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Acyl-CoA:Lysophospholipid
Acyltransferases*
Published, JBC Papers in Press, August 21, 2008, DOI 10.1074/jbc.R800046200

Hideo Shindou and Takao Shimizu1

From the Department of Biochemistry and Molecular Biology, Faculty
of Medicine, University of Tokyo, 7-3-1 Hongo, Bunkyo-ku,
Tokyo 113-0033, Japan

Cell membranes contain several classes of glycerophospho-
lipids, which have numerous structural and functional roles in
the cells. Polyunsaturated fatty acids, including arachidonic
acid and eicosapentaenoic acid, are located at the sn-2 (but not
sn-1)-position of glycerophospholipids in an asymmetrical
manner. Using acyl-CoAs as donors, glycerophospholipids are
formed by a de novo pathway (Kennedy pathway) and modified
by a remodeling pathway (Lands’ cycle) to generate membrane
asymmetry and diversity. Both pathways were reported in the
1950s.Whereas enzymes involved in theKennedy pathway have
been well characterized, including enzymes in the 1-acylglyc-
erol-3-phosphateO-acyltransferase family, little is knownabout
enzymes involved in the Lands’ cycle. Recently, several labora-
tories, including ours, isolated enzymes working in the remod-
eling pathway. These enzymes were discovered not only in the
1-acylglycerol-3-phosphateO-acyltransferase family but also in
the membrane-bound O-acyltransferase family. In this review,
we summarize recent studies on cloning and characterization of
lysophospholipid acyltransferases that contribute tomembrane
asymmetry and diversity.

Biosynthetic Pathway

All organisms are composed of cells that are enclosed by a
cell membrane, which contains phospholipids, cholesterol, and
proteins. Lipids fulfill four general functions. (i) They serve as
an efficient source of energy; (ii) they form cell membranes that
contain the bipolar lipids of glycerophospholipids and sphingo-
phospholipids; (iii) they participate in the regulation of partic-
ular proteins through post-translational lipidmodification; and
(iv) they serve asmessengers during cellular signal transduction
(1). Thus, glycerophospholipids are important not only as
structural and functional components of cell membranes but
also as precursors of various lipid mediators, such as PAF2 and

eicosanoids (2, 3). Each tissue maintains a distinct content and
composition of various phospholipids, such as PA, PC, PE, PG,
CL, PI, and PS (1, 4, 5). For the biosynthesis of glycerophospho-
lipids, fatty acids first need to be activated to acyl-CoAs as
described by Kornberg and Pricer (6). Using acyl-CoAs as
donors, phospholipids are formed from glycerol 3-phosphate
by the de novo pathway, originally described by Kennedy and
Weiss in 1956 (7). However, the acyl groups of glycerophospho-
lipids are highly diverse and are distributed in an asymmetric
manner (4, 8). Saturated and monounsaturated fatty acids are
usually esterified at the sn-1-position, whereas polyunsaturated
acyl groups are esterified at the sn-2-position. This diversity
and asymmetry is not fully explained by the Kennedy pathway.
Rapid turnover of the sn-2-acyl moiety of glycerophospholipids
was originally described by Lands as the remodeling pathway
(Lands’ cycle) (9) and is attributed to the concerted and coor-
dinated actions of PLA2s and LPLATs (3, 8, 10). Although these
metabolic processes occur in a variety of tissues, information on
the enzymes involved in phospholipid remodeling has been
lacking for the past 50 years. Dr. Lands asked in his review,
“Which enzymes distinguish between saturated and unsatur-
ated acyl chains?” (8). Now, we may be able to answer that
question because several LPLATs have been recently cloned
and characterized. In this review, after a brief description of the
enzymes of the Kennedy pathway, we will summarize recent
findings on the cloning and characterization of remodeling
enzymes in the Lands’ cycle.

Acyltransferases in the de Novo Pathway
(Kennedy Pathway)

In the de novo pathway of glycerophospholipid biosynthesis,
LPA is first formed from glycerol 3-phosphate by GPAT (11,
12). Next, LPA is converted to PAby LPAATs, andPA ismetab-
olized into two types of glycerol derivatives (11, 12). One is
DAG,which is then converted toTAG, PC, andPE. Subsequently,
PS is synthesized from PC or PE. The other glycerol derivative is
cytidine diphospho-DAG, which is transformed into PI, PS, PG,
andCL (Fig. 1). Several key enzymes in the de novo pathways have
been characterized, and additional information is available in
other review articles (1, 11, 12).
Several acyltransferases that formLPAor PAhave been iden-

tified, and all of them aremembers of theAGPAT family, which
possesses LPLAT motifs (13, 14). Because several groups inde-
pendently cloned LPLATs, they have multiple names. For
example, AGPAT1 is also called LPAAT�, and AGPAT8 is also
known as AGPAT9, LPAAT�, or GPAT3. Confusingly,
LCLAT1 was also given the name AGPAT8. To eliminate the
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confusion about the nomenclature, we propose that the
enzymes be renamed based on their substrate specificities and
by the order of their cloning publications (Table 1).
GPATs—Four mammalian GPATs have been cloned (15–

19). GPAT1 andGPAT2 (also called xGPAT (16)) are located in
the outer mitochondrial membrane, whereas GPAT3 (called
AGPAT8, AGPAT9, or LPAAT�) andGPAT4 (called AGPAT6
or LPAAT�) are localized to the ER. GPAT1 is resistant to sulf-
hydryl agents like N-ethylmaleimide and prefers 16:0-CoA as a
substrate (12). In the liver of GPAT1 knock-out mice, the
palmitate (16:0) content was lower at the sn-1-position of TAG,
PC, and PE, indicating the important role of the mitochondrial
form of GPAT in TAG and glycerophospholipid formation
(12). GPAT2 is N-ethylmaleimide-sensitive, has no preference
for 16:0-CoA, and is expressedmainly in mouse testis (20). The

microsomal formofGPATconstitutes�90%of the total GPAT
activity in most tissues but only 50–80% of the activity in the
liver (12). Moreover, in differentiating 3T3-L1 adipocytes, the
specific activity ofmicrosomalGPAT is 70-fold higher, whereas
mitochondrial GPAT activity is only 10-fold higher (12). The
mRNA level of GPAT3 is consistently 60-fold higher in 3T3-L1
adipocytes than in preadipocytes (17). On the other hand,
GPAT4 is expressed in many tissues. Both GPAT3 and GPAT4
recognize a broad range of substrates from12:0-CoA to 18:1- or
18:2-CoA as donors. Themicrosomal form of GPAT is thought
to play vital roles in TAG synthesis. The mitochondrial form of
GPAT is regulated nutritionally and hormonally (12).
LPAATs—GPATs catalyze the formation of LPA from glyc-

erol 3-phosphate, and LPAATs subsequently catalyze the for-
mation of PA from LPA in the de novo pathway. To date, two
LPAATs (LPAAT1 and LPAAT2) have been cloned and char-
acterized (21–24), and three additional LPAAT candidates
(AGPAT3–5) have been reported but have not been analyzed in
any detail (25). They are all members of the AGPAT family and
have four LPLATmotifs. Human LPAAT1 (called AGPAT1 or
LPAAT�) and human LPAAT2 (called AGPAT2 or LPAAT�)
were cloned based on their homologies to yeast, Escherichia
coli, and coconut AGPATs (21, 22, 24). Human LPAAT1 is
expressed ubiquitously (21, 22). LPAAT1 showed higher activ-
ity with 14:0-, 16:0-, and 18:2-CoAs and showed intermediate
activities with 18:1- and 20:4-CoAs (26). The LPLAT motifs of
human LPAAT1 contain the sequences NHX4D (motif I, resi-
dues 103–109), GVIFIDR (motif II, residues 143–149), EGTR
(motif III, residues 178–181), and IVPIVM (motif IV, residues
205–210) (14). Site-directed mutagenesis of LPAAT1 demon-
strated that these motifs are essential for LPAAT activity (14).
Human LPAAT2 mRNA is found in most tissues, with the

highest expression seen in the heart, liver, and adipocytes (21,
24, 27). LPAAT2 prefers 20:4-CoA rather than 16:0- or 18:0-
CoA (24, 26). Mutations in LPAAT2 have been linked to con-
genital generalized lipodystrophy (also known as Berardinelli-
Seip syndrome) (27), indicating that LPAAT2 is involved in
TAG synthesis and storage in adipocytes.

FIGURE 1. Pathways of glycerophospholipid biosynthesis. Glycerophos-
pholipids are first synthesized through the de novo pathway (Kennedy path-
way) and then modified through the remodeling pathway (Lands’ cycle). Red
and blue arrows indicate acyltransferases and PLA2s, respectively. See text for
detail. G3P, glycerol 3-phosphate; LPC, LPE, LPS, LPI, LPG, and LCL, lyso-PC,
lyso-PE, lyso-PS, lyso-PI, lyso-PG, and lyso-CL, respectively; CDP-DAG, cytidine
diphospho-DAG.

TABLE 1
Summary of LPLATs: a proposal for the standardization of LPLAT nomenclature
We propose to rename LPLATs as indicated below and discussed in text. The weaker activities with some acyl-CoAs have been omitted. The accession number for each
enzyme is available in the DDBJ/GenBankTM/EBI Data Bank.
Pathway Family Proposed Name Former Name Activity Acyl-CoA Selectivity Mouse Human Note. Ref No.
de novo AGPAT GPAT1 GPAT1 GPAT 16:0 NP_032175 NP_065969 15
(Kennedy) GPAT2 GPAT2 xGPAT1 GPAT 16:0 NP_001074558 NP_997211 16, 20

GPAT3 GPAT3 AGPAT8 AGPAT9 LPAATθ GPAT 12:0, 16:0, 18:1, 18:2 NP_766303 NP_116106 17
GPAT4 AGPAT6 LPAATζ GPAT 12:0, 16:0 NP_061213 NP_848934 18, 19
LPAAT1 AGPAT1 LPAATα LPAAT 14:0, 16:0, 18:2 NP_061350 AAB96378 21, 22, 23, 26
LPAAT2 AGPAT2 LPAATβ LPAAT 16:0, 18:0, 18:1, 18:2, 20:4 NP_080488 AAC51649 21, 24, 26

remodeling LPGAT1 LPGAT1 LPGAT 16:0, 18:0, 18:1 NP_758470 NP_055688 33
(Lands) LCLAT1 ALCAT AGPAT8 LCLAT 18:1, 18:2, Q3UN02 NP_001074540 28, 30

LPCAT1 LPCAT1 AGPAT9 AT like 2 LPCAT 2:0, 6:0-16:0, 18:2, 18:3 BAE94687 BAE94688 lyso-PAF acetyltransferase 34, 35, 40, 43
LPAAT 16:0
LPGAT 16:0

LPCAT2 LysoPAFAT/LPCAT2 AT like 1 LPCAT 2:0,  20:4 BAF47695 BAF47696 lyso-PAF acetyltransferase 37, 43
LPEAT2 LPEAT2 AGPAT7 LPAATη AT like 3 LPEAT 16:0, 18:0, 18:1, 20:4 NP_997089 NP_705841 42, 43

AGPAT3 LPAATγ unknown NP_443747 NP_001032642 25
AGPAT4 LPAATδ unknown NP_080920 NP_064518 25
AGPAT5 LPAATε unknown NP_081068 NP_060831 25

AT Like 1B unknown NP_081875 -

MBOAT LPCAT3 LPCAT3 MBOAT5 LPCAT 18:1, 18:2, 20:4 BAG12120 NP_005759 54, 55
LPEAT 18:1, 18:2, 20:4
LPSAT 18:1, 18:2, 20:4

LPCAT4 LPCAT4 MBOAT2 LPCAT 18:1 BAG12122 NP_620154 54
LPEAT 18:1

LPEAT1 LPEAT1 MBOAT1 LPEAT 18:1 BAG12121 NP_001073949 54
LPSAT 18:1

LPIAT1 MBOA-7 MBOAT7 LRC4 LPIAT 20:4 NP_084210 ABV66273 56

MINIREVIEW: Acyl-CoA:Lysophospholipid Acyltransferase

2 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 284 • NUMBER 1 • JANUARY 2, 2009



Putative LPLATs in the AGPAT Family—Three other puta-
tive LPAATs (AGPAT3–5; also called LPAAT�, LPAAT�, and
LPAAT�, respectively) have been reported, but their LPAAT
activity with 18:1-CoA was very low (25). Additionally, a puta-
tive mouse acyltransferase gene, AT-like 1B, is registered in the
NCBI Database; however, the biochemical characteristics were
not provided, and a human homolog has not been found.

Acyltransferases in the Remodeling Pathway
(Lands’ Cycle)

Phospholipids are first synthesized in the de novo pathway,
and their fatty acyl composition at the sn-2-position is altered in
the remodeling pathway (Lands’ cycle) through the concerted
actions of PLA2s and LPLATs (9). Although several PLA2s have
been identified andwell characterized (3), the cloning and char-
acterization of acyltransferases are only occurring now.
LPLATs were recently shown to be remodeling enzymes, and
their biochemical analyses are in progress.
LCLAT1 and LPGAT1—CL is the only known dimeric glyc-

erophospholipid and consists of four fatty acyl chains, a lino-
leoyl group (C18:2). CL is required for the reconstituted activity
of several key mitochondrial enzymes involved in energy
metabolism (5). CL is synthesized from dilyso-CL and mono-
lyso-CL by LCLAT.Mouse LCLAT1 (called ALCAT1 by Cao et
al.) was identified and found to possess LPLAT motifs (28).
Overexpression of LCLAT1 in Sf9 cells or COS-7 cells led to a
significant increase in di-LCLAT and mono-LCLAT activities.
The enzyme recognized both dilyso-CL and monolyso-CL as
acceptors with a preference for 18:1- and 18:2-CoAs. Mouse
LCLAT1 is widely distributed, with the highest expression seen
in the heart and liver. When LCLAT1 was overexpressed in
COS-7 cells, the enzyme localized to the ER. The subcellular
localization was predicted by the existence of a KKXXmotif, an
ER retention signal at the C-terminal end (29) of LCLAT1.
Although another AGPAT8 (not GPAT3) was reported as
being an LCLAT, its biochemical characteristics were not ana-
lyzed in detail (30). CL remodeling is believed to play an impor-
tant role in the maintenance of normal heart functions. Defec-
tive CL is associated with Barth syndrome, a family disease
caused by mutations of putative acyltransferase genes that
manifests itself as cardiomyopathy and skeletal myopathy (31).
Thus, studies of LCLATare needed to clarify the regulatory role
of CL remodeling in cardiac function.
PG is a precursor for the synthesis of CL and a potential

activator of the protein kinase C family, including nuclear pro-
tein kinase C�II (32). The same group who cloned LCLAT1
found that LPGAT1 catalyzed the synthesis of PG from lyso-PG
and acyl-CoA (33). The enzyme also possesses the LPLAT
motifs. Human LPGAT1 overexpressed in COS-7 cells showed
a clear preference for 16:0-, 18:0-, and 18:1-CoAs as donors,
which is consistent with the composition of endogenous PG in
several tissues. HumanLPGAT1 is widely distributed in tissues.
The enzyme has the KKXXmotif and is localized to the ER (33).
These two studies are a pioneering achievement in initiating
studies on acyltransferases at the molecular level.
LPCAT1 and LPCAT2—We (34) and Chen et al. (35) inde-

pendently discovered LPCAT1 (also calledAGPAT9orAT-like
2), which has LPLATmotifs and catalyzes dipalmitoyl-PC syn-

thesis. The enzyme is expressedmainly in the lung, especially in
alveolar type II cells, and its mRNA is increased during the
perinatal period. Dipalmitoyl-PC is a major component of pul-
monary surfactant, which decreases surface tension, thereby
preventing alveolar collapse, small airway closure, and alveolar
flooding. Pulmonary surfactant deficiency is recognized to be
an important contributing factor in the pathogenesis of infant
respiratory distress syndrome, acute respiratory distress syn-
drome, asthma, and bronchiolitis (36). Thus, LPCAT1may syn-
thesize the PCof pulmonary surfactant andplay a critical role in
respiratory physiology. It is of note that LPCAT1 utilizes 18:2-
or 18:3-acyl-CoA and exhibits LPGAT activity, reflecting the
exact lipid composition of pulmonary surfactant. Further stud-
ies are needed to elucidate the exact roles of LPCAT1 in vivo
and to determinewhether there is a direct relationship between
LPCAT1 and surfactant lipid synthesis.
LPCAT2 (called LysoPAFAT/LPCAT2 and AT-like 1) was

identified by our group as the long-sought lyso-PAF acetyl-
transferase involved in PAF biosynthesis in the remodeling
pathway (37). LPCAT2 also has the LPLAT, EF hand-like, and
KKXXmotifs, which is consistent with its subcellular localiza-
tion to the ER. The highest level of LPCAT2 expression was
observed in resident macrophages and casein-induced neutro-
phils, followed by skin, colon, spleen, and thioglycolate-in-
duced macrophages. Moreover, in mouse thioglycolate-in-
ducedmacrophages, themRNA level of LPCAT2was increased
by treatment with TLR agonists, lipopolysaccharide (a TLR4
agonist) and ODN1826 (a TLR9 agonist), both of which are
bacterial cell components. The induction was suppressed by
dexamethasone treatment. Because the virus component
poly(I:C) (a TLR3 agonist) did not induce LPCAT2 expression,
LPCAT2 is induced by bacterial infection but not by viral infec-
tion. Surprisingly, LPCAT2 also possesses LPCAT activity
using 20:4-CoA as the best donor. The reaction product is 1-O-
alkyl-2-arachidonoyl-PC, which is a major membrane constit-
uent of inflammatory cells as well as a precursor of lyso-PAF.
Lyso-PAF is produced from 1-O-alkyl-2-arachidonoyl-PC by
PLA2s and used to form PAF (Fig. 1) (3, 38). Thus, LPCAT2 is a
critically important enzyme not only in the biosynthesis of PAF
(lyso-PAF acetyltransferase activity) but also in membrane
homeostasis of inflammatory cells (LPCAT activity). Upon
acute inflammatory stimulation with lipopolysaccharide, the
activated enzyme utilizes acetyl-CoA more efficiently and pro-
duces PAF. It is speculated that LPCAT2 is phosphorylated and
activated by p38 mitogen-activated protein kinase (MAPK)
dependently because an inhibitor of this kinase abolished the acti-
vation of LPCAT2 and endogenous lyso-PAF acetyltransferase
(37, 39). Therefore, specific inhibitors of LPCAT2 may be better
anti-inflammatory drugs than PAF receptor antagonists because
they also inhibit proliferation of inflammatory cells by disturbing
membrane biogenesis. It will be important to characterize both
acetyltransferase andacyltransferase activitiesofLPCAT2, includ-
ing identification of binding sites for each substrate (acetyl-CoA
and arachidonoyl-CoA). Additionally, it will be necessary to study
the differential regulation of each enzyme activity.
A recent study demonstrated that LPCAT1 catalyzes not

only dipalmitoyl-PC synthesis (LPCAT) but also PAF synthesis
(lyso-PAF acetyltransferase) (Fig. 1) (40). In mouse macro-
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phages, LPCAT1 was neither activated nor up-regulated by
lipopolysaccharide stimulation, which was in contrast to
LPCAT2. Moreover, both LPCAT1 and LPCAT2 have EF
hand-like motifs; however, only LPCAT2 showed Ca2�-
dependent activity. Site-directedmutagenesis of LPCAT1dem-
onstrated that the LPLATmotif 2 is an acyl-CoA-binding site in
LPCAT1. Thus, two distinct lyso-PAF acetyltransferases are
present: LPCAT1, a constitutively expressed enzyme, and
LPCAT2, an inducible enzyme. This relationship is similar to
cyclooxygenases 1 and 2, which are constitutively expressed
and inducible enzymes, respectively (41). This finding indicates
that there are two kinds of PAF remodeling pathways: the
inflammatory/inducible (LPCAT2) and non-inflammatory/
constitutive (LPCAT1) remodeling pathways (40).
Recently, AGPAT7, an enzyme that is similar to LPCAT1

and LPCAT2, was characterized and renamed as LPEAT2 (also
called AGPAT7, LPAAT�, and AT-like 3) (42). LPEAT2 pos-
sesses LPEAT, LPGAT, LPSAT, and LPCAT activities with
18:1- or 20:4-CoA; however, its small interfering RNA
decreased only LPEAT activity in HEK293T cells. Because the
enzyme is expressed mainly in the brain, it was suggested that
LPEAT2 is an important enzyme for the biogenesis of brain PE.
In addition, it has been reported that AGPAT7 (LPEAT2) has
LPCAT activity in red blood cells, although its activity is rela-
tively weak (43).
MBOAT Family—MBOAT family members are putative

acyltransferases (44, 45). AHis residue positioned within a long
hydrophobic region of these enzymes is invariant, likelymaking
it one of the active-site residues. DGAT1 (DAG acyltransferase
1) and ACAT1 and ACAT2 (acyl-CoA:cholesterol acyltrans-
ferases 1 and 2) are members of the MBOAT family. Interest-
ingly, the family also includes protein acyltransferases, such as
Porcupine,Hedgehog acyltransferase, andGUP1 (46–48). Por-
cupine is required for Ser209-dependent acylation (16:1) of
Wnt-3a protein (already palmitoylated at Cys77) for secretion
(46). Hedgehog acyltransferase palmitates a Cys residue in
Sonic Hedgehog, and this modification is essential for its activ-
ity as well as for the generation of a protein gradient in the
developing embryo (47). In yeast, theGUP1 gene is proposed to
catalyze the remodeling of the glycosylphosphatidylinositol
anchor (48). Mostmembers of theMBOAT family have not been
characterized, such asMBOAT3–7andLRC4 (leukocyte receptor
clustermember 4). In the latter half of 2007, five groups independ-
ently reported an MBOAT homolog in yeast that showed several
LPLAT activities (49–53). Soon thereafter, mammalianMBOAT
members were reported in 2008 (45, 54–56).
We (54) and Zhao et al. (55) independently discovered

LPCAT3 (called MBOAT5), which has LPCAT, LPEAT, and
LPSAT activities. Moreover, we showed that LPCAT4 (origi-
nally calledMBOAT2) possesses LPCAT and LPEAT activities,
whereas LPEAT1 (called MBOAT1) exhibits LPEAT and
LPSAT activities (54). Thus, these results demonstrate that the
MBOAT family is a novel LPLAT family. Mouse LPCAT3
mRNA was detected ubiquitously, with the highest expression
seen in the testis. On the other hand, mouse LPCAT4 mRNA
was highly expressed in the epididymis, brain, testis, and ovary,
and mouse LPEAT1 mRNA was highly expressed in the stom-
ach, epididymis, and colon. LPCAT3 showed higher activities

with polyunsaturated fatty acyl-CoAs 20:4-CoA and 18:2-CoA
than with saturated fatty acyl-CoA, whereas LPCAT4 and
LPEAT1 had a clear preference for 18:1-CoA (Table 1).
LPCAT3 and LPCAT4 had higher LPCAT activity with

1-acyllyso-PC than with 1-O-alkyllyso-PC or 1-O-alkenyl-
lyso-PC as an acceptor. No clear differences were observed
between 1-acyl-LPEAT and 1-O-alkenyl-LPEAT activities of
each enzyme. Based on the apparent Km and Vmax values,
LPCAT3 had higher LPCAT activity than LPEAT and LPSAT
activities. Similarly, LPCAT4 had higher LPCAT activity than
LPEAT activity. LPEAT1 showed similar activities for lyso-PE
and lyso-PS. Using 20:4-CoA as a donor, endogenous LPCAT,
LPEAT, and LPSAT activities were found to be decreased in
B16melanoma cells transfectedwith LPCAT3 small interfering
RNA. Thus, LPCAT3 appears to be a key enzyme exhibiting
LPCAT, LPEAT, and LPSAT activities in B16 cells (54).
LPCAT3, LPCAT4, and LPEAT1 were localized primarily to

the ER when enzymes were overexpressed in Chinese hamster
ovary cells, which is consistent with having the ER-localized
motif KKXX in the C-terminal region. Overexpression of each
enzyme induced the formation of unidentified organelles (kar-
mella-like structures). Transmission electron microscopy
revealed that the atypical multilayer membrane components
were detected in Chinese hamster ovary cells transfected with
LPCAT3 cDNA (54). The nature and origin of these structures
remain to be clarified.
LPIAT1 (also called MBOA-7, MBOAT7, and LRC4) was

identified as the first LPIAT, which catalyzes the incorporation
of arachidonic acid and eicosapentaenoic acid into lyso-PI (56).
Site-directed mutagenesis of human LPIAT1 demonstrated
that a predicted active-site residue, His350, within a long hydro-
phobic region is important for LPIAT activity. An LPIAT1
mutant of Caenorhabditis elegans showed a “bags of worms”
phenotype whereby the embryos hatched within the mother,
leaving a cuticle sack that contained multiple wriggling larvae.
Recently, MBOAT4 was identified as a ghrelin O-acyltrans-

ferase, which esterifies Ser3 of ghrelin, an appetite-stimulating
peptide hormone, with an octanoyl group (57). Acylation is
important for the growth hormone-releasing activity of ghrelin.
Thus, the MBOAT family is composed of enzymes that incor-
porate fatty acids into amino acid residues and lysophospholip-
ids. It is unknown which amino acid residues or motifs are
important in distinguishing between lysophospholipids and
proteins as acceptors.

Conclusion

In the last 4 years,many LPLATs have been identified, result-
ing in the most spectacular advance in the LPLAT field since
the discovery of the Kennedy pathway and the Lands’ cycle 50
years ago. In this review, we propose to rename LPLATs to
clarify and standardize the nomenclature (Table 1). The possi-
bility that additional LPLATs, with preferences for different
acyl-CoAs, contribute to membrane composition and diversity
will be addressed in future studies. The existence of multiple
LPLATs is reminiscent of the 20 distinct aminoacyl-tRNA syn-
thetases and acyltransferases that help incorporate amino acids
into pre-existing polypeptides (58). The redundant and pleio-
tropic substrate preferences of LPLATs may explain the diver-
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sity in membrane glycerophospholipids, which vary among tis-
sues and can change in response to external stimuli. So far, a
great deal of effort has been expended in trying to understand
the biochemical characteristics of individual enzymes. Further
studies will be needed to elucidate the biological roles of these
enzymes in vivo. It will also be important to analyze enzyme
activities with mixed substrates of acyl-CoAs and to determine
the functional coupling of acyl-CoA synthetases and acyltrans-
ferases. Nevertheless, recent findings with LPLATs go a long
way toward answering the questions posed by Dr. Lands
alluded to earlier (8) and may will open the door to greater
understanding of the biological significance of membrane
diversity and asymmetry.
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Metals are important in biochemistry, and the concentrations
of many are highly regulated. This prologue introduces the the-
matic series “Metals in Biology,” which includesminireviews on
three metals: iron, copper, and selenium. Deficiencies and
excesses of all three of these metals cause problems in human
health. The three minireviews deal with regulation of iron
homeostasis, the roles of copper metabolism in cell regulation
and disease, and the functions of selenoproteins.

The field of biochemistry is often considered as dealing with
amino acids and proteins, carbohydrates, lipids, and nucleic
acids. In the first course, a student learns that the proteins act as
enzymes, carbohydrates are degraded to provide energy, lipids
are used in membranes and also provide energy, and nucleic
acids are used to control cells through genetics.Whatmight not
be an immediate thought is the roles of metals, which most
students associate with inorganic chemistry. One estimate is
that 30% of enzymes usemetals (this percentage is arbitrary and
has not been evaluated systematically, at least since the produc-
tion of complete genomes). As one moves from the basic bio-
chemistry class to the laboratory, it becomes quickly apparent
that metals are important. The presence of a divalent cation
(e.g. Mg2�) is critical for DNA polymerases, for instance, and
one can stop a reaction in amillisecond or less by adding EDTA.
Metals are used in many ways. Many are important in elec-

tron transfer (e.g. iron), particularly when complexed in appro-
priate lattices.Metals also facilitate enzyme catalysis; they act as
“permanent” electrophiles and have varying polarizability to
modulate their properties in the contexts of various functions.
Excess concentrations of many metals, especially redox-active
ones, are also a health issue due to production of reactive oxy-

gen and other issues. Therefore, free concentrations of most
metals are highly regulated, including the three subjects of this
thematic series: iron, copper, and selenium. Both deficiencies
and overloads are associated with diseases in humans.
The first minireview in this series, by Zhang and Enns, deals

with recently identified proteins involved in iron homeostasis, a
complex process. Uptake involves transferrin, its receptor, and
the peptide hepcidin. In turn, hepcidin regulation in the liver
involves several regulatory factors. These pathways are relevant
in states such as hypoxia and inflammation.
The second minireview, by Turski and Thiele, deals with

another redox-active transition metal, copper, which has some
of the same biological issues as iron, e.g. oxidative stress associ-
ated with an overload of free metal ions. The integral mem-
brane protein Ctr1 plays a major role in the import process.
This protein also has a role in the uptake of another metal, the
non-physiological complex cisplatin, a drug used in cancer
treatment. A number of copper metabolism issues in cancer
therapy are also discussed, along with biochemical issues in
copper deficiency and future questions in the field of copper
metabolism.
The third minireview series involves an element not always

immediately considered a metal, selenium. Lu and Holmgren
discuss selenoproteins and their functions. The synthesis of sel-
enoproteins is highly unusual in that UGA codons, normally
read as stops, are utilized.Humans have 25 selenoprotein genes,
and the known functions include thioredoxin reductases, glu-
tathione peroxidases, and iodothyronine deaminases. How-
ever, Lu and Holmgren point out that the functions of many of
the selenoproteins remain unknown. The biological conse-
quences of unusually high or low levels of selenoproteins are
now beginning to be studied.
Theminireviews in this thematic series should interest read-

ers in these metals and their roles in biology. Future series will
present other interesting metals.

* This minireview will be reprinted in the 2009 Minireview Compendium,
which will be available in January, 2010.

1 To whom correspondence should be addressed. E-mail: f.guengerich@
vanderbilt.edu.
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Iron is an essential nutrient required for a variety of biochem-
ical processes. It is a vital component of the heme in hemoglo-
bin, myoglobin, and cytochromes and is also an essential cofac-
tor for non-heme enzymes such as ribonucleotide reductase, the
limiting enzyme forDNAsynthesis.When in excess, iron is toxic
because it generates superoxide anions and hydroxyl radicals
that react readily with biological molecules, including proteins,
lipids, and DNA. As a result, humans possess elegant control
mechanisms to maintain iron homeostasis by coordinately reg-
ulating iron absorption, iron recycling, and mobilization of
stored iron. Disruption of these processes causes either iron-
deficient anemia or iron overload disorders. In this minireview,
we focus on the roles of recently identified proteins in the regu-
lation of iron homeostasis.

Iron Absorption and Recycling

Iron Absorption—Adults absorb �1–2 mg of iron/day from
the diet to compensate for daily iron loss due to the sloughing of
epithelial cells, blood loss, and sweat. Most diets contain two
different forms of iron, inorganic non-heme iron in vegetables
and grains and heme iron (ferrous iron protoporphyrin IX) in
red meat. Iron traverses both the apical and basolateral mem-
branes of absorptive epithelial cells to reach the blood, where it
is incorporated into Tf,2 the major iron transport protein. At
least two different sets of transporters are used in this process.
Non-heme iron is transported by DMT1 (divalent metal trans-
porter 1), the intestinal iron importer. Dietary non-heme iron
exists mainly as Fe3� and has to be reduced prior to transport.
DcytB, a reductase whose expression is induced by iron defi-
ciency, is localized in the apical membrane of intestinal entero-
cytes and is a major but most likely not the only reductase. The
transporter responsible for heme uptake remains controversial
(1–3).

Cytosolic iron in intestinal enterocytes can be either stored in
the cytosolic iron storage molecule, ferritin, or exported into
plasma by the basolateral iron exporter, FPN. FPN ismost likely
the only cellular iron exporter in the duodenalmucosa aswell as
in macrophages, hepatocytes, and the syncytial trophoblasts of
the placenta because targeted deletion of both FPN alleles in
mice is embryonic lethal. The export of iron by FPNdepends on
the multicopper oxidase, Cp, in the circulation and hephaestin
on the basolateral membrane of enterocytes, which convert
Fe2� to Fe3� for incorporation of iron into Tf. Tf-bound iron is
the major iron source for most tissues.
Iron Distribution in the Body—Adults have a total of 3–5 g of

iron. Approximately 65–75% is found in the hemoglobin of
erythrocytes in the form of heme. The liver stores 10–20% in
the formof ferritin, which can bemobilized easilywhenneeded.
About 3–4% of the body’s iron is in heme-bound myoglobin in
striated muscle. The rest is distributed in other tissues. Under
physiological conditions, �25 mg of iron/day is consumed by
immature erythrocytes in bone marrow for heme biosynthesis.
IronRecyclingwithin the Body—Macrophages in the liver and

spleen are responsible for the recycling of heme iron from
senescent erythrocytes. The hemoglobin-derived heme is
catabolized by the cytosolic heme oxygenase-1 to release iron,
and the iron is subsequently exported into the circulation by
FPN. In addition, heme can also be exported directly into the
circulation via the heme exporter, FLVCR (feline leukemia
virus subgroup C receptor), on macrophage plasma mem-
branes. A recent study demonstrated that FLVCR also plays a
critical role in the export of excess heme from immature eryth-
rocytes and hepatocytes (4). Plasma heme is scavenged and
transported by hemopexin to hepatocytes for degradation. Iron
recycling from senescent erythrocytes in macrophages consti-
tutes the major iron supply for hemoglobin synthesis.

Cellular Iron Sensing and Regulation

The majority of cells obtain their iron requirements by Tf-
mediated iron uptake via TfR1. TfR1 is internalized into endo-
somes that are acidified, facilitating the release of iron from Tf
(5, 6). The iron is reduced by a recently identified ferrireduc-
tase, Steap3, and transported across the vesicle membrane for
utilizationwithin the cell and/or storage (7). DMT1 is the trans-
porter in immature red blood cells (8). Iron uptake is roughly
proportional to the number of TfRs on the cell surface. Regula-
tion of TfR1 is achieved via IRPs and mRNA stem-loop struc-
tures, IREs, which have been reviewed extensively (9, 10). The
IREs in mRNA of TfR1 negatively regulate the stability of TfR1
mRNAwhen cytosolic iron levels are high. Under low iron con-
ditions, the IRPs bind to the IREs, where they stabilize TfR1
mRNA. The double knock-out of IRP1 and IRP2 is embryonic
lethal. The double knock-out of these genes in the intestine
results in the death of intestinal epithelial cells, presumably
by iron depletion (11), underscoring the importance of these
proteins.

* This work was supported, in whole or in part, by National Institutes of Health
Grants DK054488 and DK072166 (to C. A. E.) and DK080765 (to A.-S. Z.). The
work was also supported by Amgen (to A.-S. Z.). This is the first article of
three in the Thematic Minireview Series on Metals in Biology. This minire-
view will be reprinted in the 2009 Minireview Compendium, which will be
available in January, 2010.
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Liver as the Central Iron Regulatory Organ

Hepcidin, a peptide synthesized by the liver hepatocytes,
plays amajor role in regulating iron homeostasis in the body (9,
10). The mature form is 25 amino acids with four intersubunit
disulfide bonds. The massive iron overload found in hepcidin
knock-out mice suggests that hepcidin is an iron stores regula-
tor involved in communication of body iron status to the intes-
tine (12). In contrast, mice engineered to overproduce hepcidin
are severely anemic (13). The discovery that a hepatic adenoma
overexpressing hepcidin results in anemia and that the anemia
is resolved upon removal of the tumor confirms the relation-
ship between hepcidin expression and inhibition of iron uptake
by the intestine (14). Studies have demonstrated that hepcidin
binds FPN, which results in the internalization and degradation
of FPN (15). Hepcidin therefore functions to decrease serum
iron levels by blocking iron absorption from the intestine, iron
recycling from macrophages, and mobilization of stored iron
from liver hepatocytes.
The liver plays amajor role in iron homeostasis in the body in

addition to secreting hepcidin. Liver macrophages take up
senescent red blood cells and hemoglobin through the hemo-
globin-haptoglobin receptor (CD163), salvage the iron released
from hemoglobin, and secrete the iron as Fe2� via FPN. Hepa-
tocytes synthesize both Tf and Cp. Cp facilitates the efflux of
iron from cells as well as the loading of iron into Tf (16, 17).
Hepatocytes take up Tf through TfR1 and the more recently
identified TfR2 (18). They also take up other forms of non-Tf-
bound iron, including heme via the heme hemopexin receptor
(19), and are capable of storing large quantities of iron in ferritin
and hemosiderin, a breakdown product of ferritin. Thus, the
liver and, in particular, the hepatocyte are thought to sense and
reflect body iron stores (20).

Iron Sensing and Regulation of Hepcidin Expression

Humans possess elegant mechanisms to maintain iron
homeostasis by modulating the expression of hepatic hepcidin.
HJV, BMPs, TfR2, HFE, and Tf are critical to this process. Hep-
cidin expression is also regulated by erythroid factors, hypoxia,
and inflammation, regardless of body iron levels.
HJV and BMPs—HJV is a recently identified protein encoded

by the geneHFE2. Both clinical and animal studies demonstrate
that it plays a pivotal role in iron homeostasis. Homozygous or
compoundheterozygousmutations inHFE2 are responsible for
the onset of the majority of juvenile hemochromatosis. Disrup-
tion of both Hfe2 alleles in mice (Hjv�/�) results in a marked
increase in iron deposition in the liver, pancreas, and heart (21–
23). The severely suppressed expression of hepcidin, detected
in juvenile hemochromatosis patients and inHjv�/�mice, indi-
cates that HJV plays a central role in the regulation of hepatic
hepcidin expression.
HJV is highly expressed in skeletal muscle and heart and at

lower levels in liver and binds both BMPs and neogenin (24–
26). Recent studies show that HJV is a co-receptor for BMP2,
BMP4, BMP5, and BMP6 and that it increases hepatic hepcidin
expression via enhancing BMP signaling (24, 27). BMPs are a
subfamily of cytokines that belong to the TGF-� superfamily.
The BMP subfamily signals through one set of receptor-acti-

vated SMADs (SMAD1, SMAD5, and SMAD8). The receptor-
activated SMADs form heteromeric complexes with SMAD4,
the central mediator in TGF-�/SMAD signaling, which trans-
locates from the cytoplasm to the nucleus to regulate gene
expression. The importance of BMP signaling in the regulation
of hepcidin expression is further supported by studies in mice
with liver-specific disruption of SMAD4, which show
decreased hepcidin expression and severe iron accumulation in
the liver as well as other organs (28).
HJV is a glycosylphosphatidylinositol-linked protein that

undergoes regulated release from cells. Its release depends on
its interaction with neogenin, a membrane protein widely
expressed in different tissues, including liver and muscle, but
not on BMP signaling (29). Release is negatively regulated by
iron-loaded Tf and possibly non-Tf iron (29–31). Recent
reports implicate the protease furin in the cleavage and secre-
tion of HJV (30, 31), but the details of how it is controlled are
controversial. In vitro and in vivo studies of soluble HJV suggest
that the regulation of HJV release in response to body iron
loading plays a key role in signaling (27). In this paradigm, HJV
release from both skeletal muscle and liver is negatively regu-
lated by body iron status to modulate the soluble HJV levels in
serum (29). Soluble HJV competes with hepatocyte membrane
HJV for the limited BMP local supply and negatively regulates
hepatic hepcidin expression (Fig. 1). Interesting, BMP9, a cyto-
kine highly expressed in liver non-parenchymal cells, and
BMP7 robustly induce hepatic hepcidin expression but do not
bind HJV. Therefore, other mechanisms by which HJV regu-
lates hepatic hepcidin expression are likely.
TfR2—The recently identified TfR2 is a second, distinct TfR

and is most likely responsible for the previously reported non-
TfR1-mediated uptake of Tf into the liver. TfR2 is postulated to

FIGURE 1. Model of hepcidin regulation by iron. Central to this model is that
hepcidin transcription is regulated by HJV, which acts as a co-receptor for
BMP. Upon binding to the BMP receptor (BMPR), a signaling cascade is initi-
ated resulting in the translocation of SMAD4 to the nucleus, where it stimu-
lates hepcidin transcription. The binding of HJV to neogenin (neo) is neces-
sary for the release of HJV from cells. The release is dependent on cleavage by
the protease furin. Where in the cell this occurs remains to be determined. In
addition, cleavage of HJV is inhibited by Tf. Soluble HJV inhibits BMP-medi-
ated signaling. Mutations in TfR2, HFE, or Tf result in a decreased level of
hepcidin mRNA. Tf stabilizes TfR2. The mechanism by which the Tf-TfR2-HFE
complex affects hepcidin transcription is unknown.
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be involved in the sensing of iron-loaded Tf levels in the blood.
Mutations in TfR2 are associated with a recessive rare form of
HH (32). The observation that Tfr2�/� mice have similar iron
overload as disease-causing mutations confirms that a loss of
function in the TfR2 gene causes this form of HH (33). Like
TfR1, TfR2 is a type II membrane glycoprotein with a large
C-terminal ectodomain and small N-terminal cytoplasmic
domain (18, 34). TfR2 shares 45% amino acid sequence iden-
tity with TfR1 in the extracellular region. Clear differences
exist between the two TfRs. The affinity of TfR2 for iron-
loaded Tf is �30-fold lower than that of TfR1 (18, 35).
Although both receptors have internalization motifs, there
are no sequence similarities in their cytoplasmic domains.
TfR2 is much less stable than TfR1, allowing changes in TfR2
over a shorter time period (36, 37).
TfR2 is regulated at the level of protein degradation by a

novel mechanism. It is stabilized by diferric Tf in vitro and in
vivo (36, 37). TfR2 increases in a time- and dose-dependent
manner after addition of diferric Tf to the culturemedium. The
response to diferric Tf appears to be hepatocyte-specific. Non-
hepatic cell lines that either endogenously express TfR2 such as
K562 cells or are transfected with a plasmid encoding TfR2 do
not respond to Tf (36, 37). Real-time quantitative reverse tran-
scription-PCR analysis shows that TfR2 mRNA levels do not
change in cells treated with diferric Tf (36). Rather, the Tf-
mediated up-regulation of TfR2 is due to an increase in the
half-life of the protein (36). The binding of Tf to TfR2 appears
to be responsible for these effects. Unlike wild-type TfR2, the
level of a mutant form of TfR2 that does not detectably bind Tf
does not increase in response to diferric Tf (38). These results
support a role for TfR2 in monitoring iron levels by sensing
changes in the concentration of iron-loaded Tf.
Animal studies are consistent with these observations. Rats

fed an iron-deficient diet have lower TfR2 levels and Tf satura-
tions than rats fed a high iron diet (37). TfR2 and Tf saturation
are higher in HFE knock-out mice compared with normal lit-
termates (37). TfR2 is also lower in the hypotransferrinemic
mouse, supporting the role of diferric Tf in the stabilization of
TfR2 (37). Because both tissue culture and animal studies show
that TfR2 levels are sensitive to Tf over physiological ranges of
Tf saturation, we and others hypothesize that TfR2 is the sensor
for body iron levels. In keeping with this observation is a report
showing that mice with a disease-causing mutation in TfR2
have decreased hepcidin mRNA levels (39).
HFE—The most prevalent form of HH is the autosomal

recessive disease caused by a mutation in HFE (40). In the
United States, the carrier frequency of this mutation is �1 in 9
for individuals of Northern European heritage, making it the
most common potentially lethal inherited disease in this popu-
lation. The penetrance of the gene is still debated, with esti-
mates ranging from 1:400 to 1:10,000 individuals having the
clinical disease (41). The penetrance in men is much higher
than in women. The mutation in 83% of HH is a single base
G-to-A transition in nucleotide 845 that converts Cys to Tyr
(42). The HFE mutant fails to associate with �2-microglobulin
and is not transported to the plasma membrane (43). Both
Hfe�/� mice and �2-microglobulin knock-out mice are simi-

larly iron-overloaded (44, 45), confirming that the HFEmutant
has decreased function.
Several recent findings point toward a mechanism by which

HFE regulates hepcidin production in the liver. First is the dis-
covery that HFE associates with TfR2 (46, 47). Mutations in
either TfR2 or HFE result in a 2-fold decrease in hepcidin
mRNA for a given iron load. A decrease in hepcidin would
increase FPN levels, which would account for the increased
uptake of iron by the intestine. These results implicate theHFE-
TfR2 complex in the sensing of body iron levels (Fig. 1). The
second finding thatHFE increases TfR2 levels is consistentwith
a signaling role for TfR2 (48). Higher amounts of TfR2would be
able to signal to a greater extent. Themost recent finding using
mutant forms of TfR1 that either cannot bind Tf but can bind
HFE or can bind Tf but not HFE shows that TfR1 serves as a
reservoir of HFE and that iron-loaded Tf modulates the release
of HFE fromTfR1. A TfR1mutant that fails to bindHFE results
in the up-regulation of hepcidin transcription (47). It was spec-
ulated that the release of HFE from TfR1 by Tf allows HFE to
bind to TfR2. This model is very appealing in that it gives a
function toHFE, which is expressedmainly in hepatocytes (49),
and explains the recent finding that hepatocyte-specific expres-
sion of HFE is able to prevent iron loading in the livers of
Hfe�/�mice (50) but intestine-specific expression ofHFE is not
(51).

Other Regulators of Hepcidin

Erythroid Factor—The sensors for communicating body iron
stores and erythropoietic state are only beginning to be under-
stood. Early physiological studies demonstrated that soluble
factor(s) in the blood are involved. Iron-loaded Tf, ferritin,
serum TfR1 generated from the proteolytic cleavage of full-
length transmembrane TfR1, and hepcidin have been proposed
as candidate factors (52–58). Tf, ferritin, and serum TfR1 are
found in serum and fluctuate with iron status of the individual.
The amount of serum ferritin increases in iron-overloaded
individuals. There are two notable exceptions to the correlation
of these proteins with iron stores within an organism. Mice
lacking or having very low levels of Tf suffer from iron overload
(59), implying a possible role for Tf in the sensing of iron stores.
This finding fits with the hypothesis that intestinal iron absorp-
tion is regulated according to Tf saturation levels and that, in
the absence of Tf, dietary iron is transported into the blood
without regulation. The second exception is hyperferritinemic
individuals. Amutation in the stem-loop structure of L-ferritin
results in unregulated ferritin synthesis, leading to high serum
ferritin levels and cataracts (60, 61). Notably, these people do
not suffer from iron overload (61). Thus, serum ferritin levels
are not likely to be a key part of the sensingmechanism for iron
absorption. Serum TfR1 fluctuates with erythropoietic activity
and iron status of the organism (52). Approximately 80% of
serum TfR1 is generated by the maturation of erythroid cells
(62). One argument against a role for serum TfR1 as an eryth-
roid regulatory factor is that it is generated after cells no longer
need iron for hemoglobin biosynthesis.
A recent study implicates the growth differentiation factor

GDF15 as the candidate for the long-seeking erythroid factor
(63). GDF15 is a family member of the TGF-� superfamily and
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is secreted by erythroid precursors. In patients with �-thalasse-
mia, the defective erythroid expansion is correlated with an
elevated level of serum GDF15. In vitro studies demonstrated a
suppressive effect of GDF15 on hepcidin expression. These
findings are consistent with the previous assumption that
erythropoiesis is positively linked to intestinal iron absorption
and storage iron mobilization and that the erythroid factor
dominantly suppresses hepcidin expression despite iron
overload.
Hypoxia—Hypoxia is another suppressor of hepatic hepcidin

expression independent of body iron levels. The hypoxia-in-
ducible transcription factors (HIFs) play a vital role in this proc-
ess. The protein levels of HIF are negatively regulated by iron
and oxygen. In the presence of oxygen, its subunits aremodified
by iron-dependent prolyl hydroxylases. The modified HIF
interactswith the vonHippel-Lindau factor and is subsequently
targeted for degradation through the ubiquitin/proteasome
pathway. Under hypoxia or following iron chelation, the prolyl
hydroxylase activity is inhibited, resulting in the accumulation
and translocation of HIF into the nucleus. HIF binding to the
promoter of hepcidin leads to the suppression of hepcidin
expression in hepatocytes (64) and increased iron uptake to
meet the erythropoietic demand.
Inflammation—Inflammation is a dominant and robust

inducer of hepcidin gene transcription regardless of body iron
levels. Interleukin-6 and possibly other inflammatory cytokines
are the major players in this process. The binding of STAT3
(signal transducer and activator of transcription-3) to the pro-
moter of hepcidin activates transcription (10). The finding that
SMAD4-deficient hepatocytes from mice with a liver-specific
SMAD4 deficiency have an abrogated hepcidin response to
interleukin-6 (28) indicates that the inflammation-induced
hepcidin expression acts through the TGF-�/SMAD4 signaling
pathway.

Summary

Iron homeostasis occurs largely through the regulation of
hepatic hepcidin expression. The BMP/SMAD signaling
pathway appears to play a pivotal role in this process. Func-
tional disruption of the body iron-sensing proteins (HJV,
TfR2, and HFE) constitutes the major cause of HH. How
these proteins coordinately sense body iron levels, modulate
BMP/SMAD signaling, and regulate hepcidin expression
remain to be determined.
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Over the past 2 decades, themolecularmechanisms bywhich
cells acquire, distribute, and utilize copper have been under
intense investigation. Significant progress has beenmade in the
identification of genes encoding copper homeostasis proteins
and in fundamental aspects of their structure, function, and
mechanisms of action in copper balance. A number of more
comprehensive reviews of the field with respect to the genetics,
structure, function, and physiology of copper metabolism have
recently appeared elsewhere (1–4). Here, we review general
mechanisms for eukaryotic copper metabolism at the cellular
level in the context of recent discoveries in the field, identifying
potential new functions for copper and coppermetabolismpro-
teins in cell signaling, gene expression, tumor cell metastasis,
and resistance to anti-neoplastic drugs.

Copper as a Catalytic and Structural Cofactor in Biology

Copper is a redox-activemetal that is predominantly used by
organisms living in oxygen-rich environments and that fluctu-
ates between the oxidized (Cu2�) and reduced (Cu�) states (5).
With these changes in redox state, copper can coordinate to a
range of ligands that include carboxylate oxygen, imidazole
nitrogen, cysteine thiolate, and methionine thioether groups
and engages in cation-� interactions (6–8). Cu� plays a well
established structural role in proteins such as the fungal cop-
per-activated metalloregulatory transcription factors (9). For
example, Ace1 in Saccharomyces cerevisiae acquires profound
conformational changes upon the cooperative binding of a tet-
ra-Cu� cluster, activating sequence-specific DNAbinding (10).
Many enzymes harness the changes in bound copper oxi-

dation state, in the presence of oxygen, to catalyze redox
chemistry for a wide range of chemical transformations that
are central to biology (Table 1). Significant phenotypes
result from a diminution in these enzymatic activities (Table
1). Although copper-binding proteins and enzymes have
been characterized for over a century, it is likely that a num-
ber of copper-dependent proteins and their functions have
yet to be identified. The diversity of potential copper ligands
along a polypeptide primary structure, in addition to the
proper juxtaposition of bona fide ligands in the correct
three-dimensional orientation in proteins, makes prediction

of the entire copper proteome a challenging area for future
studies (5).

Copper Homeostasis in Eukaryotic Cells

Over the past few decades, critical progress has beenmade in
the identification of genes encoding proteins that function in
copper uptake, intracellular distribution, and efflux and in the
regulation of the copper homeostasis machinery (1–4). Many
of the structural, functional, and regulatory details have been
strikingly conserved from microbes to humans. Fig. 1 shows a
model for copper homeostasis in a typical mammalian cell.
Ctr1, an integral membrane protein, functions as a major cop-
per importer at the plasma membrane. Genetic, biochemical,
and structural studies support a model in which Ctr1 homotri-
merizes to forma central region of low electron density through
which coppermay traverse the plasmamembrane (11–13). The
genetic requirement for a metalloreductase in yeast for Ctr1-
mediated high affinity copper uptake, in addition to other data
(1, 14), supports the transport of Cu� rather than Cu2�. Con-
servedmethionine residues are present in theCtr1 extracellular
domain asMet-X-Met orMet-X2-Met and, although not essen-
tial for activity, are needed for high affinity Cu� import. Addi-
tionally, a conserved Met motif, Met-X3-Met, present in the
Ctr1 second transmembrane domain, is essential for Cu�

import (13). These and other experimental results are consist-
ent with thioether-Cu� coordination to Ctr1 at one or more
steps in the import process.
Copper that is imported by Ctr1, or as yet unidentified, low

affinity, Ctr1-independent activities (15), is delivered to intra-
cellular proteins and compartments by the action of copper
chaperones (1, 2, 16). CCS (copper chaperone for Cu,Zn-super-
oxide dismutase) delivers copper to Cu,Zn-SOD2 via direct
interactions and a complex mechanism that has been recently
reviewed (17). Atox1 (Atx1 in bakers’ yeast, S. cerevisiae) is a
small soluble protein that binds a single Cu� atom in a specific
but kinetically labile manner. As shown in Fig. 1, Atox1 directly
interacts with repeated cytosolic metal-binding domains of the
Cu�-transporting ATPases ATP7A and ATP7B to facilitate its
delivery across the secretory compartment or, under condi-
tions of high copper, across the basolateral membrane of cells.
In addition to delivery of copper to cytosolic proteins and to

the secretory compartment, copper must be targeted to mito-
chondria, where cytochrome oxidase uses copper for oxidative
phosphorylation. Genetic studies in microbes and themapping
ofmutated genes that are responsible for defects in cytochrome
oxidase assembly have identified many proteins involved in
cytochrome oxidase copper metallation (2). These include
Cox17 in the mitochondrial intermembrane space; Cox11 in
the mitochondrial inner membrane; and Sco1 and Sco2, struc-
turally similar proteins that play amore proximal role in copper
delivery to cytochrome oxidase. Defects in Sco1 and Sco2 cause
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catastrophic defects in cytochrome
oxidase assembly and result in
severe human disease (18).

A New Role for Ctr1 in Cisplatin
Accumulation

Although Cu� is the only known
physiological substrate for Ctr1,
recent studies strongly suggest that
Ctr1 in yeast and in mammals facil-
itates uptake of the metal-based
anti-neoplastic drug cisplatin (19,
20). Cisplatin is an effective chemo-
therapeutic agent due to its ability
to intercalate in DNA and thereby
preferentially inhibit the growth of
rapidly proliferating cells (21).
Transposon mutagenesis studies in
yeast identified Ctr1 as a loss-of-
function mutation rendering these
mutants highly resistant to cisplatin
toxicity (19). Furthermore,Ctr1�/�,
Ctr1�/�, or Ctr1�/� mouse embry-
onic fibroblasts exhibit Ctr1 gene
dose-dependent acquisition of cis-
platin, with Ctr1�/� cells exhibiting
elevated resistance to cisplatin com-
pared with wild-type cells (19).
Moreover, cell lines overexpressing
human Ctr1 accumulate elevated
cisplatin compared with controls
cells (20). How does a dedicated
Cu� transporter facilitate the
uptake of the structurally unrelated

FIGURE 1. Mammalian intracellular copper homeostasis. Copper is reduced by an as yet unidentified reduc-
tase and imported into cells by the high affinity copper transporter Ctr1. Once inside the cell, copper is escorted
to destinations via the action of copper chaperones. CCS incorporates copper into the cytosolic protein Cu,Zn-
SOD. Atox1 delivers copper to the secretory compartment; the protein possesses an N-terminal copper-bind-
ing motif (CXXC) that directly interacts with the N-terminal copper-binding domain of ATP7A and ATP7B
(MTCXXC), facilitating copper delivery to ATP7A and ATP7B. ATP7A and ATP7B are P-type copper-transporting
proteins that transport copper into the lumen of the Golgi, where the metal can then be incorporated into
copper-dependent proteins such as the secreted form of LOX. The P-type ATPases also export copper out of the
cell by translocating to the plasma membrane when intracellular copper levels are high. Copper is escorted to
the mitochondria by an as yet uncharacterized ligand. Once inside the intermembrane space, copper is handed
off to Cox17 and then passed onto either Sco1, which transfers copper to the Cox2 subunit of cytochrome
oxidase, or Cox11, which transfers copper to the Cox1 subunit of cytochrome oxidase (CCO). TGN, trans-Golgi
network; ER, endoplasmic reticulum.

TABLE 1
Examples of copper-binding proteins
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metal complex cisplatin? Recent mutagenesis experiments and
FRET studies between yeast Ctr1 subunits suggest distinct
mechanisms for Cu� import compared with cisplatin uptake
(22). Lee and co-workers (22) demonstrated that copper
enhances the FRET signal of functional Ctr1-enhanced cyan
fluorescent protein and Ctr1-enhanced yellow fluorescent pro-
tein monomers coexpressed in yeast cells in a manner that is
dependent on copper transport-competent Ctr1, suggesting
that copper-induced conformational changes occur in concert
with Cu� movement through the plasma membrane. In con-
trast, although the Ctr1 FRET pairs were capable of stimulating
cisplatin uptake, cisplatin neither induced FRET nor abrogated
the copper-induced FRET signal. Moreover, a Ctr1 mutant
lacking the Met-rich ectodomain was competent for Cu�

uptake but completely defective in cisplatin accumulation, fur-
ther underscoring differences between Cu� uptake and cispla-
tin accumulation. Similar mutations in human Ctr1 extracellu-
lar Met-X-Met motifs abrogated cisplatin-stimulated Ctr1
multimerization (23), suggesting that cisplatin may interact
with these methionine thioether groups. Taken together, these
studies suggest that Ctr1 may function similarly to a trans-
porter for Cu� acquisition but may enhance cisplatin uptake in
a methionine-rich, ectodomain-dependent, receptor-mediated
endocytic mechanism. Although there are conflicting reports
on whether, like copper, cisplatin enhances Ctr1 endocytosis
(19, 22–24), this question must be resolved to understand how
Ctr1 facilitates cisplatin accumulation in a manner distinct
from that of copper.

Ctr1 in Growth Factor Signaling

The generation of a mouse Ctr1 knock-out illustrated the
essentiality forCtr1 inmetazoandevelopment (25, 26).Ctr1�/�

mutant embryos showed growth retardation at embryonic day
7.5, a stage in development when gastrulation begins, with
embryonic lethality by embryonic day 12.5. Homozygous
mutants histologically demonstrated poorly developed neural
ectoderm and mesoderm and a defect in neural tube closure.
Although the precise mechanisms underlying the mutant phe-
notypes have not been elucidated, it is possible that defects in
multiple copper-dependent proteins culminate in catastrophic
developmental arrest. However, recent work in Xenopus may
provide an alternative explanation for the requirement for Ctr1
in normal growth and development (27). Xenopus Ctr1 (Xctr1)
was identified as part of a complex consisting of Laloo and
SNT-1, proteins required for FGF-mediated mesoderm induc-
tion (27). Misexpression of Xctr1 promoted mesodermal and
neural ectoderm differentiation, whereas, conversely, loss of
Xctr1 through morpholino injection inhibited these processes.
Knockdown of Xctr1 also had an effect on pathway activation
dynamics as evidenced by partial inhibition of SNT-1 phosphoryl-
ationbyLaloo and strong inhibitionof FGF-dependentERKphos-
phorylation. Interestingly, knockdown of Xctr1 at later stages of
development only modestly inhibited induction of mesoderm
markers, suggesting that Xctr1 is required either before or during
gastrulation formesoderm development, a timewindow that par-
allels the developmental arrest of Ctr1�/� mutant embryos.

This study provides a potential explanation for the devel-
opmental abnormalities seen in mouse Ctr1�/� mutant

embryos and forges a new intersection between copper
homeostasis and a cell signaling pathway. However, the role
of Xctr1 in mesoderm development is suggested to be inde-
pendent of its copper-transporting activity, as misexpression
of Xctr1 carrying mutations in conserved residues required
for copper transport gave the equivalent phenotype as
misexpression of wild-type Xctr1 (27). This unanticipated
copper transport-independent role for Ctr1 in FGF signal-
ing, morphogenesis, and differentiation must be further
explored, as other reports using copper chelators suggest
that copper levels modulate hematopoietic stem cell differ-
entiation (28, 29).

Copper-dependent Metabolic Changes in Cancer Cells

Recent exciting work has implicated copper-handling and
copper-utilizing proteins in controlling the striking metabolic
changes that have long been known to occur in cancer cells.
Otto Warburg (30) discovered that respiratory capacity is
down-regulated in many cancer cell types with a concomitant
dependence on glycolysis for cellular energy generation.
Although this phenomenon has been known for over 75 years,
the cellular regulatory mechanisms governing this metabolic
switch are still not well understood.Matoba et al. (31) reasoned
that this metabolic reengineering may result from regulatory
changes common tomany cancer cell types. Becausemutations
in the gene encoding the p53 sequence-specific DNA-binding
transcription factor are among the most common genetic
changes found in a broad range of cancer cells, they explored
whether cancer cell lines harboring p53 mutations exhibit
changes in their dependence on respiration versus glycolysis.
Indeed, human colon cancer cells with p53-inactivating muta-
tions also showed significant reductions in oxygen consump-
tionwhile generating increased levels of lactate, a by-product of
glycolysis, metabolic characteristics reflecting a switch from
oxidative phosphorylation to glycolysis typical of the Warburg
effect.
As the SCO2 genewas previously identified as a potential p53

target, the expression of SCO2was explored as a function of p53
gene dosage (31, 32). Although SCO2mRNA and protein levels
were considerably reduced in p53�/� and p53�/� mouse livers
compared with wild-type livers, SCO1 mRNA levels were
unchanged. Furthermore, the p53-dependent stimulation of
SCO2 expression was dependent on a canonical p53-binding
site in the SCO2 promoter, establishing a direct functional link
between p53 and SCO2 expression levels. Taken together, these
studies identified a link between the p53 status of cancer cells
and metabolic reprogramming toward glycolytic energy gener-
ation first observed by Warburg. With the essential role for
copper in cytochrome oxidase function, it would be interesting
to ascertain if p53-dependent changes in the expression of
other factors that function in copper acquisitionmight also play
a role in the Warburg effect.

Copper in Signaling and Tumor Cell Metastasis

Cell migration and tissue invasion from the primary tumor
site require a loss of integrity of target tissue cell-cell junctions.
The epithelial-mesenchymal transition is a critical step in the
initiation of cell invasion, as it results in compromised cell-cell
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junctions due, at least in part, to the down-regulation of E-cad-
herin, a protein that functions in cell-cell adhesion (33). Nor-
mally, the transcription of E-cadherin is regulated by the Snail
repressor, the protein stability of which is tightly regulated
through its phosphorylation by glycogen synthase kinase 3�
(34). Recent work has identified LOX-like proteins to also play
a part in the regulation of Snail protein stability. Although the
extracellular copper-dependent LOX is well established for its
role in the maturation of collagen and elastin via lysine oxida-
tion, four additional members of this protein family, called lysyl
oxidase-like proteins (LOXL1–4), have been identified (34–
36). All fivemembers of this family harbor signatures for bound
copper and lysyl-tyrosyl quinone cofactors, but LOXL1–4 lack
a typical secretory propeptide found in extracellular LOX and
instead contain scavenger receptor cysteine-rich domains and
are predicted to be intracellular proteins (34). Recent studies
have demonstrated that LOXL2 and LOXL3 interact with Snail
to stabilize the protein in a manner that is dependent on two
Snail lysine residues (37). These and other studies support a
model to suggest that lysine oxidation diminishes glycogen syn-
thase kinase 3�-mediated phosphorylation, thereby stabilizing
Snail, inhibiting E-cadherin expression, and compromising
tight junctions (33). Interestingly, LOXL2 expression is
strongly elevated in highly invasive forms of metastatic breast,
colon, and esophageal cancers (36, 38), consistent with a more
general role in cancer cell invasion.
The observation that a family of copper-dependent amine

oxidases functions not only in determining the integrity of con-
nective tissues but also in the regulation of the epithelial-mes-
enchymal transition has several implications in copper biology.
It will be important to decipherwhether the LOXL1–4proteins
catalyze oxidative deamination of peptidyl lysines in a manner
similar to extracellular LOX. Initial experiments with recombi-
nant isoforms suggest mechanistic similarity to LOX in that
they are dependent on both copper and the lysyl-tyrosyl qui-
none cofactor (39–41).With the discovery of a family of LOLX
proteins, the field is now poised to gather information on the
spectrum of their specific substrates, as theremay be a plethora
of pathways and processes that are altered under conditions of
copper limitation.

Copper Deficiency: Who Goes First?

Important insights into the hierarchy of copper metallation
in vertebrates have recently been gained through a small mole-
cule chemical screen in zebrafish (42). A search was conducted
for molecules that interfered with copper metabolism, specifi-
cally giving rise to copper-deficient phenotypes as evidenced by
lack of pigmentation. Zebrafish lateral line pigmentation is
mediated by tyrosinase, a copper-dependent enzyme required
for melanin synthesis (43). The most severe copper-deficient
phenotype, obtained by treating embryos with the copper che-
lator neocuproine, resulted in a deformed notochord, impaired
neurogenesis, inappropriate cartilage maturation, poor vascu-
lar development, and hematopoietic defects. Furthermore, it
was found that varying copper chelator concentrations would
generate a continuum of phenotypes that could be correlated
with the severity of copper deficiency within the embryo, from
a lack of pigmentation but with a normal notochord to a lack of

pigmentation and abnormal notochord development. Contin-
ued exposure of embryos to neocuproine resulted in a lack of
pigmentation, notochord defects, and neurogenesis defects.
These results suggest that, at early stages of copper deficiency,
pigmentation processes mediated by tyrosinase would be
among the first to be lost, freeing up limited copper reservoirs
for more essential developmental processes. As the developing
embryo encounters increasingly stringent access to copper,
mechanisms appear to be in place that prioritize copper utili-
zation to meet physiological demands.

Copper Chelation and Cancer Chemotherapy

Copper has been proposed to be essential for angiogenesis,
the formation of new blood vessels that provide a delivery route
for nutrients, growth factors, and other signaling agents impor-
tantfortumorgrowthandsurvival.Althoughanumberofcopper-
dependent roles in angiogenesis have been proposed (44), the
entire range of functions important for efficient angiogenesis
that require copper has not been elucidated. This is an impor-
tant challenge, as TTM, a potent Cu� chelator, has been
reported to be of therapeutic value in the treatment of several
types of cancers as an anti-angiogenesis and anti-cancer mole-
cule. Recently, ATN-224, an orally available choline salt deriv-
ative of TTM, has been suggested to preferentially target
Cu,Zn-SOD in tumor and endothelial cells, with the implica-
tion that SOD1 plays a stimulatory role in growth factor signal-
ing (45, 46). SOD1 protects cells from oxidative stress and cat-
alyzes the disproportionation of superoxide to hydrogen
peroxide,molecules that have been established to play signaling
roles in biology (47).
In an initial report, TTM was shown to potently inhibit

Cu,Zn-SOD activity, thereby increasing superoxide anion
accumulation and inducing programmed cell death in multiple
myeloma cells (45). In parallel with these features, the phospho-
rylation of ERK,which has critical functions downstreamof Ras
in cell proliferation, was also inhibited (45). Recently, ATN-224
was reported to inhibit growth factor-stimulated phosphoryla-
tion of the EGF and insulin-like growth factor receptors in par-
allel with an increase in superoxide and a decrease in hydrogen
peroxide accumulation (46). This decrease in hydrogen per-
oxide was proposed to reduce the inactivation of the protein-
tyrosine phosphatase PTP1B, thereby inhibiting growth fac-
tor-stimulated receptor phosphorylation and attenuating
downstream activation of proliferation pathways involving
ERK. This is a potentially important mechanism for the action
of copper chelators, but many questions remain. It is unclear
why ATN-224 is effective for inhibiting SOD1 activity in cell
culture in the nanomolar range but exhibits potent anti-prolif-
erative effects at micromolar concentrations. Moreover, RNA
interference-mediated knockdown of SOD1 did not exhibit
anti-proliferative effects, and Sod1 knock-out mice did not
show any obvious growth defects (48). Although Cu,Zn-SOD
may be an important target for the anti-angiogenesis and anti-
cancer activity of clinically relevant copper chelators, it is not
currently clear whether other copper-dependent activities
might play a role. A thorough understanding of the anti-prolif-
erative mechanism of copper chelators will require a compre-
hensive identification of the copper proteome and a deeper
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understanding of the mechanisms of copper homeostasis and
their regulation.

Future Directions

To date, genetic studies in model systems and biochemical,
cell biology, and structural studies have identified many pro-
teins involved in eukaryotic copper homeostasis and provided
insights into their structures and mechanisms of action. It is
likely that there are other functions and mechanisms to be dis-
covered for known copper homeostasis proteins, and new com-
ponents of this machinery will be discovered and integrated
into our current understanding of cellular copper balance.
Many questions have yet to be tackled in the field of copper
metabolism, from new, exciting, and perhaps serendipitous
perspectives. How does copper make its way from the site of
import at the plasma membrane, or efflux from intracellular
storage vesicles, to the copper chaperones and other intracellu-
lar ligands? What is the entire constellation of copper-binding
proteins in a mammalian cell? How do the components of the
copper homeostasis machinery communicate, and what other
signals, including chemical, hormonal, and environmental,
trigger changes in copper homeostasis? How do multicellular
organisms sense copper deficiency in peripheral tissues and
transmit this signal to mobilize copper stores? The field of cop-
per homeostasis is currently similar to a high school graduate
going off to college, armedwith some basic information; wewill
see how things develop with additional outside influence.
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Selenium is an essential micronutrient for man and animals.
The role of selenium has been attributed largely to its presence
in selenoproteins as the 21st amino acid, selenocysteine (Sec,U).
Sec is encoded by TGA in DNA. A unique mechanism is used to
decode the UGA codon in mRNA to co-translationally incorpo-
rate Sec into the growing polypeptide because there is no free
pool of Sec. In the human genome, 25 genes for selenoproteins
have been identified. Selenoproteins such as glutathione peroxi-
dases, thioredoxin reductases, and iodothyronine deiodinases
are involved in redox reactions, and Sec is an active-site residue
essential for catalytic activity. Selenoproteins have biological
functions in oxidoreductions, redox signaling, antioxidant
defense, thyroid hormone metabolism, and immune responses.
They thus possess a strong correlation with human diseases
such as cancer, Keshan disease, virus infections, male infertility,
and abnormalities in immune responses and thyroid hormone
function.

Selenium was discovered by the Swedish chemist Jöns Jacob
Berzelius in 1817 and has been recognized as an essential trace
element for many life forms including man since 1957 (1, 2).
The main form of selenium in mammalian proteins is seleno-
cysteine encoded by the TGA codon. Sec2 is co-translationally
incorporated within the growing polypeptide chain by an
unusually complexmachinery first described inEscherichia coli
(3) and also well characterized in mammalian cells (1, 2, 4). Sec
differs from Cys by a single atom (selenium versus sulfur) and
has similar chemical properties, but the lower pKa value (5.3)
and stronger nucleophilicity of Secmake itmuchmore reactive.
There is no free pool of Sec in cells, and during protein catabo-
lism, Sec is broken down to elemental selenium.One reason for
no free Sec pool is the risk of misincorporation of this highly
reactive amino acid in the place of Cys. Another reason is that
Sec, as well as other selenium compounds like selenite, reacts
with oxygen and mammalian thioredoxin and thioredoxin
reductase, resulting in rapid NADPH oxidation and reactive
oxygen species formation (5, 6). Selenoproteins and selenium

molecular biology are covered in books and reviews (1, 2). This
minireview will focus on some well characterized selenopro-
teins and their functions.

Biosynthesis of Selenoproteins

The incorporation of selenium as Sec into a selenoprotein
requires a specific mechanism to decode the UGA codon in
mRNA,which normally operates in translation termination (4).
Selenite and selenate from food andwater are used bymamma-
lian cells as seleniumsources, and selenite is reduced to selenide
by the glutathione-glutaredoxin and thioredoxin systems (5, 6).
The exact mechanism of selenate reduction is not yet clear.
Selenide may also be generated from dietary selenomethionine
and Sec by lyase action and used as a selenium source for Sec
biosynthesis. Via catalysis by the selenoprotein SPS2 (seleno-
phosphate synthetase 2), the selenide is converted to monosel-
enophosphate, which is the active selenium donor in the
conversion from seryl-tRNASec to Sec-tRNASec (7), where
seryl-tRNASec indicates that serine is loaded onto Sec-tRNA at
the beginning. The selenoprotein synthesis machinery includ-
ing a specific secondary structure in the 3�-untranslated region
of selenoprotein mRNAs termed a SECIS element, Sec-specific
elongation factor, Sec-tRNASec, SBP2 (SECIS-binding protein
2), ribosomal protein L30, 43-kDa RNA-binding protein, solu-
ble liver antigen protein, and SPS1 thus work in concert to
incorporate the Sec into a nascent polypeptide at the site
encoded by the UGA codon in mammalian cells (1, 4).

Structure and Activity of Mammalian Selenoproteins

Selenoproteins exist in archaea, bacteria, and eukaryotes
with Sec as a key catalytic group, but not in all species in
these kingdoms. Yeast and higher plants do not have seleno-
proteins and components of the selenoprotein synthesis
machinery; instead, they express cysteine-containing homo-
logues (7, 8). Mammalian selenoproteins can be classified
mainly into two groups according to the location of Sec (Fig.
1) (9). One group of selenoproteins possesses Sec in a site
very close to the C terminus of protein, such as TrxRs and
selenoproteins S, R, O, I, and K. The other group (including
GPxs; DIOs; selenoproteins H, M, N, T, V, andW; SPS2; and
Sep15) has Sec in the N-terminal part and in most cases
possesses thioredoxin fold structure, and some selenopro-
teins contain a CXXU motif, corresponding to the thiore-
doxin active-site CXXCmotif (10–13). From their structure,
it is apparent that the functions of most selenoproteins
should be involved in the redox-related reactions. In fact, the
transcription of several selenoproteins such as TrxR1 and
GPx2 is regulated by the redox-sensitive transcription factor
Nrf2/Keap1 system (14, 15). Moreover, severe oxidative
stress induces nuclear accumulation of SBP2 and blocks Sec
incorporation (2, 16). The two main protein thiol reduction
systems, thioredoxin and glutathione-glutaredoxin, are
potential electron donors for oxidized SBP2 and may thus
protect the cells by regulating selenoprotein synthesis via
controlling SBP2 redox state and trafficking (16). The pre-
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cise functions of many selenoproteins are still unknown.
Overall, TrxRs, GPxs and DIOs are the three best character-
ized selenoprotein families. These selenoproteins have dif-
ferent enzymatic activities, but all require reductants to pro-
vide the electrons to make their catalytic redox cycle run
(Fig. 2).
Thioredoxin Reductases—TrxRs in mammalian cells are

members of the pyridine nucleotide-disulfide oxidoreduc-
tase family, and three TrxRs have been identified in mam-
mals: TrxR1 in the cytosol/nucleus (17, 18), TrxR2 in mito-
chondria (19, 20), and thioredoxin glutathione reductase in
the testis (21), with the latter also possessing glutathione and
glutaredoxin reductase activity (Fig. 1) (21, 22). The three-
dimensional crystal structure of TrxR is similar to that of
glutathione reductase with FAD- and NADPH-binding
domains and an interface domain (23). Besides the N-termi-
nal -Cys-Val-Asn-Val-Gly-Cys- dithiol/disulfide, mamma-
lian TrxRs contain a 16-residue C-terminal elongation with
the conserved active-site sequence -Gly-Cys-Sec-Gly-OH
(24). The two subunits in active homodimeric TrxR have a
head-to-tail arrangement, and the N-terminal redox-active
dithiol in one subunit and the C-terminal selenothiol active
site of the adjacent subunit form a redox-active center (23).
The proposed mechanism of mammalian TrxR involves the
N-terminal active-site disulfide reduction by NADPH via
FAD and then electron transfer from the N-terminal active
thiol to the C-terminal selenenylsulfide bond in the opposite
subunit of TrxR and finally from the C-terminal active site to
the substrates (Fig. 2A) (24, 25). The accessibility and high
reactivity of the C-terminal active-site selenolate confer
upon mammalian TrxRs a wide range of substrates from
small molecules such as selenite, lipid hydroperoxides,

ebselen, and dehydroascorbate to
proteins such as Trx, protein-dis-
ulfide isomerases, and GPx, etc.
(2).
TrxR is the only enzyme able to

reduce oxidized Trx. Trx provides
electrons to ribonucleotide reduc-
tase, which is essential forDNA syn-
thesis by converting ribonucleotide
to deoxyribonucleotides. The exact
role of Trx and glutaredoxin sys-
tems for ribonucleotide reduc-
tion in mammalian tissues is yet
unknown. Trx can also reduce
methionine-sulfoxide reductase
and thioredoxin peroxidase (perox-
iredoxin) and thus is involved in the
repair of methionine sulfoxide-oxi-
dized proteins or redox signaling via
hydrogen peroxide (26, 27). In addi-
tion, the Trx system participates in
many cellular signaling pathways by
controlling the activity of transcrip-
tion factors containing critical cys-
teines in their DNA-binding
domains, such as NF-�B, AP-1, p53,

and the glucocorticoid receptor (28). It is also known that
reduced Trx can bind to and inhibit ASK1 (apoptosis signal-
regulating kinase 1), whereas the oxidization of Trx results in
the activation of ASK1 and the induction of ASK1-dependent
apoptosis (28). Therefore, TrxRs are involved in the control of
cellular proliferation, viability, and apoptosis through the con-
trol of Trx activity and redox state. The discovery of mamma-
lian TrxR as a selenoprotein (17, 18) occurred after its identifi-
cation as a selenite-reducing activity (5, 6) and was a big
surprise because bacterial and plant TrxRs are smaller specific
Cys-containing enzymes of entirely different structures and
functions (28).
Glutathione Peroxidases—GPxs are well known to be the

major components of human antioxidant defense. In humans,
there are now five Sec-containing GPxs: the ubiquitous cytoso-
lic GPx (GPx1), the gastrointestinal-specific GPx (GPx2), the
plasma GPx (GPx3), the ubiquitous phospholipid hydroperox-
ide GPx (GPx4), and the olfactory epithelium- and embryonic
tissue-specific GPx (GPx6) (9). GPx1–3 catalyze the reduction
of hydrogen peroxide and organic hydroperoxides, whereas
GPx4 can directly reduce phospholipid and cholesterol
hydroperoxides. GPx4 is also involved in spermmaturation and
male fertility because it has been found to be a main structural
component of the spermmitochondrial capsule inmature sper-
matozoa as an enzymatically inactive, oxidatively cross-linked,
insoluble protein (29).
GPx1–3 are homotetrameric proteins with a subunit

molecular mass of �22–25 kDa, whereas GPx4 is a 20–22-
kDa monomeric enzyme. All known GPx subunit structures
exhibit the typical structure motif of the Trx fold (30–32).
The core structure of the GPx subunits thus consists of cen-
tral �-strands surrounded by several �-helices (Fig. 1). One

FIGURE 1. Schematic representation of some selenoproteins. Selenoproteins can be divided into two
groups according to the location of Sec. Sec is located very closely to the C terminus of one group of seleno-
proteins such as TrxRs, SelS, SelR, SelO, and SelI. The other group has Sec in the N terminus and normally
possesses the Trx fold structure. In most of these selenoproteins, Sec is located in the pocket Trx fold ���-
motif. TGR, thioredoxin glutathione reductase.
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helix connects an antiparallel �-strand to a neighboring
�-strand and forms a ���-substructure. The catalytically
active Sec is normally located at the N-terminal end of the
helix. The conserved catalytic triad of all these GPxs con-
tains Sec, Gln, and Trp. The catalytic redox cycle involves
the oxidation of Sec to selenenic acid by hydrogen peroxide
and organic hydroperoxides and reduction to the selenolate
anion form by GSH (Fig. 2B) (33).
Iodothyronine Deiodinases—Three DIOs have been identi-

fied with a tissue and subcellular localization (34). DIO1 is
found primarily in the liver, kidney, and thyroid; DIO2 is in the
brain, pituitary, thyroid, skeletal muscle, and brown adipose
tissue; and DIO3 is found in the cerebral cortex and skin and is
expressed at a very high level in the placenta and pregnant
uterus. DIO1 and DIO2 catalyze the deiodination of T4, the
major thyroid hormone secreted by the thyroid gland, into the
active hormone T3; DIO3 converts T4 into reverse T3 and also
T3 into 3,3�-diidothyronine. DIO1 and DIO2 can also convert
reverse T3 into 3,3�-diidothyronine (34, 35).
All three DIOs are integral membrane protein of 29–33

kDa and share significant structural similarity; they belong
to the Trx fold protein family and contain a glycoside hydro-
lase clan A-like structure (Fig. 1). DIO1 and DIO3 are local-
ized at the plasma membrane, whereas DIO2 resides in the

ER membrane. A common striking feature is the presence of
an active center in the pocket Trx fold ���-motif (Fig. 1).
The proposed deiodination mechanism involved is the gen-
eration of an oxidized DIO-SeI intermediate, and thus, the
intermediate is reduced by thiol-containing reductants and
releases iodide (Fig. 2C) (36). The identity of the DIO reduc-
tant is currently unknown, with the Trx and glutaredoxin
systems as prime candidates.
Some of the other selenoproteins have been cloned and

characterized. For example, Sep15 is also a member of the
Trx-like fold superfamily of proteins, highly homologous to
the ER protein-disulfide isomerase and containing a surface-
accessible, Sec-containing, redox-active motif (-CXU-).
Sep15 has been proposed to be involved in glycoprotein fold-
ing in the ER, with a similar role as protein-disulfide isomer-
ase. SelR (MsrB1 (methionine-R-sulfoxide reductase B1))
catalyzes the reduction of oxidized Met residues (methio-
nine sulfoxides). The oxidation of proteinmethionine occurs
under oxidative stress and can lead to protein damage. SelR
was shown to specifically reduce methionine R-sulfoxides,
and the Sec residue is crucial for enzymatic activity (37).
Selenoprotein P is a selenoprotein with multiple Sec residues
per protein subunit, 10 Sec residues in all, and is present in
human plasma. The main role of SelP is the transport and

FIGURE 2. Putative catalytic mechanism of some mammalian selenoproteins. A, the proposed mechanism of TrxR-dependent reduction involves electron
transfer from NADPH to FAD via the N-terminal active site of one subunit to the Cys–Sec selenenylsulfide bond within the C-terminal active site of the opposite
subunit and finally to the substrate Trx. B, the catalytic redox cycle of GPxs involves the oxidation of Sec to selenenic acid by hydrogen peroxide and organic
hydroperoxides and reduction to the selenolate anion form by the GSH system. GR, glutathione reductase. C, the proposed deiodination mechanism of DIOs
involved in the generation of the oxidized DIO-SeI intermediate is shown, and thus, the intermediate is reduced by thiol-containing reductants and releases
iodide.
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delivery of selenium to the tissues. An additional role may be
to serve as a heavy metal chelator or antioxidant (38).

Physiological and Pathophysiological Functions of
Selenoproteins

The physiological and pathological effects of selenopro-
teins are closely related to selenium status. Selenium defi-
ciency leads to a dramatic loss of activity of selenoproteins,
including TrxRs, GPxs, and DIOs. However, the expression
of selenoproteins exhibits a hierarchical style during sele-
nium deprivation and repletion; the significance of specific sel-
enoproteins in the specific tissuesmay determine the priority of
the mRNA level and protein expression (39). For example,
under selenium-deficient conditions, the activities of most sel-
enoproteins in the liver, kidney, and lung decrease, whereas
selenoprotein activities in the brain remain at a level similar to
that during normal selenium supplementation. Whereas sele-
nium deficiency leads to a rapid decrease of GPx1 mRNA and
protein levels in the liver, phospholipid hydroperoxideGPx and
TrxR mRNAs are kept at higher levels (39).
One example of severe selenium deficiency causing a human

disease is Keshan disease, a potentially fatal form of cardiomy-
opathy that was first found in northeast China (1). The disease
occurs upon selenium deficiency combined with infection by
coxsackie B virus and has been prevented by selenium supple-
mentation. A cardiomyopathy that resembles Keshan disease
occurs when GPx1 knock-out mice are infected with a benign
coxsackievirus, suggesting that GPx1 is closely associated with
protection against virus infection (40).
Another good example for the purpose of viewing the overall

selenoprotein function in man is the SBP2 mutation (41). The
defect in SBP2 induces a global decrease in selenoprotein activ-
ity and results in abnormal thyroid hormone metabolism. The
amino acid substitution R540Q resulted from a homozygous
missense mutation and produced an abnormal thyroid pheno-
type associatedwith a reduction inDIO2 enzymatic activity and
prepubertal growth retardation (41). This mutation led to ele-
vated total T4, free T4, and reverse T3 metabolites but low total
and freeT3 in three children of a Bedouin Saudi family. Another
child from an unrelated family exhibits similar abnormal thy-
roid metabolism phenotypes and has a genetically prematurely
terminated SBP2 protein lacking the C-terminal domain (41).
More specific roles of selenoproteins have been revealed by

recent investigations using gene knock-out techniques and by
several mutant selenoprotein human disease cases. Mutations
of selenoprotein N cause rigid spine muscular dystrophy and
the classical phenotype of multiminicore disease (42, 43). One
promoter genetic variation in selenoprotein S impairs SelS
expression and influences the production of inflammatory
cytokines such as tumor necrosis factor-�, interleukin-6, and
interleukin-1�, suggesting that the selenoprotein SelS is
involved in regulating inflammation (44). At least three seleno-
proteins TrxR1, TrxR2, and GPx4 are involved in embryogen-
esis because deletions of the genes for these proteins in mice
result in embryonic death. All GPx1, DIO1, and DIO2 knock-
out mice grow, develop, and reproduce normally under labora-
tory conditions (40). However, GPx1 knock-out mice are more
sensitive to paraquat- and H2O2-induced oxidative stress.

DIO2 knock-out mice have impaired auditory function and
thermogenesis as well as mild brain function defects and tem-
porary growth retardation (40). DIO1 knock-out mice have
abnormal excretion patterns of thyroid hormone metabolites,
including iodide. The DIO3 knock-out model exhibits reduced
viability, significant growth retardation, impaired fertility, and
hypothyroid symptoms with significantly reduced T3 and
increased T4 levels (40). These studies reveal that selenopro-
teins play critical roles in antioxidant defense, fertility, thyroid
hormonemetabolism, immune responses, andmuscle develop-
ment and functions.
Selenoproteins has been believed to be closely linked with

cancer and carcinogenesis because there are numerous epide-
miological reports on an inverse correlation between selenium
intake and occurrence of cancer risk (for review, see Ref. 2).
However, the exact mechanism of how selenium intake pro-
tects against cancer is unknown. Large-scale clinical trials with
supplementation against prostate cancer are under way (2). As
described above, many selenoproteins are involved in the anti-
oxidant reaction and can thus participate in the protection of
normal cells against oxidative stress. On the other hand, when a
normal cell turns into a tumor cell, selenoproteins in the tumor
switch their role to protect themalignant phenotype. It is there-
fore not surprising that TrxR and Trx have been found to be
overexpressed in many aggressive tumors. Moreover, the
tumor cell may require enough electrons from the Trx system
for ribonucleotide reductase to keep up a constant DNA syn-
thesis. Thus, the Sec-containing mammalian TrxRs have
emerged as new targets for anti-cancer drug development (45,
46). Selenol has a low pKa value, and Sec in the openC-terminal
-Gly-Cys-Sec-Gly active site of TrxRmakes the C terminus eas-
ily susceptible to attack by electrophilic agents. Many anti-
cancer compounds, including clinical drugs such as the alky-
lation agents cisplatin, cyclophosphamide, and arsenic
trioxide, have been shown to be strong inhibitors of mam-
malian TrxR (46, 47), and other various potent anti-cancer
compounds such as curcumin, myricetin, and quercetin
strongly and irreversibly inhibit mammalian TrxR (48, 49).
The elucidation of TrxR and Trx roles in cancer biology may
yield some promising anti-cancer paradigms for new cancer
therapeutic agent development.
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Mycobacteria produce two sets of unusual polymethylated
polysaccharides, the 3-O-methylmannose polysaccharides and the
6-O-methylglucose lipopolysaccharides. Both polysaccharides
localize to the cytoplasm, where they have been postulated to reg-
ulate fatty acid metabolism due to their ability to form stable 1:1
complexes with fatty acyl chains. Physiological evidence for this
assumption is lacking, however.Recent advances inourknowledge
of the processes underlying sugar transfer in mycobacteria,
togetherwith theavailabilityofgenomesequencesandtools for the
genetic manipulation of these microorganisms, have opened the
way to the elucidation of the biosynthetic pathways and biological
functions of these unique carbohydrates.

Mycobacterium spp. are a source of unique carbohydrates (1)
whose structural oddities have stimulated the interest of many
scientists both from a fundamental perspective and as a source
of potential antigens and targets for new vaccines, diagnostics,
and drugs for tuberculosis. Despite this, relatively little is
known about the physiological functions and regulation of
most of these compounds, and only in recent years have the
genetics of their biosynthesis started to be explored.
One such family of unusual carbohydrates unique to the

order Actinomycetales is the polymethylated polysaccharides
(PMPS).2 PMPS are cytoplasmic (lipo)polysaccharides of inter-
mediate size composed of 10–20 sugar units,many ofwhich are
partially O-methylated, thus conferring on the molecules a
slight hydrophobicity. Mycobacteria produce two such classes.
One class is known as the 3-O-methylmannose polysaccharides
(MMPs) and the second as the 6-O-methylglucose lipopolysac-
charides (MGLPs) (Fig. 1). A remarkable property associated
with MGLPs and MMPs is their ability to form stable 1:1 com-
plexes with long-chain fatty acids and acyl-coenzyme A deriv-

atives in vitro, resulting in the suggestion that they may be
important regulators of lipid metabolism in mycobacteria.
PMPS were first isolated from Mycobacterium phlei, Myco-

bacterium smegmatis, and Mycobacterium tuberculosis in Dr.
Clinton Ballou’s laboratory (2–4), and much of our present
information on these molecules comes from the early work of
this group. Indeed, from the mid-1960s until the end of the
1980s, Ballou and associates spent more than 20 years charac-
terizing the structures, exploring the biosynthetic pathways,
and, in parallel with Konrad Bloch’s laboratory, studying the
biological activities of these unusual polysaccharides. Even
though others later revised the structure of MGLPs and
extended the analysis of thesemolecules to othermycobacterial
species (5–7), since the end of the 1980s, no further work had
been undertaken on the biogenesis of PMPS, and physiological
evidence for a role of these molecules in the regulation of fatty
acid metabolism is still lacking. The availability of a growing
number of mycobacterial genome sequences combined with
efficient tools for the geneticmanipulation of these bacteria has
prompted new research on the biosynthesis, genetics, and func-
tions of PMPS.

Structure and Distribution of PMPS

The structures of MGLPs and MMPs are shown in Fig. 1A.
The MMPs from M. smegmatis have been characterized in
detail (8). They are composed of 10–13 �-(134)-linked 3-O-
methyl-D-mannoses terminated at the nonreducing end by a
single �-(134)-linked unmethylated D-mannose and at the
reducing end by an �-methyl aglycon. MMPs occur in the cells
as a mixture of at least four isomers owing to differences in size
and degree of O-methylation. The MGLPs from Mycobacte-
rium bovis BCG are composed of 10 �-(134)-linked 6-O-
methylglucosyl residues with a nonreducing end made of the
tetrasaccharide 3-O-methyl-D-Glcp-(�-(134)-D-Glcp)3-�-
(13. The tetrasaccharide 34)-(�-(134)-D-Glcp)3-�-(136)-
D-Glcp-�-(13 linked to position 2 of D-glyceric acid constitutes
the reducing end of the molecule (7). Position 3 of the second
and that of fourth �-D-Glcp residues (closest to the reducing
end) are substituted by single �-D-Glcp residues. The nonre-
ducing end of the polymer is acylated by a combination of ace-
tate, propionate, and isobutyrate, whereas octanoate esterifies
position 1 of glyceric acid, and zero to three succinate groups
esterify the glucosyl residues of the reducing end.MGLPs occur
as a mixture of four main components that differ in their con-
tent of esterified succinate.
MGLPs have been isolated from several Nocardia species as

well as M. phlei, M. smegmatis, M. bovis BCG, M. tuberculosis,
Mycobacterium leprae, and Mycobacterium xenopi (2, 3, 5–7,
9–11).MMPs have been found in different nonpathogenic fast-
growing species ofmycobacteria (12), and closely related acety-
lated forms of these compounds have also been reported in
Streptomyces griseus (13). There has been, however, no report
of the production of these polysaccharides in slow-growing
mycobacteria, and our inability to detect any forms ofMMPs in
two different strains of M. tuberculosis using different analyti-
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cal techniques (14) raises the possibility that they may be
restricted only to the fast-growing mycobacterial species.

Biosynthesis and Genetics of PMPS

BiosyntheticModels—Current knowledge of the biosynthesis
of MMPs is limited to the early work carried out in Ballou’s
laboratory in the 1970s–1980s. The isolation of precursors of
MMPs and the characterization of an�-(134)-mannosyltrans-
ferase and 3-O-methyltransferase from cell-free extracts of
M. smegmatis (8, 12, 15, 16) led to the proposal of a biosynthetic
model in which MMPs are elongated by a linear alternating
process of mannosylation followed by methylation (supple-
mental Material 1). GDP-Man serves as the sugar donor for the
mannosyltransferase, and S-adenosylmethionine (SAM) is the
source of methyl groups for the methyltransferase. Termina-
tion of the elongation reaction occurs when the chain reaches a
length compatible with fatty acid-binding properties (11–13
3-O-methylmannoses). At this stage, the chain ends with an
unmethylated mannose because the Km of the 3-O-methyl-
transferase for the polysaccharide-fatty acid complex becomes
much higher than that of the �-(134)-mannosyltransferase.
None of the genes involved in the biosynthesis of MMPs have
yet been identified.
The model that emerged from Ballou’s early work on the

biogenesis of MGLPs resembles that proposed for MMPs.
Using similar biochemical approaches for both sets of polysac-
charides, Ballou and co-workers (17, 18) first reported the exist-
ence of a soluble protein fraction from M. phlei capable of
transferring methyl groups from SAM to positions 6 and 3 of
some glucosyl units in MGLPs and partially acetylated
�-(134)-D-gluco-oligosaccharides. Because the position of
methylation on the oligosaccharide acceptor was dependent on
its degree of acetylation, it was suggested that acylation and
methylation occurred together, the former process exerting a
control on the latter. A membrane-associated acyltransferase
activity catalyzing the transfer of acetyl, propionyl, isobutyryl,
octanoyl, and succinyl groups from their respective acyl-CoA
derivatives onto purified MGLPs and partially acetylated
�-(134)-linked D-gluco-oligosaccharides was later reported
(19). Finally, the characterization of weakly acidic and partially
methylated methylglucose polysaccharide (MGP) precursors
fromM. smegmatis allowed Kamisango et al. (20) to propose a
model for the biosynthesis ofMGLPs inwhich the elongation of
the chain proceeds stepwise, from the reducing toward the
nonreducing end, through a sequential glucosylation-methyla-
tion reaction (Fig. 1B). Nothing is known of the termination
reaction, and until our recent work on mycobacterial glyco-
syltransferases (GTs) (1, 14), none of the glucosyltransferase
activities involved in the elongation of the glucan backbone of
these lipopolysaccharides had been characterized.
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Genetics ofMGLP Synthesis—We recently reported the exist-
ence of two clusters of genes dedicated to the biosynthesis of
MGLPs in the genomes of mycobacteria (Fig. 1C and supple-
mental Material 2) and the partial functional characterization
of three of these genes: Rv3032, Rv1208, and theM. smegmatis
ortholog of Rv3030, MSMEG2349 (14).3 Rv3032 carries the
conserved motif (D/E)X7E characteristic of the CAZy GT-4
family of NDP-sugar-dependent retaining GTs (afmb.cnrs-
mrs.fr/CAZY/). The disruption of Rv3032 by homologous
recombination inM. tuberculosisH37Rv resulted in a dramatic
decrease in all forms of MGLPs, whereas the overexpression of
this gene inM. smegmatismc2155 stimulated the production of
mature forms ofMGLPs.Our results also indicated that Rv3032
participates in the biosynthesis of glycogen (14) and that par-
tially purified recombinant Rv3032 has the ability to elongate
short-chain �-(134)-D-gluco-oligosaccharides and glycogen
in vitro using UDP-D-Glc as the glucosyl donor.4 Altogether,
results suggest that Rv3032 is themain �-(134)-glucosyltrans-
ferase responsible for the elongation of MGLPs, even though
this enzyme also participates in the elongation of other
�-(134)-glucans. Adjacent or in close vicinity to this glucosyl-
transferase gene lies a putative acetyltransferase gene
(Rv3034c), two putative SAM-dependent methyltransferase
genes (Rv3030 and Rv3037c), and a putative �-amylase/gluco-
side hydrolase/GH-57 family branching enzyme gene (Rv3031)
(Fig. 1C). The disruption of the ortholog of Rv3030 inM. smeg-
matis resulted in a dramatic reduction in the amounts of
MGLPs synthesized and in the accumulation of precursors of
these molecules, suggesting that Rv3030 encodes the main
O-methyltransferase of the pathway, i.e. the one responsible for
the 6-O-methylation of the lipopolysaccharides (Fig. 1B) (14).
Important information derived from the analysis of this
M. smegmatis mutant is that a defect in O-methylation abol-
ishesMGLP synthesis. Thus, despite both Rv3032 and the 6-O-
methyltransferase being active on unmethylated �-(134)-D-
gluco-oligosaccharides in vitro (17, 18),4 the elongation of
MGLPs in whole bacterial cells seems to proceed with glucosy-
lation and O-methylation occurring hand in hand. This obser-
vation is consistent with the biosynthetic model proposed by
Kamisango et al. (20) based on the structural analysis of MGLP
precursors (Fig. 1B). Whether Rv3037c encodes the putative
SAM-dependent 3-O-methyltransferase responsible for the
3-O-methylation of the glucosyl units of the reducing end of
MGLPs (Fig. 1A) remains to be determined. Likewise, the
sequence similarities between the product of Rv3031 and the
GH-57 family branching enzyme from Thermococcus kodak-
araensis (21) suggest that it is responsible for generating the
�-(136)-glycosidic bond linking the first and second D-Glcp
residues at the reducing end of the molecule in a mechanism
similar to the one involved in the branching of glycogen.
As the disruption ofRv3032 inM. tuberculosis and that of the

ortholog of Rv3030 in M. smegmatis did not totally abolish
MGLP production, we had to assume on the existence of com-
pensatory glucosyltransferase and methyltransferase activities
in these species. A search for the enzyme compensating for

Rv3032 inM. tuberculosisH37Rv led us to identify Rv1212c as a
possible�-(134)-glucosyltransferase candidate;Rv1212c is the
ortholog of the glycogen synthase gene from Corynebacterium
glutamicum (22). Disruption of Rv1212c in M. tuberculosis
H37Rv resulted in a significant reduction in the amount of cap-
sular�-D-glucan produced by this bacteriumbut did not appre-
ciably affect its MGLP and glycogen contents (23). However,
capsular �-D-glucan production in the Rv1212c mutant was
restored upon overexpression of Rv3032, confirming a partial
redundancy of the two enzymes even though, under physiolog-
ical conditions, Rv3032 seems to be involved primarily in the
production of MGLP and glycogen and Rv1212c in the elonga-
tion of the capsular �-D-glucan (23). Failure to disrupt both the
Rv3032 and Rv1212c genes in the sameM. tuberculosis H37Rv
strain further indicated that bacterial growth requires at least
one of these two genes to be functional (23). In this regard, it is
interesting to note that although not all mycobacterial species
display functional orthologs of Rv1212c and Rv3032, they all
have retained at least one of the two genes. For instance,M. le-
prae, which producesMGLPs (5), carries an ortholog ofRv3032
in its genome, but Rv1212c is a pseudogene (supplemental
Material 2). Conversely, a frameshift mutation at the 5�-end of
the Rv3032 gene of M. smegmatis apparently abolishes the
activity of this gene.4 M. smegmatis does, however, carry an
ortholog of Rv1212c, which most likely accounts for the pro-
duction of MGLPs in this species.
As is the case for Rv3032, Rv1212c is located in a cluster of

genes encoding putative sugar-modifying enzymes (Fig. 1C).
We have undertaken the characterization of some of the genes
from this cluster and found that disruption of the putative
ADP-glucose pyrophosphorylase gene glgC in M. tuberculosis
H37Rv led to a 40–50% reduction in glycogen and capsular
glucan contents (23). The product of Rv1208 was predicted to
be a CAZy family 2 sugar-nucleotide-utilizing GT of unknown
function. Weak sequence similarities to the glucosyl-3-phos-
phoglycerate synthase (GpgS) from Persephonella marina
(�24% amino acid identity) suggested, however, that this
enzyme might be responsible for the transfer of the first Glcp
residue onto D-3-phosphoglycerate or D-glycerate (24) to form
the glucosyl-(132)-glycerate found at the reducing end of
MGLP (Fig. 1A). Supporting this hypothesis, recombinant
forms of theM. smegmatis andM. bovis BCG Rv1208 enzymes
produced in Escherichia coliwere shown to display GpgS activ-
ity in vitro (25). Moreover, our recent evidence indicated that
the disruption of the ortholog of Rv1208 in M. smegmatis
(MSMEG_5084) reduced by �80% the de novo production of
MGLP in this species.3 The ability of the mutant to synthesize
residual amounts of the lipopolysaccharides was apparently
attributable to the existence of compensatory GpgS activity in
M. smegmatis. The crystal structure of the ortholog of Rv1208
in Mycobacterium avium spp. paratuberculosis (MAP2569c)
has been solved (26, 27), and diffraction-quality crystals of
Rv1208 fromM. tuberculosis were obtained.5

3 D. Kaur et al., unpublished data.
4 G. Stadthagen and M. Jackson, unpublished data.

5 Gest, P., Kaur, D., Pham, H. T., van der Woerd, M., Hansen, E., Brennan, P. J.,
Jackson, M., and Guerin, M. E. (2008) Acta Crystallogr. F Struct. Biol. Crystalliz.
Comm., in press.
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Recent studies thus revealed the participation of at least two
clusters of genes in the biosynthesis of MGLPs and other
�-(134)-glucans in M. tuberculosis and a partial redundancy
in the �-(134)-glucosyltransferase activities responsible for
their elongation. The gene(s) encoding the GT(s) responsible
for the glucosylation of position 3 of the second and fourth
�-D-Glcp residues closest to the reducing end ofMGLPs are not
known.

Biological Activities

Postulated Roles of PMPS in Regulation of Fatty Acid
Metabolism—Studies from the Ballou and Bloch laboratories
have highlighted the unique regulatory roles of MMPs and
MGLPs in mycobacterial fatty acid synthase I (FAS-I) in cell-
free assays. In vitro, both PMPS raise the overall rate of synthe-
sis of fatty acids by FAS-I and shift the neo-synthesized chain
length pattern from long (C20–C24) to short (C14–C18) (28).
These effects are thought to result from the ability of the
(lipo)polysaccharides to form complexes with fatty acyl chains
and acyl-CoAs. In sequestering the products of FAS-I, PMPS
are thought to facilitate the release of the neo-synthesized
chains from the enzyme, thereby not only reopening active sites
essential for enzyme turnover but also terminating their elon-
gation. In addition, in complexing the acyl-CoAs released in the
reaction mixture, MGLPs and MMPs are thought to relieve
product inhibition of the synthetase.With an intracellular con-
centration of long-chain acyl-CoAs in M. smegmatis of �0.3
mM, the concentration of PMPS approaching 1 mM, and the
dissociation constant of the polysaccharide-lipid complex esti-
mated to 0.1 �M, all of the long-chain fatty acids of the cytosol
may form complexes with PMPS (29). Under these circum-
stances, PMPS could be regarded as general fatty acyl carriers in
mycobacteria, protecting long-chain fatty acyl-CoAs from
attack by degradative enzymes and regulating their further
processing for the synthesis of more complex fatty acids and
lipids, including mycolates (28–30).
Evidence for the formation of complexes between PMPS and

fatty acyl/fatty acyl-CoAs was supported by multiple experi-
mental studies using a variety of techniques (29, 31–35). The
fact that bothMMPs andMGLPs are composed of hexose units
predominantly or exclusively in �-(134)-linkage confers on
thesemolecules a proclivity to assume the helical conformation
characteristic of amylose (Fig. 2A). Within the complexes, the

fatty acyl chain is included in the nonpolar cavity of the coiled
polysaccharide chain (Fig. 2B). NMR studies have shown that
MMP, a random coil in its free form, undergoes a major con-
formational transition upon enclosing long-chain acyl-CoAs.
This polysaccharide, probably in helical conformation in the com-
plexed form, interacts with both the paraffinic chain and the CoA
moieties of the included fatty acyl thioester (29, 33). Similar con-
clusions apply to MGLPs (34). However, the presence of acetate,
propionate, isobutyrate, octanoate, and succinate groups acylating
thepolysaccharidebackboneandglyceric acidofMGPmayconfer
upon the nativeMGLP a coiled conformation even in the absence
of added long-chain fatty acyls. It was proposed that the acylation
of MGP may alter its fatty acid-binding specificity and serve to
fine-tune its regulatory activity in the cell (34). As expected, the
number of sugar units of PMPSwas shown to greatly impact their
fatty acid-binding properties (32).
Thus far, physiological evidence for a role of PMPS in the

regulation of mycobacterial lipid metabolism has been lack-
ing. In the only published study on the role of PMPS inmyco-
bacterial fatty acid metabolism in vivo (36), a M. smegmatis
spontaneous mutant was described that contained only �50
and 7% of the wild-type levels of MGLPs and MMPs, respec-
tively. Although this mutant accumulated slightly more
short-chain and less long-chain unsaturated fatty acids than
the wild-type strain, fatty acid synthesis was not dramatically
altered. Further doubts regarding the prevailing hypothesis
that MGLPs are involved in the regulation of fatty acid
metabolism were cast by the observation that Rv3032 and
MSMEG_5084 knock-out mutants ofM. tuberculosisH37Rv
and M. smegmatis, known to be impaired in MGLP synthe-
sis, displayed wild-type fatty acid contents (14).3 The ques-
tion of the regulatory roles of these unique PMPS in fatty
acid metabolism thus remains open, as is the reason for the
existence of two types of PMPS with apparent redundant
functions in some Mycobacterium spp.
Other Possible Functions—Although themain environmental

factor(s) governing the synthesis of MGLPs remain to be iden-
tified, studies from Ballou’s laboratory (15, 20) and our own
observations suggest that the MGLP content of mycobacteria
greatly varies with the culture medium and/or oxygen tension.
We found that the greatest amounts of these compounds were
recovered fromM. tuberculosis orM. smegmatis grown as sur-
face pellicles inminimal Sauton’smedium.4Observationsmade
on the growth characteristics of Rv3032 or Rv3030 mutants of
M. tuberculosis and M. smegmatis displaying reduced MGLP
contents indicated that a diminution in the concentration of
these polysaccharides dramatically affected growth at high
temperatures (14). Finally, the occurrence of glucosylglycerate
at the reducing end of MGLPs may suggest a role for these
lipopolysaccharides in osmoprotection (24).
Are PMPS Essential for Mycobacterial Growth?—Our results

indicate that at least one of the two �-1,4-glucosyltransferase
genes of M. tuberculosis, Rv1212c or Rv3032, must be func-
tional for sustained growth in vitro (23), implying that the pro-
duction of glycogen, glucan, and/orMGLPs is an essential phys-
iological requirement under axenic conditions. Whether this
requirement for �-1,4-glucosyltransferase activity is a conse-
quence of the essentiality of MGLPs will have to await the con-
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struction of defined (conditional) mutants totally deficient in
the production of these molecules. In vivo, partial loss of
MGLPs in theM. tuberculosis Rv3032mutant did not compro-
mise the growth and pathogenicity of this strain in BALB/c
mice (23).

Conclusions

Despite a wealth of in vitro and in vivo data pointing to a role
ofMGLPs andMMPs in fatty acidmetabolism, the questions of
the essentiality, regulation, and physiological role(s) of these
molecules remain open.Answers to these questionswill require
the construction of mutants totally deficient in their synthesis.
In the case of MGLPs, this goal is likely to be achievable inM. tu-
berculosis through the individual or combined inactivation of the
glucosyl-3-phosphoglycerate synthase, branching enzyme,
�-(134)-glucosyltransferase, methyltransferase, and the acetyl-
transferase genes (Rv1208,Rv3032,Rv3031,Rv3030,Rv3037c, and
Rv3034c). In contrast, the constructionofknock-outmutantsdefi-
cient in the production ofMMPs will have to await the identifica-
tion of the genes involved in their synthesis in fast-growingmyco-
bacteria. The construction of defined mutants, together with the
development of cell-free assays for each identified enzyme, will
also shed light on the sequential reactions leading to the formation
of these unique polysaccharides.
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PA2 phosphatase (PAP3; 3-sn-phosphatidate phosphohydro-
lase, EC 3.1.3.4) catalyzes the Mg2�-dependent dephosphoryl-
ation of PA, yielding DAG and Pi (Fig. 1) (1–3). In de novo lipid
synthesis, the DAG generated from the PAP reaction is utilized
for the synthesis of the phospholipids PE and PC via the
Kennedy pathway and for the synthesis of TAG (Fig. 1) (3). The
enzyme substrate PA is also used for phospholipid synthesis via
CDP-DAG (Fig. 1) (1–3). In lipid signaling, PAP generates a
pool of DAG used for protein kinase C activation, and by the
nature of its reaction, it attenuates the signaling functions of PA
(Fig. 1) (4–8). Thus, the regulation of PAP activity may govern
the pathways by which phospholipids are synthesized and con-
trol the cellular contents of important signaling lipids. Recent
genetic and biochemical studies in yeast and mammalian cells
have revealed key roles that PAP plays in lipid metabolism and
cell physiology.

PAP in Yeast and Mammalian Cells

The PAP reaction was first characterized in animal tissues in
1957 by Kennedy and co-workers (9). Subsequent studies dur-
ing the last half of the 20th century implicated PAP as an impor-
tant enzyme in lipid metabolism (1, 2, 10). However, studies to
establish the roles of PAP in lipid metabolism and cell physiol-
ogy had been hampered by the lack of genetic and molecular
information on the enzyme. In fact, a gene encoding PAP was
discovered only recently in 2006 from the yeast Saccharomyces
cerevisiae (11). The yeast gene (PAH1; known previously as
SMP2) was identified through a reverse genetic approach from
amino acid sequence information derived from a purified prep-

aration of the enzyme (11). The heterologous expression of
PAH1 in Escherichia coli has confirmed that its protein product
is a PAP enzyme with enzymological properties essentially
identical to those of enzymes purified from yeast (11–14). The
yeast PAH1-encoded PAP is a 95-kDa monomeric protein that
migrates upon SDS-PAGE as a 124-kDa protein (11). Smaller
molecular mass forms (e.g. 91 kDa) of PAP purified from yeast
(12) appear to be proteolytic products of the enzyme (11).
PAH1-encoded PAP is associated with the cytosolic and mem-
brane fractions of the cell, and its association with membranes
is peripheral in nature (11, 12). The enzyme is specific for PA
and catalyzes its dephosphorylation reaction based on a
DXDX(T/V)motif within a HAD-like domain (Fig. 2) (11, 12, 15).
The identification of the yeast PAP-encoding gene has led to

the revelation thatmammalian lipins (encoded by Lpin1,Lpin2,
and Lpin3), which have homology to yeast PAH1-encoded PAP
at the N terminus (referred to as the NLIP domain) and within
its HAD-like domain (Fig. 2) (16), are also PAP enzymes (11,
17). Lpin1 was first identified by Reue and co-workers (16)
through positional cloning as themutated gene in the fatty liver
dystrophy (fld) mouse. In addition, Reue and co-workers (16,
18) had previously established that lipin 1 is a major fat-regu-
lating protein in mice. Loss of lipin 1 prevents normal adipose
tissue development, leading to lipodystrophy and insulin resist-
ance, whereas its overexpression leads to obesity (16, 18). Thus,
the molecular function of lipin 1 as a PAP enzyme provides a
mechanistic basis for why the absence or overexpression of
lipin 1 in mice has a major effect on fat metabolism (11, 16, 18).
The three lipins exhibit distinct but overlapping expression
patterns in many tissues (17). That mammalian lipins 1 and 2
complement the phenotypes (see below) exhibited by yeast
pah1� mutant cells (19) indicates the evolutionarily conserved
functions of PAP.

Roles of PAP in Lipid Metabolism

Insights into the roles that PAP plays in lipid metabolism
and cell physiology have been gained through studies using
mutants defective in the enzyme (11, 15, 20, 21). The yeast
pah1� mutant contains elevated levels of PA and decreased
levels of DAG and TAG (11, 15). In addition, the contents of
the major phospholipids PC, PE, and PI, sterol esters, and
fatty acids are affected by the pah1� mutation (11, 15), dem-
onstrating that PAP plays a role in the regulation of overall
lipid synthesis. The effects of the pah1� mutation on phos-
pholipid composition are most pronounced in exponential
phase, whereas the effects on the contents of TAG and other
neutral lipids are most pronounced in stationary phase (11,
15). In fact, the loss of PAP activity in stationary phase cells
results in a �90% decrease in TAG content (11). This phe-
notype is reminiscent of the lipodystrophy phenotype
observed in the fld mouse that lacks Lpin1-encoded PAP
activity (16, 17, 22).
The pah1� mutation causes the aberrant expansion of the

nuclear/ER membrane and the derepression of phospholipid
synthesis genes that contain aUASINO in the promoters (11, 15,

* This work was supported, in whole or in part, by National Institutes of Health
Grants GM-28140 and GM-50679 from the United States Public Health Ser-
vice. This minireview will be reprinted in the 2009 Minireview Compen-
dium, which will be available in January, 2010.
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aesop.rutgers.edu.

2 The abbreviations used are: PA, phosphatidic acid; PAP, PA phosphatase;
DAG, diacylglycerol; PE, phosphatidylethanolamine; PC, phosphatidylcho-
line; TAG, triacylglycerol; HAD, haloacid dehalogenase; PI, phosphatidyl-
inositol; ER, endoplasmic reticulum; UASINO, inositol-responsive upstream
activating sequence; CL, cardiolipin.

3 The acronym PAP (also known as PAP1) is used to designate PA phospha-
tase, the enzyme that is specific for PA and that requires Mg2� for activ-
ity (3). PAP is distinct from lipid phosphate phosphatase (previously
known as PAP2), the enzyme that dephosphorylates PA and other lipid
phosphates (e.g., lyso-PA, DAG pyrophosphate, sphingoid base phos-
phates, and isoprenoid phosphates) by a catalytic mechanism that does
not require Mg2� (3). The molecular and biochemical differences
between PAP and lipid phosphate phosphatase enzymes are discussed
elsewhere (3).
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20). The derepression of phospholipid synthesis genes is a con-
sequence of elevated PA content at the nuclear/ER membrane
(23). Along with the Scs2 protein, PA binds Opi1 at the nucle-
ar/ER membrane and prevents its translocation into the
nucleus, where it functions to repress transcription of phospho-
lipid synthesis genes (23).
The membrane expansion phenotype correlates with the

increased expression of phospholipid synthesis genes (20).
However, data indicate that an increase in phospholipid syn-
thesis alone is not sufficient for nuclear/ER membrane
expansion (21), suggesting a specific role of PAP activity in
the maintenance of nuclear/ER membrane structure. The
effect of the pah1� mutation on membrane structure
appears to be related to an increased level of PA as opposed

to a decreased level of DAG. This
hypothesis is supported by the
recent identification of the DGK1
gene encoding a novel CTP-
dependent DAG kinase whose
function counteracts the PAH1-
encoded PAP activity (Fig. 1) (24,
25). Overexpression of DGK1
causes the accumulation of PA and
the expansion of the nuclear/ER
membrane as shown in the pah1�
mutant (24). The introduction of
the dgk1� mutation into the
pah1� mutant causes a decrease in
PA content without affecting DAG
content and restores normal nucle-
ar/ER membrane structure and
expression of UASINO-containing
phospholipid synthesis genes (24).
The phenotypes associated with

the pah1� mutation, which also
include slow growth, temperature
sensitivity, and respiratory defi-
ciency (11, 20, 26), are specifically
due to the loss of PAP activity and
not to the loss of some other func-
tion associated with the PAP pro-
tein (15). Indeed, catalytically
inactive PAP enzymes with a
mutation in a conserved NLIP
domain residue (G80R) or con-
served DIDGT catalytic motif res-
idues (D398E or D400E) fail to
complement phenotypes caused
by the pah1� mutation (15).
As indicated above, loss of PAP

(i.e. lipin 1) activity in the fldmouse
causes loss of body fat (16). In addi-
tion, mice lacking lipin 1 exhibit
peripheral neuropathy that is char-
acterized by myelin degradation,
Schwann cell dedifferentiation and
proliferation, and a reduction in
nerve conduction velocity (22, 27,

28). These effects are mediated through the MEK (mitogen-
activated protein kinase/extracellular signal-regulated kinase
kinase)-ERK (extracellular signal-regulated kinase) pathway
that is activated by elevated levels of PA due to the loss of PAP
activity (22). Moreover, the level and compartmentalization of
lipin 1 exert a major impact on the assembly and secretion of
hepatic very low density lipoprotein (29). Lipin 1 appears to
have dual cellular roles, serving as a PAP enzyme required for
the synthesis of lipids and as a transcriptional co-activator in
the regulation of lipid metabolism gene expression (30–32).

Regulation of PAP Expression

Expression of themammalian Lpin-encoded PAP enzymes is
regulated at the level of transcription (19, 31, 33–37). For exam-

FIGURE 1. Roles of PAP in lipid synthesis and signaling in yeast. The reaction catalyzed by PAH1-encoded
PAP (highlighted in yellow) is shown. Regulation of PAP activity plays a role in governing whether cells synthe-
size membrane phospholipids via CDP-DAG or DAG. The reaction product DAG is also used for the synthesis of
the storage lipid TAG. The substrate PA signals growth of the nuclear/ER membrane and the transcriptional
regulation of UASINO-containing phospholipid synthesis genes. The signaling roles of PAP are counteracted by
the activity of DGK1-encoded DAG kinase (DGK). In mammalian cells, phosphatidylserine (PS), PE, and PC are
derived from DAG, and DAG kinase uses ATP instead of CTP as the phosphate donor in its reaction (54, 55). PG,
phosphatidylglycerol.

FIGURE 2. Domain structures and phosphorylation sites of the yeast and mouse PAP enzymes. The dia-
gram shows the positions of the NLIP (blue) and HAD-like (yellow) domains in yeast PAP and mouse lipin 1�.
These domains are conserved in lipins 1�, 2, and 3 (not shown) (16). The conserved glycine residue within the
NLIP domain and the conserved aspartate residues in the catalytic sequence DIDGT within the HAD-like
domain are essential for PAP activity (15, 30, 53). The positions of the phosphorylation sites identified in the
yeast (21) and mouse (53) enzymes are indicated. The sites shown on the upper portion of the yeast PAP
diagram are targets for Cdk1 phosphorylation (21).
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ple, Lpin1 expression is induced during adipocyte differentia-
tion (19, 31) and in cells that undergo ER proliferation (38, 39).
The induction of Lpin1 during adipogenesis is stimulated by
glucocorticoids, and this regulation is mediated by a glucocor-
ticoid-response element within the promoter (36, 37). Interest-
ingly, Lpin2 expression is repressed during adipogenesis, indi-
cating that lipins 1 and 2 have distinct and non-redundant
functions in adipocytes (19). In addition, alternative splicing of
Lpin1mRNAgives rise to two lipin 1 isoforms (� and�) that are
postulated to play distinct functions in adipogenesis (31). Com-
pared withmammalian PAP, relatively little is known about the
transcriptional regulation of the yeast enzyme. Reporter gene
analysis indicates that PAH1 expression is elevated in the sta-
tionary phase of growth,4 which shows a correlation with
increased levels of TAG in stationary phase and with the
increased Opi1-mediated repression of phospholipid synthesis
genes (40).

Biochemical Regulation of PAP

An understanding of the enzymological properties and bio-
chemical regulation of PAP activity has been facilitated by the
purification of the PAH1-encoded enzyme from S. cerevisiae
(11, 12).Maximum activity is dependent onMg2� and the non-
ionic detergent Triton X-100 at pH 7.0–7.5 (11, 12). The func-
tion of Triton X-100 is to form a mixed micelle with the lipid
substrate PA, providing amembranemimic for catalysis (12, 13,
41). The Triton X-100 micelle serves as a catalytically inert
matrix in which PA is dispersed, preventing a high local con-
centration of substrate at the active site (13). PAP activity is
dependent on the molar (e.g. number of micelles containing
substrate) and surface (e.g. number of substrate molecules on
the micelle surface) concentrations of PA (13). This kinetic
property is indicative of surface dilution kinetics where PAP
binds to the mixed micelle surface before binding to its sub-
strate and catalysis occurs (41). PAP physically associates with
Triton X-100 micelles in the absence of PA; however, the
enzymemore tightly associates withmicelles when its substrate
is present (13). This property is relevant in vivo because the en-
zyme is associated with both the cytosolic and membrane frac-
tions of the cell (11). PAP presumably associates with the PA at
the nuclear/ER membrane used for the synthesis of phospho-
lipids and TAG. The dependence of PAP activity on PA surface
concentration is cooperative (11, 14), indicating a regulatory
role for the enzyme.
The expression of the mammalian Lpin genes in HEK293

cells has revealed that lipins 1 (�- and �-forms), 2, and 3 are
PAP enzymes that are specific for PA and require Mg2� for
activity (17). Like the yeast enzyme, the mammalian PAP activ-
ities exhibit cooperative kinetics with respect to the surface
concentration of PA (17). Defined studies on the kinetic and
biochemical properties of the mammalian PAP enzymes await
their purification.
Regulation by Lipids—The yeastPAH1-encoded PAP activity

is enhanced by the phospholipids CDP-DAG, PI, and CL (42),
whereas the activity is inhibited by the sphingoid bases sphin-
gosine, phytosphingosine, and sphinganine (14). These sphin-

goid bases are parabolic competitive inhibitors of PAP activity,
indicating thatmore than one inhibitormolecule contributes to
the exclusion of PA from the enzyme. CDP-DG, PI, and CL are
mixed competitive activators of PAP activity (42). The major
effect of the activators is to decrease theKm for PA. Sphinganine
antagonizes the activation of PAP activity by CL and PI,
whereas it causes an increase in the cooperativity of CL activa-
tion (42). Conversely, sphinganine has little effect on the coop-
erativity of PI activation, but causes an increase in the activation
constant for PI (42). Based on the activation/inhibitor constants
and cellular concentrations for these lipid effector molecules,
their regulatory roles in PAP activity should be physiologically
relevant (14, 42). As indicated in Fig. 1, PA is partitioned
between CDP-DAG and DAG, and this CDP-DAG is used for
the synthesis of PI and CL. Activation of PAP activity by these
phospholipids would divert PA toward DAG for PE and PC
synthesis via the Kennedy pathway or for the synthesis of TAG.
At the same time, activation of PAP lowers PA content and
causes the repression of UASINO-containing genes that princi-
pally encode enzymes for phospholipid synthesis viaCDP-DAG
(23). Sphingoid bases are both precursors and turnover prod-
ucts of sphingolipid metabolism in yeast (43). A relationship
between the DAG-derived synthesis of PE and sphingolipid
synthesis exists through sphingoid base metabolism (40). In
addition, DAG is a product of the inositol phosphoceramide
synthase enzyme that is responsible for the synthesis of a major
yeast sphingolipid inositol phosphoceramide (43). The inhibi-
tion of PAP activity by sphingoid bases would cause an increase
in PA content, which should stimulate phospholipid synthesis
bymechanisms discussed above and thus provide amechanism
for the coordinate regulation of the synthesis of phospholipids
and sphingolipids.
Regulation by Nucleotides—The nucleotides ATP and CTP,

which are precursors for the synthesis of phospholipids (40),
are inhibitors of PAH1-encoded PAP activity (44). Kinetic anal-
yses have revealed that the mechanism of inhibition by ATP
and CTP is complex, affecting both the Vmax and Km for PA. In
addition, kinetic analysis has shown that ATP and CTP are
competitive inhibitors with respect to Mg2�, suggesting that
they inhibit PAP activity by a mechanism involving the chela-
tion of the cofactor (44). It is known that cellular ATP levels
correlate with the proportional synthesis of phospholipids and
TAG (44). High levels of ATP favor elevated PA content and
phospholipid synthesis, whereas low levels of ATP favor
reduced PA content and an increase in the synthesis of TAG
(44). Elevated CTP content favors an increase in PA content
and derepression of UASINO-containing phospholipid synthe-
sis genes (45). The regulations of PAP activity by ATP and by
CTP are consistent with the regulation of lipid synthesis
observed in cells that have fluctuations in ATP and CTP
(44, 45).
Regulation by Phosphorylation—PAH1-encoded PAP has

been identified as a phosphoprotein by a large-scale analysis of
the yeast proteome (46, 47). Proteome-wide in vitro phospho-
rylation analyses have shown that PAP is a target for multiple
protein kinases, including cyclin-dependent kinase Cdk1 (48),
Pho85 (49, 50), and Dbf2-Mob1 (51). In synchronized cells,
PAP is phosphorylated by Cdk1 in a cell cycle-dependent man-4 F. Pascual and G. M. Carman, unpublished data.
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ner (20).Mass spectrometry analysis of PAP has identifiedmul-
tiple (i.e. 16) sites of phosphorylation (Fig. 2) (21). Of these,
seven sites located within the minimal Ser/Thr-Pro motif are
targets for Cdk1 phosphorylation (21). Several lines of evidence
indicate that the Cdk1 phosphorylation has an inhibitory effect
on enzyme activity. First, a purified phosphorylation-deficient
(Ser/Thr 3 Ala) septuple mutant enzyme exhibits elevated
PAP activity (21). Second, the overexpression of the mutant
enzyme causes inositol auxotrophy by exacerbating the Opi1-
mediated repression of theUASINO-containing INO1 gene (21).
Third, mutant cells lacking the Nem1-Spo7 phosphatase com-
plex that is responsible for dephosphorylation of PAP exhibit
the phenotypes characteristic of the pah1� mutant (e.g. dere-
pression of phospholipid synthesis genes and aberrant nucle-
ar/ER membrane expansion) (20). In addition to enzyme activ-
ity, the localization of PAP is affected by the Cdk1
phosphorylation. Subcellular fractionation analysis shows that
the phosphorylation-deficient mutant enzyme is enriched in
the membrane fraction.5

Mammalian lipins 1 and 2 are also phosphoproteins (19, 52,
53), indicating that the phosphorylation of PAP is evolutionar-
ily conserved. Before lipin 1 was known to have PAP activity
(11), it had been identified in rat adipocytes as a major protein
phosphorylated in response to insulin (52). Phosphorylation of
lipin 1, which is dependent on the mTOR signaling pathway
(52), occurs at multiple (i.e. 19) sites (Fig. 2) (53). The phospho-
rylation of lipin 1 in 3T3-L1 adipocytes has no effect on its PAP
activity, but affects its subcellular localization between the
cytosolic and membrane fractions of the cell (53). Phosphoryl-
ation favors a cytosolic association (53), a location that is spa-
tially distinct from its membrane-associated substrate PA. In
HeLa cells, phosphorylation regulates the PAP activity of lipins
1 and 2. Like yeast PAP, lipin 1 and 2 proteins are phosphoryl-
ated during the mitotic phase of cell growth at sites containing
a Cdk1 phosphorylation motif, and their PAP activities are
inhibited by the mitotic phosphorylation (19). As shown for
lipin 1 in adipocytes, the phosphorylated forms of lipins 1 and 2
in HeLa cells are enriched in the cytosolic fraction, whereas the
dephosphorylated forms are enriched in the membrane frac-
tion (19). Overall, these findings indicate that phosphorylation
has negative regulatory effects on PAPby inhibiting activity and
preventing substrate accessibility.

Perspectives

The identification and characterization of the yeast PAH1
gene and its protein product have established the role of PAP in
the synthesis of phospholipids and TAG (11, 12). In addition,
PAP activity in yeast plays a major role in controlling cellular
PA content, which in turn signals the transcriptional regulation
of phospholipid synthesis genes and growth of the nuclear/ER
membrane (15, 20, 21, 23). The importance of understanding
PAP regulation is underscored by the role this enzyme plays in
obesity, lipodystrophy, and peripheral neuropathy in animals.
As indicated in this review, studies with yeast PAP have led to
an understanding of the basic biochemical properties of the
enzyme and how its activity is modulated by membrane- and

cytosol-associated effector molecules. Clearly, a key point of
PAP regulation is throughphosphorylation,which is likely to be
mediated by multiple protein kinases known to control various
aspects of cell physiology.
The functions of the NLIP and HAD-like domains in yeast

and mammalian PAP enzymes are not fully understood. A gly-
cine-to-arginine mutation of the conserved glycine within the
NLIP domain has shown that this residue is required for PAP
activity (15, 53). In the primary structure of PAP, the NLIP
domain is distant from the HAD-like domain that contains the
essential catalytic sequence DIDGT (Fig. 2) (15, 30). The con-
served glycine residue in the NLIP domain may participate in
catalysis if it were in close proximity to the catalytic sequence of
the folded protein. Alternatively, the mutation to arginine may
simply change protein structure, thereby affecting enzyme
activity. These questions can be addressed when the structure
of PAPbecomes available. In this regard, structural information
of the PAP enzymes from yeast and mammalian cells will also
permit defined studies into the mechanism of enzyme action
and membrane interaction and perhaps lead to the identifica-
tion of specific enzyme inhibitors and activators that may have
pharmaceutical uses in controlling lipid metabolism.
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Living organisms, from virus to human, rely on the transcrip-
tionmachinery to express specific parts of their genomes to exe-
cute critical biological functions during their life cycle by
responding to environmental or developmental signals. Thus,
transcription constitutes a critical step in regulating biological
processes, and transcription factors have been considered as
master switches for cell fate determination. Stem cell biology
has benefited from rapid advances in recent years, largely
because of the characterization of several transcription factors
asmaster regulators of stem cell pluripotency. The same factors,
viz.Oct4, Sox2, Nanog, Klf4, andMyc, have been shown to pos-
sess the magic power to reprogram somatic cells into pluripo-
tent ones, a remarkable achievement with both practical and
theoretical implications. This minireview summarizes recent
advances in pluripotency and reprogramming by focusing on
key transcription factors and the likely mechanisms.

Transcription factors often act in concert with cofactors and
modifiers and turn on or off the expression of downstream
genes in response to developmental cues or environmental sig-
nals (1). As such, a significant number of transcription factors
have been shown to specify cell fate during development, pre-
sumably by controlling the expression of cell type-specific
genes (2). ES2 cells are goodmodel systems for the studies of cell
differentiation and fate determination and logically for the bio-
chemical analysis of relevant transcription factors.
The first ES cells were isolated from the inner cell mass of

mouse blastocysts in 1981 by Evans and Kaufman (3) andMar-
tin (4), who devised methods to grow them indefinitely. These
cells are pluripotent because they can form chimera when rein-
troduced into mouse blastocysts and contribute to the forma-
tion of all tissues, including the germ line (5). This break-
through led to gene targeting by homologous recombination in

ES cells and the generation of knock-out animals (6). In 1998,
human ES cells were isolated successfully by Thomson et al. (7)
and heralded in a new era of hope that stem cell technologymay
eventually benefit human disease therapy.
Stem cell research over the past decade or so has begun to

infiltrate into many disciplines in biology and medicine. The
trendmay continue to crown stem cells as the central paradigm
of biomedical research. First, stem cells, both embryonic and
adult, hold the key for regenerative medicine, which may be
considered the third therapeutic modality after drug therapy
and surgery. Bone marrow transplantations have been success-
ful in treating multiple diseases through replacement of dis-
eased or deficient hematopoietic stem cells. Second, stem cells,
especially ES cells, are ideal models for basic research in fields
such as signal transduction, development, and epigenetics.
Last, stem cells could be useful tools for drug screening and
safety assessments. Despite the excitement associated with
stem cell research, we are still in the early phase of our explo-
ration toward a molecular understanding of stem cells in nor-
mal development, diseases, and regenerations.
Recent advances in understanding the molecular mecha-

nisms governing ES cell pluripotency have provided insights
into the role of transcription factors such as Oct4 andNanog in
maintaining ES cells in the undifferentiated state (8–11).
Remarkably, these pluripotency factors, Oct4, Sox2, and
Nanog, have also been shown to participate in the reprogram-
ming of differentiated cells back to pluripotent states (12, 13). In
this minireview, I will attempt to explain pluripotency and
reprogramming in the context of transcription factors and will
discuss the related challenges and opportunities.

Basic Concepts

Pluripotency is the central property of all ES cells. It refers to
the ability to generate any type of cells in the body. Develop-
mentally, zygotes are totipotent, capable of giving rise to a
whole animal, including all cell types. After several cell divi-
sions, zygotes differentiate into blastocysts, from which the inner
cell mass can be isolated and cultured into ES cells. Thus, ES cells
are developmentally arrested at the pluripotent stage and can be
propagated indefinitely in vitro (14). Although less potent than
totipotent zygotes, ES cells have been experimentally proven to be
able to contribute to all cell types except the trophectoderm in
mouse (15). Using a dominant-negative form of Sox2, we have
demonstrated that ES cells can be differentiated into trophoblast-
like cells (16). Therefore, ES cells appear to have the potential to
generate all cell types of the body. However, ES cells are generally
described as being pluripotent, not totipotent, reflecting the fact
that no animal has been generated by ES cells alone (16).
Pluripotency can be experimentally verified by the ability of

stem cells to contribute to embryonic development and to gen-
erate chimeric animals after being injected into blastocysts (15).
This can be achieved routinely for mouse ES cells. The pluripo-
tency of human or primate ES cells is assessed by teratoma
formation upon transplantation into severe combined immu-
nodeficient or nude mice (15). Less stringent tests for pluripo-
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tency include the generation of embryonic bodies in vitro and
the detection ofmolecularmarkers representing the three germ
layers (15). In addition, special protocols can be utilized to dif-
ferentiate ES cells into a particular cellular lineage such asmus-
cle or neurons. Thus, the differentiation potential of ES cells
can be demonstrated experimentally both in vitro and in vivo.
Pluripotency is maintained by a process called self-renewal.

Self-renewal allows ES cells to duplicate themselves without
losing the ability to differentiate, thus maintaining pluripo-
tency. This can be achieved through both symmetric and asym-
metric cell divisions (17). In vitro, ES cells undergo self-renewal
through symmetric divisions. In vivo, tissue stem cells tend to
self-renew through asymmetric divisions to generate one exact
copy and another one for differentiation.
Experimentally, ES cells have to be grown under special condi-

tions to be kept in a pluripotent state (3, 4).Mouse ES cells should
be cultured on top of a feeder layer of cells, presumably supplying
unknown factors to the ES cells (3, 4). In addition, LIF or other
cytokines are routinely added to prevent ES cells fromundergoing
spontaneous differentiation, a phenomenon encountered on a
daily basis during ES cell culturing.HumanES cells appear to have

different requirement for cytokines.
InsteadofLIF, humanEScells require
both bone morphogenetic protein
and fibroblast growth factors to pre-
vent differentiation (7). The removal
of feeders or cytokines leads to spon-
taneous differentiation and the loss of
pluripotency.
Differentiation is the process dur-

ingwhich pluripotency is expressed,
e.g. the generation of all 220 or so
cell types of our body from ES cells.
During differentiation, stem cells
commit to one cell lineagewhile los-
ing the ability to commit to the rest
of the cell lineages.
Reprogramming is the process

that converts differentiated cells
back to pluripotent ones, effectively
the reversal of differentiation (15,
18). Experimentally, reprogramming
has been achieved through somatic
cell nuclear transfer or cloning. More
recently, iPS cell technology has
accomplished the same feat via the
introduction of pluripotency factors,
including Oct4 and Sox2, into
somatic cells (see below). Taken
together, self-renewal, differentia-
tion, and reprogramming can be
viewed as three different aspects, i.e.
maintenance, expression, and acqui-
sition, of pluripotency (Fig. 1A).

Control of Stem Cell
Pluripotency by Transcription
Factors

oct4was the first gene to be identified as amaster regulator of
pluripotency (9). Nichols et al. (9) demonstrated that oct4-de-
ficient embryos develop to the blastocyst stage but that the
inner cell mass cells are not pluripotent. In fact, oct4 was orig-
inally discovered by Scholer et al. (19) as a member of the
murine octamer-binding protein family that interacts specifi-
cally with the octamermotif, a transcription regulatory element
found in the promoter and enhancer regions of many genes.
The expression profile of Oct4 suggests that it may regulate cell
fate during early developmental control (19). Biochemically,
Oct4 has been shown to be a DNA-binding protein with a
bipartite POU/homeodomain encoded by a 324-amino acid
open reading frame (19). Oct4 relies on two transactivation
domains flanking the DNA-binding domain to exert its tran-
scription activities (20). Oct4 protein is synthesized in the
cytosol and transported into the nuclei via a typical nuclear
localization signal (21). The nuclear localization signal of Oct4
is required for its transcription activity, and its ablation leads to
the generation of a dominant-negative form of Oct4, which is
capable of inducing ES cell differentiation by interfering with
wild-type Oct4 activity (21).

FIGURE 1. Stem cell pluripotency. A, the three emphases of stem cell biology, self-renewal, differentiation, and
reprogramming, are depicted here to show their relationship to pluripotency. The pluripotent stem cells may
be viewed as being positioned at the top, ready to differentiate spontaneously into various cell types of tissues
and organs (bottom). The pluripotent state is maintained by self-renewal at the top by maintaining the expres-
sion of oct4 at the optimal level. Pluripotent stem cells differentiate by losing pluripotency into a specific
lineage accompanied by the gradual loss of expression for pluripotent genes and the activation of differenti-
ation genes. Differentiated somatic cells regain pluripotency by reprogramming back to the pluripotent state
(on the right). B, multiple factors are involved in the maintenance of oct4 expression in ES cells.
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In ES cells, oct4 appears to regulate cell fate in a dosage-de-
pendent fashion (10). Using a conditional expression and
repression system, Niwa et al. (10) demonstrated that the level
of Oct4 activity specifies three distinct fates of ES cells: 1) a
�2-fold increase in expression turns ES cells into primitive
endoderm and mesoderm; 2) repression of oct4 induces the
formation of trophectoderm; and 3) only an optimal amount of
Oct3/4 can sustain stem cell self-renewal. These results suggest
that ES cells must possess a network of regulators to keep oct4
expression at the optimal level to ensure pluripotency (20).
How many transcription factors are involved in the regula-

tion of oct4 expression? This was the question asked by several
groups in light of the observation that oct4must be maintained
in a narrow range of expression levels to ensure stem cell plu-
ripotency. The discovery of Nanog offered a clear candidate for
oct4 regulation. Named after Tir Nan Og (the Land of the
Young), Nanog was discovered based on its ability to sustain
stem cell self-renewal in the absence of LIF (8, 11). Although it
was originally believed that Nanog prevents ES cell from differ-
entiation in the absence of LIF by repressing the expression of
differentiation genes, a simple reporter assay demonstrated
that Nanog possesses two potent transactivators (22, 23), sug-
gesting that Nanog could be an activator of oct4 expression.
Indeed, Nanog behaves as a strong activator of the oct4 pro-
moter, thus participating in the regulation of oct4 expression in
ES cells (Fig. 1B) (24).
Sox2 often partners with Oct4 to regulate gene expression (25,

26). Like Oct4, Sox2 has also been implicated in the regulation of
Fgf4 expression (27). Gene knock-out experiment demonstrated
that Sox2 is required for epiblast and extraembryonic ectoderm
formation, suggesting that Sox2 and Oct4 cooperatively specify
the fate of pluripotent stem cells at implantation (28). Recent
resultsdemonstrated thatSox2 isnecessary for regulatingmultiple
transcription factors that affect oct4 expression, thus stabilizingES
cells in apluripotent state bymaintaining the requisite level of oct4
expression (16, 29).
FoxD3, a member of the Forkhead transcription factor fam-

ily, also activates oct4 expression (24). FoxD3 is also required
for epiblast formation in blastocysts and stem cell pluripotency
in mouse (30). Although FoxD3�/� blastocysts express Oct4,
FoxD3 appears to be capable of activating the promoter of oct4
in a sequence-specific manner (24).
Oct4 represses itself when overexpressed. Because Nanog,

Sox2, and FoxD3 are activators for expression of oct4, it would
be difficult to maintain its expression level at the desired opti-
mal level as reported (10). Apparently, one way to counterbal-
ance the activating force of these positive factors is for Oct4 to
repress its own promoter when overexpressed (24). Alterna-
tively, additional repressors may be uncovered in the future to
provide the counterbalance for maintaining oct4 expression
levels in ES cells.
Oct4, Sox2, and Nanog regulate overlapping targets.

Employing genome-wide location analysis in human ES cells,
Boyer et al. (31) identified potential targets of three core tran-
scription factors, Oct4, Sox2, and Nanog. Interestingly, they
found that Oct4, Sox2, and Nanog co-occupy a substantial por-
tion of these targets, including many developmentally impor-
tant homeodomain proteins (31). Based on these large-scale

data sets, Boyer et al. (31) proposed that Oct4, Sox2, andNanog
collaborate to form regulatory circuitry consisting of autoreg-
ulatory and feed-forward loops that contribute to pluripotency
and self-renewal. Similar approaches were attempted by other
groups to identify these networks by high throughput technol-
ogies, andmore elaborate mechanisms were proposed (32–35).
However, more detailed analysis would be required to validate
the proposed mechanisms and to delineate the regulatory logic
of these networks.

Reprogramming by Transcription Factors

One of the goals in dissecting the molecular networks that
control pluripotency is to regain pluripotency lost during devel-
opment and differentiation. This would entail reversing the
well programmed process of development from a fertilized egg
to a grown adult. In higher mammals, it was thought that the
differentiation process is irreversible until the successful clon-
ing of Dolly (36). The cloning experiment demonstrated that
somatic cells can be reprogrammed back to the totipotent
zygotic state by the cellular factors of unfertilized eggs. It could
have taken a considerable amount of time and effort to identify
those unknown factors responsible for reprogramming. Taka-
hashi and Yamanaka (12) leapfrogged this hurdle through a
candidate gene approach. By analyzing genes highly expressed
in ES cells, a pool of 24 genes were delivered to reprogram
fibroblasts via retroviral transduction. To enhance their chance
of success, a selection marker driven by fbx15, a gene known to
be specifically expressed in ES cells, was engineered into the
recipient cells by gene targeting. Remarkably, ES-like colonies
were recovered after �2 weeks. Eventually, only four genes,
oct4, sox2, klf4, andmyc, were deemed sufficient to reprogram
fibroblasts into ES-like cells (12). These ES-like cells were later
coined as iPS cells for induced pluripotent stem cells to differ-
entiate them from blastocyst-derived pluripotent ES cells (12).
The recapture of pluripotency lost during differentiation by
these four magic factors established a new paradigm for our
understanding of pluripotency. The molecular mechanisms
associated with reprogramming could now be dissected in
greater detail, as the iPS process is amicable to many hypothe-
sis-driven investigations. This elegant iPS approach opened a
new era for stem cell and regenerative medicine (12, 13, 15, 37).
iPS-mediated reprogramming of somatic cells removes the

ethic as well as technical hurdles associated with therapeutic
cloning, the use of human eggs for the generation of patient-
specific pluripotent cells. Indeed, patient-specific iPS cells have
been reported at an accelerated pace in the literature (38).
These iPS cells may become important models for us to under-
stand the mechanisms associated with a particular disease.
However, given the use of viral delivery and four potent onco-
genes in the iPS process, these patient-specific iPS cells are not
safe for therapeutic purposes. Efforts are under way in many
laboratories to identify small molecules that can functionally
substitute for these four reprogramming factors (39, 40). As
Oct4, Sox2, Myc, and Klf4 regulate specific signaling pathways,
it is conceivable that amixture of chemical regulatorsmay func-
tion to reprogram somatic cells. The chemical approach, or
ciPS for chemical iPS, to reprogramming may eventually yield
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clinical grade pluripotent stem cells for therapies and regener-
ative medicine.

Challenges and Opportunities Ahead

iPS is merely 2 years old, and much progress has been
made in improving its efficiency and adapting it to various
model organisms (15, 37, 38). Attempts have also been made
to understand its mechanistic process, largely from high
throughput technologies (41). However, we know very little
how iPS works.
Mechanically, iPS reprogramming involves the following key

steps (Fig. 2). First, the recombinant viruses carrying Oct4,
Sox2, Klf4, and Myc enter the somatic cells and integrate into
the host genomes. Following transcription driven by the viral
promoters, all four proteins are produced in the cytosol and
then imported back to the nuclei to activate the first wave of
genes whose promoters are accessible to them. These first
responders must then engage the epigenetic machinery to
remodel the chromatins through the histone modification sys-
tem and the DNA methylation system. Through this process,
genes critical for pluripotency must be switched on by tran-
scription factors and kept on through chromatin remodeling.
Conversely, genes responsible for differentiation must be
turned off by the transcription machinery and kept silent

through epigeneticmechanisms. One remarkable feature of the
iPS process is the silencing of the integrated viral genomes car-
rying the reprogramming initiators Oct4, Sox2, Klf4, and Myc
(15, 42). As such, iPS cells function indistinguishably from ES
cells derived from blastocysts.
Each of these mechanical steps should be investigated to

yield critical information for the reprogramming process. Bio-
chemists may choose to focus on two critical events during iPS,
viz. transcription activation/repression and epigenetic remod-
eling. As Oct4, Sox2, Myc, and Klf4 are known transcription
factors, theirmode of action now requires further investigation.
For example, how do they turn their target genes on and off in
concert with co-activators and the polymerase II complex?
There is enough information on how each of these proteins
contacts DNA and engages the transcription machinery. In
light of the requirement for these four genes to work in concert,
it is important to understand how they coordinate with each
other on the chromatin and decidewhich ones to switch on and
off. Unlike studies on individual promoter or single transcrip-
tion factors, iPS involves multiple transcription factors and the
whole genome. Therefore, new tools may be required to inves-
tigate both the transcription and epigenetic processes associ-
ated with iPS-mediated reprogramming.

FIGURE 2. Mechanical steps involved in the reprogramming of somatic cells into pluripotent ones by Oct4/Sox2/Klf4/Myc (see description under
“Challenges and Opportunities Ahead”).
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This review discusses recent insights in the roles of DNA po-
lymerases (Pol) � and � in eukaryotic DNA replication. A grow-
ing body of evidence specifies Pol � as the leading strand DNA
polymerase and Pol � as the lagging strand polymerase during
undisturbed DNA replication. New evidence supporting this
model comes from the use of polymerase mutants that show an
asymmetric mutator phenotype for certain mispairs, allowing
an unambiguous strand assignment for these enzymes. On the
lagging strand, Pol � corrects errors made by Pol � during Oka-
zaki fragment initiation. During Okazaki fragment maturation,
the extent of strand displacement synthesis by Pol � determines
whether maturation proceeds by the short or long flap process-
ing pathway. In the more common short flap pathway, Pol �
coordinates with the flap endonuclease FEN1 to degrade initia-
tor RNA, whereas in the long flap pathway, RNA removal is ini-
tiated by the Dna2 nuclease/helicase.

Lessons Learned from SV40 Replication Studies

How are three DNA polymerases distributed over two
strands at one single replication fork? For several decades,
researchers have been faced with the enigmatic problem of
assigning functions to the three major replicative DNA poly-
merases in the nucleus: Pol2 �, Pol �, and Pol �. It all started out
much simpler.When the in vitro SV40DNA replication system
was developed in 1984 (1), replication studies of this small viral
double-stranded DNA molecule promised to provide impor-
tant insights in the cellular elongation machinery because only
the replication initiator and the helicase functions are encoded
by the viral large tumor antigen. For all other elongation factors
including DNA polymerase(s), the virus depends on the host
cell. Indeed, this system quickly led to the discovery of the sin-
gle-stranded binding protein RPA and also implicated Pol � and
the replication clamp PCNA in SV40 DNA replication. Soon, a
model emerged in which the primase activity of the Pol �-pri-
mase complex initiates DNA synthesis with an �10-nt RNA
primer that is elongated by its polymerase activity for another
�20 nt (Table 1). The loading of PCNA effects a switch to Pol �
for further elongation of an Okazaki fragment. On the leading
strand, Pol � continues elongation until all viral DNA is repli-

cated, whereas on the lagging strand, an iterative switch
between Pol � and Pol � ensures initiation and elongation of
Okazaki fragments, respectively (reviewed in Ref. 2). In this
compact and efficient replication system, there was no neces-
sity for a third DNA polymerase. The factors uncovered in the
SV40 system were shown to be essential replication genes in
yeast, and biochemical studies showed a strong functional sim-
ilarity between the yeast and mammalian enzymes such that a
unified system for the replication fork machinery could be eas-
ily developed (reviewed in Refs. 3 and 4).
However, important problems in replication fork structure

and dynamics remained unsolved. In 1990, Pol � was identified
in yeast as an essential replication protein (5). As a second
proofreading DNA polymerase together with Pol �, Pol � laid a
legitimate claim to being a replicative polymerase as well (Table
1). However, it did not fit in the neat SV40 package, and in vivo
chromatin cross-linking studies in human cells showed that
although Pol � did cross-link to replicating chromosomal DNA,
it did not cross-link to SV40 DNA (6). In addition, the comple-
tion process for DNA replication remained relatively unex-
plored, and no consistent view seemed to emergewith regard to
the factors responsible for degradation of the initiator RNA,
perhaps because of a redundancy of nucleases in cell extracts
(reviewed in Ref. 7).

Division of Labor at the Fork

Because the physical placement of a DNA polymerase on a
given strand has not yet been accomplished, most approaches
to strand placement have been indirect, relying on genetic anal-
yses in the yeast Saccharomyces cerevisiae. For the lagging
strand machinery, strand placement of Pol � has been inferred
from genetic interactions between polymerase mutants and
other lagging strand replication genes (see below). However,
this approach has not worked for the leading strand because of
a lack of firm knowledge about proteins that specifically occupy
this strand. A second approach has relied on the analysis of
mutation spectra produced by the use of mutator DNA poly-
merases. The obvious problem in amutation spectrum analysis
of this type is clear. If, for instance, a mutator DNA polymerase
gave an increase in A-T 3 G-C transitions, these mutations
could have originated either from misincorporation of dGMP
across a template dT residue on the one strand or from misin-
corporation of dCMP across the template dA residue on the
opposite strand. The design of a new class of polymerase
mutants has overcome this problem. These active-site mutants
have near normal polymerase activity, carry out proofreading,
and show no replication defects in vivo. They are very modest
mutators and, most important, show a strong asymmetry for
reciprocal mismatches in vitro. Thus, the pol2-M644Gmutant
Pol � was shown in a fidelity analysis in which single-stranded
DNA templates were replicated in vitro and scored in Esche-
richia coli to have an increased A-T3 T-A mutation rate that
resulted entirely from an increased rate of template dT-dTMP
misincorporation and not from the reciprocal template dA-
dAMP misincorporation (8). Now, all that needed to be done
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was to repeat this analysis in vivo in the pol2-M644G strain. The
URA3 gene, a selectable mutational target, was placed in either
the forward or opposite direction close to the ARS306 origin.
Because this strong origin fires in nearly every cell cycle, the
fork direction through the URA3 gene is unambiguously
known. Finally, mutation spectra were determined, and A-T3
T-A mutations were interpreted as having resulted from tem-
plate dT-dTMP misincorporations based on the previous in
vitro analysis. This interpretation was consistent with a model
inwhich Pol � carried out leading strandDNAreplicationmuch
more frequently than lagging strand DNA replication (8).
Although one interpretation of this study substantiates Pol �

as the leading strand enzyme, it is also consistent with a model
in which Pol � carries out much more limited leading strand
synthesis and still no lagging strand synthesis. To distinguish
between these two interpretations, it is necessary to carry out a
similar study with Pol � and show that it does not carry out
leading strand synthesis. Therefore, this type of analysis was
carried out with a pol3-L612M asymmetric mutator mutant
that, among other asymmetries, specifically increased the
rate of the dT-dGMP mismatch but not the complementary
dA-dCMP mismatch in an in vitro fidelity analysis. The sub-
sequent in vivo analysis was entirely consistent with a model
in which Pol � carried out lagging and no leading strand

replication (9). These results sug-
gest the simple consensus fork
model shown in Fig. 1.
These data are in agreement with

previous studies of proofreading-
defective mutants of Pol � and Pol �
that had already suggested that
these two enzymes proofread oppo-
site strands of the replication fork
and therefore likely replicate oppo-
site strands (10). Together with the
knowledge that Pol � is the lagging
strand enzyme (discussed below),
this analysis also places Pol � on the
leading strand. However, these
results are in apparent disagreement
with mutational studies showing that
thecatalyticdomainofPol� isdispen-
sable for cell growth in both yeasts, S.

cerevisiae and S. pombe (11–13). How can these disparate results
be reconciled? To conclude simply from the domain deletion data
that Pol �does not normally replicateDNAwould be to ignore the
remarkable ability of the cell to adapt. In fact, the domain
mutant shows severe phenotypic defects in the progression
of DNA replication (14). Furthermore, chromatin immuno-
precipitation studies in yeast show that Pol � travels with the
replication fork during DNA replication (15). The observa-
tion that the entire replication fork may have been rear-
ranged under pressure of the Pol � domainmutation suggests
the notion that, even in wild-type cells, the fork may rear-
range into the simple SV40-type fork under some conditions
(Fig. 1). Whether this is in response to replication stress or
during the replication of late regions or heterochromatic
regions should be a fascinating future area for study, especially
in mammalian cells, where chromosomal regions show more
variation in structure and properties than in the simple yeasts.

Proofreading of Pol � Errors by Pol �

Lagging strandDNA replication is thought to proceed in sev-
eral discrete stages: initiation by DNA primase; limited elonga-
tion of the RNA primer by Pol �; switching of the primer ter-
minus from Pol � to Pol �; elongation by Pol �; and maturation

FIGURE 1. Replication fork models. Left, model showing the primary replication functions of Pol � and Pol �;
right, hypothetical replication fork formed by remodeling of the normal fork following replication stress or at
specific chromosomal regions.

TABLE 1
Replication fork DNA polymerases
The large subunit of each complex contains the polymerase activity and the 3�-exonuclease activity (except for Pol � ); the Pri1 subunit of the Pol � -primase complex has
the primase activity. Proposed replication functions are shown. For details, see Ref. 3.

Genes and subunit sizes
Activity Fidelity Function

S. cerevisiae S. pombe Human

Pol �-primase POL1-p167 pol1-p159 POLA1-p166 Polymerase 10�4–10�5 Initiation of replication
POL12-p79 pol12-p64 POLA2-p68 Initiation of Okazaki fragments
PRI1-p48 pri1-p52 PRIM1-p48 Primase
PRI2-p62 spp2-p53 PRIM2A-p58

Pol � POL3-p125 pol3-p124 POLD1-p124 Polymerase 10�6–10�7 Elongation and maturation of Okazaki fragments
POL31-p55 cdc1-p51 POLD2-p51 3�-Exonuclease
POL32-p40 cdc27-p42 POLD3-p66

cdm1-p19 POLD4-p12
Pol � POL2-p256 pol2-p253 POLE-p261 Polymerase 10�6–10�7 Replisome assembly

DPB2-p78 dpb2-p67 POLE2-p59 3�-Exonuclease Leading strand synthesis
DPB3-p23 dpb3-p22 POLE3-p17 DNA binding
DPB4-p22 dpb4-p24 POLE4-p12
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of the elongated Okazaki fragment by Pol �, FEN1, and DNA
ligase. Each transition is believed to be mediated by a specific
protein or protein complex and has to occur with very high
efficiency. In a mammalian cell, this process occurs 20–50mil-
lion times during every cell cycle, and even in a yeast cell with its
very compact genome,�100,000Okazaki fragments need to be
initiated, elongated, and matured in a single S phase.
As the faithful duplication of the genome is of the utmost

importance, it has always been a puzzling question what hap-
penswith the short segment of initiatorDNAof�20 nt that has
been synthesized by Pol �, prior to entry of Pol �. Given the
lower fidelity of Pol � because of lack of exonucleolytic proof-
reading (Table 1), these initiation zones should turn into
hotspots for mutations if they were not subject to some form of
error correction. There is strong evidence that Pol � can proof-
read errorsmade by Pol�. This is based on a recent study of Pol
� mutator mutants that establishes an epistatic relationship
between Pol � and Pol � for fidelity (16). A pol1-L868M active-
site mutant that showed a 6-fold increase in error frequency in
vitro showed a marginal mutator phenotype in vivo. The single
proofreading-defective pol3-exo� mutant had an �7-fold
increase inmutation rate. However, the pol1-L868Mpol3-exo�

double mutant showed strong synergism, a 70-fold increase in
mutation rates. In contrast, no synergism was observed
between pol1-L868M and the analogous pol2-exo� mutant
defective for proofreading by Pol �. The simplest explanation
for these results is that Pol �, but not Pol �, proofreads errors
made by Pol �, and this is consistent with our replication fork
model, which places Pol � on the lagging strand and Pol � on the
leading strand.

Dynamic Interaction between FEN1 and Pol � in Okazaki
Fragment Maturation

Every 100–200 nt on the lagging strand, the replicating Pol �
runs into theRNAprimer of the previousOkazaki fragment.An

electron microscopic mapping
study of yeastDNAreplication forks
has shown that nucleosomes on the
lagging strand are assembled very
close to the fork junction (17), indi-
cating that the DNA close to the
fork is already fully ligated, and
therefore, synthesis and maturation
of Okazaki fragments proceed in a
processive fashion. Two distinct
pathways exist for primer removal
during maturation: the short and
long flap pathways. The short flap
pathway may be dominant in wild-
type cells during undisturbed cell
growth, whereas the long flap path-
way has been revealed mostly from
the study of yeast mutants.
When both the polymerase and

3�-exonuclease activities of Pol � are
precisely coordinated with the
5�-flap endonuclease activity of
FEN1, the short flap pathway is very

successful (18). As Pol � reaches the 5�-end of the downstream
Okazaki fragment, it continues an additional 1–2nt of synthesis
in a strand displacementmode (Fig. 2). FEN1 removes the small
5�-flap generated by strand displacement synthesis; this flap is
most often only amononucleotide in size. If additional initiator
RNA is present, Pol � and FEN1 go through iterative cycles of
strand displacement and small flap cutting, a process called
nick translation, until all RNA has been degraded. Once this
process has generated a proper DNA-DNA nick, DNA ligase I
acts to complete double-stranded DNA. PCNA complexes
these three enzymes at the site of action to ensure processive
maturation. Interestingly, crenarchaeal PCNA is a heterotri-
mer, with each individual PCNA subunit displaying preferen-
tial binding for a specific Okazaki fragment maturation
enzyme, one PCNA subunit for the DNA polymerase, the sec-
ond for FEN1, and the third for DNA ligase, thereby suggesting
a precise architecture of the lagging strand replication complex
(19).
The forward movement by Pol � can be counteracted by its

3�-exonuclease activity. The nuclease activity of Pol � gener-
ally proofreads polymerase insertion error to assure high
fidelity DNA replication (Table 1). However, it also plays a
crucial role in Okazaki fragment maturation (20). Exonucle-
ase-mediated 3�-degradation can function to generate ligat-
able nicks from small 5�-flaps and to maintain those ligatable
nicks by idling. Idling is the iterative process of limited
strand displacement synthesis by the polymerase at a nick,
followed by switching to the exonuclease domain and degra-
dation of the displacing strand until the nick position has
been reached again (Fig. 2). It is in idling that critical mech-
anistic differences are expressed between Pol � and Pol �.
During idling, Pol � maintains a dynamic relationship with
the nick position, producing alternate substrates for FEN1
action and for DNA ligase I action; the leading strand Pol �
does not (18).

FIGURE 2. Coordination between Pol � and FEN1 in Okazaki fragment maturation. During Okazaki frag-
ment maturation, Pol � and FEN1 go through multiple cycles of displacement synthesis, molecular handoffs,
and cutting (nick translation) until all initiator RNA (iRNA) has been degraded. During FEN1 dysfunction, idling
maintains Pol � at the nick position. Exo, exonuclease.
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Strong support for the importance of RAD27 (FEN1) inOka-
zaki fragment maturation was initially provided by the study of
rad27�mutants. Thesemutants showed a dramatic increase of
small duplications up to �100 nt in length flanked by short
repeats (21). This unusual class of duplication mutations was
proposed to result through ligation of an unremoved flap with
the 3�-end of the downstream Okazaki fragment. Based on our
core Okazaki fragment maturation model, one would expect
rad27� mutants to be lethal, but they are not. A likely explana-
tion for this unexpected result is that the cell has multiple flap
endonucleases, the most notable one being Exo1 (22). Double
deletion mutants of RAD27 and EXO1 show either synthetic
lethality or very poor growth, indicating that Exo1 may substi-
tute for FEN1 (23). In addition, the long flap cutting pathway
becomes more prominent.

Generation and Processing of Long Flaps on the
Lagging Strand

A first insight in alternative maturation pathways was pro-
vided by studies of the Dna2 nuclease/helicase. DNA2 is an
essential gene that functions during lagging strand DNA repli-
cation (24). The nuclease rather than the helicase activity of
Dna2 provides the essential function, consistent with a degra-
dative role for Dna2 in Okazaki fragment maturation (25, 26).
The nuclease activities of FEN1 and Dna2 show a complemen-
tarity that allows them to process a large number of flap struc-
tures with high efficiency. On the one hand, there is the nucle-
ase activity of FEN1, which leaves a precise ligatable nick after
flap cutting, but FEN1 shows no activity on substrates with long
5�-flaps when the flap is coated with RPA or structured, e.g.
folded in a hairpin (27). On the other hand, there is the nuclease
activity of Dna2, which is active on long 5�-flaps that have RPA
bound to them but leaves a short 5�-flap of 2–6 nucleotides in
length (Fig. 3) (28, 29). Therefore, prior to ligation, any flaps cut
by Dna2 need further processing either by a flap endonuclease
like FEN1 or by the 3�-exonuclease activity of Pol � (Fig. 3).

How long are these long flaps, and
how are they generated? A yeast
rad27� strain lacking FEN1 accu-
mulates duplications up to �100 nt
that likely result from the genera-
tion of up to �100-nt flaps in the
mutant strain due to defects in short
flap processing (21, 30). However,
any flap long enough to fold up or
bind proteins and thereby inhibit
FEN1 action is considered to be a
long flap and needs processing by
alternative pathways. In biochemi-
cal studies, flaps of �30 nt in length
bind RPA, inhibit FEN1 action, and
activate Dna2 action (29, 31, 32).
The generation of long flaps is nor-
mally prevented by the 3�-exonucle-
ase activity of Pol �. However,
although idling can maintain Pol �
at a nick for some time, eventually
the enzyme will shift to an irrevers-

ible strand displacement synthesis mode, during which
extended regions of DNA are unwound (32, 33). Thus, long
flaps likely result from a failure of the short flap pathway either
because of FEN1 dysfunction at an unusual DNA sequence or
structure or because of unusually efficient and extensive strand
displacement synthesis by Pol �. Genetic studies support the
proposed backup mechanism for Dna2 when flaps have grown
too long.When either the exonuclease activity of Pol � or FEN1
activity is compromised, the tight control of the machinery to
maintain a nick position is diminished, and it is lost in pol3-
exo� rad27 double mutants, causing lethality of the double
mutant. However, overexpression of DNA2 rescues the double
mutant, suggesting that the accumulation of long flaps can be
handled by increasing Dna2 protein levels (32).
The efficiency of strand displacement synthesis at the bor-

der of two Okazaki fragments is likely a prime determinant
for the ratio of long to short flaps. In mutants that restrain
strand displacement synthesis, the necessity for long flap
processing by Dna2 should lessen in importance. Studies of
the Pif1 helicase and the Pol32 subunit of Pol � support this
model. Pif1 is a 5�–3�-helicase that functions in mitochon-
drial DNA maintenance, telomere homeostasis, and lagging
strand DNA replication (34, 35). The presence of Pif1 during
gap filling by Pol � favors the generation of longer flaps in
vitro (36). Pol32 is the third, nonessential subunit of yeast Pol
� (Table 1). Compared with the three-subunit form of Pol �,
the two-subunit form lacking Pol32 has a decreased proces-
sivity of DNA synthesis (37) and shows reduced strand dis-
placement synthesis (38). On the basis of their biochemical
properties, one would expect that deletion of PIF1 and
POL32 might suppress the lethality of either mutant strains
that produce an excess of long flaps or of mutant strains that
are defective for processing long flaps. Indeed, the lethality
of rad27� pol3-exo� mutants that are predicted to produce
long flaps is rescued by the additional deletion of PIF1 or
POL32 (38). On the other hand, the lethality of dna2�

FIGURE 3. Distribution between short and long flap removal pathways. The main pathway (thick arrows)
involves limited strand displacement by Pol �, followed by FEN1 cutting of the single nucleotide flap. This
process is iterated until all initiator RNA (iRNA; red) is degraded (Nick Translation). Long flap formation (dashed
arrows) results from excessive strand displacement synthesis. It is reduced by the exonuclease (Exo) activity of
Pol � (Idling) and promoted by the actions of Pol32 or Pif1. Dna2 cuts long flaps that are further degraded to
precise nicks by FEN1 or the exonuclease activity of Pol � (Long Flap Processing).
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mutants that are defective in cutting long flaps is also sup-
pressed by PIF1 deletion and more robustly by the PIF1
POL32 double deletion (35, 38).
By dividing displaced RNA strands over two compensatory

pathways, the cell has developed a remarkable flexibility in deal-
ing with different flap sizes and structures generated during
Okazaki fragment synthesis. In addition, other proteins may
perform auxiliary functions. Among these are RNase H2 and
the RecQ-like helicase Sgs1 (7). Where and how these proteins
function during maturation require further study, particularly
because defects in them have been associated with human dis-
ease states.
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Ryanodine Receptors as Regulated Guardians of
Intracellular Ca2� Stores

Ryanodine-sensitive Ca2� release channels, also known as
the ryanodine receptors (RyRs),2 are homotetramers of an
�550-kDa subunit (Fig. 1) that are resident proteins of intra-
cellular membranes such as the sarcoplasmic/endoplasmic
reticulum. RyRs are responsible for the regulated release of
Ca2� from these lumenal stores.
Over the last 10 years, single-particle cryoelectron micros-

copy (cryo-EM) has produced several low resolution (�30 Å)
structures of RyRs (for review, see Ref. 1). Recently, cryo-EM
reconstructions of RyR1 have reached subnanometer resolu-
tion (2, 3), a breakthrough due to improvements in cryo-speci-
men preparation, instrumentation, image processing, and
three-dimensional reconstruction techniques.
RyRs have amushroom shape with 4-fold symmetry (Fig. 1B)

(2). Most of the mass of RyR forms a large cytoplasmic (CY)
assembly (280 � 280 � 120 Å) that is connected to the trans-
membrane (TM) region by a stalk-like structure. TheCY region
is strikingly empty with numerous distinctive structural
domains and intervening cavities that appear suitable for inter-
actionwithmodulators that bindwithin theN-terminal regions
of RyR (Fig. 1). The clamp-shaped regions, located at the cor-
ners of the CY assembly, are likely regions for the interdigita-
tion of neighboring RyRs seen in situ (5) or for interaction with
modulators. The clamp-shaped regions are interconnected to
form a continuous network between the central rim and the CY
stalk-like structure via several bridging densities. The TM
region (120� 120� 60Å) is rotated by�40°with respect to the
CY region.

Pore Region

The pore is thought to be composed of six to eight TM seg-
ments (RyR1 TM1–8, amino acids (aa) 4277–4323, 4343–
4363, 4557–4576, 4637–4662, 4776–4800, 4803–4825, 4834–
4854, and 4911–4935 with aa 4854–4911 forming the pore
helix and selectivity filter) (Fig. 1A, line 1) (6). This arrangement
places both the N and C termini of RyR in the cytoplasm.
Sequence numbers used in this review refer to rabbit RyR1

(Swiss-Prot accession number P11716) and, where indicated,
RyR2 (Swiss-Prot accession number P30957).
The best current maps of RyR1 have resolutions of �10 Å (2,

3), allowing delineation of secondary structure elements in the
pore region (Fig. 2A): the helix running across the membrane
(helix 1, possiblyTM8), the short helix (helix 2, which is likely to
be part of the pore helix) that forms the lumenal entrance of the
channel, and helix 3 (located parallel to themembrane plane on
theCY side of theTMregion). Helices 1 and 2 lie near the 4-fold
channel axis and resemble the inner (pore-lining) and pore hel-
ices in K� channel structures (7, 8). The orientation of helix 3 is
similar to the slide helix seen in the KirBac1.1 structure (9).
Two recent RyR1 structures (2, 3) were determined under

conditions favoring the closed channel, the arrangement of the
membrane-spanning helix that, in these structures, is quite dif-
ferent. Ludtke et al. (2) found a bent pore-lining helix (Fig. 2A)
and suggested that the structure is similar to the open MthK
channel (8). This raises questions as to whether “kinking” of the
inner helix alone, as proposed for K� channels, is adequate to
open RyRs. However, the conformation of the pore-lining helix
in the other high resolution RyR1 cryo-EM structure (3) is
straight and resembles the closed KcsA channel structure (7).
These differences may due to resolution or to the conforma-
tional state of the channel during the imaging. At the current
level of resolution in the three-dimensional structure of RyR, it
is not possible to elucidate the number of TM helices.

Mass Movements Associated with Channel Opening

Single-particle cryo-EMhas been used to generate structures
of RyR1 in different conformational states to explore the struc-
tural transitions associated with the RyR gating. RyR1 was fro-
zen under conditions determined from electrophysiological
and biochemical studies (10–12) to drive the channel into
either an opened or a closed state. Although the resolution of
these structures was only 25–30 Å, global conformational
changes associated with the closed-open transition of the RyR
channel were detected in both the CY region (opening of the
clamps) and the TM region (mass depletion from the center
and a twisting motion of the TM region). Channel opening was
proposed to be similar to the opening-closing of the iris in a
camera diaphragm.
Four approaches are used to identify the locations of specific

sequences in the three-dimensional structures: 1) difference
mapping with and without bound modulators; 2) difference
mapping with and without sequence-specific antibodies; 3)
insertion of tags such as green fluorescent protein (GFP) into
defined positions in the primary sequence, followed by differ-
ence mapping; and 4) docking of molecular models of domains
derived from crystal structures into the three-dimensional
maps.

RyR Isoforms and Divergent Regions

There are three known RyR isoforms encoded by three dis-
tinct genes: RyR1 (expressed primarily in skeletalmuscle), RyR2
(expressed in cardiac muscle and brain), and RyR3 (expressed

* This minireview will be reprinted in the 2009 Minireview Compendium,
which will be available in January, 2010.
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green fluorescent protein; IP3, inositol trisphosphate; CaM, calmodulin;
FKBP, FK506-binding protein.
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in diaphragm, smoothmuscle, and brain). These isoforms share
�65% sequence identity. Regions of divergence (D1, aa 4254–
4631 in RyR1 and aa 4210–4562 in RyR2; D2, aa 1342–1403 in
RyR1 and aa 1353–1397 inRyR2; andD3, aa 1872–1923 inRyR1
and aa 1852–1890 in RyR2) are indicated in Fig. 1A (line 2).
These divergent regions could be responsible for important iso-
form-specific functions, or they could represent regions that
are not evolutionarily conserved. Three-dimensional struc-
tures of all three RyR isoforms determined at �30 Å using sin-
gle-particle cryo-EM are virtually identical (10–12).
Using GFP insertions, D1 was mapped to subregion 3,

whereas both D2 and D3 were mapped to the clamp in subre-
gions 6 and 9, respectively (Fig. 1B). The three divergent regions
all appear to be located in theCYdomains close to the top of the
structure, as would be expected for regions of RyR1 involved in
interactions with CaV1.1. However, whether they are involved
remains to be determined.

Primary Sequence Motifs

Analysis of the primary sequence of RyR1 has revealed sev-
eral motifs found in other proteins, but the functional roles of
these motifs in RyRs are unknown. These motifs include 1)
three SPRYdomains (aa 582–798, 1014–1209, and 1358–1571)
(Fig. 1A, line 3), which are domains found in members of the
immunoglobulin superfamily; 2) a sequence that is repeated
four times in two tandem domains (aa 842–955, 956–1069,
2726–2845, and 2846–2959) (Fig. 1A, line 4) with two addi-
tional truncated repeats located between the two domains (aa
1345–1360 and 1373–1388); 3) five MIR domains (aa 98–153,
160–205, 211–265, 271–334, and 336–394) (Fig. 1A, line 5),
which are sequences found in RyRs, inositol trisphosphate
receptors, and protein O-mannosyltransferases; and 4) two or
more leucine zippers (aa 554–575 and 3039–3071 in RyR1 and
aa 565–594, 1604–1632, and 3005–3036 in RyR2) (Fig. 1A, line
6), which are protein-protein interaction motifs and have been
suggested to anchor PP1/spinophilin, PP2A/PR130, and pro-
tein kinase A/RII (protein kinase A regulatory subunit II)/
mAKAP (muscle A-kinase anchoring protein) to RyR2 (13).
TheMIR domains are all located close to theN terminus, which
is part of the clamp domain, suggesting that these domainsmay
contribute to the structure/function of the clamps (4). Compu-
tational placement of a homology model based on the crystal
structure of the inositol trisphosphate (IP3)-binding and sup-
pressor domains of the IP3 receptor (4) places the first leucine
zipper (aa 554–574) in the clamp domain in subregion 7 (Figs.
1B and 2B). If this is indeed the site that anchors kinases or
phosphatases to RyR1, the targets of the enzymes may be
sequences in close proximity to this site.
Stewart et al. (15) proposed that the last 15 amino acids in the

C-terminal tail are required for tetramer formation. Galvan and
Mignery (16) also suggested a C-terminal tetramerization
domain but suggested that this was between aa 4869 and 5019
in RyR1. These regions are indicated in Fig. 1A (line 7). Because

FIGURE 1. Correlating primary sequence motifs with subdomains in
the 9.6-Å three-dimensional structure. A, sites identified in the primary
sequence of RyR1. DHPR, dihydropyridine receptor; MH, malignant hyper-
thermia; CCD, central core disease; mMC, multiminicore disease.
B, cryo-EM map viewed from the cytoplasm (upper panel) and from the
sarcoplasmic reticulum (SR) lumen (lower panel). RyR1 subunits are color-
coded; putative subregions are indicated. Circles indicate the ligand-bind-
ing sites and RyR sequences on the three-dimensional map of RyR by
single-particle cryo-EM: red, CaM-binding site; purple, FKBP12-binding
site; magenta, imperatoxin A (IpTxA)-binding site; green, sequences

mapped by reconstructions of expressed RyR2-GFP fusion proteins; cyan,
sequence-specific antibody-binding sites; yellow, the position of the glutathi-
one S-transferase tag fused to the N terminus of RyR3. C, enlargement of the
boxed region in B. Ligand-binding sites are labeled as described for B.
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the C termini of RyRs are cytoplasmic, the region of tetramer-
ization must also be in CY domains.

Channel Modulators

The activities of all three RyR isoforms are modulated by a
large number of agents, including ATP, Ca2�, Mg2�, calmodu-
lin, FKBP12, junctin, triadin, calsequestrin, S100A, sorcin, and
many others.Most of thesemodulators bind to the CY domains
of the RyRs and allosterically regulate the opening of the Ca2�

conduction pathway in the TM region. RyR activities are also
modulated by post-translation modifications such as phospho-
rylation, oxidation, and S-nitrosylation. Prerequisites for the
delineation of the mechanisms of channel regulation by indi-
vidualmodulators andmodifications are the identity of the sites
of modulator interaction or modification in the primary
sequence and the location of these sites in the three-dimen-
sional structure. Single-particle cryo-EM has been used to ana-

lyze macromolecular interactions of RyR with the modulatory
proteins calmodulin and FKBP12 (for original references on
these studies, see reviews in Refs. 1 and 17). Becausemost chan-
nel modulators bind in the CY assembly, there must be mech-
anisms whereby changes in the conformation of specific
domains in the CY assembly are transduced, first into changes
in the column-like structure and then into changes in the TM
helices of the pore.

Identification of Modulator-binding Sites in the Primary
Sequence of RyRs

CaV1.1—In skeletal muscle, the interaction between CaV1.1
in the transverse tubules and RyR1 in the sarcoplasmic reticu-
lum has been shown to involve an orthograde signal, whereby
CaV1.1 signals RyR1 to open, and a retrograde signal, through
which RyR1 increases the Ca2� current through CaV1.1 (18).
Multiple regions of RyR1 are likely to be involved in the cou-
pling to CaV1.1 (Fig. 1A, line 8) (reviewed in Ref. 18), including
aa 1635–2636, 2659–3720, and 1837–2154 and multiple
regions between aa 1 and 1680 (19). The sites of interaction
appear to be distributed over a rather large part of the CY
domain of RyR1.
Based on freeze-fracture studies (20), the most likely regions

of RyR1 to be in contact with CaV1.1 include subregions 4 and 6
(Fig. 1B). Several of the sequences suggested to contribute to
mechanical coupling have been found within these two subdo-
mains. Ser437 of RyR2 (Ser422 in RyR1) maps to a location
between subregions 5 and 9. Ser2368 in RyR2 (Arg2400 in RyR1)
maps to a location between subregions 5 and 6. An interaction
of CaV1.1 with these regions of RyR1 could directly control the
opening of the clamp and allosterically modulate the channel
gating.
Ca2�—Regulation of RyRs by Ca2� varies with the RyR iso-

form. The most important modulator of RyR2 activity in car-
diac muscle is Ca2�, where Ca2� enters through CaV1.2 and
activates RyR2. Ca2� also regulates RyR1 activity, but depend-
ing on the concentration, it can either activate or inhibit its
activity. These findings suggest that RyR1has at least twoCa2�-
binding sites. Both RyR1 and RyR2 are activated at 0.1–10 �M

Ca2� (21), but RyR1 is more sensitive to inhibition by higher
concentrations of Ca2�. Lumenal Ca2� also regulates the activ-
ity of RyRs (22).
Possible binding sites for Ca2� (Fig. 1A, line 9) are located

between aa 1861 and 2094 (21), 3657 and 3776 (21), and 4381
and 4626 (23) and two putative EF-hand motifs located at aa
4079–4092 (EF1) and 4115–4126 (EF2) (24).MutationE3986A
(Glu4042 in rabbit RyR1) in mouse RyR2 reduced Ca2� activa-
tion by �1000-fold (25). Fessenden et al. (26) scrambled the
putative EF-hand motifs and found that these mutations did
not alter the response to either depolarization or RyR agonists
(caffeine, 4-chloro-m-cresol) in intact myotubes. Surprisingly,
no high affinity [3H]ryanodine binding was observed in mem-
branes expressing the EF2 mutation, but the channels in bilay-
ers were activated by Ca2� in the micromolar range. These
findings suggest that the putative EF-hands contribute to Ca2�

modulation of the channel but are not sufficient for Ca2� reg-
ulation of this channel.

FIGURE 2. RyR1 Ca2� release channel closed-state structure at 9.6-Å res-
olution (2, 4). A, two subunits of RyR1 are shown as semitransparent surfaces.
�-Helices in the Ca2� conduction pathway of the TM region are annotated. SR,
sarcoplasmic reticulum. B, malignant hyperthermia/central core disease
mutations are mapped to the homology models for the N-terminal region of
RyR1 (aa 12–565), localized to the clamp-shaped region of the channel struc-
ture (aa numbers correspond to Swiss-Prot accession number P11716). The
FKBP12-binding region is indicated in green; the LZ1 region is shown in blue;
and hyper-reactive cysteines (Cys36 and Cys315) are indicated in magenta. The
location of Cys315 (magenta circle) is tentatively assigned because sequence
Ala311–Glu343 was excluded from the homology model due to lack of a struc-
tural template for this region.
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Sites close to these putative Ca2�-binding sites have not yet
been mapped in the three-dimensional structures of RyRs.
However, Xiong et al. (27) suggested an interaction of the
regions containing putative EF1 and EF2 with the calmodulin
(CaM)-binding region (aa 3614–3643), suggesting that these
two EF-hands are close to subdomain 3, where the CaM-bind-
ing site is located (see below).
Calmodulin—RyRs also bind CaM, which is itself a Ca2�-

binding protein. RyR1 is themajor CaM-binding protein of sar-
coplasmic reticulum membranes (28). At micromolar Ca2�

concentrations, CaM inhibits bothRyR1 andRyR2.However, at
lower concentrations, CaM activates RyR1 but inhibits RyR2
(29). RyR3 also binds CaM, and the effects of CaM on the chan-
nel are redox-sensitive (30). The CaM-binding site on RyR1
involves aa 3614–3643 (Fig. 1A, line 10) (31, 32) and exists at an
intersubunit boundary close to aa 1975–1999 (33).
By differencemapping, theCaM-binding sitewas found to be

located in CY subregion 3 (Fig. 1B). Moreover, the location of
the CaM-binding site is displaced to �33 Å in the presence of
Ca2� with respect to its position for Ca2�-free CaM (14). This
displacement ofCaMcould be due to amovement ofCaMupon
binding Ca2� and/or a movement of the CaM-binding site
whenRyR1 bindsCa2�. These findings suggest that subregion 3
includes a crucial regulatory site(s) for channel activation and
inhibition, but additional studies are required to further eluci-
date the molecular mechanism of CaM regulation of RyR1.
Immunophilins—The immunophilins FKBP12 and

FKBP12.6 bind to RyRs and regulate their activities (34).
Although FKBP12 and FKBP12.6 are able to bind to all RyR
isoforms, FKBP12 copurifies with RyR1, whereas FKBP12.6
copurifies with RyR2. The FKBP isoform normally bound to
RyR3 is not known. FKBPs bind to RyR1 and RyR2 on one site
per RyR1 subunit and stabilize a closed state of the channel (34).
The binding site has been suggested to be between aa 2458 and
2468 in RyR1 (Fig. 1A, line 11). Mutation of this site abolishes
FKBP12 binding (35), but this may be due to an allosteric reg-
ulation of the actual binding site (36). Using differencemapping
of three-dimensional reconstructions of RyR1with andwithout
FKBP12, the binding site for FKBP12 is found at the interface
between clamp subregions 5 and 9 and subregion 3, connecting
neighboring clamps in the RyR CY region (Fig. 1B). Compari-
son of the location of FKBP12 by difference mapping (37) with
the docking of the IP3 homologymodel (4) suggests that there is
a binding pocket for FKBP12 created by Glu161, Arg164, Arg402,
and Ile404 (Fig. 2B).Whether or not FKBP12 binds at this pocket
remains to be tested.
Homer—The scaffolding protein Homer has been shown to

interact with RyR1 and to regulate its response to both voltage
and caffeine (38). A possible Homer-binding sequence is found
between aa 1773 and 1783. Region 1727–2503 has been
mapped between domains 5 and 6 (39), suggesting that Homer
may also interact via the clamp domain of RyR1.
Phosphorylation—Marks and co-workers (40) have sug-

gested that RyR hyperphosphorylation (aa 2843 in RyR1 and aa
2808 in RyR2) displaces FKBPs fromRyRs, leading toCa2� leak.
A number of other laboratories have failed, however, to repro-
duce these findings (41–43). Another potential site of phos-
phorylation is aa 2065 (aa 2031 in RyR2). Possible phosphoryl-

ation sites are indicated in Fig. 1A (line 12). Insertion of GFP at
position 2801 in RyR2 (Ser2843 in RyR1) localized this site to
domain 6, distal to the FKBP12.6-binding site (44). The second
putative phosphorylation site was mapped by inserting GFP at
position 2023 and was found to be located in subdomain 4,
again distal to the FKBP-binding site (45).
Redox Modifications—RyRs are highly redox-sensitive.

Cys3635, in the CaM-binding site, is the primary target of S-ni-
trosylation (Fig. 1, line 13, in green) (46). Durham et al. (47)
recently showed that RyR1 S-nitrosylation underlies the abnor-
mal temperature sensitivity found with RyR1mutations associ-
ated with malignant hyperthermia. Redox-sensitive cysteines
have been identified by Aracena-Parks et al. (48) under condi-
tions in which the channel was primarily in a open conforma-
tion (Fig. 1A, line 13) and by Voss et al. (49) under conditions in
which the channel was in a primarily closed conformation.
Although the differences may be due to differences in label-
ing reagents, it is also possible that different cysteines are
reactive when the channel is in the open versus closed
conformation.
Where are the redox-sensitive cysteines in the three-dimen-

sional structure? Several can be identified in the dockingmodel
(Fig. 2C). In addition, Cys3635 is in the CaM-binding site and is
therefore located in subdomain 3. Other hyper-reactive cys-
teines are probably located in subdomains 5 and 6 (Fig. 1B)
because the region from aa 1727 to 2503 localized to these sub-
domains (39).
Disease-causing Mutations—Mutations in RyR1 underlie

malignant hyperthermia, central core disease, and some cases
of multiminicore disease (see recent review by Durham et al.
(17)). Although there is some tendency for the mutations to
cluster in three regions of RyR1, it now appears that disease-
associated mutations can occur throughout the primary
sequence (Fig. 1A, line 14). Mutations that produce malignant
hyperthermia generally cause the channel to be more sensitive
to activators, whereas central core disease mutations either
make the channel leaky or block efflux through the channel.
Predictions for the location of some of the N-terminal muta-
tions can be made from the docking model (Fig. 2B).

Correlating Structure with Function

Channel opening is associated with significant structural
transitions in the CY region, involving clamp subregions 5–7
and 9 (Fig. 2A) (10, 11). Given the three-dimensional locations
of the FKBP12- and CaM-binding sites and other important
functional sites, the clamp subregions are likely to be involved
in allosteric modulation of the channel activity. These findings
suggest a direct connection between the conformation of the
clamp and channel opening. Consistent with this, many muta-
tions associated with malignant hyperthermia and central core
disease in humans, mutations that allow the channel to open
more readily, are located in clamp subregions 5, 7, and 9 (Fig. 2)
(4).

Near-atomic Resolution Structure of RyR1: Perspectives
and Challenges

Although RyR1 was among the first non-icosahedral struc-
tures solved by single-particle cryo-EM at 30-Å resolution (50,
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51), the RyR assembly remains the most challenging target for
structural analysis due to its complex dynamic nature. Recent
RyR1 reconstructions at �10 Å by two groups have provided
important insights into its pore structure, gating, and control by
multiple intracellular molecules (2, 3).
Several factors limit obtaining higher resolution structures of

RyR1, including variability arising from cryo-specimen prepa-
ration (vitrification) of detergent-solubilized membrane pro-
teins, removal of the protein from its natural lipid environment,
incomplete saturation withmodulators, andmixtures of differ-
ent conformational states. Approaches are needed to trap the
channel population in a single functional state and either to
remove allmodulators or to saturate all binding sites withmod-
ulators. New computational methods are needed to sort heter-
ogeneous molecule populations. To approach near-atomic res-
olution, the number of particles has to be increased. Thus,
automated data collection and the use of charge couple device
cameras are needed. Approaches that allow some of these lim-
itations to be bypassed are 1) fitting crystal structures of indi-
vidual components or their subdomains into the cryo-EM den-
sity map and 2) comparative modeling and fitting the models
into the cryo-EM map. Despite the difficulties, continued
breakthroughs in the resolution of RyR structure are highly
likely to occur in the foreseeable future.
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The biochemistry of amyloid proteins has been a fascinating
and important area of research because of its contribution to
our understanding of protein folding dynamics and assembly
and of the pathogenetic mechanisms of human disease. One
such disease is AD,2 the most common neurodegenerative dis-
order of aging. InAD,A� (Fig. 1A), which is expressed normally
and ubiquitously throughout life as a 40–42-residue peptide,
forms fibrils that deposit in the brain as “amyloid plaques.” This
pathologic deposition process led researchers to investigate
fibril formation as a target for therapeutic intervention. In
doing so, an increasing number of fibril precursors and non-
fibrillar A� assemblies have been identified, the majority of
which are neurotoxic. These findings have altered prevailing
fibril-centered views of the pathobiology of amyloid diseases (1)
and intensified efforts to understand the early folding and
assembly dynamics of A�. In the discussion that follows, we
seek to introduce the reader to the complexworld of A� assem-
bly and biological activity, a goal we hopewill provide a concep-
tual framework upon which further knowledge or experimen-
tation may be built.

A� Fibril Structure

The determination of the structure of fibrils has been an
unusually difficult problem because A� belongs to a class of
proteins that are “natively unfolded” (2) and preferentially form
amyloid fibrils rather than protein crystals. This has precluded
x-ray diffraction studies of full-length A� and made solution
NMR studies problematic (3). Nevertheless, site-directed spin
labeling and solid-state NMR studies have been informative.
The former studies have revealed that A� fibrils comprise
�-strands organized in a parallel, in-register fashion. The latter
studies showed that in A�40 fibrils, residues 12–24 and 30–40
formparallel�-sheets and that these two�-strand segments are
connected by a turn involving residues 25–29 (4). Hydrogen/

deuterium exchange coupled with solution-state NMR
revealed a similar, but distinct, segmental arrangement of
�-strands within A�42 fibrils. Here, residues 18–26 and 31–42
form the �-strands. In both models, salt bridges between Asp23
and Lys28 stabilize the turn region connecting the two
�-strands (2, 5). Similar findings have been obtained using
other methods (5, 6).
Differences among the studies likely result from the exami-

nation of different peptides (A�40 versusA�42), the absence or
presence of Met35(O), or the conditions under which fibrils
were formed. All these factors have been shown to affect signif-
icantly peptide assembly and biological activity (6, 7). Although
no crystal structures have been determinedwith full-lengthA�,
exciting work has been done onmicrocrystals formed by C-ter-
minal peptides. These microcrystals yield diffraction patterns
consistent with an in-register cross-�-organization of two
interdigitated �-sheets. This “steric zipper” structure has been
found in at least 13 other amyloid protein microcrystals (8).
Whether steric zippers exists in A� fibrils is unclear.

Pathways of Peptide Assembly

How do monomers form fibrils? This question is fundamen-
tal to understanding fibrillogenesis and for identifying assembly
steps that could be therapeutic targets. Influential early inves-
tigations promulgated the idea that A� assembly was a specific
example of the general class of nucleation-dependent polymer-
ization reactions (Fig. 1B). These reactions comprise a slow
nucleation step, producing a “lag phase” during assembly mon-
itoring, followed by a rapid fibril elongation step. Operating
within this paradigm, nucleation (kn) and elongation (ke) rate
constants for A� fibril formation were determined (9). How-
ever, continuing elucidation of this ostensibly classical polym-
erization process revealed unexpected complexity in the num-
bers and types (“on-pathway” or “off-pathway” for fibril
formation) of assembly paths and the structures resulting
therefrom (Fig. 1C and supplemental Table S1).

Protofibrils, Paranuclei, and Monomer Folds

Fig. 1C illustrates one pathway of fibril assembly. The penul-
timate fibril intermediate, the protofibril, was first identified
more than a decade ago (10). Protofibrils were described as
beaded chains, each bead of which was�5 nm in diameter. The
length of these structures generally was �150 nm. Kinetics and
solution-phase AFM experiments showed that protofibrils
matured into fibrils (10). To understand how protofibrils
formed, methods were developed to determine quantitatively
the oligomer size distribution in nascent A� preparations (11).
In A�42 assembly, these experiments suggested that a penta-
mer or hexamer, the “paranucleus,” was the basic unit of the
protofibril and that the beaded chains comprising protofibrils
formed by the self-association of paranuclei.
To understand the oligomerization process in atomic detail,

computer simulations have been done (12). These studies
yielded oligomer frequency distributions similar to those deter-
mined experimentally, but in addition provided high resolution
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conformational information. A�40 oligomers were more com-
pact than A�42 oligomers due to increased conformational
freedom of the A�42 N termini. This suggested that intermo-
lecular interactions among A�42 N termini might facilitate the
C-terminal interactions obligatory for fibril formation. The
work also revealed the formation of a turn in A�42 at Gly37-
Gly38 that was not observed in A�40 and that thus could be
critical in paranucleus formation.
The importance of the C terminus of A� in controlling A�

assembly has also been revealed in experiments involving
amino acid substitutions (11). Systematic alterations in residue
41 side chain hydrophobicity showed that Gly or Ala largely
eliminated paranucleus formation, whereas amino acids with
hydropathic characteristics similar to Ile had no effect. Elimi-
nation of the Ala42 side chain blocked paranucleus self-associ-
ation, whereas insertion of larger apolar side chains facilitated
the process. Similar studies examinedMet35 polarity, an impor-
tant question with respect to redox chemistry in AD (5, 11). In
these experiments, oxidation of Met35 to Met35(O) or Met35
sulfone had no effect on A�40 oligomerization, whereas A�42
paranucleus formation was abolished. Interestingly, the modi-
fied A�42 peptides oligomerized identically to A�40.
The relative importance of the C terminus in controlling A�

assembly was also apparent in studies of A�40 and A�42 pep-
tides containing substitutions linked to familial forms of AD or
CAA. These substitutions (Glu223Gln, Glu223Gly, Glu223
Lys, and Asp23 3 Asn) produced oligomers of higher order

when substituted in A�40 but had little effect on A�42 oli-
gomerization. Removal of N-terminal residues Asp1–Gly9 in
A�42 had no effect on its oligomer size distribution, whereas
truncation of either the N-terminal two or four residues of
A�40 produced higher-order oligomers. This observation
was consistent with the aforementioned simulation data that
suggested that collapse of the N terminus of A�40 on the
oligomer surface might shield underlying hydrophobic
regions of the oligomers that otherwise might interact to
form higher-order assemblies (12). In fact, this process was
observed in studies of the folding and assembly of urea-de-
natured A� (13). A�40 formed an unstable but largely col-
lapsed monomeric species, whereas A�42 existed in a tri-
meric or tetrameric state (13).
The solvent inaccessibility of the Ala21–Ala30 region of A�

likely results from the formation of a turn-like structure that
nucleates monomer folding (14). This decapeptide region ini-
tially was identified due to its resistance to proteolysis, a resist-
ance that remained in the isolated decapeptide itself and that
allowed NMR and computational determinations of its struc-
ture and dynamics (14). Most recently, thermodynamics stud-
ies showed that the turn is destabilized by amino acid substitu-
tions that cause AD and CAA (15). Destabilization correlates
with accelerated A� oligomerization and higher-order assem-
bly and thus provides amechanistic explanation for these famil-
ial forms of AD and CAA.

FIGURE 1. A� assembly. A, the sequence of A�42 is shown in one-letter amino acid code. The side chain charge at neutral pH is color-coded (red, negative; blue,
positive). B, nucleation-dependent polymerization, reflecting the unfavorable self-association (rate constant kn

� �� kn
�) of X natively folded monomers (in this

case, six total) to form a fibril nucleus and the favorable addition (ke
� �� ke

�) of a large indeterminate number of monomers to the nucleus (nascent fibril) during
fibril elongation. C, A� self-assembly. A� belongs to the class of “natively disordered” proteins, existing in the monomer state as an equilibrium mixture of many
conformers. On-pathway assembly requires the formation of a partially folded monomer that self-associates to form a nucleus for fibril elongation, a paranu-
cleus (in this case, containing six monomers). Nucleation of monomer folding is a process distinct from fibril nucleation (50). Fibril nucleation is unfavorable
kinetically (k2

� �� k2
�), which explains the lag phase of fibrillogenesis experiments, a period during which no fibril formation is apparent. Paranuclei self-

associate readily (k3
� �� k3

�) to form protofibrils, which are relatively narrow (�5 nm), short (�150 nm), flexible structures. These protofibrils comprise a
significant but finite number (X) of paranuclei. Maturation of protofibrils through a process that is kinetically favorable (k4

� � k4
�) yields classical amyloid-type

fibrils (�10-nm diameter, indeterminate (but often �1 �m) length). Other assembly pathways produce annular pore-like structures, globular dodecameric
(and higher order) structures, and amylospheroids. Annuli and amylospheroids appear to be off-pathway assemblies.
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Other Assembly Pathways

The idea that an A� hexamer building block exists is intrigu-
ing because at least four other structures, ADDLs, A�*56,
“globulomers,” and “A� oligomers,” comprise multiples of this
basic unit (Fig. 1C and supplemental Table S1). ADDLs are
dodecamers produced in vitro from A�42 using special solvent
conditions and appear in AFM studies as globular structures
with heights of 5–6 nm (16). A�*56 was identified in SDS
extracts from brains of Tg2576 transgenic mice (17). The “56”
refers to themolecular weight of the oligomer, which is consist-
ent with that of a dodecamer. The morphology of A�*56 is a
prolate ellipsoid. A third type of dodecamer is the globulomer
(so-called because it is a globular oligomer), which is formed by
A�42 in the presence of SDS (18). Protease digestion, antibody
binding, andmass spectrometry studies of globulomers suggest
a structural model in which the hydrophobic C terminus (resi-
dues 24–42) forms a stable core and the more hydrophilic N
terminus is on the surface. Although globulomers have sub-
stantial �-sheet content, presumably at the C terminus, they do
not form fibrils and thus may be considered an off-pathway
assembly (18). A larger species, the A� oligomer, also has been
produced in vitro (19). Its molecular weight (�90,000) suggests
that its assembly order is �15–20, consistent with that of an
octadecamer. In addition to assemblies with globular morphol-
ogy, annular pore-like structures with diameters of 8–12 nm
and pore sizes of 2–2.5 nm also have been described (10, 20).
The largest globular assemblies are amylospheroids and

�-amyloid balls. Amylospheroids are off-pathway spheroidal
structures with diameters of 10–15 nm that are formed by
A�40 or A�42 (21). �-Amyloid balls are very large (20–200
�m) spheroidal structures formed only by A�40 at high con-
centration (300–600 �M) (22). Although such concentrations
are non-physiological with respect to the average concentra-
tion of soluble A� in vivo,�-amyloid ballsmay be an interesting
model of amyloid plaques or of the inclusion bodies formed in
Parkinson and Huntington diseases and in the transmissible
spongiform encephalopathies.

Assembly Complexity and Provenance

The complexity of A� assembly complicates the determina-
tion of precursor-product relationships. For example, are the
different dodecameric assemblies discussed above really differ-
ent, or are they all the same entity described in different ways by
different investigators? Do the different larger spheroidal
assemblies form from the same hexamer building blocks that
produce dodecamers and thus belong on the same pathway?
We do not know, but the answers to these questions are impor-
tant because they have implications for the development of
therapeutic agents targeting critical steps in the assembly path-
ways. For example, recent work has shown that compounds
exist that can efficiently inhibit fibril formation or oligomeriza-
tion, but not both (23). The distinction is critical if one assembly
is benign and the other toxic.

A� Assembly and Disease

Thus far, we have discussed basic aspects of the physical bio-
chemistry of A� assembly. However, the most fundamental
biological question is, “what is the relationship between A�

assemblies and AD?” Strong linkage exists between amyloid
formation per se and disease (for a comprehensive review, see
Ref. 24), and this linkage formed, in part, the foundation for the
“amyloid cascade hypothesis,” which posited that amyloid fibril
formation was the key pathogenetic process in AD (25). As
discussed above, elucidation of themechanisms of fibril forma-
tion unexpectedly revealed a broad range of fibrillar and non-
fibrillar structures (supplemental Table S1). A� oligomers
appear to be particularly important because they are potent
neurotoxins and are isolable from AD patients, and their con-
centrations correlate positively with neuropathology in vivo.
These facts have produced a fundamental paradigm shift
resulting in a revised amyloid cascade hypothesis (1, 20, 26), one
that posits the primacy of oligomeric forms of A� in AD
causation.
A substantial experimental corpus exists demonstrating that

“A�” is neurotoxic (27). However, it was not until approxi-
mately a decade ago, with the discovery and characterization
of protofibrils and ADDLs, that a more structurally precise
definition of A� could be made, one that in turn enabled
more precise structure-neurotoxicity correlations to be
established (16, 28). Each new assembly subsequently dis-
covered also was toxic. An important goal of current
research is to better define the mechanisms of this toxicity, a
variety of which we now discuss.

Membrane Effects

A� is an amphipathic peptide (Fig. 1A). The side chains of 16
of the first 28 residues are polar; 12 are charged at neutral pH.
The remaining 12 (A�40) or 14 (A�42) side chains are apolar.
Structures such as these can formmicelles (29) or interact with
membranes directly. Recent work has shown that A�40 inserts
into membranes of hippocampal neurons from AD brains (30).
Membrane insertion can perturb plasma membrane structure
and function. For example, conformational analysis of the
C-terminal domain of A� (residues 29–40/2) has shown it to
have properties similar to those of fusion peptides of viral pro-
teins. Insertion of these fragments in a tilted manner in the
membrane is thought to disrupt the parallel symmetry of the
fatty acyl chains, altering the curvature of the membrane sur-
face and destabilizing the membrane. Consistent with this pre-
diction, A�(22–42) induces membrane fusion and permeabi-
lizes lipid vesicles that mimic neuronal membranes (31).
A� oligomers have also been shown to increase the conduct-

ance of lipid bilayers and living cell membranes by lowering the
“dielectric barrier,” possibly by increasing the membrane
dielectric constant, introducing localized structural defects, or
thinning the membrane (thereby facilitating charge transloca-
tion across the bilayer) (32). These effects may be related to
oligomer-induced release ofmembrane components, including
cholesterol, phospholipids, and monosialogangliosides, which
in turnmay lead to tau hyperphosphorylation and neurodegen-
eration (30, 33).
Structured membrane reorganization may also occur. A�40

oligomers form cation-sensitive ion channels in neuronal
plasma membranes and liposomes (30, 34). These channels
may comprise four to six subunits, each of which is an A� oli-
gomer of order four to six, and thus the channels comprise a
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total of 16–36 A� monomers. The channels are quasi-stable,
suggesting that channel formation is a dynamic process (31).
For example, Arispe et al. (31) have shown that A�40 channel
activity in planar lipid bilayers results in spontaneous transi-
tions to higher conductances. AFM images of A�-treated
reconstituted bilayers have revealed disk-like structures with
pore-like concavities of 8–12-nm outside diameter and
1–2-nm inside diameter. However, pore formation remains a
contentious issue. Some believe that A� oligomer-mediated
interference with the surface packing of lipid headgroups effec-
tively thins the membrane, reduces effective membrane con-
ductance, and may produce the appearance of pores. Time-
lapseAFMexperiments have revealed that A� aggregates�500
nm in size form along the edges of bilayer defects, a result that
could be misinterpreted as pore formation (35). Consistent
with this interpretation are recent results suggesting that oli-
gomers alter membrane conductivity without forming discrete
pores (32).
We note that two general classes of A�/membrane interac-

tion may occur: 1) nonreceptor-mediated structural interac-
tions of the type discussed above; and 2) specific receptor-me-
diated interactions. These latter interactions may involve
fibrillar and oligomeric forms of A� that act either as agonists
or antagonists. Many membrane A� receptors have been iden-
tified (30), but the important question that remains unan-
swered is whether these interactions are physiologically rele-
vant or serendipitous.

Metals, Aggregation, and Radicals

Evidence exists that metals are involved in the pathogenesis
of AD. However, this is a contentious issue that remains unre-
solved. We present here a number of prominent mechanistic
hypotheses.
In vitro results indicate that physiological concentrations of

Zn2� and Cu2� can accelerate A� aggregation and increase A�
toxicity (36, 37). A� has a strong positive reduction potential
and displays high-affinity binding for Cu2�, Zn2�, and Fe3�

ions (34). Solution-state NMR and EPR have suggested that the
three His residues in A�, His6, His13, and His14, coordinate
Cu2�. This metalloenzyme-like complex has been proposed to
catalyze Fenton chemistry (Equation 1),

Men� � H2O23Me�n � 1�� � OH� � OH� (Eq. 1)

which yields toxic hydroxyl (OH�) and peroxide (OOH�) radi-
cals. Fe2� is also thought to participate in this chemistry. In
addition to its postulated catalytic role in Fenton chemistry, it
has been suggested that A�-linked inhibition of catalase
increases H2O2 production (Equation 2) (38).

Me�n � 1�� � H2O23Men� � OOH� � H� (Eq. 2)

A second center for redox chemistry is Met35 (39). The gen-
eration of reactive oxygen species by A� requires reduction of
Cu2� or Fe3�, a reaction that may proceed through the oxida-
tion ofMet35 to its corresponding sulfide radical cation. Cu� or
Fe2� produced in this way may react with molecular oxygen
and biological reducing agents (e.g.; cholesterol, vitamin C, or
catecholamine) to yield H2O2 and the starting Cu� cation (40).

The H2O2 thus produced can further oxidize Met35 to its sulf-
oxide form and also react with superoxide anion (O2

. ) in a
Haber-Weiss reaction to produce OH� (Equation 3).

O2
. � H2O23 OH� � OH� � O2 (Eq. 3)

Interestingly, the Met35(O) and Met35 sulfone forms of A�
do not assemble as does the wild-type peptide (11, 41). Hou
et al. (41) have reported that oxidation of Met35 to Met35(O)
significantly reduces the rate of amyloid formation and alters
fibril morphology. Bitan and Teplow (11) reported similar
findings and found that Met35(O) A�42 does not form
paranuclei, but rather oligomerizes similarly to A�40. These
in vitro observations are consistent with the strong negative
correlation that exists between oxidative damage and A�
deposition in AD (11, 39).
Murakami et al. (42) have proposed that Tyr10 is also

involved in redox chemistry. They suggested that H2O2 pro-
duced by A�-metal complexes oxidizes Tyr10 to produce the
tyrosyl radical, which then attacks the thioether of Met35 and
yields an S-oxidized radical cation. A turn atGly38–Val39 brings
the C-terminal carboxylate anion proximate to the radical, sta-
bilizing it and simultaneously creating a hydrophobic subdo-
main facilitating peptide oligomerization, fibril formation, and
longer lasting oxidative stress.

Mitochondrial Effects

Mitochondrial dysfunction has been linked directly to the
aging process (43), a process that is the largest single risk factor
for AD. Exacerbation of age-related dysfunction by toxic A�
assemblies may explain the linkage of both age and A� to AD.
Increasing evidence suggests that A�-induced mitochondrial
dysfunction does in fact occur. The interaction of full-length
A� or truncated forms with mitochondria causes potent inhi-
bition of electron transport chain enzyme complexes and
reductions in the activities of tricarboxylic acid cycle enzymes,
leading to inhibition of ATP production, mitochondrial swell-
ing, cytochrome c release, caspase activation, transition pore
opening, increased mitochondrial reactive oxygen species pro-
duction, and decreasedmitochondrialmembrane potential and
respiration rates (43, 44). Complexation of A�withA�-binding
alcohol dehydrogenase, a mitochondrial matrix enzyme, or
with endoplasmic reticulum-associated A�-binding protein
also produces this type of damage (45).

Apoptosis

A common final pathway of A�-induced neuronal dysfunc-
tion is apoptosis. This pathway is particularly likely to occur
following mitochondrial compromise. A�40 and A�42 olig-
omers also have been shown recently to activate sphingomy-
elinases, which results in apoptotic cell death through a
redox-sensitive cytosolic phospholipase A2/arachidonic acid-
dependent pathway (46). In rat hippocampal neuron cultures,
activation of ERK1/2 (extracellular signal-regulated kinase-1/2)
by A� oligomers results in caspase-3 activation, tau cleavage,
dysregulation of cell structure, and finally apoptosis (47).
Transforming growth factor-�1 has been found to exacerbate
A�-induced toxicity through Smad7 and �-catenin interac-
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tions and nuclear localization. A�40 also can activate the
NF-�B apoptosis pathway by selectively inducing the nuclear
translocation of the NF-�B p65 and p50 subunits. For this rea-
son, p65 and p50 have been suggested as AD therapeutic tar-
gets. The connection of apoptosis with A� assemblies is sup-
ported by the observation that up-regulation in neurons of
peroxisome proliferator-activated receptor-�, which increases
expression of the anti-apoptotic protein Bcl-2, protects these
cells against A�-induced toxicity (48).

An Explication

The impetus for studies of A� structure, dynamics, and bio-
activity has been the causal link of A� to AD. The result of these
studies has been an extraordinary expansion of knowledge. The
rapidly increasing number of clinical trials of mechanistically
novel AD therapies suggests that this knowledge has been of
value (49).However, a consensus does not exist regarding either
the biophysical or biological behavior of A�. For academics,
rigorous experiments done in well controlled systems provide
reliable, although not necessarily clinically relevant, informa-
tion. However, for AD patients, their families, and the treating
clinicians, relevance is paramount. For their sake, it is hoped
that the information presented here will stimulate current and
especially new researchers to conceive of novel experimental
approaches seeking to answer three fundamental questions. 1)
Is A�, in fact, the proximate etiologic agent of AD; 2) if so, what
is the structure of the proximate neurotoxic A� assembly; and
3) if not, what is?
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Although amyloid deposition was noted by Alzheimer in
1907 (1), it has been only 17 years since the toxicity of A�2 was
first described (2). The prevailing view through most of the
twentieth century was that A� is a marker of disease progres-
sion in AD but does not play a role in the neurodegenerative
process. This view changed in the 1990s with the articulation of
the amyloid hypothesis, which posits that abnormal accumula-
tion of A� in the brain is a direct cause of neurodegeneration
and cognitive decline inAD.The hypothesis is supported by the
identification of mutations in APP (3) and presenilins 1 and 2
(4–7) that increase A� generation or, more importantly, the
generation of a minor 42-amino acid form (A�42) with an
increased propensity for aggregation (8). This review sets forth
the major lines of evidence for A� toxicity and focuses on the
interface between A� toxicity and molecular mechanisms of
synaptic plasticity.

Do Plaques Matter?

The early studies of Blessed and co-workers (9) suggested
that plaque numberswere directly related to quantitativemeas-
ures of cognitive decline in the aged population. However, sub-
sequent studies carried out by Terry et al. (10) cast doubt on the
predictive value of plaque numbers, suggesting instead that
NFTs and synapse loss were more reliable predictors of cogni-
tive decline. Moreover, plaque formation is a common feature
of the aging human brain that can occur in the absence of cog-
nitive decline (11). More recently, it has been suggested that
accumulation of toxic oligomers of A� may be more relevant
than plaques to mechanisms involved in cognitive decline.
Transgenic mouse models expressing APP and presenilin

variants associated with FAD have provided important insights
into structural, neurophysiological, and behavioral effects of

A� accumulation in the brain (12). Multiphoton imaging stud-
ies have demonstrated disrupted neurites and decreased spine
density in association with fibrillar A� deposits in the Tg2576
transgenic mouse model that expresses the APPsw mutation
(13, 14). In addition, stereologic mapping of neuronal cell den-
sity showed some degree of neuronal loss in the immediate
vicinity of A� deposits (15). The neuritic dystrophy observed in
APP transgenic mice appears to be directly related to the fibril-
lar component of A� deposits. When the APP transgenic was
placed on an apoE-deficient background, A� deposition still
occurred, but fibrillar deposits were absent, and neuritic dys-
trophy was markedly reduced. When apoE3 or apoE4 was
expressed, fibrillar A� deposits appeared with concomitant
neuritic degeneration thatwas greater for apoE4 than for apoE3
(16, 17).However, it was unclear from these studieswhich came
first, neuritic degeneration or deposition of fibrillar A�.
Another study suggested that axonal dystrophy and altered
axonal transport occur early in AD and may lead to amyloid
deposition (18). The question of which comes first, amyloid or
neuritic dystrophy, was recently addressed by in vivomultipho-
ton microscopy in an APPswe/PS1d9XYFP transgenic mouse
in which the onset of plaque formation could be accurately
dated. Plaque formation was followed by progressive neuritic
abnormalities that appeared in direct contiguity to the plaque,
establishing a causal relationship between amyloid deposition
and neuritic dystrophy (19). In addition, plaques could form
quickly, within 24 h, suggesting that amyloid deposition is a
more dynamic process than previously appreciated. Although
these findings suggest that neuritic dystrophy can be induced
by fibrillar A� deposition, it remains to be determined whether
this is mediated by A� fibrils or by oligomeric intermediates
associated with fibrils (20).
A limitation of APP transgenic mouse models is the paucity

of neuronal cell death and tau-related pathology characteristic
of human AD (21, 22). Two potential explanations have been
posited: either A� is not sufficient to account for the neurode-
generative process in AD, or rodent models do not accurately
recapitulate the aging human brain. Evidence for the latter
explanation comes from the introduction of plaque-equivalent
concentrations of pre-fibrillized A� into the brains of aging
rhesus monkeys, which induced neuronal cell death, tau
pathology, and microglial activation (23). These toxic effects of
A� were age-dependent in rhesusmacaques but did not appear
in aging rats. Thus, aging primates may be more vulnerable to
A� toxicity than aging rodents, possibly accounting for the rel-
ative absence of AD-type pathology in APP transgenic mouse
models.

A� Oligomers

The importance of A� aggregation in the mechanism of A�
toxicity was noted in early cell culture studies (24, 25) and was
supported by the finding that FAD mutations in APP increase
generation of the highly aggregable A�42 peptide (8). Recent
studies suggest that low molecular weight oligomers are more
toxic than the larger A� fibrils (26). The toxicity of A� oli-
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gomerswas described byKlein and co-workers (27) in studies of
small diffusible A� oligomers that they named ADDLs, which
cause neuronal cell death in hippocampal slice cultures at
nanomolar concentrations. Notably, ADDLs could inhibit hip-
pocampal long-term potentiation, suggesting a potential role in
memory impairment in AD.
Evidence that A� oligomers could impair synaptic physiol-

ogy in vivo came from experiments in which A� oligomers gen-
erated by APP-transfected Chinese hamster ovary cells were
injected into the rat brain and impaired hippocampal long-term
potentiation in vivo (28). Injection of preparations enriched in
A� dimers and trimers, but notmonomers or fibrils, resulted in
behavioral deficits in a food-related reinforcement learning
paradigm. Rats that received multiple oligomer injections
improved and did not show a deficit, suggesting that oligomers
transiently impaired synaptic physiology but did not induce
neurodegeneration. Whether the low molecular mass dimers
and trimers were active or aggregated further to higher molec-
ular mass forms upon injection into the brain was not resolved.
Another study showed that a 56-kDa A�-immunoreactive spe-
cies, a putativeA� dodecamer, correlatedwithmemory impair-
ment in Tg2576 transgenic mice (29). This species, referred to
by the authors as A�*56, was isolated from the transgenic
mouse cortex and injected into the adult rat brain, resulting in
transient deficits inmemory retention. In aged transgenicmice,
however, cognitive deficits did not clearly correlate with A�*56
levels, leading the authors to suggest thatA�*56may contribute
to early cognitive deficits similar to those that occur in patients
with mild cognitive impairment (29). Moreover, in APP trans-
genic mice carrying the Arctic mutation, which augments neu-
ritic plaque formation but reduces A�*56, behavioral deficits
more closely paralleled A�*56 levels than plaque loads (30).

Despite evidence that A� oligomers can interfere with nor-
mal synaptic physiology and contribute to cognitive deficits in
APP transgenic mice, it remains to be determined whether A�
oligomers contribute to cognitive decline in AD. The ADDL-
type ofA�oligomer is elevated in cerebrospinal fluid and cortex
in AD (31, 32). However, a covariant analysis relating A� oli-
gomer levels to cognitive test scores has not yet been per-
formed. It also remains to be determinedwhether oligomers are
causally related to other pathological features of AD, including
NFTs, microglial activation, synapse loss, and neuronal cell
death.

A� and Mechanisms of Synaptic Plasticity

The role of A� in synaptic dysfunction has emerged as a
central area of investigation in the pathophysiology of AD. APP
transgenic mouse models have provided evidence that A�-re-
lated synaptic dysfunction can give rise to deficits in learning
and memory (33–35) and that these deficits can be dissociated
from amyloid plaque formation (14, 36, 37). Compelling evi-
dence for direct effects of A� on receptor-mediated mecha-
nisms of synaptic plasticity came from the study of Kamenetz et
al. (38) demonstrating that neuronal activity can induce the
cleavage of APP to A� and that A� can in turn depress excita-
tory synaptic transmission. This required both BACE and
�-secretase cleavage and was mimicked by application of syn-
thetic A� peptides to cultured neurons. A physiological role for

APP was also supported by studies of neuronal cultures from
APP knock-out mice (39). Furthermore, the endogenous level
of A� in the brainwas regulated by synaptic activity in vivo (40),
suggesting a dynamic feedback loop involving APP metabolism
andA� thatmaymodulate synaptic activity (supplemental Fig. 1).

A� can depress synaptic transmission through mechanisms
similar to the physiological phenomenon of LTD (41). A�-me-
diated synaptic depression may require p38 MAPK, leading to
phosphorylation of the AMPA receptor at the site phosphoryl-
ated in LTD that results in receptor endocytosis (supplemental
Fig. 1) (41). Synaptic removal of NMDA receptors may also be
mediated by binding of A� to the �7 nicotinic receptor, leading
to activation of two phosphatases, PP2B and the striatal
enriched tyrosine phosphatase (STEP). STEP may induce
NMDA receptor endocytosis by dephosphorylating the NR2B
subunit (42). Another study suggested that sustained applica-
tion of naturally secreted A� dimers and trimers to hippocam-
pal slice cultures reduces synapse and spine numbers (43). This
also resembled LTD in its requirement for NMDA receptor
activity and the action of calcineurin and the actin cytoskeletal
protein cofilin. Synapse loss associated with low molecular
weight A� oligomers was unaffected by blockade of nicotinic
acetylcholine receptors with �-bungarotoxin, suggesting a dif-
ferent pathway than that described by Snyder et al. (42). It is
unclear whether this difference relates to different aggregated
forms of A� or experimental paradigms. Nonetheless, these
observations suggest that A� can affect multiple synaptic sig-
naling mechanisms, resulting in reduced excitatory synaptic
transmission and structural changes such as dendritic spine
loss (supplemental Fig. 1).
In contrast to the inhibitory effects of A� on synaptic activity

in vitro, a recent study demonstrated spontaneous nonconvul-
sive seizure activity in APP transgenic mice consistent with
increased excitation (44). Altered glutamate receptor regula-
tion was suggested by changes in the phosphorylation state of
the NR2B subunit of the NMDA receptor and reduced levels of
the GluR1 and GluR2 AMPA receptor subunits. These findings
are intriguing in light of recent evidence for increased seizure
activity in AD patients (45). In addition, deleterious overexci-
tation of cortical networks would suggest a context for the clin-
ical efficacy of the NMDA receptor antagonist memantine, a
drug that slows disease progression in AD. However, the over-
excitation observed in this APP transgenic model is difficult
to reconcile with electrophysiological observations suggest-
ing a primary inhibitory effect of A� on synaptic transmis-
sion (38, 41, 42).
Depressive effects of A� on synaptic transmission in the

GABAergic inhibitory system could potentially reconcile these
seemingly disparate observations. The J20 APP transgenic
mouse exhibits markedly reduced calbindin 1 levels in hip-
pocampal dentate granule cells that correlate closely with cog-
nitive deficits (46). Calbindin is also reduced in AD and to a
lesser extent during normal aging (47, 48). Calbindin is a calci-
um-buffering cytosolic protein specifically expressed in
GABAergic inhibitory neurons that can protect against excito-
toxicity (49). Hence, loss of calbindin in APP transgenic mice
might be indicative of impaired inhibitory neuronal function.
Moreover, functional imaging studies in AD patients suggest
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that impaired inhibitory network function may lead to cortical
overactivation at an early stage (50).

A�-APP Interactions and Toxicity

Aggregation of A� can induce binding to a variety of neuro-
nal cell-surface proteins, including APP (51). Moreover, corti-
cal neurons cultured from APP knock-out mice are partially
resistant to A� toxicity, implicating APP in the mechanism of
toxicity (51). A� can induce APP oligomerization and caspase
cleavage at Asp664, liberating an APP fragment containing the
C-terminal 31 amino acids (52, 53). This APP C-terminal frag-
ment is neurotoxic when overexpressed (54) andmay activate a
G-protein signaling cascade (55).
Evidence that APP may be directly involved in pathological

and behavioral changes in APP transgenic mice was suggested
by a transgenic mouse model expressing APP with the Swedish
and Indiana FADmutations together with an additional muta-
tion at Asp664, a C-terminal caspase cleavage site. The Asp664
mutation did not affect A� generation or plaque number but
prevented synapse loss, astrogliosis, and spatial memory defi-
cits (56). Cleavage of APP at Asp664 might promote these path-
ological changes by generating a toxicC-terminal fragment (54)
or by altering physiological interactions between APP and sig-
naling proteins such as Fe65. These findings also call into ques-
tion the role of A� per se as a primary cause of cognitive deficits
in APP transgenic mice. However, a causal role for A� is sup-
ported by A� immunotherapy experiments that reduce plaque
load and soluble A� levels without any known effects on the
APPholoprotein (57, 58). An interaction ofA�withAPP, either
by direct binding or through convergent signaling pathways,
may at this point be the most parsimonious working model.

Modulation of A� Toxicity by Tau

NFTs are composed predominantly of hyperphosphorylated
forms of the microtubule-associated protein tau, a set of post-
translational modifications that can dissociate tau frommicro-
tubules and potentially disrupt axonal transport. A long-stand-
ing issue is whether amyloid- and tau-related changes are
causally related or represent parallel pathogenic pathways. Ini-
tial studies of primary neuronal cultures showed that aggre-
gated forms of A� induce tau phosphorylation at the same sites
that are hyperphosphorylated in AD (59). APP transgenic mice
exhibit focally increased tau phosphorylation in dystrophic
neurites surrounding neuritic plaques but do not developNFTs
(21, 60). Tangle formation was observed in a triple transgenic
mouse expressing FAD variants of APP and presenilin 1 and a
tau variant associated with frontotemporal dementia. Cogni-
tive deficits appeared in these mice before plaques and tangles
and correlatedwith intraneuronalA� (34). These cognitive def-
icits could be reversed by administration of an anti-A� anti-
body but only under conditions in which both A� and tau were
reduced, consistent with a mechanism requiring both proteins.
Moreover, cell culture studies suggest that tau-deficient neu-
rons may be resistant to A� toxicity and that A� toxicity is
accompanied by proteolytic generation of a 17-kDa tau frag-
ment (61–63).
A dramatic effect of endogenous tau on cognitive deficits was

observed in APP transgenic mice crossed with tau knock-out

mice (60). Spatial memory deficits were absent in animals with
complete deletion of tau and partially prevented by deletion of
a single tau allele. These behavioral effects occurred without
any change inA� levels, plaque load, or dystrophic neurites and
were attributed to a protective dampening effect of tau on exci-
tatory neurotransmission. These intriguing observations pro-
vide a potentially novel link between neurofibrillary pathology
and excitotoxic neurodegeneration.

Signaling Mechanisms Associated with A� Toxicity

The literature on A� biology is replete with a variety of dif-
ferent mechanisms of action, some of whichmay relate to vary-
ing structural states of the peptide. In primary neuronal cul-
tures, A� oligomers and ADDLs can bind avidly to neuronal
membranes and induce rapid cell death through themitochon-
drial apoptotic pathway (64). In contrast, A� fibrils appear to
induce amore chronic form of neuritic dystrophy and neuronal
cell death. Rapid toxic effects of A� have been associated with a
pro-oxidant effect of the peptide (65) and may be mediated in
part through RAGE (receptor for advanced glycation end prod-
ucts) (66). A� can also induce apoptosis through activation of
caspases and calpain (67–70). Caspase-7 and -8 levels are ele-
vated in the AD brain, and caspase-8 levels correlate with for-
mic acid-extractable A�42 (71). In addition, activated
caspase-6 is associated with neuritic plaques and NFTs in mild
cognitive impairment andAD (72). Anothermechanism of tox-
icity may involve aberrant activation of cell cycle reentry in
neurons, which has been observed in A�-treated neuronal cul-
tures and in AD (73, 74). Little is known about the factors that
regulate the generation of toxic A� aggregates in the aging
brain, although recent studies suggest potential roles for insu-
lin/insulin-like growth factor-1 signaling (75) and calcium
homeostasis (76).
Another class of signaling pathways activated by A� is

involved in the microglial inflammatory response. Amyloid
deposits are closely associated with activation of microglia in
AD and inAPP transgenicmice. Fibrillar A� can bind to class A
and B scavenger receptors on microglia, leading to an inflam-
matory response characterized by release of reactive oxygen
species and chemokines (77–79). Binding of A� to the scav-
enger receptor CD36 activates signaling through the Src family
kinase members Lyn and Fyn and p44/42MAPK. Targeted dis-
ruption of this signaling pathway inhibitsA�-induced secretion
of reactive oxygen species and chemokines (79).Microglial acti-
vation also results in clearance of A� deposits (80), and loss of
the microglial signaling response through blockade of chemo-
kine receptors results in increased A� deposition and prema-
ture death in APP transgenic mice (81). An unresolved issue is
the relative contributions of microglial clearance of A� versus
microglial elaboration of toxic cytokines and reactive oxygen
species in AD (82).

Conclusion

Recent studies suggest that A� can impair synaptic plasticity
throughmechanisms thatmight contribute to cognitive decline
in AD. Evidence is mounting that A� oligomers can mediate
these effects, possibly accounting for why plaque number is a
poor predictor of cognitive status. It will be important, how-
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ever, to determinewhether there is a clear relationship between
A� oligomers and cognitive status in patients at different stages
of cognitive decline. A related question is whether A� pathol-
ogy is linked to mechanisms of human brain aging (11) and
whether mechanisms related to aging, such as oxidative stress,
reducedmitochondrial energymetabolism, and altered protein
turnover, are necessary cofactors for A� toxicity to become
manifest.
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the preparation of the manuscript.
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Understanding how biological processes work and are regu-
lated requires that the biochemical mechanisms underlying the
processes be described. The study of biochemical mechanisms
permeates all of biological and biomedical sciences. A descrip-
tion of biochemical mechanisms requires multiple approaches.
Over the past 50 years, many of these approaches have been
largely experimental. The isolation, purification, and character-
ization of proteins and other cellular components, as well as
elucidation of how their functions are regulated, have all added
to our understanding of the biochemical basis of biological pro-
cesses. The rapid intertwined growth of biochemistry and
molecular biology has resulted in a large “parts list” and “parts
specifications.” As the parts list has grown, the assembly of cel-
lular components into functional units that are subject to reg-
ulation and control has become a major focus of current
research. Systemswith few components continue to be success-
fully analyzed using purely experimental approaches. As the
number of components and interactions increases, however,
intuitive reasoning coupled with experiments becomes insuffi-
cient to provide an understanding of how these systems func-
tion. Such systems are best understood in quantitative terms.
Even in the absence of formalmathematical theories, numerical
simulations (i.e. computation) based on empirical experimental
observations are often very useful for drawing mechanistic
inferences of how biochemical systems are organized, function,
and are regulated. This has led to the resurgence of computa-
tion in regulatory biochemistry over the past decade.
Mathematical reasoning and numerical simulations together

form the field of computational biochemistry. This approach
has long been used to understand biochemical mechanisms.
Enzyme kinetics, a well developed area in computational bio-
chemistry, has provided uswith amechanistic understanding of
howproteins and enzymeswork. Key concepts in cooperativity,
i.e. the mechanisms of multiple interacting binding reactions
such as that for oxygen to hemoglobin (1, 2), enzymatic reaction
mechanisms (3, 4), and allosteric regulation (5, 6), have all been
developed bymathematical reasoning and computational anal-
yses that were tightly coupled to experiments. The mathemat-
ical basis for enzyme kinetics was sufficiently well developed by
the mid-seventies to yield textbooks such as that by Segel (7).
Understanding how two coupled biochemical reactions lead to
regulatory behavior such as ultrasensitivity (8) has been useful
in demonstrating the switch-like behavior of the MAPK2 path-

way (9). As systems with greater numbers of components have
been analyzed, numerical simulations have been useful in iden-
tifying those positive feedback loops that have switch-like char-
acteristics (bistable behavior). Theoretical predictions from
numerical simulations that a system of enzymes, e.g. MAPK-
phospholipase A2-protein kinase C, can behave as a switch to
trigger physiological responses (10) have recently been experi-
mentally confirmed in long-term depression of synaptic
responses in the cerebellum (11). These advances have led to
a growing recognition that computations and simulations
are likely to play a complementary role to experiments in
regulatory biochemistry. Much in the same way that molec-
ular biology technologies were major drivers for the identi-
fication, isolation, and characterization of cellular compo-
nents, computational biochemistry is likely to be the major
driver for systems biology, providing a mechanistic under-
standing of the functional regulation of biochemical systems
at the cellular and subcellular levels. It seems reasonable to
hypothesize that computational biochemistry will be the
major approach to understanding mechanisms in systems
biology.
Theminireviews in this series describe some areas of success

where computational biochemistry has provided mechanistic
insight into the regulation and function of complex systems. At
the outset, it should be noted that although diverse, these
reviews do not cover all areas of computational biochemistry.
For instance, computations that have provided insight into pro-
tein folding and other structural computations are not covered.
These reviews focus on reactions between molecules and the
regulation of these reactions. Linderman describes howmodel-
ingGprotein-coupled signaling pathways has been valuable not
only in understanding basic mechanisms of signal transduction
such as collision coupling (12) but also in drug discovery and
development of diseasemodels. Pollard and Berro consider one
of the most successful examples in regulatory biochemistry:
actin cytoskeleton-dependent cell movement. In this system,
regulation of actin polymerization into microfilaments and
depolymerization underlie the origins of force within cells.
Mathematical models have helped us to understand how this
mechanotransduction process is responsible for the “physical
integrity of the cell” and regulated cell movement. In this
review, one can get a feel for the full range of ways in which
modeling helps us understand the propagation of regulatory
behavior from the three-dimensional structure of actin mono-
mers to the organization of actin filaments to how filament
structure drives movement at the leading edge of the cell.
Kearns andHoffmanndescribe studies ofNF-�B that have been
useful in developing the concept of cell state-dependent rate-
limiting steps and the role of different isoforms of the same
protein in contributing to complex behavior.Neves and Iyengar

* This minireview will be reprinted in the 2009 Minireview Compendium,
which will be available in January, 2010.

□S The on-line version of this article (available at http://www.jbc.org) contains
a supplemental glossary.
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2 The abbreviation used is: MAPK, mitogen-activated protein kinase.
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discuss how spatially limited reactionswithin cell signaling net-
works contribute to the specificity of receptor action. Compu-
tational analyses of spatially restricted biochemical reactions
have helped identify spatial information as a distinct entity that
is transmitted through cell signaling networks. Ma’ayan intro-
duces the utility of graph theory in dealing with large data sets
and inferring mechanisms from these data sets. Network anal-
ysis has been very useful in understanding “the global regula-
tory features” of large biochemical systems. Schellenberger and
Palsson describe emerging methods for dynamical studies of
metabolic networks based on whole genomes. Models of met-
abolic networks have long been used to obtain a mechanistic
understanding of how organization of network leads to meta-
bolic control (13, 14). In this review, new approaches that help
convert static network maps into large-scale dynamic systems
provide a glimpse of how the future of computational biochem-
istry is likely to look.
These reviews have been written to emphasize the systems

level mechanistic insights that computation provides rather
than to focus on the methods used for computation. The sup-
plemental data of Pollard and Berro and Neves and Iyengar
provide brief descriptions ofmethods and approaches. As do all
fields of research, computational biochemistry and systems
biology have some unavoidable jargon often originating in
mathematics and engineering. The supplemental data of Pol-
lard and Berro define some of the terms used. With this pre-
view, there is a supplemental glossary that complements the list
of Pollard and Berro. These glossaries should be useful for

experimental biochemists who read these reviews. Often, the
authors also define terms within a review. This planned partial
redundancy should allow each review to be read on its own and
also as a set. We hope that these reviews will stimulate many
authors and readers of the Journal to consider using computa-
tional approaches in their own research.

Acknowledgment—I thank Martha Vaughan for advice, help, and
patience during the writing of this overview and the minireview with
Susana Neves.
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G-protein-coupled receptors (GPCRs)2 are the largest family
of cell membrane receptors. An estimated 50% of current phar-
maceuticals target GPCRs (1), suggesting that further increases
in our understanding ofGPCRs and the signaling pathways they
initiate will lead to new drug targets. Mathematical and com-
putationalmodeling (here, simply “modeling”) has a substantial
history in modern biology and pharmacology (2, 3) and offers a
powerful tool for examining GPCR pathways. Such models can
be used to better understand hypothesized mechanisms, run
virtual (in silico) experiments, interpret data, suggest new drug
targets, motivate experiments, and offer new explanations for
observed phenomena.

Many Simultaneous Kinetic Processes

Themore we learn about GPCRs and the pathways they acti-
vate, the more complicated our picture of GPCR signaling
becomes. At the subsecond to minute time scale, ligand bind-
ing, interactions of receptors with G-proteins, G-protein acti-
vation/deactivation, and the action of RGS (regulator of G-pro-
tein signaling) proteins in GAP or non-GAP roles occur.
Depending on the particular G-protein subunit, many down-
stream signaling molecules (e.g. adenylyl cyclase, cAMP, phos-
pholipase C, Ca2�, membrane channels) are transiently modu-
lated, locally or over the entire cell. At a slightly longer time
scale, receptor phosphorylation, arrestin binding, and activa-
tion of non-G-protein-dependent signaling pathways occur (4,
5). Receptor trafficking events, i.e. internalization, recycling,
routing to lysosomes, and up-regulation, as well as new recep-
tor synthesis and regulation of gene expression, also occur over
the time scale of minutes to hours. Many of the receptor and
membrane level events are shown schematically in Fig. 1A.
Noble attempts to consolidate information on intracellular sig-
naling pathways initiated by GPCR binding are available (and
evolving) (e.g. Database of Science Signaling) (6, 7).
Put simply, it is difficult to intuit the net result of so many

simultaneous kinetic processes. Add nonlinearities such as
feedback, time-varying sequestering of molecules via scaffolds
and other mechanisms, and multiple receptor and G-protein

species to the temporal and spatial variations already mentioned,
and it is virtually impossible. Modeling helps: putting in hypothe-
sized mechanisms and numbers (rates, concentrations) allows
both qualitative and quantitative insights. With models one can
ask questions such as, which of several simultaneous pathways
plays a larger role? Do these events happen fast enough to be
important in signaling? What mechanisms might allow modula-
tionof signaling, desensitization, or receptor cross-talk?What fac-
tors influence ligand efficacy? Interruption of processes at which
points (i.e. drug targets) is most effective? Which experimental
protocol is most likely to emphasize a particular mechanism?

Model Development

How do you create a model? Mathematical/computational
modeling that is mechanistic (as opposed to empirical models,
which approximate the shape of a relationship without any
mechanistic basis, or statistical models) generally incorporates
three steps. In the first, you need to turn the biology into rules
(e.g.“if two receptors collide, there is a 50%probability of dimer-
ization”) or equations. Thismeans that you have to decide what
is important and what is not, at least for the question(s) you are
asking. Models may well leave out something you know hap-
pens, perhaps because it is not significant at the time or length
scale you are examining or is something you would rather not
focus on now. In the second step, you solve the equations or run
the simulation governed by these rules. The question being
asked is simply, “If all these things happen as I have written, i.e.
with these particular rates or rules, what is the outcome?” In the
third step, you use the solution of the model to say something
meaningful about the biology. If the equations/rules give
behavior consistent with the outcome of an experiment, this
suggests that the model captures the relevant biological
mechanism(s) behind the observation. You may be able to fit
key model parameters, offering quantitative insights as to
the rates of particular processes or the relative importance of
a particular pathway.
Models can vary significantly in the level of detail used to

describe molecular interactions. For example, models of GPCR
signaling may include vast detail in the G-protein activation/
deactivation cycle (8) or may have no explicit inclusion of
G-proteins at all but rather lump their effect into what happens
to a downstream component. In other words, there is a choice
as to how fine- or coarse-grained you make your model. More
abstract models, ones that perhaps only identify molecules as
signaling components A, B, and C and attempt to understand
how the rules governing their behavior influence responses, are
also possible (9). The appropriate formdepends on the question
you are asking and also on the data you have for model valida-
tion and testing. Modeling is meant to be an iterative process
with experimentation, each one driving the other.
Typically, a minimal model is constructed and then grows in

complexity, driven by new hypotheses and new data. Simple is
good. There is no glory to be had by constructing a complicated
model when a simple one can elucidate the key features of the
biology; in fact, a complicated model may obscure a simple
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result. (Indeed,with a complicatedmodel, one can use reduced-
order modeling to figure out which pathways are the most
important, essentially approaching the simplicity goal from the
other side (10).) Although models typically involve numbers,
often the numbers themselves are less important than the qual-
itative insight (e.g. how RGS proteins shift the dose-response
curve).
Determining model parameters such as rate constants is an

important and often time-consuming step. Different
approaches are used and are not mutually exclusive. Focus on a
particular time scale in experiments may remove some param-
eters from consideration to allow remaining parameters to be
more accurately determined (e.g. short time scale experiments
will not be confounded by receptor recycling); inhibitors of par-
ticular pathways are also used. A complementary approach is to
fit all parameters at once, e.g.using regression analysis orMonte
Carlo techniques (11). Techniques for discrimination between
models that appear to fit the data reasonably well and for sys-
tematic assessment of the impact of parameter uncertainties
are available (10–12) and will be increasingly important as
more components of signaling pathways are identified and
more detailed models become possible.

Types of GPCR Pathway Models

Thepharmacological literature has a rich history inmodeling
the equilibrium states of GPCRs,models composed of algebraic
equations that describe how the addition of ligand and/or
G-protein will change the distribution of receptor states (13).
Rates of processes are not included. However, equilibrium
models have limited applicability in understanding the inher-
ently kinetic process of signaling, especially downstream of
G-protein activation, and predictions of kinetic and equilib-

rium models with similar parameter values can be markedly
different (14).
Kineticmodels of GPCR signaling aim to link the time course

ofGPCRbinding and other receptor level events with the kinet-
ics of early (e.g. G-protein activation) and later (e.g. cAMP and
Ca2� dynamics, desensitization, mitogen-activated protein
kinase (MAPK) activation) downstream events. Many of these
models are formulated as ordinary differential equations
(ODEs), describing how the concentration (or number) of each
particular species evolves with time. Examples of how to write
such equations for receptor systems are given in Ref. 15 and
typically involve mass action kinetics.
Because signaling propagates from GPCRs at the cell mem-

brane into the cell and because molecules such as Ca2� may be
released from discrete sources within the cell, there are likely to
be spatial gradients of signaling molecules. To follow both spa-
tial and temporal information during signaling, partial differen-
tial equations (PDEs), which arise naturally from the diffusion
equation, can be used. Readily available software to solve ODEs
and/or PDEs includesMathematica� (WolframResearch, Inc.),
MATLAB� (TheMathWorks, Inc.), and BerkeleyMadonnaTM.
For solving equations in a more cell-specific framework, one
excellent tool is Virtual Cell (16).
Stochasticmodels allow events to be described by probabili-

ties; unlike the (deterministic) models above, given the same
input, a stochastic model will give (somewhat) different results
each time. Such models (equation- or rule-based) of GPCR sig-
naling are used when there are small numbers of molecules
involved or when it is useful to track likely movements of indi-
vidual molecules (17, 18). A disadvantage of stochastic models
is that they are more difficult to solve, and simulations must be

FIGURE 1. A, many of the receptor and membrane level events in GPCR signaling. RK, receptor kinase. B, relative importance of signal attenuation via
GRK-mediated phosphorylation/arrestin binding or PKA-mediated phosphorylation following isoproterenol binding to endogenous �2-adrenergic receptors
on HEK-293 cells (27). C, cubic ternary complex model, an equilibrium model incorporating differing abilities of ligands to stabilize the active receptor state (R*)
(13). D, depletion of “activate-able” G-proteins (empty ovals) from the vicinity of long-lived receptor-ligand complexes (44, 45). Activated G-proteins are shown
as filled ovals. E, kinetic scaffolding. Increased GTP hydrolysis gives a spatial focusing of the G�GTP signal (52). F, clusters of GPCRs resulting from dimerization
and diffusion kinetics (18). Receptors are shown as filled (dimers) or empty (monomers) circles.
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run multiple times to gather statistics on the range of possible
outcomes.

Insights into GPCR Pathways, Dynamics, and
Rate-limiting Steps

Tolkovsky and Levitzki (19) offered one of the earliest kinetic
models of GPCR signaling, the collision coupling model, sug-
gesting that ligand-bound receptors and enzymes (here, G-pro-
teins) collide and couple transiently to produce enzyme activa-
tion. Model behavior was qualitatively consistent with their
data on cAMP accumulation during binding of epinephrine to
�-adrenergic receptors. Many of the models described below
rely on collision coupling. Several different types ofmodels sug-
gest that diffusion is fast enough to allow a collision coupling
mechanism to produce observed rates of G-protein activation
and/or downstream signaling (15, 20–22), although mecha-
nisms to limit contact between molecules (e.g. lipid rafts) are
not ruled out.GTPhydrolysismay be rate-limiting as compared
with the steps of GTP binding and GDP release, and so those
latter steps are not included in many models (23, 24).
Towhat extent doG-protein activation/deactivation dynam-

icsmodulate downstream responses? In themating pheromone
signaling pathway in Saccharomyces cerevisiae, arguably the
most biochemically well characterized eukaryotic signaling
pathway, two recent modeling efforts support a central role for
G-protein dynamics. Using an ODE model of the receptor/li-
gand binding dynamics and the G-protein cycle, Hao et al. (24)
argued for pheromone-dependent transcriptional induction of
Sst2 (which functions as an RGS protein) as a negative feedback
mechanism that leads to desensitization as well as a positive
feedback mechanism that leads to pheromone-dependent loss
of Sst2 protein. Experiments driven by that model indeed
showed that Sst2 is ubiquitinated and degraded. Examining the
same signaling pathway, Yi et al. (25) used an ODE model
together with fluorescence resonance energy transfer (FRET)
measurements reporting the association state of the G-protein
heterotrimer following ligand binding. Changing the rate of
G-protein deactivation via deletion of Sst2 was found to shift
the dose-response curve to higher sensitivity; Sst2 was deter-
mined to increase the rate constant for G-protein deactivation
by �25-fold. These results suggest that RGS proteins and pro-
teins that down-regulate receptor activity (e.g. GPCR kinases
(GRKs)) should be useful drug targets (26). Bornheimer et al. (8)
examined the role of RGS proteins in a kinetic network inmore
detail, allowing for a ternary complex of receptor, G-protein,
and RGS protein and fitting GTP hydrolysis data from vesicle
preparations containing the m1 muscarinic acetylcholine
receptor, Gq, and RGS4. The model demonstrated different
behaviors or “signaling phenotypes” that might be observed
depending on local concentrations of GPCR, G-protein, and
RGS. One of these phenotypes, in which G-proteins and recep-
tors are clustered, offers a mechanistic hypothesis for the pre-
viously unexplained and unexpected observation that, in some
systems, RGS proteins do not change the maximal response,
only the kinetics.
Receptor dynamics, including synthesis and desensitization

kinetics, also play important roles in determining response
dynamics in GPCR pathways. Yi et al. (25) found that both

receptor synthesis and ligand-induced receptor endocytosis
contributed to longer term features in the yeast mating
response. Violin et al. (27) used a novel live cell cAMP sensor to
follow the dynamic response to isoproterenol binding to endog-
enous �2-adrenergic receptors on HEK-293 cells and fit the
data with an ODEmodel. They determined that, at least for the
conditions/system tested, receptor inactivation due to GRK-
mediated phosphorylation followed by binding to �-arrestin is
muchmore significant than receptor inactivationdue to cAMP-
dependent protein kinase (PKA)-mediated phosphorylation
(Fig. 1B); enhanced cAMP clearance by PKA activation of PDEs
also played an important role in limiting the response. The
model suggests the next round of experiments, i.e. whether the
relative importance of the different desensitization pathways
changes with receptor concentration (because the GRK/arres-
tin pathway should saturate) or the particular agonist or agonist
concentration used, and may give clues as to relevant drug tar-
gets to affect desensitization.
When are spatial gradients in concentrations important?

Models of chemotaxis suggest that such gradients are very
important, and a central hypothesis in the field (local excitation,
global inhibition) requires that cell components are not “well
mixed” (28). Narang (29) developed amodel for eukaryotic gra-
dient sensing that relies on spatial segregation of distinct sig-
naling molecules at the front and rear of the cell. Gi activation
plays a key role for the “frontness” pathway (the actin-rich front
of the cell), whereas G12/13 activation generates “backness” sig-
nals (controlling the morphology of the cell rear). The two
pathways inhibit each other. Alternatively, Levine et al. (9) sug-
gested a model involving a membrane-bound activator and dif-
fusing inhibitor, which they postulated could be G� and G��,
respectively. These models make predictions for the distribu-
tions of particular signaling molecules within the cell as a func-
tion of precise ligand (chemoattractant) gradients that may
now be achievable using microfluidic techniques (30).
Spatial gradients also play roles in the visual phototransduc-

tion cascade, the most quantitatively characterized G-protein
signaling system. Building on early insights in phototransduc-
tion modeling (20), Bisegna et al. (31) developed a detailed
model incorporating structural features of the rod outer seg-
ment of vertebrates as well as spatial and temporal modeling of
second messenger generation. Diffusion of both cGMP and
Ca2� during signaling is predicted to be important for the sup-
pression of variability in the single photon response. The need
for spatial detail in models is also argued by Saucerman et al.
(32) and Iancu et al. (33) for cardiac myocytes.
Models such as these that quantitatively describe the dynam-

ics of GPCR signaling pathways have a tremendous potential in
terms of analyzing alternative therapeutic agents to affect acti-
vation and/or desensitization. For example, Saucerman et al.
(34) used an integrated ODE model of �-adrenergic receptor
signaling and excitation-contraction coupling in cardiac myo-
cytes to compare potential experimental and pharmacological
treatments (e.g. receptor or adenylyl cyclase overexpression for
the ability to maximize isoproterenol response while maintain-
ing physiological basal cAMP levels).
Tight integration of mathematical/computational modeling

with live cell, high time resolution imaging of ligand binding
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and signaling pathways will hasten the evolution of more com-
plete, accurate, and useful models. For GPCR pathways,
recently developed probes include a fluorescent reporter of
PKA-mediated phosphorylation (32), a FRET-based sensor for
cAMP (27), FRET-based sensors that report association of G�
and G�� (35), and a bioluminescence resonance energy trans-
fer-based assay to monitor arrestin-adaptin interactions (36).
The integration of GPCR pathway models and experiments in
describing calciumdynamics (forwhich probes have been avail-
able for some time) has also been described (37–39).

Factors That Influence Efficacy

AllGPCR ligands for a particular receptor are not the same in
terms of pathway activation. Even after correcting for differ-
ences in binding affinity, ligands have various abilities to induce
responses (i.e. efficacy) and can be classified as full and partial
agonists, antagonists, and inverse agonists. Certainly, the
details of exactly how (and how fast) a ligand influences GPCR
conformation matter (40, 41), but how does this play out in
terms of an analysis of the signaling pathway, and what role can
modeling play in deciphering this?
One explanation is that ligands have differing abilities to sta-

bilize active receptor states. Building on the ternary complex
model, an equilibriummodel that describes the reversible asso-
ciation of ligand, receptor, and G-protein, the extended ternary
complex model and the more thermodynamically complete
cubic ternary complex model include both active and inactive
receptor states (R* and R) in terms of ability to activate G-pro-
teins. Differences in ligand efficacy are postulated to be due to
differences in the ability of the ligand to bias the receptor into
the active state (Fig. 1C) (13). Ligands that favor the inactive
state are inverse agonists; those that favor the active state are
agonists. Although the models just mentioned are equilibrium
models, a recent kinetic model by Kinzer-Ursem et al. (42) uses
kinetic data on the binding of several N-formyl peptides to the
N-formyl peptide receptor on neutrophils to demonstrate that
a receptor state not discerned from kinetic binding experi-
ments is necessary to account for the oxidant production and
actin polymerization response; this state is interpreted as the
active receptor state, and the model provides a way to measure
the relative strength of a ligand to bias the receptor into this
active conformation.
Using the cubic ternary complexmodel or a kinetic versionof it,

one can make an interesting prediction: the existence of ligands
that can function as either positive agonists or inverse agonists
depending on cell- and ligand-specific properties (“protean ago-
nists”) (12, 43). These predictions are qualitatively consistent with
the (scant) experimental data onprotean agonism todate andhint
at novel strategies for manipulating cell behavior.
Additional factors that influence efficacy have also been

hypothesized and supported with models. When the collision
coupling model is implemented in a framework that allows for
spatial gradients of membrane components to be tracked, e.g.
via simulations of individual receptors and G-proteins, one
finds that when comparing cases of equal occupancy of recep-
tors by agonist, increased movement of the agonist among
receptors (shorter half-life of the receptor-agonist complex)
results in increased G-protein activation, as receptors newly

occupied by agonist have access to G-protein close by (Fig. 1D)
(44, 45). Such movement has also been predicted to partially
decouple G-protein activation from receptor phosphorylation
(46).
The recent elucidation of non-G-protein-dependent signal-

ing by GPCRs adds a new dimension to understanding efficacy
because ligands very capable of signaling via one pathway may
be less capable at signaling via the other. Recently, Drake et al.
(47) examined a broad range of ligands for the �2-adrenergic
receptor; many had similar efficacies for both pathways, but a
few showed a bias for the �-arrestin-associated pathway. The
development ofmodels that account for these additional recep-
tor states and pathways may aid in the development of novel
therapeutics (48, 49).

New Ideas on Cross-talk and Dimerization

Cross-talk can be broadly defined as the influence of activa-
tion of one receptor type on signaling through a second recep-
tor type, i.e. a lack of signaling specificity.WhenmultipleGPCR
species can activate the sameG-proteins, the collision coupling
model predicts that there is competition between receptors for
the same G-protein pool (50). Such competition would be one
route to cross-talk. However, cross-talk in GPCR systems may
in many cases be limited. This could be achieved by limiting
contact of receptors and/or effectors through physical mecha-
nisms (e.g. scaffolds, lipid rafts) (51). Several models also shed
light on additionalmechanisms thatmay limit cross-talk. Born-
heimer et al. (8) suggested that clustering/coupling interactions
between receptor, G-protein, and/or RGS proteins could offer
such physical scaffolding. Alternatively, Zhong et al. (52)
showed that the membrane level “spread” of G-protein signal-
ing could be limited by a kinetic scaffolding mechanism in
which RGS proteins, by their acceleration of GTP hydrolysis,
reduce depletion of local (near the receptor) G�GTP levels
enough to allow rapid recoupling of G-protein to receptor. This
would maintain G-protein activation near the receptor but
deplete it farther away (Fig. 1E), a spatial focusing of the signal.
Why do GPCRs dimerize? GPCRs may associate as

homodimers and heterodimers and possibly as higher oli-
gomers in the membrane (53, 54). Such associations may be
transient and altered by ligand binding. There is debate over
whether such oligomerization is essential for signaling,
although it has been recently demonstrated that both mono-
meric rhodopsin and �-adrenergic receptors incorporated into
phospholipid particles efficiently activate G-proteins (55, 56).
The relevance of this finding for other GPCRs, for GPCRs in
vivo, and for non-G-protein-dependent pathways is still an
open question. Modeling has suggested another way to think
about dimerization (18). When both association and dissocia-
tion of dimers are relatively fast (i.e.dimers are not high affinity)
and diffusion is relatively slow, larger clusters of receptors can
form (Fig. 1F). Such dimerization-induced clustering thus
affects the overall organization of receptors in the membrane
and is rapid enough to play a role in signaling. Because organi-
zation may affect access of receptors to signaling molecules
(both positively, e.g.making it easier to “share” an effector, and
negatively, e.g.making itmore difficult for an effector to reach a
receptor) and because a cluster of receptors could essentially
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act as amultivalent ligand for downstreamplayers, this suggests
that changes in dimerizationmay be used tomodulate informa-
tion flow through signaling pathways as well as cross-talk.
Finally, although not the focus of this review, a number of

studies have explored the structure and/or kinetics of signaling
pathways in a more general framework and predicted behav-
iors, including noise filtering, ultrasensitivity, oscillations, bist-
ability, and robustness, that may have application for the mod-
ulation of signaling in GPCR pathways (57–59).

Future Prospects

Modeling is likely to become an increasingly useful tool for
understanding GPCR pathways. The United States Food and
Drug Administration Critical Path Initiative has recently
identified model-based drug development, including drug
and disease modeling, as an important goal (www.fda.gov/oc/
initiatives/criticalpath). Powerful and increasingly user-
friendly software is available. Interesting new hypotheses gen-
erated by modelers are being published in prominent
biochemistry, biology, and biophysics journals. In addition,
new experimental techniques, particularly RNA silencing of
pathway molecules and novel fluorescent probes that allow for
single cell kinetic data, are available to both generate data for
model building and allow testing of key model findings.
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Actin filaments help tomaintain the physical integrity of cells
and participate in many processes that produce cellular move-
ments. Studies of the processes that depend on actin filaments
have progressed to the point where mathematical models and
computer simulations are an essential part of the experimental
toolkit. These quantitative models integrate knowledge about
the structures of the key proteins and the rate and equilibrium
constants for the reactions for comparison with a growing body
of quantitativemeasurements of dynamic processes in live cells.
Models and simulations are essential because it is impossible to
appreciate by intuition alone the properties that emerge from a
network of coupled reactions, particularlywhen the system con-
tains many components, and force is one of the parameters.

We use a few examples to illustrate howmathematical mod-
els advance the understanding of the actin system from side
chain motions of proteins to the behavior of whole cells. Read-
ers will find references to experimental work in the papers
cited. Diverse methods (supplemental data) are required given
the range of complexity (single proteins to cells), dimensions
(10�9–10�4 m), and time (10�12–102 s).

Actin Molecule and Polymerization

Internal Motions of Actin Monomers—Actin consists of four
subdomains surrounding a cleft that bindsATP orADP (Fig. 1).
In molecular dynamics (MD)2 simulations, the DNase loop in
subdomain 2 is themost flexible part of the protein with a weak
tendency to form a �- or an �-helix (1, 2), so crystal contacts
may stabilize the helix when it is present. The nucleotide-bind-
ing cleft of actin remains closed inMD simulations with bound
ATP or ADP or without bound nucleotide (1–3), whereas the
cleft of the actin-related protein Arp3 tends to open. This dif-
ference depends on a C-terminal extension of Arp3, which fits

into the groove between subdomains 1 and 3 and stabilizes the
open conformation (2). Profilin binding in this groove also pro-
motes cleft opening and nucleotide exchange (4).
Actin Filament Nucleation and Elongation—Pure actin

monomers (Fig. 1) spontaneously polymerize into helical fila-
ments under physiological conditions. Kinetic simulations of
the complete time course of polymerization of actinmonomers
showed that formation of dimers and trimers is extremely unfa-
vorable (5). Brownian dynamics simulations showed that the
long pitch (end-to-end) dimer is favored over the short pitch
dimer and that the third subunit binds laterally to form a trimer
nucleus (6). Brownian dynamics simulations showed that elec-
trostatic forces favor elongation at the barbed end over the
pointed end as observed (7).
Effect of Bound Nucleotide on Polymerization—The nucleo-

tide bound to actin influences every aspect of polymerization.
In cells, actin monomers are saturated with ATP. When incor-
porated into a filament, actin hydrolyzes bound ATP 40,000-
fold faster than monomeric actin (8). Despite enough crystal
structures and MD simulations to formulate a hypothesis (2, 9,
10) for conformational changes associated with the ATPase
cycle, we do not understand how polymerization stimulates
hydrolysis or how the presence of �-phosphate influences the
affinity of actin for profilin, thymosin-ß4, and cofilin.
At the fast-growing barbed end of filaments, ADP-actin

binds slower and dissociates faster than ATP-actin. ADP-Pi-
actin associates only slightly faster than ADP-actin but dissoci-
ates much slower (11). All of these reactions are slower at the
pointed ends of filaments. An enduring mystery has been how
ATPhydrolysis by polymerized actinmakes the critical concen-
tration for elongation�10 timesmore favorable at barbed ends
than at pointed ends. Analytical models and Monte Carlo sim-
ulations consistent with experimental data show that the differ-
ence arises from faster dissociation of phosphate from ADP-Pi
subunits near both ends than from the interior subunits and
lower affinity of phosphate for terminal subunits at pointed
ends than at barbed ends (11). At steady state with ATP in
the medium, these reactions coupled with random ATP
hydrolysis and Pi release in filaments produce gradients of
subunits containing bound ATP, ADP-Pi, and ADP from the
ends toward the interior of filaments (12), small length fluc-
tuations at barbed ends (13, 14), and net addition of subunits
at barbed ends balanced by net loss of subunits at pointed
ends (�0.1 s�1).
Force Production by Polymerizing Actin—Experiments and

theory agree that polymerizing actin filaments produce a few
piconewtons (pN) of force. Single filaments as short as 700 nm
long buckle when they elongate between two attachment sites
(15). Given the stiffness of actin filaments, the force is �1 pN
(16).
Pioneering studies (17, 18) proposed that elongating fila-

ments move objects by a Brownian ratchet mechanism. The
original model considered how elongation of rigid filaments
could rectify the thermal motion of a diffusing object. A later
elastic Brownian ratchetmodel considered not only themotion
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of the object but also the thermal motion of flexible elastic fil-
aments (Fig. 2C). When diffusion opens a gap between the end
of the polymer and an object, insertion of a subunit prevents the
object from reentering this space. The elongation rate of a sin-
gle filament against such a load is the elongation rate of a free
filament times the probability that a gap exists between the tip
and the load, which is given by the Boltzmann term e��E/kT,
where �E is the energy required to create the gap, k is the Bolt-
zmann’s constant, and T is absolute temperature. Calculation

of the distribution of positions of the object over time gave a
logarithmic dependence of force (in the pN range) on the rate of
elongation (in the range of 0–110 subunits/s). The velocity
depends on actinmonomer concentration, elongation rate con-
stant, length of the filaments, and angle of incidence between
the filament and the barrier, with an optimum angle near 45°.
Remarkably filament growth and branching at the leading edge
of motile cells select filaments oriented at angles near 45° rela-
tive to the membrane (19). Note that long filaments buckle,
filaments parallel to the barrier exert no force, and bending of
filaments normal to the barrier opens only a small gap for elon-
gation. Langevin dynamics simulations (20) and Monte Carlo
simulations (21) confirmed the general features of the elastic
Brownian ratchet mechanism.
Physical Properties of Actin Filaments—Massive all-atom

MD simulations and normal mode analysis of coarse-grained
models (3) reproduced the observed stiffness of ATP- and
ADP-actin filaments. The �-helical DNase loop assumed for
ADP-actin has weaker short pitch interactions and no long
pitch interactions, accounting for the greater flexibility of ADP-
actin filaments. However, we do not understand how �-phos-
phate dissociation from filaments alters their structure and
influences subunit reactions at the ends.

Proteins That Regulate Actin Polymerization

Cells use dozens of proteins to regulate the time and place of
actin polymerization.Other proteins shape and reinforce struc-
tures composed of actin filaments. Here, we use two proteins

that direct actin assembly and one
that promotes disassembly to illus-
trate how modeling contributes to
research on actin-binding proteins.
Arp2/3 Complex—The Arp2/3

complex nucleates actin filaments
as 78° branches on the sides of pre-
existing actin filaments. Five pro-
tein subunits hold the two actin-re-
lated proteins, Arp2 and Arp3, close
together but separated enough to
prevent them from initiating an
actin filament. Kinetic simulations
(22) based on a partial set of rate
constants showed that the favored
pathway begins with a nucleation-
promoting factor such as WASp
binding actin and then the Arp2/3
complex. This ternary complex has
no nucleation activity until it binds
very slowly to the side of a filament.
Then, a daughter filament grows at
its free barbed end from the side of
the “mother” filament (Fig. 2).
Formins—Formins are homodi-

mers with multiple domains, includ-
ing forminhomology (FH)-2domains
that associate with barbed ends of
actin filaments (reviewed in Ref. 23).
Formins stimulate formation of un-

FIGURE 1. Ribbon diagram of the actin molecule based on Protein Data
Bank code 1ATN and a space-filling model of an actin filament. Numbers
1– 4 indicate the four subdomains. Images are from Ref. 51.

FIGURE 2. Biochemical mechanism of actin-based cellular motility. A, transmission electron micrograph of
the actin filament network at the leading edge of a keratocyte from the work of Svitkina and Borisy (unpub-
lished data). The cell was fixed while moving upward in this orientation. After removal of the plasma membrane
and soluble components, the branched actin filament network was rotary-shadowed. B, drawing of a motile
keratocyte. C, dendritic nucleation hypothesis for protrusion of the leading edge. A nucleation-promoting
factor (purple) brings together an ATP-actin monomer and the Arp2/3 complex. Binding of this inactive ternary
complex to the side of a pre-existing filament activates the formation of an actin filament branch, which grows
from the side of the mother filament at an angle of 78°. Thermal motion of the membrane (1) or the filament tip
(2) creates gaps between the barbed end of the filaments and the membrane, allowing actin subunits bound
to profilin to elongate the filaments and push the membrane by a Brownian ratchet mechanism. Capping
protein terminates elongation by blocking barbed ends. Hydrolysis of ATP bound to ATP-actin subunits (yel-
low) creates ADP-Pi-actin subunits (orange), which dissociate phosphate to become ADP-actin subunits
(maroon). ADF/cofilin targets ADP-actin filaments for severing and depolymerization. Profilin catalyzes
exchange of ADP for ATP on dissociated actin monomers, recycling ATP-actin for further rounds of polymeri-
zation. The image was modified from Ref. 51.
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branched actin filaments in cables, filopodia, and cytokinetic con-
tractile rings. Simulations of experimental data suggest that FH2
domains nucleate filaments by stabilizing actin dimers (24) and
show that free actin monomers account for all nucleation in the
presence of profilin (25).
Doughnut-shaped FH2 dimers (Fig. 3) encircle an actin fila-

ment (26) and remain associated with a growing barbed end
through thousands of cycles of subunit addition at rates up to
100 s�1 (25, 27, 28). FH2 domains slow elongation of barbed
ends by 10–99%. Much work remains to determine how FH2
domains track reliably on growing barbed ends. One idea (26)
with solid theoretical support (29) is that the leading FH2
domain steps off the end before the next actin subunit binds
(Fig. 3A, lower). Alternatively, the stepmay occur after addition
of each new actin subunit (Fig. 3A, upper) (25). One might
expect an FH2 dimer to rotate along the path of the growing
actin helix, but this is not observed if the formin and distal parts
of the filament are both anchored to a surface (15). One idea is
that an FH2 domain tracks with the growing helix for about six
subunits and then steps around the filament axis in the opposite
direction to relieve any accumulated torsion (30).
Flexible FH1 domains adjacent to FH2 domains containmul-

tiple polyproline sequences that bind complexes of profilin-
actin and transfer actin onto the barbed end of the filament (Fig.
3B) at rates of �1000 s�1 (31). Transfer is more favorable from
proximal than distal polyproline sequences (25).
Theoretical work (32) showed that elongation in association

with a protein like an FH2 domain can produce more force if
subunit addition is coupled to hydrolysis ofATPbound to actin.

However, formins can use ADP-actin monomers to elongate
filaments (28), and elongation ratesmediated by FH1-FH2 con-
structs with ATP-actin monomers can exceed the ATP hydrol-
ysis rates by 300-fold, so any coupling must be indirect.
Cofilin—Actin-depolymerizing factor (ADF)/cofilin proteins

stimulate actin filament turnover. ADF/cofilins bind ADP-ac-
tin subunits with higher affinity than ATP- or ADP-Pi-actin
subunits and sever filaments. Stochastic simulations (33) and
mathematical analysis (34) showed that ATP hydrolysis and
phosphate dissociation by actin subunits lead to a gradient of
ADF/cofilin severing activity from the oldest to the youngest
part of a filament. This aging process can explain the rapid
turnover and large stochastic fluctuations in the length of grow-
ing filaments observed experimentally (33).

Models of Actin-based Cellular Motility

Polymerization of branched actin filaments pushes the
plasma membrane forward at the leading edge of motile cells.
Variations of the dendritic nucleation hypothesis (Fig. 2) are the
basis for models of these processes. Nucleation-promoting fac-
tors associated with the inside of the plasma membrane are
proposed to activate the Arp2/3 complex to form many gener-
ations of growing branches, which produce force by an elastic
Brownian ratchet (17) (18). Capping proteins terminate branch
growth, and all of the proteins recycle back to the cytoplasmic
pool.
Analytical and numerical solutions of a system of partial dif-

ferential equations describing the dendritic nucleation hypoth-
esis operating at steady state produced several insights (35). All
of the filaments were assumed to share the load equally, and
actin subunits diffused after disassembly. The model was
approximately one-dimensional in space.When the concentra-
tion of growing filaments is high, polymerization consumes
actin monomers and creates a modest sink of monomers at the
leading edge, such that diffusion of actin monomers bound to
thymosin-ß4 and profilin to the leading edge is rate-limiting for
movement. The rate of movement depends on the density of
growing filaments, reaching an optimum of �0.2 �m/s with
20–60 filaments/�m, depending on the resistance. Resistance
slows polymerization at suboptimal end densities, and mono-
mer depletion slows polymerization at high end densities.
Stochastic models consider each individual filament in a het-

erogeneous population. This approach allows consideration of
how geometry determines the work (force � distance) per-
formed by each filament. Carlsson (36)madeMonte Carlo sim-
ulations of the growth of networks of rigid, branched actin fil-
aments against a rigid obstacle, using the reactions in the
dendritic nucleation model and taking into account the posi-
tions of every subunit in each filament. He assumed a uniform
concentration of reactants, branch formation only near the
obstacle (at rates to give spacing similar to that in cells), and
resistance to polymerization similar to a Brownian ratchet.
Simulations produced different geometries depending on other
assumptions such as branching from the sides of filaments or
only at barbed ends. Velocity was remarkably independent of
resistance (as observed in experiments with Listeria) because
resistance bends the leading filaments, allowingmore filaments
to contact the obstacle.

FIGURE 3. Actin filament elongation mediated by a formin. A, two path-
ways of actin subunit addition. In the upper pathway, an actin subunit associ-
ates with the barbed end before the formin FH2 domain steps onto the new
subunit. In the lower pathway, the formin steps off the end before the new
subunits binds. B, transfer of actin anchored by profilin on an FH1 domain
onto the barbed end of the filament, followed by dissociation of profilin from
actin (and from the polyproline sequence of FH1 in this drawing).
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Schaus et al. (19) made a stochastic two-dimensional simu-
lation of every filament in a dendritic nucleation model under
the plasma membrane, an extension of Maly and Borisy (37)
without their simplifications. They assumed actin monomer
diffusion, spontaneous formation of branches at some distance
from the previous branch, a zone with “protection from cap-
ping” within 5 nm of the plasma membrane (essential but
unproven), 70° branches (not critical) and elastic behavior of
both the filaments (assumed stiffness critical) and the mem-
brane (assumed stiffness not critical). Starting with randomly
oriented filaments, the mechanism generated a self-organized
network of branched filaments strongly oriented at �35° to the
plasma membrane as observed by electron microscopy. This
resulted from capping being faster than branching for filaments
of other orientations. The model moved at 8 �m/min and was
able to change direction in �1 min after 15 generations of
branches. The maximum velocity was achieved if the filaments
shared the work equally, but this is impossible with stiff fila-
ments and hard objects. If elongating filaments are flexible, they
can bend to various degrees to share the load, push rapidly, and
approach perfect thermodynamic efficiency. Flexibility of the
membrane contributes effectively to load sharing. Tethers
between the load and the filaments reduce performance. The
performance of such a system depends on the size of the sub-
units in the polymer, and the size of the actinmolecule is nearly
ideal for a Brownian ratchet mechanism driven by filaments
with the physical properties of actin.
Models have also addressed other remarkable features of the

leading edge, nucleation ofmost filaments very near the plasma
membrane, and growth of filaments in a plane only 200 nm
thick oriented at about �35° relative to the inside of the mem-
brane. To restrict nucleation to the front of the cell, Atilgan et
al. (38) proposed that nucleation-promoting factors concen-
trate where the plasma membrane has the smallest radius of
curvature, but the relevant transmembrane anchors have yet to
be identified. Maly and Borisy (37) proposed that contact of
growing barbed ends with the plasma membrane inhibits cap-
ping. This favors elongation of filaments growing toward the
front and termination of filaments growing in other directions.
Their model correctly reproduced the distribution of orienta-
tions of filaments relative to the leading edge.
A simple analytical model (39) accounts for several features

of motile keratocytes, including constant surface area, limited
variation of shapes, constant velocity, and ability to recover
these characteristics after an insult, which rounds up the cell.
Themodel assumes protrusion force produced by actin polym-
erization against a uniform surface tension in a fluid but inex-
tensible membrane. A key feature is a gradient of barbed ends
(measured with a fluorescent natural product) from the middle
of the leading edge to the margins of the cell, where the force
produced by actin polymerizationmatches the tension resisting
movement. The biochemical origin of this gradient is not
known.

Models of Actin-based Bacterial Motility

Certain intracellular bacteria usurp the cellular actin system
to assemble a comet tail of filaments for propulsion. For exam-
ple, ActA on the surface of Listeria is a nucleation-promoting

factor for the Arp2/3 complex. ActA attached to plastic beads
also produces actin comet tails in cellular extracts or mixtures
of purified proteins. Tethers to the actin filament comet tail
limit diffusion of the bacterium. Both deterministic and sto-
chastic models show that transient tethers are compatible with
an elastic Brownian ratchet (40).
Stochastic object-oriented simulations of dendritic nucle-

ation by ActA on a bacterium (41) followed reactions of thou-
sands of molecules in short time steps. Collisions produced
forces, which were dissipated by movements apart, but the
model did not include force-velocity relationships. Pauses
between intervals of constant velocity emerged in complicated
ways from the ensemble of reactions rather than from a funda-
mental step such as subunit addition to barbed ends.
Macroscopic theories consider the tangled actin filaments at

the rear of Listeria as a continuous viscoelastic gel. Stress accu-
mulates in the gel as polymerization takes place at the surface of
a bacterium. Release of this stress can produce sustained or
intermittent movements as observed. Mathematical analysis of
an expanding gel model gave a nonlinear force-velocity rela-
tionship, and simulations reproduced the hopping movements
of bacteria (42). Lipid vesicles (43) and oil droplets (44) coated
with ActA produce comet tails, which compress the sides and
pull at the rear of these spherical particles. A model with com-
pression by a viscoelastic gel accounts for the observed shapes
of these particles (44).

Filopodia

Filopodia (also calledmicrospikes ormicrovilli) are slim pro-
jections of the plasmamembrane supported by a bundle of actin
filaments, similar to a finger in a glove. In some cases, the fila-
ments turn over by addition of subunits to the barbed ends of
the filaments at the tip balanced by loss at the base of the bun-
dle. Single filaments cannot support the forces (tens of pN)
required to protrude the membrane, but packing n filaments
into a bundle increases their stiffness by a factor of n to n2,
depending on the extent of cross-linking and breaks in the fila-
ments (45). Elongation of many barbed ends depletes the local
pool ofmonomeric actin, which is limited by diffusion along the
length of the filopodium and restricted by the close apposition
of the membrane (46). A calculation made before formins were
implicated showed that 30 filaments are optimal to produce a
process a few �m long (46), similar to numbers observed in
cells. Cross-linking restricts the thermal motion of the barbed
ends, so the ability of the filaments to grow against the mem-
brane is attributed to fluctuations of the membrane (47).

Cytokinesis

It has been appreciated for 3 decades that a contractile ring of
actin filaments andmyosin II is responsible for cleavage of cells
at the end of mitosis, but progress on mechanisms awaited
extensive inventories of the numerous participating proteins
from genetics in yeast and RNA interference experiments in
flies andworms. Both yeast and animal cells depend on formins
associated with the plasmamembrane for assembly of the actin
filaments. Myosin II might simply capture these filaments and
pull them into a ring, butMonte Carlo simulations of contract-
ile ring assembly in fission yeast ruled out a simple search and
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capture mechanism (48). Further experiments using fission
yeast suggested that connections between growing actin fila-
ments and clusters of myosin II break about every 20 s. Simu-
lations of models including search, capture, traction, and
release account for cellular observations (48). Analytical solu-
tions to partial differential equations show that force between
clusters of myosin around the midsection of a cylindrical cell
can generate a contractile ring and cleavage furrow (49). The
force generated by such a bundle of actin filaments and myosin
depends on the lengths of the filaments and the extent of cross-
linking between the filaments (50).
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Biochemistry involves the quantitative characterization of
molecularmechanisms inbiology.Contextualizing in vitromolec-
ular studies within cellular or human physiology and disease is an
important and often challenging component. Computational
models of reaction networks may be useful in this regard, and
recent advances in commercially and freely available software are
likely to broaden the impact of this approach. This review will
highlight the utility and strategy of integrating biochemical and
computational techniques by describing how such an approach
was taken to analyze the regulation of NF-�B.2

Introduction to Computational Modeling of Cellular
Signaling Networks

Signal transduction networks regulate cellular function and
respond to changes in intra- and intercellular environments.
They control both homeostatic and stimulus-induced re-
sponses. However, the role and importance of individual net-
work components in the function of the network are often dif-
ficult to discern. This is evident when a genetic deletion or
mutation does not show an expected phenotype or when a
pharmacological treatment has surprising effects.
Computational simulations with networks reconstructed in

silico as mathematical equations enable functional analysis of
network behavior and arewell suited to complement in vivo and
in vitro studies (1–4). The utility of integrating experimental
and computational methodologies derives from the iterative
application of each approach to inform the other. Experimental
analyses provide critical insight to select the components and
reactions to include in the computational model and to con-
strain the simulation parameters. In turn, the computational
analyses provide mechanistic insights to drive further experi-
mental analyses.
Studies of the lac operon in Escherichia coli are often cited as

original examples of this integrated approach wherein a simple
set of mathematical equations was sufficient to account for the
transcriptional negative feedback of the lac operon (5). In
eukaryotic systems, developmental, cell cycle control, and cir-

cadian rhythm processes in several organisms have been exam-
ined and validated in silico (6–10). Models of protein kinase
cascades have produced important insights such as amplifica-
tion and temporal fidelity, bistability, and signaling cross-talk
(11).
More recently, advances in systems biology have produced

increasingly complete cellular parts lists that have enabled sta-
tistical modeling to reconstruct large scale molecular networks
(12, 13). However, the resulting models are largely non-quanti-
tative and do not consider the temporal dimension, although
these aspects are essential to biological regulation (4). With
top-down network reconstruction efforts identifying functional
modules, traditional biochemical bottom-up approaches are
critical for providing mechanistic detail. This is where kinetic
computational modeling of molecular networks may function
as an important bridge for these distinct approaches.

NF-�B Transcription Factor Signaling Network

The members of the NF-�B family of transcription factors
are central mediators of cellular responses to inflammatory and
developmental cues (14). Misregulation of NF-�B signaling has
severe health consequences, and untangling the combinatorial
complexity of the NF-�B network is likely to have broad bio-
medical impact in understanding disease and devising thera-
peutic strategies (15). For instance, persistent elevated NF-�B
activity is associated with chronic inflammatory diseases such
as rheumatoid arthritis, asthma, and heart disease andmultiple
forms of cancer (16–18).
There are five NF-�B monomer subunits that form up to 15

NF-�B transcription factor dimers. In unstimulated cells, these
dimers are held in a latent form in the cytoplasm by stoichio-
metric associations with inhibitor proteins I�B�, I�B�, and
I�B� and the recently identified I�B�/p100 isoform (19). Acti-
vation of NF-�B requires phosphorylation-mediated degrada-
tion of the I�B proteins by the IKK complexes. Upon subse-
quent nuclear translocation of freeNF-�B, each dimer activates
overlapping but distinct gene expression programs (20) that
include the genes for some NF-�Bmonomers and I�B proteins
(14). Thus, NF-�B is regulated via combinatorial complexity
that arises from the temporal, stimulus-specific, and cell type-
specific expression of dimers, their activation, and their control
via both negative and positive feedback mechanisms (14, 21).

Constructing a Computational Model of the NF-�B
Signaling Network

A computational model was constructed to examine the
dynamical control of NF-�B signaling (22) and to ascertain the
individual roles of the three canonical I�Bproteins (I�B�, I�B�,
and I�B�) in regulating NF-�B activity in response to the
inflammatory cytokine TNF. The construction of the compu-
tational model required consideration of several questions. 1)
What defines the scope of the model? 2) How much molecular
detail should the model contain? 3) Which computational
modeling technique is best suited? 4)What are the values of the
parameters that govern the network reactions?
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Model Scope—The most basic utility of a model is to predict
relationships between a network stimulus or perturbation
(input) and the resulting cellular response or network behavior
(output). As NF-�B is a pleiotropic transcription factor that
responds to numerous intra- and intercellular signaling events,
the boundaries of the module were selected to allow for exper-
imentally measurable input and output activities (Fig. 1A).
With only a few exceptions, the varied upstream activation
pathways all converge on IKK, and thus, the activity of IKK was
used as the model input. The output of the model is defined as
the presence of free NF-�B dimer in the nucleus (NF-�B activ-
ity). Although much quantitative data exist for the expression
of NF-�B-responsive genes (microarray, qPCR, etc.), themech-
anisms that translateNF-�B activity to gene expression are pro-
moter-specific and are not yet well enough understood to be
included in a computational model. By limiting the scope of the
model to nuclear NF-�B activity, the model is relevant for
NF-�B-responsive genes in general. Themodel, as constructed,
is therefore a predictive tool to relate specific stimulus-induced
IKK activities to specific NF-�B responses.
Model Graininess—Model graininess defines which reac-

tions and which components are described in themodel, with a
very detailed model being fine-grained and a simplified model
being coarse-grained. Even small biological networks can lead
to insurmountable complexity if too much detail is included,

and it is critical to select the mini-
mum level of detail that allows the
questions that drive the project to
be addressed.
As the I�B proteins are the key

mediators of NF-�B nuclear local-
ization, the model describes reac-
tions that govern I�B metabolism,
including synthesis, degradation,
cellular localization, and associa-
tion/dissociation with NF-�B (Fig.
1B). To reduce complexity, some
multistep biochemical events were
combined into single-reaction me-
chanisms based on prior biochemi-
cal knowledge. For example, I�B
proteins are known to be rapidly
degraded via the ubiquitin-depend-
ent proteasome pathway following
IKK-mediated phosphorylation. As
only IKK-mediated phosphoryla-
tion had been found to be rate-lim-
iting, the model employed a single
IKK-dependent protein degrada-
tion reaction in lieu of multiple
explicit reactions governing the ub-
iquitin-mediated proteasome path-
way. Similar reductions weremade in
removing transport machinery for
cellular shuttling events; combining
mRNA synthesis, processing, and
cytoplasmic localization into a single
reaction; and treating protein transla-

tion as a single-step process.
Mathematical Modeling Methodology—There are several

mathematical approaches that have been found to be useful for
modeling biochemical reaction networks. Boolean modeling
based on the electronics-derived concept of AND and OR gates
(and many others) is useful when analyzing how multiple inputs
cooperate to produce an output, as for example in the combinato-
rial transcription factor control of gene expression (23). Flux bal-
ance analysis has been used to predict how networks alter their
steady-state behavior to achieve a particular physiological objec-
tive, as inmetabolism controlling bacterial cell growth (24). In cell
signaling,however, responses to stimuli areoftennon-steady-state
(e.g. transient) events and therefore necessitate a mathematical
approach that can calculate the time-dependent changes in the
concentration or activity of network components. ODEs that uti-
lize mass action kinetics and rate constants are often used to
describe dynamic cell signaling. Furthermore, in some regulatory
networks, when molecule numbers are low, the mathematical
model must account for the fact that molecular processes are not
graded, but are essentially stochastic. Such molecular noise can
play significant roles as exemplified by cell fate decision making
and the viral latency/lysis switch noise (25, 26).
In modeling NF-�B activity, both homeostatic and stimu-

lated states are of interest. Because the molecule numbers
are high (�100,000 NF-�B dimers/cell), a system of ODEs

FIGURE 1. A, the cell responds to external and internal stimuli through complex signal transduction networks
that utilize distinct signaling modules to exact specific cellular responses. The NF-�B signaling module is one
such key mediator. IKK is activated in response to cellular stimuli and causes accumulation of the NF-�B
transcription factor in the nucleus that drives stimulus-specific gene expression programs. Some of the many
connections between stimuli and cellular responses are shown and are illustrative of the combinatorial com-
plexity inherent in the cellular signal transduction network. JNK, Janus kinase; ERK, extracellular signal-regu-
lated protein kinase. AP-1, activator protein 1; ATF, activating transcription factor; IRF, interferon regulatory
factor. B, schematic diagram of the components and reactions that are described within the NF-�B computa-
tional model. Distinct reactions exist for each I�B isoform (I�B�, I�B�, and I�B�) and are controlled by isoform-
specific reaction rate constants. Reactions control synthesis and degradation of the I�B proteins; association
and dissociation of I�B proteins, NF-�B, and IKK; and cellular localization. NF-�B is a product or reactant in
multiple reactions and, for clarity, is included once in the middle of the diagram. The temporal profile of IKK
activity is used as the model input. C, two examples of the 24 ODEs that are contained within the NF-�B model.
The flux for each component is calculated via mass action kinetics by subtracting the sum of the reactions that
remove the component from the sum of the reactions that produce the component. Shown first is the equation
governing I�B� mRNA expression, which contains the reactions of constitutive and NF-�B-inducible transcrip-
tion (Txn) and mRNA degradation (Deg.). Shown second is the equation governing the amount of free NF-�B
protein in the nucleus (NF�Bn), which is controlled by association and dissociation with I�B proteins, protein
degradation of NF-�B-bound I�B proteins, and cellular localization reactions.
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rather than the more computationally demanding stochastic
approach was chosen to describe mass action kinetics (22).
Examples of the ODEs that represent the rate of change in
the I�B� mRNA and the nuclear NF-�B activity are shown in
Fig. 1C. Each ODE represents the flux for one component as
a function of time, and the model contains 24 components
and ODEs.
These mathematical equations can be written and solved

with the help of programs such as Mathematica� (Wolfram
Research, Inc.) and MATLAB� (The MathWorks, Inc.) that
offer suites of numerical solvers for solving systems of ODEs.
Models may also be written using Systems Biology Markup
Language (SBML) via one of the many software packages
that permit construction and simulation of these models,
like MATLAB SimBiology� (The MathWorks, Inc.) and
CellDesignerTM (The Systems Biology Institute, Tokyo,
Japan). Some of these tools also have graphical interfaces
that enable model construction simply by drawing a reaction
network and entering rate constants. These applications
represent a step toward making modeling as user-friendly as
other bioinformatic tools, such as those for nucleotide and
peptide alignment (27).
Model Reaction Rate Constants—The equations of a model

constitute the model structure as they define the connectiv-
ity between components. The rate constants quantify the
connectivity, and parameterizing a model (defining the val-
ues of the rate constants) is the final and often the most
difficult step in model construction. Ideally, all values would
be measured, but in practice, this is not always feasible, and
models contain rates that are measured, experimentally con-
strained, or estimated/fit. For instance, the rates of protein-
protein interactions, cellular localization, and protein half-
lives are measurable quantities. Other values are difficult to
directly measure or are composite parameters as a result of a
coarse-grained model structure. Related experiments can
constrain the values of some of these rates. For example,
measurements of mRNA and protein abundances can con-
strain the values of synthesis parameters when coupled to
measurements of degradation rates. Finally, the module
input/output relationship can be used as a constraint to fit
the remaining parameter values such that the model recapit-
ulates this relationship.
A balance must be achieved during the parameterization

process to avoid under- or over-constraining the model. If too
few values are experimentally determined, theremay be several
possible parameter sets that recapitulate network behavior, but
conversely, when too many experiments are done, the model
may be incapable of doing so. In these cases, the data that can-
not be accounted for by the model may motivate subsequent
studies and in turn result in a revised version of the model.
In the case of theNF-�B signalingmodule, a rich literature of

biochemical rate constants derived from in vitromeasurements
and quantitative cell biology meant that one-third of the 73
parameters were known with a high degree of confidence, one-
third were significantly constrained by literature data, and only
the remaining third had to be derived from parameter fitting.
To this end, experimental data from three cell lines, each
expressing only one of the three I�B proteins (double knock-

outs), were used as fitting constraints. The supplemental data
reported by Hoffmann et al. (22) contain an extensive account-
ing of the sources for each reaction rate constant.

Utility of Computational Modeling

There have been numerous studies that have expanded upon
and/or refined the original NF-�B model (19, 22, 28–34). In
addition, other studies have reduced the complexity of the
model to focus only on critical reactions (35–37). In our view,
each modification ought to be motivated by specific biological
questions. In this context, we consider the utility of computa-
tional modeling more generally.
Sufficiency Test—In its simplest form, a mathematical model

is the summary of ourmolecular ormechanistic knowledge of a
biological process. Amodel that fails to recapitulate the cellular
response (network behavior) indicates that our knowledge of
the molecular mechanisms is insufficient. Indeed, further sim-
ulations can inform experimental studies to look for missing
mechanisms. In this way, the modeling process is integrated
with experimental analyses, and iterative tests of sufficiency can
be used to increase the scope and detail of both the model and
our biochemical understanding.
Emergent Properties—A network of molecular reactions

has functional characteristics that are not evident from
studying a single reaction. These characteristics are called
network emergent properties. Network behaviors such as
dose responses, dynamic negative feedback regulation, com-
pensation between redundant or overlapping mechanisms,
cross-talk between stimuli, and functional memory are
examples of emergent properties that can be addressed
through mathematical modeling.
Perturbation Studies—One of the advantages of having a vir-

tual representation of the biochemical network is that in con-
trast to biological experiments, virtual experiments can be done
systematically, cheaply and fast. One simple strategy is to use
simulations of knockouts, in which specific components are
removed from the model, to discern the effects (phenotypes)
and to reveal emergent properties, including compensation
mechanisms. For example, by removing I�B� from the model,
its role in post-induction repression of NF-�B was assessed
(22).
Similarly, parameter sensitivity analysis involves simulating

themodel repeatedly with a range of values for one ormore rate
constants to identify the contribution each reaction makes to
the network behavior. Unlike for linear reaction pathways,
where the rate-limiting step is the slowest reaction, complex
signaling networks may have non-obvious rate-limiting steps.
In particular, the rate-limiting step often depends on the
homeostatic state of the cell and the stimulus used. The appli-
cation of parameter sensitivity analyses to biomedical sciences
can identify which reactions are sensitive to modulation within
the ranges achievable by genetic or pharmacological tools. Fur-
thermore, it may also provide insight into how a drug with a
known molecular target within the network will affect the net-
work response. Simulations of the model with the drug-in-
duced perturbation(s) that do not recapitulate observed exper-
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imental results may suggest that the drug has unknown targets
within the cell.

Insights Derived from Analyses of NF-�B Computational
Models

Parameter Sensitivity Analysis—In the first of several exam-
pleswe describe here, parameter sensitivity analysis was used to
investigate the relative importance of the four distinct I�B deg-
radation reactions included in the model, of which only the
IKK-mediated degradation of NF-�B-bound I�B had been
extensively studied (33). TNF signaling was simulated using a
range of I�B degradation rates, and the results not only con-
firmed the critical role of the well studied reaction but also
revealed that the IKK-independent degradation of free I�B is
also crucial (Fig. 2A). These results prompted experimental
studies to more accurately measure the I�B degradation rate
constants and to characterize the biochemical mechanisms
controlling the free I�B degradation pathways. Inclusion of the
new degradation rate constants in a revised model resolved a
discrepancy in the original that predicted a much greater pool
of free I�B protein than evident in experimental studies (33).

Sufficiency Test—In another study,
a failed sufficiency test led to the
discovery of a novel feedback regu-
lator (32). Negative feedback of
NF-�B was initially thought to
involve inducible expression of only
the I�B� isoform (38), which drives
severe oscillations in NF-�B activity
when overexpressed or in cells defi-
cient in I�B� and I�B� (22, 28, 31).
Wild-type cells show dampened
oscillations, and the original model
attributed the dampening function
to I�B� via a mechanism whereby it
stabilizes nuclear localization of
active NF-�B (39). This mechanism
was later found not to be present in
the fibroblast cell type from which
the model was derived, but without,
it the model was insufficient to
dampen oscillations (32). To add-
ress this insufficiency, we re-exam-
ined I�BmRNAand protein expres-
sion profiles in response to TNF and
found, unexpectedly, that like I�B�,
I�B� is a strongly inducible NF-�B
target gene. However, inducible
I�B� expression is temporally de-
layed by 45 min with respect to
I�B�, and including this delay in the
computational model revealed that
I�B� feedback counteracts I�B�-in-
duced NF-�B oscillations (Fig. 2B)
and suggested that there is dynamic
interplay between the two anti-
phase negative regulators to achieve
steadied late phaseNF-�Bactivity in

response to inflammatory stimulation.
DynamicModel Inputs—In a third example, dynamic control

of NF-�B was investigated by utilizing a library of diverse IKK
inputs to probe whether the model can achieve stimulus-spe-
cific NF-�B activity (34). Different stimuli activate distinct
NF-�B-responsive gene expression programs, and it was
hypothesized that stimulus-specific IKK activitymight regulate
these different responses. An extensive library of theoretical
IKK inputs was constructed and used to probe network behav-
ior. These simulations revealed, among other findings, that
NF-�B activity is relatively insensitive to the amplitude of early
(first phase) IKK activity but very sensitive to small differences
in late (second phase) IKK activity. This insight led to the pre-
diction that late activity of IKK is tightly controlled in the cell,
prompting experimental studies of negative and positive feed-
back loops that control late IKK activity in response to the
inflammatory stimuli lipopolysaccharide and TNF.
Analyses of Multiple Negative Feedback Regulators Reveal

Signaling Cross-talk—In a fourth example, the model was
expanded to include a newly discovered I�B activity, I�B�, to
account for NF-�B/RelA activation in response to non-canon-

FIGURE 2. A, parameter sensitivity analysis reveals the importance of a second I�B protein degradation mech-
anism (33). Upper, schematic diagram of the four distinct I�B degradation reactions; lower, “spider charts”
showing the sensitivity of the model to perturbations of each of the four degradation reaction rate constants
from 0.01� to 100�. Each point represents the average of the first hour of NF-�B activity in model simulations
with the parameter multiplier indicated on the x axis. The response of the wild-type system (1� multiplier) is
shown in the middle of each plot. Upper plot, IKK-dependent I�B degradation rates r1 (blue) and r4 (light blue);
lower plot, IKK-independent I�B degradation rates deg1 (red) and deg4 (pink). B, I�B negative feedback regu-
lates oscillations in NF-�B activity (32). Upper, simulation results with chronic TNF stimulation in Model Version
1.0 (22) with (blue) or without (light blue) I�B�-regulated NF-�B nuclear export; middle, quantitation of I�B�
(pink) and I�B� (red) mRNA expression in response to chronic TNF stimulation in wild-type fibroblast cells as
measured by RNase protection assay; lower, simulation results in an updated model (Version 1.2), containing an
NF-�B-inducible I�B� synthesis reaction, in wild-type (blue) versus I�B�-deficient (light blue) model systems.
NF�Bn, free NF-�B protein in the nucleus. C, the I�B�/p100 I�B isoform mediates cross-talk between inflamma-
tory and developmental signaling pathways (19). Upper, simulation results in Model Version 3.0 show that I�B�
represents a small fraction of the total I�B pool in naïve cells but is increased following priming by transient
inflammatory (TNF) stimulation; middle and lower, simulations and cell culture measurements of NF-�B activity
by electrophoretic mobility shift assay, respectively, in naïve (light blue) versus TNF-primed (blue) cells in
response to developmental (lymphotoxin-�) stimulation. LT�R, lymphotoxin-� receptor.
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ical signals that play a role in developmental processes such as
lymph node development via the lymphotoxin receptor (19).
Because experiments showed that I�B� mRNA expression is
inducible by inflammatory stimuli, we used computational sim-
ulations to determine whether and under which conditions
I�B� could provide signaling cross-talk between inflammatory
and developmental pathways. Resting cells contain only little
I�B�-bound NF-�B and thus respond weakly to developmental
cues. However, upon inflammatory stimulation, I�B� expres-
sion is induced, and subsequent developmental stimulation
through lymphotoxin (LT��) shows hyperactivation of NF-�B
(Fig. 2C). Experimental studies confirmed themodeling predic-
tion and showed that this effect lasts for some time, effectively
constituting a form of cellular memory. Together, they sug-
gested that the two signaling pathways, previously thought to
be distinct, engage in cross-talk that has an important physio-
logical and pathological function in cellular contexts where
both stimuli are present.

Conclusions

Asbiochemists interested inmolecularmechanisms,wehave
found that mathematical modeling enriches our experimental
studies. At a minimum, model construction makes us more
aware of all the molecular mechanisms that may be involved in
a physiological process. When a model is functioning for one
task but not for another, itmotivates further experimental stud-
ies to identify novel mechanisms. Computational simulations
allow us to explore the functional importance (and at best,
physiological relevance) of specific mechanisms and, maybe
most strikingly, have provided a tool to address the dynamic or
kinetic control of signaling that static wiring diagrams of the
network cannot provide. As a result, our understanding of the
regulation of NF-�B through multiple I�B proteins is more
complete and may inform similar systems biology approaches
with upstream, downstream, or parallel network modules that
control inflammatory and immune responses.
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Many reactions within the cell occur only in specific intracel-
lular regions. Such local reaction networks give rise tomicrodo-
mains of activated signaling components. The dynamics of
microdomains can be visualized by live cell imaging. Computa-
tionalmodels using partial differential equations providemech-
anistic insights into the interacting factors that control
microdomain dynamics. The mathematical models show that,
formembrane-initiated signaling, the ratio of the surface area of
the plasmamembrane to the volumeof the cytoplasm, the topol-
ogyof the signalingnetwork, thenegative regulators, andkinetic
properties of key components together define microdomain
dynamics. Thus, patterns of locally restricted signaling reaction
systems can be considered an emergent property of the cell.

Homeostasis and regulated state change in the living cell
require many processes to function in a coordinated fashion.
Suchmultitasking is precisely orchestrated (1). For this, the cell
integrates information from many extracellular signals in a
timely and specific manner to evoke physiological processes.
Complex networks of interacting pathways and regulatory
mechanisms control and modulate information flow (2). Such
complex systems cannot be intuitively understood. Mathemat-
ical modeling has served as a powerful analytical and predictive
tool to understand how signals evoke responses and identify
emergent properties of networks (3) that create an ensemble of
output patterns that control cellular responsemachines. In this
review, we describe how computational models help us under-
stand the biochemical mechanisms underlying spatially
restricted signaling events within cells.

Functional Specificity from Spatially Restricted
Signaling

Organelles often spatially constrain cellular functions. Elec-
trical activity occurs at the plasmamembrane, ATP production
in the mitochondria, and transcription in the nucleus. It is
increasingly recognized that even when such organelle-based
barriers do not exist, much of the biochemistry in the cell func-
tions in a spatially restrictedmanner. The best examples of such

spatially restricted biochemical reaction systems come from
cell signaling pathways. Many receptors that evoke diverse cel-
lular responses activate a relatively smaller number of shared
intracellular signaling pathways, raising the question of how
signaling specificity is achieved. One mechanism for achieving
response specificity is the spatial separation of signaling reac-
tions. The notion that signalingwas spatially restrictedwas first
proposed for the cAMP system by Brunton et al. (4) over 20
years ago. Compartmentalizationwas skeptically received then,
given the popularity of the fluidmosaic membranemodel (5) at
the time and the prevalent idea that diffusible molecules would
be impossible to segregate.
An example of spatially restricted signaling is found in car-

diac myocytes, where elevation of cAMP levels regulates con-
tractility, electrical excitability, and carbohydrate metabolism
in a hormone-specific manner. For instance, �2-adrenergic
stimulation leads to an increase in myocyte contractibility due
to the PKA2-dependent modulation of L-type Ca2� channels
and troponin I (6), an actin-binding protein that regulates the
myosin ATPase activity via tropomyosin (7). In contrast, other
ligands such as prostaglandin E1 can induce similar temporal
increases in cAMP but are incapable of regulating cardiac
muscle contraction. These data suggested that cells spatially
and functionally compartmentalize intracellular signaling.
Advances in live cell imaging, new fluorescent probes, and
use of fluorescence resonance energy transfer for the visual-
ization of biochemical reactions have shown that, in the live
cell, spatially localized signaling is a common phenomenon.
Using these approaches, it has been shown in several cell types
that increases in cAMP levels are local (8, 9).
Local signaling can provide context specificity to cellular

responses to the MAPK pathway. Activation of Ras can lead to
differentiation or proliferation of PC12 cells. How these two
opposing cellular events can result from activation of the same
pathway has been explained by correlating the response with
duration of MAPK activation (10), which in turn depends on
the location of Ras activation. Ras is activated at two siteswithin
the cell: the plasma membrane and the Golgi membrane (11).
Activation of Ras at the Golgi is prolonged and leads to differ-
entiation, whereas brief plasma membrane activation leads to
proliferation. The determinant of the location of Ras activation
is the length of the intracellular Ca2� signal, as a prolonged
Ca2� signal leads to translocation of the Ras guanine nucleotide
exchange factor RasGRP1 to the Golgi membrane, where it
activates Ras (11).
During maturation, the fate of thymocytes is determined

either by their ability to recognize themselves (negative selec-
tion) or by the presence of a functional T-cell receptor (positive
selection). Both processes are dependent on the Ras-MAPK
pathway. Location of Ras activation determines whether a thy-
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mocytewill undergo negative or positive selection (12). Positive
selecting ligands induced the recruitment of RasGRP1 to the
Golgi membrane, leading to Ras activation at the Golgi,
whereas negative selecting ligands promoted Ras activation at
the plasma membrane. Selective activation of Ras in the Golgi,
but not the plasmamembrane, has been linked to T-cell activa-
tion (13).
Cdc42 activation is also spatially delimited (14). In a fibro-

blast spreading on a fibronectin-coated surface, Cdc42 regu-
lates Arp2/3 nucleation of actin at the leading edge. Visualiza-
tion of Cdc42 activation showed that the region of the cell
perimeter undergoing rapid spreading had an enhanced accu-
mulation of active Cdc42, whereas filopodia had little or no
active Cdc42 (14). These observations led to the concept of
“microdomains” defined as functional regions of regulated local
increases in concentrations of activated signaling components.

Intracellular Microdomains

What is amicrodomain, and how are its dynamics regulated?
A microdomain is a region of micron/submicron dimensions
within which increases in levels of signaling components are
controlled by the relative rates of its production, diffusion, and
destruction. The number of reactions underlying a microdo-
main can range from at least two, as in the simplest case of
Ca2�, to tens, as in the case of MAPK microdomains. A
microdomain has two defining characteristics: a point at which
the concentration of the activated signaling component is the
highest and a gradient that defines the change in concentration
of the active component from the highest point to the level
present in the surrounding milieu. The slope of the gradient
defines the boundaries of the microdomains. Both these char-
acteristics are dynamic, i.e. they are changing continually with
time. Hence, all microdomain views are snapshots in time, and
steady-state assumptions are mostly invalid.
The idea of signaling gradientswas first articulated byTuring

(15) more than 50 years ago in the context of developmental
biology, where extracellular morphogen gradients provide
positional cues for a developing tissue. These gradients can be
produced by the local synthesis of a diffusible molecule and its
slow degradation across space-creating gradients that may be
several microns long. Mechanisms underlying morphogen gra-
dients have been widely studied experimentally and computa-
tionally (16, 17). Analysis of intracellular gradients lagged
behind both theoretically and experimentally. Since its discov-
ery (18, 19), the use of green fluorescent protein (20) and similar
probes to track proteins and interactions in real timewithin live
cells has accelerated progress.
Among the first intracellular microdomains to be visualized

were those for Ca2� at the intracellular terminus of Ca2� chan-
nels because the speed of conductance of Ca2� channels is sev-
eral orders ofmagnitude higher than the diffusion coefficient of
Ca2� (21). Ca2�/calmodulin feedback inhibitory mechanisms
(22) tightly control the buildup of Ca2� within these microdo-
mains. Dissipation of these microdomains is due not only to
diffusion but also to multiple sequestration mechanisms
involving the endoplasmic reticulum stores and mitochondria.
Several other types of spatiotemporal patterns of intracellular
calcium regulation have been described (23).

Diffusible second messengers (24, 25), activated small
GTPases (14, 26–29), and protein kinases (8, 9, 30) exist within
microdomains. Factors underlying the formation and dissipa-
tion of these microdomains are complex. An integration of
experimental data and mathematical modeling is needed to
provide amechanistic understanding. Even though experimen-
tal approaches yield physical evidence for the existence of
microdomains, they offer only limited insight into origins.
Mathematical models can complement the empirical
approaches by probing possiblemechanistic bases of the obser-
vations. Simulation-derived hypotheses can then be validated
experimentally. The combination of experiments and mathe-
matical modeling has highlighted a number of factors that con-
tribute to the formation of microdomains. These factor are cell
shape, topology of the reaction network, diffusion coefficients,
and reaction kinetics (intrinsic properties of the components
involved). To further complicate matters, the factors are inter-
dependent. Thus, for a mechanistic understanding, it is neces-
sary to determine how interdependence among these factors
controls microdomain dynamics.

Computational Approaches to Modeling Spatially
Restricted Biochemical Reactions

Models of spatially restricted biochemical reactions can be
built using ODE-based compartmental models or PDE-based
spatial models. ODE models describe the rate of change in the
amount of molecules over time, and PDE models describe the
rate of change in the amount of a molecule over time and space
(36). Both approaches yield predictive models. Compartmental
models can be easily solved using commercial simulators such
as MATLAB. Modeling and running numerical simulations of
realistic spatial models aremore challenging, and there are very
few simulators that biological researchers can use. Virtual Cell
(37) is a freely available simulator useful for developing simula-
tions from cell imaging data using both ODE and PDE models.
Compartmental models disregard details of spatial organiza-

tion and the movement of molecules. The steps in setting up a
compartmental model are shown in supplemental Fig. S1. Spa-
tial information is abstracted to two entities, volume and sur-
face area, and within each compartment, all molecules are
assumed to be evenly distributed (i.e. fast diffusion). Even with
these simplifying assumptions, compartmental models provide
valuable insight into complex phenomena. A multicompart-
ment model of myocyte function integrating mitochondrial
biochemical reactionswith electrical activity (ion channel func-
tion) in the plasma membrane and excitation-contraction in
the sarcolemma provided valuable insight into how feedback
mechanisms between mitochondrial oxidative phosphoryla-
tion reactions (cellular biochemistry) and the electrical and
mechanical activities (cell physiology) drive metabolic regula-
tion of cardiac function (38).
Spatial models deal with cell shape explicitly. To understand

the regulatory insights spatial models provide, it is useful to
know how these models are developed and computed. The
steps involved in setting up amodel with a realistic geometry in
Virtual Cell are shown in supplemental Fig. S1. The reactions
are set up as anODE compartmentalmodel, and then compart-
ments are mapped onto a spatial geometry from a microscopic
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image.Mapping involves placing the components in the appro-
priate location at the appropriate concentration and defining
their diffusion coefficients.Numerical simulations are then car-
ried out using a finite volume regular grid solver, and results can
be displayed as color-coded concentrations within the geome-
try, allowing for a visually accessible comparison between
experiments and simulations.

Insights from Spatial Models

Spatial PDE models of cellular reactions are few because the
diffusion coefficients of few cellular components are known.
Although diffusion coefficients can be calculated from molec-
ular weights, it is likely that molecular crowding will affect dif-
fusion within the cell (39–41). With fluorescence recovery
after photobleaching experiments, it is becoming feasible to
obtain directmeasures of diffusion of cellular components. Sys-
tematic variation of the diffusion parameter can be used to
identify computationally parameters that are likely to yield
experimentally observed patterns of microdomain dynamics.
Despite these limitations, spatial models have yielded the first
mechanistic insights. Spatial models have shown that microdo-
main dynamics is a systems level property arising from the
interplay of several variables. Mathematical models have iden-
tified spatial information as an entity that is transmitted
through a signaling network separately from information
regarding activity states. Here, we describe spatial models of
microdomains inmyocytes and neurons to highlight the insight
obtained from these models.
An experimentally observed cAMP microdomain from the

studies of Zaccolo and Pozzan (9) is shown in Fig. 1A. Results
from a spatial model that simulate these observations are
shownFig. 1B. To understandwhat a computationalmodel tells
us, consider the schematic in Fig. 1C. A microdomain depends
on the localization of a key upstream component, in this case,
adenylyl cyclase, which is an intrinsic membrane protein.
Whereas cAMP-degrading phosphodiesterases are located
largely in the cytoplasm, some phosphodiesterase isoforms
are anchored to the endoplasmic reticulum or other mem-
branes through anchoring proteins. The spatial separation of
cAMP production and degradation results in a microdo-
main. The spatial gradient of cAMP is shown in Fig. 1D. In
the myocyte, there is an extensive, specialized endoplasmic
reticulum that forms a physical barrier for cAMP diffusion
and thus defines the observed shape of the microdomains.
Although contributing to microdomain characteristics, such
a barrier is not essential.
Many protein kinases and phosphatases have anchors and

scaffolds that create local signaling hubs. Prominent among
these are A-kinase anchoring protein for PKA, microtubule
affinity-regulating kinases for protein kinases C, JNK-interact-
ing proteins for JNK, and MP1 for MAPK. Microdomains
within the plasma membrane such as lipid rafts and caveolae
(31) also promote spatial organization and separate extracellu-
lar signals spatially before their transduction. Certain signaling
proteins such as lipid-linked non-receptor tyrosine kinases
appear to be preferentially localized to these intramembrane
structures (32). Intuitively, one would assume that such

anchors are essential for microdomains; however, mathemati-
cal analyses indicate they are not essential.
When the signal originates at themembrane and is degraded

in the cytoplasm, cell shape or the ratio of the surface area of the
plasma membrane to the cytoplasmic volume (surface/volume
ratio (S/V)) becomes important. The S/V of thin protrusions
like filapodia or dendrites is larger than that of thicker struc-
tures such as the cell body of a neuron. Models predict and
experiments show that, in regions of high S/V ratio, elevation of
cAMP is enhanced (33), as is activation of Cdc42 and protein
kinase C (34, 35). Because both amplitude and duration of a
signal are related to the numbers (moles) of signalingmolecules
along a pathway, increasing the surface area of the plasma
membrane relative to the volume of the cytoplasm decreases
the volumewithinwhich the signalingmolecule can diffuse and
the gradient dissipate. Inmost cases, as the concentration (mol-
ecules/volume) stays constant, increasing the S/V ratio
increases the signal source. This results in a buildup of the acti-
vated signaling component and the resultant microdomain.
Although computational analyses indicate that anchors and
scaffolds are not required for the formation of microdomains,
the role of signaling complexes in microdomain formation and
dynamics has not yet been extensively studied. An intriguing
hypothesis is that cytoplasmic anchors may help override some

FIGURE 1. cAMP microdomains in cardiac myocytes. A, experimental dem-
onstration of the cAMP microdomain in a study by Zaccolo and Pozzan (9)
reprinted with permission from AAAS. The fluorescence resonance energy
transfer ratio images are color-coded, with green signifying basal concentra-
tions of cAMP and yellow to red signifying high concentrations of cAMP. Scale
bar � 10 �m. The white arrow in the enlarged image points to a cAMP
microdomain (�1 �m). B, simulation in Virtual Cell of receptor-triggered
cAMP increases using the cell shape traced from the myocyte image in A. The
black arrow shows the corresponding cAMP microdomain in same region as
in A. C, schematic diagram of factors controlling cAMP microdomains in myo-
cytes: plasma membrane (PM) localization of adenylyl cyclase (AC), separation
of production and degradation (phosphodiesterase (PDE)) activities for
cAMP, and diffusion hindrance by intracellular organelles such as the sarco-
plasmic reticulum (SR, depicted as the black double dashed line). D, microdo-
main characteristics are defined by the highest concentration point within
the microdomain and the resulting gradient that extends to the periphery
and defines the microdomain boundary. These are represented as a function
of distance from the site of production. Arbitrary numbers are used for illus-
trative purposes.
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of the spatial constraints that low S/V areas impose on
microdomains. This hypothesis can be computationally
addressed.
Computational analyses show that S/V ratio is only one of

several factors regulating microdomains. Negative regulators
also play a critical role. Dependence of cAMPmicrodomains on
the activity of phosphodiesterases has been shown (9) as
depicted in Fig. 1C. At its core, this phenomenon is analogous
to Turing’s original description of a point source with a diffus-
ing signal and negative regulator resulting in a gradient, and a
signaling version of this phenomenon was described (42). The
toy graph in Fig. 1D shows this gradient. From S/V ratio con-
sideration, the notion arises that thin, elongated regions of a cell
(such as filopodia or dendrites in neurons) are favored for the
formation ofmicrodomains. This is shown in the simulations in
Fig. 2. Here, a cAMP-PKA-MAPK network in a neuronal den-

dritic arbor was modeled (Fig. 2A).
Although the receptor, Gs, and ad-
enylyl cyclase are uniformly distrib-
uted throughout the cell, the thin
dendrites (high S/V ratio) show the
highest levels of PKA activation
(Fig. 2B). Thus, cell shape becomes a
determinant of microdomain char-
acteristics (33, 34). When the phos-
phodiesterase is fully inhibited, then
irrespective of cell shape, PKA activa-
tion is uniformly elevated (Fig. 2C).
These observations indicate that the
biochemistry of the system can over-
ride the physical constraints.
Although S/V ratios, cell shape,

and negative regulators explain the
dynamics of microdomains of sig-
naling molecules such as cAMP,
Ca2�, and even some small GTPases
(34), these two factors do not explain
the gradients in downstream compo-
nents such asMAPKs. The computa-
tional analyses indicate that network
topology is also important (Fig. 2D).
The hierarchy of the negative regu-
lators within the network topology
determines microdomain charac-
teristics of the downstream compo-
nent. Both the upstream cAMP
phosphodiesterase anddownstream
PTP control the MAPK microdo-
main. This control is evident only
when S/V conditions are high; thus,
cell shape becomes an overall con-
straint within which the network
topology can be altered to deter-
mine downstream microdomains.
These computational studies
showed that themicrodomain char-
acteristics (i.e. gradient) of PKA are
transmitted to MAPK through PTP

but not through b-Raf and MEK. Nevertheless, the magnitude
of the increase in MAPK activity results from b-Raf and MEK
activation (Fig. 2D). Thus, information regarding position of
the activated component (i.e. spatial information) is handled
differently from information regarding activity state. These two
types of information can be transmitted through different paths
within a signaling network (Fig. 2D). This insight, originally
obtained from the computational model, was experimentally
verified by ablating the key component (PTP) utilized for spatial
information transfer. When PTP was ablated, information
regarding activation state was still transmitted, but the spatially
restricted activation of MAPK was lost, indicating that infor-
mation regarding activity state is distinct from spatial informa-
tion (33).
Separation of spatial information from activity information

raises an interesting question: what are the characteristics

FIGURE 2. Multiple factors regulate microdomain dynamics and the flow of spatial information. A, sche-
matic of the spatially specified network topology used in the simulations. B–D, simulations of microdomains of
signaling components in a dendritic arbor of a neuron. In all cases the signal originates at the plasma mem-
brane. B, S/V ratios regulate microdomains. Regions of high S/V ratios show increased levels of activated PKA
(PKA*) compared with regions with low S/V ratios. C, cytoplasmic negative regulators control microdomain
characteristics. Upper panel, uniform activation of PKA when the phosphodiesterase is inhibited; lower panel
(same image as in A), PKA microdomains when phosphodiesterase is active. D, network topology and kinetic
parameters control the transfer of microdomain characteristics (i.e. spatial information) from upstream to
downstream components. These simulations show that kinetic parameters are crucial factors in determining
the transfer of microdomain characteristics. In the model, PKA has a high Kcat for b-Raf, which leads to extensive
activation of b-Raf and loss of microdomains. In contrast, PKA has a low Kcat for PTPSL, resulting in microdo-
mains of phosphorylated PTPSL (PTPSLi) that are similar to those of PKA. The regulation of PTP by PKA* leads to
two populations of phosphatase activity, PKA*-inhibited activity (PTPSLi) and the active non-phosphorylated
enzyme (PTPSL*). Areas with a high concentration of PKA* have low PTP activity and consequently high phos-
pho-MAPK. Areas with a low concentration of PKA* have high PTP activity and low phospho-MAPK. This spatial
and activity heterogeneity of PTPSL results in recapitulating the PKA* microdomains as MAPK* microdomains.
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within a pathway that allow for the flow of spatial information?
Mathematical simulations reveal that the relationship between
the kinetic parameters of the upstream and downstream com-
ponents is an important determinant. If the upstream enzyme
extensively activates (high Kcat) the downstream component
(e.g. PKA3 b-Raf) (Fig. 2D), the microdomain characteristics
of the upstream component will not be preserved in the down-
stream component. Inversely, a low Kcat reaction such as the
phosphorylation of PTP by PKA results in the phosphorylated
form of PTP exhibiting microdomains similar to those of
upstreamPKA* (Fig. 2D). The non-homogenous distribution of
PKA* results in differing ratios of active (non-phosphorylated
PTPSL*) to inactive (phosphorylated PTPSLi), allowing for the
formation of activated MAPK1/2 microdomains (Fig. 2D).
Thus, the microdomains of PKA* are recapitulated in the
microdomains of phospho-MAPK. The extent towhich the sig-
nal controls the negative regulator becomes a critical factor.
Too much active PTP in all locations would result in a near-
complete loss of phospho-MAPK, and toomuchPTP inhibition
would result in high levels of phospho-MAPK and in the dissi-
pation of the microdomain. This is a Goldilocks relationship in
which the kinetic parameters and network topology need to be
tuned just right for the spatial information to be transmitted.
The balance between kinetic parameters and network topology
works only if the overall S/V ratios are in the correct range. For
spatial information to flow through the cell, the cell shape, sig-
naling network topology, and kinetic characteristics of the sig-
naling components need to be balanced. Hence, spatial infor-
mation flow is an emergent property that arises from the
functional organization of the cell within an optimized shape.

Perspective

Many questions regarding the role of scaffolds and anchors
in the dynamics of microdomains remain to be addressed. The
study by Fuller et al. (43) on the spatiotemporal dynamics of the
Aurora B kinase phosphorylation of its substrates during
anaphase highlights some of these questions. Interactions with
anchors and scaffolds are often regulated by signaling. This reg-
ulation introduces the possibility that dynamic scaffolding can
play a substantial role in controlling the flow of spatial informa-
tion. This is an area for future studies where computation and
experimentation can be effectively integrated.
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Graph theory has been a valuablemathematicalmodeling tool
to gain insights into the topological organization of biochemical
networks. There are two types of insights that may be obtained
by graph theory analyses. The first provides an overview of the
global organization of biochemical networks; the second uses
prior knowledge to place results frommultivariate experiments,
such as microarray data sets, in the context of known pathways
and networks to infer regulation. Using graph analyses, bio-
chemical networks are found to be scale-free and small-world,
indicating that these networks contain hubs, which are proteins
that interact withmany other molecules. These hubs may inter-
act with many different types of proteins at the same time and
location or at different times and locations, resulting in diverse
biological responses. Groups of components in networks are
organized in recurring patterns termed network motifs such as
feedback and feed-forward loops. Graph analysis revealed that
negative feedback loops are less commonand are presentmostly
in proximity to the membrane, whereas positive feedback loops
are highly nested in an architecture that promotes dynamical
stability. Cell signaling networks have multiple pathways from
some input receptors and few from others. Such topology is
reminiscent of a classification system. Signaling networks dis-
play a bow-tie structure indicative of funneling information from
extracellular signals and then dispatching information from a few
specific central intracellular signaling nexuses. These insights
showthatgraphtheory isavaluable tool forgaininganunderstand-
ing of global regulatory features of biochemical networks.

Progress in biochemistry over the past 40 years has allowed
us to develop an impressive parts list of cellular components
and their interactions. Such interactions give rise to functional
subcellular machines such as metabolic circuits, signaling net-
works, and cytoskeletal structures. Each of these systems con-
tains several hundreds to thousands of different types of com-
ponents. For example, a recent comprehensive study of
mitochondria in the mouse identified over 1000 different types
of proteins (1). Understanding the global topological organiza-
tion of such complex systems is a first step toward a holistic yet

detailed functional map of the entire cell. Graph theory, a sub-
field ofmathematics, has been a valuable tool in the past decade
to gain insights into the global organization of regulatory bio-
chemical networks aswell as to developmore informedhypoth-
eses for new experiments.
Euler’s famous publication from 1736 on the Seven Bridges

of Königsberg problem (2) initiated graph theory. Over 225
years later, in the late 1950s, a relevant historical develop-
ment in graph theory was the analysis of random networks by
Erdős and Rényi (ER graphs). In the late 1990s, it was recog-
nized that real networks are different from ER graphs. Real-
world complex systems abstracted to networks across disci-
plines, including biochemical networks, have a common
global architecture termed small-world (3) and scale-free
(4). Small-world indicates a relatively short distance from
any node to any other node and a relatively high level of
clustering. Clusteringmeans that groups of nodes havemany
interactions with one another. Scale-free denotes a connec-
tivity distribution that fits a power law. These two seminal
observations initiated a new approach to modeling systems
of biochemical reactions in a cell. Instead of viewing reac-
tions in pathways as substrates acted upon by enzymes to
produce products or as mass-action binding reactions, bio-
chemical interactions in biochemical networks can be
abstracted to nodes and links forming a graph (5). Graphs are
mathematical structures that have been successfully applied
to model complex systems from computer science, electrical
engineering, physics, and social sciences and in recent years
to represent biological networks.
There are two fundamental approaches in applying graph

theory to analyze biochemical regulatory networks. The first is
an attempt to understand the global organization of these net-
works. For this, properties and attributes computed for individ-
ual nodes, links, and/or groups of nodes and links are averaged,
or the distribution of such properties is analyzed and compared
with the distributions found in shuffled networks. The second
approach is more practical. By using prior knowledge about
biomolecules and their interactions, it is possible to place
results from multivariate experiments that produce lists of
genes, shown to be altered under different experimental condi-
tions, in the context of known pathways and networks. Here, I
describe a few applications and insights fromgraph theory anal-
yses applied to study biochemical networks in combination
with an introduction to concepts and definitions from graph
theory.

Nodes and Links

Graphs are mathematical structures made of a few related
sets. The first set represents entities.Whenmodeling biochem-
ical networks, these entities typically represent genes, proteins,
or other type of biomolecules. These entities are formally called
vertices and less formally nodes or components. The second set
in a graph describes the relations between the entities. The
elements of this set are formally termed edges for undirected
graphs and arcs for directed graphs. Directed graphs, termed
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digraphs, can be used to represent systems in which the causal
relationship between vertices is known. For example, if A is
upstreamofB, then there is an arc (arrow) pointing fromA toB.
Other less formal names to describe edges and arcs are links or
interactions. In biochemical regulatory networks, these can be
direct physical interactions between proteins, transcription
factors binding to promoter sites, other indirect gene regula-
tion effects, or enzymatic reactions inwhich enzymes are linked
to their substrates. Throughout the text, the terms graph/net-
work, vertices/nodes/components, and edges/links/interac-
tions are used interchangeably but mostly have the same
meaning.
There are different types of graphs used to represent differ-

ent types of biochemical networks (6). For example, mixed
graphs are graphs that are both directed and undirected. These
graphs have two or more sets of relations. Typically, edges are
separated from arcs. Cell signaling pathways are commonly
represented usingmixed graphs in which arcs represent activa-
tion or inhibition relations, whereas edges represent physical
protein-protein interactions without a clear-cut directionality
such as binding to anchors and scaffolds (7). Other sets in cell
signaling graphs can represent other properties of edges such as
interaction weights. Weights of arcs can be used to represent
the kinetics of biochemical reactions (8).
Having two types of arcs, such as activation versus inhibition

relations, is an example of edge coloring. Coloring is the assign-
ment of labels to vertices or edges with some defined con-
straints. For example, vertex coloring can be used to distinguish
transcription factors from other proteins in a protein-protein
interaction graph. TheGeneOntology Consortium can be con-
sidered a graph-coloring undertaking for labeling genes and
proteins based on their function, location in the cell, and
involvement in biological processes (9). The Gene Ontology
data set itself is stored in a hierarchical tree graph data structure
in which different levels represent the detailed specific descrip-
tion of terms recounting properties of genes. The Gene Ontol-
ogy hierarchical tree is an example of a specialized type of graph
in which specific rules are used to connect vertices.

Types of Graphs

Another example of a specialized graph in which rules are
used to restrict possible connections between vertices is a
bipartite graph. These graphs have two sets of vertices where
edges can connect only nodes in different sets, not nodeswithin
a set. Bipartite networks are used, for example, to represent
metabolic networks separating enzymes from their substrates
and products, disease gene networks connecting diseases
with disease genes (10), and drug networks connecting drugs
with their known biomolecular targets (11, 12) or to inte-
grate different “omics” data sets (13). Another type of graph,
the planar graph, can be drawn on a plane with no edge cross-
ings. Planar graphs are important for visualization. Acyclic
graphs are graphs with no cycles. Bayesian networks recon-
structed from time-series or perturbation high-throughput
microarrays (14) or proteomics studies (15) are typically repre-
sented as acyclic graphs. An acyclic graph is also called a forest
because it comprises a collection (union) of trees. A tree is a
graph in which any two vertices are connected by only one

possible path. A graph can be partitioned or cut into subgraphs
or subnetworks based on different rules. Subnetworks of bio-
chemical networks are often used to represent pathways, mod-
ules, or protein complexes. One example of a subgraph is a
spanning tree. A spanning tree is a subgraph tree that connects
all nodes in a networkwithout using all links. Aminimum span-
ning tree is a spanning tree that is formedwith aminimum cost,
where the “cost” is typically the total number of edges. Steiner
trees are similar to minimum spanning trees but extra interme-
diate vertices and edges may be used to reduce the overall
length/cost of the minimum spanning tree. Steiner trees can be
used to connect lists of “seed” genes that were found to be
altered under different experimental conditions using known
protein-protein, cell signaling, and gene regulatory networks
(16).
Most biochemical networks are not fully characterized. In

many of them, there are interactions and components that are
not connected with the rest of the network. Such networks typ-
ically have a giant connected component. It is important to con-
sider that graphs can be alternately represented as a symmetric
adjacency matrix where vertices are represented as identical
row and column labels, and the matrix contents consist of the
presence or absence of edges (0s and 1s) and/or the strength
and/or direction between interacting biochemical entities. The
matrix formulation of graphs allows manipulation and analysis
using powerful tools from linear algebra.

Properties of Nodes

Vertices and edges in networks can have an assortment of
attributes or properties. Two vertices are considered adjacent
or connected if there is an edge that links them. Such vertices are
also called neighbors. An important attribute/property of verti-
ces is their vertex degree (also called valence), which is com-
monly denoted with k. This means that k is also the number of
neighbors a vertex has. In digraphs, it is important to distin-
guish between in-degree and out-degree. Different types of bio-
chemical networks across different specieswere found to have a
connectivity degree distribution that fits a power-law function
(4, 17, 18). This means that most nodes have few neighbors but
that a substantial number of nodes have high degree (Fig. 1A).
The power-law connectivity distribution observation can be
explained by the fact the proteins in the cell are heterogeneous,
serving many and different functions. Power-law distributions
are commonly observed in highly heterogeneous complex sys-
tems. Vertices with high degree are informally called hubs.
Analysis of protein-protein interaction networks demonstrated
that hubs can be classified into “party” hubs and “date” hubs
(Fig. 1B) (19). Party hubs are proteins that interact with their
neighbors in the same place at the same time, whereas date
hubs are proteins that interact at different times in different
places within the cell. Another classification of hubs showed
that hubs can be divided into single-domain or multidomain
hubs (20) (Fig. 1C). Some examples of single-domain date hubs
are protein kinases A and C and the phosphatase PP2A, which
have many known substrates. CASK is an example of a party
hub with multiple domains. Assortative mixing is when the
probability for interactions between nodes is biased due to
nodes’ properties. For example, assortativemixing by valence is

MINIREVIEW: Graph Analysis of Biochemical Networks

5452 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 284 • NUMBER 9 • FEBRUARY 27, 2009



when hubs are frequently connected to one another (21). Bio-
chemical networks in general were found not to display assor-
tative mixing by valence as compared with other networks, for
example, brain networks constructed from functionalmagnetic
resonance images (22). On the other hand, assortative mixing
by function, location, or biological process is obviously highly
pervasive in regulatory biochemical networks.

Paths in Biochemical Networks

A path in a graph represents a sequence of alternating neigh-
boring nodes and links with no repeating nodes. Some of graph
theory’smost famed algorithms are those developed byDijkstra
(23) and Floyd (24) to find the shortest path (geodesic path)

between two vertices in a network. Finding the shortest path
between a cell-surface receptor and downstream transcription
factors in a cell signaling network can be used to identify impor-
tant new signaling pathways. Such an approach was useful to
hypothesize potential signaling mechanisms in Neuro2A cells
downstream of CB1R receptors. Cells were stimulated with a
CB1R agonist, and assessment of activity for hundreds of
canonical transcription factors was performed. It was found
that after 20 min, CB1R activation modulates the activity of
23 transcription factors (25). Using known cell signaling and
protein-protein interactions extracted from published experi-
mental studies, new biological roles for pathways and co-regu-
lators were identified. In another study, a global analysis of
paths from receptors to effectors in a literature-based mam-
malian cell signaling network showed that from some recep-
tors, e.g. the N-methyl-D-aspartate receptor, there are many
paths to effectors, e.g. the transcription factor cAMP-re-
sponsive element-binding protein (CREB), whereas from
other receptors, there are only a few (Fig. 1D) (26). This
topological feature can be due to biased research (most data
from popular proteins and pathways) but can also indicate a
design that is commonly observed in learning classifier sys-
tems implemented in computer programs.
The topology of signaling networks also displays a bow-tie

structure, in which signals from many receptors converge on
the same intermediate components and then are directed to
regulate different transcription factor effectors (Fig. 1E). This
type of organization is common for Toll-like receptors sharing
adaptor proteins such asMyD88 (27),Gprotein-coupled recep-
tors sharing G� and G�� (28), and growth factor receptors
sharing adaptor proteins such as SOS1 and GRB2. The shortest
path algorithm can be used to find automatically and display
previously characterized interactions that “connect” genes and
proteins (29) or to compute global network properties such as
characteristic path length (3) or network diameter. Network
diameter is simply the longest of the shortest paths among all
possible shortest paths between all pairs of nodes in a network.
The characteristic path length is the average shortest path
across all possible pairs of nodes.

Network Motifs

Biochemical networks contain many three-node cliques. A
clique is a complete subgraph in which all possible links
between a subset of nodes are operational. Completing “defec-
tive cliques” was used to predict not yet observed interactions
using the known protein-protein interactions of a yeast net-
work (30). Small cliques in biochemical networks are only one
kind of a possible set of small biochemical circuits. The differ-
ent kinds of small biochemical circuits are collectively termed
network motifs. More precisely, network motifs are subgraphs
that are over-represented in real networks relative to the same
subgraphs in shuffled networks (31). Shuffled networks are net-
works in which the edges of real networks are systematically
randomizedwhile keeping intact some general properties of the
original topology such as the connectivity degree (32).
Biochemical networks such as signal transduction networks

and gene regulatory networks show similar patterns of network
motifs. For example, the bifan motif (33, 34) is made of two

FIGURE 1. Schematics representing properties of cell signaling networks
identified using the graph theory. A, the connectivity distribution of net-
works fits a power law (straight line on a log-log plot). B, networks consist of
party and date hubs, where multiple colors represent different locations and
times. C, hubs are either multisite or single-site. D, there are many pathways
from some receptors to some effectors and few from most receptors to most
effectors. E, signals from many receptors are converging into few cytosolic
components and then fanning out to regulate many transcription factors in a
“bow-tie” structure. F, the bifan motif is shown. G, negative feedback loops
are more often observed in loops that include receptors; positive feedback
loops are more common a few steps downstream from receptors. H, feed-
forward loops are mostly coherent (positive) where negative and less regu-
lated outgoing hubs are used to shut off signals. I, positive feedback loops are
more abundant than negative feedback loops and are highly nested.
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upstream regulators both regulating the same two downstream
effectors (Fig. 1F). This dual regulation structure was identified
statistically as themost over-represented networkmotif in gene
regulatory networks of yeast (31) andEscherichia coli (31, 35) as
well as in amammalian neuronal cell signaling network (7).One
example of a bifan motif in cell signaling networks is the regu-
lation of transcription factors ATF2 and Elk by the kinases JNK
(c-Jun N-terminal kinase) and p38 (33). The abundance of
bifans is most likely due to a large number of isoforms gener-
ated through gene duplication-divergence evolution. The bifan
motif and othermotifs such as feedback and feed-forward loops
were found to act as noise filters (33, 36, 37). Two types of
network motifs, namely feedback and feed-forward loops, are
very important for characterizing the dynamics of biochemical
networks (38, 39). Graph analysis of a large cell signaling net-
work suggested that negative feedback loops are more preva-
lent than positive feedback loops near the cell surface (7), a
design that could be helpful for dampening noise while ampli-
fying persistent extracellular signals (Fig. 1G).
A paucity of negative feedback and feed-forward loops in

yeast, E. coli, and mammalian cell signaling networks was also
observed (40). This feature of the topology suggests that nega-
tive loops have not been favored through evolution because of
their potential to introduce dynamical instabilities. Hence, it
appears that negative regulators are less regulated outgoing
hubs, examples of which are known in cell signaling networks.
For instance, phosphatases such as PP1 and PP2A are enzymes
that deactivate most of their effectors through dephosphoryla-
tion (Fig. 1H). On the other hand, positive feedback loops are
highly nested, where the same proteins function in many posi-
tive feedback loops, a topology that also favors dynamical sta-
bility (Fig. 1I) (41). Some regulatory motifs in biochemical net-
works have long been known, e.g. the negative feedback loop in
the synthesis of branched chain amino acid from threonine to
isoleucine (42). The concept of network motifs is illustrated by
several examples from cell signaling (Fig. 2).
The presence of network motifs that are dense in links, like

the bifan, points to the fact that biochemical networks typically
have high clustering coefficients (3). A clustering coefficient
measures the level of density in local connectivity around the
neighborhood of a node. High clustering also suggests that bio-
chemical networks are organized into modules. Such modules
can be identified using network clustering algorithms. A popu-
lar measure for identifying clusters in networks is the between-
ness centralitymeasure. Betweenness centrality is computed for
each vertex or edge by counting the number of times the short-
est paths pass through the vertex or the edge (43). If many short
paths go through a vertex and if the vertex has a relatively low
degree, the vertex must be connecting different modules. Such
a vertex can be removed for the purpose of isolating and iden-
tifying modules/clusters.

Conclusions

One of the limitations of graph theory applications in analyz-
ing biochemical networks is the static quality of graphs. Bio-
chemical networks are dynamical, and the abstraction to graphs
can mask temporal aspects of information flow. The nodes and
links of biochemical networks change with time. Static graph

representation of a system is, however, a prerequisite for build-
ing detailed dynamical models (44). Most dynamical modeling
approaches, e.g. Boolean networks (45), Petri nets (46), and
event ontologies (INOH Pathway Database), can be used to
simulate network dynamics while using the graph representa-
tion as the skeleton of the model. Modeling the dynamics of
biochemical networks provides closer to reality recapitulation
of the system’s behavior in silico, which can be useful for devel-
oping more quantitative hypotheses.
The challenge with building dynamical models of biochemi-

cal networks is that they require kinetic and quantity parame-
ters, which are difficult to obtain experimentally. Another
obstacle in both graph theory and dynamical modeling is that
most applications are NP-hard. This means that time for exe-
cution grows exponentially withN, whereN can be the number
of steps in a path or the number of nodes in a graph. This
computational challenge places practical limitations on calcu-
lating static and dynamical properties of large regulatory bio-
chemical networks. To overcome this challenge, sampling (47)
and parallelization of algorithms (48) can be applied.
In summary, graph analysis of biochemical networks has

been useful for obtaining an overview of the organizations of
different types of biochemical networks across species. In gen-
eral, most networks have a connectivity distribution that fits a
power law, high clustering coefficients, and relatively short
average path lengths; the networks are organized in hierarchi-
cal modularity, where hubs serve as party or date hubs and can
be divided into multisite or single-site hubs, and assortative
mixing by valence is not common, whereas assortative mixing
by function, location, or biological process is evident. Biochem-
ical network motifs are enriched in dense substructures where
the bifan motif is the most over-represented, probably due to
duplication-divergence, and where negative feedback and feed-
forward loops are less common than positive loops. Cell signal-
ing networks have many paths from some input receptors and

FIGURE 2. Example of network motifs within cell signaling networks. PFBL,
positive feedback loop; NFBL, negative feedback loop; PFFL, positive feed-
forward loop; NFFL, negative feed-forward loop; CaM, calmodulin; CaN, cal-
cineurin; AC1, adenylyl cyclase I; AA, arachidonic acid; B2AR, �2-adrenergic
receptor; I1, inhibitor-1; PKA, protein kinase A; PKC, protein kinase C; PP1,
protein phosphatase-1; MAPK, mitogen-activated protein kinase; PLA2, phos-
pholipase A2; CaMKII, Ca2�/calmodulin-dependent kinase II. Gray arrows rep-
resent the components in these motifs that signal to other biomolecules that
are not part of the motif.
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few from others, a topology reminiscent of a classification sys-
tem. Signaling networks also display a bow-tie structure. These
are only a handful of topological patterns out of many. Such
topological properties are likely to have consequences for the
dynamical behavior of a system. Initial dynamical analyses of
these properties are consistent with an architecture that sup-
ports stability, noise filtering, modularity, redundancy, and
robustness to failure as well as variations of kinetic rates and
concentrations.
We are just starting to understand the intricate dynamics of

large and complex biochemical systems in which graph theory
plays an important role in organizing the accumulated knowl-
edge. Graph theory is also useful for the analysis of multivariate
data when lists of genes or proteins can be placed in the context
of prior knowledge to developmore informedhypotheses about
how multiple factors cooperate to produce complex pheno-
types. In the new world of Big Data (massively abundant data)
and Cloud Computing (data can be accessed from everywhere
and processed anywhere), graph theory plays an increasingly
important role in the transition from the classical approach of
hypothesizing and testing experimentally to hypothesizing,
modeling, and testing to measure everything, identify patterns,
model, and modify (manipulate) input-output relationships
(49).

Acknowledgment—I thank Professor Iyengar for helpful suggestions.

REFERENCES
1. Pagliarini, D. J., Calvo, S. E., Chang, B., Sheth, S. A., Vafai, S. B., Ong, S.-E.,

Walford, G. A., Sugiana, C., Boneh, A., Chen, W. K., Hill, D. E., Vidal, M.,
Evans, J. G., Thorburn, D. R., Carr, S. A., and Mootha, V. K. (2008) Cell
134, 112–123

2. Euler, L. (1736)Commetarii Academiae Scientiarum Imperialis Petropoli-
tanae 8, 128–140

3. Watts, D. J., and Strogatz, S. H. (1998) Nature 393, 440–442
4. Barabási, A.-L., and Albert, R. (1999) Science 286, 509–512
5. Eisenberg, D., Marcotte, E. M., Xenarios, I., and Yeates, T. O. (2000) Na-

ture 405, 823–826
6. Ma’ayan, A., Blitzer, R. D., and Iyengar, R. (2005) Annu. Rev. Biophys.

Biomol. Struct. 34, 319–349
7. Ma’ayan, A., Jenkins, S. L., Neves, S., Hasseldine, A., Grace, E., Dubin-

Thaler, B., Eungdamrong, N. J., Weng, G., Ram, P. T., Rice, J. J., Kershen-
baum, A., Stolovitzky, G. A., Blitzer, R. D., and Iyengar, R. (2005) Science
309, 1078–1083

8. Bhalla, U. S., and Iyengar, R. (1999) Science 283, 381–387
9. Gene Ontology Consortium (2004) Nucleic Acids Res. 32, D258–D261
10. Goh, K.-I., Cusick,M. E., Valle, D., Childs, B., Vidal,M., andBarabási, A.-L.

(2007) Proc. Natl. Acad. Sci. U. S. A. 104, 8685–8690
11. Yildirim, M. A., Goh, K.-I., Cusick, M. E., Barabási, A.-L., and Vidal, M.

(2007) Nat. Biotechnol. 25, 1119–1126
12. Ma’ayan, A., Jenkins, S. L., Goldfarb, J., and Iyengar, R. (2007) Mt. Sinai

J. Med. 74, 27–32
13. Tanay, A., Sharan, R., Kupiec, M., and Shamir, R. (2004) Proc. Natl. Acad.

Sci. U. S. A. 101, 2981–2986

14. Friedman, N., Linial, M., Nachman, I., and Pe’er, D. (2000) J. Comput. Biol.
7, 601–620

15. Sachs, K., Perez, O., Pe’er, D., Lauffenburger, D. A., andNolan, G. P. (2005)
Science 308, 523–529

16. White, A. G., andMa’ayan, A. (2007)Connecting Seed Lists ofMammalian
Proteins Using Steiner Trees, in Proceedings of the 41st Asilomar Confer-
ence on Signals, Systems and Computers, November 4–7, 2007, Pacific
Grove, CA, IEEE, Washington, D. C.

17. Jeong, H., Mason, S. P., Barabási, A.-L., and Oltvai, Z. N. (2001) Nature
411, 41–42

18. Ravasz, E., Somera, A. L., Mongru, D. A., Oltvai, Z. N., and Barabási, A.-L.
(2002) Science 297, 1551–1555

19. Han, J.-D. J., Bertin, N., Hao, T., Goldberg, D. S., Berriz, G. F., Zhang, L. V.,
Dupuy, D., Walhout, A. J. M., Cusick, M. E., Roth, F. P., and Vidal, M.
(2004) Nature 430, 88–93

20. Kim, P. M., Lu, L. J., Xia, Y., and Gerstein, M. B. (2006) Science 314,
1938–1941

21. Newman, M. E. J. (2002) Phys. Rev. Lett. 89, 208701
22. Eguiluz, V.M., Chialvo, D. R., Cecchi, G. A., Baliki,M., andApkarian, A. V.

(2005) Phys. Rev. Lett. 94, 018102–018104
23. Dijkstra, E. W. (1959) Numer. Math. 1, S269–S271
24. Floyd, R. W. (1962) Commun. ACM 5, 345
25. Bromberg, K. D., Ma’ayan, A., Neves, S. R., and Iyengar, R. (2008) Science

320, 903–909
26. Ma’ayan, A., Lipshtat, A., and Iyengar, R. (2006) Phys. Rev. E 73, 061912
27. Oda, K., and Kitano, H. (2006)Mol. Syst. Biol. 2, 2006.0015
28. Neves, S. R., Ram, P. T., and Iyengar, R. (2002) Science 296, 1636–1639
29. Berger, S., Posner, J., and Ma’ayan, A. (2007) BMC Bioinformatics 8, 372
30. Yu, H., Paccanaro, A., Trifonov, V., and Gerstein, M. (2006) Bioinformat-

ics 22, 823–829
31. Milo, R., Shen-Orr, S., Itzkovitz, S., Kashtan, N., Chklovskii, D., and Alon,

U. (2002) Science 298, 824–827
32. Maslov, S., and Sneppen, K. (2002) Science 296, 910–913
33. Lipshtat, A., Purushothaman, S. P., Iyengar, R., and Ma’ayan, A. (2008)

Biophys. J. 94, 2566–2579
34. Ingram, P., Stumpf, M., and Stark, J. (2006) BMC Genomics 7, 108
35. Shen-Orr, S. S., Milo, R., Mangan, S., and Alon, U. (2002) Nat. Genet. 31,

64–68
36. Hayot, F., and Jayaprakash, C. (2005) J. Theor. Biol. 234, 133–143
37. Ferrell, J. E. (2002) Curr. Opin. Cell Biol. 14, 140–148
38. Mangan, S., and Alon, U. (2003) Proc. Natl. Acad. Sci. U. S. A. 100,

11980–11985
39. Angeli, D., Ferrell, J. E., Jr., and Sontag, E. D. (2004) Proc. Natl. Acad. Sci.

U. S. A. 101, 1822–1827
40. Ma’ayan, A., Lipshtat, A., Iyengar, R., and Sontag, E. D. (2008) IET Syst.

Biol. 2, 103–112
41. Kwon, Y.-K., and Cho, K.-H. (2008) Bioinformatics, btn337
42. Stryer, L. (1981) Biochemistry, 2nd Ed., W. H. Freeman & Co., San

Francisco
43. Girvan, M., and Newman, M. E. (2002) Proc. Natl. Acad. Sci. U. S. A. 99,

7821–7826
44. Eungdamrong, N. J., and Iyengar, R. (2004) Trends Cell Biol. 14, 661–669
45. Li, S., Assmann, S. M., and Albert, R. (2006) PLoS Biol. 4, e312
46. Hardy, S., and Robillard, P. N. (2008) Bioinformatics 24, 209–217
47. Kashtan, N., Itzkovitz, S., Milo, R., and Alon, U. (2004) Bioinformatics 20,

1746–1758
48. Chin, G., Chavarria, D., Nakamura, G., and Sofia, H. (2008) BMC Bioin-

formatics 9, S6
49. Anderson, C. (2008)Wired Magazine, Issue 16.07

MINIREVIEW: Graph Analysis of Biochemical Networks

FEBRUARY 27, 2009 • VOLUME 284 • NUMBER 9 JOURNAL OF BIOLOGICAL CHEMISTRY 5455



Use of Randomized Sampling
for Analysis of
Metabolic Networks*
Published, JBC Papers in Press, October 20, 2008, DOI 10.1074/jbc.R800048200

Jan Schellenberger‡ and Bernhard Ø. Palsson§1

From the ‡Bioinformatics Program and the §Bioengineering Department,
University of California, San Diego, La Jolla, California 92093-0412

Genome-scale metabolic network reconstructions in micro-
organisms have been formulated and studied for about 8 years.
The constraint-based approach has shown great promise in ana-
lyzing the systemic properties of these network reconstructions.
Notably, constraint-based models have been used successfully
to predict the phenotypic effects of knock-outs and for meta-
bolic engineering. The inherent uncertainty in both parameters
and variables of large-scale models is significant and is well
suited to study by Monte Carlo sampling of the solution space.
These techniques have been applied extensively to the reaction
rate (flux) space of networks, withmore recentwork focusing on
dynamic/kinetic properties. Monte Carlo sampling as an analy-
sis tool has many advantages, including the ability to work with
missing data, the ability to apply post-processing techniques,
and the ability to quantify uncertainty and to optimize experi-
ments to reduce uncertainty. We present an overview of this
emerging area of research in systems biology.

The advent of whole genome sequencing has led to the cura-
tion of many genome-scale metabolic reconstructions (1, 2).
These reconstructions are mathematically structured knowl-
edge bases containing biochemical, genetic, and genomic infor-
mation about a metabolic network. Whereas the content of
these network reconstructions can be fairly complete, the func-
tional (i.e. physiological) states that these networks can achieve
are more difficult to determine, and such determination is an
active area of research. The analysis of whole cell metabolism
comeswith unknown quantities. Even a description of a steady-
state condition may require knowledge of a large number of
metabolite concentrations and reaction rates (fluxes). Dynamic
analysis adds additional complexity.
Although significant effort has gone toward measuring each

of these quantities through various high-throughput omics
methods, obtaining all the needed numerical values is a signif-
icant challenge that may not be met in full for a long time. This
incompleteness of data has created the need for analysis meth-
ods that are able to give meaningful results with only partial
measurements. One approach that has been successfully used
is so-called constraint-based reconstruction and analysis
(COBRA). This approach emphasizes describing the constraints
that a systemmust satisfy rather than computing an explicit solu-

tion. Some of the variables and constraints that have been applied
in the past are listed in Table 1. This approach leads to the defini-
tion of a “solution space,” which contains the set of feasible solu-
tions that satisfy all imposed constraints. Fig. 1 shows a schematic
of this approach and how it compares with the traditional simula-
tion approach. If the system equations are set up correctly, the
“true state” of the network will lie within the imposed constraints
andmay then be further analyzed.
Many approaches exist for studying this solution space (3, 4).

One of the more recent approaches is randomized sampling of
candidate solutions. To study the space of solutions, a random
set of points is chosen from it to act as a surrogate for the entire
space. Many of the properties that can be calculated for one
candidate solution can then be calculated for point throughout
the entire space, and the properties of this set of solutions can
be evaluated in a statistical fashion. This procedure gives infor-
mation about the how limiting the imposed constraints are, and
the results can be used to design further experiments to shrink
the size of the solution space.
The workflow associated with the constraint-based para-

digm is outlined in Fig. 2. The scope of the biological system is
defined as variables (fluxes, concentrations, pressure, etc.) and
parameters (kinetic constants, thermodynamic values, etc.).
Experimental measurements, biophysical constraints, and
other known constraints are imposed on the system, yielding a
solution space. It can then be probed with a variety of methods,
including optimization andMonte Carlo sampling. The results
from such studies are used to design further experiments to
further constrain the system.
The ultimate goal of large-scale network analysis is to pro-

vide a framework for understanding whole cell metabolism.
This includes interpreting data from various high-throughput
omics experiments, creating predictive models of how the cell
works, and ultimately being able tomanipulate cells formedical
or industrial purposes.

Steady-state Flux Balance Analysis

A metabolic network can be concisely described in matrix
format using the stoichiometricmatrix, S (sometimes calledN).
Every row in this matrix represents one metabolite, and each
column represents a reaction. A non-zero entry in Si,j indicates
participation of a metabolite (i) in a reaction (j). The rates of
every reaction (flux) can be written as a vector (v) forming the
fundamental mass balance equation (Equation 1).

dx/dt � S � v�x� (Eq. 1)

Integrating this equation over time yields the time course of
concentrations (x(t)). In general, the rates of reaction (v) are a
function of the concentrations (x) as well as enzyme kinetic
constants and other parameters. Because it is hard to measure
all the kinetic constants needed to simulate dynamic responses,
the steady states of the system are often studied. Steady state
implies dx/dt � 0 and therefore S�v � 0. A different way of
stating this is that the (right) null space of S contains the steady-
state flux distributions. This solution space is finite in size given
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enzyme capacity constraints (vmin � v� vmax); it has been stud-
ied extensively, and its properties can be determined by a vari-
ety of approaches (3). It has recently been realized that random-
ized sampling of solutions in the solution space is an effective
way to characterize its contents.

Example Uses of Sampling in Small Spaces

A number of questions about solution spaces can be
addressed using randomized sampling. Three notable examples
of studies of small solution spaces are now described.
Designing Experiments—The existence of a solution space

means that many conceivable flux distributions satisfy the
steady-state condition. Even with all uptake and secretion rates
(inputs and outputs) measured, the internal flux rates are usu-
ally not uniquely specified. If there are two parallel pathways for
the same process, it will be impossible to distinguish which is
being used. This non-uniqueness of flux states was realized
early (5), and thus, additional measurements are needed to fur-
ther eliminate candidate solutions. Sampling of the candidate
solutions can be used to find the most informative measure-
ments to make (6, 7). Many possible experiments were simu-

lated, and Monte Carlo sampling
was used to simulate random exper-
imental noise and to propagate it
through the network. The ratio of
measurement noise to computed
noise was statistically quantified,
thus rejecting experiments with
poor design in favor of more
informative ones.
Determining the Shape of Solution

Spaces—Smaller networks (�40
reactions) have flux solution spaces
that can be studied directly using
techniques from convex analysis.
Wiback et al. (8) defined the flux
space of the core red blood cell
model and computed its volume
using a mathematical technique
called vertex enumeration. Monte
Carlo elimination sampling was
used to describe the “shape” of the
space by plotting the distribution of
points as a function of flux through
each reaction. The shape flux space
contains important information
about the likelihood of finding the
true solution at any particular flux
value. A “narrow” space indicates
low likelihood, whereas a “wide”

space indicates greater likelihood. An updated method for
computing the volume of the space can be found in Ref. 9.
Consequences of Genetic Variation—Price et al. (10) devel-

oped a refined sampling approach that scaled to slightly larger
networks. Enzymopathies of the red blood cell were studied by
decreasing the vmax of the reaction catalyzed by enzymes with
known biochemical deficiencies and clinically observable
altered phenotypes. It was shown that the enzymopathies that
decreased the volume of the flux space most significantly were
more likely to have a clinical effect in vivo. This work first con-
sidered looking at the correlations between points as another
way of describing the shape of the space and noted that these
values tend to shift while simulating enzymopathies.

Determining Global Network Properties

With the availability of genome-scale network reconstruc-
tions, there has been significant interested in characterizing
them in an unbiased fashion. Two unbiased approaches have
emerged (3). One approach has been the development of net-
work-based pathways as convex basis vectors such as extreme

FIGURE 1. Traditional versus constraint-based methods. Traditional analysis methods focus on one solu-
tion, which approximates the true biological state as closely as possible. The error in this solution is often
unknown, although techniques such as sensitivity analysis can give an idea as to its magnitude. In con-
trast, constraint-based analysis does not aim to predict the true biological state but attempts to describe
the space within which the solution must lie. The properties of this space as a whole must contain the
properties of the true solution.

TABLE 1
Different variables and constraints used in metabolic analysis
For metabolic analysis, the three major variables are fluxes, concentrations, and kinetic parameters. Each of these may be constrained by physiological constraints and
experimental measurements. Most research has focused on the flux rates, although recently, there has been an interest in the kinetic/thermodynamic aspect as well.

Variables Constraints Experimental measurements

Fluxes Mass balance, Vmax, reversibility Fluxomics, isotope labeling, secretion rate profiling
Concentration Charge balance, osmotic balance, volume constraints,

thermodynamics
Metabolomics

Kinetic parameters Known dynamic behavior, thermodynamics, regulatory rules In vitro assays, expression profiling, proteomics
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pathways (11) and elementary modes (12). Monte Carlo sam-
pling provides an alternate unbiased way. Both have significant
numerical challenges at the genome scale, with the determina-
tion of convex pathways being potentially impractical (13),
whereas randomized sampling can be achieved at this scale.
Sampling Methods—With the advent of Monte Carlo meth-

ods for the study of the flux space of much larger networks, the
dominant algorithm of choice has been the Markov chain
Monte Carlo (MCMC), also known as the “hit-and-run” sam-
pler. Unlike the elimination algorithm usable for smaller net-
works, theMCMC algorithm produces a valid solution point at
every iteration. An initial valid point is moved repeatedly inside
the space according to probabilistic rules. The trail of valid gen-
erated points becomes the sample. One key disadvantage of this
algorithm is that there is no guarantee that these points cover
the entire space in a finite time. This behavior is known as “slow
mixing.”One improvement to theMCMCalgorithm is artificial
centering hit-and-run (ACHR) (14). Essentially all publications
of sampling of the flux space have used this algorithm.
Elucidation of aHigh Flux Backbone—Barabási and co-work-

ers published two studies that used Monte Carlo sampling of
the flux space to look at global network properties. In Ref. 15,
they demonstrated thatEscherichia coli flux space is dominated
by a few high capacity reactions (the “high flux backbone”) that
are robust between different simulated media conditions. In
Ref. 16, they compared the metabolic reconstructions of Heli-
cobacter pylori, E. coli, and Saccharomyces cerevisiaeunder ran-
domly generated media conditions and used flux balance anal-
ysis to compute the flux shifts between them. An “activity core”
was defined based on reactions that are always required for
growth. This activity core varies in size between the three
reconstructions and is a reflection of the redundancy and
robustness built into these systems.
Definition of “Modules”—Modules can be determined based

on correlations between reactions.When two reactions are cor-

related either perfectly (r2 � 1) or nearly perfectly (r2 � 1), the
flux through them must be linearly related at steady state. An
example of this is two reactions in a linear pathway. This con-
cept was reviewed by Papin et al. (17) as one technique of net-
work classification and applied to theMycobacterium tubercu-
losis network (18). Although correlated sets based on extreme
pathways and uniform random samples are distinct, a compar-
ison showed the global network properties to be conserved (19).

Applications of Sampling to Study Disease States

Whereas global network properties are of academic interest,
sampling has also been used to study clinical issues.
Human Mitochondria—The human cardiac mitochondrial

network (20) was analyzed using the sampling approach to
characterize network capabilities under different conditions,
including various diets and simulating diabetic conditions. A
particularly striking result was the observation that the pyru-
vate dehydrogenase flux in diabetic patients is constrained to be
lower than in non-diabetic patients due to mass conserva-
tion constraints alone. This result was surprising because
although it had been known that pyruvate dehydrogenase
has a decreased flux in diabetics, it was believed to be a
consequence of unknown regulatory mechanisms. The sam-
pling approach thus demonstrated how bottom-up recon-
structions can describe real biochemical and physiological
conditions and provide mechanistic insights into the cause
and effect relationships.
Co-sets and Their Applications—Another result of this study

came from the use of comprehensively sampled points in the
flux space to calculate statistically perfectly correlated sets of
reactions, termed co-sets (17). A non-zero flux in one member
of a co-set implies a non-zero flux in all other members of the
set and vice versa. Hence, co-sets define reactions that are used
together as a result of mass conservation determined by net-
work topology. These reaction co-sets can be used to simplify
the network and to enable analysis of disease states and alter-
native drug targets in terms of causal pathways rather than indi-
vidual reactions. They can also be used to correlate the causality
of single nucleotide polymorphisms that appear in the enzymes
participating in a co-set (21).
Human Neural Reconstruction—Occhipinti et al. (22) stud-

ied a five-compartment model of human neuron/astrocyte
metabolism with Monte Carlo sampling and statistical infer-
ence. The method was based on a previous study (23) and
assumes a prior distribution on each flux in the network. Exper-
imentalmeasurements are treated as observations that are used
to update the distributions of the fluxes. In this way, it is possi-
ble to test specific experimental hypotheses in silico. The study
investigatedwhichmetabolic pathways aremore active in brain
metabolism at steady states with different neural activities and
was able to provide quantitative answers.

Extensions to Analysis of Dynamic States

Moving beyond a steady-state framework to dynamic analy-
sis presents a new set of challenges. Kinetic parameters needed
for dynamic analysis are numerous and often unknown. In vitro
techniques often fail to give numerical values for kinetic param-

FIGURE 2. Constraint-based analysis work flow. The scope of the model is
determined by variables and parameters. These are constrained with 1)
experimental data and 2) physiological constraints. The solution space is the
intersection of all constraints. If this is empty, then the constraints and exper-
imental data are inconsistent and must be modified. If, however, they are
consistent, the solution space may be probed by a variety of methods. The
solution space may be shrunk with further experimental data, with the cur-
rent solution space aiding the experimental design.
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eters that are consistent with those in vivo (24). Obtaining such
a consistent set is expected to requirewhole systemapproaches.
There is a strong need for developing methods that allow for

global kinetic analysis because many of the important systemic
properties lie in the dynamic domain.With the recent develop-
ment ofmetabolomicmeasurements, wemay be able bridge the
gap between steady-state and fully dynamic descriptions.
Because of the inherent uncertainty in measurements, Monte
Carlo sampling can used to further this aim.
k-Cone Analysis—Famili et al. (25) proposed defining a space

of feasibility within which kinetic parameters must be found.
This was termed the k-cone. It is analogous to the flux space in
that every point represents a feasible set of kinetic parameters.
This construction assumes that the concentrations of metabo-
lites are known and that the system is at steady state. Famili et
al.were able to show that 1) feasible kinetic parameters exist; 2)
it is possible to find the set of kinetic parameters that most
closely match a measured set (by optimization); and 3) by
repeating this procedure under different conditions, the set of
kinetic parameters can be narrowed down.
Structural Kinetic Modeling—Steuer et al. (26–28) proposed

a different way of looking at whole system kinetics. Structural
kinetic modeling makes no assumptions about kinetic parame-
ters and instead focuses on the feedback parameters in a net-
work. Equation 1 is linearized about a hypothesized steady-
state value (xss) with a steady-state flux of vss. The linearization
results in a Jacobian matrix (J), which contains dynamic prop-
erties of the system. For example, the eigenvalues of J indicate
whether the system is stable or unstable near the steady state.
Many of the feedback parameters to build J are unknown. To
study their effects, Monte Carlo sampling was used, and statis-
tical properties were determined (28). A ranking of a feedback
site’s stability was obtained.
Bayesian Statistical Approaches—Liebermeister and Klipp

(29) used Bayesian statistics to describe the distribution of
kinetic parameters. Starting with a stoichiometric model, vari-
ous experimental data types (metabolic concentrations, ther-
modynamic, kinetic) are integrated in a statistical fashion to
produce a set of kinetic models. As a test example, a small thre-
onine metabolism model was used to simulate noisy experi-
mental measurements. The Bayesian approach was able to nar-
row the possible range of kinetic parameters from a very large
range initially to a much smaller feasible range.

Challenges for the Future

The challenges in this area are several. The main categories
are as follows.
Computational Challenges—Sampling a solution space is dif-

ficult as the number of variables increases. This is known as the
“curse of dimensionality.”Various tricks have been employed to
get around this limitation (for example, ACHR), and this is an
area of active research. The flux space and k-cone formalism
have the advantage that the commonly used constraints form a
convex space, which has some “nice” properties.Writing a sam-
pling procedure capable of sampling a generic set of constraints
may be quite difficult. Instead, a careful tradeoff between feasi-
bility of sampling and expressiveness of the formalism and con-

straints is required. The COBRA toolbox (31) contains tools for
Monte Carlo sampling as well as other COBRA techniques.
Extension of Formalism to Other Parameters—As shown,

MonteCarlo sampling has been used to sample the flux space as
well as the kinetic space. However, it is conceivable to extend
the formalism to many other areas. There have been recent
attempts to describe regulatory networks in a stoichiometric
fashion (32). The formalism uses an R (for “regulatory”) matrix,
which is analogous to the Smatrix. An Rmatrix has been con-
structed based on the model used by Covert et al. (33) and
interrogated using uniform random sampling. The simulation
results exhibited strong concordance for two environments for
which microarray experiments have been conducted. In addi-
tion, an analysis of the row and null spaces demonstrated that
these spaces describe all possible gene expression states for
E. coli in a given environment.2
Thermodynamic Constraints—Kümmel et al. (34) used ther-

modynamic considerations to describe a set of constraints on
the concentrations of metabolites. With the increasing avail-
ability of metabolomic data as well as computational estimates
of thermodynamic properties, constraints of this type are sure
to become more prevalent. Table 1 illustrates the variables,
parameters, and constraints that have been defined for meta-
bolic networks. In all cases, it is not possible to obtain all meas-
urements for a full description with current high-throughput
techniques. However, there are constraints between variables
that suggest that not every variablemust be explicitlymeasured.
For some of these applications,Monte Carlo sampling has been
applied (fluxes and kinetics). For others, this has not been done
yet.
One simplification to full thermodynamic considerations is

the inclusion of the so-called “loop law.” This law places addi-
tional constraints on internal metabolic fluxes to avoid circular
flux distributions that are thermodynamically infeasible. Price
et al. (30) studied this feasible space by sampling the space of a
H. pylori reconstruction and eliminating points that violate the
loop law.Although thismethodwas shownnot to scale to larger
networks, it has the advantage of not requiring knowledge of
thermodynamic constants.

Conclusions

Monte Carlo sampling is emerging as an approach to deal
with the analysis of genome-scale metabolic networks. Ideally,
wewould like to know the true internal state of a cell at all times.
As this goal is currently intractable, much effort has been
focused on giving an accurate description of the solution space
within which the true state must lie. Unbiased analysis of this
space through randomized sampling has yielded many novel
results and provides a framework bywhich further experiments
can be designed.
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Tau deposition is found in a variety of neurodegenerative
brain diseases. The identification of tau mutations that cause
familial dementia demonstrated that aberrant Tau alone could
cause neurodegenerative disease and suggested that Tau likely
plays a role in other cases in which Tau deposits are found,most
notably Alzheimer disease. The mechanisms by which tau
mutations cause neurodegeneration vary and are unclear to
somedegree, but evidence supports changes in alternative splic-
ing, phosphorylation state, interaction with tubulin, and self-
association into filaments as important contributing factors.

Tau Pathology in Alzheimer and Other
Neurodegenerative Diseases

AD2 is characterized pathologically by extracellular deposits
of A� and by neurofibrillary tangles and neuropil threads com-
posed of hyperphosphorylated filaments of the otherwise
microtubule-associated protein Tau. Although A� is appar-
ently the initiator in AD pathogenesis, it has become increas-
ingly clear that aberrant Tau protein also plays a key role
(reviewed in Refs. 1 and 2). This role apparently lies down-
stream of A�, although the molecular connection between A�
and Tau is unknown.
Tau deposition is seen not only in AD but in a number of

other neurodegenerative diseases as well, including fronto-
temporal dementia, Pick disease, dementia pugilistica, cor-
ticobasal degeneration, and progressive supranuclear palsy
(reviewed in Refs. 1–3). In these various disorders, collec-
tively called tauopathies, aberrant Tau is the principal path-
ological feature. Previous debates about the pathogenic role
of Tau in these diseases were largely settled with the discov-
ery that mutations in the tau gene itself are associated with a
certain form of frontotemporal dementia (4–6), strong evi-
dence that changes in the Tau protein alone can cause neu-
rodegeneration. This minireview focuses on the normal bio-
logical chemistry of Tau and how disease-associated
mutations in tau might lead to neurodegeneration.

Normal Tau Function and Isoforms

Tau is normally associatedwithmicrotubules and is involved
in their assembly and stabilization (7, 8). Microtubules are crit-
ical for cellular function, especially for neurons, which require
microtubule assembly from tubulin building blocks for the
growth and integrity of axons and dendrites (reviewed in Ref. 9)
and for the transport of molecular cargo between the cell body
and distant synapses (reviewed in Ref. 10). Tau plays an impor-
tant role in microtubule dynamics: too little may destabilize
microtubules, and too much may overly stabilize them. Most
recently, Tau has been found to be a key player in anterograde
transport by kinesin and retrograde transport by the dynein
complex (11). The Tau protein undergoes extensive and com-
plex phosphorylation, and the phosphorylation state can affect
microtubule binding (reviewed in Ref. 12). Kinase-mediated
phosphorylation inhibits microtubule binding, whereas phos-
phatase-mediated dephosphorylation restores binding.
Despite the ostensibly essential function of Tau in microtu-

bule formation, maintenance, and dynamics, tau knock-out
mice display onlymild phenotypes, includingmuscle weakness,
hyperactivity, and impaired fear conditioning, but not neuro-
degeneration (13). This suggests that neurodegeneration is not
due to simple loss of Tau function. However, compensation
during development cannot be ruled out, and a conditional
knock-out of tau in the adult mouse brain may provide more
definitive answers to the question of whether loss of Tau func-
tion alone can contribute to neurodegeneration. Tau is abun-
dantly expressed in the central nervous system, especially in
neurons (14), and its role in microtubule formation and func-
tion suggests that disruption of microtubules, so critical to
axonal structure and transport, may be one way by which aber-
rant Tau leads to neurodegeneration.
The Tau protein contains several imperfectly repeated

18-residue microtubule-binding domains in the C-terminal
region (15–17). These are linked through a proline-rich region
to an acidic N-terminal region (also called the projection
domain) that has recently been shown to interact with the p150
subunit of the dynactin complex involved in retrograde axonal
transport (18). In addition to the repeat domains, other regions
of the proteinmay play contributing roles inmicrotubule bind-
ing (e.g. Ref. 19). The tau gene is composed of 16 exons, 11 of
which are expressed in the central nervous system, and the
pre-mRNA undergoes alternative splicing of exons 2, 3, and 10
(Fig. 1) (20–22). Exons 2 and 3 each encode 29 amino acids, and
the inclusion of exon 2 is coupled to exon 3 inclusion but not
vice versa. Thus, Tau isoforms are 2N (both exons 2 and 3), 1N
(exon 3 only), or 0N (neither). Exon 10 encodes 31 amino acids
and the second of four possible microtubule-binding domains;
alternative splicing of exon 10 results in a 4R (with four micro-
tubule-binding domain repeats) or 3R (three repeats) form of
Tau (22–24). Thus, altogether six isoforms of Tau are normally
expressed in central nervous system neurons. The formation of
these isoforms changes during the course of development, with
0N/3RTau seen solely in the fetal brain and all six isoforms seen
normally in the adult brain (24). The 4R/3R ratio, critical to
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disease pathogenesis (see below), is roughly 1:1 in the adult
brain.

Mutations in FTDP-17

The understanding of the role of aberrant Tau in neurode-
generative diseases was dramatically advanced in 1998 when
mutations in the tau genewere discovered to be associatedwith
FTDP-17T (frontotemporal dementia with parkinsonism
linked to chromosome 17 and specifically characterized by tau
pathology) (4–6). Initially identified mutations cluster in and
around the regions encoding the microtubule-binding
domains, suggesting that perturbed ability to bind microtu-
bules might be involved in neuronal destruction and death in
these families. The FTDP-17T mutations provided clear evi-
dence that alterations in tau alone could cause neurodegenera-
tive disease and strongly suggested that aberrant Tau plays a
pathogenic role in other tauopathies, including AD.
To date, at least 37 mutations associated with FTDP-17T or

related disorders have been identified (Figs. 1 and 2) (reviewed
in Ref. 25). These are all missense mutations, mutations that
affect splicing, or both, and almost all cluster in the portion
encoding the C-terminal region or in an intervening sequence
near exon 10. The C-terminal missense mutations all appear to
impair Tau binding to microtubules and the ability of Tau to
promote microtubule assembly, whereas a disease-associated

mutation of a conserved arginine in
the N-terminal region has recently
been found to disrupt binding to the
p150 subunit of the dynactin com-
plex (18). Most of the silent muta-
tions increase the 4R/3R ratio by
modulating alternative splicing of
exon 10. Missense mutations found
within exon 10 affect only the three
4R isoforms, whereas those found
outside this region affect all six Tau
isoforms. Along with the consistent
Tau deposition in these familial
cases and the observation that com-
plete knock-out of tau in mice does
not lead to neurodegeneration, the
fact that all but one of the disease-
associated mutations (26) are dom-
inant strongly suggests a gain of a
toxic function: one normal copy
remains, and in the case of exon 10
missense mutations, even the 3R
Tau translated from the disease
allele is normal. No disease-associ-
ated mutations that lead to either a
truncated protein or the nonsense-
mediated decay of message have
been identified.
Differences in the clinical and

pathological phenotypes are seen
between the various tau mutations
(reviewed in Refs. 3 and 25).
Although many mutations lead to a

phenotype resembling FTDP-17T, others lead to phenotypes
overlapping or identical to Pick disease, corticobasal degenera-
tion, progressive supranuclear palsy, or AD. Some mutations
lead to Tau pathology in both neurons and glial cells, whereas
others lead to Tau pathology primarily or strictly in neurons.
However, rather than suggesting specific phenotypic differ-
ences between tau mutations, many of these differences may
reflect the different genetic and environmental contexts in
which these mutations happen to reside. Ultrastructural differ-
ences inTau filaments in brain tissue are also observed between
different taumutations,with some correlatingwith twisted hel-
ical filaments, some with paired helical filaments (similar to
what is seen in AD), and still others with straight filaments (25).
How these mutations may lead to differently assembled Tau
filaments is unclear, especially because no high resolution
structure of Tau or Tau mutants is available.

Mutations That Affect Splicing

Roughly half of the identified taumutations associated with
FTDP-17 affect the alternative splicing of exon 10 (reviewed in
Refs. 3 and 25). Although a number of these are intronic muta-
tions near the exon 10 5�-splice site, others aremutations in the
coding region of exon 10. Almost all of these mutations lead to
an increased inclusion of exon 10 and therefore an increase in
the 4R/3R ratio. However, three mutations apparently do the

FIGURE 1. Six isoforms of the Tau protein found in the central nervous system that result from alternative
splicing of exons 2, 3, and 10. Exons 9 –12 encode regions that include imperfectly repeated microtubule-
binding domains. Missense mutations that are associated with familial FTDP-17T and related disorders are
labeled in the longest Tau isoform (2N/4R). Red mutations are also associated with changes in exon 10 alter-
native splicing. Note that mutations located within exon 10 would be translated only into 4R Tau isoforms. The
asterisk indicates a single example of a lethal recessive tau mutation, which presented as respiratory hypoven-
tilation and displayed neuronal Tau pathology (26).
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opposite, inhibiting inclusion of exon 10 and decreasing the
4R/3R ratio, suggesting that perhaps the 3R/4R balance is crit-
ical (27, 28).
The silent and intronic mutations that increase 4R Tau

would be expected to have the opposite effect on microtubule
binding to most of the missense mutations: the former would
lead to increased binding, whereas the latter would decrease
binding. How then can both types of mutations lead to fila-
ments of hyperphosphorylated Tau? One idea is that the
increase in 4R Tau saturates the binding sites on microtubules
and thereby results in unassociated 4R Tau that is more prone
to phosphorylation and self-assembly (25). Another possibility
is that higher association with microtubules may create higher
local concentrations of 4R Tau and therefore a better microen-
vironment for assembly. In cases in which mutations shift in
favor of 3R Tau, less binding to microtubules is thought to
increase the cytosolic concentration of Tau and favor
self-association.
The silent and intronic mutations near the exon 10 5�-splice

site enhance exon 10 inclusion through two general mecha-
nisms: altering linear cis-splicing elements or destabilizing a
stem-loop structure at the exon-intron junction. The stem-
loop structure was hypothesized (4, 6, 29) upon the initial dis-
covery of FTDP-17mutations in the tau gene, noting the appar-
ent self-complementarity in this region. Subsequent
determination of the solution structure of an oligonucleotide
based on this exon-intron junction by NMR spectroscopy (30)
led to refinement of the stem-loopmodel to seven specific base
pairs (Fig. 2), with an adenosine bulge between the sixth and

seventh base pair. The structure fur-
ther shows that this unpaired purine
ring is intercalated back into the
A-form RNA duplex. Disease-associ-
atedmutations would be predicted to
destabilize the stem-loop and make
this sitemore available to splicing fac-
tors (specifically the U1 snRNP that
interactswith 5�-splice sites; see Fig. 2).
Thermal stability studies of oligo-

nucleotides demonstrated that dis-
ease-associated mutations within the
putative stem-loop lower the melting
temperature of the RNA duplex (i.e.
where the double-stranded RNA dis-
sociates to the single-stranded form)
(30, 31).Aminigene construct encod-
ing exons 9–11 recapitulated normal
Tau exon10 splicing for thewild-type
sequence and increased exon 10
inclusion for disease-causing muta-
tions (32). This minigene has been
used to demonstrate that othermuta-
tions specifically designed to enhance
stability of the stem-loop (and located
distal to the U1 snRNP-binding site)
reduce exon 10 inclusion to decrease
the 4R/3R ratio as predicted (31).
Other evidence has been taken to

suggest that the stem-loop is not a biologically relevant struc-
ture and that these intronic mutations instead either enhance
the complementarity of the 5�-splice site with the U1 SNP or
affect an ISS and the binding of a repressor protein (27, 33, 34).
However, U1 SNP complementarity changes cannot explain
the effects of all the mutations in this region, an ISS cannot
explain the effects of stem-loop-stabilizing mutations, and no
protein factor involved in ISS recognition has been identified.
Other disease-causing mutations outside the stem-loop can

also increase exon 10 splicing, likely due to strengthening of an
ESE or weakening of an ISS or an exon splicing silencer. Puta-
tive ESE regions have been identified in exon 10 (33, 35), with
one being a purine-rich ESE and where mutations N279K and
�K280 reside. The splicing factor Tra2�, part of a class of RNA-
binding proteins that contain serine- and arginine-rich
domains, binds to this purine-rich ESE to enhance exon 10
inclusion (35). In addition, an intron silencer modulator
sequence element has been identified just downstream of the
stem-loop, and this element contains the �19 mutation that
increases 3R Tau (34).

Missense Mutations That Affect Protein-Protein
Interactions

Other missense mutations apparently decrease the ability of
Tau to facilitate microtubule assembly. These mutations are
found primarily in and around the microtubule-binding
domains and reduce the ability of Tau to promote microtubule
assembly from tubulin (36, 37). Two exceptions are S305N and
Q336R, which enhance the ability of Tau to facilitate microtu-

FIGURE 2. FTDP-17 mutations located near the exon 10-intron 10 interface. Exonic sequences are in black
and uppercase; intronic sequences are in red and lowercase. Eight mutations destabilize a stem-loop located at
the exon-intron border (upper) that apparently regulates interaction with the U1 snRNP splicing factor (lower).
Two mutations (S305N and exons 10 � 3 (Ex10�3)) also stabilize the interaction of Tau pre-mRNA with U1
snRNP. The double asterisks indicate disease-causing mutations that enhance interaction with U1 snRNP.
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bule assembly (38, 39). The S305N mutation alters exon 10
splicing (27); thus, distinguishing the mechanism by which this
mutation exerts pathogenicity is difficult. However, the ability
of the Q336R mutation to enhance the microtubule binding
role of Tau again suggests that the balance of Tau proteins
capable of interactingwithmicrotubulesmay be a critical factor
ultimately dictating whether Tau will self-assemble into fila-
ments or not. Other evidence suggests thatmissensemutations
may directly confer the ability of Tau to form filaments. Some
studies show for instance that awide range ofmissensemutants
(R5L, K257T, I260V, G272V, �K280, P301L, P301S, G335V,
Q336R, V337M, and R406W) promote in vitro formation of
filaments in the presence of polymerization-inducing agents
such as heparin and arachidonic acid (39–46). Filament forma-
tion has also been observed in neuroglioma cells upon expres-
sion of mutant Tau (47).
Phosphorylation is also thought to be critical to the pathoge-

nicity of Tau (reviewed in Ref. 12). Tau is phosphorylated in
multiple sites by multiple kinases, but some sites tend to be
more phosphorylated in Tau pathology. Studying the role of
these phosphorylations in tauopathies is fraught with difficul-
ties, however. In vitro phosphorylations by particular kinases
are typically challenging to confirm in vivo, and the order of
events (phosphorylation vis-à-vis microtubule dissociation or
filament formation) is still unclear. Some kinase inhibitors have
been shown to dramatically reduceTau pathology in transgenic
mice (48, 49), but such agents notoriously lack specificity. Nev-
ertheless, some evidence has been reported that disease-as-
sociated Taumissensemutations can lead to enhanced phos-
phorylation (50), and hyperphosphorylation can induce Tau
self-assembly into filaments (51). Other studies show that
Tau mutants bind less to phosphatase 2A (52), the principal
phosphatase in the brain, which associates with the micro-
tubule-binding repeat domains.

Animal Models

A number of transgenic mice expressing Tau have been
developed to generate disease models for tauopathies, and
some show Tau pathology and neurodegeneration as well as
behavioral deficits (reviewed in Ref. 2; also see minireview by
Morrissette et al. (61) on AD mouse models in this series).
These mice have provided critical in vivomodels for determin-
ing the role of aberrantTau in neurodegeneration. For instance,
evidence suggests thatmicrogliosis and synaptic pathologymay
be the earliest manifestation of neurodegenerative tauopathies
and that abrogation of Tau-inducemicroglial activationmay be
therapeutically beneficial (53). A mouse line expressing human
genomic tau expresses all six brain isoforms of Tau and allows the
studyof the splicingofhumanTau in vivo (54).Crossing tau trans-
genic mice with those that overproduce A� has provided impor-
tant models for AD that have shed light on the role of Tau with
respect to A� (55). Moreover, knock-out of endogenous mouse
tau alleviates A�-induced memory deficits (56), suggesting that
targeting Taumay be a worthwhile AD therapeutic strategy.
Questions remain regarding the pathological role of Tau fil-

aments in neurodegeneration. Although most transgenic tau
mice suggest that filament formation is connected to neurode-
generation, results with a mouse line containing an inducible

tau gene showed that suppressing Tau improved memory even
though neurofibrillary tangles continued to grow (57). One
important caveat to this study is that Tau levels under sup-
pressed conditions in these mice were still dramatically higher
than those inwild-typemice.Other evidence in flies andworms
suggests that Tau can cause neurodegeneration in the absence
of filament formation (58, 59). Nevertheless, it would be sur-
prising if Tau filaments within neuronal cell bodies and along
axonal and dendritic projections are compatible with normal
neuronal function and health.

Haplotypes

Although tau mutations have not been identified in neuro-
degenerative diseases other than familial FTDP-17T, evidence
suggests that mutations in the tau gene may nevertheless con-
tribute to the development of other tauopathies (reviewed in
Ref. 60).More broadly, the human population has twomain tau
haplotypes, H1 and H2, which are defined by a set of SNPs and
a 238-bp deletion in intron 9. The H2 haplotype is also associ-
ated with an inversion of an �900-kb region that includes the
entire tau gene. Despite these nucleotide sequence differences,
the two haplotypes encode identical protein sequences. The
association of certain tau haplotypes with neurodegenerative
diseases has been equivocal, however.

Conclusions

Aberrant Tau clearly plays a role in the pathogenesis of a
variety of neurodegenerative brain diseases, and the study of
disease-causingmutations in the tau gene has suggestedmolec-
ular mechanisms. Somemutations reveal that changes in alter-
native pre-mRNA splicing of exon 10 alone can cause Tau
pathology and disease, whereas others point to increased phos-
phorylation, alteredmicrotubule binding,microtubule instabil-
ity, and Tau filament formation. Key questions remain, such as
how altered microtubule binding leads to Tau filaments,
whether microtubule instability alone contributes to neurode-
generation, what cellular pathways might affect Tau splicing,
what phosphorylation sites are critical to pathogenesis, what
are the key kinases, and what aggregated forms of Tau mediate
neurodegeneration. Answers to such questions may reveal new
strategies and targets for the treatment of Alzheimer disease
and other tauopathies.
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Despite intense interest, the molecular mechanisms underly-
ing the association of apoE4 with Alzheimer disease are not
clear. Because the function (or dysfunction) of a protein is based
on its structure, this review focuses on the effects of the struc-
tural differences among the isoforms on neurodegeneration.
Understanding how apoE4 structure impacts neurodegenera-
tion is likely to provide mechanistic insight as well as potential
therapeutic approaches to blunt or reduce its effects.

ApoE4 is themajor genetic risk factor for AD2 (1–3). ApoE is
well known as a lipid transport protein in the plasma and cen-
tral nervous system and plays a key role in themaintenance and
repair of neurons (4–6). Of the three common isoforms, apoE4
is associated with the greatest risk of AD and the lowest age of
onset, apoE2 with the lowest risk and highest age of onset, and
apoE3 with intermediate risk and age of onset. Several hypoth-
eses have been proposed to explain this association (for review,
see Ref. 7). Nevertheless, despite concerted efforts, the mecha-
nism remains unknown.
The variable effect of apoE isoforms in AD provides an

opportunity to correlate their structural and biophysical differ-
ences with their respective impact. This approach is based on
the principle that the structure and biophysical properties of a
protein determine its normal function or (in the case of muta-
tions) its dysfunction. In this review, we focus on themechanis-
tic insights gained from comparisons of the apoE isoforms.
Because apoEmay contribute to AD through both A�-depend-
ent and A�-independent pathways (8), we will consider those
pathways as they relate to structural correlations.

Common Structural Features of ApoE Isoforms

The three common apoE isoforms are coded at a single gene
locus on chromosome 19; each contains 299 amino acids. ApoE
has two structural domains, anN-terminal domain and aC-ter-
minal domain, which fold independently (Fig. 1) (9, 10). In the
lipid-free state, the two domains are connected by a flexible
“hinge region” (10). As shown by x-ray crystallography, the
N-terminal domain forms an extended four-helix bundle (11).
The region of apoE that interacts with members of the LDL
receptor family is enriched in basic residues, is located in the
N-terminal domain, and includes residues 136–150 and Arg-
172 (Fig. 1) (12). The structure of the C-terminal domain is not
known. It ismodeled as a series of�-helices based on secondary
structure prediction. This domain contains the major lipopro-
tein-binding elements of apoE, residues 244–272 (13).

Structural and Biophysical Differences in ApoE Isoforms

Structural Differences—The three isoforms are distinguished
by arginyl/cysteinyl differences at positions 112 and 158: apoE2
contains cysteine at both positions, apoE3 contains cysteine at
position 112 and arginine at position 158, and apoE4 contains
arginine at both positions (Fig. 1) (14). These differences exert
profound effects on the structure and properties of the isoforms
and thus hold the key to understanding their different effects in
AD. Substitution of cysteine for arginine at position 158 in
apoE2 markedly reduces its LDL receptor-binding activity,
whereas the same substitution at position 112 has no effect on
the binding activity of apoE3 compared with apoE4 (14). It is
not known whether the low risk of AD associated with apoE2 is
related to its lower receptor-binding activity.
The presence of cysteine in apoE3 and apoE2 results in for-

mation of disulfide-linked homo- and heterodimers, which
cannot occur with apoE4 because it lacks cysteine (15). In
plasma, �50% of apoE3 and apoE2 molecules are disulfide-
linked (15); in CSF, a major portion of apoE3 exists as dimers
(16). ApoE3 homodimers affect lipid binding and reduce LDL
receptor-binding activity (15). Although AD does not affect the
level of apoE dimers inCSF (16), the influence of these forms on
AD has not been examined.
Stability Differences—With denaturation, apoE exhibits two

independent unfolding transitions, with the N-terminal
domain being more stable than the C-terminal domain (17).
Although the C-terminal domains of the isoforms are equally
stable, the N-terminal domains have different unfolding curves
and stabilities. This is not surprising, as the substitutions that
distinguish the isoforms lie within the N-terminal domain. The
N-terminal domain is the least stable in apoE4, the most stable
in apoE2, and of intermediate stability in apoE3. In addition, the
apoE4 denaturation curve displays a prominent shoulder, evi-
dence of stable folding intermediates with features of a molten
globule state: an ensemble of partially unfolded structures (18).
In the apoE4 molten globule, the four-helix bundle is partially
unfolded and displays both a loss of helical content, which
exposes proteolytic cleavage sites, and an increase in �-struc-
ture (18).
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ApoE4 has amuch greater tendency to form amolten globule
state than apoE3, which in turn has a greater tendency than
apoE2. Thus, apoE4 is distinguished by a lower stability and a
greater tendency to form a molten globule state. Moreover,
these differences in the isoforms correlate with the magnitude
of their effects in AD (apoE4�� apoE3� apoE2). Because of its
instability, apoE4 also has an increased propensity to aggregate.
When incubated at 37 °C, apoE4 displays the greatest tendency
to form high molecular weight aggregates (19).
Domain Interaction—One of the first isoform-specific differ-

ences identified was referred to as domain interaction. This
concept was introduced to explain the preferential binding of
apoE4 to lower density lipoproteins and of apoE3 to higher
density lipoproteins (20). Over the years, this model has been
refined based on x-ray crystallography, site-directed mutagen-
esis, fluorescent resonance energy transfer, and EPR studies
(13, 21, 22). The key to domain interaction is the difference in
the conformation of Arg-61. In apoE4, Arg-112 causes the
Arg-61 side chain to extend away from the four-helix bundle,
allowing an interaction with Glu-255 and resulting in a com-
pact structure (Fig. 2). In contrast, Cys-112 in apoE3 causes the
Arg-61 side chain to be tucked between two helices, making it

less accessible for interaction with Glu-255 and resulting in a
more extended structure. The apoE4model in Fig. 2 is based on
three distance constraints between the two domains deter-
mined by EPR (22).

Potential Effects of Structural Differences in AD

Stability/Molten Globule Formation—Molten globules have
been implicated in a wide variety of physiological processes
(Fig. 3,upper) (for review, seeRef. 23). An apoE4molten globule
could exert a number of effects that might contribute to a dis-
ease phenotype. For example, the instability of the N-terminal
domain of apoE4 may explain its increased ability to bind and
remodel phospholipid micelles (17). As a result, lipoprotein
particles containing apoE4 could differ from apoE3 particles in
their composition. In AD, the lipid-binding properties of apoE4
could also influence cellular function, resulting in pathological
effects. For instance, apoE4 increases A�-induced lysosomal
leakage in cultured neuronal cells to a greater extent than
apoE3, suggesting that apoE4 acts cooperatively with A� to
destabilize lysosomalmembranes, potentially leading to neuro-
degeneration (24).
Aggregation—Manymutations can destabilize native confor-

mations and promote formation of aggregates with properties
of amyloid fibrils (25). Thus, the destabilization of compactly
folded apoE could result in misfolding to form amyloid fibrils.
This misfolding could provide the basis for amyloid formation.
In AD patients, apoE is co-localized in amyloid plaques, one of
the pathological features of the disease (26). In addition, the
apoE isoforms differ in their ability to promote A� amyloid
formation. Incubation of purified apoE with A� promotes A�
fibrillization as shown by electron microscopy (27) and thiofla-
vin T reactivity (28).
In AD patients, amyloid deposition correlates with the gene

dosage of apoE4 (29). In mouse models of AD expressing
mutant forms of the human APP and apoE isoforms, apoE4 is
more effective than apoE3 in promoting A� deposition (30).
The apoE isoforms differ in their ability to co-aggregate with
A�. ApoE4 forms high molecular weight aggregates character-
ized by a significant increase in �-structure and fibril protofila-
ments (Fig. 3, middle), which could promote A� nucleation,
polymerization, and plaque formation. ApoE may also con-
tribute to amyloid deposition by serving as a pathological

chaperon (31). Furthermore, apoE4
aggregates are neurotoxic, another
potential mechanism for neurode-
generation in AD (19). The propen-
sity of apoE4 to aggregate is related
to its molten globule state rather
than domain interaction (19).
Domain Interaction—We hypoth-

esized that domain interaction con-
tributes to the association of apoE4
with AD (Fig. 3, lower) (21). Domain
interaction alters lipid binding and
explains the binding preference of
apoE4 for large, triglyceride-rich,
lower density lipoproteins (21).
These lipoproteins are not present

FIGURE 1. Model of the domain structure of apoE. The N-terminal domain
consists of a four-helix bundle. Red, helix 1; blue, helix 2; green, helix 3; yellow,
helix 4. The C-terminal domain is modeled as a series of �-helices. The N-ter-
minal domain contains the LDL receptor-binding region on helix 4 and Arg-
172 in the hinge region. The C-terminal domain contains the major lipopro-
tein-binding elements.

FIGURE 2. Influence of domain interaction on the structure of apoE.
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in CSF, where the major lipoproteins are small, cholesterol-
rich, high density lipoproteins. The lower avidity of apoE4 for
these small lipoproteins could result in less effective transport
of lipids that are required for neuronal synaptogenesis, mainte-
nance, and repair.
Normally, apoE is expressed in astrocytes and other glial

cells. However, under stressful conditions, neurons also express
apoE (32). Because of domain interaction, apoE4 produced
within neurons is subject to cleavage of the C terminus by a
neuronal protease. The resulting fragments escape the secre-
tory pathway and enter the cytosol, disrupting the cytoskeleton,
impairing mitochondrial energy production, and ultimately
leading to neuronal death (33, 34). These C-terminally trun-
cated fragments of apoE4 are observed in AD patients and in
transgenicmice expressing apoE4 in neurons (8). Inmice, these
toxic fragments cause neurodegeneration and cognitive deficits
(34). Notably, domain interaction has been demonstrated in
neuronal cells (35).

Mouse Models of ApoE4 Structural Properties

One difficulty in linking a given structural property of apoE4
to a pathogenic mechanism or pathway in AD is that apoE4
differs from apoE3 and apoE2 in at least three ways: it lacks

cysteine, has lower stability and a greater tendency to form a
molten globule state, and exhibits domain interaction. From a
mechanistic and therapeutic prospective, it is essential to ascer-
tain the relative contributions of these structural features to
neurodegeneration. Until recently, this was not possible, as all
apoE4 structural features were simultaneously present in the
available human apoE knock-in and transgenic mouse models.
To circumvent these problems, we took advantage of the fact

that that mouse WT apoE does not exhibit apoE4 instability/
molten globule formation or domain interaction and does not
contain cysteine (36, 37). Our approach was to identify the
amino acid differences in human apoE4 responsible for domain
interaction and instability/molten globule formation and then
“humanize” mouse apoE by introducing those residues into
mice by gene targeting. Using this approach, we engineered
domain interaction into mouse apoE (37). Although it contains
the equivalents of Arg-112 and Glu-255, mouse apoE lacks the
equivalent of Arg-61, required for domain interaction. Instead,
it contains threonine at this position, and therefore, its func-
tional behavior resembles that of apoE3. Interestingly, only
human apoE contains Arg-61; all other species contain threo-
nine. In this gene-targeted mouse model, mouse Arg-61 apoE
does not display the instability of apoE4 (36), making it a spe-
cific model of domain interaction. Thus, any phenotype in this
model is associated with a direct or indirect effect of domain
interaction.
Expression of Arg-61 apoE is governed by the normalmurine

control and regulatory elements, and Arg-61 apoE is expressed
at normal physiological levels. Also, any species difference
effects are minimized: there is only one amino acid difference
between Arg-61 apoE and WT apoE versus a 28% sequence dif-
ference between human andmouse apoE. Species effects are an
important consideration in mouse models. For example, in
transgenic mice expressing human APP and human apoE iso-
forms on a mouse apoE knock-out background, amyloid depo-
sition is more extensive in apoE4 mice than in apoE3 mice; but
in both cases, the levels are lower than in humanAPPWT apoE
mice, indicating a species difference in amyloid deposition
between human and mouse apoE (38).
Arg-61 ApoEMouse Model—Arg-61 apoE mice show no evi-

dence of gliosis or neuronal loss, but they nevertheless display a
significant phenotype. In the brain, the level of Arg-61 apoE is
�40% lower than that of WT apoE, and this difference is inde-
pendent of sex, age, or brain region (39). The lower level of
Arg-61 apoE reflects decreased secretion by astrocytes, the
main producer of apoE in a noninjured or nonstressed brain,
despite identical levels of Arg-61 andWT apoEmRNAs. A sim-
ilar reduction in apoE4 was observed in apoE4 knock-in mice
compared with apoE3 mice (39). These results demonstrate
that domain interaction is the basis for the reduction in both
models.
The lower brain levels of apoE are associated with an age-de-

pendent deficit in synaptophysin, amarker of vesicle proteins in
presynaptic terminals. One-year-old mice also exhibit reduc-
tions in Bassoon, a marker of active zone proteins in presynap-
tic terminals, and in neuroligin-1, a postsynaptic marker (40).
These results demonstrate that neurodegeneration in this
model is associated with domain interaction but not with neu-

FIGURE 3. Potential effects of the structural properties of apoE4 on AD.
Upper, molten globule formation; middle, aggregation; lower, domain
interaction.
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ronal loss. Moreover, the synaptic deficits caused functional
impairments that were revealed when mice were exposed to a
novel environment by moving them from their home cage to a
larger uncovered cage with different bedding and five novel
objects in a different room. Fos and Arc expression was deter-
mined in the dentate gyrus as a measure of synaptic activity.
Before exposure, therewere nodifferences in the levels of Fos or
Arc inWT and Arg-61 mice. After exposure, however, theWT
mice had higher levels of both markers, demonstrating that a
functional deficit is also associated with apoE domain interac-
tion. In addition, the Arg-61 mice had a spatial memory deficit
in a water maze paradigm (40).
An interesting picture is emerging to explain this phenotype

based on two potential mechanisms. First, the reduced secre-
tion of apoE by Arg-61 apoE astrocytes is accompanied by a
corresponding decrease in cholesterol secretion (40). A reduc-
tion in the availability of cholesterol could contribute to ineffi-
cient maintenance and synapse formation. Second, Arg-61
apoE does not accumulate intracellularly in astrocytes, indicat-
ing that it is targeted for degradation (41). This finding raised
the interesting possibility that Arg-61 apoE is recognized as an
abnormally folded protein in the ER, eliciting a UPR. In fact, all
three UPR pathways are activated to a greater extent in Arg-61
apoE astrocytes than in WT astrocytes (41). Potentially, a
chronic ER stress response could globally impair the ability of
astrocytes to support andmaintain neurons by sequestration of
chaperons or reduced protein translation. In support of a global
astrocyte dysfunction, Arg-61 mice had lower levels of astro-
cyte-specific GLT1 (glutamate transporter-1) than WT mice
(40). Inefficient glutamate clearance from synapses could result
in excitotoxicity, causing neurodegeneration. Altered gluta-
mate uptake and excitotoxicity have been suggested to contrib-
ute to AD (42).
These findings raise the possibility that astrocytes contribute

more directly to the association of apoE4 with AD than was
previously appreciated. A potential scenario is that apoE4
domain interaction impairs the ability of astrocytes to support
neuronal function over most of a lifetime. Although this sup-
port is compromised, it is effective enough in the absence of
brain stress. However, with the addition and accumulation of
the effects of stressors later in life (i.e. ischemia, oxidative stress,
or A� toxicity), astrocyte support becomes more ineffective as
the need to increase apoE4 secretion to support neurons results
in a further increase in the ER stress (Fig. 4). At this point,
without effective support, neurons begin to express apoE.With
apoE4, this leads to the generation of C-terminally truncated
fragments that are neurotoxic, leading to more extensive neu-
rodegeneration and AD. This scenario represents a potential
mechanism to explain the greater risk and lower age of onset of
AD in apoE4 subjects.
In summary, the Arg-61 apoE model of domain interaction

provides compelling evidence that apoE4 can act independently
of A� to promote neurodegeneration and features of AD, as
suggested previously (8). In addition, the model suggests a role
for astrocytes in the association of apoE4 with AD. More
important, these findings indicate that domain interaction is a
viable apoE4 therapeutic target. Indeed, disrupting domain

interaction with small molecules abolishes apoE4-enhanced
A� production in cultured cells (43).
Mouse ApoE Molten Globule Model—The amino acids in

human apoE4 required to humanize mouse WT apoE with
respect to instability of the N-terminal domain have been iden-
tified; the substitutions involved are T61R, G83T, and Q113G
(36). Because Arg-61 is required to introduce the instability, it
was necessary to replace Glu-255 with alanine in the gene-tar-
geting vector so as to abolish domain interaction (21). This
mouse model has been generated and is currently under evalu-
ation to determine the specific effect of apoE4 molten globule
formation in the absence of domain interaction.

Conclusions and Future Perspectives

Although the association of apoE4with AD is not completely
resolved, comparisons of the structural and biophysical differ-
ences among the apoE isoforms are providing insights into the
mechanisms involved. These studies provide additional evi-
dence that apoE contributes toADpathology by acting through
both A�-dependent and A�-independent pathways and sug-
gest a role for astrocytes. The challenge for the future will be to
directly link apoE-relatedmechanisms to pathogenic processes
and disease progression in studies of in vivo models. Mouse
models specific for apoE4 structural properties will be invalu-
able in establishing such links.
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25. Fändrich, M., Fletcher, M. A., and Dobson, C. M. (2001) Nature 410,

165–166
26. Wisniewski, T., Lalowski, M., Golabek, A., Vogel, T., and Frangione, B.

(1995) Lancet 345, 956–958
27. Sanan, D. A., Weisgraber, K. H., Russell, S. J., Mahley, R. W., Huang, D.,

Saunders, A., Schmechel, D., Wisniewski, T., Frangione, B., Roses, A. D.,
and Strittmatter, W. J. (1994) J. Clin. Investig. 94, 860–869

28. Wisniewski, T., Castaño, E. M., Golabek, A., Vogel, T., and Frangione, B.
(1994) Am. J. Pathol. 145, 1030–1035

29. Schmechel, D. E., Saunders, A.M., Strittmatter,W. J., Crain, B. J., Hulette,
C. M., Joo, S. H., Pericak-Vance, M. A., Goldgaber, D., and Roses, A. D.
(1993) Proc. Natl. Acad. Sci. U. S. A. 90, 9649–9653

30. Holtzman, D.M., Bales, K. R., Tenkova, T., Fagan, A.M., Parsadanian, M.,
Sartorius, L. J., Mackey, B., Olney, J., McKeel, D., Wozniak, D., and Paul,
S. M. (2000) Proc. Natl. Acad. Sci. U. S. A. 97, 2892–2897

31. Wisniewski, T., and Frangione, B. (1992) Neurosci. Lett. 135, 235–238
32. Xu, Q., Bernardo, A., Walker, D., Kanegawa, T., Mahley, R. W., and

Huang, Y. (2006) J. Neurosci. 26, 4985–4994
33. Brecht, W. J., Harris, F. M., Chang, S., Tesseur, I., Yu, G.-Q., Xu, Q., Fish,

J. D.,Wyss-Coray, T., Buttini,M.,Mucke, L.,Mahley, R.W., andHuang, Y.
(2004) J. Neurosci. 24, 2527–2534

34. Harris, F. M., Brecht, W. J., Xu, Q., Tesseur, I., Kekonius, L., Wyss-Coray,
T., Fish, J. D., Masliah, E., Hopkins, P. C., Scearce-Levie, K., Weisgraber,
K.H.,Mucke, L.,Mahley, R.W., andHuang, Y. (2003)Proc. Natl. Acad. Sci.
U. S. A. 100, 10966–10971

35. Xu, Q., Brecht, W. J., Weisgraber, K. H., Mahley, R. W., and Huang, Y.
(2004) J. Biol. Chem. 279, 25511–25516

36. Hatters, D. M., Peters-Libeu, C. A., and Weisgraber, K. H. (2005) J. Biol.
Chem. 280, 26477–26482

37. Raffaï, R. L., Dong, L.-M., Farese, R. V., Jr., and Weisgraber, K. H. (2001)
Proc. Natl. Acad. Sci. U. S. A. 98, 11587–11591

38. Fryer, J. D., Simmons, K., Parsadanian, M., Bales, K. R., Paul, S. M., Sulli-
van, P. M., and Holtzman, D. M. (2005) J. Neurosci. 25, 2803–2810

39. Ramaswamy, G., Xu, Q., Huang, Y., and Weisgraber, K. H. (2005) J. Neu-
rosci. 25, 10658–10663

40. Zhong, N., Scearce-Levie, K., Ramaswamy, G., and Weisgraber, K. H.
(2008) Alzheimer’s Dement. 4, 179–192

41. Ramaswamy, G., andWeisgraber, K. (2007) Society for Neuroscience: Neu-
roscience Meeting Planner, Program No. 154.1/R22

42. Walton, H. S., and Dodd, P. R. (2007) Neurochem. Int. 50, 1052–1066
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During the past 2 decades, the elucidation of susceptibility
and causative genes for Alzheimer disease as well as proteins
involved in the pathogenic process has greatly facilitated the
development of genetically altered mouse models. These mod-
els have played a major role in defining critical disease-related
mechanisms and in evaluating novel therapeutic approaches,
with many treatments currently in clinical trial owing their ori-
gins to studies initially performed inmice. This review discusses
the utility of transgenic mice as a research tool and their contri-
butions to our understanding of Alzheimer disease.

The most common cause of dementia, AD2 accounts for
60–70% of all dementia cases and afflicts �15 million individ-
uals worldwide. The disorder is characterized by severe mem-
ory loss, with episodicmemory being particularly impaired dur-
ing the initial phases. At present, the disorder is not curable.
Most AD cases occur sporadically (SAD), although inheritance
of certain susceptibility genes enhances the risk. A smallminor-
ity of AD cases (�1%) is inheritable (referred to as FAD) and is
caused by mutations in genes encoding APP, PS1, or PS2.

Pathological Hallmarks of AD

Definitive diagnosis of AD occurs during post-mortem
examination upon detection of two hallmark pathologies. The
first is amyloid plaques, which consist of A�. The length of A�
can vary, but a 42-amino acid variant is considered neurotoxic
because of its propensity to readily aggregate into oligomers
and fibrils. All mutations associated with FAD affect the aggre-
gation and/or production of A�, which is sequentially cleaved
from the APP holoprotein, first by an enzyme known as BACE
(beta-APP-cleaving enzyme) and then by an enzymatic com-
plex known as �-secretase, in which the presenilins form the
catalytic core (1). FAD-associated mutations in APP cluster
around the �-secretase cleavage site (e.g. Swedish mutation), in

key amino acids affecting its ability to aggregate (e.g.Arctic and
Dutch mutations), or around the �-secretase cleavage site,
which increases production of the longer A�42 peptide (e.g.
Londonmutation). PS mutations play a similar role by favoring
production of A�42 at the expense of A�40. In vitro experi-
ments and transgenic mice have shown us that the aggregation
state of A� is crucial, that it can also accumulate intraneuro-
nally, and that it can mediate a diverse range of pathological
effects on cellular function (2).
The second pathological hallmark is the appearance of intra-

neuronal aggregates composed of the microtubule-associated
protein tau. Hyperphosphorylation of tau leads it to dissociate
from the microtubules and aggregate within the axoplasm as
NFTs (3). Furthermore, tau dissociation leads to a reduction in
microtubule stability and impaired axonal transport, ultimately
leading to neuronal dysfunction and loss of synapses and sub-
sequent retrograde degeneration (4). Mutations in the gene for
tau (MAPT) are not associated with AD but cause FTDP-17
(frontal temporal dementia with parkinsonism 17), showing
that disruption of tau function directly leads to neurodegenera-
tion. Besides these two hallmark lesions, other reactive pro-
cesses occur such as inflammation (5) and additional distur-
bances in cellular function through calcium dyshomeostasis (6)
and oxidative stress (7), which cumulatively cause marked cor-
tical and hippocampal neuronal and synaptic loss.
The amyloid cascade hypothesis, first proposed byHardy and

Higgins in 1992 (8) and refined over the years, postulates that
A� triggers the development of AD and that the other pheno-
typic alterations, including tau pathology and behavioral defi-
cits, are a downstream consequence. This hypothesis has been
supported by a wealth of evidence (9), not the least of which is
the fact that all AD-related mutations result in increased A�
accumulation. The hypothesis assumes that FAD and SAD
manifest as the same disease but with different underlying
causes, genetic in the case of the former and unknown in the
case of the latter, although both exhibit an aging component.
Transgenicmice that overproduceA�mimicmany facets of the
human disease and lend credence to the amyloid cascade
hypothesis. These mice have allowed us to understand more
about the course of the disease and how the pathology affects
the local brain environment to cause cognitive deterioration
and to explore potential therapeutic avenues. Although these
mice do notmimic several aspects of the human disorder, these
differences have led to some of the more intriguing discussions
about human AD.

Modeling Amyloid Pathology in Mice

APP-overproducing mice develop amyloid deposits similar
to those found in the human brain in an age-dependent fashion
(supplemental Table 1). Despite chronic APP production,
plaques typically accumulate in mid-to-late adulthood in the
majority of these animals, although this is largely dependent on
expression levels or the number of FADmutations introduced.
Notably, plaque formation is acceleratedwhen the longer A�42
is preferentially cleaved fromAPP, as this peptide ismore prone
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to aggregate than A�40 and leads to earlier and more severe
cognitive decline (10). The importance of A�42 to disease pro-
gression was highlighted by showing that elevated levels of
A�40, the shorter more common form of A�, actually pre-
vented the formation of A� pathology in the widely used
Tg2576mouse model. On the contrary, elevated levels of A�42
markedly exacerbated pathology in the samemousemodel (11).
A� plaques found in the brains of AD Tg mice appear struc-

turally similar to those found in the human brain; they initiate
as diffuse plaques consisting mainly of A�42, develop a dense
A�42 core, and then incorporate A�40 as well as numerous
other non-A� components such as ubiquitin and �-synuclein
(12). Positron emission tomography (PET) imaging indicates
that the radiotracer Pittsburgh Compound B binds to A�
deposits in mice with less affinity than to human A� deposits,
possibly due to the increased levels of pyroglutamate in human
A� deposits (13). However, work inTgmice has highlighted the
dynamic nature of extracellular plaques and has also aided in
the clarification of important elements in both the brain envi-
ronment and the A� peptide needed for aggregation of A� into
plaques. Although formation of plaques in AD Tg mice is typi-
cally age-dependent (as is AD pathology in humans), plaque
formation occurs very quickly in the brains of older AD Tg
mice. This has been shown by creating a “window” in the skulls
ofAPPTgmice (14) and further supported by data showing that
plaque volume in aged AD Tg mice rapidly returns to high
levels within 30 days following plaque removal by immunother-
apy (15), in grafts of wild-type tissue into AD Tg mouse brains
(16), and in the brains of pre-pathological AD Tg mice follow-
ing injection with extracts from human AD brain or aged AD
Tg mouse brain (17). These data indicate that the adult AD Tg
mouse brain is ripe for the development of A� pathology, and
the latter study also suggests that the ability of A� to act as a
seed for aggregation is dependent on its source. Although some
differences have been shown between A� pathology in human
AD and mice overexpressing human APP (18), AD Tg mice
developA� plaques that are remarkably similar to those seen in
humans.
Themajority of ADTgmodels exhibit memory impairments

on various cognitive tests (19). Critically, cognitive deficits in
AD Tg mice occur prior to the appearance of extracellular
plaques (20). These observations precipitated a search for the
soluble pathological A� culprit mediating cognitive decline,
with emphasis shifting toward identifying the precursors to
plaques. This led to the focus on soluble oligomeric A� species,
aggregates up to �150 kDa consisting of 2–30 A� peptides. As
in ADTgmice, cognitive decline in humans is not proportional
to A� plaque load (21) but does correlate with soluble A� spe-
cies (22). The latest data now indicate that soluble oligomeric
species play a critical role in the pathogenicity of AD (23). Evi-
dence supporting involvement of soluble A� oligomers in AD
has come from human post-mortem brain tissue (24, 25); how-
ever,much of the evidence for the toxicity of oligomericA� and
its central part in AD has come directly from the use of Tg
mouse models of AD. Using the Tg2576 mouse, Ashe and co-
workers (26) recently identified a memory-impairing oligo-
meric A� species as a 56-kDa soluble protein assembly termed
A�*56, which others have also confirmed (27). Intraneuronal

A� has also gained experimental support in recent years (2).
The accumulation of intracellular A� has been shown to pre-
cede extracellular deposition in both humans (28) and mice
(29). In fact, it was found in Tg mice that intraneuronal A�
strongly correlates with initial deficits in a hippocampus-based
memory task (30), a result that supports a pathological basis of
intraneuronal A� in mild cognitive impairment, which is often
a harbinger for AD. Data from AD Tg mice also indicate that
intraneuronal A� is more neurotoxic than extracellular A�
(31).

Modeling Tau Pathology in Mice

Tau pathology is the other hallmark of AD. The A� cascade
hypothesis predicts that tau hyperphosphorylation occurs as a
downstream consequence of A� accumulation. APP-overex-
pressing Tg mice have provided evidence both for and against
this. APP-overexpressing models do not develop NFTs, yet
many do show detectable tau hyperphosphorylation (32). This
could be because human A� accumulation does not induce
NFT formation, although it is more likely that rodent tau has a
different structure and sequence, rendering it more resistant to
aggregate formation, and/or the life span of mice is not long
enough to allow for hyperphosphorylation/aggregation, which
implies that A� alone cannot induce tau pathology but requires
an age-dependent cofactor or “second hit.” So although A�
accumulation in APP-overexpressing mice does not lead to
NFT formation, it should be remembered that these animals
still develop robust cognitive decline and also undergo more
subtle alterations in tau that resemble the precursors to NFTs
in the human brain (most notably hyperphosphorylated tau). In
fact, recent evidence has highlighted tau as being critical in
mediating the cognitive decline brought about by accumulation
of A�. It was shown that knocking out endogenous MAPT
in APP-overexpressing mice prevented cognitive decline
despite abundant A� accumulation (17). These data and others
highlight a parallel to the A� peptide; it is the soluble species
that mediates toxicity rather than the aggregated species. More
so, it has been observed that A� oligomers can lead to tau
pathology through activation of tau kinases such as GSK-3�
(glycogen synthase kinase 3�) and through inhibition of the
proteasome (33).
To model NFTs, it has been necessary to develop Tg mice

that express further gene alterations in addition tomutant APP
such as mutant human MAPT (29, 34) or removal of nitric-
oxide synthase 2 (35). These multigenic AD Tg models do
develop NFTs similar to those seen in human brain and have
aided the explication of the relationship between A� and tau
(33), with A� pathology seeming to precede the onset of tau
pathology. In addition to providing evidence that A� accumu-
lation occurs proximal to the onset of tau pathology,multigenic
models of AD have also allowed us to determine how manipu-
lation of A� affects tau and vice versa. Some of the strongest
data supporting tau pathology as a downstream event of A�
accumulation have come from the study of Tg mice. For exam-
ple, in 3� Tg-AD mice, which contain human APP, PS1, and
MAPTmutant transgenes, the appearance of intraneuronal A�
precedes somatodendritic accumulation of tau (36). Further-
more, removal of intraneuronalA� via immunotherapy leads to
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the removal of somatodendritic tau shortly afterward, provided
tau is not aggregated (15). It was also found that A� oligomers
inhibit proteasome function, which normally serves to degrade
excess tau proteins, leading to tau accumulation (37). Such
impairments in proteasome activity have been shown in human
AD as well (38). Notably, reduction of tau pathology in these
mice is necessary to ameliorate behavioral deficits (17, 27) and
further supports the notion that A� accumulation impacts cog-
nition via tau protein.

Inflammation

A further connection between A� aggregation and down-
stream pathologies, such as tau, exists in the inflammatory
response present in AD. Inflammation in AD is not exactly
modeled in mice, as there are differences between humans and
AD Tg mice with respect to the nature and severity of the
inflammation (39), yet AD Tg mice are still valuable for reveal-
ing which aspects of inflammation may be key for the develop-
ment or elimination of downstream pathologies. Data fromAD
Tg mice indicate that inflammation, including activation of
complement and various cytokines, occurs downstream from
the aggregation of A� (7) and, more specifically, in association
with fibrillar A� (40). Many of these inflammatory mediators
that are up-regulated by A� can serve to increase tau pathology
(33). Reactive oxygen species are also produced as a result of
this inflammatory response (41), which is damaging to cell
membranes and may further exacerbate the inflammatory
response. In both humans and AD Tg mice, A� plaques are
surrounded by activatedmicroglia and astrocytes; thus, even as
the activation of the inflammatory response in AD can lead to
the detrimental effects discussed above, activated microglia act
in a beneficial manner by attempting to phagocytose A�
plaques (42). In support of the hypothesis that inflammation
may have favorable effects in AD, acute inflammation, as
brought about by treatment with lipopolysaccharide, has been
shown to clear A� plaques (43) in AD Tg mice, whereas more
chronic lipopolysaccharide treatment potentiates tau pathol-
ogy (40). A� immunotherapy strategies have also proven useful
in reducing plaque and, subsequently, tangle pathology as well
as cognitive deficits in AD Tg mice (15, 44).

Synaptic Defects

AD Tg mice have not only allowed us to study the relation-
ship of obvious AD pathologies such as amyloid accumulation
and inflammation to one another, they have also allowed us to
study aspects of AD that are inaccessible in humans and the
effects of amyloid accumulation on such features.Whereas loss
of synapses strongly correlates with cognitive deficits in
humans (45), the relationship between synaptic deficits and
progression of AD is more difficult to ascertain. For instance,
LTP is amechanismof synaptic plasticity implicated in learning
and memory; however, LTP deficits in humans with AD can
only be speculated upon. AD Tgmice have allowed us to deter-
mine that A� accumulation (andmore specifically, intraneuro-
nal A�) leads to impaired LTP in an age-dependent manner
(46), supporting the notion that synaptic dysfunction may con-
tribute to the cognitive deficits seen in AD. Recent evidence
indicates that N-methyl-D-aspartate and �-amino-3-hydroxy-

5-methyl-4-isoxazolepropionic acid receptors, both instru-
mental to the development of LTP, are reduced in AD Tg brain
in part due to their endocytosis following exposure to A� (47).
The synaptic dysfunction in AD Tg mice precedes A� deposi-
tion (48), and in agreement with the damaging effects of oligo-
meric A� species on cognitive functioning discussed above, the
synaptic dysfunction is especially correlated with soluble oligo-
meric A� species, with relevant data coming from AD Tg mice
as well as studies involving the injection of oligomeric A� into
rat brain (49). Remarkably, there is evidence for a negative feed-
back loop between A� production and synaptic transmission
whereby increased neuronal activity leads to amplified�-secre-
tase cleavage (and subsequent production of A�), whereas A�
depresses synaptic transmission (50). One can speculate that
this feedback loop is severely disrupted in the AD brain, leading
to both synaptic dysfunction and unchecked A� production.
AD Tg mice have thus been instrumental in allowing research-
ers to explore the physiological function as well as the path-
ological consequences of A� on synaptic function, which
may be key to the memory impairments seen in the earlier
stages of AD.
The effects of A� on synapse structure and function are of

key interest given that one aspect of human AD not recapitu-
lated inmostADTgmice is abundant neuronal loss. The lack of
cell loss in most AD Tg models has provided evidence that
cognitive decline in AD may not be due solely to the loss of
neurons. Although there is no significant cell loss in most AD
Tgmouse models, virtually all AD Tgmice show cognitive def-
icits. In addition to the synaptic dysfunction discussed above,
the memory deficits in AD, at least in the earlier stages, may be
due to structural neuronal damage (such as loss of dendritic
spines or synapses), which is seen in both humans (21) and AD
Tgmice (51) or dysfunction at the level of the synapse. In fact, a
recent study has given evidence that A� oligomers can induce
loss of proteins involved in spine structuring and that this loss is
well correlated with cognitive deficits (52). Tau pathology may
also be important for the development of cognitive deficits
because reduction in soluble tau (27) or in endogenousMAPT
expression (17) is beneficial to the amelioration of cognitive
impairments in AD Tg mice. Reduction in endogenous mouse
tau has also been shown to decrease susceptibility to excitotox-
icity (17). AsA�has been shown to increase glutamatergic exci-
totoxicity (53), it may be that cognitive deficits in AD are due to
excitotoxicity (as permitted by tau) in addition to (or in con-
junction with) neuronal and/or synaptic loss and synaptic dys-
function. The fact that A� pathology occurs separately from
both NFTs and neuronal cell loss in AD Tg mice has allowed
researchers to investigate the distinct contributions made by
each of these pathologies.
The involvement of A�-induced glutamatergic alterations

and excitotoxicity compounds one specific concernwith regard
to Tg mouse models that has gained increasing attention in
recent years: mouse genetic background strain. There are sev-
eral characteristics that differ depending on mouse genetic
background strain, andmany of thesemay be highly relevant to
the etiology, development, and consequence of A� pathology.
Of specific relevance toAD research,mouse strain variation has
been observedwith respect to susceptibility to excitotoxins (54,
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55) in that some strains are vulnerable to excitotoxic insult,
whereas others (including the most commonly used AD Tg
mouse background strain, C57/BL6) are not. Therefore, one
reason underlying the lack of neuronal cell loss comparable
with that seen in human brains in most ADTgmicemay be the
inherent cellular resistance of current AD Tgmodels to excito-
toxic damage from A� and downstream effectors. In addition,
one research team has determined that background strain sig-
nificantly modulates processing of APP as well as deposition of
A� into plaques (56). These data indicate that generation of AD
Tgmousemodels should involve expression of human genes in
mouse genetic background strains that allow for the most
“human-like” A� aggregation and themost complete spectrum
of downstream cascades from A� accumulation. It is not yet
completely understood which mouse strain variations best
mimic what is found in humans susceptible to AD, but it is
interesting to speculate how some of the variability between
mouse strains may be comparable with human populations
such as those who develop SAD versus those who do not.

Future Directions

The etiology of the vast majority of AD cases still remains
unknown. Existing models of AD solely mimic the rare familial
forms of AD. One future goal will be to developmodels of SAD.
Future model development will seek to recapitulate AD-like
pathologies by utilizing natural genetic modifications rather
than introducing additionalmutated humangenes. Thismay be
accomplished by utilizing mouse strains with inherent charac-
teristics (such as susceptibility to excitotoxicity) that would
exacerbate pathological and behavioral consequences of A�
accumulation. Studies with AD Tg mice have informed us that
many different factors affect the course of AD, and as such,
combination therapies targeting both AD pathogenic proteins
(A� and tau), immunologic modulation, oxidative stress, and
lifestylemodificationsmay bring about themost effective treat-
ment course. In fact, such combination strategies for treatment
are gaining support from emerging studies in AD Tgmice (27).
Like virtually all tools, current AD Tg mice are limited in

their applicability. However, these models are continually
evolving, which should lead to better translation of mouse-dis-
covered therapies into the clinic.
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Cell volume and shape are stringently regulated. This home-
ostasis requires the cells to sense their size and shape and to
convey this information to effectors that will counteract defor-
mations induced by osmotic ormechanical challenges. The sen-
sors, transducers, and effectors of volume change are the subject
of this review.

With few exceptions, the permeability of biological mem-
branes to water is much greater than that to ions and other
solutes. As a result, imposition of aniso-osmolar conditions
across the plasmamembrane causes the rapid net flow of water,
and consequently, cell volume changes. When cells face
osmotic challenges, they deploy regulatory mechanisms to
defend their size and integrity. Moreover, even when bathed in
physiological medium, cells experience isotonic volume
changes when undergoing sudden gains or losses of solutes due
to transport or metabolic stimulation. In addition, the shape of
many cells is often altered by externally applied physical forces,
by intrinsic cytoskeletal rearrangement, or by remodeling of the
substratum.
The generation of osmosensitive or mechanosensitive

responses can be conceptually divided into three events: sens-
ing the shape or volume change, transmission of the informa-
tion to the effectors, and execution of the regulatory response.
These are discussed in turn below.

Sensors of Volume and Shape Change

In principle, three types of parameters could be sensed by
cells when their volume is challenged osmotically: the concen-
tration of solutes, the thickness or lateral tension of the bilayer,
or cell shape-dependent interactions between macromolecular
structures. When cells are swollen or shrunken, the osmolarity
and ionic strength of the intra- and extracellular milieu are
altered. The abstraction or addition of water changes the con-
centration of critical substrates and macromolecular crowding
in general, and the changes in ionic strength alter the degree of
shielding of exposed charges. Although these events have been

proposed to mediate volume sensing (1), we feel that under
most conditions, the changes in ionic strength and macromo-
lecular crowding are comparatively small and contribute little
to eliciting cellular responses. For example, activation of ion
exchangers and cotransporters has been reported when cell
volume is altered by �5% (2, 3). The accompanying change in
macromolecular concentration is minute and unlikely to serve
as an effective transducer of information.
Pronounced cell swelling will eventually stretch the mem-

brane bilayer in the lateral plane. A variety of channels and
transporters respond to such mechanical deformation of the
bilayer, affording the cell a simple and direct means of control-
ling transport for the purpose of volume regulation. However,
cells are not smooth spheres, and a vast amount ofmembrane is
folded into filopodia, ruffles, and other protrusions. These can
accommodate considerable increases in cell volume without
incurring lateral stretching. Therefore, lateral tension of the
bilayer signals the activation of volume regulatory effectors
mostly in cases of extreme swelling.
Instead, we favor the notion thatmechanically induced alter-

ations in the interactions between (macro)molecular com-
plexes are mainly responsible for the responses to volume per-
turbations. Two main types of mechanically induced changes
can be envisaged: those resulting from altered curvature of the
membrane and those caused by dislodging membrane compo-
nents from their native interaction with the cytoskeleton or the
extracellular matrix.
Alterations in membrane curvature can change the physical

properties of lipids and potentially alter their metabolism.
Inward depression of the membrane (concavity) forces greater
spacing between lipid headgroups of the inner monolayer,
increasing the exposure of the hydrophobic side chains. The
opposite response is experienced by the outer monolayer. Con-
versely, outward (convex) deformation packs the headgroups of
the inner monolayer and vice versa. Greater exposure of the
hydrophobic tails makes them more accessible to enzymatic
attack (4, 5). In addition, because some plasmalemmal lipids are
anionic, altered packing of headgroups changes the density of
interfacial charges.
Cell swelling and shrinking can also alter the properties of

membrane proteins or lipids independently of membrane cur-
vature. The net displacement of themembrane as the cells swell
or shrink can potentially disrupt pre-existing associations
between membrane components and less mobile structures,
such as the cytoskeleton, the extracellular matrix, or neighbor-
ing cells. This results in dissociation of pre-existing complexes
and possibly the formation of new ones. In addition, by losing
their anchorage, intrinsic membrane proteins can redistribute
laterally, which can promote clustering, as reported for inte-
grins (6).
Although there are attractive theoretical options to explain

how changes in cell shape and volume could be sensed, defini-
tivemechanisms have been identified only in a handful of cases.
These include the shrinkage-induced, ligand-independent acti-
vation of receptors like the epidermal growth factor receptor
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(7), the osmotically or mechanically provoked activation of
TRP2 ion channels (8, 9), and the volume-induced activation of
integrins (6).

Mediators and Signaling Pathways

Changes in cell size trigger a plethora of signaling pathways
(Table 1). In fact, a major challenge in the field is to link specific
signals with the upstream sensors on one hand and the corre-
sponding downstream effectors on the other.
Lipids and Lipid-modifying Enzymes—Cell shrinkage

increases (10–12) and swelling decreases (12) the level of PIP2.
Phosphatidylinositol-4-phosphate 5-kinase, which phospho-
rylates phosphatidylinositol 4-phosphate (11), is thought to

mediate these responses. PIP2 is an
excellent candidate as an upstream
mediator of shrinkage-induced
effects, as it can bind to and activate
multiple volume-sensitive trans-
porters (13, 14).
Arachidonic acid and its deriva-

tives, generated via the cyclooxyge-
nase and lipoxygenase pathways,
havealsobeenimplicatedinvolume-
dependent signaling (4). Arachi-
donic acid is liberated from glycero-
phospholipids by phospholipase A2,
an effect attributed variously to
enhanced presentation of the phos-
pholipid, caveolar reorganization
(5, 15), activation ofG-proteins (16),
increased cytosolic [Ca2�], and/or
phosphorylation by mitogen-acti-
vated protein kinases (15). Irrespec-
tive of the mechanism, the liberated
arachidonic acid or its derivatives
regulate several swelling-sensitive
transport systems that catalyze the
efflux of inorganic and organic
osmolytes (4, 17). In addition,
arachidonic acid can activate the
NADPH oxidase that generates
reactive oxygen species, which in
turn regulate certain channels (18,
19). The oxidase is also activated by
ceramide released by acidic sphin-
gomyelinase, another volume-re-
sponsive lipase (7).
Intracellular Ca2�—In many cell

types, swelling produces transient
increases in intracellular [Ca2�].
The underlying mechanism in-
volves opening of stretch-depen-
dent cation channels, Ca2� release

from internal stores, and/or swelling-stimulated release of
ATP, which then acts on Ca2�-mobilizing purinergic receptors
in a paracrine fashion (20). The elevated [Ca2�] can in turn
activate solute transport (see below).
Protein Phosphorylation—Alterations in cell volume are

associated with profound changes in protein phosphoryla-
tion. The activity of receptor and non-receptor tyrosine
kinases and multiple Ser/Thr kinases is modulated by cell
volume (Table 1). Volume-dependent phosphorylation is
involved in (a) osmosensing (21), (b) direct regulation of
channels and transporters, (c) transcription of genes encod-
ing osmolyte-transporting systems (7, 22), and (d) cytoskel-
etal reorganization (23, 24). Here, we discuss only the regu-
lation of channels and transporters.
Much of the available evidence is compiled in Table 1, but a

couple of salient examples are worth highlighting. One is the
Src family member Lck, which was shown tomediate the open-
ing of swelling-activated Cl� channels (25). A second notable

2 The abbreviations used are: TRP, transient receptor potential; PIP2, phos-
phatidylinositol 4,5-bisphosphate; RVI, regulatory volume increase; RVD,
regulatory volume decrease; NHE, Na�/H� exchanger; NKCC, Na�-K�-
2Cl� cotransporter; KCC, K�-Cl� cotransporter; HICC, hypertonicity-in-
duced cation channel; VRAC, volume-regulated anion channel.

TABLE 1
Signaling pathways activated by volume changes and their proposed functions
The triggering stimulus, cell swelling (Swe) and/or shrinkage (Shr), is indicated. “(Swe)” denotes that swelling, although
reported to activate the pathway, is not the predominant stimulus. “ORE” denotes the activation of the osmotic response
element, whereas “Cytoskeleton” indicates actin skeleton remodeling. PIP5K, phosphatidylinositol-4-phosphate 5-ki-
nase; PLA2, phospholipase A2; ROS, reactive oxygen species; PI3K, phosphatidylinositol 3-kinase; ATM, ataxia telangi-
ectasia mutated; EGFR, epidermal growth factor receptor; FAK, focal adhesion kinase; MAPK, mitogen-activated
protein kinase; JNK, c-Jun N-terminal kinase; SGK, serum- and glucocorticoid-inducible kinase; MLCK, myosin light
chain kinase; PKC, protein kinase C; PKA, protein kinase A; PAK, p21-activated kinase.
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example is the recent realization that Ste20 (Sterile 20) family
kinases (SPAK (Ste20/SPS1-related proline/alanine-rich
kinase) and OSR1) and their upstream regulators, the WNK
(with noK (lysine)) kinases, are the long sought-after regulators
of various volume-dependent cotransporters. When activated
by hyperosmolarity, WNK1 and WNK4 phosphorylate SPAK
or OSR1, which in turn phosphorylates various cotransporters,
thereby increasing their activity (26, 27).
Rho Family GTPases—Rho, Rac, and Cdc42 have all been

shown to respond to changes in cell size (25), and this modifies
the state of actin polymerization andmyosin activation (28, 29).
In addition, stimulation of Rac andCdc42 by cell shrinkagemay
be at least partly responsible for the osmotically induced acti-
vation of p38 kinase (30), which has been implicated in the
control of ion transport. Moreover, Rho and Cdc42 are impor-
tant to hypotonic stress-induced stimulation of anion efflux
(31, 32).

Effectors of Volume Regulation

As cell volume changes, transport systems on the membrane
are activated. The resulting translocation of osmolytes tends to
restore the original cell size. Cell shrinkage is counteracted by
gain of both inorganic (mainly Na� and Cl�) and organic sol-
utes and the accompanying osmotically driven influx of water.
This process is known as RVI. Conversely, in swollen cells, a
different set of transporters is activated, leading to loss of inor-
ganic ions (K� andCl�) and organic osmolytes, followed by loss
of water, a process termed RVD (Fig. 1).

Effectors of RVI

The main solute taken up by
cells to effect RVI is Na�, the
major extracellular cation. Na� is
driven inwardly by the sizable con-
centration gradient created by the
Na�/K�-ATPase (the extracellu-
lar sodium concentration is �140
mM, whereas the intracellular
sodium concentration is �20 mM)
in combination with the inward-
negative membrane potential gen-
erated mainly by K�-conductive
pathways. The combined electro-
chemical gradient is exploited by
effectors to promote RVI.
Na�/H� Exchangers—In many

instances, Na� influx during RVI
occurs in exchange for intracellular
H�. The reaction is mediated by
electroneutral antiporters, mem-
bers of the NHE family. Multiple
NHE isoforms have been described.
NHE1, NHE2, and NHE4 are acti-
vated by osmotically induced cell
shrinkage and are thus potentially
involved in RVI. The ubiquitously
expressed NHE1 is the primary
mechanismdrivingRVI inmany cell
types (33, 34). It has been shown

that osmotic activation of NHE1 results from a shift in the pH
sensitivity of its “set point” (35) and from enhanced affinity for
extracellular Na� (36), but the biochemical events underlying
these changes are unclear. Even though the activity of numer-
ous kinases is drastically altered by changing cell volume,
shrinkage does not significantly alter the level of NHE1 phos-
phorylation (33, 34). Nevertheless, ancillary proteins that con-
trol its activity may be the targets of phosphorylation (Table 1).
Alternatively, NHE1 may itself be mechanosensitive because it
was found to be activated by lipids that alter membrane shape
(37).
Na�-K�-2Cl� Cotransporters—In many cell types, NKCCs

are also important contributors to Na� influx during RVI.
NKCCs belong to the cation chloride cotransporter superfam-
ily that also features one Na�-Cl� cotransporter and four KCC
isoforms (38). NKCC1 andNKCC2 are stimulated by shrinkage
(38), and the mechanism of activation has been well character-
ized: stimulation upon shrinkage takes place through direct
phosphorylation (Table 1).
Organic Osmolytes—Although the acute uptake of inor-

ganic ions serves to restore the size of shrunken cells, it renders
the ionic concentration of the normovolemic cells abnormally
high. Because high ionic strength perturbs the folding and asso-
ciation ofmacromolecules, this condition is potentially harmful
to the cells and not tolerable in the long run. To counteract this
effect, cells develop a secondary response over a period of
hours, namely the accumulation of organic osmolytes (22). At

FIGURE 1. Volume regulatory responses. A schematic representation of the solute transport pathways engaged in
RVD and RVI is shown. Channels/uniports are shown in purple, exchangers in blue, and cotransporters in green. GPC,
glycerophosphocholine; TauT, taurine transporter; AE, anion exchanger; SMIT, sodium myo-inositol transporter.
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the concentrations required for volume restoration in hyper-
tonicmedia, certain organic osmolytes stabilize the structure of
proteins. As the organic osmolytes accumulate, cells can afford
to release the excess inorganic ions, reducing their ionic
strength while maintaining their volume in the face of contin-
ued hypertonic stress.
The principal compatible organic osmolytes are taurine

(2-aminoethylsulfonic acid), betaine, inositol, sorbitol, and
glycerophosphocholine. Two distinct mechanisms account for
the accumulation of organic osmolytes: increased uptake from
the extracellular medium and/or elevated rates of intrinsic bio-
synthesis. Taurine, as well as inositol and betaine, illustrates the
first mechanism; hypertonicity increases their uptake into cells
(Table 2). Cotransporters couple the uptake of the organic
osmolytes with the influx of Na� and Cl� ions (Table 2).

On the other hand, cellular accumulation of both sorbitol
and glycerophosphocholine following hypertonic challenge is

due to the second mechanism, i.e.
increased synthesis. Elevated levels
of the organic osmolytes in response
to hypertonicity are regulated at the
level of transcription of the trans-
porters or enzymes active in their
synthesis. Transcription is regu-
lated by the osmotic response ele-
ment-binding protein (22), which
can be activated by several of the
kinases listed in Table 1.
Hypertonicity-induced Cation

Channels—Channels are effective
mediators of volume regulation.
HICCs are themainmediators of RVI
in several cell types. When activated,
HICCs allow the rather indiscrimi-
nate passage of alkali cations. As a
result, Na� enters the cells at the
same time as K� is exported. None-
theless, the combined electrochemi-
cal gradients are such that net cation
uptakeensues, accompaniedbyparal-
lel conductive entry of Cl� (39). The
molecular identity of HICCs is not
known, but three main classes can
be distinguished pharmacologically
(Table 2). In addition to HICCs, TRP
channels can also promoteNa� entry
and volume gain.

Effectors of RVD

Because the electrochemical K�

gradient is directed outward, this
ion is thermodynamically poised to
drive net efflux of salt and water,
leading to volume loss. This
requires concomitant efflux of a
counterion, generally Cl�. Coupling
between K� and Cl� can be tight,
enforced by electroneutral cotrans-

porters, or can take place via parallel conductive pathways.
Cation Channels—Activation of conductive K� efflux by

swelling has been reported in a variety of cells (40, 41). Remark-
ably, not one but multiple well characterized K� channels are
stimulated by swelling (Table 2). These often coexist in the
same cell type, and their individual contribution to volume reg-
ulation has rarely been established.
Of note, TRP channels, whichwerementioned in the context

of RVI, have also been implicated in RVD (9, 42). Ca2� entering
cells through TRP channels is thought to serve as a signal for
activation of other channels that mediate net loss of ions.
Anion Channels—The substantive loss of osmolytes required

for RVD can take place only if the conductive efflux of K� is
accompanied by a parallel anion efflux, which takes place via
VRACs. Cl� is thought to be the preferred substrate of VRACs,
but the same pathway may also account for at least part of the
hypotonicity-induced efflux of organic osmolytes (40, 43).

TABLE 2
Effectors of volume regulation
The asterisk indicates that the generally prevailing view is that swelling-activated TRPs mediate an increase in intracel-
lular [Ca2�], which then stimulates RVD via Ca2�-activated K� and Cl� channels. Direct evidence linking TRPs to RVD
is still insubstantial (47). ORE, osmotic response element; AA, arachidonic acid; GABA, �-aminobutyric acid; GPC,
glycerophosphocholine.
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Despite intensive study overmany years, themolecular iden-
tity of VRACs remains unknown (44). A reduction in intracel-
lular ionic strength, rather than cell swelling, appears to be the
parameter sensed by VRACs (45).
K�-Cl� Cotransporters—KCCs mediate electroneutral cou-

pled exit of K� and Cl� from swollen cells. Four isoforms
(KCC1–4) have been cloned to date, all of which are activated
by swelling (46). KCCs are regulated by cycles of serine/threo-
nine phosphorylation and dephosphorylation. Unlike NKCCs,
which are stimulated by phosphorylation following cell shrink-
age, KCCs activate in response to swelling, and the activation is
caused by dephosphorylation. This raises the tantalizing possi-
bility that a common set of volume-sensitive kinases/phospha-
tases regulates both RVI and RVD.
Taurine Efflux—Taurine efflux, which is normally modest,

increases exponentially when cells are swollen (43). The conse-
quences are impressive: 30–90%of the intracellular taurine (39,
43) leaves the cell following swelling. The efflux pathway is dis-
tinct from the Na�-dependent taurine transporter described
earlier and, in fact, behaves more like a channel than a trans-
porter (39, 43). The molecular identity of the pathway is
unknown, butVRACwas suggested tomediate also the efflux of
organic osmolytes, including taurine (40, 43). As was the case
for RVI, activation of taurine transport during RVD takes place
after a distinct lag time, suggesting that release of organic
osmolytes acts a second, more chronic line of defense against
swelling.
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Expansion of an unstable nucleotide repeat is a mutational
mechanism that is apparently unique tohumans and is known to
cause a variety of neurological disorders. This collection of
minireviews examines several of these unstable repeats, focus-
ing on those where there is considerable molecular information
on how the mutation alters function.

Until the discovery of unstable trinucleotide repeats as a
cause neurological disorders (1), it was thought that disease-
causing mutations are stably transmitted from parent to off-
spring. Expansion of unstable repeats causes a variety of inher-
ited neurological disorders ranging from developmental
childhood forms of X-linkedmental retardation to the typically
late-onset neurodegenerative disorders such as Huntington
disease, many of the inherited ataxias, and themuscular dystro-
phies (Fig. 1). Discovery of these dynamic mutations, a muta-
tional mechanism that appears to be restricted to the human
genome, provides a molecular explanation for the variability in
expressivity or severity of the disease phenotype: the larger the
expansion, the earlier the onset and themore severe the disease
course. As a group, these disorders provide a fertile area of
investigation for those interested in basic molecular processes
that span the range from DNA repair, replication, and tran-
scription and RNA processing to protein dysfunction and cel-
lular homeostasis.
The first three minireviews of this series explore molecular

aspects of repeats that are transcribed but not translated. The
minireview entitled “Mutation Spectra in Fragile X Syndrome
Induced by Deletions of CGG�CCG Repeats” by Robert D.
Wells (Texas A&M Health Science Center) discusses how the
fragile X syndrome repeats mediate deletion mutations. This
minireview shows how studies in bacteria contribute to the
molecular understanding of this mutational mechanism. In the
article by Daman Kumari and Karen Usdin (National Institutes
of Health), the ability of the repeats at the fragile X syndrome
locus and the FRAXE mental retardation and FRA12 mental
retardation loci to promote the formation of heterochromatin,
thereby silencing gene expression, is examined. Both RNA- and
DNA-based mechanisms are discussed. Jason R. O’Rourke and

Maurice S. Swanson (University of Florida) go on to review the
RNA-based gain-of-function mechanisms thought to underlie
pathogenesis for the three disorders myotonic dystrophy, frag-
ile X tremor ataxia syndrome, and spinocerebellar ataxia type 8.
These authors explore the means by which RNA with an
expanded repeat can disrupt alternative splicing of mRNAs
through an interaction with key regulators of alternative splic-
ing. They also discuss how antisense transcription might con-
tribute to pathogenesis.
The final two minireviews in this series discuss the polyglu-

tamine-based disorders.Here, the repeat is not only transcribed
but also translated into protein encoding a stretch of glu-
tamines. In these disorders, the evidence strongly supports the
idea that pathogenesis is due to a gain of function residing in the
mutant polyglutamine protein. Huda Y. Zoghbi (Baylor College
of Medicine) and I focus our discussion on the disease spinoc-
erebellar ataxia type 1, in which expansion of a glutamine in the
ataxin-1 protein causes disease. A critical aspect of this work is
that it illustrates the importance of studying the normal bio-
chemistry of the full-length protein to understand the patho-
genesis. In the final contribution to the series, J. Lawrence
Marsh, Tamas Lukacsovich, and Leslie Michels Thompson
(University of California, Irvine) describe the modeling of sev-
eral polyglutamine disorders in variety of organisms, including
nonmammalian species such as yeast, worms, flies, mice, and
non-human primates. They discuss the use of these models in
the elucidation ofmolecular pathways as targets for therapeutic
development.

REFERENCE
1. Orr, H. T., and Zoghbi, H. Y. (2007) Annu. Rev. Neurosci. 30, 575–621

* This minireview will be reprinted in the 2009 Minireview Compendium,
which will be available in January, 2010.

1 To whom correspondence should be addressed. E-mail: orrxx002@
umn.edu.

FIGURE 1. Unstable nucleotide repeats and their associated neurological
disorders. The sequences and locations of five unstable nucleotide repeats in
which expansion leads to a neurological disorder are indicated within a styl-
ized gene. Disorders caused by a loss-of-function mechanism are indicated
above the gene in red, and those resulting from a gain-of-function mecha-
nism are indicated below in green.
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The fragile X syndrome results from expansions as well as
deletions of the repeating CGG�CCG DNA sequence in the
5�-untranslated region of the FMR1 gene on the X chromo-
some. The relative frequency of disease cases promoted by
these two types of mutations cannot be ascertained at present
because the routine clinical assay monitors only expansions.
At least 30 articles have been reviewed that document the
involvement of deletions of part or all of the CGG�CCG
repeats along with varying extents of DNA flanking regions as
well as very small mutations including single base pair
changes. Studies of deletion mutants of CGG�CCG tracts in
Escherichia coli plasmids revealed a similar spectrum of
mutagenic products. The triplet repeat tract in a non-B con-
formation is themutagen, not the sequence per se in the right-
handed B helix. Hence, molecular investigations in a simple
model organism may generate useful initial information
toward therapeutic strategies for this disease.

General Overview: Genetic Instability and Hereditary
Neurological Diseases

Substantial progress has beenmade in the past 20 years in our
understanding of the pathophysiology, genetics, and biochem-
istry of approximately 20 neurological diseases associated with
simple sequence amplification (1, 2). These data serve as the
overarching subject of this minireview series. Dynamic muta-
tions involving the role of DNA hairpin loops or slipped strand
conformations with differing relative stabilities of repeating
tri-, tetra-, or pentanucleotide tracts are involved in these
expansions and deletions (reviewed in Refs. 1 and 3–6). The
diseases, including fragile X syndrome, myotonic dystrophy,
Huntington disease, and Friedreich ataxia, are reviewed else-
where (1), along with their inheritance patterns, chromosomal
localizations, protein products, and loci of the repeat
sequences. In type 2 diseases, for example, the repeat expan-
sions are massive (thousands of repeats), whereas in type 1 dis-

eases, the TRS2 are in coding regions and elicit amodest expan-
sion of a polyamino acid tract (usually glutamine, but alanine in
some diseases) (1, 2). The clinical observation of anticipation,
the decrease in age of onset, and the increase in severity with
progression through a family pedigree are observed with most,
but not all, of these diseases. Usually, a more severe neurologi-
cal syndrome is observed in patients with longer repeat tracts.
Substantial work over the past decade has demonstrated that
the expansions and deletions aremediated by DNA replication,
repair, and recombination, probably acting in concert
(reviewed in Refs. 1 and 3–7). The slippage of the repeating
DNA complementary strands to form non-B DNA structures,
such as hairpin loops or slipped strand conformations, with
differing relative stabilities is an important component in the
mechanism (1, 3–7).
In general, the genetic instabilities in the simple repeating

sequences are foundwithin theTRS, not in the flanking regions,
for themajority of these neurological disorders (1, 2). However,
a large number of articles (�30) have described a variety of
classical mutations, such as deletions, found in the DNA of
fragile X syndrome patients in the vicinity of the CGG�CCG
repeats. This behavior seems to bemore frequent for the fragile
X syndrome than for other hereditary neurological diseases (8).
To focus on the molecular mechanisms of the mutagenic spec-
tra found in deletions related to fragile X syndrome, I shall not
consider other folate-sensitive fragile sites (1, 2, 8) that also
have CGG�CCG expansions.

Complex Family of Types of Mutations, Both Deletions
and Expansions, Causes the Fragile X Syndrome

Deletions as well as expansions are important mutagenic
processes as related to the fragile X syndrome (Fig. 1). The
principal mutation responsible for the fragile X syndrome is
generally considered to be the expansion of an untranslated
CGG�CCG repeat in the 5�-untranslated region of the FMR1
gene on the X chromosome (1, 8). This mutation is associated
with the hypermethylation of the proximal CpG island and the
triplet repeat region that gives rise to the down-regulation of
the FMR1 gene. An absence or a reduction in the amount of the
corresponding protein (FMRP) is responsible for the etiology of
the disease. Hence, any type of mutation in the FMR1 gene,
including the CGG�CCG expansion, might lead to the disease.
However, the extent to which the notion that expansions are
the predominant mechanism remains to be proven. At least 30
articles on patient DNAs describe point mutations, 2-bp
changes, deletions of varying sizes (including the entire gene),
and genomic rearrangements that affect part of or the entire
gene. Therefore, base pair changes ranging from 1 unit to the
entire gene may disrupt the function of FMRP or prevent the
protein from being formed, thus giving rise to the fragile X
syndrome. In general, the prevailing thought within the fragile
X molecular biology community is that the CGG�CCG repeat
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Research Alliance, the Seek-a-Miracle Foundation, and the Robert A. Welch
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expansions account for at least 95% of the mutations (1, 8).
However, no quantitative data are currently available3 because
the routine clinical testing for the suspected fragile X syndrome
focuses only on the CGG�CCG repeat expansion. Accordingly,
a large number of other types of mutations may be responsible
for the disease phenotype but are currently unrecognized
because of the screening methods that are typically employed.
Interestingly, a Google search revealed 290,000 web sites for

expansions along with 158,000 sites for fragile X deletions; a
PubMed search showed about the same ratio (160 articles on
expansions and 101 articles on deletions). I was surprised to
learn that the bias was only modestly skewed toward expan-
sions. Thus, on a relative basis, we know a large amount about
deletions as the causative mutation.
Expansions and Deletions of CGG�CCG Repeats—As stated

above, studies on patientmaterials show that expansions aswell
as deletions of theCGG�CCGrepeats are themutations respon-
sible for the fragile X syndrome (Fig. 1B) (1). However, the
ascertainment bias inherent in the clinical assays may skew our
understanding toward the expansion mechanisms. It may be
noted that extensive mosaicism is observed and that most of
our knowledge is based on Southern blot analyses only. Regard-
less, themassive expansions of this TRS are an importantmuta-
genic mechanism that elicits the disease etiology (reviewed in
Refs. 1, 4, and 6–8). However, at least one case is known of a
patient with a deleted region only in the CGG�CCG repeat
sequence, leaving 15 pure repeats in the DNA (Fig. 1C) (9).

Estivill and co-workers (9) state that the methylation status in
this patient is normal but that the level of FMRP may not be
enough to prevent the clinical abnormalities of the fragile X
syndrome. Deletions of the CGG�CCG repeats are common,
especially compared with expansions, in molecular biological
investigations in model organisms such as E. coli and Saccha-
romyces cerevisiae (10–15). In these studies, the triplet repeat
contractions were confined to the repeat sequence and did not
extend into flanking sequences.
Deletions of a Portion of CGG�CCG Repeats and Some Flank-

ing Sequences—Several authors have described deletions con-
taining a portion of the CGG�CCG repeats and various lengths
of flanking sequences ranging from 30 bp to 1.6 kb (Fig. 1D)
(16–23). In addition, some authors believe that the mutations
in the CGG�CCG repeats that are less than a full mutation may
be due to a deletion event following an expansion of the TRS.
The longest deletion (1.6 kb) was reported in the initial discov-
ery (17, 18) of this behavior. At least 35 other patients’ pheno-
types have been characterized within this general category (19).
Thus, the general behavior of mutations extending from the
TRS into flanking sequences is a common event; therefore, one
might surmise that the TRS plays some role in initiating the
deletion processes, which is clearly demonstrated below in
model systems. The concept of the CGG�CCG repeats under-
going substantial expansions followed by deletions of a portion
of the repeat sequence along with a flanking tract (17, 20) is an
intriguing idea but is difficult to document in human systems,
where only the end product of the genetic event can be studied.
Clearly, further work in model systems will be needed to eval-
uate this concept.
Deletion of All CGG�CCG Repeats and Some Flanking

Sequences—At least 16 articles (24–39) describe large deletions
of the entire CGG�CCG repeat tracts alongwith varying extents
of DNA flanking sequences (Fig. 1E). These deletions range in
size from several base pairs to as much as �13 megabases of
DNA along with all of the FMR1 gene and some flanking DNA
sequences (36). Several other articles describe the deletion of
the entire FMR1 gene and smaller extents of the flanking DNA
tracts. The DNA of at least 24 patients was studied. Hence, the
phenomenon of gross deletions of the FMR1 gene causing the
fragile X syndrome is not an isolated event.
Point Mutations—To this point, the previously described

types of mutations are believed to be promoted by the presence
of long CGG�CCG repeats. However, this subsection on very
small mutations is included for the sake of inclusiveness of the
types of mutations that are involved in fragile X syndrome.
However, no evidence exists to support the role of long
CGG�CCG repeats in the formation of the mutations described
in this subsection.
Several cases of point mutations or 2-bp changes have been

observed (Fig. 1F).Willems and co-workers (40) found a patient
with the fragile X phenotype and without cytogenetic expres-
sion of FMRP with a single point mutation but with a
CGG�CCG repeat of normal length and an unmethylated CpG
island. Also, two different patients were found with intra-
genic loss-of-function mutations, a single de novo nucleotide
deletion in one and a 2-bp change in the other; both patients
displayed the classical features of fragile X syndrome (41).3 D. L. Nelson, personal communication.

A. FMR1 Gene

CGG•CCG

2 - 8 9

B. Expanded CGG•CCG Repeats

CGG•CCG

C. Deleted CGG•CCG Repeats

CGG•CCG

CGG•CCG

F. Point Mutation in FMR1 Gene

D. Deletion of a Portion of CGG•CCG and Some Flanking Sequences

CGG•CCG

E. Deletion of Entire CGG•CCG Tract and Some Flanking Sequences
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FIGURE 1. Mutagenic spectra found in fragile X clinical phenotypes. This
schematic diagram is not drawn to scale.
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Furthermore, three unrelated fragile X patients were found
with a C-to-T point mutation at the 14th nucleotide in
intron 10 with normal length CGG�CCG repeats (Fig. 1F)
(42). Clearly, these point mutations are sufficient for the
development of the fragile X syndrome. Alternatively, three
unrelated patients were identified with silent mutations in
exon 1 (16, 17); it is not unexpected that silent mutations
would be found in FMR1 exons.

Studies in Model Systems

Conformation(s) of Non-B DNA Fragile X Syndrome Triplet
Repeats as Mutagenic Agents—A recent investigation has
revealed that fragile X repeats (CGG�CCG) are potent inducers
of complex multiple-site rearrangements and/or gross dele-
tions in flanking DNA sequences in E. coli plasmids (43). DNA
sequence analyses of mutant clones revealed the influence of
the length (24, 44, or 73 repeats) and the orientation of the
repeat region relative to the unidirectional origin of replication
and its transcription status.
Complex rearrangements occurred in the mutant clones

because some products contained deletions, inversions, and
insertions, and some products had only gross deletions. Fig. 2
(upper panel) shows the types of multiple-site deletions and
rearrangements that were found, ranging in size from 0.5 to 1.6
kb. Furthermore, theCGG�CCGrepeats repeatedly induced, up
to 22 times, the formation of identical (to the base pair) muta-
genic products, indicating the powerful nature of the complex
processes involved (43). Also, the mutations were bidirectional
from the TRS. The healed junctions had CG-rich micro-
homologies of 1–6 bp, CG-rich regions, and putative cruci-
forms and slipped structures (Fig. 2, lower panel). Thus, essen-
tially the entire mutagenic spectrum observed in patients with
fragile X syndrome has been found in this E. colimodel system.
Accordingly, I submit that this bacterial system has numerous
advantages for investigating themolecular aspects of these pro-
cesses compared with human systems. Indeed, all biochemical
processes (replication, repair, and recombination) responsible
for the genetic instability of repeating tri-, tetra-, and pen-
tanucleotides were first demonstrated in E. coli or yeast (1, 3, 4,
7) and then later studied and co-opted in eucaryotic systems.
Obviously, investigations on neurological or developmental
issues must be addressed in eucaryotic systems, but molecular
questions on the instability processes may be broached in these
simpler systems, which are genetically tractable. Also, earlier
investigations found deletions in DNA flanking sequences to
the CGG�CCG repeats in another E. coli and a COS-1 cell sys-
tem (44, 45).
Models were constructed to explain the mechanisms

involved in the formation of the complex multiple-site DNA
rearrangements induced by the CGG�CCG repeat tract (43).
The four critical sequences and/or DNA conformational fea-
tures (see Fig. 4 in Ref. 43) are apparently operative in a defined
set of sequential steps to generate these complex rearrange-
ments. The non-B DNA structures (cruciforms and slipped
structures) flanking the healed regions, whichmay also have an
influence on the induction of these mutagenic events, were
described (43). However, the breaks occurred inside the
CGG�CCG tracts in all clones with single and double deletions.

Thus, this sequence and/or conformation is a significant trigger
for the complex DNA rearrangements. This model requires the
presence of homologous sequences that serve as a substrate for
double-strand break repair followed by recombination repair,
which leads to deletion of the intervening sequences; healed
junctions in the mutant progeny were observed at non-B DNA
structures (43). The types of enzymatic systems involved in
these rearrangements have been reviewed (1, 4).
Relatively few studies have been reported on the molecular

aspects of the genetic instabilities in CGG�CCG repeats com-
pared with myotonic dystrophy type 1 and 2 and Friedreich
ataxia repeats because of the extreme difficulty in working with
these highly unstable sequences (11). Furthermore, DNA
sequence analyses are difficult because of the repetitive GC-
rich arrays, which cause extensive slippage during both tem-
plate preparation and sequencing reactions. Thus, the
CTG�CAG, CCTG�CAGG, andGAA�TTC repeat genetic insta-
bilities have been more extensively investigated than the
CGG�CCG repeats.
Non-B DNA Conformation(s) of Other Repeat Sequences as

Mutagenic Agents—Not unexpectedly, other types of long
repeat tracts of CTG�CAG, CCTG�CAGG, and GAA�TTC also
induce gross deletions and inversions in model systems (13, 46,
47). These repeat sequences are integral to the etiology of myo-
tonic dystrophy types 1 and 2 and Friedreich ataxia, respec-
tively. Behaviors similar to those described above for
CGG�CCG repeats were observed except that the fragile X
sequence was themost potent, on a base pair basis, of any of the
other repeats in causing themutagenesis (43). Furthermore, the
fragile X TRS induced a larger mutation spectrum (Fig. 2) than
the other repeat sequences. The long repeats of CTG�CAG,
CCTG�CAGG, andGAA�TTC caused deletions ofmost or all of
the repeats and the flanking DNA sequences. Deletions of
0.6–1.8 kb were found as well as inversions in E. coli and two
types of mammalian fibroblast-like cells. Under certain con-
ditions, 30–50% of the products of episome replication/
transcription in COS-7 cells contained gross deletions. The
breakpoint junctions revealed the presence of direct or
inverted repeat homologies in all cases. Also, the presence of
non-B folded conformations (i.e. slipped structures, cruci-
forms, or triplexes) at or near the breakpoints was predicted
in all cases. Increased negative superhelical density on the
plasmids in vivo enhanced the genetic instability of the TRS
(13) as expected because it stabilized the formation of these
non-B conformations (1, 3, 7).
Gross deletions and other genomic rearrangements have

been documented in patientmaterials for other hereditary neu-
rological diseases, especially Friedreich ataxia (48). However,
manymore complexmutations have been reported for fragile X
syndrome than for the other diseases (1, 2, 8).
A long-standing but critical question formany years has been

the extent to which the DNA sequences involved trigger these
mutagenic reactions versus the non-BDNAconformations that
may be adopted in vivo. Wojciechowska et al. (47) definitively
demonstrated by three experimental strategies that the non-B
DNA conformations are critical for these mutagenic mecha-
nisms, not the sequences per se. Hence, future work should be
aimed at evaluating the role of the non-B DNA conformational
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features and their thermodynamically most stable state in the
mutagenic processes. Also, another prior investigation revealed
that long CTG�CAG tracts induced deletions and rearrange-

ments of flanking sequences during
recombination in Chinese hamster
ovary cells (49).

Future Challenges

The genetic basis for the fragile X
syndrome is a variety of types of
mutations, including point muta-
tions, double mutations, and dele-
tions of several types of varying
lengths up to �13 megabases that
either include or do not include the
CGG�CCG repeats. However, the
disease is generally attributed to
the massive expansion of the TRS,
but the extent of the bias between
the different types of mutations is
uncertain at present because the
clinical assays monitor only expan-
sions, not deletions. Mechanistic
studies in E. coli and mammalian
cells provide suitable models for
evaluating the mechanisms and
enzymatic systems responsible for
these instabilities. Further investi-
gations in these systems may be
useful for initial steps toward
therapeutic intervention for this
disease.
An important goal of many inves-

tigations related to fragile X syn-
drome is to understand the broad
aspects of the pathophysiology of
the disease as modulated by TRS
lengths and the consequences of
these expansion processes. Under-
standing the enzymatic systems that
involve the DNA transactions caus-
ing the expansions (4) is critical.
The routine clinical testing for this
disease focuses on the length of the
TRS, thereby not specifically moni-
toring some of the other types of
mutations such as described in this
review. Broader based molecular
biological studies on patient sam-
ples will be required to better
understand the extent of the
involvement of various types of
mutations within the spectra
described herein. An understanding
of the molecular mechanisms
requires appropriate studies in a
wide range of systems, including
E. coli, yeast, human cells,mice, etc.;

obviously, our goal is to understand the mechanisms in
humans. Dramatic advances have been made in our under-
standing of the mechanisms of human hereditary neurological

FIGURE 2. Upper panel, restriction maps of the mutant clones induced by long tracts of CGG�CCG repeats in
plasmids in E. coli. AmpR, ampicillin resistance gene; Ori, pUC19 origin of replication; Ter, transcription
terminator cassette; GFP, LacZ-green fluorescent protein fusion gene; CGG�CCG, (CGG�CCG)n tract where
n � 0 (control), 24, 44, and 73 repeats. The CGG�CCG tracts were cloned into the pGFPT vector. Microin-
sertions are designated with asterisks. For further details, see Fig. 2 in Ref. 43. kbp, kilobase pairs. Lower
panel, non-B DNA structures predicted from the sequences flanking the healed junctions of clones with
single (clone 54) or double (clone 18) deletions. The sequences read from the 5�- to the 3�-ends of the top
strands. The arrows show the directions of the sequences that were deleted, and the numbers at these
arrows designate their healed junction positions. Nucleotides in shaded boxes indicate homology at
breaks identified by the DNA sequencing data. The dashed lines between the nucleotides present the
continuous intervening sequences. However, the slipped structures and the deletions may be anywhere
inside the CGG�CCG repeat tracts. The numbers beside the lines indicate the base pairs with direct repeat
homology shown for both DNA strands, and the numbers above the boxes present base pairs with inverted
repeat homology. Clone 54 shows a cruciform and a slipped strand structure, whereas clone 18 derived
from pRW5501 presents a cruciform and two slipped structures. These conformations are representative
of the types of non-B structures found. Other types of non-B structures are found at other breakpoint
junctions (46, 47, 50). For further details, see supplemental Fig. 1 in Ref. 43.
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diseases (1–8), underscoring the importance of a wide range of
strategies for molecular investigations.
The recognition of the roles of non-B DNA structures in

human disease offers new strategies for controlling the muta-
genic processes. Because the non-B DNA structures, not the
DNA sequence per se in the orthodox right-handed B confor-
mations, are the mutagenic agents, methodologies that will
reduce the propensity of these tracts to adopt the unorthodox
structures may be beneficial. This relationship between non-B
DNA structures and genomic disorders has been amultidecade
goal of the DNA structural field (1, 3, 7, 47, 50). An extremely
large number of questions concerning the role of non-B DNA
structures inmutagenesis are outstanding (see box 3 in Ref. 50).
Hence, this topic is fertile for future investigations.
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Friedreich ataxia, myotonic dystrophy type 1 and 3 forms of
intellectual disability, fragile X syndrome, FRAXEmental retar-
dation, and FRA12A mental retardation are repeat expansion
diseases caused by expansion of CTG�CAG, GAA�TTC, or
CGG�CCG repeat tracts. These repeats are transcribed but not
translated. They are located in different parts of different genes
and cause symptoms that range from ataxia and hypertrophic
cardiomyopathy to muscle wasting, male infertility, and mental
retardation, yet recent reports suggest that, despite these differ-
ences, the repeats may share a common property, namely the
ability to initiate repeat-mediated epigenetic changes that result
in heterochromatin formation.

Background

The repeat expansion diseases arise from the expansion or
increase in the number of repeats in a specific tandem repeat
array. Pathology becomes apparent only when the repeat num-
ber exceeds a certain critical threshold (1).Manydiseases in this
group arise from expansion of a repeat located in an open read-
ing frame. Expansion in these instances results in a proteinwith
a long polyQ2 tract that is toxic to neurons (1). Other diseases
like FXS, FRAXE MR, FRA12A MR, FRDA, and DM1 are
caused by expansion of repeats that are transcribed but not
translated (Table 1). Amore detailed description of the genetics
and clinical presentation of these disorders can be found in two
recent books on the subject (2, 3) and in this minireview series.
In this minireview, we will briefly describe the genetic basis of
the noncoding repeat expansion disorders listed above and
early ideas about the basis of the repeat-induced pathology.We
will then focus on recent findings suggesting that the conse-
quences of the repeat expansion in these disordersmay bemore
similar than originally thought.
FXS, FRAXEMR, and FRA12AMR—FXS is an X-linked dis-

order that is the most common heritable cause of intellectual
disability and the most common known cause of autism.
FRAXE MR and FRA12A MR are less common forms of MR

that produce much milder neurocognitive deficits. The repeat
unit responsible for all three disorders is CGG�CCG.The repeat
tract is located in the 5�-UTR of the affected gene, FMR1 in the
case of FXS and FMR2 in the case of FRAXE MR (4, 5) and
DIP2B in the case of FRAX12A-associatedMR (6). FMR1 alleles
with 55–200 repeats produce elevated levels of FMR1 mRNA,
and carriers of such alleles are at risk for fragile X-associated
tremor and ataxia syndrome and premature ovarian insuffi-
ciency. FXS becomes apparent only when the repeat number
exceeds 200 (7). The same threshold is seen for FRAXEMR, but
the threshold for FRAX12A has not yet been well defined. All
three MR disorders are associated with gene silencing or
reduced gene expression. Relatively little is known about events
occurring at the FMR2 andDIP2B loci. Thus, we will focus here
on what is known for FXS, bearing in mind that similar mech-
anisms may be responsible for the other two disorders.
In the case of FXS, it was appreciated early on that the

reduced gene expressionwas associatedwithDNAmethylation
(8–10). The CCG�CGG repeats responsible for FRAXEMR (5)
and FRA12A MR (6) are also methylated, as are all the other
long CGG�CCG repeat tracts studied to date (11). The CCG
strand of the repeat is a good substrate for DNA methyltrans-
ferases in vitro (12). This led to the idea that the propensity of
the repeats to undergo DNA methylation was responsible for
the initiation of gene silencing in FXS (12). This methylation
was thought to facilitate the recruitment of various chromatin-
modifying enzymes, including histone deacetylases that
resulted in the formation of transcriptionally silent chromatin
or heterochromatin. This heterochromatin was then envi-
sioned to spread into the adjacent promoter, resulting in gene
silencing.
FRDA—FRDA is a recessively inherited, early-onset ataxia

with an associated and frequently fatal hypertrophic cardiom-
yopathy. In the case of FRDA, the responsible repeat, which has
a GAA�TTC repeat unit, is located in intron 1 of the FXN
(frataxin) gene (13). Repeat expansion causes a decrease in FXN
mRNA, resulting in a deficiency of frataxin, a protein important
for normal mitochondrial function. Pathology is seen when
both FXN alleles have �65 repeats.

The absence of methylatable CpG residues in the GAA�TTC
repeat led to an initial focus onmechanisms that did not involve
epigenetic changes. A number of models based on the ability of
polypurine-polypyrimidine sequences to form triplexes or
other forms of triple-stranded structures have been proposed
(14). Work in vitro and in bacteria supports the idea that such
structures can form during transcription. Once formed, they
are thought to trap RNA polymerase on the template, thus pre-
venting transcription elongation and reducing the accumula-
tion of mature FXN mRNA (15, 16).
DM1—DM1 is a dominantly inherited, multisystemic disor-

der with symptoms that include myotonia, muscle weakness,
cataracts, cardiac conduction defects, and endocrine and
gonadal abnormalities. DM1 has a congenital form as well as
juvenile- and adult-onset forms. CDM is associated initially
with severe neonatal hypotonia, respiratory problems, delayed

* This is the second of five articles in the Unstable Nucleotide Repeat Minire-
view Series. This minireview will be reprinted in the 2009 Minireview Com-
pendium, which will be available in January, 2010.

1 To whom correspondence should be addressed. E-mail: ku@helix.nih.gov.
2 The abbreviations used are: polyQ, polyglutamine; FXS, fragile X syndrome;

MR, mental retardation; FRDA, Friedreich ataxia; DM1, myotonic dystrophy
type 1; UTR, untranslated region; CDM, congenital myotonic dystrophy;
dsRNA, double-stranded RNA; RITS, RNA-induced transcriptional gene
silencing.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 284, NO. 12, pp. 7413–7417, March 20, 2009
Printed in the U.S.A.

MARCH 20, 2009 • VOLUME 284 • NUMBER 12 JOURNAL OF BIOLOGICAL CHEMISTRY 7413

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



motor development, and mental retardation. Symptoms more
typical of the postnatal-onset forms develop later. Alleles with
�50 CTG�CAG repeats in the 3�-UTR of theDMPK gene result
in DM1, whereas CDM only arises when the repeat number
exceeds 1000 (17).
Although juvenile- and adult-onset forms are thought to be

related to CUG RNA-mediated sequestering of MBNL family
members (17), it was noticed early on that chromatin in the
region containing the repeat was more compact in CDM cells
(18). The relationship, if any, of this compaction to disease
pathology is still unresolved. It may be that the unique aspects
of CDM pathology are related to this phenomenon because
attempts to model these symptoms in transgenic and knock-
out mice have failed (17).
Because the DM1 repeat, like the FRDA repeat, lacks CpG

residues, explanations quite different from those proposed for
FXS were initially advanced to explain the chromatin compac-
tion. One early suggestionwas that thismore compact chroma-
tin structure might have something to do with the fact that
CTG�CAG repeats are very strong nucleosome positioning sig-
nals (19). Because CGG�CCG repeats exclude nucleosomes and
GAA�TTC repeats have no effect on nucleosome positioning
(20), this reinforced the idea that the effect of each of these
repeats was quite distinct.

These Repeats Do Share a Common Property

However, recently, a rare unsilenced and unmethylated FXS
allele was shown to be associated with a mark of silent chroma-
tin, histone H3 dimethylated at lysine 9 (H3K9Me2) (21). Fur-
thermore, this same modification was seen on FXS alleles in
differentiating embryonic stem cells prior to the detection of
DNAmethylation (22). Thus, DNAmethylation is probably not
the first step in FXS gene silencing. Therefore, by extension, the
lack of CpG residues per se does not preclude an effect of the
repeat on chromatin remodeling.
Consistent with this idea, recent studies have shown that the

chromatin in the region flanking the GAA�TTC repeat in the
FXN gene is also associated with repressive histone marks (23–
25). These includes hypoacetylation of many lysines on H3 and
H4 anddi- and trimethylation ofH3K9 (23, 25). This region also
displays aberrant DNAmethylation (23, 24). This methylation,
which is seen in both affected and unaffected individuals,
extends farther upstream of the repeat in patient cells. In addi-
tion, a methylation footprint seen on normal alleles is absent in

patients. This finding suggests a model in which DNA methyl-
ation occurs secondarily to chromatin compaction. The more
compact chromatin could affect the accessibility of the flanking
DNA to proteins that might bind and protect individual bases
from methylation. Part of the methylation footprint seen in
normal cells is due to binding of a positive regulator of FXN
transcription (24). Thus, a loss of binding of this regulator may
be one way in which heterochromatin formation in the intron
negatively affects transcription. Intragenic methylation can
also reduce the efficiency of transcription elongation (26). The
fact that histone deacetylase inhibitors correct the frataxin def-
icit in both patient lymphoblasts and a mouse model of FRDA
supports the idea that repeat-mediated epigenetic effects
underlie disease pathology (25, 27).
The repeat region on both unaffected and patient DMPK

alleles is enriched for methylated H3K9. CpG residues flanking
the repeat tract are also methylated in CDM (28). Repeat-me-
diated epigenetic effects in both CDM and FRDA are in agree-
ment with the finding that insertion of the responsible repeats
into arbitrary locations in the mouse genome results in a high
frequency of silencing of a linked transgene (29). Thus, there is
reason to think that the ability to assemble heterochromatin is
a general feature of the disease-associated repeats.

RNA-based Models for Heterochromatin Formation

Clues to what the initial trigger for heterochromatin forma-
tionmay be have emerged froma characterization of theDMPK
locus (28, 30). Small RNAs, 21 nucleotides in length derived
from the 3�-UTR of the DMPK gene, have been found in cells
from both unaffected and CDM-affected individuals (30). A
variety of similarly sized RNAs are produced in cells. Many of
these RNAs associate with members of the Argonaute/PIWI
family of proteins, which are involved in transcriptional and
post-transcriptional gene silencing (31). The best characterized
of these small RNAs are those derived from longer dsRNAs or
imperfect RNA hairpins by the action of ribonucleases like
Dicer. After Dicer digestion, these RNAs can enter the RNA
interference pathway. In organisms like fission yeast, these
RNAs can be incorporated into RITS complexes that mediate
heterochromatin formation (32). There is evidence frommodel
systems to suggest that a similar mechanism may operate in
mammalian cells (33).
Sense-Antisense Transcripts May Provide a Source of dsRNA—

dsRNA may arise from the production of an antisense tran-

TABLE 1
Summary of key disease features

Disease Gene Repeat Location Symptoms Mutation type

FXS FMR1 CGG�CCG 5�-UTR Intellectual disability, depression, autistic symptoms, behavior
problems, insomnia

LOFa

FRAXE MR FMR2 CGG�CCG 5�-UTR Mild intellectual impairment, behavior problems, obsessive
compulsive disorder

LOF

FRA12A MR DIP2B CGG�CCG 5�-UTR Intellectual impairment LOF
FRDA FXN GAA�TTC Intron 1 Early-onset progressive gait and limb ataxia, dysarthria,

areflexia in all 4 limbs, axonal sensory neuropathy,
hypertrophic cardiomyopathy

LOF

DM1 DMPK CTG�CAG 3�-UTR Juvenile- and adult-onset forms: myotonia, muscle weakness,
cataracts, cardiac conduction defects, insulin insensitivity,
endocrine and gonadal abnormalities, hypersomnia,
dysphagia; CDM: severe neonatal hypotonia, respiratory
problems, delayed motor development, mental retardation

GOF; GOF � LOF?

a LOF, loss-of-function mutation; GOF, gain-of-function mutation.
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script from the affected gene. Such a transcript could interact
with the sense transcript to produce a sense-antisense pair as
illustrated in Figs. 1 and 2. An antisense transcript has been
identified for the DMPK gene that originates downstream of
the repeat (30). This results in a potential region of overlap

between the 3�-end of the DMPK
sense transcript and antisense tran-
script, as shown in Fig. 1A. Only the
antisense strand is represented in
the pool of 21-nucleotide DMPK
RNAs (30). This would be consist-
ent with the antisense strand being
the “guide” strand in the RITS com-
plex. The sense “passenger” strand
would then be rapidly degraded.
The small RNAs from the DMPK
gene are limited to the region
between two CTCF-binding sites
that contains the repeat, despite the
larger region of potential transcript
overlap (Fig. 1A). It is possible that
some property of the dsRNA from
this region makes it a particularly
good target for Dicer. In normal and
non-congenital forms of DM1, het-
erochromatin is also limited to this
region. In CDM cells, the region of
heterochromatin spreads beyond
the CTCF sites. This may be
because more extensive epigenetic
modification, resulting from the
presence of a much longer repeat
tract, blocks CTCF binding (28).
The situation in FXS is quite

complex because, as shown in Fig.
1B, multiple sense and antisense
transcripts with different start sites
and alternative splice sites are pro-
duced (34). Furthermore, on active
alleles, not only do the transcription
start site usage and splicing profile
change with increasing repeat num-
ber, but the levels of both sense and
antisense transcripts also increases
(34, 35). However, despite the pres-
ence of a potential source of dsRNA,
the FMR1 gene does not get silenced
until the repeat number exceeds
�200. Perhaps, prior to silencing,
FXS alleles produce a unique sense-
antisense variant that triggers het-
erochromatin formation. Alterna-
tively, it may be that the critical
mass of the sense-antisense pair
necessary for silencing is reached
only when the repeat number
exceeds 200.
Because genes with antisense

transcripts are relatively common in the human genome, a
sense-antisense mechanism that accounts for heterochromati-
nization of the other long CGG repeat tracts and the FRDA
repeat is certainly possible. In the case of FRDA, the FXN locus
contains an Alu element 3� of the repeat that is oriented so as to

FIGURE 1. A, organization of the human DMPK locus. Panel i, the region shown encompasses the sequence of
chromosome 19 from �50,960,300 to �50,988,000 using the numbering from the March 2006 build of the
UCSC Genome Bioinformatics Human Genome Database. Panel ii, shown is the expansion of the region
between the end of the DMPK open reading frame (ORF) and the start of SIX5 transcription. The location of the
CTG�CAG repeat is indicated by the arrowhead. The two CTCF sites are shown as stippled ovals (28). The black
box indicates the DNase I hypersensitive site that contains the promoter for the antisense transcript (28). nt,
nucleotide. B, organization of the human FMR1 locus. Panel i, the numbering used in this diagram is relative to
the major FMR1 sense transcription start site in cells from normal individuals. The arrowhead indicates the
location of the CGG�CCG repeat. CTCF sites are shown as stippled ovals. Panel ii, shown are sense and antisense
transcripts produced from the FMR1 gene. The sense transcripts initiate from one of three major transcription
start sites located close to exon 1. Start site usage changes with increasing repeat number, with start sites II and
III being used more heavily as repeat number increases (44). Two major promoters are used for the production
of antisense transcripts, one in the promoter of the sense transcript and one �10 kb downstream. Transcripts
initiating at this second promoter predominate in carriers of long but still active alleles. C, organization of the
human FXN locus. Panel i, the numbering used in this diagram is relative to the major FXN sense transcription
start site in cells from normal individuals. The arrowhead indicates the location of the GAA�TTC repeats. The
arrows indicate the orientation of the two Alu elements in intron 1. Panel ii, shown are the sense and hypothet-
ical antisense transcripts from the FXN gene. The gray dashed line illustrates the potential antisense transcript
originating from the upstream AluSp element.
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be transcribed in the opposite direction (24) as illustrated in Fig.
1C. Alu elements contain regulatory sequences that can act as
polymerase II promoters and thus could potentially initiate the
production of an antisense transcript.
RNA Hairpins Formed by the Repeats Are Another Potential

Source of dsRNA—However, because not all genes with anti-
sense transcripts are silenced, it is possible that some other
source of dsRNA is involved. In the case of both the CGG�CCG
repeat disorders and DM1, another source of dsRNA is known.
Both strands of the responsible repeats form stable RNA hair-
pins that are substrates for Dicer (36, 37). The repeat itself may
thus play a role in the silencing process as illustrated in Fig. 2A.
Long FRDA repeats have also been shown to form DNA hair-
pins (38), but it is not known whether they form RNA hairpins
or whether the RNA could be a Dicer substrate.
However, if the repeats themselves are responsible for gene

silencing, it is unclear why heterochromatinization begins on
DMPK alleles with as few as five repeats, whereas �200 repeats
are necessary for heterochromatin formation in FXS (30). It
may be that the threshold for silencing is determined not only
by the number and perhaps the properties of these repeats but
also the expression level, stability, and availability of the repeat-
containing transcript to enter the gene-silencing pathway. The
chromatin context of the repeat-containing gene may also play
a role. However, the very low repeat number associated with
heterochromatinization of the DMPK allele makes it seem
unlikely that this chromatin remodeling is due to the repeats
alone. If that were the case, repeat-mediated gene silencing

would be much more commonly observed. It may be that
sequences flanking the repeat also form part of the Dicer sub-
strate. In this regard, it is interesting to note that the region
between the CTCF sites on the DMPK gene is GC-rich and is
predicted to form very stable hairpins using standard structural
prediction algorithms.3

DNA-based Models for Heterochromatin Formation

It is also possible that an RNA-independent mechanism is
responsible for the epigenetic changes in one or more of these
diseases as illustrated in Fig. 2B. A number of specific DNA-
binding proteins are known that cause epigenetic reprogram-
ming by recruiting histone deacetylases and proteins like HP1
(e.g. the large KRAB-ZNF family) (39). DNA-binding proteins
that bind to CGG�CCG, CTG�CAG, and GAA�TTC repeats
have been described (40–42). Whether any repeat-binding
proteins are able to act in an analogous way to effect chromatin
remodeling remains to be seen.

Perspective

More work is needed to understand the mechanism(s)
responsible for repeat-mediated chromatin remodeling and, in
the case of the DMPK gene, what significance it has, if any, for
disease pathology. However, despite these uncertainties, it is
apparent that these repeats all have the ability to affect chroma-
tin structure. This raises the possibility that this may also be

3 D. Kumari and K. Usdin, unpublished data.

FIGURE 2. Schematic representation of potential mechanisms of heterochromatin formation at loci containing long CGG�CCG, CTG�CAG, and GAA�TTC
repeats. The green segments of the DNA and RNA represent the repeat-containing region. The nucleosome octamer is shown in pale blue. The orange and blue
lines emerging from each nucleosome represent a histone H3 and H4 tail, respectively. For simplicity, only one tail is shown per nucleosome. The acetyl groups
(purple circles) represent those attached to H3K9 and H4K16 as seen on the active FMR1 and FXN alleles. Many other potentially acetylatable residues exist. H3K9
methylation seen on all three disease alleles is indicated by blue circles. A, RNA-based models. In the mechanism illustrated on the left-hand side of A, sense and
antisense transcripts from the affected gene generate a region of dsRNA that is a substrate for Dicer. The region of overlap may or may not include the repeat.
On the right-hand side of A, the repeats in the transcript form an RNA hairpin that is a Dicer substrate. Irrespective of the source of the dsRNA, the small Dicer
products become loaded into the RITS complex and target the complex to the affected gene. The RITS complex then facilitates hypoacetylation of histones H3
and H4, methylation of H3K9, and DNA methylation. These and presumably other epigenetic changes are then propagated to the surrounding regions perhaps
because they abolish the activity of an insulator element like CTCF (not shown). B, DNA-based model. Repeat-binding proteins may bind to the expanded
repeat and recruit proteins like HP1 that lead to heterochromatin formation. RITS, RNA-induced initiation of transcriptional gene-silencing complex; HDACs,
histone deacetylases; HMTs, histone methyltransferases that establish repressive chromatin marks; DMNT, de novo DNA methyltransferase.
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true of other transcribed repeats, including those responsible
for some of the other noncoding repeat expansion diseases.
Furthermore, the similarities in the chromatinmodifications

present on silenced alleles of different disease genes suggest not
only that a similar mechanism of gene silencing occurs at these
loci but also that similar approaches to gene reactivationmay be
possible.
Recent work also suggests that polyQ-containing proteins

sequester histone-modifying proteins (43). Thus, although the
mechanisms involved are quite different, both polyQ diseases
and the diseases that involve long transcribed but untranslated
repeats may be “chromatinopathies.” Histone deacetylase
inhibitors have also shown promise in alleviating the polyQ-
mediated toxicity (43), and therefore, it may be that this class of
drugs has therapeutic potential in treating both subsets of the
repeat expansion diseases.
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Recent mapping of functional sequence elements in the
human genome has led to the realization that transcription is
pervasive and that noncoding RNAs compose a significant por-
tionof the transcriptome. Somedominantly inheritedneurolog-
ical disorders are associatedwith the expansionofmicrosatellite
repeats in noncoding regions that result in the synthesis of path-
ogenic RNAs. Here, we review RNA gain-of-function mecha-
nisms underlying three of these microsatellite expansion disor-
ders to illustrate how some mutant RNAs cause disease.

Dynamic Mutations and Hereditary Disease

The human genome contains thousands of microsatellites,
which are short (generally 2–6 bp) polymorphic repetitive
sequences that can expand or contract because of mistakes in
DNA replication, repair, and recombination (1). Microsatellite
expansions are particularly pathogenic and associated with a
number of hereditary disorders. It is not surprising that repeat
expansions in protein-coding regions result in many of these
diseases, includingHuntington, spinal bulbarmuscular atrophy
(Kennedy disease), and at least six types of spinocerebellar
ataxia. Perhaps more unexpected is that a number of domi-
nantly inherited disorders result from microsatellite expan-
sions in noncoding regions. These diseases include DM,2
FXTAS, SCA8, SCA10, SCA12, and Huntington disease-like 2
(2). Interestingly, some of these expansions may also be located
in a coding region. In this review, we focus onmechanisms that
have been proposed to explain RNA-mediated pathogenesis in
DM, FXTAS and SCA8 and discuss how mutations in other
types of ncRNAsmight result in deleterious RNA gain-of-func-
tion effects.

DM, FXTAS, and SCA8

The idea that transcription of noncoding repeat expansions
leads to the production of pathological, or toxic, RNAs origi-

nated from studies on DM (2, 3). DM is a dominantly inherited
and multisystemic disease characterized by a distinctive com-
bination of clinical features, including skeletalmusclemyotonia
and weakness/wasting, heart conduction defects, and cerebral
atrophy. The genetic basis of this disorder is atypical because it
is caused by the expansion of structurally relatedmicrosatellites
in two unlinked genes. DM1 is caused by CTG repeat expan-
sions (50 to �3500 repeats) in the 3�-UTR of the DMPK gene,
whereas DM2 is associated with (CCTG)75–�11,000 expansions
in intron 1 of ZNF9 (2). Although DM1 and DM2 are adult-
onset degenerative diseases, some DM1 patients develop a
more severe congenital disease with neonatal hypotonia and
mental retardation when (CTG)n expansions exceed �1000
repeats.
FXTAS was identified as a late adult-onset disorder in

families of children with fragile X syndrome (4), the most
common congenital mental retardation syndrome caused by
(CGG)�200–4500 expansions in the 5�-UTR of FMR1 (5). This
gene encodes the fragile X mental retardation protein, thought
to influence synaptic plasticity through its roles in regulating
mRNA transport and translation (6). In contrast to the large
expansions characteristic of fragile X syndrome, FXTAS-asso-
ciated microsatellites are more restricted in length (55–200
repeats). Indeed, mutant FMR1 genes in this range were origi-
nally considered premutation alleles (7). Affected carriers of
FXTAS alleles are predominantly older males (�50 years old)
and present with progressive intention tremor, gait ataxia, and
parkinsonism accompanied by loss of cognitive function and
cerebral/cerebellar atrophy. In females, premature ovarian fail-
ure, or cessation of menses prior to age 40, occurs in premuta-
tion carriers (4).
SCA8, an autosomal dominant disorder with reduced pen-

etrance, is characterized by progressive gait ataxia, nystagmus
(involuntary jerky eye movements), and dysarthria (slurred
speech) (2). Whereas both DM and FXTAS are caused by mic-
rosatellite expansions in the untranslated regions of protein-
coding genes, the SCA8 (CTG)74–�1300 expansion mutation
was initially described as aCTGexpansion located at the 3�-end
of a gene transcribed only in the CTGorientation (8). However,
recent evidence demonstrates that this locus is bidirectionally
transcribed and produces both CUG and CAG expansion
RNAs. The CAG expansion transcripts produce a nearly pure
polyglutamine protein, so the gene encoding this novel protein
is now calledATXN8, whereas the gene in the CTG direction is
ATXN8OS (9).

Disease Mechanisms

C(C)UG and rCGG Expansion RNAs Are Pathogenic—Sev-
eral observations argue that the DM, SCA8, and FXTASmicro-
satellite expansions are pathogenic at the RNA level. First, there
are no examples of DMPK, ZNF9, or FMR1 coding region
mutations associated with DM or FXTAS, so it is unlikely that
these diseases result from haploinsufficiency or protein gain-
of-function effects (2–4). Second, C(C)UGexp and rCGGexp

RNAs accumulate within the nucleus in either nuclear RNA
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(ribonuclear) foci (DM1 and DM2) or large intranuclear inclu-
sions (FXTAS) (2–4). Although full-length DMPKmRNAs are
trapped in ribonuclear foci and DMPK protein levels may
therefore be compromised, ZNF9 pre-mRNA splicing is not
affected by CCUG expansions (2, 10). Indeed, only the intronic
CCUG repeats localize in ribonuclear foci, and ZNF9 protein
levels are normal in DM2 (10). The fate of SCA8 CUGexp RNAs
has not been determined. However, bidirectional transcription
at the SCA8 locus suggests that this disease is caused by gain-
of-function effects at both the RNA and protein levels (9). In
FXTAS cells, FMR1mRNA levels are elevated 2–10-fold with a
concurrent accumulation of FMR1 mRNAs in large (2–5 �m)
ubiquitin-positive intranuclear inclusions in neurons and
astrocytes (4, 11). Third, animal models for these diseases show
that C(C)TG and CGG expansion mutations are pathogenic
independent of gene context or flanking sequence and must be
transcribed to cause disease. For example, a transgenic mouse
model for DM expresses a (CTG)250 repeat within the 3�-UTR
of the human skeletal actin gene (HSALR) (12). These mice
develop DM-associated myotonia, skeletal muscle pathology,
and ribonuclear foci, whereas mice expressing a wild-type
length (CTG)5 repeat (HSASR) are normal. Notably, the severity
of these muscle phenotypes correlates with the level of HSALR

transgene expression, suggesting that the gain of function is at
the RNA level.
More recently, tissue-specific bitransgenic mouse models

that express CUGexp within ncRNAs have been generated.
Inducible lines were created by constructing transgenes that
express either an interrupted (CTG)960 repeat (EpA960) or no
repeats (EpA0), positioned in the DMPK 3�-UTR (13, 14).
Expression of EpA960 and EpA0 is dependent onCre-mediated
excision of an upstream SV40 polyadenylation cassette, so
bitransgenic lines were created by crossing EpA0 and EpA960
mice with tissue-specific and inducible Cre lines. Expression of
the EpA960 transgene in heart causes DM-associated cardiac
defects, including cardiomyopathy and arrhythmias, whereas
expression in skeletal muscle leads to myotonia and muscle
wasting. For SCA8, mouse bacterial artificial chromosome
transgenic lines expressing human SCA8 with (CTG�CAG)116
(but not (CTG�CAG)11) repeats show a progressive movement
disorder (9). Because (CTG�CAG)116 animals express both
CUGexp transcripts and a polyglutamine protein, it is not yet
clearwhich potentially pathogenicmolecule plays themore sig-
nificant role in disease.
Drosophila models have also been developed to examine

CUGexp and CGGexp toxicity. Transgenic flies expressing a
noncoding interrupted (CTG)480 expansion show extensive
muscle and eye degeneration concomitant with the develop-
ment of ribonuclear foci (15, 16). Interestingly,Drosophila lines
that express a GFP-DMPK 3�-UTR (CTG)162 transgene
develop ribonuclear foci, but they do not display any abnormal
pathology (17). In contrast, overexpression of human SCA8/
ATXN8OS cDNAs containing either 9 or 112 CTG repeats
causes retinal neurodegeneration inDrosophila (18). However,
genetic modifier screens have revealed significant differences
between expression of nonpathogenic versus SCA8 pathogenic
repeats (18). These and other observations suggest thatwhereas
the pathogenic threshold for CUG repeats is dependent on the

animal model, transgene, and expression level, repeats exceed-
ing this threshold are pathogenic independent of flanking
sequence context and whether these repeats are expressed as
mRNAs or ncRNAs.
Elevated Fmr1 mRNA levels and intranuclear inclusions are

also present in mouse (CGG)98 (19) and (CGG)�120 (20)
knock-in models for FXTAS, although only the larger repeat
line recapitulates disease-associated loss of Purkinje cells. Evi-
dence for dose- and repeat length-dependent toxicity of
rCGGexp repeats independent of FMR1 has emerged fromDro-
sophila studies, where expression of (CGG)60- or (CGG)90-
EGFP transgenes leads to neurodegeneration accompanied by
the presence of ubiquitin-positive intranuclear inclusions in
neurons (21).
Expansions Create Toxic RNA Structures—What is the gain

of function at the RNA level? ForDMand SCA8, RNA structure
prediction tools suggest that C(C)UG repeat expansions form
extended hairpins with G�CWatson-Crick base pairs and U-U
mismatches (Fig. 1A). This prediction has been confirmed
experimentally by chemical and enzymatic structure probing,
thermal denaturation studies, and visualization of these
dsRNAs in the electron microscope (22–24). Additionally, the
x-ray crystal structure of an 18-bp (CUG)6 repeat has been
solved to 1.58 Å resolution (25). This short repeat stacks upon
itself to form pseudo-continuous A-form helices in which the
U-U mismatches fail to base pair, resulting in an undistorted
backbone. Although a CCUG repeat structure has not been
determined, chemical/enzymatic probing indicates that these
RNAs also form hairpins with consecutive C-U and U-C mis-
matches (22).
The RNA secondary and higher order structures formed by

FXTAS-associated (CGG)�55–200 RNAs have been more con-
troversial. Although structure probing and NMR spectroscopy
indicate that rCGG repeats form stem-loop structures contain-
ing G-G mismatches (22, 26, 27), these repeats might also pro-
mote the formation of tetraplexes formed by a planar arrange-
ment of four guanines stabilized by Hoogsteen-type hydrogen
bonds (28).
Several cautionary notes should be mentioned for the inter-

pretation of these structures and their pathological relevance.
In general, these RNA structures have been determined using
repeats in the normal range, and alternative conformational
states may exist for longer repeats. Additionally, RNA folding
pathways in cells aremodulated by numerous interactions with
a variety of factors, including RNA-binding proteins and small
ncRNAs, so it is not yet clear if the RNA secondary and tertiary
structures deduced from in vitro analyses are essential patho-
logical features in vivo (29). Nevertheless, structural studies on
DM, FXTAS, and SCA8 repeats indicate that expansion muta-
tions result in the creation of novel dsRNA structures that gain
a deleterious function.
Trans-effects of Pathogenic RNAs—ncRNAs perform a vari-

ety of cellular functions by forming specific complexes with
proteins. To explain the mechanistic basis of RNA toxicity, the
protein sequestration hypothesis predicts that C(C)UGexp and
rCGGexp RNAs bind specific proteins and inhibit their normal
cellular functions (2, 3). Alternatively, RNA repeat expansions
could exert other effects on gene expression. Both of these
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hypotheses appear to be true for DM, where C(C)UGexp RNAs
have opposing effects on the activities of two RNA splicing fac-
tors, the MBNL1 (muscleblind-like 1) and CUGBP1 proteins.
Indeed, current evidence suggests that DM is caused by a fun-
damental defect in alternative splicing regulation during devel-
opment, resulting in the persistence of fetal protein isoforms in
adult tissues (Fig. 1B).
TheMBNLproteinswere originally proposed to be themajor

sequestered factors in DM based on their identification as
repeat length-dependent double-stranded CUG-binding pro-
teins (30). Supporting evidence for this MBNL loss-of-function
model comes from several observations. MBNL proteins colo-
calize with ribonuclear foci in DM1 and DM2 tissues, and
Mbnl1 knock-out mice recapitulate disease-associated pheno-

types, including myotonia, dust-like ocular cataracts, and mis-
splicing of specific exons during postnatal development (2, 3).
Moreover, overexpression of a singleMbnl1 isoform in the skel-
etal muscles of a poly(CUG) model for DM, HSALR transgenic
mice, reverses myotonia (31). Other proteins have been pro-
posed to be sequestered in DM, including hnRNP H as well as
several transcription factors, but the corresponding animal
models have not been generated to test whether loss of function
of these factors recapitulates the DM phenotype (2, 3). Finally,
CUGBP1, a member of the CELF (CUG binding protein- and
ETR3-like factor) family, was initially suggested as a seques-
tered factor, but this protein fails to colocalize with C(C)UGexp

RNAs in ribonuclear foci, and its level and activity actually
increase in DM (2, 3).
These and additional studies on theRNAsplicing activities of

the MBNL and CELF proteins have led to the following patho-
genesis model for DM. During the embryonic and early neona-
tal developmental periods, CUGBP1 activates the splicing of
specific fetal exons that are aberrantly retained in adult DM
tissues (Fig. 1B). For example, CUGBP1 promotes the inclusion
of the skeletal muscle troponin T (TNNT3) fetal exon as well as
skipping of the SERCA1 adult-specific exon 22 in fetal and neo-
natal tissues. During the postnatal fetal-to-adult transition,
CUGBP1 levels decline, andMBNL1 relocalizes to the nucleus,
where it promotes the opposite splicing pattern or SERCA1
exon 22 inclusion andTNNT3 fetal exon skipping. This normal
transition in splicing pattern is blocked in DMbecauseMBNL1
proteins are sequestered by C(C)UGexp RNAs, which also acti-
vate protein kinase C, leading to hyperphosphorylation and sta-
bilization of CUGBP1 (32). The possibility that phosphoryla-
tion and elevated CUGBP1 levels are primary events in DM
pathogenesis is supported by a recent study using EpA960mice,
where CUGexp RNAs were detected by RNA fluorescence in
situ hybridization as early as 6 h following transgene induction
with tamoxifen (13). Concurrent with the appearance of these
RNAs, MBNL1 proteins colocalized with these RNAs, and
CUGBP1 levels increased but only in those cells expressing
CUGexp RNA.
An argument against the MBNL protein sequestration

hypothesis is that nonpathogenic CTG repeats appear to be
toxic in certain sequence contexts. Although HSASR (CTG)5
lines are normal, mice that overexpress an inducible GFP-
DMPK 3�-UTR (CTG)5 transgene develop myotonia and mus-
cle wasting (33). Both of these (CTG)5 transgenes are expressed
at relatively high levels in skeletal muscle. As noted previously,
a potential complication with the GFP-DMPK 3�-UTR (CTG)5
transgenic model is that GFP expression is deleterious to mus-
cle function and that regulation of GFP mRNA levels and/or
translation by the DMPK 3�-UTR may contribute to the
observed toxicity (3). Nevertheless, this result suggests that
sequence context (DMPK versus HSA 3�-UTR) of the CUG
repeat influences toxicity of short repeats. As described below,
this conclusion led to further studies designed to clarify the
binding properties of MBNL1 for both pre-mRNA splicing tar-
get and pathogenic RNAs.
TheMBNLproteins contain either one or two pairs of N-ter-

minal CCCHzinc fingermotifs that are required forC(C)UGexp

binding (30, 34, 35). The MBNL1 C-terminal region is more

FIGURE 1. Microsatellite expansions generate pathogenic RNAs. A, normal
allele DNA (gray box) repeats (green box) can expand (red box) to generate a
pathogenic dsRNA (red hairpin). B, in normal tissues, CUGBP1 (green oval)
promotes (green arrow) inclusion of the TNNT3 fetal (F) exon and skipping of
the adult SERCA1 exon 22, whereas MBNL1 (red circle) is required for switch-
ing to the adult pattern (red arrow) or TNNT3 fetal exon skipping and SERCA1
exon 22 inclusion. In DM, the fetal/neonatal splicing pattern persists in the
adult because of sequestration of MBNL1 by CUGexp RNA (gray oval), which
also activates protein kinase C (PKC), leading to hyperphosphorylation (white
P in black circle) and enhanced stability of CUGBP1. C, CUG hairpins are pro-
cessed by Dicer to (CUG)7 RNAs and assembled into miRNA-induced silencing
complexes (RISC), which target mRNAs (gray box, open reading frame (ORF);
purple box, 3�-UTR) with CAG repeats, leading to translational inhibition
and/or RNA turnover.
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variable and unstructured than the CCCH region but has been
proposed to mediate MBNL homotypic and heterotypic inter-
actions (36). Two recent reports indicate that MBNL1 CCCH
motifs also recognize GC-rich RNAhairpins containing pyrim-
idine mismatches in normal cellular target RNAs, including
TNNT2/cardiac troponin T and TNNT3 (36, 37). Indeed, the
higher affinity of MBNL1 for CCUGexp versus CUGexp RNAs
suggests a prominent role for pyrimidine mismatches for
MBNL recognition of pathogenic RNAs (34, 37). A fundamen-
tal mystery that remains to be solved is how MBNL1 proteins
are sequestered by C(C)UGexp RNAs in DM cells particularly
because they recognize similar structures on splicing precursor
and pathogenic RNAs.
Protein sequestration has also been implicated as a patho-

genesis trigger in FXTAS. Protein composition analysis of
nuclear inclusions obtained from FXTAS patient autopsied
brain tissues revealed �20 proteins, including MBNL1 and
hnRNP A2/B1 (11). In agreement with the hypothesis that
sequestration of rCGG-interacting proteins is an important
event in FXTAS pathogenesis, overexpression of hnRNP
A2/B1, CUGBP1, or Pur� suppresses the neurodegeneration
phenotype observed in the Drosophila (CGG)90-EGFP trans-
genicmodel (38, 39). Pur� is also detectable in FXTAS intranu-
clear inclusions, and Pura knock-out mice show neurological
abnormalities reminiscent of FXTAS (40). It is not yet clear how
loss of hnRNP A2/B1, CUGBP1, or Pur� might result in
FXTAS, although these proteins have been implicated in vari-
ous pathways, includingDNAreplication and transcription and
mRNA transport and translation (39, 40). Conversely, other
proteins are present in FXTAS intranuclear inclusions, includ-
ing lamin A/C, which may be relevant because LMNA muta-
tions cause a variety of diseases or laminopathies (11, 41).
Pathogenic RNAsMay Trigger dsRNAPathways—The obser-

vation that expanded microsatellites are transcribed into RNA
hairpins raises the possibility that a dsRNA-induced pathway is
activated and contributes to pathogenesis. RNAi uses miRNAs
and siRNAs, which are 20–22-nucleotide noncoding RNAs, to
inhibitmRNA translation or to promotemRNAdegradation by
complementary base pairing to mRNA 3�-UTRs (42). Strik-
ingly, (CNG)n RNAs are incorporated into the RNAi pathway
(43). These repeat RNAs form dsRNA structures similar to pre-
cursor miRNA and siRNA hairpins, and they are cleaved by
Dicer to generate small interfering CNG sequences and to
inhibit gene expression by binding to complementary (CNG)n
sequences in target mRNA 3�-UTRs (Fig. 1C). Therefore,
expanded repeat RNAs can function in trans to negatively reg-
ulate gene expression.
Although the RNAi pathway may contribute to disease

pathogenesis, it is uncertain if this mechanism is causative or
plays a secondary role. One argument against a primary effect is
that the dsRNA substrates and catalytic enzymes are not local-
ized in the same subcellular compartment because C(C)UGexp

and CGGexp RNAs localize to discrete nuclear foci or inclu-
sions, whereas Dicer is predominantly cytoplasmic (42).
Contribution of Antisense Transcription to Pathogenesis—As

noted previously, transcription at the SCA8 locus produces two
potentially pathogenic molecules, the polyglutamine protein
ATXN8 and CUGexp RNA from ATXN8OS (Fig. 2A) (9). Two

groups have also identified antisense transcripts at the FMR1
locus.ASFMR1 encodes ncRNAs that are transcribed from two
alternative promoters (Fig. 2B) (44, 45). One of these promoters
is bidirectional and produces a transcript, also named FMR4,
which may possess an anti-apoptotic function (44). The other
promoter, which drives themajor transcription initiation site in
premutation cells, is located in FMR1 intron 2 and produces a
transcript that overlaps the CGG repeat region (45). Following
splicing and polyadenylation, this transcript is exported from
the nucleus and potentially encodes a polyproline protein.
Although the function of antisense transcripts from these loci
remains elusive, these results suggest that both protein and
RNA gain-of-function effects contribute to SCA8 and possibly
FXTAS pathogenesis.
A different mechanism has been proposed for DM1 in which

bidirectional transcription and the RNAi pathway collaborate
to induce regional heterochromatin formation and gene silenc-
ing (Fig. 2C) (46). The DMPK CTG repeat, which is flanked by
CTCF-binding sites to form an insulator element, lies just
upstream of a SIX5 transcriptional regulator, the HSE. The
extension of an antisense transcript, which initiates in the HSE,
through the CTG repeat is normally inhibited by CTCF bind-
ing. Unlike SCA8, this antisense transcript does not contain a
polyglutamine open reading frame. However, when this region
is perturbed by (CTG)�1000 expansions in congenital DM,
enhanced CpGmethylation and impaired CTCF binding result
in regional heterochromatization and possibly down-regula-
tion of SIX5mRNA levels (46). In contrast, DMPK levelsmay be

FIGURE 2. Antisense transcription in unstable microsatellite diseases.
A, the SCA8 locus produces several overlapping transcripts (arrows, transcrip-
tion initiation sites): ATXN8OS ncRNA, which is composed of exons D–A (open
boxes with (CTG)n expansion in exon A); ATXN8, which encodes a polyglu-
tamine protein (unlabeled black box); and KLHL1. B, antisense transcription at
the FMR1 locus (red ovals, CTCF-binding sites; open box, FMR1 exon 1 5�-UTR
with CGG repeat expansion; black box, open reading frame) produces
ASFMR1/FMR4 RNAs (dotted line). ASFMR1 transcripts that initiate at the
upstream site (�10243) contain (CCG)n expansions. C, DMPK exon 15, which
contains the 3�-UTR (CTG) flanked by CTCF-binding sites, expands in DM1 and
lies immediately upstream of the SIX5 HSE (blue oval) that is also the initiation
site for a (CAG)n-containing antisense transcript (ASDMPK).
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up-regulated in congenital DM because of loss of insulator
function.

Perspective

Noncoding mutations underlie disease pathogenesis in sev-
eral hereditary disorders. Although additional microsatellite
expansion diseases have been proposed to be caused by RNA
gain-of-function effects, a broader question is whether other
types of ncRNA mutations are pathogenic. For example,
miRNA/mRNA specificity is largely determined by the miRNA
seed sequence (42). Although pointmutations in amiRNA seed
could inhibit the normal regulation of its RNA targets, these
mutations might also result in the recognition of a new set of
mRNAs and gain-of-function effects.
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Spinocerebellar ataxia type 1 (SCA1) is one of nine inherited
neurodegenerative diseases caused by the expansion of a CAG
trinucleotide repeat encoding a polyglutamine tract. SCA1
patients lose motor coordination and develop slurred speech,
spasticity, and cognitive impairments. Difficulty with coordi-
nating swallowing and breathing eventually causes death.
Genetic evidence indicates that the disease mutation induces a
toxic gain of function in the SCA1 encodedproteinATXN1.The
discovery that residues in ATXN1 outside of the polyglutamine
tract are crucial for pathogenesis hinted that alterations in the
normal function of this protein are linked to its toxicity. Bio-
chemical and genetic studies provide evidence that the polyglu-
tamine expansion enhances interactions that are normally reg-
ulated by phosphorylation at Ser776 and a subsequent alteration
in its interaction with other cellular proteins. Moreover, the
finding that other ATXN1 interactions are decreased in disease
suggests that the polyglutamine expansion contributes to dis-
ease by both a gain-of-function mechanism and partial loss of
function.

Background

As mentioned by all of the contributions to this minireview
series, a unique aspect of the human genome is that it contains
many short polymorphic repeat elements that are susceptible to
expansions causing a series of inherited disorders (1). One class
of such disorders is the so-called polyglutamine neurodegen-
erative diseases, in which the unstable CAG trinucleotide
repeat is located within the coding region of the mutant gene.
Expansion of this repeat is thought to lead to a polyglutamine-
induced gain-of-function mutation in the protein. Presently,
there are nine disorders caused by a CAG repeat expansion.
These are Huntington disease, spinal bulbar muscular atrophy
(Kennedy disease), dentatorubropallidoluysian atrophy, and six

dominantly inherited spinocerebellar ataxias. In this review, we
focus onmolecular mechanistic insights gained from studies of
SCA13 and highlight some points that might prove relevant to
other polyglutamine disorders. Attention is directed at address-
ing three general issues common to all of the polyglutamine
disorders as well as many of the other neurodegenerative dis-
eases. These are as follow: what underlies the observation that
with increasing age comes an increase in risk for disease, what is
themolecular basis for the cell specificity of pathology, and how
does expansion of the glutamine tract corrupt the affected
“host” protein?

SCA1: The Disease

SCA1 is typically a late-onset fatal autosomal dominant neu-
rodegenerative disease that, like all ataxias, is characterized by
loss of motor coordination and balance. The clinical features of
SCA1 also include slurred speech, swallowing difficulty, spas-
ticity, and cognitive impairments.Most SCAs are characterized
by onset of cerebellar atrophy, which is then followed by degen-
eration of other neural structures. A characteristic feature of
SCA1 pathology is the atrophy and loss of Purkinje cells from
the cerebellar cortex. Purkinje cells are the major integrative
neuron of the cerebellar cortex. Their axons form the sole effer-
ent pathway from the cerebellar cortex, projecting onto the
deep cerebellar nuclei (2). As SCA1 progresses, pathology is
noted in other regions of the brain, including the deep cerebel-
lar nuclei, especially the dentate nucleus, the inferior olive, the
pons, and the red nuclei. Cranial nerve nuclei III, X, andXII can
also show signs of pathology.
The SCA1 gene was cloned in 1993 and found to encode a

novel protein designated ATXN1 (ataxin-1) (3). Normal SCA1
alleles contain from 6 to 42 CAG repeats, with those greater
than 21 being interruptedwith one to threeCAT trinucleotides.
On the other hand, disease alleles are pure CAG tracts ranging
from 39 to 82 units (4). Individuals carrying a mutant SCA1
allele can have symptoms starting as early as the first decade. By
the sixth decade, disease penetrance is essentially complete.
Analysis of mutant SCA1 alleles provides some insight into the
basis of the variability of age of onset. The length of the repeat
tract is a major contributor to the age of disease onset. Individ-
uals with 70 or more repeat units have a juvenile form of SCA1,
whereas those containing mutant alleles with 40–50 repeats
have onset in the fourth or fifth decade of life. Thus, the longer
the repeat length on the mutant allele, the earlier is the age of
onset. The mutant alleles also show germ line instability such
that in successive generations. The repeat can expand further,
causing earlier onset of symptoms and increasing the severity of
the disease in successive generations, a phenomenon known as
anticipation.
A pathological hallmark of SCA1 as well as most of the other

polyglutamine disorders is the presence of the large inclusions
* This work was supported, in whole or in part, by National Institutes of Health

Grants NS22920 and NS45667 (to H. T. O.) and NS27699 and HD24064 (to
H. Y. Z.). This is the fourth of five articles in the Unstable Nucleotide Repeat
Minireview Series. This minireview will be reprinted in the 2009 Minireview
Compendium, which will be available in January, 2010.

1 Investigator with the Howard Hughes Medical Institute.
2 To whom correspondence should be addressed. E-mail: orrxx002@

umn.edu.

3 The abbreviations used are: SCA1, spinocerebellar ataxia type 1; ROR�, ret-
inoic acid receptor-related orphan receptor �; NLS, nuclear localization
sequence.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 284, NO. 12, pp. 7425–7429, March 20, 2009
© 2009 by The American Society for Biochemistry and Molecular Biology, Inc. Printed in the U.S.A.

MARCH 20, 2009 • VOLUME 284 • NUMBER 12 JOURNAL OF BIOLOGICAL CHEMISTRY 7425

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



containing the mutant polyglutamine protein. In the case of
SCA1, the inclusions are in the nuclei of several different types
of neurons. Besides containing mutant ATXN1, the inclusions
are positive for ubiquitin and components of the proteasome
and chaperone systems (5). From the moment of their identifi-
cation, the inclusions were viewed as having a central role in
polyglutamine-mediated pathogenesis (6). Subsequent studies
in SCA1 pathogenesis questioned whether the large inclusions
of mutant ATXN1 are themselves pathogenic. For example,
transgenic mice expressing a form of mutant ATXN1 that fails
to form large inclusions still show signs of disease (7); SCA1–
82Q transgenic mice crossed with mice lacking the E3 ligase
UBE3A show no inclusions and yet have more pronounced
pathology than those with normal levels of UBE3A and inclu-
sions (8). Finally, mice in which an expanded stretch of CAG
repeats encoding 154 glutamines was inserted into the endog-
enous mouse SCA1 gene in place of the typical two CAG units
at this locus develop inclusions in many neuronal types (9).
Curiously, however, the Purkinje cells of these knock-in mice
are the last type of neuron to form inclusions usually after 30
weeks, yet they show themost severe signs of pathology starting
by 10 weeks. In contrast, neurons in the cerebral cortex form
inclusions by 6 weeks on and show no signs of pathology. Over-
all, these studies provide strong genetic evidence that disasso-
ciates mutant ATXN1-induced pathology from the formation
and presence of inclusions. Thus, although the inclusions signal
the fact that the mutant protein is different and somehowmust
resist clearance and/ormount a cellular response that results in
its deposition in inclusions, the genetic data suggest that the
protein is far more toxic when it is not sequestered in these
inclusions. Interestingly, several subsequent studies have con-
firmed these observations in SCA7 knock-in models (10), in
cellular models of toxic huntingtin fragments (11), and most
recently in amyotrophic lateral sclerosis (12).

ATXN1 Protein: Function and Relationship to Disease
Pathogenesis

Genetic evidence strongly indicates that SCA1 pathogenesis
involves a gain-of-function mechanism, i.e. the phenotype
requires the expression of mutant ATXN1 with an expanded
repeat tract (13), whereas loss of function of ATXN1 does not
cause an SCA1-like phenotype inmice (14). Data revealing that
the toxic effects of the disease causing polyglutamine expansion

are determined by the context of
other domains in the ATXN1 pro-
tein suggested that the endogenous
normal function and regulation of
ATXN1 interactions are critical for
pathogenesis. The in vivo studies
revealed that in addition to the poly-
glutamine tract, located toward the
N terminus ofATXN1, at least three
other regions are important for its
function (Fig. 1). These elements
include an evolutionarily conserved
AXH domain, a nuclear localization
sequence, and Ser776 (which under-
goes phosphorylation).

The AXH domain is a 120-amino acid stretch that is highly
homologous to a portion of HBP1 (high mobility group box
transcription factor-binding protein 1) (15, 16). The AXH
domain folds independently into an oligonucleotide-binding
fold, a structural motif found in oligonucleotide-binding pro-
teins, and is able to bind RNA in a manner similar to that
reported for full-length ATXN1 (17). In addition, the AXH
domain of ATXN1 acts as dimerization domain and has a clus-
ter of charged surface residues suggested to forma secondbind-
ing surface (16). In fact, a number of proteins that bind to
ATXN1 via interactions with its AXH domain were identified
(18–21). Among these interacting proteins is the ATXN1 para-
log BOAT (brother of ATXN1; ATXN1L), which, like ATXN1,
contains an AXH domain (18). In addition, several transcrip-
tional regulators interact with ATXN1 through the AXH
domain. Such transcriptional regulators include the corepres-
sor SMRT (silencingmediator of retinoid and thyroid hormone
receptors) (18), Drosophila SENS (Senseless) and its mamma-
lian homolog Gfi1 (growth factor-independent 1) (19), the
human homolog of the Drosophila repressor CIC (Capicua)
(20), and the ROR�-Tip60 complex (21). In the case of SENS/
Gfi1 and ROR�-Tip60, mutant ATXN1 seems to enhance the
degradation of these factors, whereas in the case of CIC,
ATXN1 seems to be a stabilizing factor, given that loss of
ATXN1 leads to a decrease in the steady-state level of CIC. The
finding that ATXN1 can be SUMOylated at at least five resi-
dues, including sites in its AXH domain, is consistent with the
idea that ATXN1 functions in regulating transcription (22)
because SUMOylation is a common post-translational modifi-
cation of nuclear proteins with a role in transcription (23).
Interestingly, the SUMOylation of ATXN1 is negatively
affected by the polyglutamine tract length and is dependent on
ATXN1 being transported to the nucleus.
The importance of the nuclear localization of ATXN1 for

toxicity is supported by a genetic study. ATXN1 contains a
functional NLS toward its C terminus (7). Inactivation of the
NLS by a single amino acid substitution, replacing Lys at posi-
tion 776 with Thr, disrupting entry into the nucleus, results in
an ATXN1 mutant that is no longer pathogenic despite having
a long polyglutamine stretch. This result indicates that the abil-
ity of mutant ATXN1 to cause disease might be linked to a
function of the protein in the nucleus (7). Moreover, this find-

FIGURE 1. Structural elements in ATXN1 that are critical for its function and pathogenesis of SCA1. The
functional elements are indicated as yellow boxes. The sequence shown encompasses a full-length form of
ATXN1 with 816 amino acids corresponding to a wild-type allele with 30 repeat units (residues 197–226).
Wild-type alleles contain from 6 to 44 CAG repeats at this site, whereas mutant pathogenic alleles have a size
range spanning 39 to 83 perfect CAG repeats. The AXH domain (residues 570 – 689) forms an oligonucleotide-
binding fold and is important for dimerization of ATXN1 as well as its ability to interact with several proteins.
The NLS (nls) spans amino acids 771–776 and targets ATXN1 to the nucleus. Finally, the C-terminal residue of
the NLS, Ser776, is a site of phosphorylation in ATXN1. Phosphorylation of Ser776, as well as expansion of the
polyglutamine tract, increases the interaction of ATXN1 with RBM17.
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ing supports the conclusion that the toxicity of the expanded
SCA1 allele is mediated at the protein rather than RNA level.
Consistent with the theme that residues outside of the

polyglutamine stretch may influence the function and path-
ogenicity of ATXN1, genetic studies provided evidence that
phosphorylation of Ser776 is necessary for toxicity of glu-
tamine-expanded ATXN1. Ser776 is a site that is phosphoryl-
ated in both wild-type and glutamine-expanded ATXN1. The
in vivo studies revealed that substituting Ser776 with Ala, a res-
idue that is not phosphorylated, abrogates the toxicity of poly-
glutamine-expanded ATXN1 (24). This study again confirmed
that pathogenicity is mediated by the protein and not by the
RNA, but notably shifted the focus from the polyglutamine
tract to other domains in the proteins for toxicity. In other
words, the idea that toxicity is simply a result of an expanded
toxic polyglutamine tract that might escape the cellular degra-
dation and quality controlmachinery becomes less likely. Given
the evidence that phosphorylation of ATXN1 at Ser776 is
required along with polyglutamine expansion for pathogenesis,
then one might predict that there are proteins whose interac-
tion with ATXN1 is regulated by both the length of the poly-
glutamine tract and phosphorylation of Ser776. Phosphoryla-
tion of Ser776 does create a binding site for 14-3-3 proteins (25),
but this interaction retards the degradation of the mutant pro-
tein more so than wild-type ATXN1, although it is not affected
by the length of the polyglutamine tract and is not enhanced by
a phospho-mimicking aspartic acid substitution (S776D).4
Recently, RBM17 (RNA-binding motif protein 17) was shown
to interact with ATXN1 in a manner dependent on polyglu-
tamine expansion as well as phosphorylation of Ser776 (26).
ATXN1 and RBM17 can be co-immunoprecipitated fromwild-
type mouse cerebellar extracts. Yeast two-hybrid and glutathi-
one S-transferase pulldown assays show that the binding of
RBM17 to ATXN1 is increased with the expansion of the poly-
glutamine tract and by the replacement of Ser776 with Asp. Fur-
ther analysis indicated that ATXN1 and RBM17 are part of a
large protein complex in vivo and that the proportion of RBM17
in the complex increases upon polyglutamine expansion. Inter-
estingly, the amount of ATXN1 in another complex containing
the CIC protein decreases with polyglutamine expansion (26).

Widely Expressed but Selectively Toxic

Although ATXN1 is widely expressed in the central nervous
system and elsewhere (27), the most frequent and severe
pathology is in cerebellar Purkinje cells. Thus, an important
goal of SCA1 research is to understand the molecular basis of
this cell specificity of the disease. A simple scenario in which
ATXN1 normally serves a function critical for Purkinje cells
that is eliminated upon expansion of the polyglutamine seems
unlikely because mice lacking Atxn1 do not develop ataxia and
Purkinje cell pathology (14) as seen in mice overexpressing
mutant ATXN1 (13) or knock-inmice expressing ATXN1with
an expanded polyglutamine tract (9). An alternate scenario is
that ATXN1 mediates its cell-specific toxicity by affecting the
function of protein partners that are specific to vulnerable neu-
rons. The interaction of ATXN1 with ROR�-Tip60 offers pos-

sible explanations as to why Purkinje cells are more susceptible
in SCA1. ROR� is an orphan nuclear receptor thatmediates the
expression of a group of genes known to have a role in Purkinje
cell development and function (28). Loss of Rora results in a
congenital form of ataxia and severe cerebellar hypoplasia (29–
31). Moreover, mice with a partial loss of Rora are reported to
have an age-dependent Purkinje cell atrophy similar to that
seen in SCA1 transgenic mice (32). In SCA1 transgenic mice,
ROR� is decreased in Purkinje cells, and there is a correspond-
ing decrease in the expression of many ROR�-regulated genes
(21). Although ATXN1 does not interact directly with ROR�,
there is evidence indicating that it does interact directly with
the ROR� co-activator Tip60. By somemechanism that is yet to
be determined, upon the interaction of mutant ATXN1 with
Tip60, it seems that ROR� is destabilized, and its function is
compromised. It is noteworthy that it is when mutant ATXN1
compromises the ROR� pathway during early cerebellar post-
natal development that Purkinje cells become particularly sus-
ceptible to mutant ATXN1 in adults. The importance of a
developmental ATXN1 effect on ROR� for the severity of
SCA1 in the adult was shown using a conditional mouse model
of SCA1. Delay of the postnatal expression of mutant ATXN1
until completion of cerebellar development led to a substantial
reduction in disease severity in adults in comparison with dis-
ease severity seen in mice with early postnatal SCA1 transgene
expression (21). Additional factors that are likely to contribute
to Purkinje cell vulnerability are Gfi1 and RBM17, given their
relatively high levels in Purkinje cells in comparison with other
cerebellar neurons.
The issue of selective neuronal vulnerability is likely to be com-

plex and influenced by a multitude of factors. We propose that
among such contributing factors are the relative levels of ATXN1.
It is very clear that the levels of mutant ATXN1 are a major con-
tributor to disease severity and Purkinje cell pathology. Therefore,
if Purkinje cells express twice as much ATXN1 as other neurons,
this could put them at increased risk for degeneration when the
protein ismutated. Such subtledifferences in the levels ofATXN1,
although critical for its toxicity, are unlikely to be uncovered using
current immunolabeling assays. Along the same lines, the levels of
the interacting partners are likely contributors to the cell-specific
vulnerabilities. For example, if RBM17 levels are slightly higher in
vulnerable neurons, the toxic gain-of-function effects of ATXN1
would be more pronounced in such neurons. The levels and
expressionpatterns ofmodifying proteins such as the enzyme that
phosphorylates and dephosphorylates ATXN1 and enzymes that
SUMOylate or ubiquitinate are also probable contributors to
selective vulnerability.

Polyglutamine Corruption of ATXN1: A Complex Balance

Data gathered from a multitude of biochemical and genetic
in vivo studies are finally revealing themechanism of pathogen-
esis of SCA1. The finding that protein domains outside of the
polyglutamine tract are necessary for the toxicity of polyglu-
tamine-expanded ATXN1 provided the first clue that the poly-
glutamine expansion might exert its toxicity by altering the
function or interactions of other domains in ATXN1. The dis-
covery that RBM17 interacts preferentially with the phospho-
rylated form of ATXN1 and with the polyglutamine-expanded4 H. Y. Zoghbi and H. T. Orr, unpublished data.
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form (both required for the toxicity of ATXN1) provided
insight about how the polyglutamine expansion might influ-
ence other regions of ATXN1. In this particular case, perhaps
the expansion enhances interactions (ATXN1/RBM17) that are
normally tightly regulated by phosphorylation. The finding that
some interactions are enhanced or gained (ATXN1/RBM17)
while others are relatively decreased (ATXN1/CIC) revealed a
new insight about SCA1 pathogenesis. These findings suggest a
model whereby both a gain-of-function mechanism and a loss-
of-function mechanism contribute to SCA1 pathology (Fig. 2).
It is also quite likely that alterations in additional interactions,
again some lost and some gained, contribute to disease. Given,
however, that total loss of ATXN1 does not cause SCA1 pathol-
ogy (14), it is likely that the gain-of-function mechanism is the
main contributor to the disease and that the partial loss-of-
function mechanism is a minor contributor or is simply a con-
tributor in a background sensitized by the toxic gain-of-func-
tion effects.

Perspective

Late-onset neurodegenerative disorders, including polyglu-
tamine disorders, Alzheimer disease, amyotrophic lateral scle-
rosis, and Parkinson disease, share many common features:

selective neuronal vulnerability in the face of widely expressed
causative genes, accumulation of the mutant proteins in neu-
rons, and possible toxicity of overexpression of wild-type pro-
tein (at least true for ATXN1 (33), �-synuclein (34), and amy-
loid precursor protein (35)). The majority of the genetic data in
humans and mice supports a gain-of-function mechanism.
Thus, given these similarities, what lessons learned from exten-
sive studies of SCA1 are worthy of considerationwhen thinking
about the broader class of neurodegenerative diseases? A few
come to mind. First, focusing on the full-length protein is crit-
ical. Although polyglutamine tracts are toxic in their own right
if overexpressed in cells and animals, the insight we have
learned about the regions that are necessary for the polyglu-
tamine tract to mediate its toxicity (for example, Ser776) would
have been missed if we had not focused our genetic studies on
full-lengthATXN1. Second, so far, the biochemical and protein
interaction data point to alterations in native interactions
rather than “novel” toxic interactions of themutant protein. For
the polyglutamine disorders, an implication of this concept is
that although an expanded polyglutamine tract is necessary for
pathogenesis, it is not sufficient. Besides the examples provided
here for ATXN1 and SCA1, there are studies with spinal bulbar
muscular atrophy and Huntington disease indicating that resi-

FIGURE 2. Model of SCA1 in which expansion of the polyglutamine tract in ATXN1 shifts the balance of protein complexes. A, wild-type ATXN1 normally
exists in at least two large complexes, with one containing ATXN1 that is not phosphorylated at Ser776 and CIC. The other complex contains wild-type ATXN1
phosphorylated at Ser776 associated with RBM17. B, with expansion of the polyglutamine stretch into the mutant range, the balance of these two complexes
is shifted such that less ATXN1 is associated with CIC and more ATXN1 is in a complex with RBM17. The small red circles depict glutamine residues.
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dues outside of the polyglutamine tract impact the severity of
the disease (36–38), supporting the idea that is likely to be a
principle broadly applicable to the neurodegenerative disor-
ders. Thus, extensive characterization of the normal function
and interaction of the disease-causing proteinwill likely pay off.
Third, although the genetic data in humans and mice unequiv-
ocally support a gain-of-function mechanism, the biochemical
and animal studies reveal a subtle but clinically relevant role for a
partial loss-of-function mechanism (26). Fourth, paralogs are
likely to provide insight about protein functions and interactions
but also might be exploited as modifiers that may be good targets
to manipulate to alter the disease course (39). Thus, extensive
studies of paralogs and their interactions andmodificationsmight
pay off in this class of disorders. Finally, the finding that mouse
models expressing inducible forms of mutant ATXN1 (40),
mutant Tau (41), or a mutant fragment of huntingtin (42) func-
tionally recover when the mutant transgene is turned off is very
exciting and provides hope that if we can identify drugs that sub-
due gained interactions (for example, by decreasing Ser776 phos-
phorylation inATXN1), individuals who are already symptomatic
might be able to regain some functional recovery.

Acknowledgment—We thank Yvonne Klisch for drawing Fig. 2.
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The dominant gain-of-function polyglutamine repeat dis-
eases, in which the initiating mutation is known, allow develop-
ment of models that recapitulate many aspects of human dis-
ease. To the extent that pathology is a consequence of disrupted
fundamental cellular activities, one can effectively study strate-
gies to ameliorate orprotect against these cellular insults.Model
organisms allow one to identify pathways that affect disease
onset and progression, to test and screen for pharmacological
agents that affect pathogenic processes, and to validate potential
targets genetically as well as pharmacologically. Here, we
describe polyglutamine repeat diseases that have been modeled
in a variety of organisms, including worms, flies, mice, and non-
human primates, and discuss examples of how they have broad-
ened the therapeutic landscape.

Features of Polyglutamine Diseases

Polyglutamine repeat diseases are caused by the expansion of
an unstable CAG repeat in the coding region of the respective
disease gene (1), leading to an abnormally long polyQ3 tract,
which causes dominant pathogenesis. These protein conforma-
tion diseases are particularly insidious because they typically
become manifest later in life after having children. Nine such
disorders have been described (1, 2), including HD, SBMA,
DRPLA, and several ataxias (SCA1–3) (6–7, 17). Although the
genes affected have divergent functions, polyQ diseases share
several common features, including neuronal dysfunction and
loss in the central nervous system. Clinical features include
ataxia and other movement disorders, loss of cognitive ability,
and psychiatric disabilities.

Brief Summary of PolyQ Proteins

Pathology associated with polyQ repeat disease impacts a
range of cellular mechanisms, with both distinct and common
themes. For instance, pathology is often accompanied by accu-
mulation of the full-length protein or of proteolytically pro-
cessed fragments containing the extended polyQ repeats (Fig.
1).Mechanistic insights have emerged fromdiseasemodels that
have informed mechanisms for another polyQ disease or that
have proven consistent across diseases. A role for normal dis-
ease protein function has emerged: for ATXN1 (ataxin-1), the
presence of the mutation within the protein modifies the cellu-
lar levels of at least two distinct protein complexes that are
involved in mediating disease pathology (3), and normal activ-
ities of huntingtin (Htt) may be compromised (1, 4). Further-
more, mutant protein accumulation is often accompanied by
mislocalization in the nucleus (e.g. expanded repeat Htt). A key
role for post-translational modifications in pathogenesis has
been revealed by studies in both SCA1 and HD (reviewed in
Refs. 1, 5, and 6). Brains of SCA2 patients contain a small N-ter-
minal polyQ-containing fragment that is associated with
pathology (7), although SCA2 is the only polyQdisease inwhich
the symptoms are not tightly associated with the accumulation
of nuclear or cytoplasmic aggregates. In SCA3 or Machado-
Joseph disease, the most common dominantly inherited ataxia
worldwide, mutant ataxin-3 interacts with the ubiquitin prote-
ase cascade (reviewed in Refs. 1 and 8). SCA6 is caused by an
expansion in the �1A calcium channel gene (CACNA1), which
functions as a voltage-dependent Ca2� channel protein that
normally resides in the plasma membrane (1). ATX7, the gene
affected in SCA7, is a subunit of the GCN5 histone acetyltrans-
ferase complex that may alter a matrix-associated nuclear
structure and/or disrupt nucleolar function as well (1). SCA17,
caused by mutant TATA-binding protein (1), highlights a role
for transcription in the polyQ diseases. SBMA, caused by a glu-
tamine-expanded androgen receptor gene (1), is one of the few
polyQ repeat diseases (with SCA17) in which the normal
function of the affected protein is well established. Disease is
androgen-dependent and appears to involve translocation of
the activated receptor to the nucleus, with profound thera-
peutic implications for reduction of androgen production or
interference with androgen function (9).

Why PolyQ Diseases Are Particularly Amenable to
Development of Model Systems

PolyQ diseases are particularly amenable to modeling in a
variety of animals because the triggering event, e.g. repeat
expansion, is so clearly defined. Because they share a common
feature of expanded polyQ, it has been tempting to speculate
that a common pathophysiology underlies the polyQ disease
processes; however, there is no direct proof for that assump-
tion. Formally, disease could stem from either a common
pathophysiology resulting from unique properties of expanded
polyQ peptides or from altered function of each of the affected
proteins caused by the incorporation of expanded polyQs. The
observation that expanded polyQpeptides alone can cause neu-

* This work was supported, in whole or in part, by National Institutes of Health
Grants NS045283 (to J. L. M.) and NS52789 (to L. M. T.). This work was also
supported by Hereditary Disease Foundation Grant HDF-24085, the Hun-
tington’s Disease Society of America, and the High Q Foundation/CHDI,
Inc. This is the fifth of five articles in the Unstable Nucleotide Repeat Mini-
review Series. This minireview will be reprinted in the 2009 Minireview
Compendium, which will be available in January, 2010.

1 To whom correspondence may be addressed. E-mail: jlmarsh@uci.edu.
2 To whom correspondence may be addressed. E-mail: lmthomps@uci.edu.
3 The abbreviations used are: polyQ, polyglutamine; HD, Huntington disease;

SBMA, spinal and bulbar muscular atrophy (Kennedy disease); DRPLA, den-
tatorubral-pallidoluysian atrophy; SCA, spinocerebellar ataxia; Htt, hun-
tingtin; UPS, ubiquitin-proteasome system.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 284, NO. 12, pp. 7431–7435, March 20, 2009
© 2009 by The American Society for Biochemistry and Molecular Biology, Inc. Printed in the U.S.A.

MARCH 20, 2009 • VOLUME 284 • NUMBER 12 JOURNAL OF BIOLOGICAL CHEMISTRY 7431

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



rodegenerative disease and pathology suggests that at least
some of the pathophysiology is a consequence of the special
properties of expanded polyQ (10). In particular, the amyloid
structures formed by expanded polyQ proteins share a number
of structurally distinct conformations consistent with other
amyloidogenic proteins, and antibodies directed against differ-
ent conformers can block cellular toxicity in cell culture sys-
tems (5, 6, 11). These observations suggest common structural
contributions to pathophysiology.
Despite recent progress, questions remain as to the patho-

genic agent, i.e. is it a particular conformational form, loss of
normal function, a particular proteolytic fragment, or a partic-
ular modified form of the protein? Questions also remain as to
the primary events that trigger pathogenesis versus compensa-
tory or incidental cellular responses.Modeling them in a variety
of animal systems has proven effective in elucidating themolec-
ular and cellular consequences of these expansions that lead to
disease.

Overview of Animal Models

Worms—Worms have been used to model HD, SCA3, and
pure polyQ disease (Table 1) (reviewed in Ref. 12). Parker et al.
(27) found impaired neuronal function in Caenorhabditis
elegans caused by the overexpression of Htt exon 1 with 88 or
128 glutamine repeats. The neuronal dysfunction was polyQ
length-dependent and was not accompanied by cell death.
Faber et al. (26) also observed that dysfunction of C. elegans
sensory neurons as a consequence of overexpression of Htt
exon 1-Q150was not associatedwith cell death; however, coex-
pression of a subthreshold dose of a toxic form of oncostatinM
resulted in CED-3 caspase-dependent apoptotic cell death of

the affected neurons. The Htt exon
1-Q150 model was also used to
check the therapeutic effectiveness
of potential drugs for treating HD
(13).
In an SCA3model, the expression

of either truncated or full-length
SCA3/Machado-Joseph disease
protein throughout the C. elegans
nervous system led to impaired syn-
aptic transmission and a disrupted
UPS, resulting in accumulation of
polyQ aggregates and morphologi-
cal abnormalities (14). Morimoto
and co-workers (12, 15) developed a
C. elegans model of the common
features of polyQ diseases by
expressing different lengths of
polyQ stretches with no additional
flanking sequences. They used this
model to carry out an RNA interfer-
ence modifier screen for interacting
proteins and concluded that the
polyQ diseases share a common
property of protein aggregation/
misfolding with several chaperones
involved.

Flies—The first transgenic Drosophila model of a human
neurodegenerative disease was SCA3, followed closely by a
transgenicmodel of HD and of pure polyQ tracts (Table 1) (10).
Fly models have significantly contributed to our growing
understanding of themolecular bases of these diseases (e.g.HD,
polyQ repeat, SCA1, SCA3, SCA7, and SBMA) (for reviews, see
Refs. 16 and 17).
Dominant diseases aremodeled by “humanizing” a fly so that

transgenic animals express the expanded polyQ form of a
humandisease gene or its processed fragments. Transgenic flies
containing a tissue-specific promoter fused to the yeast Gal4
transcription factor are crossedwith flies containing the gene of
interest fused to the yeast upstream activator sequence such
that offspring will express the human disease gene only in
selected tissues in a controlled manner (10). Typically, expres-
sion is driven in neurons (e.g. the elav driver) or in all cells of the
eye (e.g. the gmr driver), although other drivers are also used,
including glial-specific and neuron-specific drivers. Several
readily quantifiable assays of neurotoxicity have been used,
including measuring the loss of visible photoreceptor neurons
in the eye, monitoring developmental lethality of the organism,
measuring longevity (life span), and assaying a number of
behavioral phenotypes such as motor function (for reviews, see
Refs. 10, 16, and 18).
Mice—Mouse models for each of the polyQ diseases have

been generated, including HD, SCA1–3, SCA7, SBMA,
DRPLA, and polyQ (Table 1) (1, 19, 20), and recapitulate dis-
ease pathology with characteristic behavioral phenotypes that
can be quantitatively assessed. For Htt, mice with different
lengthHtt fragments as well as knock-in and knock-outmodels
have been made (19), with historically the most widely used

FIGURE 1. Structures of polyQ disease proteins. The polyQ expansion is indicated by inverted wedges. The
polyQ repeat size in normal individuals is adjacent to the unshaded portion, with disease range expansion in
the shaded portion. Arrows above the diagram indicate the smallest claimed pathogenic fragments (10, 12, 19).
aa, amino acids; MJD, Machado-Joseph disease; TBP, TATA-binding protein.
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being the first transgenicmodel (R6/2) expressing a pathogenic
exon 1 fragment with�150 repeats. Homozygous knock-out of
the endogenousHtt gene inmice proved to be embryonic lethal
and could be rescued by the mutant human gene (5, 6), indicat-
ing that expanded polyQ Htt still retains significant normal
activity. Several full-length knock-in models of HD have been
made (for review, seeRef. 19), although symptoms in thesemice
are milder. Yeast and bacterial artificial chromosome models
expressing the full-length expanded humanHtt gene have been
generated and recapitulate aspects of disease (19, 21). Lentiviral
injection of truncated mutant Htt into rat brain causes neuro-
logical phenotypes, thus allowing analysis in an animal with a
larger brain mass (reviewed in Ref. 21).
ADRPLAmodel expressing full-lengthAtropin-1 (19) shows

characteristic symptoms (e.g. ataxia, tremors, abnormal move-
ments, seizures, and premature death) and accumulates an
N-terminal fragment of the mutant protein in cell nuclei, indi-
cating a possible role of proteolysis in the pathogenesis. Con-
tinuing the theme of protein accumulation in disease states, all
of the proteins translated from various SCA transgenes were
found to accumulate in the nucleus of cerebellar neurons with
the sole exception of SCA2, which remained visibly localized in
the cytoplasm in mouse brains (7).
Both truncated and full-length (19, 22, 23) forms of the

expanded androgen receptor have been expressed in mice, dis-
playing many of the phenotypes that are characteristic of
SBMA, including its gender specificity (i.e. males are affected
more severely than females), the presence of nuclear aggregates
in neurons, and dependence on activation of the androgen
receptor, raising the possibility for therapeutic intervention by
modulating androgen activity. For example, leuprorelin (a
luteinizing hormone-releasing hormone agonist that reduces

testosterone release) was found to be highly beneficial in mice
overexpressing the mutant protein (19).
Non-human Primates—HD has recently been modeled in a

rhesus macaque (24) using a lentiviral vector to deliver green
fluorescent protein-tagged Htt exon 1 with 84 CAG repeats
into unfertilizedmonkey egg cells (Table 1). Interestingly, these
initial proof-of-principle experiments indicate that the Htt
transgenes used are extremely toxic, with some animals exhib-
iting movement dysfunction at birth or within a few days. This
was quite a surprise given the more leisurely course of pathol-
ogy observed with similar constructs in flies and mice.
Although more work is needed, future generations of such ani-
malsmay be extremely valuable in testing therapeutic strategies
and addressing issues such as whether primates are uniquely
sensitive to expanded polyQ insult.

Target Identification and Validation

Model organisms remain an essential tool in the search for
therapeutic strategies for neurodegenerative diseases. They
reliably recapitulate the various disease processes being stud-
ied, provide a more complete cellular context, and allow for
quantitative analysis of behavior and neuropathological fea-
tures of disease. The primary value of model organisms there-
fore lies in their ability to provide a cost- and time-effective
means to perform two main functions: 1) target identification
and 2) target validation by testing the value of specific thera-
peutic strategies and drugs in relieving disease severity.

Model Organisms in the Identification of Modifiers

Genes whose activities can be manipulated to affect patho-
genesis represent potential therapeutic targets. The use of
model organisms to identify potential disease modifiers is lim-

TABLE 1
Historical time line of polyQ repeat diseases mimicked in model organisms
To limit the number of references, each of themodels listed is containedwithin the following reviews: Refs. 1, 8, 10, 12, 19, and 20.GFP, green fluorescent protein; YAC, yeast
artificial chromosome; BAC, bacterial artificial chromosome.

Year C. elegans Drosophila Mouse Primates

1995 Transgenic SCA1 (Burright et al.), transgenic
SBMA (Bingham et al.)

1996 First HD model (R6/2 mouse), exon 1 expressed
(Mangiarini et al.)

1998 SCA3 model (Warrick et al.),
N171 Htt (first HD
model) (Jackson et al.)

Full-length Htt cDNA (HD) (Reddy et al.),
N171 Htt (HD) (Schilling et al.)

1999 Full-length Htt cDNA with 150Q
(Faber et al.)

YAC full-length Htt (Hayden mouse) (Hodgson
et al.), truncated DRPLA (Schilling et al.),
full-length transgenic DRPLA (Sato et al.),
HD knock-in (Levine et al.)

2000 PolyQ-GFP model (Satyal et al.) SCA1 model (Fernandez-Funez
et al.), polyQ model (Marsh
et al.), polyQ model
(Kazemi-Estarjani et al.)

Inducible exon 1 model (HD) (Yamamoto
et al.), HD knock-in (Wheeler et al.)

2001 PolyQ model (Parker et al.) 1st third of Htt (Laforet et al.), transgenic SCA7
(La Spada et al.), truncated transgenic SBMA
(Abel et al.), polyQ model (Adachi et al.), HD
knock-in (Lin et al.)

2002 SMBA model (Takeyama et al.) Knock-in SCA1 model (v et al.), YAC SCA3
model (Cemal et al.)

2003 Knock-in SCA1 model (Yoo et al.)
2004 Transgenic SCA3 (Goti et al.), YAC SBMA

model (Sopher et al.)
2005 N117 short stop (Slow et al.)
2006 Transgenic SCA2 (Aguiar et al.)
2007 Transgenic SCA7 (LaTouche et al.)
2008 Full-length Htt (HD) (Romero

et al.)
BAC HD model (Gray et al.) HD exon 1 model

(Yang et al.)
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ited only by the imagination of the investigator, and model or-
ganismshave led to the identification of new therapeutic targets
in several cases. For example, early studies in Drosophila
revealed histone deacetylase inhibitors as useful in the treat-
ment ofHD (10). Subsequent studies demonstrated that similar
strategies were effective in mouse models, and ongoing clinical
trials are promising (1, 10, 19). Model organisms also allow the
use of genetic screens to identify potentialmodifiers in an unbi-
ased manner. For example, screens of Drosophila models of
SCA1 and SCA3 identified loci that alter disease progression
(10, 25); the impact of altered Apaf1 in affecting polyQ disease
progression was demonstrated in flies (10); the role of the PQE
protein was noted using worms (12, 26); and the attractiveness
of HIP1 (huntingtin-interacting protein 1) in therapeutic strat-
egies was noted using both worms andmice (27). The presence
and repeat length of other endogenous polyQ repeat proteins
are found to influence pathogenesis in Drosophila (10, 28).
These examples illustrate the utility of multiple model orga-
nisms in facilitating the speed of preclinical testing.
Model organisms also offer a number of tools to identify and

validate post-translational modifications such as phosphoryla-
tion, SUMOylation, proteolytic processing, and the pathways
that regulate these processes. The importance of phosphoryla-
tion of SCA1 (reviewed in (1) and the relevance ofHtt phospho-
rylation and kinase pathways were illustrated in flies and mice
(29–31). The importance of lysinemodifications has beendem-
onstrated in flies forHtt (10). These examples suggest that these
modification pathways may be productively targeted for thera-
peutic intervention.

Identifying Pathways as Targets

On a broader scale, model organisms allow the dissection of
cellular pathways and the testing of their relevance to pathol-
ogy. A number of studies in worms, flies, and mice have illus-
trated the role of chaperones in impacting polyQdiseases (1, 10,
32, 33), thus identifying several new therapeutic avenues.
Expanding on this, Gidalevitz et al. (34) not only discovered
new therapeutic strategies but importantly provided valuable
new insight into protein homeostasis that has relevance for
many diseases and for our understanding of basic cell biology.
Their studies demonstrated that the presence of expanded
polyQ proteins facilitates overall protein misfolding of cellular
proteins. This link was recently confirmed in Drosophila
through studies of HDAC6, suggesting that it may serve as a
molecular link between the two pathways (35). Recent studies
with a fly model of SCA3 (10) and mouse models of HD (36)
point to the importance of global changes in theUPS in animals
challenged with expanded mutant proteins and reveal new
mechanisms of pathogenesis that relate to the previous global
chaperone studies in worms (37). The use of model organisms
to identify modifiers of polyQ repeat aggregation (2, 10, 37, 38)
has led to a convergence of observations with different toxic
challenges in different organisms (fly, worm, andmouse) and all
pointing to global disruption of the UPS and lysosomal path-
ways in contributing to pathogenesis. These studies of polyQ
pathology have led to a better understanding of the trafficking
and interactions in cells between various degradative processes
such as autophagy and the proteasome (1, 39, 40), and by iden-

tifying pathways critical to pathology, they invite further explo-
ration of this avenue of pathogenic modulation.
A particularly exciting recent study usedDrosophila to dem-

onstrate that microRNA pathways modulate polyQ disease
pathology, which raises new therapeutic avenues (41). Other
recent studies using a Drosophila model of SCA3 also demon-
strated a contribution of RNA to toxicity that is independent of
translation (42) and demonstrated that toxicity decreases with
imperfect repeats (e.g.CAG versusCAACAG). Using the power
of genetics, this study was able to identify genetic modifiers of
the RNA toxicity and demonstrate that both the flymuscleblind
gene and the human counterpart can modulate translation-in-
dependent RNA toxicity in Drosophila.
Using the same Drosophilamodel of SCA3, Jung and Bonini

(43) discovered that CAG repeat instability is noticeably
enhanced by transcription and that it is modulated by nuclear
excision repair.Most importantly, they found that altered levels
of CBP (cAMP-responsive element-binding protein-binding
protein), a histone acetyltransferase whose decreased activity is
implicated in polyQ disease, also lead to altered DNA repair
activity. Pharmacological treatment to normalize acetylation
suppresses instability. Thus, toxic consequences of pathogenic
polyQ protein may include enhancing repeat instability. Such
experiments would have been extremely costly and time-con-
suming to perform in mammals and illustrate powerfully how
the tools available in different model organisms can be produc-
tively used to open a whole new landscape of potential thera-
peutic intervention.

Target Validation

Model organisms are an essential tool for validating the
results of high-throughput screening for potential therapeutic
targets. Although extremely attractive for their high volume
and direct testing of compounds, high-throughput biochemical
screens are all based on assumptions that affecting a particular
biochemical process will have therapeutic value. It is absolutely
essential that these assumptions be tested in vivo. For example,
yeast two hybrid/co-immunoprecipitation screens for interact-
ing proteins identified a number of putative targets that tested
positively for therapeutic efficacy in Drosophila, which pro-
vided powerful validation for that screening approach (44).
Other screens for modifying or interacting loci have proven
valuable, e.g. Branco et al. for SCA1 and HD (50) and Lam et al.
for SCA1 (51). Finally, high-throughput screening in cells with
subsequent validation of targets inDrosophilahas identified the
profilin-actin assembly pathway as an attractive therapeutic
target for several polyQ diseases (45, 46).
Disease models are also an essential component for validat-

ing potential drugs for further testing during preclinical studies.
For example, a drug that exhibits its effect even when the pre-
sumed protein target has been removed genetically points to
alternative drug targets that may be responsible for the in vivo
effect. For example, geneticmanipulations and small molecules
in worms (47) and flies (48) have been used in combination to
reveal the complex relationship between resveratrol and sir-
tuins and between longevity and neuroprotection. Worms and
flies have also been widely used to screen for disease-suppress-
ing drugs (Refs. 13 and 49 and reviewed in Ref. 10), and flies
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have been used to test for effective drug combinations in HD
(10). An example of the effectiveness of this type of approach
can be found with Dimebon (Medivation, Inc.), the safety and
tolerability of which were originally well proven in humans for
other indications. Following testing that demonstrated effec-
tiveness in suppressing HD-like pathology in a Drosophila
model,4 phase II clinical trials have produced promising results
in terms of efficacy in improving cognitive function in HD
patients. Such examples stand as powerful validation for the
utility of animal models in validating therapeutic strategies.
Overall, these and many other studies beyond the scope of this
review demonstrate the power of model organisms to identify
and validate targets and further demonstrate that such studies
can be a very effective way to rapidly discover critical cellular
mechanisms and to improve the likelihood of success in human
trials of polyQ disease therapies.
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Acentral unifying principle in the field of signal transduction
has been the covalent modification of proteins by phosphoryl-
ation. A wide range of protein kinases are known, and the proc-
ess is regulated by a more limited although important number
of protein phosphatases. Recently, there has been a remarkable
increase in the numbers of examples of another reversible cova-
lent modification in proteins during signaling, ubiquitination.
Historically, the function of ubiquitinationwas to cause protein
degradation in the 26 S proteasome. The difference lies in the
type of ubiquitin chain: if the linkage to the target protein is via
Lys48 on ubiquitin, this will lead to a series of events that cul-
minate in degradation of the polyubiquitinated protein by the
26 S proteasome. Also, there have to be a minimum of four
ubiquitins attached in order to trigger degradation. However, if
the polyubiquitin chains are linked via Lys63, this will direct
protein-protein interactions via a ubiquitin-binding domain on
the interacting target protein. A major function of this type of
ubiquitination appears to be to allow proteins with this domain
to assemble into multiprotein complexes, which might lead to
access to substrates if kinases are also involved, but also regu-
lates processes such as endocytosis and ribosomal protein syn-
thesis (1). The process of ubiquitination is mediated by ubiq-
uitin ligases and is reversed by deubiquitinating enzymes. The
best examples of this phenomenon are to be found in the
regulation of innate immune signaling, where both phospho-
rylation and Lys63-linked ubiquitination are the critical
covalent modifications that launch signaling pathways acti-
vated by innate immune receptors such as the TLRs2 (2).
Here, we present three minireviews on this emerging and
exciting topic that provide important examples of ubiquiti-
nation/deubiquitination in signaling.
In the first minireview, Sinéad E. Keating and Andrew G.

Bowie provide an overview of non-degradative ubiquitination
in signaling by innate receptors, particularly the TLRs, but also
in response to the pro-inflammatory cytokine interleukin-1
(which, similar to TLRs, signals via the Toll/interleukin-1
receptor domain) (3). They describe how polyubiquitination is
a key activation signal for the transcription factor NF-�B. Var-
ious ubiquitin ligases participate, notably TRAF6 (TNF recep-
tor-associated factor) and TRAF3, which were formerly
thought to be adapters that linked to kinases and are now
known to be E3 ligases.Other ligases includeUbc13,which is an
E2 ubiquitin-conjugating enzyme, and the Pellino proteins.
Keating and Bowie also remind us that bacteria have deubiq-

uitinating proteases that target TRAF6 and TRAF3. The best
example of this is the virulence factor YopJ, which is in Yersinia
pestis. The capacity to target ubiquitinated proteins would be
expected to limit host-defense signaling pathways.
In the second minireview, Beatrice Coornaert, Isabelle Car-

pentier, and Rudi Beyaert describe the fascinating deubiquiti-
nating enzyme A20 (4). Although first described as an inhibitor
of TNF-induced apoptosis, we now know that a major function
of A20 is to limit TLR signaling and to prevent sepsis. A20 is a
dual ubiquitin-editing enzyme again in NF-�B signaling. It has
a number of targets, notably TRAF2, TRAF3, TRAF6, andRIP1,
all of which are deubiquitinated by A20. Most interestingly, it
has been found that A20-deficient mice develop profound coli-
tis (5). If they are crossed withMyD88-deficientmice, however,
there is no disease. The authors describe how commensal bac-
teria activate TLRs, but instead of driving inflammation via
MyD88 and the TRAF proteins, they are kept in check by A20.
This indicates the importance of deubiquitinating systems to
keep pathways under control.
This theme is taken up by Edward T. H. Yeh in the third

minireview (6). This minireview describes the SUMO modifi-
cation and in particular focuses on de-SUMOylation. SUMO is
a ubiquitin-like protein that targets many different proteins in
multiple processes, including innate immunity, but also the cell
cycle, transcriptional control, and viral replication. SUMO-
ylation involves only one conjugating enzyme, Ubc9, and a lim-
ited number of ligases. There are a number of de-SUMOylating
proteases termed SENP (sentrin/SUMO-specific protease),
which are still being characterized. Some respond to inflam-
matory stimuli such as TNF and are key controllers of
SUMOylated proteins.
Much progress has been made in defining the biochemical

basis for non-degradative ubiquitination and its role in cellular
function. The authors and editors hope that this set of reviews
will enable researchers in such areas as innate immunity to
appreciate the importance of non-degradative ubiquitination
for the control of complex signaling processes and possibly
inspire further work on this most important event for protein
function.
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The induction of an appropriate immune response upon
infection of an invading pathogen is controlled by host PRRs2
that specifically recognize essential structural components of
infectious agents termed PAMPs (1–3). Detection of PAMPs by
PRRs triggers intracellular signaling pathways leading to the
expression of immune mediators such as cytokines, chemo-
kines, and type I IFNs. TLRs represent a now well defined PRR
family because much has been discovered recently in terms of
the PAMPs they interact with, the downstream signaling path-
ways triggered, and the complex yet specific immune responses
elicited.
TLRs are expressed on both immune and nonimmune cells

(1) and are part of the IL-1R/TLR superfamily, a family of pro-
teins defined by the presence of a common cytoplasmic signal-
ing domain (the TIR domain), which also includes the IL-1,
IL-18, and IL-33 receptors (4). The TLRs can be divided into
two subgroupsbasedon their subcellular location: one comprising
TLR1, TLR2, and TLR4–6, which signal from the plasma mem-
brane, and a second containing TLR3 and TLR7–9, which are
localized to endosomal compartments. TLR2 functions as a
heterodimer with either TLR1 or TLR6 to respond to either
bacterial triacyl or diacyl lipopeptides, respectively. TLR4
forms homodimers in response to LPS from Gram-negative
bacteria. TLR3 binds viral double-stranded RNA, whereas
TLR7 and TLR8 detect viral single-stranded RNA. Finally,
TLR9 responds to viral and bacterial DNA in endosomes in a
process likely to be dependent on the sugar backbone of DNA
rather than on the presence of unmethylated CpG dinucleoti-
des as was previously thought (5).
Among the transcription factors activated by TLR signaling

are three classes known to be important in the innate immune
response, namely NF-�B, IRFs, and AP-1 family members. Sig-
naling pathways shared with IL-1R are used to mediate NF-�B
and AP-1 activation, leading to the induction of cytokines and
chemokines. A subset of TLRs (TLR3, TLR4, and TLR7–9) can

also activate IRF3 and IRF7, leading to the induction of IFN-�
and/or IFN-�.
Similar to most known signaling pathways, the role of phos-

phorylation in regulating TLR signaling is well established.
However, it is now appreciated that ubiquitination plays at least
as important a role in the control and regulation of TLR signal-
ing as phosphorylation (6). Historically, the primary function of
ubiquitination identified in these pathways was to target pro-
teins for proteasomal degradation. It is now clear, however, that
the role of ubiquitin is far more diverse. For example, monou-
biquitination of a target protein can act as a signal for receptor
internalization, vesicle sorting, DNA repair, or gene silencing
(7). Furthermore, polyubiquitin chains of different topologies
direct distinct outcomes for target proteins. Hence, the forma-
tion of Lys48-linked polyubiquitin chains of at least four ubiq-
uitins is required to signal a protein for degradation via the 26 S
proteasome, whereas polyubiquitin chains linked through
Lys63 do notmediate protein degradation but rather direct pro-
tein interactions that function in DNA repair, signal transduc-
tion, endocytosis, and ribosomal protein synthesis. Although
the role of Lys63-linked polyubiquitination in signaling path-
ways leading to NF-�B activation is well established, it is also
emerging as a potentially key event in IRF activation. This
minireview focuses on the role of these non-degradative
Lys63-linked polyubiquitination events in regulating signal
transduction by TLRs to NF-�B. The importance of Lys63-
linked polyubiquitination in the regulation of TLR signaling
pathways to NF-�B is underscored by the fact that DUBs
such as CYLD and A20 function as key silencers of NF-�B
activation by these innate immune receptors (8). The
removal of Lys63-linked polyubiquitin chains from TLR sig-
naling molecules such as RIP1, TRAF6 (TNF receptor-asso-
ciated factor 6), TAK1 (transforming growth factor-�-acti-
vated kinase 1), and NEMO by these DUBs is a vital control
mechanism preventing excessive induction of pro-inflam-
matory responses upon TLR stimulation.

Polyubiquitination as an Activation Signal in TLR
Signaling to NF-�B

Subsequent to ligand engagement and receptor dimeriza-
tion, different TLRs engage one or a subset of TIR domain-
containing adaptors to initiate signaling to NF-�B (9). For
example, TLR4 recruits four TIR adaptors (MyD88, Mal,
TRAM, and TRIF), whereas TLR3 engages only TRIF, and
TLR2 heterodimers signal via both Mal and MyD88 (9). TLRs
largely use the “classical” pathway to NF-�B activation, involv-
ing the IKK complex, which contains the kinases IKK� and
IKK� associated with NEMO, a scaffold protein (10). Phospho-
rylation of I�B proteins by the IKK complex targets them for
Lys48-linked ubiquitination and subsequent degradation by the
proteasome, which releases NF-�B dimers in the cytoplasm to
translocate into the nucleus and activate target genes (10). The
IKK complex also phosphorylates the NF-�B subunit p65,
which is necessary for transactivation of genes.
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Role of TRAF6 E3 Ligase Activity in NF-�B Activation by
TLRs

The current understanding of TLR-mediated NF-�B activa-
tion proposes that the majority (and potentially all) of TLR sig-
nal transduction pathways to NF-�B converge at TRAF6, at a
point upstream of IKK activation, irrespective of the TIR adap-
tor used (Fig. 1). Hence, the identification of TRAF6 as a RING
(really interesting new gene) domain E3 ubiquitin ligase (11, 12)

represented a seminal discovery in understanding these path-
ways. TRAF6 works in combination with a heterodimeric E2
enzyme complex known as TRIKA1 (TRAF6-regulated IKK
activator 1), consisting of the E2 enzymeUbc13 (ubiquitin-con-
jugating enzyme 13) and the Ubc-like protein Uev1a (ubiquitin
E2 variant 1a) (11). Together, TRAF6 and TRIKA1 catalyze the
synthesis of Lys63-linked polyubiquitin chains on target com-
ponents of TLR signaling pathways, including on TRAF6 itself.
This polyubiquitination of TRAF6 leads to recruitment and
activation of a downstream trimeric complex comprising
TAK1, TAB1 (TAK1-binding protein 1), and TAB2 or TAB3
(12). TAB2 and TAB3 contain a novel conserved zinc finger
domain that recognizes Lys63-linked polyubiquitin chains con-
jugated to TRAF6, thus facilitating recruitment of the TAK1-
TAB1-TAB2/3 complex toTRAF6 (13).Mutations of theTAB2
and TAB3 ubiquitin-binding domains that abolished their abil-
ity to bind TRAF6 polyubiquitin chains showed that this asso-
ciation is essential for turning on TAK1 kinase activity and
hence the subsequent TAK1-mediated phosphorylation and
activation of IKK� (13). MKK (MAPK kinase) family members
are also targets of TAK1 phosphorylation, and these in turn
phosphorylate and activate JNK (Jun N-terminal kinase) and
p38 MAPKs (12, 14). Within the IKK complex, NEMO acts as
both a target of polyubiquitination (15–18) and, like TAB2/
TAB3, as a ubiquitin receptor preferentially binding Lys63-
linked polyubiquitin chains on other signaling molecules (19).
It would appear that both functions of NEMO are integral to
TLR signaling. TRAF6-mediated polyubiquitination of NEMO
at Lys285 was found to be required for optimalNF-�B activation
byTLR4 (20). Furthermore, amutation inNEMOthat results in
a severe form of incontinentia pigmenti, a genetic disease that
primarily manifests as a severe inflammation of the skin, was
found to impede NF-�B activation via TNF, IL-1, LPS, and
phorbol 12-myristate 13-acetate due to impaired NEMO
polyubiquitination by TRAF6 (21). The recognition of Lys63-
linked polyubiquitin chains on IRAK-1 (IL-1R-associated
kinase 1) by NEMO is also essential for the activation of signal-
ing cascades downstream of IL-1R/TLRs (see below). Thus,
NEMO undergoes polyubiquitination at numerous Lys resi-
dues upon IL-1R/TLR stimulation and is also recruited to key
signaling complexes through the recognition of Lys63-linked
polyubiquitination. However, the relative contribution of the
ubiquitin-binding function and the polyubiquitination of
NEMO in different TLR signaling cascades merits further
investigation, as it is as yet unclear how these ubiquitin interac-
tions activate signal transduction.

Role of Ubc13 as an E2 Ubiquitin-conjugating Enzyme in
TLR Signaling

Akira and co-workers (22) tested the requirement for Ubc13
in TLR signaling in vivo by conditional knock-out of ubc13 in
mice. Although previously assumed to be central for NF-�B
activation due to its role in TRA6 E3 ligase activity (see above),
surprisingly, in cells lackingubc13, NF-�B activation by numer-
ous IL-1R/TLR agonists in different cell types was normal,
whereas onlyMAPK activation was grossly impaired (22). IL-1-
dependent TRAF6 polyubiquitination proceeded normally in
the absence of Ubc13, indicating that TRAF6 E3 ligase activity

FIGURE 1. Role of Lys63-linked polyubiquitination in IL-1R/TLR signaling
to NF-�B. IL-1R/TLR stimulation leads to receptor dimerization, allowing
recruitment of the appropriate downstream TIR adaptor via TIR/TIR domain
associations. This is followed by activation of IRAK-1 and IRAK-2. IRAK-1 acti-
vation involves phosphorylation by IRAK-4, but this has yet to be confirmed
for IRAK-2. IRAK-2 triggers the E3 ligase activity of TRAF6, potentially by pro-
moting its oligomerization, leading to TRAF6 autoubiquitination and the
synthesis of Lys63-linked polyubiquitin chains on target molecules such as
NEMO. TAB2 (or TAB3) specifically recognizes Lys63-linked polyubiquitin
chains on TRAF6, thus recruiting TAK1 to the TRAF6 complex, resulting in
TAK1 activation. In parallel, Pellino proteins are phosphorylated by IRAK-1, a
process that results in their degradation. However, the Pellino proteins also
mediate Lys63-linked polyubiquitination of IRAK-1, facilitating the recruit-
ment of NEMO and therefore the IKK complex through the specific recogni-
tion of these ubiquitin (Ub) modifications. Activated TAK1, now in close prox-
imity to the IKK complex, phosphorylates and activates this complex. Red
arrows indicate recruitment via binding to polyubiquitin chains.
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can be coupled to E2 enzymes other than Ubc13 to mediate its
autoubiquitination. However, NEMO polyubiquitination was
severely inhibited and was shown to be required at least in part
for IL-1-induced MAPK activation (22). Another study using
cells from mice heterozygous for the ubc13 gene found that
LPS-induced I�B� degradation was significantly blocked in
both macrophages and splenocytes (23). Strikingly, in that
study, the induction of TRAF6 polyubiquitination following
LPS stimulation was prevented in the absence of Ubc13. Thus,
it may be that the requirement for Ubc13 in catalyzing TRAF6
polyubiquitination and mediating downstream signal trans-
duction is cell type- and signal-dependent.

Function of IRAK-2 in TRAF6 Ubiquitination and NF-�B
Activation

Although the importance of TRAF6 ubiquitination in TLR
signaling has been established, how exactly receptor-adaptor
oligomerization enhances or turns on TRAF6 E3 ligase activity
is still somewhat unclear. Originally, IRAK-1 was shown to be
required for certain IL-1R/TLR pathways to NF-�B and to
interact with TRAF6, and as it could also interact with receptor
complexes, it was placed “upstream” of TRAF6 in signaling to
NF-�B. IRAK-4 is also recruited to activated receptor com-
plexes and can phosphorylate and activate IRAK-1. Certainly,
IRAK-1 and/or IRAK-4 seems to be involved to some degree in
almost all IL-1R/TLR signaling pathways (but not necessarily in
NF-�B activation). Thus, whenTRAF6was found to function as
an E3 ligase, it was assumed that IRAK-1 must somehow turn
on this activity. However, this was never proven, and it has been
shown that IRAK-1 is dispensable for TLR3, TLR4, and TLR9
pathways to NF-�B (24–26). Furthermore, a study of the
Epstein-Barr virus-encoded oncogene LMP1, a known viral
homolog of the TNF receptor superfamily members, was able
to trigger TRAF6 polyubiquitination and subsequent IKK�
activation in IRAK-1-deficient cells (27).
In keeping with this, we have recently proposed that IRAK-2,

rather than IRAK-1, is required for turning on TRAF6 E3 ligase
activity in IL-1R/TLR signaling pathways to NF-�B (28).
IRAK-2 was discovered in 1997 (29), but its particular role in
TLR signaling has remained unclear until recently. In our
hands, exogenous IRAK-1 could not induce the polyubiquitina-
tion of TRAF6, whereas IRAK-2 could (28), even in IRAK-1-
deficient cells.3 Furthermore, pointmutation of a TRAF6-bind-
ing motif within IRAK-2 gave rise to a nonfunctional molecule
that could no longer activate NF-�B and MAPKs and could no
longer drive TRAF6 polyubiquitination. The importance of
IRAK-2 in the activation ofNF-�BbyTLR3, TLR4, andTLR8 in
human cell lines was confirmed by IRAK-2 small interfering
RNA, whereas knockdown of IRAK-2 expression also inhibited
TLR4/LPS-mediated IL-8 production in primary human cells
(28).
An essential requirement for IRAK-2 in NF�B-dependent

signaling byTLRs has now also been shown inmice. Kawagoe et
al. (30) generated Irak-2�/� mice and showed that IRAK-2 was
critical for the induction of NF-�B-dependent cytokines by a
range of TLRs tested. Mice lacking IRAK-2 displayed greatly

enhanced survival in response to either LPS or CpG challenge,
thus further verifying the potent pro-inflammatory function of
IRAK-2. Furthermore, in the case of TLR2, although early
NF-�B and MAPK activation was normal in cells lacking
IRAK-2, sustained or late NF-�B activation was seriously
impaired (30). How this fits with a role for IRAK-2 in triggering
TRAF6 autoubiquitination has yet to be ascertained given that
this is often an early and transient event, at least for IL-1 signal-
ing (11).However, the kinetics of TRAF6polyubiquitination for
TLR ligands is less clear, and it will be of interest tomeasure this
in both normal and IRAK-2-deficient cells.
The mechanism whereby IRAK-2 activates TRAF6 E3 ligase

activity also remains to be deciphered, but one possibility is that
IRAK-2 may direct TRAF6 oligomerization. The coupling of
TRAF6oligomerization to ubiquitination has been suggested as
a central feature of IKK activation following antigen binding to
T cell receptors (16). Only high molecular weight oligomeric
forms of both BCL10 andMALT1, two essential T cell receptor
signaling mediators, could activate IKK and NF-�B in vitro.
MALT1 oligomers (and not the monomeric protein) bound
TRAF6 directly, triggering its subsequent oligomerization and
simultaneously switching on its E3 ligase activity such that
NEMOpolyubiquitination was observed. Thus, for TLR signal-
ing, IRAK-2 may provide a TRAF6 oligomerization trigger,
similar to MALT1 in T cells.

Lys63-linked Polyubiquitination of IRAK-1 in the NF-�B
Activation Pathway

Although IRAK-1 may not have a role in stimulating TRAF6
E3 ligase activity, it is itself ubiquitinated. Previously, it was
considered that following its phosphorylation and concomitant
activation, IRAK-1 was rapidly ubiquitinated and targeted for
proteasomal degradation (31). Somewhat surprisingly, it has
now emerged that IRAK-1 undergoes Lys63-linked polyubiq-
uitination and that, in fact, thismodification is critical for signal
transduction rather thanmarking a degradation event (32–34).
The attachment of Lys63-linked polyubiquitin chains to IRAK-1
has now been demonstrated after both IL-1 and LPS stimula-
tion (33, 34).
Both TRAF6 and the Pellino proteins have been put forward

as candidate E3 ligases involved in assembling polyubiquitin
chains on IRAK-1 (34, 35). The presence of recombinant gluta-
thione S-transferase-TRAF6 appeared to enhance the poly-
ubiquitination of IRAK-1 in combinationwith all other compo-
nents necessary to catalyze a ubiquitination reaction in an in
vitro reconstitution system (34). However, IL-1-stimulated
polyubiquitination of IRAK-1 was not impaired in IL-1-stimu-
lated TRAF6�/� fibroblasts (33). The presence of a RING-like
domain within the secondary structure of the Pellino proteins
initially led to the proposal that these proteins may act as E3
ligases, and indeed, overexpression of Pellino1 and Pellino2was
found to promote non-degradative polyubiquitination of
IRAK-1 (36). The Pellino proteins have been shown to directly
catalyze the elongation of polyubiquitin chains in vitro, thus
solidly confirming the role of these proteins as E3 ubiquitin
ligases (32, 35). The topology of the polyubiquitin chains con-
structed by the Pellino proteins appears, in fact, to be governed
by the particular E2 ubiquitin ligase engaged (32). Thus, when3 S. E. Keating and A. G. Bowie, unpublished data.
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in combination with the Ubc13-Uev1a E2 complex, Pellino1
specifically triggered the formation of Lys63-linked polyubiq-
uitin chains, whereas when working in conjunction with
UbcH3, polyubiquitin chains linked via Lys48 were preferen-
tially assembled. Both IRAK-1 and IRAK-4 can directly phos-
phorylate the Pellino proteins in vitro, leading to their
enhanced E3 ligase activity (32). Interestingly, this also leads to
degradative (Lys48) ubiquitination of Pellino proteins, and
hence, not only can Pellino proteins regulate IRAK-1 by cata-
lyzing its Lys63-linked ubiquitination, but IRAK-1 can also
cause Pellino degradation (35). The exact role of Pellino pro-
teins in the complex regulation of TLR signaling is still being
elucidated, with some family members likely having a positive
role and others negatively regulating these pathways (35, 37).
What then is the role of IRAK-1 Lys63 polyubiquitination in

TLR signaling? Windheim et al. (33) showed that Lys63 poly-
ubiquitination of IRAK-1 caused its association with NEMO in a
ligand-dependent manner, whereas unmodified IRAK-1 failed
to interact with NEMO, and this was recently confirmed by
another group (34). Furthermore, a NEMO point mutant
unable to interact with Lys63-polyubiquitinated IRAK-1 failed
to restore IL-1-stimulated NF-�B activation in NEMO-defi-
cient cells (33). Thus, ubiquitinated IRAK-1 likely has a role
in recruiting NEMO to a post-receptor complex containing
TAK1,whichwould contribute toNF-�B activation by bringing
the IKK complex into proximity to TAK1.

Model for the Role of Polyubiquitination in TLR
Signaling to NF-�B

Taken together, the data described above lead to the follow-
ing currentmodel for how Lys63-linked ubiquitination contrib-
utes to activation of the IL-1R/TLR/NF-�B axis (Fig. 1). After
ligand stimulation, IRAK-2 induces TRAF6 E3 ligase activity,
leading to the Lys63-linked polyubiquitination of TRAF6 itself
and other substrates, including NEMO. TAK1 is then recruited
to ubiquitinated TRAF6 via TAB2 and TAB3. Concurrently,
Pellino proteins polyubiquitinate IRAK-1, which allows
recruitment of the IKK complex (via NEMO) to IRAK-1.
Upstream of these events, IRAK-4 may “turn on” both the
IRAK-2/TRAF6/TAK1 and Pellino/IRAK-1/NEMO pathways.
At some early time point post-stimulation, ubiquitinated
TRAF6 and ubiquitinated IRAK-1may act in close proximity or
be part of the same TRAF6 complex such that TAK1 recruited
by TRAF6 can phosphorylate and hence activate the IKK com-
plex recruited via IRAK-1. For TLR2 at least, it has now been
proven that both IRAK-1 and IRAK-2 are required formaximal
and sustainedNF-�B activation inmice (30). However, in other
cases, the role of IRAK-1 described in this model would be
stimulus-specific because at least some TLRs such as TLR3 and
TLR9 have been shown to activate NF-�B without a require-
ment for IRAK-1. However, the IRAK-2/TRAF6/TAK1 axis
may be utilized by all TLRs.

Future Perspectives

The importance of the regulation of signaling by ubiquitin is
reflected in the fact that it is so highly conserved in nature. For
example, activation of Drosophila TAK1 and the IKK complex
in response to stimulation of the IMD signaling pathway by

Gram-negative bacteria has been shown to be dependent on the
Drosophila Ubc13 and Uev1A homologs (38). Thus, a signal
activation function for ubiquitination in innate immunity is
evolutionarily conserved fromDrosophila to humans. A further
indication of the importance of ubiquitin in signaling pathways
sensing microorganisms is the fact that pathogens target this
host process to shut down immune responses. For example, the
Yersinia pestis virulence factor YopJ acts as a deubiquitinating
protease that specifically targets TRAF6 and TRAF3 to effec-
tively block the activation of NF-�B andMAPKs as well as IFN
induction by TLRs (39). Further investigation of the means
whereby pathogens manipulate E3 ligases such as TRAF6 and
TRAF3 will be invaluable in uncovering the relevance of (and
detailed mechanism whereby) Lys63-linked polyubiquitination
leads to activation of signaling mechanisms.
Whereas ubiquitination involving TRAF6 is essential in link-

ing receptor proximal events to the IKK complex for NF-�B
activation, there is now evidence to suggest that polyubiquiti-
nation by TRAF3 may play an equivalent role in IRF activation
(40, 41), and the targeting of this activity by Y. pestis to block
TLR-mediated IFN induction further supports this. Overex-
pressed TRAF3 was modified by the addition of Lys63-linked
polyubiquitin chains, and using small interfering RNA targeted
toDUBA (aDUB found to promote the removal of Lys63-linked
polyubiquitin chains from TRAF3) enhanced the IFN response
induced by TLR3, TLR4, TLR7, and RIG-I-like receptors (42).
The downstream targets of TRAF3 polyubiquitination have yet
to be characterized, but one may be TANK (43).
TRAF6 is also used by TLR7–9 to activate IRFs via MyD88

(24, 44), thus raising the question as to whether its E3 ligase
activity is equally important here. Ectopically expressedTRAF6
associated with and stimulated IRF7 ubiquitination in a Ubc13-
dependent manner (44). However, the relative contribution of
TRAF3 and TRAF6 to IFN-� induction via TLRs remains to be
assessed. IRAK-1 has similarly been implicated in the stimula-
tion of IFN-� release by TLR7–9 while being dispensable for
NF-�B activation in this pathway (24). It will be interesting to
see whether IRAK-1 needs to be polyubiquitinated via a Lys63
ubiquitin linkage for this function. If so, deciphering the role of
the Pellino proteins (or indeed TRAF3 or TRAF6) as E3 ligases
of IRAK-1 in IRF activation will be required.
Althoughwe have discussed themechanismswhereby Lys63-

linked polyubiquitination contributes to IL-1R/TLR signaling
for the family as a whole and the role of TRAF6 and TRAF3 in
NF-�B and IRF activation, respectively, it is almost inevitable
that receptor-specific differences will exist, and some of these
differences are already apparent. For example, the protein
kinase RIP1, which is required for TLR3 and TLR4 signaling to
NF-�B, but not IRF3 activation, undergoes polyubiquitination
upon TLR3 stimulation (45). RIP1 is used only by TLR3 and
TLR4 for TRIF-dependent activation of NF-�B (45, 46), so this
polyubiquitination step is likely not required for TLR signaling
to NF-�B in any other context. As well as receptor-specific dif-
ferences, the observation that NF-�B activation was largely
normal in certain cell types lackingUbc13 but not in others (22,
23) indicates that the ubiquitinating enzymes used by a given
TLR pathway may differ between different cell types. These
issues highlight the need for further exploration of the regula-
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tion of TLR signaling by Lys63-linked polyubiquitination, and
this will no doubt reveal further complexities inherent in these
pathways.
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Inappropriate functioning of the immune system is linked to
immunedeficiency, autoimmunedisease, and cancer. It is there-
fore not surprising that intracellular immune signaling path-
ways are tightly controlled.Oneof the best studied transcription
factors in immune signaling isNF-�B,which is activated bymul-
tiple receptors and regulates the expression of a wide variety of
proteins that control innate and adaptive immunity. A20 is an
early NF-�B-responsive gene that encodes a ubiquitin-edit-
ing protein that is involved in the negative feedback regula-
tion of NF-�B signaling. Here, we discuss the mechanism of
action of A20 and its role in the regulation of inflammation
and immunity.

A20 (also known as TNFAIP3) was originally identified as a
TNF2-inducible gene in human umbilical vein endothelial cells
(1). Subsequent research demonstrated thatA20 is also induced
in many other cell types and by a wide range of other stimuli
(reviewed in Ref. 2). Although A20 was originally characterized
as an inhibitor of TNF-induced apoptosis (3), it has been most
intensively studied as an inhibitor of NF-�B activation. NF-�B
is a dimeric transcription factor that plays a key role in inflam-
mation and immunity. A deregulatedNF-�B response has been
associated with several autoimmune diseases and some cancers
(4). The activity of NF-�B is tightly regulated by interaction
with inhibitory I�B (inhibitor of �B) proteins, which are regu-
lated by IKK-mediated I�B phosphorylation, followed by their
ubiquitination and proteolysis, enabling the entry of NF-�B
into the nucleus. In most cases, the activation of NF-�B is tran-
sient and cyclic upon continuous stimulation, which is due to
specific negative feedback control systems such as the NF-�B-
inducible synthesis of I�B and A20 proteins (5). NF-�B activa-
tion pathways are broadly classified as either canonical or non-
canonical, depending on whether activation involves I�B
degradation or processing of the p100 NF-�B precursor (4).

The canonical pathway, which is the predominant NF-�B sig-
naling pathway, is activated by pro-inflammatory cytokines
such as TNF and IL-1 and microbial components that activate,
for example, TLRs or antigen receptors. The non-canonical
pathway of NF-�B activation operates mainly in B cells in
response to a subset of TNFR family members, including the
lymphotoxin-� receptor.
Initial evidence for the NF-�B inhibitory function of A20

came from several studies in which overexpression of A20 was
shown to prevent NF-�B activation in response to TNF and
several other pro-inflammatory stimuli (reviewed in Ref. 2).
The observation that A20 expression is itself under the control
of NF-�B suggested its involvement in the negative feedback
regulation of NF-�B activation (6). This was eventually con-
firmed by the generation of A20-deficient mice, which show a
sustained NF-�B response and severe inflammation (7). The
mechanismbywhichA20 inhibitsNF-�B activation remained a
mystery for several years until it was recently found that A20
can act as a dual ubiquitin-editing enzyme.

Inhibitory Effect of A20 on Pro-inflammatory Gene
Expression

The use of A20-deficient mice and RNA interference tech-
nologies has revealed the crucial role of A20 in a variety of
pathogen- and cytokine-induced signaling pathways. Mice
lacking A20 are born at normal mendelian ratios but die
shortly after birth due to massive multiorgan inflammation,
indicative of a key role for A20 in immune homeostasis of the
host (7). A20-deficient MEFs and thymocytes exhibit a pro-
longed activation of NF-�B after administration of TNF.
However, the cachexia and wasting in A20-deficient mice
could not be fully attributed to overactivation of TNF signal-
ing because a multi-inflammatory phenotype and premature
death were also observed in double A20/TNF-deficient mice.
Bone marrow transfer of A20-deficient hematopoietic cells
into a wild-type background gives a similar phenotype as the
total knock-out, whereas absence of lymphocytes in double
A20/RAG1-deficient mice does not ameliorate the pheno-
type (7, 8). These findings suggest a crucial role for macro-
phages in the phenotype of A20 knock-out mice. It was dem-
onstrated recently that the spontaneous inflammation in A20-
deficient mice can bemainly assigned to TLR signaling because
mice double deficient for A20 and the TLR adaptor protein
MyD88 no longer show premature lethality and cachexia (8).
This is consistent with the previous finding that TLR-induced
A20 is essential for the termination of TLR-induced NF-�B
activation and pro-inflammatory cytokine expression in mac-
rophages and the prevention of LPS-induced shock (9). Antibi-
otic treatment also ameliorates the hyperinflammatory
response in A20-deficient animals, which is consistent with an
important role of TLR signaling initiated by commensal bacte-
ria (8).
Although A20 deficiency has a clear detrimental effect on

immunity, abrogating the immunosuppressive function of A20
inmyeloid cells was recently exploited in an attempt to increase
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the response of T cells in anti-tumor vaccination. A20 knock-
down in dendritic cells results in enhanced expression of spe-
cific co-stimulatory signals as well as pro-inflammatory cyto-
kines, causing a shift in the subset of activated T cells. Both
cytotoxic T cells and T helper cells were hyperactivated,
whereas regulatory T cells were markedly suppressed, with
beneficial anti-tumor effects as a result (10).
A20 was recently shown to also inhibit NF-�B activation in

response to stimulation of the intracellular NOD2 (nucleotide-
binding oligomerization domain 2) receptor by muramyl
dipeptide, which is the minimal peptidoglycan motif common
to all bacteria (11). Interestingly, genome-wide association
studies have recently identified the A20 locus as a candidate
susceptibility locus in Crohn disease, for whichNOD2was pre-
viously identified as a susceptibility gene (12–14).
A20 not only is indispensable to restrict inflammation in

response to bacterial infection but also seems to control the
immune response to viral infection. Viral RNA is recognized
by certain endosome-residing TLRs such as TLR3, as well as
by RIG-I (cytosolic retinoic acid-inducible gene I), which
induce type I interferon via the concerted action of NF-�B
and IRFs. Hiscott and co-workers (15) showed that virus-
induced expression of A20 efficiently blocks RIG-I-mediated
activation of NF-�B and IRF3 but only weakly interferes with
the response initiated by TLR3. On the other hand, two other
studies using A20 overexpression or knockdown showed
that A20 can also interfere with TLR3-induced IRF and
NF-�B activation (16, 17). These results suggest that virus-
inducible expression of A20 negatively regulates RIG-I- and
TLR3-mediated induction of an antiviral state. However,
recent studies with macrophages from A20-deficient mice
have shown that A20 specifically regulates TLR3-induced
NF-�B (but not IRF3) activation (8). In fact, DUBA has
recently been identified as a specific regulator of the IRF3
signaling pathway (18).
Both overexpression and knockdown experiments have also

shown an inhibitory effect of A20 on antigen receptor-induced
NF-�B activation in lymphoid cells (19, 20), indicating that A20
is a critical regulator of the innate as well as adaptive immune
system. Furthermore, loss of A20 expression has been found in
ocular adnexalmarginal zone B cell lymphoma,which led to the
suggestion that A20 acts as a tumor suppressor gene whose
disruption plays an important role in lymphomagenesis (19,
21). Further studies on the role of A20 in tumorigenesis are
needed, however, to confirm this.
Although A20 has been studied mainly in the context of its

NF-�B inhibitory function, it should be mentioned that A20
was originally characterized as an inhibitor of TNF-induced
apoptosis (3), which was later confirmed in A20-deficient mice
and cells. A20-negative thymocytes show enhanced TNF-in-
duced apoptosis. In A20-deficient MEF cells, however,
enhanced TNF sensitivity is only apparent when cells are pre-
treated with TNF, followed by administration of TNF and
cycloheximide. These differences might be due to the constitu-
tive versus inducible expression of A20 in T cells and MEFs,
respectively (7, 22).

Molecular Mechanism of A20 Activity

Since its original discovery in 1990, the mechanism of A20
activity has remained enigmatic for many years. It was only in
2004 that Dixit and co-workers (23) found that A20 interferes
with TNF-induced NF-�B activation by acting as a dual ubiq-
uitin-editing enzyme. During recent years, it has become clear
that polyubiquitination is an integral part of NF-�B signaling
(24).Whereasmodification of I�B�with Lys48-linked ubiquitin
chains is associated with its proteasomal degradation, modifi-
cation of several signaling proteins with Lys63-linked ubiquitin
chains regulates their interaction with other proteins. In TNF,
IL-1, TLR, and RIG-I signaling to NF-�B, Lys63 ubiquitination
ismediated bymembers of the TRAF (TNFR-associated factor)
protein family, which function as E3 ubiquitin ligases (Fig. 1)
(25–27). Lys63-ubiquitinated signaling proteins are then recog-
nized by specific ubiquitin-binding scaffolding proteins that
assemble and activate downstream kinases (e.g. Lys63-ubiquiti-
natedRIP1 (receptor-interacting protein 1) is recognized by the
IKK�/IKK� adaptor NEMO) (28).
A first hint into the direction of a possible mechanism of

action of A20 came from the observation that A20 contains an
N-terminal domain that belongs to the OTU superfamily of
deubiquitinating cysteine proteases (Fig. 2) (29), the structure
of which has recently been elucidated (30, 31). A20 was subse-
quently shown to deubiquitinate Lys48 or Lys63 polyubiquitin
chains in vitro (32). The real breakthrough came with the find-
ing that A20 specifically removes Lys63 polyubiquitin chains
from RIP1 (23), an essential signaling protein that is recruited
together with A20 to TNFR (33). Mutation of the active-site
Cys103 in the OTU domain abrogates the deubiquitinating and
NF-�B inhibitory activity of A20 (23, 32). Others have reported
that additionalmutation of Asp100, which is part of the catalytic
triad of the protease domain, is essential to fully abrogate the
NF-�B inhibitory potential of A20 (34, 35). It should be noted,
however, that these mutants (29),3 as well as A20 deletion
mutants that lack the complete N-terminal OTU domain (36,
37), can still inhibit TNF-induced NF-�B activation upon over-
expression in HEK293 cells, although with reduced efficiency
comparedwithwild-typeA20.These data indicate that the deu-
biquitinating activity of A20 might not always be required for
NF-�B inhibition. Interestingly, the C-terminal domain of A20,
composed of seven C2/C2 zinc fingers, has been shown to func-
tion as a ubiquitin ligase and to mediate Lys48 ubiquitination of
RIP1, thereby targeting RIP1 for proteasomal degradation (Fig.
2) (23). Zinc finger 4 is crucial for the ubiquitin ligase activity of
A20 (16), but also zinc finger 7 seems to be important forNF-�B
inhibition (23, 38). Some of the zinc fingers in A20 might act as
ubiquitin receptors, which is suggested by the observation that
Rabex-5 is able to directly bind ubiquitin via an A20-like zinc
finger motif (39). It is worth mentioning that A20 zinc finger 7
is also essential for the localization of A20 to a lysosome-asso-
ciated endocyticmembrane compartment (40). Althoughmore
experiments are needed to elucidate themechanismof action of
A20, its dual ubiquitin-editing activity on RIP1 introduces a
novel concept in signaling research (reviewed in Ref. 41). Inter-

3 I. Carpentier, K. Verhelst, and R. Beyaert, unpublished data.
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estingly, Lys48 and Lys63 linkage-specific antibodies have
recently been developed and already revealed a similar IL-1-
induced sequential ubiquitin editing of IRAK-1 by a yet
unknown enzyme (42). It is unlikely that RIP1 is the only target

for A20 in the TNFR signaling pathway. A20 overexpression
also results in NEMO deubiquitination (35), but the signifi-
cance of this finding remains to be investigated. It is also still
unclear if the anti-apoptotic and JNK inhibitory effects of A20
also depend on its ubiquitin-editing function. In this context, it
is worth mentioning that Lys63 autoubiquitination of TRAF2 is
indispensable for TNF-induced JNK activation (43), implicat-
ing TRAF2 as a potential target for A20 (Fig. 1).
Lys63 ubiquitination of specific proteins also plays a key role

in NF-�B signaling in response to many other receptors than
TNFR (44), and A20-mediated deubiquitination has been dem-
onstrated in some of these pathways as well. For example, A20
abrogates TLR4-inducedNF-�B activation by deubiquitinating
TRAF6 (8, 9). Similarly, A20 can deubiquitinate RIP2, thus
inhibiting NF-�B activation in response to NOD2 stimulation
(Fig. 1) (11). It should bementioned that other deubiquitinating
enzymes such as Cezanne or CYLD can have similar targets
(24). Remarkably, no other examples of A20-mediated Lys48
ubiquitination have been reported.

Regulation of A20 Activity

With the exception of thymocytes and peripheral T cells (7,
22), most cell types do not express A20 under resting condi-
tions.A20 transcription is rapidly induced by a large number of
stimuli that trigger the binding ofNF-�B to two specificNF-�B-
binding sites in the A20 promoter (6). At the protein level, sev-
eralA20-binding proteins such asABIN (A20-binding inhibitor
of NF-�B) and TAX1BP1 have been proposed to regulate A20
activity. Similar to A20, overexpression of ABIN-1, -2, and -3

FIGURE 1. Overview of different ubiquitinated targets of A20 in NF-�B, IRF, and JNK signaling pathways. Triggering of different receptors leads to the
activation and autoubiquitination of specific members of the TRAF family, which also mediate the Lys63 ubiquitination of downstream kinases and other
signaling proteins. Known and potential targets for A20-mediated deubiquitination are indicated. For comparison, ubiquitinated targets for CYLD and DUBA
are also shown. Lys63 ubiquitin chains are depicted as beads on a string. TCR/BCR, T cell receptor/B cell receptor.

FIGURE 2. Schematic representation of the structural domains of human
A20 involved in its ubiquitin-editing function and interaction with reg-
ulatory proteins. The N-terminal OTU domain mediates the deubiquitinat-
ing activity of A20 on RIP1, RIP2, TRAF6, and NEMO, whereas the C-terminal
zinc finger domain mediates its ubiquitin ligase activity on RIP1. Regions
involved in specific protein-protein interactions or post-translational modifi-
cations of A20 are also indicated.
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inhibits TNF-, IL-1-, and LPS-induced NF-�B activation, sug-
gesting that these proteins may participate in the NF-�B inhib-
itory effect of A20 (24, 35, 45–48). Except for ABIN-3, ABIN
proteins are ubiquitously expressed (49, 50). They all share a
novel ubiquitin-binding domain, and mutations that disrupt
the ubiquitin-binding potential of ABIN proteins also disrupt
their NF-�B inhibitory effect (51, 52). A similar domain is pres-
ent inNEMO,where itmediates the binding ofNEMOtoLys63-
ubiquitinated RIP1 and IRAK-1 (26, 53). In contrast, the ubiq-
uitin-binding domain of ABIN-1 combined with a neighboring
NEMO-binding domain mediates the interaction of ABIN-1
with ubiquitinatedNEMO(52). BecauseABIN-1 also augments
A20-mediated deubiquitination of NEMO (35), these results
suggest an important role for ABIN proteins in the targeting of
A20 to specific ubiquitinated substrates. It should be men-
tioned that ABIN-2-deficient mice or cells do not show an
enhancedNF-�B response (54), indicating possible redundancy
between different ABIN proteins.
Binding of TAX1BP1 to A20 was originally described to be

essential for the anti-apoptotic activity of A20 (55), although
the mechanism remains unknown. More recently, TAX1BP1-
deficient cells were shown to have a prolongedNF-�B response
to IL-1, LPS, and TNF treatment, which is associated with ele-
vated ubiquitination of RIP1 and TRAF6 (56, 57). More specif-
ically, TAX1BP1 was shown to bind Lys63-ubiquitinated RIP1
and TRAF6, thus recruiting A20 to its substrate by forming a
ternary complex (57). TAX1BP1 also recruits the E3 ubiquitin
ligase Itch, which further augments Lys48 ubiquitination and
degradation of RIP1. Consistent with these findings, Itch-defi-
cient cells also show enhanced NF-�B activation in response to
TNF (58). It is still unclear if Itch and A20 both ubiquitinate
RIP1 or if Itch ubiquitinates a distinct target that somehow
facilitates the ubiquitin ligase activity of A20.
A20 can also be regulated by post-translational modification

(Fig. 2). TNF and LPS administration triggers the IKK�-de-
pendent phosphorylation of A20 at Ser381, which by a still
unknown mechanism increases the ability of A20 to inhibit
NF-�B activation (59). Phosphorylation of A20 at a 14-3-3-
bindingmotif (RSKpSDP) between zinc fingers 3 and 4 has also
been proposed, but the functional implication of this is still
unclear (60). Recently, antigen receptor stimulation of T and B
cells was shown to result in the site-specific cleavage of A20 by
the paracaspase MALT1, resulting in the disruption of its
NF-�B inhibitory potential (19). In addition, overexpression of
the constitutively active API2-MALT1 fusion protein, which
has been linked to mucosa-associated lymphoid tissue lym-
phoma, also results in A20 cleavage. These data emphasize an
important role of MALT1-mediated A20 cleavage in the “fine-
tuning” of antigen receptor signaling and possibly mucosa-as-
sociated lymphoid tissue lymphoma development.

A20 in Human Disease

A20 intron single-nucleotide polymorphisms leading to
decreased A20 expression are associated with increased risk of
coronary artery disease in patients with type II diabetes (61).
Also, mutation of a single amino acid (E627A) has been shown
to correlate with increased sensitivity to atherosclerosis inmice
(62). Consistent with these data, overexpression of A20 is pro-

tective in amousemodel for atherosclerosis, whereasmice hap-
loinsufficient for A20 show increased lesion size (63). Interest-
ingly, different genome-wide association studies have shown
that multiple polymorphisms in the A20 region are independ-
ently associated with several autoimmune diseases, including
rheumatoid arthritis (64, 65), systemic lupus erythomatosus
(66, 67), and Crohn disease (12). Altogether, these findings
underscore the importance of A20 in controlling inflammatory
responses and indicate that A20may be an important determi-
nant formultiple autoimmunediseases. Abetter understanding
of the mechanism of action and the regulation of A20 might
thus form the basis for the development of novel anti-inflam-
matory therapeutics.
REFERENCES
1. Dixit, V. M., Green, S., Sarma, V., Holzman, L. B., Wolf, F. W., O’Rourke,

K., Ward, P. A., Prochownik, E. V., and Marks, R. M. (1990) J. Biol. Chem.
265, 2973–2978

2. Beyaert, R., Heyninck, K., and Van Huffel, S. (2000) Biochem. Pharmacol.
60, 1143–1151

3. Opipari, A.W., Jr., Hu,H.M., Yabkowitz, R., andDixit, V.M. (1992) J. Biol.
Chem. 267, 12424–12427

4. Karin, M., and Greten, F. R. (2005) Nat. Rev. Immunol. 5, 749–759
5. Werner, S. L., Kearns, J. D., Zadorozhnaya, V., Lynch, C.,O’Dea, E., Boldin,

M. P., Ma, A., Baltimore, D., and Hoffmann, A. (2008) Genes Dev. 22,
2093–2101

6. Krikos, A., Laherty, C. D., and Dixit, V. M. (1992) J. Biol. Chem. 267,
17971–17976

7. Lee, E. G., Boone, D. L., Chai, S., Libby, S. L., Chien, M., Lodolce, J. P., and
Ma, A. (2000) Science 289, 2350–2354

8. Turer, E. E., Tavares, R. M., Mortier, E., Hitotsumatsu, O., Advincula, R.,
Lee, B., Shifrin, N., Malynn, B. A., and Ma, A. (2008) J. Exp. Med. 205,
451–464

9. Boone, D. L., Turer, E. E., Lee, E. G., Ahmad, R. C., Wheeler, M. T., Tsui,
C., Hurley, P., Chien, M., Chai, S., Hitotsumatsu, O., McNally, E., Pickart,
C., and Ma, A. (2004) Nat. Immunol. 5, 1052–1060

10. Song, X. T., Kabler, K. E., Shen, L., Rollins, L., Huang, X. F., and Chen, S. Y.
(2008) Nat. Med. 14, 258–265

11. Hitotsumatsu, O., Ahmad, R. C., Tavares, R., Wang, M., Philpott, D.,
Turer, E. E., Lee, B. L., Shiffin, N., Advincula, R., Malynn, B. A., Werts, C.,
and Ma, A. (2008) Immunity 28, 381–390

12. (2007) Nature 447, 661–678
13. Hugot, J. P., Chamaillard, M., Zouali, H., Lesage, S., Cezard, J. P., Belaiche,

J., Almer, S., Tysk, C., O’Morain, C. A., Gassull, M., Binder, V., Finkel, Y.,
Cortot, A., Modigliani, R., Laurent-Puig, P., Gower-Rousseau, C., Macry,
J., Colombel, J. F., Sahbatou, M., and Thomas, G. (2001) Nature 411,
599–603

14. Ogura, Y., Bonen, D. K., Inohara, N., Nicolae, D. L., Chen, F. F., Ramos, R.,
Britton, H., Moran, T., Karaliuskas, R., Duerr, R. H., Achkar, J. P., Brant,
S. R., Bayless, T. M., Kirschner, B. S., Hanauer, S. B., Nunez, G., and Cho,
J. H. (2001) Nature 411, 603–606

15. Lin, R., Yang, L., Nakhaei, P., Sun, Q., Sharif-Askari, E., Julkunen, I., and
Hiscott, J. (2006) J. Biol. Chem. 281, 2095–2103

16. Saitoh, T., Yamamoto, M., Miyagishi, M., Taira, K., Nakanishi, M., Fujita,
T., Akira, S., Yamamoto, N., and Yamaoka, S. (2005) J. Immunol. 174,
1507–1512

17. Wang, Y. Y., Li, L., Han, K. J., Zhai, Z., and Shu,H. B. (2004)FEBS Lett. 576,
86–90

18. Kayagaki, N., Phung, Q., Chan, S., Chaudhari, R., Quan, C., O’Rourke,
K.M., Eby,M., Pietras, E., Cheng,G., Bazan, J. F., Zhang, Z., Arnott, D., and
Dixit, V. M. (2007) Science 318, 1628–1632

19. Coornaert, B., Baens,M., Heyninck, K., Bekaert, T., Haegman,M., Staal, J.,
Sun, L., Chen, Z. J., Marynen, P., and Beyaert, R. (2008) Nat. Immunol. 9,
263–271

20. Stilo, R., Varricchio, E., Liguoro, D., Leonardi, A., andVito, P. (2008) J. Cell
Sci. 121, 1165–1171

MINIREVIEW: A20 in Innate Immunity

8220 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 284 • NUMBER 13 • MARCH 27, 2009



21. Honma, K., Tsuzuki, S., Nakagawa, M., Karnan, S., Aizawa, Y., Kim,W. S.,
Kim, Y. D., Ko, Y. H., and Seto, M. (2008)Genes Chromosomes Cancer 47,
1–7

22. Tewari, M., Wolf, F. W., Seldin, M. F., O’Shea, K. S., Dixit, V. M., and
Turka, L. A. (1995) J. Immunol. 154, 1699–1706

23. Wertz, I. E., O’Rourke, K. M., Zhou, H., Eby, M., Aravind, L., Seshagiri, S.,
Wu, P., Wiesmann, C., Baker, R., Boone, D. L., Ma, A., Koonin, E. V., and
Dixit, V. M. (2004) Nature 430, 694–699

24. Wullaert, A., Heyninck, K., Janssens, S., and Beyaert, R. (2006) Trends
Immunol. 27, 533–540

25. Bertrand, M. J., Milutinovic, S., Dickson, K. M., Ho,W. C., Boudreault, A.,
Durkin, J., Gillard, J.W., Jaquith, J. B., Morris, S. J., and Barker, P. A. (2008)
Mol. Cell 30, 689–700

26. Conze, D. B., Wu, C. J., Thomas, J. A., Landstrom, A., and Ashwell, J. D.
(2008)Mol. Cell. Biol. 28, 3538–3547

27. Lee, M. S., and Kim, Y. J. (2007) Annu. Rev. Biochem. 76, 447–480
28. Chau, T. L., Gioia, R., Gatot, J. S., Patrascu, F., Carpentier, I., Chapelle, J. P.,

O’Neill, L., Beyaert, R., Piette, J., and Chariot, A. (2008) Trends Biochem.
Sci. 33, 171–180

29. Balakirev,M. Y., Tcherniuk, S. O., Jaquinod,M., andChroboczek, J. (2003)
EMBO Rep. 4, 517–522

30. Komander, D., and Barford, D. (2008) Biochem. J. 409, 77–85
31. Lin, S. C., Chung, J. Y., Lamothe, B., Rajashankar, K., Lu,M., Lo, Y. C., Lam,

A. Y., Darnay, B. G., and Wu, H. (2008) J. Mol. Biol. 376, 526–540
32. Evans, P. C., Ovaa, H., Hamon, M., Kilshaw, P. J., Hamm, S., Bauer, S.,

Ploegh, H. L., and Smith, T. S. (2004) Biochem. J. 378, 727–734
33. Zhang, S. Q., Kovalenko, A., Cantarella, G., andWallach, D. (2000) Immu-

nity 12, 301–311
34. Evans, P. C., Smith, T. S., Lai, M. J., Williams, M. G., Burke, D. F., Heyn-

inck, K., Kreike,M.M., Beyaert, R., Blundell, T. L., and Kilshaw, P. J. (2003)
J. Biol. Chem. 278, 23180–23186

35. Mauro, C., Pacifico, F., Lavorgna, A., Mellone, S., Iannetti, A., Acquaviva,
R., Formisano, S., Vito, P., and Leonardi, A. (2006) J. Biol. Chem. 281,
18482–18488

36. Klinkenberg,M., VanHuffel, S., Heyninck, K., and Beyaert, R. (2001) FEBS
Lett. 498, 93–97

37. Song, H. Y., Rothe, M., and Goeddel, D. V. (1996) Proc. Natl. Acad. Sci.
U. S. A. 93, 6721–6725

38. Natoli, G., Costanzo, A., Guido, F., Moretti, F., Bernardo, A., Burgio, V. L.,
Agresti, C., and Levrero, M. (1998) J. Biol. Chem. 273, 31262–31272

39. Raiborg, C., Slagsvold, T., and Stenmark, H. (2006) Trends Biochem. Sci.
31, 541–544

40. Li, L., Hailey, D. W., Soetandyo, N., Li, W., Lippincott-Schwartz, J., Shu,
H. B., and Ye, Y. (2008) Biochim. Biophys. Acta 1783, 1140–1149

41. Heyninck, K., and Beyaert, R. (2005) Trends Biochem. Sci. 30, 1–4
42. Newton, K., Matsumoto, M. L., Wertz, I. E., Kirkpatrick, D. S., Lill, J. R.,

Tan, J., Dugger, D., Gordon, N., Sidhu, S. S., Fellouse, F. A., Komuves, L.,
French, D. M., Ferrando, R. E., Lam, C., Compaan, D., Yu, C., Bosanac, I.,
Hymowitz, S. G., Kelley, R. F., and Dixit, V. M. (2008) Cell 134, 668–678

43. Habelhah, H., Takahashi, S., Cho, S. G., Kadoya, T., Watanabe, T., and
Ronai, Z. (2004) EMBO J. 23, 322–332

44. Adhikari, A., Xu, M., and Chen, Z. J. (2007) Oncogene 26, 3214–3226
45. Heyninck, K., De Valck, D., Vanden Berghe, W., Van Criekinge, W., Con-

treras, R., Fiers,W., Haegeman, G., and Beyaert, R. (1999) J. Cell Biol. 145,
1471–1482

46. Staege, H., Brauchlin, A., Schoedon, G., and Schaffner, A. (2001) Immu-
nogenetics 53, 105–113

47. VanHuffel, S., Delaei, F., Heyninck, K., DeValck, D., andBeyaert, R. (2001)
J. Biol. Chem. 276, 30216–30223

48. Weaver, B. K., Bohn, E., Judd, B. A., Gil, M. P., and Schreiber, R. D. (2007)

Mol. Cell. Biol. 27, 4603–4616
49. Wullaert, A., Verstrepen, L., VanHuffel, S., Adib-Conquy,M., Cornelis, S.,

Kreike, M., Haegman, M., El Bakkouri, K., Sanders, M., Verhelst, K., Car-
pentier, I., Cavaillon, J. M., Heyninck, K., and Beyaert, R. (2007) J. Biol.
Chem. 282, 81–90

50. Verstrepen, L., Adib-Conquy, M., Kreike, M., Carpentier, I., Adrie, C.,
Cavaillon, J. M., and Beyaert, R. (2008) J. Cell. Mol. Med. 12, 316–329

51. Heyninck, K., Kreike, M. M., and Beyaert, R. (2003) FEBS Lett. 536,
135–140

52. Wagner, S., Carpentier, I., Rogov, V., Kreike, M., Ikeda, F., Lohr, F., Wu,
C. J., Ashwell, J. D., Dotsch, V., Dikic, I., and Beyaert, R. (2008) Oncogene
27, 3739–3745

53. Wu, C. J., Conze, D. B., Li, T., Srinivasula, S. M., and Ashwell, J. D. (2006)
Nat. Cell Biol. 8, 398–406

54. Papoutsopoulou, S., Symons, A., Tharmalingham, T., Belich,M. P., Kaiser,
F., Kioussis, D., O’Garra, A., Tybulewicz, V., and Ley, S. C. (2006) Nat.
Immunol. 7, 606–615

55. De Valck, D., Jin, D. Y., Heyninck, K., Van de Craen, M., Contreras, R.,
Fiers, W., Jeang, K. T., and Beyaert, R. (1999) Oncogene 18, 4182–4190

56. Shembade, N., Harhaj, N. S., Liebl, D. J., and Harhaj, E. W. (2007) EMBO J
26, 3910–3922

57. Iha,H., Peloponese, J.M., Verstrepen, L., Zapart, G., Ikeda, F., Smith, C.D.,
Starost, M. F., Yedavalli, V., Heyninck, K., Dikic, I., Beyaert, R., and Jeang,
K. T. (2008) EMBO J. 27, 629–641

58. Shembade,N.,Harhaj, N. S., Parvatiyar, K., Copeland,N.G., Jenkins,N.A.,
Matesic, L. E., and Harhaj, E. W. (2008) Nat. Immunol. 9, 254–262

59. Hutti, J. E., Turk, B. E., Asara, J. M., Ma, A., Cantley, L. C., and Abbott,
D. W. (2007)Mol. Cell. Biol. 27, 7451–7461

60. De Valck, D., Heyninck, K., Van Criekinge, W., Vandenabeele, P., Fiers,
W., and Beyaert, R. (1997)Biochem. Biophys. Res. Commun. 238, 590–594

61. Boonyasrisawat,W., Eberle, D., Bacci, S., Zhang, Y. Y., Nolan, D., Gervino,
E. V., Johnstone, M. T., Trischitta, V., Shoelson, S. E., and Doria, A. (2007)
Diabetes 56, 499–505

62. Idel, S., Dansky, H. M., and Breslow, J. L. (2003) Proc. Natl. Acad. Sci.
U. S. A. 100, 14235–14240

63. Wolfrum, S., Teupser, D., Tan, M., Chen, K. Y., and Breslow, J. L. (2007)
Proc. Natl. Acad. Sci. U. S. A. 104, 18601–18606

64. Plenge, R. M., Cotsapas, C., Davies, L., Price, A. L., de Bakker, P. I., Maller,
J., Pe’er, I., Burtt, N. P., Blumenstiel, B., DeFelice, M., Parkin, M., Barry, R.,
Winslow,W., Healy, C., Graham, R. R., Neale, B.M., Izmailova, E., Roube-
noff, R., Parker, A. N., Glass, R., Karlson, E. W., Maher, N., Hafler, D. A.,
Lee, D.M., Seldin, M. F., Remmers, E. F., Lee, A. T., Padyukov, L., Alfreds-
son, L., Coblyn, J.,Weinblatt,M. E., Gabriel, S. B., Purcell, S., Klareskog, L.,
Gregersen, P. K., Shadick, N. A., Daly, M. J., and Altshuler, D. (2007) Nat.
Genet. 39, 1477–1482

65. Thomson, W., Barton, A., Ke, X., Eyre, S., Hinks, A., Bowes, J., Donn, R.,
Symmons, D., Hider, S., Bruce, I. N., Wilson, A. G., Marinou, I., Morgan,
A., Emery, P., Carter, A., Steer, S., Hocking, L., Reid, D. M., Wordsworth,
P., Harrison, P., Strachan, D., and Worthington, J. (2007) Nat. Genet. 39,
1431–1433

66. Musone, S. L., Taylor, K. E., Lu, T. T., Nititham, J., Ferreira, R. C., Ort-
mann, W., Shifrin, N., Petri, M. A., Ilyas Kamboh, M., Manzi, S., Seldin,
M. F., Gregersen, P. K., Behrens, T. W., Ma, A., Kwok, P. Y., and Criswell,
L. A. (2008) Nat. Genet. 40, 1062–1064

67. Graham, R. R., Cotsapas, C., Davies, L., Hackett, R., Lessard, C. J., Leon,
J. M., Burtt, N. P., Guiducci, C., Parkin, M., Gates, C., Plenge, R. M., Beh-
rens, T. W., Wither, J. E., Rioux, J. D., Fortin, P. R., Graham, D. C., Wong,
A. K., Vyse, T. J., Daly, M. J., Altshuler, D., Moser, K. L., and Gaffney, P.M.
(2008) Nat. Genet. 40, 1059–1061

MINIREVIEW: A20 in Innate Immunity

MARCH 27, 2009 • VOLUME 284 • NUMBER 13 JOURNAL OF BIOLOGICAL CHEMISTRY 8221



SUMOylation and
De-SUMOylation: Wrestling
with Life’s Processes*
Published, JBC Papers in Press, November 13, 2008, DOI 10.1074/jbc.R800050200

Edward T. H. Yeh1

From the Department of Cardiology, The University of Texas M. D.
Anderson Cancer Center, Houston, Texas 77030

The small ubiquitin-like modifier (SUMO) is a ubiquitin-
like protein that covalently modifies a large number of cellu-
lar proteins. SUMOmodification has emerged as an important
regulatory mechanism for protein function and localization.
SUMOylation is a dynamic process that is mediated by activat-
ing (E1), conjugating (E2), and ligating (E3) enzymes and readily
reversed by a family of ubiquitin-like protein-specific proteases
(Ulp) in yeast and sentrin/SUMO-specific proteases (SENP) in
human. This review will focus on the de-SUMOylating enzymes
with special attention to their biological function.

Many biochemical pathways are reversible to create an on
and off state that is essential for biological regulation. A revers-
ible systemallows for quick termination of a biological response
that has to be precisely controlled. The SUMO2 modification
pathway is an example of a reversible system that is controlled
by a series of on and off enzymes (Fig. 1) (1). In contrast to the
much more complex ubiquitin pathway (2), SUMOylation uti-
lizes only a single conjugating enzyme, Ubc9 (3), and a limited
number of ligases (4–6). This simplicity also manifests in the
off step because there are only two SUMO-deconjugating
enzymes in yeast and six in human. Onemay assume that these
limited numbers of on and off enzymes would sufficient to reg-
ulate only be a small number of substrates and biological path-
ways. However, the number of SUMO substrates continues to
expand, and the varieties of systems that are known to be reg-
ulated by SUMO also proliferate quickly. Here, I will review
only the enzymes that are involved in the de-SUMOylation
pathways to provide insights into how these limited numbers of
proteases are able to regulate a diverse array of biological
responses.

Localization and Enzymatic Activity of SUMO-specific
Proteases

SUMO-specific proteases are C48 cysteine proteases that
possess a conserved catalytic domain characterized by the cat-
alytic triad (histidine, aspartate, and cysteine) and a conserved

glutamine residue required for the formation of the oxyanion
hole in the active site (7).Members of the C48 cysteine protease
family have N- and C-terminal sequences that differ from each
other. Homologs of these proteases are present in plant, yeast,
and mammalian cells. In this review, I will focus on the two
yeast ubiquitin-like protein-specific proteases (Ulp) and the six
human sentrin/SUMO-specific proteases (SENP) (Table 1).
Yeast has a single SUMO-likemodifier, Smt3, and two Smt3-

specific proteases, Ulp1 and Ulp2. Both Smt3 and Ulp2 (Smt4)
were identified from the same screen as suppressors of theMif2
(a centromeric protein) mutation (8). Ulp1 is a protein of 621
amino acids that contains the catalytic domain at the C termi-
nus and anN-terminal domain that attaches this protease to the
nuclear pore (7). Ulp1 possesses the C-terminal hydrolase
activity required for removing C-terminal amino acids from
Smt3 to reveal the diglycine residues important for conjugation
to Smt3 substrates. Ulp1 also has the isopeptidase activity that
is essential for removing Smt3 from conjugated substrates.
Ulp2 (Smt4) is a 1034-amino acid protease that possesses only
isopeptidase activity (9). It is localized in the nucleoplasm.
Yeast deficient in Ulp2 accumulates Smt3 polymers, suggesting
that Ulp2 is also involved in the processing of the Smt3 chains
(10).
The SENPs can be divided into three families. The first family

consists of SENP1 and SENP2, which have broad specificity for
the three mammalian SUMOs (SUMO1–3). The second family
includes SENP3 and SENP5, which favor SUMO2/3 as sub-
strates and are localized in the nucleolus. The third family con-
tains SENP6 and SENP7, which have an additional loop
inserted in the catalytic domain and also appear to prefer
SUMO2/3. From an evolutionary standpoint, SENP1–3 and
SENP5 are more closely related to Ulp1, whereas SENP6 and
SENP7 are related to Ulp2.
SENP1 is localized in the nucleoplasm but not in the nucle-

olus (11). It contains a nuclear localization signal in the N ter-
minus (12) and a nuclear export sequence near the C terminus
(13). In the SENP1�/� embryo, the SUMO1 precursor cannot
be processed, suggesting that SENP1 is themain SUMO1C-ter-
minal hydrolase (14). However, SENP1 is an efficient isopepti-
dase for all SUMOs. SENP2 also possesses nuclear localization
and export signals (15). When exported from the nucleus, it is
quickly ubiquitinated and degraded. SENP2 was reported to be
tethered to the nuclear pore through binding to Nup153
nucleoporin (16, 17). Furthermore, SENP2 is also localized in a
yet undefined nuclear speckle that is distinct from the nuclear
body (18). SENP2 has isopeptidase activity for all SUMOs.
SENP3 and SENP5 are both localized predominately in the
nucleolus (19–21). The nucleolar localization signals are posi-
tioned in their N termini. Both SENP3 and SENP5 show pref-
erence for SUMO2/3. SENP6 has a distinct split of its catalytic
domain by an insertion (22). It was originally shown to be local-
ized to the cytosol in NIH3T3 and HeLa cells (22). However,
studies from other laboratories suggest that SENP6 is localized
in the nucleoplasm (18, 23). SENP6 also appears to prefer
SUMO2/3 as substrates (23). SENP7 is the least characterized

* This is the third of three articles in the Thematic Minireview Series on Reg-
ulation of Signaling by Non-degradative Ubiquitination. This minireview
will be reprinted in the 2009 Minireview Compendium, which will be avail-
able in January, 2010.

1 To whom correspondence should be addressed. E-mail: etyeh@
mdanderson.org.

2 The abbreviations used are: SUMO, small ubiquitin-like modifier; SENP, sen-
trin/SUMO-specific protease; siRNA, small interfering RNA; TNF, tumor
necrosis factor; Epo, erythropoietin; VHL, von Hippel-Lindau.
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SENP that is localized in the nucleoplasm (18). However, its
catalytic activity has not been convincingly demonstrated.

Structural Studies on Ulp1, SENP1, and SENP2

Analysis of the crystal structure containing Ulp1-(403–621)
and Smt3-(13–98) confirms that Ulp1 belongs to the cysteine
protease superfamily (24). The secondary structure of Ulp1
possesses seven �-helices and seven �-strands and shares sim-
ilarity with other cysteine proteases in the active site that
includes the central �-helix and three �-strands and the cata-
lytic triad. The Ulp1 and Smt3 interface is extensive and
includes the exposed �-sheet of Smt3 and an entire face of the
protease. The Gly-Gly-X motif of Smt3 apparently passes
through a hydrophobic tunnel above the active site during
cleavage. TheUlp1 active site resembles other cysteine protease
active sites in that the nucleophilic Cys-580 is coordinated by
His-514 and stabilized by Asp-531 and the oxyanion hole is
created by Gln-574 and Cys-580.
The crystal structure of SENP2-(364–589) shows that its

active site comprises Cys-548, His-478, and Asp-495, resem-
bling other cysteine proteases (25). Furthermore, the crystal of
SENP2 and SUMO1-(18–97) reveals that SENP2 undergoes
local structural rearrangements after binding to SUMO1. His-
478 undergoes a 180° rotation in the SENP2-SUMO1 complex

such that the imidazole ring now points directly toward Asp-
495 and away fromCys-478. In addition, Trp-410, Trp-479, and
His-474 all rotate about their C-� atoms to adapt to interac-
tions with the SUMO1 Gly-Gly motif. The SUMO1/SENP2
interface is similar to that of Smt3/Ulp1. Comparative proteol-
ysis assays shows that SENP2 hydrolyzes SUMO2 better than
SUMO1 or SUMO3 precursors. This C-terminal hydrolase
activity is apparently dependent on the respective C-terminal
tails of these SUMOs. However, SENP2 efficiently hydrolyzes
SUMO1, SUMO2, or SUMO3 from RanGAP1. Furthermore,
the isopeptidase activity of SENP2 is�20-fold stronger than its
C-terminal hydrolase activity, suggesting that SENP2 interacts
more readily with SUMO conjugates than with SUMO
precursors.
Further insight into the structural basis of isopeptidase activ-

ity comes from the crystal of catalytically inactive SENP1-(415–
644) in complex with a SUMO1-modified fragment of
RanGAP1-(418–587) (26). It shows that there is a minimally
specific and biologically relevant recognition of RanGAP1 by
SENP1. The binding between the conservedC-terminal strands
of SUMO1 and the main chain of SENP1 provides the major
interaction surface. Furthermore, the side chain of Lys-524
forms a right angle between RanGAP1 and SUMO1.When the
SUMO1 precursor bound to SENP1 is analyzed, the scissile

peptide bond has the cis-arrange-
ment of the amide nitrogen atoms
similar to the isopeptide bond in
SUMO1-conjugated RanGAP1.
Based on these studies, it was pro-
posed that an initial association
between SUMO conjugates or
SUMOprecursors and SENP1 stim-
ulates the opening of the tryptophan
tunnel. Closing of the tunnel causes
trans,cis-isomerization of the amide
nitrogens of the scissile bond of the
substrate. Chemical catalysis then
proceeds.
Structural analysis of catalyti-

cally inactive SENP2 in complex
with RanGAP1-SUMO1, RanGAP1-
SUMO2, or SUMO precursors also
reveals a similar 90° kink proximal
to the scissile bond that forces
C-terminal amino acid residues or
the lysine side chain toward the
SENP2 surface (27). This geometry
appears to be unfavorable for proc-
essing of SUMO precursors. The

FIGURE 1. SUMOylation and de-SUMOylation. SUMOylation is a dynamic process that is mediated by acti-
vating (E1), conjugating (E2), and ligating (E3) enzymes and readily reversed by the SENP family in human.
SUMOylation and de-SUMOylation regulate a diverse spectrum of biological responses, from transcription, cell
division, and signal transduction to carcinogenesis and viral replication.

TABLE 1
Human SENPs

Human
SENPs (1) Other names Primary location Specificity Enzymatic activity

SENP1 SuPr-2 Nucleoplasm (11) SUMO1/2/3 (11) C-terminal hydrolase, isopeptidase (11)
SENP2 SuPr-1, AXAM2, SMT3IP2 Nuclear pore, nuclear speckle (16–18) SUMO1/2/3 (16, 17) C-terminal hydrolase, isopeptidase (16, 17)
SENP3 SSP3, SMT3IP1 Nucleolus (19–21) SUMO2/3 (20, 21) Isopeptidase (19–21)
SENP5 Nucleolus (20, 21) SUMO2/3 (20, 21) Isopeptidase (20, 21)
SENP6 SUSP1, SSP1 Nucleoplasm (18, 23) SUMO2/3 (23) Chain editing (23)
SENP7 Nucleoplasm (18) ?SUMO2/3 ?Chain editing
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structural analysis described above is based on the interaction
between the catalytic domain of either SENP1 or SENP2 and
SUMO-RanGAP1 or SUMOprecursors. The structural studies
provide insights regarding substrate binding and the potential
catalyticmechanism.However, these studies donot account for
the contribution of the N termini of the SENPs to substrate
specificity.

Function of Smt3-specific Proteases

Ulp1—Ulp1 performs a dual function as both the C-terminal
hydrolase and isopeptidase for Smt3 (7). The isopeptidase
activity of Ulp1 is essential for growth of yeast cells, particularly
at the G2/M transition. The catalytic domain of Ulp1 is suffi-
cient to rescue the growth defect of Ulp1 deletion in yeast (28).
In Schizosaccharomyces pombe, Ulp1 is not essential for cell
viability, but cells lacking Ulp1 display severe nuclear abnor-
mality and are more sensitive to ultraviolet radiation (29). This
nuclear defect is dependent on the isopeptidase activity because
it is not rescued by themature formof Pmt3 (homolog of Smt3).
Furthermore,Ulp1 exhibits a cell cycle-specific pattern of local-
ization. During the S and G2 phases, Ulp1 is localized at the
nuclear periphery.However, duringmitosis, Ulp1 is localized in
the nucleus. The bulk of cellular Ulp1 is not associated with
nucleoporins but with three karyopherins (Pse1, Kap95, and
Kap60) (30). Expression of the catalytic domain of Ulp1 in the
nucleus reduces cell viability; however, the mechanism of this
dominant lethality is unknown. In addition, two myosin-like
proteins, Mlp1 andMlp2, which form filaments attached to the
nucleoplasmic side of the nuclear pore complex, are required to
localize Ulp1 to the nuclear envelope (31). Deletion of the Mlp
proteins results in DNA damage sensitivity and clonal lethality.
In a recent study, Esc1, a nuclear envelope protein not associ-
ated with the nuclear pore complex, was shown to be required
for proper assembly of the nuclear basket and for normal
nuclear pore complex localization of Ulp1 (32). Both Esc1 and
Ulp1 help to retain unspliced pre-mRNAs in the nucleus.
Ulp2—Ulp2-null cells exhibit temperature-sensitive growth,

chromosome instability, and hypersensitivity to DNA-damag-
ing agents (9). Ulp2 was shown to control chromosome cohe-
sion at centromeric regions and through modulation of the
function of DNA topoisomerase II (Top2) (33). Top2 mutants
resistant to Smt3 modification suppress the Ulp2 cohesion
defect, suggesting that Top2 is a major substrate regulating a
component of chromatin structure required for centromeric
cohesion. More recently, it was shown that Ulp2 is required for
resumption of cell division following DNA damage-induced
arrest but is not required for DNA double-strand break repair
(34).

Function of SUMO-specific Proteases

SENP1—The initial report of SENP1 showed that it is active
against both SUMO-modified RanGAP1 and PML in vitro (11).
However, SENP1 deconjugates only SUMO-PML but not
SUMO-RanGAP1 in vivo. The differential effect of SENP1 on
these two substrates in vivo was attributed to the nuclear
localization of SENP1. Thus, SENP1 is not able to regulate
SUMOylated RanGAP1, which is localized to the cytoplasmic
fibrils of the nuclear pore complex. This is probably an over-

simplification because SENP1 can potentially shuttle between
the nucleus and cytosol through a nuclear localization signal
and nuclear export sequence (12, 13).
Because the androgen receptor and its co-regulators are

SUMOylated (35, 36), the androgen/AR system is an ideal
model to study the role of SENPs in the regulation of a complex
biological pathway. In a functional screen, we found that
SENP1 is the most potent regulator of androgen receptor-de-
pendent transcription (37). SENP1 deconjugates SUMOylated
HDAC1 (histone deacetylase 1) to reduce its deacetylase activ-
ity, allowing transcription to increase manyfold over back-
ground levels. This is biologically relevant because SENP1 is
highly expressed in an early prostate cancer lesion called pros-
tatic intraepithelial neoplasia and prostate cancer tissues but
not in normal prostate tissues (18). Furthermore, the androgen
receptor directly regulates SENP1 transcription by binding to
an androgen-response element in the SENP1 promoter (38). To
further define the role of SENP1 in the development of prostate
cancer, we generated several SENP1 transgenic mouse lines
that were driven by an androgen receptor-dependent probasin
promoter (18). Preliminary studies showed that androgen
receptor-driven overexpression of SENP1 in the prostate gland
indeed leads to development of a prostatic intraepithelial neo-
plasia-like lesion at 4 months, which progressively increases in
severity. Thus, SENP1 is the first SENP shown to play a role in
disease pathogenesis in human.
In addition to regulating HDAC1, SENP1 also regulates

SIRT1, a class III histone deacetylase. Similar to HDAC1,
SUMOylation of SIRT1 increases its deacetylase activity, and
SENP1 reduces the deacetylase activity of SIRT1 (39). Further-
more, stress-inducing agents, such as UV radiation and hydro-
gen peroxide, promote the association of SIRT1 with SENP1.
Knocking down SENP1 by siRNA reduces stress-induced apo-
ptosis. Thus, SENP1 plays a critical role in stress-induced apo-
ptosis through de-SUMOylation of SIRT1, which regulates
members of the p53 family. In another study, it was shown that
SENP1 can be trapped in the cytosol by thioredoxin and that
TNF induces the release of SENP1 from thioredoxin through
a reactive oxygen species-dependent mechanism (40).
TNF-induced nuclear transport of SENP1 correlates with
de-SUMOylation of HIPK1 (homeodomain-interacting pro-
tein kinase 1) and cytoplasmic translocation of HIPK1, leading
to an increase in ASK-1 (apoptosis signal-regulating kinase 1)-
dependent apoptosis. Thus, it is clear that SENP1 can enhance
apoptosis through multiple mechanisms.
SENP1 also regulates c-Jun transcription by de-SUMOylat-

ing CRD1 (cell cycle regulator domain 1) of p300, thereby
releasing the cis-repression of CRD1 on p300 (41). This activity
may also add to the pro-carcinogenic profile of SENP1.Many of
the functional studies reported above were based on overex-
pression of SENP1 in cell lines or knocking down SENP1 by
siRNA. An important tool to reveal the true biology of SENP1 is
through the gene deletion approach in mice. A random retro-
viral insertion within the first intron the mouse SENP1 gene
leads to a marked reduction in the expression of SENP1 and
embryonic lethality at embryonic day 13.5 (42). It was shown
that thismutation causes an increase in SUMO1 conjugates but
not SUMO2/3 conjugates. The embryonic lethality was attrib-
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uted to placental abnormalities that are incompatible with
embryonic development.
My laboratory has generated SENP1 knock-out embryos

using a gene trapping strategy. We showed that inactivation of
the SENP1 gene causes embryonic lethality in mid-gestation in
mice as a result of severe fetal anemia stemming from deficient
Epo production (14). SENP1 controls Epo production by regu-
lating the stability of HIF1� (hypoxia-inducible factor 1�)
under hypoxic conditions. During normoxia, HIF1� is
hydroxylated at two critical proline residues by a family of oxy-
gen-sensing enzymes called PHD/EGLN (prolyl hydrolase
domain/egg laying-defective nine). Proline hydroxylation is
important for HIF1� to binds to its ubiquitin ligase complex,
the VHL-elongin B/C complex, leading to ubiquitination and
proteasomal degradation. It was assumed that under hypoxic
conditions, HIF1� is inefficiently proline-hydroxylated and
thus failed to bind to the VHL E3 complex and to become sta-
bilized. We showed that hypoxia induces rapid SUMOylation
of HIF1�, which allows it to bind to the VHL protein in a
hydroxyproline-independent manner, also leading to ubiq-
uitination and proteasomal degradation. SENP1 reverses
SUMOylation of HIF1�, reduces binding to the VHL protein,
and consequently stabilizes HIF1�. These results reveal that
SUMO can also serve as a signal for ubiquitin-mediated pro-
tein degradation. Thus, SENP1 plays a critical role in regu-
lating HIF1� stability during hypoxia. Because HIF1� regu-
lates multiple, critical downstream genes, such as Epo,
vascular endothelial growth factor, and GLUT-1, it has the
potential to regulate erythropoiesis, angiogenesis, glycolysis,
and the entire hypoxic response.
SENP2—SuPr-1 is anN-terminally truncated form ofmurine

SENP2 that has been shown to localize to the PML-containing
nuclear body (43). SuPr-1 induces c-Jun-dependent transcrip-
tion that does not require its isopeptidase activity; however,
mutations that affects SuPr-1 binding to PML impair transcrip-
tional activity. Thus, this particular transcriptional regulation is
not related to de-SUMOylation.
Another group reported an Axin-binding protein called

Axam, which is identical to SuPr-1 (44). The Axin-binding
domain is located in the central region of Axam, distant from
the catalytic domain. Axam was shown to decrease the level of
�-catenin dependent in its catalytic activity. Axam strongly
inhibits axis formation and theWnt signal inXenopus embryos.
Thus, de-SUMOylation through Axam plays a role in regula-
tion of the Wnt signaling pathway.
We have generated SENP2�/� embryos through a gene trap-

ping technique (14). SENP2�/� embryos died at embryonic day
9.5, much earlier than SENP1�/� embryos. Although not fully
characterized, SENP2 knock-out mice provide several impor-
tant insights. First, SENP1 and SENP2 perform non-redundant
functions in cells. Thus, they are not able to compensate for
each other in specific knock-out embryos. Comparing the
SENP1�/� and SENP2�/� mouse embryonic fibroblast cells,
we observed that hypoxia-regulated HIF1� stability was
affected only in the SENP1�/� mouse embryonic fibroblast
cells. Thus, SENP1 and SENP2 clearly have different substrate
specificity. This is important because most of the in vitro over-

expression systems will not be able to distinguish the activity
between these two closely related SENPs.
SENP3—The nucleolar localization of SENP3 suggests that it

may regulate certain aspects of nucleolar function (19–21). In
addition, SENP3 prefers SUMO2/3 as substrates (20, 21). These
two observations have narrowed down the number of SENP3
substrates. Indeed, SENP3 has recently been shown to associate
with nucleophosmin NPM1, a crucial factor in ribosome bio-
genesis (45). SENP3 deconjugates NPM1-SUMO2 conjugates
in vitro and counteracts ADP-ribosylation factor-induced
modification of NPM1 by SUMO2 in vivo. Depletion of SENP3
by siRNA interferes with nucleolar rRNAprocessing and inhib-
its the conversion of the 32 S rRNA species to the 28 S form, a
phenotype similar to knockdown of NPM1. These results
define SENP3 as an essential factor for ribosome biogenesis.
SENP5—Knockdown of SENP5 by siRNA inhibits cell prolif-

eration, exhibiting defects in nuclear morphology with appear-
ance of binucleate cells. These findings suggest that SENP5may
play a role inmitosis and/or cytokinesis (21). Another potential
target for SENP5 is the mitochondrial fission GTPase DRP1
(46). Overexpression of SENP5 deconjugates SUMO1 from a
number of mitochondrial substrates and rescues SUMO1-in-
ducedmitochondrial fragmentation. Knocking down SENP5 by
siRNA leads to development of mitochondrial abnormality.
The reduction of SENP5 levels also results in an increase in free
radicals. Thus, SENP5may play a role in the regulation ofmito-
chondrial morphology and metabolism. It is unclear whether
mitochondria are a true target for SENP5 because SENP5 is
mainly a nucleolar protease and prefers SUMO2/3 as
substrates.
SENP6—There is a discrepancy in terms of SENP6 localiza-

tion in the literature. The initial study showed that SENP6 is in
the cytosol (22), but our laboratory and others have clearly
demonstrated that SENP6 is in the nucleus (18, 23). Silencing
SENP6 causes redistribution of enhanced green fluorescent
protein-SUMO2 and -SUMO3 into PML bodies (23). It is not
clear whether SENP6 is involved in the regulation of PML bod-
ies in vivo.

Perspectives

Here, I would like to return to the issues raised at the opening
of this review. How can a limited number of SENPs regulate
such a large universe of SUMOylated substrates in mammalian
cells?
Each SENP contains anN-terminal sequence that is involved

in cellular localization. There are also nuclear localization sig-
nals and nuclear export signals in different regions of the
SENPs, so the SENPs should not be viewed as stationary pro-
teases that are limited to a single cellular localization. In fact,
the SENPs can be dynamically regulated by their import and
export signals through environmental influences. A good
example is the regulation of cytosolic and nuclear localization
of SENP1 by TNF (40).
Another way to regulate the SENPs is through transcriptional

control and post-translational regulation. We have shown that
SENP1 transcription is inducedbyandrogenand interleukin-6 (18,
38). Similar results were also reported for interleukin-6 induction
ofSENP1,which leads to de-SUMOylation of PML (47).We also
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have evidence that SENP1 is regulated by ubiquitin-mediated
degradation and has a short half-life. This can be regulated by
androgen and hypoxia. Thus, the level of each SENP can be
regulated by environmental factors.
The third way is to regulate the binding of SENPs to their

substrates. An example is that stress-inducing agents, such as
UV radiation and hydrogen peroxide, promote the binding of
SENP1 to SIRT1 (39). Another example is KLF5 (Kruppel-like
transcription f�actor 5), a crucial regulator of energy metabo-
lism.Under basal conditions, KLF5 ismodified by SUMOand is
associated with transcriptionally repressive regulatory com-
plexes (48). Upon agonist stimulation of peroxisome prolifera-
tor-activated receptor �, KLF5 is de-SUMOylated by SENP1
and becomes associated with transcriptional activation
complexes.
The fourth way is to regulate the activity of the SENPs. It has

been shown that at low concentrations, reactive oxygen species
result in the rapid disappearance of many SUMO conjugates,
including key transcription factors. This is due to direct and
reversible inhibition of SUMO-conjugating enzymes through
the formation of disulfide bonds involving the catalytic cys-
teines of the SUMO E1 subunit Uba2 and the E2-conjugating
enzyme Ubc9 (49). Similarly, H2O2 has been shown to induce
formation of an intermolecular disulfide linkage of SENP1 via
the active-site Cys-603 and a unique Cys-613 (50). This revers-
ible modification is also observed in Ulp1 but not in SENP2.
Through a combination of these mechanisms, SENPs should

be able to regulate a large number of biological systems in a
precise manner. In the coming years, conditional knock-out of
individual SENP genes will reveal interesting biology that will
further broaden our knowledge of this emerging field.
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Eukaryotes harbor a highly conserved mitochondrial pathway
for fatty acid synthesis (FAS), which is completely independent of
the eukaryotic cytosolic FAS apparatus. The activities of themito-
chondrial FAS system are catalyzed by soluble enzymes, and the
pathway thus resembles its prokaryotic counterparts. Except for
octanoicacid,which is thedirectprecursor for lipoicacidsynthesis,
other end products and functions of the mitochondrial FAS path-
way are still largely enigmatic. In addition to low cellular levels of
lipoic acid, disruption of genes encoding mitochondrial FAS
enzymes in yeast results in a respiratory-deficient phenotype and
small rudimentary mitochondria. Recently, two distinct links
between mitochondrial FAS and RNA processing have been dis-
covered in vertebrates and yeast, respectively. In vertebrates, the
mitochondrial 3-hydroxyacyl-acyl carrier protein dehydratase and
theRPP14 subunit of RNase P are encoded by the samebicistronic
transcript in an evolutionarily conserved arrangement that is
unusual for eukaryotes. In yeast, defects in mitochondrial FAS
result in inefficient RNase P cleavage in the organelle. The inter-
section of mitochondrial FAS and RNA metabolism in both sys-
tems provides a novelmechanism for the coordination of interme-
diarymetabolism in eukaryotic cells.

Mitochondrial research has been enjoying a renaissance during
the last two decades because of major discoveries of previously
unknown or overlooked processes such as mitochondrial fusion
and fission,mechanismsandregulationof transcriptionand trans-
lation, iron-sulfur cluster biogenesis, structure and assembly of
respiratory chain complexes, mitochondria-to-nucleus “retro-
grade” signaling, mechanisms of mitochondrial inheritance, pro-
grammed cell death, and the role of mitochondria in human dis-
ease. This review focuses on the process of fatty acid biosynthesis
discovered relatively recently in mitochondria.
The de novo synthesis of fatty acids in eukaryotes can take

place in at least two subcellular compartments: in the cyto-

plasm (FAS2 type I) and in mitochondria (FAS type II). Type II
synthesis has its genesis in bacteria and is also found in plant
chloroplasts (1). Why has the bacterial type FAS pathway been
maintained in mitochondria, when the “classic” cytoplasmic
pathway provides most of the cellular fatty acids? Surprisingly,
respiratory competence in yeast is dependent on the ability of
mitochondria to synthesize fatty acids.
Mitochondria in almost all eukaryotic organisms contain

their own genome encoding a small number of primarily hydro-
phobic subunits of the respiratory chain complexes and ATP
synthase (2). The genes are transcribed mainly in one or two
long transcripts in many organisms from mammals to Schizos-
accharomyces pombe (reviewed in Refs. 3 and 4) or as several
multigenic transcripts such as in Saccharomyces cerevisiae
(reviewed inRef. 5). tRNAprocessing is essential for the expres-
sion of mitochondrial mRNAs because tRNAs are interspersed
between the mRNAs in the genome-long vertebrate precursor
RNA (3) and are also co-transcribed with many of the Saccha-
romyces protein-encoding mRNAs (5). RNase P is responsible
for the endonucleolytic cleavages at the 5�-ends of the mature
tRNAs (6), whereas a distinct tRNA endonuclease frees the
3�-ends (7).We have shown that fatty acid biosynthesis inmito-
chondria is linked to RNase P expression in vertebrates (8) and
assembly and/or activity in Saccharomyces (9).
An intersection of two pathways frequently provides a point for

controlling metabolic fluxes. In some systems, intersecting path-
ways are switchedonor off in parallel, whereas in others, the path-
ways are regulated reciprocally. Our hypothesis is that the inter-
sectionof themitochondrial FAS II pathwaywithRNAprocessing
has beenmaintained throughout evolution as ameans to regulate
mitochondrial function relative to the nutritional state of the cell.
The details of the intersection in yeast and vertebrates are distinct.
Themitochondrial FAS pathway in yeast controls thematuration
or activity ofmitochondrial RNase P, which cleaves the 5�-leaders
of mitochondrial precursor tRNAs (9). In humans and in other
vertebrates as well, a nuclear bicistronic mRNA encodes both the
RPP14 subunit of RNase P and 3-hydroxyacyl-ACP dehydratase
(HTD2) in the FAS II pathway (8).

Mitochondrial FAS Enzymes and Pathways

The cytosolic FAS type I pathway comprises one (a
homodimer of �2-subunits in higher eukaryotes) or two (a het-
erododecamer of �6�6-subunits in fungi) multifunctional
polypeptides, whereas the mitochondrial pathway comprises
independent monofunctional polypeptides that carry out indi-
vidual steps in FAS (Fig. 1). The first component identified in
the mitochondrial pathway was isolated from Neurospora
crassa. Labeling with [14C]pantothenic acid led to the identifi-
cation of an ACP (10), and it was shown subsequently that the
Neurospora protein is indeed involved in de novo synthesis of
fatty acids in mitochondria (11). Other eukaryotes were also
shown to contain amitochondrial form of ACP (12). The initial
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identification of mitochondrial ACP as a structural component
of the membrane-bound bovine mitochondrial respiratory
Complex I was puzzling (13), but it was later shown that mam-
malian mitochondria also contain a soluble form of ACP (14).
Since the initial discovery of mitochondrial ACP, the mito-

chondrial FAS pathway has been well characterized, particu-
larly in S. cerevisiae. This model organism does not contain
Complex I but expresses mitochondrial ACP (encoded by the
ACP1 gene) and the entire remaining retinue of enzymes
required for the synthesis of saturated fatty acids in mitochon-
dria. The yeast malonyl-CoA:ACP transferase (Mct1) (15),
phosphopantetheine transferase (Ppt2) (16), ketoacyl synthase
(Cem1) (17), and ketoacyl reductase (Oar1) (15) are very similar
to their prokaryotic counterparts, whereas the yeastHFA1 gene
has been found to encode a mitochondrial acetyl-CoA carbox-
ylase homologous to cytosolic Acc1 (18). The yeast proteins
that catalyze the final two steps of the fatty acid elongation
cycle, Htd2 and 2-enoyl-ACP reductase (Etr1), do not have
clear sequence similarities to known prokaryotic FAS type II
enzymes. Mutations in the yeast HTD2 gene were identified
through a plasmid-loss, colony-sectoring screen in which the
complementing Escherichia coli homolog was expressed on a
plasmid (19). Our search for 2-enoyl-CoA reductase activity in
yeast led to the identification of mitochondrial Etr1 inCandida
tropicalis and its homolog in S. cerevisiae, Etr1/Mrf1� (20). In
contrast to an initial observation of nuclear localization for Etr1
(21), a series of subsequent experiments demonstrated that the
bulk of the protein was localized to the mitochondrial matrix

(20). Etr1 displayed enoyl thioester reductase activity and was
necessary to support the growth of yeast cells on a non-fer-
mentable carbon source (20).
With the exception of the hfa1�mutant, which is completely

respiratory-deficient only at higher temperatures, yeast strains
with lesions in the mitochondrial FAS pathway exhibit several
severe mitochondrial dysfunction phenotypes when grown at
30 °C. All of the strains are respiratory-deficient, exhibit a loss
of mitochondrial cytochromes, and have low levels of lipoic
acid. In contrast to the small mitochondria seen in deletion
mutants, overexpression of Etr1 or Htd2 results in swelling of
the mitochondrial compartment (19, 20).
Subsequent to the yeast work, several human FAS type II

homologs were isolated and characterized (Fig. 1), andmost have
been shown to complement the yeast mutant phenotypes (8, 22,
23). In the cases that have been reported, the mammalian genes
show strong expression in tissues with a high rate of respiration.

Lipoic Acid and Beyond

Neither the range of fatty acids produced by the mitochon-
drial FAS II pathway nor their roles in cellular metabolism have
been determined. In fungi, there is good experimental support
for the hypothesis that the pathway is the sole source of the
octanoic acid precursor required for the production of the
lipoic acid cofactor essential for PDH, �-ketoglutarate dehy-
drogenase, and glycine cleavage system function (9, 24–26).
Witkowski et al. (26) demonstrated carbon flow from a two-
carbon precursor to lipoic acid to the apoH protein (lipoic acid

FIGURE 1. Reactions and proteins of the mitochondrial FAS pathway. A, individual reactions of the FAS II pathway. As discussed in text, it remains to be
experimentally demonstrated that generation of acyl-ACP exceeds a chain length of C8 in vivo and that longer fatty acids have a role in mitochondrial
physiology. B, protein components of the mitochondrial FAS pathway and the corresponding genes in yeast and humans. All proteins of the mitochondrial FAS
pathway required to synthesize saturated fatty acids have been identified and at least partially characterized in bakers’ yeast. The enzymes responsible for
carboxylation of acetyl-CoA and the 3-ketoacyl-ACP reduction reaction in humans have not yet been determined.
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acceptor) of the glycine cleavage system when bovine heart
mitochondrial soluble extract was incubated with labeled
acetyl-ACP and malonyl-CoA. Lipoic acid is regarded as a
nutritional requirement for mammals (27), and mammalian
mitochondrial enzymes required for the attachment of the free
acid to target proteins have been characterized (28, 29). Thus, it
was puzzling when a cDNA encoding a mitochondrial lipoic
acid synthase was identified in a mammalian heart library (30).
Subsequently, it was shown that homozygotic inactivation of
the lipoic acid synthase gene inmouse causes embryonic lethal-
ity, and embryo survival cannot be rescued by supplementing
the diet of pregnantmothers with lipoic acid (31). Thus, critical
developmental processes require that lipoic acid be synthesized
in vivo in mammalian mitochondria.
In addition to octanoic acid, there is evidence accumulating

that the FAS II pathway also synthesizes longer fatty acids. In all
cases, enzymes of the mitochondrial FAS pathway (KAS/
CEM1, HTD2, and MECR/ETR1) show broad substrate speci-
ficity with regard to chain length. The active sites accept sub-
strates with short chains (C2) all the way up to C14–16 fatty acid
derivatives (22, 32, 33). Interestingly, the recently published
crystal structure of human MECR/ETR1 revealed a ligand-
binding pocket deep enough to accommodate acyl groups up to
16 carbons in chain length (33). These observations of active-
site pocket size suggest that the mitochondrial FAS pathway
may produce fatty acids longer than octanoic acid. Curiously,
the human CEM1 enzyme shows biphasic catalytic efficiencies,
peaking with the use of C6 and C10 substrates, as does ETR1
with C8 and C12–14 substrates (22, 33). These kinetic properties
may facilitate the generation and accumulation of the octanoyl-
ACP required for lipoic acid production, and some ACP mole-
cules may have the acyl chains extended.
Data obtained from work with isolated Neurosporamitochon-

dria indicate that the longest fatty acids produced by the mito-
chondrial FAS pathway in this fungus are myristic (C14) and
hydroxymyristic acids (11). The Trypanosoma brucei mitochon-
drial FAS pathway synthesizes C16 palmitoic acid (34). Where do
these longer fatty acids end up? Interestingly, disruption of the T.
brucei mitochondrial FAS pathway by the introduction of small
interfering RNA against ACP resulted in cellular phospholipid
composition changes (35). Some of the phenotypes of yeast mito-
chondrial FAS-deficient mutants such as loss of cytochromes and
mitochondrial swelling upon overexpression of Etr1 or Htd2 can-
not be explained simply by the loss or overproduction of octanoic
acid/lipoic acid alone, and therefore, a physiological function for
longer fatty acids produced by themitochondrial FAS pathway or
derivatives thereof must be postulated.
In addition to lipoic acid, myristoyl-ACP was generated in

the bovine heart mitochondrial extracts mentioned above (26).
Although a number of transferases using acyl-ACPs instead of
CoA esters as acyl group donors and glycerol-containing lipids
as acceptors are found in plastids and prokaryotes (36), to the
best of our knowledge, this type of transferase has not been
identified in mammals. Therefore, perhaps with the exception
of the 3-hydroxymyristyl-ACP found in Complex I of bovine
heart mitochondria (37), the destiny of other long chain acyl
groups synthesized onACP in protists, parasites, andmammals
remains to be determined.

Fatty Acid/Lipoic Acid Synthesis Is Required for tRNA
Processing in Yeast

Some 15 years ago, there was an initial hint of a role for mito-
chondrial lipids inmitochondrial RNAmetabolism. It was shown
thatmitochondrial tRNAprocessing inS. cerevisiaewasperturbed
in a strain that had a mutation in LIP5, which encodes lipoic acid
synthase (38).This enzyme inserts twosulfurs intooctanoicacid to
form lipoic acid (39). Mitochondrial tRNA processing requires
RNase P, a ribonucleoprotein complex that processes the 5�-ends
of tRNAs. In turn, the assembly of RNase P requires processing of
a mitochondrial precursor RNA containing the RPM1 RNA sub-
unit of RNase P and tRNAPro. A crucial early step in processing is
the RNase P cleavage at the 5�-end of the tRNA, which releases
RPM1RNA for further 5�- and 3�-trimming steps. Fully processed
RPM1 RNA assembles with the Rpm2 protein to form the active
holoenzyme (40).
A recent screen in S. cerevisiae for mutants defective in mito-

chondrial RNA processing focused on identifying genes encoding
previously uncharacterized enzymes involved in the 5�- and
3�-trimming of multigenic precursor RNAs (9). A strain with a
deletion in theHTD2 gene, which encodes the dehydratase in the
mitochondrial FAS pathway, was deficient in processing of the
RPM1 precursor RNA, specifically at the RNase P cleavage site,
which releases tRNAPro from the RPM1-tRNAPro precursor RNA
(Fig. 2).
How does Htd2, a FAS enzyme, influence RNA processing?

Several cases of mitochondrial proteins that have two inde-
pendent functions have been reported. For example, the Neu-
rospora tyrosyl-tRNA synthetase is required also for the exci-
sion of Group I introns in mitochondrial precursor RNAs (41).
Different surfaces of the enzyme bind to tRNA and to Group I
introns, respectively (42). In another case, the Saccharomyces
mitochondrial RNA polymerase has a separate domain that is
required for protein synthesis (43). To investigate whether
Htd2 is also a dual-function protein, we surveyed the deletion
strains affecting FAS II enzymes and found that they were all
deficient in RPM1 RNAmaturation. Thus, accumulation of the
RPM1-tRNAPro precursor RNAwas not the result of a defect in
one protein directly involved in RNA processing but was due to
loss of a product of the complete mitochondrial FAS pathway.
How is the FAS type II biosynthetic pathway tied to tRNA

processing through the biogenesis or activity of RNase P? In
yeast, a product of the mitochondrial FAS pathway is required
for either 1) specific maturation of RPM1 RNA and subsequent
assembly of the RNase P holoenzyme or 2) enhancement of
RNase P activity. A simple explanation would be that the Rpm2
protein component of RNase P undergoes a hitherto undiscov-
ered lipoic acylation, but we have shown that this is not the case
(9). Alternatively, a fatty acid or lipoic acid could associate non-
covalently with the RNase P enzyme or with the substrate, or
another protein with fatty acid/lipoic acid association could
chaperone RNase P assembly or activity. Our hypothesis that a
mitochondrial FAS pathway product plays a direct role in the
maturation of RNase P is reinforced by the finding that these
pathways are linked also in vertebrates. Although the details of
this connection are different for yeast and vertebrates, the out-
comemay be the same. The connections in both phyla hint at a
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mechanism for the regulation of mitochondrial gene expres-
sion in response to cellular metabolism.

Genetic Linkage between a Mitochondrial FAS Enzyme
and an RNase P Subunit in Vertebrates

Human mitochondrial FAS II components such as malonyl-
CoA:ACP transferase (44), �-ketoacyl synthase (OXSM) (22),
and ETR1 (23) were identified based on their similarity to cor-
responding bacterial and yeast proteins, but human homologs
of fungal Htd2 or prokaryotic fabA- or fabZ-type dehydratases
were not found by sequence matching (19). Instead, cDNAs
encoding the human dehydratase were identified by a func-
tional cloning approach in which the respiratory-deficient
htd2-1 yeast mutant strain was transformed with human cere-
bellum and kidney libraries, and transformants were selected
for their ability to grow on medium containing a non-ferment-
able carbon source (8). The isolation of human HTD2 allowed
the identification of a highly similar mitochondrial homolog
inT. brucei,whichhad evaded characterization before the iden-
tity of the human enzyme was established (32). In addition,
the recently characterized Mycobacterium tuberculosis 3-hy-
droxyacyl-ACP dehydratase is homologous to human HTD2
(45). Interestingly, all three proteins resemble the phaJ-type
dehydratases involved in polyhydroxyalkanoate synthesis
rather than the paradigmal E. coli fabA or fabZ dehydratases.

Surprising, however, was the finding that the plasmids rescu-
ing the htd2-1 yeastmutation contained humanRPP14 cDNAs,
which encode one subunit of the mammalian mitochondrial
RNase P complex. Closer analysis of the cDNAs revealed an
additional 3�-open reading frame encoding mitochondrial
HTD2. TheHTD2 gene was shown to be responsible for rescu-
ing the yeast mutation. The RPP14-HTD2 bicistronic mRNA
encodes two proteins with seemingly widely disparate roles and
is expressed most abundantly in heart and liver, human tissues
with robust mitochondrial function.

The emergence of this unusual
bicistronic arrangement in bony
fish implies that the mRNA struc-
ture has been preserved for 400mil-
lion years. Almost all eukaryotic
mRNAs are monocistronic because
translation is initiated by the small
ribosomal subunit, which scans
from the cap along the 5�-untrans-
lated region in search of the first
AUG start codon (46). How transla-
tion of the HTD2 dehydratase cod-
ing sequence is initiated 121 nucle-
otides 3� of the RPP14 stop codon
is a topic for future investigation.
Regardless of the mechanism of
translation initiation for the down-
stream reading frame, the fact that
the physical association has been
maintained over evolutionary time
suggests that this arrangement is
not spurious but allows co-tran-
scriptional regulation and is advan-

tageous in the coordination of mitochondrial gene expression.

Regulatory Loops

We propose that a positive feedback loop exists in yeast to reg-
ulatemitochondrial function in response topyruvateavailability in
glucose-grown cells (Fig. 2). FAS produces octanoic acid, which is
the substrate for lipoic acid synthesis. Lipoic acid is attached to
the E2 subunit of PDH and is required for the conversion of pyru-
vate to acetyl-CoA,which feeds into theFASpathway.Thus,when
the pyruvate supply is low, less acetyl-CoA would be available for
the FAS pathway, resulting in lower levels of lipoic acid and PDH
activity. A second positive feedback loop exists in the yeast mito-
chondrial RNase Pmaturation process, inwhich processing of the
RNase P RNA precursor, RPM1-tRNAPro, requires the action of
the RNase P enzyme itself (Fig. 2). Our data show that these two
regulatory loops are linked; disruption of the FAS pathway results
in lower levels of processed RPM1-tRNAPro precursor RNA and
all other mitochondrial tRNAs (9). Although not substantiated
experimentally, this feedback loopmay have a direct effect on the
synthesis of mitochondrially encoded components of the respira-
tory chain complexes.

Concluding Remarks and Future Directions

The conservation ofmitochondrial FAS argues against the idea
that thepathway is an evolutionary remnantof the ancestral endo-
symbiont. Rather, the view that this pathway plays a key role in
cellular metabolism is supported by the observation that inactiva-
tion of any of the genes encodingmitochondrial FAS components
inbakers’ yeast results in compromisedmitochondrial respiration.
The simplest explanation for the respiratory deficiency of these
mutants is a lack of cellular lipoic acid, which leads to subsequent
inactivation of �-keto acid dehydrogenase complexes. However,
the molecular link between the loss of lipoic acid and inefficient
mitochondrial RNA processing in yeast has not been explained,
and the elucidation of this connection will remain a major chal-

FIGURE 2. Metabolic fluxes and functional links associated with the mitochondrial FAS type II pathway in
yeast. Solid arrows represent metabolic fluxes, and dashed arrows indicate functional links. The large arrow
indicates that an unidentified product of fatty acid or lipoic acid synthesis or a derivative thereof affects the
efficiency of RNase P processing of the RPM1-tRNAPro precursor RNA. Alternative sources of acetyl-CoA other
than that generated by PDH (pyruvate bypass, amino acid breakdown, or transfer of extramitochondrially
produced acetyl units) have been omitted for clarity. FAs, fatty acids; �-KDH, �-ketoglutarate dehydrogenase.
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lenge for our future work. Intriguingly, diminishedmitochondrial
tRNAprocessing due to restrictedmitochondrial RNase P activity
may affect the rate ofmitochondrial protein synthesis and explain
the observed loss of functional respiratory complexes. Hence, the
exploration at the molecular level of how a product of the FAS
pathway affects the intramitochondrial maturation of the RPM1
RNAand tRNAprocessing in yeast should lead to a deeper under-
standing of howmitochondria coordinatemitochondrialmetabo-
lismwith gene expression.
The link between the mitochondrial FAS II pathway and

RNA processing is also reflected in the co-transcription of
mammalian HTD2 with a subunit of RNase P. How vertebrate
HTD2 is translated from theRPP14-HTD2 transcript is another
unanswered question. This unusual bicistronic transcript may
prove to be an interesting candidate for the study of regulatory
mechanisms affecting translation initiation downstream of a
stop codon in a higher eukaryote.
Of the remaining uncharacterized components ofmitochon-

drial FAS in mammals, 3-ketoacyl-ACP reductase has resisted
identification. Likewise, it is not clear which protein(s) are
responsible for the generation of malonyl-CoA. Because all
other components of themitochondrial FAS pathway are local-
ized in themitochondrial matrix, 1) the malonyl groupmust be
transported across the mitochondrial membranes from the
cytosol to the mitochondria, or 2) malonyl-CoA must be syn-
thesized in the mitochondrial matrix. It is noteworthy in this
context that human mitochondrial malonyl-CoA:ACP trans-
ferase has been identified (44), and characterization of the
human homolog of yeast Cem1, OXSM, has demonstrated the
dependence of the condensing reaction on the presence ofmal-
onyl-ACP in the mitochondrial matrix (22).
Data available from reconstitution experiments show that

the components of the mitochondrial FAS pathway can gener-
ate acyl groups up to a C16 chain length in vitro (26). This result
is in agreement with the kinetic data obtained with purified
mitochondrial FAS enzymes from various sources (22, 33).
However, the ultimate function of the long chain acyl groups
remains a mystery. One candidate for an example of long chain
acylation is 3-hydroxymyristyl-ACP, a component of Complex
I of mammalian mitochondria (37). Even though the phospho-
lipid composition of mitochondria was shown to be affected in
yeast strains with a disrupted mitochondrial FAS pathway (17),
it is not known whether this is a direct effect due to decreased
channeling of mitochondrially synthesized fatty acids into
phospholipids or a pleiotropic effect due to a disturbed mito-
chondrialmetabolism. Future labeling experiments designed to
follow mitochondrially synthesized fatty acids and destination
thereof may help to answer these important questions.
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Cyclic nucleotide-regulated cation channels are ion chan-
nels whose activation is regulated by the direct binding of
cAMP or cGMP to the channel protein. Two structurally
related families of channels regulated by cyclic nucleotides
have been identified, the cyclic nucleotide-gated channels
and the hyperpolarization-activated cyclic nucleotide-gated
channels. Cyclic nucleotide-gated channels play a key role in
visual and olfactory transduction. Hyperpolarization-acti-
vated cyclic nucleotide-gated channels are present in the con-
duction system of the heart and are involved in the control of
cardiac automaticity. Moreover, these channels are widely
expressed in central and peripheral neurons, where they con-
trol a variety of fundamental processes.

Cyclic nucleotides exert their physiological effects by binding
to four major classes of cellular receptors: cAMP- and cGMP-
dependent protein kinases (1, 2), cGMP-regulated phosphodi-
esterases (3), cAMP-binding guanine nucleotide exchange fac-
tors (4), and cyclic nucleotide-regulated cation channels. Cyclic
nucleotide-regulated cation channels are unique among these
receptors because their activation is directly coupled to the
influx of extracellular cations into the cytoplasm and to the
depolarization of the plasma membrane. Two families of chan-
nels regulated by cyclic nucleotides have been identified, the
CNG2 and HCN channels (5–9). The two channel classes differ
from each other with regard to their mode of activation. CNG
channels are opened by direct binding of cAMP or cGMP. In
contrast, HCN channels are principally operated by voltage.
These channels open at hyperpolarized membrane potentials
and close upon depolarization. Apart from their voltage sensi-
tivity, HCN channels are also activated directly by cyclic nucle-
otides, which act by increasing the channel open probability.

General Features of Cyclic Nucleotide-regulated Cation
Channels

Structurally, CNG and HCN channels are members of the
superfamily of voltage-gated cation channels (10). Like other
subunits encoded by this large gene family, CNG and HCN

channel subunits assemble into tetrameric complexes. The pro-
posed structure and the phylogenetic relationship between
mammalian CNG andHCN channel subunits are shown in Fig.
1 (see also Table 1). The transmembrane channel core consists
of six �-helical segments (S1–S6) and an ion-conducting pore
loop between S5 and S6. The N and C termini are localized in
the cytosol. CNG and HCN channels contain a positively
charged S4 helix carrying three to nine regularly spaced argi-
nine or lysine residues at every third position. InHCNchannels,
as in most other members of the channel superfamily, the
S4 helix functions as a “voltage sensor,” conferring voltage-de-
pendent gating. However, inward movement of S4 charges
through the plane of the cell membrane leads to opening of
HCN channels, whereas it triggers the closure of depolariza-
tion-activated channels such as the Kv channels (11). The
molecular determinants underlying the different polarity of the
gating mechanism between HCN and depolarization-gated
channels remain to be determined. InCNGchannels, which are
not gated by voltage, the specific role of S4 is unknown.
CNG and HCN channels reveal different ion selectivities.

CNG channels pass monovalent cations such as Na� and K�

but do not discriminate between them. Ca2� is also permeable
but at the same time acts as a voltage-dependent blocker of
monovalent cation permeability (12). By providing an entry
pathway for Ca2�, CNG channels control a variety of cellular
processes that are triggered by this cation. HCN channels con-
duct Na� and K� with permeability ratios of �1:4 and are
blocked by millimolar concentrations of Cs� (13–15). Despite
this preference for K� conductance, HCN channels carry an
inward Na� current under physiological conditions. HCN
channels can also conduct Ca2� but not as well as CNG chan-
nels. At 2.5 mM external Ca2�, the fractional Ca2� current of
HCN2 and HCN4 is �0.5%, whereas for native CNG channels,
it is in the range of 10–80% (16).
In the C terminus, CNG andHCN channels contain a CNBD

that has significant sequence similarity to the CNBDs of most
other types of cyclic nucleotide receptors. The crystal structure
of the CNBD has been determined for HCN2 (17), the HCN
channel from sea urchin (18), and a bacterial cyclic nucleotide-
regulated potassium channel (19). In CNG channels, the bind-
ing of cyclic nucleotides to the CNBD initiates a sequence of
allosteric transitions that lead to the opening of the ion-con-
ducting pore (7). In HCN channels, the binding of cyclic nucle-
otides is not required for activation. However, cyclic nucleo-
tides shift the voltage dependence of channel activation tomore
positivemembrane potentials and thereby facilitate voltage-de-
pendent channel activation (13–15). Despite the fact that the
CNBDs of HCN and CNG channels show significant sequence
homology, the two channel classes reveal different selectivities
for cyclic nucleotides. HCN channels display an �10-fold
higher apparent affinity for cAMP than for cGMP, whereas
CNG channels select cGMP over cAMP (5, 7). Recently, amino
acid residues determining this difference have been identified
(18, 20).
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CNG Channels

CNG channels are expressed in retinal photoreceptors and
olfactory neurons and play a key role in visual and olfactory
signal transduction (5, 6, 8). CNGchannels are also found at low
density in some other cell types and tissues such as brain, testis,
and kidney (5). Whereas the function of CNG channels in sen-

sory neurons has been unequivo-
cally demonstrated, the role of these
channels in other cell types remains
to be established. Based on the phy-
logenetic relationship, the six CNG
channels identified in mammals are
divided in two subfamilies, the A
subunits (CNGA1–4) and the B
subunits (CNGB1 and CNGB3)
(Fig. 1). CNG channel A subunits
(with the only exception of CNGA4)
form functional homomeric chan-
nels in various heterologous expres-
sion systems. In contrast, the B sub-
units do not give rise to functional
channels when expressed alone.
However, when coexpressed with
CNGA1–3, they confer novel prop-
erties (e.g. single channel flickering,
increased sensitivity for cAMP and
L-cis-diltiazem) that are characteris-
tic of native CNG channels (5).
Recent genetic studies in mice indi-
cate that besides modulating intrin-
sic channel properties, the B sub-
units also play a key role in principal
channel formation and channel tar-
geting in native sensory neurons
(21, 22). The subunit composition is
known for three native CNG chan-
nels: the rod and cone photorecep-
tor channels and the olfactory chan-

nel. The CNG channel of rod photoreceptors consists of the
CNGA1 subunit and a long isoform of the CNGB1 subunit
(CNGB1a) (3:1 stoichiometry) (23–25). The cone photorecep-
tor channel consists of the CNGA3 and CNGB3 subunits (2:2
stoichiometry) (26). CNG channels control the membrane
potential and the calcium concentration of photoreceptors. In
the dark, both channels are maintained in the open state by a
high concentration of cGMP. The resulting influx of Na� and
Ca2� (“dark current”) depolarizes the photoreceptor and
promotes synaptic transmission. Light-induced hydrolysis of
cGMP leads to the closure of the CNG channel. As a result,
the photoreceptor hyperpolarizes and shuts off synaptic glu-
tamate release. Mutations in the CNGA1 (27) and CNGB1
(28) subunits have been identified in the genome of patients
suffering from retinitis pigmentosa. The functional loss of
either the CNGA3 (29, 30) or CNGB3 (31) subunit causes
total color blindness (achromatopsia) and degeneration of
cone photoreceptors.
The CNG channel expressed in cilia of OSNs consists of

three different subunits: CNGA2, CNGA4, and a short isoform
of the CNGB1 subunit (CNGB1b) (2:1:1 stoichiometry) (32).
The channel is activated in vivo by cAMP, which is synthesized
in response to the binding of odorants to their cognate recep-
tors. The olfactory CNG channel mainly conducts Ca2� under
physiological ionic conditions (33). The increase in cellular
Ca2� activates a Ca2�-activated Cl� channel, which further

FIGURE 1. A, phylogenetic tree and structural model of mammalian cyclic nucleotide-regulated cation chan-
nels. The CNG channel family comprises six members, which are classified into A subunits (CNGA1– 4) and B
subunits (CNGB1 and CNGB3). The HCN channel family comprises four members (HCN1– 4). B, CNG and HCN
channel subunits share a common transmembrane topology, consisting of six �-helical segments (S1–S6) and
a pore loop (P). In the cytosolic C terminus, all subunits carry a CNBD that is functionally coupled to the
transmembrane channel core via the C-linker domain. The S4 segment contains a series of positively charged
residues and forms the voltage sensor in HCN channels. CNG channels are activated in vivo by binding of either
cAMP (cA) or cGMP (cG), depending on the channel type. HCN channels activate upon membrane hyperpolar-
ization. Binding of cAMP to the CNBD produces an allosteric conformational change that increases the open
probability of the channel pore. C, four subunits assemble to form functional CNG and HCN channels, respec-
tively. There is no evidence for the formation of mixed CNG-HCN channel tetramers.

TABLE 1
Molecular properties of cyclic nucleotide-regulated cation channels
aa, amino acids; pS, picosiemens; NE, not established.

Subunit Primary sequence Conductance Glycosylation

CNGA1 683 aaa,b 25–30 pSc Yes (66)
CNGA2 664 aaa 35 pSc Yes (67)
CNGA3 631 aaa 40 pSc NE
CNGA4 575 aaa No (67)
CNGB1a 1339 aad No (66)
CNGB1b 858 aad No (67)
CNGB3 694 aaa NE
HCN1 910 aaa NEe Yes (68, 69)
HCN2 863 aaa NEe Yes (69)
HCN3 779 aaa NEe Yes (70)
HCN4 1201 aaa NEe Yes (69)

a This is the mouse isoform.
b The proximal N terminus of CNGA1 is proteolytically cleaved in rod outer
segments (71).

c This was in calcium-free solution.
d This is the rat isoform.
e There is an ongoing controversy on the size of the single channel conductance of
HCN channels. Originally, single channel conductance was found to be very low,
being in the range of �1 pS (72). This estimate is in good agreement with very
recent data (73). However, single channel conductances that are 10–30 times
higher have been reported by Michels et al. (74).
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depolarizes the cell membrane. Ca2� is not only a permeating
ion of the olfactory CNG channel but also an important mod-
ulator of this channel. By forming a complex with CaM, which
binds to the CNGB1b and CNGA4 subunits, Ca2� decreases
sensitivity of the CNG channel to cAMP (33). Fast Ca2�/CaM
desensitization of the CNG channel has been inferred to be the
dominant mechanism of OSN adaptation to repeated stimula-
tion and also to play a role in adaptation during sustained stim-
ulation (34–36). However, analysis of a genetic mouse model
lacking fast Ca2�/CaMdesensitization (CNGB1�CaMmice) has
challenged this hypothesis (37). CNGB1�CaM mice showed
normal receptor current adaptation to repeated stimulation.
Rather, the mice displayed slower response termination and,
consequently, reduced ability to transmit olfactory information
to the olfactory bulb. They also displayed reduced response
decline during sustained odorant exposure. These results sug-
gest that Ca2�/CaM-mediated CNG channel fast desensitiza-
tion is less important in regulating the sensitivity to recurring
stimulation than previously thought and instead functions pri-
marily to terminate OSN responses.

HCN Channels

Acation current that is slowly activated bymembrane hyper-
polarization (termed Ih, If, or Iq) is found in a variety of excitable
cells, including neurons, cardiac pacemaker cells, and photore-
ceptors (38). The best established function of Ih is to control
heart rate and rhythm by acting as “pacemaker current” in the
SA node (39). Ih is activated during the membrane hyperpolar-
ization following the termination of an action potential and
provides an inward Na� current that slowly depolarizes the
plasma membrane. Sympathetic stimulation of SA node cells
raises cAMP levels and increases Ih by a positive shift of the
current activation curve, thus accelerating diastolic depolariza-
tion and heart rate. Stimulation of muscarinic receptors slows
down heart rate by the opposite action. In neurons, Ih fulfills
diverse functions, including generation of pacemaker poten-
tials, control of membrane potential, generation of rebound
depolarizations during light-induced hyperpolarizations of
photoreceptors, dendritic integration, and synaptic transmis-
sion (9, 40, 41).
HCN channels represent the molecular correlate of the Ih

current (13–15). In mammals, the HCN channel family com-
prises four members (HCN1–4) that share �60% sequence
identitywith each other and�25% sequence identitywithCNG
channels. The highest degree of sequence homology between
HCN and CNG channels is found in the CNBD. When ex-
pressed in heterologous systems, all four HCN channels gener-
ate currents displaying the typical features of native Ih: activa-
tion by membrane hyperpolarization, permeation of Na� and
K�, positive shift of the voltage dependence of channel activa-
tion by direct binding of cAMP, and channel blockade by extra-
cellular Cs�. HCN1–4 mainly differ from each other with
regard to their speed of activation and the extent by which they
are modulated by cAMP. HCN1 is the fastest channel, followed
by HCN2, HCN3, and HCN4. Unlike HCN2 and HCN4, whose
activation curves are shifted by about�15mVby cAMP,HCN1
and HCN3 are only weakly affected by cAMP, if at all. Site-
directed mutagenesis experiments have provided initial insight

into the complex mechanism underlying dual HCN channel
activation by voltage and cAMP. As in other voltage-gated cat-
ion channels, activation of HCN channels is initiated by the
movement of the positively charged S4 helix in the electric field
(11). The resulting conformational change in the channel pro-
tein is allosterically coupled by other channel domains to the
opening of the ion-conducting pore. Major determinants
affecting channel activation are the intracellular S4-S5 loop, the
S1 segment, and the extracellular S1-S2 loop (42–44). The
CNBD fulfills the role of an autoinhibitory channel domain. In
the absence of cAMP, the cytoplasmic C terminus inhibits
HCN channel gating by interacting with the channel core and
thereby shifting the activation curve to more hyperpolarizing
voltages (45). Binding of cAMP to the CNBD relieves this inhi-
bition. Differences in the magnitude of the response to cAMP
among the four HCN channel isoforms are largely due to dif-
ferences in the extent to which the CNBD inhibits basal gating.
It remains to be determined if the inhibitory effect of the CNBD
is conferred by a direct physical interaction with the channel
core domain or by some indirect pathway. There is initial evi-
dence that the so-called C-linker, a peptide of �80 amino acids
that connects the last transmembrane helix (S6) to the CNBD,
plays an important role in this process. The C-linker was also
shown to play a key role in the gating of CNG channels, sug-
gesting that the functional role of this domain has been con-
served during channel evolution (7, 46, 47).
HCNchannels are found inneurons andheart cells. Inmouse

and rat brains, all four HCN channel isoforms have been
detected (48, 49). HCN2 is the most abundant channel and is
found almost ubiquitously in the brain. In contrast, HCN1,
HCN3, and HCN4 are enriched in specific regions of the brain
such as the thalamus (HCN4), hippocampus (HCN1), and
olfactory bulb and hypothalamus (HCN3). HCN channels have
also been detected in the retina and some peripheral neurons
such as dorsal root ganglion neurons. In SA node cells, HCN4
represents the predominantly expressedHCNchannel isoform.
In addition, minor amounts of HCN1 and HCN2 are also pres-
ent in these cells. Insights into the (patho)physiological rele-
vance of HCN channels have been gained from the analysis of
mouse lines lacking individual HCN channel isoforms. Disrup-
tion of HCN1 impairs motor learning but enhances spatial
learning and memory (50, 51). Deletion of HCN2 results in
absence epilepsy, ataxia, and sinus node dysfunction (52). Mice
lacking HCN4 die in utero because of the failure to generate
mature SA pacemaker cells (53). Interestingly, mice in which
HCN4 is deleted at the adult stage are viable but display cardiac
arrhythmia characterized by recurrent sinus pauses (54). The
key role of HCN4 in controlling heart rhythmicity is corrobo-
rated by genetic data from human patients. Mutations in the
human HCN4 gene leading to mutated or truncated channel
proteins have been found to be associated with sinus bradycar-
dia (55–58) and complex cardiac arrhythmia (56).

HCN Channels as Therapeutic Targets

Given the key role of HCN channels in cardiac pacemaking,
these channels are promising pharmacological targets for the
development of drugs used in the treatment of cardiac arrhyth-
mias and ischemic heart disease. HCN channels are not
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expressed in vascular and airway smooth muscles. As a conse-
quence, specific HCN channel blockers are expected to have no
side effect on the peripheral resistance. Notably, unlike the well
established �-adrenoreceptor blockers, HCN channel blockers
would not impair pulmonary function in patients with
asthma or obstructive pulmonary disease. Recently, ivabra-
dine (S16257, Procoralan) was approved as the first therapeutic
Ih blocker (59). Ivabradine blocks cardiac Ih at low micromolar
concentrations and is used in the treatment of stable angina
pectoris. Other known Ih blockers with blocking mechanisms
related to that of ivabradine are ZD7288, zatebradine, and cilo-
bradine (60). These blockers were not introduced into therapy
because they either lacked specificity or exerted unacceptable
side effects, in particular visual disturbances due to the inhibi-
tion of retinal Ih. Interestingly, thewell known�2-adrenorecep-
tor agonist clonidine also effectively blocks HCN channels (61).
The block of cardiac Ih (mainly conferred by HCN4) contrib-
utes significantly to the bradycardic effect of clonidine. Modu-
lation of Ih may also be a promising approach for treatment of
disease processes in the central andperipheral nervous systems.
For example, Ih is up-regulated in dorsal root ganglion neurons
in response to nerve injury, making HCN channels interesting
candidates for therapeutic modulation of inflammation and
neuropathic pain (62). Moreover, agents acting on HCN chan-
nels may be utilized in the treatment of epilepsies (63). Finally,
HCN1 and HCN2 channels are inhibited by clinically relevant
concentrations (�0.5 mM) of the inhalational anesthetics halo-
thane and isoflurane (64). Similarly, the intravenous anesthetic
propofol inhibits and slows the activation of native and
expressedHCNchannels (65). Thus,modulation of Ihmay con-
tribute to clinical actions of anesthetic agents.
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29. Kohl, S., Marx, T., Giddings, I., Jägle, H., Jacobson, S. G., Apfelstedt-Sylla,

E., Zrenner, E., Sharpe, L. T., and Wissinger, B. (1998) Nat. Genet. 19,
257–259

30. Biel, M., Seeliger, M., Pfeifer, A., Kohler, K., Gerstner, A., Ludwig, A.,
Jaissle, G., Fauser, S., Zrenner, E., andHofmann, F. (1999)Proc. Natl. Acad.
Sci. U. S. A. 96, 7553–7557

31. Sundin, O. H., Yang, J. M., Li, Y., Zhu, D., Hurd, J. N.,Mitchell, T. N., Silva,
E. D., and Maumenee, I. H. (2000) Nat. Genet. 25, 289–293

32. Zheng, J., and Zagotta, W. N. (2004) Neuron 42, 411–421
33. Bradley, J., Reisert, J., and Frings, S. (2005) Curr. Opin. Neurobiol. 15,

343–349
34. Boccaccio, A., Lagostena, L., Hagen, V., and Menini, A. (2006) J. Gen.

Physiol. 128, 171–184
35. Kurahashi, T., and Menini, A. (1997) Nature 385, 725–729
36. Munger, S. D., Lane, A. P., Zhong, H., Leinders-Zufall, T., Yau, K. W.,

Zufall, F., and Reed, R. R. (2001) Science 294, 2172–2175
37. Song, Y., Cygnar, K. D., Sagdullaev, B., Valley, M., Hirsh, S., Stephan, A.,

Reisert, J., and Zhao, H. (2008) Neuron 58, 374–386
38. Pape, H. C. (1996) Annu. Rev. Physiol. 58, 299–327
39. Baruscotti, M., Bucchi, A., and DiFrancesco, D. (2005) Pharmacol. Ther.

107, 59–79
40. Robinson, R. B., and Siegelbaum, S. A. (2003) Annu. Rev. Physiol. 65,

453–480
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Transmembrane domain orientation within somemembrane
proteins is dependent on membrane lipid composition. Initial
orientation occurs within the translocon, but final orientation is
determined aftermembrane insertionby interactionswithin the
protein and between lipid headgroups and protein extramem-
branedomains. Positively andnegatively charged amino acids in
extramembrane domains represent cytoplasmic retention and
membrane translocation forces, respectively, which are deter-
minants of protein orientation. Lipids with no net charge
dampen the translocation potential of negative residues work-
ing in opposition to cytoplasmic retention of positive residues,
thus allowing the functional presence of negative residues in
cytoplasmic domains without affecting protein topology.

Membrane Protein Assembly

Membrane protein topogenesis, the process by which TM4

orientation of amembrane protein is determined, is directed by
a combination of several factors, leading to a predictable final
organization for many but not all membrane proteins (1, 2).
Initial TM topology is determined by topogenic signals
residing within the protein sequence (1, 3) and protein inter-
action with the ribosomal channel (4) and the translocon
machinery (5). Final topology is determined after the com-
pleted polypeptide chain exits the translocon by internal
protein-protein interactions and protein-membrane lipid
interactions during folding into the final compact protein
(6–8). Although TM organization of many membrane pro-
teins is established, the process by which these domains
achieve their final orientation with respect to the plane of the
membrane bilayer is not fully understood.

The biogenesis of polytopic membrane proteins has been
extensively reviewed (9, 10). The signal recognition particle
binds to the N-terminal signal sequence of a nascent polypep-
tide as it exits the ribosome and directs the docking of the com-
plex onto the membrane-integrated translocon via interaction
with the signal recognition particle receptor. Translation pro-
ceeds with the N-terminal extramembrane domain exiting the
translocon on either the cytoplasmic (cis) or opposite (trans)
side of the membrane. The first TM translates into the translo-
con pore and then exits laterally into the hydrophobic core of
the membrane bilayer. The next extramembrane domain gen-
erally exits the translocon on the opposite side of themembrane
relative to the preceding extramembrane domain, followed by a
repeat of the above cycle until the initial insertion and orienta-
tion of TMs are completed. Therefore, the side of the mem-
brane throughwhich the flanking extramembrane domains exit
the translocon initially determines the orientation of each TM.
This initial orientation is governed by interaction of the nascent
polypeptide with the ribosomal and translocon channels and is
largely determined by the “positive inside rule,” which is based
on the statistically and biochemically verified observation that
the overwhelming majority of extramembrane domains facing
the cytoplasm carry a net positive charge in contrast to the
trans-domains, which carry either no charge or a net negative
charge (1).
TMs may adopt an initial topology by direct charge interac-

tions of the proteinwith the translocon and ribosome; however,
the contribution of these molecular machines to topological
decisions is limited by time, the size of newly synthesized pro-
tein, and the effective size of the translocation pore, which is
still matter of debate (5, 9). The molecular basis for the positive
inside rule is not fully understood, nor is the dominant effect of
positively over negatively charged residues in determining final
orientation of TMs. The positive inside rule is not absolute
because cytoplasmic residency of net negatively charged
domains is observed (11, 12), but in domains containing both
positive and negative residues, the retention potential of the
former generally dominants over the translocation potential of
the latter (1, 2). Negative residues exhibit significant transloca-
tion potential when in excess over positive residues (1), flank a
TM of low hydrophobicity (13), or lie within six residues of the
TM-aqueous interface (3).
Once the nascent chain exits the translocon, final topology

and folding events are governed by interactions with molecular
chaperones, interactions within the protein itself, and interac-
tions between the protein and the lipid environment that result
in a thermodynamically determined energy minimum for the
system (8, 14). Themembrane environment is a complexmilieu
composed of the hydrophobic lipid bilayer, the flanking hydro-
philic lipid headgroups, and the interfacial region that bridges
the membrane surface with the aqueous solution surrounding
membranes (15). Therefore, the folding environment of a
membrane protein is considerably more complex than that of a
soluble protein due to the necessity to attain an energy mini-
mum that satisfies a range of hydrophobic, hydrophilic, and
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ionic interactions. The lipid bilayer has largely been treated as a
static hydrophobic domain flanked by unspecified ionic groups
much like a detergent micelle. However, biological membranes
are highly dynamic structures made up of lipids with a broad
spectrum of hydrophobic domains and headgroups that range
from uncharged to zwitterionic to anionic. Because of the com-
plexity of membrane protein assembly, only recently have the
properties of the lipid bilayer been considered as a determinant
of the final topological organization of membrane proteins.
This reviewwill focus on the role of lipid-protein interactions in
determining the final organization of polytopicmembrane pro-
teins in bacteria. A more extensive review of this topic is avail-
able (16).

Engineering Changes in Membrane Lipid Composition

Because the overall lipid composition of most membranes
remains relatively constant despite dynamic local changes in
lipid composition, a role for lipid composition in determining
membrane protein organization is not readily detected in wild-
type cells. However, molecular genetic manipulation of mem-
brane lipid composition (17) has revealed that the determinants
of topological organization encoded into the amino acid
sequence of membrane proteins are dependent on the host
membrane lipid composition (6, 8, 11, 12). The engineering of
Escherichia colimutants with altered native phospholipid com-
position and the introduction of foreign lipids into these
mutants provide powerful reagents to dissect the dependence
of protein topology on the lipid environment. E. coli phospho-
lipid composition (Fig. 1) varies from 70 to 80% PE, 20 to 25%
PG, and 5 to 10% CL. Null mutants in the pssA gene are viable,
have defects in cell division and secondary solute transporters,
and lack amine-containing and zwitterionic lipids downstream
of the left branch of the pathway (17). Null mutants in the pgsA

gene (18) are also viable, require second site repressor muta-
tions for viability; show reduced rates of protein translocation
across the inner membrane; and have �10% anionic phospho-
lipids, which aremainly the precursors to PGP. Placing the pssA
gene under the control of an inducible promoter allows synthe-
sis and membrane assembly of a target membrane protein in
the absence of PE, followed by induction of PE synthesis to
study the effects of changes in the lipid environment post-as-
sembly of protein in vivo (6, 8, 11). The foreign neutral lipids
MGlcDAG (19) and DGlcDAG (20) and the zwitterionic lipid
PC5 can be synthesized in PE-lacking E. coli by introducing the
appropriate foreign genes. These foreign lipids correct many of
the phenotypes of PE-lacking cells. This collection of “lipid
reagents” has been essential to define specific roles for lipids in
determining the organization and function of a subset of mem-
brane proteins in vivo.

Lactose Permease as a Model for Studying Lipid-Protein
Interactions

Lactose permease (LacY) of E. coli is a paradigm for second-
ary transporters that couple uphill movement of solutes across
membranes to the membrane electrochemical potential (21).
LacYhas 12TMswith its termini facing the cytoplasm (Fig. 2A).
The cytoplasmic domains follow the positive inside rule, with
the periplasmic domains being neutral or net negative. The
crystal structure (22) and biochemical studies (23) demonstrate
that the final structure results from the independent folding of
the two halves of LacY into compact six-TM helical bundles
connected by an extramembrane cytoplasmic domain (C6).
Reconstitution of LacY into liposomes of total E. coli lipids
results in native uphill energy-dependent transport and down-
hill energy-independent transport, whereas liposomes com-
posed of PG and CL with or without PC support only downhill
transport (24). The dependence on PE for full activity of LacY
was demonstrated to be physiological by the lack of uphill
transport in E. coli mutants (pssA null) lacking PE (25), which
provided the rationale to investigate whether lipid composition
affects protein structure.
Beginningwith a topologicalmodel of LacY in PE-containing

cells, whichwas validated by high-resolution structural analysis
(22), the orientation of TMs with respect to the plane of the
bilayer was determined based on the cytoplasmic or periplas-
mic residence of the extramembrane domains of LacY as a
function of membrane lipid composition (Fig. 2A). The acces-
sibility to a membrane-impermeable sulfhydryl reagent of sin-
gle-cysteine replacements in the extramembrane domains of
LacY in the membrane of whole or broken cells was used to
determine the orientation of neighboring TMs (26). The sur-
prising observation was that in cells lacking PE (Fig. 2B), the
N-terminal six-TM bundle was completely inverted with
respect to the C-terminal bundle and the membrane bilayer (6,
8), with TMVII now exposed to the periplasm (8). LacY is fully
stable in this inverted configuration and exhibits only downhill
transport of substrate, indicating that it is in a new compact
folded state (6, 8). Evenmore remarkable is that synthesis of PE
post-assembly of LacY (Fig. 2C) induces a near-complete inver-

5 P. Heacock, M. Bogdanov, and W. Dowhan, unpublished data.

Glycerol-3-P

CTP

L-Serine

CO2 Pi

Phosphatidylglycerol

1) cdsA

2) pssA 4) pgsA

3) psd 5) ??

6) cls

CDP-DIACYLGLYCEROL

PHOSPHATIDYLSERINE PHOSPHATIDYLGLYCEROL-3-P

PHOSPHATIDYLETHANOLAMINE PHOSPHATIDYLGLYCEROL

CARDIOLIPIN + Glycerol

PHOSPHATIDIC ACID
DIACYLGLYCEROL

ATP

MDO

pre-MDO

7) mdoB

8) dgk

UDP-glucose

UDP-glucose

MGlcDAG

DGlcDAG

9) mgs

10) dgs

Choline

PHOSPHATIDYLCHOLINE

11) pcs

FIGURE 1. Pathway for synthesis of native and foreign lipids in E. coli. The
following enzymes are indicated with their respective genes (from E. coli (17)
unless indicated otherwise): 1, CDP-diacylglycerol synthase; 2, phosphatidyl-
serine synthase; 3, phosphatidylserine decarboxylase; 4, PGP synthase; 5, PGP
phosphatase; 6, CL synthase; 7, PG, pre-MDO (membrane-derived oligosac-
charide) sn-glycerol-1-P transferase; 8, diacylglycerol kinase; 9, MGlcDAG syn-
thase (Acholeplasma laidlawii) (19); 10, DGlcDAG synthase (A. laidlawii) (20);
11, PC synthase (Legionella pneumophila) (29). The X in phosphatidic acid is an
OH and is in the position that changes depending on the downstream path-
way. The lipids in black (�5% of total phospholipids) and red are native to
E. coli. The lipids in green are foreign lipids introduced into E. coli carrying the
indicated genes.
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sion of the N-terminal bundle, insertion of TMVII across the
membrane, and regain of uphill transport function (8). There-
fore, final LacY topological organization is sensitive to the lipid
environment during initial biosynthesis and to changes in the
lipid environment after folding into a compact structure.When
reconstituted into liposomes lacking other proteins, LacY
topology and function are similarly dependent on the lipid envi-
ronment irrespective of whether LacY was purified from PE-
containing or PE-lacking cells (24), which strongly indicates
that lipid-protein interactions are a determinant of TM orien-
tation independent of other cellular components.
Phenylalanine permease (PheP) (11) and �-aminobutyrate

permease (GabP) (12) ofE. coli are also dependent on PE for full
uphill transport function and the topological orientation of the
N-terminal two-TMhelical hairpin (Fig. 2,D and E). The native
topology and function of PheP are also restored by post-assem-
bly synthesis of PE. In addition, several other secondary trans-
porters of E. coli fail to carry out uphill transport in PE-lacking
cells.6 Therefore, a requirement for PE at least for several sec-

ondary transporters is physiologically important for both struc-
ture and function.

Nature of Lipids That Support Native Topology

What features of the lipid bilayer control integral membrane
protein orientation? When synthesized in E. coli, several for-
eign lipids support the wild-type topology of LacY in the
absence of PE. Cells expressing MGlcDAG to �30–40% of
total lipid support both uphill transport by LacY and the wild-
type orientation of all TMs (19). However, there appear to be
subtle differences from LacY assembled in PE-containing cells
in the folding of or possibly the solvent accessibility of some
periplasmic domains. Introducing genes that result in near-
complete conversion ofMGlcDAG to DGlcDAG also results in
the native topology of LacY but with only downhill transport
function (20). Finally, introducing PC to 70% of total lipid
results in uphill transport and native topology.7 Although
reconstitution of LacY in PC-containing liposomes results in
native topology, such liposomes support only downhill and not
uphill transport (24).What emerges from these studies is a clear
picture of lipid properties that support native topology, but a
clear understanding of the properties of lipids that support
uphill transport remains unclear. The foreign lipids and PE
have diverse physical and chemical properties ranging from
neutral (glycolipids) to zwitterionic (PE and PC), to H-bonding
capability (all but PC), to bilayer (PC and DGlcDAG) and non-
bilayer (PE and MGlcDAG) propensities. However, the com-
mon feature of these lipids is the ability of zwitterionic and
neutral lipid headgroups to dilute the high negative surface
charge density of a bilayer composed of PG and CL. Therefore,
the ratio of anionic lipids to lipids with no net charge appears to
be a primary determinant of membrane protein topology.

Lipid-sensitive Topogenic Determinants

What topogenic signals within a protein sequence make a
protein sensitive to membrane lipid composition during initial
protein assembly aswell as to changes in lipid composition after
synthesis and stable assembly in the membrane? Early studies
investigated the simultaneous effect onTMorientation of alter-
ing the ratio of zwitterionic to anionic phospholipid content of
E. coli and the number of positive amino acids in potential cyto-
plasmic domains of a bitopicmembrane protein (27). Cytoplas-
mic retention of an extramembrane domainwas increasedwith
increasing net positive charge of the domain when the anionic
lipid content of the membrane was low and with increasing
anionic lipid content of the membrane when the net positive
charge of the domain was low. Thus, a simple charge interac-
tion between positive amino acids and negative lipid head-
groups was proposed to determine topology.
Inspection of the lipid-sensitive extramembrane domains of

LacY shows that the cytoplasmic domains all carry a net posi-
tive charge and that the periplasmic domains carry either a net
zero or negative charge. Based on the above studies, a dramatic
increase in the anionic lipid headgroup content in PE-lacking
membranes should favor a native rather than an inverted topol-
ogy for LacY. However, the earlier experiments did not con-

6 M. Bogdanov, H. Vitrac, and W. Dowhan, unpublished data. 7 M. Bogdanov and W. Dowhan, unpublished data.

FIGURE 2. Topological organization of secondary transporters as a func-
tion of membrane lipid composition. The cytoplasm is at the top of each
figure; TMs are noted by rectangles; NT and CT refer to the N and C termini,
respectively; and extramembrane domains oriented to the cytoplasm (C) or
periplasm (P) in PE-containing cells are indicated. A, LacY topology as deter-
mined in PE-containing (�PE) cells is depicted. Green (negative charge) and
red (positive charge) dots indicate the approximate positions of charged res-
idues with the net charge of each extramembrane domain noted next to the
domain name. B, LacY topology as determined in PE-lacking cells is shown.
The exposure of TMVII (red) to the periplasm results in the loss of salt bridges
with TMX and TMXI. C, shown is LacY topology determined after induction of
PE synthesis in cells where assembly of LacY initially occurred in the absence
of PE. D, PheP and GabP topology (topology of the lipid-insensitive TMV to CT
domains not shown) as determined in PE-containing cells is shown. The same
nomenclature is used as in A. E, the topology of PheP and GabP assembled in
cells lacking PE is shown. The high content of aromatic residues in TMIII is
indicated.
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sider the influence of negatively charged residues on topology
as a function of lipid composition. The translocation potential
of negative residues ismuchweaker than the cytoplasmic reten-
tion potential of positive residues (2). Several negative residues
within six residues of a TM end (3) or flanking a TM of low
hydrophobicity (13) are usually required to override the reten-
tion potential of a single positive residue. In fact, the lipid-sen-
sitive cytoplasmic domains of PheP and GabP actually carry a
net negative charge (11, 12) yet reside on the cis-side of the
membrane in wild-type cells. Dissecting the features of these
permeases that necessitate PE for native topological orientation
provided new insight into the role of lipids in establishingmem-
brane protein topology.
These permeases contain two features that were postulated

to result in a dependence onnative lipid composition for proper
TMorientation (8). First, the inverted structures display a topo-
logically flexible hinge region between the lipid-sensitive and
lipid-insensitive domains, resulting in one fewer TM in the
inverted structure (Fig. 2). Second, the cytoplasmic domains
that become periplasmic contain a high number of negative
residues. For LacY assembled in PE-lacking cells, TMVII no
longer spans the membrane and is most likely exposed to the
periplasm as an extramembrane domain. TMVII is of low hy-
drophobicity due to two Asp residues, which are stabilized in
the membrane of wild-type cells through salt bridges to TMX
and TMXI (21). Increasing the hydrophobicity of TMVII by
replacing one Asp residue with Ile prevents TMVII from being
released into the periplasm in PE-deficient cells and blocks the
inversion of the N-terminal bundle. TMVII inserts back into
the membrane upon reorganization of LacY after synthesis of
PE (8). Reorientation of LacY by post-assembly synthesis of PE
does not include TMI and results in an apparent mini-loop
structure for TMII (Fig. 2C). TM switching appears to rely on
the intrinsic structural flexibility provided by TMI and TMVII
as mobile molecular hinges, which are necessary for TM rear-
rangement in response to changes in the lipid environment.
Therefore, a thermodynamic balance exists between the appar-
ent lower energy minimum that drives inversion of the N-ter-
minal bundle in PE-lacking cells and the energy cost of exposing
a TM to solvent (16). TMIII in PheP and GabP appears to form
amini-loop that does not traverse the membrane (Fig. 2,D and
E) and thus acts as a similar molecular hinge (11, 12). TMIII in
PheP and GabP is highly enriched in aromatic amino acids that
are normally found at the membrane-solvent interface, which
may stabilize TMIII as a mini-loop near themembrane surface.
Altering the net charge of the cytoplasmic domains of these

permeases provided amore precise understanding of lipid-pro-
tein interactions in establishing topology (8). Inversion of LacY
in PE-lacking cells was prevented by increasing the net charge
of the cytoplasmic surface of the N-terminal bundle by �1 in a
position- and sequence-independent manner (i.e. in domain
C2, C4, or C6). Making compensating changes in charged res-
idues that did not alter net charge did not prevent inversion of
topology in PE-lacking cells. Finally, introducing acidic residues
on the normally cytoplasmic face of LacY induced inversion in
PE-containing cells but required making all three cytoplasmic
domains net �2. Therefore, negatively charged residues con-
tribute to orientation in a cooperative and cumulative manner

to trigger an inversion of the N-terminal bundle but are signif-
icantly less potent in PE-containing than in PE-lacking cells.
Similar cumulative charge effects were seen for PheP.7
Although the positive inside rule is well accepted, it is not

clear if or how positively charged residues exert their effect on
topology after a protein leaves the translocon, why positive res-
idues dominate over negative residues as orientation determi-
nants, and what other cellular factors govern final topological
decisions. The above results support a role for PE (and presum-
ably other lipids with no net charge) in strongly attenuating the
translocation potential of acidic residues located in cytoplasmic
domains, resulting in a strengthening of the contribution of
positive residues to the retention potential, and provide a
molecular basis for the weakness of negative residues as trans-
location signalswhen flanked by positive residues (Fig. 3). In the
absence of PE, negative residues exert their full translocation
potential and result in translocation of a domain that exhibits a
lower effective net positive charge. This allows for the presence
of significant numbers of negatively charged amino acids in
cytoplasmic domains for functional and structural reasons
without affecting final topological organization. The comple-
mentary effect of increasing the net positive charge on the pro-
tein or diluting the negative charges of the lipid headgroups to
support cytoplasmic retention demonstrates an interaction
between proteins and lipids in determining final topology.

Conclusions

Simply changing the lipid composition of the membrane
either before or after membrane protein insertion can reverse
the topology of a polytopic membrane protein. The results
clearly demonstrate that the lipid composition is a determinant
of TM orientation and challenge the dogma that once TM ori-
entation is established during assembly, it is static and not sub-
ject to change. Therefore, proteins and lipids have co-evolved
so that protein sequence determines topology, but the sequence
is written for a specific lipid environment. Lipid-protein charge
interactions during membrane protein biogenesis or after sta-
ble assembly can contribute to folding anomalies induced by

FIGURE 3. PE and the positive inside rule. A cytoplasmic domain containing
both negatively and positively charged amino acids is shown. PE dampens
the translocation potential of negative residues in favor of the cytoplasmic
retention potential of positive residues (left). The effective net positive charge
(�3) of the domain is sufficient for cytoplasmic retention. Without PE, the
net positive charge is � 1, which is insufficient for cytoplasmic retention
with the possibility that negative residues are dominant over positive
residues in the absence of PE (right). The protonmotive force (arrow) pos-
itive outward determines domain directional movement depending on
the domain effective net charge as influenced by the lipid environment.
Induction of PE synthesis post-assembly of a protein reverses the effective
net charge and drives TM flipping (8).
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either minor sequence perturbations or major changes in the
lipid compositions of membrane microdomains in inherited
and non-inherited topological disorders (28).
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Intensive study over the past 30 years has helped define the
role of the GSK-3 (glycogen synthase kinase-3) family in a vari-
ety of physiological and pathophysiological processes. However,
the majority of these studies have relied upon overexpression
approaches or nonselective small molecule inhibitors. Herein,
we examine recent data derived from studies in gene-targeted
embryonic stem cells and knock-out mice in an attempt to
define the role these protein kinases play in critical decisions
made by stem/progenitor cells and by early lineage-committed
cardiomyocytes during development.

The GSK-3 family of serine/threonine kinases was first iden-
tified as a negative regulator of glycogen synthase, the rate-
limiting enzyme in glycogen synthesis (1, 2). The family consists
of two isoforms, � and �, which are 98% identical within their
kinase domains but differ substantially in their N- andC-termi-
nal sequences. Unlike most protein kinases, GSK-3 is typically
active in unstimulated cells and is inhibited in response to a
variety of inputs, including growth factors. BecauseGSK-3-me-
diated phosphorylation of substrates usually leads to inhibition
of those substrates, the end result of growth factor-mediated
inhibition of GSK-3 is typically functional activation of its
downstream substrates.
Traditionally, most attention has focused on the �-iso-

form of GSK-3. However, this bias appears to have arisen
from two reports suggesting that mammalian GSK-3� was
more effective than GSK-3� in rescuing Wnt/wingless path-
way defects due to the Zeste-white 3 (GSK-3) mutation in
Drosophila (3, 4). However, in these studies, the level of
expression of GSK-3� and GSK-3� was not equalized.
Indeed, as we will discuss below, GSK-3� and GSK-3�
appear to be entirely redundant in terms of regulating Wnt/
�-catenin signaling.

Based on studies in isoform-specific knock-outs, both iso-
forms appear to play key (but not entirely overlapping) roles
in metabolism. GSK-3� KO2 mice demonstrate reduced fat
mass with enhanced glucose tolerance and insulin sensitivity
due, at least in part, to enhanced glycogen storage in the liver
(5). Mice totally lacking GSK-3� die late in development (6,
7), but tissue-specific knock-outs of GSK-3� have revealed
metabolic phenotypes in muscle (but not liver), including
enhanced insulin-stimulated glycogen synthase activation
and glycogen deposition (8). Moreover, inactivation of
GSK-3� in just the �-cells of the pancreatic islets is sufficient
to rescue insulin resistance and largely prevent the manifes-
tations of diabetes in two different models of the disease in
mice: haploinsufficiency of the insulin receptor and deletion
of IRS2 (9). The pancreatic �-cell knock-outs also demon-
strate preservation of �-islet cells due to enhanced prolifer-
ation and reduced apoptosis of these critical insulin-secret-
ing cells (9). Although we will not be focusing onmetabolism
in this review, as we go forward to discuss ES cell and car-
diomyocyte phenotypes secondary to deletion of the iso-
forms, it is important to bear in mind that some part of the
phenotypes observed may be driven by alterations in meta-
bolic status in ES cells, cardiomyocytes, or other tissues.
Studies over the past few years have also implicatedGSK-3 as

a critical regulator of ES cell differentiation in vitro (10–14).
However, these studies typically have utilized the small mole-
cule inhibitor BIO,which is not entirely selective forGSK-3 and
cannot differentiate isoform-specific effects. More recently,
three studies have employed ES cells deleted for GSK-3�, GSK-
3�, or both, and findings from these studies clearly support a
role for the GSK-3 isoforms in ES cell differentiation, including
a central role for GSK-3� in regulating differentiation into the
cardiomyocyte lineage (7, 14, 15). Indeed, the embryonic lethal-
ity seen with deletion of GSK-3� is due to unrestrained prolif-
eration of early committed cardiomyocyte precursors or car-
diomyoblasts, which, unlike more fully differentiated cells,
retain the capacity to proliferate. Thus, the hyperproliferation
is due, in part, to the failure of these cells to adequately differ-
entiate. Herein, wewill examine how findings in ES cells in vitro
inform us as to mechanisms underlying the findings in the
developing heart in vivo.

GSK-3� Promotes ES Cell Differentiation into a
Cardiomyocyte Lineage via Wnt/�-Catenin-independent
Mechanisms

The concept that GSK-3 isoforms might drive stem cell dif-
ferentiation was first suggested by Sato et al. (12), who demon-
strated that BIO maintained pluripotency of both human and
mouse ES cells, leading the authors to propose a possible use for
GSK-3 inhibition in regenerative medicine. Of note, the effects
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of BIO and other GSK-3 inhibitors on ES cells have generally
been believed to be mediated by activation of the canonical
Wnt/�-catenin pathway, rather than via effects on the activity
of other GSK-3 targets. However, based on our studies in ES
cells derived from embryos deleted for GSK-3�, GSK-3�, or
both and on studies in the developing heart, it is clear that
Wnt/�-catenin-independent effects are critically important as
well (see below) (7, 15).
Studies on the factors regulating ES cell self-renewal and plu-

ripotency have typically employed empiric formulations of
growth media. For example, mouse ES cell self-renewal is sus-
tained by culturing cells in medium containing LIF (a cytokine
of the interleukin-6 family that acts via JAK/STAT3 and prob-
ably c-Myc) and BMP, acting via Smad proteins and Id (inhib-
itors of differentiation) proteins (Fig. 1) (Ref. 10 and reviewed in
Refs. 13 and 16). Recently, the inductive signal inmouse ES cells
leading to lineage commitment that is inhibited by LIF and
BMP has been reported to be triggered by FGF4/fibroblast
growth factor receptor-mediated activation of the ERK path-
way (17, 18).
Not surprisingly, there has been intense interest in defining

the components of the so-called “ground state” of ES cell self-
renewal, including the signaling pathways that can maintain
self-renewal in the absence of exogenous factors such as LIF
and BMP (11, 13, 14). Ying et al. (14) recently employed small
molecule ATP-competitive kinase inhibitors to define this
ground state in mouse ES cells. They utilized inhibitors of the
fibroblast growth factor receptor (SU5402), ERKs (PD184352),
and amore selective inhibitor of GSK-3 than BIO (CHIR99021)
to demonstrate maintenance of self-renewal and pluripotency

in the absence of exogenous factors. The contribution of inhi-
bition of GSK-3 activity to maintaining self-renewal was felt to
be important when ERK signaling was suppressed by signals
transduced by LIF or BMP or by the small molecule inhibitors.
Thus, Ying et al. (14) proposed that the primary consequence of
reduced GSK-3 activity is to maintain ES cell viability and
growth capacity in the setting of persistent inhibition of the
cytoprotective ERK pathway by SU5402 and PD184352 (or LIF/
BMP) by what they termed “global modulation of the ES cell
metabolomic and biosynthetic capacity” (Fig. 1).
Upon examining pluripotent stem cells derived from blasto-

cysts, Chou et al. (11) have challenged the concept of a common
ground state. Rather, they proposed that both developmental
and environmental (i.e. growth factors) inputs remain central to
pluripotency. However, inhibition of GSK-3 (via BIO) is still
required.
Because these studies have predominantly employed phar-

macologic inhibitors of GSK-3, isoform-specific effects, if any,
could not be discerned. To address this limitation,we examined
the role of individual GSK-3 isoforms in regulating differentia-
tion of ES cells, specifically focusing on differentiation of ES
cells into the cardiomyocyte lineage, an obvious critical step in
heart formation during embryogenesis.We studied EBs derived
from ES cells deleted for both alleles of either GSK-3� or
GSK-3� or all four GSK-3 alleles (DKO) (7, 15).
DKO EBs were markedly impaired in their ability to differ-

entiate and retained large numbers of cells that were Oct4- and
Nanog-positive (markers of pluripotency in mouse ES cells)
even in the absence of LIF in the culture medium. In contrast,
Oct4 and Nanog levels in WT EBs were an order of magnitude
lower than in DKO EBs. Furthermore, teratomas derived from
DKO ES cells were highly undifferentiated with a carcinoma-
tous appearance. Neuronal tissue was completely absent. DKO
EBs also failed to produce any contracting cardiomyocytes,
whereas �80% of WT EBs developed regions of spontaneously
contracting cardiomyocytes. This failure of DKO EBs to differ-
entiate into cardiomyocytes was partially rescued by lentivirus-
mediated gene transfer of wild-typeGSK-3� orGSK-3� but not
by kinase-inactive mutants of GSK-3.
The failure of DKOES cells to differentiate into the cardiom-

yocyte lineage is consistent with the previously proposed con-
cept of the role of Wnt/�-catenin signaling in cardiomyocyte
differentiation, i.e. inhibition of Wnt/�-catenin signaling is
necessary for cardiomyocyte specification (19–21). In the
DKO, �-catenin levels were markedly increased, as was activa-
tion of a reporter construct (TOP-Flash) regulated by�-catenin
(15). Indeed, based on the lack of neuronal and cardiomyocyte
tissue and on the maintenance of pluripotency markers under
differentiation conditions, it seems likely that the dominant
effect in the DKO cells is dysregulation of Wnt signaling.
Strikingly, in ES cells engineered to lack GSK-3� or GSK-3�

but not both, no stabilization of�-catenin occurred, and induc-
tion of �-catenin/Tcf-responsive genes was not observed.
There was only aminor increase in�-catenin in ES cells lacking
both alleles of GSK-3� and one of GSK-3� (15). These data
indicate that the two isoforms are not independently rate-lim-
iting in the Wnt pathway and are entirely redundant. Indeed,
the limiting factor in this pathway is likely Axin, which does not

FIGURE 1. Regulators of self-renewal/pluripotency versus differentiation
in mouse ES cells. FGF4-mediated activation of ERK drives lineage commit-
ment. LIF and BMP signal maintenance of the self-renewing/pluripotent
state, blocking differentiation by interfering with ERK signaling. Critical to the
maintenance of self-renewal is inhibition of GSK-3, whether achieved via acti-
vation of PI3K/PKB/Akt signaling or by small molecule inhibitors, and this
appears to be particularly important when ERK signaling is inhibited (13, 14).
Although stabilization of �-catenin and ill defined metabolic effects of GSK-3
inhibition are important, other (Wnt-independent) effects of GSK-3 inhibi-
tion, including stabilization of c-Myc and possibly other components driving
proliferation over differentiation (e.g. D- and E-type cyclins), may also contrib-
ute to maintenance of self-renewal/pluripotency. FGF-R, fibroblast growth
factor receptor.
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discriminate between binding of the two isoforms and is
present at significantly lower concentrations than either.
Deletion of all four GSK-3 alleles in either ES cells or mouse
embryo fibroblasts results in massive up-regulation of
�-catenin, as is found in tumor cells that either lack adenom-
atous polyposis coli or harbor phosphorylation site muta-
tions in �-catenin (reviewed in Ref. 22). In these situations,
resulting phenotypes are likely dominated by the deregula-
tion of �-catenin, although the Hedgehog, Notch, and other
pathways are similarly derepressed.
Studies in theGSK-3�KOandGSK-3�KOES cells provided

the first opportunity to date to identify Wnt/�-catenin-inde-
pendent effects of GSK-3 isoforms in the regulation of differen-
tiation of ES cells, including differentiation into the cardiomyo-
cyte lineage. Notably, whereas the percent of GSK-3� KO EBs
with regions of actively contracting cardiomyocytes was com-
parable with that of WT EBs, the percent of GSK-3� KO EBs
with contracting regions wasmarkedly reduced (7). These find-
ings indicate that GSK-3� promotes cardiomyocyte differenti-
ation via Wnt/�-catenin-independent mechanisms. These
results, which were supported by studies examining expression
of markers of “stemness” and of cardiomyocyte differentiation,
suggest a critical role forGSK-3�, particularly in the later stages
of differentiation of cardiomyocytes when they begin to express
contractile proteins, natriuretic peptides, and calcium-han-
dling proteins (7).
Howmight the KO of GSK-3� block differentiation if not via

effects on Wnt signaling? Although GSK-3� has a host of tar-
gets, one candidate regulator of proliferation versus differenti-
ation is c-Myc, which is up-regulated in response to LIF-medi-
ated induction of STAT3 (10). Phosphorylation ofMyc at Thr58
by GSK-3� destabilizes c-Myc, leading to its degradation (23).
This phosphorylation event has been reported to promote ES
cell differentiation, and a T58Amutation, preventing phospho-
rylation and degradation, maintained pluripotency, even in the
absence of LIF (10, 16). In WT ES cells, PI3K likely mediates
inhibition of GSK-3 (and stabilization of c-Myc) via activation
of PKB/Akt and inhibitory phosphorylation of Ser9 (GSK-3�)
and Ser21 (GSK-3�), thereby maintaining self-renewal and plu-
ripotency (10, 24–26). More recently, virus- or plasmid-medi-
ated transduction of c-Mycwas reported to be a key component
of a “mixture” of genes encoding the transcription factors Oct4,
Sox2, and Klf4 that allowed the creation of induced pluripotent
stem cells derived from fibroblasts (27, 28). All of these findings
are consistent with the concept of c-Myc being a key driver of
proliferation of ES cells that, as a result, restricts the ability of
the ES cells to differentiate (13).

GSK-3� Regulates Cardiomyoblast Proliferation and
Differentiation in Vivo

Do findings in KO EBs translate into cardiac developmental
abnormalities in vivo? GSK-3� KOmice develop normally with
no cardiac abnormalities noted at up to 8 weeks of age. In con-
trast, Hoeflich et al. (6) previously reported that targeted dele-
tion of GSK-3� leads to embryonic lethality in a substantial
number of embryos secondary to marked hepatic apoptosis.
This is due to the failure to recruit cytoprotective NF-�B sig-
naling in response to tumor necrosis factor-�. However, this

phenotype appears to require exposure of the mothers to
pathogens that trigger production of tumor necrosis factor-�,
which then leads to the death of the embryos. In the absence of
pathogen exposure, the great majority of GSK-3� KO embryos
survive to late gestation and then die just before or at birth.
Examination of the hearts of these embryos revealed normal
valve development, endocardial cushionmorphology, and neu-
ral crest function, suggesting complete or near-complete com-
pensation by GSK-3� for loss of GSK-3� as regards these crit-
ical functions. Strikingly, however, both the left and right
ventricleswere packedwithmyocytes, with little or no apparent
cavity, a phenotype that can be expected to lead to inadequate
output of blood from the heart, resulting in heart failure and
death (7).
This phenotype was traced to hyperproliferation of cardiom-

yoblasts in GSK-3�KO embryos. Thus, the inability of GSK-3�
KO cardiomyoblasts to fully differentiate appears to allow con-
tinued proliferation, leading to a hypertrophic myopathy. This
conclusion is consistent with the finding that GSK-3� KO EBs
appear to bemarkedly larger thanWTorGSK-3� EBs and have
significantly greater mRNA content.
However, the hyperproliferation does not seem to be due

solely to a failure to differentiate because GSK-3 also has mul-
tiple targets that are regulators of cell cycle progression. Indeed,
further analysis implicated dysregulation of at least three of
these targets (GATA4, D-type cyclins, and Myc family mem-
bers) as responsible, at least in part, for the hyperproliferative
phenotype (Fig. 2). All of these had previously been implicated
in regulating cardiomyocyte proliferation during development
because deletion of these was associated with thin-walled
hearts, whichwas believed to be secondary to hypoproliferation
(29–31). Furthermore, although debate remains (32), all had
also been proposed to be regulated by GSK-3 based on studies
in various types of cultured cells (33–35). Our studies support
the contention that these are bona fide targets in the heart in
vivo. Indeed, it appears that reduced signaling throughGSK-3�
may connect the several growth factors and their receptors at
the cell membrane that are known to drive cardiomyoblast pro-
liferation in the developing heart to the transcription factors
and cell cycle regulators that transduce the proliferative signals
in the nucleus (Fig. 2).
These studies thus confirmed a central role for GSK-3� in

the negative regulation of cardiomyocyte proliferation in vivo
and demonstrated that GSK-3� cannot compensate for loss of
GSK-3� with regard to this function. That this role of GSK-3�
in regulating cell proliferation is not restricted to cardiomyo-
cytes is illustrated by the fact that pharmacologic inhibition of
GSK-3 has been reported to enhance repopulation of the bone
marrow by hematopoietic stem cells (36), althoughWnt signal-
ing was believed to be primarily responsible for this. In contrast
and consistent with the studies in KO EBs, we saw no evidence
of increased activation of canonicalWnt signaling in the devel-
oping heart (6, 7), again suggesting a specific role of GSK-3� in
regulating proliferation that is independent of Wnt/�-catenin
signaling. Thus, KO of GSK-3� inhibits differentiation, thereby
allowing continued proliferation, but proliferation also appears
to be directly driven by dysregulation of cell cycle regulators
and transcription factors due to the lack of GSK-3� inhibitory
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inputs. In summary, GSK-3� is necessary for maintaining con-
trol of cardiomyocyte proliferation, with lethal effects if that
control is lost.
GSK-3�-null embryos also demonstrate double-outlet right

ventricle and ventricular septal defects, both common congen-
ital heart defects in humans. Lee et al. (37) recently reported
that morpholino-oligonucleotide-mediated knockdown of
GSK-3� in zebrafish produced abnormalities of outflow tract
positioning, suggesting that thisGSK-3 isoform is key to correct
outflow tract patterning in both zebrafish andmice. In contrast,
morpholino knockdown of either GSK-3� or GSK-3� led to
thin-walled hearts, a striking difference compared with the
thick-walled hearts in the GSK-3� KO mouse and no pheno-
type in the GSK-3� KO mouse. The mechanisms of these dif-
ferences are not clear.

Implications for Development of GSK-3-targeted
Therapeutics

GSK-3 has been identified as a putative target for the treat-
ment of a very wide range of disorders, including Alzheimer
disease, Parkinsondisease, diabetes, ischemic injury, inflamma-
tion, cancer, and bipolar disorder (5, 9, 38–40). Although there
would be little concern over the short-term use of inhibitors
such as would likely occur with acute ischemic injury, long-
term use would raise theoretical concerns. For example, if inhi-
bition of GSK-3 leads to enhanced stabilization of �-catenin in
cancer cells, this could lead to more aggressive malignancies

(41). That said, given the redun-
dancy ofGSK-3� andGSK-3� in the
degradation of �-catenin and the
requirement for 75% inhibition of
total � plus � activity to achieve sig-
nificant stabilization of �-catenin, it
is conceivable that a “therapeutic
window” could be identified that
may inhibit GSK-3 sufficiently to,
for example, improve glucose toler-
ance in a diabetic patient without
leading to stabilization of �-catenin
with its inherent risks for tumori-
genesis. However, concerns are not
limited to GSK-3-mediated regula-
tion of the canonical Wnt pathway
and �-catenin stabilization and
also involve �-catenin-independent
mechanisms, such as those de-
scribed herein in heart develop-
ment. Approximately 4% of the
United States population suffers
from bipolar disorder, for which the
GSK-3 inhibitor lithium has been
the standard of care for many years
(40). Although the debate continues
as to whether lithium leads to con-
genital heart defects, given that
lithium is a relatively weak GSK-3
inhibitor (therapeutic doses used
for bipolar disorder achieve �25%

inhibition of total GSK-3 kinase activity) and far more potent
agents are currently in development, based on our studies, cau-
tion is warranted prior to the use of these newer agents in
women of child-bearing potential.

Future Directions

Over the past year, studies utilizing mice deleted for GSK-3
isoforms have identified a host of effects of these kinases on a
number of basic biological processes in a variety of cells and
tissues. The studies in ES cells and pluripotent stem cells
strongly support the contention first proposed by Sato et al.
(12) that strategies to inhibit GSK-3 could play a significant role
in regenerativemedicine. Similarly, although it is unclear at this
time if GSK-3 regulates the biology of induced pluripotent cells,
the critical role of the GSK-3 target c-Myc in these cells sug-
gests a role for the kinases as well (27, 28). Specifically for car-
diac regenerative medicine, deletion of GSK-3� is sufficient to
sustain the proliferative capacity of cardiomyoblasts during
development, but the effects of GSK-3 inhibition in the adult
heart remain to be determined. It is theoretically possible that
inhibition of GSK-3� would have effects on populations of car-
diac-resident stem cells similar to the effects it has on cardiom-
yoblasts of the developing heart. Cardiac-resident stem cells
appear to be in short supply, and this may limit their regenera-
tive potential. It will be important to explore the intriguing
possibility of being able to induce proliferation of these cells in
situ with GSK-3 inhibition, followed by withdrawal of inhibi-

FIGURE 2. Regulation of cardiomyoblast proliferation/differentiation in the developing heart. Several
growth factors, including Nrg1, insulin-like growth factor 1 (IGF-1), retinoic acid, fibroblast growth factors
(FGFs), and BMP10, acting through their cognate receptors, regulate cardiomyoblast proliferation in the devel-
oping heart (reviewed in Ref. 42). Inhibition of GSK-3�, likely mediated via activation of PI3K and PKB/Akt,
appears to be critical to the proliferative response. GSK-3� negatively regulates a number of factors, including
transcription factors and cell cycle regulators, via ubiquitination and degradation (Ub/Deg) and/or or nuclear
(Nuc) export. Thus, inhibition of GSK-3� appears to connect signaling at the cardiomyoblast membrane to
nuclear events driving proliferation. Loss of the negative input contributed by GSK-3� leads to the near oblit-
eration of the left and right ventricle cavities, heart failure, and embryonic death. GSK-3� appears to be able to
compensate in the developing heart for loss of GSK-3� as regards regulation of NF-AT (nuclear factor of
activated T cells) family members and �-catenin, as evidenced by the normal valve development in the GSK-3�
KO (7). It is not clear why GSK-3� and GSK-3� can compensate for loss of the other isoform in some cells and
tissues but not in others. This tissue-specific dominant effect is not simply due to relative levels of expression
because, as noted above, GSK-3� primarily regulates glycogen storage in the liver, whereas GSK-3� primarily
regulates this in skeletal muscle, yet expression levels of the isoforms are comparable in the two tissues. Other
possibilities include tissue-specific scaffolds that facilitate binding of one versus the other isoform to specific
targets.
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tion, leading to cardiomyocyte differentiation. Whether such a
strategy could be used to partially repopulate injured hearts
remains to be seen. It will also be important to determine the
effects of GSK-3 inhibition on other stem/progenitor cell
types shown or posited to be able to differentiate into car-
diomyocytes. Finally, defining isoform-specific roles in these
cell types as well as in other cells and tissues will be critical
because although current small molecule inhibitors do not
distinguish between the isoforms, there are unique regions
of each that could potentially be targeted, allowing isoform-
selective inhibition.

Acknowledgment—We thank Ronglih Liao for thoughtful review of
the manuscript.
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The Ras oncoproteins are membrane-associated molecular
switches that function to transduce extracellular signals to a
panoply of intracellular response mechanisms. Activating
mutations in ras genes are present in 15% of all cancers and
perhaps as many as 30% of metastatic human cancers. Accord-
ingly, considerable effort has been expended in understanding
how Ras proteins work and, by extension, how their transform-
ing activity can be blocked therapeutically (1–6).
The Ras oncoproteins are encoded by three genes: Ki-ras,

Ha-ras, andN-ras. Lesions inKi-ras account formost of the Ras
mutations found in human cancers. The three proteins are
structurally and functionally quite similar. The three Ras onco-
proteins are part of amuch larger family of genes, theRas super-
family, encoding small monomeric GTPases (1–6).
As the term suggests, Ras proteins possess intrinsic GTPase

activity.When bound toGTP, Ras proteins are active and capa-
ble of recruiting downstream effectors and influencing cell
function. GTP hydrolysis results in a GDP-bound, inactive Ras
protein. Both the intrinsic GTPase activity and GTP binding
activity of Ras proteins are relatively slow and are greatly accel-
erated by accessory proteins (1–4). These accessory proteins
serve to regulate Ras function. Thus, Ras GTPase activity is
greatly accelerated by RasGAPs,2 which function to suppress
signaling. Loss of RasGAP function by elevating basal GTP-
bound Ras activity can contribute to oncogenesis. For example,
neurofibromin is a RasGAP tumor suppressor protein. Inacti-
vating mutations in neurofibromin occur in Von Reckling-
hausen disease (neurofibromatosis type 1). These inactivating
mutations underlie much of the pathology of this disease,
including the development of peripheral nerve sheath tumors
(7, 8). RasGEFs promote the dissociation of GDP from inactive
Ras. Inasmuch as GTP is in relative abundance in the cytosol,
the dissociated GDP is rapidly replaced with GTP, thus pro-
moting Ras activation (9, 10).
There are fewprominentGEFoncogenes. Instead, oncogenic

Ras mutations such as Val12-Ki-Ras function to inactivate Ras
GTPase activity, leaving the mutant protein in a constitutively
active, GTP-bound state (11).
In their GTP-bound state, Ras proteins physically interact

with their downstream effector proteins, triggering activation
of multiple signaling pathways with complex and divergent
effects. Ras oncoprotein target proteins all contain conserved

RBDs; these interact with an N-terminal effector loop on Ras
(11). Given that Ras proteins are prenylated and, consequently,
membrane-associated (12), Ras binding recruits Ras effectors
to the plasmamembrane. The best understood of the Ras effec-
tors are the Raf Ser/Thr kinases, the class 1 catalytic subunit
PI3Ks, and RalGEF (2, 13).
The Raf proteins (A-Raf, B-Raf, and Raf-1, also called c-Raf)

are Ser/Thr protein kinases that function as MAPK kinase
kinases (MAP3K). As such, they are specific direct activators of
MAPK kinases (MKK) that lie upstream of the ERK group of
MAPKs. MAPKs are highly conserved evolutionarily, and the
ERK pathway represents a major mechanism by which mito-
gens stimulate cell proliferation (14).
The PI3Ks are lipid kinases that phosphorylate PI (typically

PI-4,5-P) specifically on the inositol 3�-hydroxyl group, thereby
generating PI-3,4,5-P3. PI-3,4,5-P3 is an important secondmes-
senger that binds proteins containing pleckstrin homology
domains, thereby fostering the assembly of signaling com-
plexes. Typically, PI3Ks are recruited to the membrane by vir-
tue of the binding of their regulatory subunit SH2 domains to
phosphotyrosine residues present on activated Tyr kinases.
However, active Ras (especially oncogenic Ras mutants) can
also bind theRBDspresent in class 1 PI3Ks. Both binding events
serve to bring PI3Ks to the membrane, facilitating contact with
substrate lipids. In the case of oncogenic Ras, this recruitment
occurs in the absence of upstream stimuli. PI3K activity is abso-
lutely required for the activation of Akt family Ser/Thr kinases,
which, in turn, are pivotal in the inhibition of apoptosis and the
promotion of cell survival. Other PI3K targets include the Akt-
activating kinase PDK1 (PI3K-dependent kinase-1) and GEFs
that target members of the Rho family of Ras superfamily
GTPases (2, 13, 15–19).
RalGEF is a GEF specific for the Ral family of Ras superfamily

GTPases. RalGEF and Ral signaling is more poorly understood.
Potential Ral targets include components of the exocyst com-
plex, which may, in turn, regulate vesicular trafficking within
the cell. In addition, elements of the exocyst complex have been
implicated in the activation of the non-canonical IKK� (inhib-
itor of �B kinase-�). By this process, Ras, through Ral, may trig-
ger NF-�B activation. Like Akt, NF-�B is anti-apoptotic; and
together, engagement of these pathways may foster tumor cell
survival (20).
Ras proteins are activated by the recruitment of RasGEFs.

The best understood of these is mSOS (mammalian son of sev-
enless). mSOS contains an SH3 domain, which enables it to
bind constitutively to the adapter protein Grb2. The SH2
domain of Grb2 binds to activated, Tyr-phosphorylated Tyr
kinases (or their Tyr-phosphorylated substrate adapter pro-
teins), thereby bringing the Grb2-mSOS complex to the mem-

* This minireview will be reprinted in the 2009 Minireview Compendium,
which will be available in January, 2010.
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brane, where Ras resides. There, mSOS facilitates Ras GDP-
GTP exchange (9, 10).
This initial notion of a pathway consisting of receptor Tyr

kinase3 Grb2-SOS (or a similar GEF)3 Ras3 Ras effector
(Raf, PI3K, RalGEF) cell proliferation/survival was initially very
satisfying insofar as it provided a link between mechanisms of
cell-surface receptor engagement and activation of distal effec-
tors, both of which had been the subject of intense work. A
number of new therapeutic targets (especially for cancer) were
also identified, and the sense of triumph was well justified.
Indeed, allusions to Promontory Point and completion of the
Transcontinental Railroad were bandied about.
Still, a number of frustrating observations remained that did

not fit conveniently into this model. Among these was the
observation that members of the Ras superfamily share numer-
ous remarkably close structural similarities (1–4). Nowhere is
this similarity greater than between the Ras proteins and the
highly related Rap proteins. For example, Ras and Rap share
nearly identical effector regions, and both can interact with Raf
family kinases. Despite this similarity, Ras and Rap proteins
perform quite different functions in vivo, with Ras controlling
proliferative and survival signaling and Rap regulating cell
adhesions, cell junctions, and polarity (21). How are two such
similar proteins segregated to respond to such different sets of
signals and produce such different responses? Moreover, for
some time, it has been known that Ras can, in certain instances,
promote apoptosis; and a poorly understood group of tumor
suppressor proteins, the Ras association domain family (Rassf),
had been identified as RBD-containing putative Ras effectors
involved in Ras-induced apoptosis (22). Finally, the intensity
and duration of Ras pathway activation (notably that of the ERK
pathway) can exert profound effects on cell fate. How can the
dynamic range of Ras pathway activation be regulated in situ?
It is these three important subjects that are discussed in the

accompanyingminireviews. In our firstminireview, “Specificity
in Ras and Rap Signaling,” Judith H. Raaijmakers and Johannes
L. Bos provide a concise overview of the GEFs and GAPs that
target Ras and Rap and how these regulatory proteins help
define signaling specificity mediated by Ras and Rap. In our
second minireview, “The Rassf Family of Tumor Suppressor
Polypeptides,” Joseph Avruch et al. outline recent advances in
our understanding of the Rassf Ras-associated tumor suppres-
sors, notably how these proteins link in turn to a conserved
pro-apoptotic family of protein kinases, Mst1/2 (mammalian
sterile-20-like kinase-1/2). In the final minireview of this series,

“Signaling Threshold Regulation by the Ras Effector IMP,” Sha-
ron A. Matheny and Michael A. White discuss IMP (impedes
mitogenic signal propagation), anRBD-containing E3 ubiquitin
ligase that functions as a rheostat controlling the intensity of
activation of the Raf family kinases, a process that may affect
cell fate.
It is becoming clear that Ras proteins are part of a complex

network of signaling nodes rather than discrete components of
linear pathways (2). The complexity of Ras protein regulation
and the continuing identification and characterization of Ras
targets with novel functions have cast aside oldmodels of signal
transduction. Together, theseminireviews shed light on emerg-
ing areas of Ras research and reveal a new appreciation for the
complexity of Ras signaling.
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Ras and Rap proteins are closely related small GTPases.
Whereas Ras is known for its role in cell proliferation and sur-
vival, Rap1 is predominantly involved in cell adhesion and cell
junction formation. Ras and Rap are regulated by different sets
of guanine nucleotide exchange factors and GTPase-activating
proteins, determining one level of specificity. In addition,
although the effector domains are highly similar, Rap and Ras
interact with largely different sets of effectors, providing a sec-
ond level of specificity. In this review, we discuss the regulatory
proteins and effectors of Ras and Rap, with a focus on those of
Rap.

Ras-like small G-proteins are ubiquitously expressed, con-
served molecular switches that couple extracellular signals to
various cellular responses. Different signals can activate GEFs2

that induce the small G-protein to switch from the inactive,
GDP-bound state to the active, GTP-bound state. This induces
a conformational change that allows downstream effector pro-
teins to bind specifically to and be activated by the GTP-bound
protein to mediate diverse biological responses. Small G-pro-
teins are returned to the GDP-bound state by hydrolyzing GTP
with the help of GAPs. Ras (Ha-Ras, Ki-Ras, and N-Ras) and
Rap proteins (Rap1A, Rap1B, Rap2A, Rap2B, and Rap2C) have
similar effector-binding regions that interact predominantly
with RA domains or the structurally similar RBDs present in a
variety of different proteins. Both protein families operate in
different signaling networks. For instance, Ras is central in a
network controlling cell proliferation and cell survival, whereas
Rap1 predominantly controls cell adhesion, cell junction for-
mation, cell secretion, and cell polarity. These different func-
tions are reflected in a largely different set of GEFs and GAPs.
Also the downstream effector proteins operate in a selective
manner in either one of the networks.

GEFs

GEFs for Ras and Rap proteins are usually multidomain pro-
teins that contain a CDC25 homology domain mediating the
exchange activity and a REM domain. GEFs for Ras include
Sos1 and Sos2, RasGRF, RasGRP1, and RasGRP4. Rap can be
activated by C3G, Epac1, Epac2, RasGRP2, PDZ (PSD-95/Dgl/
ZO-1)-GEF1, PDZ-GEF2, and PLC� (reviewed in Ref. 1).
Within the RasGRP family, RasGRP3 seems to be a more pro-
miscuous GEF, affecting both Rap and Ras (Fig. 1) (2). The
general structural basis of nucleotide exchange by CDC25
homology domains was revealed by the crystal structure of Sos
in the presence of Ras (3). When the catalytic helix of Sos is
inserted into the guanine nucleotide-binding pocket of Ras,
affinity for the bound nucleotide is decreased, resulting in its
release. Because the concentration of GTP in a cell is higher
than that of GDP, GTP will predominantly enter the empty
nucleotide-binding pocket and in turn displace the GEF.
Recently, the crystal structure of Epac2 with Rap1 was deter-
mined, revealing a similar mechanism of nucleotide exchange
(4). However, although the interfaces between Sos and Ras and
Epac and Rap are both rather extensive, most residues at the
interface are different in both GEFs. This shows that although
the catalytic mechanism is conserved, the actual interactions
are not, allowing the establishment of selectivity or, as in the
case of RasGRP3, of promiscuity. The additional domains in the
various GEFs are involved in regulating their activation or
translocation. For instance, Sos activation involves transloca-
tion to tyrosine-phosphorylated proteins, release of autoinhibi-
tion, and allosteric regulation of catalytic activity by a distal Ras
protein in a positive feedback loop (5). Epac is activated by
binding of cAMP, which induces a major conformational
change to release its autoinhibition (4). Thus, GEFs are well
equipped to selectively regulate the activity of these small
G-proteins in time and space in response to a large variety of
different stimuli.

GAPs

The hydrolysis of GTP in Ras and Rap1 is slow but is accel-
erated several orders ofmagnitude byGAPs that insert an addi-
tional catalytic side chain into the nucleotide-binding pocket.
GAPs acting on Ras include p120RasGAP, neurofibromin, and
GAP1.GTPhydrolysis on Rap is catalyzed by Rap1GAP and the
Spa-1 family of GAPs (Spa-1, Spa-1-like, and E6TP1) (1). The
catalytic domains of RasGAPs and RapGAPs are structurally
similar, yet the mode of stimulation of the GTPase reaction is
different. RasGAPs use an arginine side chain as a catalytic
group, whereas RapGAPs use an asparagine side chain. Cataly-
sis by the arginine side chain involves a glutamine at position 61
of Ras. Indeed, many tumor mutations occur at position 61 to
render Ras continuously in its active conformation. Rap pro-
teins do not have a glutamine at position 61, and thus, RapGAPs
use a differentmode of catalysis, which is provided by the aspar-
agine side chain. There is also a group of GAPs that appears to
have a dual specificity for both Ras and Rap, such as several
GAP1 (RASAL, CAPRI, and GAPIP4BP) family members and
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Netherlands Genomics Initiative through the Cancer Genomics Centre (to
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synGAP (6, 7). The isolated GAP domains of these GAPs have
low activity for Rap in vitro, but due to allosteric regulation by
the additionalC2domain, they can function asRapGAPs in vivo
(7). This indicates that there are ways around the selectivity of
Ras- and Rap-mediated GTP hydrolysis.

Specificity of Ras Effectors

For Ras, the classic downstream effectors are the three Raf
kinases (c-Raf, A-Raf, and B-Raf), various PI3Ks, and RalGDS
family members. Raf proteins mediate the Ras-induced activa-
tion of the ERK (extracellular signal-regulated kinase)/MAPK
(mitogen-activated protein kinase) cascade. They contain an
RBD to which Ras binds with high affinity. Rap1 can also bind
the Raf RBD in vitro (8) and was proposed to mediate cAMP-
mediated effects on Raf kinases in a cell type-dependent man-

ner (9). However, other studies could not reveal a direct con-
nection between Rap1 and Raf kinase signaling (10), and thus,
this result remains controversial. Another established Ras
effector is PI3K. PI3Ks are heterodimeric proteins with a p110
catalytic and a p85 regulatory subunit. The p110 subunit has an
RBD that binds to Ras. This interaction facilitates membrane
translocation but in addition allosterically regulates the kinase
activity (11). Rap has also been suggested to regulate PI3K. For
instance, Rap1 canmodestly activate the p110� subunit of PI3K
(8), and in B-cells, Rap2 can bind PI3K, although in this system,
this correlates with an inhibition of PI3K-mediated protein
kinase B activation (12).
RalGDS, Rgl, and Rgl2 (Rlf) contain an RA domain and are

GEFs for the small GTPase Ral, downstream of Ras. Their RA
domains efficiently bind to both Ras and Rap1 in vitro. Interest-
ingly, Rap1A has a higher affinity for the RalGDS RA domain
than Ras and, indeed, also binds in vivo to RalGEFs (8). How-
ever, despite high affinity binding to Rap, evidence that endog-
enous Rap1 activation mediates RalGDS-Ral activation is
lacking.

Effectors for Rap Proteins

A large number of proteins have been identified as effectors
of Rap proteins, particularly the adapters RAPL, Riam, AF-6,
and Krit1; the RacGEFs Tiam1 and Vav2; and the RhoGAPs
RA-RhoGAP and Arap3.
AF-6/Afadin—AF-6 is an adapter protein that localizes to

cell-cell junctions and contains two RA domains. With its
N-terminal RA domain, it binds both Ras and Rap1 with high
affinity. Although initial studies showed that AF-6 may partic-
ipate in Ras-induced junction breakdown (13), others showed
that AF-6 binds p120 catenin in a Rap-dependent manner to
prevent internalization of E-cadherin (14). However, a longer
isoform of AF-6 that regulates E-cadherin in a Rap-indepen-
dent manner was recently described (15). Thus, a clear picture
of the role of AF-6 as an effector of Ras and/or Rap in junctions
is still not present. In T-cells, AF-6 is a negative regulator of
Rap-induced integrin-mediated cell adhesion (16).
Krit1—Krit1 (Krev interaction trapped 1) is a Rap1-interact-

ing protein that was originally identified in a yeast two-hybrid
screen (17). This protein, also calledCCM1, is foundmutated in
cerebral cavernous malformation, a disease associated with
defects in brain vasculature. Krit1 has several ankyrin repeats
and a FERM (band 4.1/ezrin/radixin/moesin) domain. This
domain has a ubiquitin-like fold that is similar to RA domains
and RBDs and can bind both Ras and Rap, although the affinity
for Rap is higher than for Ras (18). In agreement with this,
recent evidence implicates Krit1 as a major effector of Rap1 in
the control of endothelial cell-cell junctions (19). In these cells,
Krit1 localizes to the junctions, where it associates with junc-
tional proteins and is required for the Rap1-induced reduction
in basal and cytokine-induced permeability of the junctions.
Krit1 also associates with microtubules, two other CCM pro-
teins (CCM2 and CCM3), and ICAP1 (a protein that binds to
andnegatively regulates the�1 chain of integrins) (20). The role
of these proteins inRap1/Krit1-mediated regulation of junction
permeability is currently unclear.

Krit1 Ank FERM
*

PKD kinaseC1 C1 PH
*

Vav2 SH3PHCH C1 SH3 SH2DH
*

Tiam1 PH PDZ DHRBD
*

PH
*

Arap3 RA
*

PHSAM PH PH PH PHArfGAP RhoGAP

RA-RhoGAP PH RhoGAPRA
*

AF-6 RA FHA PDZDILRA
*

PLCε PLCXY C2 RA
*

CDC25

PHRA
*

Riam

RapL RA
*

C1

PDZ-GEF cNBD REM PDZ CDC25RA
*

RalGDS REM RA
*

CDC25

c-Raf C1 kinaseRBD
*

PI3K (p110γ) PIK PI3KcC2RBD
*

RapGEFs

IQGAP IQCH RasGAPWW
*

RasGRP3

C3G REM CDC25

Epac cNBD REM CDC25RA
*

DEP cNBD

Sos PHDH REM CDC25

REM CDC25 C1EF EF

RasGRP2 REM CDC25 C1EF EF

RasGRP1/4 REM CDC25 C1

RasGRF PHIQ REM REMDHPH CDC25

RasGEFs

Effectors

[ ]

RasGAP

histone

FIGURE 1. Ras and Rap effector proteins and GEFs. A schematic represen-
tation is shown of the domain structures of Ras and Rap GEFs and effector
proteins discussed here. RA domains/RBDs are depicted in pink, catalytic
domains in blue, lipid-binding domains in green, and other domains in yellow.
Asterisks indicate domains required for Ras/Rap binding. C1, protein kinase C
conserved region 1; C2, Ca2�-binding motif; PIK, PI3K accessory domain;
PI3Kc, PI3K catalytic domain; CDC25, CDC25 homology; FHA, Forkhead-asso-
ciated domain; DIL, dilute; Ank, ankyrin repeat; CH, calponin homology; SAM,
sterile �-motif; cNBD, cyclic nucleotide-binding domain; PLCXY, phospho-
lipase C catalytic regions X and Y; DEP, Dishevelled/Egl-10/pleckstrin; EF, EF-
hand; histone, histone domain. 1) The interaction of Tiam1 with Ras has been
described for the RBD; for Rap, it was shown to bind to the DH-PH domain. 2)
The N-terminal cyclic nucleotide-binding domain is conserved in Epac2
alone, and the RA domain-like sequence in Epac1 is not recognized as such by
the SMART Database (smart.embl-heidelberg.de). 3) Although described to
be present in PLC� (18, 45), a second RA domain in PLC� is not indicated in the
SMART Database.
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Riam—Riam contains an N-terminal coiled-coil region, a
central RA and PH domain, and a proline-rich C-terminal
region, with multiple FPPPP motifs capable of interacting with
the EVH1 domains of the actin regulatory proteins Ena and
Vasp. Riam interacts with active Rap1 to stimulate the adhesion
of JurkatT-cells through�1 and�2 integrins (21).Ginsberg and
co-workers (22) showed that Riam is involved in stimulus-in-
duced, Rap1-mediated recruitment of talin. Talin subsequently
binds to and activates the � chain of integrin �IIb�3. In T-cells,
Riam was found in a complex with ADAP (adhesion- and
degranulation-promoting adapter protein) and SKAP-55 (Src
kinase-associated phosphoprotein of 55 kDa), and this complex
is required for Rap1 recruitment to the plasma membrane and
T-cell receptor-induced, integrin-mediated cell adhesion to
fibronectin and ICAM (intercellular adhesion molecule) (23).
RAPL—RAPL (regulator of adhesion and cell polarity

enriched in lymphoid tissues/Nore1B/Rassf5) is another regu-
lator of Rap-induced, integrin-mediated adhesion in T-cells. In
vivo, RAPL binds Rap1 after stimulation through the T-cell
receptor or by chemokines. In the presence of active Rap1,
RAPL binds to the � chain of integrin �L�2 (LFA-1), resulting
in its activation (24). Data from RAPL knock-out mice confirm
its role in lymphocyte adhesion. Lymphocytes lackingRAPL are
less adherent to ICAM and do not redistribute their integrins
after cytokine stimulation. They are defective in cell migration
and thus in homing to peripheral lymph nodes (25). Recently,
the kinase Mst1 was identified as an effector of RAPL in T-cell
adhesion. Activation of Rap1 promotes the binding of RAPL to
Mst1 and their relocalization with LFA-1 to the leading edge to
induce adhesion (26). Interestingly, whereas Rap1 and RAPL
have been shown to regulate both LFA-1 affinity and cluster-
ing, Mst1 overexpression enhances only LFA-1 clustering.
This suggests that LFA-1 clustering is critical for Rap1-in-
duced T-cell adhesion and that there may also be Mst1-in-
dependent mechanisms by which Rap1 regulates LFA-1
affinity. Moreover, in a different T-cell line, RapL was found
to interact with Rap2B, regulating randommigration and not
cell adhesion (27).
PKD1—Also PKD1 may regulate T-cell adhesion through

Rap1. Rap1 binds to the PH domain of PKD1, and this interac-
tion facilitates the activation of Rap1 as well as the recruitment
of both proteins to the cytoplasmic tail of integrins in the
immunological synapse (28). How the interaction with PKD1
induces Rap activation is currently unclear, but it does not
depend on the kinase activity of PKD1, indicating that PKD1
functions as a scaffold here.
IQGAP1—IQGAP1 is a scaffold protein that interacts with

actin and functions in a number of actin polymerization-driven
processes. Recently, Rap1 was found to interact with IQGAP1
in vitro and to colocalize with IQGAP1 at the cell membrane
(29). The precise role for Rap1 in IQGAP1 function is currently
unclear as both GDP- and GTP-bound Rap1 proteins bind to
IQGAP. Thus, the main function of both IQGAP1 and PKD1
appears to be the recruitment of Rap1 rather than being acti-
vated by GTP-bound Rap1 to induce biological effects down-
stream of Rap1.

Interconnectivity with Rac and Rho

In processes controlled by Rap1 signaling, such as junction
formation and cell adhesion, Rho family proteins like Rac1,
CDC42, and RhoA play a critical role. Rap proteins are directly
linked to these proteins through the interaction with the
RacGEFs Vav2 and Tiam1 and the RhoGAPs Arap3 and
RA-RhoGAP.
RacGEFs—In a search for proteins that could mediate Rap1-

induced, Rac-dependent cell adhesion and spreading, Rap1 was
found to interact with both Vav2 andTiam1 (30). Rap1 binds to
their catalytic DH-PH domain but does not affect the catalytic
activity of the twoGEFs. Rather, Rap1 induces the translocation
of Vav2 to localize Rac activity to sites of cell spreading. In
T-cells, Rap1 binds to Tiam1 as well (31). Here, Rap1 is pro-
posed to recruit Tiam1 and the polarity complex to the future
site of polarization. There, by a currently unknownmechanism,
Rap1 activates CDC42, which then activates the polarity com-
plex, which in turn activates Rac through Tiam1. Rac then con-
tributes to the induction of T-cell polarity. Because, in contrast
to active Rap1, active Rac or CDC42 alone does not induce
T-cell polarity, Rap1 may induce a parallel pathway for T-cell
polarity, e.g. the Rap-RAPL and/or Rap-Riam pathway. Also in
neuronal cells, Rap1B through CDC42 and the polarity com-
plex regulates polarity by defining which of the growing neu-
rites becomes the future axon (32). Another connection
between Rap1 and CDC42 was found in junction formation,
where Rap1, together with Src, mediates nectin-induced acti-
vation of FRG, a GEF for CDC42 (33).
For Tiam1, the interaction of Rap1 with the DH-PH domain

is surprising because this protein contains a genuine RBD,
which mediates the interaction of Tiam1 with Ras. Indeed,
Tiam1 mediates Ras-induced activation of Rac and thus is a
genuine effector of Ras as well (34). Rap1 was also reported to
bind an ill defined TSS (Tiam-STEF-SIF) homology domain in
Tiam2 (STEF) to mediate cAMP-induced, Epac-mediated acti-
vation of Rac (35). Because Tiam1 andTiam2 are rather homol-
ogous, these different binding sites are surprising and may
require independent confirmation.
RhoGAPs—Arap3 is a dual GAP for both Arf6 and RhoA,

with five PHdomains and anRAdomain that interactswithRap
but not Ras. In vitro, Arap3 GAP activity for Rho, but not Arf6,
is stimulated by Rap1. In vivo, activation of Arap3 by Rap1 also
requires PI3K activity. In cells, Arap3 seems to regulate growth
factor-stimulated formation of lamellipodia. Both overexpres-
sion and knockdown of Arap3 in endothelial cells interfered
with the normal ruffling response induced by PDGF (36).
RA-RhoGAP was identified in a yeast two-hybrid screen

using a human brain cDNA library and active Rap1B as bait.
This protein has an RA domain and a RhoGAP domain and, in
addition, a PH domain and several annexin-like repeats. Active
Rap1 binds to RA-RhoGAP and induces RhoGAP activity.
Notably, amutant lacking the RA domain fails to bind Rap1 but
has higher GAP activity for RhoA, strongly suggesting that the
RA domain inhibits GAP activity, which is relieved upon Rap1
binding. In undifferentiated neuronal cell lines, Rap1 further
enhances RA-RhoGAP-induced neurite outgrowth, whereas
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small interfering RNA to RA-RhoGAP inhibits Rap-induced
neurite outgrowth (37).

Feedback Control and Interconnectivity

RapGEFs with an RA Domain—PDZ-GEF1 and PDZ-GEF2
are multidomain proteins that have, in addition to their cata-
lytic CDC25 homology domains, a PDZ domain, two cAMP-
related binding domains, an RA domain, and a C-terminal PDZ
domain-binding motif. Both proteins interact with junction
proteins of the Magi family, and indeed, PDZ-GEFs have been
implicated in the control of cell-cell junctions (38, 39). For
PDZ-GEF1, it was shown that Rap1A and Rap2B are the pre-
ferred binding partners for its RA domain (40, 41). This sug-
gests that PDZ-GEF is subject to positive feedback by Rap1.
PDZ-GEF2 can be activated by M-Ras to regulate Rap1-in-
duced LFA-1 activation in response to tumor necrosis factor-�
(42). Epac2 is also a multidomain protein with a regulatory
domain consisting of a DEP domain flanked by two cAMP-
binding sites and a catalytic region. An RA domain is located
between the REM and CDC25 homology domains. This RA
domain can interact with active Ha-Ras and may play a role in
the translocation of Epac2 to the plasma membrane (43). Also
Epac1 has an RA-like sequence between the REM and CDC25
homology domains, but for this RA domain, no interacting pro-
teins have been identified yet.
PLC�—Members of the PLC family are key mediators of

many extracellular signals. Upon activation by receptors, PLC
converts phosphatidylinositol 4,5-bisphosphate into the pro-
tein kinase C-activating lipid diacylglycerol and the second
messenger inositol 1,4,5-trisphosphate, which raises the cyto-
solic calcium concentration. PLC� has, in addition to its lipase
catalytic domain, anN-terminal CDC25 homology domain and
a two C-terminally located RA domains (44). As an effector,
PLC� may be regulated by both Ras and Rap as both proteins
bind the C-terminal RA domain with high affinity (18, 44). For
instance, after PDGF stimulation, the rapid initial PLC� activa-
tion was mediated by Ras, whereas prolonged activation was
mediated by Rap1 (45). Originally, the Ras effector function of
PLC� was also supported by the observation that in PLC�
knock-out mice, Ras-mediated skin tumor formation was
reduced (46). However, more recent analysis indicates that this
reduction is caused by a non-autonomous effect, i.e. PLC� defi-
ciency resulted in a reduction in 12-O-tetradecanoylphorbol-
13-acetate-induced inflammation, suggesting that its role in
tumor formation may be due to an increased inflammatory
response (47). Recently, Epac and PLC� were shown tomediate
�-adrenergic receptor-induced calcium-induced calcium
release in cardiomyocytes, suggesting that Rap proteins acti-
vated by Epac induce PLC� activity (48). Also in 293 cells
expressing the �-adrenergic receptor, Epac mediates the acti-
vation of PLC� through Rap2B (49). Thus, both Ras and Rap1
can activate PLC�, and differences in the reported selectivity
may depend on the cell context.
As a GEF, PLC� has exchange activity for Rap1 in vitro that is

required for sustained PLC� activation upon PDGF stimula-
tion, suggesting that as a GEF, it mediates its own prolonged
activation through a positive feedback mechanism (50). Addi-

tionally, PLC�maymediate cross-talk between the Ras and Rap
signaling networks.

Concluding Remarks

Ras and Rap are highly homologous proteins, each function-
ing in different but interconnected signaling networks. This
specificity of Ras and Rap is achieved by upstream regulatory
proteins and downstream effectors (Fig. 1). Most GEFs for Ras
or Rap contain a CDC25 homology domain and a REM domain
for catalysis, and the mechanism of nucleotide exchange is
comparable between RasGEFs and RapGEFs. However, the
interaction interfaces between the GEF and its GTPase differ
between the different pairs, generally resulting in their tight spec-
ificity for each other. In contrast, RasGAPs and RapGAPs do not
use the same catalytic mechanism.Whereas RasGAPs provide an
arginine side chain as the catalytic group, RapGAPs insert an
asparagine side chain in the GTP-binding pocket for catalysis. In
addition, GEFs and GAPs are multidomain proteins that regulate
theseGTPases in timeand space, and thus, localization and timing
are also important elements in the specificity.
A second way of ensuring specificity in signaling is through

effector proteins. Most effectors bind Ras and Rap proteins via
an RA domain or an RBD. In vitro, many of these domains bind
to both Ras and Rap, albeit with different affinity. However, in
vivo, the various effectors are rather specific. In part, this differ-
ence in selectivity for the RA domain/RBD may be determined
by flanking sequences or by differences in subcellular localiza-
tion. However, some effectorsmay be used by both Ras and Rap
proteins, e.g. AF-6 and Tiam1. The conclusion that the speci-
ficity of Ras and Rap is determined at least at two levels, by both
upstream regulators and downstream effectors, implies that
results obtained using overexpression of mutant GTPases that
are constitutively active lack at least one level of this specificity
control. Results obtained with such mutants should therefore
be interpreted with care.
For Rap, the list of effectors is rapidly expanding and contains

proteins both with and without catalytic activity, which are
mostly involved in all aspects of cell adhesion and modulation
of the actin cytoskeleton. A number of effectors have been
implicated in the control of integrins. For instance, in T-cells,
Riam, RAPL, and PKD have all been described as effectors.
They may form an “integrin activation complex” consisting of
Rap1 and several effectors and perhaps further adapter pro-
teins, required to mediate integrin activation. This complex is
then translocated to the integrin upon Rap activation to induce
cell adhesion. Also a number of effectors have been identified
that regulate the actin cytoskeleton, in particular the GEFs
Vav2 and Tiam1 for Rac proteins and the GAPs Arap3 and
RA-RhoGAP for Rho proteins. These effectors apparently
determine the balance between Rac and Rho signaling and, as
such, regulate the dynamics of the actin cytoskeleton. Finally,
an interesting aspect in the control of Ras family proteins is the
presence of RA domains in GEFs, such as Epac proteins, PDZ-
GEFs, and PLC�. These RA domains may be responsible for
feedback control or for the connection between signaling
networks.
Thus, in the last couple of years, it is truly appreciated that

Rap proteins serve in signaling networks that are largely differ-
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ent from Ras signaling networks. However, as with all signaling
networks, there is interconnectivity. It is the challenge for the
future to understand both networks and the interconnectivity
between these and other networks in full detail.
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The Rassf1–6 polypeptides each contain a Ras/Rap associa-
tion domain, which enables binding to several GTP-charged
Ras-like GTPases, at least in vitro or when overexpressed. The
Ras/Rap association domains are followed by SARAH domains,
which mediate Rassf heterodimerization with the Mst1/2 pro-
tein kinases. Rassf1A is unequivocally a tumor suppressor, and
all Rassf proteins behave like tumor suppressors, exhibiting epi-
genetic silencing of expression inmany human cancers and pro-
apoptotic and/or anti-proliferative effects when re-expressed in
tumor cell lines. Herein, we review the binding of the Rassf
polypeptides to Ras-like GTPases and the Mst1/2 kinases and
their role in Rassf function.

The Rassf (Ras association domain family) polypeptides, a
family of non-catalytic proteins encoded by six genes, each
expressed as multiple splice variants, were founded with the
description of Nore1 (now designated Rassf5) as a Ras-GTP-
binding protein (1). The description of the Rassf1 polypeptides
followed shortly thereafter (2) and elicited considerable atten-
tion because of their identification as the products of a tumor
suppressor gene (3, 4). Thus, the gene encoding Rassf1 is
located on chromosome 3p21.3, in a region that exhibits loss of
heterozygosity in �90% of small cell lung cancers and in nearly
50% of non-small cell lung cancers. The striking finding is that
the expression of the longer Rassf1A mRNA splice variant is
extinguished in nearly all small cell lung cancer cell lines and in
�40% of non-small cell lung cancer cell lines, whereas the
expression of the shorter Rassf1C transcript is maintained (2).
The loss of Rassf1A expression in tumors is due to selective
CpGmethylation of the promoter upstream of the exon encod-
ing the unique N-terminal segment of the Rassf1A isoform,
whereas the alternative, Rassf1C-specific promoter remains
unmethylated. Rassf1A is firmly established as an epigenetically
silenced tumor suppressor gene in a wide variety of cancers
(4–6). Re-expression of Rassf1A in tumor cell lines lacking

Rassf1A expression inhibits proliferation and tumor growth in
nude mice. Most persuasively, specific knock-outs of the exon
encoding the unique N terminus of Rassf1A result in increased
numbers of tumors in older mice, specifically lymphomas, lung
tumors, and gastrointestinal tumors (7, 8); increased numbers
of tumors have also been reported in Rassf1Aheterozygotes (7).
This review will emphasize Nore1/Rassf5 and Rassf1, the

most extensively characterized members of the Rassf1–6
polypeptide family, focusing on their structure and binding to
Ras-like GTPases and on the Mst1/2 protein kinases as likely
physiologic effectors. Excellent recent reviews of the entire
Rassf family in human cancers (6) and of Rassf1A (5) are
recommended.

Rassf Sequence Features and Domain Organization

The Rassf polypeptides align into two groups; Rassf1, Rassf3,
andRassf5 (Nore1) exhibit�50% amino acid sequence identity,
whereas Rassf2 and Rassf4 are nearly 60% identical to each
other and �40% identical to Rassf6. Identity between the two
subfamilies is �25% overall and largely confined to the RA2

domain and the unique motif called the SARAH domain (9)
located immediately C-terminal to the RA domain; together,
these domains occupy the C-terminal 150 amino acids of all
major isoforms of the Rassf1–6 polypeptides. The polypeptides
designated Rassf7 and Rassf8 have an N-terminal RA domain
but lack the SARAH domain and any other conserved motifs
seen in Rassf1–6; their functional relationship to Rassf1–6 is
unknown.
The human (all numbering refers to the human sequences)

Rassf1 and Nore1/Rassf5 polypeptides are expressed as two
major isoforms. The longer isoforms, Nore1A (418 aa) and
Rassf1A (340 aa), have non-homologous N termini (�120 and
40 aa, respectively), upstream of homologous C1-type zinc fin-
gers (Nore1A, aa 123–170), central linker regions (aa 194–250),
and RA domains (aa 274–364), followed immediately by the
SARAH domains (aa 366–413). The shorter isoforms, Nore1B
(265 aa) and Rassf1C (270 aa), are �50% identical to each other
and to the singlemajor Rassf3 polypeptide and are homologous
along their entire sequence. Compared with Nore1A, Nore1B
has a unique 40-aaN-terminal segment appended to the shared
linker and RA and SARAH domains. Caenorhabditis elegans
has a single Rassf-related gene, T24F1.3, encoding proteins of
554 and 615 amino acids, whose central region contains a C1
zinc finger and RA and SARAH domains and is �40% identical
to the C-terminal 300 aa of Nore1A/Rassf1A. Rassf2 and Rassf4
are expressed predominantly as single polypeptides of 326 and
321 aa, respectively, whereas Rassf6 occurs as 337- and 369-aa
proteins, the longer encoding one additional N-terminal exon.
Drosophila melanogaster has a single Rassf gene, CG4656,
encoding an 806-aa polypeptide with an N-terminal LIM
domain and C-terminal RA/SARAH domains that are nearly
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40% identical to those in Rassf2, Rassf4, and Rassf6 but less
similar to those of Rassf1, Rassf3, and Rassf5.

Rassf Interactions though the RA Domain

The non-catalytic nature of the Rassf proteins and the
presence of an RA domain lead to the inference that they
serve as adapters, recruiting to activated Ras-like GTPases
proteins that modulate GTPase activity and/or mediate cer-
tain of the GTPase downstream actions. However, apart
from the Nore1/Rassf5 polypeptides, which are clearly estab-
lished as effectors of Ras-like GTPases, physiologic regula-
tion of the other Rassf proteins by endogenous wild-type or
mutant Ras family proteins remains unproven. Nore1, the
founding member, was retrieved in a two-hybrid screen with
Ha-Ras(G12V) and binds in vitro with strong preference for
Ras-GTP (1). In a quantitative two-hybrid assay, Nore1
interacted with the activated forms of other Ras-like
GTPases in the order M-Ras/R-Ras3 � Rap2A � Ki-Ras �
R-Ras � R-Ras2/TC21 � Ha-Ras � Rap1 but not with RalA
(10). An extensive in vitro analysis using purified polypep-
tides observed that the Kd between Nore1 and GppNHp-
loaded Ha-Ras or M-Ras, determined by isothermal calorim-
etry, is nearly identical (0.31 �M versus 0.32 �M) and much
lower than for Rap1(2.8 �M) (11); by comparison, the values
for the c-Raf RBD are 0.080 �M for Ha-Ras and 0.67 �M for
Rap1. Kinetic measurements give a much lower Kd for the
Nore1/Ha-Ras interaction (0.02 �M) compared with that cal-
culated from calorimetric measurements, whereas the esti-
mate for c-Raf (0.066 �M) is similar in both methods. The
high affinity of Nore1 for Ha-Ras is attributable to a very low
off rate (koff � 0.18 s�1 versus 4.34 s�1 for c-Raf).
A Nore1 fragment encompassing the canonical RA domain

(aa 254–363) is unable to bind Ras, but an N-terminally
extended fragment (aa 203–363, identical in Nore1A and
Nore1B) binds Rasmuch like full-lengthNore1; the structure of
a co-crystal of Nore1-(203–363) with Ha-Ras-GppNHp was
recently described (12). Residues 230–358 of Nore1 exhibit the
ubiquitin-like folding pattern (�������) seen with other Ras
partners, with five residues of the �2 strand of Nore1A inter-
acting in an antiparallel manner with 10 residues of the Ras
switch 1 loop. The segment (aa 203–230) N-terminal to the
canonical Nore1 RA domain forms a helix and a short � strand
connected by a reverse turn and packs tightly against the ubiq-
uitin fold, a structure not seen thus far in any other Ras partner.
Cys225 andLeu226 of the turn formahydrophobic interfacewith
Ras switch 2 residues Met67 and Tyr64. The importance of this
Nore1/switch 2 interaction and its specificity for the Nore/Ras
interaction are illustrated by Ras mutation Y64A, which
reduces the interaction with Nore1 by nearly 100-fold but has
little effect on binding to the c-Raf RBD. Moreover, the Y64A
mutation causes a 150-fold increase in the unusually low koff
between Ras and Nore1. Thus, by virtue of a larger than usual
RA domain and interaction surface with Ras, Nore1 exhibits a
much slower dissociation, and the Nore1-Ras complex has an
estimated lifetime (�10 s) that is radically longer than that of
Raf, phosphatidylinositol 3-kinase, or RalGDS (60–250 ms).
This property is likely to bear significantly on the function of
Nore1 as an adapter.

The Nore1A RA domain can also bind directly to the Nore1
zinc finger (13), an intramolecular interaction that recalls the
ability of the c-Raf zinc finger to bind to a c-Raf segment imme-
diately N-terminal to the catalytic domain (14). Binding of Ras-
GTP to Nore1A displaces the zinc finger from the RA domain,
presumably freeing the zinc finger for intermolecular interac-
tions. The isolated Nore1A zinc finger shows highly selective
binding to phosphatidylinositol 3-phosphate and to sulfatide
(13), which may contribute to Nore1A membrane targeting.
Whether, as with Raf, theNore1A zinc finger participates in the
interaction with prenylated Ras (14) has not been tested.
Surprisingly, the Rassf1 polypeptides are greatly inferior to

Nore1 in their ability to bind Ras-GTP. In a two-hybrid assay,
Rassf1A showed no interaction above background levels with
any of the activated Ras-like GTPases that bind Nore1A (10).
Indirect calorimetry provides an estimated Kd for the Rassf1C/
Ha-Ras-GppNHp interaction of 39 �M, �1% that of Nore1,
with binding to Rap1 being undetectable; using another
method, the interaction of Ha-Ras with Rassf1A was 33-fold
weaker than that with Nore1A (11). Nevertheless, transiently
overexpressed Rassf1C can be co-precipitated with coex-
pressedHa-Ras(G12V) (15).Moreover,massive overexpression
of Rassf1C in 293T cells promotes apoptosis, a response
enhanced by coexpression of Ha-Ras(G12V) and opposed by
the inhibitory Ha-Ras mutant Q61L/C186S, indicating that
Rassf1C-induced apoptosis requires an interaction through its
RA domain (15). A similar synergistic pro-apoptotic effect has
been reported for Ki-Ras(G12V), Rassf2/4/6, andNore1/Rassf5
(reviewed in Refs. 5 and 6). Such functional collaboration does
not, however, necessarily result from a direct physical interac-
tion between the Rassf and Ras-GTP polypeptides. In fact, the
physical interaction between Rassf1A and Ras in transient
transfections appears to be largely indirect (10). Thus, both
Rassf1A and Nore1A are capable of homodimerizing through
their unique N termini as well as heterodimerizing with each
other, whereas Rassf1C shows little or no ability to homo- or
heterodimerize. Coexpression of Nore1A with Rassf1A
strongly enhances the association of Rassf1A with coexpressed
Ha-Ras(G12V), whereas coexpression with Nore1A-(1–267),
which lacks an RAdomain, abolishes the association of Rassf1A
(but not full-length Nore1A) with coexpressed Ha-Ras(G12V),
indicating that the ability of Rassf1A to associate with activated
Ras is attributable to its heterodimerization with Nore1A (10).
The ability of other Rassf polypeptides to engage in homo- or
heterodimerization is unexplored, and whether het-
erodimerization of endogenous Nore1A/Rassf1A occurs is
uncertain because the reliability of available antibodies
remains to be verified.
Regarding the interactions of other Rassf polypeptides with

Ras-like GTPases, recombinant Rassf2, Rassf4, and Rassf6 are
capable of binding specifically to GTP-charged Ki-Ras in vitro
and during transient transfection (5, 6), whereas the ability of
Rassf3 to bind Ras-GTP is undocumented as yet. Nevertheless,
as with Rassf1, evidence supporting a physiologic interaction of
Rassf2/4/6 is scant; when expressed transiently at levels com-
parable with Nore1A, Rassf6 does not co-precipitate coex-
pressed activated mutants of Ras-like GTPases, whereas Nore1
exhibits strong binding (16). A quantitative analysis of Rassf2/
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4/6 binding toRas-GTP in vitro relative toNore1 andRassf1 has
not been reported, nor has the association of endogenous
Rassf1–4 or Rassf6 with an endogenous Ras-like GTPase been
observed. Thus, the role of Ras-like GTPases as physiologic
binding partners of Rassf polypeptides other than Nore1A/B
must be considered unproven. Although it is premature to con-
clude that GTP-charged Ras subfamily GTPases do not interact
with endogenous Rassf1–4/6 polypeptides under “physiologic”
conditions, the inability of polypeptides encoding an “RA”
domain to bind to a Ras-like GTPase is not unprecedented, as,
for example, that inMyr5 or the RA1 domain of PLC� (11). The
ubiquitin fold (�������) of the RA domain and other RBDs
also forms the backbone of the UBQ and B41/ERM domains;
the Rassf1–4/6 RA domains may bind protein regions that
resemble those selected by the UBQ and/or B41/ERM domains
(17).

SARAH Domain

Each of the six Rassf polypeptides contains at its C terminus
this novel domain of �50 amino acids. Only three other
polypeptides encoded in the human genome contain thismotif,
i.e. WW45/SAV1, the ortholog of the Drosophila Salvador/
Shar-pei gene product, and theMst1 andMst2 protein kinases,
orthologs of theDrosophila protein kinase Hippo (9). An NMR
analysis (18) of the isolated, 13C,15N-labeled Mst1 SARAH
domain (aa 432–480) indicates that it adopts a hairpin-like
structure, with a short N-terminal helix (aa 433–437) folding
back at a�45° angle with respect to the longer C-terminal helix
(aa 441–480); the latter mediates the formation of a
homodimer through an antiparallel, head-to-tail association
stabilized primarily by hydrophobic residues. The addition of a
slight molar excess of the Nore1 SARAH domain (aa 366–413,
as a glutathione S-transferase fusion) to the Mst1 SARAH
homodimer results in the stoichiometric displacement of the
Mst1 SARAH domain into a 1:1 Mst1/Nore1 heterodimer, uti-
lizing the sameMst1 surface as in theMst1 homodimer, with an
estimated dissociation constant of the heterodimer in the nano-
molar range. The isolated WW45/SAV1 SARAH domain (aa
321–373) also associates with the Mst1 SARAH polypeptide
through its long helix; however, different, predominantly
hydrophilic Mst1 residues exhibit signal broadening compared
with the addition of the Nore1 SARAH domain. Nevertheless,
the addition of an excess of the WW45 SARAH domain to the
Mst1/Nore1 SARAH heterodimer does not produce any alter-
ations in theMst1 signals, nor is there evidence of a trimer upon
gel filtration. These results imply that the Mst1 (or Mst2) asso-
ciation with Nore1 will be as a constitutive heterodimer, a con-
clusion supported by the detection of Nore1A and Nore1B (as
well as Rassf1A) in immunoprecipitates of endogenous Mst1
from a variety of cells, regardless of stimulation (19, 20). More-
over, they suggest that the complexes of Mst1 with Nore1 and
with WW45/SAV1 will be mutually exclusive. Consistent with
this is the finding that immunoprecipitates of either endoge-
nous Salvador or dRASSF from Drosophila Kc cells contain
Hippo, but not each other, and that a trimeric complex cannot
be detected when all three polypeptides are transiently coex-
pressed (21). Conversely, Guo et al. (22) detected cross-immu-
noprecipitation of endogenousWW45 and Rassf1A fromHeLa

cells, apparently mediated via their SARAH domains. Thus,
whether or not the complexes of the Mst1/2 kinases with the
Rassf polypeptides and WW45 are physically independent is
unresolved; although a Nore1/WW45/Mst1 trimer does not
occur, perhaps the Rassf1A SARAH domain is capable of
engaging in a trimer with Mst1 or Mst2 and WW45.

Physiologic Regulation and Actions of Nore1

The strong interaction of Nore1 with Ras-GTP observed in
vitro, similar in affinity to that seen with c-Raf, as well as the
ability of epidermal growth factor to cause the association of
endogenous Nore1A with endogenous Ras (1), strongly sup-
ports the designation of Nore1A/B as a physiologic partner of
Ras-GTP. Nevertheless, a requirement for Nore1A or Nore1B
in the execution of a physiologic Ras output has not been con-
clusively identified. Overexpression of Ki-Ras(G12V) or the
Ha-Ras mutant G12V/E37G, which can bind Nore1 but not
phosphatidylinositol 3-kinase, induces apoptosis (23). Mst1,
which interacts through its SARAH domain with all human
Rassf polypeptides as well as with the T24F1.3 polypeptide, is
known to induce apoptosis when transiently expressed (24).
The finding that Ras-induced apoptosis is inhibited by coex-
pression with the Nore1 or Mst1 SARAH domain (23) strongly
supports the conclusion that a Nore1-Mst1/2 complex medi-
ates this phenotype. Nevertheless, a physiologic counterpart to
this model of Ras-induced apoptosis is not known.
In contrast, a compelling body of evidence indicates that

Rap1-GTP is a physiologic regulator of Nore1B in T-cells. Rap1
mediates the antigen- and chemokine-induced “inside-out”
activation of T-cell integrins (25, 26). As with receptor stimu-
lation, Rap1(G12V) enhances T-cell affinity for ICAM (inter-
cellular adhesion molecule), an LFA-1 ligand, and also pro-
motes LFA-1 clustering at the leading edge. T-cell antigen
receptor cross-linking activates Rap1 in a sustained manner
through PLC�, whereas chemokines activate Rap1 through a
pertussis-sensitive pathway to PLC�. Kinashi (25, 26) retrieved
Nore1B (called RAPL) in a two-hybrid screen using a
Rap1(G12V) bait and showed that overexpression of Nore1B in
primary T-cells per se is sufficient to strongly activate adhesion
to ICAM. Activation of the T-cell antigen or chemokine recep-
tors induces association of endogenous Nore1B/RAPL with
both Rap1 and LFA-1 and promotes recruitment of the
Nore1B-LFA-1 complex to the T-cell leading edge. The
requirement for Nore1B in the consequent activation of LFA-1
was initially shown by the ability of a Nore1B-(101–265) frag-
ment to block Rap1-GTP recruitment of Nore1B and LFA-1 to
the leading edge and to inhibit T-cell receptor and chemokine
(but not phorbol 12-myristate 13-acetate) activation of LFA-1.
Definitive proof for the importance of Nore1B to integrin acti-
vation is the finding that Nore1B-deficient mice exhibit dimin-
ished numbers of mature T-cells in peripheral lymphoid
organs, attributed to impaired thymic egress, as well as defects
in multiple integrin-controlled functions of peripheral T- and
B-cells (25, 26); independent contributions of Nore1B-Rap1
and Nore1B-Rap2 are documented (27).
Notably, the dominant inhibitory fragment Nore1B-(101–

265) is unable to bindRap1 as it lacks theN-terminal segment of
the extended Nore1 RA domain; it does, however, contain an
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intact SARAH domain, implying that its inhibitory action may
involve interference with a SARAH domain partner. This was
confirmed by the subsequent demonstration that the activation
of T-cell LFA-1 by Nore1B is entirely dependent on Nore1B
associationwith theMst1 kinase (20, 25, 26). Concomitant with
the activation of Rap1, Mst1 in complex with Nore1B is acti-
vated, a response lacking inNore1B-deficient T-cells. Similarly,
T-cells fromMst1-deficient mice exhibit impaired LFA-1 acti-
vation and clustering (28). The Mst1 substrates responsible for
LFA-1 activation are unknown. Interestingly, T-cells frommice
deficient inMst1 exhibit amarked decrease inNore1Bpolypep-
tide levels despite unaltered Nore1B mRNA levels, reinforcing
the view of Nore1B-Mst1 as a constitutive receptor-effector
complex (28).Mst1-deficient naïveT-cells also exhibit substan-
tial hyperproliferation in vitro in response to cross-linking of
CD3 or CD3 � CD28. Despite relatively normal thymic devel-
opment, Mst1-deficient mice have low numbers of naïve
T-cells presumably because premature activation in vivo
engenders activation-induced cell death. In contrast, the prolif-
erative responses of effector T-cells are not altered by Mst1
deficiency, a finding probably explained by the observation that
Nore1B andMst1 levels inwild-type effector cells are decreased
to �10% of those in naïve T-cells. Thus, the Nore1-Mst1 com-
plex acts physiologically to restrain the proliferative responses
of naïve T-cells (28). Whether the anti-proliferative action of
theNore1B-Mst1 complex ismediated byRap1-GTP (as is inte-
grin activation), Ras-GTP (29), or another Ras-like GTPase
remains to be determined.

Rassf Tumor Suppressor Function: Mst1 and Mst2
Kinases as Candidate Effectors

Stable re-expression of Rassf1A in tumor cell lines lacking
this polypeptide results in slowed proliferation, diminished col-
ony size in soft agar, and impaired tumorigenesis upon implan-
tation in vivo (Fig. 1) (2, 5). The major slowing is in the G1/S
transition accompanied by diminished cyclin D1 accumulation
(30). In addition, Rassf1A and Nore1 (as well as the Mst1 and
Mst2 kinases) are visualized predominantly onmicrotubules in

interphase and on the centrosome, spindle, and cytokinetic fur-
row during mitosis. The Rassf1A polypeptide contributes to
microtubular stability, and Rassf1A deficiency is accompanied
by chromosomal instability (8, 31, 32). Although transient Rassf
overexpression generates marked pro-apoptotic effects (5, 6),
the relevance of apoptosis to the tumor suppressor function of
the endogenous Rassf proteins is unclear. A large number of
candidate effectors for Rassf1A have been proposed (5, 6); how-
ever, the following discussion will be limited to the Mst1 and
Mst2 kinases as candidate Rassf effectors.
Mst1 andMst2 are class 2 GC (germinal center) kinases (86%

identical); they are best known for their ability to initiate apop-
tosis when overexpressed (24), through a combination of p53-
and JNK (c-JunN-terminal kinase)-mediated pathways (33, 34).
Reciprocally, apoptosis induced by a variety of stimuli is accom-
panied by activation of Mst1/2, followed by caspase cleavage,
yielding highly active catalytic fragments with unrestricted
nuclear entry and altered substrate specificity (35). In addition,
Mst1 and Mst2 are activated in mitosis by unknown mecha-
nisms and delaymitotic exit and progression throughG1 to S, in
part through the phosphorylation of Mob1 (36). Loss of func-
tion of the Mst1/2 Drosophila ortholog Hippo causes marked
overproliferation because of accelerated cell cycle progression
coupled with a failure of developmental apoptosis, a phenotype
rescued by human Mst2. Hippo lies at the center of a crucial
growth regulatory pathway (37, 38); downstream are its sub-
strates MATS (Mob1), a non-catalytic regulatory protein, and
the protein kinaseWarts/Lats. Hippo and Lats bind the scaffold
Salvador, which facilitates Hippo-catalyzed Lats phosphoryla-
tion; after binding to phospho-MATS, phospho-Lats autoac-
tivates, phosphorylates, and inhibits the transcriptional co-
activator Yorkie, a pro-proliferative, anti-apoptotic effector.
Upstream regulation of Hippo is less well characterized; activa-
tion is probably initiated by cell-cell contact and mediated by
atypical cadherins and involves FERM domain proteins (Mer-
lin, Expanded). Salvador may also facilitate Hippo activation.
The pathway is well conserved, and its importance to mamma-
lian tumorigenesis and organ size control is demonstrated by
the overgrowth and tumor predisposition phenotypes of mice
with mutations in orthologous genes and by genomic alter-
ations in human cancers, e.g.NF2/Merlin, Lats, and Yap/Yorkie
are established tumor suppressors and oncogenes.
Mst1 andMst2 are activated by autophosphorylation in their

activation loop; when transiently expressed, they exist as a
slightly active (although pro-apoptotic) homodimer that can be
fully activated upon the addition of protein phosphatase inhib-
itors. Coexpression with excess Nore1/Rassf1 displacesMst1/2
into a heterodimer and inhibits kinase activity (19), although
activation of Mst2 by coexpressed Rassf1A has also been
reported (22, 39). Membrane recruitment of the complex by
Ras- or Rap1-GTP results in activation, which persists only
while the kinase is at the membrane (19). This contrasts with
c-Raf-1, whose association with Ras-GTP initiates a series of
modifications that result in stable activation independent of
continued Ras association (14). Although the physiologic rele-
vance of the Nore1B-Mst1 complex is securely established, the
role of the Mst1/2 kinases in the tumor suppressor function of
Rassf1A and Nore1A, although highly plausible, is uncon-

FIGURE 1. Signal transduction through the Nore1/Rassf5 and Rassf1A
polypeptides. Question marks indicate that the identity of the element(s) or
the relationship indicated by the arrows is uncertain. The dashed line indicates
definite but weak signaling. GEFs, guanine nucleotide exchange factors.
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firmed. Whether Rassf1A operates within the mammalian
“Hippo” tumor suppressor pathway or in an independently reg-
ulated tumor suppressor pathway, through Mst1/2 and/or
other effectors, remains to be established. Illustrative of these
uncertainties, Nore1-(1–250), lacking the RA and SARAH
domains, suppresses colony formation by A549 cells nearly as
well as full-length Nore1 (40). Although it is not known
whether Nore1A and Nore1A-(1–250) inhibit proliferation by
the same mechanism, it is possible and perhaps probable that
the ability of the Rassf proteins to serve as tumor suppressors
reflects, wholly or in part, their participation in pathways that
are entirely independent of Ras-like GTPases and Mst1/2
kinases.
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The Ras effector and E3 ligase family member IMP (impedes
mitogenic signal propagation) acts as a steady-state resistor
within the Raf-MEK-ERK kinase module. IMP concentrations
are directly regulated byRas, through inductionof autoubiquiti-
nation, to permit productive Raf-MEK complex assembly. Inhi-
bition of Raf-MEK pathway activation by IMP occurs through
the inactivation of KSR, a scaffold/adapter protein that couples
activated Raf to its substrate MEK1. The capacity of IMP to
inhibit signal propagation through Raf toMEK is, in part, a con-
sequence of disrupting KSR1 homo-oligomerization and c-Raf-
B-Raf hetero-oligomerization. These observations suggest that
IMP functions as a threshold modulator, controlling sensitivity
of the cascade to stimulus by directly limiting the assembly of
functional KSR1-dependent Raf-MEK complexes.

TheRaf-MEK2-ERK kinase cascade is a fundamental compo-
nent of both normal and pathological cell regulatory networks.
ERK activation ultimately results in modulation of gene tran-
scription, and its amplitude, duration, and subcellular compart-
mentalization are critical determinants of the biological
response (1, 2). Non-catalytic scaffold proteins can generate
higher ordermolecular organization tomodulate the assembly,
activation, and compartmentalization of MAPK cascades
(3–5). Specificity and fidelity may be achieved not only through
pre-assembled complexes but also by locally assigning those
complexes to distinct receptors or other activators for stimu-
lus-specific induction of the appropriate pathway.
We have described a Ras effector, IMP (impedes mitogenic

signal propagation), which negatively regulates ERK activation
by limiting formation of Raf-MEK complexes (6). The mecha-
nismof inhibition appears to be through inactivation of KSR1, a
scaffold protein that couples activated Raf to its substrateMEK.
IMP is a Ras-responsive E3 ubiquitin ligase. Upon Ras activa-
tion, IMP ismodified by autopolyubiquitination, which relieves
its inhibitory effects onKSR. Thus, Ras activates the Raf-MAPK

cascade through dual effector interactions: induction of Raf
protein kinase activity concomitant with liberation of KSR-de-
pendent Raf-MEK complex assembly. This relationship poten-
tially provides a mechanism to tether MAPK mobilization to
appropriate Ras activation thresholds.

Domain Organization and Sequence Conservation of
IMP

IMP is a unique protein in terms of its predicted functional
domains, domain structure, and high degree of conservation
across species. The primary amino acid sequence of IMP predicts
a RING-H2 domain, followed by a UBP-ZnF and leucine heptad
repeats predicted to form a coiled-coil (SMART, smart.embl-hei-
delberg.de). This domain architecture is very similar to the RBCC
family of proteins that include the proto-oncogenes PML and
TIF-1 (7),with the exceptionof aUBP-ZnF inplaceof aB-boxzinc
finger. IMP is theonly identifiableprotein in thecurrentdatabases
that has the RING-UBP-ZnF-coiled-coil structure.
The sequential tripartite domain organization of RBCC pro-

teinshasbeen shown tobe essential for proper enzymatic function
and/or appropriate protein-protein binding events (8). Likemany
RING-containing molecules, some RBCC proteins such as EFP
andMID1 possess E3 ubiquitin ligase activity, whereas PML does
not (7). The B-box is important for protein interactions, yet rather
than directly taking part in binding, it is believed to orient RING
and/or coiled-coil domains for proper associations with other
molecules. The coiled-coil domain has been shown to mediate
homo- and heterodimerization and, in the case of the Ret finger
protein, may contain a nuclear export sequence (9).
The UBP-ZnF motif is found only in DUBs and at least one

histone deacetylase, HDAC6. InDUBs, this domain binds ubiq-
uitin (10) and is not required for enzymatic activity. Likewise, in
HDAC6, this domain does not affect deacetylase activity and
appears to bind polyubiquitin chains (termed the PAZ (poly-
ubiquitin-associated zinc finger) domain) (11). Although this
motif may have a common utility in both types of enzymes, it is
unexpected in histone deacetylases and is hypothesized to take
part in the regulation of heterochromatin assembly (12). IMP is
the only protein outside of these two protein families to contain
a UBP-ZnF domain. Being that IMP is an E3 ubiquitin ligase,
the function of theUBP-ZnFmay be as straightforward as bind-
ing polyubiquitin for high fidelity chain elongation. In this way,
it would act like the UBS (ubiquitin association) domains of E2
ubiquitin-conjugating enzymes orDUBs,which use the domain
to associate with polyubiquitin chains during chain elongation
or proteolysis, respectively (11).
IMP is highly conserved across eukaryotes, with a single

ortholog present in each species. Human multiple-tissue
Northern blot analysis shows broad-spectrum expression (6),
as described previously in mice (13).

IMP Is an E3 Ubiquitin Ligase

IMP contains a RING-H2 motif that, like many RING-con-
taining proteins (14), exhibits E3 ubiquitin ligase activity. There
are two types of E3 ligase, distinguished by their enzymatic
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domain and mode of ligation (15). The HECT domain E3
enzymes receive activated ubiquitin through an isopeptide link-
age that it passes on the target; HECT E3 enzymes are thus true
enzymes. RING domain E3 enzymes can function as multipro-
tein complexes, such as the SCF complex involved in cell cycle
regulation, or individual enzymes, such as the tumor suppres-
sors BRCA1 andMDM2 (16). RINGdomain E3 enzymes simul-
taneously bind the E2 and target protein and hence facilitate
direct ubiquitin transfer by bringing the proteins into spatial
proximity. In all organisms, there are only one or two E1
enzymes, tens of E2 enzymes, and hundreds of E3 ligases that
selectively interact with particular E2 enzymes; thus, E3 ligases
are likely responsible for target selection.
The best evidence of a role for ubiquitin in the ERK cascade

comes from studies in Saccharomyces cerevisiae, where Ste11
and Ste7 are ubiquitinated upon pheromone induction of the
mating response pathway. The RING-containing Ste5 scaffold
does not mediate either of these modifications as it does not
appear to be a functional E3 ligase. Rather, ubiquitination of
Ste7 is mediated by the SCF complex upon Ste11 phosphoryla-
tion of Ste7 (17–19). Intriguing work inDictyostelium suggests
a signal-dependent interplay between ubiquitination and
sumoylation in the regulation of dDMEK (20). It has also been
reported that the PHD domain ofMEKK1 has E3 ligase activity
and can ubiquitinate ERK in a manner that leads to its degra-
dation (21). Finally, the Ras GTPase-activating protein NF1
may become ubiquitinated upon Ras activation (22).
We could not find any substrates in the ERK cascade for the

ubiquitin ligase activity of IMP. However, like most E3 ligases,
IMP is likely a true target for its own E3 ligase activity in cells.
When combined with recombinant E1 and E2 enzymes, IMP
autoubiquitinates, as evidenced the appearance of a “ladder” of
highermolecular weight IMP species (6). Ligase activity is elim-
inated by point mutation of the first cysteine of the RING
domain (23); accordingly, the IMP(C264A) mutant does not
ladder in the recombinant system (6).

Ras-IMP Interaction

Ras binds IMP in a 104-amino acid region that includes the
UBP-ZnF (6). As mentioned, the UBP-ZnF appears to function
as a binding domain for polyubiquitin chains in ubiquitin pro-
teases and HDAC6. Although the UBP-ZnF of IMP overlaps
with the RBD, UBP-ZnF domains are unlikely to represent a
general Ras-binding motif as no other protein containing this
domain was isolated in our screens and as Ras failed to interact
with the UBP-ZnF (PAZ) domain of HDAC6 in pairwise tests.
However, the presence of a zinc finger within the RBDof IMP is
reminiscent of Raf, in which the RBD is immediately N-termi-
nal to the zinc finger. The Raf RBD has been shown to be
required for Raf recruitment to the plasmamembrane, whereas
the zinc finger is required for full activation by Ras (24, 25). It is
unknownwhether there are similar roles for the RBD andUBP-
ZnF in IMP.
IMP selectively interacts with Ras in its GTP-bound state, as

observed in EGF-stimulated cells (6) and anti-CD3 activated
T-cells (26) with overexpressed and native proteins. This inter-
action stimulates the E3 ubiquitin ligase activity of IMP and
subsequent autoubiquitination (6). These ubiquitinated IMP

species accumulate in mitogen-stimulated cells or cells coex-
pressing Ras12V and IMP but are not observed in cells express-
ing the ligase-defective C264A mutant (6). Coexpression of
oncogenic Ras with IMP reverses its ability to interfere with
MEK activation. Significantly, the C264A mutant restrains
oncogenic Ras activation of ERK. This indicates that inactiva-
tion of the RING-H2 domain does not impair IMP inhibitory
activity but rather turns IMP into a “superinhibitor” that is no
longer sensitive to Ras signals.

Threshold Control

Ectopic expression of IMP blocks activation of the ERK cas-
cade between Raf and MEK. Hypomorphic studies (described
below) have shown that this is not simply an artifact of overex-
pression. Transcriptional activation through ERK is likewise
inhibited, as shown in reporter assays with Elk-1 (26), c-Fos (6),
and NF-AT (26). The inhibitory function of IMP appears to be
specific for the ERK pathway as other kinases such as JNK
(c-Jun N-terminal kinase) and Akt are not affected (6).
Inhibition of native IMP expression increases the amplitude

of ERK pathway activation without alterations in the timing or
duration of the response. The dynamic range of ERK activation
is known to be important for the determination of various cells
fates, with drastically different phenotypes driven by the lower
versus higher range of activation. “Strong” ERK activation can
promote cell cycle arrest in fibroblasts (27–29), differentiation
of PC12 cells (30, 31), and survival of carcinoma cells (32). Con-
versely, “weak” ERK activation can result in proliferation of
fibroblasts (27–29) and PC12 cells (30, 31) and apoptosis in
carcinoma cells (33, 34). The magnitude of ERK activation is
also responsible for various outcomes in the selection and spec-
ification of certainT-cell populations (35, 36).Depletion of IMP
protein does not affect base-line activation ofMEK and ERK (6)
but rather elevates their response to mitogenic stimulation and
cross-linking of the T-cell receptor complex (26). Similarly,
IMP-depleted PC12 cells are sensitized to nerve growth factor
such that neurite outgrowth is induced at normally subthresh-
old concentrations (6). Finally, inhibition of IMPexpression has
been shown to significantly increase cytokine production by
human Jurkat T-cells and primary mouse CD4 T-cells upon
engagement of the T-cell receptor complex (26). Thus, IMP
functions as a signal threshold regulator for the ERK pathway
by imposing a stimulus-responsive inhibitory mechanism that
must itself be inhibited for signal transduction to occur.
This concept is interesting in light of the recently

described “model-breakpoint analysis,” which demonstrates
that the best predictor of signal-induced cell phenotypes is
the dynamic range over which signaling occurs rather than
the size of the basal or maximal signal (37). By coupling
signal throughput to IMP protein concentration, the
dynamic range of Ras signaling can be fine-tuned within
“normal” parameters to fit a given physiological situation. It
would be interesting to examine the model breakpoint of
IMP inhibition of ERK signaling in the presence and absence
of constitutively active Ras12V and how it changes with
expression of ligase-defective IMP.
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KSR Scaffolding of Raf-MEK

A preponderance of genetic, cell biological, and biochemical
evidence indicates that KSR1 is a necessary mediator of func-
tional Raf-MEK complex formation (38, 39). IMP interacts with
KSR1 and requires its expression to influence MEK activation
(6, 40). The mechanism by which KSR1 promotes Raf-MEK
coupling is not completely understood but most likely involves
direct binding to both Raf and MEK.
The inhibitory action of IMP on Raf-MEK complex forma-

tion is explained at least in part by its effects on KSR homo-
oligomerization. KSR1 proteins can homo-oligomerize
through interactions in the C-terminal half, and IMP expres-
sion blocks this interaction (40). Thismay occur in part through
direct interactions between IMP and KSR as they associate via
their respective N-terminal halves (6). Interestingly, IMP exists
in KSR1 complexes containing endogenous MEK but not in
those containing B-Raf, suggesting that there aremultiple KSR-
MEK activation complex intermediates that are selectively
modulated by IMP (40). In fact, IMP expression can impair the
oligomerization of KSR1-MEK and KSR1-B-Raf complexes to
limit the accessibility ofMEK for activation by B-Raf. Although
IMP expression blocks KSR1 homo-oligomerization without
affecting the interaction of KSR1 with MEK1 or B-Raf, this has
significant consequences on the ability of Raf to activate MEK
and thus propagate signals through the pathway (Fig. 1).
There are likely distinct complexes of KSR1-MEK, KSR1-c-

Raf, andKSR1-B-Raf in cells, and pathway activation appears to
require KSR1 homo-oligomerization to join Raf with its sub-
strate. This has beendemonstrated inDrosophila cells, inwhich
dKSR promoted dRaf-mediated dMEK phosphorylation only if

it could bind dRaf and dMEK indi-
vidually; dRas activity was not
required for dRaf and dKSR to inter-
act (41). Furthermore, co-localiza-
tion of dKSR and dRaf was sufficient
to activate dMEK in quiescent cells
and in transgenic flies (41). Like-
wise, we found that EGF-induced
B-Raf-c-Raf complexes were unde-
tectable in KSR1-null mouse em-
bryo fibroblasts but were restored
upon re-expression of KSR1 at near
physiological concentrations (40).
Thus, in addition to promoting Raf-
MEK complex assembly, KSR1
promotes c-Raf-B-Raf hetero-oli-
gomerization. This suggests that,
like the Drosophila ortholog,
human KSR1 acts both upstream
and downstream of Raf kinase
activation.

KSR Scaffolding of c-Raf-B-Raf

Recently, c-Raf-B-Raf hetero-oli-
gomerization has been revealed as
an essential step for maximal c-Raf
kinase activation and is required for
biological responses to low activity

B-Raf variants inmelanomas (42, 43). Although it is still unclear
how c-Raf-B-Raf heterodimerization triggers c-Raf activation,
B-Raf kinase activity is surprisingly not required as kinase-
inactive B-Raf can still promote activation of the c-Raf cata-
lytic domain (40). This suggests that association with B-Raf
either facilitates activating c-Raf transphosphorylation or
recruits additional upstream regulators that promote c-Raf
kinase activation.
Interestingly, IMP has differential effects on the engagement

of c-Raf versusB-Raf formitogenic signaling (40). In addition to
blocking KSR-mediated c-Raf-B-Raf hetero-oligomerization,
IMP reverses the ability of kinase-dead B-Raf to increase the
specific activity of the c-Raf catalytic domain. Depletion of IMP
by RNA interference increased the level of detectable EGF-
stimulated B-Raf/c-Raf heterodimers. Thus, IMP is both neces-
sary and sufficient to limit generation of active B-Raf-c-Raf pro-
tein complexes. This inhibition does not appear to affect
binding of 14-3-3, which has been suggested to be a prerequisite
for c-Raf-B-Raf association (43). Although IMP does not affect
the KSR1-B-Raf association, IMP does uncouple c-Raf from
KSR1 complexes. The uncoupling of c-Raf from KSR1 appears
to be critical to the inhibitory effects of IMP on MEK. This is
suggested by experiments in which the remaining active MEK
in EGF-stimulated cells depleted of c-Raf by RNA interference
was insensitive to overexpression of IMP (40). Also, the
enhancedMEK activation normally observed upon IMP deple-
tion was reversed by co-depletion of c-Raf.
Like its effect on B-Raf, IMP inhibits Raf-1 activation ofMEK

without blocking Raf-1 activation (6). In response to EGF stim-
ulation, Raf-1 is phosphorylated at Ser338 (44). This is an acti-

FIGURE 1. IMP impedes Ras mitogenic signaling by limiting KSR1 complexes. In the absence of mitogen,
IMP blocks KSR1 C-terminal homo-oligomerization (Step 1), KSR1-c-Raf binding (Step 2), B-Raf-MEK binding
without affecting their association with KSR1 (Step 3), and B-Raf-c-Raf hetero-oligomerization (Step 4). Upon
stimulation, Ras-GTP binds IMP and activates its autoubiquitination, thus relieving signal inhibition. Concom-
itantly, Ras-GTP activates Raf and allows subsequent KSR1 complex formation and ERK pathway signaling.
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vating phosphorylation that occurs upon Ras association (25)
and is required for Raf kinase activity (44). IMP expression does
not inhibit stimulus-dependent phosphorylation of Ser338; on
the contrary, the phosphorylation is enhanced. Considering
that IMP blocks ERK activation, this is likely a consequence of
uncoupling negative feedback inhibition of EGF signaling.

Regulation of KSR

Work by Morrison and co-workers (45, 46) and Lewis and
co-workers (47, 48) has provided key information about how
KSR1 is regulated by phosphorylation, subcytoplasmic parti-
tioning, and nucleocytoplasmic shuttling. KSR is constitutively
associated with MEK and interacts with ERK in a stimulus-de-
pendent fashion (45). Both kinases bind KSR1 directly at the
CA3 domain, which contains a possible ERK-docking site
(FXFP) (45). In normal unstimulated cells, KSR1 is sequestered
in the cytoplasm via association with a 14-3-3 protein dimer
bound to phosphoserines (46). Upon stimulation, protein phos-
phatase 2A dephosphorylates the c-TAK phosphorylation site
(Ser392), causing the dissociation of 14-3-3. This allows KSR-
MEK to translocate to the plasma membrane, the site of active
Raf. Interestingly, substitution of serine for alanine at position
392maintainsKSR at the plasmamembrane and promotes ERK
binding and Ras signaling on its own, thus sensitizing the path-
way to stimulation (46). These data provide insight into how
scaffolds may be regulated and underscore the importance of
controlling the intracellular location of multiprotein com-
plexes. KSR is also phosphorylated onmultiple sites in cells in a
mitogen-dependent manner (47).
IMP has effects on KSR1 that mimic a loss-of-function vari-

ant (C809Y) discovered in a Ras suppressor screen in Caenorh-
abditis elegans. C809Y is hyperphosphorylated, fails to associ-
ate with MEK, and partitions to a distinct biochemical
compartment (49). Although IMP does not interfere with KSR-
MEK binding, it does promote hyperphosphorylation of KSR1
and partitioning to the same distinct cellular fraction as C809Y
(6). Furthermore, immunofluorescence analysis revealed that
IMP recruits KSR to distinct subcellular compartments, which
is reversed upon Ras activation (6). Interestingly, IMP that has
been modified with a CAAXmotif (and is thus localized to the
cell membrane) is an even more effective ERK pathway inhibi-
tor than unmodified IMP; the CAAX effect is further enhanced
in the IMP(C264A) mutant (26). This may suggest that the site
of action of IMP is near themembrane, which is consistent with
its roles in suppressing membrane localization of KSR1 com-
plexes and as a Ras effector. Interestingly, expression of IMP-
CAAX in cells depleted of endogenous IMP inhibits ERK signals
better that IMP-CAAX expressed in cells with normal endoge-
nous IMP levels (26). This may suggest that endogenous autou-
biquitinated IMP contributes to positive ERK signaling.
Although IMPblocks the ability of ectopically expressedKSR to
enhance ERK activation, it cannot inhibit mitogen-stimulated
ERK activation in KSR-null cells (6). Together, these observa-
tions suggest that KSR is required for IMP to modulate ERK
activity and that IMP functions to hold a pool of KSR in an
inactive state.

Conclusion

The capacity of signalingmolecules to respond appropriately
to dynamic extracellular environments likely requires coupling
to a physiologically relevant response threshold. The presence
of proteins like IMP may provide a mechanism to impose flex-
ibility in the position of such thresholds in response to the com-
plexity of external stimuli. Like a rheostat, the position of the
threshold may be modulated by IMP regulators and be held by
IMP. In this way, the action of IMPmay prevent ultrasensitivity
of MAPK pathway activation and maximize the dynamic range
of Ras-dependent signals that can engage pathway activation.
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Thedevelopmentof thepharmaceutical industry, drivenbypro-
gress in chemistry, biology, and technology, ranks as one of the
most successful of human endeavors. However, serious health
problems persist, among which are diseases caused by protozoan
parasites, largely ignored in modern times. Advances in genomic
sciences,molecular and structural biology, and computational and
medicinal chemistry now set the scene for a renewed assault on
such infections.A structure-centric approach to support discovery
ofantiparasitic compoundspromisesmuch.Current strategiesand
benefits of a structure-based approach to support early stage drug
discovery will be described.

Molecular structure and chemical interactions define how cells
and organisms live and die. Paul Ehrlich worked this out over a
century ago andcoined the term“pharmacophore” todefine those
properties of a compound responsible for a pharmacological
response. Ehrlich addressed problems caused by the parasites
Plasmodium sp. and Trypanosoma brucei, the organisms respon-
sible for malaria and African sleeping sickness, respectively. His
links to industry, in particular dyestuff manufacturers, were
important because their chemistry expertise provided com-
pounds. Investigations with dyes extended to arsenicals and ulti-
mately produced Salvarsan, the first chemotherapeutic agent, for
treatment of a bacterial infection, syphilis, and African sleeping
sickness (1). The foundation of the pharmaceutical industry was
therefore based in large part on discovery of drugs against proto-
zoan parasites. Despite progress, diseases caused by protozoan
parasites remain a serious health issue in much of the developing
world. Inparticular,malaria (2),Africansleepingsickness (3),Cha-
gas disease (caused by Trypanosoma cruzi) (4), and cutaneous,
mucocutaneous, andvisceral leishmanises (Leishmaniamajor and
Leishmania donovani) (4, 5) profoundly influence the lives ofmil-
lions of people.
Vaccination, an idealmethod of dealing with pathogens, rep-

resents a holy grail in parasitology especially for malaria, but
investment in antiprotozoan vaccine development has gained

scant reward. Plasmodium, Leishmania, andT. cruzi infect and
shelter from the immune systemwithin host cells. Plasmodium
species display variability and antigenic variation in their mem-
brane-bound surface proteins (6). This prolongs parasite circu-
lation in the blood, increases the likelihood of transmission, and
helps evasion of the immune system. The African trypanosome
T. brucei lives in the bloodstream fully exposed to the immune
system.However, this organism possesses a repertoire of genes,
only one of which is switched on at any given time, encoding a
VSG.2 The abundant VSG cloaks the parasite and prevents
access to potential antigens embedded in the surface mem-
brane. Antigenic variation changes theVSGat regular intervals,
allowing the pathogen to circumvent the immune response (7).
In some cases, e.g. malaria, a few acceptable drugs are avail-

able. However, for trypanosomatid infections, the current
treatments are woefully inadequate due to toxicity, high cost,
and poor efficacy (8). Increasing levels of drug resistance exac-
erbate the problem of parasitic diseases (9), and in addition,
�10% of emerging infectious diseases are caused by protozoans
(10). These factors, in conjunction with the lack of vaccines,
emphasize the urgent need for new drugs. Recent significant
advances in molecular parasitology and modern drug research
provide opportunities to progress in this. I will outline how the
industry evolved from Ehrlich’s pioneering work, describe
modern approaches (heavily reliant on access to structural
data) to early stage drug discovery, and explain concepts and
current ideas in the field. The emphasis will be onwhatmodern
approaches offer the area of neglected parasitic diseases.

Post-Ehrlich

Drug discovery is inexorably linked to society’s requirements
and scientific advances. At first, the need for anti-infectives
dominated; the emphasis was on testing compounds, mainly
natural products, against organisms. Advances in extraction
and separation technologies, with analytical methods extend-
ing to structure determination, enhanced natural product and
synthetic chemistry and the elucidation of SAR. A particularly
successful approach was derivatization of natural products:
metabolites and constituents of biomolecules. The legacy is
that 75% of antibacterials in the clinic are natural products or
their semisynthetic derivatives (11). The research had wide
reaching benefits, and readers might care to reflect on what the
Journal of Biological Chemistry would look like without the
antibiotics that assist modern life sciences research.
The industry successfully developed drugs and vaccines and

revolutionized health care. A downside of this success was the
perception that microbial diseases were consigned to the past
or less developed (less profitable) countries, and complacency
set in. Commercial pressures forced the industry toward “mod-
ern” diseases such as cancer, diabetes, and cardiovascular con-
ditions. Although the occasional war provoked activity against
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malaria research, antiparasite drug researchwas a limited activ-
ity, discarded when companies reassessed priorities or consol-
idated activities.
Genomic science heralded insight into the blueprint of life

and, together with advances in molecular biology, shaped a
strategy where the emphasis changed to identification and
exploitation of specific targets for therapeutic intervention.
Combinatorial chemistry and automated HTS provided the
technology to synthesize and test vast numbers of com-
pounds, searching out the first new ligands or hits. This was
seen as a panacea for the failure of existing programs to find
new chemical entities directed against specific targets. How-
ever, the rate of new compounds entering clinical trials did
not increase relative to the huge investments in compound
libraries, the number of screens being run, or the targets
addressed. Indeed, in the last 25 years, only a single de novo
drug based on combinatorial chemistry has been reported
(12).
A critical failing was the use of libraries that were large

collections of similar molecules, assembled on the basis of
ease of synthesis and cost rather than a likelihood of being
biomedically relevant (13). This was recognized within the
industry. Christopher Lipinski in particular identified the
general features of oral and passively absorbed compounds
most relevant to early stage drug discovery. They are rela-
tively small (�500 Da) and lipophilic, with five or fewer
H-bond donors, 10 or fewer H-bond acceptors, and an octa-
nol/water partition coefficient of �5 (14, 15). These guide-
lines are not applicable to natural products and where active
transport occurs. The trend now is toward smaller,
“smarter,” combinatorial, and focused libraries containing
drug-like compounds (16). An increased emphasis is placed
on synthetic feasibility and omission of moieties known to
cause problems with respect to ADMET (17). To circumvent
toxicity issues, the choice of compounds used for testing in
general avoids functional groups likely to render molecules
reactive, covalent inhibitors. This issue highlights a dilemma

in drug discovery: the exceptions.
Although experience dictates that
covalent binding enzyme inhibi-
tors are likely to cause ADMET
problems, many drugs are just
such compounds (18), e.g. aspirin!
There have been tremendous

advances in macromolecular struc-
ture determination by x-ray diffrac-
tion and NMR methods. Automated
crystallization facilities and larger
magnets have brought more samples
forward for structural studies. Mod-
ern diffraction data collection facili-
ties (in-house or at synchrotron radi-
ation sources), automated sample
changers, and semiautomated com-
putational pipelines allow structure
determination in high-throughput
fashion. This means that three-di-
mensional structuresofkey therapeu-

tic targets and ligand complexes can be obtained quickly, produc-
ing data crucial for early stage drug discovery.

Protozoan-specific Requirements Dictate the Nature of
the End Product

When targeting human proteins for drug discovery, the
desired effect is to increase or decrease some biological activity,
i.e. activation or inhibition. For protozoan parasites, we are
solely concerned with a deleterious effect to the organism, and
the goal is a stable compound, cheap, orally bioavailable, and
potent. Thismolecule should have high affinity for one ormore
targets in the parasite, disrupt an essential aspect of metabo-
lism, and kill the pathogen quickly. There should be no or little
toxicity against humans (19).
Oral bioavailability is a priority. This provides a practical

benefit of using tablets in developing countries and optimizes
the chances of treating pathogens occupying an intracellular
niche or infecting the central nervous system. The Lipinski
guidelines (14) are therefore particularly relevant to antipara-
site drug research. For protozoan parasites, drug research is
also affected by the simple fact that selectivity for one eukary-
otic cell over another (the host) has to be found, and in this
respect, the search for such therapies ismore akin to anticancer
than antibacterial drug research.

Exploiting Structural Information for Ligand Discovery

A small molecule binds and interacts with a target exploiting
chemical interactions such as hydrophobic van derWaals asso-
ciations, hydrogen bonds, ionic attractions, charge transfer
complexes, and, sometimes, covalent bonds. The cumulative
effect of these interactions determines affinity, specificity, and
the level and mode of action. A structure of the complex is the
most direct way to gain a detailed understanding of how a
ligand binds a target (Fig. 1). This immediately informs on SAR
and provides a template for screening andmodeling to improve
affinity. The growing maturity of structure-based ligand dis-
coverymethods (20, 21) offers the potential to reduce the num-

FIGURE 1. Benefits of structural information. The complex of a potent inhibitor, methotrexate (MTX), in the
active site of T. brucei pteridine reductase (PTR1), the NADPH complex (48), is shown. The protein surface is
depicted as a semitransparent van der Waals surface colored according to atom type (carbon, white; nitrogen,
blue; oxygen, red). The ligands are shown as stick models, with the methotrexate and NADPH cofactor positions
in black and yellow, respectively.
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ber of compounds being synthesized and tested by revealing
early and valuable insight into the interactions that influence
selectivity and binding affinity. This can be a significant saving
in resource.
FS methods are increasingly used to identify hits (22–24),

where collections of small compounds, typically with a mass of
100–250 Da, are assayed for binding by NMR or differential
scanning fluorometry, for example. Crystallography can be a
particularly powerful method to apply here by employing co-
crystallization, or if robust crystals are available, then fragments
can be soaked in. Suchmolecules haveweak binding affinities in
the range 10 mM to 100 �M. Such low affinity for a target is far
removed from that required (typically low nM) to elicit a potent
biological effect. The critical fact is, however, that fragments
have high ligand binding efficiency, i.e. a high average free
energy of binding per heavy atom (25). The benefits of FS
include ready availability and generally good solubility of a FS
compound collection, together with simple and robust binding
assays. The output can be the accurate placement of novel
chemical matter in a target-binding site. This provides a tem-
plate for ligand design from a tractable starting point and feeds
an iterative process of design that guides synthetic and medic-
inal chemistry decisions concerning modifications and rounds
of synthesis and testing as affinity for the target is improved.
Computational methods are increasingly important in ligand

identification and complement empirical screening approaches.
VS is the process whereby large in silico compound libraries are
interrogated and filtered, based on a pharmacophore hypothesis,
to identify potential ligands (26). Prior structural data are essential
to define the pharmacophore and the template for screening.
Selected compounds are docked into the binding site to provide

models of target-ligand complexes.
Advances indevelopmentof comput-
inggrids, large central processingunit
clusters, and structure-based tools
mean that VS is a cost-efficient reli-
able way to investigate diversity in
chemical space and to findhits.Dock-
ing calculations can also be applied to
hits found by HTS to quickly investi-
gate aspects ofmolecular recognition.
Molecularmodeling anddesign strat-
egies then generate ideas to improve
affinity for a target.

Process of Structure-based
Ligand Design

SBLDcan be outlined in six stages
(Fig. 2).
Stage 1: Target Selection and

Validation—In antimicrobial drug
research, a target is sought that is
proven essential for growth, sur-
vival, or infectious capability of the
pathogen and that is either absent
from humans or sufficiently distinct
that species-specific inhibition is
possible. Target selection was based

previously on known medicinal chemistry and historical use of
drugs.With genome sequencing and comparative bioinformat-
ics, potentially important metabolic block points and targets
can be predicted, and information about the importance of a
potential pathogen target can be found by gene knock-out,
RNA interference (gene knockdown), or chemical validation
using an already known specific ligand. A catch-22 situation
exists in that a target is not properly validated until a drug is
found. The issue of species-specific inhibition requires detailed
biochemical studies, the next stage of the process.
Stage 2: Target Characterization—A recombinant source of

active material is sought for detailed biochemical and biophys-
ical study, including structure determination by x-ray or NMR
methods. The material would be used to develop appropriate
activity or ligand binding assays. If the potential target has an
ortholog in humans, then comparisons can assess if species-
specific inhibition is likely.
Often the specific target from a pathogen does not provide

material in a suitable form for characterization, and orthologs
are used to circumvent this problem. The attrition rate in pro-
tein crystallization is particularly high, and it is routine for
structural biologists to jump across species seeking crystals.
The structure of an ortholog provides a template for homology
modeling. An outcome of this stage is a structural template,
obtained either directly or by modeling and understanding of
the structure-function relationship of the target in a biological
context. The model immediately informs on the issue of drug-
gability. Caution is exercised when using homology models
with experimental data sought to test the model. Although
homology modeling might not be the optimal scenario, indus-

FIGURE 2. Outline of a structure-based approach to the design and discovery of ligands that underpins
early stage drug discovery. Compounds acquired in Stage 5 go into Stages 3 and 4 in an iterative process. KO,
knock-out; RNAi, RNA interference.
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try relies on it in particular for membrane-bound targets like
G-protein-Coupled receptors (27).
Stage 3: Ligand/Inhibitor Studies—The first inhibitors or hits

for the target are then sought. Hits, typically with IC50 values in
the 1–30 �M range, can be identified by different means, and
binding properties can be elucidated. HTS of compound librar-
ies can be carried out if an appropriate assay is available. De
novo design methods can be applied simply on the basis of pos-
sessing a template, but these methods have been replaced
mainly by VS and docking calculations, which provide a more
advanced starting point. Computational docking is estimated
to fit �70–80% of ligands correctly (26), but bear in mind that
a pre-selection of the type of active site being studied by this
approach will have been made. SBLD can be applied directly if
structural and biochemical information is available in particu-
lar on biologically relevant ligands that bind in an active site.
Stage 4: Target-Ligand Structure Determination—Based on

results from Stage 3, structures of target-ligand complexes are
sought to provide direct evidence of the molecular interactions
used in binding. High-resolution crystal structures would be
preferred. If suitable crystals are available, then FS can be car-
ried out to directly identify hits, which can then be character-
ized as in Stage 3. If it is not possible to obtain an experimentally
determined structure, then docking calculations can provide
models for assessment and the next stage.
Stage 5: Chemical Design—Structures from Stage 4 are

exploited to develop SAR around chemical scaffolds or ligand
families. Taking into account medicinal chemistry experience
and synthetic tractability, chemical modifications are designed,
modeled, and put forward for synthesis. Computational meth-
ods and data base searches of commercially available com-
pounds can identify ligands and fast track the development of
SAR. Stages 4/5/6 are closely integrated, are highly dependent
on accurate structural information, and form an iterative proc-
ess that progresses from hits to leads, ligands with IC50 values
�1 �M and well understood SAR.
Stage 6: Lead SeriesDevelopment—The reliance on structural

information is reduced, and the emphasis is on chemical mod-
ification of compound series based on the established SAR. A
lead series (10–20 examples of a lead molecule with structural
variations) is sought as an outcome here. The IC50 values of a
useful lead series are likely to be �100 nM. The series should
have the potential to supply candidates for preclinical assess-
ment where aspects of ADMET are considered.

Druggability

An increasing awareness of what chemical starting pointmight
be most appropriate for drug discovery has resulted in a better
appreciation of what constitutes a useful target and the concept of
druggability (28, 29). A druggable target is one able to bind drug-
like compoundswith low�Maffinity.Theconcept,which serves to
reduce the number of probable drug targets, is dominated by a
qualitative assessment of inhibition of protein families.
Quantitative measures of druggability would be extremely

valuable. The steric fit in a binding site is straightforward to
estimate, van der Waals contacts and H-bonds can be evalu-
ated, and estimates of contributions to binding can be made. It
becomes much more difficult to consider charge distributions,

conformational flexibility, and solvation effects, and even
determination of pKa values can prove troublesome. Despite
uncertainties, developments in exploiting structural data
together with physicochemical data on binding sites to predict
druggability are encouraging (30).

Aspects of Protozoan Biology Where SBLD Might
Prosper and What Might Help

Genomic science has transformed parasitology, with sequences
of several protozoan parasites (Babesia, Eimeria, Giardia, Leish-
mania, Plasmodium, Toxoplasma, and Trichomonas/Trypano-
soma species) available.Combinedwithcomparativebioinformat-
ics and biochemical and biological studies, these data have
informed on basic aspects of eukaryote and pathogen biology and
provide opportunities to identify and exploit novel and essential
aspects of parasitemetabolism in drug discovery (31–33). Targets
for which there is a precedent of drug discovery are also sought.
Particular areas where relevant targets might be found or old tar-
gets might be resurrected and exposed to modern methods
include the biosynthetic routes to isoprenoid precursors (34) and
downstream in farnesylation (35), glycolipid and fatty acids (36),
protein kinases (37), folate metabolism (38), and the regulation of
oxidative stress (39).
Antiparasite drug discovery will always have limited resources,

and it would be beneficial if there were clarity with respect to val-
idation (19) and prioritization of targets. More knock-out studies
to identify essential gene products and access to specific inhibitors
for chemical validation would underpin target assessment. More
structural data on targetswould allow assessments of druggability.
In addition, improvements to in silico predictions of ADMET
properties could reduce attrition levels and enhance chances of
proceeding through the latter stages of thedrugdiscovery process,
where high attrition occurs (40).
With developments in HTS technologies and cell biology, it

will become easier to carry out phenotypic screening using
modern compound libraries. The hits, by virtue of being active,
provide a head start but leave a requirement for further data if a
target-dependent structure-based approach (to develop leads
and lead series) is to be applied. The target(s) would have to be
identified and then characterized. Without such data, tradi-
tional medicinal chemistry approaches would be required to
develop SAR around the hits. With an increased appreciation
about what types of structures affect parasites, then such a
route has much to offer. In some cases, e.g. where target iden-
tification remains elusive or formultiproteinmembrane-bound
complexes, this may be the only way forward.

Nature’s Bounty

Opinions are polarized aboutwhat natural products offermod-
ern drug discovery. The complexity of such compounds makes
chemists wary of having to develop demanding synthetic routes,
and there are sourcing, ownership, andquality control issues.Nev-
ertheless, such compounds continue to have an influence, and
carefully considerednatural product libraries have the potential to
providenewscaffolds fromwhich towork (41).Newopportunities
are likely to develop as automated relatively high-throughput phe-
notypic screening methods mature, so it would seem prudent to
keep options open.
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Polypharmacology

In recent times, even in this review, the emphasis has been on
optimizing potency against an individual target, yet drugs often
reach the clinic for an indication distinct fromwhich they were
first sought, and it would be rare for a drug to bind only one
macromolecule in a cell. Experimental proof is beautifully
encapsulated in a study that used similarities of the side effects
observed for most marketed drugs as the phenotypic observa-
tion. This suggested that distinct molecular entities could elicit
a biological effect by interaction with more than one target.
Follow-up assays indeed show this to be the case (42). Given
that some drugs act on multiple targets, then there may be
significant benefits to adopting a polypharmacology approach
that is the “promiscuous modulation of several molecular tar-
gets” (43). An important benefit of drugs that disrupt the activ-
ity ofmultiple targets could be increased potency and, in similar
fashion to combination therapies, a decrease in drug resistance.
The development of such an approach is at an early stage and
more complex than dealing with a single target (44).

The Future

Hit finding is relatively straightforward with access to a com-
pound library for HTS by interrogating a structure with VS or FS.
However, �60% of small molecule drug discovery projects in
industry have failed at the hit-to-lead stage (45). Thismight be due
to a poor starting point and difficulties in synthesis but generally
reflects the poor druggability or validity of the target. Poor targets
need to be recognized and discarded as early as possible, allowing
more effort and limited resource to be directed to the better tar-
gets. A difficulty arising from the success of genome sequencing is
that the volume of data can complicate identification of the best
targets. More genetic studies are required, and knowledge of
potential target structures can also be informative. As our knowl-
edge increases, the information garnered on drugmetabolism and
pharmacokinetics should inform on early decision-making and
offers the potential to smooth the pathway through one of the
major obstacles in drug discovery.
The pharmaceutical industry will not suddenly devote

resources to antiparasite drug research and academic laborato-
ries, although they possess a wealth of information on potential
targets, and ligands are not professional drug finders. However,
as in Ehrlich’s time, alliances involving multinational govern-
ment agencies andnowcharities are in place to broker deals and
leverage input to support access to modern technologies such
as HTS robotics, compound libraries, and expertise once con-
fined to the pharmaceutical industry (46, 47). This provides
opportunities for academics to contribute to early stage drug
research and the expertise required to exploit and develop their
discoveries. With the benefits that structure-based approaches
offer, we can be cautiously optimistic about what we can do and
therefore about what the future holds.
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Like normal stem cells, “cancer stem cells” have the capacity
for indefinite proliferation and generation of new cancerous tis-
sues through self-renewal and differentiation. Among themajor
intracellular signaling pathways, WNT, SHH, and NOTCH are
known to be important in regulating normal stem cell activities,
and their alterations are associated with tumorigenesis. It has
become clear recently that PTEN (phosphatase and tensin
homologue) is also critical for stem cell maintenance and that
PTEN loss can cause the development of cancer stem cells and
ultimately tumorigenesis.

Cells that fit the description of “cancer stem cells” (CSCs),2 a
small population of cells that are capable of replenishing a
tumor in its entirety, have been described in many human
tumors, including prostate (1), brain (2), colon (3, 4), and pan-
creatic (5) cancers, and it is widely believed that the majority of
tumors, if not all, develop from CSCs. The term CSC does not
preclude that the cell of origin could be from non-stem cells,
such as progenitor or more differentiated cell types. More spe-
cifically, the term indicates that these cells share many proper-
ties with normal stem cells and are likely to be both the initiat-
ing event in tumorigenesis and responsible for cancer relapse
following what may have seemed at first to be successful ther-
apeutic intervention.Much like aweed thatwill not die until the
root has been destroyed, CSCsmay be the underlying roots of a
tumor that are spared during treatment and allow cancer to
survive.
To be classified as a CSC, a cell must possess the ability to

self-renew, differentiate into the cell lineages present in the
primary tumor, and sustain tumor growth. Recently, much
work has been done to prospectively isolate CSCs, experimen-
tally test their function, and identify the genetic changes that
lead to CSC transformation. Many signaling pathways known
to control normal stem cell self-renewal and differentiation,

includingNOTCH,WNT, and SHH, have been reviewed inten-
sively. In this review, we will focus on the role of PTEN and its
controlled signaling pathway in the development of CSCs.

PTEN-controlled Signaling Pathways

The PTEN tumor suppressor gene encodes a lipid and pro-
tein phosphatase and is one of the most frequently mutated
genes in human cancers (6). As a lipid phosphatase, PTEN
dephosphorylates PIP3, a product of PI3K. PTEN loss results in
an accumulation of PIP3, which activates a cascade of signaling
molecules, including the phosphatidylinositol-dependent
kinases, the serine/threonine kinases AKT/protein kinase B, S6
kinase, and mTOR (mammalian target of rapamycin), and the
small GTPases Rac1 and Cdc42. PTEN exerts a wide range of
effects on cell growth, migration, death, and differentiation (7).
Activation of AKT, one of the most studied PTEN downstream
effectors, leads to inhibition of pro-apoptotic factors such as
BAD and caspase-9 and stimulates cell cycle progression
through down-regulation of the G1 cell cycle inhibitor p27. In
addition, recent work has demonstrated the role of PTEN in
regulating p53 protein level and activity (8), in the expression of
NKX3.1 in prostate cancer development (9), and in controlling
genomic stability (10) and senescence (11). It is clear that PTEN
is responsible for regulating a variety of cellular processes (Fig.
1). Emerging evidence shows that PTEN and its controlled
pathway also control stem cell homeostasis, and the role of
PTEN in the development of CSCs in various malignancies is
presented herein.

PTEN Controls the Activities of Somatic Stem Cells

Because of the early embryonic lethality of Pten conventional
deletion (12), much of our current understanding of the biolog-
ical role of PTEN in controlling somatic stem cells comes from
analyzing various Pten conditional deletion models (13). In tis-
sues or lineages known to correlate with major cancers in
humans, Pten deletion results in either premalignant or fully
developed cancer phenotypes, many of which also show con-
comitantly altered stem/progenitor activities.
PTEN and Hematopoietic Stem Cells—HSCs are necessary

for constant replenishment of the hematopoietic system and
are among the most well characterized adult stem cell types.
Alterations in the PTENpathway are frequently associatedwith
leukemogenesis (14), and recent works have shown that PTEN
plays a critical role in controlling HSC proliferation and differ-
entiation. Experiments in mice bearing a polyinosine-polycyti-
dine-inducible Pten deletion in the HSC compartment have
shown that following Pten depletion, these mice initially devel-
oped myeloproliferative disorder, followed by acute leukemia
development (15, 16). PTEN loss leads to enhanced G0-G1 cell
cycle transition, similar to Pten-null neural stem cells (see
below), which yields a short-term expansion of HSCs (16), sug-
gesting that PTEN is a key regulator of HSC activity. However,
Pten deletion eventually leads to HSC exhaustion with progres-
sively decreasedHSC presence in bonemarrow (15, 16). One of
the important downstream effectors activated by PTEN loss is
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mTOR, whose kinase activity can be inhibited by the drug rapa-
mycin. Interestingly, rapamycin treatment helped to maintain
the long-term multilineage reconstitution ability of Pten-null
HSCs as long as the mice were maintained on rapamycin (16),
suggesting that Pten-null HSC exhaustion may be mediated by
increased mTOR activation.
Although mice transplanted with Pten-deficient hematopoi-

etic cells showed leukemia development, similar to the primary
disease (16), the CSCs responsible for the transplantable nature
of this disease were not identified in these initial studies. More
significantly, the molecular mechanisms responsible for CSC
formation had not been elucidated. Recent work has led to the
establishment of a new mouse model of leukemogenesis in
which Pten deletion is mediated by VE-cadherin-Cre, which
allows for amuch slower disease progression (17).Pten deletion
in the HSCs in this model once again led to myeloproliferative
disorder, followed by the development of T-ALL. Notably, self-
renewable LSCs, enriched in the Lin�CD3�c-Kitmid subpopu-
lation, were identified. Furthermore, two additional molecular
genetic events, viz. �-catenin activation and a recurring T(14;
15) chromosome translocation, were identified and shown to
be associated with LSC transformation and leukemogenesis
(17), similar to lesions found in human leukemia. This study
suggests that the molecular and genetic events involved in the
“multiple-hit” leukemogenesis are likely to take place at the
level of LSCs. When rapamycin was administered to this new
model at chronic phase, this single agent was sufficient to pre-
vent acute leukemia development during 3–4 months of treat-
ment. However, the same immunophenotypical leukemia
emerged right after drug withdrawal,3 suggesting that rapamy-
cin alone is not sufficient to eradicate LSCs.

PTEN and Prostate Stem Cells—The growth of the prostate
depends on the steroid hormone androgen, which undergoes
involution following androgen withdrawal but can completely
regenerate upon androgen restoration. Rodent prostate glands
are capable of undergoing multiple rounds of such castration-
replacement cycles, suggesting the existence of a long-lived
prostate stem cell population in the prostate gland. Many
experimental systems, including in vivo kidney capsule recon-
stitution assays and in vitro 2-dimensional colony or Matrigel
3-dimensional sphere forming assays, have been developed for
prospectively identifying prostate stem cells and for quantita-
tivelymeasuring the capacity of stem cell self-renewal, prolifer-
ation, and differentiation (18, 19). Meanwhile, various cell-sur-
face markers, including CD133 (1) and Sca-1 (18), have been
tested for enriching prostate stem cell activities. Through a sys-
tematic study, the Sca-1� subpopulation was further enriched
upon negative selection against the non-prostate cell lineage
markers (CD45, Ter119, and CD31, collectively called “Lin”)
and with the additional basal cell-surface marker CD49f (20).
Recently, CD117 (c-Kit/stem cell factor receptor) has been
identified as a new marker for adult mouse prostate stem cells
(21). Both the Lin�Sca-1�CD49fhigh (termed LSCs) and
Lin�Sca-1�CD133�CD44�CD117� subpopulations are
highly enriched in the proximal region of the prostate and are
further enhanced following androgen withdrawal (18, 20, 21).
PTEN loss has been strongly linked to prostate cancer devel-

opment and metastasis. Mice with prostate-specific Pten dele-
tion develop invasive prostate cancer with pathology mimick-
ing the human disease by 9 weeks (22). During the course of
prostate cancer initiation and progression, a significant
increase in the number of p63�CK5� basal cells and
CK5�CK8� transient amplifying cells is observed along the3 W. Guo and H. Wu, unpublished data.

FIGURE 1. Loss of PTEN function results in accumulation of PIP3, which activates a cascade of signaling molecules. Activation of AKT leads to the
inhibition of pro-apoptotic factors such as BAD and stimulates cell cycle progression through down-regulation of the G1 cell cycle inhibitor p27. PTEN and its
effectors also interact with other signaling pathways known to be essential for stem cell maintenance, including the Wnt/�-catenin (�-cat) pathway. Emerging
evidence shows that the loss of PTEN function leads to activation of the active form of �-catenin, which leads to the acquisition of self-renewal ability. PTEN loss
also activates mTOR, whose kinase activity is inhibited by the drug rapamycin. Increased mTOR activity can lead to increased cell survival and proliferation.
Other downstream targets of AKT include the FOXO transcription factors that are negatively regulated by phosphorylation of AKT. FOXO transcription factors
control cell proliferation and survival and help eliminate reactive oxygen species (ROS). Cells without FOXO activity have an increased proliferation rate and
decreased quiescence. RTK, receptor tyrosine kinase.
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basement membrane in the proximal region of the dorsolateral
lobe (23). PTEN negatively regulates basal cell proliferation,
and Pten deletion leads to expansion of the Sca-1� subpopula-
tion (23) and LSCs,3 in which the regenerative capacity of pros-
tate stem/progenitor cells has been shown to reside (20). Col-
lectively, these results illustrate that perturbations of PTEN
signaling in the stem/progenitor population of the prostate can
serve as the tumor-initiating event in prostate cancer.
PTEN and Neural Stem Cells—Previous research has shown

that only a small percentage of brain tumor cells possess the
ability to self-renew and propagate tumor growth (24), suggest-
ing that brain tumors contain CSCs. PTEN is frequently
mutated in glioblastomas (25). Pten deletion in embryonic neu-
ral stem cells results in brain enlargement, increased cell pro-
liferation, decreased cell death, and enlarged cell size (26).
Using an in vitro neurosphere culture system to study stem cell
proliferation, it was observed that there were more stem/pro-
genitor cells in the Pten-deficient brains (26, 27). Microarray
analysis revealed prominent dysregulation of cell cycle-related
genes in Pten-deficient neurospheres. In addition, flow cyto-
metric analysis indicated that Pten deficiency mediates
enhanced neural stem/progenitor cell self-renewal by promot-
ing G0-G1 cell cycle transition (27). Taken together, these data
suggest that the loss of PTEN confers an increased self-renewal
capacity to neural stem/progenitor cells, a potentially impor-
tant mechanism for brain tumorigenesis.
Brain cells positive for nestin, a neuronal stem and progeni-

tor cell marker (28), and the stem cell marker CD133 occupy a
region adjacent to the blood vessels called the PVN. In a mouse
model of medulloblastoma with Pten loss (29), cells in the PVN
were highly proliferative and escaped cell cycle arrest that
would normally have occurred in the presence of functional
PTEN. It was observed that although themajority of the cells in
the tumor bulk underwent apoptosis upon irradiation treat-
ment, the cells in the PVN survived and showed neither cell
cycle arrest nor elevated p53 levels, which are normally associ-
atedwith both radiation-induced cell cycle arrest and apoptosis
(29), strongly suggesting that the radiation-induced cell cycle
arrest via p53 is PTEN-dependent.Moreover, it was shown that
AKT inhibition could potentially be an effective adjunct treat-
ment that may increase the efficacy of radiation treatment,
highlighting the importance of the PI3K/AKT pathway in CSC
radiation resistance.
PTEN and Skin StemCells—In the skin, papillomas that arise

from the stem cell-enriched bulge region of the hair follicle
have a much higher chance of becoming malignant than papil-
lomas that originate in the more differentiated interfollicular
region (30). It has been hypothesized that because the skin and
central nervous system are both derived from the ectodermal
germ layer, PTEN, which plays a critical role in neural stem cell
self-renewal and proliferation (26), may play a similar role in
regulation of skin stem cell function. Deleting Pten in CK5�

basal cells resulted in epithelial hyperplasia due to increased
hair follicle density, a phenotype directly regulated by skin stem
cells (31), and mutant mice later exhibited hyperkeratosis and
spontaneous tumor formation (32). Recently, Dct-Cre-medi-
ated Pten deletion in melanocytes and melanocyte stem cells
displayed an increased number of dermal melanocytes during

perinatal development (33). Interestingly, Pten-null melano-
cyte stem cells are resistant to exhaustion after repeated deple-
tions, similar to the phenotype observed in Pten-null neural
stem cells (26, 27) but opposite from hematopoietic stem cells
withPten deletion (15–17), suggesting that the consequences of
PTEN loss in stem cells may be cell lineage-dependent.
PTEN and Intestinal Stem Cells—Most intestinal cancers

begin as benign polyps that undergomalignant transformation.
The epithelium of the small intestine has been considered an
ideal system to study stem cell biology because of its constant
turnover. ISCs are located at the base of the crypt of the epithe-
lia and differentiate to produce the three differentiated cell
types that populate the villi. The premalignant condition,
known as intestinal polyposis, results from an increase in the
number of crypt cells, which begs the question whether polyp
formation and ultimately intestinal tumorigenesis is caused by
dysregulation of stem cells in the crypt cells. Pten deletion leads
to hamartomatous intestinal polyps (34), and this model has
been used to investigate the role of PTEN in regulating ISCs and
tumor formation. It was observed that loss of PTEN function
resulted in an increase of ISCs in the crypt and altered cell
differentiation (34). Interestingly, an increase in nuclear�-cate-
nin staining was also observed. In this respect, Pten-deficient
ISCs behave like Pten-deficient HSCs, which are also known to
migrate away from the normal niche following Pten abrogation
and possess altered cell differentiation (15).
PTENand Breast StemCells—Itwas established early on that

heterozygosity of Pten in mice causes an increased risk for
breast cancer development (35) and that homozygous Pten
deletion in themammary epithelium leads to precociousmam-
mary gland development and breast cancer formation (36),
similar to phenotypes associated with WNT activation. Cross-
ingWnt transgenic mice with Pten�/� mice also leads to accel-
erated tumor development (37), suggesting that cross-talk
exists between the WNT and PTEN/PI3K pathways. Pten-null
breast cancers show an increase in CK5� and CK6� cells, a
phenotype similar to that of human breast cancer of the basal
subtype. Interestingly,Wnt/Pten�/� mice exhibit great hetero-
geneity with an expansion of cells positive for CK6 and Sca-1.
The fact that tumors arising in thesemice contain both luminal
epithelial and myoepithelial tumor cells suggests that they
arose from a common progenitor cell. Loss of the wild-type
Pten allele in both of these cell lineages suggests that Pten was
lost in the common progenitor cell that gives rise to tumorigen-
esis and that its loss is necessary for tumor progression.
PTEN and Primordial Germ Cells and Oocytes—PGCs are

precursors to germ cells that normally differentiate into eggs
and sperm but can also give rise to teratomas. Pten deletion in
male PGCs leads to increased PGC self-renewal, survival, pro-
liferation, and differentiation and ultimately teratoma forma-
tion in the gonads (38). Similar findings were obtained when
Pten was deleted in oocytes. Normally, a small number of pri-
mordial follicles are recruited from the resting follicle reserve to
replenish the follicle pool. The ovaries in Pten-deleted females
appear larger and possess more activated follicles and fewer
primordial follicles (39). Eventually, this unchecked activation
of primordial follicles leads to follicle depletion and premature
ovarian failure, a condition seen in humans, much like Pten loss
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compromises the ability of the HSC compartment to maintain
an adequate number of stem cells (15, 16). These data show that
PTEN functions as a suppressor of follicular activation and is
critical for maintenance of oocyte homeostasis.

Molecular Mechanisms Responsible for PTEN-controlled
Stem Cell Activities

Although the evidence described above (supplemental Table
1) makes a convincing case that PTEN plays an important role
in controlling the homeostasis of stem/progenitor cells in mul-
tiple tissues, the development of successful treatments forCSC-
initiated cancers will require a deeper understanding and effi-
cient targeting of the downstream pathways perturbed by
dysregulation of the PTEN/PI3K signaling axis. The general
signaling pathways controlled by PTEN and the cross-talk
between the PTEN-controlled pathway and other major intra-
cellular signaling pathways have been intensively reviewed
recently (40). However, less is clear about the key components
within this general signaling pathway essential for PTEN-con-
trolled stem cell activities, especially regarding CSC formation.
Summarized below are the results derived from some of the
most recent studies.
PI3K Isoform Mutations—Perturbation of the activities of

various PI3K isoforms has been linked to human cancer. Muta-
tion of PI3KCA, which encodes the catalytic domain of class IA
PI3Ks, has been implicated in many human cancers, including
glioblastoma, gastric cancers, hepatocellular carcinomas,
breast cancers, ovarian cancers, and lung cancers (41). Recent
work has shown that targeting the class IA PI3K subgroup
strongly suppresses cell growth, metabolism, and tumorigene-
sis (42). Notably, ablation of the PI3K p110� (Pik3cb) catalytic
subunit, but not p110� (Pik3ca), significantly impedes prostate
cancer development and AKT hyperphosphorylation in the
Pten-null prostate cancermodel (22, 42), suggesting that p110�
may be a promising target in cancers caused by PTEN loss.
FOXO Pathway Activation—Another downstream target of

AKT are the FOXO transcription factors that are negatively
regulated byAKT. FOXO transcription factors control cell pro-
liferation and survival and help eliminate reactive oxygen spe-
cies. FOXO also plays an important role in stem cell mainte-
nance as demonstrated by loss of long-term HSCs in Foxo-null
bone marrow (43). Mirroring the effects of Pten-deleted bone
marrow cells, Foxo3a-deficient HSCs also exhibit an increased
proliferation rate, decreased quiescence, and a reduced ability
to repopulate bone marrow after transplantation into recipient
mice (44). Although these results could seem to indicate that
the FOXO pathway is exclusively the target of Pten deletions in
HSCs, direct disruption of the Foxo gene family by genetic dele-
tions shows that perturbation of the FOXO pathway alone is
not capable of mirroring all of the tumorigenic qualities of Pten
deletion (45), suggesting that although the Foxo genes are a
critical downstream target of Pten deletion, the effects from
other PTENdownstreampathways are also required for the full
development of cancer phenotypes.
Wnt/�-Catenin Pathway Activation—The Wnt/�-catenin

signaling pathway is known to be important for HSC self-re-
newal, and its activation is required for the in vitro replating
activity of the LSCs frommyeloid blast crisis of human chronic

myeloid leukemia (46). In the VE-cadherin-Cre leukemia
model, Guo and colleagues (17) showed that Pten inactivation
inHSCs serves as the first hit by activating the PI3K/AKT path-
way, conferring survival and proliferative advantages, and pro-
moting genomic instability. Interestingly, although PTEN loss
and AKT activation in HSCs lead to a moderate increase in the
level of unphosphorylated �-catenin, presumably due to inac-
tivation ofGSK-3�/�, such an increase is not sufficient tomain-
tain Pten-null HSC self-renewal (15–17). Via currently
unknown molecular and genetic alterations, either parallel or
synergistic with the PTEN/PI3K/AKT pathway, �-catenin is
further activated in the self-renewable LSCs and enriched in the
Lin�CD3�c-Kitmid compartment and blast cells (17). Notably,
simultaneously deleting Pten and one allele of �-catenin (Pten
and Ctnnb1, respectively) in HSCs impaired LSC formation or
self-renewal and T-ALL development caused by Pten loss (17),
suggesting that specific inhibitors for �-catenin may have ther-
apeutic effect onPten-null CSCs. Similarly, increased�-catenin
activation has been shown in Pten intestinal epithelial deletion
models (34).
NOTCH1 and c-myc Activation—NOTCH signaling is

known to play a role in regulating neural stem cell expansion in
vivo and in vitro (47) and is found to be dysregulated in�56% of
human T-ALLs (48). NOTCH pathway activation leads to
reduced PTEN expression in human T-ALL via the transcrip-
tional repressor HES-1 (49) and enhanced c-myc oncogene
expression (50), suggesting that the NOTCH pathway plays a
critical role in regulating PTEN-controlled stem cell activity.
Results from the Pten-null leukemiamodel further support this
notion. Although no alterations in NOTCH1 signaling are
detected in the Pten leukemia model (17), a recurring chromo-
some translocation, T(14;15), was found to result in aberrant
overexpression of the c-myc oncogene in Lin�CD3�c-Kitmid

LSCs and CD3� leukemic blasts. Therefore, Pten inactivation
and c-myc overexpression may substitute functionally for
NOTCH1pathway activation, recapitulating a subset of human
T-ALL (49). Consequently, one could predict that T-ALL with
PTEN loss may be resistant to treatments targeted against the
NOTCH pathway.

Summary

Although our understanding of the biology of stem cells and
CSCs is increasing, many questions still remain unanswered.
We know that the PTEN pathway controls normal stem cell
maintenance, self-renewal, and migration, but we do not know
whyPTEN loss in some stemcell populations leads to enhanced
self-renewal and proliferation while in others it causes exhaus-
tion. The cell of origin of CSCs in various cancers caused by
PTEN loss is largely unknown. More specifically, we need to
determine the key mutations or pathway alterations that are
linked to the formation of CSCs and understand why Pten-null
CSCs are resistant to current therapeutic agents. Finding ways
to eliminate these cells will require a much better understand-
ing of the nature of the molecular mechanisms that lead to the
formation of CSCs and the development of drugs that target
these dysregulated pathways.
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Despite having been identified first, their greater degree of
complexity has resulted in our understanding of eukaryotic
ribosomes lagging behind that of their bacterial and archaeal
counterparts. A much more complicated biogenesis program
results in ribosomes that are structurally, biochemically, and
functionallymore complex.However, recent advances inmolec-
ular genetics and structural biology are helping to reveal the
intricacies of the eukaryotic ribosome and to address many
longstanding questions regarding its many roles in the regula-
tion of gene expression.

Since its initial discovery using differential ultracentrifuga-
tion of rat liver homogenates (reviewed in Ref. 1), the ribosome
has remained a foundational platform upon which our under-
standing of the relationship between structure and function at
the molecular level has been built. There is a rich history of
biochemistry and genetics of eukaryotic ribosomes, including
the discovery in the 1950s that they 32 are the site of protein
synthesis, the elucidation of the function of the nucleolus, and
even the discovery of the first eukaryotic RNA polymerase
(reviewed in Ref. 2). Whereas early studies using mammalian
ribosomes defined the “integral requirements” for protein syn-
thesis, a switch to bacterial ribosomes in the 1960s facilitated
the identification of the “minimal requirements” for the trans-
lational machinery, giving rise to a “golden age” of translation.
In particular, the greater degree of structural and functional
complexity makes eukaryotic ribosomes more challenging to
work with than their bacterial and archaeal counterparts. For
example, whereas bacterial translation initiation requires only a
small set of trans-acting factors and is facilitated by the Shine-
Dalgarno sequence, this process in eukaryotes requires a mul-
tifactorial complex of trans-acting factors that is almost asmas-
sive as the ribosome itself (reviewed in Ref. 3). Here, some of the
current topics and challenges in the study of the eukaryotic
ribosome are reviewed.

Biochemistry: Different from and Less Advanced than
Bacterial Systems

The availability of an in vitro reconstitution system has facil-
itated highly detailed biochemical analyses of bacterial ribo-
somes (4). For example, in vitro reconstitution enables con-
struction and assays of otherwise “dead” ribosomes (5), and it

has enabled the use of fluorescence resonance energy transfer
to examine intra-ribosomal movement at the single molecule
level (6). In contrast, despite numerous attempts over the past
40 years, no analogous system has been successfully established
for eukaryotic ribosomes, thus presenting significant technical
challenges to biochemical studies. These failed efforts suggest
that the biochemistry and physical complexity of eukaryotic
ribosomes are significantly different from those of their bacte-
rial counterparts. Indeed, recent biochemical analyses showing
that salt rather than divalent ion concentrations are more
important for subunit joining suggest that protein/protein and
protein/RNA interactions aremorewidespread in eukaryotic as
opposed to bacterial ribosomes (7). The strongest biochemistry
has been developed in the field of translation initiation, where
in vitro systems have existed for some time (reviewed in Ref. 8).
More recently, a robust yeast-based in vitro translation initia-
tion system has been developed, allowing yeast molecular
genetics methods to complement biochemical approaches (9).
However, the current state of the art is limited to steady-state
biochemical analyses, and the contemporary challenge is to
develop sturdy platforms for true kinetic studies.

Structural Biology

The elucidation of x-ray crystal structures of bacterial and
archaeal ribosomes at the turn of the century engendered a
“ribosomal renaissance,” enabling relationships between struc-
ture and function to be discerned at the atomic level (reviewed
in Refs. 10 and 11). Efforts to crystallize eukaryotic ribosomes
have lagged, likely due to their more complex biochemistry.
Current state of the art in this area is based on medium resolu-
tion cryo-EM2 single particle reconstructions fitted to atomic
resolution x-ray crystal structures of archaeal and bacterial
ribosomes (reviewed in Refs. 12 and 13). Fig. 1 compares yeast
andThermus thermophilus ribosomes. This technological plat-
form is beginning to enable investigators to fit genetic and bio-
chemical knowledge into a structural context. For example,
whereas there is a wealth of genetic and biochemical informa-
tion pertaining to translation initiation in yeast, cryo-EM stud-
ies are revealing specific structural rearrangements in the 40 S
subunit consequent to binding and release of specific initiation
factors (14, 15). Similarly, cryo-EM methods are illuminating
the details of the interactions between the ribosome and the
signal recognition particle (reviewed in Ref. 16) and are even
beginning to enable comparative structural analyses between
ribosomes derived from different species of eukaryotes (17).
The current limit of resolution for cryo-EM is �7 Å, but the
newest generation of probes coming on-line is anticipated to
reduce this to 5 Å. At this level, individual rRNA helices are
clearly discernible, and proteins and rRNAs can be distin-
guished by their differences in density. This information is cur-
rently being used as the foundation for molecular replacement
modeling based on bacterial/archaeal atomic resolution ribo-* This work was supported, in whole or in part, by National Institutes of Health

Grant GM058859. This minireview will be reprinted in the 2009 Minireview
Compendium, which will be available in January, 2010.
Author’s Choice—Final version full access.

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

2 The abbreviations used are: EM, electron microscopic/microscopy; RP, ribo-
somal protein.

Author’s Choice

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 284, NO. 18, pp. 11761–11765, May 1, 2009
© 2009 by The American Society for Biochemistry and Molecular Biology, Inc. Printed in the U.S.A.

MAY 1, 2009 • VOLUME 284 • NUMBER 18 JOURNAL OF BIOLOGICAL CHEMISTRY 11761

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



some structures to obtain pseudo-high resolution structures
(e.g. see Ref. 18). In addition, chemical protection methods are
being used in combinationwith the structuralmodels and yeast
molecular genetics approaches to identify and map allosteric
information exchange pathways throughout the eukaryotic
ribosome (e.g. see Refs. 19–21). In the near future, we anticipate
that the application of newer chemical protection and high
throughput sequencing methods (e.g. see Ref. 22) will enable us
to gain a more complete picture of the allosteric changes that
occur in all four rRNAs through each step of the elongation
cycle. In addition, the race is currently on to obtain x-ray crystal
structures of eukaryotic ribosomes; personal communications
suggest strong levels of enthusiasm and keen competition
among the competing groups.

Genetics and Human Disease

Some of the earliest yeast mutants were selected based on
their resistance to translational inhibitors, establishing a con-
nection between yeast molecular genetics and protein synthe-
sis. For example, CYH2/RPL28 (encoding ribosomal protein
L28) and TCM1/MAK8/RPL3 (encoding ribosomal protein L3)
were identified based on their resistance to cycloheximide and
trichodermin, respectively (23). In addition, mutants of many
yeast large subunit ribosomal protein geneswere found to affect
the propagation of the yeast “killer” virus, thus establishing a
functional link to translation of viral mRNAs (reviewed in Ref.
24). We have exploited this linkage to identify mutants of yeast
ribosomal proteins L2, L3, L5, L10, and L11 with specific
defects in translational fidelity, including reading frame main-
tenance and recognition of termination codons (e.g. see Refs.
19, 20, 25, and 26). Mutants can also be identified and charac-
terized based on phenotypic changes associated with growth at
high or low temperatures and by resistance or hypersensitivity

to translational inhibitors. Yeast-
based systems have also been used
to create and identifymutants of 5 S,
25 S, and 18 S rRNAs and in rRNA-
modifying enzymes using both clas-
sical forward and reverse genetics
approaches (e.g. see Refs. 27–30).
Although yeast-based ribosome
molecular genetics are far more
advanced than archaeal systems and
are on par with if not more
advanced than bacterial systems,
one complication is that, unlike
Escherichia coli, RNA aptamer-
tagged rRNAs appear to be targeted
for degradation (31). This forestalls,
for example, the ability to coexpress
“lethal” rRNA mutants in wild-type
cells, followed by affinity purifica-
tion of the mutants and subsequent
biochemical characterization. Thus,
researchers are limited to working
with mutants that are not lethal to
cells.
Ribosomemutants have also been

characterized in metazoans. It has long been known that the
DrosophilaMinute phenotype can be caused by ribosomal pro-
tein insufficiency (32), and a similar effect has been observed in
Arabidopsis (33). In humans, ribosomal protein defects have
been associated with a variety of blood and connective tissue
disorders, including Diamond-Blackfan anemia, and rRNA
pseudouridylation defects have been shown to be associated
with dyskeratosis congenita (reviewed inRefs. 34 and 35).Mito-
chondrial ribosome defects have also been linked to inherited
human diseases (reviewed in Ref. 36).

Ribosome Biogenesis

The failure to develop an in vitro reconstitution system sug-
gested that ribosome biogenesis is significantly more complex
in eukaryotes compared with their bacterial counterparts. Both
systems have been the subject of intense investigation. Interest-
ingly, the structures and polarities of the rDNA operons are
conserved among all three kingdoms: both the large and small
subunit rRNAs are cotranscribed, and the gene encoding the
small subunit rRNA is 5� of and synthesized prior to that encod-
ing the large subunit rRNA (reviewed in Ref. 37). The basic
program of pre-rRNA processing is also conserved: the first
step involves separating the pre-small and large rRNAs from
one another through an endonucleolytic cleavage event, fol-
lowed by exonucleolytic trimming of the resulting 5�- and
3�-ends. From this juncture, however, the similarities end. For
example, whereas a single RNA polymerase synthesizes all
rRNAs and mRNAs in bacteria, the 35 S pre-rRNA is tran-
scribed by RNA polymerase I, 5 S rRNA is transcribed by RNA
polymerase III, and protein-encoding genes are transcribed by
RNA polymerase II in eukaryotes. Another difference is that
deletion of the relatively small set of non-ribosomal factors that
participate in ribosome assembly in E. coli is not lethal, suggest-

S. cerevisiae T. thermophilus

Large subunit Large subunitSmall subunit Small subunit
23S rRNA 25S rRNA16S rRNA 18S rRNA
LSU RPsSSU RPs LSU RPsSSU RPs
5S rRNA 5S rRNA

FIGURE 1. Comparison of yeast and T. thermophilus ribosomes. Yeast ribosome structures (Protein Data
Bank codes 1s1h and 1s1i) were obtained by docking atomic models for RNA and protein components into
a 11.7-Å cryo-EM map and subsequent threading onto atomic resolution structure of archaeal ribosomes.
T. thermophilus ribosome structures (Protein Data Bank codes 2b64 and 2b66) were obtained by x-ray diffrac-
tion at a resolution of 5.90 Å. Note the overall larger size and greater density of the yeast ribosomes. SSU, small
subunit; LSU, large subunit.
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ing that they merely facilitate a self-assembly process endoge-
nous to bacterial ribosomes. The current theory is that bacterial
ribosome biogenesis proceeds through an “assembly gradient,”
where ribosomal protein binding is coupled to pre-rRNA fold-
ing and maturation. In contrast, in addition to �70 ribosomal
proteins, �170 non-ribosomal proteins and �70 small nucleo-
lar rRNAs, most of which are essential, are involved in yeast
ribosome biogenesis. Among these are numerous helicases,
GTPases, AAA-ATPases, and chaperones, suggesting a signifi-
cant degree of remodeling during the biogenesis program.
Another major difference relates to the compartmentalization
of eukaryotic cells. Pre-rRNAs are transcribed, and the first
steps of assembly and base modification (predominantly 2�
O-methylation and pseudouridylation) occur in the nucleolus.
A pre-ribosome is then exported to the nucleoplasm, where it
undergoes further rounds of maturation. The resulting pre-ri-
bosomal subunits must then be transported through the
nuclear pores, and the final steps of maturation occur in the
cytoplasm.
The basic composition of each of the pre-ribosomal precur-

sors has been the subject of intense study in the past few years.
Early EM studies of actively transcribing Xenopus rDNA loci
revealed that the termini of pre-rRNA transcripts condensed
into knoblike structures. The assembly program has been best
defined in yeast. Here, different steps of rRNA maturation and
ribosomal subunit maturation are highlighted. More detailed
descriptions and figures are available elsewhere (e.g. see Ref.
37). Fully transcribed 35 S pre-rRNAs are first assembled into
90 S pre-ribosomes in the nucleolus. The first rRNA-processing
step involves an endonucleolytic cleavage (the A0 step) near the
5�-end to produce the 33 S pre-RNA. This is followed by a
second endonucleolytic cleavage (A1) to produce the 32 S pre-
rRNA, the 5�-end of which corresponds to that of themature 18
S rRNA. The next step involves an endonucleolytic cleavage
(A2) that separates the 90 S pre-ribosome particle into 43 S and
66 S particles containing 20 S and 27 SA2 pre-rRNAs, respec-
tively. The 43 S precursor particle is exported to the cytoplasm,
where the rRNA undergoes a final cleavage, resulting in the
mature small subunit. Maturation of the large subunit is
much more complex. From the A2 cleavage step, the process
bifurcates to produce two species that differ by the presence
or absence of sequence at the 5�-end; the two species so
produced are named 27 SB(S) and 27 SB(L), i.e. large and
small subspecies. Endonucleolytic cleavages next liberate the
two pre-5.8 S precursors, 7 S(S) and 7 S(L), frommature 25 S
rRNA, and the mature 5.8 S(S) and 5.8 S(L) species are cre-
ated by 3�-exonuclease trimming. In addition, pre-5 S rRNA
is transcribed by RNA polymerase III, processed, and joins
the 66 S pre-large subunit accompanied by ribosomal pro-
teins L5 and L11 in the nucleolus.
In addition to rRNAprocessing andmodification, eukaryotic

ribosomebiogenesis involves a number of remodeling steps and
the formation of a set of discrete assembly intermediates, dur-
ing which different ribosomal proteins are added to the nascent
subunits, and non-ribosomal proteins associate and dissociate
as needed. As noted above, the first intermediate is the 90 S
pre-ribosome, consisting of the 35 S rRNA, the U3 small
nuclear ribonucleoprotein complex, and a large number of

small subunit ribosomal proteins and non-ribosomal proteins.
The different rRNA cleavage steps result in pre-ribosome com-
plexes called 90 SA0 and 90 SA1 (large and small subunit pre-
cursors) and 90 SA3 (small subunit processosome). The biogen-
esis process for the small subunit progresses to the 43 S particle
in the nucleus, followed by export to the cytoplasm, where the
final rRNA cleavage event activates the mature 40 S subunit.
Large subunit biogenesis involves formation of a series of at
least four 66 S intermediates traveling from the nucleolus to the
nucleus, followed by export to the cytoplasm. The large subunit
is also finally “activated” in the cytoplasm by exchanging ribo-
somal protein L10 for Crm1p. We believe that this “concerted
assembly” process (to borrowa term fromvirology) explains the
biochemical fragility of eukaryotic ribosomes. The past few
years have seen the identification and preliminary characteriza-
tion of each of the pre-ribosome complexes. In particular, tan-
dem affinity purification tagging and mass spectrophotometric
methods have enabled the identification of all of the �170 pro-
teins involved in each of the precursors. The challenge is now
focused on the order of assembly, nuclear export, and structural
biology. Affinity pulldown and two-hybrid methods are being
used to construct interactionmaps for each stage of the biogen-
esis program. In parallel, cryo-EMmethods are being employed
to structurally characterize the small nuclear ribonucleopro-
teins and the pre-ribosome intermediates.
Recent proteomic studies of yeast ribosomes (e.g. see Ref. 38)

reveal a puzzling paradox. Specifically, although the primary
amino acid sequences ofmany integral ribosomal proteins con-
form to the “N-end rules” and their N-terminal methionine
residues have been removed (reviewed in Ref. 39), mature ribo-
somal proteins isolated from intact ribosomes are not N-termi-
nally acetylated. This suggests that these proteins were initially
N-terminally acetylated but deacetylated at some later point.
Are these ribosomal proteins initially cotranslationally acety-
lated but deacetylated later during the ribosome biogenesis
program, or do they bypass the stability requirements for
cotranslational N-terminal processing and acetylation? The
former hypothesis is supported by the notion that ribosome
assembly may be facilitated by interactions between highly
basic, unstructured extensions on ribosomal proteins and neg-
atively charged rRNA phosphate groups. Acetylation of N ter-
minimight interfere with assembly into rRNAby reducing pos-
itive charges, potentially inhibiting RP-rRNA interactions and
promoting structural motifs in regions of RPs that need to be
unstructured to assemble with rRNA. Thus, we suggest that
although acetylation may be required to stabilize RPs in the
cytoplasm, acetyl groups are later removed to ensure proper
ribosome biogenesis in the nucleolar compartment. If so, what
is the deacetylase? We showed previously that mutation or
deletion of RPD3, best known as a histone deacetylase, and of
proteins that target Rpd3p to heterochromatin, but not to
euchromatin, resulted in phenotypic defects similar to those
observedwithmany L3mutants (40). A potentialmodel for this
process is shown in Fig. 2. The hypothesis that Rpd3p may also
play a critical role in deacetylating ribosomal proteins prior to
their incorporation into nascent ribosomes is currently being
tested using proteomic methods.
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Regulation

Ribosomal proteins that are not deeply intertwined with
rRNA (i.e. non-integral ribosomal proteins) can potentially dis-
sociate from mature ribosomes. Recent reports have demon-
strated that this class of proteins can have ribosome-indepen-
dent regulatory functions. For example, phosphorylation of
human ribosomal protein L13a in response to interferon-� pro-
motes its release from the large subunit, whereupon it silences
translation of ceruloplasmin by binding to the 3�-untranslated
region of its mRNA (41). Other ribosomal proteins have been
linked to signal transduction pathways relevant to cell growth/
apoptosis, e.g. L11 and c-Myc (reviewed in Ref. 42), S6 phos-
phorylation and mTOR (reviewed in Ref. 43), S19 and the leu-
kocyte C5a receptor (reviewed in Ref. 44), and S3a as a nuclear
phosphatidylinositol 3-kinase target (45). A more broad idea
that has been considered for at least 20 years is that there may
be special ribosomes for specialized circumstances. Why are
most but not all yeast ribosomal protein genes duplicated, and
why does deletion of one isogene, but not of its paralog, result in
specific phenotypes? For example,manymutants of one but not
of the other ribosomal protein isogene tend to produce the
Mak� (maintenance of killer) phenotype, wherein the affected

cells cannot maintain the double-
stranded RNA killer virus (reviewed
inRef. 24).More recently, transcrip-
tional and phenotypic profiling of
cells lacking specific ribosomal pro-
tein genes revealed differences
between the functional roles of ribo-
somal protein paralogs and that
ribosomal protein paralogs have
disparate requirements for localiza-
tion and assembly, suggesting that
ribosomal protein isoforms have
become specialized for specific cel-
lular processes (46). In addition,
knockdown of specific nonessential
ribosomal proteins has been shown
to cause a wide variety of develop-
mental defects in Danio rerio, dem-
onstrating a deep linkage between
the ribosome and developmental
biology (47). The existence of ribo-
somes specialized in cap-independ-
ent translation under conditions of
nutritional stress has also been pos-
tulated (48). We are currently using
proteomic methods to identify dif-
ferences in post-translational modi-
fications of specific yeast ribosomal
proteins that correspond to changes
in nutritional status and also the
possibility that ribosomal proteins
are also differentially modified at
different stages in the cell cycle. In
vertebrates, it has been suggested
that specialized “immunoribo-
somes” exist for the express purpose

of synthesizing proteins to be degraded into major histocom-
patibility complex class I peptide ligands for immune surveil-
lance purposes (reviewed in Ref. 49). Finally, the discovery that
specific mRNAs are targeted for translation in specific areas of
cells, e.g. localized translation of the GluR2 mRNA in axons,
supports the notion of specialized ribosomes, and recent stud-
ies suggest that defects associated with these processes may
account for some autistic phenotypes (reviewed in Ref. 50).

Conclusions and Outlook

The eukaryotic ribosome can be viewed as a paradigm for
understanding complex molecular machines. The emerging
understanding of ribosome assembly and structure/function
relationships is helping to establish the foundational underpin-
nings for the development of nanoscale biomaterials. It is also
anticipated that atomic resolution structures will be obtained
and that these will provide platforms for the development and
design of novel therapeutics. The longstanding issue of “spe-
cialized ribosomes” appears to be nearing resolution as well.
The characterization of these will have far reaching impacts on
our understanding of cell and developmental biology and on
human disease.
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FIGURE 2. Model of post-translational acetylation and deacetylation of eukaryotic ribosomes. Step 1, pre-
rRNA is transcribed in the nucleolus, whereas rRNAs encoding RPs are transcribed in the nucleus. Step 2,
cotranslational N-terminal acetylation (NAT) of RPs occurs in the cytoplasm. endo-Acetylases (EndoAc) may also
be active. Step 3, mature RPs are re-imported into the nucleolus via the nucleus. We propose that they are
deacetylated along this pathway (exactly where is unknown, as shown by presence of deacetylases in both
compartments). Deacetylation (DAC) eliminates negative charges on RPs, which could promote charge repul-
sion with phosphate groups of pre-rRNAs and structure in regions of RPs that need to be unstructured for
assembly with rRNA. Step 4, deacetylated, highly basic RPs can properly associate with pre-rRNAs to begin
nucleation of pre-ribosomes, rRNA processing, and ribosome biogenesis. Step 5, regulation. Excess free RPs are
deacetylated in the nucleus or nucleolus, where they are targeted to the proteasome for degradation. Step 6,
dysregulation. Loss of deacetylase activity, e.g. in mof6-1 or rpd3� cells (40), interferes with Step 5, resulting in
delayed rRNA processing and ribosome (Ribo.) biogenesis defects.
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We originally proposed that Ca2�-calmodulin mediates a
novel nuclear entry pathway distinct from the canonic Ran-de-
pendent pathway (Sweitzer, T. D., and Hanover, J. A. (1996)
Proc. Natl. Acad. Sci. U. S. A. 93, 14574–14579). Although
seemingly redundant, Ca2�-calmodulin-driven nuclear entry is
now known to facilitate nuclear delivery of architectural tran-
scription factors to chromatin. Intriguingly, defects in calmod-
ulin-driven nuclear import of the transcription factors SRY and
SOX9 in Sertoli cells lead to human sex reversal diseases with
alteredmale gonaddevelopment.Calmodulin-triggerednuclear
entry is an evolutionarily ancient feature of eukaryotes observed
from yeast to man. Ca2�-calmodulin-triggered nuclear entry of
key architectural transcription factors is a potentially key epige-
netic regulator of terminal differentiation in response to cell
signaling.

We previously identified a Ran-independent nuclear import
pathway mediated by calmodulin, the ubiquitous calcium sen-
sor (1). This evolutionarily ancient, calcium-dependent molec-
ular switch was initially proposed to facilitate uptake of a dis-
tinct subset of nuclear proteins during cell activation (1). Our
recent findings suggest that calmodulin-mediated transport is
conserved throughout eukaryotic evolution. Although func-
tionally redundant with the canonic Ran-dependent pathway,
the import of nuclear proteins by calmodulin is unique; it is
subject to independent regulation by intracellular Ca2� mobi-
lization. Perhaps because of this redundancy, abnormalities in
either calmodulin- or Ran-dependent import can result in dis-
eases leading to sex reversal (2–5). These sex reversal syn-
dromes represent the first direct examples of a defect in a
nuclear import pathway leading to human disease. Further-
more, these findings have solidified the physiological signifi-
cance of the Ca2�-calmodulin-regulated transport pathway
(2–5). A similar autosomal sex reversal phenotype occurs when
three insulin-related receptors are ablated in mice, suggesting
that intracellular signaling cascades may impact sexual differ-
entiation (4, 5). The calmodulin-triggered pathway may also
regulate the SOX family of proteins, involved in many cellu-
lar differentiation events. In this minireview, we will summa-

rize the evidence for this alternate nuclear entry pathway,
highlighting its potential significance in triggering terminal
differentiation.

Initial Discovery of Calmodulin-driven Nuclear Entry

Studies in the yeast Saccharomyces cerevisiae (6–9) and bio-
chemical studies utilizing digitonin-permeabilizedmammalian
cells (1, 10, 10–16) first led to the identification of a number of
key nuclear import factors. Two families of proteins (now
termed importins � and � or karyopherins) that recognized
nuclear localization sequences were identified. In addition, the
GTPase Ranwas shown to be essential for the nuclear import of
a wide variety of cargo with importins. The importin families
now contain at least 20members. One factor identified that did
not fit into a model for Ran-dependent import was the molec-
ular switch calmodulin. In initial studies, we showed that cal-
modulin supported the import of a fluorescent protein towhich
the SV40T-antigenNLS2 (a basicNLS) was covalently attached
(1). We noted that the import occurred with peptides contain-
ing stretches of basic amino acids like the SV40 T-antigen
sequence (PKKKRKV) or sequences from small HMG proteins
(PKRK . . . (X36) . . . KGKKG) but was distinct in many ways
from the canonic pathway (Fig. 1A). Unlike Ran-dependent
nuclear entry, this importwas independentofGTPanddependent
upon Ca2�. Calmodulin inhibitors (such as calmidazolium chlo-
ride) blocked import in cytosolic extracts. In addition, recombi-
nant calmodulin was sufficient to reconstitute import in perme-
abilized cells. Besides calmodulin, other factors (such as transport
receptors bound to nuclear pores) were thought to be present in
thepermeabilizedcell preparations, facilitating the roleof calmod-
ulin in import.We also found that recombinant calmodulin could
mediate uptake of a reporter protein in nuclei isolated fromXeno-
pus laevis oocytes. Import occurred in the absence of other exog-
enously added import factors (data not shown). These findings led
us to propose the model shown in Fig. 1A, in which calmodulin
would respond to elevation of cytoplasmic calcium levels tomedi-
ate nuclear import during cell activation. Ran and known import-
inswould carryout “housekeeping”nuclear import functions.Cal-
modulin had been shown to have unusual nuclear import
characteristics (17), and it was therefore plausible that it could
serve as a molecular switch in a novel nuclear import pathway.
However, some complications of our proposed model at the time
were that 1) it was unclear which proteins used each pathway and
2) the identityof the import receptorswasunknown.The importin
(karyopherin) family is now known to be large and diverse (18–
20), yet these receptors all seem to be capable of using a variant of
Ran-dependent association and dissociation. Our findings sug-
gested that the calmodulin-dependent entry pathway was
independent of the Ran pathway (Fig. 1, A and B). This led to
attempts to identify the relevant nuclear localization
sequences recognized by the calmodulin-driven import
pathway.

* This work was authored by National Institutes of Health staff. This minire-
view will be reprinted in the 2009 Minireview Compendium, which will be
available in January, 2010.
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mobility group; ESP, eukaryotic signature protein; PAM, point accepted
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Sex Determination and Nuclear Entry of SRY and SOX9

Mammalian sex determination is a binary switch locking the
embryonic gonads into a fate as testes or ovaries. Two architec-
tural transcription factors, SRY and SOX9, are key components
of mammalian sex determination pathways, and these appear
to be regulated in part by nuclear transport (Fig. 1B). The dis-
covery of the Y chromosome sex-determining gene in 1990
seemed destined to uncover the mechanism of human sex
determination. This rapidly evolving gene, SRY, contains an
“HMG domain” that induces a 60–85° bend upon binding to
target DNA (Fig. 1B) (21). It was also known to have two inde-
pendently acting nuclear localization sequences bracketing the
HMGdomain (Figs. 1B and 2A) (22).Most SRYmutations lead-
ing to male-to-female sex reversal in man alter the ability of
SRY to interact with and bend DNA (21, 23–25). However,
defective nuclear localization of SRY has also been linked to sex
reversal (3, 26, 27). The N-terminal NLS of SRY is present in a
region of the molecule previously shown to be a calmodulin-
binding site (Fig. 2A) (28). This prompted an examination of
calmodulin as a potential mediator of SRY nuclear localization.
As outlined above, SRY provides the primary trigger for

maleness in mammals. Its action is known to be “dosage-de-
pendent”; it must reach a threshold concentration before it can
act. Thus, nuclear import may play a critical role in its regula-
tion. Defects in SRY are associated with a disease called Swyer
syndrome, a form of pure gonadal dysgenesis (Fig. 1B). Some
forms of Swyer syndrome are associated with mutations in
either the C-terminal (importin-binding) or N-terminal NLS

(29). Calmidazolium chloride blocks
nuclear import of wild-type SRY in
vitro but has no effect upon SRY
bearing mutations in the N-termi-
nal (calmodulin-binding) NLS. The
mutations appear to alter the con-
formation of the calmodulin-SRY
complexes. These findings suggest
that calmodulin is important for
maintaining the proper nuclear
concentrations of SRY (29).
Another SRY-related factor re-

quired formale sex determination is
SOX9 (Fig. 1B) (23, 30). This archi-
tectural transcription factor plays a
key role in regulating genes involved
in both chondrogenesis and testis
formation. Mutations in the HMG
box of SOX9 result in a disease
known as campomelic dysplasia
(Fig. 1B) (2, 30, 31). This is a severe
bonemalformation disease inwhich
most XY individuals also show
male-to-female sex reversal. During
early mammalian embryogenesis,
SOX9 is found in the cytoplasm of
Sertoli cells in both genders, but
with SRY expression, SOX9 moves
into the nucleus in male embryos.
SOX9 also contains two NLSs

located at theN andC termini of theHMGbox (Fig. 2A). These
nuclear import sequences bracket a nuclear export sequence
present in the middle of the HMG box of SOX9 and the rest of
this SOX family (Fig. 2A). The export signal of SOX9 binds to
the export receptor CRM1, and nuclear export of SOX9 can be
inhibited with leptomycin B. This drug blocks the interaction
between CRM1 and the nuclear export signal (32). The steady-
state localization of SOX9 is modulated by the action of the
export and import sequences. Of the nuclear import sequences,
the best characterized is the C-terminal NLS, a simple basic
sequence with similarities to the SV40 large T-antigen NLS.
The N-terminal NLS is reminiscent of the bipartite NLS origi-
nally identified in nucleoplasmin (Fig. 2A). As observed with
SRY, this N-terminal NLS was shown to be a calmodulin-bind-
ing region (28). These studies established that the interaction of
SOX9 and calmodulin is both calcium-dependent and associ-
ated with a conformational change in SOX9. More important,
the calmodulin antagonist calmidazolium chloride, a reagent
identified to block calmodulin nuclear import in vitro (1),
inhibited the calmodulin recognition of SOX9.This calmodulin
inhibition led to inhibition of nuclear import and the conse-
quent transcriptional activity of SOX9 in calmidazolium-
treated cells. A missense SOX9 mutation (A158T) identified in
a patient with campomelic dysplasia bound importin normally
but was nuclear import-defective. These studies showed that
calmodulin is involved in the nuclear entry of SOX9 in a process
likely to involve direct interaction with SOX9 (Figs. 1B and 2A).

FIGURE 1. Calmodulin-dependent nuclear import and disease. A, our originally proposed model of two
import pathways, triggered by Ran (resting) and calmodulin (activated). The housekeeping pathway is active in
resting cells, is dependent on Ran/importins, and does not require increased cytosolic concentrations of cal-
cium. Cell activation is accompanied by the release of calcium from intracellular stores. This increase in cyto-
solic calcium activates calmodulin (CaM�Ca�2) and allows for binding to and import of NLS-containing pro-
teins. B, revised model based on the nuclear import of architectural transcription factors. The HMG box proteins
SOX9 and SRY contain two NLSs (NLS1 and NLS2). These architectural transcription factors can enter the
nucleus via the Ran/importin or calmodulin-Ca2� pathway. The calmodulin-Ca2� pathway is likely to require an
importin �-like protein (Imp-�?) to facilitate movement through the nuclear pore. Once in the nucleus, the
transcription factors bind and bend DNA. In the human sex reversal diseases campomelic dysplasia and Swyer
syndrome, the import of SOX9 and SRY, respectively, is reduced. Mutations in each of these NLSs have been
linked to disease, suggesting that both pathways are important but partially redundant.
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SOX Family of Architectural Transcription Factors and
Calmodulin Interactions

SRY is the founding member of a family of proteins termed
the SOX family (SRY-relatedHMGbox), which includes SOX9.
During evolution, the SOX family arose with the advent ofmul-
ticellularity in mammals; this family of transcription factors
triggers numerous key developmental programs in addition to
sex determination (33–35). These developmental programs
include central nervous system neurogenesis, oligodendrocyte
development, chondrogenesis, and neural crest cell develop-
ment (34). The SOX family members all contain a highly con-
served HMG box, like SOX9 (Fig. 2A) (35). It is therefore likely
that all SOX family members interact with calmodulin at the
N-terminal NLS of the HMG box. Obviously, this may have
important implications for the regulation of cellular differenti-
ation processes. Notably, defects in Ran- and calmodulin-
driven import of the diverse SOX family members are likely to
play a role in other human diseases.

Nuclear Transport via a Molecular Switchboard: Ran and
Calmodulin

Accumulation of proteins on either side of the nuclear enve-
lope can be generated by a spatially and temporally organized
cycle of interactions between the RanGTPase, specific carriers,
and their cargos and nucleoporins (36). This cycle of interac-
tions alters the affinity of the carriers for their cargo and allows
cargo to slip though the diffusion barrier offered by the nuclear
pore. The nuclear pores are large macromolecular complexes
with a central channel lined by nucleoporins with multiple FG

repeats (37–40). The carriers are spring-like proteins made up
of either Armadillo repeats (importin �) or HEAT repeats
(importin �). The HEAT repeats form helicoids making at least
three points of contact with nucleotide-bound Ran (36). The
nucleotide state of Ran is maintained by the action of a cyto-
plasmic Ran GTPase-activating protein, which facilitates Ran-
mediated GTP hydrolysis, and a nuclear Ran guanine nucleo-
tide exchange factor (RCC1), which catalyzes nucleotide
exchange. The net result of the action of these spatially sepa-
rated enzymes is the formation of a Ran gradient with high
concentrations of Ran-GDP in the cytoplasm and high concen-
trations of Ran-GTP in the nucleus. This gradient modulates
the affinity of the various importins for their cargo and confers
directionality to nuclear transport. The low concentration of
Ran-GTP in the cytoplasm allows stable import complexes to
form; nuclear Ran-GTP destabilizes import complexes and is
part of a trimolecular export complex with transporter and
cargo. Therefore, Ran serves as a molecular switch facilitating
the directional movement of proteins across the nuclear pore
complex.
In principle, any othermolecular switch could provide direc-

tionality and specificity to nuclear transport. Calmodulin is the
prototypical molecular switch because of its ability to dramati-
cally alter its conformation in response to Ca2� binding (41).
Unlike the Ran gradient, which is established following each
cell division and maintained constantly, Ca2�-calmodulin
complexes are formed and act transiently. Calcium entry from
the plasma membrane and from stores in the endoplasmic
reticulum andmitochondria is associatedwith intracellular sig-

FIGURE 2. Conserved nuclear trafficking of the HMG box family of transcription factors from yeast to man. A, the HMG box family of transcription factors
contains a conserved calmodulin-binding domain (gray), a nuclear export sequence (NES; blue), and an importin-binding domain (pink). The HMG box protein
found in yeast, Nhp6Ap, also contains a calmodulin-binding domain (gray). LEF (lymphoid enhancer-binding factor 1) and HMG are also shown for comparison.
HMG box proteins are characterized by three helices (green). Below each helix is the NMR structure of SRY bound to DNA (62). The yellow regions correspond
to the calmodulin-binding NLS, the nuclear export signal, and the C-terminal NLS, respectively. B, a molecularly detailed model for the calmodulin-dependent,
Ran-independent nuclear import of Nhp6Ap is shown. The model is based on the free and DNA-bound forms of Nhp6Ap (63). The calmodulin (CaM)-binding
region is highlighted in yellow. Step 1 of calmodulin-driven import requires binding of calmodulin-Ca2� to the first 36 amino acids (yellow) of Nhp6Ap. An
importin � family member (Importin?) likely contributes to the nuclear import efficiency. Step 2 is translocation across the nuclear pore complex. Step 3 involves
DNA-dependent dissociation of the transport complex. The high affinity of Nhp6Ap for DNA disrupts the import complex and releases calmodulin and
associated factors. The export of these factors may depend on the Ran gradient. Cyto, cytoplasm; Nuc, nucleus.
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naling events (1, 17, 41). The binding of four calcium ions to
calmodulin alters its conformation and promotes its interac-
tion with a number of other proteins, including several classes
of protein kinases. Calmodulin also activates phosphatases
such as calcineurin. Thus, elevation of intracellular Ca2� stores
leads to coordinate activation of a number of signal transduc-
tion cascades (41). As outlined above, one of these events may
be a transient increase in the nuclear concentration of tran-
scription factors during cell activation. A rapid and transient
increase in the Ca2� levels accompanying cell activation could
both trigger nuclear accumulation of the architectural tran-
scription factors andmodulate the loading of these factors onto
their specific targets on chromatin. This is in contrast to the
way in which a stable gradient of Ran is established by differen-
tially localized GTPase-activating proteins and guanine nucle-
otide exchange factors. In one sense, then, Ran-dependent
nuclear transport functions as a housekeeping nuclear import
pathway. In contrast, the calmodulin-dependent pathway func-
tions as a Ca2�-inducible “gatekeeper,” subject to independent
regulation by cell signaling cascades mobilizing Ca2� stores.

Other Import Cargo

Although the SOX family of architectural transcription fac-
tors is large (�20 members), it may not be the only group of
proteins whose nuclear import is influenced by calmodulin.
Other transcription factors may also bind to calmodulin. The
best characterized of these are the basic helix-loop-helix tran-
scription factors, which have a calmodulin-binding domain
(42–50). Here, calmodulin binding may interfere with nuclear
import of the transcription factor in response to Ca2�.
Sequence similarities suggest that the c-Rel-related transcrip-
tion factors also have this recognition motif. c-Rel and RelA
bind to calmodulin in a Ca2�-dependent fashion, and binding
of calmodulin appears to inhibit nuclear transport (42). Struc-
tural examination of themodes of interaction between calmod-
ulin and its transcription factor targets will help solve this puz-
zle. These findings could allow us to distinguish between the
interaction of calmodulin with targets whose nuclear import
may be triggered (SRY and the SOX family) and those that use
this interaction for other purposes (c-Rel).

Calmodulin-dependent Nuclear Entry Is Conserved from
Yeast to Man

The canonic Ran-dependent pathway of nuclear protein
import was discovered by in vitro analysis of the components
involved, augmented by genetic analysis in the yeast S. cer-
evisiae (51–54). Until recently, it was unclear whether a
calmodulin-dependent pathway described in mammals (1)
existed in yeast. Genetic studies had focused onRan-dependent
processes, although some provocative findings suggested that
Ran-independent nuclear transportmight occur (55). Recently,
we found that the architectural transcription factor Nhp6Ap
requires calmodulin, but not Ran, for its nuclear entry (Fig. 2B)
(56). The calmodulin-bindingmotif of Nhp6Ap has similarities
to those in SRY and the SOX family proteins, and when
mutated, nuclear entry of Nhp6Ap is blocked. In addition, tem-
perature-sensitive alleles of calmodulin block nuclear entry of
Nhp6Ap. The calmodulin-bindingNLS of Nhp6Ap is sufficient

to direct nuclear entry of proteins larger than 50 kDa, such as
pyruvate kinase-green fluorescent protein. Binding is depend-
ent upon Ca2� and is mutually exclusive, i.e. in the presence of
DNA, the Nhp6Ap-Ca2�-calmodulin complex is disrupted.
These findings led us to propose the model shown in Fig. 2B. It
is also not yet clear how widespread this pathway is in yeast or
how many other proteins may utilize this pathway. Because
Nhp6Ap nuclear entry is solely dependent upon calmodulin,
but not Ran, it is somewhat different from known mammalian
proteins where the Ran and calmodulin pathways cooperate to
regulate nuclear entry of proteins triggering sex determination
(e.g. SRY). Intriguingly, loss of NHP6A/NHP6B in yeast results
in defects in yeast mating-type switching, hinting at an evolu-
tionarily conserved function for Ca2�-triggered nuclear entry.
These features make yeast a good model for identifying other
components of the calmodulin-driven import pathway. These
genetic and biochemical analyses are under way in our
laboratories.

Evolutionary Issues

Calmodulin is one of themost evolutionarily ancient eukary-
otic proteins and also one of the most slowly evolving. One
measure of evolutionary change is the “family-specific rate,”
which for calmodulin is �1 PAM/billion years (1 unit of evolu-
tionary matrix change/billion years) (57). Ran is slightly more
rapidly evolving (6 PAM/billion years) comparedwith themean
protein family change of �50 PAM/billion years. These quan-
titative measures of rates of evolutionary change are consistent
with theories concerning the origins of the eukaryotic cell (58).
One of the most provocative of these theories suggests that a
group of proteins termedESPs is conserved throughout eukary-
otic evolution but largely absent in archaea or bacteria; calmod-
ulin and Ran are among the 108 ESPs associated with signaling
systems (58). From analysis of these ESPs, a cell called the
“chronocyte” is envisioned to be the precursor to the eukaryotic
cell. The chronocyte contained a cytoskeleton, internal mem-
branes, inositol phosphate lipids, and a complex internal Ca2�

signaling system. In this model, the eukaryotic nucleus was
formed when archaea and/or bacteria were engulfed by the
chronocyte in a process coordinated by the cytoskeleton and
Ca2�-calmodulin. Thus, Ca2�-calmodulin may have been the
first molecular switch adapted to facilitate nucleocytoplasmic
exchange and may have preceded and subsequently coevolved
with the Ran-dependent pathway. Calmodulin and Ran are not
the only evolutionarily ancient factors that act to stabilize and
destabilize nuclear transport complexes. Recently, the inositol
polyphosphates have been suggested to play key roles in the
regulation of mRNA export and the control of eukaryotic gene
expression (59).

Summary

The calmodulin- and Ran-triggered pathways can now be
viewed as evolutionarily ancient, tightly interwoven systems
acting in consort to facilitate the nuclear entry of SOX family
architectural transcription factors and other import cargo.
These proteins are critical determinants of development and
differentiation. A number of recent studies strongly suggest
that nuclear transport plays a key role in regulating the pro-
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cesses of terminal differentiation from stem and progenitor cell
populations (see Ref. 60). The yeast protein Nhp6Ap, which
uses calmodulin-dependent entry (see above), is a known com-
ponent of the yeast FACTcomplex, a highly conserved complex
acting as a nucleosome chaperone and mediating chromatin
reorganization in processes as diverse as transcription and
DNA replication and repair (61). Similar HMG domain pro-
teins are present in the FACT complex found in all metazoans.
Ca2� mobilization in response to signaling is a conserved and
universal mechanism for cell activation terminating in cellular
differentiation. Thus, the Ca2�-calmodulin-triggered nuclear
import pathway may provide a means of both recruiting archi-
tectural transcription factors and initiating the formation of
complexes mediating epigenetic alterations in chromatin. This
gatekeeping function allows the Ca2�-calmodulin pathway to
initiate the chromatin-remodeling steps associated with stem
cell maintenance and terminal differentiation.
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Viruses populate virtually every ecosystem on the planet,
including the extreme acidic, thermal, and saline environments
where archaeal organisms can dominate. For example, recent
studies have identified crenarchaeal viruses in the hot springs of
YellowstoneNational Park andotherhigh temperature environ-
ments worldwide. These viruses are often morphologically and
genetically unique, with genomes that show little similarity to
genes of known function, complicating efforts to understand
their viral life cycles. Here, we review progress in understanding
these fascinating viruses at the molecular level and the evolu-
tionary insights coming from these studies.

The last decade has seen resurgent interest in the study of
viruses that lie outside traditional agricultural and medical
interests. One reason is the growing appreciation of the enor-
mous abundance and impact of viruses on the greater bio-
sphere. For example, the oceans are thought to contain �1031
viruses, a truly astronomical number (1), making viruses the
most abundant biological entities in this ecosystem, where they
catalyze turnover of 20% of the oceanic biomass per day (1).
Remarkably, the virosphere has now been shown to extend to
almost every known environment on earth, including the
extreme acidic, thermal, and saline environments where
archaeal organisms can be dominant. Thus, because of their
abundance and variety, viruses are now thought to represent
the greatest reservoir of genetic diversity on the planet (2).
A second reason to study archaeal viruses is a growing appre-

ciation for the roles viruses play in evolution. Remarkably with
�500 cellular genomes sequenced to date, most show a signif-
icant amount of viral or virus-like sequence within their
genome, further evidence that viruses play a central role in hor-
izontal gene transfer and help drive the evolution of their hosts.
Roles for viruses in cellular evolution are also being considered.
Current hypotheses contend that viruses have catalyzed several
major evolutionary transitions, including the invention of DNA

and DNA replication mechanisms (3), the origin of the eukary-
otic nucleus (4), and thus a role in the formation of the three
domains of life. In addition, there is also considerable interest in
viral genesis and evolution in and of itself. To evaluate these
hypotheses and to analyze evolutionary relationships among
viruses, knowledge of viruses infecting the archaea is essential,
yet these viruses are vastly understudied. Finally, interest in
archaeal viruses stems also from the exceptional molecular
insight viruses have traditionally provided into host processes;
archaeal viruses are certain to provide new insights into the
molecular biology of this poorly understood domain of life.
Pioneering studies by Wolfram Zillig et al. (5) identified the

first archaeal viruses. Although initial studies suggested that
viruses infecting the euryarchaea (principally halophiles and
methanogens) were similar to head-tail bacteriophage, studies
of viruses infecting the hyperthermophilic crenarchaea
revealed morphologies suggesting new viral families. Indeed,
work by several laboratories has led to the identification of
seven new viral families infecting the crenarchaea, the Globu-
loviridae, Guttaviridae, Fuselloviridae, Bicaudaviridae, Ampul-
laviridae, Rudiviridae, and Lipothrixviridae (Fig. 1) (6, 7), with
STIV3 (8) and STSV1 (9) awaiting assignment. All of these
viruses contain double-stranded DNA genomes ranging in size
from 13.7 to 75.3 kilobase pairs, encoding 31–74 ORFs.
Although many package a circular genome, the filamentous
Lipothrixviridae and rod-shaped Rudiviridae are notable
exceptions and are the only viruses in any domain known to
encapsidate linear double-stranded DNA. Although most cre-
narchaeal viruses are enveloped, the Rudiviridae are devoid of
lipid, and with the exception of the Fuselloviridae, they employ
a lytic life cycle, although only STIV andATV (Bicaudaviridae)
are known to cause cell lysis (11).4
The exceptional morphology of these viruses has been

reviewed (6, 7) and thus is only summarized here (Fig. 1). For
the rod-shaped Rudiviridae, plugs are seen at both ends, from
which three short tail fibers emanate, whereas the Lipothrix-
viridae showmop- or claw-like structures at both ends (6). Sim-
ilarly, the non-tailed icosahedral viruses, STIV and eur-
yarchaeal SH1, have large turrets or spikes that project from the
surface (8, 12). In each case, these structures are thought to
facilitate virus-host interactions. In contrast, other crenar-
chaeal viruses utilize a fusiform or lemon-shaped virion, amor-
phology unique to archaeal viruses. These fusiform viruses gen-
erally contain tail fibers or an extended tail on one end that is
also involved in host recognition. For ATV, however, nascent
particles are devoid of tails when released from the host (13).
Remarkably, extended tails develop at both ends of the virion in
an extracellular maturation process. Finally, Acidianus bottle-
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shaped virus (Ampullaviridae) shows an exceptional morphol-
ogy that differs in its basic architecture from any known virus.

Genetic Diversity

These striking morphologies reflect the genetic diversity in
these viral families. For example, while making a variety of new
functional predictions, a recent comprehensive reanalysis con-
cludes that these viral genomes are largely barren of recogniz-
able features and that only a small pool of genes are shared by
overlapping subsets of crenarchaeal viruses (11). The lack of
sequence similarity to proteins with known function has, in
turn, complicated efforts to elucidate viral life cycles,

virus-host relationships, and the underlying genetics and
biochemistry.
SSV1 is an excellent case in point. SSV1 is one of the best

studied archaeal viruses and the type member of the Fusellov-
iridae, which are common in solfataric hot springs around the
world. Its 60 � 90-nm fusiform virion (Fig. 1) packages a
15.5-kb circular double-strandedDNAgenome. Palm et al. (15)
reported the SSV1 genomic sequence in 1991, revealing 34
ORFs. Early analyses revealed only twoORFs similar to proteins
of known function. Consistent with its lysogenic cycle, D335 is
an integrase of the type I tyrosine recombinase family (15),
although this activity is not essential (16), whereas B251 exhib-
its limited similarity to the ATP-binding domain of DnaA (17).
With improved bioinformatic methods, additional similarities
have been noted: E51 and C80 are potential CopG-like ribbon-
helix-helix transcriptional regulators; C2H2 zinc-finger motifs
are present in A45, A79, and B129; and B115 is annotated as a
helix-turn-helix-type transcriptional regulator (11, 18, 19).
However, 26 of 34 ORFs (�75%) are not reliably identified by
bioinformatic approaches. Thus, greater insight into these viral
gene products is essential for a deeper comprehension of SSV1
and crenarchaeal viruses in general.

The Viral Particle

Purified virus can be analyzed by gel-based mass spectrome-
try or N-terminal sequencing to identify the structural and
packaged proteins (6, 19–25). For example, N-terminal
sequencing identified three SSV1 proteins, VP1, VP2, and VP3
(24). VP1 and VP3 are hydrophobic proteins embedded within
the viral envelope, whereas VP2 is a packaged DNA-binding
protein. Subsequent mass spectrometry analysis identified two
additional proteins, C792 (a predicted membrane protein) and
D244 (19). For STIV, a host protein packaged with the viral DNA
was also identified (20). Lipid content can also be assessed using
thin-layer chromatography (6, 21, 22, 25) or mass spectrometry
(20, 25). Selective incorporation of host lipids into the viral enve-
lope is observed for euryarchaeal SH1 (25) and for STIV (20),
where complete viral assembly appears to take place within the
cytosol in a membrane-independent process.4
High resolution cryoelectron microscopy single particle

reconstructions have provided significant insight into archaeal
viruses. For example, work with STIV has allowed the overall
organization of the viral particle to be visualized in significant
detail (8). The STIV reconstruction provided intricate details
on the structure of the protruding turrets and clearly differen-
tiated the internal lipid layer (Fig. 1B, yellow) from the external
capsid proteins (blue). It also allowed the crystal structure of the
major capsid protein to be placed within the T � 31 lattice of
the viral particle, suggesting an electrostatic interaction
between the negatively charged lipid layer and positively
charged C terminus of the major capsid protein (26). Recon-
struction of the euryarchaeal virus SH1 showed a clear struc-
tural relationship to STIV (12). The virus particle is built upon
a T � 28 lattice that also includes an internal lipid layer and
exterior surface turret-like projections. Notably, the structure
of the SH1major capsid protein is composed of a single�-barrel
domain, providing an evolutionary link to the double �-barrel
coat protein motif found in STIV.

FIGURE 1. Morphological diversity in crenarchaeal viruses. A, clockwise,
beginning at upper left: STIV (8), a PSV-like virus, Sulfolobus neozealandicus
droplet-shaped virus (SNDV) (47), SSV1 (48), STSV1 (9), an ATV-like virus, an
SIRV virus, and S. icelandicus filamentous virus (SIFV) (10). Micrographs of SIRV,
PSV-like, and ATV-like viruses from Yellowstone National Park are the cour-
tesy of M. J. Y. Other panels are reproduced, with permission, from Refs. 8 –10,
47, and 48. B, cryoelectron microscopy reconstruction of the STIV particle (8)
showing a cutaway view (20) of the T � 31 icosahedral capsid with turret-like
projections that extend from each of the 5-fold vertices. Portions of the pro-
tein shell (blue) and inner lipid layer (yellow) have been removed to reveal the
interior.
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Gene Expression

Insight into viral life cycles comes from transcriptome anal-
ysis during infection and viral production. Among temperate
viruses, the Rudiviridae and Fuselloviridae are the best studied.
For the Rudiviridae, a rather simple transcription pattern is
found, where few genes exhibit temporal regulation (27). In
addition, a host encoded transcription factor, Sta1, is capable of
directing viral transcription (28). For SSV1, initial studies iden-
tified nine polycistronic transcripts (T1–T9) along with several
regulatory elements, including a promoter for a UV-inducible
transcript (T-ind) that lacks a TATA box (29, 30). Several tran-
scripts share a common start site but result in transcripts of
different lengths due to terminator read-through. These
include the T1/2 and T4/7/8 transcripts. In the absence of UV
induction, the transcription pattern for SSV1 appears relatively
simple, with most transcripts produced constitutively (29).
However, a recent microarray study (18) shows a chronological
transcription cycle following UV irradiation, beginning with
expression of T-ind. This is followed by early expression of T5
and T6 and then the shortly delayed expression of T9, whereas
the T1/2, T3, and T4/7/8 transcripts are up-regulated at a later
time point. These late stage transcripts encode at least four
proteins found in the purified virion; VP1, VP2, and VP3 are
encoded by T1/2, and C792 is encoded by the T4/7/8 tran-
scripts. The T8 transcript also includes B115, a predicted helix-
turn-helix-type transcriptional regulator that is the last gene to
show significant up-regulation, suggesting that it may down-
regulate SSV1 genes as viral replication is completed (18).
These data also suggest that UV-enhanced transcription is not
linked to an SOS-like response, as is common in bacteria (18).
STIV has also been studied with microarrays (31).

Although transcript levels for all ORFs peak at 24 h post-
infection, there is at least some temporal control. Tran-
scripts for nine early genes were detected at 8 h post-infec-
tion. By 16 h, most of the viral genes were significantly
expressed, including all of the known structural genes. How-
ever, three genes were not detected until 24 h post-infection,
including the putative transcriptional regulator F93 (32). It
will be interesting to determine whether F93 or the other late
gene products down-regulate expression of the early and
intermediate transcripts, as has been suggested for SSV1
B115, or play a role in directing cell lysis to release progeny
virus. This study also identified 177 host genes that were
differentially expressed upon infection with STIV. Of the
annotated genes up-regulated 4-fold or more, many are asso-
ciated with DNA replication or transcription. These include
Sso7D (a 7-kDa DNA-binding protein found in purified
STIV), cdc6-1 and cdc6-3 (associated with origins of replica-
tion in Sulfolobus solfataricus), a reverse gyrase, a transcrip-
tion factor IIB homolog, and the M subunit of a DNA-di-
rected RNA polymerase. This study begins to provide insight
into virus-host interactions during a lytic infection.

Structural Annotation

Because sequence conservation is generally much weaker
than structural conservation, structural studies may uncover
functional and evolutionary relationships that are not apparent

from the primary sequence (33). To this end, recent work
includes structural analysis of the SSV1, STIV, and AFV3 gene
products. Studies of SSV1 reveal structural similarity between
D63 and ROP (repressor of primer) (34), an adaptor protein
that serves to regulate ColE1 plasmid copy number in Esche-
richia coli (19). D63 may play a similar role in regulating repli-
cation of the viral genome. Similarly, structural and biochemi-
cal characterization has revealed a homodimeric winged-helix
protein for F93 (35) and a monomeric winged-helix protein for
F112 (19), suggesting they may serve as transcription factors,
while Sulfolobus Spindle-shaped Virus Ragged Hills D212, a
homolog of SSV1 D244, displays a nuclease fold (Protein Data
Bank code 2w8m), and B129 reveals tandem C2H2 zinc-finger
domains.5 However, even structural homology is not always
found; the structure of SSV1 E96 shows little similarity to any
protein with known function.5

Although not as advanced, the story is similar for STIV,
where there is a clear structural homolog for three of four avail-
able structures. These include the major coat protein B345,
which shows unmistakable similarity to viral capsid proteins in
the bacterial and eukaryotic domains (26); A197, a putative gly-
cosyltransferase (36); and F93, a putative transcriptional regu-
lator (32). In contrast, the structure of B116 fails to reveal a
structural homolog, although it did suggest a potential interac-
tion with DNA, and a nonspecific interaction with DNA was
subsequently demonstrated (37). Likewise, Keller et al. (38)
determined the structure of AFV3-109, a B116 homolog from
AFV3 that also interacts with DNA. In all, �80% of the STIV
and SSV1 structures are yielding recognizable folds. In addi-
tion, the STIV B116 and AFV3-109 structures show that struc-
tural annotation is worthwhile, even when it fails to identify a
homolog with known function.

Insight into Host Processes

Studies are also providing insight into critical host processes.
For example, SSV1was an importantmodel system for pioneer-
ing studies of transcription in Archaea, contributing evidence
toward acceptance of Archaea as a third domain of life (30). In
addition, modifications to the SSV1 genome have provided the
first shuttle vectors for the Sulfolobales (39).
More recent studies are providing insight into acquired viral

resistance. Many bacterial genomes and all sequenced archaeal
genomes contain arrays of CRISPRs that are separated by sim-
ilarly sized non-repetitive spacers (2, 40). Remarkably, these
“spacer” sequences are frequently derived from virus or other
invading nucleic acid (2). Working in conjunction with the
adjacent CRISPR-associated genes, the CRISPR sequences are
now known to provide acquired resistance against bacterioph-
age (40). Several studies have begun to extend the work with
bacteria and bacteriophage to the archaea and their viruses. For
example, 126 repeat clusters containing 4005 spacer sequences
from the available crenarchaeal genomes were analyzed for
similarity to ORFs in four rudiviral genomes (41). At the nucle-
otide level, matches to 158 spacers were found, with an addi-
tional 148matches at the protein level.Matches were appropri-
ately restricted to spacer sequences from rudiviral host

5 S. Menon, B. J. Eilers, and C. M. Lawrence, unpublished data.
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organisms, where �10% of the 3042 spacers yielded a positive
match, consistent with the abundance of Rudiviridae in acido-
thermophilic environments.
Other investigators have turned to metagenomic analyses of

acid mine drainages (42) and hyperthermal environments.6 In
these studies, CRISPR spacer sequences were used to provide a
remarkable record of the encounters between a host and its
viruses, thus identifying specific virus-host interactions present
within the larger metagenomic community. Furthermore,
reads that exactly match short CRISPR spacers but lack the
flanking CRISPR repeats are indicative of viral sequence and
have been used to identify new archaeal viruses (42).6 These
analyses also indicate rapid evolution of the CRISPR loci, sug-
gesting that modulation of resistance levels occurs on a time
scale of months. At the same time, resident viruses apparently
adapt by extensive recombination, shuffling viral sequence
motifs to evade the host CRISPR spacers (42), and new viruses
migrate into the community (43).
The metagenomic data are valuable in other ways. Sequence

matches to ORFans, proteins lacking significant sequence sim-
ilarity to other proteins, are being found, resulting in the iden-
tification of new protein families. The data are also enlarging
the size of existing protein families, facilitating identification of
conserved residues. This is particularly useful when conserved
residues are mapped to a representative structure. Met-
agenomic studies thus complement structural annotation.
Insight into host processes also comes from the structural

studies themselves, where the structures of SSV1 B129 and
SSV1 F112 (19) and STIV F93 (32) reveal a disulfide bond in a
putative intracellular DNA-binding protein. In the case of F112
and F93, the disulfides have been shown to confer significant
thermostability (19, 32). This is consistent with the observa-
tions of Yeates and co-workers (44, 45), who used sequence-
structure mapping and proteomic approaches to conclude that
disulfide bonds are common in the intracellular proteins of
hyperthermophilic organisms. They also found evidence for
intracellular disulfides in the genome of Pyrobaculum aerophi-
lum, where they observed a preference for even numbers of
cysteines in a size-restricted set of intracellular proteins (45).
Similarly, analysis of cysteine distributions in crenarchaeal viral
genomes has also revealed a clear preference for an even num-
ber of cysteines in the putative intracellular proteins of STIV,
SIRV2, AFV1, PSV, and Thermoproteus tenax spherical virus 1
(19, 32). More importantly, this preference is also clear in a
metagenome composed of 18 crenarchaeal viruses, where the
larger sample size is of increased statistical significance (Fig.
2B). This is strong supporting evidence for an abundance of
stabilizing intracellular disulfide bonds in hyperthermophilic
organisms and extends the observation to the cellular proteins
of their equally intriguing viruses.

Evolutionary Insight

Despite the lack of obvious sequence similarity, the structure
of the STIV major capsid protein reveals a fold common to the
eukaryotic Paramecium bursaria Chlorella virus, the bacteri-

ophage PRD1, and mammalian adenovirus (26). It has been
suggested that fundamental structural aspects such as capsid
architecture and possibly genome packagingmachinery consti-
tute a viral “self” that is inherited from a viral ancestor, whereas
attributes such as host recognition and adaptation are more
likely acquired from hosts via lateral gene transfer (46). This
implies that the “STIV-adeno-PRD1” lineage may have evolved
from a common ancestral virus, one that possibly predates divi-
sions leading to the three domains of life (46).
Palm et al. (15) noted that the cysteine-containing gene prod-

ucts cluster in one-half of the SSV1 genome, suggesting that the
Fuselloviridae arose froma genome fusion event (15). However,
structural studies offer an alternative explanation (19, 32) that
is consistent with the microarray work of Frols et al. (18). Spe-
cifically, the asymmetric cysteine distribution may simply
reflect the operon-like organization of the genome, where early
transcripts generally encode intracellular proteins that utilize
their cysteine content to form stabilizing disulfide bonds (see
above). In contrast, late transcripts encode predicted mem-
brane proteins that might participate in later stages of viral

6 A. C. Ortmann, M. Bateson, V. Ruigrok, F. F. Roberto, T. Douglas, and M. J.
Young, submitted for publication.

FIGURE 2. SSV1 genome. A, ORFs are shown as open arrows, whereas tran-
script identities are shown in the interior (black lines). Predicted membrane
proteins are indicated (�), as are proteins containing cysteine (*). RHH, rib-
bon-helix-helix. B, shown is the distribution of cysteine in the hyperthermo-
philic viral metagenome. Eighteen crenarchaeal viral genomes were com-
bined to create a viral metagenome (19). Similar to the analyses of
P. aerophilum (45) and STIV (32), a genome enriched in intracellular proteins
was produced by removing predicted extracellular proteins, membrane pro-
teins, proteins exhibiting metal-binding motifs, and proteins found in puri-
fied viral particles. A preference for even numbers of cysteines in the pre-
dicted intracellular proteins of the metagenome is clearly seen, suggesting an
abundance of intracellular disulfide bonds.
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assembly and most of the proteins incorporated in the viral
particle. The decreased cysteine content in the late gene prod-
ucts may indicate these proteins gain little from incorporating
disulfides, perhaps because the membrane provides a similar
topological constraint or because disulfides are not stable to the
external solfataric environment, where hydrogen sulfide and
sulfite concentrations can be significant.

Concluding Remarks

Although our understanding of archaeal viruses has
advanced significantly, much remains to be learned. Formost if
not all crenarchaeal viruses, we still lack a detailed understand-
ing of many fundamental processes, including mechanisms of
attachment, uptake, transcriptional regulation, genome repli-
cation, and viral assembly and release. The development of
robust genetic systemswill certainly aid in these endeavors, and
their further development for the study of individual gene prod-
ucts is a priority. Nevertheless, studies to date are beginning to
provide insight into the ecological roles these viruses play in
their environments and their potential roles in viral evolution.
Thus, although the field is still in its infancy, it is a rapidly
advancing field that holds potential for significant discovery.
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The structure, stability, solubility, and function of proteins
depend on their net charge and on the ionization state of the
individual residues. Consequently, biochemists are interested in
the pK values of the ionizable groups in proteins and how these
pK values depend on their environment. We review what has
been learned about pK values of ionizable groups in proteins
from experimental studies and discuss the important contribu-
tions they make to protein stability and solubility.

Historical Perspective

Sorensen defined pH in 1909 and in 1917 published the first
experimental study of the titration of a protein, egg albumin (1).
In succeeding years, hydrogen ion titration curves were deter-
mined for several proteins, and it was possible to make rough
estimates of the pK values of the ionizable groups of proteins
(2). In special cases, it was possible to determine the pK values
of individual groups, but it was only when NMR became avail-
able that the pK values of individual groups could be readily
determined, at least for small proteins (3, 4). This led to rapid
progress, and �500 pK values have been determined for indi-
vidual ionizable groups in folded proteins (5) and a more lim-
ited number in unfolded proteins (6).
The landmark paper by Debye and Hückel on the theory of

electrolyte solutions was published in 1923 (7), and the ideas
were extended to proteins by Linderstrom-Lang in 1924 (8). He
recognized that net charge on a protein would influence the
ionization of individual groups and incorporated this into the
first model developed to understand acid/base properties of
proteins. This model was extended by Tanford and Kirkwood
(9) in an important paper that triggered an interest in factors
that determine pK values of the ionizable groups in proteins
that continues to the present day (10).

Protein Ionizable Groups and Their Intrinsic pK Values

Seven amino acid side chains contain groups that ionize
between pH 1 and 14. For Asp, Glu, Tyr, and Cys, the ionizable
groups are uncharged below their pK and negatively charged
above their pK. For His, Lys, and Arg, the ionizable groups are
positively charged below their pK and uncharged above their

pK. It is useful to know what the pK values of these groups
would be in a protein if they are completely exposed to solvent,
not hydrogen-bonded, and not affected by the presence of any
formal charges. These are generally referred to as the intrinsic
pK (pKint) values. The pKint values given in Table 1 are the pK
values observed for the ionizable side chains when they are
present in blocked pentapeptides with the structureAla-Ala-X-
Ala-Ala, where X is the amino acid whose side chain pK was
measured (11). The�-carboxyl and�-amino groups of proteins
can also ionize, and their pK values were determined in similar
pentapeptides and are also given in Table 1. These pKint values
reflect the inductive effects of neighboring peptide bonds but
will not be influenced by charge-charge interactions and only
minimally by hydrogen bonding or burial of the ionizable
group. They should serve as good models for the unperturbed
pK values of the ionizable groups in proteins.

Content and Environment of Ionizable Groups

Amino acids with ionizable side chains make up, on average,
29% of the amino acids in proteins (12). The average content for
each is given in Table 1. As discussed below, the extent of burial
of the ionizable groups in proteins is important in determining
their pK values. The average % burial for the ionizable group in
each side chain is given in Table 1 (13). The most buried ioniz-
able groups are the –SH of Cys, the imidazole of His, and the
–OH of Tyr. These groups are often buried because they are
generally uncharged at pH 7. The least buried are the guani-
dinium of Arg, the carboxylate groups of Asp and Glu, and the
amino groups of Lys. These groups will generally be charged at
pH 7. It is surprising that Arg is buried to such an extent
because of the high pK and the fact that the Arg side chain can
donate five hydrogen bonds. However, in water, the guani-
dinium group is one of themost weakly hydrated cations, prob-
ably because of charge delocalization, and this makes the Arg
side chain easier to bury (14). Buried Arg side chains are
charged, extensively hydrogen-bonded, and frequently interact
by stackingwith other planar side chain groups in proteins (15).
They make many important contributions to the stability and
function of proteins.

Measured pK Values in Folded Proteins

Most of the pK values for ionizable groups in folded proteins
were determined bymeasuring the pH dependence of chemical
shifts usingNMR (3, 4). A smaller numberweremeasured using
indirect techniques (16). Recently, 541 pK values from 78 pro-
teins were compiled (5), and the results are summarized in
Table 1. Many of the pK values are perturbed far above and
below the pKint values. For example, the pK of one sulfhydryl
group is lowered by �6 pK units, and the pK of one carboxyl
side chain is raised by �5 pK units.

Perturbation of pK Values

In proteins, the pK values of the ionizable groups may be
substantially raised or lowered from the intrinsic pK values by
environment effects (see Table 1). The three most important

* This minireview will be reprinted in the 2009 Minireview Compendium,
which will be available in January, 2010.

1 To whom correspondence should be addressed. E-mail: nickpace@
tamu.edu.
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effects are summarized in Fig. 1. Each of these will be discussed
in general terms and illustrated with experimental results.
Another review discusses the perturbation of the pK values of
catalytic groups in enzyme active sites (17).
Dehydration (Born Effect)—It is energetically unfavorable to

transfer a charged group from water to the interior of a protein
where the dielectric constant (�protein) is lower. Consequently,
the neutral state of the ionizable group will be favored, and the
pK values of Asp, Glu, Cys, and Tyr will be raised and those of
His, Lys, and Arg will be lowered when the groups are buried,
partially or completely, in a folded protein. To illustrate this, the
pK of acetic acid is increased from 4.8 in water (� � 78) to 10.1
in ethanol (� � 24).

Studies of staphylococcal nuclease provide an example of this
effect in proteins (18). Val-66 is buried in the hydrophobic core
of the enzyme.When it is replacedwithAsp, the carboxyl group
has a pK of 8.9, 5 pK units higher than the pKint. When it is
replaced with Lys, the amino group has a pK of 5.5, 4.9 units
lower than the pKint. If these changes resulted only from the
Born effect, it would require �protein� 7.2. It was concluded (18)

that, “Regardless of how the pKa cal-
culations were performed, they all
showed that the shift in the pKa
value of Asp-66 is governed by the
loss of hydration of the carboxylic
group in the buried state that is not
offset by interactions with charges
or with polar atoms of the protein.”
Charge-Charge Interactions (Co-

ulombic Interactions)—The net
charge on a protein is zero at the iso-
electric pH (pI). Below the pI, the
net charge on a protein is positive,
and above the pI, the net charge is
negative. At the pK of a given ioniz-
able group, the net charge will be
�1⁄2 for Asp, Glu, Tyr, and Cys and
�1⁄2 for His, Lys, and Arg. The
energy of interaction of the ioniz-
able group (i) and the other charges
(j) on the protein can be calculated
with Coulomb’s law: �Gij � �qiqj/

�rij, where qi is the charge on the ionizable group of interest, qj
is the charge on the other groups at the pH� pK of the ionizing
group, � is the dielectric constant, and rij is the distance between
the two charges. (When opposite charges are 4.2 Å apart in
water, �G � �l kcal/mol, and this is reduced to �0.5 kcal/mol
at the ionic strength inside a cell.) The distance between
charges can be calculated from the structure of the protein,
keeping in mind that the distance between the groups may dif-
fer in solution and in a crystal and may vary as the protein is
titrated. (For RNase A, structures were determined as a func-
tion of pH so that the effect of titration on the distances could
be observed (19).) Protein interiors are heterogeneous, so the
effective value of � will depend on which two charges are con-
sidered. Values of � ranging from 2 to 80 have been used (20).

A good example of the effect of coulombic interactions on
the pK values of ionizable groups in a protein is provided by a
study of RNase Sa (21). RNase Sa is an acidic proteinwith a pI of
3.5 that contains no Lys residues (0K). By replacingAsp andGlu
residues on the surface with 5 Lys residues, a basic protein was

FIGURE 1. Factors influencing the pK values of ionizable groups in proteins. A, a pK change due to the Born
effect results when an ionizable group is buried in the interior of the protein where the dielectric constant is lower
than that of water. The lower dielectric constant favors the neutral form of the ionizable group. B, the pK values of all
of the ionizable groups in a protein will be decreased by a positively charged environment and increased by a
negatively charged environment. C, the pK values of the ionizable groups will be increased when hydrogen bonding
is tighter to the protonated form and decreased when hydrogen bonding is tighter to the deprotonated form.

TABLE 1
Characteristics of ionizable side chains in proteins
This is a summary of 541 pK values tabulated from the literature (5). The values were reported under various conditions for 78 folded proteins.

Group Contenta Buriedb pK value in alanine
pentapeptides (pKint)c

Average pK value Low pK value High pK value No. of measurements

% %
Asp 5.2 56 3.9 3.5 � 1.2 0.5 9.2 139
Glu 6.5 48 4.3 4.2 � 0.9 2.1 8.8 153
His 2.2 72 6.5 6.6 � 1.0 2.4 9.2 131
Cys 1.2 90 8.6 6.8 � 2.7 2.5 11.1 25
Tyr 3.2 67 9.8 10.3 � 1.2 6.1 12.1 20
Lys 5.9 34 10.4 10.5 � 1.1 5.7 12.1 35
Arg 5.1 56 12.3d
C terminus 3.7 3.3 � 0.8 2.4 5.9 22
N terminus 8.0 7.7 � 0.5 6.8 9.1 16

a This is the current average % amino acid content of proteins from all three domains of life: Bacteria, Archaea, and Eukaryota (12). For comparison, the most abundant amino
acid is Leu (10.3%), and the least abundant is Trp (1.1%).

b The % buried is based on an analysis of 61 proteins by Lesser and Rose (13). The % buried is for just the ionizable group: the carboxyl groups of Asp and Glu, the imidazole of
His, the –SH of Cys, the –OH of Tyr, the amino group of Lys, and the guanidinium of Arg.

c pK values are from Ref. 11, and the value for Asp was corrected in Ref. 5.
dA value of 12.48 is given for Arg in Ref. 49. A correction for the negative charge on the carboxyl group present in Arg gives a pK of �12.3.
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created with a pI of 10.2 (5K). At pH 7, the net charge on 0K is
�7, and the net charge on 5K is �3, a difference of �10 units.
Crystal structures andNMR studies show that the structures of
0K and 5K are similar (21). Consequently, except for net charge,
the ionizable groups will have similar environments in the two
proteins, and coulombic interactions will be the main determi-
nant of pK differences. For the 11 common groups, the pK val-
ues were always higher in 5K than in 0K, as expected because of
the greater positive charge. The differences ranged from 0.03 to
2.19, with an average difference of 0.75. The pK differences
(pK0K � pK5K) calculated as described above with Coulomb’s
law were in good agreement with the measured values. A value
of � � 45 gave the best agreement between calculated and
experimental values. It is not surprising that the � value that
gave the best agreement here is considerably higher than the �
value that gave the best results for the Born effect (22). Based on
this, it was concluded (21) that, “Taken together, the results are
evidence that charge-charge interactions are the chief pertur-
bant of the pK values of ionizable groups on the protein surface,
which is where the majority of the ionizable groups are posi-
tioned in proteins.”
These conclusions are supported by other experimental and

theoretical studies. A global analysis of available data for short-
to-long range coulombic interactions in staphylococcus nucle-
ase led to an effective � of �42 (23). A theoretical analysis was
successful in predicting the contribution of electrostatic effects
to the stability of four proteins (22). When both the Born effect
and coulombic interactions were included in the analysis, the
best agreement was found with � � 20–80 for the Born effect
and � � 40 for coulombic interactions. The significance of these
� values and why a large � is needed for the Born effect were
discussed (22).
Charge-Dipole Interactions (Hydrogen Bonds)—Ionizable

groups can also interact with the partial charges or dipoles on
neighboring polar groups. These interactions will be referred to
as hydrogen bonds, but keep in mind that some of these inter-
actions can be important and notmeet the definitions generally
used for hydrogen bonds. The effect of hydrogen bonding on a
pK will depend on whether the interactions are more favorable
with the protonated state of the group, inwhich case the pKwill
be raised, or with the deprotonated state of the group, in which
case the pKwill be lowered. Hydrogen bonds generally contrib-
ute 1–2 kcal/mol to the stability of a protein (24) and, when the
hydrogen bonds are to ionizable groups, they can raise or lower
the pK values by several pK units (25). An example is provided
by the buried, charged, non-ion-paired carboxyl group of
Asp-76 in RNase T1 (16).
The side chain carboxyl of Asp-76 in RNase T1 has a very low

pK of 0.6 and forms three intramolecular hydrogen bonds to the
side chains of Asn-9, Tyr-11, and Thr-91 (16). To see if these
hydrogen bonds were responsible for the low pK, the hydrogen
bonds were removed one at a time, and the pK of was Asp-76
measured.When single hydrogen bonds are removed, the aver-
age pK increases to 3.3. When two hydrogen bonds are
removed, the average pK increases to 5.1.When all three hydro-
gen bonds are removed, the pK increases to 6.4. Thus, in the
absence of the hydrogen bonds, the pK is elevated 2.5 units
above the pKint. This increase results from the Born effect

because the carboxyl group of Asp-76 is buried and from the
negative charge on the protein at pH 6.4. Hydrogen bonding
and the positive charge on the protein at low pH combine to
lower the pK of this carboxyl group by 5.8 pK units. A compre-
hensive description of the pK shifts due to hydrogen bonding is
available (25). The pK shift per hydrogen bond can be as high as
1.6 for carboxyl groups and higher for sulfhydryl groups.

Contribution of Ionizable Residues to Protein Stability

Major forces favoring folding of globular proteins are the
hydrophobic effect and hydrogen bonding, and they are just
able to overcome the major force favoring unfolding, confor-
mational entropy, somost globular proteins have a surprisingly
low conformational stability of just 2–10 kcal/mol (26). It is
now clear that many proteins are unfolded under physiological
conditions (27) but fold when it is required for their function.
Because of this, minor forces in the 1–3 kcal/mol range become
important.
Charge-Charge Interactions—Charged groups in proteins are

generally arranged so that coulombic interactions among
charges are favorable. However, the arrangement ismore favor-
able on some proteins than on others and is sometimes unfa-
vorable (28). Studies of the pH dependence of protein stability
show that coulombic interactions do not make a large contri-
bution to protein stability, probably at most 10 kcal/mol (29).
Despite this, coulombic interactions are important to proteins
in a number of ways.
There is considerable interest in developing methods to

increase protein stability by amino acid substitutions. This is
difficult to do by burying hydrophobic surface or adding hydro-
gen bonds but can be done by improving the charge-charge
interactions on the surface of a protein (30). Several groups
showed that reversing the charge on a single side chain on the
protein surface can improve coulombic interactions and
increase stability by �1 kcal/mol (30–34). This approach was
used to increase the stability of several proteins, and guidelines
are available for doing so with other proteins (30). (Another
good approach is to improve the �-turns on the surface of a
protein (35).)
Just as attractive charge-charge interactions can stabilize a

protein, repulsive charge-charge interactions can destabilize a
protein. Recently, it has become clear that many proteins are
unfolded or have regions of the polypeptide chain that are dis-
ordered under physiological conditions (27). These proteins are
referred to as IDPs,2 and the number identified is now �500
(36). This revelation was surprising, but upon reflection, IDPs
offer new functions and can improve some known functions of
proteins (37). Two factors that are important in determining
whether a proteinwill be folded or unfolded are hydrophobicity
and net charge (38). IDPs generally have a low hydrophobicity,
a high net charge, or both. The border between folded proteins
and unfolded proteins is definedwell by the following equation:
�R� � 2.785�H� � 1.151, where �R� and �H� are the mean net
charge and the mean hydrophobicity of the protein, respec-
tively (38). Recent experimental studies show that favorable and
unfavorable coulombic interactions can influence the dena-

2 The abbreviation used is: IDPs, intrinsically disordered proteins.
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tured state ensemble of a protein and influence both protein
stability and the mechanism of folding (39).
Buried Ionizable Residues—As discussed above, many ioniz-

able groups are buried, and these often make important contri-
butions to the function and stability of proteins. An improved
version of a finite difference Poisson-Boltzmann method was
used to estimate the number of buried ionizable residues (40).
For each ionizable group, the dehydration penalty was calcu-
lated. If it was great enough to shift the pK value by�5 pK units,
the residue was classed as buried. These residues would gener-
ally be �80% buried when measured by accessible surface area
as in Table 1. Using this criterion, 32% of the Arg residues, 19%
of the Asp residues, 13% of the Glu residues, and 6% of the Lys
residues are buried. This amounts to 4 buried residues per 100
residues, and the composition is 41% Arg, 28% Asp, 22% Glu,
and 9% Lys.
These buried ionizable residues can be used to stabilize or

destabilize proteins. Despite being buried, the pK of Asp-76 in
RNase T1 is lowered to 0.6 by hydrogen bonding and the posi-
tive charge on the protein (16). This buried carboxyl group
makes a large contribution to the stability and to the pH
dependence of the stability. The D76Amutation of RNase T1 is
3.8 kcal/mol less stable than the wild-type protein, and an anal-
ysis suggests that the hydrogen bonding and other interactions
of the carboxyl group with the protein contribute �8 kcal/mol
to the stability. As discussed below, Asp-70 in T4 lysozyme is
buried, has a pK of 0.5, and also makes a large contribution to
the stability (41).
The two most buried carboxyl groups in RNase Sa are Asp-

33, which is 99% buried and has a pK of 2.4, and Asp-79, which
is 85% buried and has a pK of 7.4 (16, 42). The D33A mutant is
6 kcal/mol less stable and the D79A mutant is 3.3 kcal/mol
more stable than thewild-type protein. The environment of the
two carboxyl groups is different: Asp-33 forms three intramo-
lecular hydrogen bonds, and Asp-79 forms none. The net
charge is �7 when Asp-33 ionizes, which would lower the pK,
and �6 when Asp-79 ionizes, which would raise the pK. These
environmental factors combine to give a pK difference of 5
units and markedly different contributions to the stability for
these two carboxyl groups. The D79Fmutant of RNase Sa has a
stability 3.7 kcal/mol greater than the wild-type enzyme, and
this raises the Tm (10 °C) (42). This is one of the largest
increases in stability observed for a single mutation.
Based on what we have learned about the major forces that

contribute to the stability of globular proteins, stability should
increase as protein size increases. This is not observed: the con-
formational stability of globular proteins is independent of size.
It has been shown that the number of buried charged groups
increases substantially with protein size (40, 43). For example,
the number of buried charged groups is 1.9 per 100 residues in
proteins with 	100 residues and 4.5 per 100 residues in pro-
teins with �300 residues (40). It seems likely that burial of
charged side chains that are not hydrogen-bonded or ion-
paired is one mechanism that evolution uses to lower protein
stability (43).
Ion Pairs—Attractive interactions between nearby (	5 Å)

oppositely charged groups are called ion pairs or salt bridges.
Coulombic interactions in proteins are made favorable by

avoiding repulsive charge-charge interactions; on average,
there are four attractive ion pairs but only one repulsive ion pair
per 100 residues (28). Whether the attractive ion pairs contrib-
ute favorably to protein stability is a controversial topic, exper-
imentally (41, 44) and theoretically (45).
An experimental study of a salt bridge between Asp-70 and

His-31 in T4 lysozyme showed that a buried salt bridge can
make a favorable contribution to protein stability (41). Asp-70
forms a salt bridge with His-31, and this substantially perturbs
the pK values: Asp-70 has a pK of 0.5 in the folded protein and
3.5–4 in the unfolded protein, whereasHis-31 has a pK of 9.1 in
the folded protein and 6.8 in the unfolded protein. This salt
bridge contributes �4 kcal/mol to the stability of T4 lysozyme.
Proteins from thermophiles are stabilized in different ways

(46), but the strategy used most often is improving charge-
charge interactions and adding ion pairs (46, 47). Thermophilic
proteins generally contain more charged groups and salt
bridges than proteins frommesophiles, and several lines of evi-
dence suggest that the contribution of salt bridges to protein
stability will increase at higher temperatures (47).
Themost stable protein known is theCutA1protein from the

hyperthermophile Pyrococcus horikoshii, with a Tm of �150 °C
at pH 7 (48). This protein is found in bacteria, plants, and ani-
mals, including humans. All of the CutA1 proteins studied are
remarkably stable, and this is thought to be due in part to a
common trimeric structure. The most striking difference
between P. horikoshii CutA1 and the same protein from Esche-
richia coli is the number of ion pairs in the monomer: 30 are
found in the protein from the hyperthermophile, but only one is
found in the protein from themesophile. This suggests that ion
pairs are of crucial importance to the stability of themost stable
proteins.

Contribution of Ionizable Residues to Protein Solubility

Protein solubility is a concern to biochemists in experimental
studies, and the recognition of its role in protein folding dis-
easesmakes it evenmore important. Becausemany proteins are
now used as drugs, solubility is a concern in the biopharmaceu-
tical industry. Key principles of protein solubility were summa-
rized by Cohn in 1943 (49): “A given protein is least soluble in
the neighborhood of its isoelectric point in the presence, as well
as the absence, of neutral salts . . . The solubility of proteins in
the uncombined, salt-free state varies widely. This is true
among those that separate in the crystalline state and in the
amorphous state . . . The forces between molecules in the solid
state as well as those between solvent and solute molecules
determine solubility.”
The approach generally used to increase the solubility of a

protein is to replace the most hydrophobic residue on the sur-
face with a charged or polar residue. Recent studies provide
insights into protein solubility (50). Thr-76 has the most
exposed side chain in RNase Sa. This Thr was replaced with the
other 19 amino acids, and the solubility was measured. The
most soluble variant was T76D (43 mg/ml), and least soluble
was T76W (3.6 mg/ml), a 12-fold difference! One surprising
finding was that His, Asn, Thr, and Gln make unfavorable con-
tributions to the solubility relative to Ala near the pI of RNase
Sa. Similarly, Arg and Lys make unfavorable contributions to
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the solubility relative to Ala when solubility is measured at pH
7, where the protein has a charge of approximately �5. In con-
trast, Asp and Ser always make favorable contributions to the
solubility. These results suggest that the best approach for
increasing solubility is to replace themost hydrophobic residue
on the protein surface with Asp or Ser (50).
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A major mechanism in the cellular defense against oxidative
or electrophilic stress is activation of the Nrf2-antioxidant re-
sponse element signaling pathway, which controls the expres-
sion of genes whose protein products are involved in the detox-
ication and elimination of reactive oxidants and electrophilic
agents through conjugative reactions and by enhancing cellular
antioxidant capacity. At the molecular level, however, the regu-
latory mechanisms involved in mediating Nrf2 activation are
not fully understood. It is well established that Nrf2 activity is
controlled, in part, by the cytosolic protein Keap1, but the
nature of this pathway and themechanisms bywhichKeap1 acts
to repress Nrf2 activity remain to be fully characterized and are
the topics of discussion in this minireview. In addition, a possi-
ble role of the Nrf2-antioxidant response element transcrip-
tional pathway in neuroprotection will also be discussed.

ARE-mediated Pathway

The induction of many cytoprotective enzymes in response
to reactive chemical stress is regulated primarily at the tran-
scriptional level. This transcriptional response is mediated by a
cis-acting element termed ARE,2 initially found in the promot-
ers of genes encoding the two major detoxication enzymes,
GSTA2 (glutathione S-transferase A2) and NQO1 (NADPH:
quinone oxidoreductase 1) (Fig. 1) (1–4). The ARE possesses
structural and biological features that characterize its unique
responsiveness to oxidative stress (5). It is activated not only in
response to H2O2 but specifically by chemical compounds with
the capacity to either undergo redox cycling or be metabolically
transformed to a reactive or electrophilic intermediate (6). More-
over, compounds that have the propensity to react with sulfhydryl
groups such as diethyl maleate, the isothiocyanates, and dithio-
thionesarealsopotent inducersofAREactivity.Thus, alterationof
the cellular redox status due to elevated levels of ROS and electro-
philic species and/or a reduced antioxidant capacity (e.g. glutathi-
one) appears to be an important signal for triggering the transcrip-
tional response mediated by this enhancer.
Besides its involvement in inducible gene expression, the

ARE is also responsible for the low-level constitutive (or basal)

expression of several genes under non-stressed conditions.
Because reactive oxygen species and other endogenous reactive
molecules are constantly generated from normal aerobic
metabolism, the involvement of the ARE in controlling consti-
tutive gene expression implies a critical role of the enhancer in
the maintenance of cellular redox homeostasis under both
stressed and non-stressed conditions.

Nrf2 Activity and Repression by Keap1

Activation of gene transcription through the ARE is medi-
ated primarily by Nrf2 (nuclear factor E2-related factor 2), first
isolated through cloning experiments (7). Following its isola-
tion, Nrf2 was identified as one of the transcription factors act-
ing on the ARE of human NQO1 to activate gene transcription
in cell-based transient transfection experiments (8). Similar
observationswere subsequentlymade for theAREs of a number
of other genes (9). Notably, the involvement ofNrf2was further
corroborated by in vivo studies in which expression of several
ARE-dependent genes was found to be severely impaired in
nrf2�/� mice (10, 11) and by chromatin immunoprecipitation
assays demonstrating direct interaction between endogenous
Nrf2 and the ARE in H4IIE cells (12). These studies have also
provided evidence that Nrf2 controls both the inducible and
constitutive gene expression mediated by the ARE. The signif-
icance of Nrf2 having this dual role will be discussed further
below, as we attempt to provide a rationale for our understand-
ing of the Nrf2 regulatory pathway.
Nrf2 activity is regulated in part by the actin-associated

Keap1 protein, which was initially proposed to act by binding
and tethering the transcription factor in the cytoplasm. Activa-
tion of Nrf2 in response to stress signals was thought to result
from a disruption of this association, releasing Nrf2 for trans-
location into the nucleus to effect its transcriptional activity
(13). Independently, Nrf2 has been found to be a highly unsta-
ble protein (t1⁄2 � 15 min), subject to proteolytic degradation
catalyzed by the 26 S proteasome via the ubiquitin-dependent
pathway. In this case, activation of Nrf2 was suggested to be
dependent on mechanisms that increase its stability, leading to
its accumulation in the cell (14, 15). The unstable nature of the
Nrf2 protein and its regulation through this dynamic mecha-
nism suggest that Nrf2 is unlikely to be tethered in a passive
complex in the cytoplasm. This was corroborated by a number
of studies demonstrating a more active role of Keap1 in its
repression of Nrf2 activity. Keap1 appears to promote Nrf2
ubiquitylation in a constitutive manner (12, 16–18) through
the cullin-3-dependent pathway (19–22).
That Nrf2 is constantly degraded in non-stressed cells

implies that Keap1 is a constitutively active protein and that it
promotes Nrf2 ubiquitylation in an unregulated manner. This
is supported by the observation that overexpression of Keap1
leads to increased levels of ubiquitin-conjugated forms of Nrf2
in cells (12, 18), indicating that Keap1 is expressed as a func-
tionally active protein. Moreover, the rate of Nrf2 ubiquityla-
tion and its degradation in non-stressed cells appear to be
dependent in large part on the abundance of the Keap1 protein
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in the cell, as suggested by the elevated steady-state levels of
Nrf2 observed in keap1�/� animals (23) or following an artifi-
cial reduction of the cellular Keap1 protein level by small inter-
fering RNA (24). Notably, these data suggest that upon interac-
tion with Keap1, Nrf2 is targeted directly for ubiquitylation and
degradation. Thus, interaction between the two proteins is
more likely a transient encounter rather than a sustained asso-
ciation. Given that the steady-state level of Nrf2 in the cell is
maintained in part through its constitutive expression, requir-
ing de novo gene transcription and protein synthesis (12, 14),
the pathway throughwhichNrf2 activity is regulated, from syn-
thesis to degradation, requires examination in further detail.

Nrf2-Keap1 Regulatory Pathway

The involvement of Keap1 in promoting Nrf2 degradation
led to the recognition that interaction between the two proteins
is a dynamic process that must be regulated through a pathway
that enables Nrf2 to control both the basal and inducible
expression of its genes (12). The fact that Nrf2 controls basal
expression of its genes (10, 11) clearly indicates that it is a con-
stitutively and functionally active transcription factor and,
notably, implies its presence in the nucleus under homeostatic
conditions. That endogenous Nrf2 interacts with the ARE in
non-stressed cells not only provides further support to the
nuclear nature of Nrf2 but is consistent with its involvement in
the basal expression of its genes (12). Thus, the evidence that
Nrf2 is localized in the nucleus under constitutive conditions is
compelling and does not support the view that Nrf2 co-local-
izes with Keap1 in the cytoplasm (13, 18, 25–29). The discrep-
ancy of these findings is believed to be due to the nonspecific
cross-reactivity of the anti-Nrf2 antibody (C-20, Santa Cruz
Biotechnology) used inmany, if not all, earlier subcellular local-

ization studies. Compounding this difficulty is the fact that the
mobility of the Nrf2 protein on denaturing Tris/glycine-buff-
ered SDS gels does not correspond precisely to its molecular
mass (7), making its detection and identification even more
tentative. These technical issues therefore call into question of
whether localization studies using this antibody provide inter-
pretable and conclusive data, particularly in non-stressed cells,
where the Nrf2 protein level is low.
We have reported raising an antibody that reacts with high

affinity and specificity to Nrf2 and with minimal cross-reactiv-
ity in HepG2 cells (14). Using this antibody, endogenous Nrf2
was observed to localize predominantly in the nucleus of
HepG2 and H4IIEC3 cells in the absence of any stress inducers
(12). This nuclear localization is not unique to these two cell
lines, as similar observations were also made for various other
cell types, including primary cells.3 An example of the nuclear
localization of Nrf2 in human umbilical vein endothelial cells is
shown in Fig. 2. These findings, combined with those obtained
from studies using nrf2�/� mice and from chromatin immuno-
precipitation experiments discussed above, suggest that Nrf2 is
a nuclear protein and is transcriptionally active under both con-
stitutive and stress conditions. Translocation of Nrf2 into the
nucleus, following its biosynthesis on ribosomes, therefore does
not appear to be a regulated process. As such, activation and
accumulation of Nrf2 in the nucleus in response to stress sig-
nals are most likely a result of its stabilization, mediated by
mechanisms that decrease the rate of its degradation.

3 T. Nguyen, P. Nioi, and C. B. Pickett, unpublished data.

FIGURE 1. Regulation of rat GSTA2 and NQO1 gene expression. Induc-
tion of these two detoxication enzymes is regulated at the transcriptional
level mediated by two distinct enhancers, XRE and ARE, controlled by the
AhR and Nrf2, respectively. �-Naphthoflavone (�-NF), 3-methylcholan-
threne (3-MC), and benzo(a)pyrene (B(a)P) induce expression of these
genes through two different pathways, directly by activating the AhR,
which, following dimerizing with the aryl hydrocarbon receptor nuclear
translocator (ARNT), binds to the XRE to activate transcription, and indi-
rectly via the Nrf2-ARE pathway following their biotransformation to a
reactive intermediate. Nrf2 dimerizes with a basic region-leucine zipper
(bZIP) protein and binds to the ARE to activate gene transcription. Induc-
tion via the AhR-XRE pathway appears to represent an early mechanism of
defense against the eventual metabolic transformation of the xenobiotics
to their reactive forms. TCDD, 2,3,7,8-tetraclorodibenzo-p-dioxin.

FIGURE 2. Nuclear localization of Nrf2 in human umbilical vein endothe-
lial cells. Localization of Nrf2 was performed by immunocytochemistry and
confocal microscopy. Nrf2 was stained with an anti-Nrf2 antibody (14) and
visualized with a secondary antibody conjugated with Alexa Fluor 488.
The nuclei were counterstained with 4�,6-diamidino-2-phenylindole
(DAPI), and the F-actin filaments were stained with Alexa Fluor 680-conju-
gated phalloidin.
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An important question is how Keap1 targets Nrf2 for ubiq-
uitylation, given their localization in distinct cellular compart-
ments. It appears that Keap1 is capable of engaging in nucleo-
cytoplasmic shuttling activity, as shown by several studies (12,
30, 31) and similarly observed in amore recent report (32). This
shuttling activity by Keap1 was not observed, however, in
another study (33), and the reason for this discrepancy is not
understood. Work from our laboratory suggests that Keap1
transiently enters the nucleus and targets Nrf2 for ubiquityla-
tion in this compartment. This was based on the observation
that inhibition of proteasome activity by MG132 caused accu-
mulation of both intact and ubiquitylated forms of Nrf2 in the
nucleus, indicating that both the ubiquitylation and degrada-
tion processes are likely initiated and end in this compartment
(12). In contrast, it has been suggested that, in addition to its
role in promoting cytoplasmic Nrf2 degradation under non-
stressed conditions, Keap1 also enters the nucleus and escorts
Nrf2 out to the cytoplasm for degradation under stressed con-
ditions. This conclusionwas based on the observation thatNrf2
was localized primarily in the cytoplasm in cells cotransfected
with wild-type Keap1 but was localizedmainly in the nucleus in
cells cotransfected with a nuclear export signal mutant analog
of Keap1, which was trapped in the nucleus. However, in sub-
cellular fractionation analyses from the same study, Nrf2 was
found to be distributed largely in the nuclear fraction compared
with the cytoplasmic fraction, whether from cells cotransfected
with wild-type Keap1 or with the nuclear export signal mutant
form of Keap1. The reason for these contradictory results is not
clear (32).
Besides the experimental evidence discussed above, there are

several other observations that are difficult to reconcilewith the
proposal that Keap1 targets Nrf2 for degradation in the cyto-
plasm and upstream of its transactivation function (i.e.without
Nrf2 being able to drive transcription of its genes at the basal
level) and that inhibition of Keap1 activity by stress signals pro-
motes Nrf2 translocation into the nucleus (13, 18, 25, 26,
34–36). For instance, because Nrf2 is constitutively expressed
in the cell, such a regulatory pathway would imply that Nrf2 is
targeted for degradation by Keap1 directly following its de novo
synthesis, therefore representing a rather inefficient mecha-
nism of gene regulationwith respect to cellular energy usage. In
addition, despite its high rate of turnover, the fact that Nrf2 is
expressed at a steady-state level in the cell indicates that there is
a time-elapsed interval (i.e. t1⁄2 � 15 min) following its biosyn-
thesis and prior to its degradation. Such an interval might rep-
resent a time window during which Nrf2 transactivates its
genes, fulfilling its role in driving their constitutive expression.
Nuclear shuttling by Keap1 would provide an efficient mecha-
nism by facilitating the rapid degradation of Nrf2 following
transcriptional activation of its genes. The precise mechanism
by which Nrf2 is targeted for degradation by Keap1 is not well
understood. However, it is noteworthy that the stability of
many transcription factors has been linked to the potency of
their transactivation domain, which is frequently found to
encompass or overlap with their degron (37). Because Nrf2 is
highly unstable and possesses a potent transactivation domain
adjacent to the Keap1-interacting Neh2 domain (38, 39), it is
possible that Nrf2 is targeted for degradation by mechanisms

linked to its transcriptional activity. On the basis of experimen-
tal and biological evidence discussed here, the regulatory path-
way controlling Nrf2 stability by Keap1 is summarized in Fig. 3.

Molecular Mechanisms Controlling Nrf2 Stabilization

The stabilization of Nrf2 in response to reactive chemical
stress is most likely regulated by mechanisms leading to a
decrease in the rate of its degradation. In earlier studies exam-
ining Nrf2 stability using the translation inhibitor cyclohexi-
mide (14, 15), the half-life of Nrf2 was found to extend from
�15 min in untreated cells to �30 min in cells exposed to a
stress-inducing agent, indicating that Nrf2 is still subject to a
high, albeit slower, rate of degradation under stress conditions.
Thus, besides a regulatory mechanism promoting Nrf2 stabili-
zation in response to stress, there appears to be a constitutive
mechanism promoting its degradation in cells under stress,
presumably to prevent its accumulation in an uncontrolled
manner. Whether these two mechanisms operate independ-
ently or in a coordinate fashion is not currently understood and
remains to be investigated.
A well established mechanism that controls Nrf2 stability is

that mediated by Keap1. Because of the large number of Cys
residues within its primary structure, Keap1 presents an attrac-
tive target for potential regulation by thiol-reactive chemical
species, and hence, inhibitory modulation of its activity was
suggested to be an important mechanism for Nrf2 activation
(13, 18, 25, 26). Indeed, a number of reactive Cys residues (at
positions 257, 273, 288, and 297) in Keap1 have been identified
by in vitro labeling studies as putative sites of attack by electro-
philic species and were thought to be important for regulation
of its interaction with Nrf2 (25). This notion was strengthened
by cell-based studies showing that targeted mutation of Cys151,
Cys273, or Cys288 adversely affects Keap1 functional activity
(18). Keap1 was found to undergo a yet to be characterized
Cys151-dependent modification in cells exposed to t-butylhyd-
roquinone, producing a Keap1 species with reduced mobility
on denaturing gels. The significance and nature of this modifi-

FIGURE 3. Proposed Nrf2-ARE signaling pathway. Nrf2 is expressed consti-
tutively in the cell and translocates directly to the nucleus following its syn-
thesis. Following transactivation of its genes, Nrf2 is targeted for degradation
by Keap1 in the nucleus, a process that requires the transient shuttling of
Keap1 into this compartment. In cells under stress, stabilization of Nrf2 is
thought to be dependent on mechanisms that either prevent or reduce
access of Keap1 to Nrf2. This figure was reproduced from Ref. 12.

MINIREVIEW: Nrf2-ARE Signaling

MAY 15, 2009 • VOLUME 284 • NUMBER 20 JOURNAL OF BIOLOGICAL CHEMISTRY 13293



cation were not clear, however, as only a small fraction of the
Keap1 protein population was affected by the t-butylhydroqui-
none treatment (18). In an independent study, mutation of
Cys273 or Cys288 was similarly observed to abrogate the repres-
sor activity of Keap1, and this was suggested to be due to the
inability of the Keap1 mutant to form an intermolecular disul-
fide bond needed to release Nrf2 (26). Separately, it has been
reported that modifications of Keap1 cysteine residues by elec-
trophilic compounds cause the target substrate for ubiquityla-
tion to be switched fromNrf2 to Keap1 (34, 35). More recently,
molecular interaction between Nrf2 and Keap1, whether as
wild-type or Cysmutant analogs, was found to be unaffected by
different electrophilic inducers (36). This was consistent with
an earlier study in whichmodifications of reactive cysteine res-
idues within the human Keap1 protein were found to have no
effects on its binding to the Neh2 domain of Nrf2 (40). Thus,
activation ofNrf2 appears to involvemechanisms that aremore
complex than physical release from an association with Keap1
following modifications of the reactive cysteines.
Nevertheless, data from these studies provide evidence for a

mechanism of regulation of Keap1 activity through its reactive
cysteine residues. The precise mechanisms leading to Nrf2 sta-
bilization remain to be elucidated, however. Based on our find-
ings showing the nuclear nature of Nrf2 (12), the interaction
between Nrf2 and Keap1 is believed to represent a transient
event taking place in the nucleus and following the shuttling of
Keap1 into this compartment. Control of Nrf2 stability by
Keap1 is regulated, spatially and temporally, by mechanisms
that restrict their interaction to a specific time and place. It is
suggested that stabilization of Nrf2 in response to electrophilic
inducers is mediated by mechanisms that either prevent or
reduce access of Keap1 to theNrf2molecule. In that regard, the
reactive cysteines in Keap1 might be important in the regula-
tion of this process. Suchmechanisms do not, however, involve
regulation of the nucleocytoplasmic shuttling activity of Keap1
(12, 36).
Regulation of Nrf2 activation has also been reported to be

mediated by various major protein kinase pathways (27–29,
41–44). Although phosphorylation of Nrf2 has been demon-
strated in several studies (27–29), none of the phosphorylations
has been conclusively linked to its stabilization. Because these
kinase pathways control numerous signaling processes in the
cell, additional studies are required to explore whether they are
intimately involved in the regulation of Nrf2 protein stability in
response to oxidative stress.

Nrf2-ARE Pathway as a Therapeutic Target for Treatment
of Neurodegenerative Diseases

The pathogenesis of many neurodegenerative diseases is
thought to be associated with oxidative stress due to the accu-
mulation of ROS. Previous work from our laboratory demon-
strated that compounds that undergo redox cycling to form
ROS as well as oxidants such as H2O2 activate the Nrf2-ARE
transcriptional pathway (5). Work from other laboratories has
demonstrated that activation of the Nrf2-ARE pathway pro-
vides protection from glutamate- and H2O2-induced cell death
(45, 46). Furthermore, astrocytes expressing Nrf2 protect neu-
rons from oxidative stress (46). nrf2�/� mice display vacuolar

leukoencephalopathy, which is characterized by vascular
degeneration involving all major brain regions. In white tracts,
the vascular degeneration is accompanied by widespread reac-
tive gliosis (47). Finally, preliminary data suggest that the devel-
opment of experimental autoimmune encephalomyelitis,
which is an experimental model of multiple sclerosis, is exacer-
bated in nrf2�/�, mice suggesting a possible role of the Nrf2-
ARE pathway in the pathogenesis of multiple sclerosis (48).
A compound currently in clinical testing for the treatment of

multiple sclerosis is an oral formulation of dimethyl fumarate,
which is known as BG12. Preclinical experiments have demon-
strated that BG12 can activate the Nrf2-ARE pathway (49–51).
It also inhibits the expression of adhesion molecules and cyto-
kines, suggesting potential anti-inflammatory properties. In a
randomized, double-blind, placebo-controlled, dose-ranging
phase 2b study, BG12 significantly reduced brain MRI activity
in patients with relapsing remitting multiple sclerosis (52).
These data suggest that BG12 may play a role in the initial
therapy of relapsing-remitting multiple sclerosis in patients
who cannot tolerate or choose not to start parenteral therapy. A
phase 3 clinical study is currently underway in larger patient
populations to confirm the findings of the phase 2b study.
In summary, the Nrf2-ARE transcriptional pathway plays an

important role in the regulation of genes that control the
expression of proteins critical in the detoxication and elimina-
tion of ROS and electrophiles. Surprisingly, activation of the
Nrf2-ARE pathwaymay also be important in treatment of mul-
tiple sclerosis. Whether patients with other neurodegenerative
diseases such as Alzheimer or Parkinson disease might benefit
from activation of this pathway remains to be determined.
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In the past decade or so, membrane-embedded proteases that
carry out hydrolysis on the transmembrane region of their sub-
strates have been discovered. These I-CLiPs2 (1) somehow create
an environment forwater and the hydrophilic residues needed for
catalysis and bend or unwind their helical substrates to make the
amide bonds susceptible to hydrolysis. Despite the distinction of
being membrane-embedded and cleaving TMDs, the residues
essential for catalysis by these I-CLiPs are virtually the same as
those found in aqueous proteases, clear examples of convergent
evolution towarda commonmechanism.Describedherein are the
different types of I-CLiPs and an update on their structural and
mechanistic features and biological roles.

S2P Metalloproteases

SREBPs are transcription factors that promote expression of
genes involved in the synthesis of cholesterol and fatty acids
(reviewed in Ref. 2). SREBPs are synthesized as a two-TMD
precursor protein (Fig. 1A) that undergoes proteolytic release.
The luminal loop between the two TMDs is first cleaved by the
membrane-tethered S1P when cholesterol levels are low.
Release of the transcription factor requires subsequent cleavage
by S2P, which performs a hydrolysis three residues within the
TMD. Complementation cloning identified S2P as a multipass
membrane protein containing a conserved HEXXH sequence
characteristic of zinc metalloproteases. Sequential processing
by S1P and S2P likewise occurs for the transcription factor
ATF6 during the ER stress response.
The twohistidines and the glutamate are required for S2Pactiv-

ity, consistentwith knownmetalloprotease biochemistry inwhich
the two histidines coordinate with zinc, the zinc activates the scis-
sile amide bond, and the glutamate activates the catalytic water. A
conserved aspartate located quite distant fromHEXXH in the lin-
ear sequence is likewise critical for S2P activity and coordinates
with the zinc atom (see below). Regarding the substrate, SREBP
contains a conserved and helix-destabilizing asparagine-proline

sequencewithin itsTMD1that is critical forproteolyticprocessing
of the nearby leucine–cysteine bond by S2P.
S2P-like proteases are also found in bacteria (3) and archaea

(4). These prokaryotic proteins play an essential role in the pro-
teolysis of membrane-bound transcription factors needed for
sporulation, controlling gene expression in themother cell after
engulfment of the forespore. Cleavage of pro-�k and release of
the membrane-tethered transcription factor requires SpoIVFB
inBacillus subtilis. Another bacterial S2P familymember, YaeL
(also called RseP) in Escherichia coli, plays a role in coordinat-
ing cell growth and cell division through intramembrane pro-
teolysis of RseA, a factor critical for responding to extracyto-
plasmic stress (5). Interestingly, the membrane orientations of
substrates SREBP and �k are opposite each other, correlating
with those of their respective enzymes, S2P and SpoIVFB,
which are similarly thought to have opposite orientations (3).
This implies that the catalytic region must align with peptide
substrate with proper relative directionality.
Although SpoIVFB and YaeL are both bacterial S2P-like

enzymes that cleave transmembrane proteins, the regulation of
intramembrane proteolysis via these two I-CLiPs is quite differ-
ent. For RseA cleavage by YaeL/RseP, the regulation is similar
to that for SREBP cleavage by S2P: intramembrane proteolysis
requires a prior cleavage event outside the membrane by
another protease called DegS (6). In contrast, SpoIVFB appar-
ently does not require prior proteolysis, and regulation occurs
more directly at the level of SpoIVFB. Twomembrane proteins,
BofA and SpoIVFA, serve to inhibit SpoIVFB activity, and this
inhibition is released by proteolysis of SpoIVFA by other pro-
teases (7, 8).
The E. coli YaeL/RseP protease has been purified with pres-

ervation of proteolytic activity (9). Most recently, a high reso-
lution crystal structure of an S2P family member has been
reported (10), confirming the presence of zinc and its proximity
to the key transmembrane histidine, glutamate, and aspartate
residues (Fig. 1B). The protease crystallized in two conforma-
tions, one in which the active site appears more accessible
through lateral gating (“open”) and one in which it is less
accessible (“closed”). TMD2–4 are highly conserved, con-
tain the catalytic residues, and do not vary much between the
two conformations. TMD2–4 are thus thought to represent
the core domain, whereas TMD1, TMD5 and TMD6, which
are more conformationally flexible, are thought to be impor-
tant for substrate gating from the lipid bilayer into the inter-
nal, water-containing active site. In the open conformation,
TMD1 and TMD6 are spaced farther apart, suggesting that
substrate enters the active site by traversing between these
two TMDs.

�-Secretase Aspartyl Protease Complexes

Proteolytic production of the A� peptide is a critical step in
the pathogenesis of Alzheimer disease (reviewed in Ref. 11; see
also the Thematic Minireview Series on the Molecular Basis of
Alzheimer Disease published in theOctober 31, 2008, February
20, 2009, and March 6, 2009 issues of the Journal of Biological

* This work was supported, in whole or in part, by National Institutes of Health
Grants GM79555, AG17574, and NS41355 (to M. S. W.). The first article in
this minireview series on proteases was published in the November 7, 2008
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2010.
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Chemistry). The N terminus of A� is produced from APP by
�-secretase, which leads to membrane shedding of the large
luminal/extracellular APP domain (Fig. 2A). The remaining
protein stub is then cleaved at least twice by the membrane-
embedded �-secretase complex, in the middle of the TMD at
the �-site to release A� and near the inner leaflet at the �-site to
release the APP intracellular domain.
The nine-TMD PS is the catalytic component of an unusual

aspartyl protease complex (reviewed in Ref. 12). PS is required
for �-secretase activity and is cut into two pieces, an NTF and a
CTF, the formation ofwhich is gated by limiting cellular factors.
The NTF and CTF remain associated in a high molecular
weight complex and are metabolically stable. Both PS frag-
ments contain one conserved transmembrane aspartate that is
essential for �-secretase activity, and transition state analog
inhibitors of �-secretase bind directly to the NTF and CTF,
suggesting that the �-secretase active site is at the interface
between these two PS fragments.
In addition to PS, �-secretase is composed of three other

integral membrane proteins: nicastrin, Aph-1, and Pen-2.
Coexpression, RNA interference, and the identification of
assembly intermediates suggest the order in which these four
subunits come together, and partial dissociation of the protease

complex with detergent offers a model for how these subunits
interact (Fig. 2A, inset). Nicastrin and Aph-1 together can sta-
bilize full-length PS, and the final addition of Pen-2 triggers PS
endoproteolysis and �-secretase activity. Pen-2 is also required
to stabilize the PS subunits. A recent study demonstrated that
one of each of these four components per complex is sufficient
for �-secretase proteolytic activity (13).
Although the specific biochemical functions of these PS cofac-

tors are mostly unknown, nicastrin is thought to play a role in
substrate recognition (14). The ectodomain of nicastrin resembles
a catalytically inactive aminopeptidase and putatively recognizes
the N terminus of �-secretase substrates. Mutation of the amin-
opeptidase domain was reported to prevent this interaction, sug-
gesting that nicastrin is a gatekeeper for the �-secretase complex:
type I membrane proteins that have not shed their ectodomains
cannot interact properly with nicastrin and do not gain access to
the active site. However, a new study contradicts this view with
evidence that mutation of the aminopeptidase domain can inter-

FIGURE 1. Intramembrane metalloproteases. A, S2P contains conserved
metalloprotease HEXXH and LDG motifs. SREBP is first cleaved by S1P in the
luminal loop. The regulatory domain (Reg) helps to ensure that S1P proteo-
lysis occurs when cholesterol levels are low. Subsequent intramembrane pro-
teolysis releases this transcription factor for expression of genes essential to
cholesterol and fatty acid synthesis. B, crystal structure of an archaeal S2P in
the closed conformation. Zinc (gray sphere) is proximal to two histidines in
TMD2, one aspartate in the kinked TMD4 (side chain sticks), and one gluta-
mate in TMD2 (not shown). In the open conformation, TMD1 and TMD6 are
considerably farther apart, suggesting the site of lateral gating by which sub-
strate TMD accesses the internal active site.

FIGURE 2. Intramembrane aspartyl proteases. A, PS, the �-secretase com-
plex, and the proteolysis of APP. PS is cut into two pieces, an NTF (dark portion)
and a CTF (light portion), that remain associated. Each fragment donates one
aspartate essential for �-secretase activity. APP is first cleaved in the extracel-
lular domain by �-secretase, and the remnant is cleaved twice within the
membrane by �-secretase to produce the A� peptide of Alzheimer disease
(secreted) and the intracellular domain (freed into the cytosol). Inset, PS inter-
acts with three other membrane proteins, nicastrin (NCT), Aph-1, and Pen-2,
to form active �-secretase. B, SPP. Signal peptides are removed from mem-
brane proteins via signal peptidase (SP), and these peptides are released from
the membrane by SPP-mediated intramembrane proteolysis. Like PS, SPP
contains two aspartates essential for protease activity, but the conserved
aspartate-containing motifs are in the opposite orientation compared with
their PS counterparts.
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ferewith thematuration of the�-secretase complex, not the activ-
ity of the mature complex (15).
In addition to APP, PS/�-secretase cuts a growing list of

other type I integralmembrane protein stubs (16). The protease
displays poor substrate specificity and apparently serves a
major degradative function, clearing protein stubs from the
membrane. However, �-secretase proteolysis is known to be
critical for several important signaling events. 1) Ligand-acti-
vated proteolysis of theNotch receptor is essential for signaling,
which is crucial to many cell differentiation events in all meta-
zoans (17); 2) proteolysis of N-cadherin leads to degradation of
the transcriptional activator CBP (cAMP-responsive element-
binding protein-binding protein) (18); and 3) neuregulin-1-
triggered cleavage of ErbB4 inhibits astrocyte differentiation by
interacting with repressors of astrocyte gene expression (19).
Since their discovery, I-CLiPs have been envisioned to have

an internal active site, sequestered from the hydrophobic
lipid tails but with a pore or cavity that could allow entry of
water (1). Substrate access to the active site would therefore
require initial docking on the outer surface of the protease
and lateral gating. Initial evidence for such a mechanism
came from isolation of the �-secretase complex with an
immobilized transition state analog inhibitor in which an
endogenous APP substrate copurified (20), suggesting the
existence of a separate substrate-binding site distinct from
the active site. Designed helical peptides based on the TMD
of APP apparently interact with this docking site, specifically
at the PS NTF/CTF interface (21), suggesting that upon
binding to the outer surface of PS at the NTF/CTF interface,
the substrate can pass, either in whole or in part, between
these two PS subunits to access the internal active site.
Purification of the �-secretase complex (22) has allowed the

first glimpse into its structure. Electron microscopy with nega-
tive staining and single particle analysis reveals that the com-
plex has a globular structure that at low resolution (�15 Å)
appears rather amorphous (23). Nevertheless, two important
features can be gleaned: a large interior region of low electron
density and of �20-Å diameter that is presumably where the
active site resides and the presence of two small openings that
may be the site of entry forwater.Other structural features have
been revealed by cysteine mutagenesis with cross-linking of
chemical probes (24, 25). The generation of a cysteine-less PS
that retains the ability to assemble with other complex mem-
bers, undergo endoproteolysis to the NTF and CTF, and proc-
ess APP allowed incorporation of single cysteine resides at var-
ious sites near the key aspartates. Disulfide formation with
thiol-containing reagents then provided information about the
relative accessibility of these sites from the aqueous milieu,
allowing the construction of a model in which water can funnel
down to where the aspartates reside. Using this same approach,
two recent studies suggest that TMD9 serves as a gatekeeper for
lateral entry of the substrateTMD(26, 46).More detailed struc-
tural information will likely require a crystal structure of PS or
a PS homolog. Purified �-secretase has also recently been
reconstituted into lipid vesicles with detergent removal,
allowing characterization of lipid requirements for activity
within membranes (27), and this advance may also ultimately
prove useful for structure elucidation.

SPP Aspartyl Proteases

The discovery of SPP as a PS-like intramembrane aspartyl
protease solidified the concept of PS as the catalytic component
for �-secretase (see accompanying minireview by Fluhrer et al.
(45) for more details about SPP and its homologs and for refer-
ences). SPP clears remnant signal peptides from themembrane
after their production by signal peptidase (Fig. 2B). However,
this process also plays a role in immune surveillance and hepa-
titis C virus maturation. SPP was identified by affinity labeling
with a peptidomimetic inhibitor and was found to possess two
conserved aspartate-containing TMD sequences that resemble
those found in PS (Fig. 2B). As with S2P compared with its
bacterial relatives, the orientation of the aspartate-containing
TMDs of SPP is apparently opposite that of PS, again in corre-
lation with the orientation of SPP substrates, which is opposite
that of �-secretase substrates. Just prior to the identification of
SPP, an entire family of so-called PS homologs had been discov-
ered through a bioinformatics approach; however, it is still not
clear if all of these proteins have catalytic activity. Two
homologs, SPP-like proteases SPPL2a and SPPL2b, have been
found to cleave tumor necrosis factor-�, the Fas ligand, and the
dementia-associated Bri2 protein, although the biological roles
of these proteolytic events are unclear.
Expression of human SPP in yeast reconstituted the protease

activity, suggesting that, unlike �-secretase, the protein has
activity on its own and does not require other mammalian
protein cofactors. This has recently been confirmed by the
expression of various SPP orthologs in E. coli and purifica-
tion of active enzyme to homogeneity. Moreover, unlike PS,
SPP is not processed into two pieces. Thus, SPP may be a
more tractable enzyme for understanding this type of aspar-
tyl I-CLiP and may shed light on �-secretase structure and
function. Indeed, the catalytic sites of the two proteases
appear remarkably similar: their activities are inhibited by
some of the same active site-directed peptidomimetics and
helical peptides, and activity can be modulated by other
compounds that similarly affect �-secretase. In terms of sub-
strate recognition, however, SPP may display an important
difference from �-secretase: a putative requirement for
helix-breaking residues that are thought to facilitate the abil-
ity of the enzyme to access the site of hydrolysis.

Rhomboid Serine Proteases

Investigation of a conserved growth factor signaling pathway
in Drosophila also led to intramembrane proteolysis. Proteoly-
sis of EGF receptor ligands is required for interaction with the
cognate receptor. In vertebrates, this is accomplished by mem-
brane-tethered metalloproteases. Genetic analysis in Drosoph-
ila identified, however, two essential factors, called Star and
Rhomboid-1, for proteolysis of the EGF ortholog Spitz. Star
ushers Spitz from the ER to the Golgi, where it encounters
Rhomboid-1 (28). Rhomboid-mediated proteolysis in the Golgi
is then followed by secretion for intercellular communication.
A requirement for a transmembrane serine, histidine, and

asparagine suggested a catalytic triad typically found in serine
proteases (29), although subsequent studies support a Ser-His
dyad (Fig. 3A) (30). The cleavage site of Spitz was estimated to
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be at an equivalent depth in the TMD to these Rhomboid resi-
dues.Moreover, Spitz cleavage was sensitive only to serine pro-
tease inhibitors, and catalytic amounts of Rhomboid-1 still
allowed Spitz proteolysis. Thus, Rhomboid-1 appears to be a
novel intramembrane serine protease.
Although Rhomboid-1 does not display much sequence

specificity within the Spitz TMD, a glycine-alanine motif is
apparently critical for substrate specificity (31). This finding
suggests that, as with S2P and SPP, Rhomboid seems to require
helix-destabilizing residues within the TMD of its substrates.
Unlike most other I-CLiPs, however, substrate cleavage by
Rhomboid does not require prior cleavage by another protease.
Rhomboid regulation apparently occurs mainly by transloca-
tion of the substrate from the ER to theGolgi (mediated by Star)
and spatial control of Rhomboid transcription.
Like S2P, Rhomboid genes have been conserved throughout

evolution. The natural substrates for prokaryotic and archaeal
Rhomboid proteins are unknown, with one exception: Provi-
dencia stuartii Rhomboid protease AarA cleaves a protein
called TatA as part of a quorum-sensing signal (32). As for
eukaryotic Rhomboid proteins, two mitochondrial membrane
proteins were identified as substrates for yeast Rhomboid
Rbd1p (33–35). Rbd1p-mediated release of one of these sub-
strates (dynamin-like GTPase Mgm1p) is essential for remod-
eling of the mitochondrial membrane, and the human ortholog
of Rbd1p, PARL, could restore substrate proteolysis and proper
growth rates and mitochondrial morphology in a yeast Rbd1p

mutant (34), suggesting conservation of this role. Indeed, a later
study identified the mitochondrial protein OPA1 as a likely
substrate for PARL, the cleavage of this substrate being critical
to crista remodeling and cytochrome c release during apoptosis
(36). In Toxoplasma, TgROM5, one of five non-mitochondrial
Rhomboid proteins in these parasites, cleaves a cell-surface
adhesion protein as a key step in cell invasion (37), and similar
findings in the related Plasmodium falciparum, the malaria
parasite, have recently been reported (38), suggesting that
Rhomboid proteins are potential targets for treating infections
by these deadly pathogens.
Rhomboid provided the first crystal structures of an I-CLiP,

with four reports on the E. coli Rhomboid GlpG (39–42) and
one on the Hemophilus influenza Rhomboid HiGlpG (43).
These structures show remarkable similarities and important
differences that provide insight into how this class of mem-
brane-embedded proteases carries out hydrolysis in the lipid
bilayer. The structures all reveal that the serine and histidine
implicated as the catalytic dyad are indeed coordinated with
each other and lie at a depth within the membrane consistent
with where Rhomboid proteins cleave their transmembrane
substrates (Fig. 3B). A cavity is open to the periplasmic space,
with the catalytic dyad at the bottom of this opening, and this
cavity contains multiple water molecules.
How substrate enters this cavity is not entirely clear, but the

position of TMD5 varies in the different structures, and move-
ment of this domain can provide a space through which sub-
strate may reach the catalytic dyad. Indeed, one of the reported
structures contains a bound lipid in this space (41), with the
phosphate group residing near the Ser-His dyad and a key Asn
residue that may contribute to the oxyanion hole that stabilizes
intermediates and transition states during serine protease
catalysis. Mutational analysis revealed that altering residues
predicted to disrupt the role of TMD5 as a gate led to increased
proteolytic activity (44), providing further validation for the site
of lateral entry of the substrate. These exciting structural find-
ings in turn validate the prior molecular and biochemical stud-
ies on Rhomboid proteins and suggest that such approaches
have been providing truemechanistic insight into the workings
of other I-CLiPs. These structures offer details that should
inspire other specific hypotheses about how Rhomboid pro-
teins handle substrates to hydrolyze TMDs.

Perspective

The membrane-embedded I-CLiPs appear to recapitulate
themechanisms of soluble proteases, and the first crystal struc-
tures of Rhomboid and S2P support this notion, at least for the
serine and metallo-I-CLiPs. The I-CLiPs discovered so far all
play critical roles in biology and are closely regulated, but the
means of control vary. They are all involved in cell signaling but
in a variety ofways.Membrane topology apparently dictates the
types of substrates that can be cleaved. Most I-CLiPs appear to
require helix-breaking residues near the cleavage sites of their
substrates, although �-secretase may be a notable exception.
Critical remaining issues include the identity of substrates

for the I-CLiP family members whose roles are unknown. For
instance, although entire families of PS homologs and Rhom-
boid proteins have been discovered, natural substrates are

FIGURE 3. Intramembrane serine proteases. A, Rhomboid proteins contain
a conserved serine and histidine, which compose the catalytic dyad of a ser-
ine protease. Rhomboid-1 cleaves within the transmembrane region of the
Drosophila EGF-like growth factor Spitz. B, structure of E. coli Rhomboid GlpG.
The serine in TMD4 and the histidine in TMD6 are coordinated in a manner
consistent with known serine proteases and at a depth within the membrane
consistent with the site of proteolysis of Rhomboid substrates.

MINIREVIEW: Intramembrane-cleaving Proteases

13972 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 284 • NUMBER 21 • MAY 22, 2009



known only for a handful of these proteins. Another key issue is
the specific mechanisms of these proteases (e.g. elucidating
conformational changes that take place in both enzyme and
substrate during proteolysis, identifying enzyme residues that
directly interactwith substrate). Structural biology is clearly the
emerging frontier in the study of I-CLiPs, with Rhomboid and
S2P providing the first fruits of such endeavors. Detailed struc-
tural understanding should provide a clearer appreciation of
how these remarkable enzymes work, and this should include
cocrystal structures with inhibitors that offer further insight
into mechanisms and that pave the way for structure-based
design in cases in which the target has high therapeutic
relevance.
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Intramembrane-cleaving proteases are required for reverse
signaling and membrane protein degradation. A major class of
these proteases is represented by the GXGD-type aspartyl pro-
teases. GXGD describes a novel signature sequence that distin-
guishes these proteases from conventional aspartyl proteases.
Members of the family of the GXGD-type aspartyl proteases are
the Alzheimer disease-related �-secretase, the signal peptide
peptidases and their homologs, and the bacterial type IV
prepilin peptidases. We will describe the major biochemical
and functional properties of the signal peptide peptidases and
their relatives. We then compare these properties with those
of �-secretase and discuss common mechanisms but also
point out a number of substantial differences.

During the last years, a number of intramembrane-cleaving
proteases termed I-CLiPs3 have been identified (1). I-CLiPs are
generally involved in regulated intramembrane proteolysis (2).
Upon shedding of a large part of the ectodomain of membrane
proteins, the remaining membrane-retained stub is cleaved by
specialized proteases within the hydrophobic lipid membrane.
Generally, this cleavage can have two predominant biological
functions: first, signaling via the liberated ICD within the sub-
strate-expressing cell (reverse signaling) (2); and second, deg-

radation of membrane-retained stubs, which are not required
for any further biological function (3). I-CLiPs of three protease
classes, metalloproteases, serine proteases, and aspartyl pro-
teases, have been discovered so far (see accompanying minire-
view by Wolfe (44)).
Intramembrane-cleaving aspartyl proteases are represented

by the class of the GXGD-type proteases (4). These are uncon-
ventional aspartyl proteases that, like the conventional aspartyl
proteases, utilize two critical aspartyl residues for peptide bond
cleavage. However, in contrast to the conventional proteases,
the critical aspartyl residues are located within two TMDs (Fig.
1A). Moreover, these aspartyl residues are embedded in active-
site motifs that are completely different from those of conven-
tional aspartyl proteases. The class of GXGD-type aspartyl pro-
teases is currently represented by three different protease
families, the most prominent of which is the PS family, pro-
viding the catalytically active subunit of �-secretase (Fig. 1A)
(4). PS/�-secretase is the I-CLiP that liberates amyloid
�-peptide, the major component of senile plaques in Alzhei-
mer disease patients (5). In addition, the bacterial type IV
prepilin peptidases also belong to the class of the GXGD-
type proteases (6). Besides these two protease families, two
additional subfamilies of related proteases that also belong
to the GXGD-type aspartyl protease family have been iden-
tified. These include SPP as well as the SPP homologs, the
SPP-like (SPPL) proteases (Fig. 1A) (7, 8).
We will first describe the biochemical, functional, and struc-

tural properties of SPP familymembers. By comparison of these
properties, we will then identify common mechanisms of in-
tramembrane proteolysis by GXGD-type proteases but also
point out some fundamental differences.

Intramembrane Proteolysis by SPP and SPPL Family
Members

An SPP activity capable of cleaving within the hydrophobic
environment of the membrane has been proposed for a long
time and was thought to be involved in signal peptide degrada-
tion (9), generation of cell-surface histocompatibility antigen
HLA–E epitopes (10), and processing of the hepatitis C virus
polyprotein (11). In these cases, SPP generates peptide frag-
ments either to ensure their release from the membrane and to
allow their subsequent degradation or to form functional small
peptides involved in immune surveillance and virus invasion.
Human SPP was biochemically identified upon affinity labeling
using a photocross-linkable derivative of the SPP inhibitor 1,3-
bis[(benzyloxycarbonyl-L-leucyl-L-leucyl)amino]acetone ((Z-
LL)2-ketone) (7). This revealed a 42-kDa multi-TMD protein
termed SPP. A data bank search identified five additional SPP
homologs, SPPL2a/b/c, SPPL3, and SPPL4 (occurring only in
yeast), defining the SPPL family (7, 8, 12). Although SPP/SPPL
proteases lack obvious sequence homologies to other proteins,
they all share a YD motif as well as the GXGD motif in two
neighboring TMDs and additionally the PAL sequence, located
in their most C-terminal TMD (Fig. 1A) (7, 8, 12, 13). These
three conserved domains are required for the proteolytic activ-
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ity of PS (5) and SPP (7, 14). The YD and GXGDmotifs provide
the critical aspartate residues required for the protease activity
and represent novel active-site signature sequences not present
in any of the conventional aspartyl proteases. A direct contri-
bution of the PAL motif to the catalytic center is supported by
the finding that a transition state analog inhibitor fails to bind to
SPP and PS upon mutagenesis of the PAL sequence (15). It is
currently unknown how the PAL domain affects SPP activity;
however, one may assume a close proximity of all three con-
served domains in the native enzyme forming the catalytic cen-
ter. Indeed, this was recently demonstrated for PS (16). As for
PS (17), mutagenesis of the aspartate residue within the GXGD
motif leads to inhibition of SPP/SPPL (7, 14), and in zebrafish,
expression of GXGD aspartate mutants phenocopies a mor-
pholino-mediated knockdown of the respective SPP family
member (14). Interestingly, the two active-site domains are in
oppositemembrane orientation in SPPs comparedwith PS (Fig.
1A) (18, 19). In line with the findings described above, the
C-terminal region of SPP, which contains all three highly con-

servedmotifs, was found to be suffi-
cient for proteolytic activity (20).
SPP family members apparently

do not require any other cofactors
for their proteolytic activity (7)
because, in contrast to PS, which
needs three additional proteins to
exert intramembrane proteolysis
(Fig. 1A) (5, 21), overexpression of
SPP family members leads to a sig-
nificant increase in proteolytic turn-
over of a substrate (18, 22, 23). How-
ever, it has been claimed that SPP
forms homodimers (24). Homodimer
formation was demonstrated by glyc-
erol gradient centrifugation and
co-immunoprecipitation of differen-
tially tagged SPP species (24). Strik-
ingly, the homodimer was selectively
labeled by an active-site inhibitor,
strongly supporting the notion that
dimerization is required for biological
activity. However, one has to keep in
mind that SPP is a very hydrophobic
membrane protein; thus, artificial
dimer formation may occur. Indeed,
in a later studyusing adifferent inhib-
itor, selective labeling of the mono-
mer was observed (25). Thus, more
research is required toprove the func-
tional relevance of dimer formation.
Members of the SPP family

apparently accept only membrane
proteins of type II orientation as
substrates (Fig. 1B). Obviously, all
signal peptides adopt a type II orien-
tation during cotranslation into the
ER and are therefore preferred sub-
strates of SPP (7). Consistent with

their substrate preference, SPP is located predominantly within
the ER (14, 22). Whether or not SPP may be actively retained
within the ER by its putative KKXX retention signal (7) is cur-
rently unknown. In Caenorhabditis elegans, the IMPAS gene,
which encodes the worm SPP, is required for molting. Interest-
ingly, the IMPASknockdownphenotype is rescued by the hom-
olog of the human lipoprotein receptor-related protein, which
is known to be involved in cholesterol and lipoprotein homeo-
stasis (12). However, a substrate of IMPAS has so far not been
identified. Substrates for the ER-located SPPL familymembers,
SPPL3 (14) and SPPL2c (22), are currently also not known,
although it is tempting to speculate that they, in analogy to SPP,
turn over signal peptides as well. However, one needs to keep in
mind that SPPL3 may also occur within later compartments
(22). SPPL2a and SPPL2b accumulate in the Golgi apparatus,
on the plasma membrane, and within endosomes (14, 22).
TNF� (Fig. 1B) (22, 23), the Fas ligand (26), and Bri2 (Itm2b)
(27) are the only known substrates for SPPL2a/b. All three sub-
strates undergo ectodomain shedding by a protease of the

FIGURE 1. A, schematic representation of SPPL2a/b, a member of the SPP/SPPL family, and PS, the catalytic core
of the �-secretase. Note the opposite topology of the active sites (indicated by arrows) of the two proteases and
their substrates, APP for PS and TNF� for SPPL2a/b. B, proteolytic processing of APP and TNF�. Shedding
releases the extracellular part of APP (APPs) and TNF� (TNF� soluble). In the case of APP, a C-terminal fragment
(APP CTF), and in case of TNF�, an N-terminal fragment (TNF� NTF) are produced. These membrane-bound
fragments are substrate to intramembrane cleavage by PS or SPPL2a/b, respectively, releasing small peptides
to the extracellular space (A� and TNF� C-domain, respectively) and to the cytosol (APP intracellular domain
(AICD) and TNF� ICD), respectively). TNF� FL, full-length TNF�.
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ADAM (a disintegrin andmetalloprotease) family (Fig. 1B) (22,
23, 26, 27). Apparently, shedding of these substrates is not abso-
lutely required for subsequent intramembrane proteolysis, but it
may greatly facilitate this cleavage (45). In that regard, it is inter-
esting to note that phorbol ester-induced shedding of TNF� sig-
nificantly stimulates intramembrane proteolysis of TNF� (22),
suggesting that shedding supports subsequent proteolysis. In
line with this finding, SPP cleavage of the preprolactin signal
sequence is very efficient upon previous cleavage by signal pep-
tidase. However, even a mutant preprolactin substrate that is
not processed by signal peptidase still undergoes intramem-
brane proteolysis to some extent (28).
Because ADAM-mediated shedding occurs predominantly

on the plasmamembrane, SPPL2a and SPPL2bmay favor cleav-
ing their truncated substrates at the cell surface or upon re-in-
ternalization within endosomes. The resulting ICD of the
SPPL2a/b cleavage may be involved in nuclear signaling. Spe-
cifically, the ICD of TNF� has been shown to stimulate expres-
sion of the pro-inflammatory cytokine interleukin-12 (22). Sim-
ilarly, the ICD of the Fas ligand translocates to the nucleus,
where it may suppress gene transcription (26). Although spe-
cific signalingmechanisms have been identified for SPPL2a and
SPPL2b, one may still expect that these proteases also perform
a “membrane-proteasome”-like function for the degradation of
type II-oriented membrane protein stubs.
The substrates of SPP/SPPL family members may require

unwinding of their �-helical TMD prior to endoproteolysis.
For SPP, this is apparently promoted by helix-breaking res-
idues within the hydrophobic core of the signal peptides
(28), although such residues can be deleted in the TMD of

TNF� without significantly affect-
ing intramembrane proteolysis by
SPPL2b.4 Unfortunately, structural
information is not available for any of
the SPP family members. Therefore,
it is difficult to predict how the
intramembrane cleavage is mecha-
nistically performed and how the
essential water molecules gain access
to the hydrophobic environment.
However, a single intramembrane cut
does not seem to be sufficient for the
release of the TNF� ICD (Fig. 2). In
that case, multiple cleavages occur-
ring within the membrane have been
reported (23). These multiple cuts
may be required to facilitate the effi-
cient release of the cleavage products
from the membrane. Whether such
multiple cleavages occur with other
substrates as well is unknown. How-
ever, a synthetic substrate for SPPwas
shown to undergo one major as well
as several other minor intramem-
brane cuts (25). Nevertheless, it is too
early to speculate if such multiple
intramembrane cleavages are a gen-
eral phenomenon for all SPP family

members, although very similar cleavage patterns were observed
for �-secretase substrates such as APP and Notch. Here, these
cleavages are termed �, �, and � and occur in a sequential manner,
from � to � (Fig. 2) (see also Ref. 5).

Comparison of the Biochemical and Cellular Properties
of GXGD Proteases

The above-described biochemical, structural, and functional
properties of �-secretase and members of the SPP/SPPL family
clearly point out some striking similarities, but there are also
obvious differences. The sequence homologies between the two
proteases are very limited and predominantly restricted to
three domains (Fig. 1A), which apparently all contribute to the
active site. The very limited homology suggests that SPP/SPPL
family members and PSs may have evolved by convergence and
are probably not directly related. Moreover, �-secretase clearly
requires four different proteins (PS, Aph-1 (anterior pharynx-
defective 1), Pen-2 (presenilin enhancer 2), and NCT) (21) for
its activity, whereas SPP family members work either on their
own or as homodimers (7, 23, 24). Currently, there is no evi-
dence suggesting that any additional cofactors are required for
SPP/SPPL function, and studies on functional expression of
SPP/SPPL familymembers inmammalian cells and even in bac-
teria (20) may rule out essential cofactors.
Another very important difference is the opposite orienta-

tion of the active-site domains YD and GXGD (Fig. 1A) (7, 10,
19). It has been strongly argued that this difference is related to
the different orientation of the individual substrates: type I for

4 R. Fluhrer and C. Haass, unpublished data.

FIGURE 2. Multiple intramembrane cleavages are mediated by �-secretase (upper) and SPPL2a/b (lower).
The known cleavage sites of �-secretase in APP (upper) and SPPL2a/b in TNF� (lower) are indicated by arrows.
Major cleavage sites in the APP transmembrane domain are indicated by enlarged arrows. Dashed arrows
indicate potential direction of the cleavages by the respective intramembrane protease. For APP, two parallel
product lines have been suggested, which are initiated by cleavages after amino acid 48 or 49 (5). The initiating
cleavage of �-secretase liberates the APP intracellular domain (AICD) into the cytosol, whereas that of SPPL2a/b
liberates the TNF� C-domain into the extracellular space.
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�-secretase and type II for SPP/SPPL family members. How-
ever, although it is indeed tempting to argue in this direction, a
formal proof has so far not been obtained. If that hypothesis is
true, one has to find an opposite sequential order of the
intramembrane cleavages discussed above. An opposite ori-
entation of both substrate and active sites would suggest an
�-like cleavage liberating the secreted C-domain and a �-like
cleavage finally releasing the ICD of an SPP/SPPL substrate
(Figs. 1B and 2).
The regulated intramembrane proteolysis pathway im-

plies that initial shedding is required to allow substrate bind-
ing (2). The only exception of this rule so far is the family of
Rhomboid proteases (see accompanying minireview by
Wolfe (44)). �-Secretase strictly follows this rule (Fig. 1B)
because only N-terminally truncated substrates are accepted
(29). Moreover, NCT is believed to mediate this size selection
and to serve as the initial substrate-docking site (30), although
that has recently been challenged (31). So far, no NCT-like fac-
tor has been identified for any of the SPP/SPPL family mem-
bers. Nevertheless, as discussed above, initial shedding events
have been reported for all known substrates of SPP/SPPL family
members. Do these substrates require shedding to allow subse-
quent intramembrane proteolysis, or can the full-length pro-
tein be cleaved as well? SPPL2b has been shown to bind sub-
stantial amounts of its full-length substrates (23, 27), quite in
contrast to �-secretase, which co-isolates predominantly with
the truncated substrate only (32). One may therefore speculate
that both substrates can bind to SPPL2b, but only the trimmed
substrate can be efficiently converted. Such a mechanism indi-
cates that a truncated substratemayhave chemical or structural
properties by itself to facilitate intramembrane proteolysis. In
the absence of anNCT-like activity, unwinding of the TMDof a
truncated substrate may be energetically favored as soon as the
ectodomain has been removed. However, more research and
probably even a resolution of the structure of SPP with its sub-
strate bound may be required to finally address this point.
Major hallmarks of PS are the many FAD-related mutations,

which shift the �-cleavage to amino acid 42 (or, in some rare
cases, to amino acid 43) (5, 33). These mutations generally
occur at highly conserved positions, and “artificial” mutations
can be created by mutagenesis of such amino acids. Are SPP/
SPPL family members similarly affected by amino acid ex-
changes of homologous amino acids? This has so far been
addressed only by Sato et al. (25). They found that “FAD-like”
mutations inserted in the YD and GXGD motifs of SPP
apparently decreased the general activity to some extent.
This “loss of function” or better “reduced function” corre-
lates well with observations made for FAD-associated PS1
mutations expressed in C. elegans, where they affected the
physiological function of�-secretase inNotch signaling. In this
case, themutants showed a significant reduction of their ability
to rescue the Notch phenotype of worms lacking their endoge-
nous PS homolog (SEL-12) (34, 35). Moreover, it is known that
certain very aggressive PS mutations selectively affect the
�-cleavage and therefore inhibit the efficient release of the ICD
required forNotch signaling (36, 37).However, so far at least for
SPP, no shift in the cleavage precision has been observed (25).
Nevertheless, the reduced function of similar mutants in SPP

and PS clearly suggests biochemical similarities of both types of
GXGD-type proteases. Such similarities, which are probably
related to structural homologies, are supported by the finding
that certain�-secretase inhibitors such as L-685,458 and helical
peptides mimicking the substrate-docking site block SPP activ-
ity as well (15, 24, 25, 38, 39). Interestingly, whereas L-685,458
significantly reduced SPP activity, N-(N-(3,5-difluorophenac-
etyl)-L-alanyl-S-phenylglycine t-butyl ester (DAPT) failed to do
so (38). This may suggest different binding sites of such inhib-
itors. As discussed in Ref. 5, a subset of NSAIDs and other
compounds have been shown to exhibit a modulatory effect on
�-secretase specificity by shifting the pathological cleavage
after amino acid 42 of the A� domain to position 38, which
results in the production of a rather benign shorter A� peptide
(40). Interestingly, the NSAIDs sulindac sulfide and indo-
methacin also shifted the SPP cleavage site of an artificial sub-
strate by one amino acid (25). Thismay demonstrate again sim-
ilar biochemical/structural properties of �-secretase and SPP/
SPPL. Furthermore, this also suggests that most likely the
GXGD-type protease itself, the lipid environment of these pro-
teases, or both are targeted byNSAIDs.WhetherNSAIDs affect
the structure of the active site, as has been proposed for PS (41),
needs to be shown for SPP/SPPL family members. Because of
the substantial differences of �-secretase and SPP/SPPL sub-
strates, selective NSAID binding to substrates seems to be
unlikely. Similarly, the findings by Sato et al. (25) may also rule
out Pen-2, NCT, and Aph-1 as potential binding sites because
these proteins do not interact with SPP/SPPL.
Functionally, both �-secretase and SPP/SPPL family mem-

bers are I-CLiPs involved in reverse signaling (42). Such a func-
tion has now been best studied for the �-secretase substrate
Notch (43) and the SPPL2a/b substrate TNF� (22). In both
cases, ICDs are generated from a membrane-bound precursor
and are then employed in gene regulation. Whereas nuclear
signaling has been clearly shown for the Notch ICD, such a
signaling pathway has been only indirectly demonstrated for
the TNF� ICD (22). As for �-secretase, for which many sub-
strates have been observed, we also expect in the near future the
description of amuch larger repertoire of SPP/SPPL substrates.
Whether these are all involved in a physiologically relevant
signaling pathway is unlikely. As for �-secretase, we also
expect that SPP family members may degrade membrane
stubs (in type II orientation) by exhibiting a membrane-pro-
teasome-like function, a biologically very important func-
tion required to exclude the clustering of cellular mem-
branes with protein stubs. Finally, essential functions of SPP
family members may be affected by �-secretase inhibitors, a
fact that needs to be kept in mind for the development of safe
Alzheimer disease therapeutics.
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Fibrillins are large cysteine-rich glycoproteins that are evo-
lutionarily conserved from scyphozoans to mammals. Fibrillin
assemblies (microfibrils) serve two key physiological functions:
the function of a structural support that imparts tissue integrity
and the function of a regulator of signaling events that instruct
cellular performance (1, 2). The importance of microfibrils in
organ formation and tissue homeostasis was originally under-
scored by the finding that mutations of human fibrillin-1 and
fibrillin-2 are responsible for the pleiotropic manifestations of
MFS2 (OMIM 154700) and congenital contractural arachno-
dactyly (OMIM 121050), respectively (3).
Fibrillins display a common modular structure that con-

sists predominantly of cbEGF domains interspersed with
TB/8-Cys modules (Fig. 1) (1, 2, 4). TB/8-Cys modules are
unique to fibrillins and LTBPs. Fibrillins polymerize into
microfibrils in which individual molecules are organized in a
head-to-tail arrangement and interact laterally; further-
more, microfibrils associate or interact with additional pro-
teins, such as elastin in elastic fibers (Fig. 2) (1, 2, 4, 5).
Fibrillins also control the bioavailability of endogenous
(local) TGF� and BMP ligands by targeting the respective
complexes to the ECM (Fig. 1) (1–3).
This article focuses on the instructive function of fibrillin-

rich microfibrils in organ development and tissue homeostasis.
A number of excellent reviews are available that describe in
greater detail the structural and biosynthetic aspects of fibrillin
assemblies (2, 4, 5).

Fibrillins Bind TGF� and BMP Complexes

TGF�s 1–3 (hereafter collectively referred to as TGF�) are
secreted either as a small latent complex in which the bioactive
homodimer is in noncovalent association with the processed
N-terminal propeptide (LAP) or as a large latent complex in
which LAP is covalently linked to LTBP1, LTBP3, or LTBP4 (6).

Association with LAP blocks binding of the ligand to the recep-
tors, whereas interactionwith LTBP1or LTBP4promotes small
latent complex targeting to fibrillin-rich microfibrils (Fig. 1). A
variety of extracellular molecules (many of which interact with
fibrillin-rich microfibrils) are involved in releasing TGF� from
the ECM, disrupting LAP-mediated latency, or inhibiting
TGF� activity (6, 7).

BMPsarealsosecretedascomplexes inwhichC-terminal cross-
linked dimers are noncovalently associated with the prodomains
(8). In contrast to TGF�, however, BMPs can be targeted directly
tomicrofibrils through the interaction between their prodomains
and the N-terminal regions of fibrillins (Fig. 1) (9). Furthermore,
BMPsignalingcanbeactivated throughcompetitivedisplacement
of theprodomainby type II receptors (10). Studiesdiscussedbelow
strongly suggest that the relative composition of fibrillin-rich
microfibrils imparts contextual specificity to TGF� and BMP sig-
nalingeitherbyconcentrating the ligandsat sitesof intended func-
tion (positive regulation) or by inhibiting their bioavailability (neg-
ative regulation).

Fibrillins in Vertebrate Development

Expression of fibrillin genes in lower and higher vertebrates
is largely confined to mesenchyme derivatives (11–14). Studies
of frog and zebrafish embryos, in particular, have correlated
onset of fibrillin gene expression with the beginning of gastru-
lation (13, 14). Consistent with this observation, a recent study
has demonstrated that Xenopus fibrillin (an ortholog of fibril-
lin-2) is required to complete the process of convergent exten-
sion in the presumptive notochord of the gastrulating embryo
(15). Another study has associated notochord abnormalities
and vascular malformations with morpholino-induced silenc-
ing of fibrillin-2 production in zebrafish embryos (14). By con-
trast, caudal vein dilation and impaired plexus formation were
the sole manifestations of fibrillin-1 morphants (16). Interest-
ingly, the phenotype of fibrillin-2 morphants faithfully mirrors
that of mutant zebrafish embryos that were selected in a for-
ward genetic screen for notochord sensitivity to lysyl oxidase
inhibition (14). It has been argued that fibrillin-2 microfibrils
may recruit the lysyl oxidase enzyme to properly assemble and
stabilize the ECM of the notochordal sheath. It was also rea-
soned that impaired caudal vein morphogenesis in mutant
zebrafish embryos may reflect a nonstructural (instructive)
function of fibrillin-rich microfibrils. The recent report that
lysyl oxidase inhibits TGF� activity supports this last postulate
(17).
Genetic investigations in mice have corroborated the notion

that fibrillin-1 and fibrillin-2 play discrete roles in vertebrate
morphogenesis. A case in point is the limb-patterning defect
(syndactyly) of mice lacking fibrillin-2 gene (Fbn2) expres-
sion, a phenotype not seen in Fbn1-null mice even though
both proteins are abundantly deposited in ECM of forming
autopods (18, 19). Syndactyly is also observed in Bmp7-null
mice but not in mice haploinsufficient for either Fbn2 or
Bmp7; however, combined Fbn2 and Bmp7 haploinsuffi-
ciency yields syndactyly (18). Two lessons derive from these
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observations. First, in the developing autopod, the predom-
inant effect of fibrillin-2 on BMP7 signaling is positive reg-
ulation. Second, despite robust expression, fibrillin-1 cannot
compensate for loss of fibrillin-2.
The developing mouse aorta is another example of organ-

specific roles of fibrillins. Whereas impaired maturation of the
aortic matrix accounts for dissecting aneurysm and neonatal
death of Fbn1-null mice, loss of fibrillin-2 has no impact on
vessel maturation and, consequently, on postnatal survival and
fitness (18, 19).However,mice lacking both fibrillins die atmid-
gestation, significantly earlier than either of the parental
strains, and exhibit a poorly developed aortic media, implying
functional cooperation between fibrillins in promoting ECM
assembly (19). Furthermore, half of Fbn1�/�;Fbn2�/� embryos
die in utero, suggesting either that the total amount of microfi-
brils drives aortic matrix formation or that the fibrillins play
functionally distinct roles in vessel morphogenesis (19). Ongo-
ing studies of bone remodeling support the latter hypothesis.
Specifically, these analyses have shown that Fbn2-null osteo-
blast cultures fail tomineralize due to heightened TGF� signal-
ing, whereas Fbn1-null osteoblasts differentiate properly
despite enhanced TGF� signaling because a greater amount of
BMPs is no longer sequestered in the ECM.3
Temporal variation in gene expression can also influence the

relative contribution of fibrillins to tissue morphogenesis and
the phenotypic consequence of microfibril deficiency. Fibril-
lin-1 deficiency in mice leads to TGF�-mediated failure of dis-
tal alveolar septation, which is evident in the first week of post-
natal development and ismaintained throughout adult life (20).
By contrast, fibrillin-2 deficiency associates with a more proxi-
mal defect in lung branching morphogenesis that is most evi-
dent during late embryogenesis but resolves completely shortly
after birth (18).4 These observations are reconciled by the pre-
dominantly fetal expression of fibrillin-2 in the developing lung
and by the emergence of significant fibrillin-1 expression in the
perinatal period (11). In this light, it appears that the regulatory
role of fibrillins in the developing lung is uniquely shouldered

by fibrillin-2 during fetal life and that fibrillin-1 can compensate
for fibrillin-2 deficiency by virtue of its later expression.

Fibrillins in Disease Processes

Heterozygousmutations that affect the structure or decrease
the synthesis of fibrillin-1 are responsible for MFS manifesta-
tions, which principally involve the ocular, skeletal, and cardio-
vascular systems (3). Progressive aortic root enlargement and
abnormally thick and elongated valve leaflets are the major
determinants of morbidity and mortality in MFS patients.
Treatment of vascular disease inMFS includes regular imaging
to monitor aneurysm progression, �-adrenergic blockade to
slow aortic growth, and prophylactic surgery to prevent aortic
complications. Extensive phenotypic variability, age-depend-
ent onset of informative manifestations, a high degree of spon-
taneous mutations, and clinical overlap with several other con-
ditions are all potential problems in MFS diagnosis and the
timely management of cardiovascular complications, particu-
larly in young children (30).
About 14% of MFS patients show chronic obstructive lung

disease and a predisposition for pneumothorax, a process
that was originally equated with destructive emphysema due
to impaired tissue integrity (3). Fbn1 hypomorphic mice rep-
licate this lung phenotype, as they display widening of the
distal pre-alveolar saccules at birth without signs of inflam-
mation or tissue destruction (21). As already mentioned,
Neptune at al. (20) were the first to causally relate impaired
lung development with constitutive Smad2/3 signaling in
Fbn1 mutant mice and thus the first to provide direct proof
for the involvement of fibrillin-rich microfibrils in the extra-
cellular control of endogenous TGF� bioavailability. Subse-
quent studies have associated promiscuous TGF� signaling
with the progression of mitral valve prolapse, muscle hyp-
oplasia, and aortic aneurysm in Fbn1 mutant mice (22–24).
Importantly, systemic administration of TGF�-neutralizing
antibodies to Fbn1 mutant mice improved all of these MFS
manifestations (20, 22–24). This last finding led to the pro-
posal that fibrillin-1 mutations in MFS preclude or decrease
matrix sequestration of latent TGF�, thus rendering it more
prone to or accessible for activation (23).

3 F. Ramirez, unpublished data.
4 F. Ramirez and H. C. Dietz, unpublished data.

FIGURE 1. Schematic representation of prototypical fibrillin and LTBPs (not in scale). Sites of interactions between fibrillin and TGF� and BMP complexes
are shown. For a detailed description of the structural features of fibrillins and LTBPs, see Hubmacher et al. (2). SLC, small latent complex.
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Emerging evidence indicates that additional pathological
events exacerbate TGF�-driven disease progression in MFS,
perhaps in an organ-specific manner. Recent investigations
have reported that aC-terminal third fragment of fibrillin-1 can
apparently displace LTBPs frommicrofibrils, thus contributing
to large latent complex release from the ECM (25). This mech-
anism cannot, however, provide the sole or even predominant
basis for increased TGF� activity in MFS because improper
Smad2/3 signaling is also seen in tissues and cultured cells from
Fbn1-null mice (19, 26).
Other investigators have shown that addition to cell cultures of

synthetic fibrillin-1peptidesorprotein extracts fromFbn1mutant
aortas stimulates metalloproteinase production and macrophage
chemotaxis (27, 28). In accordance with these findings, doxycy-
cline administration to Fbn1 mutant mice improves aortic wall
architecture and delays aneurysm rupture (29, 30).
More recent in vivo and in vitro analyses have implicated p38

MAPK activation as an early contributor to promiscuous
Smad2/3 signaling in Fbn1-null aortas (26).Work in progress is
addressing whether or not p38 MAPK is improperly activated
through the non-canonical TGF� signaling cascade and
whether p38 MAPK stimulation also contributes to aortic dis-
ease in progressively severe mouse models of MFS (1). Finally,
the aforementioned bone remodeling data have raised the pos-
sibility that impaired BMP sequestration in the ECM is another
determinant of MFS pathogenesis.

Pathogenic Network of MFS-related Disorders

Theabovestudiesandadditional evidence fromhumanpatients
and genetically engineeredmice (see below) support the new con-
cept thatmicrofibrils are part of a broader biological network con-
sisting of molecules that interact with fibrillins and modulate or
transduce signaling by TGF� and BMP ligands (3). Patients with
LDS (OMIM 609192) are a particularly informative example
because of the extensive clinical overlap between this condition
andMFS (31).

LDS is caused by heterozygous loss-of-function mutations in
TGF� receptors (TGFBR1 or TGFBR2) that culminate, however,
in increased (as opposed to decreased) TGF� signaling in the aor-
tic wall by mechanisms that remain poorly defined (31, 32). This
apparent paradox has been reconciled by arguing that heterozy-
gous loss-of-functionmutations inTGF� receptor subunits either
trigger unproductive compensatory events or have themselves
gain-of-function properties (3, 33). For example, lower than
threshold levels of TGF� signaling during a temporally con-
strained developmental eventmight activate a compensatory loop
that remains constitutively active in the absence of a normal com-
plement of signal transducers or regulators (3). Alternatively,
TGF� receptor mutations may change the normal balance of
opposing endocytic processes that regulate trafficking of the
TGF� receptors by favoring interactions with accessory proteins
that promote recycling rather than degradation (33). Generation
of LDSmutations inmicewill test these possibilities, in addition to
providing the experimental means to compare and contrast path-
ogenicmechanisms initiated bymutations in the extracellular and
cell-surface components of the TGF� signaling network.

Mice with targeted inactivation of genes coding formicrofibril-
associated proteins that are involved in the extracellular control of
TGF� signaling include those lacking biglycan, fibulin-4, or
MAGP1 (microfibril-associated glycoprotein-1) (34–36). In con-
trast to the first two mutant strains, Magp1-null mice exhibit a
complex phenotype, which in many aspects is opposite to that of
Fbn1 mutant mice and which is apparently associated with
reduced TGF� signaling (36). Thus, preferential interactions of
the formingmicrofibrils with positive and negativemodulators of
TGF� activitymay contribute to establishing the signaling thresh-
old for various physiological or pathological processes.

Clinical Applications

The notion of TGF� antagonism has been extended to the
systemic treatment of Fbn1 mutant mice with losartan, an
angiotensin II type 1 receptor antagonist that also blunts TGF�

FIGURE 2. Diagram highlighting the main steps in microfibril biogenesis. They include the polymerization of fibrillins in a head-to-tail organization (step a)
that is visualized by electron microscopy as multiple strings with regularly spaced beads (step b). The beads correspond to the N-terminal regions of fibrillins
containing the Gly/Pro-rich stretch (arch) and the sites interacting with TGF� and BMP complexes, whereas the strings correspond to the central sequence of
multiple cbEGF motifs interspersed with a few TB/8-Cys modules (see Fig. 1). Also shown are microfibrils (step c) growing into large macro-aggregates that are
either devoid of elastin (step d) or associated with cross-linked elastin (gray core) in elastic fibers (step e). Orange, blue, and black circles depict microfibril- and
elastin-interacting molecules; additionally, some microfibrils are shown buried within amorphous elastin. A detailed description of microfibril and elastic fiber
biogenesis can be found in several recent reviews (2, 4, 5).
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signaling (23). The treatment not only counteracted the emer-
gence of histological signs of aortic aneurysm in Fbn1 mutant
mice but also improved alveolar septation andmuscle hypopla-
sia in these animals (23, 24). Although the precise mechanism
whereby losartan exerts systemic TGF� blockade remains to be
elucidated, these proof-of-principle experiments have indi-
cated that TGF� antagonism is a general strategy against dis-
ease progression in MFS and related disorders of the TGF�
signaling network. Indeed, losartan treatment rescued im-
paired muscle regeneration in both fibrillin-1 and dystrophin
mutant mice (24). Importantly, therapy with losartan signifi-
cantly reduced the rate of aortic growth in a small cohort of
children affected by a particularly severe and rapidly progres-
sive MFS (37). On average, these patients showed a marked
reduction in aortic root growth rate and in the rate of change in
deviation of aortic root dimension from normal when indexed
to age and body size after losartan therapy and compared with
their performance on prior medical regimens (37). Although
these findings are extremely encouraging, both theoretical and
practical limitations are apparent that justify pursuing the iden-
tification of additional biological targets that may prove ame-
nable to combinatorial therapies in MFS patients who may be
refractive or resistant to losartan treatment.

Conclusions and Perspectives

The studies outlined in this minireview underscore the
extraordinary progress made during the past decade in our
understanding of the multiple roles that extracellular microfi-
brils play in organ development anddisease processes. Fibrillins
provide contextual specificity to TGF� and BMP signals that
promote matrix formation and remodeling, in addition to
imparting structural properties to connective tissues. A new
paradigm has thus emerged whereby the fibrillins are integral
components of a broader biological network of extracellular,
cell-surface, and signaling molecules that orchestrate morpho-
genetic and homeostatic programs in multiple organ systems.
Theaboveparadigmhas already translated intonovel therapeu-

tic opportunities in MFS. Indeed, losartan treatment inMFS rep-
resents the first instance in which the life-threatening conse-
quences ofmutations in a structural component of the ECMhave
been mitigated using pharmacological means of intervention. As
such, theMFSexperience is bound to influence therapeutic efforts
for other human diseases in which gene- or cell-based strategies
are difficult or impossible to implement.
The findings we have described have also raised new ques-

tions that are likely to be the focus of future investigations.
Relevant to MFS pathogenesis, it would be important to iden-
tify the mechanisms responsible for constitutive TGF� activa-
tion and losartan action in various organ systems, the nature of
the cellular events downstream of improper TGF� signaling in
different tissues, and the potential contribution of other signal-
ing pathways to disease progression. Another unresolved issue
is the mechanism that targets TGF� and BMP complexes to
individual fibrillin molecules in a stage- and tissue-specific
manner and with discrete consequences for tissue morphogen-
esis and homeostasis.
The ultimate challenge is to unravel the manner in which

disease processes integrate the complex (and even opposing)

roles of fibrillin-richmicrofibrils, aswell as the balance between
cooperating and antagonistic signals by matrix-bound TGF�
and BMP ligands. For example, it remains possible and even
likely that selected manifestations in MFS may reflect
decreased (rather than increased) TGF� signaling alone and/or
in combination with dysregulated BMP signaling. A refined
understanding of such disease-causing events will delineate
therapeutic windows, opportunities, and limitations, particu-
larly as they apply to the clinical management of organ-specific
manifestations in MFS and related disorders of the connective
tissue.
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Vasopressin controls renal water excretion largely through
actions to regulate the water channel aquaporin-2 in collecting
duct principal cells. Our knowledge of themechanisms involved
has increasedmarkedly in recent years with the advent of meth-
ods for large-scale systems-level profiling such as protein mass
spectrometry, yeast two-hybrid analysis, and oligonucleotide
microarrays. Here we review this progress.

Regulation ofwater excretion by the kidney is one of themost
visible aspects of everyday physiology. An outdoor tennis game
on a hot summer day can result in substantial water losses by
sweating, and the kidneys respond by reducingwater excretion.
In contrast, excessive intake of water, a frequent occurrence in
everyday life, results in excretion of copious amounts of clear
urine. These responses serve to exact tight control on the tonic-
ity of body fluids, maintaining serum osmolality in the range of
290–294 mosmol/kg of H2O through the regulated return of
water from the pro-urine in the renal collecting ducts to the
bloodstream.
The importance of this process is highlighted when the

regulation fails. For example, polyuria (rapid uncontrolled
excretion of water) is a sometimes devastating consequence of
lithium therapy for bipolar disorder. On the other side of the
coin are water balance disorders that result from excessive
renal water retention causing systemic hypo-osmolality or
hyponatremia. Hyponatremia due to excessive water retention
can be seen with severe congestive heart failure, hepatic cirrho-
sis, and the syndrome of inappropriate antidiuresis.
The chief regulator of water excretion is the peptide hor-

moneAVP,2whereas the chiefmolecular target for regulation is
the water channel AQP2. In this minireview, we describe new
progress in the understanding of the molecular mechanisms
involved in regulation of AQP2 by AVP in collecting duct cells,
with emphasis on new information derived from “systems-
level” approaches involving large-scale profiling and screening
techniques such as oligonucleotide arrays, protein mass spec-
trometry, and yeast two-hybrid analysis. Most of the progress
with these techniques is in the identification of individual mol-

ecules involved in AVP signaling and binding interactions with
AQP2. Additional related issues are addressed in several recent
reviews (1–4).

Background: AVP and AQP2

An increase in blood osmolality triggers the neurohypophy-
seal release of AVP. Classic studies in isolated perfused renal
collecting ducts demonstrated that AVP triggers a rapid
increase in the osmotic water permeability of the collecting
duct epithelium, explaining the dramatic fall in water excretion
seen when AVP is administered in vivo (5). In isolated perfused
rat renal IMCDs, a half-maximal increase is seen �8 min fol-
lowing AVP addition (6).
The increase in water permeability of the collecting duct epi-

thelium is a consequence of recruitment of AQP2 to the apical
plasma membrane of the collecting duct principal cells (7). In
the absence of AVP, most of the cellular AQP2 resides in intra-
cellular vesicles thought to be a subpopulation of recycling
endosomes (8, 9). Dynamic water permeability measurements
coupled with mathematical modeling (10, 11) have established
that the AVP-induced redistribution of AQP2 into the apical
plasma membrane occurs through two general processes: 1)
acceleration of the rate of exocytic insertion of AQP2 into the
plasmamembrane and 2) deceleration of the endocytic removal
of AQP2 from the apical plasmamembrane. Brown et al. (2, 12)
have demonstrated, in both the presence and absence of AVP,
that the amount of AQP2 in the plasmamembrane is a result of
a balance between continuing endocytosis and exocytosis of
AQP2. The effect of AVP to redistribute AQP2 to the plasma
membrane can bemimicked by perturbations that decrease the
intrinsic rate of endocytosis, such as expression of a dominant-
negative form of dynamin (13).
The general pathways involved inAVP signaling in collecting

duct cells are diagrammed in Fig. 1. The V2R is a Gs-coupled
receptor that binds AVP and activates two adenylyl cyclases,
types III and VI, to increase intracellular cAMP. Inasmuch as
exogenously added cAMP analogs reproduce the acute water
permeability increase seen with AVP, it appears that the action
of AVP in collecting ducts is mediated by cAMP (6). Down-
stream effects are believed to be mediated largely by activation
of PKA, although other kinases likely play important roles. One
substrate for PKA is AQP2 itself, which undergoes sequential
phosphorylation of three C-terminal serines as a result of PKA-
mediated phosphorylation of Ser256. This ultimately leads to
interactions with proteins that modulate either AQP2 exocyto-
sis or endocytosis.
AVP stimulates depolymerization of F-actin in the subapical

region of collecting duct cells (14). The dense cortical network
of actin filaments is viewed as a barrier to movement of AQP2-
containing vesicles to the apical plasma membrane, and actin
depolymerization is therefore expected to facilitate exocytic
insertion of AQP2-laden vesicles. The state of actin polymeri-
zation in the collecting duct is regulated by Rho family kinases
(4). Rho activation appears to be associated with redistribution
of AQP2 from the plasma membrane to intracellular compart-
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ments. Whether this is achieved by inhibition of AQP2 exocy-
tosis or stimulation of AQP2 endocytosis has not been directly
addressed. Rho has been shown to be phosphorylated by PKAat
Ser188 in natural killer lymphocytes, an effect that triggers dis-
sociation of Rho from membrane-associated effectors (15),
chiefly Rho/Rac/Cdc42-activated kinases. However, phospho-
rylation of RhoA has not (as of this writing) been demonstrated
in the renal collecting duct.
Binding of the V2R by AVP triggers an increase in intracel-

lular calcium in native IMCD cells (16, 17). The V2R-elicited
calcium mobilization appears to result from sensitization of
ryanodine-inhibitable calcium channels, presumably RyR1, in
the endoplasmic reticulum of collecting duct cells (18). The
increase in intracellular calcium is in the form of a train of
spike-like increases in calcium that occur in each cell independ-
ently of the calcium spike pattern in neighboring cells (19, 20).
EnhancementofCa2� releaseby ryanodine receptors by cAMP-
dependent phosphorylation has been demonstrated in pancre-
atic beta cells (21), and a similarmechanismmay sensitize RyR1
to release Ca2� in the IMCD (18), possibly by phosphorylation
at Ser2730 (rat). However, Yip (22) has also demonstrated an
Epac (RapGEF3)-dependent, PKA-independent mechanism
for regulation of ryanodine-sensitive Ca2� release in response
to AVP or cAMP.
Several pieces of evidence support the view that V2R-medi-

ated calcium mobilization is a key component of the mecha-
nismbywhichAVP acutely increases osmotic water permeabil-
ity. Either prevention of Ca2� release with ryanodine or
chelation of intracellular calcium with BAPTA inhibited the
vasopressin action to increase water permeability in isolated

perfused collecting ducts (18). Calmodulin inhibitors strongly
attenuated the action of AVP to increase water permeability in
isolated perfused IMCD segments (18). Downstream targets of
Ca2�-calmodulin include both adenylyl cyclase type III (23) and
MLCK (24), both of which are stimulated.

Transcriptomic and Proteomic Profiling of the Renal
Collecting Duct

To piece together a comprehensive model of how osmotic
water transport is regulated at a molecular level in the renal
collecting duct, a gene expression “parts list” is needed. A com-
prehensive list of genes expressed in native IMCD cells from
rats has been generated by transcriptomic profiling using oligo-
nucleotide arrays (IMCD Transcriptome Database, dir.nhlbi.
nih.gov/papers/lkem/imcdtr/) (25). About 8000 transcripts (of
�20,000 open reading frames in the rat genome) were
expressed above background levels. Over 2000 of these have
been directly confirmed at the protein level by large-scale LC-
MS/MS studies (IMCD Proteome Database, dir.nhlbi.nih.gov/
papers/lkem/imcd/) (26). Similar profiling studies have been
completed inAVP-responsivemousempkCCDcells (mpkCCD
Transcriptome Database, dir.nhlbi.nih.gov/papers/lkem/
mpkccdtr/default.aspx) (27).

Phosphoproteomic Profiling Reveals Novel AQP2
Phosphorylation Sites

Protein phosphorylation is critical to biochemical regulation
in eukaryotic cells. Within the past few years, rapid develop-
ments in affinity chromatographic enrichment of phosphopep-
tides, as well as more accurate and sensitive tandemmass spec-
trometers, have ushered in a new era of “global” analysis of
protein phosphorylation. Consequently, it has been possible to
address the following questions. 1)Which proteins in renal col-
lecting duct cells are phosphorylated? 2) What are the phos-
phorylation sites? 3)Which sites undergo a change in phospho-
rylation in response to vasopressin. Hoffert et al. (28) identified
714 phosphorylation sites on 223 unique phosphoproteins in
isolated rat IMCD tubule segments. These identifications
included four serines in AQP2 (Ser256, Ser261, Ser264, and
Ser269) within the terminal 16 amino acids of theC-terminal tail
(Fig. 2). Ser261, Ser264, and Ser269 had not previously been iden-
tified. The Ser256 site (29) had already been shown to be regu-
lated by AVP (30) and to play an important role in AQP2 traf-
ficking to and from the apical plasmamembrane (31, 32). Ser256
can be directly phosphorylated by PKA in vitro (33, 34). Other
basophilic kinases may also be capable of phosphorylating
Ser256, as reviewed recently by Brown et al. (2). The kinases
responsible for phosphorylation at Ser261, Ser264, and Ser269 are
as yet unidentified.
InAQP2, Ser261 phosphorylationwas decreased by vasopres-

sin treatment by �60% (28, 35). Lu et al. (36) have demon-
strated that mutating Ser261 did not affect regulated or consti-
tutive AQP2 trafficking in transfected LLC-PK1 cells. Thus, the
role of phosphorylation at Ser261 in AVP signaling and AQP2
trafficking, if any, remains to be determined.
Studies using quantitative LC-MS/MS and immunoblotting

with phospho-specific antibodies have demonstrated that vaso-
pressin strongly increases phosphorylation of AQP2 at Ser264
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FIGURE 1. AVP signaling pathways in the renal IMCD. Occupation of the
V2R by AVP (right) triggers signaling mechanisms that result in at least three
downstream effects vital to AQP2 trafficking (yellow boxes on left). Adenylyl
cyclases III (AC III) and VI (AC VI) produce cAMP, most of whose effects are
mediated by PKA, including phosphorylation of AQP2 at Ser256, followed by
downstream phosphorylation at Ser264 and Ser269 (top). These phosphoryla-
tion events alter binding interactions with regulatory proteins (see text). In
addition, RhoA is inactivated, possibly due to PKA-mediated phosphorylation
of RhoA (center) and leading to F-actin depolymerization. AVP also triggers
spike-like increases in intracellular calcium due to either phosphorylation of
RyR1orEpac(RapGEF3)effects.Calciummobilizationcausescalmodulin(CaM)-
dependent phosphorylation of the MRLC (MLC) by MLCK, resulting in non-
muscle myosin II activation and long-distance translocation of AQP2 vesicles
to the apical region.
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(37) and Ser269 (34) in rat IMCD cell suspensions (Fig. 2). Vaso-
pressin-mediated increases in AQP2 phosphorylation at Ser264
(t1⁄2 � 4.2 min) and Ser269 (t1⁄2 � 3.2 min) occurred significantly
more slowly than the increase in Ser256 phosphorylation (t1⁄2 �
41 s) (34). These response times correlate well with the dynam-
ics of the water permeability response to AVP in isolated per-
fused IMCD segments (initial increase at 35 s, half-maximal
response at 8min) (6), indicating plausible roles in regulation of
AQP2 trafficking. Interestingly, immunogold electron micros-
copy in rat renal IMCDs revealed that AQP2 phosphorylated at
Ser269 was present only in the apical plasma membrane,
whereas AQP2 phosphorylated at any of the other three C-ter-
minal sites was found throughout the cell in intracellular vesi-
cles as well as in the plasma membrane (34). Mutation of the
Ser269 site to aspartate, mimicking the charge state of a phos-
phorylated serine, resulted in constitutive localization of AQP2
in the plasmamembrane, suggesting that AVP-mediated phos-
phorylation of AQP2 at Ser269 is involved in regulated plasma
membrane retention of AQP2.
Vasopressin-mediated increases in phosphorylation at all

three sites (Ser256, Ser264, and Ser269) are reproduced when the
collecting ducts are stimulated instead by a cAMP analog, indi-
cating a probable causative role for cAMP. Although only the
Ser256 sitewas phosphorylated in vitroby purified PKAcatalytic
subunit, the PKA antagonist H-89 blocked vasopressin-stimu-
lated phosphorylation at Ser256, Ser264, and Ser269 (34). The
explanation for this finding is that PKA-mediated phosphoryl-
ation at Ser256 is a prerequisite for phosphorylation at Ser264
and Ser269 by unknown kinases.

Phosphoproteomic profiling also identified novel phospho-
rylation sites in the vasopressin-regulated urea transporter

UT-A1/3 (Ser35, Ser62, Ser63, and Ser486) that are hypothetically
involved in urea transport regulation in the IMCD (28) and
identified a number of regulatory proteins that underwent sig-
nificant changes in phosphorylation state in response to short-
term vasopressin treatment. One example is scaffold attach-
ment factor B, a protein involved in RNA processing. The site
on scaffold attachment factor B that was down-regulated in
response to vasopressin (Ser309; NCBI accession number
NP_071789.1) is a putative ERK1 phosphorylation site, an
observation consistent with the finding that vasopressin
decreases ERK1/2 activation in rat renal IMCD cells (20). Data
from the LC-MS/MS-based phosphoproteomic studies in col-
lecting duct can be browsed at the Collecting Duct Phospho-
protein Database (dir.nhlbi.nih.gov/papers/lkem/cdpd/).

Protein Binding Interactions Involving AQP2

TheC terminus ofAQP2 (Fig. 2) is critical for regulation of its
trafficking (1, 3). AQP2 trafficking is presumably mediated by
interactions with proteins that are part of the exocytic or endo-
cytic apparatus. Both yeast two-hybrid analysis and affinity-
based isolation of proteins followed by LC-MS/MS analysis
have been used to identify AQP2-interacting proteins.
Noda et al. (38) used an immunoaffinity approach in which

extracts of rat kidney papillae were passed over a column
covalently coupled with an anti-AQP2 antibody. Bound pro-
teins were identified bymatrix-assisted laser desorption ioniza-
tion time-of-flight mass spectrometry. They identified several
AQP2-interacting proteins that formed a so-called “multipro-
tein motor complex.” Member proteins in this complex (aside
from AQP2) included actin, MRLC isoforms 2A and 2B, �-tro-
pomyosin 5b, annexins A2 and A6, gelsolin, �-actinin 4, �II-
spectrin, and myosin IIA.
Lu et al. (39) utilized yeast two-hybrid screening of a human

kidney cDNA library and identified the abundant chaperone
proteins hsc70 and hsp70 as AQP2-interacting proteins. The
interaction of AQP2 with hsc70 was confirmed by mass spec-
trometry of proteins pulled down from a rat kidney papilla
extract using a glutathione S-transferase-AQP2 C-terminal
fusion protein as bait. Both co-immunoprecipitation from
AQP2-transfected LLC-PK1 cells and direct binding of purified
hsp70 and hsc70 to the glutathione S-transferase-tagged AQP2
C terminus confirmed these interactions. Functional knock-
down of hsc70 activity in AQP2-expressing cells resulted in
membrane accumulation of AQP2, suggesting that hsc70/
hsp70 may play a role in endocytic retrieval of AQP2 from the
apical plasma membrane.
Zwang et al. (40) incorporated a “bait peptide” pulldown

approachwith syntheticAQP2peptides to identify phosphoryl-
ation-dependent binding partners of AQP2 by LC-MS/MS.
This study confirmed previously identified interactions
between AQP2 and hsc70 (39), hsp70-1 and hsp70-2 (39), and
annexin II (38, 41), all of which bound more avidly to the
unphosphorylated AQP2 peptide. In contrast, hsp70-5 (also
known as BiP, found in both the endoplasmic reticulum and
cytosol) bound preferentially to the Ser256-phosphorylated
AQP2 peptide, suggesting that “phosphorylation at Ser256 may
regulate AQP2 trafficking in part by mediating differential
binding of hsp70 family proteins to the COOH-terminal tail”
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(40). Other novel AQP2 interactors identified included
RhoGDI2 and PP1c, both of which preferentially bound to the
unphosphorylated AQP2 peptide.
Additional yeast two-hybrid screens have identified two

other proteins that interact with the C-terminal tail of AQP2,
viz. LIP5 (lysosomal trafficking regulator-interacting protein-
5), a late endosomal protein (Fig. 2) (42), and AKAP220 (also
called AKAP11; NCBI accession number NM_012773), a PKA-
anchoring protein (43). AKAP11 was identified as the most
abundantAKAP transcript in the rat renal IMCD (25). An addi-
tional AQP2-interacting protein is MAL (44).

Role of the Actin Cytoskeleton in AQP2 Trafficking

Noda et al. (45) recently investigated the relevance of the
“force-generating motor complex” discovered by mass spec-
trometry of AQP2-interacting proteins (see above), focusing on
the role of tropomyosin 5b (also known as tropomyosin 1). The
authors showed that when AQP2 in intracellular vesicles
becomes phosphorylated at Ser256, it binds tropomyosin 5b.
This depletes free tropomyosin from the vicinity of the AQP2
vesicle, thereby fostering local F-actin depolymerization, in
effect cutting a hole in the cortical actin network around the
vesicle. As a consequence, the AQP2 vesicles can cut their way
through the cortical actin barrier that would otherwise prevent
them from reaching the plasma membrane.
AVP also can affect the actin cytoskeleton in another way,

namely stimulation of phosphorylation of the MRLC as dem-
onstrated initially by two-dimensional electrophoresis coupled
with protein mass spectrometry (24). Studies with phospho-
specific antibodies demonstrated that the phosphorylation sites
include the Thr18 and Ser19 residues already known to be a
target ofMLCK and showed that phosphorylation at these sites
increases in native IMCD cells in response to AVP. Phospho-
rylated MRLC activates conventional myosins, including non-
muscle myosins IIA and IIB, both of which are expressed in the
renal collecting duct (25). Studies in isolated perfused IMCD
segments showed that the ability of AVP to increase osmotic
water permeability was markedly decreased either by MLCK
inhibitors (24) or by the myosin II inhibitor blebbistatin (46).
Activation of myosin II isoforms in collecting duct cells medi-
ates the well known effect of AVP to alter cell shape (cells
become taller) and hypothetically play roles (along with micro-
tubules) in long-distance translocation of AQP2-laden vesicles
from throughout the cell to the apical region, where they can
fuse with the plasma membrane. We propose that this could
occur via myosin-dependent “flow” of the cortical actin net-
work along the basolateral-apical axis of the cell in a manner
similar to the process described for polarization in fertilized
eggs (47).
In addition to the role of myosin II as discussed above, other

myosinsmay be important forAQP2 vesicle trafficking.Myosin
VB has been implicated in recycling of AQP2 after endocytosis
(9). In addition tomyosins IIA and IIB andMRLC, immunoiso-
lated AQP2 vesicles were found to entrain myosins 1C, VI, and
IXB (8). Specific roles for these myosins in AQP2 trafficking
have not been ascertained.

Role of PDZ Domain Interactions in Regulation of AQP2
Localization

Noda et al. (48) have established that AQP2 undergoes bind-
ing interactions with a PDZ domain-containing protein called
SPA-1 (signal-induced proliferation-associated protein-1) via
its C-terminal PDZ ligand domain (-Ser269-Lys270-Ala271).
AQP2 trafficking to the apical plasma membrane was found to
be impaired in collecting ducts from SPA-1-deficient mice.
SPA-1 is a Rap GTPase-activating protein, which could hypo-
thetically mediate localized Rap inactivation in the vicinity of
AQP2, thereby reducing local ERK activity (20). Localized ERK
inactivation could hypothetically play a role in phosphorylation
of AQP2 at Ser261, a potential target site for proline-directed
kinases, including ERK (28).
Studies using LC-MS/MS to identify apically biotinylated

proteins in the renal IMCD have also pointed to a role for PDZ
domain interactions in apical targeting (49). Most of the inte-
gral membrane proteins identified by apical surface biotinyla-
tion possessed C-terminal PDZ ligandmotifs, including AQP2,
low density lipoprotein receptor-related protein-4 (gene name
Lrp4), �-glutamyl carboxylase (Gacx), ATP-binding cassette
subfamily A2 (Abca2), tyrosine kinase receptor 3 (Tyro3),
Na�/H� exchanger 2 (Slc9a2), orphan G-protein-coupled
receptor 64 (Gpr64), and the Na�/Cl�-dependent taurine
transporter (Slc6a6). Furthermore, several peripheral mem-
brane proteins were identified in IMCDs via their attachment
to apically biotinylated proteins, including three PDZ domain-
containing proteins: Semacap3 (a RING finger protein with
putative ubiquitin ligase activity; gene name Pdzrn3), SPA-1-
like protein (a probable Rap GTPase-activating protein
(Sipa1l1), and nitric-oxide synthase-1 (Nos1). The role of PDZ
domain interactions in epithelial cell polarity determination
has been reviewed recently (50).
The AQP2 phosphorylation site at Ser269 is part of the AQP2

PDZ ligandmotif (Fig. 2), and phosphorylation at this site could
theoretically alter PDZdomain interactions that are involved in
targeting of AQP2 to the apical plasma membrane. Similarly,
ubiquitination of Lys270 could alter AQP2 distribution in col-
lecting duct cells by altering interactions with PDZ domain-
containing proteins.

Conclusion

In this brief review, we have described the role of discovery
approaches involving large-scale transcriptomic or pro-
teomic data acquisition in fostering progress in a specific
area of molecular physiology, viz. the regulation of the AQP2
water channel by AVP. On the horizon are additional
approaches based on better techniques in protein mass spec-
trometry as well as “next-generation” nucleotide sequencing
that will add to the rapidly expanding treasure trove of infor-
mation. In this minireview, we have emphasized easily inter-
preted observations (“the low-hanging fruit”). However, tak-
ing maximal advantage of large-scale data sets in the future
will require computational methods capable of finding pat-
terns in the data that speak to mechanism and causality, i.e.
formal computational systems biology.
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Metalloproteases cleave proteins and peptides, and deregula-
tion of their function leads to pathology. An understanding of
their structure and mechanisms of action is necessary to the
development of strategies for their regulation. Among metal-
lopeptidases are the metzincins, which are mostly multidomain
proteins with �130–260-residue globular catalytic domains
showing a common core architecture characterized by a long
zinc-binding consensus motif, HEXXHXXGXX(H/D), and a
methionine-containing Met-turn. Metzincins participate in
unspecific protein degradation such as digestion of intake pro-
teins and tissue development, maintenance, and remodeling,
but they are also involved in highly specific cleavage events to
activate or inactivate themselves or other (pro)enzymes and bioac-
tive peptides. Metzincins are subdivided into families, and seven
such families have been analyzed at the structural level: the
astacins, ADAMs/adamalysins/reprolysins, serralysins, matrix
metalloproteinases, snapalysins, leishmanolysins, andpappalysins.
These families are reviewed from a structural point of view.

Metalloproteases

Cleavage of peptide bonds is essential for life, and the factors
responsible for peptide cleavage are ubiquitous. Among them
are MPs,2 which are mostly zinc-dependent peptide-bond
hydrolases. They participate in metabolism through both
extensive and unspecific protein degradation and controlled
hydrolysis of specific peptide bonds (1). Deregulation of such
vast degrading potential leads to pathologies, and in addition,
MPs may also act as virulence factors during poisoning and
microbial infection. Such a wide range of biological functions
makes structural studies of these proteins indispensable to any
understanding of their function and to the design of novel,
highly specific therapeutic agents tomodulate their activity (2).
Most MPs are members of a protease tribe, the zincins, and

they possess a short consensus amino acid sequence, HEXXH.
This motif contains two protein ligands of the catalytic zinc and a

glutamate that acts as general base/acid during the catalytic proc-
ess (3, 4). A thirdmetal ligand is a solventmolecule, further bound
to and polarized by the glutamate. This solvent performs nucleo-
philic attackon the carbonyl carbonof the scissile bondof a bound
substrate, leading to a tetrahedral gem-diolate reaction intermedi-
ate, which is stabilized by the positively charged metal ion and
neighboring protein residues (5). Subsequent evolution of the
intermediate under assistance of the general base/acid eventually
leads to bond disruption.
Zincins are divided into the gluzincin, aspzincin, andmetzincin

clans (4, 7). The latter containsmostlymultidomain proteins with
anN-terminal prodomain engaged in latencymaintenance, a cat-
alytic protease domain, and farther downstreamdomains engaged
in protein-protein and cell-cell interactions and other regulatory
functions. Theprotease domain is characterized by aC-terminally
extended zinc-binding motif, HEXXHXXGXX(H/D), with a hall-
mark glycine and a third zinc-binding histidine or aspartate. In
addition, amethionine is present in a conserveddownstreamturn,
theMet-turn (3, 7, 8).Metzincins split into families, sevenofwhich
have been characterized at the structural level for at least one of
their members: astacins, ADAMs/adamalysins/reprolysins, serra-
lysins, matrix metalloproteinases, snapalysins, leishmanolysins,
and pappalysins. In addition, a series of sequences reported from
genome sequencingprojects indicate there are further structurally
yet uncharacterized families, tentatively referred to as fragilysins,
gametolysins, archaemetzincins, thuringilysins, coelilysins, asco-
mycolysins, helicolysins, and cholerilysins (for a detailed review,
see Ref. 7).

The Metzincin Fold

To date, �200 structures of metzincins, comprising at least
the catalytic domain, have been depositedwith the ProteinData
Bank (supplemental Table 1). In this review, seven lead struc-
tures of each of the aforementioned families are discussed:
Astacus astacus astacin, Crotalus adamanteus adamalysin II,
Pseudomonas aeruginosa aeruginolysin, human neutrophil col-
lagenase (MMP-8), Streptomyces caespitosus neutral protease
(snapalysin), Leishmania major leishmanolysin, andMethano-
sarcina acetivorans ulilysin (9–15). These prototypes cover dis-
tinct kingdomsof life and represent archaea, bacteria, protozoa,
crustaceans, reptiles, and mammals. The structures reveal that
metzincins share a common scaffold and active-site environ-
ment, but each family has distinguishing structural elements.
Mature catalytic domains are�130–260-residue globularmoi-
eties that bifurcate into an upper NSD and a lower CSD with
respect to a central active-site cleft. Substrates bind horizon-
tally to this cleft from left to right in an approximately extended
conformation (supplemental Fig. 1A). (All topological indica-
tions refer to the standard orientation displayed in this figure.)
The NSD displays a five-stranded twisted �-sheet at the top

(except leishmanolysin, which has four strands) (supplemental
Fig. 1A). All strands (�I–�V) except the fourth are parallel to
each other and to any substrate that is bound in the cleft. The
antiparallel strand, �IV, forms the lower edge of this subdo-
main and creates an upper rim or northern wall of the active-
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the CONSOLIDER-INGENIO 2010 Project “La Factoría de Cristalización”
(CSD2006-00015) from Spanish Public Agencies; European Union FP6
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site crevice (16). This strand binds a substrate in an antiparallel
manner, mainly on its non-primed side. The loop segment con-
necting strands �III and �IV (referred to as L�III�IV) leads to
the appearance of bulge-like elements, whichmainly affect sub-
sites S1� and S2� (see Ref. 17 for subsite nomenclature in pro-
teases). This gives rise to extensive variations in enzyme-sub-
strate interactions on the primed side of the active-site clefts.
The NSD also contains two long �-helices, �A and �B, the
backing helix and the active-site helix, respectively. Both are
arranged on the concave side of the �-sheet in an identical
manner in all metzincin structures (supplemental Fig. 1B).
Helix�B superimposes well in all seven structures (Fig. 1A) and
encompasses the first half of the zinc-binding motif, which
includes the first two zinc-binding histidine residues (Fig. 1A
and supplemental Fig. 1). At the end of helix �B, the polypep-
tide chain takes a sharp downward turn, mediated by the gly-
cine of the consensus sequence. The main-chain angles of this
residue in the different lead structures indicate that any other
residue would be in a high-energy conformation and thus dis-
favored, with the exception of ulilysin (see below).
The CSD starts after this glycine, and the chain leads to the

third zinc ligand, a histidine or an aspartate, which approaches
the metal from below (supplemental Fig. 1). This subdomain
contains few repetitive secondary structure elements, mainly a
C-terminal helix�Cat the end of the polypeptide chain.Helices
�B and �C are connected by structures that vary both in length
and conformation. However, all structures coincide at a con-
served 1,4-�-turn containing a methionine at position 3, the
Met-turn, which is separated from the third zinc-binding histi-
dine by connecting segments of 6–53 amino acids in the differ-

ent structures. The Met-turn is superimposable (including the
conformation of the methionine side chain) (Fig. 1A) and is
positioned underneath the catalytic Zn2�, forming a hydropho-
bic pillow. However, no direct contact with the metal is
observed.Mutation studies suggested a role for thismethionine
in the folding and stability of the catalytic domains, although
the strict conservation of this residue remains to be explained
(18, 19).3 The S1� pocket of metzincins is shaped at the top by
a protruding bulge made by L�III�IV and at the bottom by
a wall-forming segment made up of residues intercalated
between the Met-turn and the C-terminal helix �C (16). This
segment diverges in structure and length (ranging from11 to 37
residues between theMet-turnmethionine and the first residue
of helix �C) in all seven of the reference structures.

The Zinc-binding Site

The catalytic zinc ion lies roughly at the center of the bottom
of the active-site cleft. It is coordinated by the N�2 atoms of the
three consensus histidines (two histidine N�2 atoms and one
aspartateO�2 atom in snapalysin) and the catalytic solventmol-
ecule, substituted by other ligands in the enzyme/inhibitor-
product complexes reported (supplemental Table 1). Some
metzincins display an additional protein ligand at a slightly
greater distance from the catalytic cation in the form of a tyro-
sineO� atom, as seen in unbound astacin and serralysins and as
hypothesized in ulilysin (21). This tyrosine residue lies two
positions ahead of theMet-turnmethionine. In (unbound) sna-
palysin, a tyrosine lies two positions downstream of the metal-
binding aspartate, though no longer within binding distance of
the zinc ion. These tyrosine residues flip back and forth during
substrate anchoring, cleavage, and product release in a motion
referred to as the tyrosine switch. In this, theymay play a role in
substrate and catalytic solvent binding and stabilization of the
tetrahedral intermediate or the product amino group (7, 9,
22–24). Such a role is performed by other, non-conserved res-
idues in tyrosine-lacking metzincins.

Structural Relatedness among Families

A structure-based sequence alignment reveals that, with the
exception of the region comprising the zinc-binding consensus
sequence, sequence identity is negligible among metzincins
despite evident structural relatedness. Based on this alignment,
pairwise comparisons between leads (supplemental Fig. 2)
show between 41 and 118 topologically equivalent C� positions
and root mean square deviations between 3.3 and 4.0Å, i.e.
above the threshold at which two C� positions can be consid-
ered as structurally equivalent (3.0 Å) (25). The sequence iden-
tities range between 3 and 20%, i.e. clearly below twilight values
for sequence relatedness (25–35%) (26). The closest structural
pairs are aeruginolysin and MMP-8 (Z-score � 15.8) (supple-
mental Fig. 2 and supplemental Refs. 1 and 2), MMP-8 and
snapalysin (15.2), adamalysin II and ulilysin (14.4), and adama-
lysin II and leishmanolysin (14.3). The most distant pairs are
astacin and adamalysin II (Z-score � 2.9), MMP-8 and ulilysin
(6.2), and snapalysin and ulilysin (6.6).

3 A. E. Oberholzer, M. Bumann, T. Hege, S. Russo, and U. Baumann, unpub-
lished data.

FIGURE 1. Overlay of structural segments common to the seven proto-
types as C� plots. A, the active-site helix �B (including the side chains of the
zinc-liganding histidines and aspartate and the general base/acid) and the
Met-turn (with the methionine side chain). Blue, astacin; cyan, adamalysin II;
red, leishmanolysin; green, MMP-8; white, aeruginolysin; yellow, snapalysin;
orange, ulilysin. The magenta curved arrows indicate where an extra domain is
inserted in leishmanolysin. B, the upper domain �-sheet (strands �I–�V, in
cyan, blue, green, orange, and yellow, respectively), the posterior helix �A (red),
and the C-terminal helix �C (purple) as found in the seven leads. Leishmano-
lysin lacks strand �II.
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Distinguishing Features of Each Family

Astacin is a 200-residue digestive enzyme from the crayfish
A. astacus and the first member of the astacin family to be
structurally analyzed (9). Through protein degradation, growth
factor activation, extracellular matrix turnover, and extracellu-
lar coat degradation (hatching), astacins participate in diverse
biological processes such as digestion, development, and tissue
remodeling and differentiation (e.g. promoting cartilage and
bone formation and collagen biosynthesis) (27).
The three-dimensional structure of astacin shows a pack-

man-like spherical shape and two subdomains of approxi-
mately equal size (supplemental Fig. 1A) (9). Whereas this pro-
teinase contains only a propeptide and a catalytic MP domain,
most other astacins display additional C-terminal MATH,
MAM, CUB-like, Ser/Thr-rich, I (inserted)-, epidermal growth
factor-like, Tox1, and transmembrane modules (for details, see
Refs. 8, 27, and 28). The astacin family has the longest region of
the CSD lacking regular secondary structure elements, just a
small helix and a short �-ribbon, although this is the sequen-
tially most conserved connecting segment among metzincins
(see Table 1 in Ref. 7). The protein scaffold is cross-linked by
four conserved cysteine residues forming two disulfide bridges
(supplemental Fig. 1). The first two residues of the mature
enzyme are buried in an internal cavity in the CSD, and the
N-terminal �-amino group establishes an interaction with a
conserved glutamate next to the third zinc-binding histidine.
The unbound coordination of the catalytic zinc is trigonal-bi-
pyramidal due to the presence of the fourth invariant, although
somewhat more distal, tyrosine zinc ligand downstream of the
Met-turn (supplemental Fig. 1A). In addition to astacin, the
structures of human tolloid-like protease-1 and bone morpho-
genetic protein-1 have recently been reported (29).
Serralysins are �50-kDa bacterial virulence factors secreted

as autoactivatable zymogens by pathogenic �-class proteobac-
teria (30). These organisms are responsible for human diseases
such as meningitis, endocarditis, pyelonephritis, plague, der-
matitis, soft tissue infections, septicemia,melioidosis, pneumo-
nia, and other respiratory and urinary tract infections. They
play a major role in hospital-acquired infections due to their
capacity to produce surgical wound infections and to infect
neonates. As part of the virulence potential of these bacteria,
serralysins are directed against coagulation factors and
defense-oriented proteins, protease inhibitors, lysozyme, and
transferrin and may cause an anaphylactic response.
The first serralysin to be biochemically and structurally char-

acterized was P. aeruginosa aeruginolysin (10). Its mature 220-
residue catalytic domain lacks disulfide connections and is
flanked on its C-terminal end by a calcium-stabilized �-roll
domain. As in astacin, its two subdomains are of similar size.
The polypeptide chain starts with an �-helix in the CSD (char-
acteristic for the family) that is anchored to themolecular body
by a conserved salt bridge with the C-terminal helix �C (sup-
plemental Fig. 1B). The NSD features a flap made up by an
elongated L�I�A and runs across the convex surface of the
�-sheet. This flap varies greatly among serralysins (20 reported
structures) (supplemental Table 1), distinctly affecting sub-
strate binding. The CSD of aeruginolysin presents an extra

�-helix within the segment linking the Met-turn with the wall-
forming stretch and a second flap shaped by residues of the
connecting segment. These elements also modulate substrate
binding. Comparison of aeruginolysin, whichwas first solved in
complexwith a bound tetrapeptide (10), with the closely related
structure of unbound Serratia marcescens serralysin reveals
that the unliganded zinc coordination is similar to astacin (trig-
onal-bipyramidal). It also includes a tyrosine that undergoes a
hinge motion upon substrate binding (31).
S. caespitosus snapalysin is a secreted neutral protease that

comprises a 132-residue catalytic domain preceded by an ala-
nine-rich 100-amino acidN-terminal extension including a sig-
nal peptide and a prodomain. Similar sequences have been
reported for other Streptomyces species, and they have been
termed SnpA (Prt and snapalysin), MprA, and SnpA. They
show milk-hydrolyzing activity.
Snapalysin is the smallest metzincin and the only family mem-

ber that has been structurally characterized. Its structure recalls a
flattenedellipsoidandbifurcates into twoasymmetric subdomains
(12). It displays all the characteristicmetzincin features, connected
by short loops. Distinguishing elements are a small L�II�III pro-
truding from the upper sheetwithin theNSD, a small bulge on top
of theprimedsideof theactive-site crevice, a shorthelix inL�V�B,
and a calcium-binding site (supplemental Fig. 1A). In addition, an
aspartate is found at the position of the third zinc-binding histi-
dine, and two positions ahead in the sequence, a conserved tyro-
sine approaches but not binds themetal.
MMPs are secreted ormembrane-bound proteinases discov-

ered 47 years ago and participate in tail resorption during tad-
pole-to-frog metamorphosis. They are found mainly in higher
mammals, although related sequences have been found in fish,
amphibians, insects, plants, prokaryotes, and viruses. Through
turnover of extracellularmatrix proteins,MMPs are involved in
tissue resorption, remodeling, and repair, as observed during
embryogenesis and development, branching and organ mor-
phogenesis, and angiogenesis. However, their potent proteo-
lytic potential or its absence may also lead to pathologies such as
inflammation, ulcers, rheumatoid arthritis and osteoarthritis,
periodontitis, heart failure and cardiovascular disease, fibrosis,
emphysema, and cancer and metastasis (32). More recently,
MMPs have been observed to be engaged in (in)activation events
following limited proteolysis, as observed in apoptosis and intesti-
nal defense protein activation but also in pathologies including
stroke, human immunodeficiency virus-associated dementia, ath-
erosclerosis, multiple sclerosis, bacterial meningitis, and Alzhei-
mer disease. MMPs include extracellular proteins such as other
(pro)proteinases, inhibitors, clotting factors, antimicrobial pep-
tides, and chemotactic and adhesion molecules. In common with
ADAMs(seebelow),MMPsarealso involved inectodomain shed-
ding of growth factors, growth factor-binding proteins, hormones
and hormone receptors, and cytokines and cytokine receptors
from the cell surface (33).
Like other metzincin families, MMPs are mosaic proteins con-

stituted by a series of inserts and domains. These may include an
�20-residue secretory signal peptide, an�80-residue propeptide,
a 160–170-residue zinc- and calcium-dependent catalytic pro-
teinase domain, a linker region, and a 4-fold propeller hemopexin-
like C-terminal domain. Further insertions may include fibronec-
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tin type II-related domains; a collagen typeV-like and vitronectin-
like insertion domain; a cysteine-rich, a proline-rich, and an
interleukin-1 receptor-like domain; an immunoglobulin-like
domain; a glycosylphosphatidylinositol linkage signal; a mem-
brane anchor; and a cytoplasmic tail. Naming of MMPs started
historically with fibroblast collagenase as MMP-1 and has cur-
rently reached MMP-28, with 23 different forms described in
humans (34). Those MMPs encompassing a membrane anchor
gave rise to the membrane-type MMP subfamily (16, 32). Zymo-
genactivationproceeds inMMPsaccording toacysteine switchor
Velcro mechanism. This removes the prodomain and switches
from an inactive state, where the S� atom of a cysteine residue
within a conservedmotif, PRCGVPD, substitutes the catalytic sol-
ventmolecule in the zinc coordination sphere, to the fully accessi-
ble active enzyme (35, 36). MMPs are the structurally most thor-
oughly studied metzincin family, with �120 structures reported
(supplemental Table 1) (37). The mature catalytic domain of
human neutrophil collagenase (MMP-8) (13, 37) has a shallow
active-site cavity, which separates a larger NSD (�120 residues)
from a smaller CSD (�40 amino acids), and generally a deep
hydrophobic S1� pocket. No disulfide bonds are present in the
structure. The N-terminal �-amino group is anchored to the first
of two conserved aspartates imbedded in helix �C. The NSD dis-
plays an S-shaped double loop connecting strands �III and �IV,
which embraces a structural zinc cation and a tightly bound cal-
cium ion. The downstream residues of this segment form a prom-
inentbulge thatprotrudes into theactive-site groove.L�IV�Vand
L�II�III contribute to a second calcium-binding site on top of the
NSD �-sheet (supplemental Fig. 1, A and B). In the CSD, the
MMP-8 chain displays the shortest andmost conserved connect-
ing segment withinmetzincins.
ADAMs/adamalysins/reprolysins split into three subgroups,

the snake venom MPs, the mammalian ADAMs, and the like-
wise mammalian ADAMTSs (38–41). The former are respon-
sible for post-envenomation hemorrhage through digestion of
extracellular matrix components surrounding capillaries,
resulting in tissue necrosis. In turn, ADAMs were originally
described to play a role in fertilization and sperm function in
mammalian reproductive tracts. They are involved in myogen-
esis, development, neurogenesis, differentiation of osteoblastic
cells, cell migration modulation, and muscle fusion. They are
also engaged in human disorders like asthma, cardiac hypertro-
phy, obesity-associated adipogenesis and cachexia, rheumatoid
arthritis, endotoxic shock, inflammation, and Alzheimer dis-
ease. They also have a major role in protein ectodomain shed-
ding as described previously for MMPs. Finally, some family
members lacking the transmembrane domain and harboring
multiple copies of a thrombospondin 1-like repeat and a CUB
domain gave rise to a distinct subfamily of soluble extracellular
proteases, the ADAMTSs (42). These enzymes disable cell
adhesion by binding to integrins. They are also involved in
gonad formation, embryonic development and angiogenesis,
and procollagen activation, as well as in inflammatory pro-
cesses, cartilage (aggrecan) degradation in arthritic diseases,
bleeding disorders, and glioma tumor invasion.
All ADAMs/adamalysins/reprolysins are extracellular mul-

tidomain proteins containing a catalytic zinc- and calcium-de-
pendentMP domain. In addition, they can display a prodomain

and C-terminal disintegrin-like, cysteine-rich, C-type lectin,
epidermal growth factor-like, thrombospondin 1-like, and/or
transmembrane domains, as well as a cytoplasmic domain.
Latency is maintained by the prodomain, and activation is
believed to occur as inMMPs, i.e. by cleavage of the prodomain
according to a cysteine switch-like mechanism (7, 36, 43). The
first catalytic domain structure to be analyzed was that of ada-
malysin II from C. adamanteus snake venom (11). This is a
compact 203-residue molecule of oblate ellipsoidal shape,
notched at the periphery to render a relatively flat substrate-
fixing cleft. This cleft separates a large�150-residueNSD from
a small �50-residue CSD (supplemental Fig. 1A). Both the N
and C termini are surface-located; the former is linked by a salt
bridge to the C-terminal helix �C (7). Adamalysin II deviates
most from the metzincin consensus sequence within the con-
served regular secondary structure elements, especially at
strand �I and helices �A and �C (Fig. 1B). Inserted into the
common scaffold, two additional helices are found within the
NSD. In the CSD, two disulfide bonds cross-link the irregular
connecting segment and attach helix �C to the NSD, respec-
tively. A calcium ion is located on the surface, opposite the
active site and close to the C terminus (supplemental Fig. 1A).
The S1� pocket, characterized by a pronounced bulge segment
L�IV�V, is hydrophobic and deep, reminiscent of someMMPs.
In addition to adamalysin II, a number of snake venom MPs
(ADAM-17, ADAM-33, and ADAMTS-1, -4, and -5) have been
structurally analyzed to date (supplemental Table 1).
Leishmanolysins are cell-surface proteins present in most

trypanosomatid, plasmodiid, and sarcocystid protozoa. They
constitute the major component of the promastigote surface
and are enzymatically active against polypeptide substrates.
They cleave CD4molecules at the surface of human T cells and
protect promastigotes from lysis by complement proteins, sug-
gesting a possible role as a virulence factor. Related sequences
have been found in mammals (here called invadolysin), fruit
flies, thale cress, nematodes, and bacteria (7, 44). The only
structurally analyzed family member is L. major leishmanoly-
sin. It is synthesized as a 602-residue inactive precursor in the
endoplasmic reticulumwith a signal and a 100-residue propep-
tide, which includes a highly conserved cysteine residue poten-
tially acting as a cysteine switch (see above). Activation liberates
a mature MP of �280 residues, followed by an �200-residue
C-terminal domain. A 63-residue insertion domain is observed
between the glycine and the third zinc-binding histidine of the
long consensus motif (supplemental Fig. 1A). The MP domain
is the most asymmetric among metzincins, with a 175-residue
NSDand just an�45-amino acidCSD. ItsN terminus is located
on the back left surface. The NSD is characterized by a �-sheet,
which lacks strand�II (supplemental Fig. 1,A andB), and by the
presence of two unique �40-amino acid inserted flaps, which
account for most of the differences in size from the other pro-
teins of the clan. The NSD is cross-linked by two disulfide
bonds. Preceding strand �IV, a slightly prominent bulge seg-
ment lies on top of the shallow, medium-sized S1� pocket,
which is delimited by the wall-forming segment and the begin-
ning of the active-site helix �B. At the end of the CSD, helix �C
is followed by a segment in an extended conformation, which
runs from left to right across the back surface (14).
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The most recent family to be structurally characterized are the
pappalysins. They were named after human PAPP-A, a heavily
glycosylated 170-kDa multidomain protein specifically cleaving
insulin-like growth factor-binding proteins (45). Proulilysin is a
38-kDaarchaeal protein fromM. acetivorans that shares sequence
similarity with PAPP-A, but it encompasses only the prodomain
and the catalytic domain (15). The proprotein may undergo cys-
teine switch-mediated activation, as suggestedby thepresenceof a
conserved cysteine in the prodomain. Activation occurs autolyti-
cally in thepresenceof calcium.With262 residues,matureulilysin
is the largestMPofallmetzincincatalyticdomains.Asdistinguish-
ing features, it presents in the NSD a loop dividing strand �II into
two substrands (�II and �II�) and a �-ribbon inserted within
L�III�IV that protrudes from the molecular surface and frames
theactive siteon itsprimedside.Thesegmentconnectinghelix�A
with strand�II is the largest amongmetzincins and covers almost
all of the back of the molecule from the NSD to the CSD in a
cape-like fashion and includes two unique �-helices. The glycine
of the zinc-bindingmotif is replaced in ulilysin and a small subset
of pappalysins by an asparagine under slight variation of themain-
chain angles, which do not correspond here to a high-energy con-
formation but to a left-handed �-helix. Overall, the chain trace
flanking this residue is indistinguishable from other metzincins
(supplemental Fig. 1) (7). TheCSD shows two disulfide bonds and
aunique two-calciumsite. This site is amolecular switch for activ-
ity, as the proteinase can be reversibly inhibited through calcium
chelators (15, 20, 21). Finally, in the absence of an unbound struc-
ture, ulilysin may possess a fifth zinc-binding tyrosine ligand pro-
vided by theMet-turn that is swung out upon substrate binding.

Conclusions

The metzincins constitute a clan of ubiquitous MPs present
in all kingdomsof life,which are pivotal for physiology andpathol-
ogy. So far, seven families have been structurally analyzed. The
clan represents a case of divergent evolution fromanurmetzincin,
whichmaynot look very different from the smallestmember, sna-
palysin. Into such a minimal scaffold, evolution has introduced
unique structural elements conserved among each family. Based
on the presence of an extended zinc-binding consensus sequence
pattern, several more families have been suggested to enlarge the
clan, although futurestructural analysiswill be required toconfirm
their ascription. Structural information on each of the seven fam-
ilies may help to elucidate common catalytic and processing
mechanisms and to assign the function of proteins encoded by
newly discovered gene sequences.
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11. Gomis-Rüth, F. X., Kress, L. F., and Bode, W. (1993) EMBO J. 12,
4151–4157

12. Kurisu, G., Kinoshita, T., Sugimoto, A., Nagara, A., Kai, Y., Kasai, N., and
Harada, S. (1997) J. Biochem. (Tokyo) 121, 304–308

13. Bode,W., Reinemer, P., Huber, R., Kleine, T., Schnierer, S., andTschesche,
H. (1994) EMBO J. 13, 1263–1269

14. Schlagenhauf, E., Etges, R., and Metcalf, P. (1998) Structure (Camb.) 6,
1035–1046

15. Tallant, C., García-Castellanos, R., Seco, J., Baumann, U., and Gomis-
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The spindle checkpoint is a cell cycle surveillance system that
ensures the fidelity of chromosome segregation. In mitosis, it
elicits the “wait anaphase” signal to inhibit the anaphase-pro-
moting complex or cyclosome until all chromosomes achieve
bipolar microtubule attachment and align at the metaphase
plate. Because a single kinetochore unattached to microtubules
activates the checkpoint, the wait anaphase signal is thought to
be generated by this kinetochore and is then amplified and dis-
tributed throughout the cell to inhibit the anaphase-promoting
complex/cyclosome. Several spindle checkpoint kinases partic-
ipate in the generation and amplification of this signal. Recent
studies have begun to reveal the activationmechanisms of these
checkpoint kinases. Increasing evidence also indicates that the
checkpoint kinases not only help to generate the wait anaphase
signal but also actively correct kinetochore-microtubule attach-
ment defects.

The Spindle Checkpoint

Faithful segregation of duplicated chromosomes into each
daughter cell is essential for genetic stability. Defects in
chromosome segregation result in aneuploidy, which is a
hallmark of cancer cells. The spindle checkpoint is a cell
cycle surveillance system that monitors kinetochore-micro-
tubule attachment and guards against chromosome misseg-
regation (1, 2). When activated, the spindle checkpoint
inhibits the multisubunit ubiquitin ligase, the APC/C,2
through interfering with the functions of its mitotic activa-
tor, Cdc20 (3, 4). Inhibition of APC/C blocks sister chroma-
tid separation and mitotic exit until all pairs of opposing
sister kinetochores attach to microtubules emanating from
the two opposite spindle poles, referred to as amphitelic
attachment. Once all sister chromatids achieve amphitelic
attachment, the spindle checkpoint is turned off, and APC/C
is activated. APC/C then promotes the degradation of
securin and cyclin B (Fig. 1). Degradation of securin and
cyclin B activates separase, which cleaves cohesin to trigger
separation of sister chromatids. Cyclin B degradation also
inactivates Cdk1 to allow mitotic exit. The separated sister
chromatids are then distributed evenly into the two daughter
cells through their attachment to the mitotic spindle.

The core components of the spindle checkpoint in human
cells include Bub1 (budding uninhibited by benomyl 1), Bub3,
BubR1, Mad1 (mitotic arrest deficiency 1), Mad2, Mps1
(monopolar spindle 1), and the CPC that consists of Aurora B,
INCENP, survivin, and borealin (1, 2). They are recruited to
kinetochores at prometaphase and promote the formation of
the mitotic checkpoint complex, consisting of BubR1, Bub3,
Mad2, and Cdc20, for APC/C inhibition (Fig. 1). A single unat-
tached kinetochore is sufficient to activate the spindle check-
point, suggesting that certain steps of checkpoint signaling
must be catalytic. Indeed, several spindle checkpoint compo-
nents are protein kinases, including Bub1, BubR1, Mps1, and
Aurora B. The kinase activities of Bub1,Mps1, andAurora B are
required for the spindle checkpoint. Recent studies have shed
light on the activation mechanisms of these kinases. It has also
become increasingly clear that, in addition to monitoring kine-
tochore-microtubule attachment, the spindle checkpoint
kinases actively promote proper attachment of microtubules to
kinetochores. The dual functions of these checkpoint kinases
ensure equal partition of sister chromatids during mitosis and
maintain genetic stability.

Activation of the Spindle Checkpoint Kinases by
Kinetochore Recruitment

The kinetochore localization of spindle checkpoint compo-
nents is a prerequisite for checkpoint signaling (Fig. 1). The
recruitment of spindle checkpoint proteins to kinetochores is
hierarchical, i.e. the kinetochore recruitment of some depends
on the prior recruitment of others. Aurora B, Mps1, and Bub1
lie at the top of this hierarchy, whereas BubR1,Mad1, andMad2
lie downstream (5–8). The kinetochore localization of the spin-
dle checkpoint kinases appears to be required for their activa-
tion and function. For instance, chromosome-bound Bub1 is
hyperphosphorylated (9). In addition to the core spindle check-
point kinases such asMps1, Bub1, BubR1, andAurora B, several
other kinases, including Plk1 (polo-like kinase 1),Nek2A,Chk1,
MAPK, and Cdk1, localize to kinetochores (10–15), suggesting
that the kinetochore is a hub for kinase signaling. Recent studies
have begun to delineate the molecular mechanisms by which
these kinases are recruited to and activated at the kinetochores.
A conserved network of kinetochore proteins referred to as

the KMN network is necessary and sufficient for capturing
microtubules in Caenorhabditis elegans (16). The KMN net-
work consists of KNL-1, the Mis12 complex, and the Ndc80
complex. The calponin homology domains of an Ndc80 dimer
(called Hec1 in humans) directly bind tomicrotubules, and this
interaction is regulated by phosphorylation of the N-terminal
domain of Ndc80 by Aurora B (17). KNL-1 has additional
microtubule-binding activities that strengthen microtubule
binding of the KMN network (16).
Several proteins within this network have been implicated in

recruiting spindle checkpoint proteins to kinetochores. The
Ndc80 complex is required for the kinetochore recruitment of
Mps1, Mad1, and Mad2 (18). Recently, Kiyomitsu et al. (19)
showed that the human KNL-1 protein called blinkin was likely

* This minireview will be reprinted in the 2009 Minireview Compendium,
which will be available in January, 2010.
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the direct kinetochore receptor for Bub1 and BubR1. There-
fore, blinkin and the KMN network appear to be the platform
for the docking of Bub1, BubR1, and possibly other spindle
checkpoint kinases at the kinetochore.
Microtubule binding reduces the concentrations of the spin-

dle checkpoint kinases at the kinetochores. A similar set of kin-
etochore proteins, the KMN network, is responsible for both
microtubule capture and recruitment of checkpoint proteins.
Competitive binding of microtubules and spindle checkpoint
proteins to the KMN network thus provides a straightforward
on-and-off switch for the spindle checkpoint (15).
How does kinetochore recruitment activate the checkpoint

kinases? Two recent studies suggest that kinetochore targeting
elevates the local concentrations of these kinases and enhances
their trans-autophosphorylation, leading to their activation.
The first study by Kelly et al. (20) dealt with the activation
mechanism of Aurora B. Aurora B had been shown to be acti-
vated by autophosphorylation at Thr232 in its activation loop
and by phosphorylation of theC-terminal TSSmotif in its bind-
ing partner INCENP (21–23). Kelly et al. showed that the
microtubule-destabilizing protein Op18 underwent Aurora B-
dependent hyperphosphorylation after the addition of sperm
nuclei or purified centrosomes in Xenopus egg extracts. When
antibodies against the CPCwere included in the extracts, Op18
was hyperphosphorylated without chromosomes or centro-
somes. Antibody addition also increased the phosphorylation
of the TSS motif of INCENP. These results suggested that
induced dimerization of the CPC through antibody binding
activated Aurora B. The results of Kelly et al. further suggested

that the kinetochore and chromosome localization of CPC
might enhance the autophosphorylation and activation of
Aurora B because of its high local concentration and clustering
at these structures.
In the second study, Kang et al. (24) showed that activation of

Mps1 also involved trans-autophosphorylation of its activation
loop. Mattison et al. (25) first reported that autophosphoryla-
tion of Thr676 in the activation loop of human Mps1 was
required for its kinase activity in vitro and for the ability of
Mps1 to induce centrosome duplication in human cells. Kang
et al. (24) further showed that Mps1 Thr676 phosphorylation
occurred in vivo and was elevated during mitosis. Ectopic
expression of theMps1T676Amutant failed to sustain nocoda-
zole-induced mitotic arrest of HeLa cells that were depleted of
endogenous Mps1 by RNAi. Autophosphorylation of Mps1 at
Thr676 could occur in trans, and chemical-induced dimeriza-
tion of Mps1 increased its kinase activity in cells. These results
suggested that the kinetochore localization and clustering of
Mps1might promote its trans-autophosphorylation, leading to
its activation.
The proposed mechanism of chromosome- or kinetochore-

induced clustering and activation of Aurora B andMps1 is rem-
iniscent of the ligand-induceddimerization of receptor tyrosine
kinases (26). Future studies are needed to test whether this
mechanism indeed accounts for the activation of spindle check-
point kinases by unattached kinetochores in living cells. A
recent study by Xu et al. (27) also uncovered a role of Mps1
autophosphorylation in its kinetochore targeting, suggesting
the existence of a positive feedback loop for Mps1 kinetochore
targeting and activation. Finally, the MAPK pathway mediates
phosphorylation of a conserved residue in the Mps1 kinase
domain. This phosphorylation event is required for the kineto-
chore localization of Mps1 (6, 27, 28).

Regulation of Spindle Checkpoint Kinases by Binding of
Cofactors

In addition to the activation loop phosphorylation, several
spindle checkpoint kinases can be activated through the bind-
ing of cofactors (Fig. 1). Rosasco-Nitcher et al. (29) recently
showed that TD-60 (telophase disc-60kD) and microtubules
cooperatively stimulated the Aurora B kinase activity in vitro
and in Xenopus egg extracts. Preincubation of Aurora B with
unphosphorylated substrates such as the histone H3 N-termi-
nal tail prevented the autophosphorylation and activation of
Aurora B. Prior phosphorylation of H3 Thr3 by the kinase
haspin eliminated this inhibitory function of the H3 tail.
Because haspin-dependent phosphorylation ofH3 occurs at the
centromeres (30), Rosasco-Nitcher et al. (29) proposed that
priming phosphorylation of H3 Thr3 by haspin at the centro-
meres might establish a chromatin domain permissible for
Aurora B activation. Therefore, Aurora B is regulated at several
levels by binding of cofactors (including INCENP, TD-60, and
microtubules), by autophosphorylation, and by priming phos-
phorylation on substrates.
Another example of kinase activation by cofactor binding is

BubR1 activation by CENP-E, a kinetochore-boundmotor pro-
tein (Fig. 1). BubR1 binds directly to Cdc20 and inhibits APC/C
by acting as a pseudo-substrate (31–33). Inhibition of APC/C

FIGURE 1. Activation mechanisms of the spindle checkpoint kinases at
the kinetochores. The spindle checkpoint kinases are recruited to kineto-
chores in a hierarchical fashion. Kinetochore binding activates these kinases
through multiple mechanisms, including phosphorylation of cofactors and
activation loops and binding of cofactors. The active kinases then phospho-
rylate downstream checkpoint components and promote the formation of
the mitotic checkpoint complex (MCC), which inhibits APC/C. APC/C inhibi-
tion stabilizes its substrates, securin and cyclin B, which block anaphase onset
and mitotic exit. MT, microtubules.
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by BubR1 does not require the kinase activity of BubR1 (34).
The BubR1 kinase activity is nevertheless required for the
maintenance of the spindle checkpoint in mammalian cells in
the presence of spindle poisons (33). Furthermore, Mao et al.
(35) showed that a kinase-inactive mutant of BubR1 failed to
restore the checkpoint in Xenopus extracts with BubR1 com-
pletely depleted. They proposed that BubR1 had two independ-
ent functions in the spindle checkpoint: 1) inhibition of APC/C
in a kinase-independentmanner and 2) phosphorylation of uni-
dentified targets catalytically to activate the spindle checkpoint.
They further showed that CENP-E was required for the spindle
checkpoint and for the kinase activity of BubR1 in Xenopus egg
extracts. CENP-E directly bound to the kinase domain of
BubR1, and this binding greatly enhanced the kinase activity of
BubR1 in vitro. Addition of microtubules silenced the activa-
tion of BubR1 by CENP-E in vitro (36), suggesting that kineto-
chore-microtubule attachmentmight inactivate BubR1 and the
spindle checkpoint. Therefore, CENP-E was proposed to link
kinetochore-microtubule attachment to spindle checkpoint
inactivation. The mechanism by which CENP-E activates
BubR1 remains to be established.
Themitotic kinase Plk1 regulatesmultiple processes inmito-

sis, including mitotic entry, spindle assembly, chromosome
alignment, cytokinesis, and the spindle checkpoint (37). Plk1 is
inactive during interphase partly because of autoinhibition, i.e.
the C-terminal polo-box domain of Plk1 binds to and inhibits
its N-terminal kinase domain (38). During mitosis, this inhibi-
tion is relieved by Thr210 phosphorylation in its activation loop.
Plk1 is recruited to kinetochores through its interactions with
Bub1 and INCENP (39, 40). It then generates tension-sensitive
3F3 epitopes on BubR1 and facilitates the kinetochore localiza-
tion of BubR1, Mad2, and Cdc20 (41). Two recent studies pro-
vided additional insights into the activationmechanismof Plk1,
which required the binding of a cofactor calledBora andAurora
A-dependent phosphorylation of Thr210 in the activation loop
of Plk1 (42, 43). These two studies established Aurora A as an
upstream activating kinase for Plk1 and, along with other
results, suggested the followingmodel for Plk1 activation at the
G2/M transition. In this model, Bora binds to Plk1 and causes a
conformational change of Plk1 to expose Thr210, which is then
recognized and phosphorylated byAuroraA to activate Plk1. In
mitosis, Bora is phosphorylated by Plk1 and degraded, which
allows the polo-box domain of Plk1 to interact with its mitotic
substrates that have undergone priming phosphorylation. In
this way, Plk1 is recruited to kinetochores and other cellular
structures and efficiently phosphorylates multiple mitotic
regulators.

Promoting Proper Kinetochore-Microtubule Attachment
by Spindle Checkpoint Kinases

In addition to sensing the lack of proper kinetochore-micro-
tubule attachment and blocking anaphase onset, several spindle
checkpoint kinases, including Aurora B, Bub1, BubR1, Mps1,
andNek2A, directly promote correct kinetochore-microtubule
attachment and actively participate in the correction of spindle
defects (Fig. 2). The dual functions of these spindle checkpoint
kinases in error detection and error correction are reminiscent

of the DNA damage checkpoint kinases, which participate in
both DNA damage sensing and repair (44).
Chromosome alignment is coordinately regulated by several

classes of microtubule-basedmotors and bymicrotubule-bind-
ing proteins that control microtubule dynamics (45). Upon
entry into mitosis, microtubules that originate from centro-
somes search and capture the kinetochores of sister chroma-
tids. The kinetochores initially attach to the side of a microtu-
bule and move toward the pole from which the microtubule
originates through molecular motors. During transport to the
pole, this lateral attachment is converted to end-on attachment.
Chromosome congression to the metaphase plate is then
achieved through amphitelic kinetochore-microtubule attach-
ment. Recent studies indicate that the spindle checkpoint
kinases are required for chromosome alignment and promote
stable amphitelic kinetochore-microtubule attachment.
Stabilizing Microtubule Attachment by BubR1—Lampson

and Kapoor (46) first discovered a role of BubR1 in stabilizing
kinetochore-microtubule attachment and in chromosome
alignment (Fig. 2). They treated human cells with the protea-
some inhibitor MG132 for 2 h to block cells at metaphase and
then examined the presence of chromosome misalignment in
these cells. About 30% of the BubR1-depleted cells contained
misaligned kinetochores, whereas few of the Mad2-depleted
cells did, suggesting that BubR1 had a checkpoint-independent
role in chromosome alignment. Themisaligned kinetochores in

FIGURE 2. Dual functions of the spindle checkpoint kinases in sensing and
correcting improper kinetochore-microtubule attachments. The spindle
checkpoint kinases, including Aurora B, Bub1, BubR1, and Mps1, sense the
existence of erroneous kinetochore-microtubule attachments and block the
onset of anaphase. These kinases also actively promote proper kinetochore-
microtubule attachment. The KMN network of kinetochore proteins serves as
a receptor for both microtubules (MT) and checkpoint kinases. Competition
between microtubules and checkpoint proteins for binding to the KMN net-
work provides a simple on-and-off switch for checkpoint signaling. MCC,
mitotic checkpoint complex.
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BubR1-depleted cells were detached from microtubules and
had elevatedCENP-Aphosphorylation, whichwas indicative of
increased Aurora B activity. Several studies have established
that Aurora B corrects improper kinetochore-microtubule
attachment by selectively disassembling the kinetochore-mi-
crotubule fibers. Consistently, inhibition of Aurora B partially
rescued the alignment defect of BubR1-depleted cells. There-
fore, BubR1 stabilizes kinetochore-microtubule attachment in
part by restraining the activities of Aurora B at kinetochores.
BubR1 also directly contributes to stable kinetochore-micro-

tubule attachment. Zhang et al. (47) showed that the kinase
activity of BubR1 was required for chromosome alignment in
Xenopus egg extracts. The APC tumor suppressor protein and
EB1, a microtubule plus-end-binding protein and a binding
partner of APC, appeared to be the targets of BubR1 in this
process. APC colocalized with BubR1 at the kinetochores. APC
depletion caused similar chromosome alignment defects com-
pared with BubR1 depletion. BubR1 phosphorylated APC in
vitro, and this phosphorylation was required for the recruit-
ment ofAPC to kinetochores. BubR1 andAPC formed a ternary
complex with microtubules in vitro. These results suggest that
BubR1 recruits the APC-EB1 complex to kinetochores, thereby
facilitating stable kinetochore-microtubule attachment. The
current evidence therefore suggests that BubR1 stabilizes kin-
etochore-microtubule attachment in two ways: counteracting
Aurora B activity and recruiting APC-EB1. It remains to be
determined whether these two mechanisms are coordinated.
How is the function of BubR1 in chromosome alignment

regulated? Qi et al. (39) first reported an interaction between
BubR1 and Plk1 in mitosis. Several subsequent studies then
showed that BubR1 was a substrate of Plk1 in vivo and in vitro
(41, 48, 49). Two of these studies further showed that phospho-
rylation of BubR1 by Plk1 regulated the function of BubR1 in
chromosome alignment (48, 49). In particular, Matsumura et
al. (48) showed that Plk1 phosphorylated two sites in the kinase
domain of BubR1. A BubR1 mutant mimicking phosphoryla-
tion at these sites rescued the chromosome alignment defects
of cells depleted of both Plk1 and BubR1. The kinase-dead ver-
sion of the same phospho-mimicking BubR1 mutant did not
rescue the defects of BubR1 and Plk1 co-depletion. These
results suggest that Plk1 phosphorylates BubR1 and stimulates
its kinase activity, which then phosphorylates downstream tar-
gets such as APC to promote chromosome alignment. Very
recently, BubR1 was shown to be phosphorylated byMps1, and
someof these phosphorylation eventswere also essential for the
establishment of proper kinetochore-microtubule attachment
(50).
The mitotic kinase Nek2A also plays a role in kinetochore-

microtubule attachment (51). It directly phosphorylates Hec1
(a subunit of the Ndc80 complex), enhances the microtubule-
binding affinity of Ndc80, and stabilizes the correct kineto-
chore-microtubule attachment in human cells.
Conversion from Side-on Attachment to End-on Attachment

by Bub1—Establishing stable amphitelic kinetochore-microtu-
bule attachment is critical for chromosome alignment at met-
aphase. Taylor and co-workers (52) first showed that depletion
of Bub1 by RNAi in human cells greatly increased the percent-
age of cells withmisaligned chromosomes at metaphase, impli-

cating a role of Bub1 in chromosome congression. Meraldi and
Sorger (53) also reported that Bub1 functions in chromosome
congression. In their study, HeLa cells were treated with the
proteasome inhibitor MG132 to block them at metaphase.
About 60% of Bub1 RNAi cells at metaphase showed chromo-
some congression errors. The kinetochores of unaligned chro-
mosomes exhibited side-on microtubule attachment. The
interkinetochore distance of unaligned chromosomes was 1
�m compared with 2 �m in aligned ones, indicating reduced
tension between the unaligned sister kinetochores. These
results support a role of Bub1 in promoting the correct kineto-
chore-microtubule attachment.
Logarinho et al. (54) confirmed and extended these results.

They showed that 10–30% of cells depleted of Bub1, Bub3, and
BubR1 at metaphase had more than four misaligned chromo-
somes. The misaligned chromosomes in Bub3-depleted cells
exhibited side-on microtubule attachment, as observed in
Bub1-depleted cells. Inhibition of Aurora B further increased
the chromosome alignment defects in Bub1- or Bub3-depleted
cells, suggesting that the microtubule attachment defects
caused by Bub1 or Bub3 depletion were corrected by Aurora B.
The prevalence of side-on microtubule attachment in Bub1-

or Bub3-depleted cells suggests that the Bub1-Bub3 complex
promotes the conversion of side-on attachment to end-on
attachment. The mechanism by which Bub1-Bub3 accom-
plishes this task is unknown. Bub1-Bub3 regulates multiple
mitotic processes such as protecting centromeric cohesion
through shugoshin (Sgo1) and recruiting CENP-E and BubR1
to kinetochores (52, 55). It will be important to determine
whether Bub1-Bub3 directly contributes to chromosome align-
ment or indirectly through Sgo1, CENP-E, or BubR1.
Severing FaultyMicrotubule Attachment—Aurora B has long

been known to sever erroneous kinetochore-microtubule
attachment (56). Two recent studies have established a role of
Mps1 in this process through activating Aurora B. Tanaka
and co-workers (57) showed that, similar to Aurora B, Mps1
promoted chromosome bi-orientation in budding yeast.
This study failed, however, to reveal a cross-talk between
Mps1 and Aurora B.
In the second study, Kops and co-workers (58) showed that

the role of Mps1 in chromosome alignment was conserved in
human cells.Manymisaligned chromosomes inMps1-depleted
cells were adjacent to the centrosomes and exhibited no local-
ization of CLIP-170 at their kinetochores, indicative of syntelic
kinetochore-microtubule attachment. Unlike in budding yeast,
Mps1 acted upstream of Aurora B in correcting faulty kineto-
chore-microtubule attachment. In Mps1-depleted cells, the
Aurora B activity at the kinetochores was weaker as judged by
CENP-A phosphorylation. Mps1 phosphorylated borealin, a
CPC subunit, and activated the kinase activity of Aurora B in
vitro. A phospho-mimicking mutant of borealin rescued the
chromosome alignment defects caused by Mps1 depletion but
not those caused by BubR1 or Plk1 depletion, indicating that
borealin was the major target of Mps1 in chromosome align-
ment. Therefore, Mps1 corrects syntelic kinetochore-microtu-
bule attachment through phosphorylating borealin and activat-
ing Aurora B at the kinetochores.
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Concluding Remarks

The spindle checkpoint ensures the accuracy of chromo-
some segregation and genetic stability.Malfunction of the spin-
dle checkpoint leads to aneuploidy, which contributes to cancer
and birth defects (59). Recent studies have revealed three gen-
eral features of the spindle checkpoint. First, similar to theDNA
damage checkpoint, the spindle checkpoint not only halts the
cell cycle by sensing defects in kinetochore-microtubule
attachment but also actively promotes the correction of these
defects. Second, the spindle checkpoint kinases can be activated
bymultiplemechanisms at the kinetochores and play vital roles
in both processes. Finally, microtubules and the spindle check-
point proteins share the same receptors at the kinetochores.
Competition between microtubule and spindle checkpoint
proteins for binding to these receptors provides a simple on-
and-off switch for checkpoint signaling.

REFERENCES
1. Bharadwaj, R., and Yu, H. (2004) Oncogene 23, 2016–2027
2. Musacchio, A., and Salmon, E. D. (2007) Nat. Rev. Mol. Cell Biol. 8,

379–393
3. Yu, H. (2002) Curr. Opin. Cell Biol. 14, 706–714
4. Yu, H. (2007)Mol. Cell 27, 3–16
5. Vigneron, S., Prieto, S., Bernis, C., Labbe, J. C., Castro, A., and Lorca, T.

(2004)Mol. Biol. Cell 15, 4584–4596
6. Boyarchuk, Y., Salic, A., Dasso, M., and Arnaoutov, A. (2007) J. Cell Biol.

176, 919–928
7. Emanuele, M. J., Lan, W., Jwa, M., Miller, S. A., Chan, C. S., and Stuken-

berg, P. T. (2008) J. Cell Biol. 181, 241–254
8. Liu, S. T., Rattner, J. B., Jablonski, S. A., and Yen, T. J. (2006) J. Cell Biol.

175, 41–53
9. Chen, R. H. (2004) EMBO J. 23, 3113–3121
10. Arnaud, L., Pines, J., and Nigg, E. A. (1998) Chromosoma (Berl.) 107,

424–429
11. Lou, Y., Yao, J., Zereshki, A., Dou, Z., Ahmed, K., Wang, H., Hu, J., Wang,

Y., and Yao, X. (2004) J. Biol. Chem. 279, 20049–20057
12. Shapiro, P. S., Vaisberg, E., Hunt, A. J., Tolwinski, N. S., Whalen, A. M.,

McIntosh, J. R., and Ahn, N. G. (1998) J. Cell Biol. 142, 1533–1545
13. Zachos, G., Black, E. J., Walker, M., Scott, M. T., Vagnarelli, P., Earnshaw,

W. C., and Gillespie, D. A. (2007) Dev. Cell 12, 247–260
14. Bentley, A. M., Normand, G., Hoyt, J., and King, R. W. (2007) Mol. Biol.

Cell 18, 4847–4858
15. Burke, D. J., and Stukenberg, P. T. (2008) Dev. Cell 14, 474–479
16. Cheeseman, I. M., Chappie, J. S., Wilson-Kubalek, E. M., and Desai, A.

(2006) Cell 127, 983–997
17. DeLuca, J. G., Gall, W. E., Ciferri, C., Cimini, D., Musacchio, A., and

Salmon, E. D. (2006) Cell 127, 969–982
18. Martin-Lluesma, S., Stucke, V. M., and Nigg, E. A. (2002) Science 297,

2267–2270
19. Kiyomitsu, T., Obuse, C., and Yanagida, M. (2007) Dev. Cell 13, 663–676
20. Kelly, A. E., Sampath, S. C., Maniar, T. A., Woo, E. M., Chait, B. T., and

Funabiki, H. (2007) Dev. Cell 12, 31–43
21. Yasui, Y., Urano, T., Kawajiri, A., Nagata, K., Tatsuka, M., Saya, H., Fu-

rukawa, K., Takahashi, T., Izawa, I., and Inagaki, M. (2004) J. Biol. Chem.
279, 12997–13003

22. Honda, R., Korner, R., andNigg, E. A. (2003)Mol. Biol. Cell 14, 3325–3341
23. Kang, J., Cheeseman, I. M., Kallstrom, G., Velmurugan, S., Barnes, G., and

Chan, C. S. (2001) J. Cell Biol. 155, 763–774
24. Kang, J., Chen, Y., Zhao, Y., and Yu, H. (2007) Proc. Natl. Acad. Sci. U. S. A.

104, 20232–20237
25. Mattison, C. P.,Old,W.M., Steiner, E., Huneycutt, B. J., Resing, K.A., Ahn,

N. G., and Winey, M. (2007) J. Biol. Chem. 282, 30553–30561
26. Schlessinger, J. (2000) Cell 103, 211–225
27. Xu, Q., Zhu, S., Wang,W., Zhang, X., Old,W., Ahn, N., and Liu, X. (2009)

Mol. Biol. Cell 20, 10–20
28. Zhao, Y., and Chen, R. H. (2006) Curr. Biol. 16, 1764–1769
29. Rosasco-Nitcher, S. E., Lan,W., Khorasanizadeh, S., and Stukenberg, P. T.

(2008) Science 319, 469–472
30. Dai, J., Sullivan, B. A., and Higgins, J. M. (2006) Dev. Cell 11, 741–750
31. King, E.M., van der Sar, S. J., andHardwick, K.G. (2007) PLoSONE 2, e342
32. Burton, J. L., and Solomon, M. J. (2007) Genes Dev. 21, 655–667
33. Malureanu, L. A., Jeganathan, K. B., Hamada, M., Wasilewski, L., Daven-

port, J., and van Deursen, J. M. (2009) Dev. Cell 16, 118–131
34. Tang, Z., Bharadwaj, R., Li, B., and Yu, H. (2001) Dev. Cell 1, 227–237
35. Mao, Y., Abrieu, A., and Cleveland, D. W. (2003) Cell 114, 87–98
36. Mao, Y., Desai, A., and Cleveland, D. W. (2005) J. Cell Biol. 170, 873–880
37. Petronczki, M., Lenart, P., and Peters, J. M. (2008) Dev. Cell 14, 646–659
38. Jang, Y. J., Lin, C. Y., Ma, S., and Erikson, R. L. (2002) Proc. Natl. Acad. Sci.

U. S. A. 99, 1984–1989
39. Qi, W., Tang, Z., and Yu, H. (2006)Mol. Biol. Cell 17, 3705–3716
40. Goto, H., Kiyono, T., Tomono, Y., Kawajiri, A., Urano, T., Furukawa, K.,

Nigg, E. A., and Inagaki, M. (2006) Nat. Cell Biol. 8, 180–187
41. Wong, O. K., and Fang, G. (2007) J. Cell Biol. 179, 611–617
42. Macurek, L., Lindqvist, A., Lim, D., Lampson, M. A., Klompmaker, R.,

Freire, R., Clouin, C., Taylor, S. S., Yaffe, M. B., andMedema, R. H. (2008)
Nature 455, 119–123

43. Seki, A., Coppinger, J. A., Jang, C. Y., Yates, J. R., and Fang, G. (2008)
Science 320, 1655–1658

44. Rouse, J., and Jackson, S. P. (2002) Science 297, 547–551
45. Tanaka, T. U., and Desai, A. (2008) Curr. Opin. Cell Biol. 20, 53–63
46. Lampson, M. A., and Kapoor, T. M. (2005) Nat. Cell Biol. 7, 93–98
47. Zhang, J., Ahmad, S., and Mao, Y. (2007) J. Cell Biol. 178, 773–784
48. Matsumura, S., Toyoshima, F., and Nishida, E. (2007) J. Biol. Chem. 282,

15217–15227
49. Elowe, S., Hummer, S., Uldschmid, A., Li, X., and Nigg, E. A. (2007)Genes

Dev. 21, 2205–2219
50. Huang, H., Hittle, J., Zappacosta, F., Annan, R. S., Hershko, A., and Yen,

T. J. (2008) J. Cell Biol. 183, 667–680
51. Du, J., Cai, X., Yao, J., Ding, X., Wu, Q., Pei, S., Jiang, K., Zhang, Y., Wang,

W., Shi, Y., Lai, Y., Shen, J., Teng, M., Huang, H., Fei, Q., Reddy, E. S., Zhu,
J., Jin, C., and Yao, X. (2008) Oncogene 27, 4107–4114

52. Johnson, V. L., Scott, M. I., Holt, S. V., Hussein, D., and Taylor, S. S. (2004)
J. Cell Sci. 117, 1577–1589

53. Meraldi, P., and Sorger, P. K. (2005) EMBO J. 24, 1621–1633
54. Logarinho, E., Resende, T., Torres, C., and Bousbaa, H. (2008) Mol. Biol.

Cell 19, 1798–1813
55. Tang, Z., Sun, Y., Harley, S. E., Zou, H., and Yu, H. (2004) Proc. Natl. Acad.

Sci. U. S. A. 101, 18012–18017
56. Tanaka, T. U., Rachidi, N., Janke, C., Pereira, G., Galova, M., Schiebel, E.,

Stark, M. J., and Nasmyth, K. (2002) Cell 108, 317–329
57. Maure, J. F., Kitamura, E., and Tanaka, T. U. (2007) Curr. Biol. 17,

2175–2182
58. Jelluma, N., Brenkman, A. B., van den Broek, N. J., Cruijsen, C. W., van

Osch, M. H., Lens, S. M., Medema, R. H., and Kops, G. J. (2008) Cell 132,
233–246

59. Kops, G. J.,Weaver, B. A., and Cleveland, D.W. (2005)Nat. Rev. Cancer 5,
773–785

MINIREVIEW: Kinase Signaling in the Spindle Checkpoint

JUNE 5, 2009 • VOLUME 284 • NUMBER 23 JOURNAL OF BIOLOGICAL CHEMISTRY 15363



Chromosome End Maintenance
by Telomerase*
Published, JBC Papers in Press, March 12, 2009, DOI 10.1074/jbc.R900011200

Jennifer L. Osterhage‡ and Katherine L. Friedman§1

From the ‡Department of Biology, Hanover College, Hanover, Indiana 47243
and the §Department of Biological Sciences, Vanderbilt University,
Nashville, Tennessee 37235

Telomeres, protein-DNA complexes at the ends of eukaryotic
linear chromosomes, are essential for genome stability. The
accumulation of chromosomal abnormalities in the absence of
proper telomere function is implicated inhumanagingandcancer.
Repetitive telomeric sequences are maintained by telomerase, a
ribonucleoprotein complexcontaininga reverse transcriptase sub-
unit, a template RNA, and accessory components. Telomere elon-
gation is regulated at multiple levels, including assembly of the
telomeraseholoenzyme, recruitmentof telomerase to the chromo-
some terminus, and telomere accessibility. This minireview pro-
vides anoverviewof telomerase structure, function, and regulation
and the role of telomerase in human disease.

The ends of linear eukaryotic chromosomes, telomeres, are
highly specialized structures essential for genome stability. The
telomere was recognized to be critical for chromosome func-
tion�70 years ago in independent studies byHermanMuller in
Drosophila melanogaster and BarbaraMcClintock in Zeamays
(1). In 1938, Muller wrote that telomeres “must have a special
function, that of sealing the end of the chromosome” (2). We
now know that this “seal” is provided by the interaction of
numerous proteins with a specialized DNA sequence at chro-
mosome ends. This cap distinguishes normal chromosome ter-
mini from broken DNA ends. Erosion of telomeric DNA or
disruption of telomere-binding proteins “uncaps” the end, lead-
ing to nucleolytic resection and/or fusion with another
telomere or broken DNA end.

Telomere Structure and Replication

Telomeres are composed of double-stranded repeat
sequences and a short single-stranded G-rich 3�-overhang (the
G-tail). Human telomeres contain repeats of sequence
CCCTAA/TTAGGG that vary from 2 to 50 kilobase pairs and a
G-tail of 100–250 bases detected throughout the cell cycle. In
the budding yeast Saccharomyces cerevisiae, telomeres are
shorter (250–350 bp) and heterogeneous in sequence (C1–3A/
TG1–3). A 10–15-nucleotide G-tail increases in length to
50–100 bases in late S phase (3).
Proteins that specifically interact with either the double- or

single-stranded portions of the telomere recruit additional pro-
teins to the chromosome end, nucleating formation of a spe-

cialized higher order complex (reviewed in Ref. 4). In mamma-
lian cells, the G-tails invade the duplex portion of the telomere
to form a t-loop structure (5). A six-subunit complex consisting
of TRF1, TRF2, TIN2, Rap1, TPP1, and POT1, termed shel-
terin, is responsible for formation of the t-loop and protection
of telomeres (4, 6).
The complete replication of linear DNA molecules is prob-

lematic for the eukaryotic DNA replication machinery. This
“end replication problem,” originally proposed by James
Watson (7) and Alexey Olovnikov (8) in the early 1970s, poses
that removal of the terminal RNA primer on the lagging strand
leaves an unreplicated gap, resulting in loss of terminal
sequences. The discovery that chromosome termini have a
3�-overhang requires re-examination of this problem. Because
the longer, G-rich strand is the template for discontinuous rep-
lication, removal of the RNA primer should recreate a G-tail,
although the observation that most C-rich strands end in the
same terminal nucleotide suggests that some additional proc-
essing does occur (9). On the shorter leading strand, replication
to the extreme terminus creates a blunt-ended molecule that
must be processed to create a single-stranded overhang struc-
ture, resulting in net sequence loss (Fig. 1A) (see Ref. 10). Proc-
essing of both strands is tightly regulated, but the final overhang
length and sequence vary among yeast, ciliates, and humans (9),
suggesting mechanistic differences.

Telomerase: A Reverse Transcriptase with an Intrinsic
RNA Template

Given the loss of essential genetic information predicted by
the end replication problem, eukaryotic cells require a mecha-
nism tomaintain telomeres. A series of biochemical and genetic
experiments performed in the 1980s identified and character-
ized this evolutionarily conserved mechanism: the enzyme
telomerase.
Biochemical and Genetic Approaches to Identify Telomerase

Components—Pioneering studies demonstrating that linear
DNAmolecules capped with Tetrahymena telomeres were sta-
ble in yeast and acquired the characteristic yeast heterogeneous
telomeric repeat first suggested the existence of a telomere main-
tenance enzyme (1). In 1985, Carol Greider and Elizabeth Black-
burn reported the discovery of an activity inTetrahymenanuclear
extracts capable of elongating a synthetic telomeric (TTGGGG)4
oligonucleotide (11). They named this enzyme “telomere terminal
transferase,” later shortened to “telomerase.”
Treatment with RNase inactivated telomerase, suggesting

that an RNA molecule provided the template for nucleotide
addition (12). When the gene encoding the RNA was cloned in
1989, the presence of sequence CAACCCCAA (complemen-
tary to theTetrahymena telomeric repeat) provided evidence of
this mechanism (13). The catalytic protein component was
identified through a convergence of biochemistry and genetics.
Joachim Lingner and Thomas Cech identified two proteins
(p123 and p43) that copurified with the ciliate telomerase RNA
(14). At nearly the same time, a yeast genetic screen performed
by Victoria Lundblad’s group yielded several genes that caused

* This is the first article in the thematic minireview series on RNA Molecular
Machines. This minireview will be reprinted in the 2009 Minireview Com-
pendium, which will be available in January, 2010.

1 To whom correspondence should be addressed. E-mail: katherine.friedman@
vanderbilt.edu.
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an EST (ever-shorter telomere) phenotype when mutated (15).
Cloning of EST2 and p123 revealed homologous proteins with
motifs similar to known RTs2 (16). One year later, the catalytic
subunit was identified in humans (hTERT) by multiple groups
(see Ref. 17).
In thewake of these groundbreaking experiments, the telom-

erase field has expanded rapidly, with the identification of

telomerase in many organisms, including plants (18). Here, we
draw from examples in mammals, ciliates, and yeast, highlight-
ing those organisms in which telomerase function and regula-
tion are best understood.
Mechanism of Telomerase Action—Even though the catalytic

protein had not yet been identified, the general model of telom-
erase action originally proposed by Greider and Blackburn in
1989 (13) was remarkably accurate. Telomerase utilizes an
intrinsic RNA molecule (TER) as the template for nucleotide
addition to the chromosome terminus by a catalytic RT (TERT)
(Fig. 1B). Complementarity between the chromosome termi-
nus and the telomerase RNA facilitates alignment of the DNA
terminus adjacent to a short RNA template sequence. After
reverse transcription of the template, repeated cycles of align-
ment and extension endow telomeres with their characteristic
G-rich repeat arrays. The ability of telomerase to mediate a
single round of synthesis is described as nucleotide addition
processivity, whereas realignment of the same enzyme for a
second round of addition is described as repeat addition pro-
cessivity (Fig. 1B) (19). After telomerase-mediated extension of
the 3�-end, the lagging-strand synthesis machinery fills in the
opposite strand.
Catalytic Protein Subunit of Telomerase—Significant effort

has been invested to understand the structure and function of
TERT, homologs of which have been identified from a large
number of organisms. With few exceptions, these homologs
share a common domain structure (Fig. 1C) (see Ref. 19). The
central region of TERT contains homology to other RTs,
including seven canonical motifs that contribute to catalytic
activity (17). Like other polymerases, TERT contains a triad of
absolutely conserved aspartic acid residues thought to be essen-
tial formetal binding and enzyme chemistry,mutation ofwhich
destroysTERT catalytic activity (16). A recently published crys-
tal structure of TERT from the beetle Tribolium castaneum
reveals the right-handed “fingers, palm, and thumb” domain
structure characteristic of all nucleic acid polymerases (20).
The fingers and palm are contributed by the highly conserved
RTmotifs, whereas the less conserved region C-terminal to the
RT domain (the CTE) forms the thumb. Yeast TERT from
which the CTE has been deleted maintains short but stable
telomeres in vivo (although enzyme processivity is reduced in
vitro), and Caenorhabditis elegans TERT lacks this domain
entirely (19). In contrast, some mutations in the hTERT CTE
impair telomere maintenance while retaining catalytic activity,
suggesting that this domain may have a telomere maintenance
role distinct from enzymatic function (19).
The region of TERT located N-terminal to the RT domain

contributes to properties unique to telomerase, including asso-
ciation with the intrinsic RNA template, binding of additional
protein components, andmodulation of processivity. Sequence
alignments and mutagenesis have identified several function-
ally important N-terminal regions termed GQ, CP, QFP, and T
(Fig. 1C) (see Ref. 19 for alternative nomenclature). The CP,
QFP, and T regions contribute to high affinity interactions with
the telomerase RNA.ThemostN-terminal region (GQ;RID1 in
hTERT) displays low affinity RNA interactions but may also
mediate association with other telomerase components (e.g.
Est3 in S. cerevisiae) and provide an “anchor site” at which

2 The abbreviations used are: RT, reverse transcriptase; hTERT, human telom-
erase reverse transcriptase; TER, telomerase RNA; CTE, C-terminal exten-
sion; RNP, ribonucleoprotein; hTR, human telomerase RNA; TEN domain,
telomerase essential N-terminal domain; ALT, alternative lengthening of
telomeres.

A.

B.

C.

FIGURE 1. The end replication problem and telomerase. A, end replication
problem. Replication of a telomere containing a 3�-overhang on the lagging-
strand template (dark blue) and a recessed 5� terminus on the leading-strand
template (red) is diagrammed. The RNA primer is depicted as a dotted line.
B, general model of telomerase function. The template of the telomerase RNA
(CA-rich sequence; shown from Tetrahymena) is complementary to the 3�-ter-
minal overhang. TERT protein (blue oval) adds nucleotides (red) until the tem-
plate boundary is reached. Translocation and repositioning of the 3� terminus
allow addition of a second repeat (green). C, generalized domain structure of
TERT. Conserved aspartic acid residues (D) necessary for catalysis are indi-
cated. The N terminus contains regions that confer high affinity (green) and
low affinity (blue) RNA binding. For details, see Ref. 19.
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telomerase associates with the DNA primer (19). Such protein/
DNA contact may facilitate repeat addition processivity by
allowing telomerase to remain associated with the telomere
while repositioning the 3�-DNA terminus within the active site.
A crystal structure of the most N-terminal structural domain
(TEN domain) containing the GQ motif of Tetrahymena ther-
mophila revealed a putative primer-binding surface and iden-
tified residues contributing to DNA interaction (21). This
domain is lacking in T. castaneum TERT (20), so the structural
relationship of the TEN domain to the catalytic domain is
unknown.
Telomerase RNA Component—The RNA component of

telomerase (TER) has been cloned from many different orga-
nisms and shows great variability in length, sequence, and
structure (22). In common between all TERs is a short template
sequence located on an unpaired region of the RNA and com-
plementary to the telomeric repeat. In contrast to other RTs,
reverse transcription is constrained to this short template. In
both human and yeast TERs, a stem-loop structure prevents
telomerase extension past the end of the template (23, 24),
whereas 5�-boundary definition in Tetrahymena may require
interaction between TERT and an unpaired sequence located
immediately 5� of the template (25).
Those TERs that have been extensively studied bind proteins

involved in RNP biogenesis. hTR is transcribed by RNA poly-
merase II and stabilized by association with a group of proteins
(dyskerin, GAR1, NOP10, and NHP2) involved in the accumu-
lation of small nucleolar and small Cajal body RNAs (26). Two
ATPases, pontin and reptin, contribute to RNA stability and
telomerase assembly (27). The S. cerevisiae telomerase RNA
(TLC1 (telomerase component 1)) is stabilized by association
with the Sm proteins, a complex of seven polypeptides that
contribute to the assembly of RNPs necessary for pre-mRNA
splicing (28). The detailed mechanism of telomerase assembly
and intracellular trafficking has been reviewed recently (26) and
remains an area of active research.
Additional Protein Components Contribute to the Activity of

Telomerase—Telomerase activity from several different orga-
nisms can be reconstituted in rabbit reticulocyte lysate by
expression of TERT and TER, indicating that these subunits
comprise the catalytic core of the enzyme (19). Numerous pro-
teins associate with telomerase, many of which, as discussed
above, contribute to RNP biogenesis. However, some factors
contribute directly to telomere replication in vivo.
The role of such proteins has been most extensively studied

in S. cerevisiae. The Est1 and Est3 proteins are essential for
telomere elongation in vivo (15, 29), but extract prepared from
cells lacking either protein retains telomerase activity, suggest-
ing a regulatory role (30). Est1 binds the telomerase RNA via a
bulged stem structure (31) and associates directly with Cdc13
(32), a protein that binds the single-stranded telomeric overhang.
Direct fusionofEst2 toCdc13bypasses the requirement forEst1 in
telomere maintenance (3), suggesting that the Est1/Cdc13 inter-
action recruits telomerase to telomeres (see below). Two human
homologs, EST1A and EST1B, also associate with telomerase (33,
34). Although EST1A uncaps chromosomes when overexpressed
(34), a role in telomerase recruitment has not been established.

EST1A may promote telomere integrity by modulating the accu-
mulation of RNA transcripts at telomeres (35).
Like Est1, the Est3 protein co-immunoprecipitates with the

catalytic core of telomerase (36), but its function is poorly
understood. Structural modeling suggests that Est3 is homolo-
gous tomammalianTPP1 (37, 38), a component of the shelterin
complex. This evolutionary relationship raises questions about
the function of this accessory protein and its differential asso-
ciation with the telomerase complex (in yeast) or the telomere-
binding complex (in higher organisms).

Regulation of Telomerase Activity

The extent and timing of telomere replication are regulated
by several mechanisms, including transcriptional and post-
transcriptional regulation of TERT, recruitment of telomerase
to the chromosome terminus, and control of telomerase acces-
sibility by telomeric binding factors.
Transcriptional and Post-transcriptional Regulation of

TERT—Transcriptional regulation of hTERT is a major factor
limiting telomerase activity in human cells. hTERT expression
is low or absent in most somatic cells but is activated during
embryonic development, in some stem cells, and in most tumors
(Fig. 2) (39). Expression of hTR also limits telomerase function in
some cell types (40). Post-transcriptional events, including alter-
native splicing of TERT, phosphorylation and ubiquitination of
the enzyme, and intracellular trafficking of telomerase compo-
nents, add additional layers of complexity to the regulation of
telomerase (40, 41).The relative contributionsof these activities to
telomerase function remain incompletely understood.
Recruitment of Telomerase to Telomeres—The activity of

telomerase at the telomere is modulated, at least in part, by
regulating its recruitment to the extreme chromosome termi-
nus. This event is separable from telomerase association with
telomeric chromatin. Thesemechanisms are best characterized
in S. cerevisiae. Est2 (yeast TERT) is constitutively associated
with telomeric DNA, although telomeres are extended only
during S phase. Telomeric enrichment is high in G1 phase,
decreases in early S phase, and rises again in late S phase (42).G1
association depends upon interaction of a 48-nucleotide stem-
loop of the TLC1 RNA with Ku, a heterodimeric complex that
binds at the junction of single- and double-stranded telomeric
DNAs, whereas the peak of Est2 enrichment in late S phase
requires Cdc13 (3).
In contrast to Est2, the telomerase accessory factor Est1 is

only telomere-associated in late S throughG2 phases (42). Dur-
ing G1 phase, Est2 may be sequestered from its substrate by the
interaction ofTLC1RNAwith theKu complex. As the cell cycle
progresses, several events facilitate the productive recruitment
of telomerase to its site of action. First, Est1 expression
increases as cells enter S phase. Second, progression to late S
phase results in telomerase-independent lengthening of the
single-stranded telomeric overhang (43), allowing increased
association by Cdc13 (42). Third, phosphorylation of Cdc13 by
the cyclin-dependent kinase CDK1 facilitates interaction with
Est1 (44). Mutations that prevent phosphorylation of Cdc13 by
CDK1 reduce but do not abolish telomerase recruitment and
activity (44), suggesting that additional mechanisms contribute
to this regulation (see below).
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The association of mammalian TERT with the chromosome
terminus is also cell cycle-regulated (detected only in S phase)
(45), and some mutations in TERT can be rescued by fusion to
telomere-binding proteins (46). Although the mechanism of
telomerase recruitment to human telomeres is an area of fur-
ther research, this evidence suggests that recruitment of the
enzyme is an important regulatory step.
Control of Telomerase Accessibility to the Chromosome

Terminus—The extent of telomerase activity in cells is signifi-
cantly regulated through the modulation of telomerase access
to telomeres by telomere-binding proteins. In S. cerevisiae,
sequence-specific binding of Rap1 protein to the double-
stranded telomeric repeats “measures” telomere length
through a mechanism in which the number of Rap1 molecules
bound to a telomere inversely correlates with the action of
telomerase at that telomere (4, 47). In Schizosaccharomyces
pombe and human cells, Rap1 homologs contribute to negative
telomere length regulation, although in both cases, Rap1 asso-
ciates indirectly with telomeric DNA (through Taz1 or TRF2,
respectively). Like TRF2 and Rap1, other components of the
telomere-binding shelterin complex act as negative regulators
of telomerase in mammals (4).
In S. cerevisiae, the pattern of telomere addition has been

analyzed during a single S phase (48). Intriguingly, telomerase
does not act on every telomere in each cell cycle but preferen-
tially extends the shortest telomeres. At wild-type length, only
6–8% of telomeres are extended, whereas the frequency
increases to 50% upon shortening of telomeres to 100 nucleo-
tides (48). These data suggest that the telomere switches
between telomerase-extendible and telomerase-nonextendible
states in a manner influenced by telomere length. The fre-
quency of telomere elongation increases when Rap1 function is
compromised, implying that Rap1 facilitates formation of a
state that discourages telomerase action (48).
A series of recent publications point to a central role of the

yeast homolog of the ATM (ataxia telangiectasia mutated)
kinase, Tel1, in promoting telomerase activity at short

telomeres (reviewed in Ref. 49).
Tel1 preferentially associates with
short telomeres in vivo and is
required for telomerase association
with, and activity on, these short
telomeres. Cdc13 is a substrate of
Tel1 (50), raising the possibility that
Tel1-dependent phosphorylation of
Cdc13 contributes to the regulation
of telomerase recruitment. Telom-
erase also preferentially elongates
critically short telomeres in mouse
cells (51), suggesting that similar
regulatorymechanismsmay protect
mammalian genome stability in the
face of net telomere shortening.

Role of Telomerase in Disease

Because telomerase activity is low
or absent in most human cells,
telomeres shorten with each divi-

sion. When telomeres reach a threshold length, checkpoint-
mediated cellular senescence is initiated, halting cellular divi-
sion (Fig. 2A). As a result, telomere length serves as a cellular
“clock” to limit proliferation. This limitation may contribute to
the aging process in both normal and disease states, whereas
inappropriate activation of telomerase allows unregulated cell
growth (Fig. 2) (52).
Role of Telomerase in Degenerative Diseases—Much of our

understanding of the role of telomerase in human health comes
from studies of diseases of telomerase deficiency. Dyskeratosis
congenita (a disease associated with progressive bone marrow
failure and defects in other highly proliferative tissues) results
from mutations affecting the stability or activity of telomerase
(Fig. 2A) (53). Autosomal dominant dyskeratosis congenita is
associated with haploinsufficiency of hTR or hTERT, whereas
some recessive forms are linked to genes with roles in hTR
maturation and stability (dyskerin, NHP2, and NOP10) (53–
55). The recent demonstration that aplastic anemia and idio-
pathic pulmonary fibrosis can be caused by telomerase dysfunc-
tion provides further evidence of the critical role of telomerase
in cell proliferation (53). Many of these diseases involve pheno-
types typically associated with aging, suggesting that limita-
tions on tissue renewal imposed by telomere shortening may
contribute to the normal aging process (53).
Telomerase and Cancer—In humans, the endogenous limit

imposed on proliferation may serve an important tumor-sup-
pressive role (Fig. 2B). Rarely, a checkpoint-deficient cell con-
tinues dividing, causing telomeres to uncap. This phase (crisis)
is characterized by frequent chromosomal fusions and rear-
rangements. The massive genome instability that results from
these processes is usually lethal. Occasionally, telomerase can
be reactivated to restore telomeres, thereby stabilizing the
genome and allowing cancer cells to escape normal limits on
cell proliferation (Fig. 2B) (39). Telomerase reactivation occurs
in at least 85% of human tumors. Telomeres in the remaining
tumors are maintained by an alternative, recombination-based
mechanism termed ALT (56).

A. B.

FIGURE 2. Telomere dynamics during normal and abnormal cell growth. A, in general, germ cells express
telomerase and maintain long telomeres (light gray), whereas absent or low expression of telomerase in
somatic cells and adult stem cells is insufficient to prevent telomere shortening (medium gray). Cell prolifera-
tion slows or ceases when cell cycle checkpoints are activated by short telomeres (dashed line), perhaps con-
tributing to normal aging. Individuals with reduced telomerase activity exhaust telomere reserves more rap-
idly (dark gray), leading to premature aging, particularly in highly proliferative tissues. B, shown is a model of
telomerase activation during tumorigenesis. When cell cycle checkpoints fail, cells divide in the face of severe
telomere loss. Telomere uncapping causes genome instability and lethality (crisis). Reactivation of telomerase
(or initiation of ALT) allows cells to exit crisis and proliferate with short but stable telomeres.
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Transcriptional regulation of hTERT is a major determinant
of telomerase activity in cancer cells, but multiple other mech-
anisms for the tumor-specific up-regulation of telomerase have
been proposed, such as gene amplification, alternative splicing,
and changes in subcellular localization and phosphorylation of
the enzyme (41). The relative importance of each of these
mechanisms is incompletely understood.
Because of the near-ubiquitous activation of telomerase dur-

ing oncogenesis, telomerase is an attractive target for antican-
cer drugs and gene therapy. Telomerase inhibitors can trigger
apoptotic cell death when telomeres reach a critical length. In
addition, hTR and hTERT regulatory sequences can be used to
drive selective expression of cytotoxic agents in tumor cells.
Telomerase is a candidate antigen for cancer vaccines aimed at
harnessing the immune system to selectively target TERT-pos-
itive cancer cells. Clinical trials testing telomerase inhibitors
and vaccine-type approaches are currently under way (57).

Summary

By distinguishing normal and broken chromosome ends and
providing a mechanism for complete replication, telomeres
play an essential role in safeguarding genomic integrity. The
enzyme telomerase, a unique RT with an intrinsic RNA tem-
plate, is responsible for synthesizing telomeric DNA. A myriad
of regulatory events ensure that the shortest telomeres are spe-
cifically targeted for replication by telomerase and that
telomere length is appropriately modulated. Future work will
continue to address the full complement of proteins that com-
prise the telomerase complex and themechanisms that regulate
telomerase access to telomeres. Such understanding is critical
to our ability to manipulate telomerase function in disease
where both inappropriate up- and down-regulation of telomer-
ase have detrimental consequences.
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Tumors are complex collections of heterogeneous cells with
recruited vasculature, inflammatory cells, and stromal ele-
ments. Neoplastic cells frequently display a hierarchy in differ-
entiation status. Recent studies suggest that brain tumors have a
limited population of neoplastic cells called cancer stem cells
with the capacity for sustained self-renewal and tumor propaga-
tion. Brain tumor stemcells contribute to therapeutic resistance
and tumor angiogenesis. In this minireview, we summarize
recent data regarding critical signaling pathways involved in
brain tumor stem cell biology and discuss how targeting these
molecules may contribute to the development of novel anti-gli-
oma therapies.

Cancers can be considered organ systems with aberrant acti-
vation of developmental andwound response pathways. Recent
evidence suggests that within some tumors there is a cell sub-
population with the special capacity for sustained self-renewal
and tumor propagation in vivo. Cells fulfilling these criteria
were originally reported in acutemyeloid leukemia (1), but sim-
ilar populations were soon successively identified within vari-
ous solid tumors (2). The proper terminology regarding these
cells remains unsettled, with most groups using terms such
as CSCs,2 tumor-initiating/propagating cells, and stem-like
cancer cells. Although CSCs are a source of controversy, the
concept recognizes the well described heterogeneity of tumor
cells. Many critics contest the hypothesis on the grounds of a
potential stem cell origin, challenge of current markers, or CSC
frequency, none of which are implicit requirements of the CSC
hypothesis (3).
Malignant gliomas are essentially universally lethal despite

conventional therapy, with surgical resection and chemoradia-

tion limited to palliation. Glioma CSCs were among the first
solid tumor CSCs described (4) and remain one of the most
widely used CSC models. Glioma CSCs share significant simi-
larities with normal NSCs, including the expression of stem cell
markers (CD133, Nestin, Musashi, and Sox2) and the capacity
to differentiate into multiple lineages (5), but the overlap is
incomplete. Notably, glioma CSCs are also highly resistant to
chemoradiotherapies (5, 6), underscoring the importance of
developing more efficient therapies against CSCs and prompt-
ing researchers to elucidate themolecularmechanisms regulat-
ing CSCs. Here, we summarize recent findings regarding the
signaling pathways that are critical to glioma CSC biology.

Signaling from the Outside In

CSC behaviors are constantly affected by external signals
from their niche, including neighboring stromal, immune, and
non-stem tumor cells. Extracellular and paracrine effects are
mediated commonly from cell-surface ligand-receptor sys-
tems. Accumulating evidence has demonstrated that multiple
glioma CSC functions hinge onmajor receptor-mediated path-
ways (Fig. 1).
Receptor Tyrosine Kinases—The RTK family mediates the

effects of multiple oncogenic growth factor pathways, among
which the EGFR is one of the best characterized in gliomas.
Malignant glioma cells frequently have increased EGFR signal-
ing as a result of either amplified EGFR copy number or expres-
sion of the constitutively active variant EGFRvIII. Transduction
of murine Nestin� NSCs with EGFRvIII induces glioma-like
lesions (7). Similarly, a recent publication showed that the com-
bination of AKT/phosphoinositide 3-hydroxykinase activation
and constitutive EGFR activity is sufficient to transformmurine
NSCs (8). Although the origin of glioma CSCs is under study
(9), these data suggest a possible role for EGFR pathways in
glioma and possibly CSC biology. In cell culture studies, the
proliferation and neurosphere generation (an in vitro assay to
assess the self-renewal of CSCs) of human glioma CSCs were
dependent on the EGFR (10), like NSCs.
The signal initiated by RTKs is transduced and amplified

through downstream molecule cascades, such as the pro-sur-
vival AKT/phosphoinositide 3-hydroxykinase pathway. Upon
activation by RTK pathways, AKT promotes survival, prolifer-
ation, invasion, and secretion of pro-angiogenic factors. We
recently demonstrated that glioma CSCs are more dependent
onAKT signals thanmatched non-stem glioma cells (54). Phar-
macologic inhibitors of AKT attenuate glioma CSC neuro-
sphere formation, induce apoptosis, and substantially delay
intracranial tumor formation. These data suggest that AKT
inhibitionmay specifically target the CSC population to reduce
tumor malignancy.
Bone Morphogenetic Proteins—BMPs are a family of growth

factors named for their central roles in bone and cartilage for-
mation (11). Most BMPs elicit their actions through binding to
cell-surface receptor kinases (the BMPRs). The canonical effec-
tors of BMPRs are the Smad proteins. Activating phosphoryla-
tion of receptor Smad1/5/8 enables these proteins to bind to the
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co-activator Smad4, translocate into the nucleus, and regulate
transcription. BMPs are crucial factors that regulate prolifera-
tion and apoptosis in NSCs and usually promote the differenti-
ation of NSCs (12). Interestingly, a prodifferentiation BMP
response mechanism seems to be preserved in some glioma
CSCs, as CSCs express BMPRs, and BMPs inhibit the prolifer-
ation of these cells (13). BMP ligands deplete the CSC popula-
tion by inducing the differentiation of CSCs into astroglial and
neuron-like cells. Treating CSCs with BMPs in vivo markedly
delays tumor growth and reduces tumor invasion. These data
suggest that selective activation of BMP pathways may reduce
the tumorigenic capacity of CSCs.
Similar to the previous report, Lee et al. (14) reported that

glioma CSCs differentiate upon BMP treatment. However,
CSCs from one patient displayed enhanced proliferation rather
than differentiation upon BMP treatment. This CSC sample
displayed a fetal BMPR expression pattern due to epigenetic
silencing of Bmpr1b. Restoration of BMPR1B expression sensi-
tized CSCs to BMP-mediated differentiation, suggesting that
the expression pattern of BMPR may determine BMP-medi-

ated CSC behavior. Thus, an individual tumor’s genomic and
epigenetic characteristics may determine the response to anti-
CSC treatment.
Hedgehog—The binding of Hedgehog ligands to their recep-

tors activates transducers termedGLIs (named for their discov-
ery in gliomas), which then translocate into the nucleus to acti-
vate or repress downstream targets. The Hedgehog pathway is
one of the key regulators of embryogenesis and is critical for
several different types of normal stem cells, includingNSCs (15,
16). Mutations in the Hedgehog pathway are associated with
medulloblastomas, primary brain tumors common in children,
and several genetic medulloblastomamodels incorporate aber-
rant Hedgehog signaling. Hedgehog signaling is also active in
gliomas and contributes to CSC function (17–19). Hedgehog
ligands are required for CSC self-renewal as well as tumorigen-
esis. Treatment of glioma CSCs with the Hedgehog inhibitor
cyclopamine or transductionwithGLI RNA interference inhib-
its proliferation and self-renewal while increasing apoptosis.
The importance of Hedgehog signaling is further underscored
by the observation that Hedgehog inhibition augments the effi-

FIGURE 1. Complex signaling pathways and cellular factors regulate glioma CSCs. Glioma CSCs are controlled at multiple levels by complicated regulatory
networks. Signals initiated by RTKs, BMPRs, Hedgehog, and Notch result in complicated intracellular events to help balance self-renewal and differentiation of CSCs as
well as the promotion of cell survival and proliferation. Intracellular regulators, including transcriptional factors (Olig2, Myc, Oct4, etc.), epigenetic modifiers (Bmi1), and
miRNAs, are also highly potent in maintaining CSC population due to their ability to regulate massive downstream targets simultaneously. FGF, fibroblast growth
factor; PDGF, platelet-derived growth factor; IGF, insulin-like growth factor; PIP2, phosphatidylinositol 4,5-bisphosphate; PIP3, phosphatidylinositol 1,4,5-trisphos-
phate; PI3K, phosphoinositide 3-hydroxykinase; GSK, glycogen synthase kinase; PKA, protein kinase A; NICD, Notch intracellular domain.
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cacy of the standard-of-care chemotherapy agent temozolo-
mide to abolishCSCproliferation and induce cell death. In vivo,
Hedgehog pathway inhibition blocks CSC tumor growth (18).
Bar et al. (19) also showed that cyclopamine treatment depletes
CSCs, as viable cells after treatment failed to propagate tumors
in vivo. In agreement with our study (5), they found that CSCs
respond poorly to radiotherapy. However, cyclopamine treat-
ment improves the effects of radiation on CSC survival (19).
Together, these data suggest that the Hedgehog pathway is
important for glioma CSCs and that pharmacologic inhibitors
may improve traditional therapy efficiency against gliomas.
Notch—Notch proteins are single-pass transmembrane

receptors that mediate cell-cell communication. Upon ligand
binding, Notch is cleaved by the �-secretase complex to release
its intracellular domain from the cell membrane. Cleaved
Notch translocates into the nucleus to function as a transcrip-
tion factor. The importance of the Notch signaling pathway is
evident by its high conservation throughout evolution. During
development, Notch promotes the proliferation of normal
NSCs while suppressing their differentiation (20, 21). Notch is
required for neural progenitors both in vitro and in vivo (22).
Notch signaling has been implicated in brain tumor biology as
well. Expression of Notch-1 and its ligands Delta-like-1 and
Jagged-1 is critical to high grade gliomas andmedulloblastomas
(23–25). The potential role of Notch signaling in brain tumor
CSCs was first studied in medulloblastomas, with CSCs
expressing high levels of Notch and displaying sensitivity to
Notch pathway inhibitors (26). Notch functions were later
linked to glioma CSCs, as Notch signaling increases expression
of the stem cell marker Nestin in gliomas. Notch expression in
a K-Ras-inducedmouse glioblastomamodel generates prolifer-
ative lesions in the NSC-rich subependymal zone, ultimately
leading to glioma formation (27). In addition, activation of
Notch signaling in the glioma cell lines increases the formation
of neurosphere-like colonies (28).

On the Inside

Transcription factors, epigenetic regulators, and miRNAs
are extremely powerful regulators of normal cells and cancer
cells. They are capable of simultaneous regulation of multiple
downstream targets and are implicated in glioma CSC survival,
proliferation, and maintenance (Fig. 1).
c-Myc—The c-Myc oncoprotein has been extensively studied

for its instrumental role in the proliferation of both normal
stem cells and tumor cells. Recently, inducible pluripotent stem
cells were generated fromdifferentiated cells through the intro-
duction of several transcription factors, including c-myc (29),
supporting a role in core stem cell machinery. c-Myc may thus
serve as a critical link between “stemness” and malignancy.
c-Myc expression correlates with the grade of malignancy in
gliomas (30). We recently determined that glioma CSCs
express elevated levels of c-Myc and that c-Myc is required
both for maintenance of glioma CSCs in vitro and for their
tumorigenic capacity in vivo (31). These data derived from
humanpatient samples are supported bymouse gliomamodels.
Conditional overexpression of c-Myc inmouse astroglia (a sub-
type of NSCs) results in growing tumors that resemble human
gliomas (32). c-Myc additionally prevents differentiation and

promotes self-renewal of tumor neurospheres derived from a
p53/Pten double knock-out mouse model (33).
Octomer 4 (Oct4)—Oct4, along with Sox2 and Nanog, is

believed to be a core component in controlling the balance
between self-renewal and differentiation in embryonic stem
cells. Oct4 is also one of the factors that generates inducible
pluripotent stem cells (29). Oct4 is highly expressed in many
human glioma specimens and cell lines, and its expression cor-
relates with glioma grade (34). The direct role of Oct4 in glioma
CSCs is not well understood, but overexpression of Oct4 in rat
C6 glioma cells increases the expression level of the stemness
marker Nestin. These data suggest that Oct4 may inhibit the
differentiation of glioma CSCs (34) and contribute to CSC
maintenance.
Olig2—Olig2 is a transcription factor that is almost exclu-

sively expressed in the central nervous system. During brain
development, Olig2 is expressed in neural progenitor cells that
give rise to oligodendrocytes and certain neuronal subtypes
(35–38). Pathological analysis revealed that Olig2 is expressed
in almost all adult astrocytomas and is required for tumor ini-
tiation, suggesting a link to gliomas and CSCs (39, 40). Func-
tionally, Olig2 is required in both normal NSCs and glioma
CSCs. Olig2 sustains the replication-competent state of neural
progenitors and is necessary for themultilineage differentiation
potential of neural progenitors (38, 41). Olig2 function is medi-
ated through the proliferative regulation of gliomaCSCs in part
through suppression of p21WAF1/CIP1 (40).
Bmi1—bmi1 belongs to the Polycomb group genes, which

usually function as epigenetic silencers. Bmi1 has been impli-
cated in determining stem cell fate in multiple tissues and is a
positive regulator of NSC self-renewal (42). bmi1 is also a
known oncogene that is frequently overexpressed inmany can-
cer types, including gliomas. Using cells from wild-type and
bmi1 knock-out mice, researchers demonstrated that Bmi1 is
required for transforming both differentiated astrocytes and
NSCs (43). Whereas transformed wild-type NSCs give rise to
high grade gliomas in vivo, bmi1-deficient NSCs are able to
initiate only lessmalignant tumors. bmi1-deficient tumors have
fewer cells expressing the NSC marker Nestin, implying that
they may have fewer CSCs. Both transformed and non-trans-
formed bmi1-deficient NSCs demonstrate impaired capability
of neurogenesis, highlighting a role of Bmi1 in controlling dif-
ferentiation of normal and malignant stem cells. Although it
remains unclear whether Bmi1 is also critical for CSCs derived
from human gliomas, Bmi1 helps to maintain CSCs from hep-
atocellular carcinoma (44).
miRNAs—miRNAs are small noncoding RNAs that can

silence target genes through post-transcriptional mechanisms
on target mRNAs. miRNAs are powerful intracellular regula-
tors because a single miRNA can regulate many distinct
mRNAs. In cancer biology, miRNAs can function as “onco-
genes,” e.g. themiR-17–92 polycistron, or “tumor suppressors,”
e.g. the miR-15/miR-16 cluster. miRNA regulation appears to
be critically important in glioma cell behaviors. For instance,
miRNA-21was shown to be significantly overexpressed in glio-
blastomas, and inhibition of its function induces apoptosis (45).
Two recent reports directly investigated the roles ofmiRNAs

in glioma CSCs. The levels of miR-124 and miR-137 are
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reduced in grade III and IV malignant gliomas in comparison
with normal brain (46). Overexpression of these two miRNAs
inhibits proliferation while inducing differentiation of glioma
CSCs, indicating a tumor suppressor role for these twomiRNAs
in CSCs. Similarly, another miRNA, miR-451, is expressed at
lower levels in CD133� glioma CSCs in comparison with
CD133� non-stem glioma cells (47). External expression of
miR-451 inhibits the growth of glioma CSCs and disrupts neu-
rosphere formation.

Inside Out and Back Again

The relationship betweenCSCs and theirmicroenvironment
is reciprocal. CSCs not only receive signals from extracellular
sources through receptors but also actively transmit signals to
manipulate the environment. In this way, CSCs are able to
modulate the same microenvironment that produces signals
regulating CSCs. Angiogenesis is the best studied example of
such cross-talk (Fig. 2).
Vascular Endothelial Growth Factor and Other Angiogenic

Factors—Active angiogenesis is a hallmark of solid tumors and
plays a key role in providing oxygen and nutrition as well as
facilitating metastasis. Malignant gliomas are characterized
by florid angiogenesis, with neovascularization significantly
correlated with enhanced tumor aggressiveness, degree of
tumor malignancy, and poor clinical prognosis. Given the
importance of CSCs in glioma maintenance, it is not surpris-
ing that CSCs and angiogenesis are tightly connected. We
showed that, in comparison with matched non-stem cancer

cells, glioma CSCs have a stronger capacity for promoting
angiogenesis, partially through amplified secretion of VEGF,
one of the most important pro-angiogenic factors (48).
Treating glioma CSCs with the VEGF-neutralizing antibody
bevacizumab attenuates their ability to promote angiogene-
sis both in vitro and in vivo, which in turn markedly inhibits
the tumorigenesis of CSCs. The mechanism underlying the
specific up-regulation of VEGF in CSCs is still unclear, but it
has been suggested that environmental factors such as
hypoxia and acidosis play important roles in this process.
Alternatively, VEGF could also be induced by oncogene acti-
vation, e.g. the loss of PTEN and/or activation of EGFR could
result in high VEGF expression in gliomas.
Vascular Niche—The extraordinary pro-angiogenic influ-

ence of CSCs is likely critical for their maintenance not only
because blood vessels provide oxygen and nutrition but also
because, like normal NSCs, glioma CSCs are situated in “vascu-
lar niches.” Both normal NSCs and CSCs are believed to be
physically located in specialized microenvironmental niches,
which regulate self-renewal and differentiation. NSCs are
located in niches defined by the vasculature (49, 50), and this
property is shared bymedulloblastomaCSCs (51). Co-injection
of CSCs and endothelial cells accelerates tumor initiation and
growth. This reciprocal relationship between angiogenesis and
glioma CSCs may help explain the preliminary success of anti-
angiogenesis therapy on malignant gliomas. Clinical trials of
anti-angiogenic drugs like bevacizumab and cediranib have
demonstrated promising preliminary results in glioblastoma
patients (52, 53). It is possible that these drugs might directly
disrupt the maintenance of CSCs, thus effectively eliminating
the roots of tumor progression.

Conclusion

The existence of glioma CSCs prompts a refocusing of our
views of cancer biology. Rather than a bulk of equally potent
neoplastic cells, gliomas appear to have a cellular hierarchy.
Within this hierarchy, glioma CSCs represent cells with an
extraordinary capacity for tumorigenesis, making them attrac-
tive targets for anti-glioma therapies. Unfortunately, glioma
CSCs are also highly resistant to traditional therapies, making
the development of novel treatments against CSCs an urgent
task. Remarkable insights have been gained through recent
studies of signaling pathways that are differentially regulated in
CSCs and non-stem cancer cells. In addition to the signaling
discussed above, other oncogenic signals (e.g. Ras/mitogen-ac-
tivated protein kinase (MAPK) pathway) or tumor suppressors
(e.g. p53) may play important roles in glioma CSCs. CSCs may
be more dependent on oncogenic signaling motifs, so selec-
tively and effectively targeting these oncogenesmay be a prom-
ising anti-CSC therapeutic strategy. Blood vessels provide not
only nutrition/oxygen to cancer cells but also a favorable
microenvironment for the maintenance of CSCs. Thus, anti-
angiogenic agents appear promising because they may inhibit
tumor growth in two ways: 1) direct interruption of nutrient-
supplying vasculature and 2) indirect CSC inhibition by disrup-
tion of vascular niches.
As the current methods of CSC identification improve and

studies of CSCs in both glioma and non-glioma cancers

FIGURE 2. Glioma stem cells reside within a perivascular niche. Regulated
by oncogene activation or microenvironment conditions such as hypoxia,
CSCs are strongly capable of stimulating the growth of the neovasculature by
expressing high levels of pro-angiogenic factors such as VEGF. On the other
hand, blood vessels create a vascular niche to help maintain CSC population.
Such reciprocal relationships between glioma CSCs and blood vessels enable
rapid and sustained tumorigenesis.
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advance, we anticipate that CSC-directed cancer therapeutics
will be a useful component of multipronged anticancer treat-
ment regimens. Further investigations into the molecular
underpinnings of gliomaCSCbiologymaynot only informus of
the biology of these cells and the tumor as a whole but may also
allow a starting ground for rational drug development to
improve the prognosis of patients with a variety of cancers.
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Eukaryotic initiation factor 4E (eIF4E) has long been known
as the cap-binding protein that participates in recruitment of
mRNA to the ribosome. A number of recent advances have not
only increased our understanding of how eIF4E acts in transla-
tion but also uncovered non-translational roles. New structures
have been determined for eIF4E in complexwith various ligands
and for other cap-binding proteins. We have also learned that
most eukaryotic organisms expressmultiple eIF4E familymem-
bers, some involved in general translationbut others having spe-
cialized functions, including repression of translation. A num-
ber of new eIF4E-binding proteins have been reported, some of
which tether it to specific mRNAs.

The 7-methylguanosine-containing “cap” plays an essential
role at each stage of the mRNA “life cycle”: transcription, splic-
ing, nuclear export, translation, translational repression, and
degradation. This is mediated by specific cap-binding proteins,
of which at least 10 have been discovered so far (supplemental
Table S1). The most widely studied and best understood of
these cap-binding proteins is eIF4E.2 eIF4E was discovered as a
protein that promotes translation initiation, and most of the
work on its structure, function, and regulation has been per-
formed with this role in mind. As a canonical initiation factor
involved in recruitment of mRNA to the ribosome, eIF4E has
the potential to influence expression of virtually every protein
in the cell. It is against this backdrop of eIF4E serving as a trans-
lational enhancer that discoveries over the past decade have
been so surprising, that eIF4E can also function as a transla-
tional repressor. Another unexpected result of recent research
is that nearly all eukaryotes expressmultiple eIF4E familymem-
bers and that they can have different functions in the cell. A
third research trend has been the discovery of new eIF4E-bind-
ing partners, some of which tether eIF4E to specific mRNAs.
This minireview touches on all of these new directions in eIF4E
research.

Role of eIF4E in Translation

Recruitment of mRNA to the 43 S initiation complex to form
the48S initiationcomplex requires eIF3, thepoly(A)-bindingpro-
tein, and the eIF4 proteins (Fig. 1B) (1). The eIF4 factors consist of
eIF4A, a 46-kDaRNAhelicase; eIF4B, a 70-kDaRNA-binding and
RNA-annealing protein; eIF4E, a 25-kDa cap-binding protein;
eIF4H, a 25-kDa protein that acts with eIF4B to stimulate eIF4A
helicase activity; and eIF4G, a 185-kDaprotein that co-localizes all
of the other proteins involved in mRNA recruitment on the 40 S
subunit.3 At least four cis-acting elements affect the efficiency of
mRNA translation: the cap, the poly(A) tail, sequence elements in
the 5�-UTR, and sequence elements in the 3�-UTR. It iswell estab-
lished that eIF4E stimulates translation of capped mRNAs, but
mRNAsdiffer in theirdependenceoneIF4E.For instance,mRNAs
with extensive 5�-UTRsecondary structurehave a greater require-
ment for the eIF4A-based unwinding machinery recruited by
eIF4E (Fig. 1B) (2).
The tertiary structures of mouse, yeast, human, and wheat

eIF4Es have been solved (3–6). The specificity of eIF4E inter-
actionwith the cap results primarily fromcation–� bond stack-
ing between Trp-56 and Trp-102 and H-bonds between Glu-
103 and the N-1 and N-2 protons of 7-methylguanine.4
Following the initial structure determination of eIF4E, struc-
tures have emerged for a number of non-eIF4E cap-binding
proteins (supplemental Table S1). Interestingly, the cation–�
bond interaction between them7Gmoiety and aromatic amino
acid residues is a feature shared by most of these proteins. An
exception is the decapping enzyme Dcp2, which, unlike eIF4E,
binds the cap only when attached to the RNA body (7).

eIF4E Family Members

It is common to have protein families with multiple mem-
bers, but eIF4E was initially assumed (albeit tacitly) to be a sin-
gle protein, in part because only a single 25-kDa polypeptide
was obtained from mammalian sources by affinity chromatog-
raphy.When the Ravel laboratorymade the unexpected discov-
ery that wheat germ contained two versions of eIF4E (8),
termed eIF4E and eIF(iso)4E, it seemed to be a peculiarity of
this organism. More than 10 years later, it was reported almost
simultaneously that Arabidopsis thaliana expresses not only
eIF4E and eIF(iso)4E but also nCBP (9); Homo sapiens
expresses a second familymember, 4EHP (10); andCaenorhab-
ditis elegans expresses three eIF4E family members, IFE-1, -2,
and -3 (11). It is now recognized that the wheat germ “oddity” is
the norm; virtually all eukaryotes express multiple eIF4E family
members. Multiple family members have been found for other
initiation factors as well, e.g. eIF4A and eIF4G.
Joshi et al. (12) combined published eIF4E sequences with

sequences mined from GenBankTM to identify 411 eIF4E family
members from 230 species. An unusual feature of the eIF4E
sequence is the high content of Trp residues. Some of these are
involved in the binding of the cap (supplemental Table S1) and

* This work was supported, in whole or in part, by National Institutes of Health
Grant 2R01GM20818 from NIGMS. This minireview will be reprinted in the
2009 Minireview Compendium, which will be available in January, 2010.
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eIF4G(3–5,13).TheseTrpresiduesallowedJoshietal. (12) todiscern
a core region with consensus sequence H(X5)W(X2)W(X8–12)W-
(X9)F(X5)FW(X20)F(X7)W(X10)W(X9–12)W(X34–35)W(X32–34)H in
sevenwell established eIF4Es. They used this to subdivide eIF4E
family members into three classes according to the residues
corresponding to Trp-43 and Trp-56 of H. sapiens eIF4E-1.
Class I members contain Trp at both positions; Class II mem-
bers, e.g. 4EHP, nCBP, IFE-4, and d4EHP, contain Tyr, Phe, or
Leu at the first position and Tyr or Phe at the second position;
and Class III members contain Trp at the first position and Cys
or Tyr at the second position.
Prototypical eIF4Es bind the cap and eIF4G (or alternatively

the 4E-BPs). As more and more eIF4E family members
emerged, it became apparent that these binding capabilities
were not necessarily conserved (Table 1). For instance, mam-
malian eIF4E-1 (Class I) binds the cap, eIF4G, and the 4E-BPs,
but mammalian eIF4E-2 (Class II) binds only the cap and
4E-BPs, and mammalian eIF4E-3 (Class III) binds only the cap
and eIF4G (14). Danio rerio eIF4E-1B (Class I) fails to bind all
three ligands (15). Some eIF4E family members have altered

binding affinities.A. thaliana nCBP binds m7GTPmore tightly
than A. thaliana eIF(iso)4E. C. elegans IFE-1, -2, and -5 bind
both trimethylguanine (m3

2,2,7G)- and m7G-containing caps,
whereas IFE-3 and -4 bind only m7G-containing caps (11, 16).
These gains and losses in binding properties provide clues for
the physiological roles of eIF4E family members.

Binding Partners for eIF4E

eIF4E was initially discovered as a single polypeptide, but
when it was subsequently found in complexes with eIF4G, it
was redefined as a subunit of a new initiation factor inmammals
termed eIF4F. However, the pioneering work of the Sonenberg
and Lawrence laboratories showed that eIF4E can have other
binding partners besides eIF4G, namely 4E-BP1, -2, and -3 (49,
50). The number of known eIF4E-binding partners has grown
substantially over the past decade (Table 2). Many of the new
roles that have been discovered for eIF4E are mediated by its
interaction with these new binding partners.
eIF4E participates in mRNA recruitment through specific

and high affinity binding to eIF4G (Fig. 1B). X-ray crystallogra-

FIGURE 1. Three states for eIF4E. A, eIF4E in a translationally inactive complex with 4E-BP1 (17). A similar mechanism may occur with p20 and Gemin5 (Table
2). B, eIF4E in the translationally active 48 S initiation complex (1). The interactions among eIF1, eIF2, eIF3, eIF4A, eIF4E, eIF4G, eIF5, Mnk (mitogen-activated
protein kinase-interacting kinase), poly(A)-binding protein (PABP), mRNA, and the 40 S ribosomal subunit are shown. C, eIF4E in a translationally inactive
complex with Maskin, bound through CPEB to a CPE-containing mRNA (19). Similar mechanisms may occur with Cup, Bicoid, Brat, Neuroguidin, and CYFIP1
(Table 2).

TABLE 1
Selected eIF4E family members with illustrative properties

Examples Unusual molecular properties Specialized physiological roles

Class I
C. elegans IFE-1 Binds both m7G- and m3

2,2,7G-containing caps (11); binds the P
granule-resident protein PGL-1 (30)

Required for spermatogenesis (30)

C. elegans IFE-2 Binds both m7G- and m3
2,2,7G-containing caps (11) Modulates oxidative stress and aging (32)

D. rerio eIF4E-1B Fails to bind m7G-containing cap structures, eIF4G, or 4E-BP (15) Expression is restricted to early embryos and gonads (15)
Schizosaccharomyces
pombe eIF4E-2

Low affinity for eIF4G (41) Translation in response to cellular stress (41)

X. laevis eIF4E-1B Represses maternal mRNA translation in early oogenesis (33)
Class II
A. thaliana nCBP Binds m7GTP 5–20-fold tighter than eIF(iso)4E (9)
C. elegans IFE-4 Translation of mRNA subset (31)
D. melanogaster
4EHP

Binds the cap but not eIF4G (42); interacts with Bicoid (35) and
Brat (36)

Represses caudal (35) and hunchback (36) mRNA translation

H. sapiens 4EHP Fails to bind eIF4G or 4E-BPs (10)
Mus musculus
eIF4E-2

Binds to 4E-BPs but not eIF4G (14)

Class III
M. musculus eIF4E-3 Binds to eIF4G but not 4E-BPs (14)
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phy, sequence comparisons, and mutational studies have
shown that the interaction between eIF4E and either eIF4G or
the 4E-BPs involves the sequence motif YXXXXL�, where X is
any amino acid and � is Leu, Met, or Phe (13). Most other
eIF4E-binding partners appear to utilize similar motifs (Table
2). Two conserved Trp residues in eIF4E are important for the
interaction with eIF4G, Trp-43 and Trp-73,4 the latter being
foundwithin a phylogenetically conserved sequence, (S/T)V(E/
D)(E/D)FW (12). eIF4G and 4E-BP1 bind the dorsal surface of
eIF4E, opposite to the cap-binding pocket, and undergo a dis-
ordered-ordered transition upon binding to eIF4E (13). The
solution structure of the complex between Saccharomyces cer-
evisiae eIF4E�m7GDP and eIF4G-(393–490) revealed that a
coupled folding transition occurs for both proteins, with the
eIF4G domain wrapping around the N terminus of eIF4E (18).
Binding of eIF4E to either the 4E-BPs or eIF4G is mutually

exclusive (17). Sequestration of eIF4E from the 48 S initiation
complex (Fig. 1A) inhibits translation of mRNAs that require
the eIF4A-driven unwindingmachinery, e.g. thosemRNAswith
extensive 5�-UTR secondary structure (2). Binding of the
4E-BPs to eIF4E is regulated by phosphorylation in response to
polypeptide hormones such as insulin that activate the mTOR
pathway (17).
The next major development in our understanding of eIF4E-

binding partners came from the Richter laboratory, which
showed that an eIF4E-binding protein,Maskin, can be tethered
to a specific mRNA by virtue of a 3�-UTR sequence motif (Fig.
1C) (19). This provides a mechanism formRNA-specific trans-
lational repression. Xenopus laevis oocytes arrested in meiotic
progression contain silent maternal mRNAs with short poly(A)
tails. Upon exposure to progesterone, the poly(A) is elongated
and translation begins, which is a requirement for maturation.
These “masked messengers” contain a CPE in their 3�-UTRs,
which regulates poly(A) length by binding CPEB, the poly(A)
polymerase Gld2, and the poly(A)-specific ribonuclease PARN.
Translational repression is due to both the short poly(A) tail
and sequestration of eIF4E by Maskin. Progesterone initiates a
signaling cascade that results in phosphorylation ofCPEB, lead-
ing to dissociation of PARN, polyadenylation byGld2, displace-
ment ofMaskin from eIF4E, and initiation of translation. Piqué

et al. (20) have recently found that the timing of polyadenyl-
ation is governed by a “combinatorial code” of CPEs and
Pumilio-binding elements in the 3�-UTRs of these mRNAs.
A similar mechanism appears to operate during neurogen-

esis, in which Neuroguidin binds to eIF4E and represses trans-
lation of CPE-containing mRNAs (21). The protein is detected
in axons and dendrites of the mammalian nervous system and
contains three eIF4E-bindingmotifs (Table 2). Neural tube clo-
sure and neural crest migration are arrested in X. laevis
embryos if Neuroguidin is depleted, suggesting that Neurogui-
din regulates the translation of CPE-containing mRNAs to
direct neural development.Another eIF4E-binding protein that
functions in neuronal dendrites is CYFIP1 (22). FMRP is an
RNA-binding protein that is important for synaptic matura-
tion. FMRP recognizes mRNAs through G quartets and U-rich
sequences as well as through small noncoding RNAs. A binding
partner of FMRP, CYFIP1, is also an eIF4E-binding protein
(Table 2). Stimulation of neurons by neurotrophic factors
causes CYFIP1 to dissociate from eIF4E at synapses, thereby
resulting in translation of mRNAs previously repressed by
FMRP.
eIF4E-binding proteins are also involved in embryogenesis.

In the early Drosophila melanogaster embryo, Nanos protein
represses the translation of hunchbackmRNA, permitting pos-
terior development. The 3�-UTR of nanos mRNA contains
stem/loop structures that repress the translation of unlocalized
nanos mRNA. Two of these stem/loops bind Smaug, a
sequence-specific RNA-binding protein that functions as a
translational repressor. Nelson et al. (23) showed that Smaug
interacts with Cup and that Cup is an eIF4E-binding protein
(Table 2). Nakamura et al. (24) also found Cup to be an eIF4E-
binding partner, but in this case mediating the repression of
oskarmRNA translation during its localization to the posterior
of the oocyte. Repression is mediated by Bruno, a protein that
binds the 3�-UTR of oskar mRNA. Likewise, Zappavigna et al.
(25), studying oogenesis in D. melanogaster, showed that Cup
was an eIF4E-binding partner.
The VPg proteins of plant potyviruses and human calicivi-

ruses are covalently linked to the 5�-end of the viral genome but
also act as eIF4E-binding proteins (26, 27). This apparently pro-

TABLE 2
eIF4E-binding partners

Protein Consequences of binding
Residues in the binding partner that interact

with eIF4Ea

eIF4G Recruits the eIF4A-driven unwinding machinery KRYDREFLLGF (13, 18)
4E-BP1 Represses highly cap-dependent mRNA translation IIYDRKFLMEC (13)
p20 Represses cap-dependent translation in S. cerevisiae IKYTIDELFQL (43)
Maskin Represses translation of CPE-containing mRNAs EFKLATEADFLLAA (19)
4E-T Transports eIF4E into the nucleus PHRYTKEELLDIKELP (44)
Lipoxygenase 2 Competes for binding of eIF4E by eIF4G LKKYRKEELE (45)
VPg Reduces eIF4E affinity for the cap and inhibits host translation Mapped to aa 59–93 of TuMV VPg; interaction

abolished by mutation of Asp-77 (26)
PGL-1 Localizes IFE-1 to P granules (30)
Cup Represses translation of nanos and oskarmRNAs YTRSRLM (23, 24)
Bicoid Represses translation of caudal mRNA NYNYIRPYLPNQ (35)
BTF3 Competes for binding of eIF4(iso)4E by eIF(iso)4G RLQSTLKRIG (46)
Brat Represses translation of hunchbackmRNA NHL domain (36)
Gemin5 Inhibition of both cap-dependent and IRES-driven translation (47) LKLPFLK and YEAVELL (48)
Neuroguidin Represses translation of CPE-containing mRNAs YPTEKGL, YQIDKLVKT, and YVPPRLV (21)
CYFIP1 Represses translation of mRNAs that bind FMRP LLLDKRKRSEC (22)

a These were determined from sequence alignments. The residues in italics align with Tyr of H. sapiens eIF4G-1 shown in the first row. The residues shown underlined and in
boldface are implicated in eIF4E binding by mutational studies.

b aa, amino acid(s); TuMV, turnip mosaic virus; IRES, internal ribosome entry site.
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vides the virus with a translational advantage over the host
(Table 2). Naturally occurring potyviral resistance has been
mapped to the genes for either eIF4E or eIF(iso)4E, depending
on the species (28).

Physiological Roles for Specific eIF4E Family Members

Hernández and Vazquez-Pianzola (29) have suggested that
there is one eIF4E familymember in each organism that is ubiq-
uitously and constitutively expressed to carry out general trans-
lation and that others are involved in specialized functions,
both translational and non-translational. Examples of this are
beginning to emerge (Table 1).
IFE-1 and Spermatogenesis—IFE-1, one of five eIF4E family

members inC. elegans (11, 16), is enriched in the germ line. It is
the only one of the five to bind the P granule-resident protein
PGL-1, which localizes IFE-1 to P granules (30). Depletion of
IFE-1 shows that it is required for spermatogenesis, specifically
progression through the meiotic divisions and production of
functional sperm, in both hermaphrodites and males, whereas
oogenesis is not affected. Sequestration of IFE-1 in P granules
may regulate its level or function during spermatogenesis.
IFE-4 and Egg Laying—IFE-4, a Class II eIF4E familymember

inC. elegans, is expressed in neurons,muscle, spermatheca, and
vulva (31). Knock-out of ife-4 produces a pleiotropic phenotype
that includes a defect in egg laying. A global analysis of the
polysomal distribution of individual mRNAs revealed that
translation of only a small subset of mRNAs is affected by ife-4
loss. The steady-state levels of proteins encoded by these
mRNAs are correspondingly reduced, the functions of which
can explain some of the phenotypic traits of ife-4 knock-out
mutants.
IFE-2 andAging—A thirdC. elegans familymember, IFE-2, is

expressed in somatic tissues. Knock-out of the ife-2 gene
reduces global protein synthesis, protects from oxidative stress,
and extends life span (32). The signaling through IFE-2 appears
to be different from that of previously discovered longevity
pathways. A model was proposed in which down-regulation of
protein synthesis in the soma facilitates cellular maintenance
and repair by diminishing the large energy requirement of
translation, thus delaying the decline of somatic functions and
senescence.
eIF4E-1B and Oogenesis—A study by Minshall et al. (33)

combined two themes covered above: a specific eIF4E family
member (Table 1) and an eIF4E-binding partner tethered to
3�-UTR sequence motifs (Table 2). These authors found that
the oocyte-specificX. laevis eIF4E-1B is responsible for repress-
ing translation of CPE-containing mRNAs early in oogenesis
when Maskin is absent. They found that CPEB specifically
interacts with an RNA helicase (Xp54), two RNA-binding pro-
teins (Pat1 and RAP55), an eIF4E-binding partner (4E-T), and
eIF4E-1B. Further evidence for eIF4E-1B-mediated transla-
tional repression comes from a very recent study by Evsikov
and Márin de Evsikova (34), who depleted eIF4E-1B in fully
grown stage VI oocytes of Xenopus tropicalis and observed
acceleration of oocyte maturation after progesterone
induction.
d4EHP and Embryonic Patterning—Another example of a

specific eIF4E family member being tethered to a specific

3�-UTR sequence motif occurs with D. melanogaster 4EHP
(Table 1). In the D. melanogaster embryo, Caudal protein is
synthesized asymmetrically because translation of its mRNA is
inhibited in the anterior region by Bicoid. Cho et al. (35) found
that the Class II eIF4E family member d4EHP, which binds the
cap but not eIF4G, specifically interacts with Bicoid to suppress
caudal mRNA translation. The inhibition is dependent on the
Bicoid-binding region present in the 3�-UTR of caudalmRNA.
In another study, Cho et al. (36) found that translation of
hunchbackmRNA is regulated by the same eIF4E family mem-
ber, d4EHP, but in this case, the eIF4E-binding partner is Brat
(Table 2). This system appears similar to the Maskin model
(Fig. 1C).

Conclusions and Future Directions

This minireview has attempted to highlight several recent
trends in research involving eIF4E: discovery of new eIF4E fam-
ily members, discovery of new eIF4E-binding partners, and the
involvement of both in developmental processes. One is struck,
however, by the growing number of eIF4E family members
(umbicc3-215.umbi.umd.edu/iisstart.asp) and the rapidly
expanding number of eIF4E-binding partners compared with
the paucity of well understood mechanisms for how they act,
suggesting there is still much to learn. Furthermore, a new
chapter in the regulation of translation is opening with the dis-
covery of microRNAs that interfere with initiation of transla-
tion in an mRNA-specific manner (37). eIF4E family members
and eIF4E-binding partners could well play a role in
microRNA-mediated translational control. eIF4E should also
prove to be central to our understanding of P-bodies and
mRNA degradation because P-bodies lack ribosomes and all
translation initiation factors except eIF4E (37). The involve-
ment of eIF4E in malignant transformation and metastasis is
the subject of intense research (38), including its utility as a
marker for cancer stage and potential to serve as a target for
novel anticancer therapies (39, 40). Further knowledge of the
factors that influence eIF4E function should aid in our under-
standing of malignant transformation and in the development
of therapeutic strategies.

Acknowledgments—I am grateful to Tzvetanka Dinkova (Univer-
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DNA ligases seal 5�-PO4 and 3�-OH polynucleotide ends via
three nucleotidyl transfer steps involving ligase-adenylate and
DNA-adenylate intermediates. DNA ligases are essential guard-
ians of genomic integrity, and ligase dysfunction underlies
human genetic disease syndromes. Crystal structures of DNA
ligases bound to nucleotide and nucleic acid substrates have
illuminated how ligase reaction chemistry is catalyzed, how
ligases recognize damaged DNA ends, and how protein domain
movements and active-site remodeling are used to choreograph
the end-joining pathway. Although a shared feature of DNA
ligases is their envelopment of the nicked duplex as a C-shaped
protein clamp, they accomplish this feat by using remarkably
different accessory structural modules and domain topologies.
As structural, biochemical, and phylogenetic insights coalesce,
we can expect advances on several fronts, including (i) pharma-
cological targeting of ligases for antibacterial and anticancer
therapies and (ii) the discovery and design of new strand-sealing
enzymes with unique substrate specificities.

DNA Ligase

Thediscovery ofDNA ligases in 1967 by theGellert, Lehman,
Richardson, and Hurwitz laboratories was a watershed event in
molecular biology (reviewed in Ref. 1). By joining 3�-OH and
5�-PO4 termini to form a phosphodiester, DNA ligases are the
sine qua non of genome integrity. They are essential for DNA
replication and repair in all organisms. Ligases were critical
reagents in the development of molecular cloning and many
subsequent ramifications of DNA biotechnology, including
molecular diagnostics and SOLiD sequencingmethods. Ligases
are elegant and versatile enzymes and are enjoying a research
renaissance in light of discoveries that most organisms have
multiple ligases that either function in DNA replication (by
joining Okazaki fragments) or are dedicated to particular DNA
repair pathways, such as nucleotide excision repair, base exci-
sion repair, single-strand break repair, or the repair of double-
strand breaks via nonhomologous end joining (2–4). Genetic
deficiencies in human DNA ligases have been associated with
clinical syndromes marked by immunodeficiency, radiation
sensitivity, and developmental abnormalities (3). The physiol-
ogy and division of labor among cellular DNA ligases are the

subjects of recent reviews (2–4) and will not be covered here.
Thisminireviewwill focus on new insights to ligasemechanism
and evolution from ligase structure.
DNA ligation entails three sequential nucleotidyl transfer

steps (Fig. 1). In the first step, nucleophilic attack on the
�-phosphorus of ATP or NAD� by ligase results in release of
PPi or NMNand formation of a covalent ligase-adenylate inter-
mediate in which AMP is linked via a P–N bond to N-� of a
lysine. In the second step, the AMP is transferred to the 5�-end
of the 5�-phosphate-terminated DNA strand to form DNA-
adenylate. In this reaction, the 5�-phosphate oxygen of the
DNA strand attacks the phosphorus of ligase-adenylate, and
the active-site lysine is the leaving group. In the third step, ligase
catalyzes attack by the 3�-OH of the nick on DNA-adenylate to
join the polynucleotides and liberateAMP. The pathway entails
a series of bond transformations: from phosphoanhydride
(ATP) to phosphoramidate (ligase-adenylate) to phosphoanhy-
dride (DNA-adenylate) to phosphodiester (sealed DNA). All
three chemical steps depend on a divalent cation cofactor.

ATP-dependent DNA Ligases

DNA ligases are grouped into two families, ATP-dependent
ligases and NAD�-dependent ligases, according to the sub-
strate required for ligase-adenylate formation (supplemental
Fig. S1). All known eukaryal cellular DNA ligases are ATP-de-
pendent (3). The complexity of the ligase “menu” varies among
eukaryal taxa. For example, humans have four ATP-dependent
DNA ligases, whereas fungi have two. ATP-dependent ligases
are also found in all known archaea, consistent with a common
ancestry for the archaeal/eukaryal DNA replicationmachinery.
The essential elements of the ATP-dependent ligase clade

are exemplified by Chlorella virus DNA ligase (ChVLig),2 the
smallest eukaryal ligase known (5). ChVLig consists of an
N-terminal nucleotidyltransferase (NTase) domain and a
C-terminal OB domain.Within the NTase domain is an adeny-
late-binding pocket composed of the six peptide motifs that
define the covalent NTase enzyme superfamily of polynucle-
otide ligases and RNA-capping enzymes (supplemental Fig. S2)
(6). Motif I (KxDGxR) contains the lysine to which AMP
becomes covalently linked in the first step of the ligase reaction.
Amino acids inmotifs I, Ia, III, IIIa, IV, and V contact AMP and
play essential roles in one or more steps of the ligation pathway
(supplemental Fig. S2). The OB domain consists of a five-
stranded antiparallel �-barrel plus an �-helix. Although
ChVLig lacks the large N- or C-terminal flanking domains
found in eukaryal cellular DNA ligases, it can sustain mitotic
growth, DNA repair, and nonhomologous end joining in bud-
ding yeast when it is the only source of ligase in the cell.
It is postulated that ChVLig represents a stripped-down plu-

ripotent ligase due to its intrinsic nick-sensing function, the
basis of which was illuminated by the crystal structure of

* This minireview will be reprinted in the 2009 Minireview Compendium,
which will be available in January, 2010.

□S The on-line version of this article (available at http://www.jbc.org) contains
supplemental Figs. S1–S4 and additional references.
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2 The abbreviations used are: ChVLig, Chlorella virus DNA ligase; NTase, nucle-
otidyltransferase; HuLig1, human DNA ligase I; DBD, DNA-binding domain;
HhH, helix-hairpin-helix.
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ChVLig-AMP bound to a nicked duplex DNA (7). ChVLig
encircles the DNA as a C-shaped protein clamp (Fig. 2A). The
NTase domain binds to the broken and intact DNA strands in
themajor groove flanking the nick and also in theminor groove
on the 3�-OH side of the nick (supplemental Fig. S3). The OB
domain binds across theminor groove on the face of the duplex
behind the nick. A “latch” module (consisting of a �-hairpin
loop that emanates from the OB domain) occupies the major
groove and completes the circumferential clamp via contacts
between the tip of the loop and the surface of the NTase
domain. The clamp-closing contacts are positioned at “six
o’clock” on the DNA circumference (denoted by the red arrow
in Fig. 2A). The latch is critical for clamp closure and is a key
determinant of nick sensing.
Comparison of the crystal structures of the free and nick-

bound ChVLig-AMP reveals a large domain rearrangement
accompanying nick recognition (Fig. 2C). In the free ChVLig-
AMP, theOB domain is reflected away from theNTase domain
to fully expose the DNA-binding surface above the AMP-bind-
ing pocket. The peptide segment that is destined to become the
latch is disordered in the free ligase and sensitive to proteolysis,
but this segment is protected from proteolysis when ChVLig
binds to nicked DNA. DNA binding entails a nearly 180° rota-
tion of the OB domain around a swivel (denoted by the black
arrow in Fig. 2C) so that the concave surface of the OB �-barrel
fits into the DNA minor groove. This transition elicits a 63-Å
movement of the OB domain and places the latch deep in the
DNA major groove.
Ellenberger and co-workers (8) had intuited exactly such a

movement of the OB domain when they solved the crystal
structure of the much larger human DNA ligase I (HuLig1; 919
amino acids) bound to an adenylylated nick. Their landmark

structure was the first to document the circumferential envel-
opment of the DNA duplex by a ligase clamp and the resulting
bending and distortion of the duplex that force the base pairs on
the 3�-OH side of the nick into an RNA-like A helical confor-
mation (8). Similar distortions were observed in the
ChVLig�DNA complex (7).
A side-by-side comparison of the DNA-bound ChVLig and

HuLig1 structures highlights the radical differences in the
topology and connectivity of their respective protein clamps
(Fig. 2, A and B). Whereas the NTase and OB domains adopt
similar conformations and angular positions when docked on
the nicked duplex, HuLig1 has a large N-terminal DNA-bind-
ing domain (DBD; with an all-�-helical tertiary structure) that
occupies roughly the same angular position in the clamp toroid
as the�-hairpin latch ofChVLig. The peptide covalently linking
the DBD and NTase domain of HuLig1 is situated in the same
six o’clock position on the DNA circumference as the noncova-
lent kissing contacts that close the clamp in ChVLig. HuLig1
closes its clamp by contacts between the N-terminal DBD and
the C-terminal OB module, located at “one o’clock” on the
DNA circumference (red arrow in Fig. 2B), which is the same

FIGURE 1. Three-step pathway of nick sealing by DNA ligase.
FIGURE 2. DNA ligases engage the nicked duplex as C-shaped protein
clamps. A and B, ribbon diagrams are shown of the DNA-bound structures of
ChVLig (Protein Data Bank code 2Q2T) and HuLig1 (code 1X9N). The proteins
were superimposed with respect to their NTase (cyan) and OB (beige)
domains. The interdomain contacts that close the ligase clamps are indicated
by red arrows. In ChVLig, the latch and NTase domains make kissing contacts.
By contrast, HuLig1 closes its clamp via contacts between the N-terminal DBD
and the C-terminal OB domain. The peptide linker between the DBD and
NTase domain of HuLig1 is indicated by the black arrow. C, the structures of
the free ChVLig-AMP intermediate (left; Protein Data Bank code 1FVI) and
ligase-AMP bound at a nick (right; with DNA omitted) were superimposed
with respect to their NTase domains and then offset laterally to reveal the
large movement of the OB domain triggered by nick recognition. The move-
ment entails a rigid body rotation about the hinge segment connecting the
NTase and OB domains (indicated by the arrow in free ligase). The surface
peptide loop destined to become the latch in the DNA-bound ligase is disor-
dered in the free ligase (dotted line). A sulfate ion is bound on the surface of
the free ligase-AMP in a position that mimics the 5�-PO4 of the nick.
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angular position as the covalent connections between the ChV-
Lig OB domain and the strands of the latch. Thus, Nature has
found very different structural solutions to the problemofDNA
envelopment by ATP-dependent ligases. I suspect there are
additional solutions out there waiting to be discovered. For
example, the bacteriophage T7DNA ligase, anotherminimized
ATP-dependent enzyme consisting of only NTase and OB
domains (9), is a good candidate to engage the DNA duplex in a
novel fashion, via a T7-specific peptide loop inserted within its
NTase domain.

NAD�-dependent DNA Ligases

NAD�-dependent DNA ligases (referred to as LigA) are a
distinctive and structurally homogeneous clade of enzymes
found in all bacteria. Escherichia coli LigA (671 amino acids) is
the prototype of this family. LigA has a modular architecture
(Fig. 3A) built around a central ligase core composed of an
NTase domain and an OB domain. The core is flanked by an
N-terminal “Ia” domain and three C-terminal modules: a tetra-
cysteine zinc finger, a helix-hairpin-helix (HhH) domain, and a
BRCT domain. Each step of the ligation pathway depends upon
a different subset of the LigA domains, with only the NTase
domain being required for all steps. Domain Ia is unique to
NAD�-dependent ligases, is responsible for binding the NMN
moiety ofNAD�, and is required for the reactionwithNAD� to
form the ligase-AMP intermediate (10, 11).
The crystal structure of E. coli LigA bound to the nicked

DNA-adenylate intermediate (12) revealed that LigA also
encircles the DNA helix as a C-shaped protein clamp (Fig. 3A).
The protein-DNA interface entails extensive DNA contacts by
the NTase, OB, and HhH domains over a 19-bp segment of
duplex DNA centered about the nick (supplemental Fig. S3).
The NTase domain binds to the broken DNA strands at and

flanking the nick; the OB domain contacts the continuous tem-
plate strand surrounding the nick; and the HhH domain binds
both strands across the minor groove at the periphery of the
footprint. The zinc-finger module plays a structural role in
bridging the OB and HhH domains. Domain Ia makes no con-
tactswith theDNAduplex, consistentwith its dispensability for
catalysis of strand closure on an AppDNA substrate. (No elec-
tron density was observed for the C-terminal BRCT domain.)
The LigANTase andOBdomains are positioned similarly on

the DNA circumference to the NTase and OB domains of the
ATP-dependent DNA ligases, and they “footprint” similar seg-
ments of theDNA strands (supplemental Fig. S3), yet the topol-
ogy of the LigA clamp is starkly different from that of the
clamps formed by ChVLig and HuLig1. The kissing contacts
that close the LigA clamp are sui generis, involving the NTase
andHhH domains. Based on available structural data, it is clear
that DNA ligases have evolved at least three different means of
encircling DNA.
Comparisons of the E. coli LigA�AppDNA complex with

structures of other bacterial ligases captured as the binary
LigA�NAD� complex (step 1 substrate), binary LigA�NMN
complex (the post-step 1 leaving group), and covalent ligase-
AMP intermediate (step 1 product after leaving group dissoci-
ation) highlight massive protein domain rearrangements (on
the order of 50–90 Å) that occur in sync with substrate binding
and catalysis (11, 12). DNA binding and clamp formation by
LigA entail a nearly 180° rotation of the OB domain so that the
concave surface of the OB �-barrel fits into the minor groove,
similar to what is seen or inferred for ChVLig and HuLig1. The
four-point binding of the HhH domain at the periphery of
the LigA�DNA footprint stabilizes a DNA bend centered at the
nick. The LigA-DNA interactions immediately flanking the

FIGURE 3. Structural images of LigA bound to nicked DNA, NAD�, or a small molecule inhibitor. A, space-filling model of the E. coli LigA protein clamp
(Protein Data Bank code 2OWO) encircling nicked duplex DNA, which is rendered as a schematic trace. The modular domain structure of the LigA polypeptide
is depicted below the structure. The LigA clamp is closed by kissing contacts between the NTase (cyan) and HhH (beige) domains. B, shown are surface views
of the E. faecalis LigA�NAD� complex (upper panel; Protein Data Bank code 1TAE) and the LigA�inhibitor complex (lower panel; code 3BA9) looking into the
hydrophobic tunnel of the NTase domain that leads from the surface to the back end of the adenosine-binding pocket. The C-2 atom of adenine is pointing into
the tunnel, which is empty in the NAD� complex but filled in the inhibitor complex. C, shown are superimposed structures of NAD� and the pyridopyrimidine
inhibitor in their respective LigA complexes. The pyrimidine ring of the inhibitor overlies the adenine base. The bulky pyrido substituent of the inhibitor that
fills the tunnel is an offshoot of the equivalent of the adenine C-2 (denoted by the black arrows) and N-3 edge of the ring.
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nick induce a local DNA distortion, resulting in adoption of an
RNA-like A-form helix, again echoing the findings for the
HuLig1�DNA cocrystal.

DNA Ligases as Drug Targets

LigA is essential for the viability of E. coli and all other bac-
teria tested. Although NAD�-dependent DNA ligases have
been discovered in sporadic cellular or viral niches outside the
bacterial domain of life (supplemental Fig. S1), there is no
instance in which a NAD�-dependent ligase is present in a
eukaryal organism. The narrow phylogenetic distribution,
unique substrate specificity, and distinctive domain structure
of LigA compared with ATP-dependent human DNA ligases
recommend theNAD� ligases as targets for the development of
new antibacterial drugs. Blocking the reaction of LigA with
NAD� is the obvious goal. Indeed, there has been a series of
reports describing small molecule inhibitors of bacterial LigA,
acting competitively with NAD�, discovered either by experi-
mental high-throughput screening (13–15) or by “virtual”
screening by computational docking of ligands into the LigA
crystal structures (16, 17).
Inspection of the E. coli LigA�AppDNA structure and com-

parison with the Enterococcus faecalis LigA�NAD� complex
highlighted an eminently “druggable” active site, with a
through-and-through tunnel from the exterior surface of the
NTase domain to the adenosine-binding pocket that exposes
the N-1, C-2, and N-3 edge of the adenine base (Fig. 3B, upper
panel) (12). In particular, the adenine C-2 is pointed directly
into the tunnel, which is formed by a cage of hydrophobic
amino acids. This tunnel is present in all LigA NTase domains
that have been crystallized, with similar exposure of the C-2
edge of the adenine base. By contrast, there is no such tunnel
emanating from the adenosine-binding pockets of HuLig1,
ChVLig, and otherATP-dependentDNA ligases. This situation
invites the design of C-2-substituted analogs of adenosine
nucleotides andNAD� as selective inhibitors of LigA. Indeed, it
was reported recently that 2-methylthio-ATP is a potent inhib-
itor of the adenylylation reaction ofE. coliLigA (IC50� 0.5�M),
being 200-fold more active than unmodified ATP (14).
Pyridochromanone exemplifies a specific and potent non-

nucleotide LigA inhibitor in vitro, for which there is convincing
genetic evidence that LigA is the immediate target of its anti-
bacterial activity in vivo (13). Christopher Pinko and colleagues
have deposited in the Protein Data Bank a suite of crystal struc-
tures of Enterococcus LigA bound to four different small mole-
cule inhibitors, including pyridochromanone (code 3BA8) and
three pyridopyrimidine compounds (codes 3BA9, 3BAA, and
3BAB). In each case, the inhibitor occupies the adenosine-bind-
ing pocket of the NTase domain in a fashion whereby an aro-
matic ring of the inhibitor overlaps the adenine base of NAD�

and a bulky aromatic/aliphatic moiety emanates from the ring
system (at the sites equivalent to the adenine C-2 and N-3
atoms) and penetrates into the “drug tunnel” (Fig. 3, B and C).
This mechanism of active-site occlusion is easily appreciated
for the pyridopyrimidine inhibitor shown in Fig. 3C, where the
phenoxybenzamide group fills the portion of the tunnel closest
to the protein surface (Fig. 3B).

HumanDNA ligases are also candidate drug targets for adju-
vant cancer chemotherapy, predicated on potentiating the
effects of DNA-damaging antineoplastics by transiently imped-
ing DNA repair in tumor cells. Such a maneuver might permit
lower dosing with DNA-damaging drugs, thereby avoiding off-
target effects or idiosyncratic toxicities. Chen et al. (18) have
conducted a virtual screen for small molecules that could dock
into the N-terminal DBD of HuLig1, a domain conserved in all
mammalianDNA ligases. They thereby discovered compounds
that (i) inhibited nick sealing by human ligases in vitro at a step
other than ligase adenylylation and (ii) sensitized tumor cells to
DNA damage (18).

Is There an “Undifferentiated” Ligase with Respect to
the Substrate for Enzyme Adenylylation?

The weight of structural evidence favors the idea that an
ATP-dependent ligase is the ancestral state fromwhichNAD�-
dependent ligases evolved, by acquisition of a specialized struc-
tural domain (Ia) that binds theNMN leaving group. All known
NAD�-dependent ligases have domain Ia, and they cannot use
ATP as a substrate for ligase adenylylation, presumably because
LigA enzymes lack “motif IV” of the OB domain, the compo-
nent of ATP-dependent DNA ligases that is thought to interact
with the PPi leaving group of ATP (5, 19). This “either/or” sce-
nario of DNA ligase substrate specificity has been roiled by
several seemingly conflicting reports concerning the nucleotide
specificity of archaeal DNA ligases. All archaeal proteomes
include an ATP-dependent DNA ligase that resembles in all
structural respects (amino acid sequence; conservation of
NTase motifs, including motif VI; and tertiary structure com-
posed of theN-terminal DBD and the central NTase and C-ter-
minal OB domains) (20, 21) the canonical ATP-dependent
DNA ligases of eukaryal cells. Biochemical characterization of
several archaealDNA ligases verified their strict dependence on
ATP and failure to utilize NAD� (summarized in Ref. 22). By
contrast, other archaeal ligases were reported to have “dual
specificity,” variously using ATP and NAD� or ATP and ADP
(supplemental Fig. S4). Sulfophobococcus zilligii DNA ligase
can apparently use any of three substrates: ATP, ADP, andGTP
(23).
The undifferentiated nucleotide specificities of certain

archaeal ligases have tantalizing implications for enzyme evo-
lution and the possible use of ADP as a substrate by ancestors of
modern DNA ligases. The ability of some archaeal ligases to
utilize ATP andNAD� or ATP andADP as substratesmight be
explained if they recognized only theADPcomponent common
to all three nucleotides. However, there are several missing
pieces of the puzzle with respect to biochemistry and structure.
The case for utilization of ADP as the substrate for ligase aden-
ylylationwould be fortified bymore direct evidence entailing (i)
demonstration of label transfer from [�-32P]ADP to the ligase
to form the covalent intermediate and (ii) proof that 32Pi is
released from [�-32P]ADP in 1:1 stoichiometry with ligase-ad-
enylate formation. Moreover, Chen et al. (24) have recently
raised a caveat to the assertion that ADP is an archaeal DNA
ligase substrate by suggesting that contamination of the recom-
binant archaeal ligase protein preparations with the apparently
thermostableE. coli adenylate kinase can result in conversion of
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ADP into ATP and AMP and thereby confound interpretation
of the ADP/ATP specificity experiments. Solving the conun-
drum of how some dual-specificity archaeal ligases might uti-
lizeATP andNAD�will depend on capturing crystal structures
of these enzymes with each nucleotide bound. Armed with this
information, it would be most informative to trace how
archaeal enzymes from closely related taxa that have extremely
similar primary structures came to differ in their nucleotide
specificities, culminating by introducing amino acids changes
that elicit a gain of function, converting an ATP-only DNA
ligase into a dual-specificity derivative.

Prospects for Designer Ligases

Can structural insights to ligase mechanism and substrate
specificity be exploited to create novel catalysts, ones that will
aid in comprehending the genetics and cell biology of DNA
repair and in the practice of enzymatic joining and synthesis of
nucleic acids? There is good reason to think so. Nature has
already confounded the partitioning of ligases into rigid DNA-
specific andRNA-specific clades.Wenowappreciate thatmany
DNA ligases are adept at sealing substrates containing an all-
RNA 3�-OH strand (8, 25, 26) and that some RNA ligases
readily seal molecules with as few as two or three ribonucleoti-
des at the 3�-OH terminus in an otherwise all-DNAcontext (27,
28). In a novel twist on this theme, some bacterial ATP-depend-
ent DNA ligases actually require a single ribonucleotide at the
reactive 3�-OH end for optimal sealing activity (29). T4 RNA
ligase 1 (Rnl1), although profoundly useful as a reagent for join-
ing RNA single strands, actually has an intrinsic specificity for
tRNA tertiary structure that was recognized only recently (30).
By contrast, another Rnl1-type RNA ligase encoded by a ther-
mophilic bacteriophage is quite adept at sealing DNA single
strands, the first example of such a broad specificity (31). The
structural bases for these distinctive nucleic acid specificities
remain obscure.
In light of what we do know, I can imagine several types of

“designer ligase” projects worthy of pursuit, including (i) cre-
ation of “analog-sensitive” ligases by mutational remodeling of
the adenosine-binding pocket and (ii) creation of step 3 arrest
ligases that can efficiently generate DNA-adenylate but not
synthesize a phosphodiester. The engineering of analog-sensi-
tive protein kinases exemplifies the power of chemical genetics
to illuminate biological signaling pathways (32). Ideally, one
wouldwant to engineer aDNA ligasemutant capable of binding
an adenosine analog that is normally excluded from the active
site of the wild-type ligase. Replacing the wild-type ligase
with the analog-sensitive ligase in an organism that has mul-
tiple ligase isozymes could allow selective and rapid inhibi-
tion of strand sealing, without depleting the ligase protein
and without affecting the numerous other proteins that
interact with DNA ligases in mammalian cells (2, 3).
An engineered step 3 arrest mutant of DNA ligase would, if

widely active, pepper the genome with unresected 5�-adeny-
lates at sites of DNA repair or joining of Okazaki fragments.
This would be catastrophic if the level of DNA 5�-adenylylation
exceeds the cell’s capacity to remove the lesions (33). Such a
scenario is analogous to “poisoning” of topoisomerase IB by
camptothecin drugs or drug-mimetic enzyme mutations that

selectively impede the DNA ligation step of the topoisomerase
pathway. Transient expression of a step 3 arrest ligase could
thereby (i) illuminate cellular responses to an abortive repair
intermediate, (ii) discriminate the relative impact of different
ligase isozymes on the overall lesion burden, and (iii) aid in
mapping genomic sites of ligase activity by recovering and
sequencing the pool of 5�-adenylylated DNA strands.
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RNA interference is a powerful mechanism of gene silencing
that underliesmany aspects of eukaryotic biology. On themolecu-
lar level, RNA interference is mediated by a family of ribonucleo-
protein complexes called RNA-induced silencing complexes
(RISCs), which can be programmed to target virtually any nucleic
acid sequence for silencing. The ability of RISC to locate target
RNAs has been co-opted by evolution many times to generate a
broad spectrum of gene-silencing pathways. Here ,we review the
fundamental biochemical and biophysical properties of RISC that
facilitate gene targeting and describe the various mechanisms of
gene silencing known to exploit RISC activity.

RISC2 is a generic term for a family of heterogeneous molec-
ular complexes that can be programmed to target almost any
gene for silencing. In general, RISC programming is triggered
by the appearance of dsRNA in the cytoplasm of a eukaryotic
cell (Fig. 1). The dsRNA is processed into small regulatory
RNAs (20–30 nucleotides in length) that assemble into RISC
and guide the complex to complementary RNA targets through
base-pairing interactions. Once programmed with a small RNA,
RISC can silence targeted genes by one of several distinct mecha-
nisms,working at (a) the level of protein synthesis through repres-
sion of translation, (b) the transcript level through mRNA degra-
dation, or (c) the level of the genome itself through the formation
of heterochromatin or by DNA elimination.
Although the mechanisms used to control gene expression by

RISC are quite diverse, two central themes are common to all.
First, at its core, every RISC contains a member of the Argonaute
protein family that binds to the small regulatory RNA. Second, in
every RISC, the small regulatory RNA functions as a guide that
leads RISC to its target through Watson-Crick base pairing with
cognate RNA transcripts. The role of the Argonaute protein is to
bind the small RNA and position it in a conformation that facili-
tates target recognition. Argonaute proteins can either cleave tar-
get RNAs directly or recruit other gene-silencing proteins to iden-
tified targets. Here, we review how Argonaute proteins use small

RNAs to recognize target transcripts. We also examine how
recruitment of different types of Argonaute and Argonaute-asso-
ciated proteins produce distinct RISCs, which then dictate the
mechanism of gene regulation.

RISC and Small RNA Nomenclature

As inmany fields of biology, the nomenclature commonly used
to describe RNAi and RISC is not completely rational or intuitive.
The small regulatory RNAs that guide RISC have been given a
variety of similar sounding names. These include siRNA,miRNA,
piRNA, rasiRNA, tasiRNA, tncRNA, hcRNA, and scnRNA.These
classifications are generally based on either the biosynthetic path-
way of the small RNA or the type of RISC in which the RNA is
found(foradetailedreview, seeRef. 1).However,onceboundtoan
Argonauteprotein, all small regulatoryRNAs function in the same
way: as guides for gene silencing throughbase-pairing interactions
with target RNA transcripts.
Another point of potential confusion is that an exactmolecular

composition for RISC has never been defined, and furthermore,
the term RISC has been used to describe several biochemically
distinct gene-silencing complexes. The minimal RISC, sufficient
for target RNA recognition and cleavage, was demonstrated to be
simply anArgonaute protein bound to a small RNA (2). However,
Argonaute proteins can have dozens of associated binding part-
ners, which do not assemble as one distinct complex in vivo. Bio-
chemical isolations of RISC have uncovered a variety of different
RNPs, ranging frommodest size (�150 kDa) (3) up to an 80 S (�3
MDa) particle termed “holo-RISC” (4) andmany other intermedi-
ate sizes (5–8).Additionalnamesgivento thesecomplexes include
siRISC and miRISC, RISCs in Drosophila that contain either an
siRNAormiRNA, respectively (9);miRNP, anmiRNA-containing
RNP in HeLa cells likely similar to miRISC (10); and the RITS
(RNA-induced transcriptional gene silencing) complex, isolated
from Schizosaccharomyces pombenuclei and shown to silence tar-
geted genes through heterochromatin formation (11). The under-
lying featurecommontoall of these silencingcomplexes is that the
core of each contains a small regulatory RNA guiding an Argo-
naute protein. Therefore, insight into themechanismof RISC and
the details underlying gene silencing by RNAi depends on an
understanding of the Argonaute proteins.

Argonaute Proteins Are Abundant in Nature

Argonaute proteins are ubiquitous in plants and animals,
common in many fungi and protists, and also present in some
archaea. The number of Argonaute genes found in these differ-
ent species varies from one (as in the fission yeast S. pombe) to
over two dozen (27 in Caenorhabditis elegans). In some cases,
multiple copies of an Argonaute gene are functionally redun-
dant. For example, in C. elegans, Argonaute proteins ALG-1
and ALG-2 are sufficient to recompense for one another (12).
However, it is common for the Argonaute genes in an organism
to be specialized and have non-overlapping functions.
The eukaryotic Argonaute family can be classified into three

major phylogenetic clades based on amino acid sequence similar-
ities (1). The largest clade is namedArgonaute (for clarity,we refer
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to class this class as Ago) after its founding member AGO1 in
Arabidopsis (13). At the cellular level, Ago proteins localize dif-
fusely in the cytoplasm and nucleus and, in some cases, also at
distinct foci, which include P-bodies and stress granules (14, 15).
The second clade, Piwi (named after theDrosophilaprotein PIWI,
for P-element-induced wimpy testis), is most abundantly
expressed in germ line cells and functions in the silencing of germ
line transposons (16). The human genome contains four copies of
both AGO and PIWI genes. A diverse assortment of nematode-
specific Argonaute genes has been grouped together into a third
clade called class 3 or wormArgonautes (WAGOs) (17).
A major biochemical difference between Argonaute clades is

the means by which members acquire guide RNAs. Ago guide
RNAsaregenerated fromdsRNAin thecytoplasmbya specialized
nuclease named Dicer (Fig. 1). Members of the Piwi clade are
thought to form guide RNAs in a “ping-pong” mechanism in
which the target RNA of one Piwi protein is cleaved and becomes
the guide RNA of another Piwi protein (18). Maternally inherited
guide piRNAs are believed to initiate this gene-silencing cascade
(19). Class 3 Argonautes obtain guide RNAs by Dicer-mediated
cleavage of exogenous and endogenous long dsRNAs (17).

Structure of Argonaute: The Heart of RISC

At present, structural information describing eukaryotic
Argonautes is sparse. However, crystal structures of several
prokaryotic Argonautes have been described (Ref. 20 and ref-

erences therein). Prokaryotic Argo-
nautes bind small guide DNAs and
can use these guides to locate and
cleave target RNAs in vitro, in a
manner analogous to the small
RNA-guided function of their
eukaryotic cousins (21). The biolog-
ical functions of Argonaute proteins
and small DNAs in the prokaryotic
kingdom have yet to be discovered.
However, structures of the prokary-
otic Argonautes have provided a
wealth of information about the
overall Argonaute architecture and
mechanism.
Prokaryotic Argonaute proteins

adopt a bilobed structure, with each
lobe responsible for binding oppo-
site ends of the guide DNA (Fig. 2).
The N-terminal lobe contains a
PAZ domain, which binds the
3�-end of the small guide DNA. The
C-terminal lobe contains a middle
domain,which binds to the 5�-phos-
phate of the guide DNA, and the
PIWI domain, whose terminal car-
boxyl group interacts with the
5�-phosphate via coordination of a
divalent cation. The PIWI domain
adopts a RNase H-like fold and can
hydrolyze target RNAs using an
RNase H-like mechanism (22) This

activity has been dubbed “slicing” of target RNAs. A flexible
hinge composed of a two-stranded �-sheet connects the two
lobes. Flexibility in the hinge allows the lobes to pivot relative to
each other, opening a cleft to accommodate the guideDNAand
RNA target (20, 23).

Guide Binding Interactions

The 5�-phosphate of the guide DNA is held in a pocket
between the middle and PIWI domains, which acts as an
anchoring point for the DNA in the protein. In eukaryotes, the
5�-phosphate licenses small RNAs for entry into the RNAi
pathway (7). The first nucleotide base on the 5�-end also tucks
into a small defined binding pocket. This allows the protein to
make base-specific contacts with the first nucleotide in the
guide, which may explain why some eukaryotic Argonautes
have preferences for particular bases on the 5�-end (24). It also
explains why the first base in the guide RNA does not contrib-
ute significantly to target recognition (25). The rest of the DNA
contacts theproteinalmostexclusively through itsphosphodiester
backbone, explaininghowArgonautecanbindtoanyguidestrand,
regardless of nucleotide sequence. The two terminal bases on the
3�-end are clamped into a hydrophobic cleft in the PAZ domain.
Interestingly, whereas the ends of the guide are tightly bound to
Argonaute, bases 11–18 are disordered in the crystal structure,
suggesting a high degree ofmobility for this part of the guide (23).

FIGURE 1. Formation of RISCs and other silencing complexes. Silencing RNA can be derived from exogenous or
intracellular origins, depending on the organism and cell type. RNA can also be introduced artificially using siRNA or
plasmid-based short hairpin RNA (shRNA) systems. RNAs transcribed from the genome may be retained in the
nucleus (as with piRNAs) to carry out silencing or may be exported (as with miRNAs). In the cytoplasm, dsRNA is
processed by the endonuclease Dicer and loaded onto an Argonaute protein, and after the strand selection process,
the newly formed RISC is equipped to silence target genes by one of several mechanisms.
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This intrinsic plasticity may explain how Argonaute proteins
accommodate guide strands of various different lengths (3).

Mechanism of Target RNA Recognition

Upon engaging a target RNA, the nucleic acid-binding cleft
in Argonaute opens to accommodate both guide and target
strands (20). As illustrated in the ternary Thermus Argonaute
crystal structure (Fig. 2a), bases 2–8 of the guide strand form a
Watson-Crick-paired, A-form double helix with a complemen-
tary region of the target RNA. The remainder of the duplex is
disordered, suggesting either that the complete duplex was not
formed in the crystals or that the second half of the duplex
remains mobile when bound to Argonaute. Both possibilities
are consistentwith the finding that the 3�-end of the guide RNA
in human RISC pairs less efficiently with its target than the
5�-end (26, 27).
Bases 2–6 of the guide DNA are fully exposed and face out-

wards toward the bulk solvent in a near A-form conformation.
This is a very important feature because bases 2–6 of the guide,
termed the “seed region,” are the most critical part of the guide
for target recognition (25, 28). By protruding the seed region
out toward the solvent, RISC may use these nucleotides as an
initial probe for RNA targets as the complex traverses the cel-
lular milieu. This would help explain the incredible efficiency
with which RISC can locate its RNA targets. Kinetic analyses
have shown that human RISC can find and cleave its target
almost 10 times faster than the same small guide and target
RNAs can anneal in free solution (26). Efficiency is also dramat-
ically enhanced by the ability of RISC to loosely associate with
single-stranded RNAs and perform a one-dimensional scan for
matching target sites (26).

Consequences of Target
Recognition

The core architecture of Argo-
naute and guide RNA allows RISC to
efficiently locate specific targets
within the vast pool of cellular RNAs.
This capacity has been co-opted by
evolutionmany times to generate dis-
tinct types of RISC that function in
many different RNA-related pro-
cesses (Fig. 3). In general, the conse-
quence of recognition by RISC is
down-regulationof the targeted gene.
However, in principle, recognition
could be evolved to function in any
number of processes, including
mRNA localization, alternative splic-
ing, or even stimulation of gene
expression. Indeed, several reports
have implicatedRISC inhaving apos-
itive effect on target gene expression
(29–31).
Slicing of Target RNAs—The sim-

plest and best understood conse-
quence of target recognition is
mRNA hydrolysis, or slicing, which
can break the reading frame of the

encoded protein and promote target degradation by cellular
exonucleases (1). The two requirements for target slicing are 1)
a catalytically active Argonaute, i.e. a “slicer,” and 2) a near-
perfect sequence complementarity between guide and target
RNAs, ensuring that only valid targets are cleaved (2, 32). Of the
fourAgoproteins in humans, onlyAGO2 is a catalytically active
slicer (32).
The RNase activity of the Argonaute PIWI domain catalyzes

the slicer cleavage reaction of target RNAs. This activity is
dependent on divalent cations and is thought proceed via a
two-metalmechanism, likemany nucleases (2, 22). Essential for
hydrolysis is a “DD(D/H)” catalytic triad, where the first and
second positions are aspartic acid and the third position is
aspartate or histidine (see Ref. 1 for a detailed list). The triad
coordinates catalytic metal ions and positions a water molecule
for nucleophilic attack of the phosphodiester backbone in the
target RNA. Upon hydrolysis, the RNA is cleaved into two frag-
ments, leaving a 5�-phosphate on one product and a 3�-hy-
droxyl on the other. Cleavage always occurs between the target
nucleotides that pair with bases 10 and 11 of the guide strand
(21, 33). At least in vitro, no other cellular factors beyond Argo-
naute and a guide RNA are required for the slicing reaction. In
some cases, RISC can perform multiple rounds of target cleav-
age. In cases of multiple turnover, product release is generally
held to be the rate-limiting step (2, 34, 35).
Translational Repression—Themost prevalentmode of gene

silencing by RISC in mammalian systems is the repression of
translation guided by miRNAs. miRNAs are an abundant class
of small regulatory RNAs found in plants and animals. miRNAs
arise from endogenous transcripts that contain short double-

FIGURE 2. Structure of a prokaryotic Argonaute with bound guide and target. a, crystal structures of Thermus
thermophilus Argonaute bound to a 10-mer DNA (left; DNA not shown to depict “apo”-Argonaute), a 21-mer guide
DNA (center), or a 21-mer guide DNA with a 20-mer target RNA (right) illustrate Argonaute fold and function. The
5�-end of the guide DNA contacts the middle (Mid; dark green) and PIWI (light green) domains, and the 3�-end
binds the N-terminal (blue) and PAZ (purple) domains. b, shown is a schematic representation of Argonaute
domains and regions of interaction between the protein and guide strand (dashed lines). The asterisk denotes
the location of slicer cleavage.
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stranded hairpin structures, which are processed and loaded
into Ago proteins (Fig. 1). Unlike the slicing reaction, transla-
tional repression does not require extensive sequence comple-
mentarity between guide and target RNAs. As a general rule,
only bases 2–7 of the guide RNA are required to match a target
to initiate translational repression (25). Computational esti-
mates suggest that each human miRNA targets between 100
and 200 messages, usually in the in 3�-untranslated region of
the mRNA. Over 700 miRNAs are encoded in the human
genome, and about one-third of all human genes are believed to
be under the regulatory control of an miRNA (25).
There are several reported mechanisms by which RISCs can

repress translation. Biochemically, translational repression is
best understood in Drosophila, which possesses at least two
distinct RISCs that each mediate repression by different mech-
anisms. The first mechanism involves inhibition of translation
initiation. Specifically, RISC formed from Drosophila AGO2
can block protein-protein interactions between eukaryotic ini-
tiation factors 4E and 4G, which are required to form a compe-
tent pre-initiation complex on the target mRNA (36). On the
other hand,DrosophilaAGO1 represses translation by promot-
ing target mRNA deadenylation and degradation. AGO1 RISC
contains the protein GW182, which recruits the poly(A) dead-
enylation complex CCR4-NOT and the mRNA-decapping
complex DCP1-DCP2 to target messages (37). GW182 is also
involved in directing target mRNAs to cytoplasmic foci called
P-bodies, which are translationally inactive structures that func-
tion as sites of mRNA storage and/or degradation (38). Mamma-
lian RISCs employ similarmechanisms of translational repression
(39); however, the relevant circumstancesandexactmechanism(s)
used by specific RISCs have yet to be determined.
Transcriptional Silencing and Formation of Heterochromatin—

Beyond targeting mRNAs, some RISCs act directly on the
genome. The best studied of these assemblies is the fission yeast
RITS complex, which contains AGO1 with an associated
siRNA, a protein called TAS3, and the chromodomain protein
CHP1 (11). The RITS complex interrogates nascent transcripts
as they are generated by RNA polymerase II in the nucleus.
Upon target recognition, the complex recruits histone methyl-

transferases, which modify histones
associated with the DNA locus,
forming heterochromatin (40). The
CHP1 subunit of the RITS complex
specifically recognizes histone 3
proteins methylated at Lys9, further
reinforcing the association of the
RITS complex with heterochroma-
tin (41). The RITS complex also
physically interacts with an RNA-
directed RNA polymerase complex,
which converts the targeted tran-
scripts into dsRNA. Dicer then
cleaves the dsRNA into new siR-
NAs, which can be loaded into new
RITS complexes, thereby establish-
ing a self-perpetuating silencing
loop. Although the level of molecu-
lar detail is less well understood in

other systems, plants and animals contain analogous systems
for small RNA-guided formation of heterochromatin (42). In
particular, the Piwi clade appears to function in transcriptional
silencing and formation of heterochromatin (18).
DNA Elimination—The versatility of RISC function is per-

haps best exemplified in the ciliate Tetrahymena thermophila.
Tetrahymena has a complex genetic lifestyle involving two dis-
tinct nuclei in a single cell. The physically larger macronucleus
is responsible for transcription during vegetative growth,
whereas the micronucleus functions as a germ line. Following
sexual conjugation, the paternal macronucleus is destroyed,
and a new macronucleus is formed from mated micronuclei.
During formation of the new macronucleus, any DNA
sequences that were not present in the paternal macronucleus
are eliminated, resulting in a loss of �15% of the genetic mate-
rial (43). DNA elimination requires the Piwi clade protein
TWI1 (44). In the proposed model, the entire content of the
newly formed micronucleus is transcribed into small RNAs
called scnRNAs, which are then loaded into TWI1. The result-
ing RISCs then scan the entire genome of the old parental
macronucleus. scnRNAs complementary to the old macronu-
cleus are discarded, resulting in a filtered set of RISCs that tar-
get only DNA sequences new to the cell from sexual conjuga-
tion. These RISCs locate DNA sequences in the new
macronucleus and tag them for elimination, most likely
through histone methylation. The result is that new DNA
sequences acquired through sexual conjugation are eliminated
from the transcriptionally active macronucleus. This process
likely functions as a defense mechanism against foreign para-
sitic DNA sequences and hinges on the ability of RISC to effi-
ciently locate target sequences (43).

Future Prospects

RISC is an extremely versatile regulatory machine because it
can be loaded with a guide RNA of any sequence and can be
adapted to serve many distinct functions. A major challenge in
the futurewill be to determine howmany types of RISC actually
function in living cells and the specific biochemical activities of
each complex. Proteomic approaches have identified dozens of

FIGURE 3. RISC effector processes. Once bound to its target RNA, RISC may down-regulate gene expression by one
of several mechanisms, depending on the type of Argonaute and cellular context. In the cytoplasm, mRNA targets
can be cleaved via RISC slicer activity or translationally repressed. In the nucleus, RISC can take the form of an RITS
complex, which interacts with RNA polymerase II (PolII) and nascent RNA transcripts and directs chromatin remod-
eling to achieve epigenetic silencing.
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Argonaute-associated proteins (5, 45), but relatively little is
known about the biochemical role these proteins play in RISC
function. Presently, themeans bywhich binding partners inter-
act with Argonaute and the extent to which these interactions
are mutually exclusive are largely unknown.
Beyond understanding themolecular constitution of the var-

ious flavors of RISC, a clearer view of how post-translational
modifications affect RISC activity will also be critical. Recent
studies have found that human AGO2 is phosphorylated at
Ser387 by a member of the mitogen-associated protein kinase
(MAPK) cascade family. Phosphorylation promotes localiza-
tion of AGO2 to P-bodies, indicating a role for regulating trans-
lational repression (46). Similarly, human AGO2 and AGO4
undergo prolyl hydroxylation specifically at Pro70. This modifi-
cation influences protein stability and may provide a scaffold for
Argonaute-associated proteins to bind and impart new biochem-
ical activities in a post-translationally regulated manner (47).
Clearly, we are only beginning to understand the remarkable fea-
tures of these multifarious regulatory machines.

REFERENCES
1. Tolia, N. H., and Joshua-Tor, L. (2007) Nat. Chem. Biol. 3, 36–43
2. Rivas, F. V., Tolia, N. H., Song, J. J., Aragon, J. P., Liu, J., Hannon, G. J., and

Joshua-Tor, L. (2005) Nat. Struct. Mol. Biol. 12, 340–349
3. Martinez, J., Patkaniowska, A., Urlaub, H., Lührmann, R., and Tuschl, T.

(2002) Cell 110, 563–574
4. Pham, J. W., Pellino, J. L., Lee, Y. S., Carthew, R. W., and Sontheimer, E. J.

(2004) Cell 117, 83–94
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Metals have important roles in biochemistry ranging from
essential to toxic. This prologue introduces the second of the
Thematic Minireview Series on Metals in Biology, which
includes minireviews on five metals: iron, zinc, nickel, vana-
dium, and arsenic. Three of the minireviews are focused on the
roles of themetals in enzymes (iron, nickel, and vanadium). Zinc
deficiency is discussed in another, and the arsenic minireview
deals with the toxic and some potentially useful applications of
the biological effects.

As mentioned in the prologue to the previous Thematic
Minireview Series on Metals in Biology (Guengerich, F. P.
(2009) J. Biol. Chem. 284, 709), biochemistry is often presented
as a collection of amino acids and proteins, carbohydrates, lip-
ids, and nucleic acids. Information aboutmetals is not generally
presented in biochemistry courses until later.Metals are used in
biology in many ways, and many metals are essential to life for
lower organisms as well as eukaryotes. Thus, it is important to
help readers be aware of advances in the biochemistry ofmetals.
This Thematic Minireview Series on Metals in Biology fol-

lows an earlier series this year, which had three articles dealing
with iron, copper, and selenium. In the current series, there are
five minireviews dealing with two metals essential in all life
(iron and zinc), two that have interesting roles in prokaryotes
(nickel and vanadium), and one that has no physiological func-
tion but is toxic (arsenic).
The first minireview in the series deals with iron, specifically

the desaturases (Shanklin et al.). These enzymes are function-
ally related to other diiron proteins. Structure-function rela-
tionships have been established and have helped to delineate
the bifurcation between desaturation and hydroxylation reac-

tions. Some desaturases have unusual features, e.g. the ability to
form acetylenes.
The second minireview (Eide) deals with zinc, an essential

metal, in a yeast model. The focus of this article is transcrip-
tional responses to zinc deficiency. Homeostatic responses
include zinc uptake, vacuolar zinc storage, zinc shock tolerance,
and zinc conservation. Adaptive responses to zinc deficiency
include oxidative stress tolerance, phospholipid synthesis, and
sulfate assimilation. The transcriptional activator protein Zap1
has a central role in these processes.
The third minireview (Ragsdale) involves nickel. Nickel

enzymes were first discovered in 1975, and although depletion
studies have suggested a role in higher mammals, no role has
been defined. Of the eight known bacterial examples, seven
utilize gases central to carbon, nitrogen, and oxygen cycles. The
one exception is glyoxylase I, where nickel has a catalytic role as
a Lewis acid.
The fourth minireview (Winter and Moore) is about vana-

dium, specifically its role in haloperoxidases. These enzymes
are found in fungi and marine plants (e.g. algae) and use vana-
dium in the process of synthesizing halogenated compounds.
The fifth and final minireview in this series (Platanias) is

about the metal arsenic, which has no known biological func-
tion but has been used as a drug. In the environment, it is rec-
ognized as a carcinogen in several parts of the world. Under
some conditions, it also suppresses tumors. Both inorganic
arsenic and its methylated metabolites can be toxic. In this
minireview, Platanias discusses mechanisms of arsenic-in-
duced cell death, cellular targets of arsenic, and cellular path-
ways that negatively regulate responses to arsenic.
Overall, this is an interesting series of minireviews covering

common essential metals, less commonly encountered metals
with roles in selected organisms, and a toxic metal of consider-
able interest in health. Readers should know more about the
biochemistry of metals after reading these minireviews. Addi-
tional series in this area will feature other interesting metals.

* This minireview will be reprinted in the 2009 Minireview Compendium,
which will be available in January, 2010.

1 To whom correspondence should be addressed. E-mail: f.guengerich@
vanderbilt.edu.
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Desaturases and related enzymes perform O2-dependent
dehydrogenations initiated at unactivated C-H groups with the
use of a diiron active site. Determination of the long-sought oxi-
dized desaturase crystal structure facilitated structural compar-
ison of the active sites of disparate diiron enzymes. Experiments
on the castor desaturase are discussed that provide experimen-
tal support for a hypothesized ancestral oxidase enzyme in the
context of the evolution of the diiron enzyme diverse function-
ality. We also summarize recent analysis of a castor mutant
desaturase that provides valuable insights into the relationship
of proposed substrate-binding modes with respect to a range of
catalytic outcomes.

Desaturase enzymes perform dehydrogenation reactions
that result in the introduction of double bonds into fatty acids
that are initiated by the energy-demanding abstraction of a
hydrogen from amethylene group (1–3). To achieve this, desatu-
rase enzymes recruit andactivatemolecularoxygenwith theuseof
an active-site diiron cluster (4). The diiron center is common to a
variety of proteins, including methane monooxygenase, ribonu-
cleotide reductase, rubrerythrins, andavariety of oxidase enzymes
(5). Valuable insights regarding the tuning of diiron centers with
respect to diverse chemical reactivity (6) have beenmade via com-
parisons of the diiron centers of diiron-containing enzymes (7);
however, differences in amino acid sequence, multiple protein-
protein interactions, and reaction outcomes complicate the anal-
ysis. The study of fatty-acid desaturases and related enzymes pre-
sents a unique opportunity for performing enzyme structure-
function studies because relatively close homologs perform
diverse reactions on similar substrates (8, 9).
Desaturase enzymes have evolved independently twice (10);

the acyl-ACP2 desaturases are soluble enzymes found in the

plastids of higher plants, whereas the more widespread class of
integralmembrane desaturases is found in endomembrane sys-
tems in prokaryotes and eukaryotes (9). In addition to forming
distinct homology groups, their diiron centers possess distinct
primary ligation spheres (11). The availability of crystal struc-
tures for acyl-ACP desaturases (12) makes this system amena-
ble to detailed structure-function studies. Crystal structures are
available for the 18:0�9-desaturase3 (12, 13) from Ricinus com-
munis (castor) and a bifunctional desaturase fromHedera helix
(ivy) (14, 15). These desaturases are homodimeric proteins,
with each monomer folded into a compact single domain com-
posed of nine helices. The diiron active site of these enzymes is
buried within a core four-helix bundle and is positioned along-
side a deep, bent, narrow hydrophobic cavity in which the sub-
strate is bound during catalysis. It is a textbook example of a
lock-and-key type of binding site in which the bound fatty acid
moiety is poised for formation of the cis-fatty acid product.
Nobel Laureate Konrad Bloch observed, “The stereospecific

removal of hydrogen in the formation of oleate, although pre-
dictable on principle grounds would seem to approach the lim-
its of the discriminatory power of enzymes” (16). Bloch’s state-
ment underscores that desaturase enzymes perform highly
regio- and stereo-selective reactions on long-chain fatty acids
composed of essentially equivalent methylene chains that lack
distinguishing landmarks close to the site of desaturation. We
will review structural features of the diiron active site of the
acyl-ACP desaturases in the context of those of other diiron
enzymes, discuss recent insights into the evolution of acyl-ACP
desaturases, and summarize recent discoveries relating to the
evolution of selectivity and functional diversity within desatu-
rase enzyme families.

Organization of the Desaturase Diiron Site

The structure of the castor acyl-ACP desaturase shows the
diiron active site in the reduced Fe(II)-Fe(II) form (13, 17). In
the reduced active site (Fig. 1A), the two irons are separated by
a distance of �4.2 Å, and each is five-coordinate with a dis-
torted square pyramidal geometry, giving a highly symmetrical
structure to the diiron site. Fe1 is coordinated by Glu105 in a
bidentate manner and by a single interaction with His146. Both
Glu143 and Glu229 bridge the two iron ions, with each residue
forming one interaction with Fe1 and one with Fe2, whereas
Glu196 and His232 are bidentate and monodentate ligands to
Fe2, respectively. A water molecule is seen in the vicinity of the
diiron site, but, with distances of 3.0 Å to Fe1 and 3.3 Å to Fe2,
it is not in the first coordination shell of either iron ion.
The castor desaturase structure, together with extensive

spectroscopic data (3), provided detailed knowledge of the
Fe(II)-Fe(II) active state of the enzyme, but the structure of the
Fe(III)-Fe(III) resting state remained elusive until studies of
the ivy desaturase designed to reveal the basis for substrate

* This work was supported by the Office of Basic Energy Sciences of the
United States Department of Energy (to J. S. and G. M.), the Biochemical
Genomics Program of the National Science Foundation (to J. S.), and the
Swedish Foundation for International Cooperation in Research and Higher
Education (STINT) and the Swedish Research Council (to J. E. G. and Y. L.).
This is the first article of five in the second Thematic Minireview Series on
Metals in Biology. This minireview will be reprinted in the 2009 Minireview
Compendium, which will be available in January, 2010.

1 To whom correspondence should be addressed. E-mail: shanklin@bnl.gov.
2 The abbreviations used are: ACP, acyl carrier protein; MMO, methane

monooxygenase; CLA, conjugated linoleic acid.

3 In the fatty acid nomenclature used, i.e. x:y, x is the number of carbon atoms
in the fatty acid chain, and y is the number of double bonds. �x indicates
the regiospecificity, i.e. the position of the double bond relative to the
carboxyl-terminal end of the fatty acid.
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specificity unexpectedly provided the first structure of the oxi-
dized active site (15). In this structure (Fig. 1A), the distance
between the two irons is shorter, at �3.2 Å, and a �-oxo bridge
links them. The decreased iron-iron distance results from a
1.3-Å shift in the position of Fe2, along with alterations to the
coordination sphere of the diiron site. The bidentate glutamic
acids coordinating each iron (Glu100 and Glu191) remain, as do
the histidine coordinating Fe1 (His141) and one of the bridging
glutamic acids (Glu138, which is equivalent to Glu143 of the cas-
tor structure). However, Glu224 (Glu229 in castor), which is the
second bridging carboxylate in the reduced structure, under-
goes a large carboxylate shift in the oxidized structure to leave
the side chain pointing away from the diiron center, i.e.making
no interaction with either iron. The Glu224 carboxylate shift
creates space for the �-oxo bridge, which is positioned on the
same side of the diiron site. His227 (castor His232) is replaced by
a water molecule, and it therefore interacts with Fe2 only
weakly via the water molecule. In the ivy desaturase structure,
the remaining coordination position of each iron is occupied by

a bidentate small molecule ligand, which appears to be a 3-hy-
droxy fatty acid thought to have originated from the expression
host Escherichia coli. Further work will establish which, if any,
of the changes seen for the oxidized structure are influenced by
the presence of the ligand.
In contrast to the soluble desaturases, evidence for a diiron

active site in the integral membrane desaturases is indirect,
based on the presence of a conserved and catalytically essential
tripartite 8-histidine motif (11) within domains corresponding
to equivalents found in the spectroscopically characterized
alkane �-hydroxylase from Pseudomonas oleovorans (50, 51).

Comparison of the Desaturase Active Site with Those of
Other Diiron Proteins

Although several excellent reviews (e.g. Ref. 7) have provided
valuable insights into differences in diiron protein function,
these studies were hampered by the lack of an oxidized desatu-
rase structure. The oxidized desaturase active site shares sev-
eral key features with the corresponding structure of MMO
(18), in contrast to the reduced structures of the desaturase and
its azide complex, which bear striking similarities to those of
rubrerythrin oxidase (13, 19). In the desaturase and MMO,
�-oxo bridges are formed on the same side of the diiron axis,
whereas the �-oxo bridge of the oxidized rubrerythrin active
site is situated on the opposite side, in the same position to
which azide can bind in the reduced structure (19). As
described above, upon oxidation of the desaturase active site,
Glu224 changes from being a bridging ligand in the reduced
form to making no direct interaction with either iron in the
oxidized form. In other proteins in which a carboxylate shift is
observed, the affected side chain retains coordination with one
iron. In addition, the lack of histidine coordination to Fe2 in the
oxidized structure is also unique to the desaturase. In
rubrerythrin, the histidine coordinating Fe2 is unchanged,
whereas that coordinating Fe1 is lost, and in both MMO and
ribonucleotide reductase R2, the coordination of both histi-
dines remains constant in the oxidized and reduced states.

Evolution of Diiron Enzyme Functionality

Gomes et al. (20) rationalized that a progenitor diiron
enzyme was likely an oxidase that would have arisen after the
emergence of oxygen in the atmosphere to mitigate the delete-
rious effects of reactive oxygen species by reducing them to
water. Support for this hypothesis came from structure-func-
tion experiments involving desaturase and a peroxidase,
rubrerythrin (21). Despite poor overall homology between the
enzymes, comparison of their active sites revealed a one-to-one
correspondence between amino acid side chains comprising
the diiron ligation sphere and remarkably similar geometry in
their respective azide complexes (Fig. 1B). In both active sites,
two glutamic acid side chains bridge the two Fe(II) ions,
whereas each iron is also terminally coordinated by another
glutamic acid and a histidine. The binding site of azide in the
two active sites is almost identical and, in each case, occurs with
little change to the coordination sphere and, in contrast to the
azide complex of MMO, without a carboxylate shift.
Despite this similarity, a significant difference is seen

between the two active sites; the desaturase contains a con-

FIGURE 1. Superimposition of the reduced active site of the castor desatu-
rase and the oxidized active site of the ivy desaturase. A, the reduced
active site is shown in blue gray, with brown irons and gray water (Wat). The
oxidized active site is shown in cyan, with orange iron ions, and the �-oxo
bridge and water are depicted in yellow. B, the active-site residues of the azide
complex of the castor desaturase are shown, with colors the same as those
described for A and with Thr199 included. The Asp199 side chain of the T199D
mutant is superimposed on the structure and is depicted in green. Note that
the view is from the opposite face of the active site with respect to A to clearly
show the position of the mutation.
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served threonine in place of an aspartic acid, which, in the
rubrerythrin, is immediately adjacent to the location of the acti-
vated oxygen species (21). The carboxylate in the rubrerythrin
facilitates proton transfer to the activated oxygen, favoring oxi-
dase chemistry, whereas the desaturase possesses a threonine, a
poor proton donor, favoring hydrogen abstraction from the
fatty acid substrate. The active site of the desaturase is also
more isolated from solvent protons than that of rubrerythrin
(22). Replacement of the conserved threonine for an aspartic
acid resulted in an increase in the oxidase/desaturase ratio of
1.4 � 104 compared with the wild-type desaturase, providing
experimental support for a relationship between desaturase
and a hypothesized peroxidase ancestor. Co-opting a peroxi-
dase enzyme architecture to utilize a bound activated oxygen
for reactions such as fatty acid desaturationwould involve gain-
ing the ability 1) to bind unactivated oxygen, 2) to interact with
an electron transport chain to effect a 2-electron reduction, and
3) to bind substrate. In such a scenario, one might expect to
identify primitive biosynthetic enzymes that use peroxide as the
exclusive source of the activated oxygen used for catalysis.
Although such enzymes have not been reported, others such as
MMOand alkenemonooxygenases that obtain reducing equiv-
alents from electron transport chains are also able to use the
“peroxide shunt” (23), which may represent an artifact of such
an evolutionary ancestry.

Evolution of Functionality within Desaturase Families

Soluble and integral membrane desaturases, e.g. from castor
(10) and yeast (24), respectively, exclusively introduce double
bonds into the �9-position of saturated 16- and 18-carbon sub-
strates. The close relationship of variant desaturase-like
enzymes with their parental archetypes suggests that bifunc-
tional enzymes retaining residual parental activity might exist.
An interesting consequence of the existence of bi- or multi-
functional enzymes is that they present the host organism with
a range of potential biosynthetic outcomes based on expression
of the enzymes in distinct tissues with different available sub-
strates (25). An example of a bifunctional desaturase comes
from the Ceratodon fatty-acyl acetylenase/desaturase, which
performs two sequential dehydrogenation reactions at the
�6-position, the first introducing a double bond and the second
a triple bond. How acetylenases abstract two hydrogens from
adjacent carbon atoms linked by a double bond without form-
ing an epoxide remains an intriguing mechanistic question.
There are several examples of bifunctional desaturases, includ-
ing the tung conjugase/desaturase, which converts 18:
2�9-cis,12-cis to 18:3�9-cis,11-trans,13-trans and also converts 18:
1�9-cis to 18:2�9-cis,12-trans (25). The Lesquerella hydroxylase/
desaturase involves the introduction of distinct functionality,
either a double bond or a hydroxy group at C-12 (26). It is an
example of a desaturase enzyme with intermediate functional-
ity between that of the oleate �12-desaturase and the castor
12-hydroxylase. A mechanistic link between hydroxylase
enzymes and desaturases was supported by close examination
of the products of desaturases from a range of sources that
revealed trace amounts of hydroxylation activity (27). Indeed,
for cases in which the cryptoregiochemistry (1) has been deter-
mined, there is a correspondence between trace levels of

hydroxylation at a particular carbon and the site of initial oxy-
gen attack (27).
Regioselectivity in acyl-ACP desaturases has been hypothe-

sized to evolve by changes in as few as four specific amino acid
locations (15, 28). For membrane desaturases, substrate factors
have also been shown to influence regioselectivity. For instance,
the regioselectivity of a bifunctional 16:0 �7/�9-desaturase was
reported to be controlled by its subcellular targeting to different
organelles in which the same fatty acid is esterified to different
headgroups (29). In this case, the nature of the substrate head-
group, and not differences in the amino acid sequence of the
enzymes or the fatty acid, determines regioselectivity.

Unusual Fatty Acid Biosynthesis by Desaturases and
Related Enzymes

In addition to commonly occurring fatty acids 16 or 18 car-
bons in length and with between zero and three cis double
bonds, upwards of 1,000 so-called unusual fatty acids have been
identified (30) that, in addition to cis double bonds, contain
various functional groups such as trans double bonds, hydroxy
groups, epoxide groups, triple bonds, etc. (31). The enzymes
responsible for the biosynthesis of unusual fatty acids recognize
similar (or identical) substrates and, like desaturases, initiate
catalysis by abstraction of a hydrogen from an unactivated
methylene group (32), so it is not surprising that many of these
enzymes evolved from desaturases. For example, the gene for
the oleate 12-hydroxylase was cloned based on its predicted
homology to the oleate�12-desaturase (33). Substitution of five
amino acids located adjacent to a cluster of active-site histidine
residues (11) with their equivalents from the hydroxylase was
sufficient to convert the desaturase into a hydroxylase (and vice
versa) (34). Two of the five locations were shown to predomi-
nantly influence functional outcome (27). Lack of a membrane
desaturase crystal structure precluded mechanistic interpreta-
tion of these intriguing results.
Acyl-ACP desaturases convert saturated fatty acyl-ACPs to

their monounsaturated counterparts (9). They vary in both
chain length selectivity and regioselectivity (35, 36). A compar-
ison of the structures of the castor 18:0 �9- and ivy 16:0 �4-de-
saturases (14) was initiated to determine the basis for regios-
electivity (15). A triple mutant designed to investigate the basis
for regioselectivity retained its �9-desaturation activity, con-
verting 18:0 into 18:1�9-cis; however, this product was further
metabolized to 9-OH 18:1�10-trans (37) in a reaction reminis-
cent of the synthesis of dimorphecolic acid (9-OH 18:
2�10-trans,12-trans) (38). Production of a trans-allylic alcohol by
close relatives of both membrane and soluble classes of desatu-
rases underscores the commonality of catalytic repertoire
between these two classes of enzymes. When the 18:1�9-trans

substrate was presented to the enzyme, two products were syn-
thesized: the 9-OH 18:1 �10-cis-allylic alcohol and the
�9-trans,11-cis-isomer of CLA. It was rationalized that the for-
mation of the three unusual fatty acids in terms of distinct
proposed substrate binding relative to the position of the
oxidant and the bend in the active-site cavity (Fig. 2). For-
mation of the allylic alcohol results from the ability of the
mutant to recognize its initial desaturation product,
18:1�9-cis, as a substrate (possibly because of alterations in
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binding affinity for 18:1�9-cis and/or changes in redox gating
properties) (39). The C-10 double bond forms in the trans
configuration because this region of the substrate is pre-
dicted to be in the anti-conformation. Lack of rotation
around C-9 and C-10 of the 18:1�9-trans substrate would
cause it to penetrate one carbon less deeply into the binding
cavity and the cis-allylic alcohol would result from place-
ment of C-10 and C-11 at the bend in the binding cavity,
which would impose an eclipsed conformation. CLA forma-
tion would result from the 18:1�9-trans substrate binding two
carbons less deeply in the active site, followed by a “normal”
desaturation reaction in a fashion similar to that described
for the conversion of the 18:1�11-trans substrate to CLA
�9-cis,11-trans by the wild-type desaturase (40).

Register and Chemical Nature of the Substrate Affect
Reaction Outcome

Residues attributed to binding the diiron site in both soluble
andmembrane desaturases are found in the same relative posi-
tions in the sequences of enzymes that exhibit diverse specific-
ity and functional outcome. This implies the iron-bound oxi-
dant occurs in fixed positions; thus, differences in catalytic
activity are likely the result of differences in presentation of the
substrate to the oxidant. This could occur via changes in the
amino acid sequence of the enzyme close to the active site as
was described for the oleate hydroxylase (27, 34) or from differ-
ences in the nature of the substrate that could perhaps subtly
alter the register of the fatty acid in the binding cavity (37).
Support for changes in register influencing reaction outcome
comes fromanalysis ofmutants of the oleate desaturase capable
of hydroxylation, inwhich the hydroxylation/desaturation ratio
was 5–9-fold higher for 18-carbon versus 16-carbon substrates
(27). The presence of functional groups in the acyl chain can be

envisaged to affect the substrate-
binding mode as described above
for the variant soluble desaturase
(37).
The principle that existing modi-

fications can lead to further changes
in substrate binding relative to the
active-site oxidant offers an appeal-
ing explanation for the observation
that many unusual fatty acids con-
tain multiple unusual functional-
ities within the same acyl chain (31,
41). For instance, the occurrence of
triple bonds in acyl chains is often
associated with the introduction of
additional acetylenic groups or
�-hydroxylation (31). The presence
of a triple bond in a substrate
imparts rotational and rigidity con-
straints in addition to a reduced
C–C bond length to a portion of the
acyl chain that restricts its potential
binding modes relative to a sub-
strate lacking the acetylenic group.
An interesting example of this was

recently reported for a desaturase from Thaumetopoea that is
responsible for the production of an unusual fatty acid sex pher-
omone, 11-ynoic 16:1�13, which is produced from 16:0 (42).
The enzyme initially desaturates 16:0 at the �11-position and
then performs a second C-11 desaturation to introduce the tri-
ple bond. The acetylenic substrate, containing a linear rigid
portion at C-11–C-12, is unable to bind in the presumed bend
in the substrate-binding cavity, and so cis dehydrogenation
occurs at the next rotationally flexible carbons, i.e. C-13 and
C-14, yielding the 11-ynoic �13-cis-product. Another example
of sequential functionality has been reported in fungi, which
have a desaturase that introduces two double bonds via sequen-
tial desaturation, the first at �12 and the second at the �-3
position (43), presumably because of changes in binding mode
due to the introduction of the cis �12-double bond. These
examples of individual enzymes catalyzing sequential reactions
support the notion that modifications to the physical nature of
the substrate can result in discrete binding modes that favor
distinct reactions within the same enzyme. Interestingly,
whereas trans double or acetylenic bonds in the substrate often
correlate with unusual fatty acid production, the presence of
hydroxy groups has been shown to be functionally equivalent to
cis double bonds with respect to the placement of subsequent
double bonds (44).

Enzyme-Substrate Interactions for Soluble and
Membrane Desaturases

There are many similarities between the chemistry per-
formed by soluble and membrane-bound desaturases. Both
perform regioselective cis dehydrogenation, a process that
requires tight binding of the substrate in the eclipsed confor-
mation. That both performpro-Rdehydrogenation implies that
the oxidant lies on the same side of the substrate-binding plane

FIGURE 2. Schematic representation of the proposed binding modes of substrate (inner) and their
respective products (outer). Note the substrate enters the channel from the right-hand side in the extended
conformation.
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for both classes of enzymes. There are also notable differences.
For instance, it was shown that replacing the pendant alkyl
group of methyl 9-thiastearate with a benzyl moiety had no
effect on the enantioselectivity of sulfoxidation by yeast, imply-
ing that the bulky benzyl group did not impede substrate access
to the active site (45). Also, sterculic (8-(2-octacyclopropen-1-
yl)octanoic) acid with its bulky cyclopropene ring is a potent
inhibitor of membrane stearoyl-CoA desaturases but not of
acyl-ACP desaturases (46–48) presumably because it is too
bulky to enter the narrow substrate-binding channel of the sol-
uble desaturases (17). This suggests that themembrane desatu-
rase active site has a fundamentally different architecture from
that of the soluble desaturase, perhaps having a cleft into which
substrates enter laterally rather than a deep binding cavity into
which substrates enter in extended conformation as for the sol-
uble desaturases. The two classes of desaturases also exhibit
different rate-limiting steps. For the membrane desaturases,
the initial C–Hbond-breaking step is rate-limiting as evidenced
by a large kinetic isotope effect upon substitution of deuterium
for hydrogen, whereas little effect is seen for the soluble desatu-
rase (1). The limiting step for the soluble desaturase may be the
release of acyl-ACP product, which involves the energetically
unfavorable solvation of hydrophobic product as it leaves the
hydrophobic cavity and enters the aqueous phase. This is in
contrast to the membrane desaturases, in which the lipid-
linked product is released into the lipid comprising the
membrane.
The determination of a crystal structure of a member of the

membrane class of desaturases would transformationally
improve our understanding of the structure-function relation-
ships of this functionally diverse family of proteins. To achieve
this, two major issues need to be resolved. First, a system for
expression of functional desaturase needs to be established; and
second, a method of purification with yields of active protein
sufficient for structural analysis needs to be developed. An
exciting advance in this direction is the report of the expression
and purification of active human stearoyl-CoA desaturase (49).
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Zinc is an essential nutrient and serves as a structural or cat-
alytic cofactor for many proteins. Thus, cells need mechanisms
to maintain zinc homeostasis when available zinc supplies
decrease. In addition, cells require other mechanisms to adapt
intracellular processes to suboptimal levels of zinc. By exploring
the transcriptional responses to zinc deficiency, studies of the
yeast Saccharomyces cerevisiae have revealed both homeostatic
and adaptive responses to low zinc. The Zap1 zinc-responsive
transcription factor regulates several genes in yeast, and the
identity of these genes has led to new insights regarding how
cells respond to the stress of zinc deficiency.

Zap1 Transcription Factor

In Saccharomyces cerevisiae, Zap1 is the central player in the
response to zinc deficiency (1). This metal-responsive regula-
tory protein controls the expression ofmany genes in yeast. For
most of its target genes, Zap1 acts as a transcriptional activator
and increases expressionwhen zinc levels are low. In a fewother
cases, Zap1 acts as a repressor. To perform these functions,
Zap1 binds to zinc-responsive elements (ZREs)2 in the promot-
ers of its target genes (2). The consensus sequence for a ZRE is
ACCTTNAAGGT, although functional Zap1-binding sites can
differ greatly from this consensus. Although some Zap1-regu-
lated promoters containmultiple ZREs, most have only a single
binding site (2, 3).
The Zap1 protein is 880 amino acids long (Fig. 1A). A DBD is

found at its C terminus (4, 5). This domain is made up of five
C2H2 zinc fingers. In addition, Zap1 contains two domains,
AD1 andAD2, that activate transcription (6). Current evidence
indicates that Zap1 is a direct sensor of zinc. The protein resides
in the nucleus under all conditions of zinc status (6).When zinc
levels rise, the metal binds to residues in the AD1 and AD2
regions of the protein, and this binding inhibits their ability to

activate transcription (6–11). It is intriguing that Zap1 contains
two ADs that are independently regulated by zinc. This feature
is conserved among Zap1 orthologs from distantly related
fungi, indicating that both ADs are critical for Zap1 function.
AD1 is located in the N-terminal half of the protein and is

embedded within an �300-amino acid region required for its
regulation by zinc (7). This region, designated ZRDAD1, con-
tains no known zinc-binding motifs, but it binds multiple zinc
ions in vitro. In addition,mutation of potential zinc ligands near
the ends of ZRDAD1 renders AD1 constitutive. The Zap1 DBD
has also been found to be required for shutting off AD1, sug-
gesting that zinc binding promotes an interaction betweenAD1
and the DBD that masks AD1 function (6, 7).
AD2 is regulated by zinc binding to two additional C2H2 zinc

fingers. These fingers, ZF1 and ZF2, bind zinc and fold into a
novel finger pair structure in which the two fingers interact via
a hydrophobic interface (Fig. 1B) (9). It is likely that this folded
conformation prevents AD2 from recruiting coactivators to
Zap1 target promoters. AD2maps to the ZF2 domain, but both
fingers are required for its zinc regulation (10). A remarkable
feature of zinc binding to ZF1 and ZF2 is that it is very labile
relative to structural sites (8, 9, 11). This observation suggests
that regulating AD2 involves a constant cycle of zinc binding
and release from ZF1 and ZF2, allowing rapid sampling of the
cell’s zinc status. Lability of zinc binding to AD1 has not been
assessed.
The genes that Zap1 regulates provide important insight into

how cells respond to zinc-limiting conditions. Several studies
have used genome-wide approaches to identify genes that are
altered in expression in zinc-limited cells and those that are
regulated directly by Zap1 (3, 12–15). Taken together, these
studies suggest that �80 genes in yeast are direct targets of
Zap1 activation. In addition, several genes are repressed in a
Zap1-dependent manner, indicating that additional modes of
regulation exist. The roles of many of these genes are depicted
in Fig. 2 and discussed below.

Homeostatic Responses to Zinc Deficiency

First among Zap1-mediated responses to zinc deficiency is
the autoregulation of theZAP1 gene itself (2). Zap1 activates its
own transcription in zinc-limited cells, resulting in increased
Zap1 protein levels. This increasemay play an important role in
the zinc responsiveness of other Zap1 target genes.
Zinc Uptake—A major response to Zap1 activation is the

increased expression of transporters involved in zinc uptake.
Several different proteins mediate zinc uptake in yeast. The
ZRT1 and ZRT2 genes encode Zn2�-specific transporters,
whereas Fet4 transports Fe2�, Cu�, and Zn2� (16–18). Zap1
induces expression of ZRT1, ZRT2, and FET4 under zinc-lim-
iting conditions. Zrt1 andZrt2 aremembers of theZIP family of
transporters that play key roles in metal transport in bacteria,
fungi, plants, and animals (19, 20). Fet4 homologs are found
only in other fungi. Zrt1 has the highest affinity for zinc and
plays the major role under zinc-limiting conditions. Zrt2 and
Fet4 have lower affinity and contribute to zinc uptake under
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mildly low zinc conditions. The Pho84 phosphate transporter
may also transport zinc, perhaps as a Zn�PO4 complex, when
extracellular zinc levels are high (21). PHO84 expression is not
altered by zinc status.

Surprisingly, the ZRT2 gene is both activated and repressed
by Zap1 (22). ZRT2 expression increases under mild zinc defi-
ciency but decreases to low levels under severe deficiency. This
paradoxical regulation is due to the presence of three ZREs in
the ZRT2 promoter (Fig. 3A). Two high affinity Zap1-binding
sites, ZRE1 and ZRE2, are located upstream of the TATA box
andmediate Zap1-dependent activation. The third ZRE, ZRE3,
has a lower affinity for Zap1 binding and is located downstream
of the TATA box near the transcription start site. ZRE3 is
essential for repressingZRT2 expression. Undermoderate con-
ditions of zinc deficiency, Zap1 binds to ZRE1 and ZRE2 and
activates transcription. Under severe deficiency, when Zap1
levels rise due to autoregulation, Zap1 also binds to ZRE3 and
blocks ZRT2 expression. This pattern of expression ensures
that the low affinity Zrt2 transporter is not expressed at times
when it is unable to contribute to zinc uptake.
Vacuolar Zinc Storage—The vacuole is the major site of zinc

storage in yeast. Under high zinc conditions, almost 109 atoms
of zinc/cell can be stored in this organelle (23). This amount of
zinc is sufficient to supply the needs of hundreds of progeny cells,
so vacuolar zinc storage is likely to be of great utility to cells facing
zinc-limiting conditions. Transport of zinc into the vacuole in
zinc-replete cells isprimarily the roleof two transporters,Zrc1and
Cot1 (24). These proteins are also critical for zinc tolerance, indi-
cating that the vacuole plays the major role in the resistance of
yeast to excess zinc. Under zinc-limiting conditions, expression of
the ZRT3 gene is up-regulated by Zap1 (24). ZRT3 encodes a ZIP
protein related toZrt1 andZrt2 thatpumpszincoutof the vacuole
and into the cytoplasm, where it can then be utilized. Mutants

defective for Zrt3 function hyperac-
cumulate zinc in the vacuole but
mobilize that stored zinc very poorly.
Zinc ShockTolerance—Itwas sur-

prising to discover that ZRC1 is also
up-regulated by Zap1 in zinc-lim-
ited cells (25, 26). This observation
was unexpected given the role of
Zrc1 in generating rather than
mobilizing zinc stores. We have
shown that ZRC1 induction is a
novel “proactive” mechanism of
zinc homeostasis (26). Because
zinc-limited cells express high levels
of zinc transporters like Zrt1, they
are poised to accumulate substantial
amounts of zinc should it become
available.Werefer to this conditionas
“zinc shock.” Zrc1 and its induction
by Zap1 are critical for cells to with-
stand zinc shock by promoting the
efficient transport of excess cytosolic
zinc into the vacuole. Being proactive
rather than reactive, this mechanism
allows for more rapid resistance than
would post-stress induction of zinc
tolerance genes such as metallothi-
oneins, as occurs in many other
organisms.

FIGURE 1. Anatomy of the Zap1 transcription factor. In A, the zinc fingers of
Zap1 are shown by the filled boxes, and AD1 and AD2 are indicated by the
hatched boxes. The potential zinc ligands at the ends of ZRDAD1 are in boldface
and underlined. In B, a model of the folded form of the ZF1/ZF2 finger pair is
shown. Zinc atoms are cyan, the zinc ligands are blue, and the residues lining
the hydrophobic interface between the fingers are red.

FIGURE 2. Transcriptional responses to zinc deficiency mediated by Zap1. The subcellular location and
functional role of the protein products of known or likely Zap1 target genes are shown. Gene products shown
in yellow represent those that are up-regulated by Zap1, and those in blue indicate down-regulated proteins.
The symbol for Zrt2 is split because that gene is both activated and repressed by Zap1. Gray circles indicate
gene products not regulated by zinc. PM, plasma membrane; MITO, mitochondria; ORF, open reading frame.
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Zinc Conservation—ADHs are among the most abundant
zinc-binding proteins in the cell. Thus, it was intriguing to dis-
cover that two genes encoding ADH isozymes, ADH1 and
ADH3, are repressed by Zap1 under low zinc conditions (3).
The populations of Adh1 and Adh3 proteins together bind
�1.5 � 106 atoms of zinc/cell under zinc-replete conditions
(27, 28). This amount represents a sizeable portion of the total
cellular zinc, so down-regulation of ADH1 and ADH3 expres-
sion would provide substantial amounts of the metal for other
purposes. The mechanism Zap1 uses to repress ADH isozymes
has recently been determined (Fig. 3B) (29). Zap1 represses
ADH1 andADH3 expression bymeans of intergenic transcripts
that are activated by Zap1 and transcribed through the ADH1
andADH3 promoters. These intergenic transcripts, designated
ZRR1 and ZRR2, respectively, do not encode protein products
themselves, but rather their synthesis through these promoter
regions results in the transient displacement of transcription
factors (Gcr1, Rap1) normally required for ADH1 and ADH3
expression. This displacement causes reduced expression of
two of the most abundant zinc-binding proteins in the cell.
Conversely, the ADH4 gene is induced by Zap1 (3, 14, 29), and
this gene encodes an ADH similar to an iron-dependent
isozyme from Zymomonas mobilis. Thus, by switching from
zinc-dependent to zinc-independent ADH isozymes, the cell
may conserve zinc for other uses. Alternatively, some evi-
dence suggests that Adh4 may use zinc as its cofactor rather
than iron (30). Adh4 is predicted to bind only one atom/
monomer, whereas Adh1 and Adh3 each bind two. Thus,
zinc conservation could occur under this scenario as well.
Other Homeostatic Responses—The Zap1-regulated genes

just discussed have all been verified to be direct targets of Zap1.
Several other genes have been implicated by expression studies
to be Zap1 targets but have not yet been further tested. These
genes may also play important roles in zinc homeostasis. One
example is ZRG17. ZRG17 encodes a transporter protein
involved in moving zinc into the ER for metalloproteins in that
organelle (31). Zrg17 functions in a heteromeric complex with
the Msc2 protein. AlthoughMSC2 expression is not regulated
by Zap1, ZRG17 expression probably is (3, 12, 14, 15). Thus, ER
zinc transport and zinc homeostasis in that compartment may
be controlled byZap1 regulatingZRG17. Another potential tar-
get of Zap1 regulation isUTH1. Uth1 is amitochondrial protein
that is involved in the targeted degradation of mitochondria by
autophagy (32). Mitochondrial autophagy involves the engulf-

ment of mitochondria by the vacu-
ole and their subsequent degrada-
tion by vacuolar enzymes. Induction
of Uth1 may aid the degradation of
mitochondria in zinc-limited cells,
and these mitochondria could be a
source of zinc for other purposes.

Adaptive Responses to Zinc
Deficiency

The control of zinc uptake, vacu-
olar zinc storage, and isozyme
switching among ADHs represent
strategies of zinc homeostasis. It has

also become clear that yeast cells use several strategies to adapt
to conditions of zinc deficiency (Fig. 2). These include mecha-
nisms to resist oxidative stress caused by zinc deficiency,
changes in lipid synthesis pathways, and remodeling of sulfate
assimilation. These adaptive responses can be as important as
the homeostatic responses in allowing yeast to survive the stress
of zinc deficiency.
Oxidative Stress Tolerance—Studies of many different orga-

nisms have shown that zinc deficiency can increase intracellu-
lar levels of ROS (33, 34). Increased ROS can then lead to lipid
and protein oxidation and to DNAdamage andmutations. Like
other organisms, yeast cells experience increased oxidative
stress when zinc-limited (35). Although the source of this
increased ROS is unknown, we have discovered a mechanism
that yeast cells use to protect themselves against it. Specifically,
Zap1 activates expression of the TSA1 gene, which encodes the
major cytosolic peroxiredoxin (35). Peroxiredoxins catalyze the
degradation of hydrogen peroxide and organic hydroperoxides
(36). Consistent with the regulation of TSA1 by Zap1, tsa1�
mutants grow very poorly under zinc-limiting conditions. This
indicates that Tsa1 plays a major role in protecting cells against
ROS under low zinc conditions. Zap1 has also been implicated
in the increased expression of CTT1, encoding cytosolic cata-
lase, in low zinc (14). Thus, catalase may also degrade ROS that
accumulates in zinc-limited cells. The source of oxidative stress
in low zinc is under investigation.
Phospholipid Synthesis—The major phospholipids found in

yeastmembranes are PI, phosphatidylserine, PE, and PC. These
phospholipids are synthesized from CDP-DAG via the CDP-
DAG pathway (37). The CDP-DAG pathway is the primary
mechanism of PE and PC synthesis when choline and ethanol-
amine are not supplied in the medium. However, these phos-
pholipids can also be synthesized from ethanolamine and cho-
line via the alternative Kennedy pathway. Intriguingly,
Iwanyshyn et al. (38) noted that the activities of all of the
enzymes of the CDP-DAG pathway are decreased in zinc-lim-
ited cells. Conversely, the activity of PI synthase, encoded by
PIS1 and involved in converting CDP-DAG into PI, is
increased. In addition, the activities of the Kennedy pathway
enzymes ethanolamine kinase and choline kinase, encoded by
EKI1 and CKI1, respectively, are increased in zinc-limited cells
(39, 40). Thus, a metabolic remodeling occurs in low zinc such
that CDP-DAG is diverted to PI synthesis and PE and PC syn-

FIGURE 3. Mechanisms of ZRT2 (A) and ADH1 (B) repression mediated by Zap1. TATA elements (filled
circles), transcription factor-binding sites (filled rectangles), and RNAs produced (arrows) are shown.
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thesis switches from the CDP-DAG pathway to the Kennedy
pathway.
Carman and co-workers (38) have determined the mecha-

nism of this regulation. They found that repression of the CDP-
DAG pathway enzymes occurs at the transcriptional level via
the Opi1 repressor protein. Opi1 is a component of the regula-
torymachinery that regulates lipid synthesis in response to ino-
sitol. Opi1 is found in its inactive state bound to the nuclear/ER
membrane. Under low zinc conditions, as under high inositol
conditions, Opi1 is released and translocated into the nucleus.
Opi1 is then recruited to the promoters of the CDP-DAG path-
way enzymes (CHO1, PSD1, CHO2, OPI3), which are then
repressed. In contrast, increased expression of PIS1 and the
Kennedy pathway genes EKI1 and CKI1 is the result of tran-
scriptional activation by Zap1 (39–41). The promoters of these
genes contain ZREs that serve as Zap1-binding sites and are
required for their induction in zinc-limited cells. In this way,
zinc-limited cells increase their levels of PI and use alternative
pathways to generate PE and PC.Whereas PE levels decrease by
�50% in zinc-limited cells, PC levels are unaffected (38). It is
interesting to note that the EKI1 and CKI1 promoters are also
subject to Opi1 repression, suggesting that Zap1 activation
overrides Opi1 control in zinc-limited cells.
An important remaining question is why this remodeling of

lipid synthesis occurs in response to low zinc. Although the
answer is still unclear, one possible explanation is suggested by
our recent analysis of the regulation of sulfate assimilation by
Zap1. As discussed further below, we have found that the
assimilation of sulfate into sulfur-containing compounds such
as methionine and SAM is repressed under zinc-limiting con-
ditions. The conversion of PE to PC requires sequential
methyltransferase reactions using SAM as the methyl donor.
Repressed sulfate assimilation and reduced levels of SAM in
zinc-limited cells may reduce the capacity of the CDP-DAG
pathway for PC synthesis. Up-regulation of the Kennedy
pathway would then help bypass that potential barrier to
lipid synthesis.
Another gene involved in lipid metabolism that is regulated

by Zap1 is DPP1, encoding DGPP phosphatase (42). Dpp1 is
localized to the vacuole membrane and catalyzes the dephos-
phorylation of DGPP to PA and, subsequently, of PA to DAG.
This results in a decrease in DGPP and PA levels in the vacuole
membrane (43), but the importance of these effects in low zinc
is unknown.
Sulfate Assimilation—Zap1 repression of ZRT2, ADH1, and

ADH3 suggested that other genes may be repressed, either
directly or indirectly, by Zap1 under zinc deficiency. An analy-
sis of expression data obtained from previous microarray
experiments indicated that �30 genes in the yeast genome
show reduced expression in zinc-limited cells in a manner that
is responsive to Zap1 activity (44). In addition to ADH1 and
ADH3, theADH2 zinc-dependent ADHwas identified, indicat-
ing that it may also be repressed for zinc conservation.
The genes encoding the first three enzymes of the sulfate

assimilation pathway, MET3, MET14, and MET16, are also
repressed in a Zap1-dependent manner in low zinc. These
enzymes convert SO4

2� into SO3
2�, which can then be converted

into sulfur-containing compounds such as methionine, SAM,

cysteine, and glutathione (45). Consistent with down-regula-
tion of sulfate assimilation, the free pools of cysteine andmethi-
onine were greatly reduced in zinc-limited cells compared with
zinc-replete cells (44).
We have recently determined the mechanism of this regula-

tion. MET3, MET14, and MET16 transcription is mediated by
the Met4 activator. When organic sulfur compounds (e.g. cys-
teine) are high, Met4 is ubiquitinated and inactivated by the
SCFMet30 E3 ubiquitin ligase (46). In this way, transcription of
theMET genes isdecreasedwhentheendproductsof thepathway
accumulate. Zap1 commandeers this regulatory system in zinc-
limited cells to repress sulfate assimilation regardless of the levels
of organic sulfur compounds. Todo this, Zap1 activates transcrip-
tion of theMET30 gene via aZRE in theMET30promoter.Met30
is the rate-limiting subunit of SCFMet30, and its increased expres-
sion leads to increasedSCFMet30 activity,Met4ubiquitination, and
decreasedMet4 activation of its target genes.
Although themechanism of this regulation is clear, how does

this help zinc-limited cells? An attractive model is suggested by
studies of oxidative stress tolerance. Sulfate assimilation
requires large amounts of NADPH. Slekar et al. (47) demon-
strated that using NADPH to combat oxidative stress, e.g. via
NADPH-dependent glutathione and thioredoxin reductases,
disrupts sulfate assimilation because of competition for limit-
ing NADPH supplies. Conversely, we suspect that sulfate
assimilation competes with oxidative stress responses for that
same pool of NADPH. Thus, given that zinc-limited yeast cells
have elevated ROS and an increased demand for NADPH,
repression of sulfate assimilation would make more NADPH
available for oxidative stress tolerance.
Other Adaptive Responses—As was the case for zinc homeo-

stasis genes, there are several genes that may play important
roles in the adaptation to zinc deficiency that have yet to be
confirmed as direct Zap1 targets. Two of those genes, MUP1
and SAM3, could contribute to sulfate metabolism in zinc defi-
ciency (14, 15). MUP1 encodes a cysteine and methionine
uptake transporter protein (48). Similarly, Sam3 is a transporter
that takes up exogenous SAM (49). Both of these genes are
up-regulated in zinc-limited cells in aZap1-dependentmanner.
Their induction makes sense in light of the decreased level of
sulfate assimilation that was just discussed. In addition, several
genes involved in cell wall function, including SCW4, SED1,
PST1, andHPF1, are potential Zap1 targets, suggesting that cell
wall remodeling occurs in low zinc. Furthermore, genes
involved in vacuolar protein degradation (PEP4, PRB1, PRC1)
are up-regulated perhaps to increase the rate of protein degra-
dation. This could serve an adaptive role by aiding the removal
of damaged proteins that could accumulate in zinc-limited
cells. Alternatively, increased protein turnover could free up
zinc for other uses. As a final example, two genes involved in
protein modification in the secretory pathway, MCD4 and
MNT2, are apparently up-regulated by Zap1 in low zinc.MNT2
encodes a mannosyltransferase. Mcd4 is a zinc-dependent
enzyme involved in glycosylphosphatidylinositol anchor syn-
thesis (50), so its increased expressionmay allow this enzyme to
maintain its function under zinc deficiency.

MINIREVIEW: Zinc Deficiency in S. cerevisiae

18568 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 284 • NUMBER 28 • JULY 10, 2009



Conclusions

The identification of Zap1 target genes has highlighted the
strategies used by yeast to thrive under zinc-limiting growth
conditions.Many of these responses are involved in zinc home-
ostasis and strive to maintain a consistent intracellular zinc
environment while external conditions change. In addition,
many other responses help the cell to adapt to conditions of
zinc deficiency by altering metabolic processes that are com-
promised by that stress. In thisminireview, I have discussed the
roles of �30 of the �100 genes that are regulated positively or
negatively by Zap1. Future studies addressing the function of
other Zap1-regulated genes and their relevance to zinc-limited
growth promise to provide new insights into how cells of all
organisms respond to zinc deficiency.
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Of the eight known nickel enzymes, all but glyoxylase I cata-
lyze the use and/or production of gases central to the global
carbon, nitrogen, and oxygen cycles. Nickel appears to have
been selected for its plasticity in coordination and redox chem-
istry and is able to cycle through three redox states (1�, 2�, 3�)
and to catalyze reactions spanning �1.5 V. This minireview
focuses on the catalytic mechanisms of nickel enzymes, with an
emphasis on the role(s) of the metal center. The metal centers
vary from mononuclear to complex metal clusters and catalyze
simple hydrolytic to multistep redox reactions.

Seven of the eight known nickel enzymes (Table 1) involve the
use and/orproductionof gases (CO,CO2,methane,H2, ammonia,
and O2) that play important roles in the global biological carbon,
nitrogen, and oxygen cycles (1). CODH2 interconverts CO and
CO2;ACSutilizesCO; thenickelARDproducesCO; hydrogenase
generates/utilizes hydrogen gas; MCR generates methane; urease
produces ammonia; and SOD generates O2.
The nickel sites in enzymes exhibit extreme plasticity in

nickel coordination and redox chemistry. The metal center in
SODmust be able to redox processes with potentials that span
from �890 to �160 mV (2), whereas in MCR and CODH, it
must be able to reach potentials as low as �600 mV (3); thus,
nickel centers in proteins perform redox chemistry over a
potential range of �1.5 V!
Because natural environments contain only trace amounts of

soluble Ni2�, attaining sufficiently high intracellular nickel
concentrations to meet the demand of the nickel enzymes
requires a high affinity nickel uptake system(s) (4), molecular
and metallochaperones (5), and sensors and regulators of the
levels of enzymes involved in nickel homeostasis (6). However,
space limitations prevent coverage of these pre-catalytic events.

Glyoxylase I

GlxI and GlxII catalyze conversion of methylglyoxal, a toxic
species that forms covalent adductswithDNA, to lactate (Table
1, Reaction 1) (7). A single nickel ion in an octahedral coordi-
nation environment acts as a Lewis acid catalyst and remains in

the 2� state throughout the isomerization reaction (supple-
mental Fig. S1), which is consistent with the utilization of zinc
at the GlxI active site in some organisms, including humans (8).
The Ni2� ion binds the hemithioacetal adduct between meth-
ylglyoxal and GSH, displacing a water ligand. General base
catalysis by Glu122 leads to proton abstraction from the sub-
strate, forming the coordinated enediolate intermediate. Rep-
rotonation at C-2 promotes generation of the product S-D-lac-
toylglutathione, which undergoes hydrolysis to lactate and
GSH in a separate reaction catalyzed by GlxII.

Acireductone Dioxygenase

ARD performs the penultimate step in the methionine salvage
pathway (Table 1, Reaction 2) (9, 10). ARD belongs to the cupin
superfamily, and the structure reveals an octahedral high spin
Ni(II) center, hexacoordinated by three histidines, one aspartic
acid, and twowaters (supplemental Fig. S2).Nickel neither under-
goes redox changes nor binds O2; instead, the substrate acireduc-
tone (A, 1,2-dihydroxy-3-oxo-5-(methylthio)pent-1-ene) reacts
directlywithO2 to formtheperoxo species (B), andnickel remains
in the 2� state throughout the reaction, like Cu1� in the mecha-
nism of copper amine oxidases (11). Nickel acts as a Lewis acid,
promoting attackby theperoxo intermediate on thenickel-ligated
carbonyl group to generate a cyclic intermediate (D) that decom-
poses to CO, formic acid, and a carboxylic acid.

Nickel Superoxide Dismutase

SOD emergedwith the rise inO2 levels around 2 billion years
ago (12) as part of a cellular defense system against reactive
oxygen species generated by various reactions associated with
oxygen metabolism, including respiration and oxidative stress
events associated with macrophage and neutrophil infection
(13, 14). SOD targets superoxide (Table 1, Reaction 3), which
directly destroys iron-sulfur clusters in redox enzymes, and
reacts with nitric oxide to generate peroxynitrite, a powerful
oxidant and nitrating agent (15).
There are multiple SODs, the Cu/Zn-SODs, the Fe-SODs,

theMn-SODs, the cambialistic SODs (which can function with
either manganese or iron), and the Ni-SODs, all of which cata-
lyze the conversion of superoxide to O2 and H2O2 (Table 1,
Reaction 3), with catalytic efficiencies (kcat/Km � 109 M�1 s�1)
near the diffusion limit (14, 16). Originally isolated from Strep-
tomyces seoulensis (17), the Ni-SOD gene (sodN) has been
found in cyanobacteria, marine gammaproteobacteria, and a
marine eukaryote (18).
Ni-SOD switches between a square planar N2S2 (Ni2�) and

square pyramidal N3S2 (Ni3�) (supplemental Fig. S3) coordina-
tion environment (19), composed of the sulfur atoms of twoCys
residues and two peptide backbone nitrogens. Proteolytic proc-
essing of an inactive proprotein seeds the formation of the so-
called nickel hook, a conserved 12-amino acid sequence that
provides all of the essential interactions for metal binding (19),
and a catalytically active six-residuemaquette has been synthe-
sized (20). The Cys sulfur ligands appear to poise the Ni3�/2�

redox couple in the appropriate range for catalyzing both the

* This is the third article of five in the second Thematic Minireview Series on
Metals in Biology. This minireview will be reprinted in the 2009 Minireview
Compendium, which will be available in January, 2010.
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reduction and oxidation of superoxide and to serve as a proton
donor during catalysis (19, 21).
The SOD reaction involves the binding of superoxide to the

Ni2� center, generating a Ni2�-peroxo species that undergoes
proton and electron transfer to generate H2O2 and the oxidized
Ni3� center. Binding of a second superoxide generates a Ni3�-
peroxo intermediate, which donates an electron back to the Ni3�

center to liberate dioxygen and re-form the starting Ni2� state.

Urease

Urease is key to the global nitrogen cycle because it catalyzes
hydrolysis of urea, which is excreted by vertebrates, into ammo-
nia and bicarbonate (Table 1, Reaction 4) (22, 23). Thus, urease
is absent in vertebrates but facilitates nitrogen assimilation by
plants, algae, and bacteria, a role that is underscored because
urea is a major globally used soil fertilizer. Urease is also a vir-
ulence factor for pathogens in the animal gut and urinary tract,
promoting host colonization by neutralizing the low pH in the
stomach (24).
Many structures of urease and site-directed variants in the

presence and absence of substrates and inhibitors are available
(22). Urease contains a dinickel center, with Ni1 encased in a
square pyramidalN2O3 environment andNi2 in apseudo-octahe-
dral N2O4 arrangement (supplemental Fig. S4). Ni1 is bridged to
Ni2 through awater/hydroxyl group (Wb) and a carboxylatemoi-
ety from N-carboxylysine (22). Remaining in the 2� state, the
bimetallic center acts as a Lewis acid role, providing a 1014-fold
rate enhancement of urea hydrolysis, with kcat values as high as
3000 s�1 andkcat/Kmof106M�1 s�1. In theenzymaticmechanism,
urea binds with its carbonyl oxygen bound to Ni1; then, when a
flap in theprotein closes, ureabridges the twonickel ions,withone
of the amino groups bound to Ni2 and the distal amino group
interacting with H-bond acceptors (His320, Ala363, and Gly277) in
the active site.Transfer of aproton to the “free”distal aminogroup
promotes attack of water on the urea carbonyl group, leading to
formation of ammonia and carbamate, which spontaneously
hydrolyzes intobicarbonateandanothermoleculeofammonia.As
two water molecules bind, ammonia and carbamate dissociate to
re-form the catalytic center.

NiFe Hydrogenase

Hydrogenases catalyze the reversible two-electron reduction
of protons to H2 (Table 1, Reaction 5) (25, 26). Anaerobic
microbes remove H2 from the environment and couple its oxi-
dation to the reduction of various terminal electron acceptors
(e.g. O2, NO3

�, SO4
2�, CO2, and fumarate) (26). Microbes also

contain H2-evolving hydrogenases, siphoning off excess cellu-
lar reducing equivalents by reducing protons to H2.

Besides the NiFe hydrogenase, there are FeFe (primarily
involved in H2 evolution) and iron hydrogenases (26). Of the
four classes of NiFe hydrogenases, one is a membrane-associ-
ated proton-pumping and energy-coupling complex (26). All
NiFe hydrogenases contain at least two subunits (“large” and
“small”), with the �60-kDa large subunit containing the binu-
clear NiFe active site (Fig. 1) that is coupled to a “wire” within
the �30-kDa small subunit, which contains one to three Fe-S

FIGURE 1. Structure of the NiFe active site and mechanism of hydrogen-
ase. The structure is based on Protein Data Bank code 1CC1 (50). The mech-
anism of hydrogenase activation and catalysis is based on the work of Lill and
Siegbahn (28). The asterisks indicate an EPR-active state.

TABLE 1
Nickel-containing enzymes

Enzyme Reaction Ref.

Glx I (EC 4.4.1.5) Methylglyoxal3 lactate � H2O (Reaction 1) 7
ARD (EC 1.13.11.54) 1,2-Dihydroxy-3-oxo-5-(methylthio)pent-1-ene � O23 HCOOH � methylthiopropionate � CO (Reaction 2) 9, 10
Ni-SOD (EC 1.15.1.1) 2H� � 2O2

. 3 H2O2 � O2 (Reaction 3) 16, 19
Urease (EC 3.5.1.5) H2N-CO-NH2 � 2H2O3 2NH3 � H2CO3 (Reaction 4) 22, 23
Hydrogenase (EC 1.12.X.X) 2H� � 2e�º H2 (�E0� � �414 mV) (Reaction 5) 25, 26
MCR (EC 2.8.4.1) CH3-CoM � CoBSH3 CH4 � CoM-SS-CoB (Reaction 6) 42, 43
CODH (EC 1.2.99.2) 2e� � 2H� � CO2º CO � H2O (E0� � �558 mV) (Reaction 7) 30, 31
ACS (EC 2.3.1.169) CH3-CFeSP � CoASH � CO3 CH3-CO-SCoA � CFeSP (Reaction 8) 30, 31
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clusters (25). The iron subsite of the NiFe center contains one
CO and two cyanide ligands, which are thought to maintain
iron in its low spin ferrous state. There also exists a H2-sensing
protein that shares the NiFe active site, including the CN/CO
ligands, but has minimal catalytic activity and interfaces with a
two-component signal transduction system to control the
expression of hydrogenase-related genes (27).
Several mechanisms have been proposed to explain the

hydrogenase-catalyzed reaction (26, 28). H2 oxidation is diffu-
sion-controlled (kcat/Km � 108–109 M�1 s�1), with a turnover
number reaching 9000 s�1 at 30 °C. Because the NiFe catalytic
center is buried 30 Å beneath the surface of the protein, H2
must travel through a tunnel in the protein to reach and react
with the binuclear active site (29).
The NiFe hydrogenase requires activation, involving pro-

longed treatment with H2 to generate the Nia-C* state, per-
haps involving replacement of an OH� ligand with a hydride
bridge (in red) between the nickel and iron sites (Fig. 1) (25).
Activation appears to involve heterolytic H–H bond cleav-
age (28). Catalysis ensues upon conversion of Nia-C* to a
Ni(I) oxidation state (Nia-R*) by a hydride transfer or pro-
ton-coupled electron transfer reaction, allowing productive
binding of H2 (28). H–H bond cleavage during the catalytic
cycle is proposed to occur by an oxidative addition mecha-
nism that would generate the Nia-X* intermediate, which
undergoes two successive proton-coupled electron transfer
steps to regenerate Nia-C* (28).

CO Dehydrogenase

CODH catalyzes the reversible oxidation of CO to CO2
(Table 1, Reaction 7), allowing anaerobicmicrobes to growwith
CO or CO2 as their sole carbon source and with CO as the only
energy supply (30, 31). The rate of CO oxidation to CO2 varies
widely among CODHs, with the nickel-containing Carboxydo-
thermus hydrogenoformans enzymes holding the current speed
record of 40,000 s�1 and diffusion-controlled kcat/Km of 2� 109
M�1 s�1 (65 °C). Remarkably, at low pH values, CO2 reduction
can exceed the rate of CO oxidation (32).Microbes remove and
oxidize 108 tons of CO from earth’s lower atmosphere every
year, helping to maintain low ambient CO levels. Apparently,
microbes can even cycle CO as an intermediate in bioenergetic
cycles and couple CO oxidation to H2 production. CO is likely
to have been relatively abundant in the early earth, and the
CODH and ACS reactions are speculated to have been key to
the evolution of life (33).
There exist a monofunctional nickel CODH, containing

10 irons and 1 nickel per monomer, and a bifunctional
CODH/ACS, containing 14 irons and 3 nickels (30, 31). The
nickel CODH is a mushroom-shaped homodimer containing
five metal clusters (two B- and two C-clusters and one
D-cluster). The catalytic C-cluster (supplemental Fig. S5) is a
[3Fe-4S] cluster bridged to a binuclear NiFe cluster and is
buried 18 Å below the protein surface. The B- and D-clusters
are [4Fe-4S]2�/1� clusters that act as a wire to transfer elec-
trons between the C-cluster and external redox proteins, like
ferredoxin.
Step 1 of the proposed mechanism (34) involves CO bind-

ing to nickel and water to iron in the binuclear component of

the C-cluster, followed by deprotonation of the bound water
to generate an active hydroxide. In Step 2, the OH group
attacks the metal-CO complex to form a nickel-carboxylate
complex that was shown by x-ray crystallography to bridge
the nickel and iron atoms (35). In Step 3, which ends the ping
phase of this ping-pong reaction, CO2 is generated and
released, as two electrons are internally transferred to the
C-cluster. Step 4 involves electron transfer from the two-
electron reduced C-cluster to the B- and D-clusters in the
redox chain; and finally, in the pong step, electrons are trans-
ferred from CODH to ferredoxin or other electron carrier
proteins.

Acetyl-CoA Synthase

ACS interacts tightly with CODH to form a heterotet-
rameric (�2�2) machine that couples Reactions 7 and 8
(Table 1) to catalyze acetyl-CoA synthesis from CO2, a
methyl group donated by themethylated CFeSP, and CoA. In
this reaction, CO is formed as an intermediate that is chan-
neled though a 70-Å-long tunnel between the CODH and
ACS active sites (36).
The active site of ACS is the A-cluster, a [4Fe-4S] cluster that

is thiolate-bridged (by Cys509) to the proximal nickel (Nip),
which in turn is thiolate-bridged to Nid (supplemental Fig. S6).
The coordination environment of Nid resembles the active site
of Ni-SOD, and the overall arrangement is similar to that of the
iron-only hydrogenases inwhich a [4Fe-4S] cluster is bridged to
a diiron site (37).
Details of the ACS reaction have been reviewed (1, 30, 31),

and two generalmechanisms of acetyl-CoA synthesis have been
proposed, which differ in the assignment of the redox states of
Nip during catalysis and the order in which the CO and CH3
groups bind to the enzyme. However, recent studies indicate
that CO and CH3 bind randomly (38). Regardless, both propos-
als invoke three organometallic intermediates (supplemental
Fig. S6) on Nip, with Nid remaining a Ni2� bystander through-
out the catalytic cycle. Crystallographic studies demonstrate
that CODH/ACS can assume a closed (39) and an open (40)
state that likely alternate during catalysis.
With CO as the first substrate, ACS apparently initiates

catalysis from the “closed” state asCOmoves through the chan-
nel and binds to Nip, forming an organometallic nickel-CO
complex that has been well characterized (31). Then, as ACS
assumes the “open” conformation, the methyl group from the
methylated CFeSP is transferred to the A-cluster, followed by
condensation of the methyl and carbonyl groups to form an
acetyl-metal species. Finally, CoA binds, triggering thiolysis of
the acetyl–metal bond to form acetyl-CoA.

Methyl-CoM Reductase

All biologically generatedmethane on earth derives from the
catalytic activity of MCR in methanogenic microbes. An MCR
isozyme also appears to catalyze anaerobic methane oxidation
(41). MCR catalyzes the conversion of methyl-CoM (methyl-
SCoM) and N7-mercaptoheptanoylthreonine phosphate
(CoBSH) to methane and the CoB-SS-CoM heterodisulfide
(Table 1, Reaction 6) (42, 43). Methane formation by MCR
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occurs with a turnover number of �100 s�1 and a kcat/Km
(methyl-SCoM) of �1 � 105 M�1 s�1 (44, 45).
Based on crystal structures of the inactive Ni(II) enzyme,

MCR consists of an (���)2 structure, with its catalytic center, a
nickel hydrocorphin called coenzyme F430, in the �-subunit
(Fig. 2) (46). Containing only five double bonds, F430 is themost
reduced tetrapyrrole in nature, and only the Ni(I) form of the
enzyme can initiate catalysis.
Two general catalytic mechanisms are under discussion,

and the experimental basis for each mechanism has been
reviewed (42, 43). Mechanism I involves a organometallic
methyl-nickel intermediate, and Mechanism II invokes a
methyl radical (Fig. 2).
In Step 1 of Mechanism I, Ni(I) performs a nucleophilic

attack onmethyl-CoM to form amethyl-Ni(III) intermediate
and to release CoM. In Step 2, electron transfer from CoM to
the alkyl-Ni(III) generates alkyl-Ni(II) and a CoM radical.
Then, in Step 3, the CoM radical reacts with CoBSH to form
a disulfide radical anion as proton transfer from CoM to the
bound methyl group generates Ni(II) and methane. Finally,
in Step 4, the radical anion reduces Ni(II), yielding the CoM-
SS-CoB heterodisulfide and active Ni(I) enzyme.
According toMechanism II, Ni(I) reacts with methyl-SCoM at

sulfur, which promotes cleavage of the C–S bond, generating a
methyl radical, with the sulfur of CoM forming a Ni(II)-thiol
adduct. In Step 2, the methyl radical abstracts a hydrogen atom
from CoBSH to formmethane and a thiyl radical on CoB. Step 3
involves formation of Ni(II) and the disulfide anion radical, and
Step 4, as above, regenerates the active Ni(I) state and the het-
erodisulfide. In Mechanism II, the major role of nickel is to
facilitate C–S bond cleavage by a redox process and to stabilize
the product of C–S homolytic bond cleavage by forming a coor-
dination complex with the sulfur of CoM.

Perspective

Much has been learned about nickel-based catalysis since the
discovery of the first nickel enzyme (47) mainly because the
nickel center is amenable to many biochemical and biophysical
methods, allowing kinetic and spectroscopic characterization
of catalytic intermediates in some of the eight enzymes
described above. Further work will resolve some mechanistic
controversies, elucidate the players in nickel trafficking within
the cell, and uncover new nickel enzymes. Although studies of
nickel depletion in rats indicated that nickel is an essential ele-

ment for higher animals (48) and although nickel is present at
�0.5 nM in the human bloodstream (49), neither the source of
the nickel requirement nor a singlemammalian nickel-depend-
ent enzyme has been identified.
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P. A., and Fontecilla-Camps, J. C. (2003) Nat. Struct. Biol. 10, 271–279
41. Strous, M., and Jetten, M. S. (2004) Annu. Rev. Microbiol. 58, 99–117
42. Jaun, B., and Thauer, R. K. (2007) in Nickel and Its Surprising Impact in

Nature (Sigel, A., Sigel, H., and Sigel, R. K. O., eds) pp. 323–356, John
Wiley & Sons Ltd., West Sussex, United Kingdom

43. Ragsdale, S. W. (2003) in The Porphyrin Handbook (Kadish, K. M., Smith,
K. M., and Guilard, R., eds) pp. 205–228, Academic Press, New York

44. Horng, Y. C., Becker, D. F., and Ragsdale, S. W. (2001) Biochemistry 40,
12875–12885

45. Goubeaud, M., Schreiner, G., and Thauer, R. K. (1997) Eur. J. Biochem.
243, 110–114

46. Ermler, U., Grabarse, W., Shima, S., Goubeaud, M., and Thauer, R. K.
(1997) Science 278, 1457–1462

47. Dixon, N. E., Gazzola, T. C., Blakeley, R. L., and Zermer, B. (1975) J. Am.
Chem. Soc. 97, 4131–4133

48. Denkhaus, E., and Salnikow, K. (2002) Crit. Rev. Oncol. Hematol. 42,
35–56

49. Nriagu, J. O. (1980) The Global Cycle of Nickel, John Wiley & Sons, Inc.,
New York

50. Garcin, E., Vernede, X., Hatchikian, E. C., Volbeda, A., Frey, M., and
Fontecilla-Camps, J. C. (1999) Structure 7, 557–566

MINIREVIEW: Nickel Enzymes

JULY 10, 2009 • VOLUME 284 • NUMBER 28 JOURNAL OF BIOLOGICAL CHEMISTRY 18575



Exploring the Chemistry and
Biology of Vanadium-dependent
Haloperoxidases*
Published, JBC Papers in Press, April 10, 2009, DOI 10.1074/jbc.R109.001602

Jaclyn M. Winter‡ and Bradley S. Moore‡§1

From the ‡Center for Marine Biotechnology and Biomedicine, Scripps
Institution of Oceanography, and §Skaggs School of Pharmacy and
Pharmaceutical Sciences, University of California at San Diego,
La Jolla, California 92093

Nature has developed an exquisite array of methods to intro-
duce halogen atoms into organic compounds. Most of these
enzymes are oxidative and require either hydrogen peroxide or
molecular oxygen as a cosubstrate to generate a reactive halogen
atom for catalysis. Vanadium-dependent haloperoxidases con-
tain a vanadate prosthetic group and utilize hydrogen peroxide
to oxidize a halide ion into a reactive electrophilic intermediate.
These metalloenzymes have a large distribution in nature,
where they are present in macroalgae, fungi, and bacteria, but
have been exclusively characterized in eukaryotes. In this mini-
review, we highlight the chemistry and biology of vanadium-de-
pendent haloperoxidases from fungi and marine algae and the
emergence of new bacterial members that extend the biological
function of these poorly understood halogenating enzymes.

Vanadium

Vanadium is a trace element that is widely distributed in
nature. Aftermolybdenum, vanadium is the secondmost abun-
dant transition metal in the ocean, with a concentration of
35–50 nM (1) and up to 100 mg/kg in carbon-containing sedi-
ments of marine origin. In fresh water, the concentration is
reported as 1.3 �g/liter (50 nM), and in the Earth’s crust, vana-
dium is present at 100 ppm (1, 2). Vanadium exists in many
oxidation states, with V(V) being the most common in sea
water (1–3). Only the V(III), V(IV), and V(V) oxidation states
are involved, however, in biological systems, where vanadium
has limited distribution as an essential mineral in organisms
such as sea squirts and mushrooms and as a cofactor in met-
alloenzymes. The most prevalent form of vanadium at neu-
tral pH is the oxyanion vanadate, which is an oxidizing agent
that is structurally and electronically similar to phosphate
(1–3). Hence, vanadate and vanadate derivatives have been
employed to interrogate a range of enzymes that interact
with phosphorylated substrates (3). Interestingly, acid phos-

phatase enzymes have evolved to accommodate vanadate as
a redox cofactor (4, 5).

Vanadium-containing Enzymes

To date, two classes of vanadium-containing enzymes have
been identified: vanadiumnitrogenases and vanadium-depend-
ent haloperoxidases (V-HPOs).2 Nitrogenases are utilized by
nitrogen-fixing bacteria to reduce dinitrogen to ammonia.
Although this metalloenzyme system commonly contains a
molybdenum-iron cofactor, some bacteria produce additional
nitrogenases that are genetically distinct and instead contain
V-Fe or Fe-Fe central metals (6–8). Vanadium nitrogenases
have been identified from a diverse group of diazotrophic
microorganisms and are synthesized under molybdenum-lim-
iting conditions. On the other hand, V-HPOs have a larger dis-
tribution in nature,where they are present inmacroalgae, fungi,
and bacteria (1, 4–5, 9). These enzymes, which contain a ligated
vanadate ion, oxidize halide ions to their corresponding hypo-
halous acids at the expense of hydrogen peroxide and are clas-
sified by the most electronegative halide they oxidize. Thus,
vanadium chloroperoxidases (V-ClPOs) oxidize chloride, bro-
mide, and iodide, whereas vanadium bromoperoxidases (V-
BrPOs) oxidize only bromide and iodide.

Vanadium Haloperoxidases

Halogens are an abundant component of the Earth’s bio-
sphere, so it is of little surprise that nature produces a profuse
number of organohalogens (10). In addition to their therapeutic
potential for human health, halogenated natural products have
important biological functions for the producing organism,
ranging from chemical defense to signaling molecules.
Nature has evolved several strategies for incorporating halo-

gens into organic molecules (11). Together with the heme-de-
pendent haloperoxidases, V-HPOs utilize hydrogen peroxide
to convert a halide ion (X�) to a hypohalite (–OX) intermediate
that is chemically equivalent to an electrophilic “X�”. However,
unlike the heme enzyme, there is no change in the oxidation
state of the V-HPO metal center during the synthesis of the
halogenating agent. Hence, V-HPOs do not suffer from oxida-
tive inactivation during turnover and have received increasing
attention as biocatalysts for pharmaceutical applications given
their tolerance for organic solvents and high temperatures (12,
13), their ability to halogenate a range of organic compounds in
a regio- and stereospecific manner (9, 14, 15), and their ability
to oxidize organic sulfides in the absence of halides (16, 17).
The majority of naturally occurring organohalogens are of

marine origin, and nearly all brominated natural products are
produced by marine organisms (10). Some of the most fre-
quently reported halometabolites are produced by marine red
algae (Rhodophyceae) and include halogenated indoles, terpe-
nes, acetylenes, phenols, and volatile hydrocarbons (9, 10, 15,
18, 19). Among the red, brown, and green algae, Rhydophyta are
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the richest in bromoperoxidase activity, with the genus Coral-
lina possessing the highest activity (20, 21). V-BrPOs are pro-
posed to be responsible for the halogenation of natural prod-
ucts produced by marine algae (15, 18), and the first V-HPO to
be isolated and characterized was the V-BrPO from the brown
algaAscophyllumnodosum in 1984 (22). Todate, V-BrPOshave
been characterized from all major classes of marine algae (23–
28) as well as terrestrial lichen (29). Their proposed role in the
biosynthesis of brominated cyclic sesquiterpenes from marine
red algae was established through in vitro chemoenzymatic
conversion of (E)-(�)-nerolidol (Fig. 1, 1) to yield the marine
natural products�-snyderol (2),�-snyderol (3), and �-snyderol
(4) (15).
Fungi belonging to the dematiaceous hyphomycetes were

discovered to produce haloperoxidases distinct from the heme
haloperoxidases that could function at elevated pH and tem-
perature (30). A non-heme chloroperoxidase was identified
from the fungus Curvularia inaequalis in 1987 (31) and 6 years
later was characterized as a V-ClPO (32). A secondV-ClPOwas
later isolated from the fungus Embellisia didymospora (33);
however, no halogenated metabolites have been reported to
date from either source. Rather, fungal V-ClPOs are suggested
to function physiologically in the generation of hypochlorous
acid to facilitate the oxidative degradation of plant cell wall
lignocellulose to allow for fungal hyphen penetration (1, 5). A

related in vivo role has been proposed for some macroalgal
V-HPOs that are present on the plant surface in which the
hypohalous acids function as anti-fouling agents against oppor-
tunistic bacteria (5). A recent study analyzing gene expression
in the brown alga Laminaria digitata has shed light on how
V-BrPOs and vanadium-dependent iodoperoxidases are
up-regulated upon defense elicitation (34).
Recently, V-ClPO-encoding genes were identified in pro-

karyotes. The cloning and sequencing of the 43-kb napyradio-
mycin biosynthetic gene cluster frommarine sediment-derived
actinomycetes revealed three homologous V-ClPO genes (35,
36). Through heterologous expression in a surrogate bacterial
host, the napyradiomycin biosynthetic gene cluster from Strep-
tomyces sp. CNQ-525 was shown to be wholly responsible for
the synthesis of the chlorinated meroterpenoids, in which the
putative V-ClPOs may be responsible for the chlorination and
cyclization of SF2415B1 (Fig. 1, 5) to A80915C (6) in a manner
reminiscent of that of snyderol biosynthesis in Corallina
officinalis.

Structure Relationships

Crystal structures are available for three V-HPOs, namely
V-ClPO from the fungus C. inaequalis (37–39), V-BrPO from
the brown algaA. nodosum (40), and V-BrPO from the red alga
C. officinalis (41). At the primary level, the proteins share�30%

FIGURE 1. Relatedness of V-BrPOs, V-ClPOs, and acid phosphatases identified in fungi, algae, and bacteria and some of their associated chemistry.
Phylogenetic analysis was performed using ClustalW (56), and the unrooted neighbor-joining tree was visualized by TreeView. The scale bar indicates 0.1
changes per amino acid. Sequence identification codes include Ci_VClPO from C. inaequalis (accession number CAA59686), hypothetical Rb_VClPO from
Rhodopirellula baltica SH1 (CAD72609), Ed_VClPO from E. didymospora (CAA72622), hypothetical Ss1_VClPO from Streptomyces sp. CNQ-525 (ABS50486),
hypothetical Ss3_VClPO from Streptomyces sp. CNQ-525 (ABS50491), hypothetical Ss4_VClPO from Streptomyces sp. CNQ-525 (ABS50492), hypothetical Cs_
VClPO from Cellulophaga sp. MED134 (ZP_01050453), An_VBrPO from A. nodosum (P81701), Co_VBrPO from C. officinalis (AAM46061), Cp1_VBrPO from
C. pilulifera (BAA31261), Cp2_VBrPO from C. pilulifera (BAA31262), hypothetical Sys_VBrPO from Synechococcus sp. CC9311 (YP_731869), Fd_VBrPO from Fucus
distichus (AAC35279), Ld1_VBrPO from L. digitata (CAD37191), Ld2_VBrPO from L. digitata (CAD37192), Pi_ACP acid phosphatase from Prevotella intermedia
(AB017537), Kp_ACP acid phosphatase from Klebsiella pneumonia (AJ250377), St_ACP acid phosphatase from Salmonella typhimurium (X63599), Ps_ACP acid
phosphatase from Providencia stuartii (X64820), and Eb_ACP acid phosphatase from Escherichia blattae (AB020481). Halogenated natural products are �-sny-
derol (2), �-snyderol (3), �-snyderol (4), and A80915C (6). Proposed substrates for V-HPOs are (E)-(�)-nerolidol (1) and SF2415B1 (5).
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sequence identity and differ dramatically in reported mono-
meric state. The V-ClPO from C. inaequalis is a monomeric
protein, whereas the V-BrPO from A. nodosum is a
homodimer. Interestingly, the V-BrPO from C. officinalis,
which is associated with snyderol (2-4) biosynthesis, is a homo-
dodecameric protein arranged in a 23-point group symmetry
(41). Differences in monomeric states between the V-HPOs
may be indicative of their biological function. However, each
protein shares a core structure consisting of mainly �-helices
with two four-helix bundles as the main tertiary structural
motif (38–39, 41) and has an identical arrangement of amino
acid residues at the vanadium active site itself.
The vanadium-binding site lies at the bottom of a 15–20-Å

deep funnel-shaped channel located at the core of the four-
helix bundle (9, 37, 40, 41). Vanadium is present as a V(V) ion
and is ligated to the imidazole ring of a conserved histidine
residue that anchors the cofactor in a trigonal bipyramidal fash-
ion (Fig. 2A) (37, 40, 41). Three oxygen atoms of the cofactor are
located in the equatorial plane, and the negative charges are
compensated by an extensive hydrogen-bonding network with
protonated amino acid residues in the conserved active site.
Through quantummechanics/molecularmechanics, 51V solid-
state NMR, and UV-visible spectroscopy studies, the resting
state of the enzyme likely contains at least one hydroxyl group
in the apical position (42–44). An axial water molecule is puta-
tively incorporated at this position and stabilized through a
hydrogen bond with a side chain His imidazole (43).

Catalytic Cycle

Active-site mutagenesis and steady-state kinetics studies of
recombinant V-ClPO fromC. inaequalis have shed light on the
catalytic mechanism of the V-HPOs (Fig. 2B) (5, 38, 45, 46).
Alanine scanningmutagenesis of the active-site residues Lys353,
His404, Arg360, Arg490, andHis496 (numbering fromC. inaequa-
lis) yielded mutant enzymes unable to oxidize chloride. How-
ever, the modified enzymes could still function as bromoper-
oxidases, albeit with decreased activity compared with native
V-BrPOs (41, 45, 46). TheH496Amutant lost the ability to bind
vanadate and could no longer function as aV-HPO,whereas the
H404A mutation was shown to have a reduced affinity for the
cofactor (45).

Steady-state kinetics show that
V-HPOs catalyze the two-electron
oxidation of halides in a substrate-
inhibited Bi Bi ping-pong mecha-
nism (1, 5, 9). Coordination of
hydrogen peroxide to the vanadium
center is the first step in catalysis,
and His404, which activates the axial
water molecule, must be deproto-
nated for H2O2 to bind (32). A crys-
tal structure of the peroxo-V-ClPO
shows that peroxide is coordinated
in a side-on manner in the equato-
rial plane and distorts the vanadium
site to a tetragonal bipyramidal
geometry (38). After the binding of
peroxide, His404 is no longer hydro-

gen-bonded to any oxygen atoms of the cofactor, and Lys353
makes direct contactwith one of the oxygen atoms of the bound
peroxide, further activating the bound peroxide through charge
separation.
A halide ion is the second substrate that binds to the enzyme

through nucleophilic attack on the partially positive oxygen
atom (Fig. 2B). This binding breaks the peroxide bond and cre-
ates the nucleophilicOX� group,which leaves the coordination
sphere as hypohalous acid after protonation by an incoming
water molecule (46). If an appropriate nucleophile is present,
the generated hypohalous acid intermediate will react with the
organic substrate, giving rise to a halogenated compound. If
not, the oxidized halogen intermediate will react with another
equivalent of hydrogen peroxide to generate dioxygen in the
singlet state and the halide (9). A new fluorescencemicroscopy-
based method, which uses a fluorogenic derivative to monitor
the formation and migration of HOBr from a V-BrPO active
site, will shed light on where the actual halogenation of organic
substrates occurs (47).
Active-site residues assisting with the selection and binding

of the halide are still being elucidated. On the basis of crystal
structure analysis, Phe397 and Trp350 (numbering fromC. inae-
qualis) may participate in halide binding through their �� ring
edge (48). V-BrPOs alternatively contain His and Arg residues
at these positions, respectively (48). Recently, chlorinating
activity was created in theCorallina piluliferaV-BrPO through
a single amino acid substitution (47). The substitution of
the Arg residue at position 350 with Trp or Phe increased the
affinity of V-BrPO for chloride (49). The native V-BrPO from
A. nodosum also contains a Trp residue corresponding to posi-
tion 350, and it, too, was shown to exhibit chloroperoxidase
activity (50). Therefore, this Trp residue is believed to partici-
pate in chloride binding.
Additional mutagenesis experiments on the His residue cor-

responding to Phe397 showed the importance of the residue in
the oxidation of halides (51). The His residue was mutated to
Ala in the V-BrPO from C. officinalis, which resulted in
the enzyme’s inability to efficiently oxidize bromide; however,
the mutant could still oxidize iodide (51). Interestingly, like the
V-BrPOs, the three putative V-ClPOs from the napyradiomy-
cin biosynthetic cluster also contain a His residue in the posi-

FIGURE 2. A, vanadium site of native V-ClPO from C. inaequalis. Possible hydrogen bonds are drawn as dashed
lines (adapted from Refs. 37–38 and 43). B, proposed catalytic scheme of V-ClPO (adapted from Refs. 38, 45, and
46).
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tion corresponding to Phe397 (35), and this residue may also
play a role in substrate binding or selectivity.

Relationship to Phosphatases

Sequence alignment of V-ClPO from C. inaequalis and
V-BrPOs from A. nodosum and C. officinalis and analysis of
their high resolution crystal structures revealed that the amino
acid residues required for binding the vanadate cofactor share
homology with a family of acid phosphatases (4, 5, 52). Many of
these enzymes are membrane-bound and include type 2 phos-
phatidic acid phosphatase, bacterial nonspecific acid phospha-
tases, and mammalian glucose-6-phosphatases (1, 4, 5, 52).
Studies with vanadium-substituted bacterial class A nonspe-
cific acid phosphatases from Shigella flexneri and Salmonella
enterica sv. Typhimurium, which catalyze the hydrolysis of
phosphomonoesters (Fig. 1), showed that these enzymes also
exhibit bromoperoxidase activity (53). Conversely, recombi-
nant apo-chloroperoxidase from C. inaequalis possesses phos-
phatase activity using the substrate para-nitrophenyl phos-
phate (45, 52), and its crystal structure was solved recently with
a trapped phosphohistidine intermediate (54). Together, these
data suggest an evolutionary relationship between the acid
phosphatases and V-HPOs.
Phylogenetic analysis of V-BrPOs, V-ClPOs, and bacterial

nonspecific acid phosphatases (Fig. 1) shows that the enzymes
form clades based on proposed enzymatic function. However,
the three putative V-ClPOs from the bacterium Streptomyces
sp. CNQ-525 do not cluster with the fungal or other postulated
bacterium-derived V-ClPOs, which is consistent with their
proposed role in natural product biosynthesis in contrast to the
other known V-ClPOs. With the rampant surge in genome
sequencing, there has been an emergence of prokaryotic
V-HPO homologs with the potential of possessing new biolog-
ical functions that go beyond the chemistry affiliated with the
eukaryotic enzymes (Fig. 1).

Chemoenzymatic Biotransformations

Although the biological function of fungal V-ClPOs has yet
to be confirmed, marine algal V-BrPOs have been shown
through in vitro chemoenzymatic conversions to catalyze the
bromonium-assisted cyclization of terpenes and ethers (9, 15).
Initial studies on the enzymatic halogenation of anisole and
prochiral aromatic compounds by the C. pilulifera V-BrPO
failed to show any regio- or stereospecificity (14), suggesting
that the hypobromite intermediate was freely diffusible to facil-
itate the molecular bromination reaction outside of the
enzyme’s active site (9). However, more recent studies have
convincingly shown that variousV-BrPOs isolated frommarine
red algae (e.g. C. officinalis, Laurencia pacifica, and Plocamium
cartilagineum) catalyze the asymmetric bromination/cycliza-
tion reactions of the sesquiterpene nerolidol (Fig. 1, 1) to the
snyderol family of marine natural products (2-4) (15). Single
diastereomers of �- and �-snyderol were produced in the
enzyme reaction, whereas in the synthetic reaction, two diaste-
reomers of each were formed. This study established the likely
role of V-BrPOs in the biosynthesis of brominated cyclic ses-
quiterpenes from marine red algae and further implies that
other marine algal brominated natural products may similarly

be constructed. Together with the biosynthesis of the bacterial
napyradiomycins, these studies are beginning to contradict
conventional wisdom that V-HPOs lack substrate specificity
and regioselectivity (55). Although this may have been true for
those V-HPOs that biologically function to produce hypoha-
lous acids as antimicrobial agents, other V-HPOs are emerging
to participate in the biosynthesis of complex halogenated nat-
ural products.

Future Perspectives

To date, V-HPOs have been identified in most branches of
life, but have been characterized exclusively in eukaryotes.
Although their biological roles are not yet fully elucidated, as
more bacterial V-HPOs are identified through total genome
sequencing projects, more tractable systems for exploring the
in vivo role of these enzymes will be established. Newly identi-
fied V-HPOsmay have new biological functions that go beyond
the chemistry shown so far, and phylogenetic analyses of all
known and newly identified V-HPOs may provide further
insight on the evolutionary relationship between the V-HPOs
and acid phosphatases.
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Arsenic is ametalloid that generates various biological effects
on cells and tissues. Depending on the specific tissue exposed
and the time and degree of exposure, diverse responses can be
observed. In humans, prolonged and/or high dose exposure to
arsenic can have a variety of outcomes, including the develop-
ment of malignancies, severe gastrointestinal toxicities, diabe-
tes, cardiac arrhythmias, and death. On the other hand, one
arsenic derivative, arsenic trioxide (As2O3), has important anti-
tumor properties. This agent is a potent inducer of antileukemic
responses, and it is now approved by the Food andDrugAdmin-
istration for the treatment of acute promyelocytic leukemia in
humans. The promise and therapeutic potential of arsenic and
its various derivatives have been exploited for hundreds of years.
Remarkably, research focused on the potential use of arsenic
compounds in the treatment of human diseases remains highly
promising, and it is an area of active investigation. An emerging
approach of interest and therapeutic potential involves efforts
to target and block cellular pathways activated in a negative
feedback manner during treatment of cells with As2O3. Such an
approach may ultimately provide the means to selectively
enhance the suppressive effects of this agent on malignant cells
and render normally resistant tumors sensitive to its antineo-
plastic properties.

Arsenic forms complexeswith other elements, and it exists in
inorganic and organic forms (1–3). The three major inorganic
forms of arsenic are arsenic trisulfide (As2S3, yellow arsenic),
arsenic disulfide (As2S2, red arsenic), and arsenic trioxide
(As2O3, white arsenic) (1–3). There are two different oxidative
states of arsenic that correlate with its cytotoxic potential,
As(III) andAs(V). Among them, As(III) is themost potent form
and primarily accounts for its pro-apoptotic and inhibitory
effects on target cells and tissues (3). The various forms of
arsenic exist in nature primarily in a complex with pyrite (4, 5),
although under certain circumstances, arsenic can dissociate
from soil and enter natural waters (6), providing a contamina-
tion source for humans or animals who ingest such waters. In
fact, most associations between long term exposure to arsenic
and development of malignancies or other health disorders
result fromdrinking contaminatedwater, especially in develop-

ing countries. Interestingly, pollution of the air with arsenic can
also occur under certain circumstances, such as in the case of
emissions from coal burning in China (7), providing an addi-
tional source of human exposure.
The metabolism of arsenic in humans includes reduction to

the trivalent state and oxidative methylation to the pentavalent
state (reviewed in Ref. 2). There is also reduction of arsenic acid
to the arsenous form and subsequentmethylation (2). The gen-
eration of inorganic or organic trivalent arsenic forms has
important implications with regard to the toxicity of this agent,
as such compounds aremore toxic to the cells and exhibitmore
carcinogenic properties (2, 3). Thus, many of the consequences
of exposure to arsenic as discussed below are the result of the
activities and toxicities of the various metabolic products of
arsenic compounds. It should be also noted that arsenic has the
ability to bind to reduced thiols, including sulfhydryl groups in
some proteins (2). Depending on the cellular context, such pro-
tein targeting may explain some of its cellular effects and gen-
eration of its toxicities and/or therapeutic effects.

Biological Consequences of Chronic Arsenic Exposure in
Humans

Chronic exposure to arsenic produces substantial toxicities
and leads to serious and frequently fatal syndromes and disor-
ders. There is evidence that prenatal exposure results in serious
short and long term toxicities (reviewed in Ref. 8). Both inor-
ganic arsenic and its methylated metabolites can cross the pla-
centa, and exposure during pregnancy can result in impaired
fetal growth or even fetal loss (8). Such exposure can also result
in increased post-birth infant mortality, and there is evidence
for serious late effects of early exposure to arsenic, including the
development of certain malignancies (8).
Beyond the strong association between exposure to arsenic

in early life and development of illnesses, there is extensive evi-
dence linking exposure at later stages of life and development of
many different syndromes and diseases. Arsenic is a potent car-
cinogen, and there is a lot of evidence linking arsenic exposure
to various types of solid tumors, including lung, prostate, blad-
der, renal, and skin cancers, as well as other malignancies
(9–15). Notably, there are also studies that have shown that, in
some parts of the world (Denmark), exposure to low levels of
arsenic is not associatedwith development ofmalignancies, and
on the contrary, it may decrease the incidence of non-mela-
noma skin cancer (16). Thus, geographical location, genetic fac-
tors, and levels of exposuremay play important roles in arsenic-
associated carcinogenesis.
In addition to the development of malignancies, long term

arsenic exposure has been associated with other chronic ill-
nesses and ailments, such as diabetes, hypertension, cardiovas-
cular disease, vascular changes, and neuropathy (17, 18).More-
over, chronic exposure to arsenic can affect long termmemory
and modify hormonal regulation (18). Thus, a variety of differ-
ent chronic illnesses and malignancies can be induced by
arsenic exposure, underscoring the diversity of its cellular tar-
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gets and its ability to deregulate important and diverse cell
functions.

Antitumor Properties of Arsenic Compounds

Although exposure to arsenic is well documented to lead to
the development of tumors in humans, there is also extensive
evidence indicating that one form of arsenic, As2O3, exhibits
potent antitumor effects in vitro and in vivo (19–21). As2O3 has
been approved by the Food and Drug Administration in the
United States for the treatment of patients with APL2 that is
refractory to ATRA. It is now well established that As2O3
induces complete remissions in �80–90% of newly diagnosed
patients with APL, as well as in 60–90% of ATRA-refractory
patients (19–21). Combinations of As2O3 with ATRA for the
treatment of this leukemia are more potent than each agent
alone (22), underscoring the differences in the mechanisms of
action between the two agents. AlthoughAs2O3 is very effective
in the treatment of APL, there are associated toxicities with its
use, and appropriate precautions should be in place during its
administration. Such toxicities include leukocytosis, the ATRA
differentiation syndrome, and cardiac arrhythmias associated
with prolonged QT interval (20, 21).
As As2O3 has potent effects in vitro against different types of

malignant cells beyondAPL, there has been substantial interest
in its potential clinical development for the treatment of other
hematologic malignancies, including MDS and multiple
myeloma (23, 24). In addition, As2O3 has potent antileukemic
properties against other non-APL subtypes of AML in vitro,
and recent studies have suggested important clinical activity
when administered to elderly patients with AML in combina-
tion with low dose cytarabine (25). There is also an interest in
the clinical development of As2O3 for the treatment of various
solid tumors, but such potential applications are restricted by
the requirement of high toxic doses to induce apoptosis in such
cells. It is possible that the spectrum of malignant diseases for

which As2O3 is used will widen as
new approaches aimed at enhancing
the sensitivity of malignant cells to
its effects emerge.

Mechanisms of Arsenic-induced
Cell Death

As As2O3 has potent cytotoxic
and antitumor activities in vitro and
in vivo, there has been extensive
research focused on the identifica-
tion of the mechanisms by which it
generates its effects on target cells.
An important initial cellular event
that occurs during treatment of tar-
get cells with As2O3 involves eleva-

tion of ROS (reviewed in Refs. 1, 2, 26, and 27). Such generation
of ROS appears to be regulated, at least in part, by activation of
NADPHoxidase andNO synthase isozymes (32). Also, arsenic-
containing compounds are potent modulators of the thiore-
doxin system that includes thioredoxin, thioredoxin reductase,
and NADPH (reviewed in Refs. 26 and 27). The thioredoxin
system controls, to a large extent, intracellular redox reactions,
regulates apoptosis, and protects cells from stress damage (26,
27), and the ability of arsenic-containing compounds to target
and block thioredoxin reductase may be important in the
induction of its pro-apoptotic effects (26).
Overproduction of ROS is linked to the induction of apopto-

sis by As2O3. Accumulation of hydrogen peroxide (H2O2) leads
to decreases in the mitochondrial membrane potential, result-
ing in cytochrome c release and activation of the caspase cas-
cade (27). This appears to be a common mechanism of induc-
tion of cell death in diverse cellular backgrounds. There is
extensive evidence implicating arsenic-dependent, ROS-medi-
ated activation of caspases in various types of malignant cells.
These include cells of APL origin (26), human T cell lympho-
trophic virus I-infected T cell lines and primary adult T cell
leukemia cells (28), multiple myeloma cells (24), and different
types of solid tumor cells (30, 31). However, caspase-independ-
ent death pathways have been also reported to be activated by
arsenic in myeloma cells and may mediate pro-apoptotic sig-
nals (32). Other recent work has implicated the JNK kinase as
an essential component of As2O3-dependent apoptosis (Fig. 1)
(33). It was demonstrated that activation of JNK occurs in an
As2O3-inducible manner in cells of APL origin and that As2O3
resistance correlates with defective activation of the JNK path-
way (33). Notably, in these studies, it was also shown that phar-
macological inhibition of JNK significantly decreases As2O3-
dependent growth inhibition and apoptosis, but it does not
protect cells from the effects of chemotherapy (doxorubicin)
(33).
As2O3 also activates the pro-apoptotic Bcl-2 family member

Bax and induces its translocation from the cytosol to the mito-
chondria (34). Such Bax engagement plays an important role in
apoptosis, whereas its activation is suppressed by the anti-apo-
ptotic protein Bcl-2 via inhibition of mitochondrial ROS gen-
eration (34). As2O3 also up-regulates expression of other pro-
apoptotic proteins, including the BH3 (Bcl-2 homology domain

2 The abbreviations used are: APL, acute promyelocytic leukemia; ATRA, all-
trans-retinoic acid; MDS, myelodysplastic syndrome(s); AML, acute mye-
loid leukemia; ROS, reactive oxygen species; JNK, c-Jun N-terminal kinase;
TNF, tumor necrosis factor; STAT, signal transducer and activator of tran-
scription; PML, promyelocytic leukemia; RAR�, retinoic acid receptor �;
CML, chronic myelogenous leukemia; MAPK, mitogen-activated protein
kinase; ERK, extracellular signal-regulated kinase; mTOR, mammalian tar-
get of rapamycin.
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FIGURE 1. Key cellular events associated with induction of arsenic-dependent apoptosis.
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3)-only proteins Noxa, Bmf, and Bim (35). On the other hand, it
down-regulates Bcl-2 (36, 37) and other anti-apoptotic pro-
teins, including Bcl-1, Bcl-xL, andMcl-1 (36, 38). An additional
mechanism that appears to participate in the induction of apo-
ptosis and/or antitumor effects is down-regulation of NF-�B
activity (39), an event that appears to reflect inhibition of the
I�B kinase (39). Interestingly, the generation of the effects of
arsenite on melanoma cells and the induction of an apoptotic
response have been shown to correlate with low nuclear NF-�B
activity and endogenous expression of TNF� (40).

There is also evidence that arsenic inhibits the JAK-STAT
pathway. Previous studies demonstrated that sodium arsenite
inhibits interleukin-6-dependent tyrosine phosphorylation of
STAT3 in HepG2 cells via direct suppression of the tyrosine
kinase JAK1 (41). Other studies have shown that As2O3 sup-
presses activation of STAT1, STAT3, and STAT5 in AML cells
and inhibits activation of JAK1 and JAK2, which phosphorylate
STATs (42), whereas there is also evidence for a synergism
between As2O3 and Hsp90 inhibitors in STAT3 activity (43).
It should be also noted that there is evidence that As2O3

enhances the sensitivity of cancer cells to death receptor-in-
duced apoptosis. It was recently shown that As2O3 sensitizes
human glioma cells toTRAIL (TNF-related apoptosis-inducing
ligand)-induced apoptosis via DR5 up-regulation (44), whereas
other studies had shown that As2O3 sensitizes promyelocytic
leukemia cell lines to TNF�-induced apoptosis (45).

Cell Type-specific Targets of As2O3

Beyond regulation of common cellular pathways in different
types of tumors cells, arsenic compounds frequently target ele-
ments and oncogenes selectively expressed in certain malig-
nancies. Previous work has demonstrated that As2O3 induces
degradation of the PML-RAR� fusion protein in APL cells (27).
Interestingly, very recent studies have directly implicated PML-
RAR� as a mediator of the sensitivity of APL cells to As2O3 via
its ability to impair cAMP signaling, resulting in NADPH oxi-
dase activation and enhanced ROS generation (46). These stud-
ies strongly suggest that the elevated basal ROS levels in arsen-
ic-sensitive cells result from PML-RAR� expression (46) and
suggest a mechanism for the unusual sensitivity of APL cells to
As2O3. Another recently identified malignancy-specific target
of As2O3 is the AML1/MDS1/EVI1 oncoprotein, a product of a
fusion gene resulting from the t(3;21)(q26;q22) translocation,
which is found in some patients with MDS, AML, or the blast
phase of CML (47). Cells expressing AML1/MDS1/EVI1 are
sensitive to As2O3 and degraded at therapeutic concentrations,
raising the possibility that As2O3 may be effective in the treat-
ment of hematologic malignancies expressing this oncoprotein
(47).
Other studies have shown that expression of the BCR-ABL

oncoprotein confers sensitivity to As2O3 (48), whereas a recent
study demonstrated that the combination of imatinib mesylate
and arsenic sulfide exerts more potent antileukemic effects in a
BCR-ABL-positivemousemodel of CML than each agent alone
(49). In that study, evidence was also provided that arsenic tar-
gets BCR-ABL via ubiquitination of key lysine residues, leading
to its proteasomal degradation (49). Interestingly, As2O3-in-
ducible suppression of PML expressionmay prove to be of ther-

apeutic relevance in CML, as a recent study demonstrated that
PML targeting eradicates BCR-ABL-expressing leukemia-initi-
ating stem cells (50). Moreover, follow-up work subsequently
demonstrated that retinoic acid and As2O3 eradicate in a simi-
lar manner leukemia-initiating cells in APL via PML-RAR�
degradation (51). Interestingly, although PML-RAR� degrada-
tion is not essential for leukemic cell differentiation, it is
required for leukemic precursor clearance (51). It remains to be
seenwhether similar populations ofmalignant stem cells can be
eradicated in other tumors via PML targeting and whether
combined use of As2O3 with other agents would be of value for
that purpose.

Cellular Pathways and Systems That Negatively Regulate
As2O3 Responses

As2O3 has major activity in the treatment of APL, as it can
induce differentiation and cell death of APL cells at low con-
centrations.However, to induce apoptosis of other types of can-
cer cells, higher toxic concentrations are required. That has
been amajor limiting factor for its use in othermalignancies, as
higher doses are associated with dose-limiting toxicities. Such
issues have triggered studies aimed at identifying cellular pro-
tectivemechanisms that limit the induction of arsenic-depend-
ent apoptosis in malignant cells and at designing approaches to
target them to overcome resistance.
As generation of ROS and, in particular, H2O2 is of high

relevance in the induction of arsenic-mediated cell death,
approaches to enhance such ROS production have been
explored. GSH in cells has the ability to conjugate arsenic in the
form of As(GS)3 complexes or to sequester the ROS induced by
arsenic (27), and sensitivity to arsenic correlates with reduced
glutathione levels in cells (52). Moreover, depletion of intracel-
lular GSH stores by treatment of cells with ascorbic acid (53) or
buthionine sulfoximine (54) has been shown to promote the
antitumor effects of As2O3 in vitro. On the other hand, when
malignant cells are pretreated with N-acetylcysteine, cellular
GSH levels are increased, and the effects of As2O3 are reversed
(53). Thus, targeting cellular glutathione storesmay be an effec-
tive way to enhance the antitumor effects of arsenic trioxide.
There has been also evidence that activation of the p38

MAPK during treatment of malignant cells with As2O3 nega-
tively controls generation of As2O3 responses in APL cells and
other malignant hematopoietic and solid tumor cells. It was
originally shown that p38 MAPK is activated during As2O3
treatment of cell lines of diverse origin (55). Paradoxically,
pharmacological or molecular inhibition of p38 was found to
enhanceAs2O3-dependent leukemic cell differentiation of APL
cells and/or generation of growth inhibitory and pro-apoptotic
responses (55). These initial studies suggested that the p38
pathway acts as a negative feedback regulator system to control
induction of As2O3 responses in malignant cells. Subsequent
work led to the identification of Mkk3 and Mkk6 as upstream
kinases that regulate arsenic-dependent engagement of p38
and established that different pharmacological inhibitors of p38
enhance the suppressive effects of As2O3 on leukemic granulo-
cyte/macrophage colony-forming unit progenitors from CML
patients (56).Otherwork also demonstrated that pharmacolog-
ical targeting of p38 promotes As2O3-dependent apoptosis in
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multiple myeloma cells (57), whereas here has been evidence
that pharmacological inhibition of the MEK (mitogen-acti-
vated protein kinase/extracellular signal-regulated kinase
kinase)-ERKpathway also enhances arsenic-inducedmalignant
cell death (58).
Altogether, it appears that both the p38 and ERK pathways

negatively control generation of antitumor responses byAs2O3.
Efforts to identify specific downstreamMAPK-induced signals
that suppressAs2O3 responses are therefore of interest andmay
lead to the ultimate development of specific less toxic drug
inhibitors that could be used in combinationwithAs2O3.MSK1
(mitogen- and stress-activated kinase 1) is a common effector
kinase for the p38 and ERK MAPK pathways and mediates
immediate-early gene expression in response to stress. This
kinase is activated in response to As2O3 treatment of leukemic
cells (59), whereas its pharmacological inhibition enhances
antileukemic responses (59). Two other downstream effectors
of the p38 MAPK, the kinases Mnk1 and Mnk2, are also acti-
vated in an As2O3-inducible manner and regulate phosphoryl-
ation of eukaryotic initiation factor 4E at Ser-209 (60). The
engagement of these p38 effectors occurs in a negative feedback
regulatory manner during treatment of cells with As2O3, as
their pharmacological or molecular targeting results in
enhancedAs2O3-dependent suppressive responses in leukemic
lines and primary leukemic progenitors from AML patients
(60).
Finally, the Akt-mTOR signaling cascade is also activated

during treatment of different types of leukemic cells withAs2O3
(Fig. 2) (61, 62). mTOR-generated signals play critical and
essential roles in the control of mRNA translation in mamma-
lian cells and mediate important biological responses (29, 63).
Recent work demonstrated that Akt, mTOR, and downstream
effectors are activated in As2O3-treated leukemic cells (61, 62).

Combination studies using knock-
out cells for different elements of
the mTOR pathway or small inter-
fering RNA-mediated knockdown
of mTOR effectors in leukemic pro-
genitors have strongly suggested
that targeting this signaling cascade
may provide a novel approach to
potentiate the effects of arsenic (62).
It should be also noted that activa-
tion of Akt during treatment of
acute leukemia cellswith arsenic tri-
oxide suggests that, beyond mTOR,
various other anti-apoptotic path-
ways are activated in a negative
feedback regulatory manner, as it is
well established that various anti-
apoptotic signals are generated dur-
ing Akt activation (29).

Conclusions and Future
Perspectives

The therapeutic uses and poten-
tial of arsenic-containing com-
pounds have been evolving over

centuries, starting with the empiric use of arsenic in ancient
times up to the current Food and Drug Administration
approval of As2O3 for the treatment of APL in humans. Despite
thewell known toxicities and side effects of arsenic compounds,
the prospects for arsenic use in the treatment of humandiseases
remain high. The evolution of our understanding of how
arsenic mediates biological responses over the last decade has
led to new studies aimed at establishing conditions for the
selective enhancement of its antitumor properties in vitro and
in vivo. It is possible that the next phase in the medical use of
arsenic compounds will involve selective applications to malig-
nancies with distinctmolecular profiles that define arsenic sen-
sitivity and/or combinations with other agents that target cel-
lular pathways that negatively control arsenic responses. The
usefulness of such approaches remains to be established over
the next several years. Independently of the outcome of such
studies and on the basis of historical considerations and the
ongoing evolution in the field, one can argue with a degree of
certainty that arsenicals will continue to be the focus of intense
research investigations in the near and distant future.
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Weoutline several principles thatwe believe define the gating
of two bacterial mechanosensitive channels, MscL and MscS.
Serving as turgor regulators in bacteria and other walled cells,
these molecules are tangible models for studying conforma-
tional transitions in membrane proteins driven directly by
membrane tension. MscL, a compact pentamer, reversibly
opens a gigantic 30-Å pore at near-lytic tensions. MscS, a hep-
tameric complex, exhibits transient activation of a smaller pore
at moderate tensions, thereby entering a tension-insensitive
inactivated state. By comparing the structures and predicted
transitions in these channels,we concluded that opening is com-
monly achieved through tilting and outwardmotion of the pore-
lining helices, which is kinetically limited by hydration of the
pore. The intricate adaptive behavior inMscS appears to depend
on specific interhelical associations and the flexibility of the
pore-lining helices. We discuss physical factors that may direct
the transitions and stabilize main functional states in these
channels.

Osmotic forces are strong, which necessitated development
of osmoregulation along with the first semipermeable mem-
brane delineating the early cell. A simple estimation shows that
a 1-�m cell behaving as an ideal osmometer would sustain a
downshock no stronger than 20 mM, after which membrane
tension would exceed the lytic limit of 10–12 dynes/cm. Thus,
a cell without a reinforcing envelope or protective valves is very
vulnerable. Free-living and enteric microorganisms cycling
through the soil and experiencing drastic environmental
changes developed robustmechanisms tomaintain volume and
integrity (1). The mechanosensitive channels MscS and MscL
(mechanosensitive channels of small and large conductance,
respectively) have been identified as primary osmolyte release
valves limiting the turgor pressure under acute osmotic shock
(2–4).
WithoutmscS andmscL genes,Escherichia coli survives a 300

mosM osmotic downshock (2), its resistance attributed to the
peptidoglycan layer partially restraining swelling. However,
expression of either MscS or MscL allows cells to withstand a

700–800mosM downshock through release of small osmolytes
(2). Purification and reconstitution proved thatMscL andMscS
respond directly to tension in the lipid bilayer (5–7). Both chan-
nels reside in the inner (cytoplasmic)membrane (8), withMscL
localized at the cell poles, bearing high curvature (9).
As primary components of the turgor regulation system,

E. coliMscS andMscL became convenientmodels for studies of
tension-driven conformational transitions in membrane pro-
teins (10). The crystal structures of closed-stateMycobacterium
tuberculosisMscL (11) and E. coliMscS in two distinct confor-
mations (12, 13) provided invaluable initial points to explore
their gatingmechanisms, inwhich computationalmethods play
increasingly important roles.

Opening of MscL Creates a Large Stable Pore
Accompanied by Protein Expansion in the Plane of the
Membrane

It is accepted that many membrane-embedded mechanore-
ceptors undergo transitions by obeying lateral tension (�)
applied to the bilayer. This force biases the receptor distribu-
tion between a narrow resting state andwider open states, caus-
ing an in-plane area increase (�A). According to Boltzmann,
the work done by tension (���A) changes occupancy of both
states: Po/Pc � exp(�(�E� ��A)/kT), where�E is the intrinsic
energy gap between the states (14). Electrophysiological exper-
iments combined with patch imaging estimated the midpoint
of the E. coliMscL activation curve (�1⁄2) to be 9.5–12 dynes/cm,
depending on the lipid environment (7, 15). From themidpoint
and slope of the activation curve, both �A and �E between the
closed and open states were estimated as 20 nm2 and �125
kJ/mol, respectively (16). MscL forms an �30-Å nonselective
pore and stays open frommilliseconds at the activation thresh-
old to seconds at near-saturating tensions (15). The cytoplas-
mic bundle of the C-terminal segments was predicted to form a
stable pre-filter in both open and closed conformations (17),
but recent results suggested that it may occasionally disassem-
ble, as frequently firing gain-of-function MscL mutants can
pass polypeptides up to 6.5 kDa (18).

MscL Structure and Character of Transition

The M. tuberculosis MscL crystal structure (11) revealed a
pentamer of two-TM2 hairpin-like subunits. The complex
looks like a tightly packed nonconductive bundle of 10 helices
in the membrane. Short cytoplasmic N termini and bundled
C-terminal domains reside in the cytoplasm. Soon after pub-
lishing the M. tuberculosis MscL structure, a homologous
model for the E. coliMscL was proposed (19), which is in good
agreement with the recently revised crystallographic model of
M. tuberculosisMscL (Protein Data Bank code 2OAR) (10).
The original hypothesis in the crystallographic study (11)

suggested that the tilted TM1 helices that form a tight hydro-
phobic constriction swing away from the pore axis and arrange
themselves in a barrel-stave fashion with the TM2s. However,
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today’s consensus is that tilting in an iris-like manner, not
straightening up, leads to a wide pore and large in-plane expan-
sion (20, 21). The iris-like model (supplemental Fig. 1A) was
supported by the engineered disulfide cross-links trapping
MscL open (22). This model, constrained by experimental 3.2-
nanosiemen conductance and�20-nm2 in-plane barrel expan-
sion, predicts an �30° tilting and 12-Å outward movement of
TM1s. The barrel-stave model predicts much smaller expan-
sion and conductance. Independently, site-directed spin label-
ing and EPR experiments demonstrated that the pore is lined
primarily with TM1s in closed and open states, whereas TM2s
always face lipids (21), strongly supporting tilting. The two
tilted models are not fully compatible because the EPR-based
model implies a large rotation of the TM1 helix, contradicting
the observed cysteine cross-links (22) and methanethiosulfon-
ate accessibility data (23).

Why Tilting?

The iris-like model is consistent with the thermodynamic
view that the system achieves deeper free energy minima by
allowing tension to do more work over a larger area. But this
does not explain why tilting would be preferred for the initial
helix motion under tension unless we specify where exactly the
tension is applied. Computational three-dimensional decom-
position of the pressure tensor across the bilayer (24, 25) pre-
dicted that the lateral pressure profile is non-uniformwith deep
minima (areas of tension) at the polar/apolar boundaries (sup-
plemental Fig. 1C). There is a net positive pressure in the center
of the bilayer (hydrocarbon) and in the most peripheral head-
group regions, which balances the tension at rest. The applied
membrane stretch preferentially increases tension at the
boundaries (25). Tilting is predicted to be a result of the out-
ward radial forces applied to the ends of the pre-tilted helices.
Tilting with a tangential component has an advantage over
straightening, as it preserves extensive interhelical contacts in
the course of expansion.

How Can the High Energy of MscL Activation Be
Combined with a Stable Open State?

The tightly packed resting state of MscL is stable relative to
the open state by 50 kT and requires an almost lytic tension to
open. One of the contributions to the large energy gap may be
distortion of the lipids by the flattened open channel (14, 26,
27). This thickness mismatch may exert a closing force. The
second factor is high hydrophobicity of the gate formed by the
rings of Val23 and Leu19 in E. coli MscL, which is dehydrated
according to molecular dynamics (28). The vapor bubble in the
gate makes MscL leak-proof, whereas surface tension of water-
vapor interfaces above and below the constriction additionally
tightens the gate. Hydrophilic mutations in the gate (29–31)
pre-expand the channel and drastically reduce the transition
barrier and opening energy, emphasizing the stabilizing role of
pore dewetting.
Once opened, however, wild-typeMscL stays open for tens of

milliseconds, implying a deep open-state well separated from
the closed state by a barrier. Kinetic analysis placed the rate-
limiting barrier about two-thirds toward the open state on the
in-plane expansion coordinate (15, 31). Because the channel

complex expands beyond the transition state, the closing rate
diminishes with tension (15).
Another factor that may greatly stabilize the open state is the

considerably less hydrophobic lining of the open pore. This
points to the role of a highly conserved motif of periodic gly-
cines (xxG22xxxG26xxxG30) in TM1. In single-pass proteins
capable of dimerization, such motifs permit tight knob-into-
hole packing of the helices (32). In MscS, this motif serves the
same purpose, allowing the helices to form a tight gate (33).
These glycines are buried in the resting state, making the con-
striction hydrophobic (supplemental Fig. 1, A and C). Upon
expansion, the glycines expose their polar backbone. Replacing
Gly22 with alanine makes MscL considerably harder to open
(30), which illustrates its role as a conditionally exposed polar
group, lowering the critical radius of stable wetting (34).
In the iris-like model of MscL transition (22), paired TM1

and TM2 helices (11) act as rigid rods. If the helices were
allowed to buckle, they would let the ends spread without pore
opening. Because the pore-lining TM1 and lipid-facing TM2
never separate, tension will always be transmitted to the gate,
and the channel remains sensitive to membrane tension at any
time. As will be discussed next, the propensity of the pore-
lining helices to buckle near the gate and the ability to separate
from the lipid-facing helices appear to define the adaptive
behavior of MscS.

Functional Characteristics of MscS

MscS, the smaller channel, activates at moderate tensions
and tunes the turgor during the normal bacterial life cycle.
When purified and reconstituted with soybean lipids, MscS
activates with a midpoint of �5.5 dynes/cm (6), slightly lower
than previously reported for E. coli spheroplasts (35). The slope
of the open probability on tension suggests �A � 13–18 nm2

(36, 37). Macroscopic estimations predict that the open pore is
at least 16 Å in diameter (38).
A prominent functional trait of MscS is its ability to adapt to

tension. It readily responds to abrupt pulses, but if the same
tension is applied slowly (as a 30-s ramp), only about half of the
population opens (36). In response to a prolonged step of sub-
saturating tension, MscS opens only transiently. This adaptive
behavior results from two sequential processes, desensitization
(gradual right-shift of the activation curve) and inactivation (36,
38). In the inactivated state, MscS is tension-insensitive.

The Original Crystal Structure of MscS Is Nonconductive
and Unstable When Simulated in the Lipid Bilayer

In the original (Protein Data Bank code 1MXM) and revised
(code 2OAU) crystallographic models of wild-type MscS (10,
12), the hydrophobic gate is predicted to be vapor-plugged,
hence nonconductive (38, 39). Steered ions passing through a
dehydrated pore require a 200–400-piconewton force or a
transmembrane potential of �1.5 V (38–41). The structure
exhibits an �30° splay of the peripheral helices, which can
result from delipidation (10), and the N terminus is disordered.
Embedded in the lipid bilayer in molecular dynamics simula-
tions, the unrestrained structure was unstable and collapsed
asymmetrically (39, 40). With deep crevices separating TM2
from TM3, both crystallographic models indicate no direct
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mechanical connection between the tension-receiving helices
and the gate region. The pore-lining TM3s form a relatively
narrow barrel (TM3a) and then break and separate (TM3b),
forming the roof of the cytoplasmic cage (Fig. 1, upper left).
Although the C-terminal ends of TM3s are “fixed” on the cage
�17 Å away from the pore axis, the characteristic kinks at
Gly113 bring Leu105 and Leu109 together to form a vapor-locked
gate (12). As in MscL, hydrophilic substitutions in the gate
result in a drastic decrease in activating tension and toxic gain-
of-function phenotypes (42), implicating pore dewetting (38) as
setting the threshold for MscS.
In the recent crystal structure of the A106Vmutant (Protein

Data Bank code 2VV5), the TM3s form awider (�13Å), appar-
ently conductive pore (13). In patch-clamp experiments, this
mutant frequently displays a half-amplitude subconductive
state (33). Although the structure was interpreted as open, the
periplasmic rim’s narrow conformation suggests that the struc-
ture may not represent the fully open state. Macroscopic esti-
mations predict that it conducts at about one-third of the
experimental openMscS conductance.3 Undoubtedly a big step
forward, this new structure awaits computational exploration
of its conductive properties and stability in the bilayer. Alterna-

tive computational (37) and EPR-
based (43) models of the open state
will be discussed below.

Computational Exploration of
the Conformational Space of
MscS

As we are unable to maintain the
membrane and tension in the crys-
tallization chamber, it may be prin-
cipally impossible to solve a true
open state using crystallography.
Replacement of lipids with deter-
gent may lead to structurally dis-
torted states. We resorted to com-
putational techniques to model the
functional cycle for MscS. We first
used the newly developed extrapo-
lated motion protocol (44) based on
iterative cycles driving the protein
along the self-permitted energy val-
leys without lipids and solvent. Can-
didate conformations satisfying
experimental parameters of con-
ductance and in-plane area were
then refined in all-atom molecular
dynamics simulations (37, 44).

The Resting State of MscS Is
Predicted to Be More Compact
than the Crystal Structure

Adding the N terminus and
repacking theperipheralhelices along
the central TM3a barrel using the

extrapolation protocol resulted in a compact nonconductive state
(44).A similar typeof barrel packingwasproposedpreviously (45).
Equilibrationof the compactmodel in anexplicit bilayerpredicted
stable interhelical contacts. The subsequent cross-linking experi-
ments confirmed theproximityofTM2toTM3in the resting state
(44). Restoring these contacts reconnected the lipid-facing helices
with the gate region. Thesemodifications did not change the crys-
tal-like packing of TM3a segments, in which the conserved
G101A102A103G104xA106xG108xA110 motif allows for tight helical
packing (33).
The compact resting-state model was stable in the bilayer;

however, its membrane position was different from what was
inferred in the original crystallographic paper and used in early
simulations (39, 40). Arg46, Arg54, and Arg74, initially proposed
to face the membrane’s hydrocarbon (12), now reside more
favorably in the layer of the polar headgroups. The characteris-
tic TM3 kink was relocated two helical turns down fromGly113
to Gly121. TM3b segments moved 7 Å down and resolved their
steric conflicts with the ends of TM1-TM2 loops that occur
during repacking of TM1-TM2 along TM3s (44).
Themore recent restingmodel ofMscS based on EPRdata (46)

suggested a similar conformation of the TM3a barrel and overall
compaction of the external helices; however, it did not restore the
direct TM2-TM3 contacts. The EPR-basedmodel has TM3 kinks3 A. Anishkin, unpublished data.

FIGURE 1. Modeled gating cycle of MscS. The splayed peripheral TM1 (gold) and TM2 (green) helices of the
crystal structure are aligned with the TM3a segments (cyan) in simulations, and the missing N terminus (red)
was modeled de novo (44). The reconstructed resting state (lower left) with the closed gate (Leu105 and Leu109;
yellow van der Waals spheres) equilibrated in the explicit lipid bilayer, and TM3s bent at Gly121. Opening results
in kink-free TM3s dilating the gate by 8 Å (lower right). Inactivation is associated with re-forming of the crystal-
lographic kink at Gly113 and uncoupling of the TM1-TM2 pairs from the gate-bearing TM3s.
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atGly113 and the predictedN-terminal domains to allow formore
extensive interactions with the bilayer. The constraints provided
by theEPRmethodology and the criteria bywhich they are used to
build themodel may account for the differences.

The Open-state Model of MscS Predicts That the TM3
Helices Straighten and Rotate, Acting as Collapsible
Struts

The opening of MscS in our extrapolated simulations
resulted in radial retraction and straightening of the TM3 hel-
ices, accompanied by a 10° tilting (37). The pore widened by
8–10 Å and was formed by uniformly bent helices with no dis-
cernable kinks. This tendency to straighten was previously
observed in conventionalmolecular dynamics simulations (47).
Extrapolated pore expansion from the resting state resulted in a
similar conformational set that satisfied both the experimental
conductance and the in-plane expansion. The best open-state
candidate had at least a 6-Å wider pore than the crystal struc-
ture of A106V MscS (13). Subsequent equilibration of the
open-statemodel undermoderate tension in the explicit bilayer
produced a 53° axial rotation of TM3s, which reoriented the
gate-keeping Leu105 and Leu109 to closely appose Leu111 and
Leu115 on the neighboring helix. Although the conserved TM3
motif of alternating glycines and alanines allowed a tightly
packed resting state, the helix rotation observed in simulations
exposed the buried Gly101, Gly104, Gly106, and Gly108 to the
lumen, favoring a fully hydrated state. The model stabilized in
this state without restraints. Explicit conductance simulations
performed on this model matched the experimental conduct-
ance and selectivity of open MscS (37).
The general character of transition in our open-state model

(tilting and retraction of the helices) was consistent with both
the A106V partially open crystal structure and the independ-
ently proposed open-state model based on constraints from
scanning cysteinemutagenesis, spin labeling, andEPR (43). The
authors of the EPR model reported that MscS could be stabi-
lized in a conductive state by adding large amounts of lysophos-
phatidylcholine to the reconstituted proteoliposomes. This
treatment asymmetrically changes the lateral pressure profile
in themembrane butmay not result in the same overall protein
conformation as uniform saturating membrane tension. The
deduced model showed an 8-Å widening of the gate achieved
primarily through tilting of TM3s compared with the EPR
model of the resting state (46). Distinctive features of the EPR
model are 160° counterclockwise axial rotation of the TM3a
helices that buries the glycines and partially unwound TM3b
helical segments. Similar experiments previously predicted
large rotations for TM1 in MscL, generally inconsistent with
other data, which could be a result of bending and “snorkeling”
of the EPR probe. The distance from the �-carbon to the
paramagnetic oxygen of the cysteine-attached MTSL
((1-oxyl-2,2,5,5-tetramethylpyrrolindin-3-methyl) methane-
thiosulfonate) probe is 11Å. Because an every-residue scanning
approach was taken in both cases (21, 44), the conformations
and perturbing effects of the probe in the confined spaces, such
as the pore and crevices, require further clarification.

The Closed and Inactivated States of MscS Are
Characterized by Two Distinct Positions of the TM3 Kink

Our open-state model with kink-free TM3s suggested that
the pore-lining helices may act as collapsible “struts” holding
the pore open. Because the C-terminal ends of the TM3 helices
are separated, re-forming the narrow TM3a barrel can be
achieved only if the helices break and allowLeu105 andLeu109 to
come together (Fig. 1). The return to the compact state in
repeated extrapolations revealed preferential bending of TM3
at Gly121, which, unlike Gly113, was found absolutely conserved
(38), pointing to an alternative hinge.
BecauseMscShas at least twononconductive states, resting and

inactivated (2, 36, 48), onemayaskwhether each state isdefinedby
adifferent breakingpoint in the compactedTM3barrel. This con-
jecture was strongly supported by experiments in which the flexi-
bility of TM3 was changed by altering the two main “hinges,”
Gly113 and Gly121 (48). Increased helical propensity at the crystal-
lographic kink by the G113A substitution essentially removed
inactivation, whereas increased flexibility by engineering two
sequential glycines (Q112G) strongly favored inactivation. Helical
“straightening” in thealternativehinge regionby theG121Amuta-
tion impeded exit from the open state and opened an unnatural
inactivation path directly from the resting state, bypassing the
open state. The A120Gmutation increased this hinge’s flexibility,
destabilizing the open state.When theA120Gmutationwas com-
binedwithG113A, the channel swiftly and reversibly desensitized,
but did not inactivate, always remaining sensitive to tension.
Finally, mutating both hinge glycines to alanines (G113A/G121A)
drastically stabilized the open state; after release of tension, the
doublemutant remainedopen for severalminutes (48).Thesedata
strongly suggest that the open state has kink-free TM3 helices
acting as struts. The Gly121 hinge thus appears to mediate the
closed-to-open transitions as well as desensitization, whereas for-
mation of the kink near Gly113 can be attributed to inactivation.
Therefore, the original crystal structure (11) should resemble the
inactivated state.

How Does Inactivated MscS Become Completely
Insensitive to Membrane Stress?

We presume that inactivation is a way to preserve or restore
membrane integrity under tensions that may be above the
threshold for MscS but below lytic tension. The inactivated
channel somehowmanages to disengage the gate from tension-
receiving domains and ignore tension. The splayed state of the
TM1 and TM2 helices, a prominent feature of the crystal struc-
ture, may suggest the mechanics of decoupling. Although we
cannot exclude tension transmission to the gate either through
the flexible periplasmic TM2-TM3 linkers (13) or through the
putative Asp62–Arg128/131 salt bridges on the cytoplasmic side
(39, 49), our preliminary data suggest a different route.
Reconstruction of the TM2-TM3 association (44) revealed a

number of conserved residues forming this buried hydrophobic
contact. The Leu111 and Leu115 side chains on the gate-forming
TM3are opposed byVal65, Phe68, andLeu69 onTM2. Small side
chain hydrophilic substitutions such as L111S and F68S
increase the activation tension, so the force is less effectively
conveyed to the gate. These mutations also favor faster inacti-
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vation and open a path for silent inactivation directly from the
resting state. This strongly suggests that the reconstructed
TM2-TM3 interface is necessary for tension transmission from
the peripheral helices to the gate (50). Thus, the detached state
of theTM1-TM2 “paddles” in the crystal structuresmay resem-
ble a tension-insensitive inactivated state. Because the splayed
conformation of TM1-TM2 is predicted to distort the sur-
rounding bilayer andmay be unfavorable, we presume the pad-
dles’ positions in the native inactivated state to be different
from those in the delipidated crystal structure. A greater under-
standing of the interplay between the gate and the cage domain
could be obtained through clarification of the functional roles
of the predicted Asp62–Arg128/131 salt bridges (39, 49).

Conclusions

MscL andMscS are convenient systems for studying opening
pathways and physical factors stabilizing the main functional
states in tension-sensitive channels. Computational explora-
tion of the conformational spaces critically assists in predicting
such states. Experimental parameters of pore conductance and
in-plane protein expansion constrain the open-state models.
Opening the hydrophobic gate in both channels is achieved
through tilting and outward movement of the pore-lining heli-
ces. The dehydrated state of the pore constriction stabilizes
closed conformations, andwetting of the pore appears to be the
rate-limiting step for activation in both channels. Exposure of
conserved glycines changes the pore lining from hydrophobic
to hydrophilic. Although in non-inactivating MscL the gate is
rigidly connected to the tension-receiving surfaces through the
TM1-TM2 contact, inMscS, the presence of a separable shell of
peripheral helices around the gate allows for inactivation. The
flexibility of the pore-lining helices at two distinct hinge gly-
cines, which may depend on the associations with the periph-
eral helices, defines the functional cycle of MscS. Our under-
standing of bacterial models will assist in recognizing the
mechanisms and functional roles of similar channels in many
cells for environmental adaptations, host-parasite interactions,
and maintenance of internal compartments and organelles.
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Insulin plays a central role in the regulation of vertebrate
metabolism. The hormone, the post-translational product of a
single-chain precursor, is a globular protein containing two
chains, A (21 residues) and B (30 residues). Recent advances in
human genetics have identified dominant mutations in the
insulin gene causing permanent neonatal-onset DM2 (1–4).
The mutations are predicted to block folding of the precur-
sor in the ER of pancreatic �-cells. Although expression of
the wild-type allele would in other circumstances be suffi-
cient to maintain homeostasis, studies of a corresponding
mouse model (5–7) suggest that the misfolded variant per-
turbs wild-type biosynthesis (8, 9). Impaired �-cell secretion
is associated with ER stress, distorted organelle architecture,
and cell death (10). These findings have renewed interest in
insulin biosynthesis (11–13) and the structural basis of disul-
fide pairing (14–19). Protein evolution is constrained not
only by structure and function but also by susceptibility to
toxic misfolding.

Biosynthesis of Insulin

The insulin gene encodes a single-chain precursor, preproin-
sulin (Fig. 1A, upper). The signal peptide (gray bar) is cleaved
upon ER translocation to yield proinsulin. The translocated
polypeptide is reduced and unfolded. Preproinsulin and proin-
sulin contain a connecting domain (black in Fig. 1A) between
the B- and A-domains (blue and red, respectively) (20). Folding
in the ER is coupled to specific pairing of three disulfide bridges
(Fig. 1A, center). These bridges (A6-A11, A7-B7, and A20-B19)
(gold in Fig. 1B) are essential for stability and bioactivity (17,
21–29). Proinsulin consists of a folded insulin-like moiety and
disordered connecting peptide (the C-domain) (dashed black
line in Fig. 1B) (30–33). Conserved within the insulin super-
family, the cystines provide interior struts in the hydrophobic
core (A19-B20 and A6-A11) and an external staple (A7-B7).
The structure of insulin (Fig. 1A, lower) requires maintenance
of each bridge. Disulfide isomers exhibit molten structures of
marginal stability and low biological activity (34–36).

Proinsulin binds only weakly to the insulin receptor; the bio-
active hormone is liberated by proteolytic processing (12, 37).
Upon transit through theGolgi apparatus and entry into imma-
ture secretory granules (38), the C-peptide is excised by specific
prohormone convertases (39). Cleavage occurs at conserved
dibasic sites (BC and CA junctions) (green in Fig. 1, A and B).
The mature hormone is stored as Zn2�-stabilized hexamers
within specialized secretory granules (Fig. 1C) (40). Hexamers
dissociate upon secretion into the portal circulation (Fig. 1C,
right). Because the monomer is exquisitely susceptible to fibril-
lation (41), its zinc-mediated assembly within �-cells may rep-
resent a defense against toxic misfolding in the secretory gran-
ule (13).
Although insulin biosynthesis occurs via a single-chain pre-

cursor, in vitro chemical synthesis employs isolated A- and
B-peptides (42). The fidelity of chain combination implies that
chemical folding information is contained within these
sequences (43). Many insulin analogs have been prepared by
this protocol, facilitating pharmaceutical applications (44, 45).
Despite the general robustness of insulin chain combination,
certain substitutions impede yield (16, 46–52). The genetics
of neonatal DM highlights such synthetic failures as models
of impaired folding, providing structural insight into a dis-
ease of toxic protein misfolding.

Mechanism of Disulfide Pairing

Oxidative folding of proteins may be probed by chemical
trapping of populated disulfide intermediates (53). Such studies
of proinsulin-related polypeptides are notable for the transient
accumulation of one- and two-disulfide intermediates (14, 15,
54, 55). Their partial folding may be represented by a series of
trajectories on successive free-energy landscapes (Fig. 2A).
Each landscape governs the dynamics of an ensemble of acces-
sible conformations in the presence of a specific subset of disul-
fide bridges. Because the folding chain acquires structure step-
wise upon successive disulfide pairing, the landscapes proceed
from shallow to steep. The preferred sequence of disulfide
intermediates, as defined by chemical trapping, hence provides
a framework for visualizing a progression of multiple folding
trajectories on funnel-shaped landscapes. This perspective
integrates the classical disulfide-centered paradigm (56) with
biophysical models of protein folding (57, 58).
A structural pathway of disulfide pairing has been proposed

based on equilibriummodels (Fig. 2B) (17, 21–23, 25–29, 59). A
key role is played by initial formation of cystineA20-B19, which
in the native state connects the C-terminal �-helix of the A-do-
main to the central�-helix of the B-domain. This bridge, which
packs within a cluster of conserved aliphatic and aromatic side
chains in the hydrophobic core, is proposed to contribute to
stabilization of a specific folding nucleus (17, 59, 60). The struc-
tural role of cystine A20-B19 in populated one- and two-disul-
fide intermediates has been investigated through construction
of analogs containing pairwise substitution of the other cys-
teines with Ala or Ser (17, 21–29). Such analogs exhibit partial
folds with attenuated but non-negligible �-helix content.
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Mutations near A20-B19 impair chain combination and bio-
synthesis of single-chain precursors in Saccharomyces cerevi-
siae (25, 50, 60–62). After A20-B19 pairing, folding proceeds
through multiple alternative channels (see supplemental text).
As successive disulfide bridges are introduced in model
domains, 1H NMR spectra exhibit progressively increased
chemical shift dispersion, suggesting stepwise stabilization of
structure in accord with the landscape perspective. On-path-
way two-disulfide intermediates interconvert with non-native
disulfide isomers as off-pathway kinetic traps (Fig. 2B, center).
Non-native disulfide isomers of proinsulin have been

observed in isolated islets and cell culture (10, 16, 63–65).

Although such isomers are gener-
ally not secreted, amino acid substi-
tutions in human proinsulin can
enhance the fraction of mispairing
in the ER (64, 65). Because propen-
sity to misfold in this assay does not
correlate with effects of substitu-
tions on thermodynamic stability in
vitro, its mechanism is not well
understood. It is possible that the
substituted side chains perturb the
relative stabilities or kinetic accessi-
bility of disulfide intermediates dis-
proportionately to their effects on
the native state. Alternatively, these
residues may contribute to interac-
tions of the nascent polypeptide
with ER chaperones and oxidative
machinery (66). Engagement of cell
type-specific chaperones and fol-
dases in insulin biosynthesis is likely
to underlie the failure (due to aggre-
gation) of diverse transfected mam-
malian cell lines to support efficient
folding and secretion of proinsulin
(67).

Diabetes-associated Mutations

Neonatal DM develops prior to
immune system maturation and so
presents as an autoantigen negative
form of DM. This presentation may
be due tomutations in any of several
genes (68). The most common
cause is a heterozygous activating
mutation in a subunit of the �-cell
voltage-gated potassium channel,
either KCNJ11 (encoding the Kir6.2
subunit) or ABCC8 (encoding the
SUR1 subunit) (69, 70). The result-
ing diabetic phenotypemay be tran-
sient or permanent. Recognition of
this syndrome is important as such
patients may be treated with oral
agents that inhibit the channel (sul-
fonylureas) rather than insulin (68).

Dominant mutations in the insulin gene have recently been
recognized as the second most common cause of permanent
neonatal DM (1–4). Such mutations occur in each region of
preproinsulin: its signal peptide and B-C-A domains (supple-
mental Fig. S1). The majority of mutations result in addition or
removal of a cysteine, leading in either case to an odd number of
potential pairing sites (supplemental Fig. S2). This imbalance is
thought to lead tomisfolding and aggregation. Remarkably, one
human mutation (CysA7 3 Tyr) is the same as previously
observed in theMody4mouse model (the Akita mouse) (5–7),
inwhich a dominantmutation in the Ins2 gene leads to progres-
sive postnatal �-cell failure (9, 10). Physicochemical studies of

FIGURE 1. Proinsulin and its biosynthetic pathway. A, pathway of insulin biosynthesis beginning with pre-
proinsulin (upper): signal peptide (gray), B-domain (blue), dibasic BC junction (green), C-domain (red), dibasic CA
junction (green), and A-domain (red). In the ER, the unfolded prohormone undergoes specific disulfide pairing
to yield native proinsulin (center). Cleavage of BC and CA junctions by prohormone convertases (PC1 and PC2)
and carboxypeptidase E leads to mature insulin and the C-peptide (lower). SRP/SRP-R, signal recognition par-
ticle/signal recognition particle receptor. B, structural model of insulin-like moiety and disordered connecting
peptide (dashed black line). The A- and B-domains are shown in red and blue, respectively; the disordered
connecting domain is shown by the dashed black line. Cystines are labeled in yellow boxes. C, cellular pathway
of insulin biosynthesis. Nascent proinsulin folds as a monomer in the rough ER (rER; left), wherein zinc ion
concentration is low; in post-Golgi granules, proinsulin is processed by cleavage of the connecting peptide to
yield mature insulin, and zinc-stabilized hexamers begin to assemble. Zinc-insulin crystals are observed in
secretory granules. Upon secretion into the portal circulation (right), hexamers dissociate to yield bioactive
insulin monomers. Although the structure of an isolated monomer resembles that of a crystallographic pro-
tomer, marked changes in conformation may be required for receptor binding. Native hexamer assembly and
induced fit of the insulin monomer may provide complementary structural adaptations to the threat of toxic
protein misfolding (49, 75, 76).
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the variant murine proinsulin indicate partial unfolding with
increased aggregation (71). Such perturbations are in accord
with structural studies of human insulin and proinsulin analogs
lacking cystine A7-B7 (28, 60). Heterozygous expression of a
variant Ins2 allele encoding substitution CysA63 Ser (uncov-
ered in the course of an N-ethyl-N-nitrosourea mouse
mutagenesis screen) likewise causes �-cell dysfunction and
progressive DM (72).
Identification of identical human and murine mutations at

position A7 strongly suggests that the pathogenesis of neo-
natal DM in humans is similar to that extensively character-
ized in the Akita mouse (5–7, 9, 10). Although uncertainties
remain in the precise time course and mechanism of �-cell
degeneration, the �-cells of Akita islets exhibit an early
defect in the folding and trafficking of both wild-type and

variant proinsulins, elevated markers of ER stress, progres-
sive deposition of electron-dense material in the ER and
Golgi apparatus associated with morphological abnormali-
ties, mitochondria swelling, and eventual loss of �-cell mass
due to apoptosis or other forms of cell death (9, 10).
Perturbation of disulfide pairing in nascent proinsulin can in

principle range from severe or mild, depending on the site of
mutation and the properties of the substituted side chain (sup-
plemental Figs. S3 and S4). Key sites in the structure of insulin
required for the foldability of proinsulin are discussed in the
supplemental text. Whereas an odd number of cysteines or
compromise of a key non-cysteine site presumably imposes a
severe block to folding, mutations causing less marked impair-
ment would be expected to present later in life as autoantibody-
negative presumed Type 1 or 2 DM. One such mutation, pre-

FIGURE 2. Energy landscape view of proinsulin folding and disulfide pairing. A, formation of successive disulfide bridges may be viewed as enabling a
sequence of folding trajectories on a succession of steeper funnel-shaped free-energy landscapes. B, preferred pathway of disulfide pairing begins with cystine
A20-B19 (left), whose pairing is directed by a nascent hydrophobic core formed by the central B-domain �-helix (residues B9 –B19), part of the C-terminal
B-chain �-strand (residues B24 –B26), and part of the C-terminal A-domain �-helix (residues A16 –A20). Alternative pathways mediate formation of successive
disulfide bridges (middle) en route to the native state (right). The mechanism of disulfide pairing is perturbed by clinical mutations associated with misfolding
of proinsulin. Sites of non-cysteine-related mutations causing neonatal DM (supplemental Fig. S2) highlight native structural features critical to foldability
(supplemental Fig. S3–S5).
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senting in the second decade as maturity-onset diabetes of the
young, has been described (4). Chronic elevation of ER stress in
�-cells presumably leads to a slow but progressive loss of �-cell
mass. ER stress may likewise contribute to the pathogenesis of
insulin Los Angeles (PheB24 3 Ser), a classical insulinopathy
with partial retention of activity (73). It is not knownwhether or
to what extent subtle perturbations of insulin biosynthesis (due
to either variant insulin genes or mutations in the ER folding
machinery) contribute to the pathogenesis of nonsyndromic
Type 2 DM.

Concluding Remarks

The evolution of insulin is enjoined by multiple biological
constraints, reflecting sequence requirements of biosynthesis,
structure, and function (supplemental Fig. S3A).We thus imag-
ine that conserved residues contribute to one or more of the
following processes: foldability in the �-cell, protection from
intra- or extracellular toxic misfolding, self-assembly within
secretory granules, and receptor binding. The overlapping
nature of these constraints may account for the limited
sequence diversity among vertebrate insulins (74). An intrinsic
tension between folding-competent and active conformations,
only partially resolved by induced fit, may underlie the role of
chronic ER stress (8) in the progression of �-cell dysfunction in
Type 2 DM (49, 75, 76).
The discovery of DM-associated mutations in proinsulin

highlights general principles of protein folding. The native state
of a globular protein may be viewed as a coalescence of discrete
subdomains consistent with classical diffusion-collision and
framework models of protein folding (77). Funnel-like energy
landscapes suggest the importance of parallel events in folding
(57) even in the presence of preferred trajectories (78). Disul-
fide trapping studies of insulin-related polypeptides have
defined predominant intermediates, enabling structural inter-
pretation of many of the clinical mutations. Sites of mutation
reflect mechanisms of oxidative folding not fully revealed by
structural features of the native state, once achieved. Toxic pro-
tein misfolding provides an implicit constraint governing the
evolution of proinsulin.
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Collagen peptides have been used to identify binding sites for
several important collagen receptors, including integrin �2�1,
glycoprotein VI, and von Willebrand factor. In parallel, the
structures of these collagen receptors have been reported, and
their interactions with collagen peptides have been studied.
Recently, the three-dimensional structure of the intact type I
collagen fiber from rat tail tendon has been resolved by fiber
diffraction. It is now possible tomap the binding sites of platelet
collagen receptors onto the intact collagen fiber in three dimen-
sions. This minireview will discuss these recent findings and
their implications for platelet activation by collagen.

Structural Architecture of Fibrillar Collagens

Collagen is the most abundant protein in the human body,
where it is a vital component of the extracellular matrix and
connective tissue, including blood vessels. There are 29 colla-
gen types, of which seven (types I–III, V, XI, XXIV, and XXVII)
are fibrillar, able to assemble as stable triple helices, which then
form a complex higher order three-dimensional fibrous super-
structure. At the simplest level, the collagen polypeptide
sequence is composed of Gxx� triplets containing glycine fol-
lowed by variable residues that often include proline at position
x and hydroxyproline at position x�. The three polypeptide
chains that assemble to form a tropocollagen triple helix can be
identical gene products, as for collagen III (three �1 chains), or
may differ, as for collagen I (two �1 chains and one �2 chain).
The tropocollagen triple helices assemble to form a super-
molecular fiber. Studies over the past 3 decades (1–7) have
established that the basic repeating unit within the collagen
fiber contains five tropocollagens packed side-by-side in a
pseudohexagonal arrangement, with a gap along the fiber axis
between the end of one triple helix and the start of the next.
This regularly repeated gap region gives rise to the characteris-

tic banding pattern of the intact collagen fiber, with a spacingD
of 67 nm between successive bands corresponding to the offset
between adjacent tropocollagen molecules, the classical “quar-
ter-stagger.” The densely packed (pseudohexagonal) regions
extend over nearly half (0.46D) of a singleD period, whereas the
gap regions occupy the remaining length of the D period
(0.54D). Each collagenmolecule can be divided into fiveD peri-
ods (Fig. 1A). Collagen fibers have a circular cross-section, sug-
gested by fiber diffraction data to be composed of concentric
layers of fibrils with a thickness of �40 Å (8).
In 2006, Orgel et al. (9) published the three-dimensional

structure obtained using fiber diffraction of an intact collagen
type I fiber from rat tail tendon. This structure revealed the
complicated interdigitated arrangement of the triple helices
within the collagen fiber. Each unit cell (corresponding to oneD
period in the mature collagen fiber) measured 678 Å long, 27 Å
wide, and 40 Å deep and contained segments of five tropocol-
lagen triple helices. As expected, a cross-section of the overlap
region reveals approximate hexagonal packing of adjacent tri-
ple helices (Fig. 1). However, the tropocollagen triple helices do
not behave as rigid rods, but rather, in the gap region, where
there are just four triple helices, they adopt a right-handed twist
around the microfibril to create a superstructure composed of
five interdigitated triple helices. This twist dictates that there is
variable exposure of the different segments of the collagen tri-
ple helix on the surface of the fiber.
The a unit cell axis in the structuremeasures 40Å, consistent

with the concentric ring spacing in the cross-section of a colla-
gen fiber. The bc face of the unit cell (approximately perpendic-
ular to the a unit cell axis; labeled 27 Å in Fig. 1B) would then
represent the surface of the fiber typically exposed for interac-
tion with collagen receptors. There are two possible ways to
place the unit cell, resulting in different exposed collagen seg-
ments on the surface of the fiber. Orgel and colleagues (10)
proposed an orientation that primarily exposesD periods 4 and
5 (Fig. 1); as described below, the opposite orientation, exposing
segments D1 and D3, is more consistent with known platelet
receptor interactions and is assumed in this minireview to rep-
resent the surface of the collagen fiber.

Fibrillar Collagens in the Blood Vessel Wall

The twomost abundant collagens of the blood vessel wall are
types I and III, both present in the subendothelial intima. Col-
lagen I may be enriched in atherosclerotic plaque especially in
its fibrous cap, but collagen III is also abundant. Several other
collagens, including fibrillar type V, have been located within
the vessel wall.Most information concerning receptor-collagen
interactions is based on collagens I and III, given their availabil-
ity from skin and placental material. Although the two collag-
ens are highly conserved, collagen I �1 shows higher sequence
identity to collagen II�1 than to either collagen I�2 or collagen
III �1. Deductions concerning binding sites within heterotri-
meric collagen I may be subject to some uncertainty because
proof of binding has been obtained almost exclusively with
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homotrimeric THPs3 corresponding to collagens II and III that
lack an �2 chain. Furthermore, the collagen � chains are stag-
gered within the triple helix by one residue, yielding three
potential isomeric positions for the �2 chain in heterotrimeric
collagen I.

Use of Collagen Peptides to Identify Receptor-binding
Sites

Given the complexity of the intact collagen fiber, most of our
insights into the nature of platelet receptor-collagen interac-
tions are based on model collagen-related peptides (11). Early
studies identified a high-affinity site within collagen type I for
the I-domain of integrin �2�1 (GFOGER, where O is
hydroxyproline) (12) and a low-affinity site in collagen type III
for GPVI composed of repeating GPO triplets (13). More
recently, systematic analyses of human type III collagen have
identified sequences that bind specific receptors. These studies
used Toolkit III, which contains 57 overlapping peptides that
cover the entire sequence of type III collagen; each peptide con-

sists of 27 residues from the sequence, flanked by five GPP
triplets and a terminal GPC triplet.
Integrin-binding Sites—The peptide-based approach has

revealed a series of integrin-bindingmotifs within the collagens
(12, 14). In collagen I, the highest affinity motif, GFOGER, lies
in the third D period (D3) of each tropocollagen. Nearby lies a
moderate affinity site composed of GMOGER (�1 chain) and
GLOGER (�2 chain). Close to theN terminus of themolecule in
D1 lie GROGER, another high-affinity site conserved across
collagens I and III, andGLOGER.Within the C-terminal half of
collagen I, only weak integrin-binding sites are found,
GQRGER and GASGER, both of which bind only slightly to
resting cells. Other low-affinity Gxx�GEx� sites may also
become relevant in activated platelets, enhancing the avidity of
collagen for the integrin-bearing cell surface.
In collagen III, there is no �2 chain to consider, but homotri-

meric Gxx�GER peptides do not reveal the whole story. The
higher affinity GROGER and GMOGER motifs are conserved
with collagen I �1; however, the ability of GLSGER in D4 to
support binding is dependent on its context. GLSGER within a
short THP acts as an intermediate-affinity site, but it is a very
poor site at best when presentedwithin 27 amino acids of native
sequence as in Toolkit III (11), indicating that local sequence
may interfere with integrin binding. Collagen III also contains a
novel GLOGENmotif that binds both �2�1 and �1�1 (although
the latter is not expressed on platelets) (14).
Glycoprotein VI—The recognition of GPVI by collagen is

more complex. First, GPO-containing THPs bind GPVI with
affinity that increases with the number of contiguousGPO trip-
lets (15, 16). However, such tracts of GPO triplets are scarce. In
collagen III, GPOGPOGPO occurs at positions �8 to 0, not
present in collagen I, and this region bindsGPVI quitewell (17).
The nearest equivalent in collagen I is at the C terminus of the
molecule (D5), where GPOGPOGPOGPOGPO and GPOG-
POGPOGPOmayoccur in the�1 and�2 chains, respectively. It
is not certain that such long GPO tracts are fully hydroxylated
though, which would reduce their potential for binding GPVI.
The best GPVI-binding motif in collagen III is a split

GPO . . . GPOGPO motif in the middle of the molecule (D3)
that may bind two or more GPVI molecules side-by-side (16,
17). The sequence of collagen III reveals no other such sites,
althoughweak binding ofGPVI occurswith aGPO . . . GPO site
at the start of collagen III D4. It is possible that the correspond-
ing GPO . . . GPOGPO occurring in D4 of collagen I �1 and �2
may serve, but the separation (two triplets) differs from that of
the best site in collagen III (three triplets). How collagen I is
recognized by GPVI remains to be established.
von Willebrand Factor—The recognition of collagen III by

VWF appears to be straightforward: just a single, unambiguous
motif is found in D2. The minimal motif is GPRGQOGV-
MGFO (18). Alanine-scanning substitution revealed those
boldface residues to be crucial to binding. There are crucial
differences in both the �1 and �2 chains of collagen I. It is
hypothesized that the intact VWF-binding site requires assem-
bly of the heterotrimer because neither the corresponding I �1
nor I �2 homotrimers will bind VWF.

3 The abbreviations used are: THP, triple-helical peptide; GP, glycoprotein;
VWF, von Willebrand factor.

FIGURE 1. Molecular packing of the type I collagen fiber. A, mapping the
THPs specific for platelet receptors onto the collagen molecule. Each D seg-
ment is highlighted in a different color. B, schematic of the cross-section of a
type I collagen fiber created by applying symmetry operators to the fiber
diffraction structure (9). The cross-section was taken approximately at the
beginning of segment D1. The light gray background shows the circumfer-
ence of a 400-Å-diameter fiber at the same scale as the collagen triple helices.
Because of interdigitation of the microfibrils, the relative position of the seg-
ments varies along the length of the fiber. The unit cell of Orgel et al. (9) was
positioned such that the platelet receptor sites are accessible from the fiber
surface; another possible orientation has been described (10).
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Three-dimensional Mapping of Receptor-binding Sites
on the Collagen Fiber

In parallel with the advances in understanding platelet recep-
tor-binding collagen sequences, there have been impressive
strides in determining the high-resolution crystal structures of
the platelet receptors involved. The structure of the �2�1 I-do-
main has been determined alone and in complex with a
GFOGER-containing collagen triple helix (19, 20). The GPIb�
ectodomain has been solved alone (21) and in complex with
VWF (22, 23) or thrombin (24). The structure of the collagen-
binding A3-domain of VWF is known (25), and its binding site
has beenmapped byNMR (26). Recently, the structure of GPVI
has been resolved (27), which identified a likely collagen-bind-
ing surface on GPVI consistent with mutational studies
(28–31).
Despite this progress, it has been difficult to predict how the

receptors recognize the surface of a large collagen fiber in three
dimensions. The fiber diffraction structure of Orgel et al. (9)
offers fresh insight. When mapping receptor-binding sites
identified in THPs onto the intact collagen fiber, the first con-
sideration is whether the corresponding motifs are actually
accessible. As described earlier, it is assumed that the bc unit
cell face in the structure of Orgel et al. represents the surface of
the collagen fiber. The unit cell orientation consistent with
accessibility of platelet receptor sites would expose most of the
first D period segment (D1), the last third of D2, and the first
half of D3. The right-handed twist of the microfibril dictates
that the remaining portions of D2 and D3, as well as segments

D4 and D5, are primarily buried within the collagen fiber (Fig.
2). The interpretations here assume also that homotrimeric col-
lagen III adopts a similar interdigitated structure as that
observed for heterotrimeric collagen I.
Integrin-binding Sites—According to this model, GROGER

and GLOGER within D1 are fully accessible and would allow
binding of the �2�1 I-domain without steric clashes (Fig. 2A).
Sites GFOGER and GMOGER within D3 may be accessible
depending on the degree of curvature in the collagen fiber sur-
face (Fig. 1B, blue versus green circles). The GLOGEN site iden-
tified in collagen III as a ligand for �2�1 and �1�1 (peptide
III-07) (14) is found on the outer surface of the microfibril, but
on the side of the triple helix facing the neighboring tropocol-
lagen. Thus, I-domains would be sterically excluded from this
site in the intact fiber unless the triple helix was accessible from
the side of the fiber or local fiber unfolding occurred. The final
two sites, GQRGER (in collagen I) and GASGER, within D4 are
buried within the microfibril and are unlikely to be accessible,
except perhaps at the extreme ends of the collagen fiber (Fig.
2B, yellow spheres).
GPVI-binding Sites—Upon mapping the GPVI sites onto the

fiber, it is striking that there are so few discrete loci whereGPVI
can bind within each D period. The type III collagen Toolkit
peptides III-01 and III-30 fall within D1 and D3, respectively.
Site III-01 would be exposed on the surface of the microfibril,
and site III-30 may be accessible depending on the curvature;
however, site III-57 is on the back of the microfibril and com-
pletely inaccessible. Interestingly, the GPO . . . GPO site at the

FIGURE 2. Three-dimensional mapping of receptor-binding sites onto the collagen fiber. A, view of one D region of a collagen microfibril constructed using
the structure of Orgel et al. (9). The tropocollagen triple helices are colored from blue to red according to D periods, as in Fig. 1. Receptor-binding sites
determined using THPs are shown as spheres, with integrin �2�1 sites shown in yellow, GPVI sites in red, and the VWF site in brown. Surface-accessible sites are
indicated in boldface with an arrowhead; sites typically buried within the microfibril are indicated in italics with an arrow. Only sites present in collagen III are
marked. Corresponding sites from collagen I are listed in supplemental Table 1. B, views of the collagen fiber built up by neighboring microfibrils. The surface
view corresponds to that shown in A and corresponds to a region of curvature, as shown by the schematic view of the transverse section. A close-up view of two
GPVI molecules docked onto the III-30 site (16, 27) and the �2�1 I-domain docked onto the GMOGER site (20) is shown in the inset. In this panel, the receptor sites
are shown as spheres colored according to the D period.
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beginning of D4, present in III-40, lies adjacent to III-01 on an
underlying triple helix. This site would typically be buried,
although it might become exposed at the ends of the collagen
fiber, possibly creating a more extensive GPVI-binding site
composed of neighboring III-01 and III-40 sites. In type I colla-
gen, the III-01 site is completely absent, and the III-30 site is not
conserved, so the partially exposed III-40 region would be the
only known site available for GPVI binding.
The collagen fiber structure of Orgel et al. (9) is also consist-

ent with the geometry of the GPVI dimer that occurs on the
platelet surface (32, 33) and that was observed in the crystal
structure (27). The spacing and orientation of the two putative
collagen-binding grooves on a GPVI dimer match the location
of GPVI-binding sites on every second unit cell in the collagen
fiber structure. Thus, a GPVI dimer could simultaneously bind
to a given site (i.e. III-01) on the ith and (i�2)th microfibrils,
providing a structural basis for the avidity effect previously
described for GPVI-Fc fusion binding to collagen (34).
VWF-binding Site—The single high-affinity site for VWF at

the end of segmentD2 (18) is exposed on themicrofibril surface
in the C-terminal half of the D period. Unlike the integrin and
GPVI sites, the VWF site is mostly isolated from other receptor
sites. Given that there is a single high-affinity VWF-binding site
within the entire sequence of collagen type III, the exposed
location of this site provides strong evidence that the available
surface of the collagen fiber is composed of segments D1–D3
rather than segments D4 andD5. Furthermore, this orientation
is consistent with exposure of all the high-affinity �2�1 sites
(GROGER, GLOGER, GFOGER, and GMOGER), whereas the
exposed D4/D5 model (10) for the collagen fiber would expose
only the low-affinity GQRGER and GASGER sites adjacent to
the collagenase cleavage site discussed by Perumal et al. (10).

Implications for Receptor Cross-talk and Receptor
Activation

It is becoming clear that cooperative binding may occur
when integrin- and GPVI-binding sites are close together.
Thus, Toolkit peptide III-04, containing GROGERGxx�GPO,
has affinity for both integrin and GPVI. In human platelets and
wild-type mice, it binds integrin quite well, whereas in
GPVI/FcR�-deficient mice, it has poor affinity for integrin
(17). This underscores the requirement for platelet activa-
tion in the recognition of even high-affinity integrin-binding
motifs. Similarly, Toolkit peptide III-31, containing GPOG-
POGxx�Gxx�Gxx�GMOGER, has higher affinity for platelets
than peptide III-32, the sequence of which begins with
GMOGER and lacks GPO triplets. Docking GPVI and the
�2�1 I-domain onto the intact collagen fiber in the III-30/
III-31 peptide region indicates that the receptors could
potentially contact one another (Fig. 2B, inset). Because of its
mucin-like stalk, the GPVI ectodomain would extend �220
Å from the platelet surface (27), which is comparable with
the height of an activated integrin (35). There is evidence for
both cross-talk and signal convergence between GPVI and
�2�1 (36, 37); furthermore, recent work has shown that inte-
grin signaling can occur via immunoreceptor tyrosine-based
activation motifs in immunoreceptors such as Fc�RIIa (38,
39). GPVI also colocalizes with the GPIb-V-IX complex,

apparently via direct interaction between the ectodomains of
GPVI and GPIb� (40), and both GPVI and GPIb have been
reported in lipid raft fractions (41). However, the biological
significance of this interaction is not clear because the VWF
site in collagen is located �200–450 Å from the nearest
GPVI sites.
There is also evidence for competition between receptors

that bind to overlapping sites. Thus, SPARC (secreted protein
acidic and rich in cysteine), discoidin domain receptors, and
VWF all bind to a motif that includes the two triplets,
GVMGFO, in segment D2 (42–44). VWF-dependent adhesion
requires not just availability of that segment of collagen but also
that competing species are at a low level or bind sufficiently
weakly to allow VWF to bind vessel wall collagen. The observa-
tion of an inverse correlation between VWF levels and metas-
tasis in mouse and human systems suggests that the conse-
quences of such competition may be far-reaching (45).

Biological Implications of the Distribution of
Receptor-binding Sites on the Collagen Fiber

The prevalence and spacing of specific receptor-binding sites
on the surface of the collagen fiber play an important role in
multiple stages of platelet activation and thrombus formation.
The first stage occurs whenGPIb� catches hold of VWF bound
to exposed collagen, causing transient tethering of the platelet
to the collagen surface. TheVWF-binding site occurs only once
in each D period; because of the repeating nature of the unit
cells in the fiber, the VWF sites form a stripe running perpen-
dicular to the main fiber axis. Thus, GPIb� ectodomains, with
highly elongated stalk regions (46), allow a platelet under flow
to come into contact with the collagen surface by tightly bind-
ing to widely spaced stripes of collagen-bound VWF in a man-
ner reminiscent of hook-and-cable systems used to slow air-
planes landing on the deck of an aircraft carrier. The next stage
of thrombus formation involves binding to high-affinity inte-
grin �2�1 sites such as GFOGER and platelet activation when
GPVI becomes clustered upon binding to GPO repeats on the
collagen fiber. The relative rarity of GPVI-binding sites and the
low affinity of this interaction are consistent with a high thresh-
old for platelet activation, which helps minimize thrombus for-
mation under resting conditions. After GPVI signaling occurs,
inside-out activation of integrin �2�1 allows tight binding to
other Gxx�GER sites. The combination of frequent occurrence
and high affinity of these sites ensures that the activated platelet
will remain adhered firmly to the collagen surface as the throm-
bus begins to form.
The analysis presented here focuses on collagen fibers of

large diameterwith a uniform cross-section.Where fibers taper
toward either end, some sites that were hidden in the context of
a large-diameter fiber may become available. In the limit where
a tapering fiber reduces to a single microfibril, then full acces-
sibility of binding sites will result. Interestingly, it appears that
maximumplatelet reactivity occurs in small collagen structures
corresponding to just onemicrofibril diameter.4 Some disorder
is also needed to allow packing within the large fiber to adapt
the quasihexagonal crystalline segments to a circular cross-sec-

4 A. M. C. Simpson and R. W. Farndale, unpublished data.
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tion (8). The relative proportion of crystalline surfaces com-
pared with disordered boundary regions will decrease as the
diameter of the fiber is reduced, possibly exposing additional
sites and thus allowing a fuller range of reactivity.
Finally, active remodeling of the collagen fiber organization

may be critical for certain biological outcomes. For example,
Perumal et al. (10) suggested that the collagenase cleavage site
is revealed only after proteolytic clipping of the C-terminal
telopeptide that folds back upon the microfibril. In the model
presented here, the canonical collagenase site remains com-
pletely buried, so fiber reorganization would be needed for col-
lagenase activity to proceed. Other proteins relevant to platelet
activity can interact with this region, such as fibronectin, which
binds a linear peptide near the collagenase site (47). Similarly,
discoidin domain receptor 2 and SPARC bind nearby in seg-
ment D4. However, remote binding sites for the latter have also
been identified (42, 44), so it may be that binding to an ancillary
locus perturbs fiber organization and renders the primary site
accessible. Although much work remains to be done to better
understand the regulation of receptor interactions with fibrillar
collagen, it is exciting to be able finally to begin to understand
these processes in three dimensions.
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Serpins form an enormous superfamily of 40–60-kDa pro-
teins found in almost all types of organisms, including humans.
Most are one-use suicide substrate serine and cysteine protein-
ase inhibitors that have evolved to finely regulate complex pro-
teolytic pathways, such as blood coagulation, fibrinolysis, and
inflammation. Despite distinct functions for each serpin, there
is much redundancy in the primary specificity-determining res-
idues.However,many serpins exploit additional exosites to gen-
erate the exquisite specificity thatmakes a given serpin effective
only when certain other criteria, such as the presence of specific
cofactors, are met. With a focus on human serpins, this minire-
view examines use of exosites by nine serpins in the initial com-
plex-forming phase to modulate primary specificity in either
binary serpin-proteinase complexes or ternary complexes that
additionally employ a protein or other cofactor. A frequent
theme is down-regulation of inhibitory activity unless the
exosite(s) are engaged. In addition, the use of exosites bymaspin
and plasminogen activator inhibitor-1 to indirectly affect pro-
teolytic processes is considered.

Serpins are ubiquitously found in all multicellular organisms
and even in some viruses and bacteria (1, 2). They are 40–60-
kDa proteins present both extra- and intracellularly that func-
tion mostly as serine and cysteine proteinase inhibitors (1).
Well known examples are antithrombin, the principal inhibitor
of blood coagulation proteinases; PAI-1,3 an inhibitor of the
plasminogen activators tPA and uPA; and �1PI, the principal
inhibitor of neutrophil elastase. A characteristic of the pro-
cesses regulated by these serpins is that they involve mostly
proteinase cascades that need to be regulated with respect to
both the site where they occur and their duration of action.

Serpin Branched Pathway Mechanism

All serpin structures determined so far have the same basic
fold, composed of threemajor �-sheets, eight to nine �-helices,
and an exposed reactive center loop (RCL) that contains the
primary recognition site for attacking proteinases (1). Based on
secondary structure predictions and the presence of �51 con-
served, mostly interior residues, all serpins probably adopt this
fold (3). Extensive biochemical studies over the past 30 years
have established that serpins inhibit proteinases by a branched
pathway suicide substrate inhibition mechanism (1). RCL resi-
dues are recognized as a suitable substrate for an attacking pro-
teinase, which binds to form an initial Michaelis-like complex
(1). For serine and cysteine proteinases, substrate hydrolysis
involves initial cleavage of the scissile bond and formation of an
acyl ester (1). Most unusually, the serpin fold represents a met-
astable conformation. Consequently, upon cleavage of the scis-
sile bond, the N-terminal portion of the cleaved RCL spontane-
ously and irreversibly inserts into �-sheet A as a middle strand
through expansion of the sheet and, in so doing, drags the
covalently linked proteinase to the bottom of the serpin (1),
where compression results in distortion of the active site and
kinetic trapping of the covalent intermediate (1, 4). The two
competing branches of the pathway are thus (i) hydrolysis of the
acyl intermediate to yield a cleaved serpin and free proteinase
and (ii) kinetic trapping of the proteinase through translocation
and concomitant distortion of the enzyme active site. Because
such distortion requires only a covalent linkage between serpin
and proteinase, the mechanism works for serine proteinases of
both chymotrypsin and subtilisin folds and for cysteine protein-
ases of the caspase and cathepsin families. Because once started,
loop insertion is essentially irreversible and rapid, the rate-de-
termining step(s) for inhibition involve formation of the initial
noncovalent Michaelis complex and/or the subsequent acyla-
tion step (1). This minireview focuses on this initial complex-
forming phase.

Primary Determinants of Specificity

Given this serpin mechanism, it is not surprising that the
primary specificity determinants are those at P1 and the imme-
diately adjacent residues. The resulting interactions are thus
very like those in noncovalent complexes of proteinases with
Kunitz, Kazal, and Bowman-Birk inhibitors and involve
backbone–backbone H-bonds between the RCL in extended
�-conformation and the proteinase, and between the side
chains of P1 and immediately adjacent residueswith S1, S2, etc.,
pockets of the proteinase (1). In keeping with this, antithrom-
bin, with Arg at P1, is an inhibitor of the Arg-specific protein-
ases IIa and fXa, and CrmA, with Asp at P1, is an inhibitor of
caspases. Likewise, mutagenesis of the P1 Arg of antithrombin
to Trp turns it into an effective chymotrypsin inhibitor (5).
Although theremay be several potential cleavage sites within

the RCL, only those that are 16–17 residues C-terminal from
the exit point of the RCL from �-sheet A lead to successful
proteinase inhibition. This arises directly from the physical
restrictions imposed by themechanism,which requires that the
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length of the loop that inserts into�-sheetAmatches the length
of the sheet so that the fully translocated proteinase is com-
pressed against the bottom of the serpin. If the loop length is
either too long or too short, the covalent intermediate is short-
lived, presumably because active-site distortion is less severe
and the proteinase less catalytically compromised (6, 7).
For the 27 inhibitory human serpins, an astonishing 13 have

Arg at P1, and two more have Lys (1). A similar pattern is also
seen with Drosophila serpins, with 8 of 17 inhibitory members
having P1 Arg or Lys (8). Despite human serpins showing a
preponderance of basic residues at P1, they appear to have par-
adoxically high specificity for their cognate proteinases in vivo.
Thus, fXa, which has very low substrate specificity beyond P1
(9), is inhibited by antithrombin under physiological conditions
4–5 orders of magnitude faster than by another P1 Arg-con-
taining serpin, PAI-1. Conversely, under physiological condi-
tions, HCII (P1 Leu) inhibits only the Arg-specific proteinase
IIa (10), whereas ZPI (P1 Tyr) is a specific inhibitor of mem-
brane-bound fXa (1).

Exosites Allow Refinement of Specificity

The answer to how serpins show high specificity and a high
rate of reaction in vivo while having the same P1 residue as
many other serpins or else a seemingly inappropriate P1 residue
is the use of one or more exosites on the serpin to refine the
overall specificity and selectively enhance the reaction rate.
This is facilitated by the length and flexibility of the exposed
RCL such that a proteinase can simultaneously dockwith the P1
residue within the RCL and an exosite elsewhere on the serpin.
In addition, unstructured N- and C-terminal extensions on
some serpins permit more remote serpin-proteinase interac-
tions, whereas other serpin-proteinase pairs use a cofactor such
as heparin or another protein to bring the two reactants
together. Because each exosite can modify the overall binding
affinity in the Michaelis complex and/or promote catalysis by
locking the proteinase into a particular orientationwith respect
to the scissile bond, rate enhancements can be very large.More-
over, by tightening the Michaelis complex interaction, exosites
can ensure that, once a serpin has bound to proteinase, its dis-
sociation is slowed to an extent that commits it to undergoing
acylation and conformational change steps that lead to protein-
ase trapping (11, 12). As a result, most serpin-proteinase
encounters proceed to a stable inhibited complex, causing the
overall reaction rate to be limited by the rate of diffusional
encounter between serpin and proteinase. A frequent overall
theme is that, in the absence of the factor that refines the spec-
ificity, the serpin-proteinase reaction is deliberately sup-
pressed. Only when full exosite engagement is effected does the
rate reach the desired value. In this way, providing the exosite,
or access to it, regulates whether or not the serpin will act on its
target proteinase. This in turn allows not only specificity but
also regulation in time and space by coordinately regulating the
provision of the exosite.

Exosite Interactions for Proteinase Inhibition

To date, nine inhibitory human serpins are known to employ
one or more exosites. They do so in a variety of ways that

involve either binary interaction with the target proteinase or
ternary complex formation with another species.
BinaryComplexes—Evenwithout anN- orC-terminal exten-

sion, some serpins can enhance the rate of proteinase inhibition
using an already present exosite on the surface of the protein
core. The best example is the inhibition of tPA by PAI-1, in
which loop 37 near the active site interacts with residues in the
distal portion of the RCL, including Glu at P4� and P5� (13).
These Glu residues enhance the rate of inhibition through a
direct effect on Michaelis complex formation, with reductions
of 13-fold in Michaelis complex formation and 5-fold in rate of
inhibition upon replacement by Ala (13). The importance of
this loop is further illustrated in two related systems. In one, a
IIa chimera inwhich its own loop 37was replaced by that of tPA
was inhibited by PAI-1 1000-fold faster (14). In the second, the
snake Trimeresurus stejnegeri has used the opposite strategy of
elimination of the loop-exosite interaction through shortening
of loop 37 of its own plasminogen activator to slow down inhi-
bition by the prey’s PAI-1 and so promote an anticoagulant
state (15). Another example is the inhibition of human neutro-
phil elastase by �1PI. This reaction has a rate constant of 6 �
107 M�1 s�1 even though a peptide with the same P4-P4� resi-
dues reacts 1000-fold slower (1). The involvement of an exosite
was demonstrated by replacement of the whole of the RCL of
�1-antichymotrypsin from P3 to P3� with that of �1PI, which
resulted in a rate constant for human neutrophil elastase inhi-
bition of only 105 M�1 s�1, i.e. 600-fold lower than the same
residues in the context of �1PI (1).

An example of a more complex use of exosites is kallistatin, a
specific inhibitor of tissue kallikreins. Kallistatin has a P1 Phe,
despite the kallikrein targets being Arg-specific proteinases.
However, Phe at P1 confers selectivity for kallikreins over other
Arg-specific proteinases without undue loss of reactivity (1).
This is due to a basic exosite between helix H and strand 2 of
�-sheet C specifically enhancing the binding of kallikrein but
not other Arg-specific proteinases (16). Although this parallels
the �1PI-human neutrophil elastase case described above, it is
more sophisticated in that heparin can also bind to the exosite
and block its availability to kallikrein, thereby acting as a nega-
tive regulator of kallistatin (17).
Regulation of the ability of plasmin to promote clot lysis

should bemost effective at the surface of the fibrin clot. �2-An-
tiplasmin achieves such site-specific inhibition of plasmin by
using its N- and C-terminal extensions. The C-terminal exten-
sion specifically engages plasmin, using conserved Lys residues
to engage the kringle domains of plasmin (18) and to achieve a
30–60-fold rate enhancement to�2� 107M�1 s�1. Consistent
with this, the C-terminal extension lies close to the RCL such
that the more distal conserved Lys residues can readily engage
the kringle domains (19). To efficiently inhibit plasmin that is
close to the fibrin surface, �2-antiplasmin then makes use of its
N-terminal tail, which contains a transglutamination site at res-
idue 14 that allows covalent cross-linking to the fibrin surface
by factor XIIIa (10).
Ternary Complexes—The quintessential example of a cofac-

tor providing exosites to promote a specific serpin-proteinase
interaction is the heparin-dependent reaction of antithrombin
with blood coagulation proteinases. Here, heparin not only
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makes pre-existing exosites on the serpin more accessible to
proteinases by allosterically activating the serpin, but itself pro-
vides exosites to bind and bring together the serpin and pro-
teinase in a ternary bridging complex (1, 20, 21).
The antithrombin exosites become competent to bind two

target proteinases, fIXa and fXa, when a specific heparin pen-
tasaccharide binds to a basic site centered on helix D and con-
formationally activates the serpin (1). In the low activity state of
antithrombin, which is the predominant form in plasma, favor-
able exosite interactions are offset by unfavorable interactions
with the surface surrounding the RCL, which make it repulsive
toward an approaching proteinase (22, 23).4 This repulsion is
exacerbated by the burial of the RCL hinge in sheet A, which
constrains the RCL to lie close to the serpin body. Heparin
activation expels the RCL hinge from sheet A and also alters the
surface H-bonding network, thereby reducing the repulsive
interactions and favoring proteinase interaction with both the
RCL and exosite determinants on strand 3 of �-sheet C just
below the RCL (21).4 In this heparin-activated state, the exosite
residues on antithrombin are positioned to specifically interact
with basic residues of the autolysis loop of fXa and fIXa when
the proteinases are bound to the serpin RCL (25).
Heparin further promotes binding through bridging exosite

interactions involving the basic site on antithrombin and basic
exosites on the proteinase that are conserved in fXa, fIXa, and
IIa (1). Structures of the heparin-antithrombin-S195A/anhy-
dro-IIa Michaelis complex show that the engagement of the
serpin RCL with the proteinase active site aligns the heparin
pentasaccharide-binding site on antithrombin with the basic
exosite on the proteinase to allow heparin to bridge and stabi-
lize the serpin-proteinase Michaelis complex (Fig. 1) (26, 27).
Serpin exosites and heparin-bridging exosites together ensure
specific inhibition of the three target proteinases at physiolog-
ical rates of 107–108 M�1 s�1, representing a 103–105-fold
increase (28). It is important, however, that for the Michaelis
complex to proceed to the proteinase-translocated covalent
complex it be destabilized once the acyl intermediate has
formed. Here, the remarkable conformational change repre-
sented by RCL insertion into �-sheet A is critical because it
reduces the affinity of antithrombin for heparin 1000-fold to
cause dissociation from the heparin chain (Fig. 1) (10).
The use of exosites rather than the RCL to determine speci-

ficity appears to have evolved for a purpose in the case of anti-
thrombin. Thus, the P1 Arg bait is potentially capable of recog-
nizing the anticoagulant proteinase, activated protein C, which
shares a trypsin-like specificity for P1 Arg-containing sub-
strates with the procoagulant proteinase targets of antithrom-
bin. However, heparin-activated antithrombin inhibits acti-
vated protein C 107-fold slower than IIa, fXa, and fIXa. This
poor reactivity results from the antithrombin RCL sequence
antagonizing the binding of activated protein C (29), consistent
with the idea that the antithrombin RCL sequence evolved to
prevent reaction with this anticoagulant proteinase.
Protein C inhibitor (PCI) provides a contrasting example in

which a P1Arg, togetherwith exosite determinants provided by

a heparin or protein cofactor, is utilized to specifically inhibit
two anticoagulant proteinases. Heparin promotes PCI inhibi-
tion of activated protein C by bridging the basic H helix of PCI
and loop 70 of the proteinase (30). The endothelial cell recep-
tor, thrombomodulin, transforms IIa into an anticoagulant pro-
teinase and a target of PCI by acting as a bridging cofactor that
binds to the basic H helix of PCI and loop 70 of IIa (exosite I)
(30–32). In the absence of these cofactors, the positively
charged cofactor-binding sites on the serpin and the proteinase
antagonize their interaction because of their proximity to the
binding interface. Interestingly, in the presence of heparin, PCI
efficiently inhibits the procoagulant form of IIa that is not
receptor-bound. Heparin again acts as a bridging cofactor to
bind the basic helix H site in PCI, but instead of binding to
exosite I of thrombin, it binds to exosite II, the same site used in
heparin bridging of antithrombin and IIa. The ability of heparin

4 A. Dementiev, R. Roth, G. Isetti, S. T. Olson, and P. G. W. Gettins, manuscript in
preparation.

FIGURE 1. Examples of cofactor involvement. A, antithrombin (AT) inhibi-
tion of IIa resulting from bridging heparin as part of a heparan sulfate proteo-
glycan (HSPG). B, HCII inhibition of IIa at the membrane surface mediated by
bridging dermatan sulfate (DS) and the N-terminal tail of HCII, which is dis-
placed by dermatan sulfate binding. ExoI and ExoII, exosites I and II, respec-
tively. C, specific protein Z-bound ZPI inhibition of membrane-associated fXa.
Whereas the final complex between ZPI and fXa dissociates from protein Z
(PZ), evidence is lacking on whether it also dissociates from the membrane
surface (as shown).
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to bridge through either exosite II in IIa or exosite I in activated
protein C results from alternative modes of heparin binding to
helix H (30). The two binding modes act to align either of the
two proteinase exosites with the PCI helix H site with a com-
mon basic residue acting as a pivot for these alternative modes.
Bridging heparin also enhances the reactivity of PN1 against
both IIa and factor XIa, with �500-fold enhancement of the
former (10) and 20-fold enhancement of the latter (33).
Two other serpins provide examples of an unfavorable P1

residue being used to prevent reaction with P1 Arg-specific
proteinases, except for the desired target, through use of favor-
able exosite interactions. HCII is a specific IIa inhibitor despite
having an unfavorable P1 Leu (10). Either of two GAG cofac-
tors, heparin or dermatan sulfate, enables the serpin to specif-
ically inhibit IIa at a physiological rate of�107 M�1 s�1 (10). As
with antithrombin, binding of the GAG to the serpin presents
new exosites through both allosteric activation and bridging
mechanisms (Fig. 1). GAG binding to overlapping basic sites in
helix D of HCII allosterically activates the serpin by releasing
the N-terminal acidic tail from an intramolecular interaction,
possibly with the basic GAG-binding site, to promote exosite-
exosite interactions between the tail and exosite I of IIa (10, 34).
The GAGs may further stabilize the Michaelis complex by
bridging the serpin and proteinase through exosite II of IIa. The
two types of exosite interactions together position the P1 Leu to
interact with the proteinase S1 binding pocket and to compen-
sate for the preference for a P1 Arg (Fig. 1) (34).
A second case of an unfavorable P1 residue is ZPI, which

specifically inhibits fXa despite having a P1Tyr (1). ZPI requires
protein Z, phospholipid, and calcium ions to stabilize a protein
Z-ZPI-fXa Michaelis complex on a procoagulant membrane
surface through exosite-exosite interactions (35). The serpin
circulates in plasma as a tight complex with its cofactor,
protein Z (1). Interactions between their N-terminal Gla
domains promote membrane-specific binding between pro-
tein Z and fXa (36). These interactions juxtapose the C-termi-
nal domains of protein Z and fXa, distal from the membrane
surface, in a manner that presents the RCL P1 Tyr to the active
site so as to overcome the unfavorable P1-S1 interaction (Fig. 1)
(36). Mutagenesis studies have suggested that additional ser-
pin-proteinase exosite interactions further stabilize the mem-
brane-associated Michaelis complex (Fig. 1) (37). Presumably,
regulation of procoagulant membrane-bound fXa activity by
the ZPI-protein Z complex is relevant to fXa bound in proco-
agulant complexes such as prothrombinase and fXase (38). An
important unanswered question concerns the role of the novel
N-terminal acidic tail of ZPI in stabilizing the membrane-
bound protein Z-ZPI-fXa Michaelis complex and potentially
allowing ZPI to compete with prothrombin for fXa bound in
the prothrombinase complex. As with the essential weakening
of the antithrombin-heparin interaction following progression
of the Michaelis complex to the loop-inserted covalent state,
the affinity of ZPI for protein Z is greatly reduced upon covalent
complex formation (35) to allow the cofactor to act catalytically.
A final example of a surface-localized protein cofactor

enhancing the rate of a serpin-proteinase interaction in a site-
specific manner is thrombomodulin increasing the rate at
which PN1 inhibits IIa. PN1 complexed with thrombomodulin

at the surface of endothelial cells is�20-fold faster at inhibiting
IIa than is free PN1 (39). Although the chondroitin sulfate moi-
ety of thrombomodulin is important for the interaction with
PN1, no other details of the interaction are known.
Although not involving a human serpin, the demonstration

that the inhibition of human cathepsin V by the intracellular
chicken serpin MENT can be accelerated in a template-like
manner by double-strandedDNA (40) is useful for showing that
inhibition of cysteine proteinase by serpins might be expected
to also employ exosites where appropriate to the functional
requirements of the interaction. This should not be a surprise
given the essentially identical processes involved in forming the
initial complexes between serpin and proteinase for cysteine
and serine proteinases (7, 41, 42).

Other Relevant Serpin Exosite-Protein Interactions

Whereas the main focus of this minireview has been on how
the ability of a serpin to directly inhibit a proteinase can be
modulated in rate and location as a function of exosite interac-
tions, there are less direct ways that serpin-protein interactions
may influence proteolytic activity. One example is the B-clade
serpinmaspin,which is a potent tumor suppressor (43).Despite
its inability to function as a proteinase inhibitor by the serpin
branched pathway, it has been suggested as a possible regulator
of enzymes of the plasminogen activator system (44). Although
it neither directly interacts with the active site of either tPA or
uPA nor affects the ability of these proteinases to act on a vari-
ety of macromolecular substrates (45), it does bind to both tPA
and uPA at an exosite close to their active sites through an
exosite onmaspin close to themaspinRCL (46).How thismight
affect the function of tPA or uPA is not clear. A second example
is the PAI-1 promotion of uPA receptor internalization medi-
ated by LRP (low density lipoprotein receptor-related protein),
which thereby inhibits urokinase-induced chemotaxis (47) and
presumably also uPA activation. In turn, vitronectin can mod-
ulate this interaction through binding at or close to the same
site on PAI-1 that PAI-1 uses for binding to LRP (48). Here
again, the conformational change in the serpin uponRCL inser-
tion modulates the vitronectin effect because vitronectin binds
tightly only to the native conformation of PAI-1 (1).

Concluding Remarks

The selection of a serpin rather than a canonical-type pro-
teinase inhibitor is a costly one for the organism.Not only is the
serpin much larger, but, being metastable, it is prone to
unwanted polymerization (1). Nevertheless, serpins appear to
be the inhibitors of choice for regulationof complex proteinase-
dependent processes as a result of their capacity to tailor their
specificity and rate of reaction in ways that are not open to
simple canonical inhibitors. Examples have been presented of
the same proteinase being inhibited by two different serpins as
circumstances require. Whereas circulating fXa is rapidly
inhibited by antithrombin using a heparin cofactor, fXa that is
part of the prothrombinase complex is site-specifically inhib-
ited by ZPI by being presented to it at themembrane surface via
its interaction with its membrane-associated cofactor, protein
Z. Similarly, whereas antithrombin-heparin can inhibit fIXa
and fXa aswell as IIa, a separate serpin,HCII, has been designed
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to inhibit only IIa by down-regulating all RCL interactions with
these Arg-specific proteinases and allowing only exosite-based
up-regulation for the IIa interaction. Here, dermatan sulfate in
the subendothelium, where it is abundant, may regulate IIa
activity after vascular injury (24). Such deliberate down-regula-
tion except when additional exosite interactions overcompen-
sate is thus critical to achieve serpin specificity and is likely to
hold for most inhibitory serpins involved in complex proteo-
lytic cascades. A final advantage of serpins over canonical
inhibitors is that they can make use of the conformational
change that occurs upon complex formation to terminate the
exosite involvement by altering the affinity for the cofactor, as
seen with antithrombin-heparin, PAI-1-vitronectin, and ZPI-
protein Z.
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Epithelial Na� channels facilitate the transport of Na� across
high resistance epithelia. Proteolytic cleavage has an important
role in regulating the activity of these channels by increasing
their open probability. Specific proteases have been shown to
activate epithelial Na� channels by cleaving channel subunits at
defined sites within their extracellular domains. This minire-
view addresses themechanisms by which proteases activate this
channel and the question of why proteolysis has evolved as a
mechanism of channel activation.

Many ion channels are silent at rest and are activated in
response to a variety of factors, including membrane potential,
external ligands, and intracellular signaling processes. The
ENaC2 has evolved as a channel that is thought to reside pri-
marily in an active state, facilitating the bulk movement of Na�

out of renal tubular or airway lumens. The regulated insertion
and retrieval of channels at the plasma membrane have impor-
tant roles inmodulating ENaC-dependentNa� transport (1). A
number of factors also have a role in regulating ENaC activity
via changes in channelPo or gating. In this regard, it has become
increasingly apparent that proteolysis of ENaC subunits has a
key role in this process (2). This minireview addresses several
questions regarding the role of ENaC subunit proteolysis in
regulating channel gating. (i) Where are ENaC subunits
cleaved? (ii)Which proteasesmediate ENaCcleavage? (iii)Why
are channels activated by proteolysis? (iv) Is proteolysis respon-
sible, in part, for the highly variable channel Po that has been
noted for ENaC? (v)Why have ENaCs evolved as channels that
require proteolysis for activation?

Where Are ENaC Subunits Cleaved?

Reports in the early 1980s that serine protease inhibitors
reduced transepithelialNa� transport across toad urinary blad-

der suggested that proteases have a role in activating ENaC (3).
A series of studies over the past decade have confirmed that
proteases activate ENaC and have begun to elucidate themech-
anism by which this occurs. Following the observation that
ENaC activity was significantly reduced in epithelial cells
treated with aprotinin and that low concentrations of external
trypsin rapidly activated ENaC in aprotinin-pretreated cells, a
series of CAPs were identified that activated ENaC when coex-
pressed in heterologous expression systems (4–6). Further-
more, channels with a very low Po responded to external trypsin
with a dramatic increase in Po (7).
What is the target of these proteases? ENaC is composed of

three structurally related subunits (�, �, and �) that have two
membrane-spanning domains connected by a large extracellu-
lar loop composed of �450 residues. Early reports suggested
that ENaC subunits or closely associated proteins were the pro-
tease target (5). Subsequent studies demonstrated that the �
and � subunits of ENaC were processed by proteases (8–11).
The presence of full-length forms as well as faster migrating
forms of the� and � subunits on SDS-polyacrylamide gels, both
in cell lysates and at the plasma membrane, provided the first
clue that channel subunits were processed by proteases. Fur-
thermore, the size of the cleaved fragments helped to define the
sites of proteolysis (12).
Functionally relevant cleavage sites were identified within

the proximal regions of the extracellular domains of the �
and � subunits, as mutations of putative protease consensus
cleavage sites prevented both subunit cleavage and channel
activation (Fig. 1) (12–14). Subsequent studies also showed
that proteolytic processing of subunits within a channel
complex was an all-or-none event (9). Jasti et al. (15) recently
resolved the crystal structure of the acid-sensing ion channel
ASIC1, a member of the ENaC/degenerin ion channel family.
This structure has provided important insights into the
structural organization of ASIC and related family members,
such as ENaC. The extracellular domain of ASIC1 has a
highly ordered structure that resembles an outstretched
hand containing a ball and has defined subdomains termed
wrist, finger, thumb, palm, �-ball, and knuckle (Fig. 2) (15).
ASIC1 proton-dependent gating has been proposed to occur
in conjunction with conformational changes within the
thumb and finger domains, which are transmitted to the
wrist region and eventually to the transmembrane domains,
where the channel’s gate likely resides (15). Sites of ENaC
subunit proteolysis that have been shown to be functionally
relevant are within the “finger” domains and are likely
located at peripheral sites that would be expected to be
accessible to proteases (Fig. 2). As the finger domains are not
conserved among members of the ENaC/degenerin family
(15), the structures of the finger domains of ENaC subunits
are likely to differ significantly from the resolved structure of
the ASIC1 finger domain. Even within the three ENaC sub-
units, there are notable differences within the finger
domains. For example, the finger domain of the � subunit
lacks protease cleavage sites and instead exhibits three con-
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sensus sites for N-linked glycosylation and a unique pair of
Cys residues (Fig. 1).
Additional cleavage sites within the distal regions of the

extracellular domains of ENaC subunits have been described
(11, 16, 17). Recent studies examining the regulation and proc-
essing of ENaC subunits by the protease CAP2 (or TMPRSS4)
have located cleavage sites within the “palm” domains of all
three subunits (18). However, mutations that prevent cleavage
in the palm domains do not affect ENaC function, suggesting
that cleavage at these sites is not involved in regulating channel
activity. Given the compact structure of the palm domain in
ASIC1 that is stabilized by multiple hydrogen bonds, it is pos-
sible that cleavage at selected sites within these domains in
ENaC subunits does not perturb its structure.

Which Proteases Mediate ENaC
Cleavage?

The sizes of the cleaved � and �
subunit fragments suggested that
proteolysis occurredwithin a region
of the extracellular loop that is rich
in basic amino acid residues and
that contains furin consensus cleav-
age sites (12). Furin is a member of
the proprotein convertase family of
serine proteases that resides pri-
marily within the trans-Golgi net-
work and cleaves substrates imme-
diately after the minimal consensus
sequence of Arg-X-X-Arg, where X
is any residue (19). Analyses of
ENaC subunits with mutations of
key Arg residues within the furin
consensus sites revealed that � sub-
units were cleaved at two furin sites
and that� subunitswere cleaved at a
single furin site (12). Na� currents

in oocytes were reduced by up to �90% when these sites were
mutated to prevent cleavage, suggesting that proteolysis was
required for channels to be active (12). Furin site mutations in
the � subunit alone inhibited ENaC activity by up to 85%,
whereas a modest reduction in current was found when the �
subunit furin site was mutated (12). However, channel activity
was rescued when oocytes expressing these mutant channels
were exposed to the protease trypsin, suggesting that the
mutant channels were at the plasma membrane in a function-
ally inactive state (12). Whole cell Na� currents were also
reduced by �90% when ENaC was expressed in furin-deficient
Chinese hamster ovary cells compared with control cells
expressing ENaC, and channel activity was rescued by coex-
pression of ENaC and furin (12). Furthermore, furin inhibitors
reduced Na� currents in cells expressing endogenous ENaC
(12). Although furin appears to have a role in the processing of
ENaC subunits, it is likely that othermembers of the proprotein
convertase family cleave and activate ENaC.
Additional proteases have been shown to process the � sub-

unit and further activate the channel. Prostasin (or CAP1) is a
glycosylphosphatidylinositol-anchored serine protease likely
localized on the surface of renal and airway epithelia (4, 20).
Prostasin-induced cleavage of the � subunit at a defined site,
distal to the previously identified furin cleavage site, further
activates mouse ENaC (13) and is required to fully activate rat
ENaC (18). Other proteases have been shown to both activate
ENaC and cleave the � subunit at sites distal to the furin site,
including elastase, CAP2 (TMPRSS4), and plasmin (14, 18, 21,
22). CAP2 was also shown to enhance cleavage at the “furin”
consensus site of the rat � subunit (18). Moderate channel acti-
vation was still observed when this site wasmutated, consistent
with CAP2 cleavage of the rat � subunit at other sites (18).
Mutation of a Lys residue in the prostasin cleavage site of the rat
� subunit results in channel activation as well as cleavage at this
site by an endogenous protease, perhaps furin (23). Matriptase

FIGURE 1. Linear models of the ENaC subunits. The cytoplasmic N-terminal (Nt) and C-terminal (Ct) tails, the
first (M1) and second (M2) transmembrane domains, the large extracellular loop (ECL), and the predicted finger
and thumb domains are denoted for the three subunits. The sites for � subunit cleavage by furin and � subunit
cleavage by furin, prostasin (CAP1), CAP2, elastase (neutrophil and pancreatic), and plasmin are within the
finger domain in the large extracellular loop. This alignment also reveals that the finger domain of the � subunit
(i) lacks the consensus motifs for protease recognition, (ii) has additional sites for N-linked glycan addition, and
(iii) has an additional Cys pair. aa, amino acids.

FIGURE 2. Structure of an ASIC1 subunit. The extracellular domain of ASIC1
is a highly ordered structure that resembles an outstretched hand containing
a ball (15). Defined subdomains are highlighted. Sites of proteolysis are pri-
marily within the corresponding finger domain of ENaC. TM1 and TM2, first
and second transmembrane domains.
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(or CAP3) activates the channel, although it has not been
shown that this protease directly cleaves ENaC (6). Trypsin
activates ENaC and enhances subunit cleavage at sites that are
in the vicinity of the furin cleavage sites (24). Studies with mice
that lack kallikrein expression suggest that this protease may
have a role in processing the � subunit under basal conditions
(25), whereas other proteases also have a role in processing the
� subunit and activating ENaC in the setting of volume deple-
tion (10, 11, 26).
Clearly, a number of proteases can cleave and activate ENaC.

It is likely that furin, prostasin, CAP2, matriptase, kallikrein,
and elastase do not encompass the complete repertoire of pro-
teases that cleave and activate ENaC. In addition, proteases are
likely to activate ENaC indirectly by cleaving and activating
other proteases that subsequently cleave the channel. For
example, prostasin is translated as a proenzyme that must be
cleaved to be active but does not undergo autocatalytic cleavage
(27). Matriptase (CAP3) is one of the proteases that cleaves and
activates prostasin (28). Bengrine et al. (29) have suggested that
cleavage of other proteins, perhaps protease-activated recep-
tors, may also have a role in regulating ENaC activity. Although
proteases certainly have an important role in cleaving and acti-
vating ENaC, a number of important questions remain to be
resolved. (i) Which are the key proteases that cleave and acti-
vate ENaC in vivo? (ii) Are there tissue-specific proteases that
cleave and activate ENaC? (iii) Is ENaC proteolysis a regulated
process? (iv) Is there differential expression of proteases that
cleave and activate ENaC under physiologic and pathologic
conditions?
Several studies have begun to address the question of

whether ENaC proteolysis is a regulated process. The expres-
sion of prostasin as well as protease nexin-1, an inhibitor of
prostasin and other serine proteases,may be regulated by aldos-
terone (30, 31). ENaC residence time at the plasma membrane
affects the extent of � and � subunit cleavage (24, 32). Longer
residency times were associated with a greater degree of sub-
unit proteolysis. Several factors, including aldosterone-
dependent signaling processes, increase ENaC residency time
at the plasma membrane (1, 33). Furthermore, rates of Na�

entry or changes in intracellular [Na�] influence proteolytic
processing of the � and � subunits (34). A reduced rate of Na�

entry led to enhanced cleavage of channel subunits. Mecha-
nisms by which rates of Na� entry alter channel cleavage
remain to be defined.
Investigators have also begun to address the question of

whether the activities of specific proteases that cleave and acti-
vate ENaC are altered in particular diseases. Two recent studies
suggest that ENaC activation by plasmin may contribute to the
renal Na� retention and volume expansion that are observed in
nephrotic syndrome (14, 35). Plasmin activates ENaC by cleav-
ing the � subunit at a site distal to the furin site. Furthermore,
plasminogen, as well as plasmin, is excreted in the urine of both
rats and humanswith nephrotic syndrome (14, 35). These stud-
ies suggest that when the glomerular filtration barrier is dam-
aged, plasminogen is filtered and converted to activate plasmin
by urokinase that is expressed in the lumen of renal tubules.
Several studies have suggested that there is enhanced cleav-

age of ENaC subunits in airway epithelia in the setting of cystic

fibrosis (17, 36) as well as in the distal nephron in the setting of
volume depletion and aldosterone administration (10, 26).
ENaC activation in cystic fibrosis airway contributes to the
reduction in airway surface liquid volume and the impairment
inmucociliary clearance (37). The proteases responsible for the
enhanced cleavage of ENaC subunits in these settings remain to
be defined.

Why Are Channels Activated by Proteolysis?

Once it became clear that proteases activate ENaC by cleav-
ing its subunits, the next question to address was how channel
activation occurs. Was there simply a physical constraint,
where an increase in flexibility following subunit cleavage
would facilitate transitions from a closed to an open state? If so,
cleavage at a single site should be sufficient to activate the chan-
nel. Surprisingly, cleavage at a single furin site in the � subunit
was not sufficient to activate ENaC (24, 38). � subunits had to
be cleaved at both furin sites for channels to exhibit “normal”
activity, suggesting that the tract between the furin cleavage
sites in the� subunit functions as an inhibitor that stabilizes the
channel in the closed conformation (38). In support of this
hypothesis, channels lacking both� subunit furin cleavage sites
and the tract between these sites were found to be active,
although the � subunit was not cleaved (38). Furthermore, a
synthetic 26-residue peptide corresponding to the tract that is
presumably released from the � subunit by furin cleavage
reversibly inhibited ENaC by reducing channel Po (38). The key
inhibitory region within these 26 residues was subsequently
identified as an 8-residue tract that is highly conserved among
species (39).
Does the � subunit also need to be cleaved twice to activate

the channel? Studies published to date support this hypothesis.
Channels with a � subunit lacking the furin and prostasin cleav-
age sites and the intervening 43-residue tract exhibited mark-
edly increased activity due to a very high Po, although the �
subunit was not cleaved (13). A synthetic peptide correspond-
ing to the fragment presumably released from the � subunit by
furin and prostasin cleavage was also a reversible ENaC inhib-
itor (13). As discussed above, multiple proteases appear to acti-
vate ENaC by cleaving the � subunit at sites distal to the furin
cleavage site (13, 21, 22, 25). Although one group has argued
that the primarymechanismbywhichCAP2 activates the chan-
nel is by enhancing � subunit cleavage at the furin site, their
data also support a primary role for cleavage of the � subunit at
sites distal to the furin site in activating ENaC (18).
If proteolysis activates channels by excising inhibitory tracts

from the� and � subunits, how do these tracts inhibit the chan-
nel? As mentioned above, these inhibitory tracts are located
within the finger regions of the extracellular domains (Fig. 2).
Jasti et al. (15) have proposed that conformational changes
within the thumb and finger domains are required for ASIC1
gating. If this is also true for ENaC, perhaps the inhibitory tracts
constrain movement of the thumb and finger domains.
Although prostasin activates ENaC by inducing � subunit

cleavage at a defined site, prostasin mutants that should have
little or no proteolytic activity also activate the channel (13, 40).
If proteolysis is required to activate ENaC, why do these pros-
tasin mutants activate the channel? Does very limited proteo-
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lytic activity allow for sufficient cleavage to activate the channel
(13)? Alternatively, perhapsmutant prostasin binds to channels
where � subunits have been processed by furin, displacing the
inhibitory tract from its normal site within the ENaC complex
and facilitating a transition to an open state.

Is Proteolysis Responsible, in Part, for the Highly
Variable Open Probability That Has Been Noted for
ENaC?

When studied at a single channel level in epithelia, ENaCs
display a wide range of Po values, from �0.1 to 0.9 (41). Why is
ENaC Po so variable? What are the cellular mechanisms that
control this widely variable Po? A number of cellular factors,
such as specific kinases and anionic lipids, influence channel Po
(42, 43). Channel subunits lacking cleavage have been observed
at the plasma membrane in vivo as well as in heterologous
expression systems (9, 22, 24, 26). Channels with non-cleaved
subunits have a very low Po and provide a reserve pool of poorly
functional channels that could be readily activated by proteases
in post-Golgi compartments (7, 44). Channel cleavage by furin
removes the � subunit inhibitory tract and moves the channel
to an intermediate Po state (2, 12, 38). Furin also primes the
channel for further activation by cleaving the � subunit once.
Subsequent cleavage of the � subunit at sites distal to the furin
site moves the channel to a high Po state (2, 13).

If excising inhibitory tracts from the � and � subunits acti-
vates the channel, does the processing of one subunit have a
dominant role in activating ENaC? Recent work suggests that
simply removing the � subunit inhibitory tract may be suffi-
cient to transition the channel to a high Po state, even in the
absence of � subunit cleavage (45).

Why Have ENaCs Evolved as Channels That Require
Proteolysis for Activation?

ENaCs evolved from a family of channels that are activated in
response to factors within their external environment. For
example, Mec4/Mec10 channels in Caenorhabditis elegans are
activated by mechanical forces; a family of ENaC-related chan-
nels in marine snails are activated by peptides; and ASICs are
activated by external acidification (46, 47). These channels
reside primarily in the closed state and transition transiently to
an open state in response to external cues. On the other hand,
ENaC facilitates the bulkmovement of Na� across an epithelial
layer. For this process to occur, it is necessary for ENaC to be
constitutively active.We propose that proteolytic processing of
ENaC subunits provided a mechanism that has allowed ENaCs
to evolve from channels that reside primarily in the closed state
to constitutively active channels that facilitate transepithelial
Na� transport.
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Caspases are intracellular proteases that propagate pro-
grammed cell death, proliferation, and inflammation. Activa-
tion of caspases occurs by a conserved mechanism subject to
strict cellular regulation. Once activated by a specific stimulus,
caspases execute limited proteolysis of downstream substrates
to trigger a cascade of events that culminates in the desired bio-
logical response.Much has been learned of themechanisms that
govern the activation and regulation of caspases, and this mini-
review provides an update of these areas.We also delineate sub-
stantial gaps in knowledge of caspase function, which can be
approached by techniques and experimental paradigms that are
currently undergoing development.

Ever since the ced-3 gene was found to be required for devel-
opmental cell death in Caenorhabditis elegans following a
genetically encoded pathway (1), a great deal of effort has been
spent to accumulate information about the molecular mecha-
nismof the formof programmed cell death known as apoptosis.
Apoptosis studies have been extrapolated tomany other species
beside C. elegans only to discover that caspases (CED-3-like
molecules) and much of the molecular machinery responsible
for apoptosis are conserved in metazoan organisms (reviewed
in Refs. 2 and 3). The function of caspases was established
mainly by a combination of biochemical experiments in vitro
and gene deletion studies in mice (4). About the same time that
CED-3 was discovered, the interleukin-1�-processing enzyme
(now caspase-1) was found to be involved in pro-inflammatory
cytokine processing. It was clear that caspases could prosecute
two radically different biological processes, apoptosis or inflam-
mation, but probably not both.However, recent reports suggest
roles for apoptotic caspases in proliferation, differentiation, or
migration (5, 6). In the last few years, substantial progress has
been made in delineating the fundamental properties that gov-
ern caspase activation, specificity, and regulation, and this
minireview will focus on recent advances in these areas. Many
recent reports on the influence of caspase activity by phospho-
rylation or ubiquitination are currently lacking in mechanistic

explanations and therefore will not be covered in this
minireview.
Caspases are almost never associated with nonspecific deg-

radative processes, but rather with signaling events. Caspases
transmit downstream signals by specific limited cleavage of key
cellular components that galvanize a certain pathway. The
name caspase is a contraction of cysteine-dependent aspartate-
specific protease; their enzymatic properties are governed by a
dominant specificity for protein substrates containing Asp and
by the use of a Cys side chain for catalyzing peptide bond cleav-
age (4, 7). The use of a Cys side chain as a nucleophile during
peptide bondhydrolysis is common to several protease families.
However, the primary specificity for Asp turns out to be very
rare among proteases throughout biotic kingdoms. Caspases
are widely expressed, with the exception of caspase-14, which is
limited to keratinocytes (8).

Structural Organization

Many available crystal structures demonstrate that
caspases are organized in a similar manner. Caspase zymo-
gens are single-chain proteins, with N-terminal prodomains
preceding the conserved catalytic domains (Fig. 1A). They
occur either as monomers or dimers, a crucial property that
defines their activation mechanism (Fig. 1B). During activa-
tion and/or maturation, the catalytic domain is cleaved to a
large (�) and a small (�) subunit that interact intimately with
each other. In the active form, a caspase is a dimer of cata-
lytic domains of ������ symmetry, with two active sites per
molecule. Although the two catalytic domains of the execu-
tioner caspase-7 are equal and independent (9), there is evi-
dence that the active sites of caspase-1 may be linked such
that occupation of one site promotes activity of the second
site (10). The large subunit contains the catalytic dyad resi-
dues Cys and His, whereas the small subunit supplies several
residues that form the substrate-binding groove. The
unstructured regions linking the prodomains and catalytic
domains or linking the two subunits are often the subject of
(auto)proteolysis during maturation (Fig. 1A).

Classification

For the purposes of this minireview, we distinguish the
human caspases based on their presumptive function and
location in signaling pathways (Fig. 2A). Additional criteria
include prodomain length and substrate preference (4) and
phylogenetic relationships (11). For several years, caspases
were simply divided into “apoptotic” and “pro-inflamma-
tory,” and this classification remains useful to some extent,
although most apoptotic candidates (caspase-2, -3, -6, -7, -8,
-9, and -10) have had at least one non-apoptotic role attrib-
uted to them (12). Similarly, typical “non-apoptotic” mem-
bers such as caspase-1, -4, and -5 are proposed to induce
“pyroptosis,” a form of death associated with massive activa-
tion of inflammatory cells (13). The only truly remaining
non-apoptotic human candidate may be caspase-14, a medi-
ator in keratinocyte differentiation (8).

* This work was supported, in whole or in part, by National Institutes of Health
Grant CA069381 from NCI. This is part of the Thematic Minireview Series on
Proteolytic Enzymes. The first article was published in the November 7,
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will be available in January, 2010.

1 To whom correspondence should be addressed. E-mail: gsalvesen@
burnham.org.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 284, NO. 33, pp. 21777–21781, August 14, 2009
© 2009 by The American Society for Biochemistry and Molecular Biology, Inc. Printed in the U.S.A.

AUGUST 14, 2009 • VOLUME 284 • NUMBER 33 JOURNAL OF BIOLOGICAL CHEMISTRY 21777

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



Within the apoptotic subgroup,
the terms “initiators” and “apical”
caspases versus “executioners” and
“effector” or “downstream” caspases
distinguish the caspases that initiate
the cascade (caspase-8, -9, and -10)
from those that are activated by
the initiators to execute apoptosis
(caspase-3, -6, and -7). Initiators are
further divided into caspases partic-
ipating in the extrinsic (caspase-8
and -10) or intrinsic (caspase-9)
apoptotic pathway. Using these
definitions, it is hard to classify
caspase-2, which displays combined
features (Fig. 2A) (14). Classification
according to propeptide length
coincides with the mechanism of
activation (see below). Usually,
caspases with a long prodomain
(�100 residues) activate by dimer-
ization (inflammatory caspases,
apical caspases, and caspase-2),
whereas caspases with a short
prodomain (�30 residues) activate
by cleavage of the catalytic domain
(caspase-3, -6, and -7).
Finally, classification of caspases

based on synthetic substrate prefer-
ence, although illuminating in
terms of catalytic mechanisms (15),
likely does not reflect the real
caspase substrate preference in vivo
(16–19) and provides inaccurate
information for discriminating
among caspase activities (20). Thus,
extreme caution is warranted in
applying the intrinsic tetrapeptide
preferences to predict the targets of
individual caspases.

Activation Mechanisms

As in any multistep proteolytic
pathway, downstream caspases are
activated by proteolysis, but up-
stream ones, having no protease
“above” them, must respond to an
activating signal by another mecha-
nism. Initially, it was thought that all
caspases were activated by proteol-
ysis, but over the last few years, it
has become clear that this is aminor
mechanism in caspase activation,
pertaining principally, at least in
humans, to the three executioner
caspases, caspase-3, -6, and -7 (4).
Where structural information is
available, the conformations of

FIGURE 1. A, caspase organization. A prodomain precedes the catalytic domain, composed of two covalently
linked subunits. Sites for (auto)proteolysis at Asp residues are indicated. B, activation mechanisms. Initiators are
monomers that activate by prodomain-mediated dimerization. Executioners are dimers that activate by cleav-
age of intersubunit linkers. Following activation, additional proteolytic events mature the caspases to more
stable forms, prone to regulation.

FIGURE 2. A, activation pathways and substrates. An oligomeric protein platform activates an apical caspase
(casp), which then cleaves specific caspases. The apoptotic apical caspases require an intermediary step
through the direct activation of downstream caspases, creating a two-step pathway that amplifies the apo-
ptotic signal and allows for additional regulation points. A few caspase substrates are shown, but many are yet
to be discovered. Caspase inhibitors (shown in boxes) regulate the activation pathways. IL, interleukin; ICAD,
inhibitor of caspase-activated DNase; PARP, poly(ADP-ribose) polymerase; Rb, retinoblastoma protein; PKC�,
protein kinase C�. B, substrate specificity of caspases. The figure plots amino acid preferences in the P4–P1�
positions of caspases. The total height of each position is proportional to sequence conservation, whereas the
height of residues in each position plots the relative frequency of each amino acid at the position (see the
WebLogo web site). The Casp-3 and Casp-8 panels summarize peptide libraries exploring the P4–P1� substrate
primary specificity determinants and reveal little overlap between caspase-3 and -8 (taken from data in Refs. 15
and 35). The Apoptotic cells panel shows caspase substrates from natural proteins cleaved in apoptotic cells,
revealing an almost total dropout in specificity of the P4 site, implying that selectivity for natural substrates may
fail to obey the simplistic rules established with synthetic peptide library substrates (taken from data in Ref. 18).
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zymogens are quite similar, as are the conformations of active
forms, but the mechanisms that deliver the zymogen3 active
transition are substantially different between initiators and
executioners.
Initiator Caspases: Activation by Dimerization—In the off

state, initiator caspases are inert monomers that require
homodimerization for activation (Fig. 1B). Physiologically,
dimerization is facilitated by caspase recruitment to oligomeric
activation platforms that assemble subsequent to an apoptotic
signal. Adaptor molecules from the activation platform specif-
ically bind caspase prodomains such as death effector domains
of caspase-8 and -10 and CARDs2 of caspase-1, -2, and -9. The
recruitment enforces a local increase in caspase concentration
and generates activity by proximity-induced dimerization (21).
Each apical caspase has its own activation platform: the DISC
recruits and activates caspase-8 and -10; the apoptosome acti-
vates caspase-9; and the PIDDosome may be involved in the
activation of caspase-2, although in the latter case, scant struc-
tural evidence is available to substantiate this proposed mech-
anism (Fig. 2A). In some cases, specific adaptor proteins incor-
porated in the activation complex may direct the signaling
toward different pathways. For example, under certain condi-
tions, caspase-2 and -8 can trigger either the cell death or
NF-�B survival pathway, although little mechanistic data have
been put forward for the latter event (22, 23).
The inflammatory caspases are probably activated by a similar

induced dimerization mechanism. The multiprotein activation
platforms are called inflammasomes, with affinity for the CARD
prodomains of caspase-1, -4, and -5 (24). However, it is not clear
whether the activation mechanism of inflammatory caspases
occurs by enforced homodimerization or is the result of het-
erodimerization with other components of the inflammasome,
such that caspase-1 could heterodimerize with caspase-5, as has
been seen for the caspase-8�FLIPheterocomplex, for example (25).
Executioner Caspases: Activation by Cleavage—Short prodo-

main (executioner) caspases occur as inactive dimers that
require cleavage of the catalytic domain to become active (Fig.
1). The first step in activation, dimerization, has already
occurred shortly following their synthesis, and the zymogens
are restrained by a short linker that separates the large and
small subunits of the catalytic domain. The most illuminating
evidence for the activation of executioner caspases comes from
the crystal structures of the zymogen formof caspase-7 (26, 27),
which reveal themolecular details of catalytic groove formation
upon activation. Proteolytic processing of the linker allows
rearrangement of mobile loops equivalent to the initiator
caspases, favoring formation of the catalytic site (4). In vivo,
upstream processors of effector caspases are the apoptotic ini-
tiators (caspase-8, -9, and -10) and the lymphocyte-specific ser-
ine protease granzyme B. Caspase-14, a short prodomain
caspase, requires both cleavage and dimerization for in vitro
activation, although the natural activator has yet to be identi-
fied (28, 29).

Although physiological allosteric regulators of caspases are yet
to be discovered, a cysteine protease from Vibrio cholerae that is
distantly related to caspases utilizes a strategicmechanismof allo-
steric activation induced by the host inositol hexaphosphate (30).
Thepossibilityof caspaseactivationbyallostery is suggestedby the
finding that the activity of caspase-1, -3, and -7 can be modulated
in vitro by using ligands that bind next to the dimer interface, far
away from the active site (10).

Proteolytic Maturation

Caspase activation is frequently followed by (auto)proteo-
lytic cleavages called maturation events. Maturation is often an
optional, chronologically distinct event that should not be con-
fused with activation per se. Most maturation involves trim-
ming/removal of the prodomain or cleavage of the intersubunit
linker. Importantly, in the absence of an activation process,
maturation is unable to generate enzymatic activity (4, 32).
Caspases do not activate by prodomain removal, an activation
mechanism used by many other proteases.
As a source of new epitopes and arrangements, maturation is

not without an effect at the cellular level. For instance, dimer-
ization in the absence of maturation produces a form of active
caspase-8 capable of signaling T cell proliferation and activa-
tion, but not cell death, which requires cleaved caspase-8 (31).
Mechanistically, this autocleavage greatly stabilizes the
caspase-8 catalytic domain, potentially enabling activity to lin-
ger in the cytosol once the protease is released from the DISC
(32), but it is not known whether simple stabilization by matu-
ration could explain the contrasting functions of caspase-8
mentioned above, and this is a fruitful avenue for research.
Maturation cleavage of the caspase-9 intersubunit linker by

caspase-3 sets the grounds for caspase-9 regulation by the
endogenous inhibitor XIAP (33) by exposing new epitopes nec-
essary for XIAP binding. A clear role remains to be established
for somematuration events, and it is entirely possible that these
events are simply cleavage of innocent bystanders resulting
from caspase activity. The take-home message is that caspase
maturation is a distinct process from activation, important for
generating caspase stability or signaling downstream regulatory
events.

Specificity

The most salient feature of caspase specificity usually
retained by readers is that caspases cleave after Asp residues (to
be read as “any Asp”). The truth is that many other require-
ments need to be met to turn a peptide/protein into a good
caspase substrate. No black-and-white rules exist to define
Asp-containing peptides as “substrates” or “non-substrates,”
but rather as “bad,” “intermediate,” and “good” caspase sub-
strates (16). A peptide of sequence P4-P3-P2-P1-P1�, with P1-P1�
as scissile bond, is a caspase substrate when 1) the P1 residue is
Asp, with the notable exception of the Drosophila caspase
Dronc, a caspase-9 relative, which cleaves in vitro just as well
after Glu (34); 2) the P1� residue is small and uncharged (Gly,
Ser, Ala) (Fig. 2B) (35); and 3) P4-P3-P2 residues are comple-
mentary for interactions with the catalytic groove. Optimal res-
idues in P4–P2 turn a mediocre substrate (XXX(D/G)) into an
excellent caspase substrate. For example, executioners cleave

2 The abbreviations used are: CARD, caspase recruitment domain; DISC,
death-inducing signaling complex; FLIP, FLICE inhibitory protein; XIAP,
X-linked inhibitor of apoptosis; IAP, inhibitor of apoptosis; BIR, baculovirus
IAP repeat.

MINIREVIEW: Human Caspases

AUGUST 14, 2009 • VOLUME 284 • NUMBER 33 JOURNAL OF BIOLOGICAL CHEMISTRY 21779



DEV(D/G) peptides very efficiently but WEH(D/G) peptides
much less efficiently (Fig. 2B), whereas exactly the opposite is
true for inflammatory caspases (15). In the case of natural pro-
tein substrates, twomore rules apply. 4) The substrate cleavage
site (P4–P1�) is exposed to the aqueous environment. This sug-
gests that “loops” or “turns” of the natural substrate fold are
prone to be proteolyzed. 5) Caspases and their substrates co-
localize, a commonsense rule.
In the early days of caspase investigation, it was suggested

that the sum total of proteolytic events of endogenous proteins
by caspases delineates apoptosis. An unexpectedly large num-
ber of proteins have been reported to be in vivo caspase sub-
strates (16, 36). Targeted proteomics approaches reveal on the
order of 400 cellular proteins that are cleaved in a caspase-
specific manner following induction of apoptosis in cell culture
(18, 19, 37). How can the cleavage events that cause apoptotic
function/morphology be separated from those innocent
bystander events that are inevitable given the complexity of the
human proteome? It turns out to be very difficult to do this in a
scientifically rigorous manner. The list of annotated caspase
substrates continues to increase, butmost candidates lack func-
tional evidence linking cleavage to a role in apoptosis. In prin-
ciple, meticulous investigation of cleavage site mutants in cells
and animals will help to remove irrelevant “bystander” sub-
strates from the list of caspase substrates. By removing the
bystanders, it will be possible to gain a more realistic under-
standing of how caspases drive apoptotic cell death, and this
promises to be another fertile area of future research.
An important aspect that needs to be kept in mind is that

caspase substrate specificity overlaps; therefore, “specific” arti-
ficial substrates/inhibitors for caspases do not exist. Fig. 2B
shows caspase-3 and -8 substrate preferences when an artificial
peptide library is used. We can appreciate that IET(D/G), the-
oretically “preferred” for caspase-8, could also be cleaved by
caspase-3 as judged by the synthetic library data (Fig. 2B). How-
ever, extrapolating to data from real protein samples, a protein
containing IET(D/G) should be a really very good substrate for
caspase-3, indistinguishable from caspase-8 activity. When the
activity is measured in cell lysates, high caspase-3 concentra-
tion masks the activity of other caspases, even if a preferred
artificial substrate is used (20). Future attempts to divide
caspase specificity in complex mixtures may follow the use of
biotinylated probes that enable tagging of individual classes of
proteases (38) or a combination of live cell reporters and flow
cytometry coupled with more selective caspase inhibitors (39).

Regulation

Because proteolysis is irreversible, activation of caspases in
cells is tightly regulated. To prevent unwanted physiological
responses, cells employ three backup strategies: caspase inhibi-
tion, caspase degradation, and decoy inhibitors. Nature’s solu-
tion to inhibiting proteases is often to take advantage of the
substrate-binding cleft, occupying it with a chain segment that
mimics a good substrate. Such examples are found in some
viruses, where caspase inhibitors act to defeat the hosts’ meas-
ures to control infection (40). The two best characterized viral
caspase inhibitors, CrmA (cytokine response modifier A) from
the cowpox virus and p35/p49 proteins produced by baculovi-

ruses, are both active site-directed “suicide” inhibitors. They
achieve rapid inhibition of caspases in a relatively nonselective
manner, a consequence of their requirement to present sub-
strate-like sequences to the caspase, which, as explained above,
is a nonspecific strategy (41). A much more selective mecha-
nism is to be found in the human caspase regulator XIAP. This
multidomain protein efficiently and selectively inhibits
caspase-9 (via its BIR3 domain) and caspase-3 and -7 (via its
BIR2 domain). These domains of XIAP combine two specific
but relatively weak interactions with their target caspases to
achieve specific tight inhibition by a two-site mechanism and
are therefore mechanistically distinct from the viral inhibitors
mentioned above (42). Other IAPs related to XIAP (cIAP1,
cIAP2, ILP-2, ML-IAP, survivin, etc.) do not directly inhibit
caspases (42). Intriguingly, no caspase inhibitor has been iden-
tified in C. elegans until recently, when CSP-3, a protein with a
predicted caspase homology domain, was shown to prevent
spontaneous activation of CED-3 by a mechanism affecting the
assembly of the caspase heterotetramer (43), in principle simi-
lar to the inhibition of caspase-9 by XIAP.
Inhibition by decoy proteins uses proteins structurally

related to caspase prodomains, competing for the same adap-
tors within activation platforms. Thus, from a semantic view-
point, they are not inhibitors but rather “activation preventers.”
FLIP, a pseudo-caspase-8 with a nonfunctional catalytic
domain, precludes caspase-8 recruitment to the DISC. Simi-
larly, caspase-1-related proteins such as COP-1, INCA, and
ICEBERG bind to the caspase-1 prodomain via CARD-CARD
interactions and prevent its recruitment to inflammasomes
(44).
The final mechanism of caspase regulation involves degrada-

tion via the proteasome, an eventual fate suffered by many cel-
lular proteins. Activated caspases are ephemeral species inside
the cell and have a more dynamic turnover than the inactive
zymogens (45), and it has been suggested that the proteins
responsible for their rapid removal are IAPs (mentioned
above). In addition to the defining BIR domain, many IAPs also
contain RING and ubiquitin-associated domains that are
involved in ubiquitin ligation (46, 47). Although it is somewhat
controversial as to whether these domains target the IAPs
themselves or cargoes such as caspases, the IAPs are currently
the clearest candidates for removal of active caspases before
they reach an apoptotic threshold. Consistent with this is the
observation that mice with a deleted XIAP RING domain dem-
onstrated elevated caspase activity in certain cells, implying a
physiological requirement of XIAP ubiquitin ligase activity for
caspase removal (48).

Future Perspectives

Although we have introduced apoptosis as a major function
of caspases, there is mounting evidence that apoptotic caspases
also have vital survival functions inDrosophila andmammalian
cells (reviewed in Ref. 49). Why and how has nature taken a
lethal strategy (propagation of apoptosis) and utilized it for the
opposite, namely survival and proliferation?Arguments such as
local restriction of activity, differential control of activity, and
operation as a signaling molecule in the absence of enzymatic
activity have all been raised as possibilities. Perhaps a regulatory
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process called “compensatory proliferation” (communication
between cells that are able to undergo proper division only
when the amount of death in the population is adequate) could
help to unify the apparently contradictory roles of caspases (50).
Future research will reveal how the non-apoptotic function of
caspases is regulated in healthy cells, and thus, themechanisms
that distinguish the pro-death versus pro-survival capacities of
caspases present a fruitful area of future research.
We have described the explosion of putative caspase sub-

strates revealed by focused proteomics approaches, yet there is
no facile way to distinguish the primary targets that mediate
caspase-driven proteolysis from the collateral proteolytic
events of no mechanistic importance. Development of strate-
gies to expose the biologically relevant substrates is another
fertile area of research.
Finally, small molecules that inhibit caspases in a specific

manner are lacking from the pharmacological armory, as are
putative small molecule caspase activators. We have described
how recent biochemical and structural advances have demon-
strated the role of allostery in caspase activity. We expect rapid
developments in small molecule assay and design to guide the
way to the specific control of caspase activity.

Acknowledgment—We thank John Timmer for generating Fig. 2B and
for helpful discussions.
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50 years ago, Christian de Duve introduced the term “suicide
bags” to describe lysosomes (1), the organelles containing
numerous hydrolases, which were, until the discovery of the
ubiquitin-proteasome system, thought to be responsible for the
major part of the intracellular turnover of proteins and other
macromolecules. It is well established now that the endosomal/
lysosomal system has numerous other functions, including sur-
vival functions. Recently, lysosomes and lysosomal proteases
were found to participate in cell death pathways, which, at least
during apoptosis, are suicidal for cells. It seems timely therefore
to discuss whether or not lysosomes in fact play suicidal roles in
cellular processes.

Lysosomes and Endolysosomal System

Lysosomes are single membrane-bound cytoplasmic
organelles present in almost all eukaryotic cells. They are the
major degradative compartment of the endosomal/lysosomal
system and the terminal part of the endocytic pathway, where a
variety of macromolecules, such as proteins, glycoconjugates,
lipids, and nucleic acids, are degraded to their building blocks
(2). They are extremely well suited for this function, as they
contain over 50 different hydrolases. They are further charac-
terized by low pH (3.8–5.0) and by the absence of mannose
6-phosphate receptors. Among the hydrolases, the proteases,
which are responsible for protein degradation, are considered
to be highly important (3, 4). Although lysosomes were long
considered to be responsible primarily for the nonspecific deg-
radation of organelles and of the long-lived proteins, it is now
clear that they have a number of other functions, including
selective degradation of proteins, repair of the plasma mem-
brane, release of endocytosed material, and removal of certain
pathogens (2, 4, 5).
Proteins destined for degradation enter lysosomes via endo-

cytosis (extracellular proteins), phagocytosis (pathogens and
cellular debris), and micro- and macroautophagy (intracellular
proteins). Cytosolic proteins can also enter lysosomes via chap-

erone-mediated autophagy across the lysosomal membrane
using heat shock proteins as chaperones and LAMP-2 protein
as the receptor that recognizes specific sequences on the target
proteins (2, 4). With the exception of microautophagy and
chaperone-mediated autophagy, all other pathways were
shown to involve fusion of lysosomes with other vacuoles (pha-
gosomes or autophagosomes) or organelles (late endosomes),
indicating that lysosomes are very dynamic organelles.

Lysosomal Cysteine Cathepsins

A special place among the lysosomal proteases is held by the
cathepsins, which include the cysteine cathepsins and the
aspartic protease cathepsin D, another very abundant lysoso-
mal protease (3). In humans, 11 cysteine cathepsins have been
found, including cathepsins B, C, F, H, K, L, O, S, V, W, and X.
They all share the same core structure and are all monomers of
�30 kDa with the exception of the tetrameric cathepsin C. In
the active form, the catalytic Cys and His residues form a thio-
late-imidazolium ion pair with pKa values �3.5 and �8.0,
which is essential for the activity of the enzymes. The enzymes
donot exhibit high specificity, consistentwith their role of recy-
cling enzymes, and they cleave their substrates primarily after
hydrophobic residues, but theywill also accept basic residues in
the P1 position. Although the majority of cathepsins are
endopeptidases, some are exopeptidases, which is a conse-
quence of the additional structural features protruding into the
active-site cleft (6). Collectively, these mixed specificities pro-
vide an excellent arsenal of weapons for dismantling the pro-
teins to small peptides, before the job is finished by dipeptidases
and oligopeptidases. There is also a lot of redundancy among
the cathepsins, as none of the single cathepsin knock-outs that
have been performed showed any defects in intracellular pro-
tein turnover (supplemental Table 1) (7, 8).

Cell Death and Lysosomes

Any description of lysosomes as suicide bags requires them
to be linked to the death of a cell. There are three major mor-
phologically distinct pathways of cell death, and lysosomes have
been found to be linked with all of them. The first one is apo-
ptosis, which is characterized by specific biochemical andmor-
phological changes within the affected cell, for a number of
which the caspases, a group of cysteine proteases, are responsi-
ble. Apoptosis is the major way by which eukaryotes remove
superfluous, damaged, and other potentially dangerous cells.
The process is especially important during development and
homeostasis and is remarkably conserved through evolution. A
critical step in apoptosis is caspase activation, which can be
achieved in several ways, including death receptor activation
and mitochondrial permeabilization or through the action of
granzymes, which are released from secretory granules of NK2

and T cells. A number of signals converge at the level of the
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mitochondria, which are the central organelles in apoptosis (9,
10). Although lysosomes and lysosomal cathepsins were also
suggested to play a role in apoptosis (3, 11), their involvement
seems to be of lesser importance for apoptotic progression and
limited to specific stimuli, such as lysosomal detergent action,
ROS linkedwith redox-active iron, and several anticancer drugs
(12–14). Nevertheless, lysosomes and lysosomal cathepsins
might play an important role in neurodegeneration and aging,
mediated primarily by oxidative stress (13, 15). Based on
cathepsin knock-out studies and cathepsin silencing, cathep-
sins were also suggested to be implicated in the death receptor
pathway (16), a model that is, however, still under debate (Fig.
1) but was suggested to play an important role in liver homeo-
stasis and cancer cell apoptosis (11, 16).
The second pathway is often referred to as type II pro-

grammed cell death or autophagic cell death. In general, auto-
phagy (to eat oneself) is the main process for recycling of
organelles and parts of the cytoplasm. In simple unicellular or-
ganisms such as yeast, this self-digestion was found to be trig-
gered as a response to primarily starvation-induced stress.

Removal of superfluous or damaged organelles provides nutri-
ent supplies to the cell to help it to survive. The process is highly
conserved in eukaryotes and provides protection to the orga-
nism against various kinds of stress and pathologies, whereas a
basal level of autophagy is critical for homeostasis of the orga-
nism (17, 18). In support of the pro-survival origin of autophagy
is also the finding that autophagy exists in unicellular trypano-
somatid parasites, where in addition to its role during starva-
tion, it clearly plays a pro-survival role during differentiation,
which is known to be critical for parasite survival and infectivity
(19). However, under certain conditions, autophagy was sug-
gested to be detrimental to the cell. Several examples exist,
including Drosophila salivary gland cell degradation, where
cells were observed to undergo substantial autophagy (20).
Nevertheless, blocking autophagy only delayed cell death in this
system but could not prevent it, suggesting that autophagy is
dispensable for this type of cell death. These results suggest
either that the autophagic system can be activated under pre-
sumptively non-stress conditions or, more likely, that the
affected cells are subject to currently undetected stress or star-

FIGURE 1. Cysteine cathepsin pathways to apoptosis. Lysosome disruption results in release of cathepsins to the cytosol. Once in the cytosol, cathepsins
process Bid and degrade the anti-apoptotic Bcl-2 homologs as well as XIAP. Proteolytic removal of anti-apoptotic Bcl-2 family members, similarly to their
sequestration by BH3-only proteins, results in cytochrome c (cyto c) release from mitochondria, followed by executioner caspase (casp) activation and apo-
ptosis. The possible link between the death receptor pathway and the lysosomes is also marked, as well as the possible caspase-independent cell death
pathway. Intracellular cathepsin inhibitors serpins and stefins serve as cellular guardians, blocking escaped cathepsins.
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vation.Moreover, it has been recently suggested that essentially
all of the findings where autophagy was found to accompany
cell death can be ascribed to cell death with autophagy and not
to cell death due to autophagy largely because of the lack of
selectivity of methods and reagents used, arguing against the
role of autophagy as a cell death pathway (21).
The molecular mechanism of autophagy and the double

membrane autophagosome formation, which has been largely
unraveled only during the last decade, is highly conserved (22).
The whole process thus seems to serve simply to pack the cargo
and deliver it to the lysosomes for a final meal for lysosomal
hydrolases. Lysosomes, which fuse with autophagosomes into
autolysosomes, are clearly of major importance for proper
clearance of autophagosomes. Cathepsin D-deficient or
cathepsin B and L double-deficient mice developed neuronal
ceroid lipofuscinosis characterized by accumulation of LC3-II
positive autophagosomes in the brain (23). Late onset neuronal
ceroid lipofuscinosis was also observed in cathepsin F knock-
out mice; however, autophagosome accumulation was not fol-
lowed (24). Moreover, it has been recently shown that restora-
tion of chaperone-mediated autophagy in aging liver improves
cellularmaintenance and hepatic function, further showing the
importance of lysosomes in cellular homeostasis (25).
The third pathway, which is largely triggered in a more cat-

astrophic situation as a consequence of physicochemical stress
such as heat shock or ROS andwhen the damage is too severe to
be kept under control within the cell, is called necrosis. Necro-
sis is often associated with various human pathologies caused
by local inflammation triggered by the release of content of
dead or dying cells, triggering the innate immunity response.
However, there is increasing evidence that even necrosis may
be a controlled process. Based on findings in Caenorhabditis
elegans, it was suggested that the major step in the necrotic cell
death of neurons was an increase in cytosolic Ca2� concentra-
tion, which was suggested to lead to an imbalance of proteoly-
sis, in particular activation of calpains and aspartic lysosomal
cathepsins due to LMP (26). Moreover, later studies in the
worm demonstrated that calpain-mediated LMP was also a
critical step in hypotonic shock, heat shock, oxidative stress,
hypoxia, and cation channel hyperactivity, with cysteine cathe-
psins found to be the major downstream regulators (27). In
contrast, in death receptor-mediated necrotic cell death (nec-
roptosis), the serine/threonine kinase RIP1 (receptor-interact-
ing protein 1) was suggested to be one of the major molecular
players (28). Despite the fact that few of the molecular players
have been identified, the molecular mechanism(s) of necrosis
are much less clear than in apoptosis or autophagy, and it is
much more likely that necrosis is a result of the interplay of
several signaling pathways. Few attempts have been made to
delineate the sequence of events in necrosis. Dysfunction of
mitochondria linked with ATP depletion was thus suggested to
be an early event, whereas LMP seems to be a late event just
preceding the plasma membrane rupture. This was recently
confirmed in the protistDictyostelium discoideum, where lyso-
some permeabilization was found to be the critical irreversible
step, whereas mitochondrial uncoupling showed reversibility
for a long time (29). The main messengers of the signal were
found to be Ca2� and ROS, which likely results in greatly

increased proteolysis, in particular in calpain activation and in
cytosolic proteolysis due to liberated lysosomal cathepsins (30).
The three cell death pathways seem to be largely intercon-

nected.However, this has been the subject of a number of excel-
lent reviews (31, 32) and will not be further discussed here.

Differential Roles of Lysosomal Cathepsins in Cell Death

Localization—Clearly, lysosomes and lysosomal proteases
are implicated in all three death pathways; however, their con-
tributions in the three pathways differ significantly. Lysosomes
and cathepsins are absolutely required for autophagy, and they
were also found to be highly important in necrosis, whereas
their importance for apoptotic progression seems to be more
limited (see above).
So what are the major differences between the roles of lyso-

somes and lysosomal proteases in these three pathways?One of
them is in the localization of lysosomal proteases. During auto-
phagy, lysosomes fuse with autophagosomes into autolyso-
somes, where nonselective recycling and degradation of
engulfed material occur (18). Under these conditions, lysoso-
mal proteases are held within the membrane and cannot affect
other cytosolic components. In contrast, in both apoptosis and
necrosis, lysosomes leak their contents, including the cathep-
sins, into the cytosol (3, 30). However, lysosomes also seem to
be well protected against external damage that could lead to
LMP, with Hsp70 being one of the important guardians against
different types of cellular stress (33), thus arguing against their
role as suicide bags. There is, however, an important difference
between the roles of lysosomes and lysosomal cathepsins in
apoptosis and necrosis. Whereas a massive burst of lysosomes
and release of cathepsins are often a critical step for necrosis,
there are only a few situations known where limited damage of
lysosomes linked with the release of cathepsins into the cytosol
is critical for apoptotic progression. Currently, very little is
known about the molecular mechanisms of lysosomal mem-
brane breakdown and the release of cathepsins. Although it is
extremely difficult to study it under necrosis conditions, where
LMP is rapidly followed by loss of plasma membrane integrity,
it seems that release of the cathepsins and other hydrolases is a
rather nonselective process in apoptosis, as a number of them
have been observed in the cytosol following lysosome disrup-
tion (3, 16, 32). The major criterion seems to be the size, as
smaller proteins were found to translocate faster andmore effi-
ciently than larger proteins (34).
Cathepsin Substrates and Regulation—Despite decades of

work on the cathepsins, little is known about their physiological
substrates (6–8). Most of the early evidence came from in vitro
experiments performed at acidic pH,where cathepsins are opti-
mally active and which probably affected the structure of the
proteins. Under these conditions, which we find in lysosomes
during autophagy, cathepsins largely degrade their substrates.
Such conditions are the most optimal ones, as they provide a
good compromise between the activity and the stability of
cathepsins and, in addition, provide optimal working condi-
tions due to partial denaturation of the substrates. As extraly-
sosomal proteins enter lysosomes nonselectively during auto-
phagy, one can assume that all of them are also degraded in
autolysosomes.
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During apoptosis and necrosis, however, cathepsins are
released into the cytosol, where they face unfavorable condi-
tions due to higher pH. Therefore, not every protein that is
cleaved/degraded in vitro at acidic pH is a cathepsin substrate
in cells or in vivo, following the release of cathepsins into the
cytosol. There are several possible reasons for this, the most
likely being instability of cysteine cathepsins and almost zero
activity of cathepsinD at the neutral pHof the cytosol.Whereas
cysteine cathepsins lose their activity due to irreversible unfold-
ing (35), cathepsin D activity is lost reversibly due to deproto-
nation of both active-site Asp residues. Additional reasons
probably lie with the substrates: (i) their structures are probably
more compact at neutral pH and thereby less accessible to prote-
olysis, and (ii) it is likely that some proteins are inaccessible to
proteolysis due to their involvement in complex formation and/or
membrane attachment. Two such examples are the pro-apoptotic
Bcl-2 family members Bak and Bim, which are good substrates of
various cysteine cathepsins in vitro even at neutral pH, but were
not found to be cleaved by cathepsins in a cellular model of apo-
ptosis following lysosome destabilization and subsequent release
of cathepsins into the cytosol (36). Nevertheless, acidification of
the cytosol, which has been observed during tumor necrosis fac-
tor-�-induced apoptosis (37), may help stabilize the cathepsins
and destabilize at least some of their substrates.
There are no real data concerning cathepsin substrates during

necrosis. The major reason is probably related to the very short
duration and complexity of the process and to the fact that this
problem has not been examined in any detail. An assumption can
be made that a significant number of proteins are cleaved during
necrosis, as blocking the cathepsins has been shown to prevent
necrosis induced by a number of stimuli in C. elegans (27).

Apoptosis, which is a considerably slower process than
necrosis and more controllable, thus remains the only process
where at least some cathepsin substrates have been identified.
Currently, the only well established apoptotic substrate is Bid,
which was initially identified in a cell-free study (38) and later
confirmed in several cellular models using different means of
lysosome disruption (36, 39–41). Cathepsins exhibit a great
deal of redundancy, as several of them, including cathepsins B,
L, S, andK,were shown to be capable of cleaving Bid at the same
site in vitro. Moreover, they were also capable of releasing cyto-
chrome c frommitochondria in the presence of Bid in cell-free
extracts (40). In addition to Bid, cathepsins were found to
degrade the anti-apoptotic Bcl-2 family proteins Bcl-2, Bcl-xL,
and Mcl-1 and XIAP (36). This is in agreement with previous
data demonstrating that knocking out Bid simultaneously with
the ablation of stefin B (see also above) did not rescue cerebellar
apoptosis, which is largely cathepsin-dependent (42). This
implies that cathepsins can trigger the mitochondrial pathway
of apoptosis and therefore are dependent on caspases to finish
the job and kill the cell, in agreement with findings in several
cellular models (43). Although cathepsins were also found to
participate in the death receptor pathway, no substrates have
been conclusively identified. However, knocking out the cathe-
psins failed to completely block apoptosis but led only to its
suppression (44–47), arguing against an essential role of cathe-
psins in this pathway. This is also more consistent with recent
data on Fas-induced apoptosis, where lysosomes were indeed

observed to be broken but substantially later than mitochon-
dria (48, 49). These latter findings are more consistent with a
bystander role of cathepsins, although their role in an amplifi-
cation loop through mitochondria cannot be excluded. At this
stage, no more cathepsin substrates have been identified, more
in line with the concept of caspases as the major cell death
executioners and cathepsins as the helper molecules (Fig. 1). In
any event, because the cathepsin substrates Bcl-2, Mcl-1 and
IAPs were found to be up-regulated in a number of cancers (10,
36), LMP-inducing drugs have a major potential in anticancer
treatment (14). Although cathepsins have often been linked with
caspase-independent pathways to cell death (11, 16, 32), the sub-
strates have essentially remained unidentified. A similar problem
concerns the involvement of cathepsin D in various cell death
pathways, as no substrates except Bid (50) have really been identi-
fied, andall the currentmodels arebasedon in vitro studies carried
out at pH �4 (51). Moreover, when overexpressed in cells, even
catalytically inactive cathepsin D was able to mediate apoptosis, a
finding that has not helped to clarify the issue (52).
The list of cathepsin substrates during apoptosis is definitely

far from complete. When a more systematic approach (such as
a proteomics-based one) is applied, more substrates are
expected to be identified. This should also help to answer the
question as to whether cathepsins can kill cells independently
of caspases, as suggested previously (11).
However, despite all their stability problems, cysteine cathe-

psins can be active at neutral pH, at least for a short time, which
is sufficient to enable cleavage of a limited subset of substrates,
allowing them to participate in signal transduction (43). More-
over, this activity time can be prolonged by binding to various
ligands, including substrates. Cathepsins therefore pose a per-
manent latent threat to cells in cases where there is significant
damage to lysosomes. Control of this threat is maintained by
their intracellular inhibitors, stefins and serpins, which serve as
cellular guardians, playing a more efficient role than just carry-
ing out simple pH-induced, irreversible inactivation (35, 53).
This activity became even more evident when the major intra-
cellular inhibitor of the cathepsins, stefin B, was ablated, and
stefin B-deficientmicewere observed to spontaneously develop
cerebellar apoptosis (42). Similarly, removal of the intracellular
serpin SRP6 inC. elegans sensitized the worms to necrosis (27).

Lytic Granules from NK Cells: The True Suicide Bags

In addition to lysosomes, a number of specialized cells con-
tain unique organelles that resemble endosomes/lysosomes by
virtue of sharing some of their common features. Collectively,
they are called lysosome-related organelles or secretory lyso-
somes, usually contain a number of lysosomal hydrolases and
membrane proteins, and are characterized by low luminal pH.
The best characterized lysosome-related organelles are lytic
granules from cytotoxic T cells and NK cells and azurophilic
granules from neutrophils and eosinophils. Lytic granules are
somewhat exceptional, as cytotoxic T lymphocytes do not con-
tain the conventional lysosome. The granules thus serve two
roles, one for intracellular digestion and one to destroy other
cells (5). Nevertheless, they appear to be the closest cellular
structures to the concept of real suicide bags. Following NK or
T cell activation and during temporary fusion with their target
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cells, the lytic granules release their contents, including a num-
ber of hydrolases such as granzymes, into the target cells, which
then undergo apoptosis (54). However, the differences between
these organelles and conventional lysosomes are quite consid-
erable, so they should not be confused.

Conclusion

In conclusion, the major function of lysosomes and lysoso-
mal proteases is not to kill the cell but to take care of cellular
homeostasis and possibly differentiation by recycling cellular
components. Even minor damage of lysosomes does not seem
to be sufficient to kill the cell; cells survive possibly through
engagement of autophagy, thereby entering into a cycle where
lysosomes take care of lysosomes. Following considerable lyso-
somal damage, cells can also undergo apoptosis or, more com-
monly, if damage is more severe, necrosis. However, despite
their devastating potential, it would be inaccurate to call them
suicide bags because, at least based on current knowledge, such
cell death happens primarily during pathologies. Although our
current level of knowledge suggests that lysosomal breakdown
seldom represents the boundary between life and death, it is
likely that future studies will show that this may be the case in
far more physiological situations.
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Ca2� signals controlling a vast array of cell functions involve
both Ca2� store release and external Ca2� entry. These two
events are coordinated through a dynamic intermembrane cou-
pling between two distinct membrane proteins, STIM andOrai.
STIM proteins are endoplasmic reticulum (ER) luminal Ca2�

sensors that undergo a profound redistribution into discrete
junctional ERdomains closely juxtaposedwith theplasmamem-
brane (PM). Orai proteins are PM Ca2� channels that migrate
and become tethered by STIM within the ER-PM junctions,
where they mediate exceedingly selective Ca2� entry. We
describe a new understanding of the nature of the proteins and
how they function to mediate this remarkable intermembrane
signaling process controlling Ca2� signals.

Store-operated Channels: Role and Significance

Cellular Ca2� homeostasis and Ca2� signaling are closely
entwined processes. Cytoplasmic Ca2� is tightly controlled at
�100 nM; elevations to 300–500 nM constitute powerful signals
controlling a spectrum of cell functions ranging from short-
term contractile, secretory, or metabolic responses to longer
term regulation of transcription, growth, and cell division (1).
The ER3 has a special role in Ca2� signaling, accumulating high
(�500 �M) luminal free Ca2� levels. The luminal Ca2� serves
two roles: maintaining a correct protein folding environment
(2) and serving as the major source of Ca2� for signaling (1).
Cell-surface receptors coupled to phospholipase C and inositol
1,4,5-trisphosphate production induce rapid Ca2� signals by
releasing ER-stored Ca2� through inositol 1,4,5-trisphosphate
receptors. This triggers a second Ca2� signaling pathway
through activation of SOCs (3–5). These PM Ca2� entry chan-
nels are activated by decreased ER luminal Ca2�, involving an
intricate ER-PM coupling process. SOCs carry a small but

highly Ca2�-selective current termed ICRAC (3–5). This move-
ment of Ca2� ions can be viewed as a tightly regulated “trickle”
of Ca2� into cells (6), crucial in mediating longer term control
of both cytoplasmic andER luminal Ca2� (5, 7, 8). Since the first
description of SOCs (9), the ER-PM coupling has been con-
sidered to involve direct protein interactions occurring at
close junctions between the ER and PM (10, 11). The func-
tion of the newly discovered STIM and Orai proteins fulfills
this prediction.

STIM and Orai: The Machinery of SOCs

Recent high-throughputRNA interference screens identified
two protein families as being essential for SOC activation:
STIM in the ER (12, 13) and Orai in the PM (14–16). STIM
proteins are highly dynamicmembrane proteins locatedmostly
in the ER and are able to sense luminal Ca2� changes and
undergo rapid translocation into discrete junctional areas of the
ER, closely juxtaposed with the PM (7). Orai proteins are PM
Ca2� channels that translocate within the PM to the same ER
junctions and become activated through coupling with STIM
proteins (7). Although the function of SOCs has been best rec-
ognized in hematopoietic cells (3–5), STIM and Orai proteins
are widely expressed among tissues (17, 18), representing
potentially crucial pharmacological targets for controlling an
array of cell functions.

STIM Proteins: Dynamic SOC Intermediaries

The discovery of STIM1 transformed the store-operated
hypothesis into an authentic mechanistic paradigm (12, 13).
STIM1 was originally identified as a surface membrane protein
in stromal cells (19). Highly homologous STIM proteins are
expressed in species ranging from Drosophila (12) to Caenorh-
abditis elegans (20). Vertebrates also express a second gene
product, STIM2 (17). The ubiquitously expressed STIM1 and
STIM2 proteins are highly similar, varying only at the extreme
N and C termini (Fig. 1). Both STIM1 and STIM2 are predom-
inantly in the ER (21–23). Although some STIM1 is also in the
PM, where it can influence SOC activation (23, 24), it functions
primarily in the ER, coupling to activate SOCs by transfer into
ER-PM junctions (7). Store depletion is reported to increase
PM STIM1 (25, 26); however, SOC activation does not require
PM insertion of STIM1 (23, 27). STIM1 is normally widely dis-
tributed through the ER (13, 28, 29) but rapidly oligomerizes
and moves into PM junctional regions seconds after emptying
stores (13, 29). TheN-terminal Ca2�-sensing domain of STIM1
is a tightly clustered group of short �-helices comprising EF-
hand and SAM domains. The cytoplasmic C-terminal region
contains more extensive �-helical regions sufficiently long to
spanmuch of the ER-PM junctional gap, estimated to be 10–20
nm (13, 25, 28–30), and couple with PM Orai channels.

Molecular Basis of ER Luminal Ca2� Sensing

The luminal N terminus of STIM1 includes two EF-hand
motifs: a “canonical” cEF-hand (13, 25)with aKd for Ca2� in the
0.2–0.6mM range (31) immediately adjacent to a hEF-hand that

* This minireview will be reprinted in the 2009 Minireview Compendium,
which will be available in January, 2010.
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does not bind Ca2� (32). The two EF-hands work in unison
tightly associated with the adjoining five-helix SAM domain.
This dual EF-hand and SAM domain (EF-SAM) has been care-
fully studied by Ikura and co-workers (31–33). With Ca2�

bound, there is a tight, stable STIM1 EF-SAM configuration.
When Ca2� dissociates, the EF-SAM domain unfolds and
destabilizes due to exposure of hydrophobic residues in both
EF-hands and the SAM domain (32). This leads to rapid oli-
gomerization of the EF-SAM regions, the initial response of
STIM1 to ER Ca2� depletion. Further aggregation of STIM1
involves interactions between cytoplasmic C-terminal coiled-
coil regions (27, 34, 35). The oligomerization of EF-SAM
domains is reversible, with the addition of Ca2� resulting in
stable monomers being re-formed (32). This correlates with
STIM1 in vivo refilling of stores causing rapid retreat of STIM1
from puncta and concomitant inactivation of SOCs (13, 28, 36,
37). Mutation of the crucial cEF-hand acidic residues to reduce
Ca2� affinity causes the same oligomerization as reducingCa2�

(32). Indeed, when expressed in cells, whole STIM1mutated in
the EF-hand (e.g. D76A or E87A) is exclusively punctal, and
cells have constitutively activated CRAC channels even though
stores are full (13, 22, 24, 25, 38). Remarkably, mutation of the
equivalent amino acids in the “shadow” non-Ca2�-binding
hEF-hand loop causes the same aggregation and constitutive
Ca2� entry as mutation of the cEF-hand (32). Thus, the two
EF-hands function in tandem, but the non-Ca2� binding prop-
erty of the hEF-hand ensures that the Kd is low, within the
luminal Ca2� range (400–800 �M) (39).

STIM2: Similar but Different

Although STIM2 has a structure very similar to STIM1
(Fig. 1), its function has some notable distinctions with
important physiological implications. Most cells express
both STIM1 and STIM2, although STIM1 levels are gener-
ally higher (17, 40). When overexpressed, STIM2 has a
strong negative effect on endogenous SOC activity (8, 22,
38), contrasting with the small enhancing effect of STIM1

(22, 24). Moreover, STIM2 medi-
ates slower Orai1 channel activa-
tion than comparably expressed
STIM1 (41). STIM2 knockdown
has a greater effect than STIM1 on
basal cytosolic and ER luminal
Ca2� levels, suggesting STIM2
functions as a feedback regulator
controlling basal Ca2� (8). When
Ca2� stores are released gradually
with external EGTA, movement of
STIM2 into puncta and SOC activa-
tion occur with minimal store
release, whereas more store release
is required for STIM1 activation (8).
Indeed, STIM2 overexpression re-
sults in high constitutive Ca2� entry
and CRAC channel activity (38, 42),
likely reflecting its sensitivity to
small luminal Ca2� changes. The
greater sensitivity of STIM2 to store

depletion could be related to EF-hand structures. Mutation of
three residues in the STIM1 cEF-hand to resemble STIM2
resulted in a more store-sensitive version of STIM1, although
the reciprocal exchange mutation did not make a less sensitive
STIM2 (8). Direct measurement of Ca2� binding to the EF-
SAM domain of STIM2 revealed a Kd of 0.5 mM, not much
different from the Kd of STIM1 (33, 43). Importantly, it was
revealed that, compared with STIM1, the STIM2 EF-SAM
domain undergoes a 3-fold slower unfolding and 70-fold slower
rate of aggregation upon Ca2� withdrawal (33). Moreover, the
short STIM subtype-specific flexible N-terminal sequences
upstream of the EF-SAM domains confer large stability
changes on the EF-SAM domain, greatly altering the Ca2� dis-
sociation-induced destabilization that results in STIM protein
activation (33). Thus, the much slower rate of Ca2� dissocia-
tion-induced STIM2 unfolding and aggregation may account
for the slower kinetics of SOC activation by STIM2 (41) as well
as the negative dominance of overexpressed STIM2 on SOC
activation (22). Although STIM2 appears to be sensitized to
tiny changes in ER Ca2�, the slow unfolding and activation of
STIM2may serve as an important regulatory control to prevent
otherwise uncontrolled activation of SOCs (44).

Orai Proteins Are SOCs Carrying ICRAC

The extraordinary characteristics of the CRAC current, the
signature of SOC function, predicted a novel channel protein.
Despite numerous reports of TRPC and other transient recep-
tor potential channels mediating Ca2� entry or currents mod-
ified by store release, none had CRAC current characteristics.
This changed with identification of the three-member Orai
family of tetramembrane-spanning proteins (14–16). Their
discovery arose from a combination of genome-wide RNA
interference screening (14–16) and modified linkage analysis
revealing that a mutation in Orai1 (R91W) caused a rare but
SCID that ablates T-cell Ca2� entry (14). This Orai1 mutation
eliminated ICRAC (14–16); wild-type Orai1 expression restored
CRAC channel activity in cells from SCID patients (14). The

FIGURE 1. STIM protein domain structures. Upper, domain comparison of STIM1 and STIM2, including signal
peptides (SP), a pair of highly conserved cysteines (CC), canonical cEF- and hEF-hands, SAMs, Asn-linked gly-
cosylation sites (hexagons), TMs, coiled-coil regions (CC1 and CC2), proline-rich domains (P), and polybasic-rich
domains (K). The minimal region of STIM1 known to be required for coupling to Orai1 is also shown (positions
344 – 442). Lower, diagrammatic representation of domain topology of STIM1.
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Orai1 protein fulfills all the criteria of being the store-operated
channel moiety itself, carrying the highly Ca2�-selective CRAC
current (16, 38, 45–49). The combined overexpression of
STIM1 with Orai1 results in massive levels of authentic CRAC
channel activity (16, 38, 45, 46). There are three closely related
and widely expressed Orai genes (orai1, orai2, and orai3) (sup-
plemental Fig. S1) (14). Each protein has a set of five conserved
acidic residues: four in TM1 and the first extracellular loop
region and one in TM3. These are crucial to forming the highly
Ca2�-selective filter and channel pore regions (47–49). Con-
servativemutations (e.g.E106D inOrai1),moving a single pore-
contributing carboxyl group away from the pore by just one
methylene group, change the strict Ca2� selectivity of the chan-
nel to allow passage of monovalent cations (47–49). Less con-
servative E106A and E106Q mutations result in a pore-dead
protein (18, 48, 49). Overexpressed Orai1 has a strong domi-
nant-negative effect on native SOC activity (38, 45, 46), likely
reflecting interference of the required coupling stoichiometry
between STIM and Orai. Like Orai1, the Orai2 and Orai3 pro-
teins also couple with STIM1, giving CRAC-like channel activ-
ity differing slightly in cation selectivity and inhibition by Ca2�

(50, 51). Orai3 is also distinct in its alteration by the powerful
SOC modifier 2-aminoethoxydiphenyl borate, which directly
activates and alters its cation selectivity independently of STIM
proteins (42, 52–55). Clearly, the Orai channel subtypes can

cross-react with each other (18, 50).
The negative dominance of the
pore-dead Orai1 E106Q mutant
over Orai2, Orai3, or endogenous
SOC activity indicates that Orai
channels can be heteromultimers
with possibly multiple channel sub-
types in cells (49, 50). Multimeriza-
tion of Orai subunits appears to
involve interactions between the
TMs (35, 37). AlthoughOrai dimers
are observed in cells (18), the func-
tional Orai channel moiety is a tet-
ramer (56–58). Although dimer-to-
tetramer transition was reported
during Orai1 activation (59), it
appears more likely that Orai chan-
nels have a constant tetrameric stoi-
chiometry (57, 58).

STIM-Orai Coupling
Environment

The coupling between STIM and
Orai proteins involves a remarkable
dynamic convergence. Both STIM
and Orai translocate within their
respectivemembranes into discrete,
tightly coupled ER-PM junctions
(Fig. 2). Aggregated regions of ER
STIM proteins observed following
store depletion, referred to as
“puncta” (13), are areas of STIM
proteins undergoing aggregation

and accumulation, although not necessarily linked to Orai in
ER-PM junctions (28, 36, 57, 60, 61). These regions appear to be
largely pre-existing ER-PM junctional domains (29, 36) within
which accumulated STIM proteins capture and activate Orai
channels. The junctions may dramatically increase in number
and size with time (23, 29). Direct interaction between STIM
and Orai channels occurring in puncta is now established.
Although STIM-Orai pulldown was initially not detected (18),
there are now numerous reports revealing direct biochemical
association between the proteins (37, 47, 49, 57) and/or Förster
resonance energy transfer between appropriately labeled deriv-
atives (37, 42, 62, 63). These interactions are supported by
numerous studies revealing that STIM and Orai proteins are
superimposably clustered in puncta following store depletion
(35, 42, 57–61, 64). Oligomerization between STIM1 mole-
cules is required for accumulation of STIM1 aggregates within
puncta. STIM1with its entire N-terminal domain replaced by a
rapalogue-inducible cross-linking domain underwent oli-
gomerization, accumulation in puncta, and coupling to activate
CRACchannels (30).However, STIM1 simplymissing its entire
N terminus (thus with no Ca2� sensing or oligomerization
through the N terminus) still aggregated and moved into
puncta to activate CRAC channels (35). Thus, the STIM1 C
terminus itself is able to undergo aggregation, a result sup-
ported by several studies (27, 34, 35, 57). The elaborate N-ter-

FIGURE 2. Dynamic molecular coupling between STIM1 and Orai1 within ER-PM junctions. Depletion of ER
luminal Ca2� causes Ca2� dissociation from the STIM1 N-terminal cEF-hand (A), leading to fast oligomerization
of STIM1 due to unfolding and interactions between EF-SAM domains (B). Slower further aggregation of STIM1
through interactions between the C-terminal coiled-coil domain 1 (CC1) and CAD/SOAR domains (C) results in
STIM1 diffusion, aggregation, and accumulation of STIM1 in pre-existing ER-PM junctions, stabilized by inter-
actions of lysine-rich (K-rich) STIM1 N termini with the PM (D). Diffusible Orai1 tetramers in the PM (E) are
trapped in junctions (F) by interaction with exposed CAD/SOAR domains, which bind to the C and N termini of
Orai1 channels and conformationally gate the opening of Orai1 channels and Ca2� entry. Upon store refilling,
Ca2� association with STIM1 reverses EF-SAM oligomerization, causing uncoupling from and deactivation of
Orai1 and release of STIM1 monomers from puncta to redistribute around the ER (G). The topology of the Orai1
tetramer is shown (upper left), depicting the four transmembrane domains (1– 4) and clusters of Asp (D) and Glu
(E) residues that constitute the Ca2�-selective filter and pore.
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minal Ca2�-sensing and oligomerization process provides the
physiological responsiveness to Ca2� store depletion. Indeed,
the N terminus serves to prevent STIM self-association in
store-replete cells. When store Ca2� decreases, STIM oli-
gomerization is triggered, and the process of STIM aggregation
and accumulation in junctions is initiated (Fig. 2). Importantly,
when stores refill, there is a rapid release of STIM from puncta
to become redistributed within the ER (13, 28, 36, 37). Upon
re-binding Ca2�, the STIM1 EF-SAM domain aggregates dis-
sociate to becomemonomers (32). Presumably, this conforma-
tional change imparts a decisive alteration in the proximity of
aggregated STIM1 molecules that overrides both C-terminal
STIM-STIM interactions and STIM-Orai interactions.

Molecular Mechanism of STIM-Orai Coupling

The molecular characteristics of the STIM-Orai interaction
are becoming clearer. Within the Orai1 molecule, the C-termi-
nal cytoplasmic coiled-coil region appears key for interaction
with and activation by STIM1 (37, 65). The Orai1 L273S muta-
tion,which disrupts this coiled-coil region, blocks STIM1 inter-
action and channel activation and dominates in blocking wild-
typeOrai1 (37). TheN terminus ofOrai1 can be truncated up to
residue 73 with little effect on STIM1 coupling (35), but trun-
cation of the following 15 amino acids prevents channel activa-
tion while still allowing interaction with STIM1,mimicking the
R91W mutation present in SCID patients (37). For STIM1,
expression of soluble C-terminal fragments can fully activate
Orai1 channels without store emptying (27, 35, 42, 54, 59, 65,
66). Remarkably, a short stretch of just over 100 amino acids
including the second coiled-coil domain (Fig. 1) is sufficient for
Orai1 activation (57, 65). Thus, SOAR (65) and CAD (57) are
potent, full activators of Orai1. The STIM1 CAD fragment
undergoes biochemical interactions with the isolated C-termi-
nal domain 254–301 of Orai1 (57) as well as the N-terminal
fragment 70–91 (57), suggesting that the interaction with
STIM1 involves both termini of Orai1. C-terminal fragments of
STIM cause clustering and activation of PMOrai channels (42,
57–59). However, STIM-induced Orai1 clustering is not suffi-
cient for Orai channel activation. Thus, CAD with eight C-ter-
minal residues (positions 441–448) removed still binds and
clusters Orai1 yet cannot activate channel activity (57). More-
over, although the two STIM1 truncations 1–448 and 1–440
both enter puncta upon store depletion and cluster Orai1, only
construct 1–448 activates Orai1 channel activity (57). Because
the SOAR fragment (positions 344–442) activates Orai1 (65),
the two missing residues (positions 441 and 442) in the non-
activating fragment 340–440 (57) may play a crucial role in
gating Orai1. Both CAD and SOAR exist as multimers (57, 65).
In solution, CAD is predominantly a tetramer (57) and causes
Orai channel particles to cluster in extended multimeric arrays
(57). Thus, STIM1 multimers induce a strong cross-linking
event resulting in large clustered arrays of Orai channels. The
lysine-rich C-terminal extremity (K-region) of STIM1 plays an
interesting ancillary function in SOC activation. Although
known to play a role (28, 67), the K-region is not essential for
SOC coupling (37, 42, 57, 65). Indeed, Drosophila STIM is
devoid of this region and still activates SOCs. The K-region
appears to enhance PM targeting of STIM1. Hence, although

whole STIM1 expressed alone readily forms PM-associated
puncta, K-region-deficient STIM1 requires coexpression of
Orai1 for punctum formation (57). Thus, the K-region appears
to tether oligomeric STIM1within junctions by binding to an as
yet unidentified PM target. The exposed CAD/SOAR domains
within STIM are able to trap and conformationally activate
Orai channels. Although expressed CAD or SOAR spontane-
ously binds to and activates Orai channels (57, 65), larger solu-
ble STIM1 C-terminal fragments are poorly active and remain
cytoplasmic (42, 57). Hence, the C terminus of STIM1 appears
to require unfolding to expose active CAD/SOAR. Interest-
ingly, 2-aminoethoxydiphenyl borate induces rapid binding
between soluble whole STIM1 or STIM2 C termini and PM
Orai1, causing clustering and full Orai1 channel activation,
apparently mimicking the STIM-unfolding and successful
Orai-docking events (42).
Overall, STIM proteins are remarkably sensitive and

dynamic ER Ca2� sensors, coupling to exceedingly Ca2�-selec-
tive PM Orai channels. STIM-Orai coupling is facilitated
through ER-PM junctions acting as conduits of close approach
between the two membranes. The coordinated function of
these two proteins mediates crucial control over cytosolic and
luminal Ca2� homeostasis and the generation of both rapid and
long-termCa2� signals. Understanding themolecular details of
the STIM-Orai transmembrane interaction has great signifi-
cance as a universally important signaling mechanism.
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Methylation is a major biological process. It has been
shown to be important in formation of compounds such as
phosphatidylcholine, creatine, and many others and also par-
ticipates in epigenetic effects through methylation of his-
tones and DNA. The donor of methyl groups for almost all
cellular methylation reactions is S-adenosylmethionine. It
seems that the level of S-adenosylmethionine must be regu-
lated in response to developmental stages and metabolic
changes, and the enzyme glycine N-methyltransferase has
been shown to play a major role in such regulation in mam-
mals. This minireview will focus on the latest discoveries in
the elucidation of the mechanism of that regulation.

Discovery of S-Adenosylmethionine and Its Versatility

AdoMet2 was discovered in 1951 by Cantoni as the “active
methionine” used in the enzymatic transfer of themethyl group
ofmethionine to nicotinamide to formN1-methylnicotinamide
(1). With the exception of a few intracellular parasites that take
up AdoMet from their hosts, AdoMet is formed from ATP and
methionine by methionine adenosyltransferases present in all
(or virtually all) cells of all organisms, including archaea, eubac-
teria, and eukaryotes. The reaction involves, initially, transfer of
the adenosyl group of ATP to methionine, with the remainder
of the ATP being converted to enzyme-bound tripolyphos-
phate. The latter compound is hydrolyzed to pyrophosphate
and phosphate, which are then released (2). Being a sulfonium
compound, AdoMet provides the large amounts of free energy
(20 �kcal/mol) needed for methyl group transfers.
AdoMet is possibly the most (or, compared with ATP, the

second most) versatile compound in Nature. It is a source not
only of methyl groups but, in diverse reactions in various orga-
nisms, provides methylene groups, four-carbon moieties, ribo-
syl groups, amino groups, and, after decarboxylation, three-
carbon moieties for polyamines and ethylene (3). It may be
converted to a 5�-deoxyadenosyl free radical that participates in

a great variety of “radical SAM” reactions (4). AdoMet also
functions as a regulator of many metabolic pathways in mam-
mals, plants, and bacteria.
In mammals, �90% of AdoMet is used for methylation reac-

tions by at least 50 different methyltransferases (5). Methyla-
tion of both small molecules (e.g. phosphatidylethanolamine
and guanidinoacetate) and macromolecules (DNA, RNA, his-
tones, and other proteins) plays critical roles in cellular metab-
olism. Methylations of DNA and histones are major events in
epigenetics. Therefore, the level of AdoMet must be carefully
regulated to maintain cellular homeostasis. Recent evidence
has established that GNMT plays a major role in maintaining
normal AdoMet levels in mammals.

GNMT Genes and Proteins

In 1960, enzymatically catalyzed direct transfer of a methyl
group from AdoMet to glycine (forming sarcosine) was dem-
onstrated. The activity was found in liver extracts from guinea
pig, rat, rabbit, and mouse, but the enzyme was not purified
until 1972 when Heady and Kerr, upon finding that glycine was
a better acceptor of AdoMet methyl groups than tRNA, pro-
ceeded to purify the GNMT activity from rabbit liver (6).
Tissue Distribution—GNMT is a tetrameric, cytosolic pro-

tein present in large amounts in liver (1–3% of cytosolic pro-
tein) and in pancreas and prostate (0.4% of cytosolic protein).
Immunohistochemical studies confirmed these findings (7) and
showed that GNMT protein is located in the exocrine tissue of
the pancreas as well as in additional tissues active in secretion
(proximal kidney tubules, submaxillary glands, intestinal
mucosa, cortical neurons, and Purkinje cells of the brain).
Possible Nuclear Localization—AlthoughGNMT is a cytoso-

lic protein, its presence in liver nuclei has been reported by a
number of laboratories based on both activity and immunolog-
ical measurements (7, 8). The Bresnick group suggested that
GNMT is the putative “4 S” aryl hydrocarbon receptor respon-
sible for induction of cytochrome P-450 1A (CYP1A) by benzo-
(a)pyrene that is translocated to the nucleus (9). Other studies
have questioned the role of GNMT as the 4 S aryl hydrocarbon
receptor (8). Studies in which GNMT was incubated with iso-
lated rat liver nuclei showed that native tetrameric GNMTwas
unable to enter the purified liver nuclei (10). The possible func-
tion of GNMT in the nucleus is still amatter of speculation, and
if GNMT in the nucleus is not simply a result of cytoplasmic
contamination, its function there is not clear because it does
not appear to be involved in the induction of the cytochrome
P-450 family of enzymes.
GNMTGenes and Expression—The first three GNMT genes

to be cloned and sequenced were those from rat, mouse, and
human. Each is relatively small with a simple structure. About
3200nucleotides from the firstATG to the stop codons (11), the
genes consist of six exons with an average size of 170 nucleo-
tides and five introns. As genomes of other species were
sequenced, open reading frames with homology to human, rat,
and mouse GNMTs were found in zebrafish, red flour beetle,
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mosquito, and other organisms. Unpublished experiments3
have shown that GNMT enzyme activity is present in zebrafish
liver, but for the other organisms, the presence of such activity
has not been tested, and the function(s) of any such activities
have not been elucidated. In mammals, the levels of mRNA are
highest in liver, kidney, pancreas, and prostate, the organs with
the greatest GNMT activities. GNMT either is not detected or
is present inminimal amounts in livers of embryos of the exper-
imental animals tested, but it is expressed strongly soon after
birth.
GNMT expression is down-regulated or even completely

blocked in liver and prostate tumor tissue (11, 12) and in most
cultured cells. Although little is known about the properties of
the GNMT gene promoters of experimental animals, it has
been shown that GNMT activity is induced by vitamin A, glu-
cocorticoids, and glucagon (13).
The greatly decreased levels of GNMT in prostate tumor

tissues (11) might predict that the level of sarcosine in prostate
should be relatively low (see Fig. 2). However, a recent study
reported that sarcosine is found in elevated amounts in meta-
static prostate tissue compared with normal human prostate
and localized prostate cancer. Sarcosine is increased in the
urine of men with metastatic prostate cancer, leading to the
suggestion that thismetabolitemay be amarker for progression
of the cancer (14). This remains to be confirmed.
GNMT Protein—The enzymatic characteristics of GNMT

and the properties of the protein from rabbit, rat, and
human, either purified from liver or pancreas or expressed in
Escherichia coli, have been studied most extensively. Protein
sequences of human, rabbit, rat, pig, and mouse have �90%
sequence identity (15). All GNMTs are 130-kDa tetramers con-
sisting of four identical subunits. Each subunit consists of 292–
296 amino acid residues (depending on the source) and pos-
sesses an active center for enzymatic reaction (Fig. 1). The
initial methionine residue is removed, and GNMT proteins
from liver or expressed inE. coli have anN-terminal valine. The
N-terminal valines in rat and human GNMTs are acetylated,
but when recombinant rat or human GNMT is expressed in
E. coli, they are not acetylated (16, 17). The only known post-
translational modification of liver GNMT is serine phosphoryl-
ation. Serines 9, 71, 139, 182, and 241may be partially phospho-
rylated in rat liver and recombinantGNMTs, but in the purified
rat liver enzyme, the amount of phosphorylation is very low
(17). Ser9 of rat GNMT can be phosphorylated in vitro by the
glucagon-activated cAMP-dependent protein kinase (18). Glu-
coneogenesis (facilitated by glucagon) from certain amino
acids, includingmethionine, is activated in diabetes and fasting,
and it has been suggested that GNMT may be a major enzyme
involved in the ultimate utilization of the four-carbonmoiety of
methionine (Fig. 2) for gluconeogenesis.
Crystal structures have been solved only for recombinant

rat, mouse, and human GNMTs (19–22) crystallized either
as apoproteins or complexed with AdoMet, AdoHcy, both
AdoMet and acetate (a competitive inhibitor of glycine), or
5-CH3-H4PteGlu. In all crystal structures, GNMT is modeled

as a flat-shaped tetramer with numerous interactions between
the subunits (Fig. 1). The active sites lie deepwithin the globular
portion of each subunit. Based on the crystal structures of
GNMT complexed with AdoMet or AdoHcy and kinetic stud-
ies of numerous mutants of recombinant rat GNMT, a mecha-
nism of enzyme reaction has been proposed (21): inactive
GNMTexists in a “closed” conformation inwhich theN-termi-
nal fragments of each subunit interact with the globular part of
the adjacent subunit in amanner that closes access to the active
centers (Fig. 1). In the presence of AdoMet, an “open” configu-
ration is formed in which the substrate competes with the N
termini for access to the active centers, and when AdoMet
binds at the active centers, the N termini protrude from the
binding sites, no longer interacting with the globular parts of
the molecule.
Characteristics of Enzyme Activity—GNMT activity is opti-

mum at pH 9.0. Depending upon the source of the enzyme,
half-maximal activity is attained with 0.03–0.2 mM AdoMet
and 2–20 mM glycine. The kcat values are in the range of 35–96
min�1. Early studies indicated that activity is cooperative with
respect to AdoMet but not glycine (23). However, it was subse-
quently found that such cooperativity is seen only with GNMT
purified from liver, not with recombinant enzyme expressed in
E. coli, a finding perhaps explained either by the difference in
N-terminal acetylation between the native and recombinant
enzymes (24) or by the possibility that tightly bound folate is not
completely removed during enzyme purification from liver,
whereas there is no folate bound to the enzyme expressed in
E. coli.3 Z. Luka and C. Wagner, unpublished data.

FIGURE 1. Crystal structure of recombinant rat GNMT complexed with
5-methyl-THF. Coordinates of the structure from Protein Data Bank code
2IDK were used for preparation of this figure. Each subunit is denoted A, B, C,
and D. Two molecules of folate are shown as yellow spheres. The overall struc-
ture was drawn in schematic mode of the PyMOL program. The residues par-
ticipating in binding AdoMet (Trp39, Arg40, Ala64, Asp85, Asn116, Trp117, and
Leu136) are drawn as black spheres. The N termini of subunits are denoted Na,
Nb, Nc, and Nd. Interaction of the N-terminal fragment of subunit A (green)
with the active center of subunit B (red) is clearly seen.
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Glycine N-Methyltransferase Is a Major Folate-binding
Protein

Anew and novel role for GNMTwas discovered in 1977 (25).
Injection of rats with [3H]folic acid, followed in 24 h by extrac-
tion of liver proteins and gel filtration chromatography of
cytosolic proteins, showed amajor peak of tightly bound radio-
activity in which the bound folate was primarily the pentaglu-
tamate form of 5-CH3-H4PteGlu. It was eventually found that
this cytosolic folate-binding protein was identical to GNMT
(26). 5-CH3-H4PteGlu5 is also the form of folate bound prefer-
entially in vitro by purified rat liver GNMT, a surprising obser-
vation because GNMT does not use any form of folate as a
substrate. Subsequently, it was discovered that, when 5-CH3-
H4PteGlu5 is bound, it behaves as an inhibitor of the enzyme.
Thus, GNMT links changes in AdoMet concentration to the
transfer and synthesis of one-carbon units by folate-metaboliz-

ing enzymes, thereby serving as a bridge between methionine
and one-carbon metabolism.

Inhibition of GNMT by Folate

Aunique aspect of GNMT activity is its inhibition by 5-CH3-
H4PteGlu5 (27), studied most thoroughly with the enzymes
from rat liver and pancreas (28), although unpublished obser-
vations3 have shown that theGNMTactivity of zebrafish liver is
also inhibited by 5-CH3-H4PteGlu5. The crystal structure of the
complex of recombinant rat GNMT with the monoglutamate
form of 5-CH3-H4PteGlu (Fig. 1) (29) elucidates the mecha-
nism of the inhibition: twomolecules of folate are bound by the
tetrameric protein, and each interacts with theN termini of two
subunits, making entrance of AdoMet into the active centers
muchmore difficult. The bound folate is thought to impede the
swinging out of position of the N termini that normally allows
access of the substrates to the active sites. Despite similar bind-
ing constants, folate inhibition of the liver enzyme with its
acetylated N-terminal valines is much stronger than inhibition
of the enzyme expressed in E. coli, in which valine is not acety-
lated; 50% inhibition is seen at 0.0013 and 0.59 mM 5-CH3-
H4PteGlu5 for the native and recombinant enzymes, respec-
tively (30).

Role of GNMT in Regulation of AdoMet Levels

Fig. 2 shows how GNMT is involved in both hepatic methyl
group and one-carbon metabolism. AdoMet is synthesized
frommethionine and ATP bymethionine adenosyltransferases
(reaction 1). The methyl group of AdoMet is transferred to a
variety of acceptors by methyltransferases (reactions 2 and 3).
AdoHcy is formed in each such reaction. With normal dietary
intakes, there are usually not enough preformedmethyl groups
(contained chiefly inmethionine- and choline-containing com-
pounds) to meet the total need for transmethylation. Addi-
tional methyl groups are synthesized de novo via the one-car-
bon folate pool. Folate coenzymes carry one-carbon units
(formyl, formaldehyde, and methyl groups) attached at either
position 5 or 10 of THF. Intracellular forms of folate are all
polyglutamates. The folate coenzymes bearing the one-carbon
substituents are metabolically connected to one another and in
Fig. 2 are collectively referred to as theONECARBONFOLATE
POOL.
The reactions labeled 2 in Fig. 2 consist of a wide variety of 50

(or more) methyltransferases that catalyze the synthesis of
essential products, including small molecules such as creatine
and PC, as well as the methylation of macromolecules such as
proteins, RNA, and DNA. Reaction 3 also involves a methyl-
transferase, GNMT, that is highly unusual in that the product it
forms, sarcosine, has no known essential metabolic function. A
mitochondrial enzyme, sarcosine dehydrogenase, catalyzes the
conversion of sarcosine to glycine and methylene-THF (Fig. 2,
reaction 8). Together, these facts are consistent with and give
rise to the interpretation that the importance of GNMT lies not
in its ability to form sarcosine but rather in its capacity to reg-
ulate utilization of AdoMet and thus affect the AdoMet/
AdoHcy ratio (a ratio sometimes considered to be an index of
the methylating ability of the cell).

FIGURE 2. Metabolic pathways related to the regulatory role of GNMT. Two
metabolic pathways are shown separated by a dashed line; the ONE CARBON
FOLATE POOL and the METHIONINE CYCLE. Indicated on the left of the
one-carbon pool are the sources of the one-carbon groups carried by THF; on
the right are indicated the metabolic uses of these groups. The methionine
cycle includes reactions that transfer methyl groups from methionine to
AdoMet and methylation of acceptors. These are followed by regeneration of
methionine via methylation of homocysteine by either methionine synthase
or betaine-homocysteine methyltransferase. Homocysteine can also be con-
verted to cysteine and, ultimately, to glucose via cystathionine breakdown.
The reactions are denoted by numbers: 1, methionine adenosyltransferase; 2,
the majority of methyltransferases; 3, GNMT (inhibition by 5-methyl-THF is
shown); 4, AdoHcy hydrolase; 5, methionine synthase; 6, 5,10-methylene-THF
reductase (with inhibition by AdoMet); 7, betaine-homocysteine methyl-
transferase; 8, dimethylglycine dehydrogenase; 9, sarcosine dehydrogenase.
X refers to the group of methyl acceptors, and CH3-X refers to the methylated
products. Fig. 2 first appeared in Ref. 43. PE, phosphatidylethanolamine.
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How Regulation Takes Place

The metabolic control is pictured to operate as follows.
When methionine levels in the diet are high, the AdoMet level
is also high, and there is no need for de novo methyl group
synthesis via the one-carbon folate pool. The high AdoMet lev-
els inhibit 5,10-methylene-THF reductase (Fig. 2, reaction 6),
and the levels of 5-CH3-H4PteGlu5 are decreased. The lower
levels of 5-CH3-H4PteGlu5 lessen the inhibition of GNMT, and
the excess AdoMet is converted to sarcosine and AdoHcy. On
the other hand, when methionine is low, AdoMet will be low,
and inhibition of 5,10-methylene-THF reductase is relieved,
permitting more de novo synthesis of methyl groups by forma-
tion of 5-CH3-H4PteGlu5. The latter compound then inhibits
GNMT, conserving AdoMet for physiologically important
methylation reactions.
Early support for the above scheme was provided by meas-

urements of sarcosine excretion in humans deficient in sarco-
sine dehydrogenase activity, who therefore excreted themajor-
ity of the sarcosine they formed rather than catabolizing it, as do
normal subjects, to glycine and methylene-THF. On normal
diets, these subjects excreted relatively little sarcosine, but
when their dietary methyl group intakes exceeded the amounts
required for necessary transmethylation reactions, the excess
methyl groups appeared in the urine as sarcosine (31). Further
support was provided by studies of rats fed a methyl group-
deficient diet (choline omitted and methionine replaced by
equimolar homocysteine) (32). The amount of GNMT protein
measured immunologically did not change, but the specific
activity of GNMT decreased, indicating inhibition of activity.
This was presumably due to decreased dietary methionine
having lowered AdoMet levels, thus removing the inhibition
of 5,10-methylene-THF reductase and producing elevated
amounts of 5-CH3-H4PteGlu5 and greater inhibition ofGNMT.
Additional experiments showed that folate deficiency results in
elevated GNMT activity (33). Again, the amount of enzyme
protein did not change. The level of 5-CH3-H4PteGlu5 was
greatly reduced, and inhibition of GNMT was lessened. Thus,
when more AdoMet is formed than is needed for the usual
methylation reactions, it is catabolized by methylating glycine,
forming sarcosine, which is catabolized in turn to recover the
input glycine and the one-carbon moiety as methylene-THF.

Human GNMT Deficiency

Recently, definitive proof of the proposed model has been
provided by studies of genetically determined GNMT defi-
ciency in human children (34–36). The first two are Italian
siblings who, on normal diets, have very high levels of plasma
methionine and AdoMet with normal AdoHcy and total hom-
ocysteine and without elevation of sarcosine. Both have mod-
erate liver disease (elevated plasma liver transaminases and
slightly elevated alkaline phosphatase and triglycerides) and
hepatomegaly. DNA sequencing showed that both siblings are
compound heterozygotes for a GNMT mutation leading to
replacement of Leu49 by proline and a second one producing
H176N. A third case is a Greek child who has similar metabolic
abnormalities. He has elevated liver transaminases but no hep-
atomegaly and is homozygous for anN140S substitution. Assay

of the mutant GNMTs expressed in E. coli showed that each
inactivates GNMT (37).

GNMT Knock-out Mice

AGNMTknock-outmousewas developed by Luka et al. (38)
using gene targeting. TransgenicGnmt�/� mice are fertile and
able to reproduce. Their appearances and growth rates for 3–6
months are similar to those of wild-type mice. GNMT activity
assay andWestern blotting showed that the transgenic animals
possess neither GNMT activity nor protein. The changes in the
levels of key metabolites in liver were similar to those in the
plasma of human patients: methionine increased from 100
nmol/g of liver in wild-type mice to �700 nmol/g in Gnmt�/�

animals, and AdoMet increased from 37 nmol/g to �1334
nmol/g. In addition, AdoHcy slightly decreased from 12–15 to
3–5 nmol/g of liver. Thus, the concentration of AdoMet
increased �36-fold, and the AdoMet/AdoHcy ratio increased
�100-fold, suggesting significant increases in a variety of cellu-
lar methylation reactions.
The livers at 3 and 8 months of age show evidence of fatty

accumulation and fibrosis that worsen progressively. At 8
months,Gnmt�/� mice have fibrosis and inflammation, and all
develop HCC (39). HCC development in Gnmt�/� mice, as in
humans, coincides with activation of the Ras and JAK/STAT
(signal transducer and activator of transcription) signaling
pathways. In Gnmt�/� mice, this is caused by inactivation of
inhibitors of these pathways, RASSF1 and SOCS2, via hyperm-
ethylation of their promoters. In addition, histone methylation
in Gnmt�/� mice is altered.

That the Gnmt�/� mice develop fatty livers is somewhat
unexpected. Fatty liver in rodents has been ascribed to low lev-
els of “lipotropes” (methionine, choline, folate, and vitamin
B12), so-called because inadequate amounts in the diet lead to
fatty liver. These metabolites are involved not only in the direct
maintenance of methionine and choline but also in the regen-
eration of methionine (from homocysteine) (Fig. 2,Methionine
Cycle) and choline through AdoMet-dependent methylation of
phosphatidylethanolamine to form PC. The fatty livers of ani-
mals on such lipotrope-deficient diets have been thought to
result from either an inability to transport triglycerides from
the liver to extrahepatic tissues via very low density lipoprotein
and/or a defect in the synthesis of phospholipids (40). Because a
large portion of the synthesis of PC in liver is dependent upon
AdoMet, it is puzzling that Gnmt�/� mice develop fatty livers
when they have increased AdoMet.
A second GNMT knock-out mouse model has been devel-

oped by Liu et al. (41) using a similar approach to that devel-
oped by Luka et al. (38). Changes in metabolite concentrations
were similar, but there were differences with regard to fat dep-
osition and HCC. Initially, the Taiwan group found no HCC,
and fatty liver did not develop in their Gnmt�/� mice. Instead,
abnormal glycogen storage was found in livers at 9 months of
age. Subsequently,HCCdid occur but at significantly older ages
(17 months) (42). These phenotypic differences between the
two GNMT knock-out mouse models are presently unex-
plained. Nevertheless, theGnmt�/� models provide strong evi-
dence that the role of GNMT is to regulate the level of AdoMet
in tissues. In liver, where GNMT is most abundant, AdoMet
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levels are very high, and profound abnormalities are seen. Tis-
sues other than liver that have high levels of GNMT (exocrine
pancreas, prostate, and kidney) have not developed abnormal-
ities or malignancies at times up to 8 months of age.

Concluding Remarks

The studies described in this minireview show that the main
biological role of GNMT in mammals is to regulate the level of
AdoMeto. This role is now well documented by studies of
humans with GNMT deficiency and mouse models with
GNMT knocked out. Because AdoMet is needed for many bio-
logical processes, the regulation of GNMT activity appears to
be critical for homeostasis. This is done by folate inhibition of
the enzyme activity or by regulation of gene expression. Inhibi-
tion of GNMT by folate is relatively well studied, but detailed
structural studies involving natural polyglutamated folates
have not yet been performed. Although GNMT is phosphoryl-
ated to a limited extent, it is not knownwhether such phospho-
rylation plays a significant role. Another question raised by the
GNMT knock-out mouse is the fatty liver that develops in the
presence of an abundance of AdoMet. This may require a re-
evaluation of current theories for the development of fatty liver.
Important next efforts would be to clarify the mechanism of
GNMT gene regulation to more fully understand its role in
biological methylation, epigenetics, and cancer.
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Analysis of genome and expressed sequence tag data bases at
the turn of the millennium unveiled a new protease family
named the type II transmembrane serine proteases (TTSPs) in a
Journal of Biological Chemistry minireview (Hooper, J. D.,
Clements, J. A., Quigley, J. P., and Antalis, T. M. (2001) J. Biol.
Chem. 276, 857–860). Since then, the number of known TTSPs
hasmore than doubled, andmore importantly, our understand-
ing of the physiological functions of individual TTSPs and their
contribution to human disease has greatly increased. Progress
has also been made in identifying molecular substrates and
endogenous inhibitors. This minireview summarizes the cur-
rent knowledge of the rapidly advancing TTSP field.

Type II Transmembrane Serine Protease Family

The defining features of TTSPs2 are an N-terminal transmem-
brane domain, a C-terminal extracellular serine protease domain
of the chymotrypsin (S1) fold that contains the catalytic histidine,
aspartic acid, and serine residues, and a “stem region” that may
contain an assortment of 1–11 protein domains of six different
types (Fig. 1) (1, 2). The humanTTSP family has 17members (Fig.
1). SupplementalTable S1 shows the standardnameof eachTTSP
as listed in the Mammalian Degradome Database (3), alternative
names, the name and ID of the gene encoding eachTTSP, and the
chromosomal location of human and mouse TTSP orthologs.
TTSPs belong to one of four subfamilies (Fig. 1 and supplemental
Table S1) (2). The HAT/DESC (human airway trypsin-like prote-
ase/differentially expressed in squamous cell carcinoma) subfam-
ily comprises HAT, DESC1, TMPRSS11A, HAT-like 2, HAT-like
3,HAT-like 4, andHAT-like 5. The stem region of allHAT/DESC

proteases is composed of a single SEA (sea urchin sperm protein/
enteropeptidase/agrin) domain. The hepsin/TMPRSS (trans-
membrane protease/serine) subfamily has seven members, com-
prising hepsin, TMPRSS2, TMPRSS3, TMPRSS4, TMPRSS5/
spinesin, MSPL (mosaic serine protease large-form), and
enteropeptidase. All have a groupA scavenger receptor domain in
their stem region, preceded by a single LDLA (low-density
lipoprotein receptor class A) domain in TMPRSS2, TMPRSS3,
TMPRSS4, andMSPLorby an array of SEA, LDLA,CUB (Cls/Clr,
urchin embryonic growth factor, bonemorphogenetic protein-1),
and MAM (meprin/A5 antigen/receptor protein phosphatase
mu) domains in enteropeptidase. The matriptase subfamily has
four members: matriptase, matriptase-2, matriptase-3, and the
unique polyserase-1. The matriptases have a SEA domain, two
CUB domains, and three (matriptase-2 and matriptase-3) to four
(matriptase) LDLA domains in their stem region. The polyserase
stem region consists of an LDLA domain and two active and one
catalytically inactive serine protease domains. Corin displays a
complex stem region composed of two frizzled domains, eight
LDLA domains, and one group A scavenger receptor domain.
TTSP genes are found in all vertebrates (4), and the TTSP family
may have originated from two ancestral genes: one giving rise to
theHAT/DESC,hepsin/TMPRSS, andmatriptase subfamilies and
one to the corin subfamily (2). Possibly reflecting this, arthropod
genomes encode only two TTSPs: stubble-stubbloid and corin.
The former is most closely related to HAT/DESC, hepsin/
TMPRSS, and matriptase proteases, and the latter is most closely
related to corin (4).Mice and rats have twoHAT/DESC subfamily
members (Desc4 andTmprss11c, encodingHAT-like 2 andHAT-
like 3) that are not found in humans and chimpanzees. This diver-
gence is caused by gene loss in primates, as orthologs ofDesc4 and
Tmprss11c exist as pseudogenes in the human and chimpanzee
genomes (3). Detailed information on the cellular location of
hepsin, TMPRSS2, spinesin, enteropeptidase, matriptase,
matriptase-2, and corin is available. The relative mRNA abun-
dance in tissues is known for TMPRSS3, TMPRSS4, MSPL,
matriptase-3, and polyserase, whereas the sites of expression of
TMPRSS11A, HAT-like 3, HAT-like 4, and HAT-like 5 are
unknown (supplemental Table S2).Mutations in five TTSP genes
arenowestablishedas theunderlying causeof autosomal recessive
genetic disorders in humans, and chromosomal rearrangements
and altered expression of TTSP genes appear to critically contrib-
ute to human carcinogenesis (supplemental Table S3).

Biochemical Properties of TTSPs

TTSPs are synthesized as inactive single chain proenzymes
(zymogens), which require activation by cleavage following a basic
amino acid residue (Arg or Lys) in a conserved activation motif
preceding the catalytic domain. They remain membrane-associ-
ated after activation because of a disulfide bond that links the
prodomain and catalytic domain (1). Anunusual feature of several
TTSPs, including matriptase (5), matriptase-2 (6), hepsin (7),
TMPRSS2 (8), TMPRSS3 (9), TMPRSS4 (10), and TMPRSS11C
(11), is that they undergo autocatalytic activation in vitro. This
suggests that many of the TTSPs could function as initiators of
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proteolytic cascades. The mechanism of autoactivation is not
known but likely involves oligomerization. Matriptase and
enteropeptidase also undergo proteolytic cleavagewithin the SEA
domain, believed to occur by spontaneous conformation-driven
hydrolysis of a specific peptide bond, suggesting that this process-
ing may occur for all of the SEA domain-containing TTSPs (4).
Thecytoplasmic tail domainmaycontribute to the targetingof the
TTSPs to plasma membrane microdomains, and some tails con-
tain consensus phosphorylation sites. The extracellular domains
ofTTSPs are critical for cellular localization, activation, inhibition,
and/or substrate specificity (4). For example, the ability of corin to
activate pro-ANP is dependent on frizzled domain 1 and LDLA
domain repeats 1–4 (12). Ectodomain shedding is frequent, pro-
viding a mechanism by which TTSPs could be active in the peri-
cellular space (4). TTSPs are regulated by endogenous protease
inhibitors, specifically Kunitz domain-containing inhibitors and
serpins. The transmembrane Kunitz-type inhibitor HAI-1 is
implicated in the inhibition of matriptase (13), hepsin (14), and
prostasin (15). The related HAI-2 also displays potent inhibitory
activity towardhepsin andmatriptase (14, 16).Matriptase is found
in humanmilk in complexwith the secreted serpins antithrombin
III, �1-antitrypsin, and �2-antiplasmin (17). Inhibitory complexes
canbe formed in vitroof the serpins PAI-1 andproteinC inhibitor
withmouseDESC1 (18); PAI-1, proteinC inhibitor,�1-proteinase
inhibitor, �2-antiplasmin, and antithrombin III withmatriptase-3
(19); and PAI-1 and �2-antiplasmin with serase-1B (20).

Physiology and Pathobiology of TTSPs

Enteropeptidase inDigestion—The role of enteropeptidase in
digestion was first recognized by Ivan Pavlov in canine models
in the early 1900s and subsequently studied by Moses Kunitz
with purified proteins in the 1930s (21). Enteropeptidase is
expressed on the brush-border membrane of the duodenum,
where it converts pancreatic trypsinogen to trypsin. This func-
tion is essential for initiating proteolytic reactions of digestive
enzymes in the small intestine. Patients with congenital
enteropeptidase deficiency, which is caused bymutations in the
PRSS7 gene encoding enteropeptidase (21), are unable to digest
food efficiently and suffer frommalnutrition and growth delay.
Corin in Cardiac Function and Blood Pressure Regulation—

Corin is expressed primarily in cardiomyocytes. Corin converts
pro-ANP to active ANP, a cardiac hormone that regulates blood
pressure and cardiac function by promoting natriuresis, dieresis,
and vasodilation (22). Inmice, lack of corin prevents conversionof
pro-ANP toANP (23). Corin null mice develop hypertension that
is exacerbated by a high-salt diet and exhibit cardiac hypertrophy.
Single nucleotide polymorphisms in the corin gene are found in
African Americans with a history of high blood pressure and car-
diachypertrophy (24, 25).These singlenucleotidepolymorphisms
alter amino acids in corin frizzled domain 2 and impair its zymo-
gen activation and pro-ANP processing activity (26), suggesting
that genetic defects in corin contribute to hypertensive disease in

humans. Corin is also expressed in other tissues (supplemental
Table S2) and has a role in pigmentation of mouse fur (27).
TTSPs in Hearing—Several TTSPs play a role in normal hear-

ing (supplemental Table S3). TheTMPRSS3 gene was first identi-
fied in a locusonchromosome21 thatwas associatedwith familiar
congenital deafness. An array of mutations in the TMPRSS3 gene
have been found in patients with nonsyndromic recessive hearing
loss (28). Mutations in the TMPRSS5 genemay also contribute to
hearing loss (29). Both TMPRSS3 and TMPRSS5 are expressed in
inner ear tissues. Many naturally occurring mutations prevent
zymogen activation of these enzymes. Recently, hepsin was also
found to be important for normal hearing (30). Hepsin null mice
have abnormal cochlear structures and reduced myelin protein
expression in the auditory nerve. Hepsin null mice also have low
levels of thyroxine. As thyroid hormone is required for the devel-
opment of the inner ear, this suggests that the impaired hearing
may be secondary to a defect in thyroid hormonemetabolism.
Matriptase-2 in Iron Metabolism—Matriptase-2 plays an

important role in iron homeostasis. In chemically induced or gene
knock-out mouse models, disruption of the Tmprss6 gene caused
severe iron deficiency anemia (31, 32). Similarly, mutations in the
TMPRSS6 gene have been identified in patients with microcytic
anemia who respond poorly to iron therapy (33). Matriptase-2 is
expressed primarily in the liver, where it appears to suppress hep-
cidin expression. Hepcidin binds and internalizes the iron export
protein, ferroportin, on the surface of enterocytes and macro-
phages, thereby reducing iron supply. Recently, matriptase-2 was
shown to degrade hemojuvelin, a membrane-anchored protein
that acts as a cofactor for bone morphogenetic protein-mediated
activation of hepcidin gene expression (34). Matriptase-2 defi-
ciency leads to high levels of hemojuvelin and hence increased
hepcidinexpression,which in turn suppresses ironabsorptionand
causes iron deficiency anemia.
TTSPs in Epithelial Homeostasis—HAT, HAT-like 2,

TMPRSS2, and matriptase are widely expressed in epithelial tis-
sues (supplemental Table S2). Other TTSPs may have a similar
expressionpattern, as judgedbymRNAabundance in tissues (sup-
plemental Table S2). HAT is expressed in airway epithelium,
suprabasal layers of the epidermis, andmultiple otherorgans (sup-
plementalTableS2).HAT isproposed toexecute adiverse arrayof
functions, including fibrinogenolysis, PAR-2 activation, amphi-
regulin expression, and urokinase plasminogen activator receptor
cleavage (4, 35). However, these candidate proteolytic targets of
HAT and the roles of HAT in epithelial physiology and pathology
were designated only from the study of in vitro cleavage reactions
and cell-based assays. HAT-like 2, encoded by the Desc4 gene, is
found in epithelial cells of the circumvallate papillae of adult rats,
embryonic salivary gland ducts, nasal epithelial cells, and tear
glandducts, and themRNAhasbeendetected ina largenumberof
other tissues but has not been localized to specific cell types (sup-
plemental Table S2). Desc4 is a pseudogene in both humans and

FIGURE 1. The TTSP family is composed of four subfamilies: HAT/DESC, hepsin/TMPRSS, matriptase, and corin. The structure of each TTSP is shown schemati-
cally. TTSPs consist of an N-terminal signal anchor domain (S.A.) and a C-terminal trypsin-like serine protease domain (Serine) that flank a stem region composed
of 1–11 protein domains of six different types (see box at bottom). The location of each domain (amino acid numbering) is indicated above the domain (4).
HAT-like 2 and HAT-like 3 are found in rodents but not in primates. Polyserase has three C-terminal serine protease domains, of which the third is catalytically
inactive. Scavenger indicates the group A scavenger receptor domain.
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chimpanzees (3), indicating that the functions of HAT-like 2 are
rodent-specific or are redundant with other proteases in higher
mammalian species. TMPRSS2was first found in basal cells of the
prostate epithelium (36) and later in the epithelial component of a
number of other tissues, including kidney tubules, upper airway
epithelium and alveoli, colonic epithelium, bile duct, and ovaries.
TMPRSS2 transcripts have also been detected in many other tis-
sueswithoutcellular localization (supplementalTableS2).Expres-
sionof theTMPRSS2 gene in the prostate is androgen- and andro-
gen receptor-dependent (8, 36). The physiological function of
TMPRSS2 isunclear, asTmprss2nullmicedidnotpresentwith an
obvious phenotype, and no compensatory up-regulation of other
TTSPswith overlapping patterns of expressionwas apparent (37).
TMPRSS2 has been proposed to regulate epithelial sodium cur-
rents in the lung through proteolytic cleavage of the epithelial
sodium channel (38) and inflammatory responses in the prostate
via the proteolytic activation of PAR-2 (39). Matriptase is widely,
although not uniformly, expressed in epithelial tissues. Human
monocytes,B-cells, andmast cells also expressmatriptase (supple-
mental Table S2). The recent identification of individuals with
homozygosity for null and hypomorphic mutations in the ST14
gene (encoding matriptase) and the study of St14 null and hypo-
morphic mice revealed a critical role for matriptase in terminal
epidermal differentiation, epidermal barrier formation, and hair
follicle development (supplemental Table S2). Matriptase-defi-
cient individuals and mice display ichthyosis (dry, thickened, and
scaly skin) and hypotrichosis (sparse and abnormal hair) (40–43).
Corneal opacity, photophobia, and abnormal primary and decid-
uous teeth are other manifestations of matriptase deficiency.
Matriptase may be part of an epidermal proteolytic cascade that
involves the glycosylphosphatidylinositol-anchored serine prote-
ase prostasin as based on the identical phenotype of mice with
epidermal ablationof either theSt14orPrss8gene (encodingpros-
tasin), the efficient activation of pro-prostasin by matriptase in
vitro, and the greatly reduced levels of active prostasin in the epi-
dermis of matriptase-deficient mice and humans (40, 44).
TTSPs and Epithelial Carcinogenesis—Hepsin, TMPRSS2,

and matriptase have attracted considerable attention in the
context of epithelial carcinogenesis. General interest in hepsin
in cancer was kindled when analysis of high-density cDNA and
tissue microarrays revealed that the HPN gene (encoding hep-
sin) was among the most consistently and quantitatively over-
expressed genes in human prostate cancer and was the most
reliable single discriminator of prostatic intraepithelial neopla-
sia from benign prostate hyperplasia (45, 46). The association
between hepsin and prostate cancer progression was further
strengthened when overexpression of Hpn in prostate epithe-
lium was shown to induce metastasis in a non-metastatic
murine model of prostate carcinoma (47). More recently,
expression of hepsin, but not a catalytically inactive version of
hepsin, was reported to promote the progression of two ovarian
carcinoma cell lines after engraftment in mice (48). Overex-
pression of hepsin in basal prostate epithelial cells of mice leads
to the disorganization of the basement membrane (47). Sub-
strates linked to carcinogenesis that can be cleaved by hepsin ex
vivo are coagulation factor VII, pro-hepatocyte growth factor,
laminin 332, and pro-urokinase plasminogen activator (46, 49).

A breakthrough in the understanding of the molecular patho-
genesis of prostate cancerwasmadewith the discovery of somatic
fusions of the TMPRSS2 gene tomembers of the ETS gene family
of transcription factors in the majority of prostate cancers (50).
Four different ETS fusion partners have been identified, ERG,
ETV1,ETV4, andETV5, ofwhich theTMPRSS2-ERG fusion is the
most common.A complex array of chromosomal rearrangements
causes the fusion of TMPRSS2 to ERG and ETV genes, leading to
the generation of a wide variety of C-terminally truncated
TMPRSS2 proteins fused to N-terminally truncated ERG/ETV
proteins or to the expression ofN-terminally truncated ERG/ETV
proteins. In all cases, these gene fusions result in androgen-regu-
lated andoverall increased expressionof this family of cell growth-
regulating proto-oncogenes (supplemental Table S3). TMPRSS2
rearrangements have been detected in high-grade prostatic intra-
epithelial neoplasia, indicating that they are early events in pros-
tate carcinogenesis (51). Additionally, the presence of TMPRSS2-
ERG fusion transcripts is associated with a high rate of prostate
cancer recurrence, distant metastasis, and death after prostatec-
tomy (52–54).
Elevated matriptase, high matriptase/HAI-1 ratio, or increased

activation ofmatriptase is associatedwith poor prognosis inmany
human carcinomas (55). This is noteworthy becausematriptase in
many epithelia is found exclusively in terminally differentiated
cells but not in cells of the basal compartment from which carci-
nomasoriginate. Indeed,matriptasebecomesexpresseddenovo in
the epidermal basal compartment during pre-malignant progres-
sion (55). Low-level forced expression of the protease in basal ke-
ratinocytes of mice suffices to induce squamous cell carcinoma
anddramatically potentiates ras-mediated squamous cell carcino-
genesis (56). Tumor grafting experiments suggest that matriptase
may also promote late stages of tumordissemination (57, 58). Pro-
hepatocyte growth factor, pro-urokinase plasminogen activator,
and PAR-2 represent possible downstream targets for matriptase
in carcinogenesis (5, 59–61).

Perspectives

The TTSP family is the most recently identified protease
family, andmuch is still to be learned. However, some tentative
generalizations can be made at this time: TTSPs have diverse
roles in vertebrate physiology, and their structural likeness does
not reflect a common biochemical function. TTSPs mostly
serve to maintain basic homeostasis rather than re-establish
homeostasis after external challenges, such as tissue injury and
infection. In this respect, TTSPs may differ from other more
extensively studied families of pericellular proteases. Finally,
TTSPs appear to be frequently involved in either hormone or
growth factor activation or in the initiation of proteolytic cas-
cades. The next decade is likely to bring a wealth of additional
information about this fascinating protease family.

Acknowledgments—We thank our many colleagues in the TTSP field
for helpful suggestions while preparing this minireview.
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Trillions of microbes inhabit the distal gut of adult humans.
They have evolved to compete efficiently for nutrients, includ-
ing a wide array of chemically diverse, complex glycans present
in our diets, secreted by our intestinalmucosa, and displayed on
the surfaces of other gut microbes. Here, we review how mem-
bers of the Bacteroidetes, one of two dominant gut-associated
bacterial phyla, process complex glycans using a series of simi-
larly patterned, cell envelope-associated multiprotein systems.
These systems provide insights into how gut, as well as terres-
trial and aquatic, Bacteroidetes survive in highly competitive
ecosystems.

Our distal gut is home to one of the most densely populated
microbial ecosystems on Earth. Dominated by members of the
domain Bacteria, the gut microbiota harbors a collection of
beneficial symbionts (mutualists) that perform myriad func-
tions, including the provision of metabolic attributes not
encoded in the human genome.One such attribute is the ability
to ferment otherwise indigestible complex glycans to products
such as short-chain fatty acids that we can absorb (1). This
microbial process can provide up to 10% of daily caloric intake
depending upon the diet (2).
Viewed at the broadest taxonomic level, the distal gutmicro-

biota of humans and other mammals is typically dominated by
two of the �100 known bacterial phyla (divisions): Bacte-
roidetes and Firmicutes (3). During the past 2 years, several
HMPs2 have been initiated throughout the world to better
understand the assembly and composition of the microbiota in
both healthy humans and those suffering from various patho-
physiologic states such as obesity and inflammatory bowel
diseases (4). TheseHMPs seek to determine the organismal diver-
sity and gene content of the gut microbiota using culture-
independent (metagenomic) approaches in conjunction with

sequencing of several hundred cultured representatives of gut
and non-gut communities. A central challenge to the sequenc-
ing efforts of HMPs is to go beyond descriptions of “who is
there” or “what genes are present” in a community by continu-
ing to probe the mechanisms by which microbes gain access to
their habitats, operate as a community, and shape the biological
properties of their hosts. In the distal gut, one important area is
deciphering how community members have evolved to feed off
the complex glycans that constantly inundate their habitat.
Individual representatives of several bacterial phyla, includ-

ing the Bacteroidetes and Firmicutes, are capable of metaboliz-
ing a variety of complex carbohydrates (5). Early phenotypic
surveys revealed that the Gram-negative Bacteroidetes typi-
cally harbor very broad saccharolytic potential, with some spe-
cies able to target dozens of different complex glycans (6).
Members of the genusBacteroides are prominently represented
in the intestine: some are notably aerotolerant and therefore
readily cultured outside of their native habitat. Combined with
the development of tools for their genetic manipulation (7),
they have become favored models for characterizing mecha-
nisms of glycan metabolism by gut bacteria.
A number of different plant-associated glycans are common

components of our diets. These include plant cell storage gly-
cans, such as starches and fructans, and plant cell wall glycans.
Among cell wall glycans, cellulose is the most abundant, fol-
lowed by two heterogeneous classes of polysaccharides: hemi-
celluloses and pectins. Hemicelluloses include xylan, galacto-
glucomannans, and xyloglucan (8). Pectin is composed of
homogalacturonan and/or rhamnogalacturonan I backbones
that can be decorated with additional side chains such as rham-
nogalacturonan II, �-1,4- and �-1,3-galactans (each of which
may contain �-arabinose branches), and �-arabinan (9). These
dietary plant glycans, many of which cannot be digested in the
proximal gut by the host, combine with mucin O-glycans,
N-glycans, and glycosaminoglycans produced by the intestinal
mucosa and the diverse repertoire of polysaccharide capsules
and cell walls present on other gutmicrobes to form a biochem-
ically rich nutrient foundation that sustains members of the
distal gut microbiota.
Seminal work by members of the laboratory of Abigail Saly-

ers provided a template for understanding howBacteroides the-
taiotaomicron, a prominent human gut Bacteroidete, is able to
catabolize dietary glycans. Through their studies of starch deg-
radation, they discovered a cell envelope-associated multipro-
tein system, which they named Sus (starch utilization system),
that enables the bacterium to bind and degrade this carbohy-
drate. Subsequent microbial genome sequencing projects
revealed that derivatives of this prototypic system (“Sus-like
systems”) are highly represented in the genome of B. thetaio-
taomicron and many other saccharolytic Bacteroidetes. A key
feature of these Sus-like systems is the coordinated action of
several gene products involved in substrate binding and degra-
dation. Like other multicomponent strategies for glycan degra-
dation (e.g. cellulosomes), thismodel highlights the fact that the
concerted activities of multiple gene products can be more
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sophisticated and elaborate than their individual and isolated
functions. Below, we review the current model of how the
B. thetaiotaomicron Sus mediates starch utilization and then
consider the breadth of different glycan substrates targeted by
themany other Sus-like systems present in B. thetaiotaomicron
and other related species from diverse habitats.

Prototypic Starch Utilization System (Sus)

Cellular Location of Sus Components—The sus locus consists
of eight adjacent genes, susRABCDEFG, that encode proteins
composing the cell envelope-associated apparatus illustrated in
Fig. 1. SusCDEFG localize to the outer membrane (10). SusC is

a member of the TonB-dependent receptor family, a group of
outermembrane-spanning�-barrel proteins that transport sol-
utes and macromolecules via energy derived from the proton-
motive force and the TonB-ExbBD complex (11, 12). SusDEFG
are predicted lipoproteins that contain a bacterial signal pepti-
dase II recognition motif. Following cleavage of their signal
peptides, anN-acyl-S-diacylglyceryl moiety is covalently linked
to their N-terminal cysteines (13). Immunohistochemical stud-
ies of intact and disruptedB. thetaiotaomicron cells suggest that
all four Sus lipoproteins are exposed to the external environ-
ment, consistent with the notion that they are trafficked to and
remain at the outer leaflet of the plasma membrane (10). The

FIGURE 1. Functional model of glycan processing based on the eight-gene B. thetaiotaomicron starch utilization system (Sus). Individual starch proc-
essing steps are illustrated and numbered sequentially. Step 1, glycans transit through the surface capsular polysaccharide layer. The upper left inset shows a
quick-freeze, deep-etch scanning electron micrograph of the capsule, highlighting its remarkably reticulated features (photograph courtesy of Robyn Roth and
John Heuser). Step 2, glycans are bound by outer membrane-associated components such as SusD, which makes direct contacts with starch based on the
three-dimensional structure of its helices. The upper right inset shows SusD binding to �-cyclodextrin (Protein Data Bank code 3CK8), a cyclic oligosaccharide
that mimics the three-dimensional structure of starch. The arc of aromatic residues binding �-cyclodextrin is highlighted in yellow sticks, with the close-up view
on the right displaying dashed lines for important hydrogen-bonding interactions. A single Ca2� ion bound by SusD is shown as an orange sphere. Step 3,
surface-bound glycans are degraded by outer membrane-associated glycoside hydrolases like SusG, generating smaller oligosaccharides that are transported
across the outer membrane by SusC-like proteins. Step 4, oligosaccharides are degraded into their component mono- or disaccharides by periplasmic glycan-
degrading enzymes such as SusA and SusB. Steps 5 and 6, liberated saccharides serve as signals for transcriptional regulators that activate PUL gene expression.
Step 7, depolymerized sugars are imported across the cytoplasmic membrane.
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three remaining Sus products (SusRAB) contain signal pepti-
dase I recognition motifs. SusA and SusB remain in the
periplasm (10), whereas SusR contains a single internal trans-
membrane region that allows it to span the cytoplasmic mem-
brane and extend domains into both the periplasm and cyto-
plasm (see below).
Starch Catabolism by Sus—Initial genetic experiments sug-

gested that Sus function was required only for catabolism of
starch-derived glycans containing four or more glucose units
and was dispensable during growth on glucose, maltose, and
maltotriose (14). A requisite step in starch utilization is binding
of the glycan to the cell surface (15). Before this can occur,
extracellular starch must transit a polysaccharide capsule that
may be several hundred nanometers thick (Fig. 1, upper left
inset). Intriguingly,B. thetaiotaomicron coordinates expression
of some of its eight capsular polysaccharide synthesis loci via
transcriptional regulators that alsomediate expression of a sub-
set of its Sus-like systems (16). Thus, B. thetaiotaomicron may
alter the chemical composition of its surface capsule to facili-
tate utilization of extracellular glycans.
Starch binding at the cell surface is accomplished through

the concerted efforts of SusCDEF (10, 17). Recent biochemical
and structural characterizations of SusD revealed that each
SusD monomer has a single oligosaccharide-binding pocket
that interacts with up to three individual glucose units in the
target glycan (18). This pocket is composed of an arc of aro-
matic residues that conforms to the characteristic helical shape
of amylose (Fig. 1, upper right inset) (19). Purified SusD binds to
linear malto-oligosaccharides with relatively low affinity com-
pared with cyclic oligosaccharides of the same length. For
example, binding of linear maltoheptaose is almost 10-fold
weaker than that of the cyclized form (18). In addition, the
nature of the contacts between protein and ligand suggests that
starch binding to SusD is driven by recognition of the backbone
of the starch helices rather than by the stereochemistry of the
individual glucose units. Thus, at least part of the substrate
recognition mechanism of the Sus system depends on identify-
ing the three-dimensional structure of the target substrate. This
feature has also been observed for other carbohydrate-binding
proteins that are not homologous to SusD, such as the carbo-
hydrate-binding modules of numerous plant glycan-degrading
glycoside hydrolases (19).
Genetic experiments revealed that SusD is required not only

for utilization of larger starch-derived molecules with more
than six glucose units but also for optimal growth on maltote-
traose and maltopentaose, for which SusD has little to no
detectable affinity (18). This suggests that SusDplays additional
roles beyond polysaccharide binding, such as channeling
malto-oligosaccharides to other Sus proteins or maintaining
the structural integrity of a Sus protein complex.
Previous work in the Salyers laboratory indicated that both

SusC and SusD are required for starch binding to the cell sur-
face and interact with each other. Studies of isogenic mutants
indicated that SusC and SusD alone contribute �60% of the
starch binding affinity observed in wild-type B. thetaiotaomi-
cron. Inclusion of SusE with SusC and SusD increases affinity
for starch to �80% of the wild type. SusF contributes the
remaining �20% (10). Recent experiments with purified SusE

and SusF, which share �38% amino acid homology at their C
termini, demonstrated that each interacts directly with starch
and its oligosaccharides and that their affinity for starch-de-
rived oligosaccharides is greater than that of SusD.3 Interest-
ingly, experiments in which B. thetaiotaomicron was grown in
vitro on highly purified and soluble forms of starch indicated
that SusE and SusF are not essential for growth (20). These
higher affinity starch-binding proteins may function to facili-
tate access to the more insoluble, granular forms of starch that
reach the distal gut. Alternatively, they may sequester malto-
oligosaccharides at the cell surface, rendering them less acces-
sible to competing microbes.
Surface-bound starch is hydrolyzed through the action of an

outer membrane �-amylase, SusG. Expression of SusG alone
does not support growth on starch but is essential for starch
utilization (17). Because all Sus functions are dispensable on
substrates shorter than maltotetraose, it is likely that SusG, an
endo-acting enzyme, generates internal cuts in a bound starch
molecule, releasing oligosaccharides larger than maltotriose,
which are then transported by SusC into the periplasmic com-
partment (Fig. 1).
In the periplasm, sequestered oligosaccharides are degraded

into their component sugars prior to final transport to the
cytosol. This is accomplished via two additional glycoside
hydrolases, SusA and SusB, which possess neopullulanase and
�-glucosidase activities, respectively (21, 22). Genetic disrup-
tion of either susA or susB alone does not eliminate growth on
starch (21), suggesting that either enzyme is sufficient to depo-
lymerize oligosaccharides, although it is possible that this func-
tion may be facilitated by other non-sus-associated enzymes
(21). The atomic structure and enzymatic activity of SusB have
been recently characterized (22). This enzyme prefers shorter
substrates such as maltotriose, giving rise to the notion that
SusA targets the larger oligosaccharides imported through
SusC and that SusB works downstream from SusA (Fig. 1).
Interestingly, SusB hydrolyzes substrates with different glu-
cosidic linkages (�1,2, �1,3, �1,4, and �1,6). This “promiscuity”
may increase the substrate spectrum for the Sus system, ena-
bling use of substrates such as highly �1,6-branched pullulan.

Transcriptional activation of seven sus genes (susABCDEFG)
is accomplished via a sensor/regulator, SusR, in the presence of
starch. The N terminus of SusR is presumed to extend into the
periplasmic space, whereas its C terminus, containing a pre-
dicted helix-turn-helix DNA-bindingmotif (23), remains in the
cytoplasm (Fig. 1). The smallest fragment of starch that induces
sus expression is the disaccharidemaltose (23). Some portion of
SusR must receive this signal, either directly or indirectly: this
recognition is most likely mediated by its periplasmic domain.
Maltose sensing would therefore occur prior to complete
hydrolysis of malto-oligosaccharides to glucose and may pro-
vide additional sensory information to B. thetaiotaomicron,
namely monosaccharide content and linkage. Such a strategy
could help economize the cell’s resources by allowing a more
specific enzymatic response toward the sensed substrate.

3 N. M. Koropatkin and T. J. Smith, unpublished data.
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Expansion of Sus-like Systems in Gut and Environmental
Bacteroidetes

Sus-like PULs in B. thetaiotaomicron—The B. thetaiotaomi-
cron genome contains 261 glycoside hydrolases and polysac-
charide lyases currently annotated in the Carbohydrate-Active
Enzymes (CAZy) Database (24). Remarkably, this organism’s
genome also contains 208 homologs of susC and susD, suggest-
ing that the molecular strategy for starch utilization has been
expanded to target other nutrients (25). There are 101 individ-
ual pairs of “susC-like” and “susD-like” genes, with the former
always positioned immediately upstream of the latter (supple-
mental Fig. S1A). These susC/susD-like pairs are frequently
components of larger gene clusters known as PULs that contain
functions reminiscent of those in the prototypic sus, including
glycan-degrading enzymes and regulators (26–28). Individual
genes within sus-like PULs commonly share little or no homol-
ogy with the prototypic sus locus beyond that of susC and susD.
B. thetaiotaomicron contains 88 of these PULs, encompassing
866 genes and composing 18% of its genome (28). Although the
minimum feature used to define each Sus-like PUL is a single
pair of susC/susD homologs, 61% of these gene clusters in B.
thetaiotaomicron resemble the prototypic sus locus in that they
encode both glycan-degrading enzymes and a regulator.
Most sus-like PULs in B. thetaiotaomicron do not have reg-

ulators related to SusR but instead possess either hybrid two-
component system phosphorelays or ECF-� factor/anti-� fac-
tor pairs. Like SusR, these regulators activate PUL transcription
in response to glycans but do so through different mechanisms
(supplemental Fig. S1, A and B) (28). A notable similarity that
hybrid two-component system and ECF-�/anti-� regulators
share with SusR is that each extends across the cytoplasmic
membrane and equips the cell to sense both the sugar content
and glycosidic linkages of glycan-derived saccharides before
they are completely depolymerized (16, 29). This sensing may
be through direct interactions with the saccharide or may be
indirect and dependent on substrate recognition by other pro-
teins. An example of regulation by indirect interaction of a tran-
scription factor with saccharides is the activation of several
dozen differentB. thetaiotaomicron PULs by ECF-�/anti-� fac-
tor pairs through a mechanism termed trans-envelope signal-
ing (16, 30). In this regulatory scheme, an inner membrane-
spanning anti-� factor interacts with a specialized SusC-like
receptor in the outer membrane to relay the presence of extra-
cellular glycans to a cytoplasmic ECF-� transcription factor.
The resulting protein bridge spans both cell membranes and
likely facilitates a rapid transcriptional response when the
appropriate glycan is present within the SusC-like receptor (see
supplemental Fig. S1B and legend for further details) (16).
The physiological response to glycans sensed by PUL-associ-

ated regulators is contained in the adjacent PUL genes, which
encode the enzymes required to degrade the sensed substrate.
The predicted activities of the glycan-degrading enzymes con-
tained in B. thetaiotaomicron vary widely among PULs, sup-
porting the idea that different PULs have evolved to engage
glycans besides starch. Indeed, whole-genome transcriptional
profiles of B. thetaiotaomicron grown in vitro on purified gly-
cans and in the distal gut of gnotobioticmice consuming differ-

ent diets (supplemental Fig. S1C) have revealed aspects of the
“code” that links individual substrates to the activation of spe-
cific Sus-like PULs (27, 28, 31). For example, B. thetaiotaomi-
cron deploys Sus-like PULs to target various plant-derived gly-
cans, especially polygalacturonate, rhamnogalacturonan I,
�-galactans, and �-arabinan contained in pectin.4 When die-
tary plant glycans are not available, host glycans (mucin O-gly-
cans, N-glycans, and glycosaminoglycans) can serve as alterna-
tive nutrient sources (27, 28). In addition to harboring enzymes
involved in breaking glycosidic linkages, some PULs also
encode enzymes for removal of glycan modifications (e.g. the
sulfatase and acetyl esterase depicted in supplemental Fig.
S1A), which is likely a prerequisite step in degrading the under-
lying backbone.
Sus-like PULs in Other Bacteroidetes—The Bacteroidetes are

a diverse and broadly distributed phylum and includemembers
represented in both mammalian and insect (e.g. termite) gut,
soil, and both fresh and salt water ecosystems (3, 32–34). They
can be free-living or symbiotic and include endosymbionts (35,
36). Like their relatives in animal guts, a common feature asso-
ciated with environmental Bacteroidetes is their ability to
degrade complex glycans.
Several dozen complete or deep-draft genome sequences are

now available for Bacteroidetes isolated from the animal gut or
the environment. Most of these genomes encode sus-like PULs
(28). The only exception noted to date is Candidatus Sulcia
muelleri, an endosymbiont of hemipteran insects with a
remarkably reduced genome size (�250 kilobase pairs), reflect-
ing its specialized intracellular habitat (35). The apparent diver-
sity of Bacteroidetes Sus-like systems across this cosmopolitan
phylum suggests that they have been adapted to degrade
numerous substrates in diverse environments. Consistent with
this idea, many Bacteroidetes species that harbor these systems
metabolize additional substrates inaccessible to B. thetaio-
taomicron: cellulose, hemicellulose, chitin, agarose, and algi-
nate (6, 33, 34, 36).
Substrate diversity among Sus-like systems can be observed

in both close and distant relatives of B. thetaiotaomicron. For
example, unlike B. thetaiotaomicron, the human gut symbiont
Bacteroides ovatus grows on all known plant hemicelluloses (6).
This trait is likely due to the presence of additional PULs that
target hemicelluloses: at least two of these target xylan and
galactomannan (supplemental Fig. S1A) (37, 38). The SusD-like
proteins encoded in these PULs, as well as lipoproteins of
unknown function encoded by genes located downstream of
these susD-like homologs (i.e.“susE-positioned” genes) (supple-
mental Fig. S1A), bind directly to their hemicellulose sub-
strates.3 Interestingly, the lipoproteins encoded by these susE-
positioned genes bear no homology to SusE and SusF yet appear
to play a similar functional role in glycan binding. Proteins with
similar signal peptidase IImotifs are encoded inmost PULs and
are usually positioned downstream of the susD homologs (sup-
plemental Fig. S1A), suggesting that they play important roles
in the functions of Sus-like systems.
Additional evidence for expanded substrate diversity can

also be observed outside of the Bacteroides genus. For example,

4 E. C. Martens, D. N. Bolam, and J. I. Gordon, unpublished data.
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the environmental Bacteroidete Flavobacterium johnsoniae
contains multiple homologs of susC and susD, and these are
also components of PULs. A notable feature of this organism is
its ability to degrade the insoluble glycan chitin (39). Consistent
with this phenotype, the F. johnsoniae genome harbors a PUL
encoding three predicted chitinases (supplemental Fig. S1A). If
this locus is shown to be responsible for chitin utilization, it
would represent the first Sus-like system that targets a highly
insoluble polysaccharide.

Prospectus

Each Bacteroidetes Sus-like system is a group of cell enve-
lope-associated proteins that degrade a particular glycan. Like
other microbial assemblies involved in nutrient degradation
and uptake (e.g. cellulosomes), Sus-like systems highlight two
key concepts: (i) multiple proteins work together during catal-
ysis, and (ii) the genes encoding these concerted functions are
often genomically linked into discrete clusters. The thousands
of different sus-like PULs present in sequenced Bacteroidetes
compose an amazingly diverse group of genes involved in reg-
ulating and directing glycan catabolism. Many of the genes in
these clusters share little or no homology with genes contained
in other PULs, and a substantial proportion (e.g. �39% of the
866 PUL genes in B. thetaiotaomicron) are not homologous to
any genes of known function. Moreover, the breadth of sub-
strates targeted by different PUL-containing Bacteroidetes sug-
gests that the Sus-like paradigm has evolved to include a very
broad suite of substrates, including those important to biofuel
production, such as cellulose and hemicellulose. Pairing indi-
vidual PULs with distinct glycan substrates will be a first step in
defining the functions of these unknown genes and will likely
lead to discovery of new proteins involved in glycan metabo-
lism. Deciphering how these systems function promises to pro-
vide important insights into the dynamic operations of our gut
microbiota and the foundations of our nutritional health. The
lessons learned should also be applicable to other ecosystems
that sustain our planet.
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Since the discovery of SOD1 in 1969, there have been numerous
achievements made in our understanding of the enzyme’s bio-
chemical reactivity and its role inoxidative stress protection andas
a genetic determinant in amyotrophic lateral sclerosis. Many
recent advanceshave alsobeenmade inunderstanding the “activa-
tion” of SOD1, i.e. the process by which an inert polypeptide is
converted to a mature active enzyme through post-translational
modifications. To date, two such activation pathways have been
identified: one requiring the CCS copper chaperone and one that
works independently of CCS to insert copper and activate SOD1
throughoxidationof an intramoleculardisulfide.Dependingonan
organism’s lifestyle and complexity, different eukaryotes have
evolved to favor one pathway over the other. Some organisms rely
solely on CCS for activating SOD1, and others can only activate
SOD1 independently of CCS, whereas the majority of eukaryotes
appear tohaveevolved tousebothpathways. In thisminireview,we
shall highlight recent advancesmade in understanding themecha-
nisms by which the CCS-dependent and CCS-independent path-
wayscontrol theactivity, structure, and intracellular localizationof
copper,zinc superoxide dismutase, with relevance to amyotrophic
lateral sclerosis and an emphasis on evolutionary biology.

The Well Conserved Copper- and Zinc-containing
Superoxide Dismutase

In a seminal 1969 Journal of Biological Chemistry publication,
McCord and Fridovich reported a novel enzymatic activity for
erythrocuprein, an abundant copper-containing protein of eryth-
rocytes (1). Specifically, erythrocuprein was found to dispropor-
tionate (bothoxidizeandreduce) superoxideanions tooxygenand
hydrogenperoxide, representing the first descriptionof a superox-
ide dismutase enzyme. Erythrocuprein is now widely known as
SOD1. SOD1 is highly conserved across all eukaryotic phyla and is
present in all cells and tissues, where it is believed to act as a first
line of defense against toxicity of superoxide anion radicals. The

enzyme may also participate in cell signaling where reactive oxy-
gen species have been invoked (2). Although largely cytosolic,
SOD1 also resides in the mitochondrial IMS,3 where the enzyme
candirectly remove superoxide generated from themitochondrial
respiratory chain (3, 4).
In 1993, mutations in human SOD1 were linked to specific

familial casesofALS (5, 6).Thismotorneurondisease is notdue to
a loss of SOD enzymatic activity, but instead mutations through-
out the SOD1 polypeptide result in a dominant gain of a toxic
property (7). The precise nature of this toxic property is still not
completely clear, and numerous reviews have been published on
the topic (8–12). Nevertheless, much evidence points to a role for
SOD1misfolding in disease.
SOD1 is normally quite stable, due in large part to copper and

zinc binding and oxidation of an intramolecular disulfide (13,
14). Copper serves as the catalyst for superoxide disproportion-
ation, whereas zinc and the disulfide participate in proper pro-
tein folding. SOD1 can be regulated at the post-translational
level through copper insertion and disulfide bond formation.
We refer to these maturation processes as “SOD1 activation.”
Currently, there are two main pathways for activating SOD1,
and these shall be the focus of this minireview.

Activating SOD1 by the CCS Copper Chaperone

In themid-1990s, it became evident that certain copper-requir-
ing enzymes needed an ancillary factor to acquire their metal
cofactor in vivo. A so-called family of “copper chaperones” was
discovered, which act to deliver copper to specific sites in the cell
(15–17). The first of these identified, “Atx1,” delivers copper des-
tined for enzymes in the secretory pathway (18); the second,
“Cox17,” helps supply mitochondrial cytochrome c oxidase with
copper (19); and the third, which we have named CCS for copper
chaperone for SOD1, specifically inserts copper into SOD1 (20).
The first description of yeast and human CCS appeared in the
Journal of Biological Chemistry in 1997 (20), and since then, CCS
has been found widely distributed throughout eukaryotes,
expressed ubiquitously together with its partner protein, SOD1.
The mechanism by which CCS activates SOD1 has been the

subject of numerous reviews (21–23), and just a brief synopsis will
be provided here. CCS consists of three protein domains (I, II, and
III). The central domain II resembles SOD1 and serves to dock
CCSwith SOD1 (24). Once theCCS-SOD1heterodimer has been
formed, copper insertion and disulfide oxidationmay proceed via
aCXCcopper-bindingmotifattheC-terminalCCSdomainIII. Inthe
CCS-SOD1dockedcomplex structure solvedbyRosenzweigandco-
workers (25), CCS domain III Cys229 forms an intermolecular disul-
fide with Cys57 of SOD1, which is believed to represent the interme-
diate in forming the SOD1 intramolecular disulfide (see Fig. 2).
The most enigmatic of the CCS domains is domain I. This

domain harbors a single CXXC copper-binding motif and is a
member of the well conserved Atx1 family of copper-binding
structures also found in P-type copper-transporting ATPases and

* This work was supported, in whole or in part, by the Johns Hopkins Univer-
sity NIEHS Center and by National Institutes of Health Grant GM 50016 (to
V. C. C.). This minireview will be reprinted in the 2009 Minireview Compen-
dium, which will be available in January, 2010.

We dedicate this minireview to Professor Irwin Fridovich (Duke University) for
the discovery of superoxide dismutase.

1 Supported by NIEHS Training Grant ES 007308 and Postdoctoral Fellowship
F32 GM 087904 from the National Institutes of Health.

2 To whom correspondence should be addressed. E-mail: vculotta@
jhsph.edu.

3 The abbreviations used are: IMS, intermembrane space; ALS, amyotrophic
lateral sclerosis; Cu,Zn-SOD, copper,zinc superoxide dismutase.
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innumerousAtx1-like copper chaperones (17, 21).TheCXXCsite
was originally proposed to bind copper (24, 26, 27); however, not
all CCSmolecules contain thismotif, including that ofDrosophila
(28) and Schizosaccharomyces pombe (29). Furthermore, mutating
the CXXC cysteines did not affect Saccharomyces cerevisiae CCS
activity in vivo (28). Similar findings have been reported for recombi-
nantmammalianCCS in vitro (30). Although theCXXCmotif is not
essential, domain I itself is required forCCSactivity (24, 29).Domain
ImayhelpCCSdockwith anupstream source of copper (see Fig. 2).

Mitochondrial SOD1, CCS, and ALS

CCS co-localizes with SOD1 in the mitochondrial IMS and
can greatly influence the partitioning of SOD1 between the
mitochondria and cytosol (4, 31). If CCS activates SOD1 in the
cytosol, SOD1 is prevented from entering mitochondria. Con-
versely, if CCS activates SOD1 in themitochondria, the mature
enzyme is retained in the IMS (Fig. 1). How can CCS and SOD1
enter mitochondria without a mitochondrial targeting prese-
quence? Very recent studies by Hell and co-workers (33) and
Kawamata and Manfredi (34) have shown that this occurs
through a disulfide relay system involving Mia40.
The Mia40 system for mitochondrial import uses transient

intermoleculardisulfidebonds todrive theuptakeofcysteine-con-
taining proteins into the mitochondrial IMS (32). CCS, but not
SOD1, interacts with Mia40 to form transient disulfides that are
subsequently relayed to SOD1, driving uptake of SOD1 into the
IMS (Fig. 1) (33). In the case of human SOD1, all four SOD1 cys-
teines are required for mitochondrial uptake of SOD1 (34). How-
ever, the CCS cysteines used in disulfide relay are still unknown
and may involve either the domain III CXC or domain I CXXC
motif described above.

The CCS control of mitochondrial uptake of SOD1 could have
important implications with regard to SOD1-linked ALS. In one
hypothesis for the disease, the mitochondrial pool of mutant
SOD1 causes damage to mitochondrial function and structure
(11). Mitochondrial uptake of ALSmutant SOD1 is increased upon
CCS overexpression (35); this CCS-driven uptake of mutant SOD1
results in mitochondrial respiratory defects (36) and, as described
below,anacceleration inSOD1-linkedmotorneurondisease (35,37).

Role for CCS in Stability and Folding of Wild-type and
ALS Mutant SOD1

CCS can influence SOD1 protein folding and stability. In
both Drosophila and Arabidopsis, the Cu,Zn-SOD polypeptide
is unstable in cells lacking CCS (28, 38). By comparison, mam-
malian wild-type SOD1 is generally stable without CCS; how-
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FIGURE 1. Role of CCS and disulfide relay in mitochondrial uptake of SOD1 and toxicity of ALS SOD1 mutants. In the cytosol, CCS (in blue; step I) interacts with
apo-reduced SOD1 (in green; step II) in the presence of copper and oxygen to form enzymatically active SOD1 homodimers (step III) that are prohibited from mito-
chondrial import. CCS (step I) is also imported into the IMS, where free cysteine thiols on CCS are captured by disulfide-oxidized Mia40 (in orange), forming a CCS-Mia40
complex (step IV) linked by an intermolecular disulfide. Here, the intermolecular disulfide is shown with domain III cysteines of CCS, but may actually involve domain
I cysteines. Disulfide rearrangement gives rise to disulfide-oxidized CCS (shown with domain III disulfide, but may be domain I), which is trapped in the IMS. SOD1
enters the mitochondria in the disulfide-reduced and apo state (step II), and IMS-localized SOD1 (step V) reacts with CCS in the presence of copper and oxygen to form
an active enzyme (step VI) that cannot escape mitochondria. In cases in which CCS overexpression accelerates SOD1-linked ALS (red arrows), excess cytosolic CCS (step
I) somehow leads to an increase in the pool of disulfide-reduced mutant SOD1 (step II), which drives increased mitochondrial import of the SOD1 as described above.
The increased SOD1 in the IMS then aggregates (step VII), leading to mitochondrial damage and disease progression.

TABLE 1
Number of putative Cu,Zn-SOD- and CCS-encoding loci that can be
identified in currently available data bases for the indicated phyla
and class

SOD1-encoding genesa CCS-like locib

Nematoda
Chromadorea 11 0
Enoplea 1 0

Platyhelminthes
Cestoda 2 0
Trematoda 4 0

Mollusca
Bivalvia 6 0
Gastropoda 5 0

Arthropoda
Arachnida 4 0
Insecta 48 20

aNumber of non-extracellular Cu,Zn-SOD genes found in the given taxonomic class.
b Number of CCS or CCS-like genes found in the given taxonomic class.
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ever, CCS effects become obvious with ALS mutant forms of
human SOD1. ALS SOD1 mutants are rapidly degraded when
expressed in yeast cells lacking CCS (39), and in mammalian
cell culture, overexpression of CCS can prevent aggregation of
ALSmutant SOD1 (40–42). On the basis of these findings, one
might predict a protective effect of CCS in SOD1-linked ALS.
This prediction was put to the test by Elliott and co-workers

when they overexpressed CCS inmousemodels for SOD1-linked
ALS. The results were dramatic and surprising. Rather than being
protective, CCS overexpression caused a drastic acceleration in
motor neuron disease (35, 37). CCS overexpression resulted in an
increase in disulfide-reduced SOD1 rather than the anticipated
increase in disulfide oxidation (37, 40). Because disulfide-reduced
SOD1 is the substrate for mitochondrial import (31), mitochon-
drial uptake ofmutant SOD1was enhanced (35). Curiously, there
was no obvious SOD1 aggregation in the mice (35, 37, 40), but
recent cell culture studies have indicated thatCCSoverexpression
can lead to increased aggregation ofmitochondrial SOD1without
affecting the majority of SOD1 that resides in the cytosol (42). By
leading to enhanced mitochondrial uptake and mitochondrial

aggregation of mutant SOD1, overexpression of CCS can acceler-
ate motor neuron disease (Fig. 1).
Together, these studiesunderscore theneed for an intricatebal-

ancebetweenSOD1andCCS. SOD1 isnormallypresent at a�10-
foldmolar excess over its copper chaperone (22, 43), which is nor-
mally sufficient to maintain SOD1 activity, yet a drastic change in
this ratio, such as that obtained in the CCS-overexpressing mouse,
can negatively impact on SOD1, particularly in the case of ALS
mutants. It is possible that CCS overexpression precludes alternative
methods for activatingCu,Zn-SODsuch as that described below.

Secondary Means for Activating SOD1 Independently of
CCS

When initially discovered in 1997, CCS was believed to repre-
sent the solemeans for activating Cu,Zn-SOD in vivo. The bulk of
the earlier studies were conducted on bakers’ yeast SOD1, where
ccs1� null strains were seen to express an inactive SOD1 lacking
both copper and the intramolecular disulfide (20, 44). However,
when the CCS�/� null mouse was created byWong et al. (45) in
2000, itwasnoted that a fractionofmurineSOD1retainedactivity.

FIGURE 2. CCS-dependent versus CCS-independent activation of SOD1. A, models for SOD1 activation pathways. Left, CCS-dependent activation. Domain
I of CCS is hypothesized to dock with an upstream copper source, and copper is captured by the domain III CXC motif. CCS-dependent SOD1 molecules, e.g. S.
cerevisiae SOD1, contain Pro144, which inhibits SOD1 disulfide oxidation in the absence of CCS and copper. This conformation block by Pro144 is overcome upon
CCS binding and in the presence of molecular oxygen, a transient intermolecular disulfide is formed between CCS, SOD1 is formed, and copper is transferred.
The intermolecular disulfide then rearranges to form the SOD1 intramolecular disulfide, producing active SOD1 enzyme. Right, CCS-independent activation of
SOD1. The upstream copper source is proposed in this model to directly donate copper to SOD1. CCS-independent SOD1 molecules lack Pro144, allowing some
disulfide oxidation in the absence of copper, CCS, and oxygen. In this model, no exogenous factor is required for SOD1 disulfide oxidation, and active enzyme
is formed immediately upon copper insertion. B, structure of a yeast SOD1 monomer created using Visual Molecular Dynamics v1.8.6 and Protein Data Base
code 1SDY and based on published x-ray coordinates (50). Shown is the close proximity (5.5 Å) of Pro144 to the intramolecular disulfide bond.
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Moreover, thisCCS-independent activation ofmammalian SOD1
was mirrored in a yeast expression system (46). It became clear
that CCS was not the only way to activate SOD1.
Based on the vast homology (54% identity) between yeast and

human SOD1, it was surprising that the two enzymes exhibited
striking differences in their requirement for CCS. We observed
that a single aminoacidnear theSOD1Cterminuswas key. Pro144
in S. cerevisiae SOD1 is a leucine in human SOD1, and a single
P144L (orP144SorP144Q)mutation inyeastSOD1 is sufficient to
confer CCS independence to the yeast enzyme (47). Our most
recent studieshave showna role forPro144 in controlling thedisul-
fide (see below).
Using Pro144 as an indicator, we have surveyed the available

genome sequences for CCS-dependent SOD1molecules. Among
nearly 270 SOD1 sequences examined across all phyla of plants,
animals, fungi, andprotists, the vastmajority ofmolecules are seen
to contain Leu, Ala, or Val at the corresponding position 144. The
occurrence of Pro144 is extremely rare and restricted to Ascomy-
cota fungi. Even so, Pro144 is not inclusive of all Ascomycota fungi,
as fission yeast SOD1 lacks Pro144 and indeed shows some CCS-
independent activity (29). Like humans (46) and fission yeast (29),
the Cu,Zn-SODmolecules of the plantArabidopsis thaliana (38),
Drosophila melanogaster (28), mice (45), and avians4 can all be
activated with or without CCS, consistent with the absence of
Pro144. Even so, in all these cases, maximal SOD1 activity is
obtained with CCS. CCS may represent the preferred route of
enzymeactivation,whereas theCCS-independent pathway acts as
a backup under conditions in which CCS is limited.

Not All Organisms Use CCS

Although CCS is well conserved between organisms as dis-
tant as fungi andmammals, CCS is not present in all eukaryotes.
Upon completion of the Caenorhabditis elegans genome, it
became clear that this organism lacks an obvious CCS-encod-
ing locus. Using a yeast expression model, we found that the
two Cu,Zn-SOD molecules of C. elegans are completely CCS-
independent, i.e. they can be activated only by the CCS-inde-
pendent pathway and will not accept copper from CCS (48).
The complete independence fromCCSmaynot beunique toC.

elegans. An inspection of available genome sequences revealed a
striking pattern. Thus far, there have been no CCS-like loci iden-
tified in any organism of the Nematoda phylum or in Platyhel-
minthes (including pathogenic flatworms) for the 17 species with
documented Cu,Zn-SODs (Table 1). Also, none can be identified
in mollusks, even though 11 species contain documented Cu,Zn-
SODmolecules. Inarthropods,CCSispresent throughout Insecta,
but as of yet, none have been identified in arachnids (Table 1). By
comparison, CCS molecules are found widely distributed
throughout all chordates. Although it is difficult to establish an
absence of CCS in organisms with incomplete genomes, it is
unlikely thatC. elegans is theonly specie thathas evolvedcomplete
independence fromCCS.

Mechanism of CCS Independence

In an attempt to understand themechanism of SOD1 activa-
tion without CCS, we analyzed the activation patterns for

Cu,Zn-SODmolecules that are completely CCS-dependent (S.
cerevisiae) and compared them with those that solely use the
CCS-independent pathway (C. elegans SOD1) and with those
that employ both pathways (human SOD1). Using a yeast
expression system, we observed no differences in the apparent
kinetics of copper activation, and the CCS-dependent and
CCS-independent pathways appear to drawupon the same lim-
ited pool of copper (47). It is possible that the same upstream
copper source is used for the two pathways (Fig. 2A). Although
the pathways could not be distinguished at the level of copper, a
striking difference was noted with the disulfide.
The intramolecular disulfide in Cu,Zn-SOD1 is unusual in that

the reducing environment of the cytosol tends tomaintain protein
thiols in the reduced state. In fact, Cu,Zn-SOD bears the only
known stable disulfide in the cytosol. In elegant studies by
O’Halloran and co-workers (44), the S. cerevisiae SOD1 disulfide
was shown to be oxidized by Cu-CCS, yet we recently observed
that this is not necessarily true for CCS-independent SOD1 mol-
ecules. The disulfide of C. elegans Cu,Zn-SOD is retained in the
oxidized state regardless of copper or CCS conditions, and the
disulfide of human SOD1 is still �50% oxidized in the absence of
CCS and copper (47).
We conclude from these studies that CCS is required for those

Cu,Zn-SOD molecules that have a low propensity for disulfide
oxidation in the reducing environment of the cell. Thus, S. cerevi-
siae SOD1 is an exception rather than a rule in that its disulfide
cysteines are uniquely dependent on Cu-CCS for oxidation. The
key to thisdependence is theaforementionedPro144 inSOD1.The
disulfide cysteines of P144S, P144L, and P144Q derivatives of S.
cerevisiae SOD1 are readily oxidized in the absence of CCS and
copper, similar to what is seen with human SOD1 (47). This pro-
line lieswithin 5.5Åof the disulfideCys146 (Fig. 2B) andmayplace
a conformational restriction on disulfide formation that is over-
come only in the presence of Cu-CCS (Fig. 2A).
A second important difference between the CCS-dependent

andCCS-independentpathways lies in therequirement formolec-
ular oxygen. O’Halloran and co-workers (49) have demonstrated
that CCS activation of SOD1 requires molecular oxygen. Surpris-
ingly, however, there is no similar oxygen dependence with CCS-
independent activation. We observed CCS-independent activa-
tion of human SOD1 even under hypoxic and anoxic conditions
(47). Hence, CCS-independent activation allows SOD1 activity to
bemaintained over a range of oxygen conditions. This can be par-
ticularly critical in tissuesofmulticellularorganismswhereoxygen
tensions range from near atmospheric to hypoxic.
Whyhaveavastnumberof eukaryotes evolved tousedual path-

ways for activating SOD1 as opposed to just one (e.g. only CCS in
bakers’ yeast or only the CCS-independent method in nema-
todes)? The answer may lie in the dual role of SOD1 in oxidative
stress protection and cell signaling in higher organisms. At one
extreme, themaximal SOD1 activity needed under aerobic condi-
tions and oxidative stress can be achieved through oxygen-regu-
lated CCS. At the opposite extreme, under hypoxic conditions,
where oxidative stress is not a concern, the reactive oxygen species
products and reactants of SOD can affect cell signaling processes.
With lowoxygen, SOD1activity levels are titrateddownasneeded
through a loss of CCS-mediated activation, with the residual
SOD1 activity retained through the CCS-independent pathway.4 L. T. Jensen, M. Spaulding, and V. C. Culotta, unpublished data.
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Concluding Remarks

Cu,Zn-SOD is just now celebrating its 40th birthday. Over the
decades, this enzymehasmade somanybenchmarks in the field of
reactive oxygen biology, from being the first enzyme known to
disproportionate superoxide to being a critical genetic determi-
nant in a fatal motor neuron disease. Although originally believed
to be highly active in all cells and tissues, we now know that the
activity and structure of the enzyme are quite variable and can be
controlled by extrinsic factors, such as oxygen and CCS. The evo-
lutionary biology of SOD1 enzyme activation is in itself an intrigu-
ing story, where organisms exhibit the ”right to choose“ the opti-
mal method for activating SOD1 to fit their complexity and
lifestyle. Although a great deal is understood about CCS, the fac-
tors forCCS-independent activationof SOD1are still unknown. It
is quite likely that CCS-independent and CCS-dependent path-
ways use the same source of copper, such as glutathione, and that
the only difference lies at the level of disulfide bond oxidation (Fig.
2A). In addition, we have only begun to scratch the surface of the
role of SOD1 in cell signaling. The enzyme is not just for oxidative
stress protection, and studies in the upcoming years are likely to
reveal how SOD1 activation pathways work to modulate cell sig-
nals involving superoxide and hydrogen peroxide.
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Copper plays an essential role in human physiology. It is
required for respiration, radical defense, neuronal myelination,
angiogenesis, and many other processes. Copper has distinct
physicochemical properties that pose uncommon challenges for
its transport across biological membranes. Only small amounts
of copper are present in biological fluids, and essentially none of
it exists in a free ion form. These properties and the low redox
potential of copper dictate special structural and mechanistic
features in copper transporters. This minireview discusses
molecular mechanisms through which copper enters and exits
human cells.

Dietary Acquisition and Excretion of Copper

Dietary copper is acquired via the small intestine through a
process that is not fully understood. Earlier studies showing the
major involvement of themammalian transporter CTR1 in cel-
lular copper uptake (1) led to the assumption that in entero-
cytes CTR1 mediates the acquisition of dietary copper at the
apical membrane. Recent studies questioned this assumption.
Cell-surface labeling revealed that the majority (and perhaps
all) of surface hCTR13 in Caco-2 cells, a model for enterocytes,
is located at the basolateral border, i.e. the blood side, and thus
cannotmediate apical copper entry (2). Basolateral CTR1 is also
observed in renal cells and hepatocytes. Furthermore, in mice
with an intestine-specific deletion of CTR1, enterocyte copper
levels are higher (and not lower) than in normal mice, arguing
against the direct role of CTR1 in apical uptake (3). It seems
most likely that in enterocytes some other transporter plays a
major role in copper uptake from the fluid that exits the stom-
ach (Fig. 1). The existence of such pathways is supported by the
observation that fibroblasts from CTR1 knock-out mice retain
�25–30% of their copper uptake (4). Divalent metal trans-
porter DMT1 was suggested as a candidate for copper uptake
(5). Other systems not thought of as major copper transporters
may accept copper as a surrogate substrate and contribute to
the overall copper absorption. Endocytic mechanismsmay also
contribute to apical copper entry. It is not yet clear how the

copper pool from apical dietary uptake in enterocytes interacts
with the copper that enters from the blood (Fig. 1).
In intestinal cells and tissue, CTR1 was detected at the

plasmamembrane and in vesicles (2, 6). Thus, CTR1 in entero-
cytes may take up copper from the blood (as in other cell types)
and also from the vesicles in which dietary copper has been
sequestered (Fig. 1). This latter role is suggested by the finding
that, although the intestinal deletion of CTR1 results in high
copper levels in enterocytes, this copper is not available (3). It is
tempting to speculate thatCTR1 is uniquely positioned tomake
copper bioavailable either because it has a specific recognition
mechanism and/or it is directly coupled to the copper chaper-
ones that distribute copper for further utilization.
After copper crosses the membrane, it is delivered to accep-

tor proteins by cytosolic metallochaperones. The Cu-ATPase
ATP7A accepts copper from Atox1 and facilitates copper
export from enterocytes to blood (and hence to other tissues).
Mutations of ATP7A (in Menkes disease patients) result in
intestinal accumulation of copper, impaired efflux of copper
from enterocytes, and pathologies due to diminished activity of
copper-dependent enzymes. Recently, the second Cu-ATPase,
ATP7B, was detected inmouse intestine and inCaco-2 cells (7).
The role of ATP7B in the intestine is unclear (Fig. 1); however,
based on the vesicular localization in high copper, ATP7B is
thought to play a role in copper sequestration (7), similar to its
proposed role in kidneys (8).
The major homeostatic control of copper takes place

in the liver. Copper enters the liver from the blood via CTR1;
the liver-specific inactivation of CTR1 disrupts copper
uptake into the liver (9). Copper is then used in the liver for
many purposes, one of which is to synthesize holo-cerulo-
plasmin, an abundant secreted copper ferroxidase. Excess cop-
per is exported from hepatocytes by ATP7B. The ATPase-
driven copper export is unlikely to be mediated directly across
the plasma membrane; rather, Cu-ATPases sequester copper
into vesicles that subsequently fuse with the plasmamembrane,
and copper is extruded.

Special Characteristics of Copper Transport

Essentially all intracellular copper is bound to cellular
constituents. Hence, the definition of cellular copper con-
centration (rather than content) is imprecise. Because in the
extracellular fluid all copper is also bound, the electrochem-
ical potential and concentration gradients, essential in
understanding the transport mechanisms of ions such as
sodium and potassium, have been less useful in the charac-
terization of copper transport. Furthermore, copper exists as
Cu(I) and Cu(II), and many important copper-dependent
biological processes employ the redox chemistry to cycle
copper between these two states. This raises interesting
questions related to the redox state in which copper is
bound, transported, and released. In yeast, copper uptake via
Ctr1p depends upon a Cu(II)/Fe(III) metalloreductase, Fre1,
and Cu(I) is the presumed transported species. In agreement
with this, in human cells, divalent metal ions do not inhibit
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hCTR1, whereas silver ions that are isoelectronic and of sim-
ilar size to Cu(I) block the hCTR1-mediated copper uptake.
Ascorbate converts Cu(II) to Cu(I) and stimulates copper
uptake in some (but not all) cell lines. This could be due to
different amounts of oxidoreductases such as the STEAP
family of proteins (10) at the cell surface.

Cu(I) is also the form for intracel-
lular distribution. Atox1 bindsCu(I)
(11) and transfers Cu(I) to theMBSs
in Cu-ATPases. In which form cop-
per is released into the blood (from
the intestine) or into the bile (from
the liver) is not known.We also lack
quantitative measurements of cop-
per transport. The indications are
that the transport rates are low (12,
13). It is assumed that when copper
transport across membranes is
assayed, it is the permeation step
that is rate-limiting. Thismaynot be
the case. Protein-protein interac-
tions that facilitate transfer to and
from the transporter or the reduc-
tion of Cu(II) to Cu(I) (or oxidation
upon release) may be slow steps in
the pathway.

Structural Requirements for
Copper Uptake

Channel-like Design of CTR1
Could Be the Key to Its Transport
Mechanism—Recent studies yielded
the first insights into the general
organization and operating princi-
ples of copper transporters (Fig. 2).
Despite their important role in cell
physiology, the CTR1 orthologs
vary greatly in primary sequence
and length. Thus, the overall design
of CTR proteins rather than
sequence identity is the key to their
transport mechanism. hCTR1 has
only 190 amino acids and, like other
CTR proteins, forms a stable trimer
(1, 14, 15). The monomer has three
TMSswith an extracellularN termi-
nus and cytosolic C terminus (16).
The N terminus of hCTR1 isN- and
O-glycosylated (16, 17). The latter
may serve to protect the protein
against proteolysis because its
absence leads to intracellular pro-
teolytic removal of the N terminus
(17). Whether the sugar chains
influence the in vivo delivery of cop-
per to hCTR1 or the trafficking of
hCTR1 to its cellular destinations is
not known.

The three-dimensional structure of hCTR1has recently been
described (14, 15). It strongly supports the proposal (18) that
the translocation pathway is formed at the center of the hCTR1
trimer. How copper is delivered from the serum to the pore
remains unclear. Serum copper is largely associated with a high
molecular weight fraction enriched in �2-macroglobulin,

FIGURE 1. Copper transport in enterocytes. Copper is shown to enter the enterocyte from the blood via
hCTR1 and from the intestine through an unidentified mechanism. Copper then binds to copper chaperones,
which deliver it to the target proteins, including ATP7A and ATP7B. CTR1 and CTR2 may also be involved in
copper release from the intracellular vesicles. TGN, trans-Golgi network.

FIGURE 2. Structural model of hCTR1 from De Feo et al. (15) and the hypothetical structure of human
Cu-ATPase based on the structure of archaeal CopA from Wu et al. (31) and modeling predictions for the
N-terminal MBS1– 4 (gray). The A-domain (yellow) and N- and P-domains (green) interact with the MBS in the
N-terminal domain (purple and gray).
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which may transfer copper directly to hCTR1 or may act as a
source of exchangeable copper (19). The N terminus of CTR1,
rich in His and Met residues, is likely to play a role in detecting
copper carriers and in guiding copper toward the permeation
pathway. The MxxMxM motif indeed binds copper with �M

affinity (20). In vitro, a large portion of the N terminus can be
deleted without significant loss of transport function (18). This
suggests that the N terminus is important in vivo, where free
copper is not available.
In addition to its possible role as a copper acceptor, the N

terminusmay act as a sensor.When fully loaded with copper, it
may signal the need for endocytosis and removal of hCTR1
from the plasma membrane (21). From this perspective, it is
interesting to compare the roles of the N termini in CTR1 and
Cu-ATPases. Although very different structurally, both may
perform an important role in receiving copper from specific
donors and regulating transporter activity and intracellular
localization (Ref. 21 and below).
Molecular Events at the Extracellular and Cytosolic Portions

of CTR1 Are Coupled—Current data suggest that copper is
guided to the permeation pathway through a narrow structure
(Fig. 2) that includes highly conserved Met residues (Met150
and Met154 in hCTR1). Mutation of these Met residues abol-
ishes copper transport in all examined CTR1 proteins. In addi-
tion to selecting and directing Cu(I) toward the pore, the con-
servedMet residues may couple the copper entry and exit from
the pore. The binding of copper to hCTR1 at the extracellular
surface leads to the conformational changes in the cytosolic
loop (16). It seems that copper binding to conserved Met resi-
dues allows copper entry into the pathway that in turn facili-
tates opening of a “gate” at the exit of the pore (Fig. 2).
Mutagenesis data provide strong evidence that tight interac-

tion with specific residues within the pathway is not required
for copper transport (18). This explains poor conservation of
intramembrane residues (with the notable exception of the
GxxxGmotif, which is required for oligomer stability) (22). The
mechanism of copper release from CTR1 is a fascinating prob-
lem. Does copper diffuse out of the permeation pathway and
bind to accessible copper-binding proteins based on their affin-
ity, proximity, or abundance, or is the opening of the gate facil-
itated by intracellular copper acceptors such as the copper
chaperones, making copper release a more targeted process?
Whatever the answer, it is clear that as an ion transport mech-
anism, this process is quite unique.
CTR2—CTR2, a secondmammalian copper transporter (23),

is smaller than hCTR1 (143 amino acids), lacks most of the N
terminus, and has limited sequence homology with hCTR1. In
cells, CTR2 is detected in lysosomes and late endosomes (24); a
fraction of overexpressed hCTR2 appears at the plasma mem-
brane,where it canmediate copper uptake (25). By analogywith
yeast Ctr2p, which has a role in mobilizing copper from intra-
cellular stores (26), hCTR2 may be involved in retrieving cop-
per from intracellular compartments (Fig. 1).
Structure and Mechanism of Human Cu-ATPases—Export-

ing copper from the cytosol poses challenges that are similar to
those faced by the copper uptake machinery. Free cytosolic
copper is negligible and specific copper capture prior to the
transport step is necessary. The absence of free copper also

implies that the metal status of donor and acceptor proteins
(holo or apo) may have a profound effect on the kinetic prop-
erties of the copper pumps. Mutation in the acceptor (cerulo-
plasmin) affects the cellular location of the Cu-ATPase ATP7B
(27); however, the effect on transport kinetics has not yet been
explored. It is also important that the human Cu-ATPases
translocate copper from the cytosol into the lumen of the trans-
Golgi network or endocytic vesicles, where the low luminal pH
may have a marked effect on copper release and ATPase turn-
over. This is in contrast to prokaryotic systems, where Cu-
ATPases are located at the plasmamembrane and extrude cop-
per directly into the outside milieu.
Studies of ATP7A and ATP7B produced direct evidence of

their function as P-type ATPases and yielded many details of
their regulation (28). The analysis of bacterial homologs has
further enriched our understanding of their enzymatic charac-
teristics (29, 30). Recent electron microscopic reconstructions
of Cu-ATPases yielded the overall shape of the molecule and
the predicted orientation of functional domains (Fig. 2) (31).
Human Cu-ATPases are 165–170-kDa proteins with eight
TMSs and intracellular N andC termini. The Cu-ATPases cou-
ple the energy of ATP hydrolysis with the transfer of copper
from the cytosol into the intracellular compartments. ATP
hydrolysis is performed by the cytosolic nucleotide-binding
(N-domain) and phosphorylation (P-domain) domains (Fig. 2),
connected by a short linker. The hydrolysis is accompanied by a
transient phosphorylation of the invariant Asp residue in the
DKTG signature motif. The sequence of the N-domain and the
nucleotide coordination environment in Cu-ATPases are
unique compared with other P-type ATPases (32, 33), whereas
the three-dimensional fold of the domain is common for all
P-type pumps. These data suggest that the domain architecture
(rather than the details of ligand binding) is central to the func-
tion of these transporters. That the P-type ATPases share gen-
eral operating principles is apparent from the similarity in
conformational transitions between archaeal CopA and mam-
malian Ca-ATPase (34).
At the same time, Cu-ATPases have distinct mechanistic

properties. Some Cu-ATPases can form a phosphorylated
intermediate in the absence of copper (29, 35). Human Cu-
ATPases do not form measurable intermediate in the absence
of copper; however, the well known chemotherapeutic drug
cisplatin stimulates formation of phospho-intermediate (12,
35). The effect of clinically important drugs on Cu-ATPase
function may have important practical implications.
Copper Delivery to Cu-ATPases—The transport cycle of

humanCu-ATPases is initiated by the cytosolic copper chaper-
one Atox1, which interacts with the N-terminal domain of Cu-
ATPases and transfers copper initially to one of the N-terminal
MBSs (MBS2 in ATP7B) (36) and subsequently to other MBSs
(37). HumanCu-ATPases have sixMBSs in theN terminus; the
first four sites are regulatory, whereas the two sites close to
TMS1 are necessary for the transport function. All N-terminal
MBSs are formed by the GMTCxxC sequences that provide a
linear coordination environment for Cu(I) via conserved Cys
residues. By analogy with archaeal CopA (38), the membrane
portion of human Cu-ATPases may have two additional cop-
per-binding sites.
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Recent studies on archaeal CopA provided convincing evi-
dence for the transfer of copper from the metallochaperone to
the membrane sites in the absence of cytosolic MBSs (39).
Unlike CopA, human Cu-ATPases require at least one N-ter-
minalMBS for their activity. In addition, the inactivation of the
N-terminal MBS2 disrupts copper transfer from Atox1 to the
membrane sites (36), arguing in favor of a less direct, stepwise
process of copper delivery to the membrane in the human sys-
tem. Such a transfer process may include copper transfer to the
N-terminal MBSs, which alters the interdomain interactions in
the ATPase and increases the affinity or accessibility of the
membrane sites for copper. Atox1 then transfers copper to the
membrane sites either directly or, more likely, via the “interme-
diary” sites in proximity to the membrane.
Copper Release—Structurally diverse proteins receive copper

in the secretory pathway from ATP7A or ATP7B, and tight
interactions between the acceptor proteins and transporter are
not necessary for copper release (40). Copper could be released
from the ATPases as a free ion and then diffuse to the acceptor
molecule. Such a mechanism would require the acceptor pro-
tein to have a higher affinity for copper than for Cu-ATPases.
Because some of the well known acceptor proteins such as pep-
tidyl�-monooxygenase have a relatively low affinity for copper,
the binding of copper to intramembrane sites of theCu-ATPase
when exposed to the lumen must be weak. In CopA, the
intramembrane copper-binding sites have a 3-fold coordina-
tion environment (38). One site appears to be formed by the
CPCmotif in TMS6 and a conservedTyr in TMS7. A conserved
Asn in TMS7 with Met and Ser in TMS8 may form the second
site. The affinity of each site for Cu(I) was estimated as 1 fM,
indicating that the trigonal coordination must be disrupted
prior to copper exit from the ATPase. Because Asn, Ser, orMet
alone is not a very good ligand for Cu(I), whereas Cys is, it is
likely that the distortion of the unusual “second” site is a trigger
for copper release.
Alternatively, transient interaction of the acceptor protein

with the Cu-ATPase may facilitate copper transfer from the
intramembrane sites of the transporter to the binding site in the
acceptor. It is interesting that many Cu-ATPases, including
ATP7A and ATP7B, have Met residues at the luminal rim of
TMSs. This location suggests thatmethioninesmay “guide” the
released copper from the transport sides toward the extracellu-
lar surface. The role of Met residues here is reminiscent of the
predicted role of Met residues in hCTR1, except for the direc-
tionality of copper movement (Fig. 2).

Regulation of Copper Transport via Trafficking

Human copper transporters change their cellular location in
response to various stimuli (41–43). The trafficking to/from
specific compartments represents an important mechanism
through which mammalian cells allocate copper and modulate
intracellular copper levels. Trafficking in response to changing
copper levels is the best characterized. In basal growthmedium
(containing 0.5–1.5�M copper) or in cells treatedwith a copper
chelator, Cu-ATPases are found in the trans-Golgi network.
When copper increases, Cu-ATPases relocalize to endocytic
vesicles in proximity to basolateral (ATP7A) or apical (ATP7B)
membranes (43). Cu-ATPases sequester copper in the vesicles,

which then fuse with the plasma membrane, and copper is
released to the extracellular medium. Only a small fraction of
the total Cu-ATPases is found at the plasma membrane (44),
likely due to rapid endocytosis (45). Recent studies indicate that
the trafficking of Cu-ATPase could also be coupled to hor-
mone-mediated signaling, changes in Ca2� fluxes, and kinase-
mediated phosphorylation (46). These data provide the first
mechanistic evidence of the tight link between copper homeo-
stasis and such complex physiological responses as lactation
(41), neuronal activity (47), hypoxia (48), and others.
hCTR1has beendetected at the plasmamembrane and intra-

cellular sites, and recent data suggest functional roles for CTR1
in both locations (see “Dietary Acquisition and Excretion of
Copper”). Experiments in cell cultures showed that in elevated
copper hCTR1 is internalized; however, results diverge on the
extent of internalization and the fate of internalized CTR1.
Some reports suggest that internalized CTR1 is completely
degraded, and others suggest that internalization is a reversible
process and that hCTR1 returns promptly to the membrane
when copper is lowered. As with Cu-ATPases, recycling of
hCTR1 may provide a mechanism for an acute regulatory
response to changes in copper levels. However, many steps of
this process remain poorly understood. Does endocytosis
require saturation of the N-terminal copper-binding sites?
(Does CTR1 sense high extracellular copper, or does the signal
sensing high levels of copper come from inside the cell?) What
is the mechanism for return of hCTR1 to the membrane? Is
there a cell-specific storage pool? Do copper chaperones play a
role in “reporting” the cellular copper status? These and many
other questions remain to be addressed.

Concluding Remarks

Our knowledge of the mechanisms of human copper home-
ostasis is at best incomplete. We are close to obtaining impor-
tant mechanistic information on the isolated transporters.
However, an adequate understanding will come only from
probing the physiological interactions among the several play-
ers at cellular and higher levels of integration.
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Biochem. J. 409, 731–740

26. Rees, E.M., Lee, J., andThiele, D. J. (2004) J. Biol. Chem. 279, 54221–54229
27. di Patti, M. C., Maio, N., Rizzo, G., De Francesco, G., Persichini, T., Cola-

santi,M., Polticelli, F., andMusci, G. (2009) J. Biol. Chem. 284, 4545–4554
28. Lutsenko, S., Barnes, N. L., Bartee, M. Y., and Dmitriev, O. Y. (2007)

Physiol. Rev. 87, 1011–1046

29. Hatori, Y., Hirata, A., Toyoshima, C., Lewis, D., Pilankatta, R., and Inesi, G.
(2008) J. Biol. Chem. 283, 22541–22549

30. Mandal, A. K., Cheung, W. D., and Argüello, J. M. (2002) J. Biol. Chem.
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39. González-Guerrero, M., and Argüello, J. M. (2008) Proc. Natl. Acad. Sci.

U.S.A. 22, 105, 5992–5997
40. El Meskini, R., Culotta, V. C., Mains, R. E., and Eipper, B. A. (2003) J. Biol.

Chem. 278, 12278–12284
41. Michalczyk, A., Bastow, E., Greenough, M., Camakaris, J., Freestone, D.,

Taylor, P., Linder, M., Mercer, J., and Ackland, M. L. (2008) J. Histochem.
Cytochem. 56, 389–399

42. Hardman, B., Michalczyk, A., Greenough, M., Camakaris, J., Mercer, J.,
and Ackland, L. (2007) Cell Physiol. Biochem. 20, 1073–1084

43. Mercer, J. F., Barnes, N., Stevenson, J., Strausak, D., and Llanos, R. M.
(2003) Biometals 16, 175–184

44. Nyasae, L., Bustos, R., Braiterman, L., Eipper, B., and Hubbard, A. (2007)
Am. J. Physiol. Gastrointest. Liver Physiol. 292, G1181–G1194

45. Pase, L., Voskoboinik, I., Greenough, M., and Camakaris, J. (2004) Bio-
chem. J. 378, 1031–1037

46. Veldhuis, N. A., Gaeth, A. P., Pearson, R. B., Gabriel, K., and Camakaris, J.
(2009) Biometals 22, 177–190

47. Schlief,M. L., Craig, A.M., andGitlin, J. D. (2005) J. Neurosci. 25, 239–246
48. White, C., Kambe, T., Fulcher, Y. G., Sachdev, S. W., Bush, A. I., Fritsche,

K., Lee, J., Quinn, T. P., and Petris, M. J. (2009) J. Cell Sci. 122, 1315–1321

MINIREVIEW: Mechanism of Copper Transport in Human Cells

SEPTEMBER 18, 2009 • VOLUME 284 • NUMBER 38 JOURNAL OF BIOLOGICAL CHEMISTRY 25465



Thematic Minireview Series:
A Perspective on the Biology
of Phosphoenolpyruvate
Carboxykinase 55 Years After
Its Discovery*
Published, JBC Papers in Press, July 27, 2009, DOI 10.1074/jbc.R109.040519

Richard W. Hanson1

From the Department of Biochemistry, Case Western Reserve University
School of Medicine, Cleveland, Ohio 44106-4935

Metabolic Role of Phosphoenolpyruvate Carboxykinase

It is nowmore than 55 years since the mitochondrial form of
phosphoenolpyruvate carboxykinase (GTP) (PEPCK2; EC
4.1.1.32) from chicken liver was first reported by Utter and
Kurahashi (1). Since that time, our understanding of the prop-
erties and biological role of this enzyme has increased greatly.
We now know, for example, that there are two forms of PEPCK,
one in mitochondria (PEPCK-M) and another in the cytosol
(PEPCK-C), and rather than being involved exclusively in glu-
coneogenesis, the enzyme has a broader metabolic function in
the cataplerosis of citric acid cycle intermediates (removal of
citric acid cycle anions), which is required for gluconeogenesis
and glyceroneogenesis. Only the metabolic role of PEPCK-C,
whose transcription is acutely regulated by diet and hormones,
has been studied in any detail. This is especially ironic because
the genes for both isoforms are found in all eukaryotic species
studied to date, and most species have considerable PEPCK-M
activity in their tissues. Despite this, PEPCK-C has become a
virtual marker for hepatic gluconeogenesis, and the level of its
gene transcription in the liver is considered an important
marker in the evaluation of type 2 diabetes. The rationale often
used is that if the level of mRNA for PEPCK-C is elevated, the
rate of gluconeogenesis must be increased. This may well be
true for the rat and the mouse, species that have 90% PEPCK-C
in their livers, but in human liver, 50% of the activity is
PEPCK-M. This distribution of the PEPCK isoforms is not
restricted to humans; most mammalian species studied to date
have the same distribution of PEPCK (2). The biology of
PEPCK-M has been so poorly studied that it is not even clear if
the overall activity of this enzyme can be induced by any of the
factors that are known to alter the rates of hepatic gluconeo-
genesis. The fact that the gene for PEPCK-M is conserved
throughout all eukaryotes studied to date attests to the biolog-
ical importance of the enzyme, but its role in metabolism con-
tinues to be ignored. It is a causality of whatmay be described as
the “tyranny of species.” As more and more data become avail-

able about a given species, the more that species becomes a
standard for further study. The case of the mouse is a perfect
example. It has become the standard for all metabolic studies not
because it is the ideal animal model for metabolic analysis but
ratherbecause it canbegeneticallymanipulatedand themetabolic
implications determined. An enormous amount of very valuable
metabolic information has been generated over the past 25 years
using the techniques of mouse genetics combined withmetabolic
analysis. Sadly,PEPCK-Mrepresentsonly5–10%of the total activ-
ity of PEPCK in mouse liver, so deleting the gene in that tissue is
unlikely to have a relevant metabolic impact. For example, when
PEPCK-C was ablated in the liver, the relatively low activity of
PEPCK-Mwas not sufficient to maintain gluconeogenesis in that
tissue (3). Recently, Stark et al. (4) reported that PEPCK-M was
present in �-cells isolated from mice, where it is involved in the
cataplerotic recyclingof citric acidcycle anionsand theconversion
of GTP to GDP in the mitochondria. It is thus possible that
PEPCK-M is active in tissues of rodents that have not as yet been
assessed. Thus, despite the fact that PEPCK-M was the first iso-
form of the enzyme identified 55 years ago, its biological function
remains to be fully established.A reviewof our current knowledge
of the metabolic role of both PEPCK-M and PEPCK-C is pre-
sented by Yang et al. (5) in the first of the articles in this thematic
minireview series.
Since its discovery, the function of PEPCK has been linked

virtually exclusively to gluconeogenesis despite the fact that the
enzyme is present in many tissues that do not make glucose,
such as brown and white adipose tissue, colon, skeletal muscle,
brain, and many others (6). Several alternative pathways have
been suggested to explain the function of PEPCK in these tis-
sues. One such pathway is glyceroneogenesis, which is critical
for the generation of glyceride-glycerol to support the synthesis
of triglyceride in a variety of mammalian tissues (7). However,
evidence is emerging that the major function of PEPCK in all
tissues is cataplerosis; this is a far broader concept upon which
to base our understanding of the action of the enzyme. Cataple-
rosis is an important metabolic process because it is linked to
citric acid cycle function and is thus central to energy metabo-
lism. The citric acid cycle is the site of entry of the carbon
skeletons of amino acids. However, the cycle does not oxidize
these carbon skeletons completely to carbon dioxide, so the
entry of amino acid carbon into the cyclemust be accompanied
by its removal, or intermediates will accumulate in the mito-
chondria. In a broad sense, by converting the citric acid cycle
anion oxalacetate to P-enolpyruvate, PEPCK ultimately pro-
vides carbon for a number of downstream process; these
include gluconeogenesis and glyceroneogenesis. Equally
important, cataplerosis via PEPCK is a pathway for the genera-
tion of energy for the carbon skeletons of amino acids (8)
because the P-enolpyruvate produced from oxalacetate can be
converted to pyruvate via pyruvate kinase and then enter the
citric acid cycle as acetyl-CoA. Themetabolic role of cataplero-
sis and the current evidence for its function are reviewed in the
first minireview in this series by Yang et al. (5).

* This is the first article of four in the Thematic Minireview Series on the Biol-
ogy of Phosphoenolpyruvate Carboxykinase: 55th Anniversary. This mini-
review will be reprinted in the 2009 Minireview Compendium, which will
be available in January, 2010.
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Aspects of the Regulation of PEPCK-C Gene Transcription

The regulation of transcription of the gene for PEPCK-C is
among the most thoroughly studied of any gene, and many of
the factors that control the level of this enzyme in the major
tissues in which it is expressed (i.e. liver, adipose tissue, and
kidney cortex) have been identified (see Ref. 10 for a detailed
review of this area). The second article in this thematic minire-
view series by Yang et al. (9) reviews several aspects of the con-
trol of transcription of the gene for PEPCK-C that would ben-
efit frommore intensive research. The current trend in the area
has moved away from the analysis of individual promoter func-
tion to a more global approach involving co-regulators and co-
repressors that interact with specific transcription factors on
the gene promoter and alter the rate of expression of the gene.
Thus, co-regulators, such as PGC-1�, are viewed as “master
regulator molecules,” which integrate the transcription of a
broad variety of genes in response to metabolic signals, such as
alterations in blood glucose. The detailed analysis of individual
genes has been largely relegated to the status of “promoter
bashing.” This is perhaps inevitable because gene promoters
share many of the same regulatory elements and presumably
respond in a similarmanner to transcriptional regulators.How-
ever, making generalizations about global transcriptional con-
trol based on the response of the relatively few genes that have
been studied in detail is prone to error.
Much has been written on the regulation of PEPCK-C

gene transcription and the factors that control its response
to hormones and diet (10–12). In the second minireview in
this series by Yang et al. (9), the emphasis is on the potential
role of chromatin remodeling in the transcription of the gene
and the potential insights that may be gained from a critical
analysis of the genome-wide sequence of the PEPCK-C gene
promoter. The degree of sequence conservation in eukaryotes
of the first 500 bp 5� of the start site of gene transcription in the
PEPCK-C gene promoter is striking. In addition, the conserva-
tion of sequences in the gene promoter provides a new insight
into putative regulatory elements that were not recognized pre-
viously. For example, there is a hitherto unrecognized Sp1 site
within the cAMP regulatory element of the gene promoter, a
region that is required for the transcriptional response of the
gene to cAMP. How and if Sp1 interacts with members of the
CAAT/enhancer-binding protein family of transcription fac-
tors that bind at the cAMP regulatory element are not clear.
Renal gene transcription requires the HNF-1-binding site
(13, 14), which is present at �200 to �164 bp in the PEPCK-C
gene promoter (15). However, from the genome-wide analysis
of promoter sequences, it is apparent that all mammalian spe-
cies studied have two highly conserved HNF-1-binding sites.
The role of these individual sites has not been studied. Finally,
there is a common assumption in studies of the control of gene
transcription that a gene promoter from one species is an
appropriate model for understanding this process in related
mammalian species. However, a close analysis of the PEPCK-C
gene promoter indicates that the SREBP-1-binding site varies
in number and position depending upon the species. This tran-
scription factor stimulates the expression of genes involved in

lipid synthesis and was also shown to inhibit transcription of
the gene for PEPCK-C in hepatoma cells (16, 17).
There are several lines of evidence, some from older litera-

ture and others more recent, that support an important role of
acetylation of histones and of specific transcription factors in
the regulation of PEPCK-C gene transcription (18–22). In the
second minireview in this series (9), we highlight a number of
studies that implicate alterations in histone modification as a
key factor in the development and regulation of PEPCK-C gene
transcription.

Structure/Function Analysis of PEPCK

The catalytic mechanism of both isoforms of PEPCK has
been studied in detail since the enzymewas first isolated. These
studies resulted in different amino acids being potentially
implicated as being involved in catalysis (23–27). A giant step
toward the development of a unifying mechanism of PEPCK
catalysis, invoking potential roles for specific amino acids, came
with the determination of the high-resolution crystal structures
of the enzymes from Escherichia coli in 1996 (28) and of
PEPCK-C from human liver in 2002 (29). Building upon the
previous body of biochemical data, these structural studies
painted a clearer picture of the unique active-site design that
allows PEPCK to juxtapose the anionic substrates of the reac-
tion and stabilize the increasing negative charge that develops
upon formation of the transition states of the reaction. Com-
plementing the earlier work on PEPCK, more recent structural
studies on the mitochondrial and cytosolic isozymes from
chicken and rat, respectively (30–32), indicate the importance
of conformational change in the mechanism of PEPCK cataly-
sis. It is notable, for example, that the active site of both the
GTP- and ATP-linked forms of PEPCK is capped by a mobile
�-loop lid domain, whose closure is critical for catalysis (32).
The importance of conformational change at the active site is
further illustrated by the necessity for movement of the nucle-
otide P-loop motif during the catalytic cycle. The dynamic
nature of this loop domain provides a mechanistic basis for the
long-standing observation that GTP-utilizing isozymes of
PEPCK are inactivated by the modification of Cys-288 (23),
which is found to reside in this loop. Inspection of the structural
data on PEPCK also suggests an explanation for the nucleotide
specificity that is a distinguishing feature between the enzyme
from vertebrates, which use GTP as a phosphoryl donor, and
the enzymes from yeast and E. coli, which use ATP. The mini-
reviewbyCarlson andHolyoak (33) provides fascinating insight
into the reaction mechanism of PEPCK, the details of which
have been surprisingly elusive over the years since the discovery
of the enzyme.
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The enzyme phosphoenolpyruvate carboxykinase (GTP; EC
4.1.1.32) (PEPCK)2 has the unusual distinction of being very
well studied but metabolically misunderstood. As we will doc-
ument in this minireview, the enzyme has been almost exclu-
sively linked to gluconeogenesis to the point that changes in the
levels of PEPCK mRNA or its activity are associated with the
control of hepatic glucose output and, more recently, with
alterations in life span. That a tissue such as brown adipose
tissue, which does not make glucose, has more PEPCK activity
on a protein basis than is present in the liver is largely ignored.
In addition, all eukaryotes have a gene for both amitochondrial
(PEPCK-M) and cytosolic (PEPCK-C) form of the enzyme. In
the livers ofmostmammals studied to date (including humans),
50% of the total PEPCK activity is PEPCK-M. However, for
reasons to be discussed, only PEPCK-C has been studied in any
detail in mammals. Thus, the “strange case of PEPCK-M”
deserves our attention. This minireview is an attempt to
broaden our prospective on the metabolic role of this enzyme
by reviewing the body of literature that has accumulated dem-
onstrating that PEPCK plays a key role in a several metabolic
processes associated with cataplerosis.

Some Facts about PEPCK

PEPCK catalyzes the following reaction.

Oxalacetate � GTP ¢O¡ P-enolpyruvate � GDP � CO2

Although the reaction is reversible physiologically, the
Km(oxalacetate) (12 �M) and Km(GTP) (13 �M) are within the con-
centration range of these substrates inmammalian tissues, sug-
gesting that PEPCK normally synthesizes P-enolpyruvate from
oxalacetate. This is further supported by the fact that pyruvate
carboxylase, a mitochondrial enzyme that can also synthesize
oxalacetate, is present in many tissues and has a generally
higher Vmax (12 units/g in rat liver) than PEPCK (6 units/g) (1).
PEPCK uses GTP or ITP, but not ATP, as a phosphate donor to
form P-enolpyruvate. Most bacteria and yeast studied to date

contain an ATP-linked enzyme, which has little sequence sim-
ilarity to mammalian PEPCK. However, Mukhopadhyay et al.
(2) have purified a GTP-linked PEPCK from Mycobacterium
smegmatis, which has a molecular mass of 72 kDa; this agrees
well with the molecular mass of mammalian (3) and avian (4)
PEPCK. In addition, the M. smegmatis enzyme has a 47–50%
sequence identity to human and chicken PEPCK-C and a 46%
similarity to chicken PEPCK-M (2), suggesting that the genes
for the two isoforms of the enzyme diverged from a common
bacterial enzyme, perhaps by duplication and gene rearrange-
ment. The genes for human PEPCK-M and human and rat
PEPCK-C contain the same organization: 10 exons and 9
introns (3, 5). The gene for human PEPCK-M is 9839 bp in
length, whereas the genes for rat (6138 bp) and human (5345
bp) PEPCK-C are smaller; the size of the introns in PEPCK-M
largely accounts for this difference.

PEPCK Is a Cataplerotic Enzyme and as Such Is a “Feeder
Reaction” for Downstream Metabolic Processes

Our understanding of the metabolic role of PEPCK has
greatly expanded in recent years. PEPCK should be viewed as a
cataplerotic enzyme because it plays the important role of
removing citric acid cycle anions for either the biosynthetic
process or the subsequent complete oxidation of the these com-
pounds to carbon dioxide in the citric acid cycle. Thus, the
downstream pathways in which PEPCK participates are linked
to cataplerosis. There are fourmajor pathways inwhich PEPCK
plays a key role (Fig. 1). These are (a) gluconeogenesis, (b) glyc-
eroneogenesis, (c) the synthesis of serine, and (d) the conver-
sion of the carbon skeletons of amino acids, such as glutamine
and glutamate, to P-enolpyruvate (via PEPCK) and then to
pyruvate (via pyruvate kinase) for subsequent oxidation in the
citric acid cycle as acetyl-CoA.

Gluconeogenesis

The role of PEPCK-C in hepatic and renal gluconeogenesis
has been extensively reviewed (6), as have the factors that con-
trol transcription of its gene in these tissues (7). By removing
citric acid cycle anions (i.e. in the conversion of oxalacetate to
P-enolpyruvate), this enzyme links cataplerosis with a major
biosynthetic pathway: glucose synthesis. Deletion of the gene
for PEPCK-C inmouse liver leads to ablated gluconeogenesis in
that tissue (8, 9), whereas a total body deletion of the enzyme
results in profound hypoglycemia and death. It is well estab-
lished that changes in the rate of transcription of the gene for
PEPCK-C is a critical step in establishing the overall activity of
the enzyme in rodent liver and kidney cortex, tissues that syn-
thesize glucose (7). After years of study of PEPCK-C, the gen-
eral consensus is that alterations in PEPCK-C gene transcrip-
tion regulate the total activity of the enzyme is these tissues. It is
unusual for an enzyme at a branch point in ametabolic pathway
not to be subject to some type of allosteric regulation. Recently,
Lin et al. (10) reported that PEPCK-C in yeast was acetylated at
Lys19 and Lys514 and that Sir2 deacetylated the enzyme both in
vitro and in vivo. In addition, PEPCK-C in HepG23 cells, a
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human hepatoma line, was inhibited by acetylation, and the
amount of glucose produced by the cells was markedly
decreased. The regulatory significance of acetylation of
PEPCK-C in mammalian tissues where the enzyme is active
remains to be established. In the absence of identified allosteric
regulation or covalent modification, it has been assumed that
flux through PEPCK-C is regulated by the concentration of key
intermediates, such as oxalacetate and GTP. Rapid alterations
in the activity of key regulatory steps in gluconeogenesis, such
as fructose-1,6-bisphosphatase and pyruvate kinase, by allos-
teric activation or covalent modification are critical in setting
the overall flux rate for glucose synthesis. PEPCK-Cwould thus
serve as a feeder reaction for the overall process by removing
carbon from the citric acid cycle for utilization by biosynthetic
and oxidative pathways (Fig. 1). We thus consider that
PEPCK-C provides substrates for a number of downstream
processes. Although gluconeogenesis is quantitatively the major
route of carbon flux in the liver and kidney cortex, it is only one of
the metabolic pathways that depend on PEPCK for a source of
carbon derived from citric acid cycle intermediates.

Glyceroneogenesis as a Source of Glyceride-Glycerol

Most textbooks of biochemistry teach that the glyceride-
glycerol found in the triglyceride of mammals is derived from
the triose phosphate that is generated by the metabolism of
glucose via glycolysis. This is an attractive concept because it
links the intake of glucose with the deposition of fat as triglyc-
eride. Because insulin stimulates glucose transport into adipose
tissue, the picture is complete; a diet high in carbohydrate will

stimulate fatty acid synthesis and
deposition in adipose tissue, result-
ing in obesity. However, fatty acids
are synthesized to a negligible
extent in the adipose tissue of adult
mammals, especially in humans
(11); this is the job of the liver.
Newly synthesized fatty acids are
transported from the liver to the
adipose tissue as triglycerides that
are packaged in very low density
lipoprotein; the triglycerides are
subsequently degraded by lipopro-
tein lipase to their component fatty
acids and used to resynthesize trig-
lyceride. The carbon source of glyc-
erol 3-phosphate required to sup-
port the synthesis of the triglyceride
in the liver comes largely from
glyceroneogenesis (12). In fact,
two studies that determined the
rates of glyceroneogenesis com-
pared with glycolysis in overnight-
fasted human subjects found that
the majority (50–60%) of the glyc-
eride-glycerol in triglyceride iso-
lated from circulating very low den-
sity lipoprotein was derived from
glyceroneogenesis, with a smaller

contribution from glucose (13, 14). The overall rate of glycero-
neogenesiswasmeasured in rats subjected to a variety of dietary
conditions. Very high rates of glyceroneogenesis were noted in
the liver, adipose tissue, and skeletal muscle, despite the fact
that the rats were fed a diet high in carbohydrate and received
an intravenous infusion of glucose during the experiment (12).
A more detailed review of this subject can be found in Ref. 15.
Glyceroneogenesis as a Source of Glycerol in the Rainbow

Smelt, Schistosomes, andCaenorhabditis elegans—The glycerol
found in the blood ofmammals is generated from the hydrolysis
of triglyceride in adipose tissue by the action of lipases; the
concentration of glycerol in the blood is often used as ameasure
of lipolysis. Glycerol becomes an important source of carbon
for gluconeogenesis during prolonged starvation, when the
breakdown of triglyceride is accelerated. However, the concen-
tration of glycerol in human blood does not exceed 0.25 mM

(16). In contrast, the blood of Osmerus mordax, the rainbow
smelt, which lives in the waters of the North Atlantic, contains
a concentration of glycerol that can reach 0.4 M in the winter,
when the ambient sea temperatures approach 0 °C; the glycerol
is acting as an “antifreeze” in these fish. The work of Driedzic,
Ewart, and colleagues (17–22) provides a fascinating picture of
themetabolic adaptations that are responsible for the synthesis
of such high concentrations of glycerol in the blood of these
fish. They noted that the levels of PEPCK-C mRNA in rainbow
smelt liver rise as the sea temperature falls in the winter
months; this parallels an increase both in glycerol in the blood
and in the rate of glyceroneogenesis from amino acids (Fig. 2).
Glyceroneogenesis is of special importance because the diet of

FIGURE 1. Cataplerosis in action: PEPCK as a feeder reaction for carbon from the citric acid cycle to
various biosynthetic and oxidative processes. The entry of selected amino acids into the citric acid cycle and
their subsequent disposal via PEPCK-C are shown. The biosynthetic pathways of gluconeogenesis (a), glycero-
neogenesis (b), and serine synthesis (c) are outlined, as is the recycling/oxidation of the carbon skeletons of
amino acids back into the citric acid cycle (d) as acetyl-CoA for subsequent oxidation or conversion to fatty
acids. The metabolic basis for these various routes of disposal of amino acid carbon is discussed in detail in text.
OAA, oxalacetate.
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the rainbow smelt consists largely of fat and protein (they eat
small marine invertebrates), and the carbon skeletons of amino
acids are thus the chief source of glycerol (17, 22). The direct
synthesis of glycerol by a process that does not involve the lipol-
ysis of triglyceride requires glycerol 3-phosphatase, an enzyme
that has not been extensively studied in mammals. It seems
likely, however, that the direct synthesis of glycerol also occurs
inmammals. Jensen et al. (23) noted that�15–20% of systemic
glycerol in fasted humans was not formed from the lipolysis of
adipose tissue triglycerides. As with the rainbow smelt, this
would require glycerol 3-phosphatase to catalyze the direct
dephosphorylation of the glycerol 3-phosphate.
Schistosoma mansoni is the parasite responsible for schisto-

somiasis, a chronic and debilitating disease that affects large
numbers of individuals in tropical countries. The life cycle of
the parasite includes propagation in the freshwater snail
Biomphalaria glabrata, where it undergoes asexual multiplica-
tion of sporocysts and the generation of cercariae, nematode
worms in the second stage of larval life that infect humans.
Development of the parasite through its two larval stages
requires considerable energy, which, in adult worms, is pro-
vided by glucose from the infected human host. However, glu-
cose is limiting in the hemolymph of snails, and glutamine has
been suggested as a major source of energy for the organism in
this stage of development (24). PEPCK mRNA (at the present
time, it is not clear which isoform) is present at 60 times the
adult level in miracidia (the free-swimming larval stage) and 10
times the adult level in sporocysts. Assuming that changes in
the level of PEPCK mRNA parallel its activity, these findings
suggest that the organism canmake glucose via either glucone-
ogenesis or glycerol, via glyceroneogenesis, presumably from
glutamine as the source of carbon. Khayath et al. (24) reported
that glutamine is converted mainly to free glycerol by sporo-
cysts; this process does not involve the lipolysis of triglyceride in
the organism. Treatment of the sporocysts with 3-mercaptopi-

colinate, an inhibitor of PEPCK (24),
resulted in decreased synthesis of
both glucose and glycerol, support-
ing the key role of the enzyme in this
process. It thus seems likely that
schistosomes, like the rainbow
smelt, carry out glyceroneogenesis,
which results in the direct genera-
tion of glycerol (i.e. the lipolysis of
triglyceride is not required).
C. elegans embryos frommothers

that were exposed to medium con-
taining 0.3 M NaCl for 24 h were
resistant to 0.5 M NaCl; embryos
frommothers that were not precon-
ditioned to hyperosmotic shock as
larvae did not survive (25). Embryos
from conditioned adults had 10
times the glycerol content found
in control embryos (25). Worms
with a mutation in the gene for
PEPCK did not survive condition-
ing in 0.3 M NaCl, suggesting that

this enzyme is required for the formation of glycerol. The
mobilization of glycogen in the worm was not sufficient to
account for the levels of glycerol formed in response to
hyperosmotic conditions. Perfusion of rat liver with a hyper-
osmotic medium markedly increased PEPCK-C mRNA, sug-
gesting an effect on gene transcription (26), so that the role of
this enzyme in response to hyperosmolarity is more general in
organisms. As in the case of the rainbow smelt discussed above,
C. elegans must have a glycerol 3-phosphatase to generate the
glycerol formed from either glycogen mobilization or glycero-
neogenesis. Although the rate of glyceroneogenesis has not
been measured in C. elegans, it is likely that is an important
process for glycerol formation.
Glyceroneogenesis, PEPCK, and Energy Metabolism in

Developing Drosophila—The genes for both PEPCK-C and
PEPCK-M are present in tandem on chromosome 2R of Dro-
sophila. This contrasts withmanymammalian species in which
the genes are on separate chromosomes; for example, human
PEPCK-C is on chromosome 20, and human PEPCK-M is on
chromosome 14. Okamura et al. (27) noted that knockdown of
the transcription factor ATF-2 by RNA interference resulted in
a 70% decrease in the level of PEPCKmRNA in the fat bodies of
flies comparedwith controls. This caused a 30%drop in the rate
of glyceroneogenesis in the tissue as measured by the incorpo-
ration of [14C]pyruvate into glyceride-glycerol. This correlated
directly with the level of triglyceride found in the fat bodies of
the genetically modified flies as well as with a decreased body
weight. Interestingly, transgenic flies with an extra copy of the
gene for ATF-2 had 60% more triglyceride compared with
controls.

PEPCK and the Synthesis of Serine

Rats fed a low protein diet (6% of calories) have a 30-fold
increase in hepatic mRNA for 3-phosphoglycerate dehydro-

FIGURE 2. Changes in the activity of hepatic PEPCK and the concentration of glycerol in the blood of O.
mordax (the rainbow smelt) in response to changes in ocean temperature. This figure has been redrawn
from Fig. 4 in a review by Liebscher et al. (19), with the permission of the authors. Some of the data in this figure
were derived from the published work of Lewis et al. (20). The activity of hepatic PEPCK is presented as a gray
bar graph, the ocean temperature is shown in blue, and the concentration of glycerol in the blood of the
rainbow smelt is presented as a red line.
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genase,3 an NAD-linked enzyme that converts 3-phosphoglyc-
erate to 3-phosphohydroxypyruvate, the first step in the bio-
synthesis of serine from glycolytic intermediates. Although
serine is not an essential amino acid, it is an important source of
carbon for the one-carbon pool and for the synthesis of cysteine
in the transsulfuration pathway. The induction of 3-phospho-
glycerate dehydrogenase gene expression in the livers of rats fed
a low protein diet suggests that the synthesis of serine is of
special significance for the survival of the animals in situations
inwhich dietary protein is limiting (Fig. 1). It is noteworthy that
the pathway of glyceroneogenesis can also generate 3-phospho-
glycerate, so it is possible that serine can be synthesized in the
livers of starved animals using carbon derived from the P-enol-
pyruvate that was generated by PEPCK.

PEPCK-C and Recycling/Oxidation of the Carbon Skeletons of
Amino Acids

Amajor cataplerotic function of PEPCK-C is the recycling of
citric acid cycle anions back into the cycle to generate energy.
This process involves the entry of amino acid carbon into the
citric acid cycle, which will be further metabolized in the mito-
chondria to malate; malate exits the mitochondria and is oxi-
dized to oxalacetate. PEPCK-C converts the oxalacetate to
P-enolpyruvate, which is subsequently converted to pyruvate
via pyruvate kinase and then to acetyl-CoA in the mitochon-
dria by the pyruvate dehydrogenase complex; the acetyl-CoA
is a substrate for complete oxidation in the citric acid cycle
or can be used for fatty acid synthesis in the liver (Fig. 1). The
same type of carbon cycling via PEPCK-C has been suggested
as the fate of some of the glutamine carbon utilized by the
kidney cortex (28). By this scenario, the conversion of citric
acid cycle anions (i.e. via oxalacetate) to P-enolpyruvate (by
PEPCK) provides a high degree of metabolic flexibility
because tissues such as the small intestine or skeletal muscle
can convert the P-enolpyruvate to pyruvate and derive
energy by the subsequent oxidation of this compound as
acetyl-CoA in the citric acid cycle. A tissue such as the liver
makes glucose from citric acid cycle anions rather than recy-
cling them back into the cycle for energy. However, some
recycling of pyruvate into oxalacetate via pyruvate carboxyl-
ase and thus back into the citric acid cycle does occur in the
liver. The rate of “futile cycling” was estimated to account for
as much as 25% of the carbon flow during hepatic gluconeo-
genesis in fasted rats (29).

Overexpression of the Gene for PEPCK-C in Mouse
Skeletal Muscle and the Interaction of
Glyceroneogenesis and Cataplerosis

Skeletal muscle has a small but significant level of
PEPCK-C activity (30). There have been several proposals
regarding the metabolic role of this enzyme in muscle (30,
31). These include providing pyruvate (from P-enolpyruvate
formed by PEPCK-C, as discussed above) for the synthesis of
alanine by alanine aminotransferase. This is a potentially
important process because alanine constitutes a consider-
able fraction of the amino acids released by skeletal muscle

during fasting, requiring the net synthesis of this amino acid
in the muscle. Another possible metabolic role of PEPCK-C
in skeletal muscle is glyceroneogenesis. Skeletal muscle con-
tains triglyceride, and glyceroneogenesis is the major source
of carbon for the glyceride-glycerol in the triglyceride in this
tissue (12). PEPCK-C also has a cataplerotic function in skel-
etal muscle. The concentration of citric acid cycle anions
greatly increases in the mitochondria during strenuous exer-
cise and then falls when the muscle is at rest (32) and
removed after exercise.
To determine the metabolic role of PEPCK-C in skeletal

muscle, transgenic mice were generated using the cDNA for
PEPCK-C, which was linked to the �-skeletal actin gene pro-
moter (PEPCK-Cmusmice) and the 3�-end of the bovine growth
hormone gene. By crossbreeding two founder lines, a line of
mice was created that had �100 times the activity of the
enzyme in their skeletal muscle as was noted in control litter-
mates (33). Thesemice were hyperactive; they ran up to 5 km at
20 m/min without stopping and were eight times more active
than controls in their home cages. To support this high level of
activity, the PEPCK-Cmus mice ate twice as much as control
animals but weighed about half as much. During strenuous
exercise, the PEPCK-Cmus mice used fatty acid as the primary
fuel, and the concentration of lactate in the blood did not
increase to the same extent as in control animals after the
mice ran to exhaustion. The reason for this high level of
aerobic activity in the PEPCK-Cmus mice is most likely the
greatly increased number of mitochondria noted in their
skeletal muscle. They also had markedly elevated levels of
triglyceride in their skeletal muscle (33). The concentrations
of various metabolic markers in the blood, such as glucose,
free fatty acids, ketone bodies, and cholesterol, were not sig-
nificantly different in fasted PEPCK-Cmus mice compared
with controls. However, there was markedly less insulin and
leptin in the blood of PEPCK-Cmus mice compared with con-
trols.4 This is consistent with the effect of hyperactivity on
glucose utilization by skeletal muscle (increased insulin sen-
sitivity) and the reduced adipose tissue (reduced leptin for-
mation) in the PEPCK-Cmus mice.

The mechanism by which overexpression of PEPCK-C in
skeletal muscle causes such a marked increase in activity in the
mice is not clear at present. We assume that the increased con-
centration of triglyceride in the skeletal muscle of the PEPCK-
Cmusmice is caused by the elevated activity of PEPCK-C, which
increases the rate of glyceroneogenesis. The fact that the con-
centration of triglyceride in the skeletal muscle of the PEPCK-
Cmus mice was proportional to the activity of PEPCK-C in their
muscle suggests that carbon flow over this pathway is an impor-
tant determinant of the increased triglyceride levels in themus-
cle (33). The role of PEPCK in muscle metabolism is further
supported by a recent study of rats bred for running endurance;
these rats were also leaner, more active, and aggressive (34).
There was a 2-fold higher PEPCK activity in the quadriceps of
the more active rats. It was concluded that PEPCK may be an
important factor in the enhanced running endurance noted in
the lean rats (34).

3 S. C. Kalhan, unpublished data. 4 P. Hakimi, R. W. Hanson, N. A. Burger, and R. Tracy, unpublished data.
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Why Are There Two Isoforms of PEPCK?

The currentwisdom is that PEPCK-M is involved in glucone-
ogenesis from lactate (see Ref. 35 for a detail review). Because
the oxidation of lactate to pyruvate via lactate dehydrogenase
generates NADH in the cytosol, it is important to balance the
cytosolic redox state by synthesizing P-enolpyruvate directly in
the mitochondria. This obviates the need to transport malate,
whichmust be oxidized to oxalacetate in the cytosol, generating
NADH. Only one NADH is consumed per triose phosphate
converted to glucose; the twomolecules ofNADH that could be
potentially produced during gluconeogenesis from lactate
would skew the cytosolic redox state. The synthesis of P-enol-
pyruvate directly in themitochondria and its subsequent trans-
port to the cytosol (36) bypass this problem. Support for this
concept is based largely on studies with birds (they have
PEPCK-M and no PEPCK-C activity in their livers), whose liv-
ers synthesize glucose largely from lactate (37, 38). However,
lactate is derived from glucose metabolism in the large flight
muscles of birds, so lactate carbon does not result in the net
formation of glucose via gluconeogenesis; this is provided by
gluconeogenesis from amino acids in the kidney. However, the
metabolic role of PEPCK-M in other organisms has not been
rigorously studied and is largely ignored.
In contrast to PEPCK-C, an extensive study of the tissue dis-

tribution of PEPCK-M activity in the rat and mouse has not
been carried out. Recently, Stark et al. (39) reported the pres-
ence of PEPCK-M inmouse and rat pancreatic islets. They pro-
posed that the enzyme is involved in cataplerosis by shunting
excess oxalacetate as P-enolpyruvate from the mitochondria to
the cytosol. The P-enolpyruvate would then be converted to
pyruvate and recycled by �-cells. This process is critical for the
complete metabolism of citric acid cycle intermediates formed
from either pyruvate via pyruvate carboxylase or from the car-
bon skeletons of amino acids. Recycling from themitochondria
via PEPCK-M can contribute up to 40% of the cytosolic P-enol-
pyruvate pool. In addition, the GTP synthesized by succinyl-
CoA synthetase is converted to GDP by PEPCK-M (39). These
findings underline the importance of the direct delineation of
the role of PEPCK-M in a wide variety of mammalian tissues.
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Overview of PEPCK-C Gene Transcription

The cytosolic form of phosphoenolpyruvate carboxykinase
(GTP) (EC 4.1.1.32) (PEPCK-C)2 occupies an important posi-
tion in energy homeostasis because it is involved in the regula-
tion of glucose synthesis, fatty acid re-esterification, and the
cataplerosis of citric acid cycle anions. PEPCK-C gene tran-
scription can change very rapidly; cAMP administration causes
a 10-fold increase in transcription in liver within 20 min (1),
whereas insulin rapidly inhibits transcription (i.e. a 50%
decrease in PEPCK-C mRNA levels within 30 min) (2). In con-
trast, the activity of the enzyme changes far less rapidly, i.e. a
2-fold increase in hepatic PEPCK-C activity was noted 3 h after
Bt2cAMP administration (3). This suggests regulation of
PEPCK-C mRNA processing or post-translational modifica-
tion of the enzyme. A recent study using both yeast and HepG2
hepatoma cells has demonstrated that PEPCK-C is post-trans-
lationally regulated by acetylation at Lys-19 and Lys-514 of
PEPCK-C; this increases PEPCK-C activity in yeast and hepa-
toma cells (4). However, it is generally true that the induced
changes in the amount of immunoreactive PEPCK-C protein
correlate well with the corresponding alterations in the activity
of the enzyme (5).
PEPCK-C is a single copy gene whose transcription is regu-

lated by the binding of transcription factors to specific sites on
the gene promoter. Fig. 1 summarizes the location of transcrip-
tion factor-binding sites that, together with the transcription
factors and co-regulators, influence the expression of the gene
in mammalian tissues. Regulatory elements in the PEPCK-C
gene promoter may best be understood as “units,” each of
which is composed of several different transcription factor-
binding sites that function together in response to hormonal
and dietary stimuli (Fig. 1B). These include the cAMP regula-

tory unit in liver (6), the acidosis regulatory unit in kidney (7),
and the GRU, which is critical for the response of the gene to
glucocorticoids and insulin in liver (8, 9). PEPCK-C is robustly
expressed in four tissues (liver, kidney, and white and brown
adipose), and several hormones differentially regulate its tran-
scription in a tissue-specific manner. The rate of transcription
of the gene for PEPCK-C is altered rapidly and differentially in
these tissues in response to changes in the dietary and hormo-
nal status of the animal. Thus, a stimulus that induces gene
transcription in one tissue might repress it in another. One
important caveat is that low levels of PEPCK-C are present in
many mammalian tissues (10), but there is very little informa-
tion concerning the factors that control transcription of the
gene in tissues other than the four listed above. Finally,
PEPCK-C in mammals first appears at birth (11), an event that
contributes to the initiation of gluconeogenesis and glycero-
neogenesis in the newborn. The regulation of transcription of
the PEPCK-C gene had been reviewed in detail previously (12,
13). This minireview focuses on areas that have received less
attention over the years.

Role of Chromatin Structure and Methylation in the
Developmental and Tissue-specific Regulation of
PEPCK-C Gene Transcription

Themechanisms involved in the tissue-specific expression of
PEPCK-C and the pattern of its expression during development
are critical areas for future investigation. PEPCK-C activity is
present at significant levels in the periportal region of the liver,
kidney cortex, and brown andwhite adipose tissue, all known to
be involved in either gluconeogenesis or glyceroneogenesis.
However, an immunohistochemical analysis of PEPCK-C in
mouse by Zimmer andMagnuson (10) detected the enzyme in a
wide variety of mouse tissues, most of which do not make glu-
cose and store little triglyceride (i.e. bladder, stomach, small
intestine, vagina, parotid gland, submaxillary gland, and brain).
During mouse development, immunoreactive PEPCK-C was
observed in the nervous system and in somites of 15-daymouse
embryos (10). PEPCK-C is largely absent in mammalian liver
before birth and develops to greater than adult levels in rats
livers within 8 h after birth (14); this parallels the initiation of
hepatic gluconeogenesis. The factors that control the tissue-
specific development of PEPCK-C gene expression are poorly
understood (Fig. 1C). It is likely that the developmentally regu-
lated expression of key transcription factors in specific tissues
patterns the transcription of the gene for PEPCK-C. As an
example, deleting the gene for CAAT/enhancer-binding pro-
tein-� in mouse completely represses expression of PEPCK-C
in liver at birth and leads to profound hypoglycemia in the new-
born (15). This shifts the emphasis from the PEPCK-C gene
itself to factors that control expression of genes for transcrip-
tion factors during development. The transcriptional control of
PEPCK-C gene expression becomes prominent during devel-
opment (especially during the perinatal period) when the gene
undergoes dramatic changes from dormancy to being actively
transcribed. This involves chromatin remodeling, which has

* This work was supported, in whole or in part, by National Institutes of Health
Grant DK25541 (to R. W. H.). This is the third article of four in the Thematic
Minireview Series on the Biology of Phosphoenolpyruvate Carboxykinase:
55th Anniversary. This minireview will be reprinted in the 2009 Minireview
Compendium, which will be available in January, 2010.

1 To whom correspondence should be addressed. E-mail: rwh@case.edu.
2 The abbreviations used are: PEPCK-C, cytosolic phosphoenolpyruvate car-

boxykinase; Bt2cAMP, dibutyryl cAMP; GRU, glucocorticoid regulatory unit;
PPAR�2, peroxisome proliferator-activated receptor-�2; LCR, locus control
region.
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been studied by determining (a) the methylation status of the
DNA, (b) the chromatin status, and (c) the methylation of
Arg-17 in histone H3.
Methylation—Benvenisty et al. (16) analyzed the extent of

methylation of 18 sites in the PEPCK-C gene and its surround-

ing sequences in adult liver, kidney,
spleen, and heart and in fetal liver
using CpG site-sensitive enzymes.
There was extensive undermethyla-
tion of the gene in adult liver and
kidney (both actively express
PEPCK-C), whereas the gene in
spleen, heart, and fetal liver (tissues
that do not express PEPCK-C) was
heavily methylated, suggesting that
the level of methylation is directly
related to the expression of the
gene. Injection of 5-azacytidine
(which decreases methylase activ-
ity) into 19-day rat fetuses caused
demethylation of the gene (after
48 h) and a marked increase in
PEPCK-C mRNA in liver but not in
spleen (16). Bt2cAMP induced the
premature transcription of the
PEPCK-C gene in liver within 3 h,
whereas demethylation of the gene
was observed 2 days later (17).
Although these studies suggest
that changes in the pattern of
methylation of the PEPCK-C gene
locus accompany the developmen-
tal and tissue-specific expression
of PEPCK-C, other activating fac-
tors, which are likely not sensitive
to methylation status, are clearly
involved in this process.
Chromatin Status—The PEPCK-C

gene retains a compact structure,
extremely DNase I-resistant, in fetal
rat liver until the perinatal period.
However, intra-uterine injection of
Bt2cAMP into 19-day rat fetuses for
3 h induced not only PEPCK-C gene
transcription but concomitantly
chromatin associatedwith the gene-
acquired sensitivity to DNase I (17).
The partialDNase I sensitivity of the
PEPCK-C chromatin elicited by
Bt2cAMP is in accordwith the hepa-
tocytes composing only 35% of the
entire fetal liver cell population at
this gestational age (18).
Modifications of Histone H3/H4 by

Methylation/Demethylation—Changes
in the methylation status of histone
H3/H4 have been shown to modu-
late the transcription and chroma-

tin occupation of transcription factors in the PEPCK-C and
glucose-6-phosphatase genes. Hall et al. (19) noted that abla-
tion of the insulin-responsive sequence failed to prevent the
dominant-negative response to insulin in liver, as would be
predicated if this area of the gene promoter were the only factor

FIGURE 1. Transcriptional regulation of the rat PEPCK-C gene promoter. A, schematic illustration of inter-
action between transcription factors with their transcription factor-binding sites in the rat PEPCK-C gene
promoter. The figure is modified from a drawing by Chakravarty et al. (13) and is in scale. Some small transcrip-
tion factor-binding sites, which overlapped larger transcription factor-binding sites, are shown as yellow bars.
The names of transcription factor-binding sites, which were identified using in silico analyses, are marked in red.
B, the cAMP regulatory unit (6), the acidosis regulatory unit (35), and the extended GRU in the PEPCK-C gene
promoter (9). Specific transcription factors, binding sites, and co-activators are highlighted. C, transcription
factor-binding sites involved in tissue-specific regulation of PEPCK-C gene transcription. COUP, chicken
ovalbumin upstream promoter; C/EBP, CAAT/enhancer-binding protein; CREB, cAMP response element-bind-
ing protein; GR, glucocorticoid receptor; T3R, thyroid hormone receptor; NF1, nuclear factor 1; RAR/RXR, retinoic
acid receptor/retinoid X receptor; TRE, thyroid hormone regulatory element; CBP, CREB-binding protein; IRS,
insulin-responsive sequence. P1–P6 are protein-binding sites identified by DNase I footprinting (31).

MINIREVIEW: Control of PEPCK Gene Transcription

27032 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 284 • NUMBER 40 • OCTOBER 2, 2009



involved in the negative effect of insulin on transcription. They
found a gradual but rather rapid disappearance of many key
transcription factors from the chromatin of the genes for both
PEPCK-C and glucose-6-phosphatase within 3 min after the
addition of insulin to hepatoma cells; this correlated with a
parallel decrease in methylated Arg-17 residues from histone
H3 and with the rate of transcription of the two genes. It is thus
possible that demethylation of the histone H3 arginine residue
underlies the repressionof gene transcriptionby insulin.This is an
attractive hypothesis because it might explain the rapid and dom-
inant-negative effect of insulin on PEPCK-C gene transcription. It
thus would be interesting to assess, using the livers of 19-day rat
fetuses, when the chromatin for PEPCK-C is in a compact confor-
mation,whether histoneH3Arg-17 is demethylated, andwhether
it becomes methylated upon birth, when the gene is initially
transcribed.
Relationship between DNase I-hypersensitive Sites and Tis-

sue-specific Expression of the PEPCK-C Gene—In addition to
the developmental acquisition of globalDNase I-sensitive chro-
matin, Ip et al. (20) identified five distinct DNase I-hypersensi-
tive sites in the PEPCK-C gene in rat liver-derived hepatoma
cells (Fig. 2A). Site A mapped to a 220-bp region centered at
�4800 bp; Site B mapped at about �1300 bp; Site C mapped
between �370 to �30 bp; Site D mapped at �4650 bp (within

intron 8 of the gene); and Site E is
composed of two closely spaced
sites at�6100 and�6300 bp, which
is within the 3�-untranslated region
of the PEPCK-C gene (all sites are
numbered relative to the transcrip-
tion start site, i.e.�1). Several of the
DNase I-hypersensitive sites have
been linked to the tissue-specific
transcription of the PEPCK-C gene.
Williams et al. (21) noted that
hypersensitive Site A (at �4800 bp)
is strictly liver-specific and is absent
in kidney and NIH3T3–442A prea-
dipocytes and adipocytes. Another
hypersensitive site at about �1100
bp of the PEPCK-C gene promoter
(termed Site B) is present in
NIH3T3–442A cells (which differ-
entiate into adipocytes) but not in
NIH3T3-C2 cells (which do not dif-
ferentiate into adipocytes); this site
was not detected in mouse liver.
This region of the PEPCK-C gene
promoter contains a PPAR�2-bind-
ing site that is critical for the adipose
tissue-specific expression of the
gene (Figs. 1C and 2B) (22). It is thus
likely that an alteration in the chro-
matin conformation in this region of
the PEPCK-C gene promoter is
involved in the control of adipose tis-
sue-specific expression of the gene.
Cissell and Chalkley (23) exam-

ined the tissue-specific chromatin structure of the PEPCK-C
gene in kidney and liver. They detected several DNase I-hyper-
sensitive sites in the gene in kidney. As expected, one of the sites
mapped to between�370 and�30 bp relative to the start site of
transcription (termed Site C); this site contains sequences
required for general transcription in virtually all tissues that
express PEPCK-C.A second sitewas at�1900 bp,within intron
4 (termed Site K); hypersensitive Site K is unique to kidney
tubules and was not found in a line of cultured kidney cells that
did not express the PEPCK-C gene.
Use of TransgenicMice toCorrelate the Function of theDNase

I-hypersensitive Site in the PEPCK-C Gene Promoter—Support
for the importance of the kidney-specific hypersensitive sites
for renal PEPCK-C gene expression can be found in studies
with transgenic mice in which the tissue-specific regulation of
the gene promoter was studied. Transgenes that included seg-
ments of the PEPCK-C gene promoter ranging from �2000 to
�73 or�109 to�73 bp linked to amarker genewere expressed
in the appropriate mouse tissues (i.e. liver and adipose tissue)
(24). However, expression of the transgene in kidney was only
partially induced compared with a transgene containing the
entire PEPCK-C gene (25). These findings suggest that the kid-
ney-specific DNase I-hypersensitive site at �1900 bp (Site K in
intron 4) is required for the full physiological level of expression

FIGURE 2. Sequence conservation in the rat PEPCK-C gene (Pck1). A, the sequence of the rat PEPCK-C gene
(�7/�7 kb) was aligned with the counterparts of eight vertebrates (mouse, human, dog, cow, opossum,
chicken, frog, and zebrafish) using the UCSC Genome Bioinformatics browser. The transcription start site is
marked as �1. Exons are depicted as black boxes, with numbered introns in between. Evolutionarily conserved
sequences for each species listed are displayed in green. Pairwise alignments of each species with the rat
genome are displayed as blue peaks below the gene. DNase I-hypersensitive (HS) sites, reported by Ip et al. (36)
and by Cissell and Chalkley (23), are mapped using vertical red dashed lines. Genome assemblies used are rat
(November 2004, rn4), mouse (February 2006, mm8), human (March 2006, hg18), dog (May 2005, canFam2),
cow (March 2005, bosTau2), opossum (January 2006, monDom4), chicken (February 2004, galGal2), frog (Octo-
ber 2004, xenTro1), and zebrafish (May 2005, danRer3). B, transcription factor-binding sites in rat PEPCK-C gene
promoter (�1500/�72) were aligned with the pairwise alignments track in A. The degree of sequence conser-
vation is denoted by the blue peaks, and the conserved transcription factor-binding sites located in the
PEPCK-C gene promoter are indicated at the bottom (the drawing is in scale). GR, glucocorticoid receptor;
C/EBP, CAAT/enhancer-binding protein; CRE, cAMP response element.
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of the gene in kidney cortex. The role of the sequences in Site K
in the regulation of renal PEPCK-C gene transcription is not
clear at this time.
An analysis of the PEPCK-C gene promoter in transgenic

mice indicated that a region between �540 and �362 bp is
required for the glucocorticoid induction of PEPCK-C gene
transcription in kidney (25); this is consistent with the position
of the GRU, which maps at �410 bp. Site C also contains a
duplicated HNF-1-binding site (Fig. 2B), which is required for
the renal specific transcription of the PEPCK-C gene and for its
response to metabolic acidosis (26). Patel et al. (24) noted that
the mutation of this site in the PEPCK-C gene promoter in
transgenic mice resulted in complete loss of transcription from
the promoter in kidney. As mentioned above, the region in
hypersensitive Site C is not restricted to the control of renal
gene transcription; it is a key region for the expression of the
PEPCK-C gene in all tissues studied to date. We assume that
proteins binding at Sites K and C act cooperatively to ensure
appropriate expression of the PEPCK-C gene in kidney cortex.
Is There a LCR Associated with the Hepatic PEPCK-C Gene?—

DNase I-hypersensitive SiteA,whichmaps at�4800bpupstream
of the PEPCK-C gene, can function to increase both the copy-de-
pendentenhancementand frequencyof transcriptionofa reporter
gene that has been introduced into transgenic mice (27). In this
regard, it shows properties of a LCR and resembles the hypersen-
sitive sites flanking the coding region of the�-globin gene (28, 29)
and the T-cell-specific CD2 gene (30). Site A contains a sequence
that resembles a doublet of the extendedGRU (discussed above).3
As discussed in detail below, this region is highly conserved in the
mouse, human, rat, and dog genomes.

Regulatory Elements in the PEPCK-C Gene Promoter Are
Conserved during Evolution

DNase I-hypersensitive Sites—It is noteworthy that significant
blocks of nucleotide sequence in the PEPCK-C gene and sur-
rounding regions are highly conserved in several vertebrate
genomes.Weassumethat thehigh levelof sequence identitynoted
in areas that are outside of the coding region of the PEPCK-C
structural gene provides strong support for the importance of
these regions ofDNA in the control of PEPCK-C gene expression.
In Fig. 2A, we present the rat PEPCK-C gene and compare it with
the sequence of the same gene from eight other vertebrate species
(human, mouse, dog, cow, opossum, chicken, frog, and fish). The
rat PEPCK-C gene has 10 exons and 9 introns; the intron/exon
alignment is virtually identical in the fivemammalian species stud-
ied and in chicken, but the first exon is not found in the frog and
fishPEPCK-Cgenes.There is ahighly conserved region in intron6
of the PEPCK-C gene that is found in the fivemammalian species
and in frog; the potential regulatory significance of this region of
the PEPCK-C gene is not clear.
The relative positions of theDNase I-hypersensitive sites dis-

cussed above are annotated at the top of Fig. 2A. Sites C, K, and
D are conserved in the vertebrate genome. DNA sequences that
correspond in location to Site A (at about �4800 bp), Site B
(�1100 bp), Site �3.1, and Site E (at about �6200 bp) are not
conserved in their exact locations, as originally aligned. How-

ever, Site A is relatively close to a highly conserved sequence
located at�5700 bp. This site is present within the same region
(relative to the start site of PEPCK-C gene transcription) in all
five of the mammalian species analyzed. The positions of the
original DNase I-hypersensitive sites were based on measure-
ments of the migration of DNA fragments in agarose gels,
which is subject to some variation, so it is possible that Site A
corresponds to the conserved site at �5700 bp noted in the
analysis in Fig. 2A. If so, it is a strong verification of the impor-
tance of this site as a LCR that is involved in potentially control-
ling the development of PEPCK-C gene transcription, as sug-
gested by Ip et al. (20).

Site B, which is located at �1100 bp in rat, most likely corre-
sponds to a highly conserved site at �1000 bp that is present in
all mammalian species annotated in Fig. 2A. As discussed
above, this region contains a PPAR�2-binding domain that is
required for the adipose tissue transcription of the mouse
PEPCK-C gene. Finally, the 3�-end of the PEPCK-C gene con-
tains a region at �5700 bp that is highly conserved in the five
mammalian species studied. This site most likely corresponds
to Site E, which Ip et al. (20) mapped at �6300 bp.
Conserved Regulatory Regions of the PEPCK-C Gene

Promoter—We have carried out a detailed comparison of the
5�-flanking region of PEPCK-C genes from a number of verte-
brate species, ranging from humans to birds (Fig. 2B). Within
the first 1000 bp of sequence 5� to the start site of gene tran-
scription, there are a number of highly conserved (�95%
sequence identity between mammalian species) regions that
correspond directly to known transcription factor-binding sites
within the rat PEPCK-C gene promoter. The chicken PEPCK-C
gene promoter shares with other mammals (Fig. 2B) a 400-bp
region of sequence identity immediately 5� to the transcription
start site, but with little identity beyond. Several new insights
are forthcoming from this comparison. For example, the cAMP
response element of the PEPCK-C gene promoter is adjacent to
an Sp1-binding site that lies between a ubiquitous NF1-binding
site and the cAMP response element; this Sp1 site is present in
the human, chimp, dog, mouse, rat, and chicken genomes. A
previously unidentified Sp1 site was also noted at approxi-
mately �70 bp of the gene promoter in these species. We have
shown that mutations in both of these Sp1 sites markedly alters
basal and protein kinase A-stimulated transcription from the
PEPCK-C gene promoter.4 The HNF-1-binding site in the pro-
moter is repeated twice within what we previously considered
to be a single regulatory element (31, 32); this arrangement is
conserved in all species we have analyzed (Fig. 2B). Finally, a
hitherto unrecognized HNF-4�-binding site at �272 to �252
bp was identified by phylogenetic sequence comparison. We
demonstrated in subsequent studies that HNF-4� binding to
this site is responsive to SIRT1-catalyzed deacetylation induced
by resveratrol (37).
In contrast to the highly conserved sites, there is considerable

variability among species regarding the occurrence and posi-
tion of the SREBP-1c-binding site in the PEPCK-C gene pro-
moter; this transcription factor is involved in the response of

3 H. Cassuto, K. Kochan, and L. Reshef, unpublished data. 4 J. Yang, G. Aleman, and R. W. Hanson, unpublished data.
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the PEPCK-C gene to insulin (33, 34). Along with HNF-4�,
FOXO, and PGC-1�, SREBP-1c regulates the repressive
response of the hepatic PEPCK-Cgene to insulin. This response
is critical for the regulation of hepatic glucose output and for
glyceroneogenesis in liver. It is thus of particular interest that
the human PEPCK-C gene promoter has several SREBP-1c reg-
ulatory elements with near-perfect agreement with the SREBP-
1c-binding site in the low density lipoprotein gene promoter
(34). These elements were shown by electrophoretic mobility
shift assay to bind tightly to SREBP-1c. In contrast, the rat
PEPCK-C gene promoter requires the nuclear high mobility
group protein to bind SREBP-1c effectively (34). On the other
hand, the mouse PEPCK-C gene promoter does not have a
detectable SREBP-1c-binding site based on the consensus
sequence of these sites.
As mentioned in detail above, there is a highly conserved

region at about �1000 bp in the PEPCK-C gene promoter that
is found in the genome of all mammalian species we analyzed
(i.e. human, rat, mouse, cow, and dog) but is not present in
opossum, fish, chicken, and frog (Fig. 2A). This region contains
a PPAR�2-binding site that controls transcription of the
PEPCK-C gene in adipose tissue (22) and the distal component
of the extended GRU in liver (9). Thus, in mammals, glucocor-
ticoids coordinates the circulation of fatty acids between liver
and adipose tissue. This involves a reciprocal regulation of
PEPCK-C gene transcription in the two tissues via the same
conserved regions in the gene promoter in adipose tissue and
the extended GRU in liver. The absence of this conserved
region in birds, fish, and frogs also suggests a different mode of
transcriptional control in adipose tissue gene transcription
from these species.

Concluding Remarks

Despite advances in our understanding of specific transcrip-
tion factors that bind to regions of the PEPCK-C gene promoter
in proximity to areas of hypomethylation, there is little infor-
mation on the mechanisms involved in controlling the methy-
lation status of the gene. Likewise, factors that modify nucleo-
somes associated with the gene, which recruit regulatory
proteins complexes to the promoter, remain elusive. Chroma-
tin modifications such as changes in acetylation, ubiquitina-
tion, sumoylation, and methylation are also likely to play a role
in the control of PEPCK-C gene transcription. The research
summarized in this minireview provides an excellent starting
point from which to probe the mechanisms by which chroma-
tin modification controls PEPCK-C gene transcription.
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Mammalian PEPCK2 catalyzes the reversible formation of
PEP from OAA and GTP (or ITP) in a divalent cation-depend-
ent reaction (Scheme 1), as was elegantly discussed in the first
minireview of this series on PEPCK (1).
In this thirdminireview, high-resolution crystal structures

of mammalian PEPCK are examined to gain insights into the
mechanism of PEPCK catalysis, including the reaction’s
reversibility and nucleotide specificity. Regarding reaction
reversibility, PEPCK is responsible for regeneration of the
high-energy phosphoryl donor PEP from the unstable, acti-
vated �-keto acid OAA. When coupled with pyruvate car-
boxylase, PEPCK reverses the essentially irreversible forma-
tion of pyruvate and ATP from PEP and ADP in the glycolytic
reaction catalyzed by pyruvate kinase. As illustrated (Fig. 1),
PEPCK could achieve this feat by stabilizing the inherently
unstable enolate form of pyruvate generated by decarboxy-
lation of OAA (Scheme 1). Stabilization of this intermediate
would reduce the energetic cost for phosphoryl transfer by
�30 kJ mol�1 relative to direct reversal of the pyruvate
kinase-catalyzed reaction. An energetic driving force for the
pyruvate kinase reaction is the favorable tautomerization of
the high-energy enol to its corresponding keto form; in con-
trast, by stabilizing the enolate, PEPCK could prevent its
energetically favorable protonation and tautomerization,
allowing phosphoryl transfer to occur. Thus, by stabilizing
this intermediate in a high-energy state, the PEPCK reaction
would be energetically rendered freely reversible; the crystal
structures that will be described indicate that PEPCK does,
in fact, stabilize the enolate intermediate.
The recent structures of PEPCK from human, rat, and

chicken (2–5), the enzymes from Trypanosoma cruzi (6),
Anaerobiospirillum succiniciproducens (7), and Corynebacte-
rium glutamicum (8), and earlier work on the isozyme from
Escherichia coli (9–13) illustrate that the active-site residues
and architecture are well conserved, despite what is rather poor
overall sequence homology when comparing members of the

ATP- and GTP-dependent families.3 As detailed in this mini-
review, the cationic environment of the active site, dominated
by the juxtaposition of twodivalentmetal ions and the position-
ing of lysine and arginine residues, is well suited to allow for the
stabilization of the enolate intermediate discussed above and to
facilitate phosphoryl transfer.
An informative aspect of the PEPCK-catalyzed reaction

revealed by the recent structural data on the GTP-dependent
isozyme from rat is the illumination of the previously unappreci-
ated role of conformational changes occurring in the active site
during the catalytic cycle (5). The most prevalent mobile feature
illustratedby the structuralwork is a10-residue�-loop liddomain
whose closure is potentially capable of protecting the enolate
intermediate (Fig. 2) (2–5). A similar domain is present in ATP-
dependent PEPCK, as represented by the E. coli enzyme, which
was the first PEPCKtobe structurally characterized (9).The struc-
tural data onPEPCKdemonstrate that only upon closure of the lid
domain are the substrates positioned correctly for catalysis to
occur (5). Furthermore, another loop domain, the ubiquitous
P-loop or kinase-1a motif in the GTP-dependent PEPCKs, also
shows dynamic behavior, adapting various conformations corre-
lated with substrate binding. The potential role of the dynamic
P-loop in catalysis is of interest because it contains a reactive cys-
teine residue that is conserved in all GTP-dependent PEPCKs and
whosespecificmodificationhasbeenknownfor2decades toresult
in the inactivation of the enzyme (14, 15). As described below,
recent structural work characterizing the low-energy conforma-
tional states that define the reaction coordinate of the enzyme-
catalyzed reaction (2–5, 16), considered together with previous
biochemical studies, has allowed a relatively detailed picture of the
mechanismof catalysisutilizedbyPEPCKtoemerge.Both the role
of the positively charged active site and the important conforma-
tional changes occurring within that site are discussed in the con-
text of an integratedmechanism for PEPCK-mediated catalysis.

Structural Snapshots of a Stepwise Mechanism
for PEPCK

Formation of the Michaelis Complex—The crystallographic
structures of PEPCK in complex with either OAA or its ana-
log 3-sulfopyruvate demonstrate that OAA binds to the
enzyme by directly coordinating to the M14 manganese ion
with its C-35 and C-4 carbonyl oxygens displacing two of three
water molecules coordinated to that cation in the structure of

* This is the fourth article of four in the Thematic Minireview Series on the
Biology of Phosphoenolpyruvate Carboxykinase: 55th Anniversary. This
minireview will be reprinted in the 2009 Minireview Compendium, which
will be available in January, 2010.

1 To whom correspondence should be addressed. E-mail: tholyoak@
kumc.edu.

2 The abbreviations used are: PEPCK, phosphoenolpyruvate carboxykinase;
PEP, phosphoenolpyruvate; OAA, oxalacetate.

3 Both ATP- and GTP-dependent PEPCK enzymes exist in nature. The ATP class
has been identified in bacteria, trypanosomatids, C4 plants, and yeast,
whereas the GTP-dependent isozymes are found in mammals and other
eukaryotes (excluding yeast) and some bacteria (Corynebacterium sp. and
Mycobacterium sp.) (8, 25, 26).

4 In the absence of substrates, PEPCK binds a single divalent cation cofactor (M1).
Manganese is the most activating cation and is thought to be the physiologi-
cally relevant cofactor due to this property in combination with the higher
affinity of PEPCK for manganese relative to magnesium. An additional divalent
cation (M2) is bound in the presence of nucleotide, as the catalytically compe-
tent form of the nucleotide is the M2��nucleotide complex.

5 The atom numbering utilized is consistent with that used previously (4).
Although this is contrary to IUPAC nomenclature, it is consistent with the
atom numbering utilized for the molecules in the Protein Data Bank.
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PEPCK-Mn2� (Fig. 2A). Structure-function studies on rat cyto-
solic PEPCK indicate that the cis-planar arrangement of metal-
coordinating atoms is essential in substrate/inhibitor recognition
by PEPCK, which explains the poor inhibition observed in prior
kinetic studies by OAA analogs lacking this feature (16–18). In
addition to the favorable interactions between OAA and the M1
Mn2� ion, binding ofOAA is facilitated through interactionswith
Arg-876 and Ser-286 (19).GTPbinds to PEPCKwithin the unique
nucleotide-binding site of GTP-dependent PEPCKs (Fig. 3), with
�- and �-phosphoryl groups coordinating to the M2 metal (Fig.
2A). These two coordinating atoms from GTP, in conjunction
with the O-� of the P-loop Thr-291 side chain and three water

molecules, complete the octahedral coordination geometry of the
M2 metal ion. Upon GTP binding to the PEPCK�OAA complex,
forming the Michaelis complex, the remaining water molecule
coordinated to theM1metal ion is displaced, fulfilling its octahe-
dral coordinationgeometry.This coordinationof the�-phosphate
allows it to act as a bridging ligandbetweenM1andM2metal ions
(Fig. 2,A–C). Furthermore, coordination of OAA andGTP to the
M1andM2metal ionsplaces theC-3carbonyloxygenofOAAand
the �-phosphate of GTP in the perfect orientation, albeit at a dis-
tance that is too great (see “Activation of Catalysis upon Lid Clo-
sure”), for direct in-line phosphoryl transfer, consistent with the
observed stereochemistryof the reaction (20, 21).Thus, in the fully
ligated state, the M1 metal is octahedrally coordinated by three
protein ligands (Lys-244,His-264, andAsp-311) and three oxygen
atomsof theOAAandGTPsubstrates. In a role consistentwith its
known function in kinases, the P-loop lysine (Lys-290) bridges the
�- and �-phosphoryl groups, facilitating the leaving group ability
of the �-phosphate (22). Furthermore, the importance of Arg-405
in forming abidentate salt bridgewith thephosphoryl groupbeing
transferred is illustrated in the complexes representing the two
Michaelis states for the reversible reaction (Fig. 2, B and D). The
bidentate interaction of Arg-405 with the �-phosphate of GTP
suggests a role in stabilizing the phosphoryl group undergoing
transfer in a higher energy eclipsed conformation relative to the
�-phosphoryl group, againmaking the �-phosphate a better leav-
ing group. The importance of Asn-403 in orienting Arg-405 to
fulfill this role is also apparent from the structures (Fig. 2).
In the lidopenPEPCK�GTP(4) andPEPCK�OAA�GTP(Fig. 2A)

complexes, theboundconformationofGTPshows theorientation
of the nucleotide ribose ring and �-phosphate in a non-canonical
conformation.The structural studies suggest that this uncommon
nucleotide orientation in the lid open state holds the nucleotide
away from the M1 manganese ion, perhaps minimizing GTPase
activity in the absence of a phosphoryl acceptor.
Activation of Catalysis upon Lid Closure—Although all of the

substrates bind to the lid open form of the enzyme (Fig. 2A), in a
clear example of a classical induced-fit mechanism, structural
studies demonstrate that only upon lid closure are the substrates
positioned correctly to allow for catalysis to proceed (5). This begs
thequestionas towhat is the energeticdriving force for lid closure.
The structural data support a model in which modulation of the
free energy profile for the enzyme occurs as ligands bind during
progressionofPEPCKtoward formationof theMichaelis complex
(5). This model suggests that the thermodynamic favorability of
the enzyme adapting the lid closed (active) state increases as
ligandsaddto theenzyme,withaportionof theirGibbs freeenergy
of binding being partitioned to the protein, offsetting the entropic
unfavorability of the lid assuming anordered closed conformation
rather than a conformationally dynamic open (inactive) state.
Therefore, after formation of the lid openMichaelis complex, the
next step in the catalyzed reaction is the sampling of the lid closed
state due to a thermodynamic shift in the favorability of its forma-
tion. Upon lid closure after formation of the Michaelis complex,
the ribose ring and phosphate chain of GTP assume the canonical
conformation stabilized by a shift in interaction between Arg-436
and the ribose ring from the C-3 hydroxyl group to the lactam
oxygen (Fig. 2, compare A and B). This change in Arg-436/ribose
ring interactions results inmovement of the nucleotide forward in6 The residue numbering utilized is that of the rat cytosolic isozyme.

FIGURE 1. Diagram representing the reaction coordinates for the pyruvate
kinase-catalyzed (A) and PEPCK-catalyzed (B) reactions. The standard free
energy values given are approximate values based upon the average values from
a number of literature sources. The heights of the transition state (TS) barriers for
the reactions are arbitrary and are used for illustrative purposes only. Pyr,
pyruvate.

SCHEME 1. PEPCK-catalyzed interconversion of OAA and PEP.
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the active site toward the M1 ion, shortening the potential phos-
phoryl transfer distance by �0.5 Å. This shift in nucleotide posi-
tion also results in a shift in the position of theM2metal ion such
that theM1-M2metal distance decreases by �0.5 Å between the
identically ligated lidopenand lid closed complexes.Movementof
the nucleotide and its associated metal ion appears to result from
the shift in the position of the P-loop that is correlated with the
transition of the lid from an open to a closed state. Interactions
between the backbone amides of the P-loop and the �-phosphate
ofGTPmove thenucleotide towardOAAand theM1metal as the
P-loopshifts toward theM1metal.Baseduponthestructural stud-
ies, closure of the active-site lid, movement of the P-loop toward
theM1metal ion (closed P-loop conformation), and transition of
the nucleotide from the unusual conformation observed in the lid
open complexes to the canonical conformation observed in the lid
closed state represent three interdependent processes. Formation
of the lid closed conformation is associated with release of two
potential steric constraints: 1) adaption by the P-loop of the closed
conformation, which appears to bemediated via a hydrogen bond
being established between Ser-286 and the C-4 oxygen of OAA,
and 2) a change in the rotomeric conformation of Arg-436 upon
nucleotide association (Fig. 2, compare A and B). Experimental
evidence clearly demonstrates a correlation between the motions
of the P-loop and the active-site lid, with both being essential for
catalysis (3–5).Unfortunately, current data are insufficient to ana-
lyze these interdependentmotions temporally; thus, amechanism
of cause and effect cannot yet be established. Nevertheless, the
necessity for dynamic behavior of the P-loop indicated by the
recent studies does provide a possible explanation for the inactiva-
tion of PEPCKs from many sources by chemical modification of
Cys-288, which resides on the P-loop (14, 15).
The modeled position of CO2 in Fig. 2 (C and D), which is

based upon the positions of the carboxylate of OAA and the
sulfate of 3-sulfopyruvate (4, 5), mirrors the observed position

of CO2 bound in the E. coli ATP-dependent form of PEPCK
(23). Based upon the structural information, decarboxylation of
OAA to form the enolate intermediate is facilitated by polariza-
tion of the carboxylate between Asn-403 and Arg-87 (Fig. 2C).
In addition, the rotation forward of Tyr-235 provides further
interactions with CO2, as does aromatic stabilization by the
ring of Phe-333, neither of which is available in the complexes
with OAA (Fig. 2, compare B and C). As described previously,
phosphorylation of the resultant enolate occurs by positioning
and stabilization of the phosphoryl group undergoing transfer
through electrostatic interactions with Arg-405, Lys-290, and
the two metal ions (Fig. 2C).
Lid Opening and Product Release—In the reverse of the proc-

ess described above, the formation of products again results in
modulation of the free energy profile for the enzyme such that the
chemical transformation of the enolate intermediate to PEP
results in a decrease in the thermodynamic favorability of the lid
closedstate, allowing theenzymeonceagain tosample the lidopen
conformation. Upon sampling of the lid open state, the PEP prod-
uct shifts away from direct coordination to theM1 andM2metal
ions (Fig. 2,D–E). For this transition to occur, Tyr-235 must shift
to its rearward orientation, and in the process, the changing roto-
meric statesofTyr-235andPhe-333 lessen theenzyme/CO2 inter-
actions and allow for the release of the CO2 product. The loss of
direct M1 coordination by PEP, which is consistent with NMR
studies suggesting outer-sphere coordination of PEP in the
PEPCK�Mn2��PEP complex (24), results in water filling the three
open coordination sites to the active-site metal and the one open
site on the nucleotide metal (Fig. 2E). The interactions with Ser-
286 on the P-loop are lost as PEPmoves to an outer-sphere coor-
dination geometry, allowing for an opening of the P-loop and the
resultant shift of the nucleotide andM2metals away from theM1
metal as Ser-286 orients toward solvent (Fig. 2E). The interactions
betweenGDPandLys-290on theP-loop areminimized,withLys-
290 populating two conformations in the PEPCK�PEP�GDP open
complex (Fig. 2E) as suggested by the analogous crystal structure
with thePEPanalog2-phosphoglycolic acid (5).The shift ofPEP to
the outer-sphere complex, which has been observed in both
human (2) and rat7 cytosolic and chicken mitochondrial (3) PEP-
CKs, is facilitated through a number of interactions unique to this
conformation, which are depicted in Fig. 2E. The shift to outer-
sphere coordination andP-loop and lid opening allow for PEP and
GDP release and the subsequent transition back to the beginning
of the catalytic cycle.
Stabilization of the Enolate Intermediate—All data, both

structural and biochemical, are consistent with the PEPCK-cata-
lyzed reaction proceeding through an enolate intermediate.
Because of the enolate’s reactivity, this chemical mechanism
requires PEPCK to protect this intermediate from alternative

7 T. Holyoak, unpublished data.

FIGURE 2. Crystallographic images defining the chemical reaction path of PEPCK-mediated conversion of OAA to PEP. A schematic drawing to aid in the
interpretation of the structural data is presented on the right-hand side of each panel. In the left-hand images, the substrates/products are rendered as stick
models colored by molecule type: GTP (magenta), GDP (purple), OAA (blue), PEP (burgundy), CO2 (cyan), and the enolate intermediate (green). The active-site
�-loop lid and P-loop motif are rendered in yellow and red, respectively. The amino acids involved in important substrate/product interactions are rendered as
gray ball-and-stick models colored by atom type and labeled adjacent to their respective �-carbon atom. Dashed lines illustrate important protein-substrate/product
interactions. The positions of the PEP, OAA, enolate, and CO2 molecules are based upon the authentic binary complexes of the enzyme with those substrates as well
as ternary complexes with the substrate analogs 2-phosphoglycolic acid, 3-sulfopyruvate, and oxalate and the corresponding GDP or GTP nucleotide.

FIGURE 3. Unique nucleotide base-binding pocket found in mammalian
PEPCK. Those residues discussed in the text are illustrated and labeled.
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chemistries, especially its protonation that results in formation of
pyruvate. Structural data indicate that the lid closed state becomes
more highly populated upon transition of the enzyme from the
Michaelis complex to the intermediate complex (5), which is con-
sistent with a role for the active-site lid in protecting the enolate
intermediate from protonation and subsequent tautomerization
to pyruvate. Through the lid closed conformation of the enzyme
being the most stable conformational state for the protein upon
formation of the intermediate complex (Fig. 2C), the dynamics of
the lid element become an essential component of the reaction
pathway.The extrapolationof these results suggests the intriguing
possibility that by carrying out the reaction in a stepwise fashion,
the individual chemical steps of this pathway are more favorable
and have lower transition state barriers than other mechanistic
possibilities. Intrinsic to thishypothesis is the requirement that the
enzyme stabilizes the enolate intermediate fromalternative chem-
istries that make this chemical mechanism impossible for the
uncatalyzed reaction in solution.

Structural Explanations for Nucleotide Specificity

The reasons that mammalian PEPCK utilizes GTP or ITP, but
not ATP, as a substrate are suggested by crystal structures of
PEPCK�nucleotide complexes (Fig. 3) (2–5). Structurally, adeno-
sine and guanosine nucleotides differ at the 2- and 6-positions of
the purine ring. In combination with binding studies of inosine
(lacking the C-2 amino group) and guanosine nucleotides, struc-
tural data show that the C-2 amino group of GTP does play a role
in nucleotide binding, likelymediated through its interactionwith
Phe-525 (Fig. 3) (2). However, the ability of the mammalian PEP-
CKs to utilize inosine and guanosine nucleotides with similar
kinetic efficiency indicates that the absence of a C-2 amino group
in ATP is not the basis for selectivity of PEPCK. In GTP and ITP,
the C-6 carbonyl functions as a hydrogen bond acceptor, which is
not possible for theC-6 amino group ofATP. Consistentwith this
distinguishing feature, structures of PEPCK complexes show
that the C-6 carbonyl of GTP forms hydrogen bonds with the
backbone amide of Phe-530 and the side chain amide nitro-
gen of Asn-533 (Fig. 3). Furthermore, the amide of Asn-533
is held in position by hydrogen bonds with the indole nitro-
gen of Trp-527 and backbone carbonyl of Phe-530 (Fig. 3).
These interactions prevent Asn-533 from assuming an alter-
native rotomeric state that could allow it to position its
amide group to accept a hydrogen bond from the C-6 amino
group of ATP. The other distinguishing feature of guanosine
and inosine nucleotides is the ability of the purine ring to
tautomerize. Althoughmany studies have demonstrated that
in solution these bases populate the keto form, the possibility
exists that the physicochemical characteristics of the nucle-
otide-binding pocket of the mammalian PEPCKs, which
sandwiches the purine ring between Phe-333 and Phe-517
(Fig. 3), may preferentially impose selectivity for the enol
tautomer unique to inosine and guanosine nucleotide bases.
Further studies will be necessary to firmly establish in detail
structural bases for different nucleotide specificities of the
two general classes of PEPCK isozymes.

Summary

Takenas awhole, structural data indicate that thePEPCKactive
site creates an electrostatic environment tailored to stabilize the
large amount of localized negative charge that results from close
juxtaposition of its multiple anionic substrates. This environment
facilitates stabilization of the two transition states as well as the
enolate intermediate and allows for efficient catalysis. In concert
with this electrostatic environment, unique dynamic properties
associatedwith the reactionpathway allow for the enzyme tomin-
imize off-pathway reactions, such as nucleotide hydrolysis and
OAA decarboxylation, that would decrease catalytic fidelity.
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Activation-induced cytidine deaminase (AID) and APOBEC3G
catalyzedeaminationofcytosine touracilonsingle-strandedDNA,
thereby setting in motion a regulated hypermutagenic process
essential for humanwell-being. However, if regulation fails, havoc
ensues. AID plays a central role in the synthesis of high affinity
antibodies, andAPOBEC3Ginactivateshumanimmunodeficiency
virus-1. This minireview highlights biochemical and structural
properties ofAIDandAPOBEC3G, showinghow studies using the
purified enzymes provide valuable insight into the considerably
more complex biology governing antibody generation and human
immunodeficiency virus inactivation.

TheAPOBEC2 family of polynucleotide cytosine deaminases
includes a group of 11 proteins with a common purpose:
mutagenesis for the better. The founding member, Apo1
(APOBEC1), acts in a regulated manner to deaminate C to U on
apoB mRNA to alter protein expression (1). Other family mem-
bers have activity on ssDNA; in particular, AID is used to initiate
affinity maturation of antibodies, and the Apo3 members
(Apo3A–Apo3H) act in innate immunity to restrict retrotrans-
posons and retroviruses (Fig. 1A) (1, 2). The ability of APOBEC
enzymes to deaminate 5-MeC suggests a role in epigenetic regula-
tion (Fig. 1A) (3). However, APOBEC enzymes acting on an inap-
propriate substrate can also have catastrophic consequences (Fig.
1A) (1, 2). Two family members, Apo2 and Apo4, still have no
known activity or function (1). The Apo3 family in humans
(Apo3A–Apo3H) was likely formed by gene duplications. Four of
these deaminases (Apo3B, Apo3DE, Apo3F, and Apo3G) each

have two homologous zinc-coordinating domains (CD1 and
CD2), of which only CD2 is catalytically active (Fig. 1B) (1). Here,
wediscuss recent biological, biochemical, and structural data in an
attempt to review current ideas about howmutations initiated by
AID and Apo3G are responsible for immunological diversity and
retroviral restriction, respectively.

Importance of AID in Affinity Maturation

AID is necessary for adaptive immunity. It is induced in germi-
nal center B-cells following low affinity antibody-antigen recogni-
tion (4) and shuttles between the cytoplasm and nucleus, with
phosphorylation likely needed for entry into the nucleus (2). Once
in the nucleus, AID initiates SHM and CSR by catalyzing C3 U
during transcriptionof IgVandS regions (Fig. 1A) (2).AIDdeami-
nates ssDNA invivoand invitropreferentially atCsites in5�-WRC
hot spotmotifs (W�AorT; R�AorG) (2, 5). In vitro transcrip-
tion studies using bacteriophage T7 RNA polymerase show
favoredCdeaminations occurring inWRCsequences on the non-
transcribed strand (2, 6), even when nucleosomes are present (7).
AID also catalyzes 5-MeC3 T by deamination but at a reduced
rate comparedwith C3U (8, 9). Notably, AID “upmutants” with
ahigher activity give rise to increased antibodydiversification (10).
Several “things” can happen following AID-catalyzed C deami-

nation. The resultingUoppositeGupon normalDNA replication
leads to C3T transitions. On the other hand, U can be removed
by UNG, and the resulting abasic site, when “copied” by an error-
proneDNApolymerase that can insert T orC opposite the lesion,
causes C 3 A and C 3 G transversions. Alternatively, U can
undergoMMR or BER, which, in the presence of error-prone po-
lymerases, can yield various transitions and transversions (2).
During SHM, replication and erroneous repair of U in IgV

regions generate mutations at �10�3 to 10�4/base pair/cell divi-
sion, which is roughly one million times higher than normal
somatic mutation frequencies (2). In contrast to SHM, the pres-
ence of U in S regions provides sites for the initiation of dsDNA
breaks required for CSR (11). CSR occurs by specific DNA dele-
tions between S regions, enabling the VDJ segment of active IgM
genes to be transferred to a downstream constant gene, thereby
producing isotype IgG, IgA, or IgE instead of IgM (11).Without
functional AID to initiate these processes, humans and mice
develop HIGM-2 syndrome, which is exemplified by the
absence of IgG, IgA, and IgE isotypes, caused by a loss of
CSR, typically accompanied by a reduction in SHM, thereby
creating a high susceptibility to autoimmunity and infection
(4, 12).

Mechanisms That Target AID to IgV and S Regions Are
Obscure

How AID is targeted selectively to IgV and S regions while
avoiding other portions of the genome is not understood either at
a global level, to explain why some genes are deaminated while
others not, or at a local level, to address the distribution of C
deaminations within a gene. Although active transcription of IgV
and S regions provides ssDNA as a substrate for AID, transcrip-

* This work was supported, in whole or in part, by National Institutes of Health
Grants R37GM21422 and ES013192. This minireview will be reprinted in the
2009 Minireview Compendium, which will be available in January, 2010.

1 To whom correspondence should be addressed. E-mail: mgoodman@
usc.edu.

2 The abbreviations used are: APOBEC, apolipoprotein B mRNA-editing complex;
C, cytosine; U, uracil; A, adenine; T, thymine; G, guanine; ssDNA, single-
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hypermutation; CSR, class switch recombination; IgV, immunoglobulin vari-
able gene or region; S, switch region; UNG, uracil glycosylase; MMR, mismatch
repair; BER, base excision repair; dsDNA, double-stranded DNA; HIGM-2,
hyper-IgM type 2; pol, polymerase; RPA, replication protein A; HIV, human
immunodeficiency virus; Vif, viral infectivity factor.
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tion, while necessary, is not itself sufficient to account for AID
targeting.
Data from cultured cell and mouse model studies have identi-

fied proteins and regulatory elements involved in AID targeting.
SHM in B-cells is observed primarily in actively transcribed IgV
and S regions of Ig genes, but also, albeit to a lesser degree, in
non-Ig genes such as bcl6, cd79, cd83, and fas (2, 13). In a recent
study examining the extent of genome deamination by AID, anal-
ysis of C3 Tmutations in �80 transcribed genes in MMR- and
BER-deficient (ung�/�msh2�/�) mouse germinal center B-cells
showed that about half the genes were deaminated above sponta-
neous levels (13). Those that were mutated at C sites exhibited
10–100-fold reduced mutation frequencies compared with IgV
regions (13). Perhaps, as suggested by this study, AID targeting is
relatively widespread, but C deaminations occurring in non-Ig
genes are repaired in an error-free manner. This mechanism
wouldmaintain the genetic integrity of most non-Ig genes (13).
It is not knownwhat causes themutational gradient observed

in the IgV region, in which mutations begin �150 nucleotides
downstream from the IgV gene promoter and then decrease
gradually over �1.5–2 kb farther downstream (2). Chromatin
modifications, including histone H3 and H4 hyperacetylation
and histone H2B phosphorylation, might be involved in regu-
lating the density of mutations along the IgV region (2).
Another unresolved issue is how AID can deaminate both the
non-transcribed and transcribed strands in vivo (2).

Despite the current vagaries, it is well established that the tar-
geting of AID to transcribed DNA involves protein cofactors and

cis- and trans-actingDNAelements. Ig promoters and enhancers,
the matrix attachment region, E-box motifs (2), and a large DNA
region located to the 3�-side of the Ig constant region (14) may all
contribute to AID targeting. However, the IgV region base
sequence per se is not needed and can be replaced by other DNA
sequences (2). The proteins that have been implicated in AID tar-
geting includeRNApol II, eukaryotic single-strandedbindingpro-
tein (RPA), and the �-catenin-like factor CTNNBL-1 (2, 15, 16).
The RPA interaction is reported to require AID phosphorylation
at Ser38 (2). The CTNNBL-1 interaction requires AID residues
39–43, but not phosphorylation (15).
Mutations in AID, such as S38A, which abolishes interac-

tions with RPA (2), and HIGM-2 S43P, which fails to interact
with CTNNBL-1 (15), significantly reduce SHM and CSR.
However, the S38A and S43P mutants exhibit wild-type AID-
specific activity (15, 17), but with altered deamination specific-
ity (17). In vitro, the S43P mutant of AID deaminates the most
commonly occurring S region motifs, 5�-GGC and 5�-AGC,
with greater preference than wild-type AID (17). Aberrant
deaminations combined with decreased targeting might dis-
rupt the site-specific recombination process, providing a basis
for the absence of CSR (17).
The current understanding of global and local AID targeting is

derived primarily from genetic studies and limited biochemical
assays involving prokaryotic transcriptionmodel systems (T7, T3,
or Escherichia coli RNA polymerases). The prokaryotic transcrip-
tion systemscannotbeused toaddress specific interactionsofAID
with human or mouse Ig elements, transcription machinery, and
potential recruiting cofactors. This point underscores the urgent
need for studies with a human RNA pol II transcription system.

Error-prone Processing of AID-generated G�U Mispairs

Similar toAIDtargeting, there is agenetic roadmapforaddress-
ing thebiochemicalmechanismsofSHM, inwhichMMRandBER
play a central role. Despite the availability of biochemical model
systems that capture the essence of the standard error-freeMMR
and BER pathways in humans, it will be a formidable challenge to
accommodate the specialized enzymes, such as pol �, and control
signals, e.g. monoubiquitination of the sliding clamp proliferating
cell nuclear antigen, required to model error-prone repair. It
seems fair to say that the biochemicalmodeling process has barely
begun. Here is a synopsis of what is known about the IgV region
mutations generated by the processing of U.
The SHM mutation spectra in the IgV regions contain

roughly equal mutation frequencies at C/G and A/T sites (2).
Mutations at C/G sites occur by copying U or by copying an
abasic site generated by the removal of U byUNG.Mutations at
A/T sites occur when the elimination of G�Umispairs byMMR
and BER creates a gapped DNA substrate surrounding the
deamination site where error-prone DNA polymerases can act
(2). pol � acting primarily at 5�-WA motifs is responsible for
making A/T mutations (2), but pol �, pol �, pol �, and Rev1 can
also generate mutations in the absence of pol � (2).

Genetic studies have identified many of the proteins required
for error-proneprocessingofG�Umispairs duringSHM;however,
the biochemicalmechanisms are anothermatter. Recent data sug-
gest thatmutations atA/T sites occurwithin30–50nucleotides of
G�U sites (18, 19), yet typical MMR-generated gaps can often be

FIGURE 1. Overview of APOBEC cytidine deaminase functions and polypep-
tide domains. A, AID deaminations initiate antibody diversification pathways for
SHM and CSR. Apo3 deamination restricts viruses with an ssDNA intermediate
and may also physically inhibit the reverse transcription process. In germ cells
and embryonic stem cells, APOBEC enzymes may restrict retrotransposons
through RNA binding or deamination of reverse transcripts. APOBEC enzymes
may also deaminate 5-MeC3T, which can initiate demethylation via DNA repair
of T�G mismatches. Unregulated deaminations can initiate cell transformation,
leading to cancer. B, the APOBEC family in humans is composed of seven mem-
bers having a single Zn2�-coordinating deaminase domain per polypeptide
chain and four others each having two homologous Zn2�-coordinating domains
(CD1 and CD2) per chain, with only CD2 having deaminase activity. The N- and
C-terminal domains are termed CD1 and CD2, respectively.
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hundreds of nucleotides long. Monoubiquitination of the sliding
clamp proliferating cell nuclear antigen at Lys164 is needed for pol
� to generate A/T mutations during error-prone gap-filling syn-
thesis (20), but the mechanism remains unresolved. There may
also be competition between MMR and BER to gain access to a
G�Umispair, thereby initiating a long or short repair gap, respec-
tively, but this is also uncertain (20, 21).
AID-induced mutations, needed for antibody maturation,

are typically deleterious when introduced into non-Ig genes.
AID-catalyzed deamination generates breaks inmyc that allow
translocations to occur with Ig genes in Burkitt lymphoma (22)
and other proto-oncogenes in B-cell lymphomas (23). AID up-
regulation in non-B-cells from viral infections (23) or hormonal
changes (24) consistently correlates with cell transformation
(Fig. 1A). With recent evidence that AID can deaminate genes
outside the Ig locus (13), it is incumbent on B-cells to have
properly segregated error-free and error-prone BER andMMR
or suffer the inevitable cancerous consequences. This raises a
broad scope of targeting questions involving the regulation of
DNA repair pathways.
An approach using crude cell lysates to couple a G�U MMR

assay with a genetic reversion assay may offer a biochemical
entry point to address the processing of AID-generated G�U
mismatches (25). Error-prone MMR was observed in lysates
from activated B-cells and Ramos B-cells, but not from non-B
HeLa cells. Mutations at A/T sites were 50% in tonsil cells and
25% in Ramos cells, which agrees with SHM distributions in
vivo (2), compared with�5% in HeLa cells, whichmakesmuta-
tions almost exclusively at C/G sites (25). The future challenge
is to use this type of assay to reconstitute error-prone MMR by
identifying proteins from B-cell lysates that can switch MMR
fidelity from high to low, with the aim of purifying the B-cell-
specific proteins responsible for error-prone MMR.

Anti-HIV-1 Cytosine Deaminase Activity of Apo3G

Along with other Apo3 deaminases, Apo3G can confer innate
immunity in a variety of cells against virtually any retrovirus or
virus that replicates using an ssDNA intermediate, e.g. HIV-1 or
hepatitis B (Fig. 1A) (1). After encapsidation into a budding HIV
virion through an RNA and/or Gag nucleocapsid interaction,
Apo3G acts in the cytoplasm of T-cells to inactivate HIV during
reverse transcription of the viral RNA (1). Apo3G preferentially
deaminates 5�-YCCmotifs (with the deamination site underlined)
on the reverse-transcribed cDNA after the viral RNA template is
degraded (1).Deaminationrequires ssDNA; therefore, synthesisof
the second strand of DNA protects against further deamination
but also creates largenumbers ofG3Amutations that effectively
kill the virus. Alternatively, upon entry of the provirus to the
nucleus, viral inactivationmightoccurbystrandbreakageatabasic
sites caused by the removal of U.
Questions have arisen concerning whether Apo3G has a

deamination-independent mode to inactivate HIV-1 because
viral restriction has been reported using catalytically inactive
Apo3Gmutants (1). The latter data were generated in cell lines
in which Apo3G is overexpressed. However, if less Apo3G is
incorporated into the virion, as occurs in normal cell lines, then
it appears that the solemeans to restrict HIV is via deamination
(26).

However, Apo3G does not get a free ride, for if it did, there
would be no AIDS pandemic to deal with. To gain entry into the
virion,Apo3Gmust first avoidproteasomal degradationmediated
by theHIV-encodedVif,whichbinds toApo3G in itsCD1domain
(Fig. 1B) and facilitates its polyubiquitination (1). A potential anti-
HIV therapeutic strategymightbe to screen for smallmolecules or
peptides that interfere with Vif binding to Apo3G (1).

Structures of Apo2 and Apo3G CD2

High resolution structures have been determined for human
Apo2 (27) and for the catalytic CD2 domain of Apo3G (Fig. 2)
(28–30). A feature of APOBEC proteins required for catalytic
activity is the presence of a Zn2�-coordinatingmotif (His-X-Glu-
X23–28-Pro-Cys-X2–4-Cys)andboundwatermolecule.Theclosely
positioned water molecule can be activated by Glu to become a
zinc hydroxide for nucleophilic attack in the hydrolytic deamina-
tion reaction (31).
Thex-ray crystal structureofApo2, the firstAPOBECstructure

to be determined (27), indicates a rod-shaped tetramer (Fig. 2A).
Apo2dimerizes through�-2 strand contacts and tetramerizes in a
head-to-head orientation (Fig. 2A). The presence of �-helices h4
andh6 inApo2 (Fig. 2A) prevents formation of the kind of square-
shaped tetramer observed for free cytidine deaminases (27).
Although human Apo2 has no known activity, it has been used
successfully as a guide to understand how mutations in patients
withHIGM-2 syndrome inactivateAID (27) and tomodelApo3G
residues important for Vif binding (32).
Recent x-ray and NMR studies of the catalytic Apo3G CD2

domain revealed that there is much similarity to the core sec-

FIGURE 2. Comparison of Apo2 and Apo3G CD2 structures found by x-ray
crystallography. Apo2 in crystal form appears as an elongated tetramer of iden-
tical polypeptide chains (Protein Data Bank code 2NYT) (A). The Apo2 polypep-
tide structure (B) shows �-helices (blue) and �-strands (yellow) arranged in much
the same way as in the Apo3G CD2 structure (Protein Data Bank code 3E1U) (C),
with its �-helices (red) and �-strands (yellow). In C, loop 7 is identified as the likely
determinant of deamination motif specificity in Apo3G. The bound zinc ion is
represented by a red dot. The figure was adapted from Ref. 28.
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ondary structure of Apo2, namely a five-stranded �-sheet core
flanked by six �-helices (Fig. 2, B and C) (28–30). However,
differences are observed in the active center loops, which are
likely involved in ssDNA binding (Fig. 2, B and C) (28, 31).

The determinants of deamination specificity in the APOBEC
family have been studied with AID, Apo3G, and also Apo3F.
Mutants of Apo3G (28) and AID (33) designed from structural
inferences and of Apo3F designed from amino acid homology
comparisons with Apo3C (34) identified an 8–9-residue region
for determining deamination specificity. This region is located
at the position corresponding to loop 7 in Apo3G-(313–320)
(Fig. 2C), AID-(113–123), andApo3F-(305–313) (31). Awhole-
sale change of mutational specificity can result by swapping all
of these residues between APOBEC enzymes (33). From the
perspective of the DNA, nucleoside analog substitutions in
trinucleotide deamination motifs and nearby bases indicate
that recognition of the 5�-CCC motif by Apo3G is determined
by contacts with pyrimidine ring positions 3 and 4 one to two
nucleotides 5� of the target C (35).

AID and Apo3G Subunit Composition

Apo2 crystallized in the form of a tetramer, whereas in solu-
tion, dimers and tetramers were identified by size exclusion
chromatography (27). Apo3G CD2 crystallized as a monomer
(28) and is also a monomer according to molecular exclusion
chromatography (36). Using low resolution small angle x-ray
scattering, full-length Apo3G appears to dimerize in an elon-
gated shape roughly similar to the Apo2 tetramer (37). Atomic
force microscopy data show that Apo3G is present in four
forms (monomer, dimer, trimer, tetramer), where the relative
amount of each form depends on the presence or absence of
ssDNA substrate and on the concentration of salt (38).
The main message conveyed by the data is that a combina-

tion of Apo3G/ssDNA/salt conditions may determine the
form(s) of the enzyme in vitro and perhaps in vivo. Chemical
cross-linking indicates that Tyr124 and Trp127 are involved in
RNA-facilitated dimerization at the N-terminal interface (39),
suggesting that interface mutantW127A is excluded fromHIV
virions because of an inability to bind RNA (40). However, co-
immunoprecipitation and in-cell quenched Förster resonance
energy transfer observations suggest that dimerization may
occur primarily at the C-terminal interface, using residues
209–336, andmay not be influenced by the presence of ssDNA
or RNA (41). Because larger oligomeric states have also been
observed by atomic force microscopy, e.g. tetramers, perhaps
oligomerization may occur in various orientations (38), head-
to-head, tail-to-tail, and maybe even head-to-tail.
The biochemical data strongly indicate that Apo3Goligomer

formation in solution is a dynamic process. The same conclu-
sions likely pertain to all of the APOBEC proteins, including
AID. Of course, the central questions are what forms are pres-
ent in vivo, and if there is more than a single dominant form,
what are the roles for each?

AID and Apo3G DNA-scanning Mechanisms

AID and Apo3G catalyze multiple C deaminations on ssDNA
(5, 38). Enzymes that scanDNAare typicallydesigned to search for
the proverbial “needle-in-a-haystack,” looking for a rare target

suchas anaberrantDNAbaseor a restriction site. In contrast,AID
(5) andApo3G3 encounter numerous deaminationmotifs but sto-
chastically deaminate cytosines, creating small clusters of Us sep-
arated by stretches of non-deaminated DNA.When using AID in
amodelT7RNApolymerase transcription system, stochastic pro-
cessive deaminations are present (6, 7). In the case of Apo3G,
deaminations fromvirions containingoneora fewmoleculeswere
also in local clusters of the sequenced env region, consistent with
processive deaminations (26). The diversity in the deamination
spectra is in keepingwith the need to generate numerous different
types ofmutations to neutralize the potentially ”staggering“ num-
ber of different antigenmolecules, in the case of AID, and to inca-
pacitate a rapidly evolving HIV, in the case of Apo3G. However,
similar to dsDNA-scanning enzymes, such as UNG and EcoRV,
AID and Apo3G scan DNA processively via combinations of slid-
ing and jumping (or hopping) (6, 38).
Use of MMR- and BER-deficient mice (ung�/�msh2�/�) has

providedaconnectionbetween in vivomutagenesis andAIDscan-
ning on ssDNA in vitro. Sequencing of DNA clones containing an
IgV gene (Jh4 intron) region revealed heterogeneous patterns of
closely clustered deaminations separated by relatively long seg-
ments containing numerous non-deaminated C sites (42). A
recent study quantified the targeting of purifiedAID acting on the
non-transcribed or transcribed strand of the Jh4 intronDNA (43).
The deaminations were compared on a site-by-site basis with
mutations on the same DNA inmice defective both inMMR and
BER, so mutations are caused solely by AID. A high correlation
(r � 0.7) between the biochemical and mutational data on the
non-transcribed strand, but not on the transcribed strand (r �
0.3), indicates that the inherent enzymatic properties of AID
remainhighly visible despite the largenumber of factors operating
on the IgV region in vivo, e.g.AID-interacting proteins, transcrip-
tion, nucleosome positioning, and many more. Of course, in the
presence of DNA repair, AID-initiated mutations are strongly
attenuated. It also seems likely that excessive deaminationsmight
impose too high a mutational load in germinal center B-cells, so
cells that have acquired nonproductive mutations may be swept
from the immune system via apoptosis (44).
In contrast to AID, which shows no spatial bias, Apo3G deami-

nations favor the5�-directiononssDNAsubstrates in thepresence
of salt (45). Perhapswith twoDNA-binding domains per polypep-
tide chain, in addition to sliding and jumping, Apo3G could
remain bound while wrapping the DNA (38) or may engage in
intersegmental transfer (46), either of which could impose a
deamination bias (38). One point seems certain, that the bias
requires the positively chargedCD1domain; by itself, the catalytic
CD2 domain is neither directional nor processive irrespective of
salt (28). Consistent with the biochemical data, a 5�3 3� gradient
of G3A hypermutation in regions of the HIV genome has been
observed in vivo (47) and may reflect a combination of the time
that the cDNA remains single-stranded during reverse transcrip-
tion (47) and local gradients from the intrinsic deamination polar-
ity of Apo3G (38, 47).

3 P. Pham, L. Chelico, and M. F. Goodman, unpublished data.
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Compendium of Loose Ends

AID and Apo3G are just 2 of 11 APOBEC family members, of
which 9 have been shown to catalyze C3 U on ssDNA (1). Like
AID, these C deaminases, when acting in the wrong place at the
wrong time, can create chaos in the cell. Comparedwith AID, less
is known about the effects of Apo3 enzymes on cell transforma-
tion. Apo3 enzymes are overexpressed inmany lymphoma tissues
(1) and are able to deaminate human papillomavirus, which could
influence the development of tumors (48).Given theirwidespread
distribution and biological importance, it is essential to determine
how each of the APOBEC proteins are regulated in vivo and to
relate the biochemical and structural properties of these deami-
nases to their biological function. Part of the regulation appears to
involve RNA. When recombinant AID is isolated from baculovi-
rus-infected insect cells or E. coli, andApo3GorApo3F is isolated
fromT-cells, the enzymesare associatedwithRNA(8, 49, 50).AID
is barely active except when first treated with RNase (8). For
Apo3G, the RNA is enriched with that of the Alu transposon.
Apo3G-binding Alu RNA appears to restrict transposition (1). Is
restricting transposons the functional origin of APOBEC
enzymes? Finally, here is a remarkable new observation to “chew
on.”DNAdemethylationarisingby the combinedactionofAIDor
Apo2a/b and a DNA glycosylase (Mbd4) has been observed by
microinjection of an in vitromethylated dsDNA fragment into a
zebrafish embryonic cell (3). Is it possible that some of the APO-
BECproteinsmaybe involved inprogrammeddemethylationdur-
ing vertebrate development?
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The CYP7B1 cytochrome P450 enzyme hydroxylates carbons
6 and 7 of the B ring of oxysterols and steroids. Hydroxylation
reduces the biological activity of these substrates and facilitates
their conversion to end products that are readily excreted from
the body. CYP7B1 is expressed in the liver, reproductive tract,
andbrain andperformsdifferent physiological functions in each
tissue. Hepatic CYP7B1 activity is crucial for the inactivation of
oxysterols and their subsequent conversion into bile salts. Loss
of CYP7B1 activity is associated with liver failure in children. In
the reproductive tract, the enzyme metabolizes androgens that
antagonize estrogen action; mice without CYP7B1 have abnor-
mal prostates and ovaries. The role of CYP7B1 in brain is under
investigation; recent studies show that spastic paraplegia type 5,
a progressive neuropathy, is caused by loss-of-function muta-
tions in the human gene.

There are two general types of cytochrome P450 enzymes,
those that act on endogenous substrates like lipids and those
whose primary function is to act on exogenous substrates like
drugs and environmental chemicals. Deciding whether a new
P450actsonendogenousversusexogenoussubstrates isdifficult in
the absence of experimental analysis. This was the case for the
P450 now known as CYP7B1, whose cDNA was initially isolated
from a rat hippocampal library and described in the Journal of
Biological Chemistry as a new P450 with 39% sequence identity to
cholesterol 7�-hydroxylase (CYP7A1) (1). The latter enzyme acts
on an endogenous substrate (cholesterol) and plays an important
role in bile salt synthesis (2), but what role did CYP7B1 play? Sub-
sequent biochemical experiments showed thatCYP7B1 also acted
on endogenous substrates, hydroxylating dehydroepiandros-
terone, pregnenolone, and other steroids (3) as well as two oxys-
terols, 25-hydroxycholesterol (4) and 27-hydroxycholesterol (5).

Here, we review the biochemistry, physiology, and genetics of
CYP7B1, which reveal the enzyme to be amultifunctional P450.

CYP7B1 Gene, mRNA, and Enzyme

The CYP7B1 gene encodes an evolutionarily conserved P450
and is found in the genomesof organisms ranging fromhumans to
the Japanese fire-bellied newt to the fungusAspergillus niger. The
human gene spans �220 kb on chromosome 8q21.3 and encom-
passes six exons separated by five introns (Fig. 1A). Transcription
is initiated �200 bp 5� of the initiation codon in exon 1 and pro-
duces anmRNA of�9 kb that has a long (�7 kb) 3�-untranslated
sequence (6). The tissue-specific expression pattern of the
CYP7B1 gene differs between species. The human mRNA is
present in many organs, with the highest levels detected in kid-
ney and brain (6). The mRNA is also widely distributed among
different rat tissues (7). Expression is restricted to the liver,
lung, kidney, brain, and reproductive tract in the mouse, with
the amount of mRNA being highest in liver and lung.4 As with
several other P450 enzymes, the CYP7B1 mRNA, protein, and
enzyme activity in liver and kidney are higher in male mice
than in female mice, and this sexually dimorphic expression
requires androgen receptor signaling (8). The biological sig-
nificance of this male-female difference and whether a sim-
ilar pattern of expression exists in other species are not
known.
The human mRNA encodes a 506-amino acid enzyme (EC

1.14.13.100) that catalyzes the 6�- or 7�-hydroxylation of several
steroids and oxysterols (Fig. 1B). NADPH and cytochrome P450
oxidoreductase serve as cofactors in these reactions, and based on
the latter requirement, CYP7B1 is presumed to be located in the
endoplasmic reticulum. An anti-peptide antibody raised in a rab-
bit against amino acids 266–281 of mouse CYP7B1 recognizes a
protein with an Mr of �58,000 on immunoblots (4), which is in
good agreement with that (Mr � 58,359) predicted from concep-
tual translation of the mouse cDNA. The enzyme has not been
purified and kinetically characterized; thus, whether steroids are
better substrates than oxysterols or whether preferences exist
within these two classes remains to be determined.Theproperties
of CYP7B1 isolated from different species may differ, as nafimi-
done (1-(2-naphthoylmethyl)imidazole) selectively inhibits the
mouse but not the human enzyme (4). The three-dimensional
structure of CYP7B1 has yet to be solved, but a structure at 2.15 Å
is available for cholesterol 7�-hydroxylase (CYP7A1, ProteinData
Bankcode3DAX),which, asnotedabove, shares sequence identity
and sterol substrate partiality with the enzyme.

Physiological Roles of CYP7B1

Bile Salt Synthesis—Amajor metabolic fate of cholesterol is
conversion into conjugated bile salts in liver (2). Once syn-
thesized, bile salts act in the intestine to facilitate solubiliza-
tion of hydrophobic nutrients from the diet, including fat-
soluble vitamins and cholesterol. In liver, bile salts stimulate
bile flow and the excretion of metabolites such as porphyrins
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that arise from the breakdown of heme. The identification
and cDNA cloning of the enzymes that participate in bile salt
synthesis began in the late 1980s (9), and inter alia, these
studies showed that both cholesterol and oxysterols are sub-
strates for bile salt synthesis. The first and rate-limiting step
in the cholesterol pathway involved 7�-hydroxylation, a
reaction catalyzed by cholesterol 7�-hydroxylase (10).
Björkhem and co-workers (11) later showed that a different
enzyme was involved in 7�-hydroxylating oxysterols, and
the finding that CYP7B1 shared sequence identity with cho-
lesterol 7�-hydroxylase suggested that CYP7B1 might be an
oxysterol 7�-hydroxylase. Genetic, pharmacological, and

biochemical experiments subse-
quently confirmed this hypothesis
(Table 1) (4, 12).
A majority of mice lacking choles-

terol 7�-hydroxylase die from vita-
min and caloric deficiencies in the
first 18–21daysof life (13); thereafter,
the expression of CYP7B1 is induced
in liver, resulting in the synthesis of
bile salts and the prevention of fur-
therprematuredeath(12).Adultcho-
lesterol 7�-hydroxylase-deficient
mice contain �30% of the normal
amount of bile salts, suggesting that
oxysterols are precursors for about
one-third of the bile salt pool in this
species (14). Cholesterol balance
studies support this estimate and
indicate that cholesterol 7�-hydro-
xylase expression is �30% higher
in CYP7B1 knock-out mice5; this
increase in expression produces a
normal bile salt pool (8). Both 25-
and 27-hydroxycholesterol accu-
mulate in the sera and tissues of
CYP7B1 mutant mice (8), a finding
that supports their in vivo roles as
enzyme substrates. Unexpectedly,
the related side chain oxysterol,
24-hydroxycholesterol, does not

accumulate; this sterol is metabolized to a bile salt precursor by
another oxysterol 7�-hydroxylase, CYP39A1 (15).
Steroid Hormone Metabolism—CYP7B1 was initially identi-

fied as a steroid 7�-hydroxylase with activity toward pregneno-
lone, a 21-carbon steroid, and dehydroepiandrosterone, a 19-car-
bon steroid (3). This result, the isolation of the cDNA from a
hippocampal library (1), and histochemical data (7) suggested that
CYP7B1 had a function in brain (Table 1). Pregnenolone and
dehydroepiandrosterone are so-called neurosteroids, an
enigmatic class of compounds that are ascribed broad regu-
latory, functional, and metabolic roles (16); thus, one
hypothesis currently under investigation is that CYP7B1
inactivates neurosteroids in brain. There is as yet no evi-
dence that pregnenolone or dehydroepiandrosterone accu-
mulates in CYP7B1 knock-out mice; consequently, the impor-
tance of CYP7B1 in clearing these steroids from the brain and
body versus other enzymes that utilize these substrates such as
3�-hydroxysteroid dehydrogenases is unknown. A case for
CYP7B1 action in the central nervous systemcan bemade given
the clinical presentation of subjects with spastic paraplegia type
5 (see below), but whether this disease is caused by abnormali-

5 Two lines of CYP7B1 knock-out mice are described in the literature (7, 8). The
phenotypes of these two lines are not always similar. Whether differences
arise from genetic background, diet, infection, investigator error, or a com-
bination of these variables has not been determined. References indicate
the line of mice in which a particular observation was made.

FIGURE 1. CYP7B1 and reactions catalyzed. A, schematic of the 506-amino acid enzyme showing regions
encoded by the six exons of the gene and the positions marked by arrows at which five introns interrupt
individual codons. The heme cofactor is covalently bound to Cys449. B, 7�-hydroxylation of substrates (1,
pregnenolone; 2, dehydroepiandrosterone; 3, 25-hydroxycholesterol; 4, 27-hydroxycholesterol) and 6�-hy-
droxylation of 5�-androstane-3�,17�-diol. POR, cytochrome P450 oxidoreductase.

TABLE 1
Physiological roles of CYP7B1

Role/tissue Substrates Refs.

Bile salt synthesis
Liver 25-Hydroxycholesterol,

27-hydroxycholesterol
8, 14, 29

Steroid hormone
metabolism

Brain Pregnenolone,
dehydroepiandrosterone

3, 7

Metabolism of estrogen
receptor ligands

Prostate 5�-Androstane-3�,17�-diol 19, 20
Prostate Dehydroepiandrosterone? 23, 24
Vasculature 27-Hydroxycholesterol 21, 22

Immunoglobulin
production

Immune cells 25-Hydroxycholesterol 25, 26
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ties in steroid versus oxysterol metabolism remains to be
determined.
Metabolism of Estrogen Receptor Ligands—A third steroid

substrate of CYP7B1 is 5�-androstane-3�,17�-diol (7), a
19-carbon steroid that is an agonist for the estrogen receptor
(17). Unlike with other substrates, CYP7B1 prefers to 6�-hy-
droxylate 5�-androstane-3�,17�-diol (Fig. 1B) (18), but the net
effect of this hydroxylation is the same as that for 7�-hydroxy-
lation, namely inactivation of the steroid. Loss of CYP7B1 in
males derived from one line of knock-out mice (7) leads to
smaller prostates (19) and to early ovarian failure in femalemice
(20). In both sexes, these reproductive tract abnormalities are
ascribed to excess 5�-androstane-3�,17�-diol, which is postu-
lated to accumulate in the absence of CYP7B1 and to drive
pathologic activation of the estrogen receptor (19, 20).
The oxysterol 27-hydroxycholesterol is a selective estrogen

receptor modulator, antagonizing estrogen-mediated activa-
tion of the receptor in the vascular wall (21) and activating the
receptor in the absence of estrogen in breast cancer and other
cell lines (22). In agreement with this selective estrogen recep-
tor modulator activity, CYP7B1 knock-out mice (8), which
accumulate 27-hydroxycholesterol in serum and tissues, show
abnormalities in estrogen-mediated gene expression in the vas-
culature and defects in re-endothelialization (21). It is not yet
known whether these phenotypes arise from a failure of
CYP7B1 to catabolize 27-hydroxycholesterol locally (i.e. in the
vascular wall) or systemically (i.e. in liver).
Conflicting evidence exists regarding the ability of 7�-hy-

droxydehydroepiandrosterone, a product of CYP7B1, to selec-
tively activate the estrogen receptor � subtype. One report sug-
gested that this steroid was made in human prostatic cells and
therein activated the receptor (23), whereas a second report
failed to replicate the receptor activation in human embryonic
kidney 293 cells (24). Both studies relied on in vitro transfection
approaches, and to date, there is no in vivo evidence to suggest
a physiological role for 7�-hydroxylated dehydroepiandros-
terone in estrogen receptor function.
Immunoglobulin Production—Activation of macrophages

via Toll-like receptors induces cholesterol 25-hydroxylase
and the subsequent synthesis of 25-hydroxycholesterol (25, 26).
The oxysterol is secreted from the macrophage and suppresses
the production of IgA by B cells via two mechanisms: suppres-
sion of cytokine-mediated B cell proliferation and repression of

a gene (activation-induced cytidine
deaminase) that is required for IgA
synthesis. This immunoregulatory
role is supported by the findings
that cholesterol 25-hydroxylase
knock-out mice, which cannot syn-
thesize 25-hydroxycholesterol, have
higher than normal levels of IgA in
their sera and mucosa, whereas
CYP7B1 knock-out mice, which
accumulate the oxysterol (8), have
low levels of this immunoglobulin.
CYP7B1 expression is induced in
mouse lung and human joints by
proinflammatory stimuli that are

released upon activation of macrophages and other cells of
the innate immune system (27, 28). This induction may
reflect the need to inactivate 25-hydroxycholesterol pro-
duced by macrophages.

Genetics of CYP7B1

Liver Failure inChildren—Asnoted above, a role forCYP7B1
in hepatic bile salt synthesis was suggested by studies in the
mouse. This function was confirmed with the description of an
infantwho presentedwith liver failure arising froman inherited
mutation in the CYP7B1 gene (29). Chemical analyses revealed
that serum oxysterols and other bile salt intermediates were
markedly elevated in this individual, whereas mature bile salts
were lacking. DNA sequencing revealed a homozygous non-
sense mutation at codon 388 in exon 5 of the gene (Fig. 2),
which produced a truncated protein that lacked enzyme activ-
ity. A second subject with a similar clinical presentation but
resulting from a homozygous nonsense mutation at codon 112
in exon 3 of the CYP7B1 gene was reported (30). The accumu-
lation of oxysterols and other bile salt intermediates in these
subjects was thought to have caused irreparable damage to the
liver, ultimately necessitating transplantation. Together, these
results underscored the importance of CYP7B1 in bile salt syn-
thesis and the role of the enzyme in the inactivation of other-
wise hepatotoxic oxysterols.
Neuropathy in Adults—Unexpected insight into CYP7B1

came in 2008 from a teamof neurologists who reported that the
autosomal recessive disorder spastic paraplegia type 5 was also
caused by mutations in the CYP7B1 gene (31). These results
were confirmed (32–35), and to date, 17 different mutations in
�20 unrelated families have been identified in the gene (Fig. 2).
The spastic paraplegias are a clinically heterogeneous group of
disorders characterized by lower limb spasticity and weakness
associated with degeneration of motor neuron axons in the spi-
nal cord (36). Over 41 spastic paraplegia loci have beenmapped
in the human genome, andmutations in 17 different genes have
now been identified in individuals affected with the various
forms of the disease. Spastic paraplegia type 5 has a variable age
of onset, appearing in children as young as 1 and adults as old as
58 years (33). Most type 5 cases are said to be “pure” in that
progressive lower limb spasticity is the only clinical symptom
observed; however, in two families, the disease was manifest in

FIGURE 2. Mutations in human CYP7B1 gene. Exons are indicated by shaded boxes drawn to scale. Introns are
indicated by dashed lines and are not drawn to scale. Transcript coding regions are shaded blue; 5�- and
3�-untranslated regions are white. Mutations in subjects with liver failure are shown above the gene; those
found in spastic paraplegia type 5 are shown below the gene.

MINIREVIEW: CYP7B1, a Multifunctional P450

OCTOBER 16, 2009 • VOLUME 284 • NUMBER 42 JOURNAL OF BIOLOGICAL CHEMISTRY 28487



“complex” form and presented in association with ataxia, men-
tal retardation, and other neurological symptoms (34).

One Gene, Two Diseases

How canmutations in the same gene give rise to two diseases
with symptoms as diverse as liver failure in newborns and pro-
gressive neuropathy in children and adults? These syndromes
are not caused by different mutations in the gene, as the same
lesions are found in subjects with liver failure and spastic para-
plegia type 5 (Fig. 2), nor are they caused by varying amounts of
residual enzyme activity because complete loss of function
mutations (e.g. homozygous nonsense mutations) are found
associatedwith both presentations.A testable hypothesis is that
the two diseases result from the accumulation of different
CYP7B1 substrates, e.g.oxysterols in liver failure and steroids or
another lipid in spastic paraplegia type 5. An infection in a new-
born infant might lead to increased synthesis of the oxysterol
25-hydroxycholesterol (25, 26), which, in the absence of catab-
olism by CYP7B1, could lead to liver damage. Similarly, a dif-
ferent subclinical episode causing increased steroid synthesis
might initiate spinal cord damage by an as yet unknown mech-
anism, which over time would progress to spastic paraplegia
type 5.
Differential manifestations of cytochrome P450 deficiency

are not unique to CYP7B1. Loss of CYP27A1, a sterol 27-hy-
droxylase that participates in oxysterol and bile salt synthesis
(2), causes liver disease in some infants (37, 38) but a progres-
sive central nervous system neuropathy and other symptoms
(cerebrotendinous xanthomatosis) in a majority of affected
adults (39). Different substrates build up in these presentations;
bile alcohols accumulate in children with liver disease, whereas
the hydrophobic sterol cholestanol accumulates in the myelin
of adults.

Perspectives

There are straightforward questions to be answered by future
CYP7B1 research. First, which substrates of the enzyme amass
in spastic paraplegia type 5? Second, is infection and a concom-
itant elevation of 25-hydroxycholesterol a precipitating condi-
tion of liver failure in infants with CYP7B1 deficiency? Third, is
childhood liver disease a common but unreported symptom in
older subjects with spastic paraplegia type 5? Fourth, do
CYP7B1 knock-out mice display symptoms of neurodegenera-
tion and the accumulation of previously defined or new enzyme
substrates in the central nervous system? Fifth, what are the
biochemical properties of purified CYP7B1? Sixth, how does
the three-dimensional structure of CYP7B1 compare with cho-
lesterol 7�-hydroxylase (CYP7A1), and what features of the
enzymes determine their substrate specificities? The 14 years
since the identification of CYP7B1 have provided a wealth of
information concerning this P450, and there is more still to
learn.
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M., Geschwind, D. H., Pappatà, S., and De Michele, G. (2009) J. Neurol.
256, in press

36. Salinas, S., Proukakis, C., Crosby, A., and Warner, T. T. (2008) Lancet
Neurol. 7, 1127–1138

37. Clayton, P. T., Verrips, A., Sistermans, E.,Mann,A.,Mieli-Vergani, G., and
Wevers, R. (2002) J. Inherit. Metab. Dis. 25, 501–513

38. Pierre, G., Setchell, K., Blyth, J., Preece, M. A., Chakrapani, A., and Mc-
Kiernan, P. (2009) J. Inherit. Metab. Dis. 32, in press

39. Björkhem, I., Boberg, K. M., and Leitersdorf, E. (2001) in The Metabolic
andMolecular Bases of InheritedDisease (Scriver, C. R., Beaudet, A. L., Sly,
W. S., Valle, D., Childs, B., Kinzler, K. W., and Vogelstein, B., eds) 8th Ed.,
McGraw-Hill Book Co., New York

MINIREVIEW: CYP7B1, a Multifunctional P450

OCTOBER 16, 2009 • VOLUME 284 • NUMBER 42 JOURNAL OF BIOLOGICAL CHEMISTRY 28489



Glucose-6-phosphatase
Catalytic Subunit Gene Family*
Published, JBC Papers in Press, August 20, 2009, DOI 10.1074/jbc.R109.025544

John C. Hutton‡ and Richard M. O’Brien§1

From the ‡Barbara Davis Center for Childhood Diabetes, University of
Colorado at Denver, Aurora, Colorado 80045 and the §Department of
Molecular Physiology and Biophysics, Vanderbilt University Medical
School, Nashville, Tennessee 37232

Glucose-6-phosphatase catalyzes the hydrolysis of glucose
6-phosphate (G6P) to glucose and inorganic phosphate. It is a
multicomponent system located in the endoplasmic reticulum
that comprises several integral membrane proteins, namely a
catalytic subunit (G6PC) and transporters for G6P, inorganic
phosphate, and glucose. The G6PC gene family contains three
members, designated G6PC, G6PC2, and G6PC3. The tissue-
specific expression patterns of these genes differ, andmutations
in all three genes have been linked to distinct diseases in
humans. This minireview discusses the disease association and
transcriptional regulation of the G6PC genes as well as the bio-
logical functions of the encoded proteins.

General Features of the G6PC Family

In mammals, the highest levels of glucose-6-phosphatase
activity are found in liver; however, progress in studying the
enzyme responsible for this activity was impeded for many
years because of its location in the ER2membrane and its inher-
ent instability (1, 2). Remarkably, the first cloning of a cDNA
encoding an enzyme with glucose-6-phosphatase activity was
achieved only in 1993 through the seminal work of Janice Chou
and co-workers (3, 4), who took advantage of the observation
that a unique mutant mouse strain had markedly reduced glu-
cose-6-phosphatase activity. Differential screening of a hepatic
cDNA library with probes representing wild-type and mutant
mouse hepatic mRNAs led to the isolation of a glucose-6-phos-
phatase cDNA (3, 4).
Various models have been proposed to explain the complex

enzymology of the hepatic glucose-6-phosphatase system (1, 2).
Fig. 1 shows the generally acceptedmodel in which G6P hydro-
lysis occurs within the ER lumen and requires transporters to
import the substrate, G6P, into the ER lumen and export the

products, glucose and inorganic phosphate, back to the cytosol
(1, 2). The analysis of hepaticmicrosomes isolated frommice in
which the gene encoding the glucose-6-phosphatase cDNAhad
been mutated demonstrated that G6P hydrolysis and G6P
transport into the ER were mediated by separate proteins (5).
The cDNA originally isolated by Chou and co-workers repre-
sents the G6PC. A cDNA encoding a mammalian G6P trans-
porter was subsequently isolated by van Schaftingen and Gerin
(6) based on a data base analysis involving a search formamma-
lian expressed sequence tags homologous to a bacterial hexose
phosphate transporter. Although the ER glucose transporter
remains to be identified, recent data suggest that a single pro-
tein transports both G6P and inorganic phosphate (7).
The G6PC gene is expressed predominantly in liver and kid-

ney but also at lower levels in intestine and pancreatic islets (1,
2, 6, 8). The latter also contain a second, distinct G6PC isoform
that was initially called the islet-specific G6PC-related protein
(IGRP) because of its selective expression in this tissue (9, 10).
An IGRP cDNA was originally isolated through screening of a
plasmid cDNA library prepared following subtraction ofmouse
insulinoma �TC-3 cDNA from mouse glucagonoma �TC-2
cDNA (9). The IGRP gene has now been renamed G6PC2. The
third member of the G6PC gene family, termed G6PC3, was
identified through data base analyses involving searches for
expressed sequence tags with sequence homology to G6PC and
G6PC2 (11). This isoform was initially called the ubiquitously
expressed G6PC-related protein (UGRP) because, although
predominantly expressed in brain, muscle, and kidney, it was
found to be expressed in every tissue analyzed (11).

G6PC

Enzyme Activity and Function—G6PC catalyzes the terminal
step in the gluconeogenic and glycogenolytic pathways.
Although the liver is the primary site of gluconeogenesis in vivo
(12), the actual contribution of the kidney and intestine, relative
to the liver, to the overall rate of gluconeogenesis is the subject
of continuing debate. However, becausemutations in theG6PC
gene lead to severe hypoglycemia (see below), G6PC clearly
plays a critical role in maintaining euglycemia in the fasted
state. Chou and co-workers (13) have performed extensive
structure-function analyses to identify the catalytic site and
other important residues within G6PC. Interestingly, Nordlie
and co-workers (2) have shown that G6PC can also catalyze
G6P synthesis, although the biological significance of this
observation remains to be determined. The biology of G6PC
has been discussed in detail in several earlier reviews (1, 2, 6, 8).
Disease Association—Mutations in the G6PC gene result in

GSD type 1a, whereas mutations in the G6P transporter result
in GSD type 1b. GSD type 1a is characterized primarily by
severe hypoglycemia in the postabsorptive state but also by
hyperlipidemia, hyperuricemia, and lactic acidemia (14). In
addition, patients are prone to growth retardation, hepatic ste-
atosis and cirrhosis, hepatic adenoma, and renal failure (14).
Many features of GSD type 1a, although not all, are apparent in
G6pc null mice (5). Chou and Mansfield (14) have extensively
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documented the mutations in the G6PC gene that give rise to
this disease.
Whereas G6PC mutations cause GSD type 1a, overexpres-

sion ofG6PC also affects glucosemetabolism.Type 2 diabetes is
characterized by defects in insulin secretion, peripheral glucose
utilization, and HGP. The ability of insulin to stimulate periph-
eral glucose utilization and repress HGP in patients with type 2
diabetes is reduced as a consequence of insulin resistance. In
addition, in some individuals with type 1 diabetes, HGP is
increased either because of low circulating insulin levels or
because poor glycemic control has led to the development of
insulin resistance. Because G6PC catalyzes the final reaction
in both the gluconeogenic and glycogenolytic pathways and
because glucose leaves the liver through the facilitative GLUT2
glucose transporter, G6PC acts as the gatekeeper for glucose
production by the liver.
In the postabsorptive state, HGP initially increases because

of changes in substrate supply and liver metabolism. However,
it is likely that during an overnight fast the rate of HGP will be
affected by changes in G6PC expression (15). Because insulin
normally inhibits G6PC expression (see below), in individuals
with diabetes,G6PC expression is likely to be elevated as a con-
sequence of insulin resistance or hypoinsulinemia. Indeed, in
animal models of both type 1 and 2 diabetes, hepatic G6PC
activity and G6PC mRNA levels are increased (6, 8). Similarly,
the activity of the hepatic glucokinase/G6PC glucose cycle, the
conversion of glucose to G6P and then back to glucose, is
increased in patients with type 2 diabetes, and this is postulated
to contribute to the elevated HGP (16).
Transcriptional Regulation—The transcriptional regulation

of G6PC gene expression has been studied in all four tissues
where it is expressed, namely liver, kidney, intestine, and pan-
creatic islets (1, 2, 6, 8), but because of space limitations, only
regulation in liverwill be discussed here.Not surprisingly, given
the central role of G6PC in HGP, multiple hormones/metabo-
lites regulate G6PC expression, including glucagon, which acts
through cAMP, glucocorticoids, glucose, and fatty acids, which
stimulate expression and insulin, and tumor necrosis factor-�
and interleukin-6, which inhibit expression (15). Insulin is able
to override the stimulatory effects of cAMP, glucocorticoids,
glucose, and fatty acids (15). The induction ofG6PC gene tran-
scription by glucose seems counterintuitive because this would

serve to further increase HGP. Rossetti and co-workers (17)
have suggested that this action of glucose prevents excessive
hepatic glucose storage and prepares for the transition to the
postabsorptive period, when increased glucose output is
needed.
Promoter elements and associated transcription factors that

are important for the action of glucagon (18), glucocorticoids
(19), glucose (20), fatty acids (21), and insulin (22) have all been
analyzed. Several recent studies have analyzed the effect of var-
ious co-activators, including PGC-1� (23, 24), CRTC2 (25), and
SRC-2 (26), on G6PC expression. Fig. 2 shows a model of the
G6PC promoter based on data from these studies.

G6PC2

Enzyme Activity and Function—G6PC2 is �50% identical at
the amino acid level to G6PC (9, 11, 27); however, whether
G6PC2 hydrolyzes G6P has been controversial (9, 11, 27–29).
Our initial attempts to address this question, which involved
expressing G6PC2 by transient transfection of COS cells, were
unsuccessful (9, 11, 27), as were similar experiments by the
Chou laboratory (28). However, Petrolonis et al. (29) were able
to demonstrate a low rate of G6P hydrolysis by G6PC2 using
somewhat different experimental conditions, although it is not
clear where the discrepancy lies in methodological terms. Nev-
ertheless, the observations of Petrolonis et al. (29) prompted us
to re-examine this issue. We have recently devised an experi-
mental protocol that involves permeabilization of COS cells to
G6P with minimal perturbation of the intracellular membrane
architecture, and we have achieved significant levels of G6P
hydrolysis upon overexpression of G6PC2, although at a much
lower rate than achieved with G6PC.3 This suggests that
G6PC2 is easily denatured upon cell disruption or depends on
critical components in the intracellular milieu or protein-pro-
tein interactions to maintain its activity.
To gain insight into the function of G6PC2 in vivo, we exam-

ined the phenotype of G6pc2 null mice. A small but significant
decrease in blood glucose was observed in both male (�14%)

3 J. C. Hutton, unpublished data.

FIGURE 1. Model of the glucose-6-phosphatase multicomponent enzyme
system. G6P enters the ER lumen through a G6P transporter. Once hydro-
lyzed to Glc and Pi by the G6PC, the products of the reaction return to the
cytosol through specific transporters. Recent data suggest that the same pro-
tein transports both G6P and Pi.
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and female (�11%) G6pc2�/� mice following a 6-h fast,
whereas plasma insulin and glucagon concentrations were
unchanged (30).We hypothesize that, consistent with a role for
G6PC2 in G6P hydrolysis, deletion of theG6pc2 gene enhances
glycolytic flux and hence increases the glucose sensitivity of
GSIS. Glucokinase had been considered to be the glucose sen-
sor in pancreatic beta cells (31), but these data suggest that
G6PC2 should also be considered a component of this sensor.
Such an arrangement would provide flexibility because the glu-
cose sensitivity of GSIS could be fine-tuned through changes in
either glucokinase or G6PC2 expression. The concept that
G6PC2 functions primarily as a component of the beta cell glu-
cose sensor is also consistent with the fact that pancreatic islets
do not contribute significantly to whole body gluconeogenesis
(12).
Various studies suggest that G6PC may have a similar func-

tion in rat islets, which contain a non-expressedG6pc2 pseudo-
gene (27). For example, GSIS is impaired andG6PC expression
is elevated, relative to controls, in islets isolated from partially
pancreatectomized rats (32). Interestingly, the G6P hydrolytic
activity in rat islet extracts displays distinct Km, pH depend-
ence, and inhibitor profiles compared with that in rat liver
extracts (9). The discovery of G6PC2 appeared to provide an
explanation for these kinetic data. However, the subsequent
demonstration thatG6pc2 is a pseudogene in rats suggests that
these kinetic data may instead be explained by the presence of
an islet-specific factor that modulates G6PC activity.
Disease Association—The G6PC2 gene has been implicated

in the pathophysiology of type 1 diabetes as well as cardiovas-
cular-associated mortality. Thus, several reports have demon-
strated that G6PC2 is an important target of cell-mediated
autoimmunity in type 1 diabetes in both mice (33) and humans
(34). In the nonobese diabetic mouse model of type 1 diabetes,
G6PC2 is recognized by both CD8- and CD4-positive T cells
infiltrating islets. Whether interventions directed at G6PC2
will be helpful in treating or preventing type 1 diabetes is
unclear. In vivo administration of select G6PC2 epitope pep-
tides to nonobese diabeticmice appears to abrogate or delay the
disease process (35). However, other studies suggest that auto-
immunity toward G6PC2 is a secondary event, with insulin
being the primary autoantigen in nonobese diabetic mice (36).
A recent genome-wide association study has strongly linked

SNPs in the G6PC2 gene to variations in fasting blood glucose
levels in humans (37). This observation is clearly consistent
with the observation thatG6pc2 null mice have reduced fasting
blood glucose levels (30), suggesting that G6PC2 plays a similar
role in both mouse and human islets. Interestingly, fasting
blood glucose levels are linearly correlatedwith cardiovascular-
associatedmortality rather than susceptibility to type 2 diabetes
(38). Because fasting blood glucose levels are reduced only
�15% in G6pc2 null mice, it is surprising that variations in
G6PC2 expression or G6PC2 activity would impact cardiovas-
cular-associated mortality, assuming a similar contribution of
the G6PC2 gene to the control of fasting blood glucose in
humans. However, various studies have shown that even mild
variations in fasting glucose levels can have significant biologi-
cal consequences in humans, specifically on the risk of cardio-
vascular-associated mortality. For example, in Europeans, an

increase in fasting plasma glucose levels from �90 to between
99 and 108 mg/dl is associated with a 30% increased risk of
cardiovascular-associated mortality (38). A key question that
remains to be addressed by future studies is the identity of the
causative SNP linking G6PC2 gene expression to fasting blood
glucose levels.
Transcriptional Regulation—Immunohistochemical stain-

ing shows that G6PC2 is expressed almost exclusively in pan-
creatic islet beta cells, with possible expression in a subset of
alpha cells (39). A short region of the proximal mouse G6pc2
promoter region extending from �306 to �3 is sufficient to
confer islet-specific gene expression in transgenic mice initiat-
ing at embryonic day �12.5 (39), the same time as the endoge-
nous G6pc2 gene (9). In newborn mouse islets, transgene
expression is detected predominantly in beta cells, again like
the endogenousG6pc2 gene (39). However, unlike the endoge-
nous G6pc2 gene, transgene expression decreases after birth,
indicating that this�306/�3 promoter region is unable to con-
fer transgene expression in adult mice (39). The search for the
transcriptional elements that mediate sustainedG6pc2 expres-
sion in adult animals has led to the identification of multiple
enhancers 5�, within, and 3� of the G6pc2 gene; however, the
transcriptional boundaries of the G6pc2 locus remain to be
defined (40).
The identity of the transcription factors binding the proximal

�306/�3 G6pc2 promoter region has been investigated in
detail. Because the sequence of this promoter region is highly
conserved in mice and humans (27), an in situ footprinting
strategy was used initially to define key transcription factor-
binding sites (41). Subsequent studies using chromatin immu-
noprecipitation assays demonstrated that Pdx-1, Pax-6, MafA,
Foxa2, BETA-2, and USF all bind this promoter region in intact
�TC-3 cells (42–44). Mutational analyses demonstrated that
these factors all contribute to promoter activity (42–44),
although the contribution of Pdx-1 varies between different
islet-derived cell lines (44). This same group of factors has been
shown to regulate, directly or indirectly, insulin gene transcrip-
tion. Fig. 2 shows a model of the G6pc2 promoter based on the
observations described above.

G6PC3

Enzyme Activity and Function—G6PC3 is �36% identical at
the amino acid level to G6PC (11, 45). Our initial attempts to
assess the ability of G6PC3 to hydrolyze G6P involved express-
ing G6PC3 by transient transfection of COS cells (11, 45).
When expressed at levels equivalent to G6PC, G6PC3 did not
confer enhanced hydrolysis of G6P in COS cell lysates (11, 45).
In contrast, other groupswere able to demonstrateG6P hydrol-
ysis by G6PC3 when expressed at much higher levels using a
stable transfection strategy (46) or adenoviral infection (47).
The explanation as to why transient transfection fails to gener-
ate active G6PC3 is unclear. The Km values for G6P hydrolysis
by G6PC and G6PC3 are similar (�2 mM), whereas the Vmax is
�6-fold higher for G6PC (47).
We have examined the phenotype ofG6pc3 null mice to gain

insight into the function of G6PC3 in vivo. G6P hydrolytic
activity is decreased by �50% in homogenates of G6pc3�/�

mouse brain and testis relative to wild-type tissue, consistent
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with the ability of G6PC3 to hydrolyze G6P (48). In addition,
female, but not male, G6pc3�/� mice exhibit growth retarda-
tion, as do G6pc�/� mice and patients with GSD type 1a (48).
However, in contrast to G6pc�/� mice and patients with GSD
type 1a, G6pc3�/� mice exhibit no change in hepatic glycogen
content or blood glucose or triglyceride levels. Although
G6pc3�/� mice are not hypoglycemic, female G6pc3�/� mice
have elevated (�60%) plasma glucagon and reduced (�20%)
plasma cholesterol. We hypothesize that the hyperglucagone-
mia prevents hypoglycemia and that the hypocholesterolemia is
secondary to the hyperglucagonemia (48). As such, the pheno-
type of G6pc3�/� mice is mild, indicating that G6PC is the
major glucose-6-phosphatase of physiological importance for
glucose homeostasis in vivo. Cheung et al. (49) reported a sim-
ilar phenotype in their G6pc3�/� mice but also noted that the
absence of G6PC3 led to neutropenia and defects in neutrophil
function resulting in increased susceptibility to bacterial infec-
tion. Both of these studies failed to provide insight into the role
of G6PC3 in the multiple other tissues in which it is expressed,
although Chou and co-workers (50) have proposed the inter-
esting hypothesis that the presence of G6PC3 in muscle may
explain the improvement in endogenous glucose production
and the decrease in susceptibility to hypoglycemia in patients
with GSD type 1a after puberty.
Disease Association—A recent genetic analysis has identified

mutations inG6PC3 as the cause of a severe congenital neutro-
penia syndrome associated with cardiac and urogenital malfor-
mations (51), consistent with the G6pc3�/� mouse data men-
tioned above (49).
Transcriptional Regulation—In contrast to the G6PC and

G6PC2 promoters, the G6PC3 promoter does not contain a
TATA box, and therefore, transcriptional initiation occurs at
multiple locations (11, 45). Very little is known about the regu-
lation of G6PC3 transcription. The human G6PC3 promoter
region located between�474 and�1, relative to the translation
start site, confers fusion gene expression in multiple cell lines
(11), but no promoter elements have been functionally defined.

Future Directions

Several key questions remain to be addressed for each mem-
ber of theG6PC gene family.With respect toG6PC, studies are
ongoing to determine whether gene therapy will provide a cure
for GSD type 1a (52). Another challenge will be understanding
how the actions of the multiple factors that individually regu-
late G6PC transcription are integrated at the G6PC promoter.
With respect to G6PC2, identification of the causative SNPs
that explain the connection between variations inG6PC2 activ-
ity orG6PC2 expression and fasting blood glucose levels will be
important, and ultimately, wewould like to knowwhether inhi-
bition of G6PC2 activity reduces the incidence of cardiovascu-
lar-associated mortality in humans. Finally, with respect to
G6PC3, it will be of interest to gain further insight into the
function of this protein in different tissues in vivo.
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DNA strand passage through an enzyme-mediated gate is a
key step in the catalytic cycle of topoisomerases to produce top-
ological transformations in DNA. In most of the reactions cata-
lyzed by topoisomerases, strand passage is not directional; thus,
the enzyme simply provides a transient DNA gate through
which DNA transport is allowed and thereby resolves the topo-
logical entanglement. When studied in isolation, the type IA
topoisomerase family appears to conform to this rule. Interest-
ingly, type IA enzymes can carry out directional strand trans-
port as well. We examined here the biochemical mechanism for
directional strand passage of two type IA topoisomerases:
reverse gyrase and a protein complex of topoisomerase III� and
Bloom helicase. These enzymes are able to generate vectorial
strand transport independent of the supercoiling energy stored
in the DNA molecule. Reverse gyrase is able to anneal single
strands, thereby increasing linkage number of a DNA mole-
cule. However, topoisomerase III� and Bloom helicase can
dissolve DNA conjoined with a double Holliday junction,
thus reducing DNA linkage. We propose here that the heli-
case or helicase-like component plays a determinant role in
the directionality of strand transport. There is thus a com-
mon biochemical ground for the directional strand passage
for the type IA topoisomerases.

DNA topoisomerases are important and indispensable bio-
chemical tools to solve the problems ofDNAentanglement that
arise during processes of DNA transaction, including replica-
tion, transcription, recombination, and repair (reviewed in
Refs. 1–3). These enzymes accomplish this impressive feat with
simple yet elegant chemistry of reversible transesterification
reactions. A tyrosine residue at the enzyme’s active site serves
as a nucleophile to initiate the transesterification reaction,
resulting in a DNA chain scission and the formation of an
enzyme-DNA adduct. The reversal of this reaction then
restores the integrity of theDNAbackbone and active-site tyro-
sine. The topological transformation is accomplished by the
passage of the DNA strand through this transient strand break.

There are two types of topoisomerases, distinguishable on both
mechanistic and structural grounds. Type I enzymes make a
single-strand break at a time, whereas type II enzymes make a
concerted double-strand break. The DNA transported through
the reversible single-strand break in type I enzymes is usually
single-stranded, the strand complementary to the scissile one,
but it is possible to have a double strand transported as well.
The DNA passing through the transient double-strand breaks
in type II enzymes is another duplex segment. The intramolec-
ular strand passage events will lead to reactions that change
DNA supercoiling or tying and untying topological knots,
whereas the intermolecular strand passage results in catenation
and decatenation reactions.
The type IA topoisomerases are ubiquitous enzymes found in

every living organismwith the exception of viruses. This family
includes bacterial topo3 I and topo III as well as eukaryotic topo
III. In higher eukaryotes, there are two isoforms of topo III,
designated � and �, with evidence mounting that topo III� is
imported into the mitochondria for roles yet to be defined in
addition to its roles in the nucleus (4). In lower organisms, dele-
tion of the type IA enzymes generally results in viable cells,
albeit with genomic instability phenotypes and, in the case of
Saccharomyces cerevisiae, complete inhibition of sporulation
(5). In higher eukaryotes, deletion of topo III� is early embry-
onic lethal, whereas topo III� deletions are viable but with
genomic instability apparent in the germ line (6, 7).
Structural and biochemical analysis of the type IA topoi-

somerases indicates that these enzymes function by binding
and creating a transient break in one strand of DNA, forming a
gate through which another strand (or strands) of DNA can
pass into an interior channel of the enzyme (8). TheDNAbreak
is then resealed, and the enzyme disassociates from the DNA,
releasing both the bound and trapped strands. Thismechanism
has two implications for these enzymes: first, the enzyme
requires single-strandedDNAuponwhich to function, and sec-
ond, the reaction possesses no energy source except for the
energy stored in the topology (supercoiling) of the DNA sub-
strate. Consequently, when these enzymes are studied in isola-
tion on supercoiled circular substrates containing permanently
denatured regions, they show no preference for the direction of
strand passage and function equally well in adding or removing
linkages to the substrate until all of the supercoiling energy has
been exhausted, leaving the substrate in the topologically
relaxed state (9, 10). On DNA that does not contain a perma-
nently denatured region, these enzymes are most active on
highly negatively supercoiled DNA, as these topological condi-
tions favor the formation of the single-stranded regions
required for protein binding. The affinity of a particular type IA
enzyme for single-strandedDNA then determines the extent of
relaxation of the substrate, as the DNA duplex becomes more
stable when negative supercoiling energy is removed from the
molecule. Because of this, no relaxation of positively super-* This minireview will be reprinted in the 2009 Minireview Compendium,

which will be available in January, 2010.
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coiled circular DNA (without a permanently denatured region)
is seenwith these enzymes because, under these conditions, the
DNA duplex is too stable to become single-stranded for any of
the known type IA topoisomerases to bind.
However, several type IA topoisomerases that appear to vio-

late these “rules” have recently emerged. It appears that these
enzymes have been cast in roles that require them to bind and
actively add or remove topological linkages from DNA inde-
pendent of the supercoiling energy stored in the molecules.
Here, we explore the potential mechanisms of two such type IA
topoisomerase family members.

Reverse Gyrase: A DNA Renaturase

Reverse gyrase was first discovered to be an enzyme in a
hyperthermophilic archaebacterium capable of introducing
positive DNA supercoiling dependent upon ATP hydrolysis
and was named based on this activity (which is exactly opposite
of DNA gyrase) (11). However, in contrast to DNA gyrase,
reverse gyrase is a type IA topoisomerase with two closely
linked domains: a helicase-like domain and a topoisomerase
domain (12). Reverse gyrase may play an essential role in the
growth of hyperthermophiles in harsh environments because
the reverse gyrase gene is unique to the genomes of these orga-
nisms (13). This hypothesis is supported by the following two
observations as well. A hyperthermophilic bacterium with the
reverse gyrase gene deleted shows defects in growth at extreme
temperatures (14). A moderately thermophilic bacterium
growing near hydrothermal vents needs to adapt to extreme
fluctuations in growth temperature and contains a reverse
gyrase gene (15). In addition, the expression of reverse gyrase is
significantly induced when the growth temperature shifts
higher. The idea that reverse gyrase has an important function
in stabilizing the genome at extreme temperatures is reinforced
by its biochemical activities as a DNA renaturase (16) and as a
DNA chaperone (17).
The biochemical mechanism of how reverse gyrase carries

out the directional strand passage remains an area under active
investigation. There are several mechanisms proposed. One is
based on differential relaxation of DNA supercoils (12). If the
helicase domain is able to translocate alongDNA, it would gen-
erate positive supercoiling in front of the moving helicase and
negative supercoiling in its wake (18). The preferential relax-
ation of negative supercoils by the type IA topoisomerase
domain will lead to a net accumulation of positive supercoils in
a circular DNA molecule. However, there has not been any
detectable helicase activity in either full-length reverse gyrase
or the isolated helicase domain (19).
Another proposed mechanism is that, upon unwinding of

DNA by reverse gyrase, it can segregate DNA into two separate
topological domains: one with the unwound DNA and the
other with positive DNA supercoils induced by unwinding (19).
Preferential rewinding of the unwound region can lead to
retention of positive supercoils. The mechanistic basis for top-
ological segregation and the switching between the unwinding
and rewinding actions by reverse gyrase is not addressed in this
model.
A third proposedmechanism is based on the hypothesis that,

although the helicase domain cannot translocate and unwind

DNA, it has a preferential binding activity for either single- or
double-stranded DNA depending on the state of the bound
nucleotide (20, 21). We envision the mechanism of action as a
sequence of the following reaction steps (Fig. 1). If the temper-
ature of the environment in which the organism is living rises
high enough, regions of the genome will begin to denature
spontaneously. The enzyme bound with a particular form of
nucleotide (e.g. ATP) has a high affinity for the single-stranded
region and associates with the denatured bubble in the duplex
DNA. There is a switch in the bound nucleotide (e.g. from ATP
to ADP) and consequentially a change in affinity with a prefer-
ence for double-stranded DNA, thus promoting the rewinding
of the denatured bubble. The topoisomerase domain engages in
strand passage and increases the linkage (linking number)
between the DNA strands. The protein recycles and can pro-
mote further renaturation if single-strandedDNApersists. The
strand passage in these reaction cycles increases the DNA link-
ing number and thus favors generation of positive supercoiling.
A number of experimental evidences support such a mecha-

nism. Positive supercoiling of plasmidDNAby reverse gyrase is
relatively inefficient and depends on the enzyme/DNA stoichi-
ometry (21). The generation of a single-stranded region
depends on the higher temperature at which reactions occur
and the amount of enzyme that can preferentially bind it.
Because the positive supercoiling is limited by the amount of
single-stranded region formed under such conditions, it is
dependent on the enzyme/DNA stoichiometry. This also sug-
gests that, for a DNA with a permanent denatured bubble, the
reaction would bemore efficient because it is not limited by the
available single-stranded region derived from unwinding in
the base-paired region. Indeed, for a plasmid DNA with a bubble
size of �25 nucleotides, positive supercoiling is highly efficient
(16). Also as expected from this proposed mechanism, DNA
supercoiling depends on the bound nucleotides: ATP promotes
positive supercoiling, and a non-hydrolyzable analog of ATP
(AMPPNP) induces negative supercoiling (21). This is presum-
ably because the enzyme with bound AMPPNP can preferen-
tially associate with a single-stranded region and induce the
formation of a denatured bubble. With the relaxation of posi-

Nucleotide Switch

Strand Passage

FIGURE 1. Mechanistic steps of rewinding action catalyzed by reverse
gyrase. Reverse gyrase is depicted as separate domains of topo IA (cyan) and
helicase (green), bound to a single-stranded bubble. Through a nucleotide
switch in the helicase domain, reverse gyrase promotes strand annealing,
followed by strand passage to increase the DNA linking number. Cycles of
these reactions result in the renaturation of the single-stranded bubble and
positive supercoiling.
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tive supercoils induced by the generation of single-stranded
bubbles, the DNA will become negatively supercoiled once the
enzyme is removed and the temperature is reduced, renaturing
the single-stranded bubbles. There is also direct evidence sug-
gesting a switch in DNA binding preference dependent upon
the bound nucleotide for the recombinant helicase domain
(20). However, the holoenzyme appears to have lost the
nucleotide-dependent specificity in DNA binding, possibly
because of the attenuation from the topoisomerase domain.

Topoisomerase III�/Bloom Helicase: Dissolution of
Double Holliday Junctions

Whereas reverse gyrase provides a DNA machine for direc-
tional strand passage to increase DNA strand linkage, topo III�
and the Bloom syndrome helicase Blm are able to reduce it (22,
23). A dHJ has long been proposed as an intermediate of homol-
ogous recombination that gives rise to the crossover and non-
crossover products of this pathway (24), and this structure pre-
sents some very unique topological challenges to the cell (2).
Once formed, this structure joins two DNA duplexes via the
intertwining of the component single strands into hybrid
duplexes, which we will refer to as heteroduplexes, between the
two HJs. This generates a topological linking number between
the two DNA duplexes that is a function of the length of the
heteroduplex region, which should be approximately two link-
ages/10.5 bp of DNA separating the two HJs (one linkage/10.5
bp in each of the two arms of the heteroduplex). Each hetero-
duplex is a quasi-isolated topological domain; whereas the
topology of the heteroduplexes will be influenced by the topol-
ogy of theDNAoutside of the dHJ, no action of a topoisomerase
outside of the dHJ can change the number of linkages holding
the two DNA duplexes together. In the classical resolution of a
dHJ by resolvases, this problem is overcome by simply breaking
the covalent bonds in a pair of DNA single strands at each HJ.
However, there is a growing body of genetic evidence that indi-
cates that a second pathway for HJ resolution exists in which
the dHJ is dissolved by a type IA topoisomerase working in
conjunction with a RecQ family helicase, resulting exclusively
in non-crossover recombination outcomes (25). This implies
that a type IA topoisomerase, which shows no inherent direc-
tionality of strand passage in isolation, is catalyzing directional
strand passage in this context to reduce the number of linkages
within the heteroduplex regions to zero, separating the two
DNA duplexes. This pathway has gained further support with
the discovery that model dHJs can be dissolved in vitro with
human (23) or Drosophila (22) topo III�/Blm.
Mechanistically, topo III� seems ill suited for a role in dHJ

linkage removal. Blmwas shown to be highly active on oligonu-
cleotide-based single HJ substrates and inHJ formation via fork
regression on substrates mimicking stalled replication forks
(reviewed in Ref. 26). However, if Blm were to attempt to
migrate a dHJ convergently, there would be positive supercoil-
ing stress within the heteroduplex region, making strand sepa-
ration more difficult. As discussed above, type IA topoisomer-
ases require a single-stranded region for strand passage activity.
This raises the question of how topo III� efficiently removes the
linkages within a dHJ when that region is likely to be under

positive supercoiling stress, thus reducing the likelihood of sin-
gle-stranded DNA formation.
There are two possible mechanistic models for the dissolu-

tion of a dHJ by topo III� and Blm, with the first being an
“unravel and unlink” model. In this model, with the aid of sin-
gle-stranded binding proteins, Blm binds to a HJ and denatures
a region of the heteroduplex, providing the preferred substrate
(single-stranded DNA) for topo III� binding and strand pas-
sage. Most, if not all, of the single-stranded DNA-binding pro-
teins would then dissociate, and the denatured bubbles would
rewind with the exchanged strand (Fig. 2A). For this model to
work, there would have to be some coordination between two
reactions, each occurring on opposing heteroduplexes and on
the same side of the HJ, for the HJ to move forward efficiently.
The size of the region denatured by Blmwould define a step size
for the reaction, which, in practical terms, could range fromone
turn of DNA to the entire heteroduplex region. If the step size
for this reaction were smaller than the entire heteroduplex,
however, a protein “bookmark” would have to be left behind at
the conclusion of each round of reactions to ensure that the
next round would occur in the same direction as the first. Fail-
ure to do so would mean that the dissolution of a dHJ would
occur via a random walk model, which would make resolution
of a large dHJ (relative to the step size) potentially inefficient. If
the entire heteroduplex were unwound by Blm, the problem of
backtracking by the helicasewould not exist, and the uncoupled
action of topo III� will lead to the eventual dissipation of the
topological linkages in the heteroduplex region.
A similar mode of action has been proposed for RecQ- and

topo III-catalyzed segregation of a late replication intermediate,
two nearly replicated daughter circles linked through the
unreplicated region (27). The late replication intermediate was
biochemically prepared by blocking the convergence of the
bidirectional replication forks. The RecQ helicase, topo III, and
single-stranded DNA-binding protein of Escherichia coli can
resolve these interlinked circular molecules and yield two
gapped circles. Biochemical analysis of the unlinking reaction
suggests that RecQ helicase first unwinds the duplex DNA
between the converging replication forks and that topo III then
carries out strand passage in the entangled single-stranded
region to segregate the conjoined circles. In this process, topo
III, in collaboration with RecQ helicase, can reduce DNA link-
ages by first generating an extensively unwound region before
actual strand passage events occur. In otherwords, the unwind-
ing and unlinking do not act in concert. The mechanistic basis
of this reaction is similar to that of the catenation reaction by
RecQ/topo III (28). Both reactions, segregation and catenation,
are initiated by extensive unwinding of a segment of duplex
DNA by RecQ helicase. However, another plausible model
exists in which DNA unlinking is not preluded with extensive
DNA unwinding.
The secondmodel, which we have simply dubbed “HJmigra-

tion,” envisions a much more coordinated and processive
mechanism bywhich a dHJ can be dissolved. In thismodel, Blm
“pushes” a HJ with a bound topo III� positioned to perform
coordinated strand passage (unlinking) on each heteroduplex
(Fig. 2B). Blm might accomplish this HJ migration by coupling
its intrinsic helicase and single-stranded DNA annealing activ-
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ities to split the heteroduplex DNA ahead of the HJ while anneal-
ing the duplex behind the HJ (29). The concerted unwinding and
rewinding activities would be able to push a HJ along the DNA
with a minimum of single-stranded DNA generation. Replication
proteinAmaybe incorporated into the complex andhelp stabilize
a limited single-stranded DNA region necessary for topo III�
catalysis, explaining the specificity of the stimulation of the reac-
tion for replicationproteinAover theother single-strandedDNA-
bindingproteins tested (22). Because thismodel proposes that one
protein complex removes the linkages from both heteroduplexes,
it would remove the linkages from each heteroduplex at the same
pace, which is required for concomitant strand exchange when a
HJmigrates.
The actual differences between these twomechanismswould

be manifested by distinct characteristics of the in vitro reac-
tions. In contrast to the unravel and unlink model, the enzy-
matic activities of the helicase and topoisomerase in the HJ
migration model are tightly coupled, requiring physical inter-
action between the two proteins for efficient dHJ dissolution. In
addition, the twomodels presented here differ in the amount of

single-strandedDNAgenerated and
are therefore expected to differ in
their tolerance for sequence heter-
ologies between the heterodu-
plexes. In the actual dissolution of a
dHJ, the action of these two pro-
posed mechanistic models may not
be exclusive of each other. It is pos-
sible that topo III�/Blm may alter-
nate the use of these two modes of
action or use them at different
stages of the dissolution reaction.
With these criteria, studies using

a substrate consisting of two dou-
ble-stranded DNA circles con-
joined by a dHJ with 165-bp het-
eroduplexes (linking number of
�32) indicate that the overall dis-
solution reaction occurs via the HJ
migration model (22). The enzy-
matically almost identical Dro-
sophila topo III� could not substi-
tute for Drosophila topo III�,
suggesting that a physical interac-
tion with Drosophila melanogaster
Blm is required for the efficient dis-
solution of this substrate. In addi-
tion, this substrate was dissolved
only by the unlinking of the homol-
ogous regions of the substrate; no
reaction products consistent with
the unlinking of the heterologous
regions were detected, indicating
that the reaction is sensitive to
sequence heterologies between the
two HJs. However, dissolution reac-
tions using an oligonucleotide-
based substrate (23) demonstrate

that E. coli topo I and topo III can substitute for human topo
III�, suggesting that species-specific protein-protein interac-
tions may not be a strict requirement for this reaction (30).
It is unclear at this point what biochemical role Rmi1/

BLAP75 plays in this reaction. Rmi1/BLAP75 may act to coor-
dinate the helicase and topoisomerase activities, as this protein
is known to have a function in organizing the topo III�-Blm
complex. Both genetic and biochemical evidence showed that
Rmi1 in S. cerevisiae stabilizes the topo III-Sgs1 complex (31),
yeast homologs of topo III�-Blm. BLAP75, the human homolog
of Rmi1, was originally identified by its binding affinity for Blm
(32), and it can greatly promote the activity of the topo III�-Blm
complex in dissolution of the oligonucleotide-based dHJ (30,
33, 34). More mechanistic studies will be required to probe the
molecular basis of the functional roles for the individual com-
ponents in this molecular complex.

Conclusions

Although it is sufficient for some topoisomerases to simply
eliminate the topological stress that accumulates as a result of

Blm & RPA 
  Denaturation

Topo IIIα
   Strand Passage

Renaturation

Repeated
   Steps

Blm, Topo IIIα,
   Rmi1, & RPA
   HJ Migration

Repeated
   Steps

Unravel & Unlink HJ Migration

Blm, Topo IIIα,
   Rmi1, & RPA
   HJ Migration

FIGURE 2. Diagrammatic representation of two proposed models for dissolution of dHJs. For simplifica-
tion, these diagrams show only the migration of the left HJ, whereas the right remains stationary. In addition,
representations of the proteins have been omitted. A, unravel and unlink model; B, HJ migration model. RPA,
replication protein A.
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DNA metabolism and to bring the DNA to an energetic mini-
mum, there is also an emerging role for the type IA topoisomer-
ases to act upon particular DNA structures and to add or
remove topological linkages in a vectorial manner independent
of the supercoiling energy stored in the DNA molecules. The
type IA topoisomerases capable of such reactions share two
common features: their binding to DNA is regulated by heli-
cases or helicase-like domains, and their function is coupled to
ATP hydrolysis. At this point, it seems likely that the structural
coordination of the topoisomerase (in relation to the DNA) by
the helicase domain is what provides these reactions the direc-
tionality of strand passage, whereas the coupling of ATP
hydrolysis provides an energy source for reactions that are not
necessarily driven by the topological energy of the DNA.
Despite these common themes, the elucidation of the complex
mechanisms utilized by these molecular machines, as well as
those yet to be discovered, will be an area of intense interest
over the coming years.
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Together with seven ADAMTS-like proteins, the 19mamma-
lian ADAMTS proteases constitute a superfamily. ADAMTS
proteases are secreted zinc metalloproteases whose hallmark is
an ancillary domain containing one or more thrombospondin
type 1 repeats. ADAMTS-like proteins resemble ADAMTS
ancillary domains and lack proteolytic activity. Vertebrate
expansion of the superfamily reflects emergence of new sub-
strates, duplication of proteolytic activities in new contexts, and
cooperative functions of the duplicated genes. ADAMTS pro-
teases are involved in maturation of procollagen and von Will-
ebrand factor, aswell as in extracellularmatrix proteolysis relat-
ing to morphogenesis, angiogenesis, ovulation, cancer, and
arthritis. New insights into ADAMTSmechanisms indicate sig-
nificant regulatory roles for ADAMTS ancillary domains,
propeptide processing, and glycosylation. ADAMTS-like pro-
teins appear to have regulatory roles in the extracellular matrix.

Evolutionary Perspective

Comparison of the human ADAMTS repertoire with inver-
tebrates (1, 2) suggests that at least five humanADAMTSclades
arose early in deuterostome evolution, whereas the largest
human clade, which contains proteoglycanases, arose later in
chordates. The six Ciona intestinalis ADAMTS proteases rep-
resent core evolutionary branches in chordates, and the mam-
malian ADAMTS clades they root are distinctive, implying
neofunctionalization (i.e. distinct substrate specificities) of
each clade (1). ADAMTS proteases in each mammalian clade
have, however, a similar primary structure (Fig. 1), implying
subfunctionalization, i.e. maintenance of substrate specificity,
but specialization in different biological contexts (1). As an

example, ADAMTS2, ADAMTS3, and ADAMTS14 each proc-
ess the major fibrillar procollagen types I–III in vitro, but their
tissue-specific expressionmanifests each activity in discrete tis-
sues (3). ADAMTS2 and ADAMTS3 are coexpressed with pro-
collagen III (a vascular collagen) and procollagen II (a cartilage
collagen), respectively, and may have dominant roles in their
maturation, whereas procollagen I processing may be under-
taken by both enzymes in a tissue-specific or overlapping
manner (3).

Functions of ADAMTS Proteases

This minireview primarily discusses functions for which
unequivocal genetic evidence exists and substrates whose defi-
cient cleavage was implicated in a phenotype. ADAMTS13
mutations cause inheritedTTP2 (4, 5), whereas acquiredTTP is
caused by ADAMTS13 autoantibodies. ADAMTS13 processes
vWF at a single peptide bond (Tyr1605–Met1606) and has no
other known substrates (4, 5). TTP results from failure to proc-
ess ultra-large vWF to an optimal size for normal coagulation.
ADAMTS13 deficiency leads to occlusion of the circulation by
platelet thrombi, with serious consequences for vital organs.
ADAMTS2 mutations cause Ehlers-Danlos syndrome (der-

matosparactic type) (6), a connective tissue disorder first iden-
tified in cattle (7) and a consequence of failure to excise the
amino propeptide of procollagen I in the dermis of skin. The
retained propeptide hinders collagen fibril assembly, and
the resulting thin branched fibrils are weak, leading to severe
skin fragility (7). Other collagen-rich tissues (e.g. bone) are not
fragile probably because of the compensating activity of
ADAMTS3 (8) and/or ADAMTS14 (9). Procollagen processing
is a specialized task, but unlike vWF processing, it is shared
among three similar enzymes.
ADAMTS10mutations cause a rare connective tissue disor-

der, recessive WMS (10). Several clinical features of WMS are
the opposite of Marfan syndrome, caused by mutations of
FBN1, which encodes the matrix glycoprotein fibrillin-1. FBN1
mutations lead to TGF� dysregulation (11). Fibrillin-1 muta-
tions can cause dominant WMS (12), suggesting that
ADAMTS10 is functionally coupled to fibrillin-1. Indeed, we
have found that ADAMTS10 specifically bound to fibrillin-1.3
This places ADAMTS10 squarely within a TGF�-regulating
extracellular network centered in fibrillin microfibrils (13).
Several ADAMTS proteases collectively referred to as pro-

teoglycanases (Fig. 1) participate in proteolysis of the large
aggregating proteoglycans aggrecan, versican, and brevican and
have been the subject of intense study because aggrecan loss is
a major feature of osteoarthritis. Mice with deletion of the
ADAMTS5 catalytic module (Adamts5�Cat) are resistant to
induced arthritis (14, 15). Thus, ADAMTS5 is regarded as a
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and AR49930. This work was also supported by the National Marfan Foun-
dation, the Arthritis Foundation, and the Yamanouchi USA Foundation.
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major aggrecanase inmice and is a target for drug development
in osteoarthritis.
Specific physiological roles of the proteoglycanases were

sought using genetically engineered or naturally occurring
mouse mutants. Although Adamts4�Cat and Adamts5�Cat
mice and the doubly deleted mice are reportedly normal,
45% of Adamts1 null mice die perinatally (16). Surviving
mice are small, with low female fertility and urogenital
anomalies (16–18). Adamts1 is hormonally regulated and is
essential for proteolysis of periovular versican during ovula-
tion and for ovarian lymphangiogenesis (19, 20). ADAMTS1
is anti-angiogenic via several mechanisms. It sequesters
VEGF165 (21), binds fibroblast growth factor-2 via a heparin
bridge (22), and releases anti-angiogenic fragments from
thrombospondin-1 and thrombospondin-2 (23). In Xenopus
laevis, XADAMTS1 was found to regulate embryonic fibro-
blast growth factor signaling (24). ADAMTS1 is essential for
versican turnover during mouse cardiac development and is
regulated coordinately with myocardial trabecular growth
and compaction (25).
Among the proteoglycanases, ADAMTS9 and ADAMTS20

constitute a highly conserved subset given their strong resem-
blance to the GON-1 protease in Caenorhabditis elegans.
Adamts20 mutations occur in the white spotting mutant,
Belted (bt) (26). Expression ofAdamts20mRNA in dermalmes-
enchyme coordinately with melanoblast migration during
embryogenesis initially suggested that ADAMTS20 facilitated
melanoblast migration (26). However, new evidence suggests that
Adamts20promotes survival ofmelanoblasts via versicanproteol-
ysis and Kit signaling (27). Adamts9 is widely expressed in meso-
derm derivatives (28).Adamts9 null mice die by 7.5 days of gesta-
tion (27), currently precluding full analysis of its developmental

role. ADAMTS9 was shown to be a
tumor suppressor in esophageal and
nasopharyngeal cancer using a func-
tional complementation approach
(29), and another proteoglycanase,
ADAMTS15, was identified as a
tumor suppressor gene in colorectal
cancer (30). In addition to its tumor
suppressor role, ADAMTS9 is a
product of microvascular endothe-
lial cells that acts cell-autonomously
to suppress angiogenesis.4
Mutations of the C. elegans

ADAMTS proteases GON-1 and
MIG-17 have offered several novel
insights. gon-1 mutants have gonad
defects due to failed migration of
pathfinding DTCs along the ventral
body wall (31, 32), whereas mig-17
mutants have defects in gonadal
arm migration along the dorsal
body wall (33). gon-1 defects may
result from lack of basement mem-
brane degradation or release of
migratory cues and can be rescued
by transgenic overexpression of

ADAMTS9 or ADAMTS4. RNA interference and engineered
deletions of fibulin, but not of several other extracellularmatrix
proteins, suppressed the gon-1 phenotype (34). The mig-17
phenotypewas suppressed only by dominant fibulinmutations,
but not by fibulin inactivation (35). Fibulin mutations in the
worm lead to expansion of the gonad and loss of integrity of
the basement membrane separating it from the gut lumen
(35); the protease mutations suppressed, in turn, the fibulin
phenotype (34). Thus, fibulin and the two C. elegans pro-
teases appear to interact in the gonadal basement membrane
(34, 35), but neither GON-1 nor MIG-17 cleaves fibulin (34,
35). Intriguingly, MIG-17 controls cell migration by recruit-
ment of nidogen to the basement membrane (36).

Cooperative Functions of ADAMTS Proteases

Evolutionary subfunctionalization suggests that closely
related ADAMTS proteases may cooperatively maintain prote-
olysis above a functionally critical threshold in specific path-
ways. In support of a cooperative proteolysis model, hemizy-
gosity of Adamts9 increased the depigmented area in bt mice
(27). Furthermore, 100% of bt/bt:Adamts9�/� mice develop
cleft palate, whereas bt and Adamts9�/� mice have delayed
palatal closure but a very low incidence of cleft palate.5
ADAMTS5, ADAMTS9, and ADAMTS20 work cooperatively
in resorption of interdigital webs in mice.6 In interdigital webs,
the cardiac outflow tract, embryonic myocardium, and ovarian

4 B.-H. Koo and S. S. Apte, manuscript in preparation.
5 H. Enomoto, C. Nelson, and S. S. Apte, unpublished data.
6 McCulloch, D. R., Nelson, C. M., Dixon, L. J., Silver, D. L., Wylie, J. D., Lindner, V.,

Sasaki, T., Cooley, M. A., Argraves, W. S., and Apte, S. S. (2009) Dev. Cell, in
press.

FIGURE 1. Mammalian ADAMTS proteases. The domain backbone shared by each ADAMTS protease is
shown at the top. The unique structure of each ADAMTS protease C-terminal to the backbone is indicated on
the right, and the key to these modules is located on the left. Some clades are named according to structural or
functional characteristics that best define them; clades without a known function or a defining characteristic
are not named. The proteoglycanases constitute a superclade comprising ADAMTS proteases with different
domain structure. The figure is based on reference sequences obtained from GenBankTM. PLAC, protease and
lacunin module.
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follicles, several proteoglycanases are coexpressed in versican-
rich contexts and may work cooperatively to degrade this pro-
teoglycan (25, 37–39). Cooperation of ADAMTS2 with
ADAMTS3 and/or ADAMTS14 is suggested by the presence of
varying amounts of completely processed procollagen I and III
in dermatosparactic tissues (3). The contribution of GON-1
and MIG-17 to gonadogenesis is also a cooperative role, albeit
at discrete stages of DTC migration.

Structure, Post-translational Modification, and
Proteolytic Mechanisms

ADAMTS proteases consist of a protease domain and an
ancillary domain with a characteristic modular structure con-
taining at least one TSR (Fig. 1). In general, ADAMTS ancillary
domains provide substrate-binding specificity, and the prote-
ase domain provides cleavage site specificity. ADAMTS cata-
lytic modules have a reprolysin active-site motif (HEXXH �
HD), but their cysteine signatures differ from ADAM proteins
(40). Inhibition of ADAMTS4 and ADAMTS5 by TIMP3,
which also inhibits ADAM proteins (41), suggests structural
similarities between the active sites of ADAMTS proteases and
ADAM proteins despite several specific differences in catalytic
cleft topography (42, 43). The crystal structure of ADAMTS1
(42) suggests that the disintegrin-like module is functionally a
part of the protease domain. This is supported by absence of the
disintegrin-like domain in all ADAMTS-like proteins (Fig. 2)
and its presence in MIG-17, which lacks an ancillary domain.
Indeed, residues in the ADAMTS13 disintegrin-like domain
comprise an exosite that interacts with vWF (44).
All ADAMTS proteases (except ADAMTS4) and

ADAMTSL aremodified by addition ofN-linked carbohydrate.
N-Glycosylation of theMIG-17 propeptide is critical for its spa-

tial targeting during gonadal morphogenesis (45), andN-glyco-
sylation of the ADAMTS9 propeptide is essential for its secre-
tion (46). WXXW and CXX(S/T)CG motifs in TSRs are
consensus sites for C-mannosylation (of Trp) and O-fucosyla-
tion (of Ser and Thr), respectively (47). Prevention of O-fuco-
sylation of ADAMTSL1 and ADAMTS13 severely restricts
their secretion (48, 49). Because O-fucosylation requires prior
protein folding, it functions as a quality control mechanism
in biosynthesis. C-Mannosylation was demonstrated in
ADAMTSL1 and ADAMTS5, and it also appears to be a
potential quality control mechanism (50). ADAMTS7 and
ADAMTS12 are unusual in being mucins as well as chon-
droitin sulfate proteoglycans, with both modifications being
present in a distinct module (Fig. 1) (51).
Excision of metalloprotease propeptides, a process termed

“activation,” is a key post-translational step. ADAMTS propep-
tide excision is undertaken by proprotein convertases, e.g. furin.
ADAMTS1 and ADAMTS4 are conventionally processed by
furin because their processing occurs in the trans-Golgi and is
required for proteolytic activity (52, 53). However, there are
several idiosyncrasies in ADAMTS propeptide processing. For
example, removal of the short ADAMTS13 propeptide is not
essential for vWF cleavage (54). Furin processing of several
ADAMTSproteases occurs extracellularly (51, 55, 56), and pro-
ADAMTS9 specifically undergoes cell-surface furin processing
(56). In contrast to most metalloproteases, cell-surface proc-
essing of the ADAMTS9 propeptide by furin reduces its
proteolytic activity (46). MIG-17 undergoes a stage-specific
extracellular activation during DTC migration (57). The furin-
processing site in ADAMTS10 lacks a P4 or P6 Arg residue and
is inefficiently processed by furin (55).
ADAMTS proteases require their ancillary domains for sub-

strate recognition and correct tissue compartmentalization
(58–63). The ancillary domain of several ADAMTS proteases
is modified by C-terminal proteolysis (52, 55, 64), which poten-
tially alters substrate recognition and enzyme localization.
C-terminal fragments thus releasedmay have independent bio-
logical activities, as exemplified by oxidative platelet fragmen-
tation caused by a fragment of ADAMTS18 (65).
Some ADAMTS proteases are operational cell-surface pro-

teases via the affinity of their ancillary domain or propeptides for
cell-surfacemolecules (55, 59, 66) andmay participate in cell-sur-
face ectodomain shedding; indeed, ADAMTS1 sheds syndecan-4
(67) and increases the shedding of two heparin-binding epidermal
growth factors, amphiregulin and heparin-binding epidermal
growth factor (68). Processing of theADAMTS4 ancillary domain
is initiated at the chondrocyte cell surface within a complex com-
prising a heparan sulfate proteoglycan (syndecan-1) and a mem-
brane-anchoredmetalloprotease (66).
ADAMTS activity may be influenced by cofactors or substrate

modification. ADAMTS1 associates with fibulin-1 and, like
GON-1, does not cut it, but the interaction enhances its aggre-
canase activity by 10-fold (69). ADAMTS1 and ADAMTS4 bind
fibronectin, but whereas the aggrecanase activity of ADAMTS4 is
inhibited, thatofADAMTS1 is enhanced2-foldby fibronectin (69,
70). The heparin-binding property of some ADAMTS proteases
such as ADAMTS1 provides a basis for cell binding and matrix
association. Therefore, intermolecular interactions may define

FIGURE 2. Mammalian ADAMTSL proteins. The domain structure of each
ADAMTSL is shown according to the key at the bottom. The two forms of
ADAMTSL1 shown are splice variants, and the long form composes a clade
with ADAMTSL3. ADAMTSL4 and ADAMTSL6 compose a distinct clade in
which TSR1 is split by an insertion. The figure is based on reference sequences
obtained from GenBankTM. aa, amino acids. PLAC, protease and lacunin
module.
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niches forADAMTSproteases, bring them intodefinednetworks,
andact as cofactors for their activity.As shownbyMIG-17 recruit-
mentofnidogen (36),ADAMTSproteasesmayalsobe instrumen-
tal in forming networks.
Post-translationalmodificationof someADAMTSsubstrates is

essential for their cleavage. ADAMTS2 processes heat-denatured
procollagen inefficiently, requiring the triple-helical conformation
of procollagen or the hairpin conformation of the propeptide
folded back onto the triple helix (71). ADAMTS4 requires the gly-
cosaminoglycan side chains on aggrecan for efficient processing
(62).ADAMTS13processing isenhancedbyhydrodynamicshear-
mediated stretching of the vWFA1 andA3domains in circulating
blood, which exposes the scissile bond (72); thus, in test tube
assays, vWF processing by ADAMTS13 is inefficient and requires
mild denaturation for optimization.

ADAMTS-like Proteins

ADAMTS-like proteins (Fig. 2) are products of distinct
genes, not alternatively spliced products of ADAMTS genes,
and they appear to be components of the extracellular matrix
(73, 74). Their resemblance to ADAMTS proteases andmatrix-
binding properties suggest a potential role in ADAMTS regu-
lation. Indeed, bovine ADAMTS2 is inhibited non-competi-
tively by Drosophila papilin (74), and isoforms of MIG-6, a C.
elegans papilin ortholog, influence DTC migration and act in
the same pathway as MIG-17 (75). Alternatively, ADAMTSL
may have architectural or regulatory functions in the matrix
that are independent of ADAMTS proteases. Human
ADAMTSL2mutations cause geleophysic dysplasia, a rare dis-
order that resembles WMS and that is characterized by high
levels of TGF� activity (76). ADAMTSL2 binds to latent TGF�-
binding protein-1 (76), a fibrillin-1 ligand, as well as to fibrillin-
1,7 suggesting that ADAMTSL2 and ADAMTS10 operate in
the same pathway. A homozygous ADAMTSL4 mutation was
recently identified in isolated ectopia lentis (dislocation of the
ocular lens) (77). The suspensory ligament of the lens, which
centers the lens in the path of light, is composed primarily of
fibrillin-1. Intriguingly, ectopia lentis is a major clinical feature
of both WMS and Marfan syndrome, and dominant ectopia
lentis is caused by FBN1 mutations (11). Taken together, the
role of ADAMTSL2 and ADAMTSL4 in TGF� regulation and
maintenance of the lens, respectively, suggests that these
ADAMTSL proteins may regulate fibrillin supramolecular
assembly and/or architecture.

Conclusions

Beginning with the discovery of ADAMTS1 only a dozen
years ago (78), the ADAMTS field has advanced considerably.
We now appreciate that some of thesemolecules work in highly
specialized contexts (vWF and procollagen processing),
whereas broad subsets of the superfamily may operate within
fibrillin networks and in proteoglycan cleavage. The concept of
cooperative proteolysis is likely to apply to several biological
contexts. The concepts and knowledge that have been devel-
oped will be invaluable for investigating several superfamily
members (e.g. ADAMTS17, ADAMTS19, ADAMTSL5, and

ADAMTSL6) of whom little is currently known beyond their
primary structure.
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Kallikrein-related peptidases constitute a single family of
15 (chymo)trypsin-like proteases (KLK1–15) with pleiotropic
physiological roles. Aberrant regulation of KLKs has been
associated with diverse diseases such as hypertension, renal
dysfunction, skin disorders, inflammation, neurodegenera-
tion, and cancer. Recent studies suggested that coordinated
activation and regulation of KLK activity are achieved via a
complex network of interactions referred to as the “KLK
activome.” However, it remains to be validated whether these
hypothetical KLK activation cascade pathways are operative
in vivo. In addition, KLKs have emerged as versatile signaling
molecules. In summary, KLKs represent attractive biomark-
ers for clinical applications and potential therapeutic targets
for common human pathologies.

The KLK Family

Kallikrein-related peptidases (known as KLKs) (1) constitute
a single family of 15 highly conserved trypsin- or chymotrypsin-
like serine proteases encoded by the largest uninterrupted
cluster of protease-encoding genes (KLK1–15) in the human
genome.KLK3or PSA2 is themostwidely knownKLKdue to its
application in diagnosis and monitoring of prostate cancer (2,
3).KLK genes sharemultiple similar structural features, includ-
ing exon/intron organization, conserved intronic intervals, and
exon lengths (2). All KLK genes encode single-chain preproen-
zymes with lengths varying between 244 and 293 amino acid

residues and�40%protein identity among each other.Multiple
KLK genes are often coexpressed in normal tissues, and they are
usually coordinately deregulated in disease states, pointing to
common mechanisms of regulation. Indeed, the expression of
most KLK genes is regulated by nuclear receptor signaling,
whereas KLK zymogen activation is thought to proceed via
complex proteolytic cascades that lead to sequential activation
of multiple KLK enzymes that, in turn, regulate important nor-
mal and pathobiological processes such as semen liquefaction,
skin desquamation, innate immunity, neurodegeneration, deg-
radation, and remodeling of ECM. In addition to KLK3/PSA,
certain KLKs are aberrantly expressed in different types of
cancer and provide novel tumor markers (mRNA, protein,
genomic DNA methylation) for cancer diagnosis, prognosis,
and monitoring (4). In addition, KLK6 has been suggested as a
potential marker for Alzheimer disease (2).
Because of their significant roles in common human pathol-

ogies, KLKs are currently under study as potential therapeutic
targets. Prostate-specific expression of KLK3/PSA has been
exploited for PSA-targeting therapeutic strategies that include
PSA-loaded antigen-presenting cells and PSA vaccines for
prostate cancer (reviewed in Ref. 5). In addition, PSA-activated
prodrugs have been designed for treatment of prostate cancer
based on the fact that serum PSA is mostly enzymatically inac-
tive, whereas in the prostate gland, it is found in its active form
(6). Notably, administration of recombinant KLK6 tomice with
EAE resulted in the production of anti-KLK6 antibodies that
inhibited its enzymatic activity, attenuated the severity of
symptoms, and delayed the course of disease progression (7).
Finally, a synthetic KLK1 inhibitor was shown to suppress
breast cancer cell invasiveness, suggesting that KLK activity
could be targeted for anticancer therapies (8).

Regulation of KLKs: The KLK Activome

Regulation of KLK activity occurs at multiple levels that
involve genomic aberrations (mutations, gene amplifications,
or rearrangements) and transcriptional, post-transcriptional,
and/or post-translationalmechanisms.More specifically, it was
shown thatmultipleKLK genes exhibit copy number variations
in ovarian tumors (9). Usage of alternative promoters was
described for the synthesis of multiple transcripts by the KLK6
(10) and KLK11 (11) genes. Based on extended variations in
their 5�-untranslated regions, additionalKLK genesmay also be
transcribed via multiple promoters. Single-nucleotide poly-
morphisms correlated with differential KLK expression levels,
whereas KLK3/PSA was identified as a candidate susceptibility
gene for prostate cancer (12). In addition, it is well established
that transcription of KLK genes in various tissues is under the
control of steroid hormones (2) and vitamin D receptor signal-
ing (13, 14). In addition, we and others (2, 13) have shown that
DNA methylation and possibly other epigenetic mechanisms
lead to silencing of certainKLK genes in cancer cells. KLK activ-
ity is further regulated by the production of multiple alterna-
tively spliced transcript variants that mostly encode inactive
KLK isoforms (15).
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KLK proteins are synthesized as inactive prepro-forms that
are proteolytically processed to secreted inactive pro-forms.
Subsequently, pro-KLKs are activated to mature peptidases by
specific proteolytic removal of their N-terminal propeptide
either via autocatalytic activity or by another KLK or other
endopeptidases. The term “KLK activome” was introduced
to describe the serial activation of KLK zymogens by other
mature KLKs (16). Our present understanding of activation
profiles and the completed KLK activome is based on in vitro
proteolytic cleavage of KLK propeptides and activation of
recombinant pro-KLK proteins, and it is hypothesized to involve
a complex network of activation events (autolytic, reciprocal
cross-activations, reverse activations), as depicted in Fig. 1.
Following activation, mature KLK enzymes are amenable to

inactivation by endogenous inhibitors such as, for example, the
kallistatin, which is a specific inhibitor of KLK1, and LEKTI
(lymphoepithelial Kazal-type inhibitor), which is encoded by
SPINK5 (serine protease inhibitor Kazal-type 5). LEKTI is a
secreted serpin that requires proteolytic cleavage for genera-
tion of bioactive fragments that act as specific inhibitors of ser-
ine proteases, including certain KLKs (17). Inhibition of KLK

activity by serine protease inhibitors (serpins) occurs through
an irreversible suicide substrate mechanism that is referred to
as the “inhibitory pathway.” KLK-inhibitor complexes such as
KLK3-�2-macroglobulin and KLK3-�1-antichymotrypsin have
been identified in vivo (2). In addition, autocatalytic inactiva-
tion via internal cleavage has been shown for KLK6 and other
KLKs (2), whereas inactivationmay also occur through internal
cleavage by other proteases as demonstrated in vitro for the
deactivation of KLK11 by plasmin (18). An interesting feature
of these enzymes is that activation of some KLK zymogens by
another KLK is followed by subsequent internal cleavage and
inactivation by the same or different mature KLK, as was dem-
onstrated for the serial activation of pro-KLK3/PSA by KLK5
and its subsequent inactivation upon prolonged incubation
(19). Zn2� and pH are also very important reversible inhibitors
of KLK enzymatic activities and are considered important reg-
ulators of KLK functions, as discussed below.

Structure and Activity

A number of recent studies described the resolution of crys-
tal structures for KLK1 (20), KLK3 (21), KLK4, -5, and -7

FIGURE 1. Regulatory KLK cascades in normal physiology and disease states. Proteolytic activities produced by zymogen activation via the KLK activome
are involved in processes of skin desquamation, innate immunity, hypertension, semen liquefaction, neurodegeneration, and tumor-promoting or -inhibiting
effects. Notably, certain KLKs exert pleiotropic functions by activating molecules involved in multiple processes, e.g. cathelicidin, which is involved in skin
desquamation and innate immunity. It should be noted that only those KLKs that have been shown to activate recombinant pro-KLKs were included in the
depicted KLK activome. IGF1R, IGF 1 receptor; a-syn, �-synuclein; MBP, myelin basic protein; BK, bradykinin; B1, bradykinin-1.
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(reviewed in Ref. 22), KLK6 (23), and pro-KLK6 (24), which will
facilitate the detailed description of their substrate specificity.
Common structural features of KLKs were revealed, including
the two interacting �-barrels and �-helices bridged by the
active site. Protein folding is facilitated by five or six disulfide
bonds. Among KLKs, only KLK1, KLK2, and KLK3/PSA con-
tain the characteristic kallikrein loop of 9–11 amino acid resi-
dues located prior to the active-site Asp, which confers speci-
ficity for kininogenase activity, namely the ability to release
kinin from kininogen. Notably, KLK3/PSA is not able to cleave
kininogen. Removal of the propeptide results in the formation
of a salt bridge between the a-ammonium group of Ile/Leu16

and the carboxylate of the Asp194 side chain that is important
for conformational rigidity of the active protease (22). An
important characteristic of KLK3 is that two different confor-
mations can be adapted by the 11-amino acid kallikrein loop,
which can acquire either a closed or an open conformation that
leads to either mature intact KLK3 with no enzymatic activity
or enzymatically active KLK3, respectively. Conversion of the
inactive (closed) to active (open) KLK3 conformation can be
achieved by high salt concentration or by monoclonal antibod-
ies that capture and stabilize active KLK3, as modeled recently
(21).
As mentioned, each KLK contains a signal peptide (pre) of

16–30 amino acid residues that is cleaved prior to secretion,
leaving the pro-KLK form. For KLK4, an isoform that lacks
the prepeptide and localizes in the nucleus was identified in
prostate cancer cells (25). Activation of pro-KLKs entails the
removal of an N-terminal propeptide of 4–9 amino acids with
the exception of KLK5, which carries a 37-amino acid long acti-
vation peptide. The cleavage site includes a P1 Arg or Lys,
except for KLK4, which has Gln at P1. Accordingly, serine pro-
teases with trypsin-like activity are required for activation of all
other pro-KLKs, whereas MMP20 was suggested as the endog-
enous activator of KLK4 based on in vitro proteolysis data (26).
The activity of KLKs is trypsin-like (KLK1, -2, -4–6, -8, -2, -13,
and -15), chymotrypsin-like (KLK3, -7, and -9), or mixed-type
(KLK11 and KLK14). Phage display, combinatorial libraries,
and kinetic analyses were employed to characterize the sub-
strate specificity of differentKLKs. Paradoxically, KLK10/NES1
is considered to lack protease activity (16), which may be due
to Ser substitution of Gly193 (chymotrypsin numbering) in
KLK10/NES1.With very few exceptions, Gly193 in the oxyanion
hole is highly conserved in serine proteases, and its role is the
stabilization of the oxyanion intermediate during hydrolysis of
the peptide bond. It should be noted, however, that using a
library of small peptide substrates, Debela et al. (27) reported
activity for KLK10 with ambivalent specificity. This contro-
versy is presently not resolved due to the lack of the three-
dimensional structure and of known physiological substrates
and could be due to a very restricted specificity of the KLK10/
NES1 tumor suppressor. However, it is possible that KLK10/
NES1 and probably other members of the KLK family exert
biological roles independently of their serine protease activity,
as demonstrated for KLK3/PSA, which produces reactive oxy-
gen radicals in prostate cancer cells independently of its pro-
teolytic activity (28).

Regulatory Cascades and Functional Roles of KLKs

It is well established that KLK1 can cleave low molecular
weight kininogen to release kinin, which mediates signaling by
a number of downstream targets. In addition, KLK1 can cleave
proinsulin, low density lipoprotein, prorenin, precursor of
atrial natriuretic factor, and other factors (29). Recently, it was
shown that KLKs, especially KLK1, exert a protective role
against lupus and anti-glomerular basement membrane-spe-
cific antibody-induced nephritis in mice and humans (30).
Furthermore, human systemic lupus erythematosus and
spontaneous lupus nephritis were found to be associated
with single-nucleotide polymorphisms located on KLK1 and
KLK3 promoters (30). The observation that Klk1�/� mice
showed reduced ability for renal Ca2� reabsorption led to
the hypothesis that KLK1 could be another physiological
regulator of Ca2� homeostasis (31). Interestingly, Klk1�/�

mice have normal blood pressure, but they are characterized
by cardiac and vascular abnormalities (32).
In vitro studies showed that KLK2, -4, and -12 are able to

activate pro-uPA to plasmin, which activates the uPA-uPA
receptor-MMP proteolytic pathways known to be involved in
the degradation and remodeling of ECM. The direct cross-talk
between KLKs and MMPs is also indicated by the in vitro acti-
vation of pro-MMP2 and pro-MMP9 by KLK1 (2) and of pro-
KLK4 by MMP20 protease, which is important for amelogene-
sis, namely the formation of tooth enamel (26).
Recent studies in vitro and inmice implicate KLK6 in inflam-

mation of the central nervous system and in multiple sclerosis.
Consistently, KLK6 is abundantly expressed at sites of demyeli-
nation in the EAE mouse model of multiple sclerosis and in
lesions detected in the brains of human patients (7). Efficient
proteolytic cleavage of myelin basic protein in vitro supports a
role of KLK6 in demyelination and/or remyelination (23). A
potential role of KLK6 in the physiological degradation of
�-synuclein and in the pathogenesis of Parkinson disease and
other synucleinopathies was suggested based on findings with
cultured cells showing that KLK6 degrades �-synuclein and
co-localizes with pathological inclusions such as Lewy bodies
and glial cytoplasmic inclusions (33). This was also shown by
immunofluorescence visualization in sections of post-mortem
human brains and by co-immunoprecipitation experiments
using extracts of mouse brains. Involvement of KLK6 in
synucleinopathies is further sustained by an in vitro study
showing that KLK6 is localized in mitochondria, and upon
cellular stress, it is released into the cytoplasm, where lim-
ited proteolysis of �-synuclein by KLK6 activity yields frag-
mented �-synucleins that inhibit polymerization by reduc-
ing the amount of monomer, thus preventing the formation
of aggregates, a hallmark of these pathologies (33). On the
other hand, Klk8�/� mice are predisposed to global seizures,
pointing to antiepileptogenic activity of KLK8 (34). Impor-
tantly, Klk8�/� mice exhibit attenuated demyelination and
oligodendrocyte death in the EAE model (35). In addition,
the proteolytic activities of KLK3, -6, and -13 in vitro were
shown to produce angiostatin-like peptides with known
antiangiogenic activity by limited proteolysis of plasminogen
at specific internal sites (2).
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Accumulating evidence suggests that KLKs are activators of
PARs, known members of the G-protein-coupled receptor
superfamily that are activated by partial proteolytic cleavage of
their extracellular domains (36). These data are corroborated
by observations in a mouse model of NS, in which KLK5
induces atopic dermatitis-like lesions through PAR2-mediated
thymic stromal lymphopoietin expression. Interestingly, un-
controlled KLK5 activity due to lack of KLK5 inhibition by
LEKTI was shown to trigger a proinflammatory and proallergic
microenvironment in NS epidermis independently of the envi-
ronment and the adaptive immune system. This illustrates the
crucial role of protease signaling in skin inflammation (37).
Importantly, KLKs are known to cleave IGF-binding proteins,
leading to increased availability of IGFs that bind and activate
their corresponding receptors and that, in turn, can modulate
cell survival, mitogenesis, and differentiation. In addition,
KLK3 activates latentTGF�by cleaving theTGF�-binding pro-
tein (2).
The large number of KLK genes and their coordinated regu-

lation and tissue coexpression patterns led to the hypothesis
that the encoded proteins could participate in proteolytic cas-
cades, currently postulated to be involved in semen liquefac-
tion, skin desquamation, neurodegeneration, and tumor-pro-
moting or -inhibiting effects (Fig. 1). BecauseKLK5 can activate
itself as well as pro-KLK2, -3, -6, -7, -11, -12, and -14, KLK5 is
considered the initiator of putative KLK cascades (19). Asmen-
tioned, evidence for the operation of KLK activation cascades
comes mainly from in vitro proteolysis of recombinant pro-
KLKs (2, 16, 19, 38). It should be noted that activation of KLK
zymogens may also involve other proteases such as specific
MMPs and uPA (2).
It is well established that KLK3/PSA is the physiological

enzyme responsible for the resolution of the seminal clot by
digestion of SgI and SgII. However, KLK3 is secreted from the
prostate as an inactive zymogen that requires activation.
Recently, it was demonstrated by in vitro proteolysis that KLKs
secreted in prostatic fluid can participate in a hypothetical cas-
cade that leads to activation of pro-KLK3. Because it was shown
that KLK5 is able to autoactivate and also activate several other
pro-KLKs, it was speculated that KLK5 could be the key mole-
cule for the initiation of the postulated prostate cascade. Impor-
tantly, prostatic fluid contains significantly elevated concentra-
tions of Zn2� (�2mM) that were shown to block the enzymatic
activities of most KLKs in vitro. During ejaculation, the pros-
tatic fluid mixes with epididymal fluid that contains spermato-
zoa andwith seminal vesicle fluid that contains SgI and SgII. SgI
and SgII, along with fibronectin, form the seminal clot that
entraps spermatozoa. Redistribution of Zn2� to SgI and SgII,
which have high affinity for Zn2�, is expected to activate the
KLK cascade that will eventually lead to activation of KLK3/
PSA and digestion of the seminal clot. In prostate cancer,
reduced concentrations of Zn2� were measured in prostate
lumen due to the established down-regulation of zinc trans-
porter proteins. Presumably, low levels of Zn2� cause activation
of KLKs in prostate tissue and loss of prostate tissue architec-
ture due to KLK-mediated degradation of ECM (19, 39). More-
over, the prostatic KLK cascade may play significant role(s) in
bonemetastasis of prostate cancer. Interactions between tumor

cells and bone cells (osteoblasts) are critical for the establish-
ment of metastatic tumors associated with drug resistance and
high mortality. In particular, KLK4 is considered to mediate
bone metastasis because in vitro experiments demonstrated
that the enzymatic activity of KLK4 is required for increased
migration of prostate cancer cells against osteoblast-secreted
factors (40). Also, KLK4 could promote prostate cancer metas-
tasis by activating pro-KLK3 to mature KLK3/PSA and pro-
uPA to uPA, which is associated with invasion due to extensive
degradation of ECM (2).
In skin, KLKactivities are regulatedmainly by LEKTI in com-

bination with changes in microenvironmental pH, as shown by
in vitro studies (17) and in Spink5�/� mice, an established
animal model of NS. NS is a severe form of ichthyosis (e.g.
enhanced desquamation) caused by mutations in SPINK5 and
lack of LEKTI, resulting in increased proteolytic activities of
KLK5 and KLK7 (41). It has been demonstrated in vitro that
LEKTI binding and inactivation of KLKs are reversed by a
decrease in pH to the range 4.5–5.5 (17). It is known that the
upper skin layer (stratum corneum) maintains a pH in this
range. On the other hand, KLK5, -7, and -14, alongwith LEKTI,
are produced in the lower skin layer (stratum granulosum),
where the pH is almost neutral (38). KLK5 displays enzymatic
activity both at acidic pH (4.5–5.5), which is found in the stra-
tum corneum due to the “acidmantle,” and at the neutral pH of
the stratum granulosum. It is assumed that KLK5 autoactivates
in the stratum granulosum, but its activity is quenched by
immediate binding of LEKTI fragments. Dissociation of the
KLK5-LEKTI complexes and release of active KLK5 enzyme
occur as it diffuses into the stratum corneum, which maintains
an acidic pH. Then, KLK5 activates KLK7 and KLK14, whereas
active KLK14 augments KLK5 activity in a feedback loop as
shown in vitro using recombinant enzymes (17). Active KLK5,
-7, and -14 can digest the corneocyte binding proteins desmo-
glein, desmocollin, and corneodesmosin, leading to skin des-
quamation (38), as depicted in Fig. 1.
Based on the fact that several KLKs (KLK5–8 and KLK10–

13) are present in human cervicovaginal fluid at exceptionally
high concentrations (0.5–3 mg/liter), it was hypothesized that
KLK activities may participate in desquamation of vaginal epi-
thelial cells, reminiscent of the skin desquamation process (42).
In addition, KLKs could be involved in the proteolytic release
and processing of antimicrobial peptides found in vaginal fluid.
Indeed, it was shown in vitro that KLK5 can activate the �1-de-
fensin precursor to its mature form (42). Thus, KLK5 proteo-
lytic activity at an epithelial interface may be linked to mecha-
nisms underlying the regulation of innate immunity defense.
This hypothesis is supported further by the fact that, in human
skin, KLK5 and KLK7 were shown to control the activation of
the human cathelicidin precursor protein CAP18 and also
influence further processing to smaller peptides with increased
antimicrobial activities (43). The importance of KLKs to anti-
microbial activity in vivo is supported by the finding that epi-
dermal extracts from Spink5�/� mice display significantly
increased antimicrobial activity that was shown to be due to
KLK-mediated processing of cathelicidin (43).
Recent functional studies show that aberrant regulation of

KLKs interferes with different stages of cancer growth and pro-
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gression, including tumor growth, dedifferentiation, angiogen-
esis, and metastasis. It was shown that KLK10/NES1 acts as a
tumor suppressor in breast (44) and gastric (45) cancers. The
mechanism(s) underlying the tumor suppressor function of
KLK10/NES1 have not been described. Recently, it was shown
that when KLK6 is expressed at physiological concentrations, it
dramatically inhibits growth of primary breast tumors (46).
Also, a number of studies implicate certain KLKs in epithelial-
to-mesenchymal transitions, which represent a critical step in
cancer metastasis. In prostate cancer cells, expression of KLK3
and KLK4 results in loss of E-cadherin and induction of expres-
sion of the mesenchymal marker vimentin, which represents a
hallmark of epithelial-to-mesenchymal transitions (47). None-
theless, in transgenic mice overexpressing KLK6, it was shown
that KLK6 is implicated in E-cadherin shedding in epidermal
keratinocytes (48), whereas KLK7was shown to directly induce
E-cadherin shedding in vitro (49). In contrast, re-expression of
KLK6 results in marked reduction of vimentin expression in
metastatic breast tumor cells (46). Overall, existing evidence
points to dual roles of KLKs in cancer, as also described for
other proteases (reviewed inRef. 50). The function ofKLKsmay
vary in different tissues, tumor types, and cancer stages and
likely depends on the concentration and/or activity levels. In
this respect, it was found that the tumor-protective effect(s) of
KLK6 are restricted to normal concentrations of the protein,
whereas marked overexpression of KLK6, also observed in a
subset of breast tumors, seems to be associated with enhanced
tumor growth (46). Tumor-associated constitutive overexpres-
sion of KLK6was recently associatedwith hyperproliferation of
cancer cells in non-small cell lung cancer. It was suggested that
increased expression of KLK6 leads to accelerated cell cycles
between the G1 and S phases (51). Consistent with KLK roles as
cell cycle regulators, KLK4was reported as a proliferative factor
when overexpressed in prostate cancer cells, where it was
shown to affect the expression of cell cycle-related genes (25).
Nonetheless, a recent study showed that in colon cancer cells,
KLK6 is up-regulated via the K-Ras pathway, and this increased
expression of KLK6 was correlated with enhanced migration
and invasion of tumor cells (52). On the other hand, it was
shown recently that KLK6 can evoke intracellular Ca2� flux via
PAR1 signaling in cultured neurons and via PAR1 and PAR2 in
cultured astrocytes (53). However, these findings should be
interpreted with caution because the levels of active KLK6 used
in these experiments were orders of magnitude higher than
those found physiologically. Cumulatively, recent advances
revealed interesting and unexpected roles of KLKs; however,
these are currently only partially characterized.

Conclusions and Outlook

KLKs represent a major proteolytic system operating in
many tissues, but their biological roles are still not well defined.
An increasing number of studies implicate aberrant regulation
of KLKs in common human diseases and point to their clinical
applicability as disease biomarkers but also as attractive targets
for therapeutic intervention. In recent years, KLK serine pro-
teases emerged as important players in the vast landscape of
normal and disease-associated proteolysis. Several lines of data
indicate that KLKs act individually and/or in complex networks

or “KLK cascades” thatmay also involve cross-talk(s) with other
serine or metalloproteases. It is currently known that KLKs
activate signaling via the kallikrein-kinin system, PARs, and
uPA and by processing of TGF� and IGF-binding proteins.
Most of these data were derived in vitro, and their significance
in vivo awaits validation. Delineation of the complete KLK
activome in vivo and identification of endogenous substrates
for the KLK enzymes will allow for the detailed description of
the versatile functional roles of KLKs in physiological and path-
ological processes. In addition, the identification of potent spe-
cific and selective inhibitors of KLKs mainly through high-
throughput screening platforms and substrate-guided design
(54) will aid the development of novel KLK activity-modulating
agents and the discovery of presently unidentified pathways
mediated by KLKs in vivo. In conclusion, the KLK field repre-
sents a largely unexploited area that will likely grow consider-
ably over the next decade.
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The regulated degradation of proteins within eukaryotes and
bacterial cells is catalyzed primarily by large multimeric pro-
teases in ATP-dependent manner. In eukaryotes, the 26 S pro-
teasome is essential for the rapid destruction of key regulatory
proteins, such as cell cycle regulators and transcription factors,
whose fast and tuned elimination is necessary for the proper
control of the fundamental cell processes they regulate. In addi-
tion, the 26 S proteasome is responsible for cell quality control
by eliminatingdefective proteins fromthe cytosol and endoplas-
mic reticulum. These defective proteins can be misfolded pro-
teins, nascent prematurely terminated polypeptides, or proteins
that fail to assemble into complexes. These diverse activities and
its central role in apoptosis have made the proteasome an
important target for drug development, in particular to combat
malignancies.

Marking Proteins for Degradation

Targeting ofmost substrates to the 26 S proteasome requires
their prior marking by a covalently linked polyubiquitin
chain(s). During association with the proteasome, the substrate
is directed into the catalytic core, where it is digested, whereas
most of the ubiquitin molecules are recycled.
Protein ubiquitination is a multistep process orchestrated by

the concerted action of three enzymes. The reaction begins

with E1,2 which initially adenylates the C-terminal glycine of
ubiquitin and then forms a thioester bond between the acti-
vated glycine residue and a cysteine residue on the E1 catalytic
site. Next, E2 acquires the activated ubiquitin through a trans-
thioesterification reaction to form a similar thioester bond
between the E2 active-site cysteine and the activated ubiquitin.
Finally, E3 recruits the target protein and guides the transfer of
the activated ubiquitin from the E2 enzyme to the substrate. In
most cases, an �-NH2 group of a lysine residue on the substrate
attacks the thioester bond between the ubiquitin and E2, and an
isopeptide bond is formed, linking the activatedC-terminal gly-
cine of ubiquitin to the amino group in the attacking lysine of
the target substrate (1). Ubiquitin transfer from the E2 enzyme
to the substrate is catalyzed directly by RING (really interesting
new gene) finger-containing E3 enzymes and indirectly when a
HECT (homologous to E6-AP carboxyl terminus) domain-con-
taining E3 is mediating the transfer. The process is repeated in
a cyclicmannerwhere, in each step, a newmoiety of ubiquitin is
conjugated to an internal lysine residue (typically Lys48) of the
previously conjugated molecule. This generated polyubiquitin
chain is regarded as the targeting signal for the downstream 26
S proteasome. However, in view of recent findings, several
alternative mechanisms have been proposed (for a recent
review, see Ref. 2). Li et al. (3) demonstrated in a reconstituted
cell-free system that a preformed polyubiquitin chain can be
initially assembled on the active-site cysteine of E2 (UBE2G2),
presumably by the action of an “exogenous” E2 acting in trans.
Once assembled, an E3 enzyme (gp78) catalyzes the transfer of
the polyubiquitin module to a lysine residue of the target sub-
strate (the C terminus of HERP, a known substrate of these
E2/E3 enzymes). In a related study, Ravid and Hochstrasser (4)
proposed that the polyubiquitin chain generated on the E2
Ubc7 (the yeast ortholog of UBE2G2) is recognized by the pro-
teasome and may serve as a degradation signal in an autoregu-
latory feedback mechanism.
Several forms of ubiquitination have been identified (5). Sin-

gle or multiple monoubiquitinations have been described
where single or multiple ubiquitin moieties are conjugated to
distinct lysine residues on the substrates, but they do not poly-
merize. These forms of ubiquitination were implicated in vari-
ous cell pathways, which include endocytosis and sorting of
proteins to different cell compartments (6, 7), but also in several
cases of proteasomal activity, such as the processing of the p105
precursor of the NF-�B transcription regulator (8). However,
polyubiquitination is the most common form of post-transla-
tional modification of proteins destined for degradation (9).
Because ubiquitin has seven lysine residues (positions 6, 11, 27,
29, 33, 48, and 63) (Fig. 1A), in principle, polyubiquitin chains
can be formed based on any of these residues. Accordingly,
seven different topologies of polyubiquitination can be gener-
ated (excluding mixed or more than singly branched topolo-
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gies) (10). The current viewholds that proteasomal degradation
is mediated mainly by polyubiquitination based on Lys48 as the
conjugated residue (11), although chains based on all other
lysines have been implicated in targeting proteins to the pro-
teasome (12, 13).

The Proteasome

The 26 S proteasome is a large complex of �2.5 MDa (Fig.
1B). Based on distinct functions and biochemical analyses
(mainly in the presence of salt), this complex can be divided
(and dissociated) into two smaller subcomplexes, the 20 S core
catalytic particle, which is the proteolytic component, and the
19 S regulatory particle, which appears to be responsible for
recognizing, unfolding, and translocating the polyubiquiti-
nated substrates into the 20 S proteasome, where they are
degraded (Fig. 1B).
The core particle is a 670-kDa barrel-shaped protein com-

plex made of four stacked seven-membered rings (four �
seven subunits), two outer �-rings and two inner �-rings
(�1–7�1–7�1–7�1–7). The proteolytic active sites are located on
the two identical �-rings, which are positioned at the center of
this complex (14, 15). The catalytic activities of these active
�-type subunits are associated with their N-terminal threonine
residue that acts as a nucleophile in hydrolysis. Assembly of the
26 S proteasome is thought to start with spontaneous chaper-
one-assisted formation of the seven-membered �-rings. Once
mature, an �-ring serves as a template for assembly of the com-
plementary�-rings from individual�-subunits.When all of the

�-subunits associate to generate the ring, the resulting half-
proteasomes dimerize. A latent 20 S core particle is formed, as
the active �-subunits (�1, �2, and �5) still contain N-terminal
propeptides. In addition, the narrow entry port in the �-ring
(11–15 Å) is blocked by a mesh made of the N-terminal
domains of the individual �-subunits (16). The propeptides are
removed autocatalytically, leading to maturation of the 20 S
proteasome subcomplex and degradation of the set of chaper-
ones that directed the process and prevented non-regulated
activity. Presumably, the mature 20 S proteasome conjugates
with a pre-assembled 19 S regulatory complex (see below) to
form the biologically active 26 S proteasome (for a review, see
Ref. 17). Several studies suggested that following association
with the 20 S particle, the C termini of the ATPases in the 19 S
complex (see below), which are located on the perimeter of the
19 S ATPase ring (Fig. 1B), project out of the ring plane and
protrude into the 20 S proteasome �-ring (18, 19). This inter-
action invokes a conformational transition in the proteasome
�-subunits, leading to dissociation of the mesh created by the
seven-�-subunit N-terminal domains that gate the protea-
some. This transition appears to flip theN termini of the �-ring
outwards into the cavity of the ATPase ring, stabilizing the
complex and allowing substrate entry from the 19 S particle
into the 20 S proteasome.
Under certain conditions, the 20 S proteasome forms com-

plexes with non-ATPase activators, such as PA28 and Blm10/
PA200. The precise configurations of these alternative regula-

FIGURE 1. A, ribbon representation of the three-dimensional structure of ubiquitin (Protein Data Bank code 1UBI). The seven lysine residues and the C-terminal
glycine are depicted as balls and sticks. Note that six of the lysine residues (positions 6, 11, 27, 29, 33, and 48) are located around the midplane of the structure,
whereas Lys63 and the C-terminal glycine define the long axis of the molecule. B, the 26 S proteasome. Left, two-dimensional model of the 26 S proteasome
generated through averaging of electron micrographs. Right, schematic representation of the 26 S proteasome. The 26 S proteasome is composed of one 20
S complex (lower), which is made of four seven-membered rings. The active sites reside on the �-rings in the center of the structure (�1, �2, and �5). The 26 S
proteasome contains one or two 19 S regulatory particles. The regulatory particle can be further subdivided into the lid and the base. The subunit organization
of the 19 S particle was adapted from Ref. 68. RP, regulatory particle; CP, core particle.
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tors in the cell are not well understood. PA28-containing
proteasomes (immune proteasomes) are induced by interferon
� and are rich in organs of the immune system. They have been
shown to contain also alternative �-subunits in place of the
three catalytic �-subunits, �1i, �2i, and �5i. These subunits
provide the proteasome with stronger trypsin- and chymotryp-
sin-like activities, which augment the ability of the proteasome
to produce degradation products suitable for major histocom-
patibility complex class I presentation (20).
Although proteasomes can cleave after most amino acid res-

idues, proteolytic activity measured using fluorogenic sub-
strates suggests three distinct (although not exclusive) cleavage
preferences. The �2-subunit possesses a tryptic activity (i.e.
cleaving after basic residues), the �5-subunit has a chymotryp-
tic activity (i.e. cleaving after hydrophobic residues), and the
�1-subunit has a caspase-like or post-acidic activity (supple-
mental Fig. S1). The proteolytic active sites of the proteasome
are facing the lumen of the barrel and are sequestered from the
bulk solution. In addition, the gated channel in the �-ring,
through which substrates enter the 20 S particle, is narrow.
Thus, only unfolded polypeptides can enter the 20 S protea-
some. Consequently, a globular substrate must be unfolded
(probably by the ATPases of the 19 S complex) to be translo-
cated and digested within the 20 S particle.
The 19 S regulatory particle is a large complex of �1 MDa

and consists of at least 19 different subunits (supplemental
Table S1). Nine of these subunits form a “lid,” whereas the other
10 subunits, including the six ATPases, compose the “base” of
the 19 S particle (Fig. 1B). Electron micrographs (21–23) and
cross-linking experiments (24, 25) demonstrated that the six
homologous ATPases are associated with the �-rings of the 20
S particle. In addition to these six ATPases, which are termed
(in yeast) Rpt1–6, the base contains four non-ATPase subunits
(Rpn1, Rpn2, Rpn10, and Rpn13). Despite the high sequence
homology between the six ATPases, some of their amino acid
sequences are significantly divergent (mainly at the N-terminal
domains), and the different subunits may have distinct func-
tions as indicated previously (26). One ATPase, Rpt2, was
shown to play a role in opening the gated �-ring to facilitate
substrate entry (27), whereas Rpt5 was implicated in the recog-
nition of the substrate-linked polyubiquitin chain (28). Another
base component, Rpn10, is also a ubiquitin receptor (29, 30) but
was found to be nonessential in yeast. Rpn1 was found to inter-
act with a series of ubiquitin chain receptors that shuttle ubiq-
uitinated proteins to the proteasome. These proteins, Rad23,
Dsk2, andDdi1, are not integral components of the proteasome
but associate with it substoichiometrically. They share a com-
mon ubiquitin-like domain at their N termini that probably
mediates their recognition by Rpn1. In addition, Ubp6, which is
a 19 S particle-associated deubiquitinating enzyme that is
thought to have a central role in recycling ubiquitin by hydro-
lyzing polyubiquitin chains on the target substrate (31), is also
recognized by Rpn1 through a similar domain. The function(s)
of Rpn2 are less clear. The yeast Rpn2 was reported to bind
certain ubiquitin ligases (E3) such as Ubr1 (32) and Hul5 (33).
Eight subunits were originally assigned to the lid subcomplex of
the regulatory particle (Fig. 1B). This complex is characterized
by high sequence homology to two other cell complexes: the

COP9 signalosome, a conserved protein complex that is made
of eight subunits (CSN1–8) and that is involved in regulating
the translation initiation factor eIF3 (34) and the activity of
cullin-RING E3 complexes via its ability to remove the NEDD8
modifier from the cullin component of these ubiquitin ligases
(35). Unlike the other resident deubiquitinating enzyme
found in the 19 S particle (Ubp6), Rpn11 is essential for
viability in yeast. This deubiquitinating activity is similar to
the deNEDDylating activity of the COP9 signalosome.
An important problem related to the proteasome is the iden-

tity of the subunits that bind ubiquitin. S5a/Rpn10 was the first
ubiquitin-binding proteasomal subunit to be discovered (36,
37) and was shown to bind ubiquitin chains through ubiquitin-
interacting motifs. Because inactivation of this subunit had
almost no phenotype (37), researchers looked for additional/
other subunits. Indeed, later findings showed that the 19 S
ATPase Rpt5 (S6�) can also bind polyubiquitin chains in aman-
ner that requires ATP hydrolysis (28). Recently, Rpn13/
ADRM1/ARM1, which docks to the 19 S ATPase (Rpn2)
through its N-terminal domain, was also shown to bind Lys48-
based polyubiquitin chains (38, 39). Other receptors that are
not integral proteasomal subunits but rather deliver ubiquitin-
ated targets to the proteasome (40, 41) were also identified. The
ubiquitin-associated domains of these proteins bind ubiquitin
(42–44), whereas their ubiquitin-like domains interact revers-
ibly with the proteasome through Rpn1 and potentially also
through Rpn10 (30, 45, 46). Interestingly, although both ubiq-
uitin and proteasomes are essential, the inactivation of Rpn10
and Rpn13 in yeast does not appear to be lethal. Rather, a syn-
thetic phenotype results (38). These findings suggest that an
additional, yet to be discovered ubiquitin/polyubiquitin-bind-
ing protein(s) that circumvents the absence of the already
known ubiquitin receptors probably exists, yet it is also possible
that polyubiquitinated non-proteasomal shuttling proteins and
ubiquitin-binding proteasomal subunits act in parallel and that
some of their functions are redundant. Therefore, it is not clear
whether the existence of additional ubiquitin-binding pro-
teasomal subunits is essential.

The Proteasome as a Drug Target

The structure of the UPS is rhomboid-like. The E1 at the top
is required for all types of ubiquitinations and has no specificity.
Underneath, the E2 enzymes (�40 in mammals) appear to play
a role in determining the type of the polyubiquitin chain syn-
thesized (lysine specificity). The E3 enzymes (�1000) occupy
the broadest plane and endow the systemwith its high specific-
ity for its substrates. The proteasome resides at the bottom,
where the rhomboid tapers again. It recognizesmost substrates
via a commonmotif, the polyubiquitin chain. Interference with
the association between an E3 and its cognate substrate(s)
appears therefore to be themost obvious site for drug targeting,
yet targeting an E3-substrate interaction has encountered
many difficulties, including lack of information on the partner-
ingmotifs and theweak protein-protein interactions that occur
along large surfaces that characterizemany of these complexes.
On the other hand, extensive mechanistic and structural stud-
ies of proteases (their active sites and substrates) led to the
development of highly efficient and specific cell-permeable
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inhibitors, which facilitated the conversion of the proteasome
to the first UPS drug target.
Most synthetic inhibitors are short peptides that mimic the

substrates. Typically, the pharmacophore is bound to the car-
boxyl residue of the peptide and inhibits the threonine residue
in the 20 S active site (47). Thus, some of the typical synthetic
inhibitors are peptide aldehydes, peptide vinyl sulfones, peptide
boronates, and peptide epoxyketones (48–50). Most notable
among the natural bacterially derived non-peptide inhibitors is
claso-lactacystin �-lactone (omuralide) (51). The related drugs
salinosporamide A (NPI-0052) and carfilzomib (PR-171) are
currently in advanced clinical trials (52). Unlike the synthetic
compounds, these drugs share a core skeleton of bicyclic ring
but differ from one another in the transforming groups. The
different transformations appear to determine the specificity
and probably the distinct effects of the various drugs.
The idea that proteasome inhibitors can become drug

candidates emerged from the observation that they can specif-
ically induce apoptosis in different leukemia- and lymphoma-
derived cells (53, 54). Further development and clinical trials
resulted in approval by the Food and Drug Administration (in
May 2003) of themodified boronic dipeptide Pyz-Phe-boroLeu
(where Pyz is 2,5-pyrazinecarboxylic acid; C19H25BN4O4; Bort-
ezomib, Velcade�; known previously as PS-341, LDP-341, and
MLM341) as a drug for the treatment of MM (55).
MM is a differentiated clonal B cellmalignancy characterized

by rapidly proliferating plasma cells in bone marrow. It is
accompanied by osteoporosis, lytic skeletal lesions, pathologi-
cal fractures, and hypercalcemia that result from erosion of the
long bones and vertebrae. The hypercalcemia can cause severe
renal damage. A hallmark of the disease is production of a
monoclonal immunoglobulin that can be found in the circula-
tion and that contributes to the renal damage.MMaccounts for
1% of all malignancies and 10% of hematological malignancies.
The annual incidence of the disease is four to five new cases/
100,000 people, which mean that �14,000 new cases are diag-
nosed annually in the United States alone. The prevalence of
the disease is �21/100,000 with a total number of �63,000
patients in the United States. Several clinical trials have shown
that Bortezomib is efficient in patientswith relapsed and refrac-
tory disease (50, 56). Interestingly, a constitutively increased
proteasomal activity has been found in myeloma cells. This
high level is reflected also in the appearance of the enzyme in
the circulation of the patients, where it was identified as a prog-
nostic factor for survival (57). It is highly probable that the
treatment with proteasome inhibitors will not remain limited
to MM. Trials using Bortezomib in related hematological dis-
orders such as non-Hodgkin lymphoma have already shown
promising results (56).
The inhibitors appear to exert their selective effect onmalig-

nant cells via multiple mechanisms (58). One is suppression of
activation of the transcription regulator NF-�B. The factor is
constitutively activated inMM, resulting in several tumor-pro-
moting activities. It supports survival (by inducing IAP (inhib-
itor of apoptosis) proteins and Bcl-xL, for example), drug resist-
ance (by inducing MDR1 and P-glycoprotein), growth and
proliferation (by inducingMyc and cyclin D1), angiogenesis (by
inducing vascular endothelial growth factor and COX2), motil-

ity andmigration (by inducing matrix metalloproteinases), and
inflammation (by inducing interleukins and tumornecrosis fac-
tor �). It also antagonizes p53 function, partially by cross-com-
petition for transcriptional co-activators (59). Several steps
along the NF-�B activation pathway are UPS-dependent,
including upstream events that regulate signaling components
such as the receptor-interacting protein but also downstream
events such as the limited processing of the precursor protein
p105 to yield the p50 active subunit and the signal-induced
degradation of the inhibitor I�B� that is bound to the het-
erodimeric p50-p65 regulator. Its degradation unmasks a
nuclear localization signal that allows translocation of active
NF-�B to the nucleus (60, 61), yet it was clear that inhibition of
NF-�B cannot explain all the antitumor effects of proteasome
inhibitors, as down-regulation of the factor using more specific
agents had a much smaller effect on myeloma cell proliferation
than inhibition of the proteasome (62). It should be noted that
by inhibitingNF-�Bactivation, proteasome inhibitorsmay che-
mosensitize malignant cells to the activity of other chemother-
apeutic agents, such as daunorubicin and vinblastin, that acti-
vate NF-�B and by that attenuate their own activity (50, 60).
Other mechanisms also contribute to the ability of proteasome
inhibitors to overcome resistance developed to other drugs. For
example, proteasomal activity is required for maturation of
MDR1. The nonfunctional pumps that accumulate in the pres-
ence of the inhibitors cannot remove the chemotherapeutic
agents from the malignant cells, and their toxicity increases
(50). Thus, it appears that proteasome inhibitors can potentiate
the activity of other drugs.
Proteasome inhibitors may act also by inducing JNK-medi-

ated apoptosis. Inhibition of the proteasome can activate JNK,
which leads to phosphorylation of 14-3-3 proteins, transloca-
tion of Bax into the mitochondria, and release of cytochrome c,
which initiates the apoptotic cascade (63). The inhibitors can
up-regulate p53 independently of inhibiting NF-�B by slowing
down its degradation, which also sensitizes cells to apoptosis.
An organelle that can induce apoptosis when stressed is the

ER. Because malignant plasma cells produce large amounts of
immunoglobulins, they are dependent on intact ER-associated
degradation and the UPR to degrade the increased load of mis-
folded proteins and to regulate the ER stress that these proteins
induce (64, 65). Inhibition of the proteasome increases themass
of the misfolded proteins in the ER and up-regulates certain
components of the UPR (66). Overall, however, the UPR is
down-regulated: the drugs inhibit activation of the endoribo-
nuclease/kinase IRE1�, which is responsible for generation of
the splicedmRNA that codes for XBP-1, a critical transcription
factor ofmany genes involved in theUPR.The combined effects
of the increased load of misfolded proteins in the ER and sup-
pression of the UPR result in efficient induction of apoptosis.
The new generation of proteasome inhibitors appears to be

more effective than Bortezomib, as their mechanisms of action
are somewhat different. Unlike Bortezomib, salinosporamide
and carfilzomib bind to the proteasome irreversibly. In addi-
tion, they appear to have different specificities for the different
catalytic sites of the 20 S complex. For example, the �2-tryptic
site that is not affected byBortezomib appears to be inhibited by
salinosporamide. It is possible that the repertoire of substrates
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affected by them is somewhat different from that affected by
Bortezomib. Indeed, their effects on cells appear to be different.
For example, salinosporamide is significantly less dependent on
Bax and Bak for inducing mitochondrion-mediated cell death.
On the other hand, Bortezomib relies less on the Fas-associated
death domain-caspase 8 signaling axis than does salinospor-
amide (69). These differential mechanisms support a mode of
action in which the two drugs will act synergistically.
The success of the proteasome inhibitors is probably due to

the selective response of these malignancies to even partial
inhibition of the enzyme. Because the malignant Ig-secreting
cells are particularly sensitive to apoptosis, it is the resensitiza-
tion of the cells to genotoxic stimuli that underlies the mecha-
nism of action of the inhibitors.
Recently, inhibitors that affect other components of the sys-

tem have started to emerge. One is the inhibitor of theNEDD8-
activating enzyme MLN4924 (67). NEDD8 conjugation of the
cullin component of many SCF (Skp2/cullin/F-box protein)
RING finger-containing ubiquitin ligases that regulate pro-
cesses such as the cell cycle and signal transduction is essential
for their activity. Initial experiments demonstrated that
MLN4924 induces apoptotic death in different human tumor
models (67).
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27. Köhler, A., Cascio, P., Leggett, D. S., Woo, K. M., Goldberg, A. L., and
Finley, D. (2001)Mol. Cell 7, 1143–1152

28. Lam, Y. A., Lawson, T. G., Velayutham,M., Zweier, J. L., and Pickart, C.M.
(2002) Nature 416, 763–767

29. Verma, R., Oania, R., Graumann, J., and Deshaies, R. J. (2004) Cell 118,
99–110

30. Elsasser, S., Gali, R. R., Schwickart,M., Larsen, C.N., Leggett, D. S.,Müller,
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The regulatory circuit controlling cellular protein phospha-
tase-1 (PP1), an abundant group of Ser/Thr phosphatases,
involves phosphorylation of PP1-specific inhibitor proteins.
Malfunctions of these inhibitor proteins have been linked to a
variety of diseases, including cardiovascular disease and cancer.
Upon phosphorylation at Thr38, the 17-kDa PP1 inhibitor pro-
tein, CPI-17, selectively inhibits a specific form of PP1, myosin
light chain phosphatase, which transduces multiple kinase sig-
nals into the phosphorylation of myosin II and other proteins.
Here, the mechanisms underlying PP1 inhibition and the
kinase/PP1 cross-talk mediated by CPI-17 and its related pro-
teins, PHI, KEPI, and GBPI, are discussed.

The reciprocal activities of protein kinases and phosphatases
determine protein phosphorylation levels in cells. PP12 dephos-
phorylates phospho-Ser/Thr residues of proteins to regulate
multiple signaling pathways at various cellular loci (1–3). Cel-
lular PP1 is associated with PP1 regulatory proteins/subunits at
their PP1-binding site, known as the RVXF motif. The binding
of PP1 regulatory proteins thus confers substrate specificity and
localization on cellular PP1. Nearly 100 polypeptides have been
identified as PP1 regulatory proteins, and these account for the
wide spectrum of PP1 function (1–3). In addition, eukaryotic
cells express several PP1 inhibitor proteins that play important
roles in regulating cellular PP1. The first generation of PP1
inhibitor proteins involves inhibitor-1, inhibitor-2, DARPP32,
and NIPP-1, which potently inhibit the free catalytic subunit of
PP1, but these inhibitor proteins weremuch less potent toward

purified PP1 holoenzymes, MLCP and glycogen-bound PP1.
Therefore, cellular PP1 holoenzymes were thought to undergo
subunit dissociation prior to the inhibition of PP1 by the inhib-
itor proteins (1, 2). However, the number of PP1 holoenzymes
that do undergo subunit dissociation in cells remains unclear.
MLCP is a trimeric PP1 holoenzyme, consisting of a PP1∂

isoform and a regulatory complex of MYPT1 (akaMBS, M110)
and a 21-kDa accessory subunit, and vital to control cellular
phosphorylation in response to various signals (4). MYPT1 and
PP1 bind through the MYPT1 KVKF segment, as well as its
eight-repeat ankyrin motif at the N-terminal domain (5). Bind-
ing of the N-terminal 300-residue domain of MYPT1 is suffi-
cient to allosterically regulate PP1 activity. The MYPT1 C-ter-
minal domain directly binds to substrates, including myosin
and ezrin/radixin/moesin (4). MLCP activity is reversibly regu-
lated in response to various signals. For example, in smooth
muscle, activation of the G-protein-coupled receptor inhibits
MLCP, resulting in increased Ca2� sensitivity of myosin phos-
phorylation and contraction, whereas cyclic nucleotide signals
can activate MLCP to induce smooth muscle relaxation (6).
MLCP inhibition occurs upon MYPT1 phosphorylation at
Thr696 and Thr853 (4). On the other hand, protein kinase G can
activateMLCP(7).TheseregulatorysignalsareMYPT1isoform-
dependent (8), suggesting an important role for MYPT1 in
MLCP regulation. In addition, we identified the MLCP inhibi-
tor protein, named CPI-17, which transduces G-protein signals
into MLCP inhibition (9, 10). Based on sequence similarity,
three CPI-17 homologs in the human genome, PHI, KEPI, and
GBPI, were characterized as PP1 inhibitors (11–13). Each
CPI-17 family member carries a PHIN domain, in which the
sequences are �41% identical to CPI-17 (Fig. 1A). Indeed, all
CPI-17 family members potently inhibit MLCP activity, which
suggests new avenues for PP1 holoenzyme inhibition. This
minireview will focus on CPI-17 and its homologs (whose
amino acid sequences differ significantly from other PP1 inhib-
itor proteins), highlight critical findings from CPI-17 studies,
and discuss the role of other CPI-17 family members in regu-
lating PP1 activity.

Structure and Function of CPI-17

Amino Acid Sequence of CPI-17—The CPI-17 gene
(PPP1R14A, chromosome 19) encodes a 147-residue polypep-
tide in which �85% of the amino acids are identical within
mammals (10) (Fig. 1A). A splice variant of CPI-17 (CPI-17�)
lacking exon 2 exists in human smooth muscle cells, although
whether this form is physiologically relevant is not known (see
below) (14). Zebrafish express a similar gene, although towhich
CPI-17 family member this gene product is functionally related
is unclear. No homologous genes have been detected in fruit
fly, nematode, and yeast, suggesting that the CPI-17 family
emerged at a late stage in evolution. Phosphorylation of CPI-17
at Thr38 is necessary and sufficient to convert the protein into a
potent MLCP inhibitor (9, 10). No homology is detected
between the CPI-17 family and other classes of PP1 inhibitors,
such as inhibitor-1 and inhibitor-2, even though phosphoryla-
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tion is also involved in the function of most other PP1 inhibitor
proteins. The CPI-17 structure has three domains: N- and
C-terminal tails and the central 86-residue PHIN domain
between residues 35 to 120 (Fig. 1A) (15). The sequence sur-
rounding the inhibitory phosphorylation site characterizes the
CPI-17 family and is pseudo-palindromic, (basic)-(hydropho-
bic)-Thr-(hydrophobic)-(basic) (16). Tyr41, Asp42, and Arg43 of
CPI-17 are necessary for the inhibitory activity and are also
conserved among CPI-17 family members (15). Substitution of
Ala at CPI-17 Tyr41 accelerates phospho-Thr38 dephosphory-
lation, the significance of which will be discussed (15). In con-
trast to the PHIN domain, both the N- and C-terminal tail
domains are unique for each CPI-17 family member. The other
CPI-17 family members do possess the putative PP1-binding
RVXF motif, which is located at the N-terminal tails of PHI,
KEPI, and GBPI (Fig. 1A, green boxes) (11–13).
Three-dimensional Structure of CPI-17—Solution NMR

studies revealed the three-dimensional structure of unphos-
phorylated and phospho-CPI-17 PHIN domains (16). The
structure of the CPI-17 PHIN domain consists of a loop struc-
ture encompassing the phosphorylation siteThr38 (P-loop), fol-
lowed by a four-helix bundle that stabilizes the P-loop structure
(Fig. 1A, lower) (16). Fig. 2 shows the three-dimensional struc-

tural models of unphosphorylated and phospho-CPI-17. In the
unphosphorylated form, two pairedA/D- andB/C-helices form
a V-shaped structure with the P-loop situated between the
paired helices (Fig. 2, left). Upon Thr38 phosphorylation, the
P-loop becomes more solvent-exposed and, in doing so, gener-
ates torque in the A-helix. This twisting of the A-helix rolls the
A-B-loop up to align the B/C-helices in parallel with the A/D-
helices (Fig. 2, center). The newly aligned four helices are then
stabilized through a hydrophobic core that is created by the
rearrangement. The P-loop of phospho-CPI-17 is now dis-
played on themolecular surface, tethered byTyr41. Presumably,
the anchoring function of Tyr41 is necessary to prevent dephos-
phorylation of the MLCP active site. The phosphate group at
Thr38 cannot be replaced with Asp, which causes P-loop dislo-
cation with a minimal increase in inhibitory potency, or with
Glu, which distorts the overall structure. Furthermore, substi-
tution of a cysteine-derived sulfonic acid side chain at Thr38
cannot mimic phosphorylation. Thus, the phosphate group
seems to play a specific role in the potent inhibitory activity of
CPI-17 beyond being only a trigger of conformational change.
The splice variant CPI-17� retains the P-loop and the A/D-
helix pair, although whether this isoform can inhibit PP1 or
functions as a dominant-negative form in the cell is not known.
Based on the sequence similarity in the PHIN domain, the
structural topology, and as such the function, is likely conserved
for CPI-17 family members.
Selective Inhibition of MLCP by Phospho-CPI-17—Phospho-

CPI-17 selectively inhibits the MLCP complex with an IC50
value of �1 nM (17, 18). How then can CPI-17 recognize only
the PP1 associated with MYPT1 among nearly 100 other PP1
holoenzymes that exist in cells? Fig. 2 illustrates our current
model for the selective inhibition ofMLCPby phospho-CPI-17.
PP1 associated with MYPT1 is unable to hydrolyze phospho-
Thr38 of CPI-17, so phospho-CPI-17 forms a stable complex
with MLCP (Fig. 2, left). On the other hand, other PP1 holoen-

FIGURE 1. CPI-17 family. A, schematic illustration of the CPI-17 family primary
structure. The inhibitory phosphorylation site (red) is located in the conserved
PHIN domain (cyan boxes). Light gray dots and green boxes indicate additional
phosphorylation sites and PP1-binding motifs, respectively. B, electrostatic
surface potential map of the CPI-17 family. The surface model of phospho-
CPI-17 was used as a template, and putative models for other proteins were
generated in silico based on the sequence alignment. The surface modeling
was performed by Altif Laboratories (Tokyo, Japan).

FIGURE 2. Model for selective inhibition of MLCP by phospho-CPI-17.
Upon phosphorylation of Thr38, CPI-17 undergoes a conformational change
that results in a realignment of the four helices, A–D (middle). Phospho-CPI-17
docks at the active site of MLCP and suppresses its activity (right). Other PP1
holoenzymes can dephosphorylate phospho-CPI-17 and neutralize its inhib-
itory potency. U-CPI-17 and P-CPI-17, unphosphorylated and phosphorylated
CPI-17, respectively.
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zymes are able to dephosphorylate phospho-CPI-17 and neu-
tralize its inhibitory potency. Simply put, the PP1 regulatory
subunit determines whether phospho-CPI-17 is an inhibitor or
substrate of PP1. A kinetic analysis suggests that a mixed inhi-
bition of MLCP is induced by phospho-CPI-17, with Ki and Ki�
values of 1.9 and 5.1 nM, respectively (17). Indeed, computer
modeling predicts a direct contact between phospho-CPI-17
and MYPT1 (Fig. 2, right), which may account for the specific
inhibition of MLCP by CPI-17 (16). Fig. 1B illustrates the elec-
trostatic surface potential of phospho-CPI-17 and the pre-
dicted maps for other CPI-17 homologs calculated from
sequence alignments. The docking surface of CPI-17 (Fig. 1B,
left) consists of positively charged residues surrounding an
acidic island of phospho-Thr38 (cyan arrow). The positively
charged regions around phospho-Thr38 seem to complement
the acidic cluster formed by PP1 and theMYPT1 ankyrin repeat
domain (5). The pattern of surface potential varies within the
CPI-17 family, whereas the negative charge dominates in mod-
els of PHI-1 and KEPI structures, and the positive charge is
clustered at the edge of GBPI (Fig. 1B). The differences in the
structure of the docking surface suggest that each CPI-17
homolog selectively controls a specific subset of target PP1
holoenzymes and cellular events.

Role of CPI-17 in Cell Signaling

Kinases and Phosphatases Regulating CPI-17—Multiple
kinases and phosphatases are involved in regulating CPI-17
phosphorylation. In smooth muscle, CPI-17 phosphorylation
occurs in response to agonist stimulation through activation of
PKC, ROCK, and ILK (19, 20). Indeed, PKC� and PKC� are the
dominant kinases for CPI-17 in pig aorta smooth muscle
extracts (21). Also, CPI-17 binds to the regulatory domain of
PKC isoforms, including �, �, �, �, and � (22). Zipper-interact-
ing kinase and p21-activated kinase are also known to directly
phosphorylate isolatedCPI-17 atThr38 (23, 24). Thus, CPI-17 is
expected to function as a hub of multiple kinase signals that
control MLCP activity. For example, �1-adrenergic receptor
stimulation produces biphasic phosphorylation of CPI-17
through the sequential activation of PKC and ROCK in smooth
muscle (supplemental Fig. 1) (25). The G-protein-coupled
receptor-induced rapid activation of Ca2�-dependent PKC
elicits acute CPI-17 phosphorylation, causing MLCP inhibi-
tion, which amplifies the Ca2�/calmodulin-dependent myosin
light chain kinase signal. Following Ca2� withdrawal, the
delayed and sustained activation of ROCK maintains CPI-17
and MYPT1 phosphorylation, causing tonic smooth muscle
contraction (25). Thus, the combination of kinase signals con-
fers the profile of smooth muscle force generation through
CPI-17 phosphorylation. CPI-17 phosphorylation reversibly
declines in response to elevated cAMP/cGMP levels (26), which
attenuate PKC and ROCK signals (27). In addition, treatment
with a cGMP analog possibly activates unidentified phosphata-
se(s) that can dephosphorylate CPI-17 (28). In our model,
CPI-17 is dephosphorylated by such “other” PP1 complexes
(Fig. 2) (18). In addition, purified PP2A and PP2C are capable of
dephosphorylating CPI-17 (29), suggesting the possible
involvement of multiple phosphatases in regulating CPI-17
phosphorylation. Interestingly, PKA is known to phosphorylate

and activate PP2A in brain (30), so CPI-17 dephosphorylation
could occur through cAMP/cGMP-activated PP2A. It should
be noted that high activity of CPI-17 phosphatase(s) may
explain why CPI-17 phosphorylation cannot be detected in
thromboxane A2-stimulated cerebral artery from normal rat
(31) or phenylephrine-stimulated mesentery arteries from
genetically hypertensive rats (32). In addition to Thr38, purified
PKC also phosphorylates Ser12 at the CPI-17 N-terminal tail,
whereas Ca2�/calmodulin-dependent protein kinase II prefer-
entially phosphorylates Ser130 at the CPI-17 C-terminal tail (9,
33). CPI-17 phosphorylation at Ser128was also detected in brain
tissue extracts (33).However, the physiological relevance of this
additional phosphorylation at both tails remains to be investi-
gated. The possibility that these sites are involved in regulating
other target subsets, as reported for the phosphorylation of
DARPP32 at Thr34 and Thr75, which induces the inhibition of
PP1 and PKA, respectively (34), cannot be discounted,
however.
Expression of CPI-17—CPI-17 is expressed predominantly in

mature smooth muscle (10), and higher levels are present in
tonic muscles, such as arteries (at 7 �M), compared with phasic
muscles, such as ileum, bladder, and vas deferens (at 0.8�M), or
cells in neointimal lesions (35, 36). CPI-17 is also expressed in
embryonic cardiac muscle, in which smooth muscle marker
proteins are expressed, but its expression disappears in adult
tissue (36). Platelets, neurons, endothelia, and epithelia also
express CPI-17, whose roles in these tissues will be discussed
(35–37). Accumulating evidence suggests a correlation
between the CPI-17 expression level and the extent of PKC-
mediated Ca2�-sensitized force. Selective permeabilization of
smooth muscle tissue with Triton X-100 eliminates the con-
traction induced by PKC activation, and the addition of recom-
binant CPI-17 restores PKC-mediated contraction (38). The
extent of smooth muscle contraction evoked by phorbol ester
stimulation depends on the CPI-17 expression level (35). Inter-
estingly, CPI-17 is absent in tissues from the American farm
chicken and as such provides an excellentmodel of CPI-17-null
smooth muscle (39). Stimulation with agonists, phorbol 12,13-
dibutyrate, or G-proteins evokes a marginal extent of the con-
traction of chicken aortic smooth muscle, suggesting the
importance of CPI-17 in agonist-induced smooth muscle con-
traction (39). Furthermore, fluctuations in CPI-17 signals
reportedly occur under pathological conditions, such as hyper-
tension, asthma, inflammation, and diabetes (40–45). For
example, CPI-17 expression and phosphorylation are up-regu-
lated in hypoxia-induced pulmonary hypertension (40). CPI-17
up-regulation is also found in airway smooth muscle during
inflammation and in diabetic bladder smooth muscle (41, 45).
In contrast, inflammation causes down-regulation of CPI-17 in
intestinal smooth muscle in parallel with a reduction in muscle
tone (43). How inflammatory signals trigger this bidirectional
regulation of CPI-17 in different smooth muscle tissues
remains unknown.
CPI-17 in Other Cell Types—Reversible phosphorylation of

myosin is involved in controlling endothelial cell motility and
platelet activation. CPI-17 in endothelial cells and platelets
translates the activation of PKC and/or ROCK intoMLCP inhi-
bition andmyosin II phosphorylation as seen in smoothmuscle
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(46, 47). In Purkinje neurons, CPI-17 is involved in long-term
synaptic depression (37). The synaptic depression of cerebellar
Purkinje cells occurs through PKC-mediated chronic internal-
ization of the AMPA receptor in response to glutamate release.
Neutralization of endogenous CPI-17 in Purkinje cells using
small interfering RNA or a blocking antibody results in rapid
recovery of membrane current upon glutamate stimulation
(37), suggesting that metabotropic Glu receptor-induced acti-
vation of PKC causes CPI-17 phosphorylation and subsequent
MLCP inhibition, thus maintaining AMPA receptor internal-
ization (37). Furthermore, CPI-17 drives cell proliferation by
activating the mitogen-activated protein kinase signaling path-
way (48). Growth factor signals induce phosphorylation ofmer-
lin, a product of the neurofibromatosis type 2 gene, which
relieves inhibition of the ERK1/2 signal. Merlin is phosphorylated
by a subset of protein kinases, including ROCK, p21-activated
kinase, and PKC, which are also capable of phosphorylating CPI-
17. Overexpression of CPI-17 down- and up-regulatesMLCP and
merlin phosphorylation, respectively, and attenuates the tumor
suppression activity ofmerlin (48, 49).Over 90%of cancer cells are
derived fromepithelial cells, inwhich trace amounts ofCPI-17 are
expressed (35, 36). The role of CPI-17 in normal epithelium
remains to be investigated.

Functions of Other CPI-17 Family Members

PHI—Both PHI-1 and PHI-2 are products of PNG
(PPP1R14B) (50). PNG was originally discovered on chromo-
some 11 as a candidate gene involved in multiple endocrine
neoplasia type 1, although later studies eliminated that possi-
bility. Two potential initiationATG sequences exist in the PNG
transcript (11, 50). Initiation at the first ATG yields a 203-resi-
due polypeptide, named PHI-2, whereas the other in-frame
ATG initiates translation for the 147-residue polypeptide,
PHI-1 (Fig. 1A, red triangles) (11). PHI-1 is ubiquitously and
abundantly expressed in various tissues and cultured cells. In
contrast, PHI-2 expression is restricted to muscle tissues (11).
Immunohistochemical analysis showed a significant difference
between CPI-17 and PHI-1/2 localization, with the antibody
recognizing both PHI-1 and PHI-2 heavily staining skeletal
muscle capillary endotheliumand the juxtamembrane region of
the ileac smoothmuscle layer (51). Recombinant PHI-1 inhibits
PP1 and the purified MLCP complex upon phosphorylation
at Thr57 (11). Phosphorylated PHI-1 evokes contraction of
skinned smooth muscle strips (52). However, the inhibitory
potency of PHI-1 for the MLCP complex (IC50 � 50 nM) is
significantly lower comparedwith that of CPI-17 (IC50 � 1 nM),
suggesting novel target PP1 holoenzymes for PHI-1. Purified
PKC and ROCK are capable of phosphorylating PHI-1 at Thr57
and other undetermined site(s) (52), whereas ILK phosphory-
lates PHI-1 exclusively at Thr57 (52). Activation of G-proteins in
smooth muscle tissues induces the phosphorylation of endo-
genous PHI-1 (53, 54). On the other hand, reconstitution of
unphosphorylated PHI-1 does not restore phorbol ester-in-
duced contraction of CPI-17-null chicken smooth muscle (39).
Therefore, PHI-1 is not involved in PKC-mediatedMLCP inhi-
bition. The endothelial expression of PHI-1 is involved in cell
migration (55). Endogenous PHI-1 accumulates at the leading
edge of endothelial cells, and gene silencing of PHI-1 can retard

cell migration. Interestingly, PHI-1 knockdown does not affect
the phosphorylation status ofMLCP substrate proteins, such as
myosin light chain and ezrin/radixin/moesin (55), suggesting
that PHI-1 controls a novel subset of PP1 holoenzymes in endo-
thelial cells.
KEPI and GBPI—KEPI (PPP1R14C, chromosome 6) was dis-

covered as a protein that is up-regulated in brain tissue isolated
from morphine-addicted mice (12). In terms of amino acid
sequence, KEPI seems to be more closely related to PHI-1 than
CPI-17. The phosphorylation of KEPI at Thr75 by PKC is suffi-
cient to convert this protein into a potent PP1 inhibitor (12). A
PP1-binding motif (-KVFF-) exists in the N-terminal tail of
KEPI (Fig. 1A, green boxes). Indeed, PP1 coprecipitates with
beads conjugated to unphosphorylatedKEPI (56). Purified PKC
and ILK phosphorylate recombinant KEPI at Thr73, the inhib-
itory phosphorylation site (12, 57). Phospho-KEPI inhibits the
purified MLCP complex and isolated PP1 with IC50 values of
8 and 0.1 nM, respectively (57). Therefore, phospho-KEPI
potently inhibits the PP1 holoenzyme, but the N-terminal
KVFF sequence of KEPI may affect its inhibitory potency.
Recently, KEPI was rediscovered in a group of genes that are
down-regulated in breast tumor cells, along with a known
tumor suppressor, EGR1 (early growth response gene-1) (58).
Ectopic expression of KEPI in MCF-7 cells restores the expres-
sion of EGR1 and its downstream proteins, such as PTEN
(phosphatase tensin homolog). Although both CPI-17 and
KEPI are involved in cell growth regulation, there is a clear
contrast in their downstream signals, suggesting that different
pools of target PP1 holoenzymes exist for each inhibitor (48,
58). GBPI (PPP1R14D, chromosome 15) was discovered as a
homolog of KEPI (13). The gene transcribes two splicing vari-
ants, GBPI andGBPI-2 (Fig. 1A). GBPI includes an intact PHIN
domain whose sequence is 35% identical to CPI-17. On the
other hand, the testis-specific GBPI-2mRNA includes a frame-
shift at theA-B-loop and as such is unlikely to inhibit PP1.GBPI
phosphorylated by PKC inhibits isolated PP1with an IC50 value
of 3 nM. Phosphorylation of GBPI with PKA eliminates its
inhibitory potency. A PP1-binding motif, KVHW, is found in
the N-terminal tail (Fig. 1A, green boxes), which is necessary for
the inhibition of the isolated PP1 catalytic subunit (13).
WhetherGBPI is capable of inhibiting PP1holoenzymes has yet
to be tested. Interestingly, GBPI enhances PP2A activity follow-
ing its phosphorylation by PKC (13).

Cellular Regulation of PP1 Holoenzymes via PP1
Inhibitor Proteins

After the discovery of CPI-17 and CPI-17 family members, it
becomesclear thatPP1 inhibitorproteinscharacterizedpreviously
also engage in the control of cellular PP1 holoenzymes in the
absence of subunit dissociation. For example, PP1 I-2 inhibits a
complex of PP1 and amicrotubule-binding kinase, Nek2, through
the conservedC-terminal domain of I-2 (59), which directly docks
at the active site of PP1 in the co-crystal model of the PP1�I-2
complex (60). In addition, PP1 inhibitor-1 and inhibitor-3 also
inhibit PP1 holoenzymes (reviewed in Ref. 3). Thus, each PP1
inhibitor proteinmay target a specific subset of PP1 holoenzymes,
and there are more PP1 inhibitor proteins that transduce kinase
signals into phosphatases as �100 polypeptides function as PP1
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regulatory subunits. A proteomic approach (“PP1 inhibitome”)
will be useful to gain a full understanding of the specific combina-
tions of kinases, PP1 holoenzymes, and inhibitor proteins (supple-
mental Fig. 2). As discussed here, CPI-17, as well as other PP1
inhibitor proteins, plays vital roles in signal transduction, control-
ling both amplitude and duration of phosphorylation. Additional
PP1 inhibitor proteins will surely be rediscovered as disease-caus-
ing genes and recognized as novel therapeutic targets.
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35305 Some Assembly Required: Putting the Epithelial Sodium
Channel Together. Michael B. Butterworth, Ora A. Weisz, and John
P. Johnson

36061 Endogenous Functions of the Aryl Hydrocarbon Receptor
(AHR): Intersection of Cytochrome P450 1 (CYP1)-metabolized
Eicosanoids and AHR Biology. Daniel W. Nebert and Christopher
L. Karp

AUTHOR INDEX

B

Baker, Paul R. S., 15515
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