crossmark
THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 291, NO. 51, pp. 26364 –26376, December 16, 2016
© 2016 by The American Society for Biochemistry and Molecular Biology, Inc. Published in the U.S.A.

Author’s Choice

IQGAP1 Interaction with RHO Family Proteins Revisited
KINETIC AND EQUILIBRIUM EVIDENCE FOR MULTIPLE DISTINCT BINDING SITES *□
S

Received for publication, August 5, 2016, and in revised form, October 27, 2016 Published, JBC Papers in Press, November 4, 2016, DOI 10.1074/jbc.M116.752121

Kazem Nouri‡, Eyad K. Fansa‡1, Ehsan Amin‡, Radovan Dvorsky‡, Lothar Gremer§¶, Dieter Willbold§¶, Lutz Schmitt储,
David J. Timson**, and Mohammad R. Ahmadian‡2
From the ‡Institute of Biochemistry and Molecular Biology II, Medical Faculty of the Heinrich-Heine University, 40225 Düsseldorf,
Germany, the §Institute of Physical Biology, Heinrich-Heine University, 40225 Düsseldorf, Germany, ¶Forschungszentrum Jülich,
ICS-6, 52428 Jülich, Germany, the 储Institute of Biochemistry, Heinrich-Heine University, 40225 Düsseldorf, Germany, and the
**School of Pharmacy and Biomolecular Sciences, University of Brighton, Huxley Building, Lewes Road, Brighton
BN2 4GJ, United Kingdom
Edited by Alex Toker

* This work was supported in part by the German Research Foundation (Deutsche Forschungsgemeinschaft) through both the Collaborative Research
Center 974 (SFB 974) “Communication and Systems Relevance during Liver
Injury and Regeneration” and the International Research Training Group
1902 (IRTG 1902) “Intra- and interorgan communication of the cardiovascular system,” and by the International Graduate School of Protein Science
and Technology (iGRASP), the Research Committee of the Medical Faculty
of the Heinrich-Heine University Düsseldorf (Grant 9772617), Biotechnology and Biological Sciences Research Council (BBSRC, UK) “Biochemical
analysis of human IQGAP proteins“ Grant BB/D000394/1, and Action Cancer Grant PG2 2005. The authors declare that they have no conflicts of
interest with the contents of this article.
Author’s Choice—Final version free via Creative Commons CC-BY license.
□
S
This article contains supplemental Figs. S1 and S5.
1
Present address: Structural Biology Group, Max Planck Institute of Molecular
Physiology, 44227 Dortmund, Germany.
2
To whom correspondence should be addressed: Institut für Biochemie
und Molekularbiologie II, Medizinische Fakultät der Heinrich-HeineUniversität, Universitätsstr. 1, Gebäude 22.03, 40255 Düsseldorf, Germany. Tel.: 49-211-81-12384; Fax: 49-211-81-12726; E-mail: reza.
ahmadian@uni-duesseldorf.de.

26364 JOURNAL OF BIOLOGICAL CHEMISTRY

act with RHO proteins is based on a multiple-step binding
process, which is a prerequisite for the dynamic functions of
IQGAP1 as a scaffolding protein and a critical mechanism in
temporal regulation and integration of IQGAP1-mediated cellular responses.

The RHO family proteins are critical regulators of many
diverse cellular functions (1). They share two common functional characteristics, potential membrane anchorage, and an
on/off switch cycle (2). RHO protein function is dependent on
the guanine nucleotide binding (G) domain that contains the
principal GDP/GTP binding pocket and presents, depending
on its nucleotide-bound state, various contact sites for regulators and effectors (2). Membrane-associated RHO proteins act,
with some exceptions (3), as molecular switches by cycling
between an inactive GDP-bound state and an active GTPbound state. This cycle underlies two critical intrinsic reactions, the GDP/GTP exchange and GTP hydrolysis (3), and is
controlled by three main classes of regulatory proteins (2), guanine nucleotide dissociation inhibitors (GDIs)3 (4), guanine
nucleotide exchange factors (GEFs) (5), and GTPase activating
proteins (GAPs) (6). The formation of the active, GTP-bound
state of RHO proteins is accompanied by a conformational
change in two regions known as switch I and II (2). These
regions provide a platform for the selective interaction with
structurally and functionally diverse effectors (2, 7, 8), e.g. p21activated kinase 1 (PAK1) (9), Wiskott-Aldrich syndrome proteins (WASP) (10), p67phox, a member of the NADPH oxidase
family (11), and semaphorin receptor Plexin B1 (12, 13) as well
as the IQ motif-containing GTPase activating proteins
(IQGAPs) (14, 15).
IQGAP1 is a ubiquitously expressed scaffold protein involved in a variety of cellular processes, such as cell motility,
cell-cell adhesion, protein trafficking, transcription, neoplasia,
and microbial pathogenesis (14 –17). A prerequisite to achieve
3

The abbreviations used are: GDI, guanine nucleotide dissociation inhibitor;
WASP, Wiskott-Aldrich syndrome protein; IQGAP, IQ motif-containing
GTPase activating protein; GRD, GAP-related domain; RGCT, RASGAP
C-terminal domain; mant (m-), methylanthraniloyl; tamra (t-), tetramethylrhodamine; aa, amino acids; SEC, size exclusion chromatography;
CT, C-terminal.
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IQ motif-containing GTPase activating protein 1 (IQGAP1)
plays a central role in the physical assembly of relevant signaling
networks that are responsible for various cellular processes,
including cell adhesion, polarity, and transmigration. The RHO
family proteins CDC42 and RAC1 have been shown to mainly
interact with the GAP-related domain (GRD) of IQGAP1. However, the role of its RASGAP C-terminal (RGCT) and C-terminal
domains in the interactions with RHO proteins has remained
obscure. Here, we demonstrate that IQGAP1 interactions with
RHO proteins underlie a multiple-step binding mechanism: (i) a
high affinity, GTP-dependent binding of RGCT to the switch
regions of CDC42 or RAC1 and (ii) a very low affinity binding of
GRD and a C terminus adjacent to the switch regions. These
data were confirmed by phosphomimetic mutation of serine
1443 to glutamate within RGCT, which led to a significant
reduction of IQGAP1 affinity for CDC42 and RAC1, clearly disclosing the critical role of RGCT for these interactions. Unlike
CDC42, an extremely low affinity was determined for the RAC1GRD interaction, suggesting that the molecular nature of
IQGAP1 interaction with CDC42 partially differs from that of
RAC1. Our study provides new insights into the interaction
characteristics of IQGAP1 with RHO family proteins and highlights the complementary importance of kinetic and equilibrium analyses. We propose that the ability of IQGAP1 to inter-
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these functions is association of a multitude of signaling molecules, e.g. calmodulin, kinases, and GTPases such as CDC42 and
RAC1 (18 –21). Distinct domains of IQGAP1, include an N-terminal calponin homology domain (CHD), a coiled-coil repeat
region (CC), a tryptophan-containing proline-rich motif-binding region (WW), four isoleucine/glutamine-containing motifs
(IQ), a RAS GAP-related domain (GRD), a RASGAP C-terminal domain (RGCT), and an extreme C-terminal domain (CT)
(Fig. 1).
Work from several laboratories has shown that the C-terminal half of IQGAP1, encompassing GRD, RGCT, and CT, binds
preferentially to the active, GTP-bound form of CDC42 (22–
25) (see also Table 1). IQGAP1 GRD, which is structurally a
RASGAP homologue but functionally an inactive RASGAP
(26), has very recently been demonstrated to undergo interaction with CDC42 although with a substantially lower affinity
than the larger protein fragment, containing GRD, RGCT, and
CT (25, 26). These works together with homology modeling
using RHOA-RHOGAP (27), CDC42-RHOGAP (28), and
HRAS-RASGAP (29) complex structures provided structural
models of IQGAP1 GRD that contacts the switch regions of
active CDC42 (25, 26, 30). Remarkably, this model has been
very recently confirmed by a dimeric GRD structure in complex
with four molecules of the constitutive active CDC42Q61L variant (31). Interestingly, RGCT contains two serines, 1441 and
1443, that have been shown to be phosphorylation sites by protein kinase C⑀ (PKC⑀) (32). Phosphomimetic mutations at these
sites have been shown to significantly impair IQGAP1 interaction with CDC42 (24). This strongly indicates that regions or
domains adjacent to the GRD are also critical for the interaction
with the RHO family proteins.
To shed more light on a structure-function relationship
of IQGAP1 interaction with CDC42 and RAC1, we purified
different IQGAP1 variants (Fig. 1 and Table 1) and comprehensively investigated these interactions using both a timeresolved fluorescence stopped-flow spectrometry and fluorescence polarization under equilibrium condition using two
DECEMBER 16, 2016 • VOLUME 291 • NUMBER 51

different fluorescent reporters. The data provide unprecedented and novel mechanistic insights into the binding mode of
IQGAP1 to RHO proteins and suggest a central role of the
RGCT for IQGAP1 binding to the CDC42 and RAC1.

Results
Kinetics of the IQGAP1 Interaction with CDC42 and RAC1—
Previous work has established that RHO proteins in complex
with methylanthraniloyl (mant or m)-conjugated GppNHp
(mGppNHp), a fluorescent and non-hydrolysable GTP analog
(Fig. 2A), shows a change in fluorescence upon association with
their downstream effectors using stopped-flow fluorometry
(10). This signal can be used to monitor the kinetics of the
effector interactions with RHO proteins. Thus, using stoppedflow fluorometry (Fig. 2B), we examined whether such a signal
can be generated upon the interaction of IQGAP1 with RHO
proteins (see “Experimental Procedures”). We observed a rapid
change in fluorescence after mixing the GRD1-CT (comprising
the C-terminal half of IQGAP1; Fig. 1) with mGppNHp-bound
RAC1 (Fig. 2C) or CDC42 (Fig. 2D), which is directly related to
the association reaction (see below). There was no change in
fluorescence when RHOA-mGppNHp was mixed with
GRD1-CT (Fig. 2C), clearly showing that RHOA, in contrast to
CDC42 and RAC1, does not associate directly with IQGAP1
under these experimental conditions.
Interestingly, GRD1-CT binding to RAC1-mGppNHp resulted in an increase in fluorescence (Fig. 2C), whereas association with CDC42-mGppNHp led to a fluorescence decay (Fig.
2D). This indicates that CDC42 and RAC1, despite their high
sequence identity (71%), obviously differ in regard to their binding modes with IQGAP1. Consistent with our results Owen et
al. (25) have studied GRD1-CT interaction with a large panel of
CDC42 and RAC1 variants and have suggested that CDC42 and
RAC1 appear to have partially overlapping binding sites for
IQGAP1 and may use different structural determinants to
achieve high affinity binding. To examine this issue we performed competition experiments by mixing GRD1-CT with
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FIGURE 1. Schematic representation of domain organization, various constructs, and proteins of IQGAP1. Shown is IQGAP1 domain organization along
with the PKC⑀ phosphorylation sites Ser-1441 and Ser-1443, constructs, and proteins relevant to this study. Coomassie Brilliant Blue (CBB)-stained SDS-PAGE
(12.5%) of purified IQGAP1 proteins used in this study is shown. CHD, calponin homology domain; CC, coiled-coil repeat region; WW, tryptophan-containing
proline-rich motif-binding region; IQ, four isoleucine/glutamine-containing motifs.
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fluorescent RAC1-mGppNHp and an excess of non-fluorescent CDC42-GppNHp under otherwise the same conditions as
above. Fig. 2E shows that the presence of CDC42-GppNHp
completely blocked GRD1-CT association with RAC1-mGppNHp. A reverse experiment, mixing GRD1-CT with fluorescent CDC42-mGppNHp and an excess of non-fluorescent
RAC1-GppNHp, led to the same results (Fig. 2F). These data
indicated that CDC42 and RAC1, despite obvious differences,
share an overlapping binding region for GRD1-CT.
Control experiments using mGDP-bound, inactive CDC42
and RAC1 proteins showed no change in fluorescence when
they were mixed with GRD1-CT (Fig. 2, C and D). This result
supports previous observations (30, 33, 34) and indicates that
IQGAP1 primarily recognizes the switch regions of CDC42 and
RAC1 by preferentially binding to their GTP-bound, active
state. To investigate the IQGAP1-RHO protein interaction
characteristics in more details, we purified two different GRD
fragments designated as GRD1 and GRD2 (Fig. 1) and analyzed
their association with mGppNHp-bound RAC1 or CDC42. In
contrast to the GRD1-CT, none of these fragments remarkably
show any change in the fluorescence signal (Fig. 2, C and D),
even the highest actual concentration used for GRD1 and
GRD2 (data not shown). One possible reason may be the smallsized “mant” as fluorescence reporter group (Fig. 2A). To examine this, we repeated the experiments under the same conditions by using tetramethylrhodamine (also called “tamra”), a
different and much larger fluorescent reporter conjugated with
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GppNHp (tGppNHp; supplemental Fig. S2A). Data obtained
with CDC42-tGppNHp clearly showed no GRD2 association
signal (supplemental Fig. S2B). This result was unexpected
because GRD is generally accepted as the RAC1 and CDC42
binding domain of IQGAP1 (24 –26, 30). Our data suggest that
GRD either does not directly interact with CDC42 and RAC1 or
it associates outside the switch regions in a distant site from the
fluorescent mant and tamra moieties of the nucleotide, thereby
generating no change in the fluorescence signal.
IQGAP1 Possesses at Least Two CDC42 Binding Domains—
The next question addressed was whether IQGAP1 GRD can
physically associate with parts of CDC42 and RAC1 other than
their switch regions. We applied fluorescence polarization, a
different approach to determine the binding affinity of the two
proteins at equilibrium (Fig. 3A), and measured the dissociation
constant (Kd) of their interaction (35). Fig. 3, B and C, show that
titration of mGppNHp-bound CDC42 and RAC1 with increasing amounts of not only GRD1-CT but, remarkably, also GRD2
led to an increase of polarization. These IQGAP1 domains,
however, did not exhibit any association with RHOA-mGppNHp (Fig. 3, B and C). Kd values obtained from these measurements showed that GRD1-CT is a high affinity binder as compared with GRD2, which shows 9- and 15-fold lower affinity for
mGppNHp-bound CDC42 and RAC1, respectively (Fig. 3C;
Table 1).
The explanation for our observations regarding interaction
of GRD with the active form of RAC1 is simple; in direct mode,
VOLUME 291 • NUMBER 51 • DECEMBER 16, 2016
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FIGURE 2. GRD1-CT but not GRD selectively associates only with mGppNHp-bound, active RAC1 and CDC42. A, chemical structure of mGppNHp, a
fluorescently labeled, non-hydrolyzable GTP analog, used in this study. B, the stopped-flow device. The stopped-flow device consists of two motorized,
thermostated syringes, a mixing chamber, and a fluorescence detector. Two different protein solutions indicated in brackets were rapidly mixed and transferred to a fluorescence detection cell within ⬍4 ms. mGppNHp- or mGDP-bound RHO proteins were used in this study as the fluorescent reporter groups. C
and D, association of GRD1-CT with active, mGppNHp-bound CDC42 and RAC1. Kinetics of association were followed by rapidly mixing 2 M GRD1-CT, GRD1,
or GRD2 with 0.2 M mGppNHp- or mGDP-bound RAC1 (C) or CDC42 (D). The obtained data are the average of four to six independent measurements. The kobs
values obtained for the association of GRD1-CT with mGppNHp-bound CDC42 and RAC1 were 1.68 and 1.80 s⫺1, respectively. No change in fluorescence was
observed for GRD1-CT- and mGDP-bound RAC1 or CDC42 (black), GRD1 or GRD2 with mGppNHp-bound RAC1 or CDC42 (red), and GRD1-CT with RHOAmGppNHp (blue). E and F, overlapping binding sites of CDC42 and RAC1 for GRD1-CT. Association of RAC1-mGppNHp (0.2 M) with GRD1-CT (2 M) was
blocked in the presence of excess amount of non-fluorescent CDC42-GppNHp (10 M) (E). Association of CDC42-mGppNHp (0.2 M) with GRD1-CT (2 M) was
blocked in the presence of excess amount of non-fluorescent RAC1-GppNHp (10 M) (F).
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only a change in fluorescence can be observed when the associating protein (e.g. GRD1-CT) binds in close vicinity of the
fluorophore (mant moiety of the bound mGppNHp or tamra
moiety of the bound tGppNHp) on the surface of CDC42 and
RAC1 (Figs. 2 and supplemental Fig. S2). This surface area of
RHO proteins covers the switch regions that change their conformation upon a GDP/GTP exchange (2). This is of fundamental importance because effectors (such as IQGAP1) first bind to
the switch regions, which represent the recognition sites. Binding of other additional effector domains determines the specificity of the interaction, which is ultimately required for effector
activation (2, 10, 36). So far our data suggest that the binding of
the GRD domain to RHO proteins seems to happen outside the
switch regions and, thus, would be expected to be independent
of the nucleotide status of the RHO protein. To prove this idea,
we repeated the measurements by using mGDP-bound, inactive RHO proteins. Both GRD1-CT and GRD2 were able to
interact with mGDP-bound CDC42, although with very low
affinities but, surprisingly, not with RAC1 (Fig. 3, D and E;
Table 1); the latter was also the case for RHOA. This strongly
suggests that the molecular nature of IQGAP1 interaction with
CDC42 partially differs from that with RAC1, particularly with
regard to the role of GRD. We propose that IQGAP1 harbors at
least two distinct binding domains. RGCT contributes to a
high affinity binding to the switch regions of the GTPbound, active CDC42 and RAC1. GRD more selectively recognizes active forms of CDC42 and RAC1 but also binds to
other regions outside of the switch regions of CDC42, obviously in a nucleotide-independent manner.
DECEMBER 16, 2016 • VOLUME 291 • NUMBER 51

RGCT Is Primarily Critical for the IQGAP1 Association with
CDC42 and RAC1—To further prove the critical role of the
C-terminal domains of IQGAP1 beyond GRD, we generated
various deletion and point mutations of IQGAP1 (Fig. 1). We
measured the effect of the last 99 amino acids of IQGAP1 on
CDC42 and RAC1 binding by using purified CT and GRD1RGCT (IQGAP1877–1558), which lacks this region (Fig. 1). In
contrast to GRD1-RGCT, isolated CT itself did not show, similarly to GRD1 and GRD2, any change in fluorescence upon
mixing it with CDC42 and RAC1, respectively (Figs. 2, C and D,
and 4A). For comparison, the kobs values were obtained by fitting all the data as single exponentials and are plotted as bar
charts, which illustrates that interaction of GRD1-RGCT with
CDC42 and RAC1 has different kobs compare with GRD1-CT
(Fig. 4B). These data emphasize the essential role of RGCT for
direct association of IQGAP1 with the switch regions of CDC42
and RAC1. We were able to purify RGCT (aa 1276 –1575) and
also GST-fused RGCT-CT (aa 1276 –1657) (Fig. 1). Both proteins, however, tend to strongly oligomerize and elute in void
volume (supplemental Fig. S1B) such that we were unable to
test binding to CDC42 and RAC1 (data not shown).
Interestingly, RGCT contains two PKC⑀ phosphorylation
sites (Ser-1441 and Ser-1443; Fig. 1) (24, 32), which differently
affect GRD1-RGCT association with RAC1-mGppNHp upon
their phosphomimetic mutations. To investigate the effect of
IQGAP1 phosphorylation on the interaction with RAC1 and
CDC42 in more detail, we generated and purified phosphomimetic mutants of the GRD1-RGCTWT domain (GRD1RGCTS1441E and GRD1-RGCTS1443E).
JOURNAL OF BIOLOGICAL CHEMISTRY
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FIGURE 3. IQGAP1 GRD binds CDC42 but not RAC1 in a nucleotide-independent manner. A, fluorescence polarization assay. Fluorescence polarization
signal of a fast tumbling fluorescent molecule, e.g. RAC1-mGppNHp in its unbound state, increased if a larger protein, e.g. IQGAP1, bound to it and formed a
slow tumbling complex. B, fluorescence polarization experiments were conducted by titrating mGppNHp-bound, active forms of CDC42, RAC1, and RHOA (1
M, respectively) with increasing concentrations of GRD1-CT (0 –20 M) or GRD2 (0 –120 M), respectively. C, evaluated dissociation constant (Kd) shown as bars
illustrates a significant difference in the binding properties of these two IQGAP1 proteins measured in B. D, fluorescence polarization experiments were
conducted under the same conditions as in B using mGDP-bound, inactive forms of CDC42, RAC1, and RHOA. E, calculated Kd values shown as bars clearly
indicated interaction of GRD1-CT and GRD2 with CDC42-mGDP but not with RAC1 and RHOA. Data are expressed as the mean ⫾ S.D. All experiments were
performed in duplicate.
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TABLE 1
Data summary for the interaction of RHO proteins with IQGAP1
variants
The binding affinity of the IQGAP1 proteins for various RHO proteins has been
analyzed in different ways including the following: SFF, stopped-flow fluorometry;
FA, fluorescence assay; FP, fluorescence polarization; ITC, isothermal titration calorimetry; PRA, phosphate-release assay; SPA, scintillation proximity assay; SPR,
surface plasmon resonance. n.s.o., no (fluorescence) signal observed; n.b.o., no binding observed.
IQGAP1 proteins

Kda

Reference

GRD1/RAC1-mGppNHp
GRD1/CDC42-mGppNHp
GRD2/RAC1-mGppNHp
GRD2/CDC42-mGppNHp
GRD2/CDC42-tGppNHp
GRD2/CDC42Q61L-tGppNHp
GRD1-CT/RAC1-mGppNHp
GRD1-CT/RAC1-mGDP
GRD1-CT/CDC42-mGppNHp
GRD1-CT/CDC42-tGppNHp
GRD1-CT/CDC42Q61L-tGppNHp
GRD1-CT/CDC42-mGDP
GRD1-CT/RHOA-mGppNHp
GRD1-RGCTWT/RAC1-mGppNHp
GRD1-RGCTWT/CDC42-mGppNHp
GRD1-RGCTWT/CDC42-tGppNHp
GRD1-RGCTS1441E/RAC1-mGppNHp
GRD1-RGCTS1441E/CDC42-mGppNHp
GRD1-RGCTS1443E/RAC1-mGppNHp
GRD1-RGCTS1443E/CDC42-mGppNHp
GRD1-RGCTS1443E/CDC42-tGppNHp
CT/RAC1-mGppNHp
CT/CDC42-mGppNHp
GRD1-RGCT/CDC42-GDP
GRD1-RGCTS1443D/CDC42-GDP
GRD1-RGCTS1441E/CDC42-GDP

n.s.o.
n.s.o.
n.s.o.
n.s.o.
n.s.o.
n.s.o.
0.94
n.s.o.
0.30
0.38
0.05
n.s.o.
n.s.o.
2.81
2.72
1.45
3.21
2.05
6.26
7.03
4.19
n.s.o.
n.s.o.
1.30
0.81
220.0

SFF
SFF
SFF
SFF
SFF
SFF
SFF
SFF
SFF
SFF
SFF
SFF
SFF
SFF
SFF
SFF
SFF
SFF
SFF
SFF
SFF
SFF
SFF
SPR
SPR
SPR

This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
(24)
(24)
(24)

IQGAP1 proteins

eKdb

Method

Reference

81.50
n.b.o
185
30.20
2.37
1.13
n.b.o.
5.53
95.10
3.40
0.83
0.52
n.b.o.
4.60
6.70
26.70
4.60
3.60
16.30
0.028
0.018
n.b.o.
0.024
0.14
1.30
0.1
n.b.o.

FP
FP
FP
FP
FP
FP
FP
FP
FP
FP
FP
FP
FP
FP
FP
FP
FP
FP
FP
FA
SPA
SPA
SPA
SPA
ITC
ITC
ITC

This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
(47)
(25)
(25)
(25)
(25)
(26)
(31)
(26)

Kic

Method

Reference

PRA
PRA
PRA

(76)
(23)
(23)

M

GRD2/RAC1-mGppNHp
GRD2/RAC1-mGDP
GRD2/CDC42-mGDP
GRD2/CDC42-mGppNHp
GRD2/CDC42Q61L-mGppNHp
GRD2/CDC42Q61L-tGppNHp
GRD2/RHOA-mGppNHp
GRD1-CT/RAC1-mGppNHp
GRD1-CT/CDC42-mGDP
GRD1-CT/CDC42-mGppNHp
GRD1-CT/CDC42Q61L-mGppNHp
GRD1-CT/CDC42Q61L-tGppNHp
GRD1-CT/RHOA-mGppNHp
GRD1-RGCTWT/RAC1-mGppNHp
GRD1-RGCTS1441E/RAC1-mGppNHp
GRD1-RGCTS1443E/RAC1-mGppNHp
GRD1-RGCTWT/CDC42-mGppNHp
GRD1-RGCTS1441E/CDC42-mGppNHp
GRD1-RGCTS1443E/CDC42-mGppNHp
GRD1-CT/CDC42-mdGTP
GRD1-CT/RAC1Q61L-[3H]GTP
GRD2c/RAC1Q61L-[3H]GTP
GRD1-CT/CDC42Q61L-[3H]GTP
GRD2c/CDC42Q61L-[3H]GTP
GRD2/CDC42Q61L-GTP
GRD2/CDC42Q61L
GRD2/CDC42-GDP
IQGAP1 proteins
GRD1-CT/CDC42Q61L-GTP
GRD1-CT/CDC42-GTP
GRD1-CT/RAC1-GTP

M

0.082
0.39
2.13

a

Kinetic conditions provide individual association and dissociation rate constants
(kon and koff) and determine the dissociation constants (Kd).
Equilibrium conditions determine the equilibrium dissociation constants (eKd).
c
Encompasses amino acids 950 –1407.
d
Competitive reaction conditions; for example, inhibition of the intrinsic GTP
hydrolysis reaction of the RHO proteins, which determines the equilibrium inhibition constant (Ki).
b
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Method

M

In contrast to GRD1-RGCTWT and GRD1-RGCTS1441E, with
Ser-1441 substituted by Glu, GRD1-RGCTS1443E with Ser-1443
substituted by Glu impaired the observed association of GRD1RGCT with active CDC42 and RAC1 (Fig. 4, A and B). Determination of the Kd values for the RAC1 and CDC42 binding
GRD1-RGCT variants using fluorescence polarization showed
that GRD1-RGCT and GRD1-RGCTS1441E exhibited binding
affinities for RAC1 and CDC42 in a similar range, which significantly differs from GRD1-RGCTS1443E (Fig. 4, C–E; Table 1).
These data suggest that RGCT is a critical domain in IQGAP1
that is primarily responsible for the recognition of switch
regions and association with the GTP-bound CDC42 and
RAC1. In addition, Ser-1443 phosphorylation appears to serve
as a regulatory switch for these interactions. Our data are in line
with the study of Elliott et al. (24) and support the previous
study by Li et al. (32), which highlighted the importance of this
phosphorylation event in IQGAP1-mediated cellular signaling.
To prove that these IQGAP1 variants, including GRD1RGCTS1443E, are structurally intact, we conducted circular
dichroism (CD) and analytical size exclusion chromatography
(SEC) analyses, respectively (supplemental Fig. S1). The CD
measurements demonstrate that all IQGAP1 variants used in
this study were well structured and did not reveal any significant differences in the secondary structure between them. In
addition, SEC data revealed that the IQGAP1 variants are properly folded and exist as dimeric proteins as seen for GRD1RGCT and GRD2 (supplemental Fig. S1). The latter is in agreement with the dimeric GRD structure in complex with
CDC42Q61L (31).
Modulatory Effects of CT on IQGAP1 Interaction with CDC42
and RAC1—To understand the IQGAP1 interaction with
CDC42 and RAC1 in more details, kinetic measurements were
performed. This allowed us to obtain individual rate constants
kon and koff for the rate of association and dissociation, respectively, as well as the dissociation constant (Kd) calculated from
the ratio of koff/kon. To calculate the kon value, association of
mGppNHp-bound RAC1 and CDC42 with increasing concentrations of GRD1-CT was measured, leading to changes in fluorescence curves characterized by individual kobs values (Fig. 5, A
and B, left panels). Obtained kobs values were fitted in a linear
fashion as a function of GRD1-CT concentrations, and the
slope of the fitted line provided the kon (Fig. 5, A and B, middle
panels). Displacement of GRD1-CT from fluorescently labeled
RAC1 and CDC42 was measured by mixing the RAC1/CDC42mGppNHp-GRD1-CT complex with an excess amount of nonfluorescent RAC1/CDC42-GppNHp. Fig. 5, A and B, right panels, shows a mono-exponential fluorescence decay for RAC1
and increase for CDC42 yielding the koff value for RAC1 and
CDC42, respectively. From the ratio of koff/kon, we calculated
the dissociation constant (Kd) of 0.94 and 0.30 M for RAC1 and
CDC42, respectively, which is comparable with the values
obtained by fluorescence polarization in this study and other
methods in other laboratories (Table 1; Fig. 5C) (23, 25, 26). To
further confirm our obtained results with mGppNHp, CDC42
was loaded with larger fluorescent nucleotide tGppNHp (supplemental Fig. S2 A and Fig. 2A). Kinetic data obtained for the
interaction of CDC42-tGppNHp with GRD1-CT, GRD1RGCT, and GRD1-RGCTS1443E were very similar to the data
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described above for CDC42-mGppNHp (supplemental Fig. S2
and Fig. 5A).
CDC42 as compared with RAC1 exhibited a faster kon, a
slower koff, and therefore, a 3-fold higher binding affinity for
GRD1-CT (Fig. 5, B and C). GRD1-RGCT, lacking the C-terminal CT domain, strikingly revealed a 4 – 6-fold faster koff in
comparison to GRD1-CT, whereas the kon values remained
largely the same (Figs. 5C, supplemental Figs. S3 and S4). Thus,
C-terminal truncation of IQGAP1 reduced its overall affinity
for CDC42 and RAC1, indicating that CT either acts directly as
an additional CDC42 and RAC1 binding domain or may indirectly stabilize RGCT and/or GRD binding to CDC42 and
RAC1.
To examine a direct interaction of IQGAP1 CT, encompassing the C-terminal 99 amino acids (Fig. 1), we used the RHO
proteins and isolated the CT domain as a GST fusion protein
and measured their interaction using fluorescence polarization.
The data revealed that CTs have a binding capacity of its own
for CDC42, RAC1, and RHOA that is rather very low (supplemental Fig. S5). In addition to RGCT and GRD, CT may play, as
a very low affinity binder, a direct role in the CDC42 and RAC1
interaction. CT also seems to bind RHOA, which probably means
that its binding region on the surface of these prominent members
of the RHO family must be conserved (see “Discussion”).
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From the two reported phosphorylation sites (32), Ser-1443
turned out to be critical for the IQGAP1 interaction with
CDC42 and RAC1 but not Ser-1441 (Fig. 4). Kinetic data shown
in Fig. 5C, supplemental Figs. S3 and S4 clearly revealed that
Ser-1443 substitution for Glu more strongly affected the
GRD1-RGCT association with CDC42 and also RAC1 as compared with the dissociation reaction. The rate constants
obtained for GRD1-RGCTS1441E were as the wild-type (WT)
(Fig. 5C). Thus, we propose that RGCT is critical for IQGAP1
association with CDC42 and RAC1, which is modulated by Ser1443 phosphorylation, whereas GRD and probably CT may
control the resident time and the off-rate of the protein
complex.
Q61L Mutation Generates a Very High Affinity of CDC42 for
IQGAP1—Two different laboratories reported a high affinity
for the interaction of GRD with CDC42 (25, 31), which clearly
contrasts with our data on very low affinity binding (Fig. 3;
Table 1). An obvious reason for this discrepancy is that Owen et
al. (25) and LeCour et al. (31) use a constitutive active variant of
CDC42, CDC42Q61L, and we used CDC42WT. Contrary to these
groups, we did not observe any significant interaction of RAC1
with GRD, and the Kd values we obtained for CDC42 were up to
300-fold lower (Table 1). To evaluate this discrepancy, we generated and purified CDC42Q61L and measured its interaction
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FIGURE 4. IQGAP1 variants significantly differ in their interaction properties with CDC42 and RAC1. A and B, association of different GRD1-RGCT variants
and CT (2 M, respectively) with mGppNHp-RAC1/CDC42 (0.2 M) was measured. A, association of GRD1-RGCTWT (black), GRD1-RGCTS1441E (green), and
GRD1-RGCTS1443E (red), but not with CT (blue), with RAC1-mGppNHp. B, the kobs values, shown as bars, comparatively illustrate association rates of GRD1-CT,
GRD1-RGCTWT, and GRD1-RGCTS1441E with mGppNHp-bound forms of CDC42 and RAC1, which is significantly reduced in the case of GRD1-RGCTS1443E and
completely absent in the case of GRD1, GRD2, and CT under these experimental conditions. C–E, fluorescence polarization experiments were conducted to
measure the interaction of mGppNHp-bound forms of RAC1 (C) and CDC42 (D) with increasing concentrations of GRD1-RGCT variants (WT, S1441E, and S1443E;
0 –36 M, respectively). E, calculated Kd values, shown as bars, reveal a significant decrease in the binding affinities of GRD1-RGCTS1443E as compared with
GRD1-RGCTWT and GRD1-RGCTS1441E. Data are expressed as the mean ⫾ S.D. All kobs measurements were performed in triplicate, and fluorescence polarization
experiments were conducted in duplicate.
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FIGURE 5. Phosphomimetic mutation of RGCT and deletion of CT affect the IQGAP1 association with CDC42 and RAC1. A and B, individual rate constants
for the GRD1-CT interaction with RAC1 and CDC42 are represented in A and B. Left panel, association of mGppNHp-bound RAC1 or CDC42 (0.2 M, respectively)
with increasing concentrations of GRD1-CT (2 to 12 M). Middle panel, evaluated association rate constant (kon) from the plot of the kobs values, obtained from
the exponential fits to the association data in the left panel against the corresponding concentrations of the GRD1-CT. Right panel, evaluated dissociation rate
constant (koff) measured by the displacement of the GRD1-CT (2 M) from its complex with mGppNHp-bound RAC1 or CDC42 (0.2 M, respectively) in the
presence of excess amounts of non-fluorescent RAC1-GppNHp (10 M). Other kinetics are given in supplemental Figs. S1 and S2. C, calculated individual rate
constants for the interaction of the IQGAP1 variants with RAC1 and CDC42, respectively, plotted as bar charts. Dissociation constants (Kd) were obtained from
the ratio koff/kon. Data are expressed as the mean ⫾ S.D. All kobs measurements experiments were accomplished in triplicate.

with GRD1-CT and GRD2 using both stopped-flow and fluorescence polarization. Similar to CDC42WT, no association was
observed for GRD2 and CDC42Q61L (data not shown), but
kinetic measurements revealed a 7-fold stronger interaction of
GRD1-CT with CDC42Q61L with a Kd of 50 nM (Fig. 6, A and B;
Table 1). Equilibrium measurement using fluorescence polarization exhibited a much stronger interaction of GRD1-CT and
GRD2 with CDC42Q61L as compared with CDC42WT (Fig. 6,
C–F; Table 1). Our analyses clearly demonstrate that substitution of Gln-61 by Leu engaged binding of effector domains. An
analysis of the GRD-CDC42Q61L structure (31) showed that
Leu-61 is indeed in direct contact with GRD in all four interacting interfaces (data not shown). Collectively, we recapitulate
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that CDC42Q61L is not a perfect analog of CDC42WT-GTP
especially in the study of the downstream effectors.

Discussion
Association of downstream effectors with their specific small
GTPases has been generally accepted to release them from an
autoinhibited state, resulting in their activation. The switch
regions of small GTPases have been previously proposed as the
first binding site for the downstream effectors. When this first
contact is achieved, then additional contacts outside the switch
regions are required to achieve effector activation (2). The
molecular mechanism of this process, which is critical for signal
transduction, is unclear for most effectors, especially for scafVOLUME 291 • NUMBER 51 • DECEMBER 16, 2016
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folding proteins. A straight-forward example is WASP, which is
able to activate the actin-related proteins ARP2/3 if its C-terminal ARP2/3-binding domains are unmasked upon association with CDC42 (10). This process controls assembly of actin
filaments (37). In contrast, IQGAP1 is a multifaceted protein
that employs different domains in an assembly of multitude
protein complexes, coordinating different processes in a variety
of cell types (14 –17).
A key role has been previously assigned to the IQGAP1 GRD
association with the switch regions of CDC42 and RAC1 (25,
26), and this has been generally accepted as an interaction
model for these proteins, albeit with suggestions that critical
determinants for RAC1 binding to IQGAP1 lie outside this
region (25). Very recently, the crystal structure of GRDCDC42Q61L complex has been published (31). It consists of four
CDC42Q61L molecules binding to a dimeric GRD. An inspection of this structure revealed that all four contact sites engage
the switch regions of CDC42Q61L (data not shown). However,
our kinetic and equilibrium measurements conducted with various deletion and point mutations of IQGAP1, and the use of
two different fluorescence reporter groups clearly exclude a
central role for GRD in the recognition of RHO proteins via
their switch regions. Thus, we propose a binding of GRD adjacent to or outside the switch regions of CDC42. Instead, a
region next to GRD appeared as the central domain for the
association of IQGAP1 with the switch regions of both CDC42
and RAC1. Mimetic mutations of the PKC⑀ phosphorylation
site Ser-1443 in this domain significantly affected IQGAP1
association with CDC42 and RAC1. In contrast to CDC42 and
RAC1 and unlike previous cell-based studies (38, 39) but very
DECEMBER 16, 2016 • VOLUME 291 • NUMBER 51

much in line with early studies (33, 40 – 45), no physical interaction of neither GRD2 or GRD1-CT was observed with RHOA
using both kinetic and equilibrium measurements (Figs. 2C and
3, B and C). This clearly indicates that the observed IQGAP1
association with RHOA is indirectly mediated by other proteins
in co-immunoprecipitates. Interaction of GRD1-CT with
CDC42 and RAC1 is strong and GTP-dependent. GRD made a
considerable contribution to an overall binding affinity of
IQGAP1 to CDC42 and RAC1, although its role in these interactions turned out to be rather different (Fig. 3). GRD underwent a very weak interaction with mGDP-bound, inactive
CDC42 but not with RAC1-mGDP. This rather suggests that
GRD binds to a surface outside the switch regions of CDC42,
which is obviously not conserved in RAC1. Furthermore, our
data also demonstrate that the extreme C-terminal region of
IQGAP1, CT (99 aa), may also bind, although with a very low
affinity, to a common site of CDC42 and RAC1 that is also
shared by RHOA (supplemental Fig. S5).
Previous studies by other groups have shown that shorter
IQGAP1 fragments, encompassing the GRD domain, are
responsible for the CDC42 and RAC1 interactions. Zhang and
coworkers showed that an activated form of CDC42 is able to
bind IQGAP1 GRD1-CT (aa 864 –1657) (76). One year later the
same group reported that not only CDC42 but also RAC1,
although with lower affinity, could interact to GRD1-CT (23).
Afterward, Nomanbhoy and Cerione (47) have shown that
GRD1-CT interacts tightly with CDC42-mGTP using a fluorescence assay. Owen et al. (25) have also reported that a GRD
protein (aa 950 –1407) was able to tightly bind CDC42Q61L with
a Kd value of 140 nM but failed to bind RAC1(Q61L) using a
JOURNAL OF BIOLOGICAL CHEMISTRY
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FIGURE 6. Q61L mutation greatly increased CDC42 affinity for IQGAP1. A, individual rate constants for the GRD1-CT interaction with CDC42Q61L. Association
of tGppNHp-bound CDC42Q61L (0.2 M) with increasing concentrations of GRD1-CT (2 to 10 M) is shown in the left panel. The middle panel shows evaluated
association rate constant (kon), and the right panel shows the evaluated dissociation rate constant (koff) measured by the displacement of the GRD1-CT (2 M)
from its complex with tGppNHp-bound CDC42 (0.2 M) in the presence of excess amounts of non-fluorescent CDC42Q61L-GppNHp (10 M). B, calculated
individual rate constants for the interaction of the GRD1-CT with CDC42Q61L, plotted as bar charts. A dissociation constant (Kd) of 0.05 M was obtained from the
ratio koff/kon. C–F, fluorescence polarization were performed by titrating CDC42Q61L-tGppNHp (1 M) with increasing concentrations of GRD1-CT (0 –2.5 M) (C)
and GRD2 (0 –7.5 M) (D) or CDC42Q61L-mGppNHp with increasing concentrations of GRD1-CT (0 –3 M) (E) and GRD2 (0 –7.5 M) (F).
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RAC1 as compared with GRD1-CT. This clearly indicates an
involvement of the very C-terminal 99 amino acids (CT) in the
overall binding affinity of GRD1-CT for CDC42 and RAC1 (Fig.
5C). Our fluorescence polarization measurements showed that
isolated CT has the tendency to associate with CDC42, RAC1,
and also RHOA although with low affinity (supplemental Fig. S5).
A Multiple-step Binding Mechanism—Kinetic and equilibrium measurements conducted in this study challenge the paradigm that the ability of IQGAP1 to interact with RAC/CDC42
proteins is mainly attributed to its GRD. We propose that
GRD1-CT, the C-terminal 795 amino acids of IQGAP1,
encompasses at least 3 distinct domains that may differently
interact with CDC42 and RAC1 at different contact sites in a
multistep manner. The switch regions of the RHO family proteins are the first binding site for the downstream effectors.
Once it is occupied, additional contacts outside the switch
regions are required to guarantee effector activation (2, 10).
Accordingly, RGCT appears as a central domain that rapidly
associates with the switch regions of GTP-bound CDC42 and
RAC1 but not RHOA. CT may additionally bind to a different
site conserved in RAC1 and CDC42 and extend the residence
time of the respective complexes. A possible interaction of CT
with RHOA seems to be physiologically irrelevant simply
because RGCT and GRD do not recognize RHOA, at least not
under experimental conditions in this study. These interactions
may induce a local conformational change enabling GRD to
bind selectively to GTP-bound CDC42 and RAC1 but not
RHOA. Such sequential but differential association of IQGAP1
with CDC42 versus RAC1 can be envisaged as conformational
changes within IQGAP1, enabling a set of interactions at structurally accessible and available regions with its downstream targets depending on the upstream signals and the cell fate. The
fact that GDP-bound CDC42, but not RAC1, is able to interact
with GRD suggests that GRD may undergo a low affinity complex with GDP-bound, inactive CDC42 proteins outside or
adjacent to its switch regions in a way that is independent of the
upstream signals, providing GRD is structurally accessible and
available for interactions. This may also be a model for the
IQGAP1-mediated scaffolding of the CDC42-GTP-WASP
complex regulating actin assembly, extension of lamellipodia,
and promotion of dendritic spine head formation (15, 49, 50).
Concluding Remarks—Protein-protein interaction studies on
the active, GTP-bound form of CDC42 and RAC1 has identified
IQGAP1 as a downstream effector (22–26, 30, 34, 51–54).
Accumulating evidence supports diverse roles for the IQGAP1
interaction with CDC42 and RAC1 in vertebrates, which has
significance for a variety of biological functions. However, the
nature of such protein-protein recognition processes has
remained obscure. Initially it was thought that modulation of
the cytoskeletal architecture is the primary function of the
interaction of IQGAP1 with RHO proteins, but it is now clear
that it has many critical physiological roles beyond the cytoskeleton. However, the consequences of different interactions of
IQGAP1 with CDC42 versus RAC1 remained to be addressed.
Lack of GRD interaction with RAC1 may be compensated by
calmodulin as an accessory protein, which has been reported as
binding partner of RAC1 and IQGAP1 (55–57). The ability of
GRD in binding outside the switch regions of CDC42 may facilVOLUME 291 • NUMBER 51 • DECEMBER 16, 2016
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scintillation proximity assay. In contrast, GRD1-CT has shown
a much higher affinity for the Q61L mutant of not only CDC42
but also of RAC1, and yet the GRD was proposed to be the
binding domain of IQGAP1 that associates with the switch
regions of CDC42. Correspondingly, Kurella et al. (26) reported
that GRD2 (aa 962–1345) binds CDC42Q61L in a GTP-dependent manner with an affinity of 1.3 M using isothermal titration calorimetry. These biochemical data (summarized in Table
1) along with the homology modeling based on the RAS-RASGAP structure (29) provided a first structural model of
IQGAP1 GRD contacting the switch regions of the CDC42,
which is generally accepted in the community (24 –26, 30, 48).
A very recent study from the same laboratory has determined
the crystal structure of GRD with CDC42Q61L (31), which is
very similar to their previous model (26). On the contrary, we
observed different properties of GRD1-CT and GRD2 in their
interactions with CDC42WT. This was evidenced by kinetic
measurements of GRD1-CT and GRD1-RGCT association, but
not GRD, with CDC42 and RAC1 proteins (Figs. 2 and 4; no
changes in fluorescence were observed with GRD). Similar data
were obtained by using tamra, a different fluorescence reporter
instead of mant. Equilibrium measurements using fluorescence
polarization not only substantiated the essential role of
IQGAP1 RGCT in a GTP-dependent interaction with CDC42
and RAC1, in agreement with our kinetic analysis, but also provided striking insights into the main feature of IQGAP1 GRD.
Our quantitative analysis under equilibrium conditions clearly
revealed that GRD undergoes a low-affinity interaction with
CDC42, but its binding in contrast to RGCT is partially
nucleotide-dependent.
mGDP-bound RHOA and particularly RAC1 did, however,
not reveal any interaction with IQGAP1 GRD. A faster kon, a
slower koff, and a lower Kd of GRD1-CT for CDC42, in direct
comparison to RAC1, strongly support our data from fluorescence polarization and demonstrated that not only RGCT but
also GRD bind mGppNHp-bound CDC42 and RAC1 (Fig. 3).
The significance of RGCT as a GTP-dependent interacting
domain for CDC42 and RAC1 was proved using a single point
mutant of GRD1-RGCT (Ser-1443 substituted by Glu), which
led to the abolition of a GTP-dependent interaction of GRD1RGCT, whereas nucleotide-independent association with
CDC42 through GRD was unchanged. Ser-1443 was identified
as the major site phosphorylated on IQGAP1 in intact cells
treated with PMA (phorbol 12-myristate 13-acetate) (32).
Phosphomimetic mutation of Ser-1441, a second phosphorylation site, that was shown to be phosphorylated to a lesser extent
as compared with Ser-1443 (32), did not affect the interaction
with either CDC42 or RAC1. Grohmanova et al. (33) previously
showed via GST pulldown experiments and using MCF10A cell
lysate that in the presence of phosphatase inhibitor there is a
significant reduction in the interaction between IQGAP1 and
CDC42-GTP in contrast to nucleotide-depleted CDC42, which
binds to phosphorylated IQGAP1 much more strongly. In addition, our data have clearly demonstrated that the region
upstream of GRD2 (aa 863–961) is dispensable for the CDC42
and RAC1 interaction.
Another interesting issue was a significantly faster dissociation of GRD1-RGCT (lacking the CT domain) from CDC42 and
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Experimental Procedures
Constructs—Coding sequences for RHO proteins and
IQGAP1 variants were amplified using sequence-specific
DECEMBER 16, 2016 • VOLUME 291 • NUMBER 51

primer and cloned into the expression vector. Different pGEX
vectors encoding an N-terminal glutathione S-transferase
(GST) fusion protein were used for the overexpression of
various human genes: different IQGAP1 (accession number
P46940) regions (aa 863–1345, 863–1657, 877–1558, 1276 –
1657, 1276 –1575, 1576 –1657) and also C-terminal truncated
RAC1 (aa 1–179), CDC42 (aa 1–178), and RHOA (aa 1–181).
pMCSG7 vector was used for overexpression of IQGAP1 aa
962–1345 and pET46 EkLIC vector (Merck) for the overexpression of IGQAP1 S1441E and S1143E mutants (aa 877–1558) as
His-tagged proteins. The Kazusa cDNA clone KIAA0051 (70)
was used as a template for site-directed mutagenesis.
Proteins—All proteins were purified according to the protocols described (3, 71, 72). Briefly, Escherichia coli strains pLysS
BL21(DE3), CodonPlusRIL, or BL21(Rosetta) were transformed and used to purify the respective protein. Protein
extraction was carried out by incubating cells at 4 °C with
DNase I (10 g ml⫺1) and lysozyme (10 g ml⫺1) followed by
cell lysis using a microfluidizer (model M110S, Microfluidics
Corp.). Bacterial lysates were centrifuged to collect soluble fractions, and tagged proteins were isolated from the supernatant
via Ni-NTA or GST affinity purification. If needed, the GST tag
was cleaved with tobacco etch virus protease (4 units mg⫺1,
4 °C, overnight), and proteins were subjected to gel filtration
using a standard buffer containing 30 mM Tris-HCl, pH 7.5, 150
mM NaCl, 5 mM MgCl2, and 3 mM DTT. All purified proteins
were analyzed by SDS-PAGE (Fig. 1) and stored as either tagfused or cleaved protein at ⫺80 °C.
Nucleotide-free RHO proteins were prepared using alkaline
phosphatase (Roche Applied Science) and phosphodiesterase
(Sigma) at 4 °C as described (73). Various fluorescence reporter
groups, including mant and tamra, have been coupled to 2⬘
(3⬘)-hydroxyl group of the ribose moiety of GDP and GppNHp
via ethylenediamine (EDA) to obtain fluorescent nucleotide
(Jena Bioscience).
Stopped-flow Fluorescence Measurements—Kinetics measurements were monitored by stopped-flow apparatus (Hi-Tech
Scientific SF-61 with a mercury xenon light source and TgK
Scientific Kinetic Studio software) and performed as described
(72). Equal volumes of two different solutions containing
IQGAP1 (different concentrations) or RHO protein (0.2 M)
were rapidly shot into a mixing chamber, and the fluorescence
was directly detected after a dead time of ⬍4 ms (Fig. 2B). Buffer
contained 30 mM Tris-HCl, pH 7.5, 10 mM KH2PO4/K2HPO4, 5
mM MgCl2, and 3 mM DTT. For excitation, wavelengths of 546
nm and 360 nm were used for tamra and mant fluorophores,
respectively, and a 570 nm (tamra) and 408 nm (mant) cut-offfilters (Schott glass) were, respectively, used to collect emitted
light. To obtain high accuracy data, 4 – 6 measurements were
performed and averaged. The observed rate constants (kobs)
were fitted single exponentially using the GraFit program
(Erithacus software).
Fluorescence Polarization—Experiments were performed in
a Fluoromax 4 fluorimeter in polarization mode as described
(46). Briefly, increasing amounts of different variants of
IQGAP1 were titrated to mGppNHp- and tGppNHp-bound
RHO proteins (1 M) in a buffer containing 30 mM Tris/HCl,
pH 7.5, 150 mM NaCl, 5 mM MgCl2, 3 mM DTT, and a total
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itate the scaffolding function of IQGAP1 in localizing CDC42
and WASP at specific sites.
It is also of major interest to address the question of whether
the C-terminal domains RGCT and CT compete in binding to
CDC42 and RAC1 with other proteins, including CLIP-170,
E-cadherin, ␤-catenin, adenomatous polyposis coli (APC),
mDIA, CLASP2, TSG101, SEC3/8, and SMG9. These proteins
have also been reported to associate with RGCT and CT (15, 41,
58 – 63). Adenomatous polyposis coli has been shown to activate ASEF, a CDC42-specific Dbl protein (64), at the leading
edge of a migrating cell, which may thereby initiate CDC42IQGAP1 signaling.
There is one obvious consequence of IQGAP1 as a RAC1/
CDC42 effector; IQGAP1 not only has direct interactions with
the small GTPases but also has been detected in a complex with
an effector (PAK6) and a regulator (TIAM1) of small G proteins
(65). Immunoprecipitation of IQGAP1 from human pulmonary
artery endothelial cells isolated a complex containing TIAM1,
RAC1, Src, cortactin, p47phox, and phospholipase D2 (65) but
the direct interaction of TIAM1 and IQGAP1 has not been
reported yet, and the possible biological relevance of the interaction remains unknown.
Subcellular localization of RHO GTPases to cellular membranes is known to be critical for their biological activity. This is
achieved by a hypervariable region (HVR) (66) and a lipid
anchor in their C-terminal tail at a distinct cysteine residue in
the CAAX motif (C is cysteine, A is any aliphatic amino acid,
and X is any amino acid) (67). RHOGDI is known to dislodge
RHO proteins from the plasma membrane (68). As IQGAP1
also binds RHOGDI (20), it would be interesting to know
whether IQGAP1 is a displacement factor for the RHOGDI
complex with RAC1 or CDC42.
Another issue is the intramolecular autoregulation and autoinhibitory of IQGAP1 by its domains. Based on our structural
modeling, we hypothesize that the calponin homology domain
may act as an autoinhibitory domain that must be released in
the course of IQGAP1 activation. We hypothesize that two proteins that may release IQGAP1 from its autoinhibited state may
in fact be RAC1-GTP and calmodulin. The interaction of calmodulin with RAC1 (69) and IQGAP1 (45) has been reported,
but the role of calmodulin in enhancing the RAC1-mediated
IQGAP1 activation is not investigated yet. Another significant
question to be answered is the possible role of these interactions in carcinogenesis. Published results suggest that blocking
IQGAP1-CDC42 and IQGAP1-RAC1 complex formation will
decrease the amount of active forms of CDC42 and RAC1 in
carcinoma cells and thus reduce tumorigenesis. Therefore,
antagonists that disrupt the binding of IQGAP1 to RAC1 and/
or CDC42 could prevent tumor invasion, proliferation, and
migration and could act as specific chemotherapeutic agents.
However, the design of such antagonists absolutely and critically requires knowledge of the key protein-protein interfaces
between IQGAP1 and these small GTPases. The data reported
here provide an important step in defining these sites.
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g ml⫺1), d is cell path length (in cm), and MRW is the mean residue
weight, (molecular weight divided by number of peptide bonds).
Secondary structure fractions were calculated via the DiChroWeb
program package (75) using the CDSSTR program (74)
Statistical Analysis—Data shown in the graphs are the average
of triplicate or duplicate experiments. Data are expressed as the
mean ⫾ S.D. All stopped-flow experiments were performed in
triplicate, and polarization experiments were performed in
duplicate.

New IQGAP Binding Mode for CDC42 and RAC1

DECEMBER 16, 2016 • VOLUME 291 • NUMBER 51

44. Kuroda, S., Fukata, M., Kobayashi, K., Nakafuku, M., Nomura, N.,
Iwamatsu, A., and Kaibuchi, K. (1996) Identification of IQGAP as a putative target for the small GTPases, Cdc42, and Rac1. J. Biol. Chem. 271,
23363–23367
45. Hart, M. J., Callow, M. G., Souza, B., and Polakis, P. (1996) IQGAP1, a
calmodulin-binding protein with a rasGAP-related domain, is a potential
effector for cdc42Hs. EMBO J. 15, 2997–3005
46. Nouri, K., Moll, J. M., Milroy, L. G., Hain, A., Dvorsky, R., Amin, E., Lenders, M., Nagel-Steger, L., Howe, S., Smits, S. H., Hengel, H., Schmitt, L.,
Münk, C., Brunsveld, L., and Ahmadian, M. R. (2015) Biophysical characterization of nucleophosmin interactions with human immunodeficiency
virus rev and herpes simplex virus US11. PLoS ONE 10, e0143634
47. Nomanbhoy, T., and Cerione, R. A. (1999) Fluorescence assays of Cdc42
interactions with target/effector proteins. Biochemistry 38, 15878 –15884
48. Kuroda, S., Fukata, M., Nakagawa, M., Fujii, K., Nakamura, T., Ookubo, T.,
Izawa, I., Nagase, T., Nomura, N., Tani, H., Shoji, I., Matsuura, Y., Yonehara, S., and Kaibuchi, K. (1998) Role of IQGAP1, a target of the small
GTPases Cdc42 and Rac1, in regulation of E-cadherin- mediated cell-cell
adhesion. Science 281, 832– 835
49. Le Clainche, C., Schlaepfer, D., Ferrari, A., Klingauf, M., Grohmanova, K.,
Veligodskiy, A., Didry, D., Le, D., Egile, C., Carlier, M. F., and Kroschewski,
R. (2007) IQGAP1 stimulates actin assembly through the N-WASPArp2/3 pathway. J. Biol. Chem. 282, 426 – 435
50. Jausoro, I., Mestres, I., Quassollo, G., Masseroni, L., Heredia, F., and Caceres, A. (2013) Regulation of spine density and morphology by IQGAP1
protein domains. PLoS ONE 8, e56574
51. Kuroda, S., Fukata, M., Nakagawa, M., and Kaibuchi, K. (1999) Cdc42,
Rac1, and their effector IQGAP1 as molecular switches for cadherin-mediated cell-cell adhesion. Biochem. Biophys. Res. Commun. 262, 1– 6
52. Izumi, G., Sakisaka, T., Baba, T., Tanaka, S., Morimoto, K., and Takai, Y.
(2004) Endocytosis of E-cadherin regulated by Rac and Cdc42 small G
proteins through IQGAP1 and actin filaments. J. Cell Biol. 166, 237–248
53. Kholmanskikh, S. S., Koeller, H. B., Wynshaw-Boris, A., Gomez, T., Letourneau, P. C., and Ross, M. E. (2006) Calcium-dependent interaction of
Lis1 with IQGAP1 and Cdc42 promotes neuronal motility. Nat. Neurosci.
9, 50 –57
54. Brown, M. D., Bry, L., Li, Z., and Sacks, D. B. (2007) IQGAP1 regulates
Salmonella invasion through interactions with actin, Rac1, and Cdc42.
J. Biol. Chem. 282, 30265–30272
55. Ruiz-Velasco, R., Lanning, C. C., and Williams, C. L. (2002) The activation
of Rac1 by M3 muscarinic acetylcholine receptors involves the translocation of Rac1 and IQGAP1 to cell junctions and changes in the composition
of protein complexes containing Rac1, IQGAP1, and actin. J. Biol. Chem.
277, 33081–33091
56. Vidal-Quadras, M., Gelabert-Baldrich, M., Soriano-Castell, D., Lladó, A.,
Rentero, C., Calvo, M., Pol, A., Enrich, C., and Tebar, F. (2011) Rac1 and
calmodulin interactions modulate dynamics of ARF6-dependent endocytosis. Traffic 12, 1879 –1896
57. Ho, Y. D., Joyal, J. L., Li, Z., and Sacks, D. B. (1999) IQGAP1 integrates
Ca2⫹/calmodulin and Cdc42 signaling. J. Biol. Chem. 274, 464 – 470
58. Fukata, M., Kuroda, S., Nakagawa, M., Kawajiri, A., Itoh, N., Shoji, I.,
Matsuura, Y., Yonehara, S., Fujisawa, H., Kikuchi, A., and Kaibuchi, K.
(1999) Cdc42 and Rac1 regulate the interaction of IQGAP1 with
␤-catenin. J. Biol. Chem. 274, 26044 –26050
59. Brandt, D. T., Marion, S., Griffiths, G., Watanabe, T., Kaibuchi, K., and
Grosse, R. (2007) Dia1 and IQGAP1 interact in cell migration and phagocytic cup formation. J. Cell Biol. 178, 193–200
60. Watanabe, T., Noritake, J., Kakeno, M., Matsui, T., Harada, T., Wang, S.,
Itoh, N., Sato, K., Matsuzawa, K., Iwamatsu, A., Galjart, N., and Kaibuchi,
K. (2009) Phosphorylation of CLASP2 by GSK-3␤ regulates its interaction
with IQGAP1, EB1, and microtubules. J. Cell Sci. 122, 2969 –2979
61. Dolnik, O., Kolesnikova, L., Welsch, S., Strecker, T., Schudt, G., and
Becker, S. (2014) Interaction with Tsg101 is necessary for the efficient
transport and release of nucleocapsids in marburg virus-infected cells.
PLoS Pathog. 10, e1004463
62. Sakurai-Yageta, M., Recchi, C., Le Dez, G., Sibarita, J. B., Daviet, L., Camonis, J., D’Souza-Schorey, C., and Chavrier, P. (2008) The interaction of

JOURNAL OF BIOLOGICAL CHEMISTRY

26375

Downloaded from http://www.jbc.org/ by guest on March 17, 2017

24. Elliott, S. F., Allen, G., and Timson, D. J. (2012) Biochemical analysis of the interactions of IQGAP1 C-terminal domain with CDC42. World J. Biol. Chem. 3,
53–60
25. Owen, D., Campbell, L. J., Littlefield, K., Evetts, K. A., Li, Z., Sacks, D. B., Lowe,
P. N., and Mott, H. R. (2008) The IQGAP1-Rac1 and IQGAP1-Cdc42 interactions: interfaces differ between the complexes. J. Biol. Chem. 283, 1692–1704
26. Kurella, V. B., Richard, J. M., Parke, C. L., Lecour, L. F., Jr, Bellamy, H. D.,
and Worthylake, D. K. (2009) Crystal structure of the GTPase-activating
protein-related domain from IQGAP1. J. Biol. Chem. 284, 14857–14865
27. Rittinger, K., Walker, P. A., Eccleston, J. F., Nurmahomed, K., Owen, D.,
Laue, E., Gamblin, S. J., and Smerdon, S. J. (1997) Crystal structure of a
small G protein in complex with the GTPase-activating protein rhoGAP.
Nature 388, 693– 697
28. Nassar, N., Hoffman, G. R., Manor, D., Clardy, J. C., and Cerione, R. A.
(1998) Structures of Cdc42 bound to the active and catalytically compromised forms of Cdc42GAP. Nat. Struct. Biol. 5, 1047–1052
29. Scheffzek, K., Ahmadian, M. R., Kabsch, W., Wiesmüller, L., Lautwein, A.,
Schmitz, F., and Wittinghofer, A. (1997) The Ras-RasGAP complex: structural basis for GTPase activation and its loss in oncogenic Ras mutants.
Science 277, 333–338
30. Mataraza, J. M., Briggs, M. W., Li, Z., Frank, R., and Sacks, D. B. (2003)
Identification and characterization of the Cdc42-binding site of IQGAP1.
Biochem. Biophys. Res. Commun. 305, 315–321
31. LeCour, L., Jr, Boyapati, V. K., Liu, J., Li, Z., Sacks, D. B., and Worthylake,
D. K. (2016) The structural basis for Cdc42-induced dimerization of
IQGAPs. Structure 24, 1499 –1508
32. Li, Z., McNulty, D. E., Marler, K. J., Lim, L., Hall, C., Annan, R. S., and
Sacks, D. B. (2005) IQGAP1 promotes neurite outgrowth in a phosphorylation-dependent manner. J. Biol. Chem. 280, 13871–13878
33. Grohmanova, K., Schlaepfer, D., Hess, D., Gutierrez, P., Beck, M., and
Kroschewski, R. (2004) Phosphorylation of IQGAP1 modulates its binding
to Cdc42, revealing a new type of rho-GTPase regulator. J. Biol. Chem.
279, 48495– 48504
34. Noritake, J., Watanabe, T., Sato, K., Wang, S., and Kaibuchi, K. (2005)
IQGAP1: a key regulator of adhesion and migration. J. Cell Sci. 118,
2085–2092
35. Raines, R. T. (2015) Fluorescence polarization assay to quantify proteinprotein interactions: an update. Methods Mol. Biol. 1278, 323–327
36. Li, R., Debreceni, B., Jia, B., Gao, Y., Tigyi, G., and Zheng, Y. (1999) Localization of the PAK1-, WASP-, and IQGAP1-specifying regions of Cdc42.
J. Biol. Chem. 274, 29648 –29654
37. Carlier, M. F., Pernier, J., Montaville, P., Shekhar, S., Kühn, S., and Cytoskeleton Dynamics and Motility group (2015) Control of polarized assembly of actin filaments in cell motility. Cell. Mol. Life Sci. 72, 3051–3067
38. Casteel, D. E., Turner, S., Schwappacher, R., Rangaswami, H., Su-Yuo, J.,
Zhuang, S., Boss, G. R., and Pilz, R. B. (2012) Rho isoform-specific interaction with IQGAP1 promotes breast cancer cell proliferation and migration. J. Biol. Chem. 287, 38367–38378
39. Bhattacharya, M., Sundaram, A., Kudo, M., Farmer, J., Ganesan, P.,
Khalifeh-Soltani, A., Arjomandi, M., Atabai, K., Huang, X., and Sheppard,
D. (2014) IQGAP1-dependent scaffold suppresses RhoA and inhibits airway smooth muscle contraction. J. Clin. Invest. 124, 4895– 4898
40. Brill, S., Li, S., Lyman, C. W., Church, D. M., Wasmuth, J. J., Weissbach, L., Bernards, A., and Snijders, A. J. (1996) The Ras GTPase-activating-protein-related
human protein IQGAP2 harbors a potential actin binding domain and interacts
with calmodulin and Rho family GTPases. Mol. Cell. Biol. 16, 4869–4878
41. Watanabe, T., Wang, S., Noritake, J., Sato, K., Fukata, M., Takefuji, M.,
Nakagawa, M., Izumi, N., Akiyama, T., and Kaibuchi, K. (2004) Interaction
with IQGAP1 links APC to Rac1, Cdc42, and actin filaments during cell
polarization and migration. Dev. Cell 7, 871– 883
42. Wang, S., Watanabe, T., Noritake, J., Fukata, M., Yoshimura, T., Itoh, N.,
Harada, T., Nakagawa, M., Matsuura, Y., Arimura, N., and Kaibuchi, K.
(2007) IQGAP3, a novel effector of Rac1 and Cdc42, regulates neurite
outgrowth. J. Cell Sci. 120, 567–577
43. Kimura, T., Yamaoka, M., Taniguchi, S., Okamoto, M., Takei, M., Ando,
T., Iwamatsu, A., Watanabe, T., Kaibuchi, K., Ishizaki, T., and Niki, I.
(2013) Activated Cdc42-bound IQGAP1 determines the cellular endocytic site. Mol. Cell. Biol. 33, 4834 – 4843

New IQGAP Binding Mode for CDC42 and RAC1

63.

64.
65.

66.
67.

68.

26376 JOURNAL OF BIOLOGICAL CHEMISTRY

70. Suyama, M., Nagase, T., and Ohara, O. (1999) HUGE: a database for human large proteins identified by Kazusa cDNA sequencing project. Nucleic Acids Res. 27, 338 –339
71. Fiegen, D., Blumenstein, L., Stege, P., Vetter, I. R., and Ahmadian, M. R.
(2002) Crystal structure of Rnd3/RhoE: functional implications. FEBS
Lett. 525, 100 –104
72. Hemsath, L., and Ahmadian, M. R. (2005) Fluorescence approaches for
monitoring interactions of Rho GTPases with nucleotides, regulators, and
effectors. Methods 37, 173–182
73. Jaiswal, M., Dubey, B. N., Koessmeier, K. T., Gremer, L., and Ahmadian,
M. R. (2012) Biochemical assays to characterize Rho GTPases. Methods
Mol. Biol. 827, 37–58
74. Whitmore, L., and Wallace, B. A. (2008) Protein secondary structure analyses from circular dichroism spectroscopy: methods and reference databases. Biopolymers 89, 392– 400
75. Sreerama, N., and Woody, R. W. (2000) Estimation of protein secondary
structure from circular dichroism spectra: comparison of CONTIN,
SELCON, and CDSSTR methods with an expanded reference set. Anal.
Biochem. 287, 252–260
76. Zhang, B., Wang, Z. X., and Zheng, Y. (1997) Characterization of the
interactions between the small GTPase Cdc42 and its GTPase-activating
proteins and putative effectors: comparison of kinetic properties of
Cdc42 binding to the Cdc42-interactive domains. J. Biol. Chem. 272,
21999 –22007

VOLUME 291 • NUMBER 51 • DECEMBER 16, 2016

Downloaded from http://www.jbc.org/ by guest on March 17, 2017

69.

IQGAP1 with the exocyst complex is required for tumor cell invasion
downstream of Cdc42 and RhoA. J. Cell Biol. 181, 985–998
Takeda, S., Fujimoto, A., Yamauchi, E., Hiyoshi, M., Kido, H., Watanabe,
T., Kaibuchi, K., Ohta, T., and Konishi, H. (2011) Role of a tyrosine phosphorylation of SMG-9 in binding of SMG-9 to IQGAP and the NMD
complex. Biochem. Biophys. Res. Commun. 410, 29 –33
Gotthardt, K., and Ahmadian, M. R. (2007) Asef is a Cdc42-specific guanine nucleotide exchange factor. Biol. Chem. 388, 67–71
Usatyuk, P. V., Gorshkova, I. A., He, D., Zhao, Y., Kalari, S. K., Garcia, J. G., and
Natarajan, V. (2009) Phospholipase D-mediated activation of IQGAP1 through
Rac1 regulates hyperoxia-induced p47phox translocation and reactive oxygen
species generation in lung endothelial cells. J. Biol. Chem. 284, 15339–15352
Lam, B. D., and Hordijk, P. L. (2013) The Rac1 hypervariable region in
targeting and signaling: a tail of many stories. Small GTPases 4, 78 – 89
Roberts, P. J., Mitin, N., Keller, P. J., Chenette, E. J., Madigan, J. P., Currin,
R. O., Cox, A. D., Wilson, O., Kirschmeier, P., and Der, C. J. (2008) Rho
Family GTPase modification and dependence on CAAX motif-signaled
posttranslational modification. J. Biol. Chem. 283, 25150 –25163
Zhang, S. C., Gremer, L., Heise, H., Janning, P., Shymanets, A., Cirstea,
I. C., Krause, E., Nürnberg, B., and Ahmadian, M. R. (2014) Liposome
reconstitution and modulation of recombinant prenylated human Rac1 by
GEFs, GDI1, and Pak1. PLoS ONE 9, e102425
Xu, B., Chelikani, P., and Bhullar, R. P. (2012) Characterization and functional analysis of the calmodulin-binding domain of Rac1 GTPase. PLoS
ONE 7, e42975

IQGAP1 Interaction with RHO Family Proteins Revisited: KINETIC AND
EQUILIBRIUM EVIDENCE FOR MULTIPLE DISTINCT BINDING SITES
Kazem Nouri, Eyad K. Fansa, Ehsan Amin, Radovan Dvorsky, Lothar Gremer, Dieter
Willbold, Lutz Schmitt, David J. Timson and Mohammad R. Ahmadian
J. Biol. Chem. 2016, 291:26364-26376.
doi: 10.1074/jbc.M116.752121 originally published online November 4, 2016

Access the most updated version of this article at doi: 10.1074/jbc.M116.752121
Alerts:
• When this article is cited
• When a correction for this article is posted

Supplemental material:
http://www.jbc.org/content/suppl/2016/11/04/M116.752121.DC1
This article cites 76 references, 36 of which can be accessed free at
http://www.jbc.org/content/291/51/26364.full.html#ref-list-1

Downloaded from http://www.jbc.org/ by guest on March 17, 2017

Click here to choose from all of JBC's e-mail alerts

