoA.

Removal of Antimetabolites

Catabolic 5�-nucleotidases catalyze the hydrolysis of nucleo-
side monophosphates, and thus, play a major role in regulating
the free nucleotide levels in living cells. With differences in
substrate specificity, localization, oligomerization state, and
size, seven different 5�-nucleotidases have been characterized
in humans. Among these, the HAD superfamily member cyto-
solic 5�-nucleotidase III-like protein (cN-IIIB) from humans
and Drosophila has been recently described and has been
shown to have broad activity against multiple substrates (35).
This enzyme efficiently dephosphorylates CMP, UMP, GMP,
AMP, and notably, the modified purine 7-methylguanosine
monophosphate (m7GMP, Fig. 1) (kcat/Km � 8.7 � 104 and
6.5 � 104 M�1 s�1 for CMP and m7GMP, respectively). During
the degradation of all eukaryotic mRNAs, 7-methylguanosine
nucleotides are generated from the mRNA cap structure. This
can lead to accumulation of m7GMP in the cytosol and, if left at
such high concentrations, can subsequently be incorporated
into nucleic acids. The broad substrate preference of cN-IIIB
reduces the concentrations of cytosolic m7GMP, thereby avoid-
ing its undesirable buildup in the cell.

Housekeepers are also used in bacteria for the protection of
cells from the adverse effects of non-endogenous metabolites.
For example, YjjG, a nucleotide phosphatase from E. coli, pro-
tects the organism against non-canonical pyrimidine deriva-
tives (36). Using in vitro activity assays, YjjG has been shown to
dephosphorylate a wide range of potentially mutagenic nucle-
otides such as 5-fluoro-2�-deoxyuridine, 5-fluorouridine,
5-fluoroorotic acid, 5-fluorouracil, 5-aza-2�-deoxycytidine, and
5-bromo-2�-deoxyuridine, thus preventing their incorporation
into DNA and RNA (Fig. 1). The housekeeper cN-IIIB exempli-

fies the mechanism of substrate ambiguity allowed by the bind-
ing determinants provided by domain insertion (see “Architec-
tures for Tunable Substrate Specificity”). YjjG is likely to
acquire substrate ambiguity via a mechanism similar to that of
cN-IIIB (although no structure of YjjG is available, it is homol-
ogous (29% identity) to BT2271 (Protein Data Bank (PDB) ID
3QNM), which has a similar domain insert to cN-IIIB).

Balancing Metabolite Pools

An example of such a “balancing act” is the relaxed substrate
specificity observed for YciA, which carries out hydrolysis of
cellular acyl-CoA thioesters. The broad observed substrate
range (kcat/Km � 1.1 � 107 and 1.4 � 106 M�1 s�1 for isobu-
tyryl-CoA and lauroyl-CoA, respectively), together with the
gene context, suggests a role for YciA and its orthologs in recy-
cling CoA and balancing fatty acyl-CoA pools for membrane
remodeling. As in the thioesterase EntH, subsequent YciA
structure determination revealed that substrate recognition is
directed at the thioester pantetheine moiety and not the acyl
moiety (37), thus accounting for the observed promiscuity, as
well as its tight regulation by strong CoA feedback inhibition
(24) (Fig. 1).

Mechanisms of Specificity and Promiscuity

Several molecular mechanisms of achieving catalytic pro-
miscuity and substrate ambiguity have been proposed and
reviewed (38 – 40). Among these, the functional plasticity of
popular folds (i.e. superfolds) is most intimately tied to evolu-
tion. Functional diversity within superfamilies follows a distri-
bution where some superfamilies display significant diversity,
whereas most superfamilies do not (41). It has been suggested
that superfolds can accommodate a large number of sequences
because of their inherent stability and tolerance to extensive
mutations (42). Also, the superfolds corresponding to these
functionally diverse superfamilies tend to have binding clefts in
a common location, with a significant propensity to bind simi-
lar substrates despite no other clear indication of a common
ancestor (43). Thus, protein families and superfamilies with
common binding sites (by definition designated as a superfold)
are prone to be functionally diverse and possess the potential to
show substrate ambiguity.

A recent study by Tawfik and colleagues (44) looks into the
tradeoff between the fold stability and ability to take on new
functions via informatics and extends the study experimentally
to TEM-1 �-lactamase. A major finding is that enzymes are
more amenable to evolution when the active site is composed of
flexible loops juxtaposed, but separated from, a highly ordered
core scaffold. Families capable of supporting multiple functions
are expected to have a lower percentage of residues comprising
the integral part of the protein scaffold. Thus, the core fold can
be elaborated by swapping out residues through evolution to
act on new substrates.

Another overarching finding has been the association of con-
formational flexibility with substrate ambiguity (45) and acqui-
sition of new specificities (46). In recent studies, it has been
shown that the flexibility of active-site loops leads to differential
conformational sampling and active site reshaping, allowing
alternative substrates to be utilized (47, 48). The examination of

MINIREVIEW: Enzyme Promiscuity

OCTOBER 31, 2014 • VOLUME 289 • NUMBER 44 JOURNAL OF BIOLOGICAL CHEMISTRY 30231



a designed aldolase has further indicated that backbone flexi-
bility would enable exploration of potential sites for introduc-
ing catalytic residues (49). A conformational ensemble
approach has been used to describe promiscuous enzymes as
lowering the energy barriers to conformational rearrangements
needed for substrate ambiguity (40, 50).

As described above, the intrinsic chemical activities are
indicative of the common origin of a superfamily. The more
tailored activities may arise after a gene duplication event, leav-
ing catalytic hints of their origin that can be observed in their
substrate specificity profile. A recent study by Daughtry et al.
(51) analyzed the evolution of two bacterial proteins from the
HAD superfamily implicated in the lipopolysaccharide biosyn-
thetic pathways, namely 2-keto-3-deoxy-D-manno-octuloso-
nate-8-phosphate (KDO8P) phosphohydrolase and 2-keto-3-
deoxy-9-O-phosphonononic acid (KDN9P) phosphohydrolase (Fig.
2). Each enzyme was observed to have activity against both sub-
strates, but to be more active toward the biological substrate
(kcat/Km �104 and 102 M�1 s�1, respectively, for native sub-
strate versus the other). The fact that KDO8P phosphohydro-
lase possesses promiscuous activity toward KDN9P and that it
has a comparatively broad biological range suggests it as the
KDN9P phosphohydrolase ancestor. The acquisition of a Glu/
Lys pair that facilitated KDN9P binding and the corresponding
advantage associated with sustaining an expanded substrate
range accelerated the evolution of the KDN9P phosphohydro-
lase lineage. In support of the idea of an enzyme successfully
maintaining multiple functions above baseline catalysis, it was
found that although the deletion of this amino acid pair in
KDN9P phosphohydrolase removed activity toward KDN9P,
the enzyme still retained full KDO8P hydrolase activity. This is
a classic example of how a native, unused activity can be fine-
tuned under evolutionary pressure and become fixed in the
population.

The presence of common binding sites within superfolds can
give rise to novel chemistry within a superfamily. For example,
most members of the HAD superfamily catalyze hydrolysis of
phosphate monoesters (i.e. P–O bond cleavage), through cova-
lent catalysis by a nucleophilic Asp residue. Members have
extended the existing binding site to gain new functionality,

yielding phosphonate hydrolase activity (i.e. C–P bond cleav-
age, Fig. 1)) (52). In phosphonoacetaldehyde hydrolases, the
addition of a Lys residue (contributed by a domain insertion
near the active site (schematic in Fig. 3, top)) results in the
formation of a Schiff base, which provides the electron sink for
catalysis of C–P bond-cleavage.

As in this example and in the example above of the DUF849
family, a potential mechanism for expanding the functional
repertoire of a superfold is via incorporation of additional
domains, which may or may not exist independent of the pri-
mordial fold. Structurally, the HAD superfamily consists of the
conserved active site-bearing Rossmann fold (called the core
domain) embellished with a variety of inserted domains (com-
monly referred to as cap domains). In some cases, these cap
domain insertions have expanded the substrate range of HAD
superfamily enzymes by providing extensive locations that can
contribute toward substrate binding energy. For example, a
HAD superfamily member from E. coli, NagD, shows multiple
substrate use across pathways (20). The genome context of
NagD within the nagBACD operon implicates it in the hydro-
lysis of N-acetylglucosamine 6-phosphate or glucosamine
6-phosphate, intermediates in the biosynthesis of N-acetylglu-
cosamine, a critical component of cell wall assembly. In vitro
NagD dephosphorylates glucosamine 6-phosphate with mod-
erate efficiency (kcat/Km � 103 M�1 s�1) but not N-acetylglucos-
amine 6-phosphate (Fig. 1). An alternative role is implied by the
occurrence of several NagD homologs as fusions between NagD
and MutT domains. Typically, MutT proteins (members of the
Nudix enzyme family) convert 8-oxo-dGTP to 8-oxo-dGMP to
block its incorporation into DNA. Thus, the NagD domain in a
NagD-MutT fusion protein may perform nucleotide mono-
phosphate hydrolysis. A focused biochemical screen shows a
broad substrate preference for NagD toward UMP, CMP, GMP,
AMP (kcat/Km � from 2 � 103 to 3 � 104 M�1 s�1), and other
sugar phosphate metabolites. Although a substrate-bound
structure is not available, by homology to other HAD superfam-
ily phosphatases, it is likely that in NagD, the open nature of the
active site together with the loop provided by the cap domain
allow for a wide sampling of substrates for dephosphorylation.

FIGURE 2. Reaction scheme and corresponding transition state analogs complexes for KDO8P phosphohydrolase and KDN9P phosphohydrolase. The
reactions catalyzed by KDO8P phosphohydrolase and KDN9P phosphohydrolase are depicted alongside the x-ray crystal structures (shown in ribbons with
highlighted residues in sticks) of KDO8P phosphohydrolase bound to the transition state analog KDO8P/VO3

1� (PDB 4HGP) (left) and KDN9P phosphohydrolase
bound to the transition state analog KDN9P/VO3

1� (PDB 4HGO) (right). These structures revealed the Glu-56/Lys-67 pair as specificity determinants in KDN9P
phosphohydrolase, which, upon removal of this pair by mutagenesis, retained the underlying KDO8P phosphohydrolase activity.
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In another example from the HAD superfamily, differential
interactions between the cap and substrate can result in activity
against several substrates (schematic in Fig. 3). Human cytoso-
lic 5�-nucleotidase II (cN-II) participates in the regulation of
purine nucleotide pools by catalyzing the dephosphorylation of
5�-nucleotide monophosphates. cN-II is allosterically activated
by several phosphate-containing metabolites and is known to
interfere with the phosphorylation-dependent activation of
some nucleoside analogs used in cancer treatments, thus dis-
playing broad in vivo activity. In x-ray crystal structures of cN-II
with either dGMP versus UMP, different interactions between
cap and substrate are present. In the cN-II-UMP complex, Arg-
202, Asp-206, and His-209 form hydrogen bonds with the sub-
strate. In addition, Tyr-210 makes van der Waals interactions
with the ribose moiety. In the cN-II-dGMP complex, Tyr-210
moves out of the active site to accommodate the larger base and
His-209 no longer forms a hydrogen bond with the deoxyribose
(53).

Architectures for Tunable Substrate Specificity

Enzyme superfamilies known to contain one or more mem-
bers that display substrate ambiguity are becoming common-
place. In this final section, we examine the architectures of two

superfamilies for which substrate ambiguity is an inherent trait,
namely the HAD superfamily and the thioesterases of the hot-
dog fold superfamily. Additionally, these enzymes exemplify
two different ways to promote promiscuity.

The hotdog fold thioesterase superfamily is a functionally
diverse family of evolutionarily related proteins, which share a
common � � �-fold (54). The core tertiary structure consists of
a 5-turn �-helix cradled by a curved, 5–7-stranded antiparallel
�-sheet. The functional unit is a dimer, with the subunit inter-
face joining the two sheets into a continuous �-sheet (55). The
two active sites are located at opposite ends of the interfaced
sheets. The vast majority of the family members target thioester
substrates containing CoA or holo-ACP (acyl carrier protein
modified with a phosphopantetheine group). The thioesterases
form the largest functional subfamily and will therefore be the
focus of our discussion. A narrow channel, which leads from the
protein surface to the site of catalysis, binds the phospho-
pantetheine moiety using desolvation and weak electrostatic
forces to augment the two hydrogen bonds derived from pro-
tein backbone amide groups (Fig. 4) (37, 55, 56). These nonspe-

FIGURE 3. Expansion of functional repertoire via domain insertions. A
schematic depicting how the addition of domain inserts may lead to gain of
novel chemistry or novel substrate range is shown. If the primordial fold (cen-
ter) possesses the potential to catalyze certain kinds of chemistries, new
chemistries may be added by the addition of specific residues (top). Promis-
cuity or broad substrate range may be achieved by utilizing, for different
substrates, different sets of residues from an inserted domain (bottom).

FIGURE 4. Structural basis of promiscuity highlighted in the thioesterase
and HAD superfamilies. A–C, ribbon diagrams of human thioesterase
THEM2 (PDB 3F5O) (A), HAD superfamily members GmhB (left, PDB 3L8G) and
Scp-1 (right, PDB 2GHQ) (B), and human cytosolic 5�-nucleotidase II (left, PDB
2XJE; right, PDB 2XJB) (C) are depicted with ligands displayed in sticks. In A, van
der Waals surfaces (protein in gray, ligand in yellow) show the open active-site
cavity at the acyl group, which is a major determinant of promiscuity. In B, van
der Waals surfaces (protein core in gray, protein cap in blue, ligand in yellow)
show the shape complementary between the substrate and the active site,
restricting access of bulk solvent to the nucleophile and cofactor. In C, bind-
ing residues provided by the cap domain insertion (blue ribbon) allow alter-
nate binding modes for two different substrates. This provides a fertile seed-
bed for the acquisition of new substrates.
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cific interactions ensure that tight binding of the phospho-
pantetheine moiety is preserved despite the divergence in
sequence in this region. The adenosine-3�,5�-diphosphate unit
of the CoA thioester and the ACP domain of the holo-ACP
thioester are accommodated at the protein surface, which var-
ies to promote promiscuity toward these two classes of thioes-
ter substrates (56). The site of thioester cleavage is located at the
juncture of the phosphopantetheine channel and the alkyl/aryl-
binding site. In the thioesterases displaying a very restricted
substrate range, the alkyl/aryl-binding site is an enclosed
pocket (for example, fluoroacetyl-CoA (57, 58) and 4-hydroxy-
benzoyl-CoA thioesterases (54, 55, 59)). In contrast, for thioes-
terases displaying a modest (60) or expansive substrate range,
like hTHEM2 and hTHEM4 (61, 62) and E. coli YciA (24, 37),
the pocket is partially open or leads to solvent, respectively.
Notably, the fact that catalytic efficiency and substrate ambigu-
ity can co-exist is exemplified by the thioesterase YciA where
kcat/Km values range from 3 � 105 to 8 � 107 M�1 s�1 for CoA
thioester substrates as diverse as acetyl-CoA, phenylacetyl-
CoA, and myristoyl-CoA (24).

A popular mechanism for expanding the functional diversity
in a protein family is via domain fusions. In �10% of observed
fusion events, domains are inserted into an existing fold, lead-
ing to a discontiguous domain (49). Such an insertion architec-
ture is observed in the HAD superfamily of phosphotrans-
ferases where the conserved Rossmann fold core domain is
tethered to a dynamic cap domain in �85% of its members
(with the exception of the integral membrane ATPases) (63).
The catalytic site, located in a shallow depression on the surface
of the core domain, binds the substrate phosphate group and
the Mg2� cofactor. The association with the inserted cap
domain (see “Mechanisms of Specificity and Promiscuity”
above) is stabilized through interaction with the substrate leav-
ing group, and substrate-induced cap closure is linked to cata-
lytic turnover (64 – 67). The structural mechanisms for speci-
ficity and substrate ambiguity can be broken into three types: 1)
restriction of substrate shape, 2) interdomain movement, and
3) multiple sites of enzyme-substrate interaction.

The cap domain insertion point and insert length lead to a
natural classification of the superfamily into cap types C0 (min-
imal cap) and C1 and C2 (large caps) (68). Comparison of dif-
ferent enzymatic functions (using enzyme commission num-
bers) associated with the HAD superfamily suggests significant
overlap in functions being catalyzed by members across differ-
ent cap domain classes (43). A functional similarity network
inferred from the functional data shows that HAD superfamily
members with no or minimal insert (cap type C0) lie at the
center of the network, implicating C0 as the primordial HAD
superfamily member. Consistent with this concept and with
few exceptions, the C0 members characterized to date show a
narrow substrate range. An example of such a C0 HAD super-
family member is D-glycero-D-manno-heptose-1,7-bisphos-
phate phosphatase (GmhB) in the S-layer glycoprotein and lipid
A biosynthetic pathways. GmhB hydrolyzes only the C-7 phos-
phoryl group (not C-1) of D-glycero-D-manno-heptose 1,7-bis-
phosphate (Fig. 1), and the E. coli enzyme discriminates
between the �- and �-anomers of the sugar by 2 orders of mag-
nitude (kcat/Km � 7 � 106 M�1 s�1 and 7 � 104 M�1 s�1, respec-

tively) (44, 45). Similarly, histidinol phosphate phosphatase
(hisB), Scp1, and Dullard have a narrow substrate range
wherein they dephosphorylate histidinol and phosphoserine
peptides in an efficient manner (kcat/Km � 4 � 108, 2 � 104 and
3 � 104 M�1 s�1, respectively) (46 – 48). The lack of broad sub-
strate range in C0 members may be attributed to the fact that in
addition to binding interactions between enzyme and sub-
strate, the major determinant of specificity is that only a mole-
cule that fills the active-site cavity to occlude the catalytic cen-
ter (nucleophilic Asp and Mg2� cofactor) from bulk solvent can
act as substrate (Fig. 4). A priori, this architecture limits the
chemical space occupied by possible substrates. In the case of
peptidic substrates, the peptide sequence space is narrowed to
gain this shape complementarity. That is, the preferred sub-
strates of Scp1 and Dullard include a Pro residue in the sub-
strate two residues from the phosphoserine. The structure of
the Scp1-peptide complex shows that the bound peptide makes
a kink imparting near exact shape complementarity, and thus,
specific binding.

Domain insertions also produce the possibility of variable
conformations between domains. In the HAD superfamily, one
example demonstrates how fixing the interdomain distance can
lead to specificity by controlling the active-site volume of a
phosphatase. The HAD superfamily member BT2127 from
Bacteroides thetaiotaomicron is similar to �-phosphoglucomu-
tase in sequence (42% similar), overall fold, and characteristic
active-site residues. Surprisingly, in vitro substrate activity
screening reveals that BT2127 is neither a mutase nor an
organophosphate hydrolase but rather an inorganic pyrophos-
phatase (kcat/Km 1.6 � 104 M�1 s�1) (29). Structural analysis of
BT2127 reveals that in contrast to �-phosphoglucomutase,
BT2127 does not take on an opened cap conformation. Strik-
ingly, Glu-47 from the cap of BT2127 coordinates to the Mg2�

ion in the core domain, promoting a closed conformation (43).
Thus, substrate discrimination in this case is based on active-
site size restrictions imposed by the cap domain. As discussed
above, conformational variability is one of the structural prin-
ciples underlying the evolution of new specificities.

Intuitively, domain inserts can lead to high specificity as is
observed in the HAD superfamily family member phosphoser-
ine phosphatase (19). However, numerous C1 and C2 members
show substrate ambiguity with a broad substrate range. Thus,
such large domain insertions can act as a fertile seedbed for
engineering new activities via substrate ambiguity. As
described above, in HAD superfamily members with large
insertions, such as cN-II (Fig. 3), the insertions have expanded
the substrate range of HAD superfamily enzymes by providing
extensive locations that can contribute binding energy (19 –22).
The lax substrate discrimination can be attributed to the mul-
tiple positions that exist at the cap surface for substrate binding
groups, as well as attributed to the use of desolvation of nonpo-
lar surfaces and diffuse �-interactions with aromatic sides as
the principle sources of substrate-binding energy. This allows
us to speculate that the mechanistic potential to catalyze differ-
ent chemistries is inherent in the Rossmann fold and that the
evolutionary potential for functional expansion is inherent in
the accessorizing domain. The design principle is an extreme
example of that put forth by Tawfik and colleagues (44) (and
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discussed above) wherein the cap domain donates loops that
are completely separate from those of the core scaffold.

Structure-function relationships that delineate specificity
versus substrate ambiguity have yet to be fully explored. The
analysis of activity against multiple substrates by enzymes on a
superfamily-wide scale through approaches such as high
throughput screening should yield valuable data for the identi-
fication of specificity and promiscuity determinants. In addi-
tion to providing evolutionary insight, promiscuous enzymes
may yield good starting material for protein engineering and
synthetic biology approaches.

Acknowledgment—We thank Olivia Hallett-Ebeling for helpful dis-
cussions and help in reviewing the manuscript.

REFERENCES
1. Babbitt, P. C., Hasson, M. S., Wedekind, J. E., Palmer, D. R. J., Barrett,

W. C., Reed, G. H., Rayment, I., Ringe, D., Kenyon, G. L., and Gerlt, J. A.
(1996) The enolase superfamily: A general strategy for enzyme-catalyzed
abstraction of the �-protons of carboxylic acids. Biochemistry 35,
16489 –16501

2. Babbitt, P. C., Kenyon, G. L., Martin, B. M., Charest, H., Slyvestre, M.,
Scholten, J. D., Chang, K. H., Liang, P. H., and Dunaway-Mariano, D.
(1992) Ancestry of the 4-chlorobenzoate dehalogenase: analysis of amino
acid sequence identities among families of acyl:adenyl ligases, enoyl-CoA
hydratases/isomerases, and acyl-CoA thioesterases. Biochemistry 31,
5594 –5604

3. Hawes, J. W., Jaskiewicz, J., Shimomura, Y., Huang, B., Bunting, J., Harper,
E. T., and Harris, R. A. (1996) Primary structure and tissue-specific expres-
sion of human �-hydroxyisobutyryl-coenzyme A hydrolase. J. Biol. Chem.
271, 26430 –26434

4. Armstrong, R. N. (1997) Structure, catalytic mechanism, and evolution of
the glutathione transferases. Chem. Res. Toxicol. 10, 2–18

5. Bernat, B. A., Laughlin, L. T., and Armstrong, R. N. (1999) Elucidation of a
monovalent cation dependence and characterization of the divalent cat-
ion binding site of the fosfomycin resistance protein (FosA). Biochemistry
38, 7462–7469

6. Bohren, K. M., Grimshaw, C. E., and Gabbay, K. H. (1992) Catalytic effec-
tiveness of human aldose reductase: critical role of C-terminal domain.
J. Biol. Chem. 267, 20965–20970

7. Britton, K. L., Baker, P. J., Engel, P. C., Rice, D. W., and Stillman, T. J. (1993)
Evolution of substrate diversity in the superfamily of amino acid dehydro-
genases: prospects for rational chiral synthesis. J. Mol. Biol. 234, 938 –945

8. Koonin, E. V., and Tatusov, R. L. (1994) Computer analysis of bacterial
haloacid dehalogenases defines a large superfamily of hydrolases with di-
verse specificity: application of an iterative approach to database search. J.
Mol. Biol. 244, 125–132

9. Labesse, G., Vidal-Cros, A., Chomilier, J., Gaudry, M., and Mornon, J. P.
(1994) Structural comparisons lead to the definition of a new superfamily
of NAD(P)(H)-accepting oxidoreductases: the single-domain reductases/
epimerases/dehydrogenases (the “RED” family). Biochem. J. 304, 95–99

10. Lambalot, R. H., Gehring, A. M., Flugel, R. S., Zuber, P., LaCelle, M.,
Marahiel, M. A., Reid, R., Khosla, C., and Walsh, C. T. (1996) A new
enzyme superfamily: the phosphopantetheinyl transferases. Chem. Biol. 3,
923–936

11. O’Brien, P. J., and Herschlag, D. (1999) Catalytic promiscuity and evolu-
tion of new enzymatic activity. Chem. Biol. 6, R91–R105

12. Glasner, M. E., Fayazmanesh, N., Chiang, R. A., Sakai, A., Jacobson, M. P.,
Gerlt, J. A., and Babbitt, P. C. (2006) Evolution of structure and function in
the o-succinylbenzoate synthase/N-acylamino acid racemase family of the
enolase superfamily. J. Mol. Biol. 360, 228 –250

13. O’Brien, P. J., and Herschlag, D. (1998) Sulfatase activity of E. coli alkaline
phosphatase demonstrates a functional link to arylsulfatases, an evolu-
tionarily related enzyme family. J. Am. Chem. Soc. 120, 12369 –12370

14. Khersonsky, O., and Tawfik, D. S. (2010) Enzyme promiscuity: a mecha-
nistic and evolutionary perspective. Annu. Rev. Biochem. 79, 471–505

15. di Salvo, M. L., Florio, R., Paiardini, A., Vivoli, M., D’Aguanno, S., and
Contestabile, R. (2013) Alanine racemase from Tolypocladium inflatum: a
key PLP-dependent enzyme in cyclosporin biosynthesis and a model of
catalytic promiscuity. Arch. Biochem. Biophys. 529, 55– 65

16. Baier, F., and Tokuriki, N. (2014) Connectivity between catalytic land-
scapes of the metallo-�-lactamase superfamily. J. Mol. Biol. 426,
2442–2456

17. Babtie, A., Tokuriki, N., and Hollfelder, F. (2010) What makes an enzyme
promiscuous? Curr. Opin. Chem. Biol. 14, 200 –207

18. Jensen, R. A. (1976) Enzyme recruitment in evolution of new function.
Annu. Rev. Microbiol. 30, 409 – 425

19. Kuznetsova, E., Proudfoot, M., Gonzalez, C. F., Brown, G., Omelchenko,
M. V., Borozan, I., Carmel, L., Wolf, Y. I., Mori, H., Savchenko, A. V.,
Arrowsmith, C. H., Koonin, E. V., Edwards, A. M., and Yakunin, A. F.
(2006) Genome-wide analysis of substrate specificities of the Escherichia
coli haloacid dehalogenase-like phosphatase family. J. Biol. Chem. 281,
36149 –36161

20. Tremblay, L. W., Dunaway-Mariano, D., and Allen, K. N. (2006) Structure
and activity analyses of Escherichia coli K-12 NagD provide insight into
the evolution of biochemical function in the haloalkanoic acid dehaloge-
nase superfamily. Biochemistry 45, 1183–1193

21. Lu, Z., Dunaway-Mariano, D., and Allen, K. N. (2005) HAD superfamily
phosphotransferase substrate diversification: structure and function anal-
ysis of HAD subclass IIB sugar phosphatase BT4131. Biochemistry 44,
8684 – 8696

22. Lu, Z., Dunaway-Mariano, D., and Allen, K. N. (2011) The x-ray crystal-
lographic structure and specificity profile of HAD superfamily phospho-
hydrolase BT1666: comparison of paralogous functions in B. thetaiotao-
micron. Proteins 79, 3099 –3107

23. van Loo, B., Jonas, S., Babtie, A. C., Benjdia, A., Berteau, O., Hyvönen, M.,
and Hollfelder, F. (2010) An efficient, multiply promiscuous hydrolase in
the alkaline phosphatase superfamily. Proc. Natl. Acad. Sci. U.S.A. 107,
2740 –2745

24. Zhuang, Z., Song, F., Zhao, H., Li, L., Cao, J., Eisenstein, E., Herzberg, O.,
and Dunaway-Mariano, D. (2008) Divergence of function in the hot dog
fold enzyme superfamily: the bacterial thioesterase YciA. Biochemistry 47,
2789 –2796

25. McMahon, M. D., and Prather, K. L. J. (2014) Functional screening and in
vitro analysis reveal thioesterases with enhanced substrate specificity pro-
files that improve short-chain fatty acid production in Escherichia coli.
Appl. Environ. Microbiol. 80, 1042–1050

26. Gonzalez, C. F., Tchigvintsev, A., Brown, G., Flick, R., Evdokimova, E., Xu,
X., Osipiuk, J., Cuff, M. E., Lynch, S., Joachimiak, A., Savchenko, A., and
Yakunin, A. F. (2012) Structure and activity of the Pseudomonas aerugi-
nosa hotdog-fold thioesterases PA5202 and PA2801. Biochem. J. 444,
445– 455

27. Palmer, D. R., Garrett, J. B., Sharma, V., Meganathan, R., Babbitt, P. C., and
Gerlt, J. A. (1999) Unexpected divergence of enzyme function and se-
quence: “N-acylamino acid racemase” is o-succinylbenzoate synthase. Bio-
chemistry 38, 4252– 4258
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The multidrug resistance protein 1 (MRP1) encoded by
ABCC1 was originally discovered as a cause of multidrug resis-
tance in tumor cells. However, it is now clear that MRP1 serves a
broader role than simply mediating the ATP-dependent efflux
of drugs from cells. The antioxidant GSH and the pro-inflam-
matory cysteinyl leukotriene C4 have been identified as key
physiological organic anions effluxed by MRP1, and an ever
growing body of evidence indicates that additional lipid-derived
mediators are also substrates of this transporter. As such, MRP1
is a multitasking transporter that likely influences the etiology
and progression of a host of human diseases.

The ATP-dependent transport of solutes across membranes
against a concentration gradient is primarily mediated by mem-
bers of a superfamily of proteins known as the ATP-binding
cassette (ABC)2 transporters. The evolutionary importance of
these polytopic membrane proteins is evident from their pres-
ence in all eukaryotic species as well as in bacteria and archaea
(1). In humans, the 48 ABC transporters are classified into
seven subfamilies (A through G) according to their relative
degrees of sequence homology. Subfamily ABCC is composed
of 12 proteins, at least nine of which collectively mediate the
ATP-dependent transmembrane efflux of multiple anticancer
drugs and other xenobiotics, their metabolites, and an array of
bioactive OAs, including multiple key signaling molecules (2).

The first of the nine drug-transporting human ABCC or
MRPs, MRP1, was cloned in 1992 (3, 4). Human MRP1 is
encoded by the ABCC1 gene on chromosome 16p13.1, which is
amplified at least 100-fold in the multidrug-resistant lung can-
cer cell line from which the mRNA was first isolated. Since
1992, MRPs, or MRP-like proteins, have been identified in all

eukaryotes including plants, sea urchins, and yeast, but unlike
some other ABC subfamilies, ABCC proteins have not yet been
found in bacteria or archaea (5–7).

In the past two decades, the relevance of MRP1 in human
health and disease has been firmly established, and it continues
to be of considerable preclinical and clinical interest, largely
because of the diversity of drugs (xenobiotics) and physiological
molecules that are effluxed by this transporter. Solutes effluxed
by MRP1 include hydrophobic natural product antineoplastic
agents (e.g. vincristine, doxorubicin), and at present, MRP1 is
the only ABCC/MRP-related protein with a widely accepted
role in tumor multidrug resistance in clinical oncology. Ele-
vated MRP1 protein and/or mRNA levels have been confirmed
in many hematologic and solid tumors, and in some instances,
are predictors of poor response to chemotherapy (4, 8 –11). The
strongest association of MRP1 with unfavorable clinical out-
come thus far has been in neuroblastoma (12). Considerable
effort has been expended in developing ways to circumvent
drug resistance to improve chemotherapy effectiveness in can-
cer patients, and numerous small molecules and other molec-
ular entities that target MRP1 for this purpose have been
described (for recent review, see Ref. 4).

MRP1 also plays a part in the efficacy (and toxicity) of drugs
used to treat nonmalignant diseases and transports various
antibiotics, opiates, antiviral agents, citalopram, and statins (4,
13–15). Knock-out Abcc1�/� mouse studies have established
that MRP1/Mrp1 can be an important determinant of drug dis-
position because of its presence in cells at the interface between
many tissues and the systemic circulation (i.e. blood-organ bar-
riers or pharmacological “sanctuary” sites). Thus, MRP1 has a
chemoprotective role in multiple tissues (4, 16 –18). Related to
the protective properties of MRP1 are the increasing number of
studies that report an association between the presence of cer-
tain ABCC1 single nucleotide polymorphisms and the occur-
rence of adverse drug reactions. An important example is the
cardiotoxicity often experienced with anthracycline use in
adult and pediatric cancer patients (4, 19 –21).

In addition to contributing to drug sensitivity and resistance,
MRP1 has been implicated in the etiology of a wide array of
human pathologies. Thus, MRP1 may play a part in inflamma-
tory and other immunological diseases, age-related macular
degeneration, cardiovascular disease, and certain neurological
disorders as well as tumor progression (4, 22–28). This poten-
tially broader role of MRP1 in human health and disease has
occurred in conjunction with a growing appreciation of its abil-
ity to mediate the efflux of bioactive OAs and regulating oxida-
tive stress (25, 29 –31). Thus, solutes effluxed by MRP1 also
include hydrophilic conjugated xenobiotic and naturally occur-
ring OA metabolites. Notable examples of the latter include the
cysteinyl LTC4 and the conjugated estrogen, E217�G, as well as
reduced and oxidized glutathione (GSH and GSSG) (4).

Distinguishing Structural Features of MRP1/ABCC1

Typical mammalian ABC proteins comprise four domains,
which are often encoded as a single polypeptide (e.g. P-glyco-
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protein) but are sometimes encoded as two polypeptides that
form homodimers (e.g. ABCG2) or heterodimers (e.g. TAP1/
TAP2). The 1531-amino acid MRP1 (and several ABCC
homologs) has a five-domain structure with two NBDs and 17
TMs in three MSDs (MSD0, MSD1, and MSD2) (Fig. 1A). This
structure differs from that of a typical ABC protein that has six
TMs in each of two MSDs. The exact function of the NH2-
terminal MSD0 in MRP1 remains uncertain and may well
depend on the cell type (e.g. polarized epithelial cells versus
tumor cells) in which it is expressed (32, 33). The “pore” in the
membrane through which solutes (substrates) are effluxed is
formed by the 12 TMs that comprise MSD1 and MSD2. The
orientation of MSD0 toward the “core” MSD1/MSD2 structure
of MRP1, as well as its influence on solute translocation
through MSD1 and MSD2, is poorly understood (34).

ATP-dependent Transport by MRP1

Transport by MRP1 (and other ABC transporters) is pow-
ered by the binding and hydrolysis of ATP, which facilitate the
necessary protein conformation changes that enable solute
translocation to occur. The NBDs each contain three key
motifs: the Walker A and B motifs characteristic of P-loop
ATPases and an “active transport” signature motif common to
all ABC proteins (1, 35). The two NBDs form a “sandwich”
dimer, and thus the two ATP-binding sites are effectively com-
posed of the Walker motifs of one NBD and the active transport
signature motif of the other (36). The ATP-binding sites of
MRP1 are functionally nonequivalent with NBD1 having a
higher affinity for ATP (but very low ATPase activity) (the so-
called “degenerate” site), and NBD2 exhibiting a greater capac-

ity for ATP hydrolysis (the so-called “consensus” site) (3, 10, 35,
37). This marked functional asymmetry seems to be a distinc-
tive feature of ABCC proteins as well as several heterodimeric
transporters. Such asymmetry is much less pronounced in non-
ABCC full-length transporters such as P-glycoprotein and
homodimeric transporters such as ABCG2. The asymmetry of
the ABCC/MRP NBDs appears to be largely explainable by dif-
ferences in the canonical sequences and spacing of the three key
motifs (35).

Structural Determinants of Solute Transport by MRP1

The MSDs contain the greatest sequence divergence within
all ABC transporters, and an abundance of evidence indicates
that they largely (but not exclusively) dictate transporter sub-
strate selectivity (38 – 40). In MRP1, the TMs of MSD1 and
MSD2 contain a higher frequency of polar amino acids than do
the analogous TMs of P-glycoprotein. In particular, the last two
TMs of MSD1 and MSD2 of MRP1 (TMs 10 and 11 and TMs 16
and 17, respectively) are unusually amphipathic and contain a
high proportion of amino acids with hydrogen-bonding side
chains densely clustered on one side of the �-helix (Fig. 1B)
(40 – 42). The MRP1 TMs also contain a relatively high number
of ionizable amino acids, which is not expected because of the
energetically unfavorable environment of the membrane
bilayer for such residues (43). Multiple studies indicate that the
hydrogen-bonding capacity (and hence ability to form intrahe-
lical and interhelical ion pairs and hydrogen bonds) of the
amino acids in these TMs underlies their importance in the
substrate binding and transport properties of MRP1 (40,
42– 45). The topologically comparable TMs of other OA-trans-

FIGURE 1. Topology of MRP1 and projections of amphipathic TM �-helices 6 and 17. A, shown is a schematic diagram of a predicted secondary structure
of MRP1/ABCC1. The positions of TMs 6, 10, 11, 16, and 17, which have been identified as containing key determinants of MRP1 substrate specificity, are
highlighted. Also indicated are CL5 and CL7, which contain amino acids involved in substrate specificity, proper folding, and plasma membrane trafficking, as
well as the transport mechanism of MRP1. B, shown are helical wheel projections of 18 amino acids of the amphipathic TM6 (in MSD1) and TM17 (in MSD2) of
MRP1. The clustering on one side of each TM helix of polar residues with side chains capable of H-bonding is indicated by the shaded curve. Highlighted on the
projection of TM6 is Lys332, which is particularly critical for LTC4 and GSH transport (43, 51).
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porting ABCC proteins are similarly amphipathic, and many of
the functionally important polar/ionizable amino acids of
MRP1 are conserved (46 – 48). In contrast, the comparable
TMs of P-glycoprotein (i.e. TMs 5, 6, 11, and 12), although
containing key determinants of substrate specificity, are con-
siderably less amphipathic (41, 49), consistent with its inability
to transport hydrophilic OAs.

Amino acids in TMs other than TMs 10, 11, 16, and 17 have
also been implicated in the transport properties of MRP1, but
far less frequently (40). A notable example is Lys332 in the first
TM of MSD1 (Fig. 1B) (43, 50). Mutation of TM6 Lys332 to an
opposite, neutral, or even same-charge amino acid completely
abrogates MRP1 binding of the high affinity physiological sub-
strate LTC4, but has virtually no effect on the binding or trans-
port of any OA substrate lacking a GSH moiety. Thus, it is
thought that MRP1 Lys332 plays a direct role in the recognition
of the �-glutamate portion of GSH-containing substrates and
modulators (51).

Although it has been widely accepted that the drug-trans-
porting P-glycoprotein takes up its mostly hydrophobic sub-
strates from the plasma membrane (so-called “vacuum cleaner”
model) (52), it seems unlikely that this is the case for MRP1
because a substantial proportion of its substrates are relatively
hydrophilic OAs that are formed inside the cell by conjugation
reactions (see below). Therefore it is not surprising that various
cytoplasmic amino acids have been identified to be directly
involved in substrate binding and/or translocation by MRP1.
One interesting example is Pro1150 located close to the begin-
ning of CL7, which connects TM15 to TM16 (53). When
Pro1150 is replaced by Ala (or Leu or Val), the mutant protein
exhibits substantially increased levels of methotrexate and
E217�G transport, due to a change in Kmapp (39). This increase
is substrate-selective, however, because the transport of other
OAs (e.g. LTC4) by the P1150A mutant is unchanged. Studies
with 32P-labeled 8-azido-ATP also revealed changes in the
nucleotide interactions of the mutant that were evident during
E217�G (but not LTC4) transport (39). The functional impor-
tance of MRP1 Pro1150 is conserved in its homologs, MRP2/
ABCC2 and MRP3/ABCC3 (54), but the mechanism by which
this cytoplasmic mutation selectively “improves” the transport
of a subset of OA substrates is not well understood. Structural
studies may eventually be enlightening.

The CLs have roles in addition to their influence on substrate
specificity. For example, Ala substitution of several charged
amino acids in MSD1-CL5 and MSD2-CL7 causes misfolding
of MRP1 resulting in reduced levels of the transporter at the
plasma membrane (55–58). Although both CL5 and CL7 are
important, MSD1-CL5 and its bonding interactions with NBD2
appear to play a more pivotal role in the proper folding and
membrane trafficking and function of MRP1 than do the
domain-domain interactions involving MSD2-CL7 (56).

Finally, homology models of mammalian ABC proteins
based on structures of bacterial ABC transporters indicate that
the coupling of substrate translocation through the MSDs to
the ATPase (catalytic) activity of the NBDs is mediated by the
CLs at the interfaces between the two domains (36). In MRP1,
these are CL4 and CL5 in MSD1 and CL6 and CL7 in MSD2
(53). Particularly important are the short �-helical stretches of

16 –18 residues within these CLs, now often referred to as the
“coupling helices” (35, 36). Thus, although originally thought to
serve simply as sequences that connect the TMs, it is now quite
clear that the CLs of MRP1 are involved not only in determining
its substrate specificity and its proper folding and stable expres-
sion at the plasma membrane but also in its transport
mechanism.

Conjugated and Unconjugated Drug and OA Transport
by MRP1/ABCC1

Although initial investigations of MRP1 mostly focused on
its role in cancer multidrug resistance, the discovery that it
could transport both conjugated and unconjugated OAs greatly
broadened its pharmacological and physiological relevance
(Fig. 2). The most studied OAs transported by MRP1 are those
formed by conjugation with GSH, glucuronide, or sulfate. Con-
jugated xenobiotic OAs are typically products of Phase II drug
metabolism, which are usually (but not always) nontoxic. Nev-
ertheless, they require active transport (so-called Phase III) sys-
tems to be effluxed from the cell in which they are formed to
enable their elimination from the body (59). Elimination of cer-
tain conjugated OAs, such as catechol metabolites, is particu-
larly critical because they may retain the electrophilic or redox
properties of their parent compounds, and thus their ability to
exert tissue toxicity (30, 59, 60). For example, 5-(glutathion-S-
yl)-N-methyl-�-methyldopamine and other GSH conjugates of
the psychoactive chemical known as “ecstasy” have been iden-
tified as the causative agents in the selective neurotoxicity
observed in abusers of this agent (60). These GSH conjugates
are transported by MRP1 (and MRP2) in vitro (61), although the
precise role of these transporters in the overall accumulation of
these toxic metabolites in the intact brain is yet to be
determined.

Perhaps the best characterized endogenous conjugated OA
substrates of MRP1 are the earlier mentioned GSH and glucu-
ronide conjugates, LTC4 and E217�G, respectively (4, 17, 62,
63). In addition, the sulfated steroids estrone sulfate and dehy-
droepiandrostenedione sulfate are transported by MRP1.
Transport of the latter two conjugates is distinguished by its
dependence on GSH (64, 65). Several glucuronidated xenobiot-
ics are also dependent on GSH for their transport, but none of
the endogenous glucuronidated MRP1 substrates identified
thus far require this tripeptide (4, 31, 66 – 68). The physico-
chemical properties that determine whether or not an OA will
require GSH for its transport by MRP1 remain a mystery.

Lipid-derived Signaling Molecules as Substrates of MRP1

The CysLT LTC4 (and its extracellularly formed CysLT
metabolites leukotriene D4 and leukotriene E4) are potent pro-
inflammatory molecules derived from arachidonic acid
through the 5-lipoxygenase/leukotriene C4 synthase pathway
(69) (Figs. 2 and 3). CysLTs have roles in both innate and adap-
tive immune processes and exert their effects through interac-
tion with the GPCRs, CysLTR1 and CysLTR2, which are found
mostly in macrophages, mast cells, and the lung. In the airways,
they induce smooth muscle contraction and increase vascular
permeability and mucus secretion (70). The identification of
CysLTs as in vitro substrates of MRP1 was first demonstrated
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using an inside-out membrane vesicle transport system in 1994
(62). The conjugated double bonds in its lipid “tail” endow
LTC4 with photolability, and this, together with its high affinity
for MRP1 (Kmapp 100 nM), allows direct and highly specific pho-
tolabeling of MRP1 that is readily detected by autoradiography.
These properties of LTC4 have greatly facilitated the biochem-

ical and pharmacological characterization of MRP1. Studies in
Abcc1�/� mice confirmed that LTC4 was a physiologically rel-
evant substrate as these animals exhibited decreased inflamma-
tory responses consistent with impaired LTC4 export (17). It
was suggested that MRP1 inhibitors might be developed that
could be useful in the treatment of inflammatory disorders,

FIGURE 2. ATP-dependent MRP1-mediated transport of endogenous and xenobiotic solutes. The diagram illustrates the diversity of molecules effluxed by
MRP1 across the plasma membrane in an ATP-dependent fashion. Included are representative examples of the endogenous/physiological substrates, both
proposed and demonstrated, effluxed by MRP1 such as lipid-derived effectors and mediators of cell signaling (and their receptors) implicated in the etiology
and progression of multiple human diseases. The best characterized physiologic substrate of MRP1, viz. LTC4, is highlighted, and only in this case is the
dependence of transport on ATP depicted. Also shown are the multiple and complex roles of GSH, both as a transported solute and as a stimulant of the
transport of other solutes by MRP1. The ATP dependence of MRP1-mediated transport of these molecules is not depicted due to space constraints but is
understood. EP1– 4 refers to the four subtypes of PGE2 receptors. Abbreviations: GS-DHN, GS-1,4-dihydroxy-nonene; GS-HNEA, GS-4-hydroxy-2-nonenoic acid;
BF, bioflavonoid; LTCS, LTC4 synthase; LTD4, leukotriene D4; LTE4, leukotriene E4; COA, conjugated organic anion; dPGJ2, 15-deoxy-�(12,14) PGJ2; S1PR1–5, S1P
receptors 1–5; UCOA, unconjugated organic anion; VRP, verapamil; ’X’, hydrophobic xenobiotic or drug.

FIGURE 3. Signaling molecules derived from endogenous lipids and transported by MRP1. Shown are the chemical structures of lipid-derived signaling
molecules and their GSH conjugates that are reported to be transported by MRP1. Abbreviations: GS-HNE, GSH-conjugated 4-HNE; GS-PGs, GSH-conjugated
prostaglandins; dPGJ2, 15-deoxy-�(12,14) prostaglandin J2; PGA2, prostaglandin A2.
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including those involving the airways such as asthma and
chronic obstructive pulmonary disease (17, 23). Unfortunately,
this has not turned out to be the case. However, more recent
genomic studies have indicated that certain ABCC1 polymor-
phisms may be associated with greater or lesser severity of
chronic obstructive pulmonary disease, as well as possibly
response of asthma patients to leukotriene modifiers (71, 72).

Other signaling molecules derived from arachidonic acid and
transported by MRP1, at least in vitro, include the GSH conju-
gates of the cyclopentenone PGs, prostaglandin A2 (PGA2), and
15-deoxy-�(12,14) PGJ2 (Figs. 2 and 3) (73, 74). The unconju-
gated forms of these electrophilic PGs have multiple cellular
targets and exert both anti-proliferative and anti-inflammatory
effects. Their �,�-unsaturated carbonyl groups enable them to
covalently modify target proteins and react with GSH. Both
GS-PG conjugates are transported by MRP1 in vitro with rela-
tively high affinity (Kmapp �0.9 and 1.4 �M, respectively), and
GSH conjugation and subsequent MRP1-mediated efflux of
these PG conjugates protects cells from the cytotoxic effects of
their parent PGs. Unlike LTC4, however, it has not yet been
conclusively established that these GS-PGs are physiologically
relevant MRP1 substrates. The unconjugated PGE2 has a satu-
rated cyclopentanone structure (and thus is less reactive), and
yet it is also transported by MRP1 (and MRP2) in vitro (75).
Studies in knock-out mice, however, suggest that the homolo-
gous MRP4 (ABCC4) is more likely to be the physiological
efflux transporter of this eicosanoid (76).

Like the class A and J PGs described above, 4-HNE is a rela-
tively stable �,�-unsaturated electrophile produced by the per-
oxidation of polyunsaturated fatty acids in biological mem-
branes in tissues under oxidative stress (Fig. 3). Because it can
form adducts with DNA, proteins, and lipids, 4-HNE is both
genotoxic and cytotoxic, and is causally involved in several
human pathologies including cardiac and neurodegenerative
diseases as well as cancer (77). Cellular 4-HNE levels are regu-
lated through metabolism including its Phase II conjugation
with GSH. GSH-conjugated 4-HNE is an inhibitor of GST,
among other biological activities, and must therefore be
exported from cells, a process likely mediated by MRP1 (78). In
this way, MRP1, together with GSH, plays a protective role
against oxidative stress. GSH-conjugated 4-HNE can be further
metabolized to GS-1,4-dihydroxy-nonene and GS-4-hydroxy-
2-nonenoic acid, but the biological activities of these GSH con-
jugates are not yet well characterized, nor has their cellular
efflux by MRP1 been described (77, 79).

Two additional lipid-derived signaling molecules have been
recently proposed as MRP1 substrates, S1P and LPI (Figs. 2 and
3). These lysophospholipid mediators participate in a myriad of
cellular processes mostly through their actions on GPCRs, and
disruptions in their signaling pathways have been implicated in
an array of inflammatory, cardiovascular, neurological, and
malignant diseases (80 – 82). However, how these signaling
molecules are released from the cells where they are synthe-
sized so that they can act on their target receptors is poorly
understood, although it seems likely that multiple cell type-
specific mechanisms are involved.

In the case of S1P, Mitra et al. (83) observed decreased export
of this lipid mediator from mast cells after knocking down

MRP1 with ABCC1 siRNA and after exposing the cells to the
nonspecific MRP inhibitor MK-571. More recent studies indi-
cate that MRP1 mediates S1P efflux from rat uterine leiomy-
oma cells and mouse adipocytes (84, 85), and a role for MRP1 in
S1P-mediated signaling has also been suggested from studies
using brain and spinal cord capillaries isolated from Abcc1�/�

mice (86). Most of the activities of S1P are mediated through
activation of the GPCRs S1PR1–5 (S1P receptors 1–5), which
act in concert to regulate many key cellular processes in human
health and disease as ably reviewed elsewhere (81, 82).

Pineiro et al. (87) also used siRNA to knock down ABCC1
mRNA and observed a 50% reduction in LPI export from PC-3
human prostate cancer cells that was associated with decreased
proliferation. Consequently, they suggested that these cancer
cells synthesize and export LPI (via MRP1), which then acts in
an autocrine fashion to promote their own proliferation. LPI
has an extensive range of both nonreceptor-mediated and
receptor-mediated activities (80, 81). Most of its receptor-me-
diated effects occur via activation of the GPCR GPR55. GPR55
is also a metabolic regulator (88) and is proposed to have a
signaling role in synaptic circuits in the brain (89). Hence
MRP1-mediated LPI efflux has the potential to affect more
cellular processes than just tumor cell proliferation and
progression.

The ability of MRP1 to efflux the monophosphorylated lipids
LPI and S1P is somewhat unexpected because phosphorylated
OA transport is more typically associated with the four-domain
MRP1 homologs MRP4 and MRP5 (90). However, MRP4 and
MRP1 appear to share several OA substrates (e.g. PGE2, dehy-
droepiandrostenedione sulfate) (65, 75) despite their relatively
distinct structures, and it will be of interest to determine
whether S1P and LPI are also transported by MRP4. In this
regard, pharmacological inhibitors that can distinguish
between MRP1 and MRP4 may be useful (4, 91).

GSH and MRP1-mediated Transport

MRP1 was the first mammalian ABC transporter to be iden-
tified that requires GSH to efficiently transport some of its drug
and conjugated OA substrates, and it remains unusual (but not
unique) in this respect. Thus, unlike P-glycoprotein, MRP1-
mediated efflux of natural product anticancer drugs (e.g. vin-
cristine) is dependent on GSH, which is co-transported without
the formation of conjugates (Fig. 2) (4, 63, 92–94). As men-
tioned earlier, transport of several conjugated OAs also
requires GSH, but in these instances, GSH serves only a stimu-
latory role and GSH transport itself is not detected (4, 29, 95).

MRP1 can also mediate the ATP-dependent efflux of GSH
even in the absence of drugs or other xenobiotics, but thus far,
there is no evidence that under physiological conditions,
another endogenous metabolite is co-effluxed with GSH. The
affinity of MRP1 for GSH is low (Kmapp �10 mM) but neverthe-
less is biologically significant because elevated GSH levels were
detected in organs of Abcc1�/� mice (96), and cells expressing
elevated MRP1 often contain lower GSH levels (4, 29). GSH
efflux by MRP1 can be stimulated in vitro not only by the hydro-
phobic drugs mentioned above but also by other xenobiotics
and bioflavonoids (4, 97–99) (Fig. 2). In the case of apigenin,
this stimulation is associated with a remarkable 10-fold
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decrease in the Kmapp of MRP1 for GSH, but the structural basis
for this change remains unknown (98). Bioflavonoids are
widely, if not always accurately (100), touted for their health
benefits. It is not clear, however, whether and how normal cells
(and tissues) could accrue a benefit from increased efflux of an
antioxidant such as GSH, and the physiological relevance of
bioflavonoid-stimulated MRP1-mediated GSH efflux is still
uncertain. On the other hand, flavonoid-induced GSH efflux
may be a way to sensitize cancer cells to antineoplastic agents
(4, 99).

Despite being known for almost two decades, these multiple
roles of GSH in the transport mechanism of MRP1 remain only
partly understood (4, 29, 30). Unlike other GSH-binding pro-
teins (e.g. GSTs), the sulfhydryl-reducing thiol moiety of GSH is
not required for its interaction with MRP1 (94, 97). Thus, the
central Cys residue of the GSH tripeptide can be replaced with
a neutral amino acid (e.g. Leu) or modified by alkylation (e.g.
S-methyl-GSH) and still retain its ability to stimulate drug and
OA transport (97). There is some evidence that GSH (and
S-methyl-GSH) cause a conformational change in MRP1 (spe-
cifically, its COOH terminus), but whether and how this change
is related to its transport activity is still unclear (95). MRP1-
mediated GSH efflux has been implicated as contributing to a
variety of human pathologies including retinal pigment epithe-
lial cell death associated with oxidative stress and age-related
macular degeneration, and ischemic stroke (24, 26, 30).

MRP1 may also be involved in transporting biologically
important GSH complexes, and in particular, those with NO, a
short-lived chemically reactive signaling and effector molecule
that exerts many of its varied physiological activities, including
vasodilation, by interacting with iron-containing proteins.
Given the short half-life of uncomplexed NO, and the need for
it to be exported to carry out its extracellular functions, mech-
anisms for NO storage and transport are critical. Thus, Rich-
ardson and colleagues (101) have proposed that cells can form
dinitrosyl-diglutathionyl-iron ((GS)2-Fe-(NO)2) complexes as
long-lived NO intermediates and have provided genetic and
pharmacological evidence that these complexes can be effluxed
from cells by MRP1 (Fig. 2). Further studies that more precisely
delineate the role of MRP1 in the actions of this important
chemical messenger are eagerly anticipated.

In addition to GSH (and GSH complexes), MRP1 can trans-
port the oxidized disulfide form of GSH, GSSG (Fig. 2) (102).
GSSG is known to inhibit several enzymes (e.g. adenylate
cyclase) while activating or stimulating others (e.g. aminolevuli-
nate synthase), and thus it can play a regulatory role in cell
metabolism. GSSG levels increase in cells under oxidative
stress, and the efficient removal of this molecule with pro-oxi-
dant activity is important for redox homeostasis (30). Unlike
GSH, GSSG does not stimulate the transport of other MRP1
substrates but rather inhibits it (102). Low GSSG levels are nor-
mally maintained in the cell by GSH reductase, but GSSG
export appears to be an alternative mechanism of removal. The
affinity of MRP1 for GSSG is relatively high (Kmapp �70 �M)
(102), and in vitro and genetic studies indicate that MRP1-me-
diated GSSG efflux is physiologically relevant, particularly in
neural cells (103).

Concluding Remarks

We have come a long way since MRP1 was discovered more
than 20 years ago during a search for causes of multidrug resis-
tance in tumor cells not associated with overexpression of
P-glycoprotein (3, 4). Much attention has remained focused on
the drug-transporting activity of MRP1 because of the prospect
of improving the responses of patients to antineoplastic agents
through the co-administration of MRP1 inhibitors (4). Recent
evidence that knowledge of ABCC1 polymorphisms may have
some utility in predicting adverse drug reactions has enhanced
interest in the role of MRP1 in therapeutic efficacy and toxicity
(4). Within 5 years of its discovery, however, MRP1 was estab-
lished as being more than just a drug transporter when both in
vitro and knock-out mouse models revealed it to be the physi-
ological efflux pump of the pro-inflammatory LTC4 as well as
reduced and oxidized GSH. Interest in MRP1 as a mediator of
the cellular efflux of these and other endogenous OAs has
grown as other lipid-derived ligands such as PGs, PG conju-
gates, and lysophospholipids have been identified as MRP1 sub-
strates. Whether these endogenous molecules exert their
effects directly, or through GPCRs and associated signaling cas-
cades, there is strong evidence that they are relevant and impor-
tant in multiple cellular processes. Many actions of these MRP1
substrates are still far from fully understood, but their involve-
ment in acute and chronic inflammation, cell metabolism, dif-
ferentiation, proliferation, survival, and cell-cell communica-
tion, all processes that influence a host of human diseases
including cancer, has been established. Thus, it seems clear that
MRP1 (and its genetic variants) has emerged as a multitasking
transporter that has critical roles in cell biology that are inde-
pendent of its function as a drug efflux pump, and thus it has the
potential to have a broader impact on human health and disease
that still remains to be fully appreciated.
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Piezo proteins have recently been identified as ion channels
mediating mechanosensory transduction in mammalian cells.
Characterization of these channels has yielded important
insights into mechanisms of somatosensation, as well as other
mechano-associated biologic processes such as sensing of shear
stress, particularly in the vasculature, and regulation of urine
flow and bladder distention. Other roles for Piezo proteins have
emerged, some unexpected, including participation in cellular
development, volume regulation, cellular migration, prolifera-
tion, and elongation. Mutations in human Piezo proteins have
been associated with a variety of disorders including hereditary
xerocytosis and several syndromes with muscular contracture as
a prominent feature.

Mechanotransduction, the conversion of mechanical forces
into biological signals, is a fundamental physiologic process
that reveals environmental features to an organism. This pro-
cess, critical for all or almost all mammalian cells, has been
linked to stretch-activated ion channels (SACs)2 (1, 2). Mecha-
notransduction influences many important processes includ-
ing embryonic development and sensory perception, such as
touch, pain, proprioception and hearing, flow sensing in the
kidney, regulation of vascular tone, and muscle and tendon
stretch (1). In bacteria, the molecular identity of mechanosen-
sitive ion channels has been understood at the molecular level
for many years. However, until recently, the molecular identity
of mechanosensory ion channels in higher organisms has been
unknown (2).

Piezo Proteins

Piezo1 and Piezo2 proteins, encoded by the Piezo1/FAM38A
and Piezo2/FAM38B genes, respectively, were recently identi-
fied as mechanically activated (MA) ion channels in the murine
neuroblastoma cell line N2A in an siRNA screen (3, 4). They
have subsequently been shown to induce MA cationic currents
in numerous eukaryotic cell types, connecting mechanical
forces to biological signals. Piezo proteins are predicted to be
large integral membrane proteins with 24 – 40 transmembrane
domains, making them the proteins with the largest number of
transmembrane domains (Fig. 1) (4). Initially described as an
essential component of an MA ion channel (4), Piezo1 was later
shown to possess an ion-conducting pore (3). Piezo1 forms
homotetramers, but whether the complex contains one or four
pores is unknown (3).

Piezo1 and Piezo2, �2500 and 2800 amino acids long,
respectively, share �50% identity. Piezo homologues are
found in organisms as diverse as plants, protozoa, and inver-
tebrates. Phylogenetic analyses suggest that in vertebrates,
Piezo1 diverged from Piezo2, as most lower organisms carry a
single Piezo protein, whereas vertebrates have two (Fig. 2 and
supplemental Fig. 1). The exception is pathogenic protozoa,
where homologues of Piezo are present in two groups geneti-
cally distinct from mammalian Piezo1 and Piezo2 (5). Multispe-
cies sequence alignments of evolutionarily distant protozoa,
amoeba, plant, insect, and vertebrate Piezos reveal a remarkably
conserved motif, the PFEW domain, hypothesized to be
involved in channel conductance or gating (Fig. 3). Most muta-
tions associated with human disease occur in this domain (see
below).

In mice and humans, many mRNA isoforms from different
cell types have been identified for both Piezo loci. Whether
these isoforms are translated and/or are of functional signifi-
cance is unknown. Piezo1 is broadly expressed with high levels
in skin, bladder, kidney, lung, endothelial cells, erythrocytes,
and periodontal ligament cells (6). Piezo2 is most prominently
expressed in sensory trigeminal ganglia (TG) and dorsal root
ganglia (DRG), Merkel cells, lung, and bladder (4, 7–9).

Electrophysiological Properties of Piezo Channels

Piezo1 and Piezo2 mediate nonselective cationic MA cur-
rents, with rapid desensitization during the static phase of the
stimulus (Fig. 4A). Single-exponential fits to the desensitization
component shows that at �40 mV, Piezo1 and Piezo2 desensi-
tize with � �32 and 16 ms, respectively. Unlike peak amplitude,
desensitization time is voltage-dependent and increases at pos-
itive potential (4). Experiments in heterologous systems show
the absence of a systematic relationship between Piezo1- and
Piezo2-mediated current amplitude and desensitization kinet-
ics (4, 10 –12), suggesting that the two parameters can be stud-
ied independently.

Following a complete desensitization, Piezo1 cannot be effi-
ciently opened by the application of the same or larger force
without first returning the initial stimulus to baseline (11).
Complete recovery from desensitization takes hundreds of mil-
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liseconds (10, 13). This mechanism is referred to as inactiva-
tion, different from the adaptation mechanism, which presup-
poses efficient reopening of a desensitized channel by repetitive
stimulation (14). Whether Piezo2 desensitizes through inacti-
vation or adaptation has not been fully addressed.

Pharmacological Regulation of Piezo1 and Piezo2

Piezo1 and Piezo2 are pharmacologically orphaned, with
only a small number of nonspecific inhibitors available. Ruthe-
nium Red (RuR) and gadolinium (Gd3�) reversibly block Piezo1
and Piezo2 current in C2C12 cells (4). RuR blocks murine
Piezo1 at IC50 5.4 �M only when applied from the extracellular
side, but fails to block the Drosophila Piezo orthologue (3).
Another small molecule blocker, FM1-43, inhibits human
Piezo2 current at 15 �M (15), but whether the block is reversible
is unclear. In HEK293 cells, �80% of peak Piezo1 current is
reversibly inhibited by both L-enantiomers and D-enantiomers
of GsMTx4, a peptide from tarantula venom (16). GsMTx4 is
effective against Piezo1 at low micromolar concentrations and
inhibits the channel only when applied from the extracellular
side (10, 17, 18). GsMTx4 acts as a gating modifier shifting the
midpoint of activation to higher pressure values (17). Whether
GsMTx4 is effective against Piezo2 is unclear; in DRG neurons,
GsMTx4 fails to suppress rapidly desensitizing MA currents
(19) thought to be mediated by Piezo2 (4, 20).

None of these inhibitors are Piezo-specific. RuR and Gd3�

are known as efficient blockers of various types of ion channels
in native cells and heterologous systems (21–25), whereas

FM1-43 effectively inhibits both Piezo2-dependent and Piezo2-
independent MA current in neurons from dorsal root ganglia
(26). Similarly, GsMTx4 has many off-targets (27), perhaps due
to its general mechanism of action via the lipids of the plasma
membrane (28).

Molecular Properties of Piezo1

Incorporation of purified Piezo1 into an asymmetric lipid
bilayer triggers electrical activity suppressed by the application
of 50 �M RuR to the “extracellular” side of the bilayer. In pro-
teoliposomes, Piezo1 conducts K� and Na� without prefer-
ence, but whether purified Piezo1 conducts divalent ions
and/or retains mechanosensitivity is unclear (3). Perhaps
mechanosensitivity depends on the interaction with a regulator
protein, such as stomatin-like protein 3 (STOML3), which
interacts with both Piezo1 and Piezo2 and positively regulates
channel activity (12), or it could be an intrinsic property of the
channel, similar to that reported for the bacterial mechano-
gated channels MscS and MscL (29) and the eukaryotic two-
pore potassium channels of the TREK group (30, 31). When
compared side-by-side, Piezo1 activation requires a similar
change in membrane tension as MscL (13), suggesting that lipid
tension alone is, in principle, sufficient to gate Piezo1.

Biological Aspects of Piezo1

Role of Piezo1 in Vascular Biology

Piezo1 appears to function in endothelial cell types under
both static and shear stress conditions. Germ line homozygous
Piezo1 knock-out mice exhibited embryonic lethality at mid-
gestation with disorganized and decreased yolk sac vasculature
(32, 33). Embryos demonstrated growth retardation, pericar-
dial effusion, and defects in vascular formation. Mice with
endothelium-specific disruption of Piezo1 also exhibited
embryonic lethality, with abnormal vessel formation and per-
turbed endothelial cell organization and alignment (32). Mice
haploinsufficient for Piezo1 in endothelial cells were viable,
with endothelial abnormalities in mature vessels. In Piezo1-
depleted human umbilical vein endothelial cells (HUVECs)
under static conditions, there was a total reduction in eNOS
protein, decreased vascular endothelial growth factor (VEGF)-
evoked phosphorylation of Ser-1177, a critical enhancer of
eNOS activity, and suppression of endothelial cell migration,
suggesting that Piezo1 drives endothelial cell migration
through eNOS in the absence of shear stress (32).

Piezo1 also acts as an endothelial sensor of blood flow, pro-
moting endothelial cell organization and alignment in the
direction of flow (32, 33). Shear stress in HUVECs led to a
change in subcellular localization of Piezo1, from a broad dis-
tribution under static conditions to accumulation at leading
apical lamellipodia. Piezo1-depleted HUVECs exhibited defec-
tive alignment and elongation of endothelial cells in response to
laminar shear stress as well as defective migration of cells
toward VEGF. In wild type HUVECs under similar conditions,
GsMTx4 disrupted the alignment of cells in the direction of

FIGURE 1. Models of human PIEZO1 and PIEZO2. A and B, predicted membrane topology models of PIEZO1 (panel A, UniProt accession number Q92508) and
PIEZO2 (panel B, UniProt accession number Q9H5I5) were created using Swiss-Prot prediction tools and the methodology of Eisenberg et al. (74). The locations
of PIEZO1 mutations identified in hereditary xerocytosis (A) and PIEZO2 mutations identified in DA5, GS, and MWS (B) are marked. aa, amino acids.

FIGURE 2. Evolutionary relationships of Piezo proteins. A phylogenetic
tree based on comparison of Piezo protein sequences illustrating the rela-
tionships of Piezo proteins between species is shown. A single Piezo protein is
present in lower species, including plants, worms, and flies. Near the base of
the vertebrate tree, Piezo proteins were duplicated. The presence of more
than one protein infers that the Piezo proteins have acquired additional func-
tions. C. elegans, Caenorhabditis elegans.
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shear stress, whereas both GsMTx4 and RuR blocked cell
migration toward VEGF. Application of shear stress to endo-
thelial cells evoked Piezo1-dependent currents with calcium
influx followed by activation of calpain-2 activity. Protease acti-
vation, via proteolytic cleavage of the actin cytoskeleton and
focal adhesion proteins, led to the spatial reorganization and
alignment of endothelial cells to the polarity of the applied force
(32).

Piezo1 in Erythrocytes

Based on its role in hereditary xerocytosis (HX, see below),
numerous roles have been suggested for Piezo1 in the erythro-
cyte. It has been suggested that Piezo1 plays a previously unrec-
ognized role in erythrocyte volume regulation, with HX eryth-
rocytes gradually becoming dehydrated during repeated cycles
of travel through the microcirculation, associated with changes
in oxygenation/deoxygenation (34). A potential role in regulat-
ing a stretch-activated calcium pathway has also been suggested
(35–38). Local deformations in the erythrocyte membrane
transiently activate a calcium permeability pathway, leading to
increased intracellular calcium, with activation of potassium
currents through the calcium-sensitive Gardos channel and
activation of secondary anion currents through other channels
(39). Circulatory shear stress has been suggested to cause
reversible increases in erythrocyte calcium permeability (36,
40). Erythrocyte aging has been associated with alterations in
membrane permeability for calcium (41– 43). Localized mem-
brane deformation has been associated with increased calcium
in the process of apical alignment in the initial steps of malaria

invasion (42). Thus Piezo1 is an excellent candidate for the
unidentified stretch-induced cation pathway in the erythrocyte
that plays critical roles in erythrocyte aging, malaria invasion,
and circulatory shear stress.

It has also been suggested that Piezo1 may act as an osmore-
ceptor in erythrocytes and other cells. Volume sensing, a poorly
understand process in vertebrate cells, has been linked to
stretch-activated currents induced by changes in cell volume
(44). As soon as the Piezo proteins were identified, they were
candidates for cellular osmosensors (45). GsMTx4 inhibits
both mechanically activated currents and whole-cell regulatory
volume decreases in NRK-49 cells, indicating a potential role
for Piezo1 in volume homeostasis (46). Knockdown of Piezo1
and its homologues in zebrafish erythroid cells led to develop-
ment of macrocytic anemia, sphere-shaped circulating erythro-
cytes with disrupted membranes, and swollen nuclei (47).
These results are intriguing, suggesting that Piezo1 not only
may participate in volume regulation but also may have a role in
maintaining the structural integrity of the red cell. However,
because zebrafish erythrocytes do not enucleate, volume
homeostatic mechanisms and membrane structure may be dif-
ferent from that in enucleated mammalian erythrocytes. A
recent genome-wide association study of red cell indices linked
mean corpuscular hemoglobin concentration, a factor influ-
enced by erythrocyte hydration, to a single nucleotide polymor-
phism (rs10445033) in the PIEZO1 gene locus, explaining 8% of
the phenotypic variance of mean corpuscular hemoglobin con-
centration (48).

FIGURE 3. A highly conserved region in Piezo proteins. Multiple sequence alignment of Piezo proteins reveals a highly conserved region across species in the
COOH terminus of Piezo proteins from plants to humans. This absolutely conserved region, the PFEW motif, is shown with amino acids comprising this motif
shaded.
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Piezo1 in the Genitourinary Tract

Piezo1 is expressed in cells of the genitourinary system, espe-
cially in renal tubular epithelial cells and in uroepithelial cells.
Similar to endothelial cells, studies in Piezo1-expressing
HEK293 cells demonstrated shear stress activation of Piezo1
followed by calcium influx. Knockdown of Piezo1 in basolateral
proximal convoluted tubular cells reduced activity of SACs.
Interestingly, Polycystin-2 interacts with Piezo1 and inhibits
endogenous SACs in these cells, indicating that renal SACs
depend on Piezo1 but are critically conditioned by Polycystin-2
(49). These results suggest a role for Piezo1 in detection of
intraluminal pressure changes and urine flow sensing. In cul-
tured uroepithelial cells, Piezo1 has a functional role in stretch-
evoked calcium influx and ATP release, an effect blocked by
GsMTx4, implicating a role for Piezo1 in detecting urothelial
extension during bladder distention (18).

Piezo1 in Osteoclastogenesis

Static compressive loading led to Piezo1 up-regulation in
human periodontal ligament cells, contributing to mechanical
stress-induced osteoclastogenesis (6).

Role of Piezo1 in Cell Migration, Proliferation, and Elongation

Piezo1 was shown to participate in integrin activation, sug-
gesting a non-MA role for Piezo1. Knockdown of Piezo1 in lung
epithelial cells decreased cell adherence and promoted cell
migration (50). Because it is down-regulated in many small cell
lung cancer cell lines, loss of Piezo1 has been suggested to play
a role in increased cell migration and distant metastases in lung
cancer (50). In contrast, knockdown of Piezo1 in gastric tumor
cell lines was associated with decreased cell migration (51).
These studies, along with those from endothelial cells, impli-
cate a role for Piezo proteins in cell migration, proliferation, and
elongation.

Biological Aspects of Piezo2

Mechanosensation provides a necessary means of communi-
cation of an organism with its environment through the largest
organ in the body of mammals, the skin. Dysregulation of
somatosensory mechanosensitivity leads to peripheral neurop-
athies, which, in most cases, have no effective treatment. These
conditions include diabetic neuropathy, peripheral vascular
disease, and post-chemotherapy neuropathies. The cause of
somatosensory dysfunction in most neuropathies is poorly
understood. In many cases, it appears to involve aberrant sen-
sitivity to mechanical force at the level of cutaneous mechano-
receptors or primary afferent neurons. Mechanical allodynia,
associated with several neuropathies, is the disease where nor-
mally innocuous stimuli are perceived as excruciatingly painful
(52). No specific treatments are available beyond palliative
measures. Exemplary of these disorders is trigeminal neuralgia
(53), a debilitating condition manifested as severe facial pain
provoked by light touch, likely caused by aberrant mechanosen-
sitivity of the trigeminal nerve. Despite decades of research, the
molecular mechanism(s) through which we sense mechanical
inputs remains poorly defined. Mechanosensitivity is the least
understood of our senses at cellular and molecular level
(54 –56).

Piezo2 participates in the recognition of light touch and nox-
ious stimuli at the level of both primary afferents and somato-
sensory components of cutaneous mechanoreceptors (see
below). However, these processes require further investigation.
It appears likely that Piezo2 alone is not sufficient to mediate
the multitude of mechano-evoked phenomena observed in
neural and somatic cells involved in cutaneous mechanotrans-
duction. For instance, in somatosensory neurons, Piezo2 is
responsible only for the rapidly desensitizing MA current (4,
20). In Merkel cells, conditional knockdown of Piezo2 is insuf-
ficient to recapitulate the effect of complete Merkel cell abla-
tion (8). Therefore, other mechano-gated ion channels are
likely to exist in both neural and somatic components of the
mechanotransducing system.

Contribution of Piezo2 to Mechano-activated Current in
Primary Afferent Neurons

In the skin, mechanical forces are perceived by peripheral
cutaneous end organs, which contain somatic cells in complex
with primary afferent nerve endings. Somata of the primary
afferents are located in the somatosensory ganglia, either TG,
which innervate the head, or DRG, which innervate different

FIGURE 4. Mechano-activated Piezo currents. A, representative whole-cell
currents in HEK293 cells expressing murine Piezo2. Mechanical stimulation
was delivered by a glass probe affixed to a piezoelectricity-driven actuator at
800 �m/s velocity in steps of 1.0 �m (4). B, wild type and mutant R2456H
PIEZO1. Representative peak-normalized traces of mechanically activated,
whole-cell currents recorded from HEK293 cells expressing wild type (black
trace) or mutant R2456H (blue trace) PIEZO1 at �80 mV are shown. The stim-
ulus waveform at 11 �m is shown above the current traces. The PIEZO1
R2456H mutation exhibits slower inactivation kinetics.
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parts of the body. Primary afferents are intrinsically mechano-
sensitive, i.e. they have the ability to convert membrane stretch
into depolarizing ionic current in the absence of other tissue
components. Direct mechanical stimulation of somata or neu-
rites of dissociated DRG neurons elicits MA current that expo-
nentially desensitizes with a characteristic time constant, � (21).
� values serve as the basis for neuronal classification as rapidly,
intermediately, and slowly desensitizing (4, 12, 19 –22, 24, 26,
57–59).

Piezo2 activity has been linked to mechanosensitive neurons
in DRG (4, 15, 20, 60, 61) and TG (62, 63) Knockdown studies
reveal that Piezo2 is responsible for a majority of the rapidly
desensitizing MA current in murine DRG neurons. Piezo2-ex-
pressing neurons, however, do not seem to belong to a single
functional subtype. Piezo2 is expressed in small-diameter
unmyelinated nociceptors expressing TRPV1 or VGLU3 and in
large-diameter myelinated neurofilament 200-positive innocu-
ous mechanoreceptors (4, 20), suggesting the involvement of
Piezo2 in both painful and innocuous mechanoreception.
Intrathecal injection of Piezo2 antisense oligonucleotides into
DRG neurons elevated the threshold of sensitivity to light touch
(15). Because germ line knock-out of Piezo2 leads to embryonic
lethality (60), a better understanding of the contribution of
Piezo2-mediated MA current in neurons to physiological touch
responses will require behavioral analysis of animals with pri-
mary afferents lacking Piezo2.

Role of Piezo2 in Light Touch Sensitivity

Several studies have revealed a key role for Piezo2 in mecha-
notransduction in Merkel cells in the skin (7–9). These cells are
part of the Merkel cell-neurite complexes innervated by a spe-
cific subset of primary afferents, the A� slowly adapting type I
low-threshold mechanoreceptors (SAI-LTMR). These com-
plexes transmit high spatial resolution and selective sensitivity
and are thought to participate in both gentle touch and the
decoding of specific object features such as form, shape, and
texture by the skin. Direct mechanical stimulation of dissoci-
ated murine Merkel cells with a glass probe evoked a rapidly
desensitizing RuR-sensitive MA current, absent after condi-
tional knock-out of Piezo2 in skin (7, 8). Similarly, recordings
from Merkel cells in an ex vivo whisker hair follicle preparation
revealed rapidly desensitizing MA current inhibited by Gd3�,
RuR, anti-Piezo2 antibody, or Piezo2 shRNA knockdown (64).

Mechanical stimulation can be subdivided into two compo-
nents: when the probe is in the process of deforming the mem-
brane (the dynamic phase) and when the probe is held in the
extended position (the static phase). In response to such a
ramp-and-hold type of stimulation, slowly adapting type I low-
threshold mechanoreceptors transmit a well defined firing
pattern, consisting of a high-frequency response during the
dynamic phase followed by a slowly adapting response during
the static phase. Conditional knock-out of Piezo2 in Merkel
cells only modestly affected firing in the dynamic phase, but
profoundly attenuated the response in the static phase, decreas-
ing the number of spikes and increasing inter-spike interval (7,
8). Piezo2 knockdown in hair follicles suppressed firing at both
dynamic and static phase (64). The discrepancy between these
results could be due to the different origin of Merkel cells

(touch domes in Refs. 7 and 8 versus whisker hair follicles in Ref.
64). However, it appears that Piezo2 contributes to the mecha-
nosensitivity of both neural and somatic components of the
cutaneous Merkel cell organs and that the deletion of Piezo2 in
Merkel cells leads to the inability of the sensory neurons to
transmit afferent response in the typical slowly adapting man-
ner. At the behavioral level, deletion of Piezo2 in Merkel cells
suppresses sensitivity to gentle (�1.5 g) touch by a Von Frey
filament, but does not affect sensitivity to heavier stimuli (7).
Further experiments, using other types of light touch-oriented
behavioral paradigms (65), are required to clarify the contribu-
tion of Piezo2 to light touch detection.

A recent study has revealed an unprecedented up-regulation
of Piezo2-expressing large-diameter neurons in TG of acutely
mechanosensitive species-tactile foraging ducks (63). The skin
of the duck bill contains numerous mechanoreceptive end
organs that are innervated by primary afferents from TG. The
expansion of Piezo2-positive mechanoreceptors in duck TG,
where these cells account for up to 85% of the neuronal popu-
lation, further supports the notion of a key role for this protein
in light touch perception (63).

Role of Piezo2 in Noxious Mechanotransduction

Co-localization of Piezo2 with small-diameter unmyelinated
nociceptors in DRG suggested a role in noxious mechanosen-
sitivity. Piezo2-mediated MA current amplitude was signifi-
cantly potentiated in cells treated with the proalgesic peptide
bradykinin (BK) and co-expressing the bradykinin receptor �2
(60). In addition to the effect on MA current amplitude, BK
treatment prolonged desensitization, thus increasing the
amount of depolarizing charge entering the cell. This effect is
evident in Piezo2-expressing HEK293 cells and cultured DRG
neurons exhibiting the rapidly desensitizing MA current. Phys-
iologically, both the increase in amplitude and the prolongation
of desensitization facilitate depolarization and increase the
chance of action potential generation, signaling pain. The intra-
cellular pathways connecting BK signaling and Piezo2 include
G-protein-mediated signaling cascades, which converge on
protein kinases C and A (PKA). Piezo2 has over 30 potential
phosphorylation sites, but their functional importance awaits
clarification (60).

Phosphorylation is probably not the only mechanism of
Piezo2 activity regulation. For example, cAMP, an intracellular
messenger linked to development of mechanical allodynia and
hyperalgesia, potentiates Piezo2 activity in HEK293 cells and
DRG neurons and prolongs desensitization of mouse (but not
human) Piezo2 (15, 60). In addition to a direct potentiation of
PKA, cAMP triggers Epac1-dependent signaling, which has
numerous downstream effector targets, including phospho-
lipases, GTPases, and ion channels (66). The involvement of the
Epac1 in a Piezo2 sensitization cascade is supported by the find-
ing that ectopic expression of Epac1 potentiates human Piezo2
activation by cAMP (15). Interestingly, upon the formation of
the whole-cell recording configuration, the amplitude of the
rapidly desensitizing MA current in DRG neurons and in
Piezo2-expressing HEK293 cells gradually increases. This
run-up process can be reversed by the omission of GTP from
the intracellular solution (61), which further strengthens func-
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tional connections between Piezo2 and G-protein signaling
cascades.

Intrathecal injection of Piezo2 antisense oligonucleotides
significantly attenuates Epac1-mediated allodynia in two mod-
els of chronic and neuropathic pain (15). Knockdown of Piezo2
in whisker hair follicles pre-sensitized with capsaicin injection
suppresses pain responses (64). In flies, full genomic or sensory
neuron-specific ablation of the Piezo orthologue leads to a
severe and specific defect in noxious mechanotransduction
(67). Together, these data strongly link Piezo2 function with
noxious mechanosensation at physiological level. Descriptive
studies identified Piezo2 in a neurochemically distinct subpop-
ulation of corneal afferent neurons that are not polymodal noci-
ceptors or cold-sensing neurons, suggesting that this subpopu-
lation of pure mechano-nociceptors is an excellent candidate
for transducers of noxious mechanical stimuli in the cornea
(62).

Piezo Proteins and Human Disease

PIEZO1 and Hereditary Xerocytosis

Combining linkage analyses, SNP typing, and exome
sequencing, Zarychanski et al. (68) identified PIEZO1 as the
gene for HX. HX is a dominant disorder of erythrocyte dehy-
dration with mild to moderate compensated hemolytic anemia
(69). HX erythrocytes exhibit decreased total cation and potas-
sium content not accompanied by a proportional net gain of
sodium and water. Additional HX-associated PIEZO1 missense
mutations have subsequently been described, primarily in res-
idues located in the highly conserved COOH terminus (70, 71).
Functional studies demonstrate a partial gain-of-function phe-
notype associated with many of the mutants due to generation
of MA currents that inactivate more slowly than wild type (�
increased 2–3 times, Fig. 4B), whereas R2456K or a truncation
at position 2218 renders the channel non-desensitizing (10, 13,
71). This indicates that there is likely increased cation permea-
bility that leads to HX erythrocyte dehydration. Because the
channel may homo-tetramerize, this delayed inactivation may
be due to a dominant negative effect. In some PIEZO1 HX-
associated variants, the mechanism of cellular dehydration is
unknown.

PIEZO2 and Neuromuscular Abnormalities

Coste et al. (72) identified two mutations in PIEZO2 in
patients with distal arthrogryposis (DA) type 5. The arthrogry-
posis syndromes are a collection of disorders characterized
by multiple congenital joint contractures. There is wide phe-
notypic variability, and numerous etiologies, inherited and
acquired, have been implicated. DA5 is a dominant disorder
characterized by skeletal muscle contractures, restrictive lung
disease, and ophthalmoplegia. Both mutations were associated
with faster recovery of PIEZO2-dependent MA currents from
inactivation, whereas one was also associated with slowed inac-
tivation (72).

McMillin et al. (73) identified 13 PIEZO2 mutations in 35
families affected by Gordon syndrome (GS), DA5, and Marden-
Walker syndrome (MWS). Gordon syndrome is an uncommon
dominant disorder associated with multiple contractures of the
hands and feet and cleft palate. MWS is characterized by joint

contractures, cleft palate, blepharophimosis, developmental
delay and hindbrain malformations. All three syndromes are
phenotypically similar, distinguished by a few specific charac-
teristics. This study revealed that there is significant phenotypic
and genotypic overlap between these disorders. Ten GS kin-
dreds had PIEZO2 mutations, with nine kindreds sharing an
identical mutation, R2686H. PIEZO2 mutations were found in
24 of 29 DA5 kindreds, including two kindreds with R2686H
and 10 with pGlu2727del, the mutation previously identified by
Coste et al. (72) One MWS kindred had a mutation in the same
amino acid as GS and DA5 kindreds, R2686, with replacement
of Arg by Cys instead of His. Although no functional studies
were performed, the authors suggest that PIEZO2 mutations
may disrupt a neuromuscular pathway that influences skeletal
muscle development. Similar to HX-associated PIEZO1 muta-
tions, most PIEZO2 mutations were located in the highly con-
served COOH terminus, highlighting this region of Piezo pro-
teins as a key element controlling channel desensitization.

All Piezo1 and Piezo2 mutations characterized so far are
gain-of-function, strongly suggesting that the underlying cause
of Piezo-linked disorders is excessive cation influx in response
to mechanical stimulation. The phenotypic variability suggests
different functional roles for the COOH terminus of Piezo pro-
teins in varying cell types.

Future Directions

Since their discovery as mechanosensory transduction mol-
ecules, studies of Piezo proteins have revealed many unex-
pected roles beyond mechanotransduction. It will be exciting to
unravel the numerous cell-, development-, and differentiation
stage-specific and organism-specific roles of these proteins.
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The dynamic cycling of N-acetylglucosamine (termed
O-GlcNAcylation) on serine or threonine residues of nuclear or
cytoplasmic proteins serves as a nutrient sensor, both indepen-
dently and also via its interplay with other post-translational
modifications, to regulate signaling, transcription, and cellular
physiology. Emerging evidence suggests that dysregulation of
this ubiquitous post-translational modification contributes to
the etiology of some the most important human chronic
diseases.

O-GlcNAcylation (first described in the Journal of Biological
Chemistry about 30 years ago (1, 2)) is the cycling of a monosac-
charide, �-N-acetylglucosamine, derived directly from glucose,
that is attached to serine or threonine hydroxyl groups of most of a
cell’s nuclear and cytosolic proteins. O-GlcNAcylation is essential
in mammals and plants and serves as a nutrient sensor to regulate
signaling, transcription, and cytosolic functions in a manner that is
similar to and often cross-talking with protein phosphorylation
and other post-translational modifications. The extent of O-
GlcNAcylation is directly tied to flux through glucose, amino
acids, acetyl-CoA, and nucleotides, and the donor for O-
GlcNAcylation, UDP-GlcNAc, is second only to ATP in abun-
dance as a high-energy small molecule. O-GlcNAcylation not only
regulates practically every cellular process in response to
nutrients, but also is emerging as a major molecular player in
the etiology of diseases of aging, such as diabetes, cancer, and
Alzheimer disease (3, 4).

This thematic minireview series provides an overview of our
current knowledge about the myriad roles of O-GlcNAcylation
in cellular physiology. Janetzko and Walker (5) describe the
state of our understanding of the O-GlcNAc transferase (OGT).
OGT, which has thousands of specific substrates, is a multi-
functional enzyme that not only is a unique glycosyltransferase,
but also serves as a specific protease by a novel mechanism.
Alonso, Schimpl, and van Aalten (6) describe the state of our
knowledge concerning O-GlcNAcase (OGA), the enzyme that
removes O-GlcNAc from polypeptides. OGA is a unique �-N-
acetylglucosaminidase with two major domains, a catalytic
domain and a GNC5-type histone acetyltransferase domain.
Caspase-3 cleaves the enzyme in half upon apoptosis. Several
laboratories have studied the OGA enzyme mechanism, pro-
duced highly specific and potent inhibitors, and determined the

crystal structure of bacterial isoforms. Lewis and Hanover (7)
highlight how O-GlcNAcylation serves as a direct link from
nutrient metabolism to gene expression by regulating tran-
scription. Recent work has shown that nutrient regulation of
transcription by O-GlcNAcylation is fundamentally important
to nearly all aspects of transcription. RNA polymerase II and
virtually of its transcription factors are O-GlcNAcylated.
Assembly of the preinitiation complex requires O-GlcNAc on
the C-terminal domain of RNA polymerase II, and its removal is
required for elongation. Histones are O-GlcNAcylated in
response to nutrients and stress. OGT has been identified as a
polycomb gene, which controls major developmental genes
(e.g. HOX genes). O-GlcNAc has been shown to regulate key
transcription factors in many ways, most famously as described
for NF�B, p53, and many others. O-GlcNAcylation also cross-
talks with other epigenetic modifications on histones and DNA.
Marsh, Collins, and Chatham (8) critically analyze the impor-
tant roles that O-GlcNAc cycling plays in the cardiovascular
system. They discuss the many studies that illustrate the roles of
O-GlcNAcylation both in cardioprotection and in mechanisms
underlying diabetic cardiomyopathy. Ma and Vosseller (9)
describe recent work showing that increased O-GlcNAcylation
is a general feature of cancer and is linked to cancer etiology and
phenotype. O-GlcNAc modifies nearly all oncogene proteins
and tumor suppressor proteins, especially those in the nucleus.
Depending upon the protein, O-GlcNAcylation regulates turn-
over, expression, or localization. The authors also discuss the
potential application of drugs that alter O-GlcNAcylation for
the treatment of cancer. Vaidyanathan and Wells (10) discuss
the many roles that O-GlcNAcylation plays both in the etiology
of diabetes and in molecular mechanisms underlying diabetic
complications, often termed “glucose toxicity.” Nutrient excess
and hyperglycemia dramatically elevate O-GlcNAc in all tis-
sues. Increased O-GlcNAcylation disrupts insulin signaling at
many points, and the effects of elevated O-GlcNAcylation on
signaling, mitochondrial functions, and transcription are
emerging as a major underlying cause of glucose toxicity. Zhu,
Shan, Yuzwa, and Vocadlo (11) discuss the emerging links
between glucose hypometabolism in the brain and the concom-
itant reduction of O-GlcNAcylation of neuronal proteins to the
progression of Alzheimer disease. O-GlcNAcylation is highly
abundant in the brain, where it appears to serve many func-
tions, one of which is the protection of brain proteins from
hyperphosphorylation and protein aggregation.1 To whom correspondence should be addressed. E-mail: ghart@asbmb.org.
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Thus, in the past 30 years, it has become apparent that
not only is O-GlcNAcylation an abundant, ubiquitous, and
dynamic post-translational modification, which serves as a
nutrient sensor to regulate signaling, transcription, and cellular
physiology, but it is also emerging that dysregulation of
O-GlcNAc cycling appears to play a significant role in the
major chronic diseases of aging. This thematic minireview
series provides a succinct and cutting-edge summary by
leading experts of the major findings in this rapidly emerging
field of research.
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O-GlcNAc transferase is an essential mammalian enzyme
responsible for transferring a single GlcNAc moiety from
UDP-GlcNAc to specific serine/threonine residues of hundreds
of nuclear and cytoplasmic proteins. This modification is
dynamic and has been implicated in numerous signaling path-
ways. An unexpected second function for O-GlcNAc transferase
as a protease involved in cleaving the epigenetic regulator
HCF-1 has also been reported. Recent structural and biochem-
ical studies that provide insight into the mechanism of glycosyl-
ation and HCF-1 cleavage will be described, with outstanding
questions highlighted.

Thirty years ago, Torres and Hart made the unexpected dis-
covery that many intracellular proteins are modified with
O-GlcNAc (1). Thirteen years later, the enzyme responsible for
this post-translational modification was finally cloned (2, 3).
This enzyme, O-GlcNAc (O-linked N-acetylglucosamine)
transferase (OGT),3 differs from the glycosyltransferases of the
secretory pathway in its cellular localization and biological
functions. OGT is found in both the cytoplasm and nucleus,
and it catalyzes transfer of a GlcNAc moiety from UDP-
GlcNAc to specific serine and threonine residues in its many
cellular targets (Fig. 1A). Amid the large diversity of substrates,
no clear glycosylation consensus sequence has been identified
(3, 4). In conjunction with a partner glycosidase, O-GlcNAcase
(OGA), OGT is thought to modulate cellular O-GlcNAc levels
in response to signaling cues, including metabolic status and
external stresses (5, 6). Analogous to protein phosphorylation
(7, 8), protein O-GlcNAc modifications can affect protein local-

ization, activity, stability, and interactions with other biomol-
ecules. In 2011, OGT was unexpectedly implicated in a second
process: the proteolytic maturation of HCF-1 (host cell factor
1), a large protein involved in several crucial chromatin-modi-
fying complexes (9, 10). Subsequent work demonstrated that
OGT uses UDP-GlcNAc as a co-substrate to promote cleavage
of HCF-1, and remarkably, the cleavage reaction takes place in
the same active site used for glycosylation (Figs. 1B and 4C)
(11). This minireview focuses on recent structural and bio-
chemical studies of OGT, as well as its role in HCF-1 cleavage.
For comprehensive reviews and references to earlier work, see
Refs. 7 and 12–17.

Structure of OGT

Analysis of the primary sequence of OGT revealed a cluster
of repeating motifs called tetratricopeptide repeats (TPRs)
N-terminal to the catalytic domain (2, 3). TPRs are degenerate
34-amino acid motifs that typically fold into paired antiparallel
�-helices (18). Often found in tandem arrays, TPRs are known
for their role in mediating protein-protein interactions (18 –
20). Evidence implicated the TPRs of OGT in mediating inter-
actions with protein substrates, as well as putative adaptors and
proteins shown to affect its enzymatic activity (21–31).

There are three physiological isoforms of OGT, differing pri-
marily in the number of N-terminal TPRs (32–34). The longest
isoform, with 13.5 TPRs, is referred to as nuclear and cytoplas-
mic OGT (ncOGT). A shorter form, with 9 TPRs and bearing a
mitochondrial targeting sequence, is localized to the inner
mitochondrial membrane (mOGT). The smallest of the three,
sOGT, has only 2.5 TPRs and is perhaps the least studied. Inter-
estingly, mOGT appears to have no in vivo catalytic function
(33), but instead has been speculated to be involved, along with
sOGT, in apoptosis (35, 36).

The first structure of a segment of OGT was reported in
2004. This structure comprised 11.5 TPRs from the N terminus
of the human protein and showed that the TPRs assemble into
an elongated superhelix (Fig. 2A) (37). Several features of the
TPR structure are noteworthy. In the asymmetric unit, two
TPR molecules pack as a homodimer, with the interface cen-
tered on TPRs 6 and 7 (37). Previous studies had suggested that
OGT exists as an oligomer in solution, and the TPRs were
implicated in mediating its oligomerization (27, 38). The TPR
crystal structure suggested that OGT may exist as a dimer, and
consistent with this, mutating the residues at the TPR dimer
interface afforded a lower order species. Because mutations
that disrupted this interface did not substantially affect enzy-
matic activity in vitro, it remains unclear what role oligomeri-
zation serves for OGT function. The TPR structure also sug-
gested a high degree of conformational flexibility, with one
monomer bent by �40° between TPRs 9 and 10 (37).
Although this deformation could be due to crystal-induced
unfolding, the authors suggested that the conformational
flexibility might have implications for substrate recognition.
Finally, phylogenetic comparisons showed strong conserva-
tion in solvent-exposed residues lining the interior of the
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TPRs, particularly several asparagine residues near the cen-
ter of the cavity, and suggested an unexpected similarity to
armadillo repeat-containing proteins, such as importin-�
and �-catenin (37).

More recently, structures of a bacterial homolog of OGT
from Xanthomonas campestris, xcOGT (39 – 41), and the cata-
lytic domain of human OGT bearing 4.5 TPRs (hOGT4.5) (Fig.
2, B and C) were reported (4). Structures of hOGT4.5 have been
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(red squares) results in two fragments: HCF-1C and HCF-1N. OGT also glycosylates HCF-1 at several sites, mostly located in the N-terminal segment (blue
hexagons).
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solved with UDP, UDP-GlcNAc, the hydrolysis-resistant
analog UDP-2-acetamido-2-deoxy-5-thio-D-glucopyranose
(UDP-5SGlcNAc) (42), and several different peptide and
glycopeptide substrates bound. Hence, binary as well as ternary
substrate-like and product complexes are available (4, 11,
43– 45). A structure containing a bisubstrate analog has also
been reported (46). Taken together, these structures offer per-
haps the most complete structural picture yet obtained for any
glycosyltransferase. By combining the TPR structure with the
catalytic domain structure, a model for human ncOGT, con-
taining all 13.5 TPRs, can be created (Fig. 2D). In this model the
TPRs form two complete superhelical turns and extend upward
from the active site.

The structures of OGT have revealed many important fea-
tures. As expected, the catalytic domain of OGT possesses a
GT-B fold, reminiscent of that found in MurG (CAZy glycosyl-
transferase family 28), GtfB (CAZy glycosyltransferase family
1), and many other glycosyltransferases (47–52). GT-B glyco-
syltransferases possess a catalytic domain comprising two lobes
that each adopt a Rossmann-like fold. OGT differs from other
GT-B glycosyltransferases in several key respects, however. The
N-terminal catalytic domain bears two additional helices that
are crucial components of the active site (4). Moreover, it pos-
sesses an �120-amino acid insertion (termed the intervening
domain (Int-D)) between its two catalytic lobes (4). This inser-
tion forms a domain that packs exclusively against the C-termi-
nal catalytic domain. Although its structure is now known (Fig.
2B), its function remains mysterious.

The peptide substrate binds over the UDP-GlcNAc, and the
peptide-binding site spans a groove formed between the two
catalytic lobes and the TPR domain (Fig. 2B). The extended
conformation of the peptide substrate likely explains the pref-
erence for proline and �-branched amino acids near the site of
glycosylation (4). There is an interaction between the �-phos-
phate of the nucleotide sugar and the amide N-H of the accep-
tor serine/threonine that is proposed to play a role in peptide
binding to OGT (4) and may further serve to orient the sub-
strate for reaction (Fig. 3A) (43). Although several OGT resi-
dues contact the backbone of the peptide substrate, few make
specific contacts with the peptide side chains, consistent with
the lack of a clear consensus sequence (4). Peptide binding is
accompanied by widening of the cleft between the catalytic
domain and the TPRs, and molecular dynamics simulations
have suggested that the TPRs are able to pivot about a hinge
region between TPRs 12 and 13, giving rise to open and closed
states for the active site (4). Such molecular motion would be
crucial for accommodating larger substrates, such as loops in
folded proteins. Moreover, the flexibility is consistent with that
seen in the TPR crystal structure and with the previous sugges-
tion that the TPRs mediate substrate binding (37).

Mechanism of Protein Glycosylation

Although it was initially proposed that OGT follows a ran-
dom Bi Bi kinetic mechanism (27), structural information
showed that the polypeptide substrate bound above the UDP-
sugar, which suggested an ordered mechanism in which
UDP-GlcNAc binds first. Product inhibition studies also sup-
ported an ordered Bi Bi mechanism (4). Hence, UDP-GlcNAc

binds first to OGT, followed by the polypeptide substrate,
which makes extensive contacts with the sugar donor (Fig. 3A).
Notably, kinetic studies have shown that the Km(app) values for
UDP-GlcNAc can differ by up to an order of magnitude
depending on the polypeptide substrate examined, which
underscores the importance of substrate-substrate interactions
in the mechanism (27, 53). After the ternary substrate complex
forms, the acceptor side chain attacks the anomeric carbon,
with loss of UDP, to form a �-glycosidic linkage. Finally, the
glycopeptide dissociates, followed by UDP.

In addition to binding the sugar donor and acceptor sub-
strates in close proximity (in the case of OGT, UDP-GlcNAc
and a polypeptide, respectively), it has long been presumed that
glycosyltransferases must do two things to catalyze glycosyla-
tion: 1) activate the leaving group of the glycosyl donor toward
departure and 2) remove the proton from the hydroxyl group
on the glycosyl acceptor (48). GT-A superfamily glycosyltrans-
ferases use a metal ion to activate the leaving group, but OGT
and other GT-B glycosyltransferases are metal ion-indepen-
dent enzymes and use a different strategy (Fig. 3B) (48).

Leaving group activation in OGT is achieved through several
elements that stabilize the buildup of negative charge. First, the
�-phosphate of UDP-GlcNAc is anchored by hydrogen bonds
to the N terminus of an �-helix; these include key interactions
with His-920, Thr-921, and Thr-922. Further stabilization from
this helix is derived from electrostatic interactions between the
negatively charged phosphate and the net helix dipole (43).
Other GT-B superfamily members use a similar mode of acti-
vation (48), with some anchoring the �-phosphate, rather than
the �-phosphate, of the leaving group (54, 55). Second, the side
chain of a lysine residue (Lys-842) is positioned directly below
the �-phosphate (Fig. 3C) and presumably further activates the
leaving group toward departure. Lys-842 plays an essential role
in the enzymatic activity of OGT (4, 40, 43, 44). Because Lys-
842 is chemically reactive, as evidenced by its nucleophilicity
toward a covalent OGT inhibitor (45), its pKa may be sup-
pressed due to its proximity to the aforementioned helix dipole;
however, its protonation state remains to be established explic-
itly (45). This combination of a helix dipole and carefully posi-
tioned hydrogen bonds from the N terminus of the helix and a
critical lysine to the �-phosphate activates UDP-GlcNAc
toward nucleophilic attack. Nevertheless, glycosylation is
favored over hydrolysis, raising the question of how selectivity
for reaction with an acceptor hydroxyl instead of water is
achieved, especially given that several ordered water molecules
are visible within the active site of all structures below 2.0 Å
resolution (Fig. 3C). It seems likely that the aforementioned
contact between the �-phosphate of UDP-GlcNAc and the
amide N-H of the acceptor serine (Fig. 3B) is an important
element for this selectivity. This contact may serve to bring the
acceptor and donor into close proximity and position the
acceptor hydroxyl in a more favorable position to form a bond
with the anomeric carbon (labeled C1 in Fig. 3D) compared
with any water molecule (Fig. 3C) (43). It may also further acti-
vate the leaving group for departure.

When substrate and product ternary complexes are exam-
ined, modest changes in several positions can be seen, with the
C1, C2, and O5 atoms of the GlcNAc displaying the greatest
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displacement (Fig. 3D). A net upward rotation of the sugar
moves the anomeric carbon away from the �-phosphate of
UDP and into bonding distance with the acceptor hydroxyl.
The inferred reaction trajectory is consistent with an electro-
philic migration-type mechanism (43). Another notable change
is the rotation of the C2 acetamide, which contacts His-498 and
rotates away from C1 along the reaction coordinate (Fig. 3D).
The importance of the C2 acetamide was further demonstrated
by the fact that OGT can transfer UDP-GalNAc, but not UDP-
glucose or UDP-2-keto-Glc, a UDP-GlcNAc analog in which
the C2 N-H is replaced with CH2 (43).

In addition to providing information about leaving group sta-
bilization and reaction trajectory, the OGT ternary structures

revealed a surprise: there is no OGT side chain that can serve as
a catalytic base in the immediate vicinity of the reactants (43,
44). Two different side chains, His-498 and His-558, had previ-
ously been suggested as candidates for the catalytic base, but
both were ruled out after the examination of ternary structures
containing substrate analogs implicated them in other roles (43,
44). Two alternatives for how proton transport is achieved have
been suggested (Fig. 3E). In one, the �-phosphate of UDP is
proposed to act as a base to deprotonate the acceptor hydroxyl
(Fig. 3E, Proposal I) (44). In the other, a chain of water mole-
cules leading to an aspartate side chain (Asp-554) is proposed to
facilitate transport of the proton liberated during the reaction
from the active site (Fig. 3E, Proposal II) (43). To test the first
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hypothesis, both diastereomeric phosphodithioate analogs of
UDP-GlcNAc were prepared, and it was found that although
both had a similar binding affinity for OGT, only one of them
functioned as a donor substrate (44). Although this finding sug-
gests that the �-phosphate is involved in the catalytic mecha-
nism, results involving substrate mimics must be examined
cautiously. Replacing the acceptor serine with an aminoalanine
may, depending on the protonation state of the amine, bring the
amino group in closer proximity to the �-phosphate than it
would be in the native substrate. Furthermore, oxygen-to-sul-
fur substitution on the phosphate would likely affect the previ-
ously mentioned hydrogen bond to the backbone of the accep-
tor amide (Fig. 3, C and D). Given that the importance of this
interaction has not been rigorously examined, its energetic con-
tribution to binding should be quantified. The proposal that the
proton is shuttled out of the active site by a Grotthuss-like (56,
57) mechanism invokes the active-site ordered water molecules
in the mechanism in lieu of implicating a catalytic base within
OGT. In a transition state involving an oxocarbenium ion-like
species, as computational studies have suggested for OGT (58),
a general base may not be needed to deprotonate the acceptor
hydroxyl for the reaction to occur. In this case, the ordered
water molecules leading to Asp-554 may simply provide a path-
way for proton extrusion from the active site. It has been shown
that mutation of Asp-554 4 to alanine abolishes catalytic activ-
ity (59), but mutation to asparagine does not (44). Further study
is required to resolve the issue of how the proton on the accep-
tor hydroxyl is removed.

HCF-1 Is Cleaved by OGT

In 2011, OGT was implicated as the cellular factor responsi-
ble for the maturation of an essential transcriptional co-activa-
tor, HCF-1 (9, 10). HCF-1 was first identified in the late 1980s as
a component from HeLa cell lysate required for the stable for-
mation of the herpes simplex VP16-induced complex and the
expression of immediate-early genes during herpes virus infec-
tion (60 – 65). HCF-1 has since been implicated as a critical
element in cell cycle regulation, including both G1-to-S and M
phase progression (66 –73). Biochemically, the first report that
described the purification of HCF-1 (then called C1), by Kristie
and Sharpe (74), suggested its existence as a set of heterogene-
ous, but related, polypeptide fragments; later work revealed
that these polypeptide fragments were derived from a large pre-
cursor protein by some proteolytic maturation process (75).
Although the protease responsible for this cleavage remained
elusive, pulse-chase studies suggested that cleavage took place
largely in the nucleus, but also, albeit to a lesser extent, in the
cytoplasm (76). Cleavage appeared to take place at one or more
of six 26-amino acid repeating elements, which constituted an
atypically large protease recognition motif (75, 76). Based on
N-terminal peptide sequencing, cleavage was reported to occur
between Glu-10 and Thr-11 of a given repeat (76, 77). One
striking feature of this cleavage was the fact that even though it
was shown to be required for proper HCF-1 function (78), the
two halves of the protein remain noncovalently associated post-

processing (76, 79, 80). Although several mechanisms for cleav-
age were considered (9, 10, 81), the finding that HCF-1 interacts
stably with and is modified by OGT (9, 67, 82, 83) led to the
suggestion that OGT may somehow promote cleavage. This
raised several questions. Was there a second OGT active site
responsible for this new transformation? What was the mech-
anism of the transformation? Why would nature connect OGT
activity with the cleavage of HCF-1?

The most recent studies into HCF-1 proteolysis exploited a
combination of structural and biochemical tools to confirm
that OGT indeed catalyzes cleavage, and they have provided
additional insights into this intriguing process (11). A cleavage
substrate devoid of Ser/Thr glycosylation sites was developed,
and reconstitution of the cleavage reaction established that
UDP-GlcNAc is required for HCF-1 cleavage, whereas UDP or
UDP-5SGlcNAc inhibits cleavage (11). Inactivation of OGT,
through either a K842A mutation or modification with a cova-
lent OGT inhibitor (45), also blocked cleavage (11). The finding
that UDP-5SGlcNAc, which is resistant to glycosylation and
hydrolysis (42, 43), is unable to promote cleavage, even though
it binds identically to UDP-GlcNAc (43), suggested that the
nucleotide sugar must serve a functional role rather than simply
a structural one.

Mass spectrometry established that cleavage in fact occurs
between Cys-9 and Glu-10, rather than between Glu-10 and
Thr-11 (Fig. 4A) (11), and results in formation of a C-terminal
cleavage product whose N terminus has cyclized to form a pyro-
glutamate residue (11). The formation of this product would
require activation of the side chain carboxylate of the gluta-
mate. Although there are several possible mechanisms by
which this could occur, structural studies have established that
the cleavage region of the HCF-1 proteolytic repeat binds in the
active site in a manner almost identical to that of the casein
kinase II (CKII) glycosylation substrate and with the glutamate
side chain (Glu-10) in the same position as the reactive serine of
CKII (Fig. 4A) (11). Indeed, converting the glutamate residue to
serine transforms a cleavage substrate into a glycosylation sub-
strate (11). These findings implied that cleavage occurs in the
same active site of OGT as glycosylation and suggested that the
glutamate carboxyl group might react with the UDP-GlcNAc
substrate to form a glutamyl-GlcNAc intermediate (Fig. 4B).
Although enzymatic glycosylation on glutamate has not, to
our knowledge, been reported, there is precedent for the
spontaneous hydrolysis of internal pyroglutamates that form
by other mechanisms (84 – 86). Additional studies will be
required to elucidate details of the catalytic mechanism of
HCF-1 cleavage by OGT. There are outstanding questions
about the possible roles of the N-terminal pyroglutamate in
the biological function of HCF-1 and whether some of the
effects of OGT that have been attributed to its glycosylation
function are in fact due to its role in HCF-1 cleavage. How-
ever, as has been suggested (9, 11), there is a unifying theme:
both glycosylation and cleavage depend on UDP-GlcNAc
concentration, and cleavage may thus be another mecha-
nism for linking cell cycle regulation to the metabolic status
of the cell, as for glycosylation.

4 Numbering in Ref. 59 is according to mOGT. As a result, Asp-554 is referred
to as Asp-438.
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The TPR Domain Plays a Role in Substrate Recognition

Although the TPR domain of OGT has been implicated in
protein-protein interactions (see above) and is presumed to
play a key role in substrate selection, there is little information
on how protein substrates or adaptor/enhancer proteins are
recognized by this domain. Structural studies involving the
HCF-1 proteolytic repeat bound to OGT provided the first
information about how the TPRs of OGT recognize at least
some of its substrates. In addition to the portion of an HCF-1
repeat where cleavage takes place, there is a C-terminal threo-
nine-rich region that was implicated in binding to the TPRs of
OGT. Recent crystal structures revealed how the threonine-
rich region binds to OGT (Fig. 4, C and D) (11). The structures
show an elaborate network of hydrogen bonds that envelop the
threonine-rich C terminus of the HCF-1 repeat within the TPRs
of OGT (Fig. 4C) (11). Within this region, HCF-1 is bound in
an extended conformation, with the highly conserved ladder
of OGT asparagine residues (see above) engaging the pep-
tide, mostly through interactions with the amide backbone.
By engaging the peptide backbone, this asparagine network
positions the side chains, which, in this case, are largely thre-
onines, to make additional hydrogen bonds with polar resi-
dues, mostly aspartates, that line the interior of the TPR

cavity. This likely provides sequence selectivity, as large or
hydrophobic residues would be disfavored. This structure
confirms that there is indeed an analogy between the sub-
strate-binding mode of OGT and that of some other proteins
that recognize multiple related ligands (see above) (37). For
example, �-catenin, which binds to various cadherins (87,
88); PEX5, which recognizes a peroxisomal targeting signal
(PTS1) (89); karyopherin (importin)-�, which recognizes a
nuclear localization sequence (88); and the histocompatibil-
ity protein HLA-DR1, which recognizes pathogen-derived
peptides (90) all employ asparagine-mediated peptide back-
bone contacts as a crucial component of their ligand binding.
There are two major reasons for this: backbone-binding
interactions provide sequence-independent binding energy
and predictably splay the side chains of the ligand (Fig. 4C),
which in turn allows for sequence-selective recognition at
defined sites along the polypeptide chain. In the context of
OGT, this might imply that a consensus sequence for adap-
tor proteins or for substrates might in fact exist and remains
to be discovered. As such, the interaction between HCF-1
and OGT has illuminated one mechanism for substrate
engagement, but whether this generalizes to other substrates
remains to be seen.

FIGURE 4. A, overlay of the ternary complexes HCF-1�UDP-5SGlcNAc�hOGT4.5 and OGT�UDP-5SGlcNAc�CKII. HCF-1 (yellow sticks) resides above UDP-5SGlcNAc
(gray sticks). The CKII (tan sticks) and HCF-1 peptides overlay almost perfectly. B, overall cleavage reaction catalyzed by OGT. A proposed glutamyl-GlcNAc
intermediate is shown. C, the C terminus of the HCF-1 peptide (yellow sticks) makes extensive contacts within the TPRs of OGT (gray ribbon). Glu-13 and Thr-24
(indicating the relative positions of the N and C termini, respectively) are indicated in boldface italics. Hydrogen bonds are shown as black dotted lines. Important
OGT residues (gray sticks) are labeled according to ncOGT numbering. Contacts from two lysine residues (gray sticks) were omitted for clarity. D, overall
structure of the ternary complex containing HCF-1 (yellow balls and sticks), UDP-5SGlcNAc (magenta spheres), and hOGT4.5 (gray ribbon).
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Conclusions

The past few years have resulted in an enormous amount of
progress in the structure and mechanism of OGT. Although
these insights stand to benefit the understanding of other GT-B
superfamily members, from a structural and biochemical per-
spective, there are still several unresolved questions regarding
OGT. What is the most likely mechanism for shuttling a proton
from the active site? What role does oligomerization play in
OGT function? What is the function of the intervening
domain? OGT has been shown to bind to phosphatidylinositol
3,4,5-triphosphate (PIP3) (91, 92), and mutagenesis suggested
that Lys-981 and Lys-982, both residing in the C-terminal cat-
alytic domain, were responsible for PIP3 binding. However, it
has been reported that the K981A/K982A double mutant binds
PIP3 as well as other PIPs comparably to wild-type ncOGT (4).
Furthermore, several combinations of lysine residues in the
C-terminal catalytic domain or Int-D were mutated, but none
of these mutations seemed to abrogate PIP binding. Due to the
ambiguity of these findings and given the highly basic nature of
the Int-D, which might suggest a role in mediating interactions
with anionic macromolecules or membrane interfaces, further
investigations into the function of this domain and the location
of the PIP-binding site are certainly warranted. How does OGT
interact with larger polypeptides, such as folded proteins?
Numerous proteins have been shown to interact with OGT
directly or indirectly, although little, if anything, is known about
the physical picture of these interactions. Of the characterized
interactions with OGT, some are mediated by the TPRs (see
above), whereas others seem to interact elsewhere (23, 28). Fur-
thermore, TPRs in different systems have been shown to inter-
act with proteins in several different ways (18). HCF-1 provided
the first picture of a substrate engaging the TPRs of OGT, but it
remains to be seen whether other substrates, adaptors, or
enhancers interact with OGT analogously. Several recent pub-
lications have exploited protein microarrays as a tool that
allows for precise systematic control of individual parameters,
which is likely to be crucial in examining the role of possible
adaptors/enhancers (93–95). More biochemical and structural
data on how OGT physically interacts with different proteins
would add greatly to understanding its function.
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O-GlcNAc signaling is regulated by an opposing pair of
enzymes: O-GlcNAc transferase installs and O-GlcNAcase
(OGA) removes the modification from proteins. The dynamics
and regulation of this process are only beginning to be under-
stood as the physiological functions of both enzymes are being
probed using genetic and pharmacological approaches. This
minireview charts the discovery and functional and structural
analysis of OGA and summarizes the insights gained from
recent studies using OGA inhibition, gene knock-out, and over-
expression. We identify several areas of “known unknowns” that
would benefit from future research, such as the enigmatic C-ter-
minal domain of OGA.

O-Linked N-acetylglucosamine (O-GlcNAc) is a post-trans-
lational modification of serine and threonine residues on
nuclear, cytoplasmic, and mitochondrial proteins. Since its dis-
covery in the early 1980s (1), O-GlcNAc has been shown to be
involved in the regulation of fundamental cellular processes
in response to nutritional and hormonal cues (2, 3). O-
GlcNAcylation has been implicated in gene regulation (4),
development (5), signal transduction (6, 7), the cell cycle (8),
and proteasomal degradation (9, 10) and shows a degree of
interplay with regulatory protein phosphorylation (11). Dys-
regulation of O-GlcNAc levels is associated with a range of
human diseases, such as cancer (12), diabetes (13), and neuro-
degeneration (14).

Protein O-GlcNAcylation is a dynamic and reversible proc-
ess carried out by two single enzymes: O-GlcNAc transferase
(OGT)2 and O-GlcNAcase (OGA). Here, we review the litera-
ture on OGA, ranging from its discovery 2 decades ago to struc-

tural analysis and genetic/pharmacological approaches toward
probing its function, revealing several gaps in our knowledge of
this key enzyme.

Discovery and Initial Characterization

The O-GlcNAc hydrolase OGA was first purified from rat
spleen by Dong and Hart in 1994 (15), a decade after the dis-
covery of the reversible modification of proteins with O-
GlcNAc. A 1998 study identified it as an antigen expressed by
meningiomas and named the gene MGEA5 (16). The sera of
meningioma patients showed immunoreactivity against two
apparent alternative splicing isoforms, and initial sequence
analyses and biochemical assays suggested hyaluronidase activ-
ity (16). However, in 2001, Gao et al. (17) performed a thorough
biochemical characterization of the recombinantly produced
human enzyme, establishing the neutral pH optimum and
selectivity for GlcNAc over GalNAc that distinguishes OGA
from the lysosomal hexosaminidases HexA and HexB. The
existence of an additional hexosaminidase activity (HexC) in
mammals had been known since the 1970s (18 –20) and was
attributed to OGA. Consistent with their subcellular localiza-
tion, the lysosomal hexosaminidases have an acidic pH opti-
mum, and they cleave terminal O-linked �-D-N-acetylhexo-
samine residues irrespective of the C4 configuration (GlcNAc
and GalNAc). Their biological role is the degradation of glycans
on proteins and lipids, and their dysfunction is associated with
lysosomal storage disorders, particularly Tay-Sachs and Sand-
hoff diseases (21). Despite their distinct physiological functions,
the existence of these mechanistically related enzymes pertains
to O-GlcNAc research, as many frequently used small molecule
inhibitors of OGA (most notably PUGNAc) possess little spec-
ificity and simultaneously inhibit the lysosomal hexosamini-
dases. Sequence similarities reveal that OGA belongs to glyco-
side hydrolase family 84 (GH84) in the CAZy Database (22). A
single gene encodes OGA, giving rise to two main isoforms in
vertebrates (23) and a single isoform in lower eukaryotes, e.g.
Drosophila (24) or Caenorhabditis (25). The shorter isoform
lacks the C-terminal domain but retains some OGA activity
(26) and is reported to be localized in the nucleus (27) and in
lipid droplets (28). Full-length OGA is a predominantly cyto-
plasmic and nuclear enzyme (29). In addition to the N-terminal
GH84 domain, OGA was observed to possess another domain
with potential catalytic activity that belongs to the family of
GCN5-related acetyltransferases (Fig. 1) (30). One laboratory
has reported that the OGA C terminus possesses histone
acetyltransferase (HAT) activity in semipure fractions (27, 31).
OGA and HAT activities were speculated to act synergistically,
opening up the chromatin structure (acetylation) and activat-
ing transcription factors through removal of O-GlcNAc (27).
However, later studies (32–34) failed to reproduce these obser-
vations. Although OGA is post-translationally modified (as
reviewed in Ref. 35), the function of these modifications is
largely unknown. Similarly, although O-GlcNAc levels and
OGA/OGT transcription are tightly linked, the mechanisms
underlying this are unexplored.
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O-GlcNAc and OGA have also been described in pro-
karyotes, and GH84 enzymes are encoded in the genomes of
numerous bacterial species. (At the time of writing, there were
185 members of the bacterial branch of GH84 enzymes in the
CAZy Database.) Many of these enzymes contain additional
domains or secretion signals, leaving their physiological func-
tions somewhat in doubt and wholly unstudied. In vitro, how-
ever, several bacterial OGAs have been shown to be highly
effective in removing O-GlcNAc from eukaryotic O-GlcNAc
proteins and have served as models to study the enzymology of
eukaryotic OGAs (36, 37). Intriguingly, a plant ortholog of
OGA has not yet been found, and it is not clear whether
O-GlcNAc in plants is not a dynamic modification or whether
convergent evolution has provided an unrelated enzyme that
functions analogously to OGA (38).

Functional Insights from the O-GlcNAcase Structure

Human OGA (hOGA) is a 103-kDa enzyme comprising an
N-terminal GH84 catalytic domain and a C-terminal HAT-like
domain connected by a 300-amino acid region termed the stalk
domain (Fig. 1). Although hOGA can be expressed and purified
for biochemical studies (29), there is currently no crystal struc-
ture for a eukaryotic OGA; however, valuable insights have
been obtained from structures of apparent bacterial orthologs
(Figs. 1 and 2). The OGA catalytic domain is structurally and
mechanistically related to chitinases, N-acetylhexosamini-
dases, and hyaluronidases in the GH18, GH20, and GH56 fam-
ilies (39). These enzymes perform glycoside hydrolysis with net
retention of the anomeric configuration via a double-displace-
ment reaction with the carbonyl oxygen of the N-acetyl group
acting as a nucleophile, a mechanism described as substrate-
assisted catalysis or neighboring group participation (40, 41).
The active site for the OGA activity of OGA is characterized by
a conserved pair of essential aspartic acid residues, Asp-174 and
Asp-175, in the human enzyme (41), which constitute the cat-
alytic DD motif. The first insights into the structure of the OGA
catalytic domain came from crystal structures of two bacterial
OGA orthologs in the GH84 family that were reported in 2006,
namely Clostridium perfringens NagJ (CpOGA) (36) and Bacte-
roides thetaiotaomicron hexosaminidase (BtOGA) (37) (Fig. 1).
The catalytic domain consists of a (�/�)8 or TIM (triose-phos-
phate isomerase) barrel, with the active site located on the

C-terminal face of the barrel, where the GlcNAc sugar occupies
a deep pocket in the surface of the enzyme (Fig. 2). Both struc-
tures were determined in the presence of OGA inhibitors, shed-
ding light on the active site architecture, which then facilitated
the targeted generation of catalytically impaired hOGA
through the introduction of point mutations. In addition to the
D174A/D175A double mutant, which results in loss of catalytic
activity, substitution of either aspartic acid with asparagine
slows down the reaction and has been employed to trap
Michaelis complexes in crystallographic studies (42). The
mutation D285A leads to impaired substrate binding. Detailed
knowledge of the active site architecture was also exploited for
rational design of improved OGA inhibitors, as discussed
below. Subsequent work by He et al. (42) made elegant use of
various substrate analogs to give detailed information about the
reaction coordinate of OGA in the form of crystallographic
“snapshots.”

Several studies have attempted to address the substrate rec-
ognition mechanism of OGA, although it is not yet clear how
OGA regulates O-GlcNAc levels on hundreds of diverse cellu-
lar proteins. Interpretation of the available information is fur-
ther hampered by the fact that instead of O-GlcNAc proteins,
most of these studies have relied on the use of glycopeptides or
colorigenic/fluorigenic pseudosubstrates. One study observing
OGA activity on three different O-GlcNAc proteins concluded

FIGURE 1. Schematic of the domain structure of hOGA and apparent bacterial orthologs. The OGA activity resides in the GH domain (blue). The position of
the double-aspartate catalytic motif is indicated by the red line. The C-terminal domain harbors the putative HAT domain, which is connected via a helical
bundle referred to as the stalk domain. Flexible/disordered regions are gray: the N-terminal 60 amino acids and the 150-amino acid insertion in the stalk
domain. CpOGA, BtOGA, and OgOGA have been used to gain insights into the three-dimensional structure of the catalytic domain, whereas putative OgAT and
SsAT serve as models for the HAT domain. CBM, carbohydrate-binding module; UNK, unknown module; FN3, fibronectin-3 homology module.

CpOGA + GlcNAc OgAT + acetyl-coenzyme A 

FIGURE 2. Crystal structures of CpOGA and OgAT serve as models for the
human enzyme. Structures are shown in ribbon representation, with colors
as described for Fig. 1. GlcNAc in the active site of CpOGA and acetyl-CoA in
the active site of OgAT are shown as sticks with black carbons. The internal
surface of the tunnel-like structure in OgAT (gray surface) may form the bind-
ing site for an as yet unidentified ligand.

MINIREVIEW: Role of O-GlcNAcase in O-GlcNAc Signaling

34434 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 289 • NUMBER 50 • DECEMBER 12, 2014



that the substrate recognition by hOGA occurs in a conserved
binding groove and involves the interaction of the enzyme’s
surface with O-GlcNAc proteins (43). This is in apparent con-
trast to other work showing that �-methyl-GlcNAc, as the
“minimal substrate,” was processed more rapidly than a small
panel of glycoproteins (44), which led the authors to conclude
that any interactions of the protein or peptide with the enzyme
are counterproductive. A molecular view of the binding of short
O-GlcNAc peptides in the active site of a catalytically impaired
CpOGA mutant, obtained through crystallographic studies,
showed that interactions were limited to the sequence-inde-
pendent stacking of the peptide backbone to a surface-exposed,
conserved, aromatic residue in OGA (45). Conversely, a com-
bination of molecular docking and molecular dynamics simu-
lation suggests that although sequence-independent interac-
tions with the peptide component do contribute, the affinity for
OGA substrates varies as a function of the peptide sequence
(46). It should be noted that peptide sequence and length may
have entropic in addition to enthalpic effects on binding and
that their precise conformations in the active site may affect not
only binding but also turnover. It is conceivable that substrate
recognition does not proceed along the same lines for the entire
pool of OGA substrates.

Given that sequence conservation in the bacterial homologs
CpOGA and BtOGA is limited to the immediate surroundings
of the active site, these were initially thought to provide models
for the glycoside hydrolase domain of OGA only. The structure
of a third bacterial OGA from Oceanicola granulosus (OgOGA)
was reported in 2010 (43). OgOGA shows moderate sequence
conservation beyond the catalytic domain, which led to the
understanding that the region connecting the N- and C-termi-
nal domains of eukaryotic OGAs comprises a 200-amino acid
helical bundle termed the stalk domain and a 150-amino acid
unstructured region (Fig. 1). This region harbors Ser-405, the
O-GlcNAc site on hOGA, which itself is a substrate for OGT
(47), as well as residues 404 –548, which have been reported to
be required for interaction with OGT (48).

The C-terminal domain of OGA is believed to adopt a GCN5
acetyltransferase-like fold (30). Toleman et al. (27, 31) reported
that semipure fractions of the OGA C terminus showed HAT
activity, which has resulted in the domain being referred to as
the “putative HAT domain” in the literature, although later
studies failed to reproduce these observations. A recent study
could not detect binding of acetyl-CoA to the isolated hOGA
HAT domain recombinantly expressed in Escherichia coli (33).
The crystal structure of a protein from the bacterium O. granu-
losus that shows significant sequence identity to the hOGA
HAT domain reveals that this domain is likely to be a pseudo-
HAT, as its catalytic core appears to lack the key amino acids
involved in binding of acetyl-CoA and acetyl transfer onto an
acceptor substrate (Fig. 2) (33, 34). Unlike the human protein,
O. granulosus acetyltransferase (OgAT) (33) and a similar pro-
tein from Streptomyces sviceus (SsAT) (34) readily interact with
acetyl-CoA, which is located in a deep substrate-binding pocket
in the OgAT structure (Figs. 1 and 2). Perhaps most intriguing is
the presence of a large tunnel in OgAT, conserved in the hOGA
HAT domain (as assessed by sequence alignments), which is

presumed to be the binding site for an as yet unidentified
ligand/acceptor (Fig. 2).

O-GlcNAcase Inhibitors as Tools to Study O-GlcNAc
Signaling

The elucidation of the OGA catalytic mechanism has
enabled the development of potent and selective inhibitors that
have subsequently been used to study O-GlcNAcylation in cells
and organisms. The available inhibitors have been the subject of
multiple recent reviews (35, 49 –51). Ostrowski and van Aalten
(51) focused on their use as probes to study O-GlcNAc signaling
and covered significant problems with some of the early OGA
inhibitors, PUGNAc and streptozotocin, which are unsuitable
for cell biological studies due to their off-target effects (35).
Here, we will give a brief overview of the two main classes of
mechanism-inspired, potent, and selective OGA inhibitors.
The catalytic mechanism of O-GlcNAc hydrolysis proceeds via
an oxazoline reaction intermediate. Stable mimics of reaction
intermediates can act as selective enzyme inhibitors, and con-
sequently, thiazoline derivatives of GlcNAc have been explored
as OGA inhibitors (Fig. 3). Modifications of the 1,2-dideoxy-2�-
methyl-�-D-glucopyranoso[2,1-d]-�2�-thiazoline (NAG-thi-
azoline) acyl side chain (39, 52–54) led to improved selectivity
over GH18, GH20, and GH56 enzymes that employ the same
reaction mechanism. NAG-thiazolines are water-soluble and
synthetically accessible OGA inhibitors with potencies in the
nanomolar-to-micromolar range, with Thiamet-G being the
most selective representative. This family of OGA inhibitors
has been described to possess cardioprotective effects: NAG-
thiazolines protect against ischemia/reperfusion injury, im-
proving contractile function through preservation of the stri-
ated muscle structure (55), and Thiamet-G counteracts TNF-
�-induced vascular dysfunction (56). Thiamet-G has also been
proposed as a potential therapeutic for Alzheimer disease, as
discussed in detail in an accompanying minireview (83).
Alzheimer disease and other tauopathies are associated with
phosphorylation-dependent oligomerization of tau protein,
resulting in neurofibrillary tangles. O-GlcNAcylation has been
suggested to negatively regulate tau phosphorylation in a site-
specific manner (57, 58). Oral administration of Thiamet-G in
mice causes an increase in tau S400 O-GlcNAcylation and a
reduction in neurofibrillary tangles in the brainstem, hypothal-
amus, and cortex (59). Transgenic mice overexpressing a
human tau mutant (JNPL3(P301L)) subjected to long-term

OOH
OH

N S
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OH

Thiamet-G

OH

O

NH
OH

OH
N

N

GlcNAcstatin G Thiamet-G 

FIGURE 3. The chemical structures of OGA inhibitors are shown in a. Thia-
met-G is a representative of the thiazoline compounds, which are stable mim-
ics of the reaction intermediate. GlcNAcstatin G is the most selective member
of the GlcNAcstatin family of inhibitors. In both compounds, selectivity has
been engineered by elongating the C2 substituent to exploit the depth of the
substrate-binding pocket visible in b, which shows a cross-section of the
active site. GlcNAc is shown in stick representation; the enzyme surface is
shown in blue.
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administration of Thiamet-G display an increase in motor neu-
rons and body weight paired with a decreased neurogenic atro-
phy of skeletal muscle (60). Similarly, in a recent study in
rTg(tauP301L)4510 mice, Thiamet-G administration caused a
remarkable reduction in pathological 64-kDa tau in brain
homogenates (61).

The GlcNAcstatin family of inhibitors also owes its design to
the elucidation of the catalytic mechanism; these compounds
are designed to mimic the transition state (Fig. 3). The most
potent GH84 inhibitor designed to date is GlcNAcstatin B, with
a Ki of 4.6 pM reported for the bacterial enzyme CpOGA and 0.4
nM for hOGA (62). Selectivity for OGA over the mechanistically
related lysosomal hexosaminidases was achieved by extending
the N-acyl substituent, capitalizing on the presence of a deep
pocket in the enzyme’s active site that permits OGA to recog-
nize analogs of O-GlcNAc (Fig. 3) (63). GlcNAcstatins (the
most selective compound being GlcNAcstatin G) are potent
cell-permeable inhibitors of hOGA (62, 65) and have been
reported to increase in vivo O-GlcNAc levels in several
human cell lines. GlcNAcstatin G treatment of human
embryonic kidney 293 cells overexpressing he IL-1 receptor
contributed to the discovery of the role of O-GlcNAcylation
in activating the TAK1 (TGF-�-activated kinase 1) cascade
(66). O-GlcNAcylation of the TAK1 accessory protein TAB1,
induced by IL-1 or osmotic stress, regulates TAK1 signaling,
as O-GlcNAcylated Ser-395 on TAB1 is required for full
TAK1 activation (66). The use of GlcNAcstatin C (62) to
study differentiation of mouse embryonic stem cells revealed
that elevated O-GlcNAc levels lead to delayed embryonic
stem differentiation (67).

Genetic Approaches toward Probing O-GlcNAcase
Function

A range of mammalian cell lines have been used to study the
possible roles of OGA (68). Contrary to earlier reports, enhanced
OGA expression combined with insulin stimulation in 3T3-L1
cells has suggested that a decrease in cellular O-GlcNAc does not
prevent the onset of insulin resistance (69), also corroborated with
studies using selective OGA inhibitors (70, 71). OGA overexpres-
sion induces mitotic exit in several cell lines, accompanied by with
a delay in mitotic phosphorylation, an altered cyclin expression
profile, and a disruption in nuclear organization (72). An involve-
ment of OGA in neuronal development has also been reported in
several cell biological studies. OGA overexpression in cultured pri-
mary chicken forebrain neurons led to an increase in axon branch-
ing (39). Furthermore, OGA transfection prompted neurons to
enter neurodevelopmental stage III with an axon with more filop-
odia (73).

A recent study using orexin neurons (which have a role in
circadian rhythm and feeding behavior) has suggested an
intriguing link between epigenetics, OGA, and neural differen-
tiation (74). This study showed that OGA and HATs (such as
p300 and CBP (cAMP-responsive element-binding protein-
binding protein)) are recruited to the transcription initiation
site of Hcrt, correlating with increased expression of Hcrt and
H3/H4 hyperacetylation.

A null allele of the gene oga-1 in Caenorhabditis elegans
(ok1207) results in viable and fertile worms, along with an accu-

mulation of O-GlcNAcylated proteins. However, metabolic
changes lead to alterations in the insulin-like signaling pathway
that controls nutrient storage, life span, and dauer formation
(25). Higher levels of O-GlcNAc were observed on nuclear pore
proteins in oga-1(ok1207) animals, and Ser/Thr phosphoryla-
tion profiles appeared to be altered. The insulin pathway is
linked to life span and stress response, and down-regulation of
insulin signaling promotes entry into the dauer stage (75). Con-
sistent with the previous work, Rahman et al. (76) discovered
that oga-1(ok1207) increased the life span of worms by activa-
tion of DAF-16, a transcription factor downstream of insulin
signaling that induces dauer formation. Finally, the oga-1
mutant has been proposed as a tool to study neurodegenerative
diseases (77, 78). Loss of function of OGA magnifies the severity
of neurodegenerative proteotoxicity models in C. elegans
(MAPT (microtubule-associated protein tau), �-amyloid pep-
tide, and polyglutamine mutant driven to neurons and muscle)
(77). The absence of OGA limits autophagosome formation,
enhancing the proteotoxicity by the accumulation of toxic pro-
tein aggregates (78).

A P-element insertion OGA mutant conferring temperature
resistance has been reported in Drosophila (79). Tissue-specific
knockdown of oga in insulin-producing cells or fat bodies
resulted in an increase in the production of Drosophila insulin-
like peptides and an increase in carbohydrate levels in hemo-
lymph, mirroring the insulin resistance phenotype in the
C. elegans oga mutant (24).

Overexpression of hOGA in zebrafish embryos leads to
shortened body axes and reduced brain size, with higher rates of
cell death at early developmental stages (80). Epiboly, a key
gastrulation movement that plays a significant role in zebrafish
morphogenesis (81), is delayed, causing a severe disorganiza-
tion of the microtubular and actin cytoskeleton (80), proposed
to be mediated by O-GlcNAc modification of the transcription
factor Pou5f1/Oct4 (80).

The first oga knock-out mouse model has been recently
reported (82). The OGA-deficient mice were generated with a
gene-trapped embryonic cell line by inserting the gene trap vector
in the first intron of oga (64). oga disruption leads to neonatal
lethality associated with a developmental delay, as well as an
increase in O-GlcNAc levels in embryos (82). Homozygous
oga�/� embryos showed a reduction in size and weight, with no
visible anatomical abnormalities. At the physiological level, studies
of proliferation in oga�/� mouse embryonic fibroblasts showed
mitotic defects and binucleation, suggesting that cell cycle pro-
gression requires a precise control of O-GlcNAcylation (82).
Mitotic regulators such as aurora kinase B, cyclin B1, and Cdc2 are
down-regulated in oga�/� mouse embryonic fibroblasts (82). It is
clear that the results obtained with genetic and pharmacological
approaches are not always congruent; this suggests that there are
other (noncatalytic) functions of the OGA protein and/or off-tar-
get effects of the currently available inhibitors.

Future Challenges

Although research in the past 2 decades has begun to
uncover some of the roles of OGA, suggesting that it is not a
promiscuous hexosaminidase but an equal partner of OGT in
modulation of the O-GlcNAc proteome, many important ques-
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tions remain unanswered. A single pair of opposing enzymes
orchestrates all intracellular O-GlcNAc, and �1000 proteins
have been reported to be O-GlcNAc-modified to date. Given
the site-specific nature of O-GlcNAc and the absence of a strict
consensus sequence, the substrate recognition mechanism of
the transferase performs a formidable selection procedure.
Although it is not clear whether all O-GlcNAc proteins are
equally subject to deglycosylation by OGA, inhibition of OGA
in cells typically leads to a global increase in all detectable
O-GlcNAc proteins, which is consistent with the interpretation
that most O-GlcNAc sites on cellular proteins are dynamic
and that OGA activity is essential for maintaining normal
O-GlcNAc levels. Although several studies have addressed
OGA substrate recognition, there is no clarity regarding the
involvement of the protein part of the substrate. There are no
crystal structures of eukaryotic OGAs, let alone complexes with
full O-GlcNAc proteins, and these will need to be determined to
reveal the principles of (differential) substrate recognition.

Although OGA possesses a HAT-like domain, its function is
unclear. The OGA isoform that lacks the HAT domain retains
some OGA activity, and current data suggest that the hOGA
HAT-like domain is not capable of binding an acetyl donor and
thus not capable of acetyl transfer. Structural work suggests,
however, the presence of an enigmatic tunnel where, in active
acetyltransferases, the acceptor substrate normally binds; the
potential binding partner for this tunnel remains to be identi-
fied. Although there is circumstantial evidence for a role of
O-GlcNAc and OGA in epigenetics, the possible role of the
HAT-like domain will need to be explored.

Although several studies have recently attempted to define
the role of OGA by genetic approaches, they have all relied on a
total disruption of the gene: abrogating OGA activity but also
removing the protein from any complexes of which it might be
a component. With the advent of OGA structural data and
detailed mechanistic insights, it is now possible to design
mutants of the enzyme that are correctly folded yet lack (or are
reduced in) catalytic activity. It will be imperative to exploit
such mutants in animal models to dissect the catalytic and non-
catalytic roles of OGA. We hope that these studies will lead to
unification of pharmacological and genetic approaches toward
the effects of reducing OGA activity in cell lines and disease
models.
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O-GlcNAcylation is an abundant nutrient-driven modifica-
tion linked to cellular signaling and regulation of gene ex-
pression. Utilizing precursors derived from metabolic flux,
O-GlcNAc functions as a homeostatic regulator. The enzymes of
O-GlcNAc cycling, OGT and O-GlcNAcase, act in mitochon-
dria, the cytoplasm, and the nucleus in association with epige-
netic “writers” and “erasers” of the histone code. Both
O-GlcNAc and O-phosphate modify repeats within the RNA
polymerase II C-terminal domain (CTD). By communicating
with the histone and CTD codes, O-GlcNAc cycling provides a
link between cellular metabolic status and the epigenetic
machinery. Thus, O-GlcNAcylation is poised to influence trans-
generational epigenetic inheritance.

Intermediary metabolism, the process by which nutrients are
converted into cellular biomass, is an interwoven network of
biochemical reactions allowing reproduction, development,
and response to the environment. The intermediary metabolic
network is highly conserved and includes every cellular process
ranging from DNA replication to transcription and translation
to enzyme regulation. Epigenetics, the study of how genes may
alter phenotypes beyond their ability to genetically encode
information, is ultimately linked to intermediary metabolism
(1). Many enzymes that participate in epigenetic gene regula-
tion depend upon co-substrates produced by cellular metabo-
lism, thus providing a potential link between metabolism and
gene regulation (2). Mitochondria, key players in these meta-
bolic inter-conversions, exhibit a pattern of cytoplasmic inher-
itance distinct from Mendelian inheritance of genes encoded in
the nucleus (3). O-GlcNAcylation is a key integrator of cellular
nutritional status and occurs in the nucleus, cytoplasm,
and mitochondrion. O-GlcNAc transferase (OGT)3 utilizes

UDP-GlcNAc to catalyze the addition of O-GlcNAc to target
proteins. UDP-GlcNAc is the end product of the hexosamine
biosynthetic pathway (HSP), a series of enzymatic reactions
requiring key metabolites, including glucose, glutamine, ATP,
and acetyl-CoA (4). The nutrient-derived precursors render the
synthesis of UDP-GlcNAc and subsequent O-GlcNAc addition
by OGT nutrient-responsive. The O-GlcNAcase (OGA;
MGEA5) removes the O-GlcNAc modification, and evidence
suggests that its transcription and activity is highly regulated.
Both enzymes of O-GlcNAc cycling contain domains that allow
them to bind to epigenetic modifiers (5, 6). As illustrated in Fig.
1, UDP-GlcNAc is central both to the formation of O-GlcNAc
but also to the synthesis of membrane and secretory glycopro-
teins that perform essential roles in extracellular signaling. The
intracellular O-GlcNAc modification plays a role in signaling,
leading to growth and apoptosis (7–9), metabolism (10, 11), and
the cell cycle (12–14). In addition, O-GlcNAc has been impli-
cated in translation (15), circadian rhythm (16), the establish-
ment of molecular memory in neurons (17), and calmodulin-
kinase signaling (16).

The focus of this review is the role of O-GlcNAc in transcrip-
tion and epigenetics (5, 13, 18 –20). As shown in Fig. 1A,
O-GlcNAc modifies transcription factors (21), epigenetic mod-
ulators (5), and RNA polymerase II (18 –20). These targets sug-
gest that O-GlcNAc may be poised to be a metabolically sensi-
tive effector of gene expression and may function as an
epigenetic modifier (Fig. 1B). Fig. 1B highlights the metabolic
inter-conversions required for the synthesis of UDP-GlcNAc
that involve a dynamic interplay between cytoplasm, mito-
chondria, and the nucleus. Second, the figure illustrates
dynamic modification of proteins both in the nucleus and in
mitochondria by differentially localized forms of OGT. Finally,
we describe those epigenetic effectors, including transcription
factors, histones, TET1–2, and RNA polymerase II, that are
modified by O-GlcNAc to influence their function. These
diverse functions of O-GlcNAc cycling suggest that the path-
way plays a key role in human diseases of aging such as meta-
bolic syndrome, diabetes, Alzheimer disease, heart disease, and
cancer (16, 22, 23). Indeed, the O-GlcNAc gene is a susceptibil-
ity locus for obesity and type II diabetes (24). Growing evidence
also suggests that OGT may play a key role in the intrauterine
environment (5, 22, 25, 26). Thus, the impact of O-GlcNAc
cycling in trans-generational epigenetic phenomena is an
emerging area of interest.

The Enzymes of O-GlcNAc Cycling

O-GlcNAc is added by the enzyme OGT to serine and thre-
onine of target proteins in the cytoplasm, nucleus, and mito-
chondrion (27, 28). The single mammalian OGT gene is located
on the human X chromosome near the Xist locus and encodes
multiple alternatively spliced isoforms of OGT targeted to
these different intracellular locations (27, 28). The three major

* This work was supported, in whole or in part, by National Institutes of Health
intramural grants from the NCI (to B. A. L.) and NIDDK (to J. A. H.). This is the
third article in the Minireview Series on the Thirtieth Anniversary of
Research on O-GlcNAcylation of Nuclear and Cytoplasmic Proteins: Nutri-
ent Regulation of Cellular Metabolism and Physiology by O-GlcNAcylation.

1 To whom correspondence may be addressed: Lymphoid Malignancies
Branch, NCI, National Institutes of Health, Bldg. 10, Rm. 6B05, 10 Center Dr.,
Bethesda MD, 20814. Tel: 301-435-8323; E-mail: lewisbri@mail.nih.gov.

2 To whom correspondence may be addressed: Laboratory of Cell and Molec-
ular Biology, NIDDK, Bldg. 8, Rm. B127, National Institutes of Health,
Bethesda, MD 20892-0851. Tel: 301-496-0943; Fax: 301-496-9431; E-mail:
jah@helix.nih.gov.

3 The abbreviations used are: OGT, O-GlcNAc transferase; OGA, O-GlcNAcase;
mOGT, mitochondrial OGT; ncOGT, nucleocytoplasmic OGT; sOGT, short
OGT; HSP, hexosamine signaling pathway; HBP, hexosamine biosynthetic
pathway; CTD, C-terminal domain; TPR, tetratricopeptide repeats; AdoMet,
S-adenosylmethionine; TET, Ten-eleven translocation; HDAC, histone

deacetylase; pol II, polymerase II; PTM, post-translational modifications;
TCA, tricarboxylic acid.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 289, NO. 50, pp. 34440 –34448, December 12, 2014
Published in the U.S.A.

34440 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 289 • NUMBER 50 • DECEMBER 12, 2014

MINIREVIEW



isoforms are termed mOGT (mitochondrial OGT), ncOGT
(nucleocytoplasmic OGT), and sOGT (short OGT) (Fig. 1B).
The mOGT isoform is targeted to the mitochondrial matrix
and is proapoptotic (28, 29). The sOGT isoform, present in the
nucleus and cytoplasm, is antiapoptotic (28, 30) and may inhibit
the action of the other isoforms (29, 31). The longest isoform,
ncOGT, is present in the nucleus and cytoplasm and contains
13 complete tetratricopeptide repeats (TPR) (32–36). The

mOGT and sOGT variants contain 9 and 2 TPR, respectively
(37). The TPR mediate interaction with a large number of effec-
tor proteins that target or regulate OGT (38, 39). It is likely that
the TPR also serve a scaffolding function, distinct from any role
in enzymatic activity (38). All three isoforms share a common
catalytic domain with a deep UDP-GlcNAc binding pocket and
a groove for target peptide binding (40).

The O-GlcNAcase is encoded by a single gene on human
chromosome 10 (26). Two major O-GlcNAcase isoforms are
produced by alternative splicing of the O-GlcNAcase gene. One
of these contains a domain with similarities to a histone acetyl-
transferase domain but lacking the critical residues for catalytic
activity. This has been termed a pseudoHAT domain (41). The
other major O-GlcNAcase isoform has a 14-amino extension
that serves to target it to lipid droplets. This O-GlcNAcase iso-
form is involved in the remodeling of lipid droplet surface pro-
teins by local activation of proteasomes on the lipid droplet
surface (38, 42). This study suggested a nexus between the reg-
ulation of lipid storage and hexosamine signaling through
O-GlcNAc cycling (42).

The Synthesis of UDP-GlcNAc as a Metabolic Sensor
Linked to O-GlcNAcylation

The levels of both enzyme substrate and product are critical
regulators of the activities of most of the enzymes of interme-
diary metabolism. This is in contrast to the enzymes mediating
intracellular signaling, which are not typically regulated in this
way. Protein kinases, which use ATP as a substrate, recognize
and phosphorylate target proteins, but with the sole exception
of the AMP-regulated protein AMPK (43, 44), kinases do not
respond to ATP levels. Protein kinases bind to ATP with an
affinity that is saturated by normal levels of intracellular ATP.
This effectively isolates kinase signaling from normal intracel-
lular metabolism. O-GlcNAcylation appears to be regulated
quite differently. The synthesis of UDP-GlcNAc is a tightly reg-
ulated process requiring precursors derived from glucose, glu-
tamine, acetyl-CoA, ATP, and uridine (4)(Fig. 1B). Precursor
levels drive the flux through this pathway, but the overall out-
put is limited by substrate inhibition of the key rate-limiting
enzyme glutamine:fructose-6-phosphate amidotransferase
(GFAT). UDP-GlcNAc inhibits this enzyme, creating a feed-
back loop that serves to limit the levels of total UDP-GlcNAc
(4). However, the situation is much more complex in a cellular
context. UDP-GlcNAc levels are also limited by epimerization
to UDP-GalNAc for the synthesis of O-linked glycoproteins in
the endomembrane system. Other inter-conversions can occur
within nucleotide sugar pools themselves to form CMP-sialic
acid. UDP-GlcNAc is transported into the endoplasmic reticu-
lum and Golgi for glycosyltransferase reactions for complex
oligosaccharide assembly in those organelles (45). In certain
cell types, this pool of UDP-GlcNAc may be released extracel-
lularly, where it may activate the broadly distributed P2X and
P2Y purinergic receptors (46). Taking into account the known
volumes occupied by intracellular organelles, enrichment of
UDP-GlcNAc in the endomembrane system (�30-fold) can
result in cytoplasmic levels that are in the range expected from
the known Km values for OGT (�2–5 �M) and UDP-GlcNAc
transporters (�7 �M) (47). Finally, the mOGT isoform com-

FIGURE 1. The central role of UDP-GlcNAc in glycoconjugate synthesis in
the endomembrane system and O-GlcNAc-dependent signaling. A,
UDP-GlcNAc acts in the assembly of secreted and membrane glycoconju-
gates and is required for the synthesis of O-GlcNAc in the cytoplasm and
nucleus. O-GlcNAc has been implicated in diverse processes as indicated by
the arrows. These processes include metabolism, growth, apoptosis, the cell
cycle, transcription, translation, the circadian clock, and the establishment of
molecular memory in neurons. B, the role of hexosamine synthesis in medi-
ating communication between the mitochondrion and nucleus. Metabolic
precursors required for UDP-GlcNAc synthesis, glucose, acetyl-CoA, gluta-
mine, uridine, and ATP are generated by the coordinated activities of cyto-
plasmic and mitochondrial enzyme complexes. The mitochondrion is the site
of fatty acid oxidation to produce acetyl-CoA and the tricarboxylic acid (TCA)
cycle utilizing glucose-derived precursors for ATP production. Glutamine is
utilized by the action of glutaminase to generate mitochondrial glutamate for
entry into the TCA cycle. These interconnected metabolites communicate to
the epigenetic machinery by providing precursors for epigenetic modifica-
tions including O-GlcNAc addition and histone acetylation. O-GlcNAc addi-
tion is mediated by a mitochondrial variant (mOGT), a shorter isoform (sOGT),
and the nuclear/cytoplasmic ncOGT. The sOGT variant is present in both cyto-
plasm and nucleus, although for illustrative purposes, it is shown only the
cytoplasm. P indicates phosphorylated residues.
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petes with ncOGT in the nucleus for UDP-GlcNAc (28)(Fig.
1B). Although total UDP-GlcNAc levels have been estimated to
be as high as 1 mM, the concentrations of the cytoplasmic and
mitochondrial pool are likely to be much lower. Utilization of
UDP-GlcNAc for hyaluronan synthesis has been proposed to
limit cytoplasmic O-GlcNAc levels (48). Thus, the pool of
UDP-GlcNAc available for O-GlcNAcylation is influenced by
many factors including metabolic flux. At the level of metabo-
lism, other reactions contribute to, and compete for, precursors
to the hexosamine biosynthetic pathway. Glutamine is one of
these key metabolites. Glutamine can be converted to gluta-
mate in mitochondria for the production of �-ketoglutarate
and entry into the tricarboxylic acid cycle (2). In addition, the
regulated entry of glutamine may be influenced by the synthesis
of UDP-GlcNAc (2). Another precursor of UDP-GlcNAc,
acetyl-CoA, is primarily produced by the conversion of pyru-
vate into acetyl-CoA via the mitochondrial pyruvate dehydro-
genase complex during the oxidation of glucose and the �-ox-
idation of fatty acids (49). There is growing evidence in both
yeast and mammalian cells that acetyl-CoA levels can fluctuate
to influence gene expression (44). These many factors influenc-
ing the levels of UDP-GlcNAc are summarized in Fig. 1B.

O-GlcNAc as an Integrator of Metabolite-driven Post-
translational Modifications and Transcription

Fig. 2 provides a brief overview of how nutrition, metabolism,
and environmental cues may result in a change in metabolites
critical for the epigenetic regulation of gene expression. These
homeostatic transcriptional responses have been the subject of
several excellent recent reviews (49, 50); here we highlight the
role of O-GlcNAcylation in transcriptional control. A number
of key metabolites (Fig. 2) may fluctuate in response to nutri-
ents or such cues as circadian period. These metabolites either
serve as direct donors (S-adenosylmethionine (AdoMet),
acetyl-CoA) or contribute to the synthesis of other key metab-
olites (ATP, NAD, �-hydroxybutyrate, and �-ketoglutarate)
(49). The metabolites then act through key enzymes such as
kinases, lysine methyltransferases, histone acetyltransferases,
or O-GlcNAc transferase to modify chromatin-associated fac-
tors. The DNA methyltransferases (DNMTs) are dependent
upon the methyl donor AdoMet to modify cytosine residues of
DNA. The Krebs cycle intermediate �-ketoglutarate modulates
the activity of the TET (Ten-eleven translocation) proteins (see
below). These key enzymes of addition are often referred to as
“writers” of an epigenetic code (49). In turn, the modifications
are removed by phosphatases, lysine demethylases, histone
deacetylases, and O-GlcNAcase. DNA demethylation is
thought to occur both passively and through the action of the
TET enzymes. Thus, the enzymes catalyzing removal are fre-
quently termed “erasers” (49). The writers and erasers act on
effector molecules that serve to maintain transcriptional home-
ostasis: DNA, histones, transcription factors, and RNA poly-
merase II. We note that O-GlcNAc cycling plays a key role in
most of these phenomena that maintain homeostasis. In the
following sections, we will discuss the potential role of
O-GlcNAc on these effectors including the “histone code,”
DNA methylation, DNA demethylation, and the RNA poly-
merase II “CTD code.”

O-GlcNAc and Epigenetic Regulation of Transcription by
the Histone Code

As illustrated in Figs. 1 and 2, the enzymes of O-GlcNAc
cycling have also been shown to physically and genetically
interact with a number of transcriptional regulators with estab-
lished roles in epigenetics (5, 23, 26). OGT modifies many
kinases and is thought to interact with numerous kinase signal-
ing cascades both at the level of kinase regulation and through
competition for acceptor serine and threonine residues (51, 52).
O-GlcNAc has been shown to directly modify histones includ-
ing the mitosis-specific H3 Ser-10 modification, which is con-
ditionally phosphorylated (6, 12, 14, 53). Other sites of
O-GlcNAcylation occur on histones H2A and H2B that may be
linked to histone exchange (45, 53). It is noteworthy that the
known sites of O-GlcNAcylation of histones are sites distinct
from H3 and H4 tail modifications more directly linked to the
regulation of gene expression. Perhaps the best established role
for OGT in transcriptional regulation is involvement in poly-
comb repression (26, 54, 55). In Drosophila, OGT is allelic with
Sxc, a gene initially characterized as a homeotic mutant (56).
OGT is essential for polycomb repression in Drosophila (55)

FIGURE 2. O-GlcNAcylation as an integrator of metabolic flux in response
to environmental perturbations. Nutrients, stress, pathogenesis, or other
environmental cues such as circadian rhythms are tied to fluctuations in key
intermediate metabolites (� Metabolites). These include such key intermedi-
ates as acetyl-CoA, NADH/NAD, ATP, FAD, �-ketoglutarate, AdoMet (SAM),
and UDP-GlcNAc terminating in O-GlcNAc. Enzymes involved in the addition
and removal of post-translational modifications maintain homeostasis by
responding to these fluctuating metabolite pools by modifying effector mol-
ecules that may include cytosine methylation of DNA, histone modifications,
transcription factor modifications, and modification of RNA polymerase II.
O-GlcNAc cycling provides a central node in these complex homeostatic
interactions (adapted from Ref. 49). DNMTs, DNA methyltransferases; lysine
MT, lysine methyltransferase; HATS, histone acetyltransferases.
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and may play a similar role in mammals (5, 26, 57). Polycomb
repression is linked to the trimethylation of histone H3 at
Lys-27 (58). Polycomb is best known for its role in regulating
the Hox (homeotic) genes in Drosophila. The Hox gene clusters
regulate the development of the anterior/posterior axis in Dro-
sophila and carry out conserved functions in other metazoans
from Caenorhabditis elegans to humans. In mammals, poly-
comb repression is involved in maintenance of pluripotency,
differentiation, and imprinting (26, 54, 55). There is also evi-
dence that OGT may interact with members of the trithorax
group of epigenetic regulators (reviewed in Refs. 5 and 26). The
trithorax group is associated with “activating histone modifica-
tions” such as histone H3 Lys-4 and Lys-36 methylation (59, 60)
and may involve O-GlcNAcylation as part of the regulatory net-
work (26). In general terms, the trithorax group acts as an anti-
repressor that counters the action of the polycomb repressive
complex. In addition to its role in polycomb repression, OGT
has been shown to interact with mSin3A, a transcriptional
repression complex associated with histone deacetylases
(HDAC1, HDAC2) (61). The HDACs remove the acetyl residue
laid down by the numerous histone acetyltransferases, which
use acetyl-CoA as a precursor (1, 5). The OGT-mSin3A com-
plex is also found in association with HCF-1, a protein that is
cleaved by OGT in a process linked to mitotic cell cycle pro-
gression (45, 62– 64). OGT is also a central hub in the Oct4
network and associates with other factors maintaining stem cell
pluripotency (26). O-GlcNAc modifies many, if not most, RNA
polymerase II transcription factors (21). In addition to these
numerous interactions, OGT binds to the TET class of DNA
cytosine demethylases that may serve as 5-methylcytosine eras-
ers (65– 67). TET proteins were first discovered through their
involvement in myeloid leukemia where the TET1 gene, located
on chromosome 10, translocated with the H3K4 histone meth-
yltransferase MLL gene on chromosome 11 (68). The TET pro-
teins are a member of a family of dioxygenases that are depen-
dent upon both �-ketoglutarate and iron(II) for their activities
(38, 67, 69, 70). Nutrient-dependent O-GlcNAcylation does not
seem to play a direct role in regulating TET demethylation
activity but may influence its nuclear residency (71).

Taken together, the interactions of these effector molecules
(Fig. 2) with the enzymes of O-GlcNAc cycling and other
mediators of epigenetic programming suggest that O-
GlcNAcylation integrates metabolic information. Small mole-
cule metabolites are central players in the regulation of these
enzymes. These metabolites show complex interactions and
inter-conversions providing links between diverse metabolic
pathways. The changes in these metabolites from environmen-
tal influences such as circadian rhythms, nutritional flux, infec-
tion, and stress may contribute to the maintenance of homeo-
stasis depicted in Fig. 2. From this figure, it is clear that
O-GlcNAc is a central player in these processes. Although all of
the effectors depicted in Fig. 2 are potentially important, we
have chosen to focus this review on the impact of RNA pol II
O-GlcNAcylation. pol II is downstream of all of the complex
epigenetic regulatory paradigms described above in which
O-GlcNAc has been implicated.

RNA Polymerase II O-GlcNAcylation and Nutrient
Sensing: The Differing Forms of RNA Polymerase II

In humans, the pol II CTD consists of 52 heptad repeats of
predominantly YSPTSPS. This “consensus repeat” is an accu-
rate description of the yeast CTD and the first 26 repeats of the
human CTD. However, this sequence diverges in human hep-
tads 27–52. Notably, there are eight lysine residues (replacing
serine 7), one arginine residue, and conservative switches
between serine and threonine residues and asparagine and glu-
tamic acids; all are at position 7 of the CTD repeat (72–74).

RNA polymerase II exists in many different forms dictated by
the post-translational modifications on its C-terminal domain
(CTD). These modifications are summarized in Fig. 3. The lit-
erature refers predominantly to two different species, pol IIA
and pol IIO. pol IIA is thought to be the species required for
promoter binding and initiation (75, 76). It is unclear whether
this species is completely unmodified or whether it is more
accurately considered hypo-phosphorylated. In contrast, pol
IIO is thought to be heavily phosphorylated. A third distinct
species of pol II is defined by the O-GlcNAcylation of the CTD
(pol II�) (19, 20). pol II� was found within the pol IIA popula-
tion, and in fact, because of the mixing of pol IIA and pol II�, it
has never been clear whether pol IIA or pol II� is the initiation-
specific species of pol II. Regardless, upon initiation, pol II is
phosphorylated, first at serines 5 and 7, and subsequently at
serine 2 (72–74).

CTD Modifications and Enzymes

The enzymes responsible for RNA pol II phosphorylation are
quite numerous and have been discussed in detail elsewhere,
especially in comparing yeast and human transcription systems
(72, 77). CDK7 of the TFIIH complex phosphorylates serine 5
and 7 residues. The phosphorylation of serine 2 is much less
clear; CDK8, -9, -12, and -13 and Brd4 have all been suggested
as serine 2 kinases (72, 77–79). It is clear that in vitro, these
kinases can modify the CTD. However, in vivo, only CDK9, -12,
and -13 have definitively been shown to be CTD kinases. Addi-
tionally, both threonine 4 and tyrosine 1 can be phosphorylated
(80 – 82). Two kinases are capable of modifying Thr-4, whereas
c-Abl is thought to be the Tyr-1 kinase (81, 83– 86). There are
also several CTD phosphatases: FCP1 (serine 2), SCP (serine 5),

FIGURE 3. Schematic representation of some CTD post-translational
modifications. A, the YSPTSPS CTD consensus repeat is depicted along with
the positions of O-GlcNAcylated (G) and phosphorylated residues (P). In addi-
tion, some of the proteins that interact with various combinations of the
phosphorylated residues are shown. This is not an all-inclusive depiction;
other associated factors including capping enzyme and splicing and poly-
adenylation factors. The reader is referred to several excellent reviews for a
thorough discussion of the CTD modifications (72–74). B, the methylation of
arginine in CTD repeat 31 (by CARM1 (89)). C, one of eight lysine residues that
are acetylated.
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and RPAP2 (serine 5) (72). Pin1 (Ess1 in yeast) is unique among
the CTD modification enzymes as it is a prolyl isomerase, con-
verting proline from a predominantly trans-conformation to a
cis-conformation that alters the substrate specificity of the
CTD (for example, FCP1 requires Pin1 activity for CTD sub-
strate binding) (87). Acetylation by p300 occurs on the lysine
residues in the C-terminal half of the CTD (88). Lastly, the one
arginine residue in the human CTD is a substrate for CARM1
arginine methyltransferase (89).

CTD O-GlcNAcylation was originally found on calf thymus
RNA pol II and more recently on human pol II (19, 20). Edman
degradation of calf thymus pol II indicated that both Thr-4 and
Ser-5 of the CTD are O-GlcNAcylated (19), whereas serine to
alanine substitutions (20) and mass spectroscopy indicated that
Ser-5 was O-GlcNAcylated. Additionally, O-GlcNAcylation of
Ser-5 can block subsequent phosphorylation, suggesting that
these are mutually exclusive events (18, 20); these data argued
that pol II� exists either before pol IIO or afterward (i.e. it is a
pre-initiation species or a post-elongation species). Focus cen-
tered on pol II� acting before initiation after finding that OGT
and OGA catalytic activity are necessary for transcription in
vitro and that inhibition of these enzymes blocks transcription
during pre-initiation complex assembly (20). OGT can be
detected at promoters and immunoprecipitated with pol II (20).
In vivo, shRNA inhibition of OGT decreased pol II occupancy at
several B-cell-specific promoters (20), and both OGT and
O-GlcNAc localize almost exclusively at transcription start
sites (65). Similar results were obtained in C. elegans ChIP-chip
analysis where OGT mutants are viable, thus providing robust
controls in the ChIP-chip and ChIP-Seq experiments (13).

CTD Code and Function

The concept of a code on the CTD comprising the various
PTMs was first proposed by Buratowski (90). In general, there
are three ways that a code might manifest itself. The first is
simply a binary code, consisting of either a modified or unmod-
ified residue. The second is a combinatorial code, where two
different residues are modified, either with the same or with
different PTMs. The third is a sequential code, where one
PTM establishes a second modification. There is evidence of
all three (phospho-Ser-5; phospho-Ser-2; phospho-Ser-5/
phospho-Ser-7; phospho-Thr-4; arginine-methyl; phospho-
Tyr-1; lysine-acetyl) (72–74, 88). It is clear that specific com-
binations of phosphoserines in the CTD are binding sites for
factors, offering definitive evidence of some form of combi-
natorial code (91, 92).

How do individual PTMs on the CTD manifest themselves
functionally (Fig. 3)? The function of the known CTD modifi-
cations seems to be to recruit various factors for RNA splicing,
polyadenylation, and termination (72–74). For example, cap-
ping enzyme binds to phospho-Ser-5 residues (93, 94). Splicing
and polyadenylation factors are recruited via phospho-Ser-2
(72–74), whereas a combination of phospho-Ser-2/phospho-
Ser-7 is necessary for recruitment of Integrator (91). Addition-
ally, the CTD serves to instigate deposition of at least two com-
ponents of the histone code. Histone methyltransferases are
brought to transcriptionally active gene bodies by phospho-

Ser-5 and phospho-Ser-2 to modify H3 Lys-4 and H3 Lys-36
(95).

In contrast, there is little evidence that proteins have an
“O-GlcNAc binding domain” mediating an interaction with
O-GlcNAcylated proteins. In the absence of such evidence, it is
necessary to consider other functions of an O-GlcNAcylated
pol II CTD. O-GlcNAcylation of the CTD is unlikely to be
essential because C. elegans mutants lacking OGT are viable
and fertile (13). Thus, CTD O-GlcNAcylation may serve a more
regulatory function to sterically prevent or promote factors
binding to the CTD. Secondly, pol II� may prevent premature,
aberrant CTD phosphorylation, for which there is some evi-
dence (18, 20). Alternatively, the hydrolysis of UDP-GlcNAc,
which is a high energy donor, may make free energy contribu-
tions (similar to ATP hydrolysis (96)) to promote kinetic steps
during preinitiation complex formation. Lastly, because both
O-GlcNAcylation and phosphorylation of CTD residue serine 5
occur in a mutually exclusive manner, and phospho-Ser-5 is a
necessary prerequisite for establishing a paused pol II, we also
suggest that regulation of O-GlcNAc removal might regulate
the formation of paused pol II downstream of the transcrip-
tional start site by regulating the level of phospho-Ser-5 cre-
ation. Future work is required to unravel the complex interac-
tions of the CTD with its numerous PTM contributions. The
sheer complexity of such an analysis is staggering. If the 52
repeats have 4 modification sites per repeat, there are �208
sites. With the potential for O-GlcNAc, O-phosphate, or
unmodified states at each of these, the total number of molec-
ular species possible is 3208 � �2 � 1099!

The CTD as a Paradigm for Nutrient Sensing via
O-GlcNAc

O-GlcNAc levels on proteins have been suggested to reflect
the nutrient state of the cell (6, 23, 50). It is also critically impor-
tant to consider the proteins that are O-GlcNAcylated and not
just UDP-GlcNAc levels. For an O-GlcNAcylated protein to be
considered a nutrient sensor, it should satisfy several criteria.
The first is that the protein-O-GlcNAc levels must reflect
changing nutrient conditions. For example, nuclear pore pro-
teins are not likely to be nutrient sensors as their O-GlcNAc
levels are very stable (49). Secondly, the O-GlcNAc levels of a
protein must be dynamically regulated by either OGT and/or
OGA. Finally, these changing levels of O-GlcNAc should alter
the functional output of the protein in question. Examples of
likely nutrient sensor proteins (NSPs) include CRTC2, RelA,
and c-Rel NF-�B family members, and FoxoO1 (21, 97, 98).

CTD as a Scaffold for Nutrient-dependent Histone
Modification Enzymes

The CTD is modified by O-GlcNAcylation, phosphorylation,
and acetylation that are all dependent on intracellular nutrient-
sensitive pools. However, we would like to suggest a second
function of the CTD; it serves as a nexus for the nutrient-de-
pendent histone methylation enzymes. These enzymes, such as
MLL1/2, SET2, and Dot1, bind different phospho-CTD marks
and deposit methyl groups onto Lys-4, Lys-36, and Lys-79 res-
idues of the H3 histone tail, respectively (Fig. 3) (95). These
enzymes are dependent on the AdoMet methyl donor (this
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nutrient dependence of the histone methyltransferases and
demethylases has been documented by others (49, 99)).
O-GlcNAcylation is part of the information content of the
CTD. The interplay between the CTD and histone codes is
therefore likely to be coupled; both respond to changing nutri-
ent states, and it is their combined state that has functional
consequences. This model is summarized in Fig. 4.

Summary

The O-GlcNAc modification is unique in that it acts at every
step in the cascade of effectors implicated in epigenetic regula-
tion (68). It is a critical regulator of cell signaling, mitochondrial
function, growth regulation, and apoptosis (5, 24, 26, 100).
OGT binds to the TET proteins involved in recognizing meth-
ylated CpG islands in DNA important for genomic imprinting
(65– 67, 69). O-GlcNAc modifies histones (12, 53) and partici-
pates with the polycomb and trithorax complexes responsible
for histone methylation (14, 26, 55, 101). Most RNA pol II-de-
pendent transcription factors are O-GlcNAcylated (21). Finally,
the CTD of pol II is O-GlcNAcylated, exhibiting a complex
interaction with other CTD post-translational modifications
(19, 20). We have explored the RNA pol II CTD modification by
the enzymes of O-GlcNAc cycling as a paradigm to illustrate

how a nutrient-driven post-translational modification may
influence a central player in transcriptional regulation. We have
examined how this complex network of PTMs may be regulated
and shown that the HSP is central to these metabolic inter-
conversions. We have also shown that the enzymes of
O-GlcNAc cycling can partner with other epigenetic regulators
such as mSin3A, HCF-1, and Oct4. As the tools to examine
O-GlcNAcylation become more widely available to the epige-
netics community, this expanding field is certain to gain wider
acceptance and recognition. The implications of these recent
findings are profound and far-reaching. The O-GlcNAc modi-
fication provides a tangible molecular mechanism by which
nutritional information can be conveyed to influence the read-
ers, writers, and erasers of the genetic and epigenetic codes.
Human diseases of aging including cancer, neurodegeneration,
and metabolic disease are associated with dysregulation of
O-GlcNAcylation. Advancing knowledge in this important
arena is likely to fuel interest in targeted therapies and
diagnostics.
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Our understanding of the role of protein O-GlcNAcylation in
the regulation of the cardiovascular system has increased rap-
idly in recent years. Studies have linked increased O-GlcNAc
levels to glucose toxicity and diabetic complications; conversely,
acute activation of O-GlcNAcylation has been shown to be car-
dioprotective. However, it is also increasingly evident that
O-GlcNAc turnover plays a central role in the delicate regula-
tion of the cardiovascular system. Therefore, the goals of this
minireview are to summarize our current understanding of how
changes in O-GlcNAcylation influence cardiovascular patho-
physiology and to highlight the evidence that O-GlcNAc cycling
is critical for normal function of the cardiovascular system.

The O-linked attachment of �-N-acetylglucosamine
(O-GlcNAc) to serine/threonine residues of proteins is a
dynamic, transient, and reversible process that is an essential,
metabolically regulated, signal transduction mediator in all
cells (1). O-GlcNAc transferase (OGT)3 catalyzes O-GlcNAc
formation, utilizing UDP-GlcNAc as the substrate. UDP-
GlcNAc is the end product of the hexosamine biosynthesis
pathway (HBP), which is regulated primarily by L-glutamine:D-
fructose-6-phosphate amidotransferase (GFAT). GFAT cata-
lyzes the formation of glucosamine 6-phosphate from fructose
6-phosphate. It has been estimated that 2–5% of glucose enter-
ing glycolysis is diverted through GFAT, thereby contributing
to UDP-GlcNAc and O-GlcNAc synthesis (2); however, quan-

titative analysis of glucose flux via the HBP in the heart has yet
to be performed. Although glucose availability is an important
factor in O-GlcNAc synthesis, glutamine is critical as the amine
donor for glucosamine 6-phosphate, whereas fatty acid metab-
olism is likely the primary source for the acetyl moiety. Thus,
multiple nutrients contribute to both UDP-GlcNAc and pro-
tein O-GlcNAc synthesis. In addition to its synthesis, the levels
of protein O-GlcNAc are also regulated by the activity of �-N-
acetylhexosaminidase (O-GlcNAcase (OGA)), which catalyzes
removal of this post-translational modification.

A little over a decade following the identification of
O-GlcNAc protein modification by Torres and Hart (3), the
small heat shock protein �B-crystallin was shown to be an
O-GlcNAc target in rat heart (4). Using vascular smooth muscle
cells, Han and Kudlow (5) demonstrated in 1997 that
O-GlcNAcylation of the transcription factor Sp1 modulated its
susceptibility to proteasomal degradation, concluding that this
may provide a link between nutritional status and transcrip-
tional regulation. In the same year, Yki-Järvinen et al. (6)
reported that OGT activity was significantly higher in rat heart
compared with liver, fat, and other types of striated muscle;
they also hypothesized that O-GlcNAcylation could be
involved in mediating glucose toxicity in insulin-responsive tis-
sues. To our knowledge, these were the first reports of
O-GlcNAcylated proteins in cardiac or vascular tissues, as well
as the first to suggest that protein O-GlcNAcylation may con-
tribute to the adverse effects of insulin resistance and diabetes
in the cardiovascular system.

Studies in cardiovascular tissues can be broadly divided into
two categories: 1) the adverse effects of chronically elevated
O-GlcNAc levels typically associated with cardiometabolic dis-
eases, such as diabetes, and 2) the protective effects of increased
O-GlcNAc levels observed in the setting of acute injury models
(Fig. 1). Although we will summarize these findings, there
have been a number of recent reviews that have covered
these areas in greater detail (7–13). Consequently, our goal
here is to focus on some emerging areas, including the role of
O-GlcNAcylation in the regulation of vascular function, car-
diac hypertrophy, Ca2� signaling, and epigenetics, and we
will highlight evidence that O-GlcNAc cycling is critical for
normal function of the cardiovascular system (Fig. 2).

O-GlcNAcylation and the Heart

As glucose is a substrate for UDP-GlcNAc synthesis via the
HBP, glucose availability is a key mediator of O-GlcNAcylation.
Consequently, chronically elevated protein O-GlcNAcylation
in hearts from diabetic animals has been implicated in glucose
toxicity and linked to multiple facets of cardiomyocyte dysfunc-
tion in diabetes including impaired contractility, mitochondrial
dysfunction, and metabolic dysfunction (14 –22). Moreover,
many transcription factors that regulate cell survival are also
targets for O-GlcNAcylation (23) and could potentially contrib-
ute to an impaired stress response of diabetic cardiomyocytes.
Increased HBP flux has also been linked to insulin resistance,
and many proteins that play a key role in metabolic regulation,
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such as AMPK (AMP-activated protein kinase), IRS1/2, Akt,
and GLUT4, have been shown to be O-GlcNAc-modified,
resulting in blunted activity (24, 25). Although these findings
have yet to be confirmed in the heart, they illustrate the poten-
tial mechanisms by which O-GlcNAcylation could contribute
to metabolic dysfunction characteristic of the heart in the set-
ting of metabolic disease. It is of note that increasing HBP flux
and O-GlcNAcylation in the isolated perfused heart using glu-
cosamine resulted in an increase in fatty acid oxidation, which
was associated with O-GlcNAcylation of the fatty acid trans-
porter FAT (fatty acid translocase)/CD36 (26). This suggests
that elevated O-GlcNAc levels could contribute not only to car-
diac glucotoxicity, but also to cardiac lipotoxicity. Increased
O-GlcNAcylation may also be detrimental to cardiomyocytes
by attenuating responsiveness to hypertrophic and autophagic
stimuli (17, 18), dysregulation of the cardiac circadian clock
(27), and impaired cardiac cell differentiation (28).

Collectively, these reports support the widely held belief that
increased O-GlcNAc levels are detrimental to the heart. How-
ever, in 2004, Zachara et al. (29) showed for the first time that
acute increases in cellular O-GlcNAc levels were cytoprotec-
tive. Subsequently, there have been numerous reports demon-
strating that increased O-GlcNAcylation, either by augmenting
synthesis with glucosamine or by attenuating degradation by
inhibition of OGA, is cardioprotective in the setting of acute
injury, such as oxidative stress, calcium overload, endoplasmic
reticulum stress, and ischemia/reperfusion (Fig. 1) (30 –37).
Conversely, decreasing O-GlcNAc levels through overexpres-
sion of OGA decreased tolerance of cardiomyocytes to oxida-
tive stress (38). These in vitro observations also translated to in
vivo models, in which administration of the OGA inhibitor
O-(2-acetamido-2-deoxy-D-glucopyranosylidene)amino
N-phenylcarbamate (PUGNAc) decreased infarct size similar
to that seen with ischemic preconditioning (34), as well as
improved cardiac function following trauma/hemorrhage (39,
40).

Of particular note, in both the trauma/hemorrhage studies
and the in vitro ischemia/reperfusion models, increasing the
O-GlcNAc levels during resuscitation/reperfusion was found to

be particularly effective in improving survival and recovery of
cardiac function, respectively (35, 39 – 41). Interestingly, ische-
mic preconditioning has been shown to increase cardiac
O-GlcNAc levels (34, 42); however, whether this contributes to
the cardioprotection following this intervention is not known.
Remote ischemic preconditioning also appears to influence
myocardial O-GlcNAc levels, albeit through as yet unknown
circulating factors (43). A number of other cardioprotective
interventions have also been associated with increased
O-GlcNAc levels (44 – 46), raising the intriguing possibility that
activation of O-GlcNAcylation could represent a nodal point
linking diverse cardioprotective strategies.

The mechanisms leading to increased O-GlcNAc levels in
the heart in response to ischemia or ischemic preconditioning
are not well understood. Wang et al. (47) demonstrated a causal
link between the unfolded protein response, activation of
Xbp1s (X-box-binding protein 1, spliced), and increased
O-GlcNAc synthesis. They found that Xbp1s transcriptionally
activated GFAT1 under a range of different stress conditions,
including ischemia/reperfusion. Moreover, not only was Xbp1s
required for increased HBP flux and O-GlcNAcylation follow-
ing ischemia/reperfusion, but increased expression of Xbp1s
alone was sufficient for HBP-dependent cardioprotection. It
should be noted, however, that other mechanisms known to be
activated following ischemia/reperfusion potentially contrib-
ute altered O-GlcNAc levels. For example, it has been shown
that stress-induced increases in cardiomyocyte O-GlcNAc lev-
els were mediated at least in part by Ca2�-dependent activation
of Ca2�/calmodulin-dependent protein kinase II (CaMKII)
(48).

The role of O-GlcNAc within different cellular organelles in
cardiomyocytes is also beginning to attract attention. Of partic-
ular relevance to the impact of O-GlcNAcylation in the heart is
the role of O-GlcNAc modification of mitochondrial proteins.
For example, respiratory chain complex proteins, such as sub-
unit NDUFA9 of complex I, subunits core 1 and core 2 of
complex III, and the mitochondrial DNA-encoded subunit I of
complex IV (cytochrome c oxidase 1), as well as DRP1
(dynamin-related protein 1), a regulator of mitochondrial fis-
sion, are O-GlcNAcylated in cardiomyocytes (49, 50). Increased
O-GlcNAcylation of these proteins has been linked to the
adverse effects of hyperglycemia on mitochondrial function
(49, 50). Hearts from rats with a low running capacity have
higher O-GlcNAcylation of complexes I and IV and the voltage-
dependent anion channel (VDAC) compared with those from
rats with a high running capacity (51). An earlier study by Jones
et al. (34) also demonstrated that VDAC was an O-GlcNAc
target in the heart. Further support for a functional role of mito-
chondrial O-GlcNAcylation was provided by Palaniappan et al.
(52), who reported that VDAC2 was O-GlcNAcylated in both
mouse embryonic fibroblasts and Jurkat cells. Importantly, they
also found that mitochondrial dysfunction and cell death
induced by global increases in O-GlcNAc were dependent on
the presence of VDAC2. Whether this is also true in car-
diomyocytes has yet to be determined. Although evidence sug-
gests that changes in O-GlcNAcylation influence mitochon-
drial function, how matrix proteins are O-GlcNAcylated
remains a mystery. Despite reports that the 103-kDa isoform of

FIGURE 1. Summary of the widely accepted positive and negative effects
of increased O-GlcNAc levels on the heart. ER, endoplasmic reticulum; I/R,
ischemia/reperfusion.
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OGT resides within mitochondria (53), it is unclear how the
precursors for O-GlcNAc synthesis enter the mitochondria. In
addition, a mitochondrial OGA, which would be required for an
active mitochondrial O-GlcNAc cycle, has yet to be identified.

Overall, these findings demonstrate that changes in
O-GlcNAc levels exert apparently divergent effects on the
heart. Although the mechanisms remain poorly understood,
current evidence suggests that this is likely due to a complex
combination of the duration of exposure, the presence or
absence of an additional cellular insult, the nature of the
specific stress, and the hormonal milieu surrounding the
cardiomyocyte.

O-GlcNAcylation and Vascular Function

Much of the early work examining the role of O-
GlcNAcylation in vascular function was in the context of iden-
tifying specific mechanisms underlying the adverse effects of
hyperglycemia. An important example of this is the work by
Brownlee and colleagues (54), who reported that hyperglycemia
increased O-GlcNAcylation of endothelial NOS (eNOS) in
bovine aortic endothelial cells, which was associated with a
decrease in phosphorylation at Ser-1177, the site responsible
for activation of the enzyme. They also found that eNOS activ-
ity was reduced in aortas from diabetic rats, with no change in
eNOS protein levels. An inverse correlation between levels of
eNOS O-GlcNAcylation and phosphorylation has also been
reported in human coronary artery endothelial cells (55). Fur-
thermore, insulin-stimulated phosphorylation of eNOS was
significantly attenuated by both hyperglycemia and direct acti-
vation of the HBP by glucosamine (55). Interestingly, Musicki et
al. (56) demonstrated that increased O-GlcNAcylation of Ser-
1177 in eNOS attenuated the shear stress-induced increase in
penile blood flow during diabetes. More recently, Beleznai and
Bagi (57) reported that increased O-GlcNAcylation contrib-
uted to impaired NO-mediated arteriolar dilation following
hyperglycemia, supporting the concept that O-GlcNAcylation
may be a significant contributing factor to microvascular dis-
ease in diabetic patients. Vascular calcification is another com-
plication contributing to the increased morbidity and mortality
of patients with diabetes. A recent study showed that calcifica-

tion was enhanced in response to increased O-GlcNAcylation
and that this was mediated through O-GlcNAc-induced activa-
tion of Akt (58).

Using intact rat aorta, Lima et al. (59) reported that augment-
ing O-GlcNAc levels by inhibiting OGA enhanced reactivity to
vasoconstrictors, such as phenylephrine and serotonin, was
associated with decreased phosphorylation of both eNOS and
Akt. Endothelin-1-induced vasoconstriction was found to be
O-GlcNAc-dependent, and the RhoA/Rho kinase pathway was
a potential downstream mediator of O-GlcNAc signaling in the
vasculature (60). Similarly, Kim et al. (61) reported that gluco-
samine augmented vessel contraction in endothelium-denuded
aortic rings, which was prevented by inhibition of OGT. Over-
all, these studies suggest that increased vascular O-GlcNAc lev-
els may contribute to vascular dysfunction that occurs with
hypertension.

Similar to studies described in the heart, several reports sug-
gest that increased O-GlcNAcylation also functions in a vaso-
protective role. Following endoluminal injury of the carotid
artery, O-GlcNAc levels decreased rapidly and remained
depressed for at least 24 h (62). Treatment with glucosamine or
PUGNAc increased O-GlcNAc levels in injured arteries, which
was associated with lower acute inflammatory responses com-
pared with untreated groups. In addition, prolonged treatment
with glucosamine attenuated neointima formation (62). Subse-
quent studies in vascular smooth muscle cells demonstrated
that increased O-GlcNAcylation attenuated TNF-�-induced
expression of inflammatory mediators, which was associated
with increased O-GlcNAcylation of NF-�B p65 and inhibition
of NF-�B signaling (63). Increasing O-GlcNAc levels also atten-
uated TNF-�-mediated hypercontractility and endothelial dys-
function in isolated aortic rings, which were accompanied by a
decrease in inducible NOS expression and lower protein
nitrosylation (64).

Taken together, these data suggest that O-GlcNAc plays a
pivotal but complex role in the vasculature. As with studies in
cardiomyocytes and non-cardiac cells, the presence and activa-
tion of O-GlcNAc in the vasculature regulate both cytoprotec-
tion and inflammation. O-GlcNAc cycling also regulates vascu-

FIGURE 2. Overview of the wide-ranging and complex role of O-GlcNAc in regulating the cardiovascular system. HDACs, histone deacetylases.
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lar-specific processes, such as calcification, vasoconstriction,
and vasodilation.

Role of O-GlcNAc in Hypertrophic Signaling

It is now well established that activation of the Ca2�-sensi-
tive phosphatase calcineurin, which dephosphorylates nuclear
factor of activated T-cells (NFAT), leading to NFAT nuclear
translocation, is a critical step in the initial transcriptional
response to pathological hypertrophic stimuli (65). Marchase
and colleagues (66, 67) reported that agonist-induced nuclear
translocation of NFAT in cardiomyocytes was inhibited by
hyperglycemia. The effects of hyperglycemia were attenuated
by inhibition of GFAT and mimicked by activation of the
HBP with glucosamine, supporting the notion that O-
GlcNAcylation might influence hypertrophic signaling. This
was confirmed in subsequent studies in which both glucosa-
mine and PUGNAc attenuated the angiotensin II-induced
increase in intracellular Ca2� and increased O-GlcNAc levels
(68). Inhibition of the HBP also restored the sensitivity of dia-
betic cardiomyocytes to both angiotensin II and phenylephrine
(17). Collectively, these observations raise the possibility that
the adverse response of the diabetic heart to stress could be a
consequence of O-GlcNAc-mediated alterations in the normal
hypertrophic signaling pathways.

Interestingly, Facundo et al. (69) reported that O-GlcNAc
signaling was required for NFAT-mediated regulation of car-
diomyocyte hypertrophy. They demonstrated in neonatal car-
diomyocytes that activation of hypertrophic signaling by phen-
ylephrine was associated with an increase in O-GlcNAc levels.
Moreover, when this response was blunted either by inhibition
of the HBP or by increased expression of OGA, NFAT activa-
tion and nuclear translocation were attenuated, and hyper-
trophic responses were blunted (69). These observations are
consistent with a number of reports demonstrating that path-
ological hypertrophy is associated with increased overall
O-GlcNAcylation (70, 71). Conversely, however, a genetic dele-
tion of OGT in cardiomyocytes induced postnatal pathological
cardiac hypertrophy and cardiac dysfunction in the absence of
any stress or additional stimuli (72).

The apparent paradox of increased O-GlcNAc levels being
required for hypertrophic signaling while also inhibiting the
same pathway is similar to the reports of increasing O-GlcNAc
levels having both adverse and beneficial effects on cell survival.
One possible explanation for these observations is that under
normal conditions, a transient increase in O-GlcNAcylation in
response to a hypertrophic stimulus plays a key role in activa-
tion of NFAT, but under conditions of chronically elevated
O-GlcNAc levels or impaired O-GlcNAc cycling as seen in dia-
betes, this acute transient response is impaired.

In contrast to pathological hypertrophy, physiological car-
diac hypertrophy occurs in response to exercise training. The
first studies to examine the effects of exercise on cardiac
O-GlcNAc levels found that following an intense swimming
training protocol in rats, O-GlcNAc levels were decreased in
both non-diabetic and type 1 diabetic hearts (19, 51). In con-
trast, Cox and Marsh (20) recently reported that moderate-
intensity treadmill training actually increased cardiac O-
GlcNAcylation in type 2 diabetic mouse hearts. The same

group also found that a single bout of intense exercise altered
the nucleocytosolic distributions of O-GlcNAc in the non-dia-
betic heart in the absence of any overall change in cardiac
O-GlcNAcylation (73). Moreover, exercise decreased O-
GlcNAcylation of OGT and reduced the association of OGT
with REST (repressor element 1-silencing transcription factor),
a corepressor of hypertrophic gene transcription (73).

Collectively, these data suggest that acute perturbations of
O-GlcNAc likely modulate both pathological and physiological
hypertrophic remodeling. Moreover, it appears that impaired
O-GlcNAc cycling resulting in either a chronic excess or lack of
O-GlcNAc negatively affects the normal hypertrophic response
and accelerates the progression to heart failure.

O-GlcNAc and Ca2� Signaling

Regulation of cellular Ca2� homeostasis is critical for all cells.
This is particularly true in excitable cells, such as cardiomyo-
cytes, where large rapid excursions in intracellular Ca2� con-
centration are required for normal contractile function. Thus,
in addition to contractile function, Ca2� also plays a central role
in regulating cardiomyocyte metabolism, protein folding, and
Ca2�-dependent signaling pathways. Early studies by Davidoff
and colleagues (74 –77) demonstrated that a brief duration of
diabetes resulted in impaired contractile function of isolated
cardiomyocytes, characterized primarily by slower relaxation
and decreased sarcoplasmic/endoplasmic reticulum Ca2�-
ATPase (SERCA) activity. These observations could be mim-
icked by exposure of normal cardiomyocytes to hyperglycemia;
the reduction in SERCA activity occurred in the absence of
changes in SERCA protein levels or phospholamban phospho-
rylation (74 –77). Interestingly, they also found that glucosa-
mine had the same effects as high glucose on cardiomyocyte
relaxation (76), suggesting for the first time a potential link
between SERCA activity and the HBP. More recently, phospho-
lamban has been shown to be O-GlcNAcylated (78), which
attenuated its phosphorylation. Prolonged periods of diabetes
resulted in a decrease in cardiac SERCA protein levels, which
was associated with O-GlcNAcylation of Sp1 (15). Overexpres-
sion of OGA restored SERCA levels and normalized contractile
function both in isolated cardiomyocytes exposed to high glu-
cose (14) and in diabetic hearts (15, 22). Of particular note,
Erickson et al. (21) recently reported that diabetic hearts exhibit
increased O-GlcNAcylation of CaMKII, resulting in activation
of this Ca2�-dependent kinase. These observations have poten-
tially wide-ranging implications, given the key role of CaMKII
in the regulation of cardiac physiology and pathophysiology
(80).

As mentioned above, the Ca2�-activated phosphatase cal-
cineurin plays a central role in activating pathological hyper-
trophic signaling through activation of NFAT activation and
subsequent nuclear translocation. In non-excitable cells, ago-
nist-mediated Ca2� signaling, including NFAT activation, is
known to be mediated through a store-operated calcium entry
(SOCE) pathway (81). Although SOCE has been largely ignored
in the heart, a number of studies have recently shown that
STIM1, a central component of SOCE, not only is present in
cardiomyocytes, but also plays a role in regulating pathological
hypertrophy (82– 84). Interestingly, Zhu-Mauldin et al. (85)
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showed that STIM1 is a target for O-GlcNAcylation and that
increased O-GlcNAc levels impaired both STIM1 function
and SOCE. These observations provide a potential mecha-
nism by which increased O-GlcNAcylation blunts hyper-
trophic signaling.

Thus, there is increasing evidence that O-GlcNAcylation
plays an important role in regulating the function of several
proteins involved in regulating cardiomyocyte Ca2� homeosta-
sis, Ca2� signaling, and sarcoplasmic reticulum function. This
represents an underexplored mechanism for modulating car-
diomyocyte Ca2� levels and potentially a new intersection
between nutrient and Ca2� signaling.

O-GlcNAc and Epigenetics

Although protein O-GlcNAcylation is now firmly estab-
lished as an essential mediator of intracellular signal transduc-
tion, there is increasing evidence to support the notion that
OGT is a vital component of chromatin-protein complexes and
that O-GlcNAc regulates multiple epigenetic processes. A role
for O-GlcNAc in epigenetic regulation is not new, as several key
papers over 10 years ago showed that O-GlcNAc, OGT, and
OGA all play important roles in gene transcription machinery
(86 – 89). However, subsequent studies have demonstrated an
even more substantial and complex role for O-GlcNAc and
OGT in epigenetic regulation with the identification of OGT as
a member of the polycomb group complex in Drosophila (90)
and of histones H2A, H2B, and H4 as O-GlcNAc targets (91).
Analyses by Love and colleagues (92) using anti-O-GlcNAc
ChIP-on-chip whole-genome tiling arrays detected over 800
promoters where O-GlcNAc cycling occurs. They also found
that these were primarily genes associated with phosphatidyli-
nositol 1,4,5-trisphosphate signaling, hexosamine biosynthesis,
and lipid/carbohydrate metabolism (92). O-GlcNAcylation of
histone residues has been shown to have a direct effect on ubiq-
uitination, phosphorylation, methylation, and acetylation of
amino acids that are key regulators of transcriptional activation
and repression (91, 93, 94). For example, the TET (ten-eleven
translocation methylcytosine dioxygenase) proteins are 5-
methylcytosine oxidases that demethylate DNA. Interactions
between OGT and TET proteins and O-GlcNAcylation of his-
tone modifiers, such as MLL5, EZH2, and mSin3A, help to fine-
tune epigenetic processes (95–98).

There is substantial evidence demonstrating that epigenetic
processes regulate cardiac cell function and are altered in
response to various stimuli (99); however, a role for O-
GlcNAcylation in regulating cardiac epigenetics had not been
explored until recently. Marsh and co-workers (20, 73, 79)
reported for the first time that mSin3A and REST are
O-GlcNAcylated in mouse heart; moreover, not only are
HDAC1, HDAC2, HDAC4, and HDAC5 O-GlcNAcylated, but
also OGT interacts with all of these proteins. Although there
was no impact of a high fat/high sugar diet on cardiac
O-GlcNAc levels (79), acute exercise decreased the OGT/REST
association in non-diabetic mouse hearts (73). In diabetic
hearts, Cox and Marsh (20) observed an increase in mSin3A
O-GlcNAcylation irrespective of training status, as well as an
increased association between OGT/REST in the sedentary
diabetic heart that was attenuated with exercise training.

The above results demonstrate for the first time a role for
O-GlcNAc and OGT in epigenetic regulation in cardiomyo-
cytes, providing novel insights into our understanding of car-
diac remodeling. Identifying the O-GlcNAc-dependent epige-
netic processes in the heart and determining how the
downstream effects differ from non-cardiac cells will provide a
greater understanding of the regulation of gene transcription in
the heart. Importantly, characterizing the extent to which
O-GlcNAc-mediated epigenetic processes are plastic, reversi-
ble, and heritable will enable us to determine whether the car-
diac effects of O-GlcNAc can be transferred to subsequent
generations.

Conclusions

Initial investigations into the role of O-GlcNAc in the heart
focused primarily on the observation that hyperglycemia in dia-
betes was associated with a chronic sustained elevation of pro-
tein O-GlcNAcylation and was therefore detrimental. Con-
versely, subsequent work emerged to demonstrate that acute
up-regulation of O-GlcNAcylation is cardioprotective and thus
beneficial. Recent work has also shown that O-GlcNAc is an
integral component of processes that control gene transcrip-
tion and cellular metabolism, function, and growth, and that
O-GlcNAc cycling is critical for normal function of the cardio-
vascular system. These exciting findings indicate a complex
role of O-GlcNAc in the normal regulation of the cardiovascu-
lar system (Fig. 2); consequently, alterations in O-GlcNAc levels
cannot be simply interpreted as either good or bad.

A number of studies have explored therapeutic approaches
designed either to decrease O-GlcNAc levels in diabetes or to
acutely increase them in the setting of ischemia/reperfusion. It
is clear, however, that there are complex multilayered interac-
tions between O-GlcNAcylation and cardiomyocyte function,
which preclude a systemic or even cardiomyocyte-targeted
approach. As a result, a more thorough and nuanced under-
standing is required of the role of O-GlcNAc cycling in the
regulation of normal cardiovascular function and the develop-
ment of cardiovascular disease before effective therapeutic
approaches can be developed.
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O-Linked �-N-acetylglucosamine (O-GlcNAc) is a carbohy-
drate post-translational modification on hydroxyl groups of ser-
ine and/or threonine residues of cytosolic and nuclear proteins.
Analogous to phosphorylation, O-GlcNAcylation plays crucial
regulatory roles in cellular signaling. Recent work indicates that
increased O-GlcNAcylation is a general feature of cancer and
contributes to transformed phenotypes. In this minireview, we
discuss how hyper-O-GlcNAcylation may be linked to various
hallmarks of cancer, including cancer cell proliferation, sur-
vival, invasion, and metastasis; energy metabolism; and epige-
netics. We also discuss potential therapeutic modulation of
O-GlcNAc levels in cancer treatment.

Introduction to O-GlcNAc in Cancer

O-Linked �-N-acetylglucosamine (O-GlcNAc), which was
discovered in the early 1980s (1), is the covalent addition of a
GlcNAc sugar moiety to hydroxyl groups of serine and/or thre-
onine residues of cytosolic and nuclear proteins. The
O-GlcNAc transferase (OGT)2 transfers the GlcNAc moiety
from the high-energy donor UDP-GlcNAc to substrate pro-
teins, whereas O-GlcNAcase (OGA) hydrolyzes O-GlcNAc
from proteins (2– 6). UDP-GlcNAc is an end product of the
hexosamine biosynthetic pathway (HBP). Increased glucose
flux through the HBP elevates UDP-GlcNAc and drives
increased cellular O-GlcNAcylation. Energy metabolism in
cancer involves a shift away from mitochondrial oxidative
phosphorylation to less efficient glycolysis (Warburg effect),
necessitating greatly increased glucose uptake and increased
HBP flux. This cancer-specific metabolism is associated with
elevated O-GlcNAcylation (hyper-O-GlcNAcylation) in all
human malignancies examined, including breast (7, 8), prostate
(9), lung (10), colorectal (10, 11), liver (12), and nonsolid can-
cers such as chronic lymphocytic leukemia (13). Additionally,
deregulation of the enzyme that adds O-GlcNAc to proteins

(OGT) appears to be involved in cancer cell hyper-O-
GlcNAcylation, as levels of OGT are elevated in all cancers
examined (7, 9, 10, 14, 15). Knockdown of OGT reduces cancer
cell hyper-O-GlcNAcylation and inhibits transformed pheno-
types, indicating that elevated O-GlcNAc contributes to cancer
progression. Given the diverse regulatory roles of O-GlcNAc
and the complex molecular changes in cancer, potential links
between cancer cell hyper-O-GlcNAcylation and underlying
oncogenicity are just beginning to be understood. In this mini-
review, known and potential mechanisms through which
O-GlcNAcylation supports cancer phenotypes will be dis-
cussed in the context of various cellular hallmarks of cancer (16,
17). We also discuss the clinical potential of therapeutically
targeting hyper-O-GlcNAcylation in cancer.

O-GlcNAc and Cancer Cell Metabolic Reprogramming

One of the remarkable features of cancer cells is aerobic gly-
colysis, a phenomenon also known as the Warburg effect (18 –
20), in which cancer cells rely preferentially on glycolysis
instead of oxidative phosphorylation as the main energy source
even in the presence of high oxygen tension. The switch to
glycolysis in cancer cells is driven in part by tumor cell hypoxia,
oncogenes (e.g. ras and myc), and mutant tumor suppressors
(e.g. TP53) (21), leading to up-regulation of glycolytic enzymes
and glucose transporters, increasing glucose import into tumor
cells (22). The abundance of glucose in cancer cytoplasm not
only contributes to increased glycolysis but also increases flux
into metabolic branch pathways of glycolysis, including the
pentose phosphate pathway (PPP) and HBP (Fig. 1). Thus,
increased cancer cell glucose uptake likely drives increased
HBP flux. Indeed, certain oncogenes such as kras up-regulate
levels of not only glucose transporters and glycolytic enzymes
but also GFAT1 (glutamine:fructose-6-phosphate amidotrans-
ferase 1), the rate-limiting enzyme in the HBP (23). As
O-GlcNAc levels rise in response to elevated UDP-GlcNAc,
increased cancer cell HBP flux may be expected to drive
hyper-O-GlcNAcylation. In support of this, loss of the p53
tumor suppressor in mouse embryonic fibroblasts increases the
rate of aerobic glycolysis, Glut3 expression (24), and HBP flux
and leads to elevation of O-GlcNAcylation (25). Cancer cells are
also addicted to glutamine (26). Cancer cells consume gluta-
mine at high rates in vivo and, compared with non-transformed
cells, require high concentrations of glutamine to survive and
proliferate (27). Oncogenes can up-regulate glutamine uptake.
For example, c-Myc transcriptionally up-regulates glutamine
transporter expression (26, 28, 29). Tumor hypoxia and hypox-
ia-inducible factor-1� (HIF-1�) transcriptionally induce the
expression of GFAT (30), whereas down-regulation of onco-
genic Kras or c-Myc in pancreatic cancer decreases the expres-
sion of GFAT (23). Glutamine is the donor substrate in the
conversion of fructose 6-phosphate to glucosamine 6-phos-
phate by GFAT in the HBP. Thus, excess glutamine uptake in
cancer cells could contribute to increased flux through the
HBP, ultimately contributing to increased levels of the HBP end
product UDP-GlcNAc. Indeed, in vivo glutamine administra-

* This is the fifth article in the Minireview Series on the Thirtieth Anniver-
sary of Research on O-GlcNAcylation of Nuclear and Cytoplasmic Pro-
teins: Nutrient Regulation of Cellular Metabolism and Physiology by
O-GlcNAcylation.

1 To whom correspondence should be addressed. E-mail: keith.
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2 The abbreviations used are: OGT, O-GlcNAc transferase; OGA, O-GlcNAcase;
HBP, hexosamine biosynthetic pathway; PPP, pentose phosphate path-
way; HIF-1�, hypoxia-inducible factor-1�; ChREBP, carbohydrate-respon-
sive element-binding protein; IKK, I�B kinase; ER, endoplasmic reticulum;
ROS, reactive oxygen species; HSR, heat shock response; HSP, heat shock
protein; MMP, metalloproteinase; EMT, epithelial-to-mesenchymal transi-
tion; 5SGlcNAc, 5-thioglucosamine.
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tion itself has been shown to increase HBP flux (31, 32). Such
metabolic reprogramming in cancer cells meets energetic
demands for rapid cell proliferation and supplies increased
intermediates for cancer cell biosynthesis. Consequently, can-
cer cell metabolic changes, including increased glucose uptake
due to the Warburg effect and increased glutamine uptake,
likely cooperate to drive increased HBP flux. In support of this,
we found that the end products of the HBP (including
UDP-GlcNAc) are elevated in pancreatic cancer cells (15).
Thus, it appears that increased HBP flux and elevated UDP-
GlcNAc are general features of cancer cells that contribute to
hyper-O-GlcNAcylation.

Hyper-O-GlcNAcylation itself may regulate cancer metabo-
lism in a feedback manner. Due to the responsiveness of
O-GlcNAcylation to glucose flux, O-GlcNAc has been termed a
“nutritional sensor” and may provide feedback signals that
modulate metabolism in response to changing cellular nutrient
status. Several studies now link hyper-O-GlcNAcylation to can-
cer-associated metabolic reprogramming. O-GlcNAc has been
reported to modify a variety of glycolytic enzymes (33–35). In

particular, a role for O-GlcNAc modification has been
described at Ser-529 of PFK1 (phosphofructokinase 1), which
catalyzes the rate-limiting step of glycolysis to generate fructose
1,6-bisphosphate from fructose 6-phosphate (36). Ser-529 is
vital for allosteric activation of PFK1 by fructose 1,6-bisphos-
phate (37). O-GlcNAcylation of PFK1 at Ser-529 inhibits its
kinase activity in cancer cells, possibly resulting from the
O-GlcNAc moiety blocking the binding of fructose 1,6-bisphos-
phate to PFK1 and disrupting activating oligomerization of
PFK1 (36), leading to increased levels of glycolytic intermedi-
ates. This impacts cancer cells in several ways. First, flux
through the PPP is increased, leading to increased nucleotide
production for cancer cell proliferation. Second, increased PPP
flux helps cancer cells cope with oxidative stress as PPP-gener-
ated NADPH helps to keep antioxidant glutathione in a
reduced state (36). Third, flux through the HBP is increased,
which could further elevate O-GlcNAc by increasing UDP-
GlcNAc levels. Of note, O-GlcNAcylation of PFK1 is increased
only in transformed cells, but not in highly proliferating non-
transformed T-cells or epithelial cells (36).

FIGURE 1. O-GlcNAc and cancer cell metabolism. Increased levels of glucose are imported into cancer cells by glucose transporters (e.g. Glut1). Glucose is
phosphorylated by hexokinase to generate glucose 6-phosphate (G6P), which can be either shunted into the PPP, leading to production of nucleotides and
NADPH, or converted into fructose 6-phosphate (F6P). Although most fructose 6-phosphate fluxes through glycolysis, a portion is directed into the HBP.
Increased glutamine is imported into cancer cells. Glutamine is utilized by GFAT, the rate-limiting enzyme in the HBP. Acetyl-CoA and UTP also feed into the
HBP, leading to production of UDP-GlcNAc. OGT utilizes UDP-GlcNAc in addition to O-GlcNAc on hydroxyl groups of serine and/or threonine residues of
cytosolic and nuclear proteins. O-GlcNAc is removed by OGA. Cancer cell metabolic reprogramming is facilitated by hyper-O-GlcNAcylation. For example,
cancer cell-specific O-GlcNAcylation of PFK1 at Ser-529 inhibits PFK1 kinase activity, leading to several consequences. 1) More glycolytic intermediates shunt
into branch pathways such as the PPP, leading to increased nucleotide production for cancer cell proliferation. 2) Increased PPP flux increases NADPH
production, which cancer cells use to cope with oxidative stress. 3) Increased flux through the HBP contributes further to elevated O-GlcNAc. In addition, HIF-1�
and ChREBP are stabilized by elevated O-GlcNAcylation in cancer. HIF-1� and ChREBP are implicated in aerobic glycolysis, de novo lipogenesis, and nucleotide
biosynthesis. Proteins shown in red are modified by O-GlcNAc. HK, hexokinase; FBP, fructose 1,6-bisphosphate; PEP, phosphoenolpyruvate; PFK, phosphofruc-
tokinase; PK, pyruvate kinase.
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In addition to direct regulation of glycolytic enzymes,
O-GlcNAcylation also regulates transcription factors to modu-
late metabolic reprogramming. The transcription factor
HIF-1� transcriptionally controls the majority of enzymes
involved in glycolysis, contributing to the Warburg effect in
cancer cells (21). It has been reported that elevated O-
GlcNAcylation in cancer cells stabilizes HIF-1�, thereby
promoting the Warburg effect. Conversely, reduction of
hyper-O-GlcNAcylation reverses cancer cell aerobic glycolysis
to oxidative phosphorylation (38). Moreover, carbohydrate-re-
sponsive element-binding protein (ChREBP) contributes to
metabolic reprogramming in tumors through inhibition of
mitochondrial respiration and up-regulation of aerobic glycol-
ysis, de novo lipogenesis, and nucleotide biosynthesis (39).
ChREBP O-GlcNAcylation stabilizes the protein, leading to
increased transcription of ChREBP glycolytic and lipogenic tar-
get genes L-type pyruvate kinase, acetyl-CoA carboxylase, and
fatty acid synthase (40, 41). O-GlcNAcylation of the transcrip-
tion factor Sp1 activates a cholesterolgenic program through
transcriptionally increasing the expression of the SREBP1 (ste-
rol response element-binding protein 1) and 3-hydroxy-3-
methylglutaryl-coenzyme A reductase (42). Although the
O-GlcNAc sites on ChREBP have not been mapped, cancer
cell hyper-O-GlcNAcylation may stabilize/activate ChREBP
and Sp1, driving cancer cell-increased aerobic glycolysis and
lipogenesis, representing a possible mechanism through
which hyper-O-GlcNAcylation contributes to transformed
phenotypes.

Another potential link between hyper-O-GlcNAcylation and
cancer metabolism is the transcription factor c-Myc. Onco-
genic c-Myc induces expression of glycolytic enzymes and
lactate dehydrogenase to promote glycolytic flux and also
up-regulates glutaminase expression, which is important in
cancer cell conversion of glutamine to glutamate in mito-
chondria for anaplerotic resupply of tricarboxylic acid inter-
mediates used in biosynthesis (21). c-Myc phosphorylation
at Thr-58 (at least in part by glycogen synthase kinase 3�)
(43) causes rapid degradation of c-Myc and reduces its target
gene expression (44). Oncogenic mutations at Thr-58 (a
mutational hot spot in many lymphomas) stabilize c-Myc
(45). c-Myc is also O-GlcNAcylated at Thr-58 (46). Thus,
increased c-Myc Thr-58 O-GlcNAcylation could compete
with phosphorylation and potentially stabilize c-Myc.
Indeed, reducing O-GlcNAc has been shown to cause the deg-
radation of c-Myc protein in prostate cancer cells (47). These
results suggest that hyper-O-GlcNAcylation may contribute to
oncogenicity and cancer metabolic reprograming through sta-
bilizing oncogenic c-Myc.

O-GlcNAc and Cancer Cell Proliferation

Sustaining proliferative signaling and evading growth sup-
pressors are two hallmarks of cancer cells (Fig. 2) (16). Onco-
genic changes often promote cell cycle progression and
bypass cell cycle checkpoints. FoxM1 acts as a key positive
regulator of cell cycle progression by up-regulating tran-
scription of genes involved in the G1/S and G2/M transition,
and its overexpression is linked to oncogenesis (48).
O-GlcNAcylation is implicated in the stability of FoxM1.

Reducing breast cancer cell hyper-O-GlcNAcylation de-
creases levels of FoxM1 and its target genes and increases the
cyclin-dependent kinase cell cycle inhibitor p27Kip1. Con-
sistent with this, reducing hyper-O-GlcNAcylation de-
creases cell cycle progression in breast and prostate cancer
(7, 9). Cyclin D1 is a positive regulator of the G1/S transition.
Recent work with different cancer types has shown that
reducing cancer cell hyper-O-GlcNAcylation either geneti-
cally or pharmacologically attenuates the expression of
cyclin D1 (15, 49, 50). Thus, cancer cell hyper-O-
GlcNAcylation appears to contribute in part to excessive
growth through up-regulation of key proteins that drive cell
cycle progression such as cyclin D1 and down-regulation of
cell cycle inhibitory proteins such as p27Kip1.

O-GlcNAc and Cancer Cell Survival

Cancer cells evolve to resist cell death in part through up-reg-
ulation of anti-apoptotic mechanisms that allow cancer cells to
elude barriers to unrestricted cell growth (16). Conditional
knock-out of OGT in mice results in loss of O-GlcNAc
and T-cell apoptosis (51), suggesting that hyper-O-
GlcNAcylation in cancer may play an anti-apoptotic role.
Indeed, we found that reducing hyper-O-GlcNAcylation in
the pancreatic ductal adenocarcinoma cell lines MiaPaCa-2
and PANC-1 decreases the expression of the anti-apoptotic
protein Bcl-xL and induces pro-apoptotic cleavage of
caspase-9 and caspase-3. These results indicate that reduc-
ing pancreatic cancer cell hyper-O-GlcNAcylation triggers
the intrinsic apoptotic pathway (15). Conversely, increasing
O-GlcNAc in pancreatic cancer BxPC-3 cells protects
against suspension-induced apoptosis (15). Up-regulated/
constitutively activated NF-�B contributes to transforma-
tion in many cancers, in part through anti-apoptotic influ-
ences (52). We have shown that the NF-�B p65 subunit and
the upstream I�B kinase (IKK) � and IKK� are hyper-
O-GlcNAcylated in pancreatic cancer cell lines. Reducing
hyper-O-GlcNAcylation decreases cancer cell p65, activat-
ing phosphorylation (Ser-536), nuclear translocation, NF-�B

FIGURE 2. O-GlcNAc and hallmarks of cancer. The known links between
O-GlcNAc and cancer hallmarks are depicted. Proteins shown in red are mod-
ified by O-GlcNAc.
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transcriptional activity, and target gene expression. Con-
versely, mimicking cancer cell hyper-O-GlcNAcylation
through pharmacological elevation of O-GlcNAcylation
increases IKK� and p65 O-GlcNAcylation, accompanied by
activation of NF-�B signaling (15). Therefore, cancer cell
hyper-O-GlcNAcylation appears to be anti-apoptotic, possi-
bly in part through activation of NF-�B signaling. In addition
to activation of NF-�B signaling, it has been reported that
elevation of O-GlcNAcylation protects breast cancer MCF-7
cells from 4-OH-tamoxifen-induced apoptosis through
down-regulation of estrogen receptor � (53).

Cancer cells are also subject to a number of physiologic
stresses that may trigger cell death in non-transformed cells,
such as nutrient stress, proteotoxic stress, oxidative stress,
endoplasmic reticulum (ER) stress, and hypoxia (17). Mecha-
nisms developed by cancer cells to cope with these stresses are
essential to cancer cell survival. Emerging evidence indicates
that hyper-O-GlcNAcylation may contribute to pro-oncogenic
cancer cell survival by combating such stresses.

Reactive oxygen species (ROS) can be either generated
endogenously by normal aerobic metabolism or derived exog-
enously from the extracellular milieu (54). Excessive ROS pro-
duction exceeding capacity of cellular antioxidant defenses
leads to oxidative stress, which can lead to severe damage of
nuclear or mitochondrial DNA, intracellular lipids, and pro-
teins. The relationship between oxidative stress and cancer is
complex. Cancer cells experience increased oxidative stress due
to many reasons, including rapid growth, impaired mitochon-
drial function, and a reactive stroma (55). Oxidative stress may
contribute to oncogenesis (56). Conversely, excessive oxidative
stress in cancer cells must be combated to avoid cell death (54).
One potential connection between cancer cell protection
against oxidative stress and hyper-O-GlcNAcylation is PFK1,
the rate-limiting enzyme in glycolysis (Fig. 3A). Reduced gluta-
thione is critical in combating oxidative stress. The cofactor
NADPH is required to maintain pools of reduced glutathione.
O-GlcNAcylation of PFK1 inhibits its activity in cancer cells
(36), decreasing rates of flux through glycolysis and thus

increasing shunt of fructose 6-phosphate into the PPP. A con-
sequence of increased PPP flux is increased generation of
NADPH. Thus, hyper-O-GlcNAcylation in cancer cells would
likely increase PPP flux and NADPH production, contributing
to maintaining a pool of reduced glutathione to combat ROS-
induced cell death (36).

Cellular protein homeostasis, or proteostasis, refers to a cell’s
capacity to maintain proper protein folding, trafficking, and
avoidance of toxic protein aggregation (57). Proteostasis is
maintained, under stress conditions, by a number of cellular
response mechanisms, including the heat shock response
(HSR). The HSR in mammals is mediated by six groups of
closely related proteins: HSP100, HSP90, HSP70, HSP60,
HSP40, and small HSPs, which are transcriptionally regulated
by HSF1 (heat shock transcription factor 1) (57, 58). The HSR is
frequently activated/up-regulated in cancer cells and helps
counter excessive proteotoxic stress due to various cancer-as-
sociated states, including increased gene copy number linked to
aneuploidy and increased protein translation, misfolding,
and/or trafficking (17). Several lines of evidence suggest that
hyper-O-GlcNAcylation may potentially support cancer cell
growth through increasing the levels and/or activity of HSPs
(Fig. 3B). For example, cell stress-induced elevation of
O-GlcNAc is protective against cell damage at least in part
through induction of increased HSP levels, including HSP70
and HSP90 (59). Lowering O-GlcNAcylation in mouse embry-
onic fibroblasts decreases the expression of HSP70 and HSP40
(59, 60). Moreover, increasing HBP pathway flux by glutamine
treatment to elevate O-GlcNAc enhances expression of HSF1
and HSP70 in a septic mouse model and in isolated rat car-
diomyocytes (32, 61). HSP70 and HSP90 are modified by
O-GlcNAc (62, 63). Additionally, HSP70 displays lectin-like
binding activity specifically toward O-GlcNAc (64), and HSP90
inhibition destabilizes OGT and reduces O-GlcNAcylation
(65). It has also been reported that increased HBP flux by gain-
of-function mutation of GFAT1 or exogenous addition of
GlcNAc controls protein quality control through increased
autophagy, ER-associated degradation, and proteasome activ-

FIGURE 3. Potential role of O-GlcNAc and the HBP in coping with cellular stresses in cancer. A, O-GlcNAcylation of PFK1 antagonizes oxidative stress. B,
increased HBP flux increases protein quality control to reduce proteotoxic stress. C, the unfolded protein response (UPR)-HBP axis and ER stress. Proteins shown
in red display increased expression, stability, and/or activity in response to hyper-O-GlcNAcylation, and proteins shown in green display decreased expression
and/or activity. G denotes O-GlcNAcylation. ERAD, ER-associated protein degradation; Xbp1s, spliced Xbp1.
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ity, thereby exerting cytoprotective effects in Caenorhabditis
elegans disease models and extending lifespan (Fig. 3B) (66).
Furthermore, we and others have recently shown that
O-GlcNAc on proteins such as tau, TAK1-binding protein,
�-synuclein, and PFK1 inhibits oligomerization or aggregation
in the context of disease states (36, 67, 68). Taken together,
these results suggest that hyper-O-GlcNAcylation in cancer
cells may reduce proteotoxic stress through several mecha-
nisms, including transcriptional induction of HSPs, stabiliza-
tion of HSPs through direct O-GlcNAc modification, recruit-
ment of HSPs to O-GlcNAc-modified targets through the
lectin-like activity seen in the case of HSP70, and protein qual-
ity control.

Disruption of the equilibrium between protein synthesis and
ER protein folding capacity can cause ER stress, as often seen in
cancer cells (69). Elevated O-GlcNAc may inhibit ER stress as a
prosurvival mechanism (Fig. 3). In response to ER stresses, the
unfolded protein response is activated, which has been shown
to activate the HBP through Xbp1 (X-box-binding protein
1)-dependent transcriptional induction of key enzymes
involved in the HBP (e.g. GFAT1) (70). Induction of HBP by
stimulation of Xbp1 in the heart protects cardiomyocytes from
ischemia/reperfusion injury (70). Furthermore, genetically
or pharmacologically increasing O-GlcNAcylation protects
against cardiomyocyte cell death in response to ER stress (71).
This protection is associated with decreased expression of pro-
teins involved in the ER stress maladaptive response, including
the folding enzyme chaperones Grp74 and Grp90 and CHOP
(CCAAT/enhancer-binding protein homologous protein) (71).
Indeed, it has been shown that reduction of hyper-O-
GlcNAcylation in cancer induces metabolic stress, thereby
activating the CHOP/Bim pathway (38). Therefore, hyper-
O-GlcNAcylation could contribute to cancer cell survival by
mitigating ER stress through the inhibition of CHOP.

O-GlcNAc and Cancer Angiogenesis

Induction of angiogenesis during tumorigenesis is another
hallmark of cancer (16). Not only is angiogenesis essential for
delivery of oxygen and nutrients to the interior of a tumor, but
it also contributes to allowing cancer cells to invade surround-
ing tissue and disseminate to distant organs (72). A variety of
pro-angiogenic factors have been linked to proliferation and
differentiation of endothelial cells, e.g. VEGFs (73). Recent
evidence indicates that tumor angiogenesis may be supported
in part by hyper-O-GlcNAcylation. Reducing hyper-O-
GlcNAcylation in the prostate cancer cell line PC-3ML by
knocking down OGT inhibits VEGF expression and in vitro
angiogenesis (9). To sustain angiogenesis, the tumor stroma
requires continuous remodeling, a process in which matrix
metalloproteinases (MMPs) such as MMP-2 and MMP-9 are
vital in the proteolytic degradation of the extracellular matrix
(74). MMP-9 has also been shown to be important in liberating
matrix-bound VEGF-A in mouse models (75). Reducing
hyper-O-GlcNAcylation in prostate cancer PC-3ML and liver
cancer HepG2 cells suppresses the expression of MMP-2 and
MMP-9 (9, 12). Conversely, elevation of O-GlcNAcylation
using the OGA inhibitor Thiamet-G or knockdown of OGA
enhances the activity of MMP-2 and MMP-9 in chondrocytes

and increases the expression of MMP-1, MMP-2, and MMP-3
(12, 76). Therefore, hyper-O-GlcNAcylation in tumors may
contribute to angiogenesis through up-regulation of VEGF and
MMPs.

O-GlcNAc and Cancer Cell Invasion and Metastasis

Tumor metastasis (not the primary tumor) accounts for
�90% of cancer mortality (77). Emerging evidence suggests
that hyper-O-GlcNAcylation in cancers may be involved in
tumor invasion and metastasis. Whereas increasing hyper-
O-GlcNAcylation enhances the migration/invasion of breast
and liver cancer cells, lowering hyper-O-GlcNAcylation by
knockdown of OGT inhibits tumor invasion and metastasis in
vivo and in vitro in breast and prostate cancer cells (7–9, 78).
The mechanisms by which hyper-O-GlcNAcylation may regu-
late tumor invasion and metastasis are only beginning to be
understood. One mechanism that contributes to metastasis is
epithelial-to-mesenchymal transition (EMT) (79, 80). EMT
involves loss of epithelial markers such as E-cadherin and gain
of mesenchymal markers such as vimentin and N-cadherin (79,
81). We and others have found that reducing hyper-O-
GlcNAcylation in cancers increases expression of the epithelial
marker E-cadherin and decreases expression of the mesenchy-
mal marker vimentin, whereas elevating O-GlcNAc decreases
expression of the epithelial marker E-cadherin in breast and
liver cancer (8, 15, 78). The loss of E-cadherin is regarded as a
key step in initiation of EMT (79), and transcription factors,
including Snail, E47, and Zeb, can directly bind to the promoter
of E-cadherin, thereby repressing its expression (82). There
are several potential links between hyper-O-GlcNAcylation,
repression of E-cadherin expression, and enhancement of inva-
sion and metastasis. O-GlcNAcylation of E-cadherin in its cyto-
plasmic domain during ER stress blocks its cell surface trans-
port, thereby inhibiting intercellular adhesion (83) and thus
potentially promoting migration/metastasis. Also, direct O-
GlcNAcylation of Snail on Ser-112 stabilizes it, increasing
repression of E-cadherin expression and increasing cancer cell
invasion and metastasis (78). Finally, the stability of Snail can be
indirectly enhanced by NF-�B activity (84), suggesting that can-
cer cell-associated increased NF-�B activity due to hyper-
O-GlcNAcylation (15) may contribute to Snail stability and
thus metastasis. In addition, O-GlcNAcylation of cofilin at Ser-
108 has been shown to promote cell invasion through its local-
ization to invadopodia at the leading edge of breast cancer cells
(85).

O-GlcNAc and Cancer Cell Epigenetics

Dynamic O-GlcNAcylation in response to changing nutrient
status has been linked to epigenetic changes through a variety
of mechanisms. The role of O-GlcNAc in epigenetics is
reviewed in detail in Ref. 98, whereas a few specific examples
potentially relevant to cancer will be noted here.

It appears that O-GlcNAc is part of the histone code, regu-
lating gene transcription in an epigenetic manner (86).
O-GlcNAc modification of histone H2B facilitates its monou-
biquitination, associated with active gene transcription (87).
Thus, cancer cell hyper-O-GlcNAcylation directly on histones
may lead to epigenetic procancer gene regulation. O-GlcNAc
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may also contribute to epigenetic control through regulation of
chromatin-modifying enzymes and complexes. The TET (ten-
eleven translocation) family proteins are 5-methylcytosine oxi-
dases required during DNA demethylation at a step in 5-hy-
droxymethylcytosine formation, a modification that is strongly
reduced in cancer tissues (88, 89). TET1 binds OGT and is
O-GlcNAcylated, leading to nuclear export of TET1 and inhi-
bition of 5-hydroxymethylcytosine formation (90). Cancer cell
hyper-O-GlcNAcylation and elevated OGT levels potentially
contribute to TET inhibition and thus the reduced 5-hy-
droxymethylcytosine observed in tumors. However, mecha-
nisms that link reduced 5-hydroxymethylcytosine to oncoge-
nicity are not understood. Independent of their enzymatic
activity, TET proteins may also recruit histone-modifying pro-
teins to chromatin. The TET2 and TET3 proteins bind OGT
and are O-GlcNAcylated, which facilitates O-GlcNAcylation of
histone H2B (91) and H3K4me3 histone modification associ-
ated with activated gene transcription (92). Although no spe-
cific links between hyper-O-GlcNAcylation and cancer cell epi-
genetic contribution to transformation have been established,
it seems likely that such connections will be operating in cancer
cells.

Clinical Implications and Therapeutic Targeting

Key aspects of treating human cancer will involve reliable
biomarkers for early diagnosis, prognosis, and detection of
recurrence. O-GlcNAc levels and expression of enzymes regu-
lating O-GlcNAcylation, including OGT, OGA, and GFAT,
may serve as biomarkers for early detection and prognosis.
Higher levels of hyper-O-GlcNAcylation are associated with
poor overall survival in prostate cancer patients (14). Addition-
ally, although OGT mRNA was undetectable in the urine of 143
healthy individuals, 51.7% of 176 urine samples obtained from
bladder cancer patients contained OGT transcripts (93). Fur-
thermore, the mRNA expression of OGT is correlated with the
differentiation of bladder tumors, with the poorly differentiated
(grade III), most aggressive form manifesting the highest OGT
mRNA levels (93). Although OGA mRNA is found in urine
from bladder cancer patients and healthy individuals at a com-
parable rate, the mRNA levels of OGA are inversely correlated
with the differentiation state of bladder tumors (93). Further-
more, low levels of OGA correlate with tumor recurrence in
hepatocellular carcinoma patients with liver transplants (12).
Moreover, O-GlcNAc levels in blood and spleen are positively
correlated with the burden of chronic lymphocytic leukemia
(94). In addition, high expression of GFAT2 correlates with
poor prognosis in breast cancer patients (95).

A key consideration in potential anticancer therapeutic
approaches is cancer cell selectivity versus more general toxic-
ity. There are indications that OGT as a potential target may
offer some degree of cancer cell selectivity. Genetically reduc-
ing hyper-O-GlcNAcylation by knocking down OGT inhibits
breast, prostate, and pancreatic cancer cell survival but does not
affect the cell proliferation of counterpart immortalized but
non-transformed cells (7, 9, 15), suggesting that a therapeutic
window may exist within which the cancer cell-specific effects
of targeting OGT may be achieved.

The cancer cell-specific susceptibility to targeting OGT is
reminiscent of “oncogene addiction,” in which cancer cells are
uniquely sensitive to loss of an acquired oncogenic molecular
process. Several OGT inhibitors have been described. An OGT
inhibitor identified in a screen of a small molecule library (96)
reduces breast cancer cell hyper-O-GlcNAcylation and blocks
anchorage-independent growth (7). However, the potency of
the inhibitor is relativity low, necessitating use of high concen-
trations in vitro. 5-Thioglucosamine (5SGlcNAc) and its per-
O-acetylated analog Ac-5SGlcNAc have been developed as
alternative OGT inhibitors (97). Ac-5SGlcNAc can be con-
verted into UDP-5SGlcNAc via the GlcNAc salvage pathway,
thereby competing with UDP-GlcNAc and inhibiting O-
GlcNAcylation (97). We have shown that Ac-5SGlcNAc is able
to reduce pancreatic cancer cell hyper-O-GlcNAcylation and
inhibit cell growth in vitro (15). With the development of more
bioavailable and efficacious OGT inhibitors, it is expected that
suppression of hyper-O-GlcNAcylation by targeting OGT may
serve as a novel therapeutic intervention for a variety of cancers.
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In this minireview, we will highlight work in the last 30 years
that has clearly demonstrated that the O-GlcNAc modification
is nutrient-responsive and plays multiple roles in metabolic reg-
ulation of signaling and gene expression. Further, we will exam-
ine recent studies that have investigated the impact of
O-GlcNAc in a variety of glucose- and insulin-responsive tissues
and the roles attributed to O-GlcNAc in the induction of insulin
resistance and glucose toxicity, the hallmarks of type II diabetes
mellitus. We will also summarize potential causal roles for the
O-GlcNAc modification in complications associated with
diabetes.

Type II diabetes, also referred to as non-insulin-dependent
diabetes mellitus or adult-onset diabetes, is a metabolic disor-
der in which hyperglycemia and insulin resistance are the hall-
marks (1, 2). This disease, which afflicts over 25 million United
States citizens, is thought to result from a combination of pre-
disposing genetic traits coupled with chronic low energy
expenditure and overnutrition (1–3). Thus, type II diabetes dis-
plays traits of both an inherited as well as an acquired disease.
Insulin resistance coupled with chronic glucose toxicity are
thought to be responsible for the many complications associ-
ated with the disease (1, 2). Thus, understanding the mecha-
nisms by which tissues sense and respond to changes in glucose
levels and develop resistance to insulin-stimulated signaling is
key to developing therapeutics for this multisystem disease of
energy metabolism (Fig. 1).

The Hexosamine Biosynthetic Pathway (HBP) as a
Glucose Sensor and Modulator of Insulin Signaling

Once glucose enters a cell, it is rapidly converted to glucose
6-phosphate, which can be further utilized in multiple meta-

bolic pathways (Fig. 2A). This intermediate can be utilized for
glycogen synthesis, the pentose phosphate pathway, or con-
verted to fructose 6-phosphate. The vast majority of fructose
6-phosphate is converted to fructose 1,6-bisphosphate and thus
committed to glycolysis. However, a small percentage (2–5%) is
converted to glucosamine 6-phosphate by the rate-limiting
enzyme L-glutamine D-fructose 6-phosphate amidotransferase
(GFAT)2 to commit it to the HBP that generates UDP-GlcNAc
(4, 5). Groundbreaking work by multiple laboratories demon-
strated that the HBP was a glucose sensor and that decreasing/
increasing flux through this path could hamper or induce,
respectively, the insulin-resistant state (4, 6 –11). For example,
in adipocytes, treatment with glucosamine that feeds directly
into the HBP, via the generation of glucosamine 6-phosphate
via phosphorylation, can abrogate the need for high glucose in
the induction of insulin resistance (6). Further, overexpression
of GFAT in peripheral insulin-responsive tissues leads to an
insulin-resistant phenotype in mice (12). Pathways that utilize
UDP-GlcNAc, the end product of the HBP, have been investi-
gated as the mechanism by which the HBP acts as a nutrient
sensor and modulator of signaling.

The Regulatory O-GlcNAc Post-translational
Modification

Although UDP-GlcNAc can be used for the generation of
other sugar nucleotides and the synthesis of complex glycans
that are free or attached to proteins and lipids, this sugar nucle-
otide also serves as the donor for the O-GlcNAc modification
that was originally discovered Torres and Hart (13) in the mid-
1980s (Fig. 2B) . Unlike classical complex glycosylation, the
O-GlcNAc modification of protein serine and threonine resi-
dues occurs in the nucleus and cytoplasm, and its addition and
removal are catalyzed by nucleocytoplasmic enzymes,
O-GlcNAc transferase (OGT) and neutral �-N-acetylgluco-
saminidase (OGA), respectively (14 –18). Several excellent
recent reviews have focused on this modification, the thou-
sands of O-GlcNAc-modified proteins known, and the cycling
enzymes (14, 19 –25). Here, we will review the tissue-specific
roles for the cycling enzymes and the O-GlcNAc modification
in energy homeostasis and the type II diabetes mellitus
phenotype.

Functions for the O-GlcNAc Modification in the
Pancreatic �-Cell

The pancreas is a glucose-responsive endocrine tissue that
secretes hormones in response to glucose levels (Fig. 1). Dys-
regulation of the �-cells of the pancreas, which are responsible
for the secretion of insulin in response to hyperglycemia, is a
major hallmark of the diabetic phenotype (1, 2). The O-GlcNAc
modification of several proteins, primarily transcription fac-
tors, has been implicated in positively regulating the secretion
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FIGURE 1. Whole organism energy dynamics and the diabetic phenotype. Glucose (blue arrows) is absorbed into the bloodstream from the duodenum.
Glucose is sensed by the �-cells of the pancreas that respond by secreting insulin into the bloodstream (orange arrows). Insulin triggers adipose and muscle
cells to take glucose out of the bloodstream and promotes energy storage. Insulin also modulates adipocytokine secretion (green arrows). In the liver, insulin
promotes glucose uptake and inhibition of gluconeogenesis and promotes lipogenesis and FFA secretion (red arrows). Glucose, insulin, adipocytokines, and
FFA all act on responsive organs, including the brain, eye, heart, kidney, and circulatory system, to promote/inhibit a variety of processes and responses. In the
diabetic phenotype, all of the tissues and organs of the organism become affected due to a disconnect between sugar metabolism and insulin-dependent
signal transduction.

FIGURE 2. The hexosamine biosynthetic pathway and UDP-GlcNAc utilization. A, glucose entering a cell can be utilized in glycogen synthesis, the
pentose phosphate pathway (PPP), and glycolysis. Approximately 2–5% of entering glucose is shunted into the hexosamine biosynthetic pathway that
generates the sugar nucleotide UDP-GlcNAc, the levels of which are proportional to that of the glucose entering the cells and are elevated in diabetic
animals and patients. B, UDP-GlcNAc can be utilized for the generation of free, protein-linked, or lipid-linked complex carbohydrates or for the
generation of other sugar nucleotides, UDP-GlcNAc and CMP-Neu5Ac, in humans. UDP-GlcNAc also serves as the sugar nucleotide donor for the
OGT-catalyzed addition of O-GlcNAc to serine and threonine residues of nuclear and cytoplasmic proteins, which can be removed by the enzymatic
action of OGA. Neu5Ac, N-acetylneuraminic acid.

MINIREVIEW: Tissue-specific Roles for O-GlcNAc in Diabetes

DECEMBER 12, 2014 • VOLUME 289 • NUMBER 50 JOURNAL OF BIOLOGICAL CHEMISTRY 34467



of insulin from the �-cells of the pancreas. In particular,
O-GlcNAc modification of NeuroD1, which enhances tran-
scription of the insulin gene and promotes nuclear localization
and O-GlcNAc modification of the transcription factor PDX-1,
enhances DNA binding (26, 27). However, long-term elevation
of O-GlcNAc levels via pharmacological approaches has been
associated with �-cell apoptosis, although the mechanism is
unclear but may involve the Akt pathway (28, 29). Further stud-
ies aimed at uncovering the roles of acute and chronic hyper-
glycemia that can be assigned to increases in O-GlcNAc levels
in the glucose-responsive pancreas are still required.

Functions for the O-GlcNAc Modification in Skeletal
Muscle and Adipose Tissue (Insulin-responsive Glucose
Uptake and Metabolism)

Skeletal muscle and adipose tissue are responsible for clear-
ing the majority of glucose from the bloodstream in response to
insulin (1, 2) (Fig. 1). Insulin promotes energy storage in these
tissues as well as the secretion of adipocytokines from adipose
tissue (2, 19) (Fig. 1). Pioneering studies using metabolic, phar-
macological, and genetic approaches clearly demonstrated an
important role for the HBP in peripheral insulin resistance (4,
6 –11). These studies were followed up by pharmacological and
genetic studies that suggested that elevation in the O-GlcNAc
modification leads to adipose and skeletal muscle insulin resis-
tance (30, 31). This work included demonstration that a trans-
genic mouse overexpressing OGT in skeletal muscle displayed
insulin resistance as well as hyperleptinemia (30). Cell culture
studies discovered similar insulin-resistant phenotypes upon
elevation in O-GlcNAc levels via pharmacological approaches
(31–33). Further work uncovered that multiple proteins
involved in the insulin signaling pathway were functionally
O-GlcNAc-modified (34 –38) and that the O-GlcNAc cycling
enzymes genetically interacted with components of the insulin-
like signaling pathway in the model organism Caenorhabditis
elegans (39 – 44). In addition to defects in insulin-dependent
glucose uptake and energy storage, the HBP and more specifi-
cally the O-GlcNAc modification are also functionally impli-
cated in the secretion of adipocytokines that modulate a num-
ber of energy homeostatic functions in the organism, including
feeding behavior (30, 33, 45– 47) (Fig. 1). For example, Rosset-
ti’s group (47) clearly demonstrated that leptin transcription,
expression, and secretion were regulated by the HBP, and later,
McClain et al. (30) demonstrated using genetic approaches that
this regulation was directly due to the O-GlcNAc modification.
Work by our own group using pharmacological manipulation
followed by quantitative mass spectrometry has further deter-
mined that multiple mammalian adipocytokines are regulated
by levels of the O-GlcNAc modification in adipocytes (45, 46).
Thus, multiple groups using a variety of approaches and sys-
tems have determined strong links between the O-GlcNAc
modification and peripheral insulin resistance. Work by Buse
and colleagues (48), who demonstrated that overexpression of
OGA did not ameliorate hyperglycemia/chronic insulin-in-
duced insulin resistance in cultured adipocytes, and work by
Vocadlo and colleagues (49, 50), who demonstrated that a spe-
cific inhibitor of OGA did not induce peripheral insulin resis-
tance, clearly show that the field still has much to uncover to

fully understand the role of the O-GlcNAc modification in
modulating peripheral tissue insulin responsiveness. In partic-
ular, the field needs to acknowledge and address that metabolic
treatments (for example, the addition of glucose, glucosamine,
GlcNAc, and/or glutamine), pharmacological treatments (inhi-
bition of OGT, OGA, and GFAT via inhibitors with various
mechanisms and specificities, for example), and genetic manip-
ulation (O-GlcNAc/HBP enzyme overexpression and knock-
down/knock-out) are not necessarily comparable. For example,
pharmacological inhibition of OGA potentially elevates
O-GlcNAc levels by breaking the dynamic on/off cycle, whereas
overexpression of OGT likely elevates O-GlcNAc levels by
shifting the equilibrium toward modification.

Functions for the O-GlcNAc Modification in the Liver
(Insulin-suppressed Gluconeogenesis)

The liver plays a central role in glucose homeostasis and is
insulin-responsive (Fig. 1). In addition to insulin-responsive
glucose uptake, insulin also inhibits gluconeogenesis and pro-
motes FFA secretion in the liver (1). Perhaps some of the most
compelling studies for the role of O-GlcNAc in the liver and the
diabetic phenotype were conducted by the Montiminy and
Evans groups (51, 52), who showed that overexpression of OGA
in the liver rescued circulating glucose levels in a diabetic
mouse model and that overexpression of OGT in the liver
induced insulin resistance and dyslipidemia in a normal mouse,
respectively. Elegant work by Hart and colleagues (53, 54) has
demonstrated that expression of key gluconeogenic enzymes is
regulated at the level of transcription by the O-GlcNAc modi-
fication, and this work has been recently followed up on and
extended by Yang’s group (55). O-GlcNAc modification of tran-
scription factors is also centrally involved in the regulated
expression of lipogenic enzymes (56, 57). Thus, in the liver,
metabolic regulation of gene expression via the O-GlcNAc
modification appears to be a central theme, and it has been
established in multiple systems that the O-GlcNAc modifica-
tion is a regulator of transcription (58, 59).

Functions for the O-GlcNAc Modification in
Organs/Tissues Associated with Diabetic Complications

Multiple tissues and organs are involved in the diabetic phe-
notype, including the kidney, eye, brain, heart, and vascular
system (1, 2) (Fig. 1). Retinopathy and nephropathy that lead to
blindness and kidney failure are major complications of diabe-
tes mellitus (60, 61). Insulin plays a pro-survival role in large
part by activation of the anti-apoptotic PI3K-Akt pathway (62).
Flux through the HBP and elevation in O-GlcNAc modification
of proteins have been demonstrated to attenuate this pathway
in multiple systems and thus may play a significant role in the
induction of apoptosis in these tissues (31, 34, 37, 52, 63). Alter-
natively or perhaps additively, the O-GlcNAc modification is
known to modulate NO production in endothelial cells, pro-
moting macro- and microvascular complications that may lead
to organ failure (64, 65). In alignment with the role of
O-GlcNAc in vascular regulation, several groups have demon-
strated a role for O-GlcNAc in the heart, and recent studies
have covered these findings (23, 25, 66 – 68). Diabetic car-
diomyopathy is responsible for a large number of the deaths
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associated with diabetes mellitus (69). Recent work has demon-
strated that the O-GlcNAc modification of proteins in cardiac
tissue is a mechanism for hyperglycemia/insulin-resistant-in-
duced mitochondrial dysfunction, contractile defects, and ath-
erosclerosis as well as perturbations in calcium loading and oxi-
dative stress responses (23, 25, 66 – 68). Further, OGA protein
levels and O-GlcNAc-modified proteins are increased in eryth-
rocytes of pre-diabetic and diabetic patients, paving the way for
O-GlcNAc levels being used as a biomarker for early detection
and efficacious treatment of diabetes (70, 71). Future studies are
needed to uncover the roles for O-GlcNAc in mediating glucose
toxicity and the normal physiological roles for this modification
in modulating energy utilization and responsiveness to extra-
cellular cues in organs associated with the diabetic phenotype.

Conclusions and Future Directions

As illustrated in Fig. 1, the organism as a whole must be
considered when investigating energy homeostasis and its dys-
regulation in diabetes. This is especially true for the O-GlcNAc
modification that has been increasingly implicated as a meta-
bolic sensor that regulates gene expression, i.e. an epigenetic
mark, of secreted factors. In this review, we have highlighted
several such examples, including O-GlcNAc levels regulating
insulin secretion in the pancreas, which goes on to regulate
multiple processes in other organs, and the O-GlcNAc modifi-
cation regulating insulin-dependent leptin secretion at the level
of transcription in adipose tissue, which then circulates to the
brain to regulate eating behavior (Fig. 1). Thus, a major chal-
lenge in the O-GlcNAc and diabetes field is elucidating not only
direct effects of O-GlcNAc modification on particular proteins
in specific cell types, but equally importantly, elucidating indi-
rect effects of changes in O-GlcNAc levels in one tissue having
metabolic consequences in another tissue that impact the over-
all energy dynamics and health of the entire organism.
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Regional glucose hypometabolism is a defining feature of
Alzheimer disease (AD). One emerging link between glucose hypo-
metabolism and progression of AD is the nutrient-responsive post-
translational O-GlcNAcylation of nucleocytoplasmic proteins.
O-GlcNAc is abundant in neurons and occurs on both tau and
amyloid precursor protein. Increased brain O-GlcNAcylation
protects against tau and amyloid-� peptide toxicity. Decreased O-
GlcNAcylation occurs in AD, suggesting that glucose hypometab-
olism may impair the protective roles of O-GlcNAc within neurons
and enable neurodegeneration. Here, we review how O-GlcNAc
may link cerebral glucose hypometabolism to progression of AD
and summarize data regarding the protective role of O-GlcNAc in
AD models.

Alzheimer disease (AD)4 is the most common neurodegen-
erative disease, currently afflicting over 35 million worldwide.
Age is the greatest risk factor for AD, and accordingly, the aging
demographic in many countries is leading to a dramatic
increase in the number of AD patients. By 2050, the number of
patients is expected to nearly triple in the United States to reach
16 million. This increasing incidence represents a major emerg-
ing socioeconomic challenge for governments around the
world. Although the root causes of AD remain obscure, the

progression of AD is recognized as starting many years before
cognitive impairments manifest (1). Various groups, including
the Alzheimer’s Disease Neuroimaging Initiative, are working
to improve methods to identify AD patients, identify clinically
useful biomarkers, and define the pathological progression of
AD. Longitudinal monitoring of groups of patients, ranging
from those who are cognitively normal to those suffering from
mild cognitive impairment and those exhibiting full-blown AD,
using various imaging modalities and biomarkers in cerebro-
spinal fluid and blood have led to major advances in defining the
pathological cascade of AD (Fig. 1) (1–3).

Collectively, these biomarker studies have revealed that
heightened production of amyloid-� peptides (A�), which are
derived by proteolytic processing of the amyloid precursor pro-
tein (APP) (Fig. 2), is the first observed change among the stud-
ied biomarkers. Levels of A� rise in cerebrospinal fluid many
years before other disease features manifest and then decline as
amyloid plaques (protein deposits composed of A� that are one
defining pathological feature of AD) develop within the AD
brain. Notably, the A� species that are toxic appear to be olig-
omers, and these impair neuronal function to enable progres-
sion of AD. Neither cerebrospinal fluid levels of A� nor the
extent of plaques in the brain correlates closely with neurode-
generation (7). Brain amyloid is therefore generally accepted as
being essential for disease progression but not sufficient on its
own to drive disease. The next observable change in the brain is
impaired glucose metabolism within the AD brain, assessed
using positron emission tomography (PET) to monitor 2-de-
oxy-2-[18F]fluoroglucose (FDG) uptake within the brain.
Nearly parallel to this change yet lagging behind is the signifi-
cant accumulation of abnormally hyperphosphorylated micro-
tubule-associated protein tau. This hyperphosphorylation of
tau within neurons is generally accepted as being a driver of tau
toxicity (Fig. 2), which manifests as increased cerebrospinal
fluid tau and phosphorylated tau, as well as aggregation of
hyperphosphorylated tau into paired helical filaments (PHFs),
which then aggregate together to form neurofibrillary tangles
(NFTs). These NFTs are the second defining pathological hall-
mark of AD. FDG PET imaging studies have shown that brain
regions exhibiting impaired glucose metabolism are often coin-
cident with regions showing downstream neurodegeneration.
Indeed, the development of glucose hypometabolism, as mea-
sured by FDG PET, and the deposition of NFTs precede mea-
surable neurodegeneration and brain atrophy, which can be
monitored by volumetric MRI (4 – 6). It is important to note,
however, that this proposed sequence of events is based on
challenging clinical studies, and a definitive series of events has
not been unambiguously defined. Notwithstanding this limita-
tion, it is clear that although aberrant volumetric MRI findings
correlate most closely with severity of cognitive impairment,
glucose hypometabolism and the extent of NFTs in the brain
also correlate well with cognitive deficits. Based on these imag-
ing and biomarker studies, it is emerging that brain glucose
hypometabolism and tau toxicity likely reflect central events in
the progression of AD (1, 2, 8).
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Impaired Glucose Metabolism as a Contributing Factor
to AD

The clear observation that brain amyloid is essential but not
sufficient for progression of AD suggests that various disease
modifiers are operative. Thus, although impaired glucose
metabolism in the brain is generally thought to stem from syn-
aptic dysfunction driven by A� toxicity, another hypothesis
that has emerged is that changes in metabolism within neurons
are instead factors contributing to disease progression. This
hypothesis gains some support from the well established link
with type 2 diabetes mellitus (T2DM) (9, 10), which is well
characterized as having associated defects in brain glucose
metabolism and insulin signaling, being a major risk factor for
the development of AD.

Various mechanistic proposals linking T2DM to AD have
been made (11–13). From a metabolic standpoint, it is notable
that insulin resistance is commonly observed in AD, and the
levels of insulin receptors are higher in concentration than in
age-matched controls (14), which may reflect an effort to main-
tain glucose homeostasis within the brain. Furthermore,
GLUT1 and GLUT3, which are key glucose transporters in neu-
rons, are decreased in the AD brain (15). Because GLUT3 local-
ization to the plasma membrane depends on insulin signaling, it
is possible that the insulin resistance that is a risk factor for AD
may lead to decreased cell-surface GLUT3 localization and
cause downstream impairments in glucose utilization.

Studies using transgenic mouse models of AD show that A�
toxicity can drive impairments in glucose metabolism within
the brain (16 –18), which is notable because this suggests that
impaired glucose metabolism is not simply a confounding fea-
ture in AD patients. Some imaging studies in humans have also
suggested that certain regions showing high amyloid deposition

also show glucose hypometabolism (19, 20), which supports
amyloid having toxic effects that influence glucose metabolism.
Because insulin resistance decreases the levels of cell-surface
glucose transporters, T2DM on its own causes impaired
brain glucose metabolism. Accordingly, within humans, high
blood glucose correlates with glucose hypometabolism in brain
regions that are susceptible to neurodegeneration in AD (21,
22). In animal models, it has been shown that insulin resistance
(23) induces tau and A� pathologies and, in transgenic AD
models (24 –26), greatly exacerbates AD progression. Collec-
tively, these observations reveal that AD pathologies both drive
impaired brain glucose metabolism and exacerbate the advance
of AD. Overall, these emerging data from both human and ani-
mal studies reveal that impairments in glucose metabolism are
a central feature of AD. Mechanistically, however, the molecu-
lar processes by which impaired glucose utilization drives these
pathologies in the brain remain unclear.

Several proposals as to how impaired glucose metabolism in
the brain might impact the progression of AD have been
advanced, but one intriguing molecular link is a nutrient-sens-
ing pathway that involves the post-translational modification of
nuclear and cytoplasmic proteins with O-linked N-acetylgluco-
samine (O-GlcNAc). This hypothesis suggests that impaired
glucose metabolism in the brain induced by A� toxicity and
T2DM leads to decreased brain O-GlcNAc levels. Such a
decrease in O-GlcNAc levels reflects a failure of the protective
mechanism of O-GlcNAc in the brain and thereby enables pro-
gression of AD. Although still speculative, this hypothesis is
appealing because O-GlcNAc is well established as being a pro-
tective stress response (27) and because it is fairly well accom-
modated within the proposed pathological cascade and fits with
biochemical changes within the AD brain. Furthermore, the
glucose responsiveness of O-GlcNAc offers an explanation as to
how T2DM can operate at the molecular level as a major risk
factor in AD. Although this hypothesis is still speculative, the
prospect of such a link has stimulated growing interest in this
research area. Here, we summarize the research in this area,
with a focus on studies showing that perturbation of O-GlcNAc
processing within animal models provides a protective benefit
in transgenic models of AD.

O-GlcNAc Is a Common Post-translational Modification
of Nucleocytoplasmic Proteins

The post-translational glycosylation of nuclear and cytoplasmic
proteins by O-GlcNAc was discovered 30 years ago by Torres and
Hart (28) and has emerged as a conserved modification found in all
multicellular eukaryotes. Mass spectrometry-based proteomics
studies of mouse and human brain tissues (29–31) have revealed
O-GlcNAc on over 1000 proteins, ranging from highly abundant
cytoskeletal proteins such as tau to membrane-associated proteins
such as APP, as well as low-abundance proteins, including tran-
scription factors. O-GlcNAcylated proteins play diverse cellular
roles (32). Remarkably, despite its abundance, O-GlcNAcylation is
regulated primarily by the action of only two enzymes (Fig. 3), each
of which has various splice forms (for review, see Ref. 33).

O-GlcNAc is installed onto serine or threonine hydroxyl groups
by the glycosyltransferase O-GlcNAc transferase (OGT). This
enzyme uses UDP-GlcNAc as the source of the GlcNAc residue

FIGURE 1. Hypothetical model of the change in biomarkers and their
association with AD progression. A� in cerebrospinal fluid (CSF) or in the
brain assessed by PET amyloid imaging is the earliest known biomarker that
changes during the course of the disease, with changes beginning to develop
during the preclinical phase of the disease. Subsequent to changes in A�,
glucose metabolism becomes impaired, and increased tau in cerebrospinal
fluid results from pronounced tau abnormalities. As the disease begins to
advance to the symptomatic phase (the mild cognitive impairment stage
(MCI)), differences in brain structure measured by volumetric MRI (vMRI) and
in cognitive and clinical function begin to deteriorate steadily until the dis-
ease produces pronounced dementia. Biomarkers increase from null to max-
imum magnitude as a function of disease stage. This figure is adapted from a
model proposed in Ref. 3.
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(34, 35). There is no known consensus sequence governing which
residues are O-GlcNAcylated, although most sites of glycosylation
are in regions that are intrinsically disordered (30). O-GlcNAc is
removed from proteins by the glycoside hydrolase O-GlcNAcase
(OGA) (36) (Fig. 3). Together, these two enzymes make O-GlcNAc
a reversible post-translational modification. Studies on the half-
life of O-GlcNAc are few, but available data indicate that the half-
life of O-GlcNAc is in the range of several hours (37, 38).

The presence of O-GlcNAc on serine and threonine residues
raises the potential for interplay with protein phosphorylation.
In some cases, O-GlcNAc has been found to occur in a recipro-
cal manner to serine and threonine phosphorylation (39, 40),
whereas in others, O-GlcNAc has been found close to known
phosphorylation sites (41, 42). Using inhibitors of OGA to

increase O-GlcNAc levels in an acute manner, it has been
shown that phosphorylation at some phosphorylation sites
increases, whereas at others, it decreases (43). More recent
studies have found that O-GlcNAc and phosphorylation are not
more coincident than by chance (30), arguing against a
widespread role for O-GlcNAc in regulating protein phos-
phorylation. Nevertheless, the influence of O-GlcNAc on
phosphorylation in specific instances such as for calcium/
calmodulin-dependent kinase IV (42) and CK2 (44) has been
demonstrated. Notably, both targeted and shotgun proteom-
ics studies have found that acute administration of OGA
inhibitors can decrease protein phosphorylation (43,
45– 47), but longer term OGA inhibition does not affect
phosphorylation on proteins such as tau (47– 49). These

FIGURE 2. Molecular events giving rise to A� and tau pathologies. On the outside of the cell, the combined action of �- and �-secretase cleavage of the
transmembrane APP gives rise to soluble amyloid precursor protein � (sAPP�) and secreted A�, which can then self-associate to form A� oligomers. These A�
oligomers then combine to form higher order amyloid plaques. The APP intracellular domain (AICD) is also liberated by this secretase pathway. On the inside
of the cell, phosphorylation of the tau protein promotes its dissociation from microtubules, enabling its aggregation to form competent nuclei or tau
oligomers, which can then grow to form larger PHFs. These PHFs aggregate to form the higher order NFTs that are clinically observed in the AD brain.

MINIREVIEW: O-GlcNAc in Neurodegeneration

34474 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 289 • NUMBER 50 • DECEMBER 12, 2014



observations suggest that O-GlcNAc can impact the activity
of kinases and phosphatases but that these effects are atten-
uated with time, perhaps because cells adapt to sustained
perturbations in overall protein O-GlcNAcylation.

O-GlcNAc and O-GlcNAc-processing Enzymes Are
Particularly Abundant in Neurons

O-GlcNAc is widely distributed in cells and has been found in
every tissue studied to date, but the focus here is on the levels of
O-GlcNAc and its processing enzymes, OGA and OGT, in the
central nervous system. mRNAs encoding OGT and OGA are
widely distributed, but the highest levels encoding OGA are
found in the brain (36) and those encoding OGT are found in
the pancreas and brain (34, 35). Consistent with these observa-
tions, OGT activity in the brain has been found to be 10-fold
higher than in peripheral tissues (50). Various studies have
monitored O-GlcNAc levels as a function of age in rat and
mouse brains. In mice, one study found higher brain O-GlcNAc
at 5 months compared with 3 or 13 months (51). The most
rigorous study (52), in which O-GlcNAc , OGA, and OGT levels
in rat brain were monitored from embryos to 2 years of age,
showed that O-GlcNAc levels were most abundant in prenatal
rats, and soon after birth, levels became stable. This study also
showed variation in the levels of OGT splice variants and the

activities of both OGT and OGA. OGA activity decreased after
birth, whereas OGT activity increased after birth such that both
reached stable levels postnatally. Immunohistochemical stain-
ing for O-GlcNAc, as well as OGA and OGT, revealed develop-
mental changes in staining, but in postnatal mice, these mark-
ers all showed a similar distribution in the brain, with the
greatest immunoreactivity being present within all classes of
neurons throughout all regions of the brain (52). Other studies
reported particularly high levels of OGT expression and
O-GlcNAc in the cerebellar cortex and hippocampus (53, 54).
Subcellular localization studies of O-GlcNAc and OGT have
focused on neurons, where it has been shown O-GlcNAc is
present in both the cytoplasm and nucleus. More detailed stud-
ies have shown that the termini of neurons (55) and the nodes of
Ranvier (56) are particularly rich in O-GlcNAc. These studies
collectively suggest that O-GlcNAc plays particularly impor-
tant roles in neurons, an idea that is consistent with neuron-
specific deletion of OGT leading to neuronal apoptosis (57) and
recent data indicating that OGT plays a role in mitochondrial
transport within neurons (58).

Nutrient-mediated Regulation of O-GlcNAc

As noted above, glucose hypometabolism in AD occurs in
brain regions prone to neurodegeneration. The ability of

FIGURE 3. Potential protective role of O-GlcNAcylation within the healthy brain, which may become deficient in the AD brain. Impairments in glucose
utilization (perhaps by decreased cell-surface glucose transporters) as shown here would result in decreased flux down the hexosamine biosynthetic pathway
(HBSP) and ultimately lead to decreased O-GlcNAc on tau, APP, and nicastrin (a non-catalytic component of the �-secretase complex), which could result in the
increased production of NFTs and amyloid plaques, the hallmark features of the AD brain. This figure is adapted from Ref. 100.
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O-GlcNAc levels to change in response to variations in cellu-
lar glucose availability is therefore of interest and makes O-
GlcNAc a possible contributor to neurodegeneration. This
nutrient responsiveness occurs both in cultured cells and in
vivo, where decreased glucose levels induced by fasting corre-
late with decreased brain O-GlcNAcylation (59). This nutrient
responsiveness stems from the levels of UDP-GlcNAc being
dependent on flux through the hexosamine biosynthetic path-
way, the end product of which is UDP-GlcNAc. Approximately
2–5% of all glucose that is taken up by cellular glucose trans-
porters is assimilated by the hexosamine biosynthetic pathway
to generate UDP-GlcNAc (60). The hypothesis that impaired
O-GlcNAc levels might contribute to the progression of AD has
been bolstered by studies showing that brain tissue from AD
patients has lower O-GlcNAc levels when considering post-
mortem delay (46) and, more recently, in a different patient
population in which decreased overall cytosolic O-GlcNAc lev-
els were observed in the frontal cortex but not in the cerebellum
(61). However, other studies using different analytic tools have
suggested that O-GlcNAc levels in fact increase either generally
(62) or within the detergent-insoluble fraction of AD brain tis-
sue from regions other than the cerebellum (63). More rigorous
studies of human tissues, ideally coupled with immunohisto-
chemical analysis of O-GlcNAc within neurons, are needed to
unambiguously clarify this issue.

Tau O-GlcNAcylation in AD

Tau protein exists as six splice variants that are all highly
soluble and intrinsically disordered proteins. A factor generally
accepted as driving aggregation of tau is its pathological hyper-
phosphorylation, which increases the stoichiometry of phos-
phorylation on tau by 6 – 8-fold (64). Dysfunction of many dif-
ferent kinases and phosphatases has been implicated in
aberrant tau phosphorylation across �45 serine and threonine
residues (Fig. 4). A major consequence of increased phosphor-
ylation of tau is that it impairs its ability to bind to microtubules
and thereby promote microtubule polymerization (65– 67),
leading to increased levels of free tau within the cytoplasm.
Hyperphosphorylation of tau also leads to its compaction and
enables its aggregation in vitro (64, 68) to assemble into the
hyperphosphorylated PHFs found in vivo (69, 70). Data have

increasingly indicated that tau pathology spreads prion-like
through the brain (71), with the toxic species being small olig-
omers of tau (72–74) and the large aggregates being non-toxic.
Studies in transgenic mice using kinase inhibitors have sup-
ported the importance of tau hyperphosphorylation as a pri-
mary factor in tau toxicity (75, 76).

O-GlcNAc on tau was first observed in bovine samples and
was proposed to have a stoichiometry of four O-GlcNAc units
per tau molecule (77). Since that time, several studies using
both genetic methods and chemical approaches have shown
that phosphorylation and O-GlcNAc on tau show some reci-
procity. Gong and co-workers (46) showed that O-GlcNAc can
antagonize phosphorylation of tau at various sites in tissue cul-
ture cells and rat brain slices. They also showed that human tau
is O-GlcNAcylated and observed that aggregates of tau from
human AD patients bear no O-GlcNAc. Support for this reci-
procity comes from studies of fasted mice, which exhibited
increased tau phosphorylation (59), as well as from Lefebvre et
al. (45), who noted that inducing phosphorylation of tau by
blocking protein phosphatase action resulted in less tau
O-GlcNAcylation. Although less direct, mouse genetic studies
also support this view. The neuron-specific deletion of the gene
encoding OGT in mice causes increased tau phosphorylation
(57). Using the selective OGA inhibitor Thiamet-G, which
increases brain O-GlcNAcylation (47), Yuzwa et al. (78) found
that acute OGA inhibition decreases tau phosphorylation
at several pathologically relevant residues, an observation
recently replicated by researchers at EMD Serono (48).

These studies have stimulated efforts to map O-GlcNA-
cylation sites on tau. Four O-GlcNAc sites on human tau have
been mapped to Thr-123, Ser-208, Ser-400, and Ser-409/Ser-
412/Ser-413 (Fig. 4) (78, 79). Ser-400 was also detected on
human tau expressed in mice (78) and on rat tau (80). NMR
studies using in vitro O-GlcNAcylated tau also found the Ser-
208 and Ser-400 modification sites (41). Smet-Nocca et al. (41)
went on to demonstrate how Ser-400 O-GlcNAcylation blocks
phosphorylation at Ser-400 and subsequent sequential phos-
phorylation at Ser-396, providing a rationale as to how
increased O-GlcNAcylation can antagonize phosphorylation at
Ser-396, as seen in mice treated with the OGA inhibitor (47).

FIGURE 4. Domain map of the largest isoform of human tau (Tau441), with annotation of the locations of three different tau post-translational
modifications. G, O-GlcNAcylation; Ac, acetylation; P, phosphorylation; MTBRs, microtubule-binding repeats.

MINIREVIEW: O-GlcNAc in Neurodegeneration

34476 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 289 • NUMBER 50 • DECEMBER 12, 2014



Effects of Pharmacological Inhibition of OGA on Tau
Toxicity

The potential for increased O-GlcNAc to antagonize tau
phosphorylation motivated research into the effect of OGA
inhibitors on tau toxicity. Various mouse models of tauopathy
have been generated by transgenic expression of mutant forms
of tau associated with frontotemporal dementia and parkinson-
ism linked to chromosome 17 (FTDP-17), a progressive neuro-
degenerative disease that exhibits only tau pathology (81).
JNPL3 mice (82) express the 0N4R isoform of P301L human tau
under the control of the prion promoter. Due to the expression
being driven by this promoter, tau hyperphosphorylation and
neurofibrillary pathology are therefore seen mostly in the hind-
brain, brainstem, and spinal cord. Gradual motor impairments
develop, leading to muscle atrophy and consequent weight loss.
The Tau.P301L model expresses the 2N4R isoform under the
control of the thy-1 promoter and exhibits tau pathology pri-
marily in the hindbrain and cervical spinal cord and, to a lesser
extent, in the midbrain and cortex (83). Tg4510 mice, which
express the P301L mutant tau 0N4R isoform under the control
of a tetracycline-responsive operator (tetO) (72), exhibit tau
pathology first in the neocortex, followed by spreading to the
hippocampus. These mice show brain atrophy and a clear
behavioral phenotype.

Treatment of JNPL3 mice with Thiamet-G over a period of
months (78) decreased loss of motor neurons in the cervical
spinal cord, reduced the extent of Sarkosyl-insoluble tau and
the number of NFTs in the brain, and reduced weight loss (78).
OGA inhibition was shown to increase O-GlcNAcylation of
human tau at Ser-400 using a polyclonal antibody against tau
O-GlcNAcylated at this site (79) and by mass spectrometry.
Surprisingly, however, sustained OGA inhibition over a period
of months did not lead to a reduction in phosphorylation
of soluble tau (78), causing the authors to speculate that
O-GlcNAc may itself hinder tau aggregation independent of
phosphorylation. Analysis of various aggregation-prone tau
fragments (78) and, more recently, full-length tau (84) showed
that O-GlcNAc at Ser-400 hinders aggregation of tau in vitro
without affecting the conformation of tau.

Using Thiamet-G, researchers at EMD Serono treated Tg4510
mice for 4 months and made observations (48) largely consis-
tent with those made previously by Yuzwa et al. (78). EMD Serono
also generated a monoclonal antibody against Ser-400 O-
GlcNAcylation (85) and, using this tool, noted that OGA
inhibition induced a 9-fold increase in tau O-GlcNAcylation at
Ser-400. Short-term OGA inhibition reduced phosphorylation
of soluble tau, but again, long-term administration had no
influence on its phosphorylation. Decreases in NFT burden
were also seen, but the authors also noted that the levels of
pathological hyperphosphorylated tau species were markedly
decreased. These species also did not appear to be O-
GlcNAcylated, which is consistent with observations made in
human AD tissues (46).

Using Thiamet-G in the Tau.P301L model, Van Leuven and
co-workers (86) found that 2.5 months of treatment decreased
the number of neurons showing tau pathology and decreased
behavioral defects and weight loss while also increasing survival

at 9.5 months. Interestingly, the investigators proposed that,
within this model, tau is not O-GlcNAcylated, which varies
from observations made by other groups in transgenic tauopa-
thy models and human brain.

On balance, with the exception of the absence of tau glyco-
sylation in the Tau.P301L studies, these independent studies, as
well as data from H. Lundbeck A/S presented at the Alzheimer
Association International Conference 2014, are generally in
close agreement. The difference between the effects of short-
and long-term administration of OGA inhibitors on tau phos-
phorylation is intriguing. Perhaps, acute OGA inhibition affects
the activity of kinases and phosphatases, but the cell adapts to
these changes over time. Alternatively, stoichiometric blockade
of phosphorylation by O-GlcNAc may be overcome by sus-
tained action of kinases over time to return phosphorylation to
normal levels. Regardless, these studies reveal that chronic
OGA inhibition leads to increases in tau O-GlcNAc modifica-
tion at Ser-400 and probably at other residues, which likely
lowers the aggregation propensity of tau and limits tau pathol-
ogy and neurodegeneration. Currently, it is unclear whether
OGA inhibition blocks pathological hyperphosphorylation of
tau by direct blockade of tau phosphorylation at specific sites or
indirectly by O-GlcNAc acting on other cellular processes; per-
haps both direct and indirect effects are operative.

O-GlcNAc and A� in AD

APP is cleaved by �-secretase (87) and �-secretase (88), as
well as by the �-secretase complex (89) (Fig. 2). �-Secretase is
composed of the catalytic subunit presenilin and several non-
catalytic components, including nicastrin, which aids in the
maturation and trafficking of the �-secretase complex and in
the binding of substrates of the �-secretase complex. Cleavage
of APP can occur via a non-amyloidogenic pathway, which
yields non-toxic peptide fragments, or via the amyloidogenic
pathway, which results in the formation of A�40 or A�42 (90).
As noted above, there is strong support for the amyloid cascade
hypothesis, in which aberrant A� processing is the earliest rec-
ognized feature of AD that is required to trigger AD, but is not
sufficient on its own.

Although impaired brain glucose metabolism may be a down-
stream consequence of A� toxicity, it has also been noted that
T2DM can exacerbate A� pathology in AD models. Thus,
impaired O-GlcNAcylation in the brain could, in principle, con-
tribute to A� toxicity. Less research has focused on this area,
although APP was shown to be O-GlcNAc-modified almost 20
years ago (91). Following this work, Jacobsen and Iverfeldt (92)
demonstrated that increased O-GlcNAcylation leads to decreased
production of A�40 in cultured SH-SY5Y cells; however, this stud-
ied relied on the nonselective OGA inhibitor O-(2-acetamido-2-
deoxy-D-glucopyranosylidene)amino N-phenylcarbamate (93).
An exciting recent study by Mook-Jung and co-workers (94) using
the selective OGA inhibitor 1,2-dideoxy-2�-propyl-�-D-glucopy-
ranoso-[2,1-D]-�2�-thiazoline in the 5xFAD A� mouse model
showed that long-term OGA inhibition leads to reductions in the
levels of A�40 and A�42 in the brain, decreased plaque formation
and neuroinflammation, and improved cognition. These investi-
gators found that 1,2-dideoxy-2�-propyl-�-D-glucopyranoso-[2,1-
D]-�2�-thiazoline treatment of CHO cells expressing the Swedish
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mutation in APP resulted in decreased levels of the C-terminal
fragment of APP (APP-CTF). These effects were proposed to stem
from decreased �-secretase activity induced by O-GlcNAcylation
(94). A�40 and A�42 levels were not assessed, making it challeng-
ing to conclude whether the in vitro effects account for the in vivo
observations. With regard to specific O-GlcNAcylation sites on
APP or APP-processing enzymes, thus far, O-GlcNAc has been
mapped only to Ser-708 of nicastrin (Fig. 3) by Mook-Jung and
co-workers (94) .

A recent study using bigenic TAPP mice, which manifest
both amyloid and tau pathologies, reported the effects of long-
term OGA inhibition using Thiamet-G (95). OGA inhibition
blocked cognitive decline in these mice in parallel to decreases
in A� levels and amyloid plaques in the brain and showed a
clear trend toward decreased Sarkosyl-insoluble tau. Notably,
the authors reported no effect of OGA inhibition on the
amount of A�42 released from HEK cells stably overexpressing
the Swedish mutant form of APP or on the cellular levels of
APP-CTF. Furthermore, in primary hippocampal neurons, no
changes were observed in APP processing as evaluated using
these same measures. Accordingly, OGA inhibition does not
appear to influence A�42 release from cells or APP-CTF levels,
suggesting that other processes may protect against A�42 tox-
icity in these mice. Regardless, further studies should help clar-
ify how increased O-GlcNAc levels protect against A�42 and
reconcile these recent reports regarding the effects of OGA
inhibitors on APP processing.

Acute Effects of O-GlcNAc and Other Model Systems

In addition to the above discussion, of interest are observations
that speak to the acute effects of increased O-GlcNAcylation.
OGA inhibition has been found to decrease the numbers of
axonal filopodia (96), enhance long-term potentiation (97), and
also to correct breathing defects that occur in Tau.P301L mice
(86). These data suggest that OGA inhibition may have benefi-
cial effects in AD that are independent of blocking tau and A�
toxicity. Further research into the processes by which
O-GlcNAc induces these acute effects and also protects against
both tau and A� toxicity will be important. In this regard,
genetic studies on Caenorhabditis elegans overexpressing the
1N4R isoform of V337M FTDP-17 mutant tau showed that
deletion of OGA had no effect on tau toxicity, whereas deletion
of OGT was protective in an O-GlcNAc-dependent manner
(98). Perhaps this discrepancy between mammalian models and
C. elegans stems from differences caused by complete ablation
of these genes as opposed to the use of OGA inhibitors or sim-
ply from the fact that C. elegans does not recapitulate mamma-
lian systems in this regard. Further study using this model is,
however, likely to cast light on important aspects of how
O-GlcNAc affects tau toxicity.

Conclusion

The central role of glucose hypometabolism in the AD
brain, coupled with the recognized impairments in insulin
signaling that occur, has prompted some to define AD as a
form of type 3 diabetes (99). Although many processes are
disrupted in the brain by these changes, we have focused
here on the role of O-GlcNAc, which has emerged as an

important nutrient-sensitive modification controlling mul-
tiple cellular functions. The combined evidence discussed
herein has begun to suggest that the O-GlcNAc modification
may play a protective role in the brain. Deficiencies in this
protective mechanism, brought on perhaps by impairments
in glucose utilization, may be an important driver in AD
pathobiology. These impairments in glucose utilization may
result in impairments in O-GlcNAcylation of tau, APP, or
other factors having an influence on their downstream tox-
icity. Accordingly, decreased O-GlcNAc may thus contrib-
ute to the propagation of toxic species in the brain and
enable the spread of these hallmark pathologies within the
AD brain. Nevertheless, regardless of the precise mecha-
nisms that are operative, the consistent lack of apparent tox-
icity of OGA inhibitors (48, 78, 86, 94, 95, 100), coupled with
the clear protective effects of perturbing O-GlcNAc cycling,
suggests that OGA inhibitors are a promising potential dis-
ease-modifying monotherapy for AD and other tauopathies.
Such compounds may represent an opportunity to positively
influence the toxicity associated with both tau and A� and
accordingly alter the course of both hallmark pathologies
of AD.
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In reply to internal or external danger stimuli, the body
orchestrates an inflammatory response. The endogenous trig-
gers of this process are the damage-associated molecular pat-
terns (DAMPs). DAMPs represent a heterogeneous group of
molecules that draw their origin either from inside the various
compartments of the cell or from the extracellular space. Fol-
lowing interaction with pattern recognition receptors in cross-
talk with various non-immune receptors, DAMPs determine the
downstream signaling outcome of septic and aseptic inflamma-
tory responses. In this review, the diverse nature, structural
characteristics, and signaling pathways elicited by DAMPs will
be critically evaluated.

Inflammation is the body’s defense to microbial invasion or a
critical response to tissue injury under aseptic or sterile condi-
tions. Foreign agents (e.g. bacteria or viruses) release pathogen-
associated molecular patterns (PAMPs)2 that are recognized by
pattern recognition receptors (PRRs) of the immune system
and thus trigger an inflammatory response (1). In contrast, ster-
ile inflammation, an important characteristic of myocardial
infarction, atherosclerosis, several autoimmune diseases, and
cancer, is induced by the release of endogenous molecules
called DAMPs following tissue stress or injury (2–5). PAMPs
and DAMPs are highly conserved motifs derived from the
pathogens themselves (PAMPs) or from self-molecules that are

normally hidden from the PRRs by compartmentalization
(intracellular DAMPs) or sequestration in the ECM (extracel-
lular DAMPs). DAMPs, similar to PAMPs, are recognized by
PRRs. Five classes of PRRs have currently been described: cell
surface or endosomal Toll-like receptors (TLRs), cytoplasmic
NOD-like receptors (NLRs) and inflammasome, intracellular
RIG-I (retinoic acid-inducible gene-I)-like receptors, trans-
membrane C-type lectin receptors (e.g. dectin-1), and AIM2
(absent in melanoma 2)-like receptors (6). It is not well under-
stood why, despite the structural heterogeneity of DAMPs, they
share the capacity to bind and activate the same PRRs, fre-
quently TLR2 and TLR4, to trigger an immune response (7)
(Tables 1 and 2). The complexity of DAMP-TLR-mediated
immune signaling is further increased by accessory molecules
(e.g. cluster of differentiation CD14, CD36, and myeloid differ-
entiation 2 (MD2)) and by the CD14 preference for DAMPs
(8, 9). Additionally, after TLR dimerization, the adaptor
molecules myeloid differentiation factor 88 (MyD88), TIR
domain-containing adaptor-inducing interferon (TRIF),
TRIF-related adaptor molecule (TRAM), MyD88-adaptor like
(Mal), and sterile � and armadillo motif-containing protein
(SARM) are recruited, resulting in activation of NF-�B pathway
(via MyD88) and interferon (via TRIF) (10).

Several classes of DAMPs can be identified based on their
origin or chemical nature (Tables 1 and 2). The molecular
makeup of DAMPs is quite heterogeneous, ranging from the
small uric acid or ATP molecules to large proteins �100 kDa in
size and even organelles (11, 12). In turn, this high structural
diversity allows DAMPs to achieve cross-talk between PRRs
and a wide variety of “non-immune” receptors, finally impact-
ing on the complexity of DAMP signaling (5, 7). In this review,
I provide a critical appraisal of the diverse modalities of DAMP
generation and discuss the major receptors and signaling path-
ways operating in DAMP-mediated inflammation.

Origin of DAMPs

DAMP liberation occurs from the extracellular or intracellu-
lar space following tissue stress and injury or cell death.
DAMPs Derived from the Extracellular Matrix (ECM)

There is growing evidence that a series of molecules that are
under normal conditions sequestered components of the ECM
can be proteolytically released from the ECM following tissue
injury to act in their soluble form as DAMPs (Table 1 and Fig. 1)
(7, 13). Some of these soluble ECM fragments engage multiple
PRRs, initiating a rapid inflammatory reaction. To ensure con-
tinuation of the inflammatory response, the cytokine-activated
macrophages followed by tissue-resident cells start the de novo
synthesis of intact and soluble ECM-derived DAMPs (Table 1)
(14 –16).

Proteoglycans (PGs) are the best characterized ECM-derived
DAMPs (7). Based on their complex structure, containing pro-
tein core and various glycosaminoglycan side chains, proteogly-
cans are capable of interacting with distinct receptors and
orchestrating their signaling cross-talk (Table 1 and Fig. 1) (5,
7). Upon release from the ECM by several proteolytic enzymes,
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such as bone morphogenetic protein (BMP)-1, matrix metallo-
proteinase (MMP)-2, MMP-3, MMP-13, and granzyme B (17),
two chondroitin/dermatan sulfate small leucine-rich pro-
teoglycans (SLRPs), biglycan (16) and decorin (14), act as
endogenous ligands of TLR2/4 and trigger sterile inflammation
(14 –16). Furthermore, biglycan-dependent interaction of
TLR2/4 with purinergic receptor P2X, ligand-gated ion chan-
nel, 7 (P2X7) results in the autonomous synthesis and matura-
tion of IL-1� via activation of the leucine-rich repeat (LRR)-
and PYD domain-containing protein (NLRP)3 inflammasome
and caspase-1 (18). In contrast, soluble decorin stimulates sig-
naling of TLR2/4 and inhibits TGF-�1 activity, thereby creating
a pro-inflammatory environment that appears to be beneficial
in the treatment of established tumors (14). Thus, both SLRPs
as ligands of the same TLRs trigger different downstream sig-
naling outcomes due to their interaction with other receptors,
growth factors, and ECM components. The data regarding
other SLRPs in maintaining danger signals are sparse. Interest-
ingly, instead of being a canonical DAMP, lumican, a keratan
sulfate member of the SLRP family, acts as a helper of PAMP via
binding to and presenting LPS to the TLR adaptor CD14 (19).
For further details regarding the mechanism of SLRP release
and their use as biomarkers in inflammation, please refer to
recent more specific reviews (5, 7, 13, 20, 21).

Versican, a chondroitin sulfate PG and the largest member of
the hyaluronan- and lectin-binding proteoglycans, has been
suggested to act as a ligand to the TLR2/TLR6 heterodimer and
to its adaptor CD14, thereby promoting metastatic spread of
cancer (22). Besides “true” PGs, hyaluronan (HA), a non-sul-
fated glycosaminoglycan that is never covalently linked to a
protein core, is capable of evoking a danger signal in response to
injury following partial enzymatic cleavage by hyaluronidases
(23). The resulting low molecular weight (LMW)-HA frag-
ments accumulate and stimulate TLR2/4 and inflammatory
gene expression, thereby promoting angiogenesis and cancer
metastasis (7, 23, 24). Furthermore, active heparan sulfate (HS)
fragments generated by heparanase-1 from extracellular barri-
ers (25) and HS proteoglycan sources, such as the basement
membrane perlecan (26), the cell surface syndecans (27), and
glypicans (28), serve as TLR4-interacting DAMPs (29, 30) (Fig.
1). Several glycoproteins, such as MMP-cleaved extra domain A
of fibronectin (31, 32), extravascularly deposited fibrinogen
(33), and tenascin C, can act as DAMPs via TLR4 (34) (Table 1).

Despite initial skepticism regarding potential contamina-
tions, it is now broadly accepted that the ECM serves as a res-
ervoir of sequestered DAMPs that upon release facilitate a rapid
response to tissue injury. Thus, there is much stored informa-

tion in the ECM that is not only structural in nature but also
functional when released by activated enzymes.

Intracellular DAMPs

Besides ECM-derived DAMPs, there is a vast and heteroge-
neous group of intracellular danger molecules. Cells dying
from classical, accidental, and secondary necrosis or apoptosis
release endogenous molecules from different compartments or
organelles (Table 2 and Fig. 1) that can act as extracellular sol-
uble DAMPs (11).

Mitochondrial DAMPs—During various types of cell death,
both programmed and unprogrammed, mitochondria are the
major organelles that release various types of DAMPs (Table 2
and Fig. 1). Moreover, mitochondria are the only organelles
that act as DAMPs by themselves following release during
necroptosis (12). Intact mitochondria purified from necrotic
cells are engulfed by human monocyte-derived macrophages
and induce the production of pro-inflammatory cytokines (12).
When injured, mitochondria can release into the circulation
various intra-mitochondrial components such as mtDNA (35),
formylated peptides (35), and ATP (36), all of which are recog-
nized by PRRs of the immune systems and act as DAMPs (37,
38). mtDNA can also be detected in transfusion blood and may
contribute to transfusion-related acute lung injury (39). In the
human brain, mitochondrial transcription factor A (Tfam) can
be released into the extracellular space and can be recognized
by microglia, thereby inducing a pro-inflammatory response
(40).

Despite the emerging role of mitochondrial molecules as
DAMPs, it becomes clear that this pathway is operational in
various inflammatory diseases. Further studies addressing cel-
lular responsibility to mitochondrial DAMPs, their modulators
of immunological activity, and their signaling pathways are
required to better define their potential therapeutic target.

Autophagy-related DAMP Release—Various DAMPs can be
released by stressed cells undergoing autophagy or injury with-
out overt cell death. Evidence has been brought forth regarding
the autophagy-mediated release of high-mobility group protein
B1 (HMGB1), ATP, IL-1�, and DNA (41, 42) (Table 2 and
Fig. 1).

The induction of autophagy in glioblastoma cells correlates
with the release of HMGB1 without evoking either lysis of the
plasma membrane or classical necrosis. In contrast, dying epi-
thelial cells do not evoke autophagy but induce caspases and
retain HMGB1 (43). Moreover, HMGB1 localizes to a subset of
autophagosomes prior to its release from diphtheria toxin-
EGF-treated cells (43). Additionally, epigallocatechin gallate,

TABLE 1
The nature and sources of extracellular DAMPs
EDA, extra domain A.

Cell compartment/ organelle DAMP Mechanism of release Chemical nature Receptor Ref.

Extracellular matrix Biglycan MMP cleavage, de novo synthesis Proteoglycan TLR2, TLR4, NLRP3 (16, 18)
Decorin MMP cleavage, de novo synthesis Proteoglycan TLR2, TLR4 (14)
Versican Secretion Proteoglycan TLR2, TLR6, CD14 (22)
LMW hyaluronan Hyaluronidase cleavage Glycosaminoglycan TLR2, TLR4, NLRP3 (7, 23, 24, 81)
Heparan sulfate Heparanase cleavage Glycosaminoglycan TLR4 (25, 29, 30)
Fibronectin-EDA� MMP cleavage Glycoprotein TLR4 (31)
Fibrinogen Extravasation Glycoprotein TLR4 (33)
Tenascin C De novo synthesis Glycoprotein TLR4 (34)

MINIREVIEW: Damage-associated Molecular Patterns

35238 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 289 • NUMBER 51 • DECEMBER 19, 2014



T
A

B
LE

2
Th

e
n

at
u

re
an

d
so

u
rc

es
o

fi
n

tr
ac

el
lu

la
r

D
A

M
P

s
A

bb
re

vi
at

io
ns

:a
a,

am
in

o
ac

id
;D

T
-E

G
F,

ep
id

er
m

al
gr

ow
th

fa
ct

or
re

ce
pt

or
-t

ar
ge

te
d

di
ph

th
er

ia
to

xi
n;

ER
,e

nd
op

la
sm

ic
re

tic
ul

um
;F

PR
1,

fo
rm

yl
pe

pt
id

e
re

ce
pt

or
;I

A
V

,i
nf

lu
en

za
A

vi
ru

s;
IL

-1
R,

in
te

rle
uk

in
1

re
ce

pt
or

;m
RO

S,
m

ito
ch

on
dr

ia
lr

ea
ct

iv
e

ox
yg

en
sp

ec
ie

s;
RI

P1
,r

ec
ep

to
r-

in
te

ra
ct

in
g

pr
ot

ei
n;

RS
V

,r
es

pi
ra

to
ry

sy
nc

yt
ia

lv
iru

s.

MINIREVIEW: Damage-associated Molecular Patterns

DECEMBER 19, 2014 • VOLUME 289 • NUMBER 51 JOURNAL OF BIOLOGICAL CHEMISTRY 35239



the ester of epigallocatechin and gallic acid, and a type of cate-
chin, inhibits the release of HMGB1 from macrophages by
forming a complex, which is degraded in an autophagy-depen-
dent manner (44).

ATP is released from dying autophagic cells through the pan-
nexin-1 channel and activates the NLRP3 inflammasome fol-
lowing cell engulfment by macrophages (45). Moreover,
autophagic inducers determine the transfer of ATP-loaded
vesicle-associated membrane protein (VAMP) 7-positive
endocytic/autophagic compartments (amphisomes) to the cell
periphery. There, under starvation, they fuse with the plasma
membrane, thus liberating ATP extracellularly (46).

IL-1� is a DAMP that can be actively secreted from the cells
in response to either PAMPs or other DAMPs, but it can also be
passively released by necrotic cells (41). Many studies have
shown that autophagy is a limiting factor for IL-1� release when
it is induced by inflammasome activators. This may involve
ubiquitination of inflammasomes, recruitment of p62, and
active inflammasome elimination through autophagosome-
dependent degradation (47). Furthermore, the absence of
autophagic proteins microtubule-associated protein-1 light
chain 3B (LC3B) and Beclin1 in macrophages determines
higher activation of caspase-1 and maturation of IL-1� and
IL-18 in correlation with the liberation of mtDNA in the cytosol
in response to LPS/ATP stimulation (48). On the other hand,
autophagy induced by starvation promotes the NLRP3 inflam-
masome-dependent IL-1� secretion following nigericin stimu-
lation. This effect is based on the activation of the autophagy-

mediated unconventional secretory pathway, which requires
the extracellular release of IL-1� (49).

Nuclear DAMPs—The translocation of various nuclear mol-
ecules, such as HMGB1, histones, or DNA, is another mecha-
nism described for DAMP formation during inflammation or
cell death (50). HMGB1 is a nuclear non-histone DNA-binding
protein that can also translocate to the cytoplasm and is
released extracellularly through vesicular transport (50). Nota-
bly, HMGB1 can be produced not only by activated monocytes
and macrophages, but also by necrotic or injured fibroblasts in
a passive way (51–54), and to a lesser extent during late apopto-
sis (55). HMGB1 is also found in microparticles derived from
apoptotic HeLa and Jurkat cells (56). Moreover, HMGB1 pres-
ents a different redox state during apoptosis and necrosis by
being reduced or oxidized, respectively (50, 57).

Histones are nuclear proteins that form hetero-octamers to
wind up double-stranded DNA to form chromatin as well as
chromosomes (58). Histone release during sepsis increases
endothelial cell dysfunction, organ failure, and death (59). In
bacterial infections, histones are generally released either by
dying neutrophils, especially during the formation process of
the so-called neutrophil extracellular traps (60), or by dying
tubular epithelial cells (58). In vivo DNA is also found released
in the plasma of animals with hepatic models of apoptosis and
necrosis (61, 62). Thus again and in analogy to extracellular and
other intracellular DAMPs, a complex and expanding class of
participants regulates the generation of DAMPs derived from
the nucleoplasm.

FIGURE 1. Cell- and ECM-derived DAMPs activate TLRs and inflammasome. Following cell death or injury, various intracellular DAMPs are released
extracellularly from mitochondria, the autophagosome, the nucleus, and the cytosol. In turn, HMGB1, histones, HSPs, and S100 proteins target the cell surface
TLRs. mtDNA activates the intracellular TLRs following endocytosis. In addition, histones and uric acid activate the inflammasome following phagocytosis,
whereas ATP activates the inflammasome in a P2X7-dependent manner. Alternatively, tissue injury or stress determines the release of various ECM-derived
DAMPs as a consequence of proteinase activity. Thus, SLRPs (biglycan, decorin), HA, and HS trigger cell surface TLRs activation. In addition, the SLRP biglycan
activates the inflammasome via the P2X7 receptor. In contrast, HA is internalized in a CD44-dependent manner, and after fragmentation into HA-oligosaccha-
rides, activates the inflammasome.
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Cytosolic DAMPs—Uric acid is one of the main endogenous
immunological danger signals. It is constitutively present in all
cells, but its levels increase following cell injury (63). It is the
end product of purine nucleotide breakdown (64). Dying cells
release uric acid extracellularly, which is then able to evoke
immune responses such as the induction of dendritic cell mat-
uration and increase in priming of CD8 T-cell responses to
cross-presented antigens (65). In addition, uric acid is present
in the circulation, and its increased levels correlate with pro-
gression of gout (66).

The Ca2�-binding proteins S100A8 and S100A9 have been
extensively implicated in the induction of inflammation and
fibrosis (4). They act as DAMPs after release from phagocytes in
response to cell stress (67). Their secretion does not depend on
the classical endoplasmic reticulum/Golgi route. Instead, it has
been demonstrated that S100A8 and S100A9 are released by
human monocytes after activation of protein kinase C tubulin-
dependent pathway (68). A recent study has demonstrated that,
following influenza A virus infection, S100A9 is released
into the extracellular environment from undamaged macro-
phages and acts as a DAMP by augmenting pro-inflammatory
responses, cell death, and virus pathogenesis (69).

Heat shock proteins (HSPs) are a class of proteins that nor-
mally play the role of chaperones and assist the biosynthetic
machinery in the proper correct folding of proteins (70). How-
ever, HSPs can also act as DAMPs by interacting with TLRs
following release from the intracellular space (71). HSPs are
generally released from dying cells following apoptosis, necro-
sis, and cellular stress (72, 73) (Fig. 1). Thus, both intracellular
and released products can act as DAMPs under the appropriate
pro-inflammatory stimuli.

DAMP Receptors and Signaling Pathways

Toll-like Receptors

TLRs are type I integral membrane proteins that are capa-
ble of recognizing a variety of stimuli, including PAMPs or
DAMPs, and trigger the immune response (74). TLRs possess
one transmembrane helix, a highly glycosylated N-terminal
ectodomain (ECD) responsible for ligand recognition, and a
C-terminal Toll IL-1 receptor (TIR) domain responsible for sig-
naling (74). Ten TLRs have so far been described in humans,
and 13 have been described in mice (75, 76). Although most
TLRs are present at the cell surface, some (TLR3, TLR7, TLR8,
TLR9, and TLR13) can localize to the endosomal membrane
(75, 76) (Fig. 1). The latter suggests that TLRs might have some
additional functions in addition to the classical regulation of
infection.

The most remarkable feature of TLRs is the presence of LRRs
in their ECDs (74). These motifs, typically 22–29 residues long,
are responsible for the distinct horseshoe shape adopted by
TLR ECDs and mediate ligand recognition in TLRs. Note that
these LRRs are designed to mediate protein-protein interac-
tions and are also shared by decorin and biglycan, two ligands
for TLR2/4.

A number of crystal structures have shown how the direct
interaction of TLR ECDs and PAMPs occurs. Depending on the
specific ligand, this process involves the formation of TLR

hetero- or homo-dimers and sometimes utilizes accessory and
adaptor molecules (see the Introduction) (2). Finally, the gen-
eral end product of TLR activation is the NF-�B or interferon
pathway leading to cytokine production (77).

Almost all classes of DAMPs can bind to TLRs (Tables 1 and
2), and a selection of those classes is shown in Fig. 1. TLR9
recognizes DNA containing unmethylated CpG motifs that are
usually derived from bacteria or viruses. However, it can also
recognize mitochondrial DNA that contains similar CpG
sequences and activate immune pathways identical to those
elicited in sepsis (35). HMGB1 can associate with TLR9 and
CpG-DNA and hasten redistribution of TLR9 to early endo-
somes in response to the CpG-DNA analog CpG-oligodeoxy-
nucleotide (CpG-ODN) (78). Additionally, HMGB1 serves as a
ligand for TLR2/4 (50), a feature it shares with histones (58) and
decorin/biglycan (14, 16).

Notably, HMGB1 bioactivity is regulated via redox modifica-
tions of Cys residues, insofar as either oxidation or reduction of
essential Cys residues can inhibit cytokine production (57).
Monosodium urate can also activate macrophages through
TLR2/4 (79). Although S100 proteins are known activators of
TLR4 (69), S100B can also bind TLR2 and inhibit its activity
(80). HSPs are also ligands of TLR2/4 (72). In the case of bigly-
can and decorin, interaction with TLRs is most likely mediated
by LRRs present in the ligands (14 –16). HS and LMW-HA both
activate TLR4 (25, 81).

Although structures of TLR-DAMP complexes have not yet
been determined, it is conceivable that at least some of the
binding sites for PAMPs can also be employed by DAMPs.
However, evidence also exists that DAMPs can utilize binding
sites different from those utilized by PAMPs (82) and that
DAMPs can utilize different accessory proteins for binding to
TLRs than those used by PAMPs (2). Also interesting is the fact
that some DAMPs can trigger from downstream responses dif-
ferent from those evoked by PAMPs binding to the same TLR
(81). Collectively, these findings point to a central paradigm
whereby TLR activation is more than a simple on/off event.

It is particularly interesting that signaling initiated by activa-
tion of the same receptors results in different downstream
effects depending on the initial DAMP. Employing various
accessory and adaptor molecules of TLRs, some DAMPs (e.g.
PGs) can target diverse non-immune receptors, thereby refin-
ing the final outcome of combined signaling cascades (7). In
contrast to PAMPs, selected DAMPs have the unique ability to
interact with two TLRs, frequently TLR2/4, sensing Gram-pos-
itive as well as Gram-negative pathogens. The fact that the
affinity binding of two DAMPs, biglycan and decorin, to TLR4
is comparable with those of LPS (14, 83) further underscores
how powerful these DAMPs are. Thus, it is conceivable that the
DAMP-PAMP interaction defines the biological outcome of
TLR signaling.

The Receptor for Advanced Glycation End Products (RAGE)

One of the best-studied DAMP receptors is RAGE. The full-
length receptor contains three parts: an extracellular region
that is responsible for ligand interaction through its V domain,
a transmembrane domain to anchor the protein to the cell sur-
face, and a cytoplasmic domain that is responsible for down-
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stream signaling (84). RAGE can also exist in truncated forms
following alternate splicing or protease processing. In the
absence of its V domain, it cannot bind ligands, whereas in the
absence of the transmembrane domain, it becomes soluble and
can bind ligands, acting as a decoy receptor by preventing them
from binding and activating mature RAGE (84). RAGE was ini-
tially identified as a receptor for advanced glycation end prod-
ucts (AGEs) (85). However, it was later shown to serve as a
receptor for a number of DAMPs, including HMGB1 (53), S100
proteins (86), and amyloid-� protein (87).

An intriguing aspect of RAGE is that its expression can be
up-regulated by the presence of its ligands, leading to an ampli-
fication of the initial response (84). Interestingly, despite the
structural diversity of RAGE ligands, activation of RAGE leads
to a common pathway: the activation of NF-�B, cell prolifera-
tion, and TGF-� production (84). This makes RAGE a valuable
target not only in Type 1 diabetes (88), but also in Type 2 dia-
betes, atherosclerosis, pulmonary fibrosis, and cancer (89).

The Inflammasome

A particular role in DAMP signaling is played by the NLRP3
inflammasome. The NLRP3 inflammasome contains the NLRP3
protein, the adaptor protein apoptosis-associated speck-like
protein containing a CARD (ASC), and the cysteine protease
caspase-1 (90). Assembly of the inflammasome leads to the
cleavage of caspase-1 to its active form, which, in turn, cleaves
the pro-IL-1� precursor into mature IL-1�. Interestingly, IL-1�
is also classified as a DAMP, thus making NLRP3 both a recep-
tor and a source of DAMPs.

Activation of the NLRP3 inflammasome can occur as a
response to a number of distinct DAMPs. Perhaps the most
investigated is the assembly of the NLRP3 inflammasome in
response to ATP. Accordingly, extracellular ATP activates the
purinergic receptor P2X7 present on the cell surface, causing
potassium efflux from the cell. Potassium efflux, in turn, medi-
ates the assembly of the NLRP3 inflammasome (90). Uric acid
can also activate the NLRP3 inflammasome (91), a process that
requires the LRR domain of NLRP3 (92). LMW-HA was also
shown to activate the NLPR3 inflammasome in a process
dependent on CD44 and HA internalization (93). Biglycan can
also activate the NLRP3 inflammasome by clustering P2X7 with
TLR2/4 (18). Finally, histones released from necrotic cells were
recently shown to activate the NLRP3 inflammasome inde-
pendently of P2X7 (94).

IL-1� release in macrophages, but not in monocytes, requires
two signals: an induction of pro-IL-1� transcription by NF-�B
activators followed by an activator of NLRP3 inflammasome
formation (95). Although it is possible for a signal to activate
both, as is the case for biglycan and LMW-HA (18, 93), such a
requirement might reveal an interesting cooperativity between
PAMPs and DAMPs that activate NF-�B and evoke the release
of endogenous ATP.

Future Challenges

For far too long, immunological research has focused only on
the non-self as a source for immune recognition. It is now
increasingly apparent that endogenous danger signals also rep-
resent a vital component of the immune response. DAMP

release can serve as a marker of disease progression and severity
(13, 96). Furthermore, DAMP involvement has been shown in a
large number of life-threatening sterile inflammatory condi-
tions (for more detailed reviews, see Refs. 4, 11, and 42). During
the last decade, several modes of DAMP generation and various
DAMP receptors and signaling pathways have been identified.
Targeting DAMPs and their receptors is a promising strategy in
the treatment of inflammatory conditions (2). However, there
are still several gaps in knowledge that make translation of this
field to effective therapies unsatisfactory.

The list of newly described DAMPs is growing every year.
This is not astonishing taking into account that the innate
immune system needs to be fine-tuned by several alternate
ligand-PRR interactions. Thus, it is clear that this is only the tip
of the iceberg and that there are many more types of DAMPs
awaiting description. In this context, due to their structural
homology to TLRs and some accessory molecules, molecules
containing LRRs (e.g. ECM-derived SLRPs) appear to be good
candidates to investigate. Furthermore, our current knowledge,
particularly regarding ECM-derived DAMPs, is still quite prim-
itive. ECM remodeling is a normal aspect of tissue reorganiza-
tion or healing and results in the deposition or degradation of
the ECM components. However, it is only when this process is
deregulated that ECM components are recognized as a danger
signal. It is thus increasingly important to understand what
keeps these potential DAMPs in check under normal condi-
tions and how the ECM is regulated normally to prevent the
triggering of inflammation.

To develop selective DAMP-targeted therapy, it is clear that
several key questions need to be addressed in the future, includ-
ing the following. 1) What are the triggers of DAMP release and
de novo synthesis upon tissue injury? 2) What is the mode of
interaction between several DAMPs? 3) Do they have additive
effects, or do they instead compete for binding to the same
PRR? Preliminary unpublished data suggest a hierarchical
mode of DAMP interactions.3 Therefore, approaches to iden-
tify an initial DAMP trigger and the following DAMP-mediated
“chains of command” should be the focus of future scientific
attention. 4) How do DAMPs interact with PRRs? It is of note
that the interactions of DAMPs with their receptors, in partic-
ular TLRs, are still not fully elucidated. Although clinical and
immunological studies are invaluable in showing the impor-
tance and role of DAMPs, the details of these interactions need
a closer examination, involving basic biochemical and struc-
tural biology approaches to characterize the assembly of
DAMP-PRR complexes. 5) Is DAMP capable of choosing vari-
ous accessory molecules by interacting with the same PRR to
achieve different downstream effects? 6) How does DAMP-de-
pendent cross-talk between PRRs and non-immune receptors
influence signaling outcome? 7) What are the effects of DAMPs
on PRRs in non-immune cells? 8) How do DAMPs and PAMPs
interact during PAMP-dependent inflammation? It is conceiv-
able that DAMPs may potentiate the effects of PAMPs via a
second PRR that is not involved in pathogen sensing. However,
when DAMPs and PAMPs are interacting with the same PRR,

3 L. Schaefer, unpublished data.
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contact of PRRs with DAMPs prior to microbial invasion could
lower the responsiveness of this PRR to PAMPs. Such studies
might also reveal the molecular basis for some differential
effects observed between PAMP and DAMP activation of the
same receptors and their interplay in orchestrated signaling via
distinct PRRs. Thus, answers to these questions would crucially
contribute to therapeutic targeting of the PAMP-DAMP-PRR
interactions and should open an extremely interesting avenue
in clinical research.

Once the role of a molecule as a DAMP and its corresponding
PRR(s) have been identified, it is at this level that any potential
treatment for sterile inflammation has to start. It has to be
restated that, under normal conditions, most molecules that
can act as DAMPs exist in the organism and are essential for its
continued survival. Therefore, a key aspect will be targeting
these molecules specifically in their role as DAMPs, but without
hindering their normal role in the body. This could be done, for
example, by specifically disrupting residues or domains that are
involved in the interaction of DAMPs with PRRs while leaving
the rest of the molecule intact. In this respect, treating sterile
inflammation seems more challenging than eliminating foreign
bacteria or viruses, especially because the latter task is hardly an
easy feat.
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