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We previously described IQGAP1 as a human protein related to a putative Ras GTPase-activating protein
(RasGAP) from the fission yeast Schizosaccharomyces pombe. Here we report the identification of a liver-specific
human protein that is 62% identical to IQGAP1. Like IQGAP1, the novel IQGAP2 protein harbors an
N-terminal calponin homology motif which functions as an F-actin binding domain in members of the spectrin,
filamin, and fimbrin families. Both IQGAPs also harbor several copies of a novel 50- to 55-amino-acid repeat,
a single WW domain, and four IQ motifs and have 25% sequence identity with almost the entire S. pombe sar1
RasGAP homolog. As predicted by the presence of IQ motifs, IQGAP2 binds calmodulin. However, neither
full-length nor truncated IQGAP2 stimulated the GTPase activity of Ras or its close relatives. Instead, IQGAP2
binds Cdc42 and Rac1 but not RhoA. This interaction involves the C-terminal half of IQGAP2 and appears to
be independent of the nucleotide binding status of the GTPases. Although IQGAP2 shows no GAP activity
towards Cdc42 and Rac1, the protein did inhibit both the intrinsic and RhoGAP-stimulated GTP hydrolysis
rates of Cdc42 and Rac1, suggesting an alternative mechanism via which IQGAPs might modulate signaling
by these GTPases. Since IQGAPs harbor a potential actin binding domain, they could play roles in the Cdc42
and Rac1 controlled generation of specific actin structures.

Members of the Ras GTPase superfamily function as binary
switches in diverse biological processes (8). Critical to this
switching role is the ability of these GTPases to cycle between
inactive GDP- and active GTP-bound states. Important medi-
ators of this cycling include exchange factors, which activate
Ras-related GTPases by promoting exchange between the
bound nucleotide and a cytoplasmic GTP pool, and GTPase-
activating proteins (GAPs), which accelerate their intrinsic
GTPase activity, leading to their inactivation (6).
Although members of the Ras superfamily show extensive

similarity (9), exchange factors and GAPs for different sub-
groups within the Ras superfamily have been mostly unrelated
in sequence (6). Our previous identification of human IQ-
GAP1 as a protein related to a RasGAP homolog from Schizo-
saccharomyces pombe therefore predicted a role as a novel Ras
regulator (48). Since GAPs are important regulators and per-
haps also effectors of GTPase-controlled signaling pathways (7,
32), and because the precedent of the neurofibromatosis 1
protein suggested that other RasGAPs might be tumor sup-
pressors, we have been interested in further defining the role of
IQGAP1 in GTPase-mediated processes. During this study we
identified cDNAs predicting a highly related human IQGAP2
protein. Here we present our characterization of this novel
liver-specific protein, which is 62% identical to IQGAP1. Con-
firming what we previously found for IQGAP1, IQGAP2
shows no in vitro GAP activity towards Ras or its immediate
relatives. Instead IQGAP2 interacts with G25K/Cdc42Hs

(hereafter called Cdc42) and Rac1 but not with RhoA. This
finding and the presence of a potential actin binding domain
suggest that IQGAPs could play roles in the as yet poorly
understood mechanisms via which Rho-family GTPases con-
trol the generation of specific polymerized actin structures.

MATERIALS AND METHODS

DNA and RNA analysis. Two partial IQGAP2 cDNAs were identified during
the screening of a mouse brain library with a human IQGAP1 probe under
conditions of relaxed stringency. Subsequent screens of oligo(dT)- and randomly
primed human liver cDNA libraries purchased from Stratagene and Clontech
yielded 67 and more than 250 positive clones, respectively. Approximately 70%
of the 5,767-bp IQGAP2 cDNA sequence was determined on both strands by
chain termination sequencing of 30 unique partial cDNA clones with T3 and T7
primers. Gaps in the double-stranded sequence were filled by sequencing sub-
clones and by using custom oligonucleotides as sequencing primers. The chro-
mosomal location of IQGAP2 was determined by DNA blot analysis, using
EcoRI-digested DNAs from 43 rodent-human somatic cell hybrid lines (refer-
ences 21 and 38; also National Institute of General Medical Sciences mapping
panel 2, Coriell Institute, Camden, N.J.). Confirmation of the mapping to chro-
mosome 5 was obtained by analyzing additional hybrids containing defined chro-
mosome 5 translocation and deletion mutants (34). Blots were hybridized with a
human IQGAP2 cDNA fragment (bp 1406 to 3404) at 428C in hybridization
buffer containing 50% formamide and washed in 0.253 SSC (13 SSC is 0.15 M
NaCl plus 0.015 M sodium citrate) at 658C. Probes were radioactively labeled by
the random-priming protocol (18). IQGAP2 mRNA expression was analyzed by
hybridizing murine multiple tissue RNA blots (Clontech) under high-stringency
conditions with a cDNA fragment representing the sar1-homologous part of
mouse IQGAP2. Total RNA was made by lysing cells in 4 M guanidinium
thiocyanate, and this was followed by centrifugation through a 6.2 M CsCl
cushion. RNAs were size separated on 1% formaldehyde agarose gels, trans-
ferred to nylon filters, and hybridized with randomly primed probes by standard
procedures (42).
Generation of IQGAP2 constructs. Four partial IQGAP2 cDNAs were ligated

to generate a full-length construct in the pBSK(2) vector (Stratagene). The
integrity of this and all subsequent constructs was verified by sequence analysis.
A hemagglutinin (HA) tag was added to the extreme end of the reading frame
by PCR amplification with an IQGAP2-HA hybrid primer (GAT CGG TAC
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CTC AGC TAG CGT AAT CTG GAA CAT CGT ATG GGT ACT TTC CAT
AGA ACT TCT TGT TCA). The underlined sequence is a unique KpnI site
which was included for cloning purposes. To generate an IQGAP2-HA mam-
malian expression vector, the tagged cDNA was digested with KpnI and BamHI
(which cuts in the 59 untranslated segment of IQGAP2 cDNA) and ligated into
a BamHI- and KpnI-digested simian virus 40 promoter-driven pJ3V expression
vector (33).
Vectors to express truncated IQGAP2 proteins were generated as follows. The

IQGAP2-N vector was made by deleting the segment encoding amino acids 789
to 1509 from the full-length HA-tagged expression vector. This was done by
digesting a C-terminal IQGAP2 cDNA with Bst1107I and EcoRV and then
performing recircularization. This deleted C-terminal construct was then used to
remake the full-length expression vector. Similarly, the IQGAP2-C1 vector was
made by transferring a 39 SacI-KpnI fragment of the HA-tagged cDNA to the
pJ3V vector. The first AUG codon downstream of the SacI site occurs at codon
711 within the second IQ motif. Finally, the IQGAP2-C2 construct was designed
to more precisely represent the sar1-homologous segment of the protein. Since
no convenient cloning sites or potential start codons occurred near the start of
this segment, we performed PCR amplification with a synthetic primer (AC
GCG TCG ACG ACG CGC AGG ATG GTG AAC CTG ATG GAC ATC
AAG ATT GGA CTG) to add a SalI site and an in-frame start codon (both
underlined; the start codon and flanking sequence added are identical to the
region around the first AUG codon in the IQGAP2 reading frame). The SalI-
KpnI fragment representing the sar1-homologous part of IQGAP2 (amino acids
826 to 1657, followed by the HA tag) was initially subcloned into pBSK and
subsequently transferred to the pJ3V vector, after digestion with SmaI, which
cuts in the pBSK polylinker, and KpnI.
To produce full-length IQGAP2 or its sar1-homologous C-terminal segment in

the baculovirus system, two constructs were made in the pAcSG His NT-A and
pAcSG His NT-B transfer vectors (Pharmingen). These vectors add six consec-
utive histidine residues to the N termini of the inserted proteins, which allows
their purification by nickel-resin affinity chromatography (24). Both constructs
also included a C-terminal HA tag. Generation of recombinant baculovirus and
amplification of the recombinant virus were performed as recommended by the
manufacturer.
Purification of baculovirus proteins. Hi-5 or Sf9 insect cells were plated at a

density of 2 3 107 cells per 15-cm-diameter culture dish and infected with
baculovirus stocks at a multiplicity of infection of 10. After 40 h at 278C, cells
were harvested by spritzing in medium and were collected by centrifugation. The
cell pellet was resuspended in buffer containing 50 mM sodium phosphate (pH
7.8), 50 mM sodium chloride, 1 mM phenylmethylsulfonyl fluoride, 1 mM b-mer-
captoethanol, and 10 mg each of aprotinin, chymostatin, and antipain per ml.
Cells were lysed by freeze-thawing and sonication, and debris was removed by
centrifugation. Cleared lysate was incubated for 1 h at 48C with nickel-nitrilo-
triacetic acid resin (Qiagen) in the presence of 150 mM sodium chloride, 0.1%
(vol/vol) Nonidet P-40, and 30 mM imidazole. Beads were washed extensively,
and bound proteins were eluted with a stepwise gradient of imidazole (50 to 200
mM) in buffer containing 50 mM sodium phosphate, 300 mM sodium chloride,
10% (vol/vol) glycerol, 0.1% (vol/vol) Nonidet P-40, 1 mM phenylmethylsulfonyl
fluoride, and 1 mM b-mercaptoethanol. Fractions containing IQGAP2 (as de-
termined by Coomassie staining of sodium dodecyl sulfate [SDS] gels or by
blotting) were pooled and dialyzed against buffer containing 50 mM Tris HCl
(pH 7.4), 50 mM sodium chloride, 5 mM magnesium chloride, and 1 mM
b-mercaptoethanol. The protein was concentrated with a Centricon-30 filter
(Amicon) and stored at 21358C.
GST fusion protein binding assays. Glutathione S-transferase (GST)–GTPase

fusion proteins were produced in Escherichia coli carrying pGEX vectors as
previously described (41). For bead-binding assays, fusion proteins were bound
to glutathione agarose for 1 h at 48C. Beads were washed extensively in buffer
containing 50 mM Tris HCl (pH 7.4), 50 mM sodium chloride, 5 mMmagnesium
chloride, 1 mM dithiothreitol, and 1 mM phenylmethylsulfonyl fluoride and
stored at 48C as a 50% slurry for up to 2 weeks.
To GDP or GTP load fusion proteins, 20-ml aliquots of the suspensions

described above were briefly centrifuged to remove excess buffer. To the packed
beads on ice were then added 39 ml of binding buffer (25 mM NaCl, 20 mM Tris
HCl [pH 7.5], 0.1 mM dithiothreitol), 5 ml of 50 mM EDTA, and 1 ml of 50 mM
GDP or guanylyl imidodiphosphate (GMP-PNP) (Boehringer). The mixture was
incubated at 308C for 10 min, and the reaction was stopped by addition of 12.5
ml of 0.1 M MgCl2. The beads were subsequently incubated with 0.2 ml of
infected insect cell lysate for 2 h at 48C in GAP lysis buffer (50 mM HEPES
[N-2-hydroxyethylpiperazine-N9-2-ethanesulfonic acid] [pH 7.4], 150 mM sodium
chloride, 1.5 mM magnesium chloride, 5 mM EGTA [ethylene glycol-bis(b-
aminoethyl ether)-N,N,N9,N9-tetraacetic acid], 10% glycerol, 1% Triton X-100, 1
mM phenylmethylsulfonyl fluoride, and 10 mg each of aprotinin, chymostatin,
and antipain per ml), collected by centrifugation, and washed three times with 1
ml of IP wash buffer (20 mM HEPES [pH 7.4], 150 mM NaCl, 10% glycerol,
0.1% Triton X-100). Bound proteins were analyzed by SDS-polyacrylamide gel
electrophoresis (PAGE) and immunoblotting after the beads were boiled in SDS
sample buffer.
GAP assays. For GAP assays, active GTPase concentrations of thrombin-

cleaved proteins were determined by 3H-GTP binding in a filter-binding assay
(22). GAP assays were performed by mixing on ice 14.6 ml of binding buffer (25

mM NaCl, 20 mM Tris HCl [pH 7.4], 0.1 mM dithiothreitol), 2 ml of 50 mM
EDTA, 1 ml of [g-32P]GTP (6,000 Ci/mmol; New England Nuclear), and 4 ml of
thrombin-cleaved GST-GTPases (0.008 mg/ml). After a 10-min incubation at
308C, the reactions were stopped by adding MgCl2 to 20 mM. Proteins were then
tested for GAP activity by mixing infected insect cell lysates or affinity-purified
proteins on ice with 3 ml of GTP-loaded GTPases in a total volume of 30 ml
containing 1 mg of bovine serum albumin per ml and 1 mM nonradioactive GTP,
giving a final GTPase concentration of approximately 6 nM. GAP activity was
measured by withdrawing aliquots before and after a brief incubation at 238C, or
at 308C in the case of Ras. Aliquots were diluted in 1 ml of wash buffer (50 mM
sodium chloride, 50 mM Tris-HCl [pH 7.4], 5 mM magnesium chloride) and
filtered through nitrocellulose membranes (BA 85; Schleicher and Schuell).
Filters were washed with 10 ml of ice-cold wash buffer and air dried, and
filter-bound radioactivity was quantitated by liquid scintillation counting.
Expression experiments. Subconfluent Cos cells were transfected by the

DEAE-dextran method and processed for immunoprecipitation or immunoblot-
ting as described previously (43). Briefly, cells were lysed in GAP lysis buffer,
scraped from the dish, and centrifuged at 10,0003 g for 20 min to remove debris.
The resulting lysate was used immediately for GST fusion protein binding or
immunoprecipitation procedures. For binding assays, lysate was precleared by
incubation for 1 h at 48C with GST bound to glutathione agarose. The beads were
removed by centrifugation, and the lysate was incubated with the appropriate
GST-GTPase fusion protein bound to glutathione agarose for 2 h at 48C. Beads
were washed four times with IP wash buffer, prior to boiling in SDS sample buffer
and analysis by SDS-PAGE. For immunoprecipitations, lysate was precleared for
1 h at 48C with 20 mg of rabbit immunoglobulin G adsorbed onto protein
A-Sepharose, and this was followed by incubation for 2 h at 48C with 150 ml of
culture supernatant of the mouse anti-HA monoclonal antibody 12CA5 or with
2 ml of two rabbit polyclonal anti-IQGAP2 peptide antisera (Research Genetics,
Inc.). The latter sera were made by immunizing rabbits with a conjugated IQ-
GAP2 N-terminal peptide (DDERLSAEEMDERRRQN [residues 19 to 35]).
Precipitates were collected with protein A-Sepharose, washed six times in IP
wash buffer, boiled in SDS sample buffer, and subjected to SDS-PAGE on 8%
gels. For the GTPase binding experiments, gels were divided into upper and
lower halves at the level of the 66-kDa marker and the upper portion was
enhanced with Autofluor (National Diagnostics) and autoradiographed. Proteins
in the lower part of the gel were electroblotted onto nylon membranes and
analyzed by immunoblot analysis (ECL system; Amersham) using a mouse anti-
GST monoclonal antibody (GST12; Santa Cruz Biotechnology). Calmodulin
(CaM) was detected with an anti-bovine CaM monoclonal antibody (05-173;
Upstate Biotechnology). Ca21-dependent electrophoretic mobility shifts were
analyzed after adding 2 mM CaCl2 or EGTA to proteins before boiling in SDS
sample buffer (10).
Nucleotide sequence accession number. The GenBank accession number for

the human IQGAP2 cDNA sequence is U51903.

RESULTS

Identification of IQGAP2.We previously reported the iden-
tification of a human protein that harbored potential CaM-
binding IQ motifs upstream of a segment related to the cata-
lytic domain of RasGAPs (48). During the characterization of
cDNAs for this IQGAP1 protein, we also found two mouse
clones that predicted a segment of a related protein. To facil-
itate the isolation of additional cDNAs, we used mouse tissue
RNA blots to survey the expression pattern of the novel gene.
By contrast to IQGAP1, which is especially highly expressed in
lung, kidney, and placenta (48), the results in Fig. 1A suggest
that IQGAP2 is predominantly expressed in liver, although in
additional blots an abundant, shorter mRNA was also detected
in testis (not shown).
To further determine which liver cell types express IQGAP2,

we isolated RNAs from several human liver cancer-derived cell
lines. Blot analysis showed that two pediatric hepatoblastoma
lines (HepG2 and Hu-H7) and one adult hepatocellular carci-
noma (HCC) line (Hep3B) expressed high levels of IQGAP2
mRNA, whereas two other HCC lines (Focus and SK-Hep1)
showed no detectable expression (Fig. 1B). Because IQGAP2
is expressed in at least some hepatocyte-derived hepatoblas-
toma and HCC cell lines, the liver-specific expression observed
in Fig. 1A probably reflects expression in hepatocytes.
Since the RasGAP homology of IQGAP1 suggested a po-

tential role as a tumor suppressor, we previously mapped the
IQGAP1 gene to human chromosome 15p-15q1.1 (48). In a
similar analysis of 43 human-rodent somatic cell hybrids rep-
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resenting defined overlapping subsets of human chromosomes,
all human IQGAP2-specific restriction fragments cosegregated
with chromosome 5. To confirm this mapping and to further
sublocalize the gene, we analyzed two hybrids containing chro-
mosome 5 translocations and several hybrids harboring defined
chromosome 5 deletions. This analysis confirmed the mapping
of the IQGAP2 gene to human chromosome 5 and allowed its
sublocalization to the spinal muscular atrophy candidate re-
gion at 5q1.1-1.3 (results not shown). Although loss of het-
erozygosity of 5q markers is a frequent feature of some tumors,
no allelic imbalance has been reported for polymorphic mark-
ers within the 5q1.1-1.3 interval in liver cancer. Moreover,
analysis of the HCC cell lines that did not express IQGAP2
mRNA revealed no obvious gene rearrangements (not shown).
To isolate clones representing the complete IQGAP2 coding

sequence, we screened two human liver cDNA libraries. Of the
more than 300 clones identified in these screens, 40 were
partially mapped and 30 were used to determine 5,767 bp of
contiguous double-stranded IQGAP2 cDNA sequence (Gen-
Bank accession number, U51903). Features of this sequence
include a 222-bp GC-rich 59 untranslated segment containing
an in-frame stop codon, a 1,575-codon open reading frame,
and 816 bp of 39 untranslated sequence, ending in an oligo(A)
stretch just downstream of a consensus AAUAAA poly(A)
addition sequence. The predicted IQGAP2 protein (calculated
molecular mass, 180,620 Da) is 62% identical and 77% similar
to IQGAP1 over its entire length and harbors all domains
previously identified in IQGAP1 (Fig. 2A). From the N to the
C terminus, these include a so-called calponin homology (CH)
domain, which is also present in Vav and in several actin-
binding proteins, including members of the spectrin, filamin,
and fimbrin families (Fig. 2B). The CH domain of IQGAP2 is
followed by five copies of a novel 50- to 55-amino-acid repeat
of unknown function, which we refer to as the IQGAP repeat
domain (Fig. 2C), a single WW or WWP putative protein
interaction domain (Fig. 2D), and four closely spaced IQ mo-
tifs, which have been implicated in CaM binding (Fig. 2E).
Beyond revealing the four types of domain within the N-

terminal half of IQGAP2, database searches using the BLAST
program (2) revealed additional similarities between IQGAP2
and two classes of proteins. Firstly, IQGAP1 and IQGAP2
each exhibit a low degree of similarity to several proteins that
include a-helical coiled-coil segments, such as myosin heavy
chains and intermediate filament proteins. These proteins con-

tain typical heptad amino acid repeats, in which positions 1 and
4 are occupied by hydrophobic residues (28). Computer anal-
ysis of the IQGAP1 and -2 protein sequence indicates that
several short segments have a high probability of forming
coiled-coil structures (Fig. 2F). At least some of these seg-
ments are conserved between IQGAP1 and -2, and the related
sar1 protein is predicted to also contain a similar short heptad
repeat segment near its C terminus (not shown).
Secondly, IQGAPs also include an approximately 300-ami-

no-acid segment related to the catalytic domains of RasGAPs.
Among the 10 or so presently identified RasGAP-related pro-
teins, IQGAPs are most closely related to a RasGAP homolog
from S. pombe, called either sar1 (47) or gap1 (23). As in the
case of the human neurofibromatosis type 1 and budding yeast
IRA1 and IRA2 proteins, the sequence similarity between
IQGAPs and sar1 is not confined to the putative catalytic
segments of the proteins. Indeed, the protein sequence align-
ment in Fig. 3 demonstrates that IQGAP1 (top), IQGAP2
(middle), and sar1 (bottom) have 25% amino acid sequence
identity from approximately 100 residues upstream of their
putative catalytic segments (boxed in Fig. 3) all the way to their
conserved C termini.
IQGAP2 binds CaM. IQ motifs are 30-amino-acid domains

that serve as binding sites for CaM and related EF-hand pro-
teins (13). To test whether IQGAP2 binds CaM, we trans-
fected Cos-7 cells with HA-tagged full-length and truncated
IQGAP2 expression vectors. Two days after transfection, cells
were labeled and potential protein complexes were precipi-
tated with the 12CA5 anti-HA monoclonal antibody. In these
experiments, a prominent 17-kDa protein coprecipitated with
full-length IQGAP2 but not with a truncated protein that
lacked the IQ motifs (Fig. 4, left panel). The 17-kDa protein
resembled CaM in size, and its interaction with IQGAP2 was
not disrupted by washing the immunoprecipitates in 1% Triton
and 0.6 M NaCl (14). The 17-kDa coprecipitating protein also
showed a highly characteristic mobility shift when subjected to
SDS-PAGE in the presence or absence of 2 mM Ca21 (Fig. 4,
lanes 2 and 3) and was unambiguously identified as CaM by
probing blots of 12CA5 immunoprecipitates with the anti-CaM
monoclonal antibody (Fig. 4, right panel). Evidence that IQ-
GAP1 also interacts with CaM was obtained by performing a
yeast two-hybrid screen with a bait that included the IQ motifs
of this protein. The most frequent interactor identified in this
screen was human CaM (data not shown).
IQGAP2 has no detectable in vitro RasGAP activity. To test

whether IQGAP2 stimulates the GTPase activity of Ras, we
produced both full-length and truncated proteins using the
baculovirus expression system. Purification and detection of
these proteins were facilitated by adding N-terminal six-histi-
dine and C-terminal HA tags, respectively. In insect cells in-
fected with full-length IQGAP2 recombinant baculovirus, a
prominent 180-kDa anti-HA immunoreactive protein was
readily detected (not shown). However, in multiple GAP as-
says either with unfractionated infected Sf9 or Hi-5 cell lysates
or with a 10-fold molar excess of 70% pure full-length IQ-
GAP2 purified by nickel affinity chromatography, no stimula-
tion of the GTPase activity of thrombin-cleaved GST-H-Ras,
GST-Rap1b, GST-TC21, or GST-RalA was observed under
conditions under which a similar excess of p120GAP stimu-
lated nearly 100% H-Ras-GTP hydrolysis (Fig. 5A). Identical
results were obtained in the presence of exogenously added
Ca21-CaM and in assays with a truncated baculovirus protein
representing the sar1-homologous part of IQGAP2 (not
shown). A large molar excess of affinity-purified full-length or
truncated IQGAP2 also did not inhibit p120GAP-stimulated
H-Ras-GTP hydrolysis under conditions under which a GST

FIG. 1. IQGAP2 is expressed in mouse liver and human hepatocyte-derived
cell lines. (A) Murine multiple tissue RNA blot (Clontech) containing poly(A)
RNA from the indicated tissues after hybridization with a mouse IQGAP2
cDNA probe representing the sar1-homologous part of the protein. Sk. muscle,
skeletal muscle. (B) Blot of size-fractionated total RNAs from the indicated
human hepatoblastoma and HCC cell lines after hybridization with a human
IQGAP2 cDNA probe. Control hybridizations with an actin probe confirmed
that all lanes contained similar amounts of RNA (not shown).
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fusion protein representing the Ras-binding CR1 segment of
Raf1 (residue 1 to 259 [52]) potently inhibited p120GAP-me-
diated Ras-GTP hydrolysis (Fig. 5B). IQGAP2 thus showed
neither GAP activity towards Ras nor evidence of interacting
with H-Ras under the conditions tested. Although IQGAP2
may still interact with Ras in the presence of specific cofactors,
this seems unlikely since identical results were obtained with
affinity-purified IQGAP2 and with IQGAP2 present in unfrac-
tionated Sf9 cell lysates.

IQGAP2 interacts with Cdc42 and Rac1. To analyze whether
IQGAP2 interacts with other Ras-related GTPases, we per-
formed in vitro binding experiments with baculovirus IQGAP2
and a panel of GST-GTPase fusion proteins. To test for inter-
actions, glutathione agarose-bound GTPases were loaded with
a nonhydrolyzable GTP analog and incubated with IQGAP2-
infected Sf9 cell lysates. After extensive washing, the presence
of bound IQGAP2 was detected by immunoblotting with the
anti-HA monoclonal antibody 12CA5. In these experiments,

FIG. 3. Multiple sequence alignment of the homologous segments of IQGAP1, IQGAP2, and S. pombe sar1. The boxed region indicates the approximate extent
of the protein segments that show similarity to the putative catalytic domains of RasGAPs. The alignment was generated with the GAP program (15).

FIG. 2. Structural domains of IQGAPs. Protein sequences are presented in the one-letter amino acid code. Repeats are numbered from the N to the C terminus.
(A) Schematic drawing showing the localization of domains and the percent amino acid sequence identity between IQGAPs and the indicated segments of sar1. (B)
Alignment of CH domains in IQGAP2 (residues 44 to 152), IQGAP1 (GenBank accession number L33075; amino acids 47 to 155), Drosophila asynchronous muscle
protein MP20 (Swissprot number P14318; residues 19 to 118), human proto-Vav (Swissprot number L15498; residues 4 to 115), human a-actin (GenBank accession
number X15804; amino acids 33 to 131), and human filamin (GenBank accession number X53416; amino acids 45 to 145). The last two proteins each contain two CH
domains, the N-terminal one of which is shown. Dots represent spaces that were introduced to optimize the alignment, which is based on a published alignment of CH
domains (11). (C) IQGAP-specific IQGAP repeat motifs. The five such repeats in IQGAP2 start at amino acids 213, 302, 370, 452, and 537, respectively. The six
IQGAP1 repeats start at residue 216, 304, 387, 455, 537, and 622, respectively. Database searches with the Profilesearch program (15) revealed no other occurrences
of these repeats in databases current as of April 1996. (D) WW or WWP putative protein interaction domain. These approximately 38-residue motifs in IQGAP1 and
-2 start at residue 679 and 594, respectively. The WW domain in human dystrophin (GenBank accession number X14298) starts at residue 3055. C38D4.4 is a
Dbl-related putative Rho exchange factor from C. elegans (Swissprot number P46941). The single WW domain in C38D4.4 starts at amino acid 96. The two WW
domains in human Yes-associated protein (YAP) (44) start at amino acids 156 and 216, respectively. (E) IQ motifs. These 30-amino-acid motifs start at IQGAP2 residue
660, 690, 720, and 750, respectively. (F) Prediction of coiled-coil regions. The plots indicate the probability that a given IQGAP1 or -2 segment will assume a coiled-coil
structure and were generated with the MacStripe computer program using a 28-residue sliding window (26). This program is based on an algorithm that predicts
coiled-coil regions (28). Numbers on the horizontal axis indicate amino acid residues in the two proteins.
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full-length IQGAP2 showed prominent binding to Cdc42
(G25K isotype) and to a lesser extent also to Rac1 but not to
H-Ras, RhoA, RhoE, or Ran or to GST control beads (Fig. 6,
upper panel). In addition, RalA, Rap1b, and TC21 also did not
bind (not shown). Probing the blots with an anti-GST antibody
showed that similar amounts of the fusion proteins were used
in these assays (Fig. 6, lower panel).
In GAP assays similar to those described above, affinity-

purified HA-IQGAP2 did not stimulate the GTPase activity of

Cdc42 or Rac1, whereas a GST protein representing the cat-
alytic segment of RhoGAP (5) reproducibly stimulated more
than 80% Cdc42-GTP or Rac1-GTP hydrolysis (not shown).
However, providing further proof that IQGAP2 indeed inter-
acts with these GTPases, the intrinsic rate of Cdc42-GTP or
Rac1-GTP hydrolysis showed a consistent twofold inhibition in
the presence of IQGAP2 (Fig. 7A and B). This did not reflect
inhibition of nucleotide dissociation by IQGAP2, as judged
from similar experiments in which [a-32P]GTP-loaded GTP-
ases were used (not shown). Moreover, IQGAP2 caused a
potent dosage-dependent inhibition of RhoGAP-stimulated
Cdc42-GTP or Rac1-GTP hydrolysis (Fig. 7C and D). Thus,
IQGAP2 may potentiate the active GTP-bound forms of these

FIG. 4. IQGAP2 binds CaM. The left panel shows proteins precipitated from
transfected Cos cells with the 12CA5 antibody. The upper arrows identify the
180- and 85-kDa IQGAP2 and IQGAP2-C2 proteins, respectively. The lower
pair of arrows indicate the mobility shift of the IQGAP2-associated protein. The
right panel shows an immunoblot containing samples of lysate of untransfected
Cos cells and an anti-HA (a-HA) precipitate of IQGAP2-transfected cells. The
blot was probed with an anti-bovine CaM monoclonal antibody (05-173; Upstate
Biotechnology).

FIG. 5. IQGAP2 lacks in vitro RasGAP activity. The results of in vitro GAP assays are plotted as the percentage of H-Ras-bound radioactivity remaining after a
10-min incubation at 308C. (A) The reactions plotted contained 6 nM thrombin-cleaved H-Ras and 60 nM GAP. (B) Inhibition of p120GAP-stimulated H-Ras GTP
hydrolysis by a Raf-1 CR1 fusion protein but not by IQGAP2 is shown. The amount of p120GAP used in this assay was titrated to give 70% GTP hydrolysis after 10
min.

FIG. 6. IQGAP2 interacts with Cdc42 and Rac1 but not with several other
members of the Ras GTPase superfamily. RhoE is a recently newly discovered
member of the Rho GTPase family (19). Glutathione agarose-bound GMP-PNP-
loaded GTPases were incubated with IQGAP2-infected Sf9 cell lysates, after
which bound proteins were analyzed by immunoblotting with the 12CA5 anti-HA
monoclonal antibody (upper panel). The lower panel shows the lower part of the
same immunoblot after probing with an anti-GST antibody (GST12; Santa Cruz
Biotechnology).
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GTPases by inhibiting their intrinsic rate of GTP hydrolysis
and by interfering with their interaction with RhoGAPs.
To analyze whether IQGAP2 also interacts with Cdc42 and

Rac1 when not in severe excess, we tested whether the immo-
bilized GTPases also bound IQGAP2 in extracts of IQGAP2-
expressing liver cells. Among the limited number of proteins
that bind to Cdc42 and Rac1 under these conditions, a 180-
kDa protein is present in IQGAP2-expressing Hep3B cells but
absent from IQGAP2-deficient Focus cells (Fig. 8, lanes 1 to
4). Two polyclonal antisera directed against an N-terminal
IQGAP2 peptide precipitate a protein of exactly this size from
IQGAP2-expressing Hu-H7 and Hep3B cells but not from
IQGAP2-deficient Focus cells, suggesting that the 180-kDa
Cdc42 and Rac1 binding protein in Hep3B extracts is indeed
endogenous IQGAP2 (Fig. 8, lanes 5 to 7).
To determine which part of IQGAP2 mediates the binding

to Cdc42 and Rac1, we made vectors to express N-terminally
and C-terminally truncated IQGAP2 proteins. The diagram in
Fig. 9 shows the structure of the three truncated proteins
tested, all of which included C-terminal HA tags (see Materials
and Methods for a description of these constructs). Cos cells
transfected with the truncated vectors produced anti-HA im-
munoreactive proteins of the expected sizes, although cells
transfected with the two IQGAP2-C constructs consistently
produced several proteins, perhaps reflecting proteolytic deg-
radation or the use of internal translational start codons (Fig.
9). In binding assays, both full-length IQGAP2 and the IQ-
GAP2-C1 protein showed prominent binding to Cdc42 and
Rac1. The IQGAP2-N protein did not bind, indicating that
IQGAP2 interacts with these GTPases via its C-terminal half.
Interestingly, the IQGAP2-C2 protein, which includes almost
the entire sar1-homologous segment but which differs from

IQGAP2-C1 in lacking residues 711 to 826, showed marginal
binding only after very long exposure times (not shown). Al-
though improper folding of the IQGAP2-C2 protein could
explain this result, it raises the interesting possibility that per-
haps part of the Cdc42- and Rac1-interacting domain maps
near the start or upstream of the sar1-related segment of IQ-
GAP2. We note in this respect that IQGAP2 does not contain
a consensus Cdc42 binding domain, which is present in ACK,
PAK1, and the Wiskott-Aldrich syndrome protein (29, 30, 45).
To test whether IQGAP2 also interacts with Rho-family

GTPases in vivo, we cotransfected Cos cells with full-length

FIG. 7. IQGAP2 inhibits the intrinsic (A and B) and RhoGAP-stimulated (C and D) GTP hydrolysis rates of Cdc42 and Rac1. (C and D) The percentages of counts
remaining after 5 min in the absence (bar 1) of RhoGAP or in the presence (bars 2 to 5) of 0.6 nM RhoGAP (C) or 4.5 nM RhoGAP (D) are shown. Bars 3, 4, and
5 show the effect of adding increasing concentrations (6, 18, and 60 nM, respectively) of IQGAP2.

FIG. 8. Cdc42 and Rac1 interact with IQGAP2 in cell lysates. Lanes 1 to 4
show proteins bound to GMP-PNP-loaded Cdc42 and Rac1 in detergent extracts
of IQGAP2-expressing Hep3B, but not in those of IQGAP2-deficient Focus
cells. Lanes 5 to 8 show proteins precipitated by an antiserum made against an
IQGAP2 peptide. The presence or absence of a 180-kDa immunoprecipitated
protein correlated with IQGAP2 mRNA expression in all cell lines tested. The
protein detected in HA-IQGAP2-transfected Cos cells (lane 8) was not detected
in untransfected cells (not shown).
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and truncated HA-IQGAP2 and Flag epitope-tagged
Cdc42Val-12 expression vectors. Two days after transfection,
lysates were prepared and potential complexes were precipi-
tated with the 12CA5 antibody. Detergent-washed precipitates
were subjected to SDS-PAGE and blotted onto nylon filters,
which were probed with the M2 anti-Flag monoclonal antibody
to detect the presence of tagged Cdc42. No such protein was
observed in anti-HA precipitates of mock-transfected cells (not
shown) or of cells transfected with the HA-IQGAP2 vector
alone. However, a protein that comigrated with tagged Cdc42
coprecipitated with both full-length HA-IQGAP2 and with
HA-IQGAP2-C1 (Fig. 10). We conclude that Cdc42 and IQ
GAP2 also form a complex in transfected cells.
Assays in which p120GAP-mediated Ras-[g-32P]GTP hydro-

lysis competed with either Ras-GDP or Ras-GTP demonstrate
that p120GAP preferentially binds Ras in its active GTP-
bound conformation (46). By contrast, in similar assays

RhoGAP showed only a twofold preference for Cdc42-GTP
over Cdc42-GDP (27). To test whether the binding of IQGAP2
to Cdc42 or Rac1 depends on the nucleotide binding status of
the GTPases, we repeated the in vitro binding experiment after
loading the immobilized GTPases with either GDP or nonhy-
drolyzable GTP analogs. Under these experimental conditions,
full-length IQGAP2 showed no consistent differential binding
to Cdc42 or Rac1 in their GDP- or GMP-PNP- or g-S-GTP-
bound forms, and identical results were obtained with the IQ
GAP2-C1 protein (Fig. 11).

DISCUSSION

We previously identified human IQGAP1 as a protein re-
lated to a RasGAP homolog from S. pombe (48). Here we
report the identification and characterization of a 62% identi-
cal human protein with a very similar overall structure. Among
the most striking features shared between IQGAP1 and -2 is a
C-terminal 700-amino-acid region displaying similarity to S.
pombe sar1. However, in spite of finding approximately 50%
amino acid sequence similarity to almost the entire sar1 pro-
tein, we have found no evidence that IQGAP2 stimulates the
activity of or even interacts with H-Ras and several close rel-
atives in vitro. Instead, the C-terminal half of IQGAP2 binds
Cdc42 and Rac1 without stimulating the activity of these Rho-
related GTPases.
We previously reported that a truncated GST-IQGAP1 fu-

sion protein did not stimulate the GTPase activity of Ras but
did cause a twofold increase in filter retention of H-Ras but not
of RhoA (48). Because the increased filter binding might have
been caused by aberrant folding or by poor solubility of the
fusion protein, we used full-length baculovirus IQGAP2 pro-
teins in the present study, in which we observed no similar
effect. Indeed, others recently identified IQGAP1 as a Cdc42
binding protein without obvious affinity for Ras (22a), which
suggests that our previous result might not have reflected a
property of full-length IQGAP1.
Several points about the interaction between IQGAP2 and

Cdc42/Rac1 are worth noting. First, although IQGAP2 does
not appear to be a GAP for Cdc42 and Rac1, the protein in in
vitro assays causes a reproducible dosage-dependent inhibition
of both the intrinsic and the RhoGAP-stimulated Cdc42 and
Rac1 GTP hydrolysis. IQGAP2, therefore, can modulate the

FIG. 9. Cdc42 interacts with the C-terminal half of IQGAP2. The left-hand
lanes show 35S-labeled proteins precipitated with the 12CA5 antibody from
extracts of transiently transfected Cos cells (anti-HA IP). The right-hand lanes
show labeled proteins that bind to immobilized Cdc42-GMP-PNP (in vitro Cdc42
binding). The diagram shows the structure of the proteins encoded by the three
truncated expression constructs.

FIG. 10. Cdc42 coprecipitates with IQGAP2 from transfected cells. Cos cells
were transfected with the four expression constructs indicated, either in the
presence (1) or absence (2) of a Flag-tagged Cdc42 expression vector. Flag-
tagged Cdc42, detected with the M2 antibody (Kodak), coprecipitates with IQ-
GAP2 and IQGAP2-C1 but not with IQGAP2-N. Coprecipitation of Cdc42 with
the shorter IQGAP2-C2 protein is observed only after very long exposure times.

FIG. 11. IQGAP2 interacts with Cdc42 and Rac1 independent of their nu-
cleotide binding status. The lanes labeled anti-HA show proteins precipitated
from mock-transfected cells or from cells transfected with IQGAP2 or IQ-
GAP2-C1 expression vectors. The lanes labeled in vitro binding show full-length
IQGAP2 or truncated IQGAP2-C1 binding to GDP- or GMP-PNP-loaded
Cdc42 or Rac1. The anti-GST immunoblots show that equivalent amounts of the
GST-GTPase fusion proteins were present in these assays.
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activity of Cdc42 and Rac1 by inhibiting their intrinsic rate of
GTP hydrolysis and by preventing their interaction with Rho
GAPs. Secondly, both full-length and truncated IQGAP2 binds
Cdc42 and Rac1 apparently independent of their nucleotide
binding status. Although our assays do not rule out the possi-
bility that IQGAP2 binds GDP- or GTP-loaded GTPases with
different affinities under nonsaturating conditions, our results
suggest that IQGAP2 recognizes GTPase segments that do not
undergo a major conformational change upon GTP hydrolysis.
We note in this respect that while GTP-dependent binding is
often used to argue for a potential effector role, a constitutively
bound protein may still serve as an effector, after being acti-
vated by the conformational change that accompanies GTP-
ase-GTP hydrolysis. However, since the N-terminal halves of
IQGAPs harbor several domains that have been implicated as
binding sites for other proteins, it is perhaps more likely that
IQGAPs play roles in recruiting components of Cdc42- and
Rac1-controlled signaling pathways and in properly localizing
these components within the cell.
Upstream of their sar1-homologous segments, IQGAPs are

highly modular in structure (Fig. 2A). Indeed, this part of IQ
GAP1 and -2 is almost entirely occupied by four types of
domains, three of which have been recognized as protein bind-
ing motifs in other instances. Most intriguingly, IQGAP1 and
-2 each harbor a so-called CH domain near the N terminus
(Fig. 2B). We previously noted that this segment of IQGAP1 is
most closely related to a Drosophila muscle protein called
MP20 (48), which is a member of the calponin family of actin
and CaM binding proteins (4, 50). A more detailed analysis has
since revealed that this part of IQGAP1 and -2 resembles
F-actin binding domains present near the N-termini of several
proteins, including members of the fimbrin, filamin, and spec-
trin families (11). This is an interesting finding, since Cdc42,
Rac, and Rho have been implicated in pathways leading to the
generation of specific polymerized actin structures (37, 40,
41).
Database searches with the CH segment of IQGAP2 reveal

that the Vav proto-oncoprotein harbors a similar sequence at
its N terminus (Fig. 2B). This is intriguing, because Vav in-
cludes a Dbl-related Rho GTPase exchange factor domain (16)
and because a deletion within the CH domain is responsible
for the oncogenic activation of Vav (25), suggesting a function-
ally important role for this segment.
Downstream of their CH domain, IQGAP1 and -2 harbor six

and five copies, respectively, of a novel 50- to 55-amino-acid
repeat which has not yet been recognized in other proteins
(Fig. 2C). Immediately downstream of this repeat array, each
IQGAP harbors a single so-called WW or WWP motif (3, 44).
Similar motifs are also present in dystrophin and a variety of
other proteins, including a Caenorhabditis elegans Dbl-related
protein called 38D4 (49). WW domains mediate binding to
proline-rich peptides, suggesting that they might functionally
resemble SH3 domains (12, 44).
IQGAP1 and -2 each also harbor four closely spaced IQ

motifs, which are 30-amino-acid domains characterized by con-
secutive isoleucine and glutamine residues. Initially identified
as motifs that mediate calcium-independent CaM binding in
neuromodulin/GAP43/BF-50 (1), IQ motifs have since been
identified as binding sites for CaM and related EF-hand pro-
teins in a variety of proteins, including conventional and un-
conventional myosins (13, 14). Since our results indicate that
IQGAP1 and -2 both bind CaM, these proteins could provide
a link between signaling pathways mediated by Ca21-CaM and
Rho-related GTPases. Since the signaling pathways controlled
by Ras and Rho family members are believed to be tightly
linked, it also seems notable that calcium regulation of the

activity of the brain-specific Ras exchange factor RasGRF in-
volves CaM bound via an IQ motif (17).
The single Ras homolog of S. pombe is not essential, but

ras1-deficient cells have a round rather than an elongated
shape, fail to initiate conjugation, and are defective in sporu-
lation. Mutants harboring an activated ras1Val-17 allele fail to
conjugate but are otherwise normal (20, 35). The only known
RasGAP-related protein from S. pombe was identified as the
product of a gene whose disruption caused a phenotype similar
to that of the activated ras1 mutant (23) or as a protein whose
overexpression suppressed the ras1Val-17 conjugation defects
(47). The latter is an unusual finding, since mammalian Ras
GAPs do not (51), or only very inefficiently (36), suppress cell
transformation by Ras mutants. However, although no direct
proof that sar1 stimulates the GTPase activity of ras1 has been
reported, and although sar1-related IQGAPs show no GAP
activity towards Ras, several observations are most easily ex-
plained by assuming that sar1 indeed has RasGAP activity. For
example, the expression of mammalian p120GAP suppressed
the conjugation defect of a sar1-deficient mutant. Further-
more, sar1 rescues the heat shock-sensitive phenotype of a
budding yeast ira-deficient mutant (47). However, since Ras-
mediated signaling and Rho-mediated signaling in S. pombe
(31) and in mammals (39) are intimately linked, the formal
possibility that sar1 exerts some of its effects by interacting with
Rho-family GTPases exists. For this reason it should be inter-
esting to determine whether sar1 stimulates the GTPase activ-
ity of S. pombe ras1 or whether this protein interacts with the
S. pombe Cdc42 homolog.
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