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Abstract. 

 

Activated forms of the GTPases, Rac and 
Cdc42, are known to stimulate formation of microfila-
ment-rich lamellipodia and filopodia, respectively, but 
the underlying mechanisms have remained obscure. We 
now report the purification and characterization of a 
protein, IQGAP1, which is likely to mediate effects of 
these GTPases on microfilaments. Native IQGAP1 pu-
rified from bovine adrenal comprises two 

 

z

 

190-kD 
subunits per molecule plus substoichiometric calmodu-
lin. Purified IQGAP1 bound directly to F-actin and 
cross-linked the actin filaments into irregular, intercon-
nected bundles that exhibited gel-like properties. Exog-

enous calmodulin partially inhibited binding of 
IQGAP1 to F-actin, and was more effective in the 
absence, than in the presence of calcium. Immunoflu-
orescence microscopy demonstrated cytochalasin 
D–sensitive colocalization of IQGAP1 with cortical 
microfilaments. These results, in conjunction with prior 
evidence that IQGAP1 binds directly to activated Rac 
and Cdc42, suggest that IQGAP1 serves as a direct mo-
lecular link between these GTPases and the actin cy-
toskeleton, and that the actin-binding activity of 
IQGAP1 is regulated by calmodulin.

 

M

 

icrofilaments (MFs)

 

1

 

 are found in a variety of
labile intracellular arrays in nonmuscle cells (10,
38). Near the leading edges of motile cells, MFs

are present in ordered bundles, such as filopodia, as well
as in loosely organized networks, such as those found in
ruffles and lamellipodia. Within the cell interior, MFs may
be organized in dense bundles known as stress fibers,
which are indirectly connected to cell adhesion sites and
have the potential to contract.

Although MFs can be polymerized in vitro from actin
alone, in vivo they invariably encompass actin-binding
proteins, each of which influences MF organization in its
own specific manner. For example, fimbrin (7) and 

 

a

 

-acti-
nin (4) cross-link MFs into bundles, whereas less-ordered
MF networks are supported by filamin cross-bridges (18).
MF length is regulated by proteins such as gCAP39, which
caps MFs (29), and by severin (2) and gelsolin (22), which
possess both capping and severing activities. Members of
the myosin superfamily serve as molecular motors that
transport cargo across the MF surface and allow antiparal-
lel MFs to slide past one another (37).

Interactions between MFs and actin-binding proteins of-

ten appear to be orchestrated responses to extracellular
stimuli. The neutrophil reacts to chemotactic agents by en-
listing its actin cytoskeleton to move the cell toward the
signal (15). Likewise, fibroblasts migrate into wounds by a
process that requires transient, repetitive extension of filo-
podia and lamellipodia toward the wounded region (16).

The signaling pathways that control MF organization
appear to be exceedingly complex, and to involve several
low molecular weight GTPases as key regulatory factors.
Activated, or GTP-bound forms of the Ras-related pro-
teins, Rac and Rho, stimulate formation of lamellipodia
(34) and stress fibers (33), respectively. In addition, a
closely related GTPase, Cdc42, promotes formation of filo-
podia when activated by GTP (20, 27). Although each of
these three GTPases triggers its own unique set of multi-
ple downstream responses after activation, there is evi-
dence that their actions are coordinated. Apparently, acti-
vated Cdc42 stimulates activation of Rac, which in turn
stimulates activation of Rho (20, 27). In the context of ac-
tin organization, therefore, a primary effect of Cdc42 acti-
vation is induction of filopodia, whereas secondary and
tertiary effects include Rac-mediated membrane ruffling
and Rho-mediated stress fiber formation, respectively.

Some progress has been made toward identifying events
that lead to activation of Cdc42, Rac, and Rho. Constitu-
tively active, oncogenic Ras stimulates Rac activation, so
yet another low molecular weight GTPase influences MF
organization, in this case by acting upstream of Rac and
Rho, but independently of Cdc42 (33). Further upstream,
GTPase activation is thought to result indirectly from
binding of ligands to cell surface receptors. For example,
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PDGF, or insulin, acts through PI 3-kinase to stimulate
Rac (34); lysophosphatidic acid acts through a tyrosine ki-
nase to stimulate Rho (33); and bradykinin triggers activa-
tion of Cdc42 by an unknown mechanism (20).

In comparison to events occurring upstream of GTPase
activation, less is understood about events leading from
GTPase activation to reorganization of actin. In only one
case has a relevant downstream effector of an activated
GTPase been directly identified. Very recently, the consti-
tutively active catalytic domain of a Rho-stimulated pro-
tein kinase was found to induce stress fibers after microin-
jection into serum-starved cells (1). The Rho kinase has
therefore been implicated as an intermediate between ac-
tivation of Rho and the resulting assembly of stress fibers.
In the cases of Cdc42 and Rac, even less is known. Flowing
downstream from activated Cdc42 and Rac are a MAP ki-
nase–dependent pathway and a separate Jun kinase–
dependent pathway (3, 12, 26, 28, 42). It is noteworthy that
actin reorganization induced by Cdc42 and Rac occurs in-
dependently of the Jun kinase pathway (19, 24). Neverthe-
less, further details of the pathways connecting activated
Cdc42 and Rac to cortical actin rearrangement remain
shrouded in mystery.

In this report, we describe the discovery, purification,
and characterization of a high molecular weight protein
that may directly link activated Cdc42 and Rac to actin re-
organization. Amino acid sequences of four peptides de-
rived from the protein revealed identity with a previously
cloned protein called IQGAP1 (40). Based on the pres-
ence of a region with amino acid sequence similarity to
catalytic domains of GTPase-activating proteins (GAPs) for
Ras, IQGAP1 was initially proposed to be a new Ras-
GAP (40). Instead, IQGAP1 was found to bind directly to
activated forms of Cdc42 and Rac, but not to active or in-
active Ras or Rho, and it inhibits the GTPase activity of
Cdc42 (17, 21, 25). Sequence analysis of IQGAP1 indi-
cated the additional presence of four putative calmodulin-
binding IQ motifs (40), and direct evidence for calmodulin
binding by IQGAP1 has been presented (17).

Here we demonstrate that purified IQGAP1 also binds
directly to MFs, and cross-links them into irregular, inter-
connected bundles that exhibit gel-like properties. We also
present evidence that calmodulin inhibits the MF-binding
activity of IQGAP1. Finally, the physiological significance
of the in vitro properties of purified IQGAP1 was bol-
stered by the finding that IQGAP1 colocalizes with cy-
tochalasin D–sensitive, MF-rich structures in the cell cor-
tex, but is absent from stress fibers. Therefore, the results
described here emphasize the likelihood that IQGAP1 is
part of a signal transduction network that includes Rac
and Cdc42, and is involved in controlling the organization
of cortical actin.

 

Materials and Methods

 

Materials

 

Unless specified otherwise, all chemicals and reagents were purchased
from Sigma Chemical Co. (St. Louis, MO).

 

Actin, Tubulin, and Calmodulin

 

Actin was purified from acetone powders of rabbit skeletal muscle and as-

sembled into F-actin as described (30). The resulting MFs, which typically
had a concentration of 

 

z

 

6 mg/ml (

 

z

 

140 

 

m

 

M) actin, were stored at 4

 

8

 

C.
Tubulin was purified from bovine brain by our standard procedure (5),
and stored in small aliquots at 

 

2

 

80

 

8

 

C. Microtubules (MTs) were polymer-
ized from 12 mg/ml (120 

 

m

 

M) purified tubulin by the addition of taxol
(courtesy of N.R. Lomax, National Cancer Institute, Bethesda, MD) to
180 

 

m

 

M, and incubation was at 37

 

8

 

C for 30 min. Once they had polymer-
ized, the taxol-stabilized MTs were chilled on ice and used shortly thereaf-
ter. Calmodulin was purified from bovine brain as described (13), and was
generously supplied by Dr. S. Chacko (University of Pennsylvania, Phila-
delphia, PA).

 

MF- and MT-Binding Assays

 

For identification of MF- and MT-binding proteins in adrenal cytosol (see
Fig. 1), MTs and MFs were added to cytosol to a final concentration in
both cases of 0.5 mg/ml. After a 30-min incubation on ice, the 1-ml sam-
ples were centrifuged for 30 min at 40,000 rpm (86,553 

 

g

 

max

 

) at 4

 

8

 

C in a
TL-100 table top ultracentrifuge (Beckman Instruments, Inc., Fullerton,
CA) using a TLA 100.3 rotor. The resulting pellets were resuspended in
125 

 

m

 

l of SDS-PAGE sample buffer, and aliquots were then resolved on a
4–16% polyacrylamide gradient gel (5), which was stained with 0.1% Coo-
massie brilliant blue R250 (Pierce Chemical Co., Rockford, IL) dissolved
in 50% methanol/10% acetic acid/40% water.

To study the binding of purified native IQGAP1 (see below) to F-actin
(see Figs. 4–6), 200-

 

m

 

l samples were centrifuged for 15 min at 30,000 rpm
(48,686 

 

g

 

max

 

) at 4

 

8

 

C in an Optima TLX table top ultracentrifuge (Beck-
man Instruments, Inc.) using a TLA 100.3 rotor. Equal aliquots of the re-
sulting supernatants and pellets were then resolved by SDS-PAGE on
7.5% polyacrylamide gels (23), which were stained with Coomassie bril-
liant blue R250 as described above.

 

Peptide Microsequencing

 

Denatured 190K was purified by preparative SDS-PAGE of MF pellets
obtained from adrenal cytosol (see Fig. 1). Gels were briefly stained with
an aqueous suspension of Coomassie brilliant blue R250, the 190K band
was then excised with a razor blade, and protein was electroeluted from
the gel strip. After digestion with endoproteinase lys C (Boehringer Mann-
heim Biochemicals, Indianapolis, IN), four resulting peptides were puri-
fied by HPLC. Partial NH

 

2

 

-terminal peptide sequences were obtained by
automated Edman degradation using a sequencer (model 477A; Perkin
Elmer/Applied Biosystems, Norwalk, CT), and programming and chemi-
cals recommended by the manufacturer.

 

Production of an Antibody to a 190K Peptide

 

A 10-mer peptide containing nine amino acid residues within peptide 3
(QANAENNEF; see Fig. 2) plus a COOH-terminal cysteine was synthe-
sized. The peptide was then covalently coupled via its cysteine to male-
imide-activated keyhole limpet hemocyanin using an Imject Activated Im-
munogen Conjugation Kit (Pierce Chemical Co.), according to the
manufacturer’s instructions. Conjugated peptide was emulsified in Titer-
Max Adjuvant (Vaxcel, Inc., Norcross, GA), and a rabbit was then immu-
nized five times at 2–4-wk intervals. The final bleed of serum collected
from this rabbit was specific for IQGAP1 on immunoblots.

 

Purification of Native IQGAP1

 

Fresh bovine adrenal glands, typically 

 

z

 

100 g, were obtained at a local
slaughterhouse and stored in ice-cold PEM20 (20 mM Pipes, 2 mM MgCl

 

2

 

,
1 mM EGTA at pH 6.62) during transit to our laboratory. After removal
of the fatty layer, the tissue was minced and homogenized for 

 

z

 

1 min in
1.5 vol of PEM100 buffer (identical to PEM20, but with 100 mM Pipes)
supplemented with 1 mM DTT and protease inhibitors (1 

 

m

 

g/ml each leu-
peptin, pepstatin A, chymostatin, and 1 mM PMSF). An Omni 5000 tissue
grinder (Omni International, Gainesville, VA) was used for homogeniza-
tion at a speed setting of 2. The homogenate was first centrifuged at 4

 

8

 

C
for 20 min at 20,000 rpm (48,384 

 

g

 

max

 

) in a Beckman J2-21 centrifuge using
a JA20 rotor. The supernatant was then centrifuged at 4

 

8

 

C for 1.5 h at
44,000 rpm (194,932 

 

g

 

max

 

) in a Beckman L7-55 ultracentrifuge using a 60
Ti rotor. The resulting supernatant (cytosol) was filtered using 0.22-

 

m

 

m
Millex-GV filters (Millipore Corp., Bedford, MA).

IQGAP1 was purified at 4

 

8

 

C from filtered cytosol by three sequential
chromatographic steps using fast protein liquid chromatography (FPLC)
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and media from Pharmacia LKB Biotechnology Inc. (Piscataway, NJ).
IQGAP1 was identified for all chromatographic steps by SDS-PAGE, and
by Western blotting (see below) with the peptide antibody described in
the previous section. To begin, 50 ml of cytosol were applied at a flow rate
of 1 ml/min to a 16-ml SP-Sepharose HP cation exchange column pre-
equilibrated with PEM100. The flow through was discarded, and bound
protein was eluted in 5-ml fractions using a 400-ml linear gradient of 0–0.6 M
NaCl in PEM100. This procedure was then repeated two more times using
an additional 50 ml of cytosol at each step. From each of the three identi-
cal SP-Sepharose steps, three peak IQGAP1 fractions typically eluted at

 

z

 

0.25 M NaCl. The peak IQGAP1 fractions from all three SP-Sepharose
runs were pooled, concentrated 

 

z

 

10-fold by dialysis against Aquacide II
(Calbiochem-Novabiochem Corp., La Jolla, CA), and applied at a flow
rate of 0.5 ml/min to a 120-ml Sephacryl-S300 gel filtration column equili-
brated with PEM20. Fractions of 2 ml each were collected, and the peak
fractions of IQGAP1 were pooled and applied at a flow rate of 1 ml/min
to an 8-ml Q-Sepharose anion-exchange column. Protein was eluted from
this column as 1-ml fractions using a 5-ml linear gradient of 0–1 M NaCl in
PEM100. The IQGAP1 peak typically eluted at 

 

z

 

0.23 M NaCl. Fractions
containing purified IQGAP1 were then pooled, dialyzed against PEM20,
and concentrated 8–10-fold by dialysis against Aquacide II. Aliquots of
the final product were snap frozen in liquid nitrogen, and stored at 

 

2

 

80

 

8

 

C.

 

Immunoblotting

 

Proteins were resolved by SDS-PAGE and transferred to Immobilon-P
membranes (Millipore Corp.) using a Mini-Protean II apparatus (Bio Rad
Laboratories, Hercules, CA). To analyze the 190K subunit of IQGAP1,
7% polyacrylamide gels (23) were used. After electrophoresis, gels were
equilibrated in transfer buffer (25 mM potassium phosphate, pH 7.0) for
45–60 min, and protein was then transferred at 20 V overnight at 4

 

8

 

C (36).
The membrane was then blocked in casein/PBS (PBS at pH 7.4 supple-
mented with 60 mg/ml casein, 10 mg/ml polyvinylpyrrolidone, 10 mM
EDTA, and 2.6 mM NaN

 

3

 

) for 1 h before being probed with antibodies.
PBS and 0.2% Tween 20 was used for antibody dilution and washing
steps. Primary antisera included the rabbit anti–190K peptide antiserum
described here, as well as a previously described rabbit antiserum made
against a bacterially expressed NH

 

2

 

-terminal fragment of human IQGAP1
(17). Affinity-purified, peroxidase-labeled goat anti–rabbit IgG (Kierke-
gaard & Perry Laboratories, Inc., Gaithersberg, MD) was used as a sec-
ondary antibody, and Luminol chemiluminescence reagents (Pierce Chemi-
cal Co.) were used for visualizing immunoreactive protein according to
the vendor’s instructions.

Immunoblotting of calmodulin was performed exactly as described (35)
after resolving proteins on 14% polyacrylamide gels (23). Monoclonal
anti-calmodulin (Upstate Biotechnology Inc., Lake Placid, NY) and affin-
ity-purified peroxidase-labeled goat anti–mouse IgG (Pierce Chemical
Co.) were used as primary and secondary antibodies, respectively. Cal-
modulin was detected on blots by a chemiluminescent assay, as described
for 190K.

 

Quantitation of Gels and Immunoblots

 

Silver- and Coomassie-stained gels, and chemiluminescent immunoblots
were digitally photographed using a Dage-MTI CCD-72 camera (Michi-
gan City, IN) as an input device for a Power Macintosh 7600 computer
(Apple, Cupertino, CA). In all cases in which quantitation was performed,
a concentration series of known amounts of protein (IQGAP1, actin, or
calmodulin) was included on the gel or blot. NIH Image software (Na-
tional Institutes of Health, Bethesda, MD) was used for image capturing,
and for quantitation of bands on blots or gels.

 

Sedimentation Equilibrium

 

A 100-

 

m

 

l aliquot of purified IQGAP1 supplemented with 5 mg/ml dextran
(70,000 mol wt) was layered on top of fluorocarbon and was overlaid with
mineral oil in a 0.5-ml centrifuge tube for a Beckman TLS-55 swinging
bucket rotor. The sample was spun for 3 h at 12,000 rpm (12,338 

 

g

 

max

 

) fol-
lowed by 63 h at 6,000 rpm (3,084 

 

g

 

max

 

) in a Beckman Optima TLX 120 ta-
ble top ultracentrifuge at 4

 

8

 

C. Samples of 7 

 

m

 

l each were then collected us-
ing a Brandel FR-115 Centrifuge Tube Microfractionator (Biomedical
Research and Development Laboratories, Inc., Gaithersburg, MD). Ali-
quots of protein-containing fractions were then resolved by SDS-PAGE
(23) on 7% polyacrylamide gels. The gels were initially stained with silver
(6), were then destained completely using Rapid-Fix (Eastman Kodak

 

Co., Rochester, NY), and finally were restained using Coomassie brilliant
blue R250. Protein quantities in each lane were measured as described
above. Data were plotted separately for five silver- and six Coomassie-
stained fractions (see Fig. 7). Linear regression analysis was used to calcu-
late best fit straight lines for each set of data, and molecular weights were
calculated from the slopes of the lines using the following equation (9).

where dlnC/d

 

r

 

2

 

 

 

5

 

 the slope, 

 

m

 

 

 

5

 

 molecular weight, 

 

 5

 

 partial specific
volume (0.73 cm

 

3

 

 

 

?

 

 g

 

2

 

1

 

), 

 

r

 

 

 

5

 

 solution density (1.0 g 

 

?

 

 cm

 

2

 

2

 

), 

 

u 5

 

 angular
velocity (in radians), 

 

R

 

 

 

5

 

 the gas constant (8.31 

 

3

 

 10

 

7

 

 erg 

 

?

 

 deg

 

2

 

1

 

 

 

?

 

 mol

 

2

 

1

 

),
and 

 

T

 

 

 

5

 

 temperature (277

 

8

 

K).

 

Falling Ball Viscometry

 

To determine whether IQGAP1 cross-links F-actin, the viscosity of solu-
tions containing IQGAP1, F-actin, or combinations of both were assayed
by falling ball viscometry (31). The F-actin concentration was held con-
stant at 10 

 

m

 

M polymerized actin, the IQGAP1 concentration was varied
from 31.25 to 500 nM, and the capillary tube was held at an angle of 30

 

8

 

.

dlnC

dr
2

----------- m 1 nr–( ) u
2

2RT
---------------------------------=

n

Figure 1. A 190-kD putative actin-binding protein is present in
bovine adrenal tissue. MFs assembled from purified rabbit mus-
cle actin, or MTs assembled with taxol from purified bovine brain
tubulin, were added to bovine adrenal cytosol at 48C. After cen-
trifugation, the MT and MF pellets were resuspended and ana-
lyzed by SDS-PAGE. As can be seen, a prominent 190-kD
polypeptide was present exclusively in the MF pellet.
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Electron Microscopy

 

F-actin at 0.07 mg/ml (1.6 

 

m

 

M) was incubated for 30 min at room tempera-
ture in the absence or presence of purified IQGAP1 at 0.15 mg/ml (0.4 

 

m

 

M
native protein). Samples were fixed by addition of glutaraldehyde and

 

r

 

-formaldehyde to 2 and 1%, respectively, and 4-

 

m

 

l aliquots were placed
on Formvar and carbon-coated grids that had been glow-discharged using
a Balzers Med 010 Mini Deposition System (Balzers Union Ltd., Balzers,
Liechtenstein). Grids were rinsed successively with three drops each of
distilled water, 0.2 mg/ml cytochrome C, and 2% uranyl acetate. Excess
stain was removed by blotting from the side with No. 1 filter paper (What-
man, Maidstone, England). Grids were examined on a JEOL 1200 EX
electron microscope (JEOL Ltd., Tokyo, Japan).

 

Immunofluorescence Microscopy

 

CV-1 (African green monkey kidney), NRK (normal rat kidney), NIH 3T3
(mouse fibroblast), and MDCK (canine kidney) cells were maintained in
DME (GIBCO BRL, Grand Island, NY) supplemented with 10% calf se-
rum (Hyclone, Logan, UT) and gentamycin. For immunofluorescence,
cells were grown on No. 1 thickness glass coverslips, and were fixed and
stained as described previously (11). A rabbit antiserum raised against a
bacterially expressed NH

 

2

 

-terminal fragment of IQGAP1 (17) was used as
primary antibody, and affinity-purified rhodamine-labeled goat anti–rab-
bit IgG (Organon Teknika, Durham, NC) was used as the secondary anti-
body. To visualize MFs, Bodipy–phallicidin (Molecular Probes Inc., Eu-
gene, OR) was added to the secondary antibody solution. In some cases,
cells were treated with 5 

 

m

 

g/ml cytochalasin D for 30 min before fixation.
Digital micrographs were acquired using a C5985 cooled CCD, a C6391

camera controller, and an Argus 20 image processor (all from Hamamatsu
Photonics, Bridgewater, NJ) that were connected via the Argus 20 to the
SCSI port of a Power Macintosh 8500 computer (Apple). Images were
imported into the computer using Adobe Photoshop software (Adobe
Sytems, Mountain View, CA) and a Photoshop plug-in from Hamamatsu
Photonics.

 

Results

 

Identification of an MF-associated Protein in Adrenal 
Cytosol as IQGAP1

 

To identify adrenal proteins that may associate with the
cytoskeleton in vivo, bovine adrenal cytosol was supple-
mented with either MFs, assembled from purified rabbit
muscle actin, or MTs, assembled from purified bovine brain

tubulin with the aid of taxol. After a centrifugation step, the
MF and MT pellets were analyzed by SDS-PAGE. As il-
lustrated in Fig. 1, a prominent band of 

 

z

 

190,000 mol wt
(190K) was found exclusively in the MF pellets. Because we
were not aware of any major actin-binding proteins of that
size, protein present in this band was electrophoretically
eluted and then digested with endoproteinase lys C. Four
peptides that were purified by reverse-phase HPLC yielded
sequences of 27–, 20–, 13–, and 20–amino acid residues.

As illustrated in Fig. 2, comparison of the peptide se-
quences with the GenBank/EMBL/DDBJ data bank indi-
cated high identity of bovine 190K with human IQGAP1,
a 1,658–amino acid residue protein that contains four po-
tential calmodulin-binding IQ domains and a region ho-
mologous to catalytic domains of GTPase-activating pro-
teins, or GAPs (40). The sequences of peptides 1, 2, and 3
match sequences within the NH

 

2

 

-terminal third of IQGAP1,
while peptide 4 corresponds to a region within the COOH-
terminal third of IQGAP1. Of the 80 amino acid residues
present in the four 190K peptides, 71 are identical to equiv-
alent residues in human IQGAP1. Sequences correspond-
ing to peptides 1 and 4 are also found in human IQGAP2,
a protein which is 62% identical to IQGAP1 (8). IQGAP2
was not likely to be a major component of the electroeluted
adrenal protein, however, because sequences related to
adrenal peptides 2 and 3 are not present in IQGAP2,
which was reported to be abundant only in liver (8).

 

Purification of Native IQGAP1

 

All previous studies of IQGAP1 have made use of either
unpurified native or recombinant protein (17, 21, 25, 40).
To facilitate characterization of the native protein, we de-
veloped a method to purify IQGAP1 from adrenal cytosol
by FPLC. The method entailed sequential cation exchange
(SP Sepharose), gel filtration (Sephacryl S-300), and anion
exchange (Q Sepharose) columns. To aid identification of
IQGAP1 during each chromatography step, we generated
an anti-IQGAP1 antibody by immunizing a rabbit with a

Figure 2. The 190-kD
polypeptide is equivalent to
IQGAP1. The 190-kD poly-
peptide was purified in dena-
tured form by preparative
SDS-PAGE, electroeluted
from the gel, and digested in
solution with endoprotein-
ase lys C. Four peptides were
purified by HPLC and se-
quenced. Comparison of the
peptide sequences with the
GenBank/EMBL/DDBJ data
bank indicated high identity
of the bovine adrenal protein
with human IQGAP1, a
1,658–amino acid residue
protein that contains four
potential calmodulin-bind-
ing IQ domains, and a region

homologous to catalytic domains of GAPs (40). Sequences corresponding to peptides 1 and 4 are also found in human IQGAP2, a pro-
tein which is 62% identical to IQGAP1, but is reportedly abundant only in liver (8). A 9-mer peptide corresponding to the highlighted
residues within peptide 3 was used as an immunogen for the production of an anti-IQGAP1 antibody.
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9-mer peptide that corresponded to amino acid residues 2–10
of peptide 3 (see Fig. 2). This peptide is not found in
IQGAP2, and the resulting antiserum is therefore specific
for IQGAP1.

As illustrated in Fig. 3 

 

A

 

, an 

 

z

 

190-kD band that reacts
with the antibody became progressively enriched through
successive stages of the purification procedure. Similar results
were obtained using a previously described anti-IQGAP1
(17) which was also used in the present study for immuno-
fluorescence (see Fig. 10). Beginning with 100 g of bovine
adrenal glands containing both cortical and medullary tis-
sue, the final yield of protein has typically been 0.6–0.8 mg.

When analyzed by SDS-PAGE, the final product usu-
ally contained a few variable minor bands in addition to
the major 190K band, which occasionally was resolved as
two closely spaced electrophoretic species. The presence
of four IQ motifs in 190K (40) raised the possibility that
native purified IQGAP1 contains 4 mol of tightly bound
calmodulin per mol of 190K subunit. As shown in Fig. 3 

 

A

 

,
purified IQGAP1 contained copurifying calmodulin, but
at a low stoichiometric ratio to 190K. Calmodulin levels
were measured in four independent preparations of puri-
fied IQGAP1. In three examples, the molar ratios of cal-
modulin to 190K were 1:15, 1:24, and 1:39, respectively,
while calmodulin was undetectable in the fourth preparation.

The calmodulin present in pooled Q-Sepharose frac-
tions of IQGAP1 could have represented the leading or
trailing edge of a contaminating pool of calmodulin that
was not directly associated with 190K. Alternatively, the
calmodulin could have been a copurifying, albeit substo-
ichiometric subunit of IQGAP1. To distinguish between
these two possibilities, Q-Sepharose fractions that con-
tained 190K were analyzed by Western blotting with anti-
calmodulin. As demonstrated in Fig. 3 

 

B

 

, levels of both
calmodulin and 190K peaked in fraction 29 of the Q-Seph-
arose column, although compared to the 190K peak, the
calmodulin peak was skewed toward later-eluting column
fractions. Calmodulin thus appears to be a bonafide sub-
stoichiometric subunit of purified IQGAP1, and we sus-
pect that the Q-Sepharose column fractionated IQGAP1
into an early-eluting, calmodulin-deficient pool, and a late-
eluting, calmodulin-enriched pool (see Discussion).

 

Purified IQGAP1 Binds to F-actin With High Affinity

 

To account for the presence of IQGAP1 in MF pellets iso-
lated from adrenal cytosol (as in Fig. 1), IQGAP1 could
have bound directly to MFs, or indirectly via one or a se-
ries of linking proteins. To distinguish between these pos-
sibilities, solutions of purified IQGAP1 were centrifuged
in the absence or presence of F-actin, and the supernatants
and pellets were then analyzed by SDS-PAGE. Fig. 4 illus-
trates the results of a typical experiment. At a concentra-
tion of 0.15 mg/ml, nearly all of the IQGAP1 remained
soluble when MFs were absent, but approximately two
thirds of the IQGAP1 was pelleted in the presence of 0.14
mg/ml (3.2 

 

m

 

M) F-actin. In other experiments, as much as

 

z

 

85% of the IQGAP1 was able to bind F-actin.
To begin the task of characterizing the kinetic and ther-

modynamic properties of interactions between IQGAP1
and F-actin, 0.15 mg/ml IQGAP1 was mixed with variable
amounts of F-actin, and the samples were centrifuged. The

Figure 3. Purified, native IQGAP1 contains copurifying, but sub-
stoichiometic calmodulin. (A) Native IQGAP1 was purified from
bovine adrenal cytosol by FPLC using sequential cation exchange
(S-Sepharose), gel filtration (Sephacryl S-300), and anion ex-
change (Q-Sepharose) columns. A Coomassie blue–stained gel of
5-mg samples of cytosol and each of the three column steps are
shown in the upper part of the figure. The lower part of the figure
illustrates corresponding Western blots for the 190-kD IQGAP1
subunit and calmodulin, as well as a calmodulin concentration se-
ries (8, 16, and 32 ng). Note that the 190-kD subunit was unde-
tectable in cytosol at the exposure shown here, and that it became
progressively enriched throughout the purification procedure.
Note also that 5 mg of purified IQGAP1 contained z20 ng of
calmodulin, or an z1:20 molar ratio of calmodulin to the 190-kD
polypeptide. (B) To determine whether the calmodulin present in
purified IQGAP1 represented a copurifying subunit of the native
molecule or a trace contaminant, Q-Sepharose fractions that con-
tained the 190-kD polypeptide were analyzed by Western blot-
ting with anticalmodulin. Coelution of the 190-kD polypeptide
and calmodulin were observed, although the calmodulin peak
was more skewed than the 190-kD peak toward late-eluting frac-
tions (see Discussion). Calmodulin thus appears to be a bona
fide, albeit substoichiometric subunit of purified native IQGAP1.
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pellets were then resuspended to the original sample vol-
umes, and the amounts of IQGAP1 and F-actin in each
pellet were determined by quantitative SDS-PAGE, as de-
scribed in detail in Materials and Methods. A plot of the
percentage of IQGAP1 bound vs F-actin is shown in Fig.
5. Note that 50% of the IQGAP1 that was able to bind
F-actin was bound at an F-actin concentration of 

 

z

 

40 nM.
When the data were reanalyzed by the Scatchard method
(9), a curved or multiphasic plot was obtained (not shown),
implying the existence of multiple classes of binding sites on
IQGAP1 for F-actin. The fact that half of the IQGAP1
bound to 40 nM F-actin should thus be regarded as an in-
dication of high affinity binding, but 40 nM is probably not
a reliable estimate of the dissociation constant.

 

Calmodulin Partially Inhibits Binding of IQGAP1
to F-actin

 

To determine whether calmodulin influences the associa-
tion of IQGAP1 with F-actin, we performed a binding as-
say in which 0.19 mg/ml IQGAP1 (1 

 

m

 

M 190K subunit; 4
mM IQ domains) plus 10 mM F-actin were centrifuged in
the absence of additional factors, or in the presence of
z250 mM free calcium, 40 mM calmodulin (160 mM cal-
cium binding sites), or calcium plus calmodulin. As illus-
trated in Fig. 6, 64% of the IQGAP1 pelleted in the ab-
sence of other factors, while binding in the presence of
calcium rose slightly to 75%. Binding was potently inhibited
by calmodulin, and demonstrably, but less so, by calcium
plus calmodulin. Only 36% of the total IQGAP1 bound to
F-actin in the presence of calmodulin alone, while 45%
bound in the presence of calmodulin plus calcium.

The Native IQGAP1 Molecule Comprises Two
190K Subunits

To estimate the molecular weight of native IQGAP1, puri-
fied protein was analyzed by sedimentation equilibrium in
a table top ultracentrifuge (32). Quantitative SDS-PAGE
was used to determine the relative levels of IQGAP1 in
fractions collected immediately after centrifugation. Reli-
able quantitative data were obtained for the five least
dense fractions by silver staining, and for the six densest
fractions by Coomassie blue staining. As shown in Fig. 7,
the silver and Coomassie data yielded estimated molecular
weights of 358,653 and 401,864, respectively, or an average
of 380,256. These values are most readily explained by a
molecule that comprises two subunits of z190 kD each.

IQGAP1 Cross-links F-actin into Gel-like Networks of 
Interconnected Bundles

The finding that each native IQGAP1 molecule comprises
two z190-kD subunits—both of which presumably bind
F-actin—led us to suspect that IQGAP1 is capable of
cross-linking MFs, and might explain the complex Scat-
chard results if the two binding sites had coupled affinities.

Figure 4. Purified IQGAP1 binds directly to F-actin. To account
for the presence of IQGAP1 in MF pellets isolated from adrenal
cytosol (see Fig. 1), IQGAP1 could have associated directly or in-
directly with F-actin. To distinguish between these possibilities,
purified IQGAP1 at 0.15 mg/ml was centrifuged alone (left) or in
combination with 0.14 mg/ml (3.2 mM) F-actin (right), and the su-
pernatants (Sup) and pellets (Pel) were analyzed by SDS-PAGE.
As a control, F-actin alone at 0.28 mg/ml (6.4 mM) was also cen-
trifuged in parallel (center). As shown here, purified IQGAP1
bound directly to F-actin.

Figure 5. IQGAP1 binds F-actin with high affinity. 0.15 mg/ml
IQGAP1 was mixed with various amounts of F-actin, and the
samples were centrifuged. The pellets were then resuspended to
the initial sample volumes, and the amounts of IQGAP1 and
F-actin in each pellet were determined by quantitative SDS-PAGE.
A plot of the percentage of IQGAP1 bound vs F-actin is shown
here, and the data were fitted to a hyperbolic curve. In this exper-
iment, two-thirds of the total IQGAP1 was able to bind F-actin,
and 0.1 mg/ml IQGAP1 was therefore defined as 100% bound.
Note that 50% of the binding-competent IQGAP1 was bound at
z40 nM F-actin. When the data were reanalyzed by the Scatchard
method, a curved or multiphasic plot was obtained (not shown), im-
plying the existence of multiple classes of binding sites on IQGAP1
for F-actin. The fact that half of the IQGAP1 bound to 40 nM F-actin
should thus be regarded as an indication of high affinity binding,
but 40 nM is probably not a reliable estimate of the dissociation
constant.
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To test for cross-linking activity, two independent assays
were used to analyze the structural properties of mixtures
of purified IQGAP1 and F-actin. The first method, falling
ball viscometry, reveals proteins that cross-link MFs into
gel-like networks (31). As shown in Fig. 8, the viscosity of
10 mM polymerized actin was low, and was increased
slightly in a dose-dependent manner by addition of IQGAP1
up to a concentration of 250 nM. At 500 nM IQGAP1, the
next highest concentration that was tested, the viscosity
became infinite, indicating that a gel had formed. About
65% of the IQGAP1 used for these experiments was com-
petent to bind actin, so gelation occurred at a molar ratio
of polymerized actin to IQGAP1 of z33–67. F-actin was
able to bind much higher levels of IQGAP1, as indicated
by quantitative electrophoretic analysis of centrifuged
complexes of F-actin and IQGAP1 (as in Fig. 4). Molar ra-
tios of IQGAP1 to actin as high as 1:3 were observed in
such pellets (data not shown).

Negative stain EM provided additional independent
evidence that IQGAP1 does, indeed, cross-link F-actin into
networks. As illustrated in Fig. 9, striking bundles of MFs

were observed when 0.4 mM IQGAP1 was mixed with
1.6 mM polymerized actin. The bundles were of variable
diameter and length, and often appeared to form intricate,
interconnected branches. Bundles were not observed when
either F-actin (Fig. 9) or IQGAP1 (not shown) was analyzed
individually by negative stain EM.

IQGAP1 Is Localized on Cytochalasin D–sensitive MFs 
Confined to the Cell Cortex

The in vitro properties of IQGAP1 summarized in Figs. 1,
3, 4–6, 8, and 9 implied that the protein interacts directly
with MFs in vivo. To evaluate that possibility, cultured
mammalian cells were stained for immunofluorescence
microscopy. A previously described antibody to IQGAP1
(17) was used for these experiments, because our new anti-
peptide antibody that works well for immunoblotting (Fig. 3)
does not work for immunofluorescence. Cells were also
counterstained with Bodipy–phallicidin, which binds to
MFs, but not to disassembled actin. Fig. 10 demonstrates
typical results which were obtained using African green
monkey kidney (CV-1) cells cultured in standard, serum-
containing medium. Lamellipodia located at the outer
margins of nearly all cells and at sites of cell–cell contact
were brightly stained by anti-IQGAP1. Faint, diffuse stain-
ing of the cytoplasm by anti-IQGAP1 was also observed.
In a limited number of cells, putative ruffles located at the
upper cell surface were also strongly immunoreactive with
anti-IQGAP1. Bodipy–phallicidin stained the IQGAP1-
positive structures brightly, confirming their identification
as MF-rich lamellipodia and ruffles. Bodipy–phallicidin
also yielded brilliant staining of stress fibers, but in stark
contrast, stress fibers were not stained by anti-IQGAP1.
Similar results were obtained using NRK (normal rat kid-
ney), NIH 3T3 (mouse fibroblast), and MDCK (canine
kidney) cells (data not shown), and were reported recently
by other laboratories (17, 21). To determine whether the
distribution of IQGAP1 was sensitive to drugs that disrupt
MFs, CV-1 cells were exposed to 5 mg/ml cytochalasin D
for 30 min (Fig. 10). Most MFs were depolymerized, as
judged by staining with Bodipy–phallicidin. Consistent
with the hypothesis that IQGAP1 is localized on cortical
MFs, IQGAP1-positive structures were dramatically re-
duced in abundance in cytochalasin D–treated cells.

Discussion
The low molecular weight GTPases, Rac and Cdc42, in-
duce dramatic changes in the organization of cortical MFs
when they are activated by GTP. Rac stimulates formation
of ruffled membranes, especially lamellipodia (34). These
thin veils of MF-rich cytoplasm are found at the forward
edges of motile cells and lead the cell in its advance along
the underlying substratum. By comparison, Cdc42 pro-
motes the formation of filopodia (20, 27), the shafts of
which contain tightly bundled MFs. While the effects of
activated Rac and Cdc42 on the actin cytoskeleton are
well documented, little progress has been made toward de-
fining the biochemical events that begin at GTPase activa-
tion and are ultimately manifest as reorganization of corti-
cal MFs. In particular, molecules that link Rac and Cdc42
to the actin cytoskeleton had not been identified until now.

Figure 6. Calmodulin inhibits binding of IQGAP1 to F-actin.
0.19 mg/ml IQGAP1 (1 mM 190K subunit; 4 mM IQ domains) plus
10 mM F-actin were centrifuged in the absence of additional fac-
tors, or in the presence of calcium (z250 mM above the EGTA
concentration), 40 mM calmodulin (160 mM calcium binding sites),
or calcium plus calmodulin. Note that 64% of the IQGAP1 pel-
leted in the absence of other factors, while binding in the pres-
ence of calcium rose slightly to 75%. Binding was potently inhib-
ited by calmodulin, and demonstrably, but less so, by calcium plus
calmodulin. Only 36% of the total IQGAP1 bound to F-actin in
the presence of calmodulin alone, while 45% bound in the pres-
ence of calmodulin plus calcium.
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In the present report, we demonstrate that IQGAP1
(40), a molecule that previously was shown to bind directly
to activated Cdc42 and Rac (17, 21, 25), also interacts with
MFs. Purified IQGAP1 binds directly and with high affinity
to F-actin (Figs. 4–6), and cross-links the actin filaments
into loosely organized bundles and meshworks that be-
have physically like gels (Figs. 8 and 9). In cultured mam-
malian cells, IQGAP1 is localized on specific structures
within the actin cytoskeleton. By immunofluorescence (Fig.
10), IQGAP1 appears to be especially abundant inside of
membrane ruffles, regardless of whether they are motile
lamellipodia, are located at sites of cell–cell contact, or
represent patches of active membrane on the upper sur-
face of the cell. In contrast, IQGAP1 appears to be virtu-
ally absent from the most conspicuous MF-rich structures
in the cell—stress fibers. The fact that the IQGAP1-posi-
tive structures are sensitive to cytochalasin D emphasizes
the likelihood that in vitro interactions of IQGAP1 with
F-actin are representative of direct interactions of IQGAP1
with cortical MFs in vivo.

The location of the actin binding sites within the IQGAP1
molecule has not yet been established. A leading candi-
date, however, is a region near the NH2 terminus of the
190K subunit that has homology to MF-binding domains
of calponin, spectrin, and a few other rod-shaped, multi-
meric actin-binding proteins (17). The 190K polypeptide
might contain multiple MF-binding sites, but because each
IQGAP1 molecule contains two 190K subunits (Fig. 7),
the native molecule must have a minimum of two binding
sites for MFs. That fact alone could account for the MF
cross-linking activity of IQGAP1.

The localization data shown in Fig. 10 are consistent with
the specificities of IQGAP1 for binding to low molecular

Figure 7. Two 190-kD
polypeptides are present in
each native IQGAP1 mole-
cule. Sedimentation equi-
librium in a table top ultra-
centrifuge was used to
determine the molecular
weight of native purified
IQGAP1 (see Materials and
Methods for details). Quanti-
tative densitometry of a sil-
ver-stained gel of the five
least dense fractions (left)
and of a Coomassie blue–
stained gel of the six densest
fractions (right) yielded data
that were plotted as indi-
cated on the two graphs. The
slope of each graph is a func-
tion of molecular weight,
which was calculated to be
358,653 and 401,864 for the
silver and Coomassie stains,
respectively. The average of
these two figures is 380,256,
and the data are most readily
explained by a native
IQGAP1 molecule that com-
prises two z190-kD subunits.

Figure 8. Purified IQGAP1 causes F-actin to gel. F-actin at 10 mM
was mixed with various concentrations of purified IQGAP1 ranging
from 0–500 nM, and each sample was analyzed by falling ball vis-
cometry (see Materials and Methods for details). Note that the ball
was able to travel though a mixture of 10 mM actin plus 250 nM
IQGAP1, but that a gel-like state, in which the ball did not move,
was achieved at 500 nM IQGAP1. Note also that the ball moved
readily through a sample of 1 mM IQGAP1 in the absence of
F-actin.
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weight GTPases in vitro. In particular, the apparent en-
richment of IQGAP1 in lamellipodia and ruffles is pre-
dicted by its ability to bind activated Rac (17, 21, 25). Al-
though activated Cdc42, which stimulates formation of
filopodia, has been reported to bind more avidly than acti-
vated Rac to IQGAP1 (17), we rarely observed filopodia
in cultured cells grown continuously in serum-containing
media. We were able to induce filopodia in a limited num-
ber of serum-starved cells by briefly exposing the cells to
bradykinin (20) or serum, however, and those filopodia
were strongly immunoreactive with anti-IQGAP1 (Son-
tag, J.-M., and G.S. Bloom, unpublished observations). Al-
though our results regarding the association of IQGAP1
with filopodia must be regarded as preliminary, they sup-
port the hypothesis that IQGAP1 interacts with Cdc42 not
only in the test tube (17, 21, 25), but in cells as well. Like-
wise, the lack of stress fiber staining by anti-IQGAP1
mimics its inability in vitro to bind Rho (17, 25), a GTPase
which stimulates assembly of stress fibers when it is acti-
vated (33).

The 190K subunit of IQGAP1 contains four putative IQ
motifs (40), which typically function as binding sites for
calmodulin. Recombinant IQGAP1 was able to bind cal-
modulin (17), so the low levels of calmodulin that were
present in our most highly purified preparations of native
IQGAP1 represent a puzzle. Whereas a 4:1 molar ratio of
calmodulin to 190K was predicted, the average ratio for three
preparations of IQGAP1 that contained calmodulin was
1:26. Despite this paucity of calmodulin, comparison of the
elution profiles of calmodulin and 190K from Q-Sepharose
columns at the final fractionation step indicated that the
calmodulin present in purified IQGAP1 probably is bound
to 190K. Although both calmodulin and 190K peaked in
the same Q-Sepharose fraction, the calmodulin peak was
skewed toward late-eluting fractions compared to the
peak of 190K (Fig. 3 B). This observation may indicate
that relative to early fractions of IQGAP1, late fractions

were enriched for highly acidic calmodulin subunits, were
thereby more negatively charged, and consequently bound
more tightly to the positively charged Q-Sepharose column.

We do not yet understand why so little calmodulin is
present in purified IQGAP1. One possible explanation
that must be seriously considered, however, is that much
more calmodulin is bound to IQGAP1 in vivo, but that the
binding is relatively weak and calmodulin may progres-
sively dissociate from 190K throughout the purification
procedure. It is also worth considering the possibility that
only a fraction of the IQ motifs are specific for calmodulin,
and that the remainder interact with other reversibly asso-
ciating factors.

The functional significance of IQGAP1-associated cal-
modulin remains to be established. Nevertheless, the ob-
servation that exogenous calmodulin inhibited binding of pu-
rified IQGAP1 to F-actin (Fig. 6) suggests that calmodulin
is a negative regulator in vivo of interactions between
IQGAP1 and MFs. The finding that calmodulin inhibited
binding of IQGAP1 to F-actin more potently in the ab-
sence of calcium than in its presence (Fig. 6) implies that
calcium inhibits binding of calmodulin to IQGAP1. In that
respect, the IQ motifs in IQGAP1 resemble those found in
myosins, which usually bind calmodulin most avidly in the
absence of calcium (41).

The data presented here, along with prior evidence re-
garding the properties of IQGAP1 (17, 21, 25), prompt
speculation about how 190K dimers and reversibly associ-
ating cofactors, such as calmodulin, Cdc42, and Rac, might
interact to regulate cortical MFs. In quiescent cells, most
IQGAP1 might be associated with calmodulin and thus
would not be bound to MFs. Consequently, the cells would
contain few, if any, filopodia or ruffled membranes. Stimu-
lation of the cells by appropriate extracellular signals would
activate GTPases, such as Cdc42 and Rac, which then would
bind to IQGAP1. GTPase association might stimulate MF
binding by IQGAP1, either by inducing dissociation of

Figure 9. Purified IQGAP1
cross-links F-actin into bundles.
Negative stain EM was used to
analyze F-actin alone (1.6 mM
polymerized actin) or in combi-
nation with purified IQGAP1
(0.4 mM). Striking bundles of
F-actin were observed when
IQGAP1 was present. The bun-
dles were of variable diameter
and length, and often appeared
to form intricate interconnected
branches. IQGAP1 alone did not
form bundles (not shown). Bar,
200 nm.
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Figure 10. IQGAP1 colocalizes with cytochalasin D–sensitive microfilaments in lamellipodia and ruffles, but not in stress fibers. CV-1 cells
were stained with a rabbit antibody to IQGAP1 (17) followed by rhodamine-labeled goat anti–rabbit IgG and Bodipy–phallicidin (to visu-
alize F-actin). Intense IQGAP1 and F-actin staining was colocalized in lamellipodia located at cell margins (top row), and in ruffles located
on the upper surfaces of some cells (middle row). Weak, diffuse staining by anti-IQGAP1 was also seen throughout the cytoplasm, and
may represent soluble protein. Stress fibers, which contain densely packed MFs and were brightly stained by Bodipy–phallicidin, were
not stained by anti-IQGAP1. After a 30-min exposure to 5 mg/ml cytochalasin D, which caused F-actin to depolymerize, cells were sub-
stantially depleted of IQGAP1-positive structures, and of stress fibers as well (bottom row). Bar, 10 mm.
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calmodulin or by negating the inhibitory effects of bound
calmodulin on the actin-binding activity of IQGAP1.
Transient calcium rises induced by cellular stimulation
might also contribute to dissociation of calmodulin from
IQGAP1. Finally, GTP hydrolysis might trigger release of
Cdc42 or Rac from IQGAP1, and return IQGAP1 to a
ground state characterized by a high level of bound cal-
modulin and minimal MF-binding activity. Although pres-
ently this scheme is highly speculative, it establishes a set of
testable hypotheses that are now being investigated by a
combination of in vitro biochemical and cell biological ap-
proaches.

Regardless of how correct this model ultimately proves
to be, the data presented here raise a number of important
questions that are not directly addressed by the model. For
example, why does IQGAP1 bind to cortical MFs, but is
excluded from stress fibers? A potentially very complex is-
sue concerns calmodulin. Each IQGAP1 molecule con-
tains four calmodulin-binding IQ motifs per 190K subunit,
or eight sites altogether. Depending upon exactly which
sites are occupied by calmodulin at a given moment, as
many as 256 different states of IQGAP1 may exist with re-
spect to calmodulin binding. How, then, are the properties
of IQGAP1 influenced by the number and locations of its
bound calmodulins? Are all of the calmodulin sites in-
volved in regulating MF binding, or do they control addi-
tional properties of IQGAP1, such as binding to Cdc42 or
Rac? Another intriguing issue is whether IQGAP1 inter-
acts with molecules other than Cdc42, Rac, calmodulin,
and actin. Consistent with this possibility is the finding that
IQGAP1 contains a WW domain (17), a recently recog-
nized motif which is characterized by a pair of conserved
tryptophan residues (39) and has been proposed to inter-
act with serine-threonine protein kinases (14). The evidence
presently available supports the hypothesis that IQGAP1
lies in the midst of a complex signal transduction network
that regulates cortical MF organization. The stage has now
been set for defining the specific functions and mecha-
nisms of IQGAP1 within that network.
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