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Abstract

Microbial pathogens continue to cause widespread morbidity and mortality. Central to the
pathogens' virulence is manipulation of the host cell's cytoskeleton, which facilitates microbial
invasion, multiplication, and avoidance of the innate immune response. IQGAP1 is a ubiquitously
expressed scaffold protein that integrates diverse signaling cascades. Research has shown that
IQGAP1 binds to and modulates the activity of multiple proteins that participate in bacterial
invasion. Here, we review data that support a role for IQGAP1 in infectious disease via its ability
to regulate the actin cytoskeleton. In addition, we explore other mechanisms by which IQGAP1
may be exploited by microbial pathogens.
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1. Introduction

Microbial pathogens are a major cause of morbidity and mortality worldwide. In the United
States alone, an estimated 76 million foodborne illnesses (caused primarily by Salmonella
enterica serovar typhimurium, Campylobacter jejuni, Shigella flexneri, Cryptosporidium
parvum and Escherichia coli) occur annually, and account for an estimated treatment cost of
up to 83 billion US dollars [1]. Despite considerable variation in the manner by which they
produce disease, most microbial pathogens exert and sustain their effects by usurping a
relatively limited number of signaling pathways inside the host cell. In particular, microbes
frequently manipulate the cytoskeleton of the host cell, thereby facilitating their attachment
and entry [2-4]. Microbial pathogens also employ several survival strategies, allowing them
to migrate within the host cell and avoid bactericidal defense mechanisms [2-4]. Control of
the host cell's cytoskeleton is also integral to each of these stages of infection, therefore
proteins that govern cytoskeletal remodeling participate in microbial pathogenesis. In this
review, we summarize recent evidence that strongly supports a role for the scaffold protein
IQGAP1 in infectious disease.

2. IQGAP1: a key modulator of cytoskeletal function

IQGAPL1 is a ubiquitously expressed 189-kDa scaffold protein that contains several protein-
interacting domains. These include a calponin homology domain, a poly-proline binding
region, four 1Q motifs (IQ motifs bind calmodulin), and a region with significant sequence
similarity to the catalytic domain of Ras GTPase-activating proteins (GAPS) [5]. Each of
these domains serves to mediate the interaction of IQGAP1 with multiple distinct proteins
[6]. By regulating the function of its binding partners, IQGAP1 participates in diverse
cellular functions, ranging from small GTPase signaling to control of cell proliferation and
motility [6,7]. Of particular relevance in the context of this article is the role of IQGAP1 in
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the maintenance of cytoskeletal architecture. IQGAP1 binds actin directly [8], enhances
actin polymerization in vitro [9,10], and colocalizes with actin in lamellipodia [11].
Moreover, IQGAP1 stimulates actin assembly by forming complexes with N-WASP
(neuronal Wiskott Aldrich Syndrome protein) and Arp2/3 (actin-related protein 2/3) [12].
By controlling the activity of the small GTPases Racl and Cdc42, IQGAP1 also modulates
the cytoskeleton indirectly. (Note that, despite its name, IQGAPL is not a GAP and actually
stabilizes Racl and Cdc42 in their active forms [11,13].) The role of IQGAP1 in cellular
signaling and cytoskeletal dynamics has been the focus of several excellent reviews
[5-7,14,15]. Here, we focus only on those IQGAP1 functions germane to microbial
pathogenesis.

3. IQGAP1 and microbial pathogenesis

Early evidence to implicate the involvement of IQGAP1 in microbial pathogenesis was
derived by gene profiling. Microarray analysis revealed that <3.5% of 3500 genes in a
human monocyte cell line, U937, had altered expression following infection with
Mycobacteria. One of the genes identified was IQGAP1, which was downregulated 5.6-fold
[16]. Proteomic analysis later showed reduced IQGAP1 expression in murine splenic tissue
after infection by Yersinia pestis [17], suggesting that IQGAP1 may be a target for
pathogen-induced changes in the host cell. Consistent with this postulate, IQGAPL is known
to interact with numerous proteins that functionally link pathogenic microbes to host cell
invasion (Table 1). For example, IQGAP1 binding to Dial, a Diaphanous-related formin that
assembles actin filaments, is required for phagocytic cup formation [18], an essential step in
microbial invasion into host cells [19]. IQGAP1 also binds directly to selected bacterial
proteins with defined roles in pathogen invasion, including the E. coli-derived Tir and Ibe,
and the Salmonella-derived Ssel [20-22] (Table 1). The functional consequences of these
interactions are discussed in more detail in the following paragraphs.

4. IQGAP1 is atarget for Salmonella pathogenesis

4.1. Regulation of IQGAP1 for Salmonella invasion

As is characteristic of many cell-invasive pathogens, Salmonella typhimurium employs an
elaborate molecular apparatus, called a type 111 secretion system (T3SS), to facilitate its
infection by injecting bacterial toxins directly into host cells [23]. Among the injected
effectors are SopE and SopE2, which act as guanine nucleotide exchange factors (GEFs). In
their catalytically inactive forms, Racl and Cdc42 are bound to guanosine diphosphate
(GDP). GEFs catalyze the substitution of GDP for guanosine-5'-triphosphate (GTP),
resulting in Racl and Cdc42 activation [24]. Once activated, Racl and Cdc42 activate N-
WASP and the Arp2/3 complex, thereby promoting actin polymerization and actin filament
elongation at the Salmonella-host cell interface [25]. These molecular events result in the
formation of membrane ruffles that facilitate S. typhimurium internalization.

Recent published data indicate S. typhimurium modulates IQGAP1 to gain entry into host
cells [26]. IQGAP1 is recruited to sites of S. typhimurium attachment to HeLa cells, and
siRNA-mediated knockdown of IQGAP1 reduces ruffle formation and decreases S.
typhimurium infection by 33%. The magnitude of this effect may be limited by residual
IQGAPL1 in the siRNA-treated cells, since S. typhimurium entry into IQGAP1-null mouse
embryonic fibroblasts (MEFs) is reduced to 35% of that into control MEFs [26]. These data
suggest that IQGAPL is usurped by S. typhimurium to enter host cells. The molecular
mechanisms underlying these observations have begun to be characterized. Overexpression
of IQGAP1 increases the amount of active Racl and Cdc42 in cells, while reducing the
amount of endogenous IQGAP1 markedly decreases the activity of both GTPases [13,26].
During S. typhimurium infection of HeLa cells, the levels of active Racl and Cdc42 increase
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>2-fold [26]. However, in IQGAP1-null MEFs, Racl and Cdc4z2 activation is abrogated and
S. typhimurium invasion is decreased [26]. These findings imply that regulation of Rac1 and
Cdc42 by IQGAP1 is important for S. typhimurium entry. Consistent with this hypothesis, S.
typhimurium infection is increased in cells transfected with wild-type IQGAP1, but not in
cells transfected with an IQGAP1 mutant that lacks Racl and Cdc42 binding [26].
Interestingly, an IQGAP1 mutant that does not bind actin (termed IQGAP1-G75Q [27]) also
fails to promote S. typhimurium entry [26]. Moreover, in contrast to wild-type IQGAP1,
IQGAP1-G75Q does not translocate to sites of S. typhimurium infection. Based on the data
described above, S. typhimurium invasion into host cells appears contingent on IQGAP1
binding to both Rac1/Cdc42 and actin.

Based on research from our laboratory, we propose a model that integrates the observations
described above (Figure 1). As previously highlighted, S. typhimurium attachment to the
host cell results in the injection of effectors via the T3SS. Following their injection, SopE
and SopE?2 catalyze the exchange of GDP on Racl and Cdc42 for GTP. This facilitates actin
polymerization. IQGAP1 bound to actin translocates to the site of S. typhimurium
attachment on the host cell. Here, IQGAP1 binds to active Racl and Cdc42, maintaining
them in their GTP-bound form. IQGAP1 binding to Rac1-GTP and Cdc42-GTP enhances
actin polymerization, and results in the recruitment of additional IQGAP1 (which is also
bound to active Racl and Cdc42) to the site of S. typhimurium attachment. The presence of
increased Rac1-GTP and Cdc42-GTP bound to IQGAP1 further augments actin
polymerization, inducing the formation of membrane ruffles and facilitating S. typhimurium
internalization. IQGAP1 therefore functionally links Racl and Cdc42 to actin, augments
actin polymerization, and promotes bacterial invasion.

4.2. Salmonella targets IQGAPL1 to establish chronic infection

An important aspect of Salmonella pathogenicity is the ability of certain species to establish
chronic, long-term infection in the host by evading the host's immune response [28,29]. The
capacity of S. typhimurium to survive and replicate in macrophages is therefore of major
importance to the ability of the pathogen to cause disease. Macrophages are key participants
in cell-mediated immunity as they destroy foreign pathogens and function as antigen-
presenting cells [30]. The Salmonella pathogenicity island 2 (SP12)-coded T3SS injects
proteins that enable S. typhimurium to create a Salmonella-containing vacuole (SCV) in
which it can replicate [31]. Moreover, SPI12-secreted effectors allow intracellular bacteria to
avoid the bactericidal properties of macrophages and dendritic cells, and to interfere with
antigen presentation to T-cells [32]. One such Salmonella effector, Ssel (also known as
SrfH), impedes the normal migration of macrophages and dendritic cells, thus severely
impairing their bactericidal abilities [22]. Consequently, mice infected with wild-type S.
typhimurium continue to exhibit increased systemic levels of bacteria up to 45 days post-
infection, while mice infected with Ssel-deficient S. typhimurium clear the pathogen more
rapidly [22]. Importantly, IQGAP1 may contribute to the ability of S. typhimurium to
circumvent the host's immune response and establish chronic infection. IQGAP1 binds Ssel
directly in vitro, and colocalizes with Ssel in Salmonella-infected macrophages [22].
Moreover, the inhibitory effect of Ssel on macrophage migration is contingent on IQGAP1
expression; Ssel does not impair migration of macrophages lacking IQGAP1 [22]. The
Salmonella effector Ssel therefore exploits IQGAP1 to reduce macrophage motility, thereby
suppressing host immunity and promoting a chronic infective state.

5. IQGAP1 is atarget for E. coli pathogenesis

Like Salmonella, enteropathogenic Escherichia coli (EPEC) utilizes a T3SS to establish
infection in the host [23]. Evidence suggests that this is a multi-step process [33]. First,
EPEC injects translocated intimin receptor (Tir) into the host cell. Tir is inserted into the
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host cell plasma membrane, where it binds intimin, which is embedded in the bacterial outer
membrane [34]. Tir-intimin adhesion leads to Tir clustering, which recruits the host protein
Nck. Binding to intimin also catalyzes phosphorylation of Tir by the tyrosine kinase c-Fyn,
resulting in N-WASP and Arp2/3 recruitment to the cell-microbe interface [35,36]. N-
WASP mediates actin polymerization, thereby creating an “actin pedestal”. This structure,
which is an essential hallmark of E. coli pathogenesis [33], elevates and supports the EPEC
above the surface of the epithelial cell.

EPEC manipulates IQGAP1 to mediate infection. Specifically, EPEC induces the
translocation of IQGAPL to actin pedestals where IQGAPL1 is necessary for pedestal
formation [20]. Moreover, actin polymerization induced by EPEC in IQGAP1-null MEFs is
significantly less that that in control cells, and reconstitution of IQGAPL into IQGAP1-null
MEFs rescues EPEC infection. Interestingly, the molecular mechanisms underlying these
observations are different to those of Salmonella. In contrast to Salmonella, which promotes
the binding of IQGAP1 to Racl and Cdc42 [26], EPEC inhibits the interaction of IQGAP1
with the Rho GTPases [20]. Another important difference between Salmonella and EPEC is
that the latter modulates association of IQGAP1 and calmodulin [20]. Calmodulin, a 16.7-
kDa Ca2*-binding protein, is an important transducer of Ca2* signaling [37]. Ca%* signaling
is necessary for actin remodeling near the cell surface [38], and increases in intracellular free
Ca?* concentrations ([Ca?*];) are required for EPEC-induced actin pedestal formation
[39,40]. Importantly, treatment with a cell-permeable calmodulin antagonist (CGS9343B) or
a cell-permeable Ca2* chelator (1,2-Bis(2-aminophenoxy)ethane-N,N,N’,N'-tetraacetic acid
tetrakis(acetoxymethyl ester) (BAPTA/AM)) abrogates actin pedestal formation in wild-type
but not IQGAP1-null MEFs [20]. These data indicate that Ca2*/calmodulin signaling by
EPEC to induce actin pedestal formation is mediated entirely through IQGAPL. Thus,
although both Salmonella and E. coli usurp IQGAP1 function, the bacteria employ different
molecular mechanisms and exploit distinct IQGAP1 binding partners to infect host cells.

Additional insight into how EPEC manipulates IQGAPL1 is derived from research from both
our laboratory and other investigators. IQGAPL interacts directly with EPEC-derived
effector proteins that are injected into the host cell and facilitate infection [20,21]. For
example, IQGAP1 binds Tir in vitro, and confocal microscopy reveals that IQGAP1
colocalizes with Tir at EPEC-induced actin pedestals [20]. Subsequently, another bacterial
protein, termed IQGAP1-binding effector protein (Ibe), was shown to regulate Tir
phosphorylation and actin pedestal formation [21]. Like Tir, IQGAP1 binds Ibe in vitro, and
colocalizes with Ibe at actin pedestals. Although the mechanism underlying the contribution
of Ibe to EPEC pathogenesis remains to be defined, these data provide further evidence that
IQGAPL is a critical component of E. coli infection.

Research carried out in our laboratory integrates the findings discussed above (Figure 2). In
this model, EPEC binds to the surface of cells and injects effectors via its T3SS. One of the
effectors injected, Tir, associates with intimin and is retained at the site of infection.
IQGAPL, presumably via its interaction with Tir, also accumulates at the EPEC injection
site. Simultaneously, EPEC induces an increase in [CaZ*];, thereby enhancing the
association of IQGAP1 with calmodulin, which reduces IQGAP1 binding to Racl and
Cdc42 [41]. Because it is bound to IQGAP1, calmodulin accumulates at the site of bacterial
adhesion. Recruitment of Nck induces clustering of N-WASP and Arp2/3 at the cell-microbe
interface, thereby promoting polymerization of actin. The presence of IQGAP1 and
calmodulin, and the interaction of IQGAP1 with Tir, augments this localized actin
polymerization, contributing to pedestal formation. Additionally, IQGAP1 bundles actin to
ensure that an ordered structure of parallel filaments is formed.
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6. Other bacteria regulate IQGAP1

In addition to being manipulated by S. typhimurium and EPEC, IQGAP1 is exploited by
other pathogens as part of their infective mechanisms. For example, a fundamental aspect of
Shigella pathogenesis is the intercellular spread of bacteria within epithelial tissues [42].
Initial data indicate that intercellular spread of S. flexneri is significantly enhanced in
IQGAP1-null MEFs, suggesting that IQGAP1 may be targeted during S. flexneri infection
(R. Lu, D. B. Sacks, M. B. Goldberg, unpublished observations). Other findings concern the
regulation of IQGAP1 during infection of host cells by Pseudomonas aeruginosa and
Helicobacter pylori. In HL60 leukemia cells, IQGAP1 is recruited to sites of P. aeruginosa
attachment [43]. Moreover, infection of human antral epithelial cells with H. pylori
increases IQGAP1 mRNA and induces translocation of IQGAP1 protein from the cytoplasm
to intracellular tubulovesicular structures [44]. Collectively, these findings implicate
IQGAPL1 as a host cell target for infection by several bacteria. Further work is likely to
identify additional bacteria that manipulate IQGAPL1 to facilitate host cell infection.

7. IQGAP1 as atarget for viral pathogenesis

Viruses are strictly dependent on host cells for the transcription of their genomes [45].
Invasion of host cells is therefore an important determinant of viral pathogenesis. Gag
proteins are major virulence factors produced by retroviruses since they promote viral
binding to the host cell membrane [46]. The matrix protein domains of Gag are particularly
important for the intracellular trafficking of viral proteins [47]. Evidence suggests that
IQGAP1 may also be a target of viral pathogenesis. The Gag matrix protein of the Moloney
murine leukemia virus (M-MuLV) binds IQGAPL, and this binding is essential for viral
replication [48]. Moreover, viruses encoding mutant, non-IQGAP1-binding matrix proteins
are replication deficient, and M-MuLV replication is reduced when IQGAP1 is knocked
down in host cells with siRNA. Additional studies are needed to determine whether other
viruses also require IQGAP1 for replication, and/or whether IQGAP1 participates in viral
infection in other ways.

8. Pathogenic microbes may target other IQGAP1-associated pathways

8.1 IQGAPL,

We have reviewed evidence which reveals that IQGAP1 interacts with numerous proteins
known to be directly involved in host cell infection and/or microbial survival. Nevertheless,
other IQGAP1-interacting partners, such as phosphoinositides [49], microtubules [50] and
mitogen-activated protein kinases (MAPKS) [51-53], are targeted by microbial pathogens
[54-57] (Table 1). Conceivably, these IQGAP1 binding molecules may also be modulated
during microbial pathogenesis in an IQGAP1-regulated manner. Although no experimental
evidence has been published to date, we suggest possible contributions of these IQGAP1
binding partners to infectious disease.

phosphoinositides and microbial pathogenesis

Phosphoinositides are cell membrane-based signaling molecules that are critical for
cytoskeletal remodeling and intracellular trafficking processes [58]. The seven known
phosphoinositides are derived from phosphorylation of the precursor molecule,
phosphatidylinositol (PI). Pl is phosphorylated on the inositol ring by PI kinases to produce
several distinct phosphoinositides. These signaling molecules have multiple functions,
including regulation of cytoskeletal rearrangement, which is required for invasion by
microbes. For example, E. coli invades human brain endothelial cells in a P13-kinase-
dependent manner [59]. Similarly, PI13-kinase is targeted by Listeria monocytogenes during
invasion of Vero cells [60] and by S. typhimurium during entry into fibroblasts [55]. Like
IQGAPL, the phosphoinositide P1(4,5)P, (PtdIns(4,5)P,) promotes actin assembly by
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activating N-WASP and the Arp2/3 complex [61], and Ptdins(4,5)P» is enriched in areas
undergoing active actin polymerization (such as the Salmonella-host cell interface) [62].
Importantly, a functional interaction between IQGAP1 and PtdIns(4,5)P, has been
established. IQGAP1 colocalizes with PtdIns(4,5)P, at the leading edge of growth factor-
stimulated cells, and knockdown of IQGAP1 results in fragmentation of PtdIns(4,5)P,-
enriched lipid rafts [49]. Based on these data, it is tempting to speculate that PtdIns(4,5)P,
activity at the cell membrane may be regulated by IQGAP1, and that this interaction may
play a role in microbial invasion of the host cell.

8.2 IQGAP1 and microtubules in bacterial invasion

Microtubules are elements of the cytoskeleton and are essential for cell division, cell
migration, vesicle transport and cell polarity [63]. Some pathogenic bacteria, including
Salmonella, E. coli, Shigella, L. monocytogenes and Campylobacter jejuni, exploit host
microtubule networks [55,64-67]. For example, pretreatment of fibroblasts with
microtubule-depolymerizing agents such as colchicine or nocodazole impairs S.
typhimurium invasion, suggesting that intact microtubule networks are required for entry of
the bacteria [55]. Importantly, IQGAP1 regulates microtubule function through its
interaction with CLIP-170 and mDial [50,68]. Moreover, siRNA-mediated knockdown of
IQGAPL1 results in decreased stability and increased dynamics of microtubules [68].
Additional work is necessary to establish whether microbial pathogens target the
microtubule-stabilizing functions of IQGAPL during host cell entry.

8.3 IQGAP1 and MAPKs in bacterial invasion

MAPKSs transmit extracellular signals to a diverse array of nuclear and cytoplasmic targets
[69,70]. Stimulation of cell surface receptors, such as the epidermal growth factor receptor,
activates the small GTPase Ras. Ras stimulates B-Raf kinase activity, which catalyzes the
sequential phosphorylation of MEKs (or MAPK kinases) and extracellular-regulated kinases
(ERKS). In addition to being a pivotal determinant of eukaryotic gene expression, cell
differentiation and cell migration [70], the MEK/ERK pathway is also involved in microbial
pathogenesis. For example, MEK and ERK activity are increased in cells infected with S.
typhimurium [71]. Moreover, pretreatment of cells with the MEK inhibitor PD98059 curtails
invasion in some cell types by several organisms, including L. monocytogenes [54], S.
typhimurium [55], Chlamydia pneumonia [72] and P. aeruginosa [73]. Importantly,
IQGAPL1 is a scaffold in the MAPK pathway. IQGAP1 binds to and regulates the function of
multiple components of the MAPK cascade [51-53]. For example, knockdown of IQGAP1
by siRNA abrogates the activation of MEK [51] and ERK [53] by epidermal growth factor.
Moreover, stimulation of B-Raf requires IQGAP1 as B-Raf kinase activity is not induced by
growth factors in IQGAP1-null MEFs [52]. These data reveal that IQGAPL1 is necessary for
activation of MAPK signaling. Based on the evidence outlined above, it is likely that
IQGAPL is important for MAPK-driven microbial invasion.

9. Perspectives

Recent evidence strongly supports the concept that selected microbial pathogens regulates
the host cell's cytoskeleton, at least in part by usurping IQGAP1 function. These
observations raise several intriguing questions. For example, are the IQGAP1-dependent
molecular mechanisms underlying the entry of other cell-invasive pathogens, such as S.
flexneri and P. aeruginosa, analogous to those of S. typhimurium? What is the contribution
of other molecules that bind IQGAPL, such as Ibe, phosphoinositides, microtubules and
MAPKS, to the cytoskeletal rearrangements elicited by bacterial infection? The current
literature indicates that IQGAP1 may be modulated at different stages during the infectious
disease process. It is likely that comparing infection of wild-type and Iqgap1- mice will
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therefore yield insight into the development and clinical progression of microbial
pathogenesis. We look forward to the findings from these and other investigations, which

Wi

Il enhance our comprehension of pathogen biology and evaluate the feasibility of

targeting IQGAP1 for the prevention and treatment of infectious disease.
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Figure 1. Salmonella targets IQGAP1 to invade host cells

A. Salmonella binds to the host cell membrane and injects effector proteins (small circles)
that catalyze the activation of Racl and Cdc42. B. Active (GTP-bound) Racl and Cdc42
promote localized actin polymerization at the Salmonella-host cell interface. IQGAP1 bound
to actin translocates to the site of Salmonella attachment. C. IQGAPL1 binds Rac1-GTP and
Cdc42-GTP, stabilizing the GTPases in their active GTP-bound forms. The active GTPases
promote further local actin polymerization. D. Ongoing actin assembly induces the
accumulation of additional IQGAPL, with attached active Racl and Cdc42, at the
phagocytic cup. This process promotes further actin polymerization, augmenting formation
of the phagocytic cup that engulfs the Salmonella. E. Salmonella is internalized within a
Salmonella-containing vacuole (SCV).
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f

Figure 2. IQGAP1 and Ca?*/calmodulin are required for actin pedestal formation by EPEC

A. EPEC binds to the surface of the host cell and injects effector proteins, including Tir,
thereby promoting a transient increase in [Ca2*];. B. IQGAP1 binds Tir directly and is
recruited to the site of EPEC adhesion. The increase in [Ca2*]; promotes the interaction of
IQGAP1 with calmodulin (CaM), with a concomitant disruption of its association with Racl
and Cdc42. C. Following its binding to intimin, Tir is clustered and tyrosine-
phosphorylated, inducing the recruitment of Nck to the site of EPEC attachment. Nck directs
N-WASP and the Arp2/3 complex to clustered Tir, where together they form an IQGAP1-
containing complex that promotes actin polymerization. D. IQGAP1 contributes to ongoing
actin polymerization, resulting in the formation of a pedestal structure that supports EPEC.
Additionally, IQGAP1 bundles actin to ensure that an ordered structure of parallel filaments
is formed.

9

4“ &‘

FEBS Lett. Author manuscript; available in PMC 2012 March 9.



Page 14

Kim et al.

wnpnwiydAy
[s8] 'S JO uoIseAul saye|nbas ‘sauafioifaouow 7 4o uoiseAul Joj palinbay 49H 03 asuodsaJ ul uoirewoy eipodijjawe] Ul PaAJOAU] ZAAVM
uoiseAul s101dagal J039e) YIMoIB JO uolleAoe
[v8] aeluownaud "D Ul PaAjOAUI {[|39 1SOY 0} 8dUalaype B|jauow|es S10ay 0} asuodsal u1 uoreziuebioal [e18]83S01Ad Ui Jueniodwil aq Aew ‘umouxun Wvouys
uoiseAul
[eg‘z8'v.] wnunwiydAy °S 1oy [enuassas ‘Buljnl auelquiaw 39 1S0Y Ul PAAJOAU] wJoy aAnoe Buizijigels Agaiay) ‘AlARIR ased | © d1SULIUI SHQIYU| Zvopo/1oeY
uolreJaush SOY pue unRJELI0d
[62] sisauaBoyred Huuewneq 181984018UIdY UM S31e]a1109 AlIANDE 0 1d pue ‘01s Jo uonejAioydsoyd auisosAl paonpui-eixoladAy 104 AlessadaN zZd1d
[6v] uolseAu! wnNwiydAy °s Jo sas Je pazijogelow st ¢did syes pidif Bulureyuod-edid yo Aybejul surejurey ¢d(g'v)suIpid
uoiseAul eipodi||awe] 1e UoIezI[edo|
[t8'cT] 1J3UX34 'S pue D34 Joy [enuassa ‘uoleziawAjod uiae |99 150y sajowold | dSWM-N 40} A1essadsu ‘A|quiasse ulide sajejnuwins pue dSWAA-N SaleAloy dSYM-N
esoulfniae seuowopnasd pue eluownaud
ejiydopAweyd ‘wniunwiydAl °g ‘sausboifoououw T JO UOISBAUI JUBIDILS 10}
[sG'7G'TS] | paanbas uoneAnoe N3N ‘elisioeq aAlseAul-|90 Aq pajebies Buljeubis MdvIN P104JedS MdVIN ZITAN
uolseAul wnunwiydAy ' sajowoud U01191493S pue SIS0IA20Xd ‘SISAYIUAS
[o8] aUBIIBW []39 1SOY Y} JO SeaJe Pazi[edo] 0} ISAI0Xa 8y} JO JUsWINIIAY utajoud saje|nbal {1sA20Xa aU} JO UOIIBZI|EIO] 1931109 10} AIeSSadaN 0.0x3
uonezijeulaiul
[t2¢d] 1unfaf Jeyoeqo|AdweD ur paAjoAUL (UONDB)UI BljUOWeS Ag pareInwiS PI0}eS MdVIN 2Ty
wnared wnipuodsoldAi) Ag wnijayiida uolesaush SOY pue U0
[62] AJel|iq Jo uoiseAul Joy paiinbal si unoeLo9 Jo uoiejAloydsoyd auisolA | pue ‘01S Jo uonejAioydsoyd auisosA) paonpui-eixoladAy 104 AlessadaN unoeLoD
[82] uon93jul D343 BuLNp 1S JUBWIYILNE [e1I310E] 3y} 0] PalinIday U013|3XS01A2 UNJE 0] UBUOIN[RAY SHUIT ¥ran
uoiseAul
221 D343 Bunenbai Ajaamsod Agaisyp ‘,g18S e unuswiA sajejioydsoyd UOISaYpe |]39 4O UoIeINBal Y] Ul PBAJOAUI 8] AW ‘UMOUMUN IMIAED
Aemyyed
[tv'oz] u3puadapP-UIINPOLLED/,7BD B BIA PaLUIO Je s[elsapad uljoe paonpul-O3d3 uonouny Tdv9 0| serenfiay urinpowred
24493 01
(YA uolseAul [elialoeq sajowold | Tdvodl sebplig pue TdvoQ| Jo uonejAioydsoyd auisolAl sazAfe1ed 21S-9 21S-0
UOISBAUL 1110U0J BISHSYI1Y pUe LI3uXal}
[eT] 'S ‘wnuinwiydAy 'S 1oj [enuassa {Buljyinl suelquuiaw |39 1S0Y S310WO0.d Ajquiasse unae o3 buifeubis 101oe) Ymoih syui g/zdiy
[6/] Buijapowas unae [189 350y Buireinpow Ag UOISBAUI [B1I3}9€( S|0JIU0D uolyeJBiw |]89 pue UOIIBAIIJE TIBY 0} 94 SHUIT [T\
[v2'9z'8] UOISeAUI [e1I3)9e] JO S)oadse Auew Ul panjoAul Aja1eatiu| SJUBLLE| IS UIJR SYUI|-SSOID unoy
Jaused Buipuig
(s)aouaiaey sisauaboyied Jeiqoaoiw 03 saulaed Buipuiq Jo sduens|ay TdvOOI Yum uonaeasiul Jo (s)uonouny pasodoid TdVOOI PaAIIBP-1SOH

NIH-PA Author Manuscript

sisauafoyred Je1go.oiw 01 JUeAs|al sdaulded Buipulq TdvOOI paAliap-usboyred pue -1so0H

NIH-PA Author Manuscript

T alqel

NIH-PA Author Manuscript

PMC 2012 March 9.

in

available

FEBS Lett. Author manuscript



Page 15

Kim et al.

‘sasayyualed Ul paleslpul si paALIap si uisold yoes yolym wols usboyred ay P&

‘uig)o.d snobojowoy

-utjosdia A Ajiwey dSYM ‘IAVYM z-101dadal 1010e) Yimolh [elay1opus JejnaseA ‘2493 A 1o1dadal ulwinul payedojsuely ‘i sa10ads usbAxo annoeal ‘sQy ‘zq asedijoydsoyd ‘zad ‘ereydsoydsiq

-Gy jonsouljApieydsoyd ‘C4(S'y)sulpid ‘aseury) MdVIA ‘M ‘eseury uigosd pareAnde-usboliw “MdvIA ‘SNIA BILWSY N3] auLInw Asuojow ‘ATTNIA-IA ‘uisioid 1010ayse Buipulg-Tdvyo Ol ‘8q] 101oe) yimoih
91A001eday ‘4OH ‘eseury paye|nbai-re|n||aoelixa Sy {1102 e1yd14ayds3 oluaboyredolsius ‘D343 || aseury uiaioid E%cm%u.c__:_ooE_S\+Nmo IIMINRD ‘9 10108} UoIIR|ASOqU-dAV ‘9HY :SUOIIRIARIGAY

[oz] uolseAul 5343 selowold 03d3 Ag uonewuoy [eisapad unoe serenbay (03d3) 1L
S]199 2131IpUBP pue
[z2] uonouny afeydoidew 1soy sajgesiq safeydosoew Asewrid ur uoiresBiw |13 Jo uonIqIyul |8SS 10} AressadaN (ejjauowes) |1ss
[t2] uoiseAul D343 selowold uonoaul Buunp uonouny aq| 4oy Aressadau aq 0} sieaddy (03d3) aq1
[8¥] uonedljdal |eJIA saj0Wold uonedljdal pue Buijoiyyesl sniIA 1oy A1essadsN (AINN-IN) BeD
s._mctma
Buipuiq TdvoOlI
(s)souauayey sisauaboyred Je1qoaoiw 03 1sulied Buipulq Jo aoueAs|ay TdVOOI Yum uoioeaaiul Jo (s)uonouny pasodoid panltap-uaboyred
Jauyaed Buipuiq
(s)aouaiaey sisauaboyied Je1qoaoiw 03 1aulaed Buipulq Jo adueAs|ay TdVOOI Yum uonaeuaiul Jo (s)uonouny pasodoid TdVOOI PaAlIBap-1SOH

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

FEBS Lett. Author manuscript; available in PMC 2012 March 9.



