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Recruitment of specific molecules to a specific membrane site is essential for communication between specialized membranous
organelles. In the present study, we identified IQGAP1 as a novel GDP-bound-Rab27a-interacting protein. We found that
IQGAP1 interacts with GDP-bound Rab27a when it forms a complex with GTP-bound Cdc42. We also found that IQGAP1 regu-
lates the endocytosis of insulin secretory membranes. Silencing of IQGAP1 inhibits both endocytosis and the glucose-induced
redistribution of endocytic machinery, including Rab27a and its binding protein coronin 3. These processes can also be inhib-
ited by disruption of the trimeric complex with dominant negative IQGAP1 and Cdc42. These results indicate that activation of
Cdc42 in response to the insulin secretagogue glucose recruits endocytic machinery to IQGAP1 at the cell periphery and regu-
lates endocytosis at this membrane site.

Targeting of specific molecules to specific cell membrane sites is
essential for the generation of specialized membranous organ-

elles and for communication between these organelles. The exo-
cytic machinery is localized at both the secretory membrane and
the plasma membrane. In pancreatic beta cells, glucose stimula-
tion promotes the association of this machinery with the cell
membrane, resulting in insulin release. Glucose stimulation also
promotes the endocytosis of secretory membranes to maintain a
constant cell volume and to allow the reuse of the exocytic ma-
chinery for another round of exocytosis (1, 2). Although these
excess membranes and the used machinery are taken up by endo-
cytic machinery, knowledge regarding the mechanism by which
endocytic machinery is targeted to a specific membrane site is still
limited.

Small GTPases are monomeric GTPases with molecular
masses ranging from 20 to 30 kDa (3, 4). These molecules have
GTP- and GDP-bound forms, and they interconvert between the
two states. This conversion is regulated by GDP/GTP exchange
and by GTPase reactions. It is conventionally considered that
small GTPases are maintained in the GDP-bound form by gua-
nine nucleotide dissociation inhibitors (GDIs) in the cytosol (5–
7). Cell stimulation converts the GTPases from the GDP- to the
GTP-bound form through their interaction with guanine nucleo-
tide exchange factors (GEFs) (8). The GTP-bound form interacts
with its specific GTP-dependent effectors and transduces a spe-
cific downstream signal. GTPase-activating proteins (GAPs) acti-
vate the intrinsic GTPase activity of small GTPases and induce the
conversion of the GTP- to the GDP-bound form (9). There is a
specific GDI, GEF, and GAP for each small GTPase, and these
regulate the function and localization of the relevant GTPase.

Small GTPases are divided into the Ras, Rho, Rab, Arf, and Ran
superfamilies, and each family participates in a wide variety of
cellular functions (3). In pancreatic beta cells, the Rho family reg-
ulates cytoskeletal remodeling and the fusion event in exocytosis
(10). Cdc42, a member of the Rho family, is localized with insulin
secretory granules (11). The insulin secretagogue glucose converts
GDP-bound Cdc42 to its GTP-bound form, resulting in insulin
secretion through modulation of the cortical actin network (12).

Cdc42 also regulates granule fusion via the soluble N-ethylma-
leimide-sensitive factor attachment protein receptor (SNARE)
protein (13). Furthermore, GTP-bound Cdc42 causes a shift of
Rac-1, another member of the Rho family, from the GDP- to the
GTP-bound form (14). IQGAP1 is one of the GTP-dependent
effectors of Cdc42 and Rac1 (15, 16). IQGAP1 regulates cell-cell
contacts and cell migration (17–21). In pancreatic beta cells,
IQGAP1 forms a complex with exocysts, and GTP-bound Cdc42
abolishes this association (22). Thus, IQGAP1 is involved in the
regulation of vesicle tethering in insulin secretion (22, 23).

The Rab family, which consists of more than 60 members,
regulates membrane trafficking via its specific effectors (24–26).
Rab27a, a member of the Rab family, is highly expressed in pan-
creatic beta cells and is involved in the preexocytosis of insulin
granules via its specific effectors. Exophilin8/MyRIP/Slac2c,
Noc2, and granuphilin/Slp4 have been identified as Rab27a effec-
tors in pancreatic beta cells (27). Exophilin8/MyRIP/Slac2c func-
tions as a linker protein between GTP-bound Rab27a and motor
proteins such as myosin Va, which may transport insulin granules
along actin filaments (28, 29). Noc2 is considered to regulate in-
sulin secretion by modulating actin dynamics via zyxin (30, 31).
Granuphilin/Slp4 plays an inhibitory role in the secretory ma-
chinery via the tethering of insulin granules to the cytoplasmic
surface of the cell membrane (32–34). All known effectors are
considered to be GTP-dependent effectors (24).

We recently identified coronin 3 as a GDP-bound-Rab27a-
interacting protein (1, 2). We showed that the insulin secreta-
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gogue glucose induces the conversion of GTP-bound Rab27a to
GDP-bound Rab27a, which is essential for the redistribution of
coronin 3 to the vicinity of the plasma membrane (35, 36). We also
showed that GDP-bound Rab27a promotes the F-actin-bundling
activity of coronin 3, resulting in regulation of the endocytosis of
insulin secretory membranes (37).

In this study, we identified IQGAP1 as a novel GDP-dependent
effector of Rab27a. We found that Cdc42-induced activation of
IQGAP1 regulates the glucose-induced redistribution of Rab27a
and coronin 3. We also found that the Cdc42-induced formation
of a complex between IQGAP1, GDP-bound Rab27a, and coronin
3 is essential for endocytosis of the insulin secretory membrane.
Here we suggest that activated Cdc42-bound IQGAP1 determines
the cellular endocytic site via the recruitment of endocytic ma-
chinery.

MATERIALS AND METHODS
Materials. pAcGFP and pmCherry were purchased from Clontech.
pcDNA3.1/Hygro(�) was purchased from Invitrogen, pGEX-4T-1 was
purchased from GE Healthcare Ltd., and pMAL-p4x was purchased from
New England Biolabs. pQE30 was purchased from Qiagen. A polyclonal
anti-coronin 3 antibody was produced as described previously (35). The
following antibodies were used: polyclonal anti-Rab27a (H-60), anti-Flag
(M2), antiactin (AC-15), and anti-glutathione S-transferase (anti-GST)
(GST-2) antibodies (Sigma-Aldrich); monoclonal anti-Rab27a (1G7) and
monoclonal anti-coronin 3 (1F7) antibodies (Abnova); a polyclonal
antibody against green fluorescent protein (GFP) (MBL); an anti-T7 an-
tibody (Novagen); antibodies against IQGAP1 (H-109) and maltose-
binding protein (MBP) (Santa Cruz); a monoclonal anti-GFP antibody
(Roche); an anti-His antibody (Qiagen); an anti-Cdc42 antibody
(Thermo Scientific); and an anti-insulin antibody (Seikagaku Corpora-
tion). COS-7 cells were obtained from the Cell Resource Center for Bio-
medical Research, Tohoku University. The insulin-secreting beta-cell line
MIN6 was kindly provided by J. I. Miyazaki (Osaka University). Other
materials and chemicals were obtained from commercial sources. This
study was approved by the Ethical Committee for Animal Experiments at
Oita University.

Plasmid constructs. cDNAs encoding Rab27a, coronin 3, Rab5a (35),
IQGAP1, RhoA, and Cdc42 (38) were obtained as described previously.
cDNA encoding rat phogrin was kindly provided by E. Kawasaki (Naga-
saki University). pFLAG-CMV-2b-Rab3a was kindly provided by S. Seino
(Kobe University) (31). pEGFP-phogrin was kindly provided by T. Senda
(Fujita Health University School of Medicine). pcDNA-Flag and
pcDNA-T7 were generated as described previously (35). The cDNAs en-
coding the IQGAP1 calponin homology domain (CHD), N-terminal re-
peats (NTR), isoleucine and glutamine repeats (IQR), GTPase-related
domain (GRD), and carboxy terminus (CT) were amplified by PCR. All
DNA point mutations were introduced using a QuikChange kit (Strat-
agene). An RNA interference-resistant mutant of IQGAP1 (RNAiR-
IQGAP1) was created by introducing three silent mutations (underlined
in the sequence) into human IQGAP1 at nucleotides 3268 to 3292 (5=-G
ACCCAGTGGACATTTATAAATCTT-3=).

Protein purification. GST fusion proteins, MBP fusion proteins, and
His-tagged and Flag-tagged proteins were purified according to the man-
ufacturer’s protocol. GST-IQGAP1 was purified from Spodoptera fru-
giperda cells, which express this protein, as described previously (38).

Affinity column chromatography. Affinity column chromatography
was carried out as described previously (35). In brief, MIN6 cell mem-
brane fractions were loaded onto glutathione-Sepharose 4B beads (GE
Healthcare) coated with GST or GDP·GST-Rab27a. The columns were
washed with NS-buffer (20 mM HEPES at pH 7.5, 5 mM MgCl2, 1 mM
dithiothreitol [DTT], 100 mM NaCl, 1 mM GDP). The proteins bound to
the columns were eluted with NS-buffer containing 1.5 M NaCl and were
analyzed by peptide mass fingerprinting.

Coimmunoprecipitation assay. Immunoprecipitation was per-
formed as described previously (35). In brief, MIN6 cells were extracted
by the addition of L1-buffer (20 mM Tris at pH 7.5, 150 mM NaCl, 1 mM
EDTA, 1 �M phenylmethylsulfonyl fluoride [PMSF], 10 �g/ml leupeptin,
10 �g/ml aprotinin, and 1% NP-40) and were incubated with a polyclonal
anti-Rab27a or anti-IQGAP1 antibody. The immunocomplex was then
precipitated with protein A-Sepharose 4B (GE Healthcare). The bound
proteins were eluted using L1-buffer containing 0.5 M NaCl and were
subjected to immunoblotting with a polyclonal anti-Rab27a, anti-
IQGAP1, anti-Cdc42, or anti-coronin 3 antibody. For this blot, 0.7% of
the total lysate was loaded as input.

Cell culture and transfection. COS-7 and MIN6 cells were cultured in
Dulbecco’s modified Eagle’s medium (Sigma-Aldrich) supplemented
with 10% and 15% fetal bovine serum, respectively. Lipofectamine 2000
(Invitrogen) reagents were used for transfection according to the manu-
facturer’s instructions.

Binding assay. Immunoprecipitation was performed as described
previously (35). In brief, COS-7 cells expressing GFP-IQGAP1 mutants,
Flag-Rab mutants, and T7-Rho mutants were solubilized with L2-buffer
(20 mM Tris at pH 7.5, 100 mM NaCl, 1 mM EDTA, 1 �M PMSF, 10
�g/ml leupeptin, 10 �g/ml aprotinin, and 0.1% NP-40). GFP-IQGAP1
mutant proteins were immunoprecipitated with a polyclonal anti-GFP
antibody. The immunocomplex was subjected to immunoblotting with a
monoclonal anti-GFP, anti-Flag, or anti-T7 antibody. For this blot, 0.7%
of the total was loaded as input. For the direct binding assay using purified
recombinant proteins, glutathione-Sepharose 4B beads coated with GST
or GST-Rab27a were incubated with MBP-IQGAP1-GRD in L3-buffer
(50 mM HEPES at pH 7.5, 150 mM NaCl, 1 �M PMSF, 10 �g/ml leupep-
tin, 10 �g/ml aprotinin, and 0.1% NP-40) at 4°C for 1 h. The beads were
then washed with L3-buffer and were resuspended with SDS-PAGE sam-
pling buffer. The bound proteins were subjected to immunoblot analysis
with an anti-MBP antibody. The in vitro binding assays using MBP-Rho
mutants, His-Rab27a-T23N, purified Flag-coronin 3, and GST-IQGAP1
immobilized on beads were performed in the same way.

Endocytosis assay. The Neon transfection system (Life Technologies)
was used for transfection according to the manufacturer’s instructions.
The cell surface proteins were biotinylated using EZ-Link sulfo-NHS-SS-
biotin (Pierce) for 30 min at 4°C, after which the unreacted biotin was
quenched (1% bovine serum albumin [BSA] in phosphate-buffered saline
[PBS]). The samples were warmed to 37°C to allow endocytosis. The
remaining cell surface biotin was stripped using L4 buffer (50 mM Tris,
100 mM sodium 2-mercaptoethanesulfonate, 100 mM NaCl, 1 mM
EDTA, 0.2% BSA), after which the cells were lysed and the endocytosed
biotin-tagged proteins were pulled down using streptavidin-agarose. The
endocytosed proteins were determined by SDS-PAGE and subsequent
densitometry.

Immunohistochemistry. Pancreata from male ICR mice (SLC), aged
8 to 12 weeks, were fixed with phosphate-buffered 3% paraformaldehyde
and were cryosectioned at a thickness of 5 �m. The tissue sections were
subjected to immunostaining. Cryosections of the fixed pancreata were
incubated with a mixture of a guinea pig anti-insulin antibody and a
rabbit anti-IQGAP1 antibody, followed by incubation with a mixture of
Alexa Fluor 568-conjugated anti-guinea pig IgG and Alexa Fluor 488-
conjugated anti-rabbit IgG (Molecular Probes).

siRNA preparation. Coronin-3-specific small interfering RNA (siRNA)
was synthesized as described previously (35). siRNAs specific to Rab27a
(MSS202211) and IQGAP1 (MSS219911) were purchased from Invitro-
gen. NegaConNaito1 (RNAi Co., Ltd.) was used as a negative control.

Immunofluorescence analyses. Immunofluorescence analyses were
performed as described previously (36). In brief, MIN6 cells expressing
GFP- or Flag-tagged proteins were preincubated with HEPES-buffered
Krebs buffer (20 mM HEPES at pH 7.4, 119 mM NaCl, 4.8 mM KCl, 2.5
mM CaCl2, 1.2 mM MgSO4, 1.2 mM KH2PO4, 5 mM NaHCO3, and 1
mg/ml BSA) with 3 mM glucose, followed by incubation with the same
buffer with 20 mM glucose. The cells were then rinsed in phosphate-
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buffered saline, fixed with 3% paraformaldehyde, permeabilized with
0.1% Triton X-100, and stained with anti-Flag and anti-IQGAP1 antibod-
ies, followed by Alexa Fluor 488- and Alexa Fluor 568-conjugated second-
ary antibodies. We traced the intracellular fluorescence signals and per-
formed statistical analyses as described previously (36). Cells with obvious
peaks in the vicinity of the plasma membrane were counted. We defined
the vicinity of the plasma membrane as the outermost 10% of the cell area
(39). The FM4-64 uptake experiments were performed as described pre-
viously (35). In brief, MIN6 cells were incubated in culture media con-
taining 10 �M FM4-64. The cells were then thoroughly washed with dye-
free media and were used for live imaging. For transferrin uptake
experiments, MIN6 cells were incubated in HEPES-buffered Krebs buffer
with 20 mM glucose and 5 �g/ml Alexa Fluor 568-labeled transferrin for
30 min. The cells were then thoroughly washed with phosphate-buffered
saline and were fixed with 3% paraformaldehyde. For analysis of phogrin-
Cherry internalization, FM4-64 uptake, and transferrin uptake, the per-
centage of cells with a cytoplasmic pattern of staining of these molecules
was evaluated (35).

Confocal fluorescence microscopy. Images were acquired using a
100� oil objective (Plan-Apochromat 100� [numerical aperture, 1.46]
oil immersion objective for differential interference contrast [DIC]; Carl
Zeiss). All sections were analyzed using a confocal laser microscopy sys-
tem and software (LSM710; Carl Zeiss) that was built around an inverted
microscope (Axio Observer Z1; Carl Zeiss).

Statistical analysis. All data are expressed as means � standard devi-
ations (SD). Data were evaluated for statistical significance using the un-
paired Student t test.

RESULTS
IQGAP1 is a novel GDP-bound-Rab27a-interacting protein. We
first searched for GDP-bound-Rab27a-interacting proteins in
pancreatic beta cells by using affinity column chromatography
and peptide mass fingerprinting. Extracts from the insulin-secret-
ing beta-cell line MIN6 were applied to a column to which GST-
tagged GDP-bound Rab27a (GDP·GST-Rab27a) was immobi-
lized. A protein with a relative molecular weight (Mr) of 180,000
(p180) bound GDP–GST-Rab27a but not GST alone (Fig. 1A).

We identified p180 as IQGAP1 by peptide mass fingerprinting (see
Fig. S1 in the supplemental material). A coimmunoprecipitation
assay using MIN6 extracts was performed to determine if Rab27a
forms a complex with IQGAP1 in MIN6 cells. Indeed, IQGAP1
was found to coimmunoprecipitate with the anti-Rab27a anti-
body (Fig. 1B). The cellular distribution of IQGAP1 in the mouse
pancreas was examined by immunohistochemical analysis (Fig.
1C). IQGAP1 was preferentially expressed in the islet cells. The
immunofluorescence of IQGAP1, like that of Rab27a (35), was
observed in insulin-positive beta cells as well as in other types of
islet cells.

We next performed a cotransfection assay in COS-7 cells to
determine the GTP/GDP specificity of the interaction between
Rab27a and IQGAP1. Briefly, Flag-Rab27a-Q78L, a GTPase-defi-
cient mutant that mimics the GTP-bound state, or Flag-Rab27a-
T23N, which mimics the GDP-bound state, was cotransfected
with GFP-IQGAP1 into COS-7 cells, and the association of each
mutant with IQGAP1 was evaluated following immunoprecipita-
tion with the anti-GFP antibody (Fig. 2A). Rab27a-T23N coim-
munoprecipitated with IQGAP1, but Rab27a-Q78L did not.
Rab27a-Q78L did coimmunoprecipitate with the synaptotagmin-
like protein homology domain (SHD), which is the GTP-bound-
Rab27a-binding domain of the GTP-dependent effectors of
Rab27a (40), indicating that IQGAP1 specifically binds Rab27a in
a GDP-dependent manner. Only a small amount of GDP-bound
Rab3a (Rab3a-T36N), which has the highest homology to Rab27a
among the Rab family (40% similarity to the amino acid sequence
of Rab27a), but not GDP-bound Rab5a (Rab5a-S34N), coimmu-
noprecipitated with IQGAP1, indicating that IQGAP1 preferen-
tially interacts with Rab27a in vivo.

We also identified the sites required for the interaction with
IQGAP1 by using cotransfection assays in COS-7 cells (Fig. 2B).
Rab27a-T23N bound IQGAP1-GRD (amino acids 925 to 1325)
but not GFP or IQGAP1-CHD (amino acids 1 to 198), NTR
(amino acids 175 to 726), IQR (amino acids 700 to 958), or CT
(amino acids 1305 to 1658).

We then examined whether IQGAP1 directly binds GDP-
bound Rab27a by using an in vitro binding assay with purified
recombinant proteins. IQGAP1 bound GDP-bound Rab27a but
not GST alone or Rab27a treated with the nonhydrolyzable GTP
analogue GTP�S (Fig. 2C). The binding of IQGAP1 to GDP-
bound Rab27a was dose dependent and saturable (Fig. 2D). The
dissociation constant (Kd) determined by Scatchard analysis was
0.2 �M, and the stoichiometry was 0.01. This Kd value is almost
the same as that for the binding affinity of coronin 3 for GDP-
bound Rab27a (35). The Kd value of IQGAP1 binding to GDP-
bound Rab3a (0.8 �M) was 4 times lower than that of IQGAP1
binding to GDP-bound Rab27a (Fig. 2E). This result is consistent
with the results from our coimmunoprecipitation experiments
(Fig. 2A).

IQGAP1 is required for the glucose-induced redistribution
of Rab27a and coronin 3. We have demonstrated previously that
glucose, the most important insulin secretagogue, induces the in-
tracellular translocation of coronin 3 and that this redistribution
is due to the interaction of coronin 3 with GDP-bound Rab27a
(36). We therefore examined the intracellular distribution of
IQGAP1 in MIN6 cells. In this set of experiments, IQGAP1-si-
lenced MIN6 cells were cotransfected with Flag-Rab27a. IQGAP1
with RNA interference (RNAi) diminished the expression of en-
dogenous IQGAP1 by 70% without affecting the expression of the

FIG 1 Identification of IQGAP1 as a protein interacting with GDP-bound
Rab27a in pancreatic beta cells. (A) MIN6 cell extracts were applied to an
affinity column on which GST-tagged GDP-bound Rab27a or GST alone (as a
control) was immobilized, and eluates were analyzed by silver staining. (B)
MIN6 extracts were immunoprecipitated with an anti-Rab27a antibody or
with control IgG. The immunocomplexes were analyzed by immunoblotting
with an anti-Rab27a or anti-IQGAP1 antibody. The percentage of input pro-
tein coimmunoprecipitated was 0.2%. (C) Sections of mouse pancreata were
double stained with anti-insulin (red) and anti-IQGAP1 (green) antibodies.
Bar, 20 �m.
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endogenous proteins coronin 3, actin, and Rab27a (Fig. 3A). In
control cells, glucose stimulation induced the redistribution of
Flag-Rab27a to the vicinity of the plasma membrane, where
IQGAP1 accumulated (Fig. 3B and C). This Rab27a redistribution
did not occur in IQGAP1-silenced cells. In contrast, IQGAP1 was
distributed in the vicinity of the plasma membrane in both stim-
ulated and unstimulated cells. We also examined the glucose-in-
duced redistribution of endogenous insulin granules and Rab27a
(see Fig. S2A in the supplemental material). Insulin granules were
also redistributed in glucose-stimulated MIN6 cells. These results
suggest that IQGAP1 may regulate the glucose-induced transloca-
tion of Rab27a.

To verify this effect of IQGAP1, an RNAi-resistant (RNAiR)
mutant of IQGAP1 was constructed by introducing a silencing
mutation into IQGAP1 at the target sequence of the siRNA. Al-

though GFP-IQGAP1 expression was abolished by IQGAP1
siRNA (siIQGAP1), the expression of GFP-RNAiR-IQGAP1 per-
sisted (Fig. 3D). The inhibition by siIQGAP1 of the glucose-in-
duced redistribution of Rab27a was reversed when cells were
cotransfected with RNAiR-IQGAP1 (Fig. 3E and F).

We showed previously that the glucose-induced redistribution
of coronin 3 does not occur in Rab27a-silenced cells (36). We
therefore examined the effect of IQGAP1 on the distribution of
coronin 3 in MIN6 cells. The glucose-induced redistribution of
coronin 3 was also inhibited in IQGAP1-silenced cells (see Fig.
S2B and C in the supplemental material), and this inhibition was
reversed when the cells were cotransfected with RNAiR-IQGAP1
(see Fig. S2D and E in the supplemental material). However, the
localization of IQGAP1 was not affected in cells in which either
Rab27a or coronin 3 was silenced (see Fig. S2F to H). Moreover,

FIG 2 IQGAP1-GRD binds GDP-bound Rab27a. (A) COS-7 extracts expressing Flag-Rab mutants and GFP-SHD (lanes 1 and 2) or GFP-IQGAP1 (lanes 3 to
6) were immunoprecipitated (IP) with an anti-GFP antibody. The immunocomplexes were analyzed by immunoblotting using anti-GFP and anti-Flag anti-
bodies. The percentage of input protein coimmunoprecipitated was 0.2%, except for the T36N mutant (0.02%). (B) COS-7 extracts expressing Flag-Rab27a-
T23N and GFP-IQGAP1 deletion mutants were immunoprecipitated with an anti-GFP antibody. The immunocomplexes were analyzed by immunoblotting
using anti-Flag and anti-GFP antibodies. Two percent of input protein was coimmunoprecipitated. Abbreviations for IGAP1 domains are as follows: CHD,
calponin homology domain; NTR, N-terminal repeats; IQR, IQ repeats; GRD, GTPase-related domain; CT, carboxy terminus. (C) An in vitro binding assay was
performed using purified MBP-IQGAP1-GRD and bead-bound GST-Rab27a, and bead-bound proteins were immunoblotted with anti-MBP and anti-GST
antibodies. (D and E) In vitro binding assays using various concentrations of MBP-IQGAP1-GRD and GST-Rab27a-T23N (D) or GST-Rab3a-T36N (E).
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the introduction of siRNAs against IQGAP1, Rab27a, or coronin 3
did not affect the cortical actin network (see Fig. S3A in the sup-
plemental material). These results indicate that IQGAP1 is re-
quired for the glucose-induced redistribution of Rab27a and its
binding protein coronin 3.

Cdc42 regulates the interaction between IQGAP1 and GDP-
bound Rab27a. IQGAP1 is a GTP-dependent effector of Rac1 and
Cdc42 (15, 16), which are members of the Rho family of GTPases.
An in vitro binding assay showed that Rab27a-T23N bound

IQGAP1 when the latter formed a complex with Cdc42-G12V, a
GTPase-deficient mutant that mimics the GTP-bound state (Fig.
4A). This interaction was not detected in the presence of another
Rho family GTPase, RhoA, or in the presence of Cdc42-T17N, a
mutant that mimics the GDP-bound state. We found that this
interaction was also detected in the presence of Rac1-G12V. Stim-
ulation with glucose for 2 min converts Cdc42 from its GDP-
bound form to a GTP-bound form in MIN6 cells (12). At the same
time, glucose stimulation converts GTP-bound Rab27a to its

FIG 3 IQGAP1 is required for the glucose-induced redistribution of Rab27a. (A) IQGAP1-silenced MIN6 cells were analyzed by immunoblotting with
anti-IQGAP1, anti-coronin 3 (Coro3), antiactin, and anti-Rab27a antibodies. (B) IQGAP1-silenced MIN6 cells expressing Flag-Rab27a were incubated with 3 or
20 mM glucose (G3 or G20, respectively) for 5 min. The cells were immunostained with anti-Flag (green) and anti-IQGAP1 (red) antibodies. siControl, control
siRNA. (C) The percentage of cells analyzed as in panel B with a peripheral distribution of Flag-Rab27a was determined. The results of statistical analysis of the
percentage of transfected cells that had Rab27a near the plasma membrane are shown. More than 40 randomly selected cells (more than 8 cells/experiment) were
examined. Data are expressed as means � SD from 4 independent experiments. The asterisk indicates a significant difference (P, �0.01) from siControl cells
stimulated with 3 mM glucose by the unpaired Student t test. (D) IQGAP1-silenced MIN6 cells expressing GFP-IQGAP1 or GFP-RNAiR-IQGAP1 were analyzed
by immunoblotting using anti-IQGAP1 and antiactin antibodies. �, GFP. (E) IQGAP1-silenced MIN6 cells expressing Flag-Rab27a and GFP or GFP-RNAiR-
IQGAP1 were incubated with 20 mM glucose for 5 min. The cells were immunostained with an anti-Flag antibody (red). Control, GFP. Bars, 10 �m. (F) The
percentage of cells analyzed as in panel E with a peripheral distribution pattern of Flag-Rab27a was determined. Statistical analysis was performed as described
for panel C. Control, GFP. The asterisk indicates a significant difference (P, �0.01) from siControl-expressing cells by the unpaired Student t test.
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GDP-bound form (35). On the other hand, glucose-induced Rac1
activation requires 20 min (14). We therefore examined the effect
of GTP-bound Cdc42 on the interaction between IQGAP1 and
GDP-bound Rab27a. The interaction between IQGAP1 and
Rab27a-T23N was also promoted in Cdc42-G12V-expressing
cells but not in Cdc42-T17N-expressing cells (Fig. 4B). This com-
plex formation was also detected in glucose-stimulated MIN6 cells
(Fig. 4C). These results indicate that GDP-bound Rab27a inter-
acts with IQGAP1 only when IQGAP1 forms a complex with
GTP-bound Cdc42. Glucose-induced redistribution of Rab27a
and coronin 3 did not occur in Cdc42-T17N-expressing cells (Fig.
4D to G). Moreover, the expression of Cdc42-T17N did not affect
the cortical actin network under these conditions (see Fig. S3A in
the supplemental material). Neither L-glucose nor 2-deoxyglucose
stimulation induced the redistribution of Rab27a to the vicinity of
the plasma membrane (see Fig. S3B). This result is consistent with
a previous result showing that Cdc42 activation is selective for
glucose (14). These results indicate that GTP-bound Cdc42 forms
a complex with IQGAP1 and recruits GDP-Rab27a and coronin 3
to the vicinity of the plasma membrane.

Coronin 3 was also detected in the complex that contained

GTP-bound Cdc42, IQGAP1, and GDP-bound Rab27a (Fig. 4A to
C). Rab27a-T23N efficiently bound coronin 3 in IQGAP1-GRD-
expressing cells (see Fig. S3C in the supplemental material). How-
ever, coronin 3 did not directly bind IQGAP1-GRD. These results
suggest that GDP-bound Rab27a binds both IQGAP1 and coronin
3 simultaneously and that they form a trimeric complex.

The complex consisting of IQGAP1 and GDP-bound Rab27a
regulates endocytosis. We reported previously that coronin 3
forms a complex with GDP-bound Rab27a and that the complex
regulates the endocytosis of secretory membranes in MIN6 cells
(35–37). We therefore examined the effect of IQGAP1 silencing
on endocytosis. IQGAP1-silenced MIN6 cells that expressed GFP
as a transfection marker were labeled with FM4-64 to visualize
endocytosis (see Fig. S4A and B in the supplemental material).
FM4-64 was taken up by endocytosis and showed a punctate pat-
tern in control cells, in agreement with our previous report (35).
The uptake of FM4-64 was inhibited in IQGAP1-silenced cells. To
further examine the role of IQGAP1 in endocytosis, IQGAP1-
silenced MIN6 cells were incubated with Alexa Fluor 568-labeled
transferrin for the visualization of clathrin-dependent endocyto-
sis (see Fig. S4C and D). The uptake of transferrin was inhibited in

FIG 4 Cdc42 regulates the interaction between IQGAP1 and GDP-bound Rab27a. (A) An in vitro binding assay was performed using purified bead-bound
GST-IQGAP1, His-Rab27a-T23N, Flag-coronin 3, and an MBP-tagged RhoA, Rac1, or Cdc42 mutant. Following incubation, bead-bound proteins were
analyzed by immunoblotting using anti-GST, anti-MBP, anti-His, and anti-Flag antibodies. (B) COS-7 extracts expressing GFP-IQGAP1, Flag-Rab27a-T23N,
and one of the T7-Cdc42 mutants (the G12V or T17N mutant) were immunoprecipitated with an anti-GFP antibody. The immunocomplexes were analyzed by
immunoblotting using anti-GFP, anti-T7, anti-Flag, and anti-coronin 3 antibodies. The percentage of input protein coimmunoprecipitated was 0.2%. (C) MIN6
cells were incubated with 3 or 20 mM glucose for 5 min. The cell extracts were immunoprecipitated with an anti-IQGAP1 antibody. The immunocomplexes were
analyzed by immunoblotting with anti-IQGAP1, anti-Cdc42, anti-Rab27a, and anti-coronin 3 antibodies. The percentage of input protein coimmunoprecipi-
tated was 0.1%. (D) MIN6 cells expressing Flag-Rab27a together with GFP or GFP-Cdc42-T17N were incubated with 20 mM glucose for 5 min. The cells were
immunostained with an anti-Flag (red) antibody. (E) The percentage of cells with a peripheral distribution pattern of Flag-Rab27a was analyzed. (F) MIN6 cells
expressing Flag-coronin 3 together with GFP or GFP-Cdc42-T17N were incubated with 20 mM glucose for 5 min. The cells were immunostained with an
anti-Flag (red) antibody. Bars, 10 �m. (G) The percentage of cells with a peripheral distribution pattern of Flag-coronin 3 was analyzed. Peripheral distribution
and statistical analyses were performed as described in the legend to Fig. 3C.
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IQGAP1-silenced cells. Moreover, this inhibition of uptake was
reversed by coexpression of RNAiR-IQGAP1. Phogrin, a trans-
membrane protein, is a marker of secretory membranes (35). Fol-
lowing insulin exocytosis, phogrin is internalized by clathrin-de-
pendent endocytosis (41, 42). Phogrin-Cherry was localized in the
cytoplasm in control cells (see Fig. S4E and F), in agreement with
our previous report (35). However, in IQGAP1-silenced cells,
phogrin-Cherry was present near the plasma membrane. This
change in phogrin distribution was reversed when the cells were
cotransfected with RNAiR-IQGAP1 (see Fig. S4E and F). More-
over, we directly evaluated the effect of IQGAP1 silencing on the
endocytosis of secretory membranes by biotinylating phogrin at
the plasma membrane and determining the fraction of phogrin
endocytosed (see Fig. S4G and H). The silencing of IQGAP1 in-
hibited the endocytosis of phogrin (see Fig. S4G and H). In con-
trast, the levels of Kir6.2, the subunit of the ATP-sensitive potas-
sium channel, remained unchanged (see Fig. S4G). These results
indicate that IQGAP1 regulates the endocytosis of secretory mem-
branes similarly to that of coronin 3 (35). The effect of siIQGAP1
on endocytosis may be secondarily affected, because IQGAP1 also
regulates insulin secretion via exocysts (22). We therefore per-
formed experiments using IQGAP1-GRD and Cdc42-T17N.
These two mutants do not affect on the formation of the IQGAP1/
exocyst complex (12, 22).

We examined whether the complex consisting of IQGAP1 and
GDP-bound Rab27a regulates the endocytosis of secretory mem-
branes. The uptake of transferrin was inhibited when the interac-
tion between endogenous IQGAP1 and GDP-bound Rab27a was
disrupted by the expression of Cdc42-T17N (see Fig. S5A and B in
the supplemental material). Phogrin-Cherry was located mainly
near the plasma membrane in cells expressing Cdc42-T17N (Fig.
5A and B). Moreover, the expression of Cdc42-T17N inhibited
the endocytosis of phogrin (see Fig. S5C and D). In contrast,
the levels of Kir6.2 remained unchanged (see Fig. S5C).

GFP-IQGAP1-GRD, which is the GDP-Rab27a binding site of
IQGAP1 (Fig. 2B), bound Rab27a-T23N more efficiently than
wild-type (WT) GFP-IQGAP1 (Fig. 5C). Moreover, Cdc42-G12V
was not required for this interaction (Fig. 5C). The expression of
IQGAP1-GRD disrupted the interaction between IQGAP1 and
Rab27a-T23N (Fig. 5D), indicating that IQGAP1-GRD serves as a
dominant negative deletion mutant. Indeed, glucose-induced re-
distribution of Rab27a and coronin 3 was inhibited by coexpres-
sion of IQGAP1-GRD (see Fig. S5E to H in the supplemental
material). The uptake of transferrin was inhibited in IQGAP1-
GRD-expressing cells (see Fig. S5A and B). Phogrin-Cherry was
located mainly near the plasma membrane in these cells (Fig. 5E
and F). Moreover, the expression of IQGAP1-GRD inhibited the
endocytosis of phogrin (see Fig. S5C and D). In contrast, the levels
of Kir6.2 remained unchanged (see Fig. S5C). These results indi-
cate that the interaction between IQGAP1 and GDP-bound
Rab27a is required for the endocytosis of secretory membranes.

DISCUSSION
IQGAP1, GDP-bound Rab27a, and coronin 3 regulate endocy-
tosis. In the present study, IQGAP1 bound GDP-bound Rab27a
when IQGAP1 formed a complex with GTP-bound Cdc42
(Fig. 4A to C). This interaction resulted in the recruitment of
GDP-bound Rab27a from the cytosol to the plasma membrane,
where IQGAP1 accumulated (Fig. 4D and E). IQGAP1 also re-
cruited coronin 3, another GDP-bound-Rab27a-interacting pro-

tein, to the same area (Fig. 4F and G; see also Fig. S2 in the sup-
plemental material). This finding was consistent with our
previous results showing that glucose-induced translocation of
coronin 3 is due to its interaction with GDP-bound Rab27a (36).
Interestingly, IQGAP1 bound coronin 3 via GDP-bound Rab27a,
thereby forming a trimeric complex (Fig. 4A to C; see also Fig. S3C
in the supplemental material). Moreover, the interaction between
coronin 3 and GDP-bound Rab27a was promoted when IQGAP1
was present (see Fig. S3C). These data suggested that coronin 3
bound GDP-bound Rab27a only when GDP-bound Rab27a
formed a complex with IQGAP1 in the vicinity of the plasma
membrane (Fig. 5G). These results indicate that GDP-bound
Rab27a interacts with IQGAP1 in a fashion different from the
interaction of coronin 3. Indeed, GRD has no homology with the
beta-propeller structure, which is the binding site of coronin 3 to
GDP-bound Rab27a (35, 40).

IQGAP1 is a scaffolding protein. IQGAP1 recruits signal mol-
ecules to specific areas within various cells where the accumulated
molecules regulate their specific cellular functions, including cell
motility (43), exocytosis (22), and phagocytosis (44). In pancre-
atic beta cells, IQGAP1 recruits vesicle-tethering exocysts (22). It
has been reported that stable attachment of insulin granules to the
plasma membrane is not a prerequisite but is temporally inhibi-
tory for glucose-induced membrane fusion (45). Therefore, the
complex may inhibit subsequent fusion events. The insulin secre-
tagogue glucose causes a shift in Cdc42 from its GDP-bound to its
GTP-bound form (12). This GTP-bound form interacts with
IQGAP1 and disrupts the formation of the complex (22).

In this report, we demonstrated for the first time that IQGAP1
plays a crucial role in the control of endocytosis in pancreatic beta
cells. We showed previously that glucose induces the intracellular
translocation of coronin 3 from the cytosol to the plasma mem-
brane (36). We also showed that peripheral coronin 3 contributes
to the endocytosis of the secretory membrane by modulating F-
actin (37). These data suggest that IQGAP1 determines the endo-
cytic site via the recruitment of endocytic machinery, including
GDP-bound Rab27a and coronin 3. We therefore consider that
IQGAP1 plays a crucial role in the control of vesicle tethering and
endocytosis by the recruitment of relevant regulators at each stage
of the process (Fig. 5G).

Our data suggest that the conversion of Cdc42 in response to
glucose regulates the dissociation of the tethering machinery and
the subsequent formation of endocytic machinery. Glucose also
regulates the dissociation of vesicle-tethering granuphilin/Slp4
from Rab27a and the subsequent formation of the coronin
3/GDP-bound Rab27a complex (1, 2). Thus, we consider that glu-
cose stimulation promotes both fusion and dissociation events
between the plasma membrane and the secretory membrane. In
this study, we showed that glucose-induced formation of the com-
plex, which comprises IQGAP1, GDP-bound Rab27a, and coro-
nin 3, is necessary for endocytosis of the secretory membrane.
Further studies are needed to investigate the dissociation mecha-
nisms of this complex in pancreatic beta cells.

Biphasic endocytosis. IQGAP1 is also a GTP-dependent effec-
tor of Rac1, which belongs to the same family as Cdc42 (15, 16). In
general, both GTP-bound Rac1 and Cdc42 interact with IQGAP1,
and they are believed to play similar roles. We therefore confirmed
the effect of Rac1 on the interaction between IQGAP1 and GDP-
bound Rab27a. Rab27a-T23N bound IQGAP1 when the latter
formed a complex with Rac1-G12V (Fig. 4A). Moreover, phogrin-
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Cherry was present near the plasma membrane in Rac1-T17N-
expressing cells (data not shown). These results showed that Rac1
also promotes the complex formation that is necessary for endo-
cytosis of the secretory membrane. In pancreatic beta cells, Rac1
may function at later steps in endocytosis, because the conversion
of Rac1 in response to glucose is mediated by GTP-bound Cdc42
(12, 14). This finding raises the possibility that Cdc42 regulates
rapid endocytosis while Rac1 regulates subsequent, prolonged en-
docytosis, a pattern that may be associated with the biphasic re-

lease of insulin in response to glucose. The rapid exocytosis is
referred to as the first phase of insulin release, and the subsequent,
less robust but sustained release is referred to as the second phase
(46). This biphasic release of insulin suggests the presence of bi-
phasic endocytosis, which is regulated by Cdc42 and Rac1 to
maintain a constant cell volume. Further studies are required to
investigate Cdc42- and Rac1-dependent endocytosis.

GDP-dependent effectors. IQGAP1 recruits GDP-bound
Rab27a, as does GDI. Although IQGAP1 resembles GDI in terms

FIG 5 The complex consisting of IQGAP1 and GDP-bound Rab27a regulates endocytosis. (A) MIN6 cells expressing phogrin-Cherry together with GFP or
GFP-Cdc42-T17N were incubated with 20 mM glucose for 5 min. (B) The percentage of transfected cells that had internalized phogrin-Cherry was analyzed by
determination of the percentage of transfected cells that displayed cytoplasmic distribution of phogrin-Cherry fluorescence. (C) COS-7 extracts expressing
Flag-Rab27a-T23N, either the G12V-Cdc42 or the T17N-Cdc42 mutant, and GFP-IQGAP1-WT or GFP-IQGAP1-GRD were immunoprecipitated with an
anti-GFP antibody. The immunocomplexes were analyzed by immunoblotting using anti-GFP, anti-Flag, and anti-T7 antibodies. The percentage of input
protein coimmunoprecipitated was 2.0%. (D) COS-7 extracts expressing Flag-IQGAP1, GFP-IQGAP1-GRD, and GFP-Rab27a-T23N were immunoprecipitated
with an anti-Flag antibody. The immunocomplexes were analyzed by immunoblotting using anti-Flag and anti-GFP antibodies. The percentage of input protein
coimmunoprecipitated was 0.2%. �, GFP. (E) MIN6 cells expressing phogrin-Cherry and either GFP or GFP-IQGAP1-GRD were incubated with 20 mM glucose
for 5 min and were analyzed by immunofluorescence. Bars, 10 �m. (F) The percentage of transfected cells that had internalized phogrin-Cherry was analyzed by
determination of the percentage of transfected cells that displayed cytoplasmic distribution of phogrin-Cherry fluorescence. The data in panels B and F were
statistically analyzed as described in the legend to Fig. 3C. (G) Schematic model of IQGAP1 function in membrane trafficking.
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of this function, these two proteins appear to have different intra-
cellular distributions. IQGAP1 is distributed in the vicinity of the
plasma membrane and recruits GDP-bound Rab27a from the cy-
tosol to the plasma membrane. GDI recruits GDP-bound GTPase
from the plasma membrane to the cytosol and maintains the
GTPase in the GDP-bound form (5–7). Moreover, IQGAP1 lacks
the GDI consensus sequence. We therefore consider that IQGAP1
is a separate GDP-dependent effector. Interestingly, the binding
properties of GDP-dependent effectors differ from those of clas-
sical GTP-dependent effectors; GDP-Rab27a simultaneously
binds coronin 3 and IQGAP1, resulting in the formation of a
trimeric complex.

Rab27a possesses both GTP- and GDP-dependent effectors. In
pancreatic beta cells, GTP- and GDP-bound effectors regulate
preexocytic and endocytic processes, respectively. This fact sug-
gests that Rab27a regulates distinct stages in the insulin secretory
pathway by changing its GDP/GTP-bound form and its binding
partners. Since the physiological importance of GDP-binding
proteins has been largely overlooked, we consider that other
GTPases may also have GDP-dependent effectors.
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