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Introduction
Regulation of the actin cytoskeleton is a key mechanism for the 

control of cell shape and motility involved in numerous complex 

and dynamic processes such as cell polarization, adhesion, endo-

cytosis, and phagocytosis. These events require the localization 

and activation of specifi c actin nucleation factors to generate 

de novo actin fi lament networks of different sizes and shapes. 

The intensively studied actin-related protein 2/3 (Arp2/3) com-

plex generates branched actin fi laments, whereas the family of 

formin proteins produces unbranched actin fi laments (for re-

views see Pollard and Borisy, 2003; Harris and Higgs, 2004). 

The Diaphanous-related formins (DRFs) stimulate barbed end 

actin fi lament elongation through the dimeric formin homology 

(FH) 2 domain preceded by a proline-rich FH1 domain (Xu et al., 

2004; Otomo et al., 2005; Kovar et al., 2006). Dia1 is charac-

terized by regulatory domains in which the N terminus encom-

passes a RhoA-binding domain (RBD) followed by a four armadillo 

repeat–containing Diaphanous inhibitory domain (DID) that binds 

the C-terminal Diaphanous autoregulatory domain (DAD), thereby 

maintaining the protein in a dormant conformation (Lammers 

et al., 2005; Kovar, 2006). Dia1 autoinhibition between DAD 

and DID was shown to be released through the binding of 

RhoA-GTP to the RBD (Lammers et al., 2005). The armadillo 

repeat–containing DID and the adjacent dimerization domain 

have also been called the FH3 region and are thought to be 

involved in subcellular DRF location through interaction with 

unknown factors (Zigmond, 2004). Thus, targeting of Dia1 to 

actin dynamic regions is not yet understood but likely involves 

activated RhoA (Goulimari et al., 2005). The proposed biological 

functions of mammalian Dia1 so far are rather diverse and 

include cell adhesion and migration, microtubule stabilization, 

serum response factor (SRF) transcriptional activity, and endo-

cytosis and phagocytosis (Faix and Grosse, 2006).

Phagocytosis is the activity performed by professional 

phagocytes to engulf large particles (>0.5 μm). This activity 

is crucial for tissue homeostasis and clearance of pathogenic 

microorganisms. Dia1 has been shown to be essential for CR3-

mediated phagocytosis in macrophages, which is a Rho-mediated 

process (Colucci-Guyon et al., 2005). The DRF FRLα (formin-

related gene in leukocytes α) is required for Fcγ receptor–mediated 

phagocytosis in macrophages, which is a Cdc42/Rac-mediated 

process (Caron and Hall, 1998; Seth et al., 2006). Both DRFs 

are recruited at the phagocytic cup, where de novo actin poly-

merization occurs during pseudopod extension around the particle. 

It has been suggested that N-WASP (neural Wiskott Aldrich 

syndrome protein) and the Arp2/3 complex activate actin nucle-

ation at the nascent phagosome in both CR3 and RFcγ-mediated 

phagocytosis. The precise role of DRFs during phagocytic cup 

formation is still unknown but likely involves the regulation 

of actin dynamics or the de novo assembly of actin fi laments 

together with the Arp2/3 complex.
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T
he Diaphanous-related formin Dia1 nucleates actin 

polymerization, thereby regulating cell shape and 

motility. Mechanisms that control the cellular loca-

tion of Dia1 to spatially defi ne actin polymerization are 

largely unknown. In this study, we identify the cytoskeletal 

scaffold protein IQGAP1 as a Dia1-binding protein that is 

necessary for its subcellular location. IQGAP1 interacts with 

Dia1 through a region within the Diaphanous inhibitory 

domain after the RhoA-mediated release of Dia1 auto-

inhibition. Both proteins colocalize at the front of migrating 

cells but also at the actin-rich phagocytic cup in macro-

phages. We show that IQGAP1 interaction with Dia1 is 

required for phagocytosis and phagocytic cup formation. 

Thus, we identify IQGAP1 as a novel component involved 

in the regulation of phagocytosis by mediating the local-

ization of the actin fi lament nucleator Dia1.
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In this study, we identify IQGAP1 as a new binding partner 

of Dia1. IQGAP1 regulates Dia1 localization at the lead ing edge 

of migrating cells as well as at the phagocytic cup in macrophages. 

Furthermore, we show that the deregulation of IQGAP1 activity 

fully inhibited phagocytosis in mouse macrophages, thus suggest-

ing a crucial role for this protein in the immune response.

Results and discussion
Identifi cation of IQGAP1 
as a Dia1-binding protein
To identify factors responsible for the localization and regulation 

of DRFs, we used GST affi nity columns containing an N-terminal 

region of Dia1 spanning amino acids 256–567 (formerly FH3). 

Using that approach, we eluted a specifi c band migrating at 

190 kD from HeLa cell extracts (Fig. 1 A). Mass spectrometric 

analysis identifi ed this band as the cytoskeletal scaffold protein 

IQGAP1 (Fig. S1, available at http://www.jcb.org/cgi/content/

full/jcb.200612071/DC1), and these data were confi rmed by 

immunoblotting using an IQGAP1-specifi c antiserum (Fig. 1 B). 

IQGAP1 is a widely expressed Rac and Cdc42-binding protein 

that is involved in polarized cell migration by regulating micro-

tubule capture through CLIP170 and adenomatosis polyposis 

coli (Fukata et al., 2003; Watanabe et al., 2004). Furthermore, 

IQGAP1 is enriched at cell–cell contact sites as well as at the 

leading edge of migrating cells, where it infl uences the actin 

cytoskeletal morphology through mechanisms that are less well 

understood (Brown and Sacks, 2006). However, it has recently 

been shown that IQGAP1 binds N-WASP and, thereby, activates 

Arp2/3-mediated actin nucleation (Le Clainche et al., 2006).

The fact that IQGAP1 and Dia1 both infl uence the actin 

fi lament and the microtubule system in migrating cells led us 

to further characterize a possible relationship between these 

two cytoskeletal regulators. First, we tested whether endoge-

nous Dia1 and IQGAP1 would associate using immunoprecipi-

tations from serum-starved and -stimulated cells. Interestingly, 

detectable coprecipitated IQGAP1 increased by 3.4 ± 0.9-fold 

within 10 min in a serum-dependent manner (Fig. 1 C), sug-

gesting that extracellular signals dynamically regulate the asso-

ciation of Dia1 with IQGAP1. Second, immunofl uorescence 

analysis on wounded migrating fi broblasts confi rmed that en-

dogenous IQGAP1 accumulates at the leading edge, where it 

colocalizes with microinjected Dia1-FH3, whereas this con-

struct did not inhibit cell migration (Fig. 1 D). These data sug-

gest that this N-terminal region mediates the interaction of Dia1 

with IQGAP1 in polarized cell movement. Interestingly, recent 

data demonstrated that  active RhoA and Dia1 colocalize at 

the leading front of migrating cells, and this Dia1 localization 

Figure 1. Identifi cation of IQGAP1 as a Dia1-binding protein. 
(A) HeLa cell lysate was applied to glutathione–Sepharose 
bead resin columns loaded with GST, GST-FH2, or GST-FH3. 
Bound proteins were eluted by 200 and 500 mM NaCl and 
analyzed by SDS-PAGE and Coomassie staining. (B) An ali-
quot of the eluate was analyzed by immunoblotting using anti-
bodies specifi c for IQGAP1. (C) HeLa cells were treated with 
10% FBS or left untreated before immunoprecipitation for Dia1 
or control IgG. 5% of total cell extracts and 30% of immuno-
precipitation (IP) reactions were analyzed by immunoblotting 
as indicated. (D) Myc-Dia1-FH3 plasmids were microinjected 
into NIH3T3 cells located in the front row of a wounded mono-
layer 30 min after wounding. 3 h later, cells were stained for 
myc, F-actin, and IQGAP1. Bar, 10 μm.
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depends on activated RhoA (Goulimari et al., 2005), indicating 

that RhoA regulates Dia1 activity in this specifi c location. In-

deed, when cells were treated with C3 to inactivate RhoA, Dia1 

no longer localized to the wound edge of migrating cells as 

expected, whereas IQGAP1 localization to the leading edge was 

unaffected (unpublished data). Thus, Dia1 and IQGAP1 associ-

ate dynamically during cell migration, and localization of Dia1 

but not IQGAP1 depends on RhoA activation at the front of 

protruding cells.

The C terminus of IQGAP1 binds 
the armadillo repeat region of Dia1
In an attempt to characterize the domains responsible for asso-

ciation with Dia1, we generated a series of IQGAP1 mutants 

according to known domain boundaries (Fig. 2 A) and performed 

coimmunoprecipitation experiments in HEK293 cells. The FH3 

region was reciprocally immunoprecipitated with IQGAP1 and 

interacted preferentially with the C terminus of IQGAP1 (Fig. 2, 

B and C). These data also revealed that IQGAP1 interacted 

specifi cally with Dia1 or its N-terminal region but not with Dia2 

or Dia3 (Fig. 2, C and D), whereas both IQGAP1 and IQGAP2 

coimmunoprecipitated with the FH3 region (Fig. S2 A, available 

at http://www.jcb.org/cgi/content/full/jcb.200612071/DC1). The 

minimal IQGAP1-binding region of Dia1 spans amino acids 

256–346, representing the armadillo repeats 3 and 4 of the 

N-terminal region (Lammers et al., 2005), and it is both suffi cient 

and required for IQGAP1 binding (Fig. 2 E). The Dia1-binding 

region (DBR) of IQGAP1 lies within the IQGAP1 C terminus 

(Fig. S2, B and C) and was narrowed down to a recombinantly 

purifi able fragment of amino acids 1,503–1,657. In vitro binding 

studies with purifi ed N-terminus Dia1 (Dia1-nt) and IQGAP1 

DBR revealed a single class of affi nity binding sites with a 

KD of �60 nM (Fig. 2 F). This IQGAP1 C-terminal region was 

previously reported to bind to the armadillo repeat domain of 

adenomatosis polyposis coli (Watanabe et al., 2004), suggesting 

a similar mode of protein–protein interaction as observed for Dia1. 

Interestingly, the DBR directly interacted with Dia1-nt that was 

dependent on the release of C-terminus Dia1 (Dia1-ct)–mediated 

Figure 2. IQGAP1 binds the armadillo repeat 
of Dia1. (A) Schematic representation of Dia1 
and IQGAP1. (B) Flag-IQGAP1 constructs were 
transfected in HEK293 cells with myc-FH3. 
(C) Indicated Dia1 mutants were transfected with 
GFP-IQGAP1. (D) Dia1 mutants were transfected 
with GFP-IQGAP1. (E) Flag-Dia1 constructs were 
transfected with GFP-IQGAP1. (B–E) Cell ex-
tracts were incubated using α-Flag-agarose 
and analyzed by immunoblotting as indicated. 
(F) Increasing concentrations of recombinant 
His–Dia1-nt were incubated with 60 μM of 
immobilized GST-DBR, the amounts of bound 
Dia1-nt were visualized by Coomassie staining, 
and the KD value was calculated by nonlinear 
regression analysis. The results are representa-
tive of three independent experiments. (G) Asso-
ciation of GST-DBR to Dia1-nt depends on 
Dia1-ct–mediated autoinhibition and its release 
by RhoAV14. Purifi ed proteins were analyzed 
by immunoblotting (α-His). Coomassie staining 
for GST-DBR is shown (bottom). One represent-
ative experiment out of three independent ex-
periments is shown.
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autoinhibition by the addition of active RhoA, whereas it did not 

interact with autoinhibited Dia1-nt/Dia1-ct in the absence of 

RhoA (Fig. 2 G), demonstrating that only activated Dia1 associ-

ates with IQGAP.

IQGAP1 does not activate or inhibit Dia1
Because the Dia1–IQGAP1-binding region partially overlaps 

with regulatory domains such as the DAD–DID autoinhibitory 

binding interface, we tested whether the DBR of IQGAP1 di-

rectly affects the actin polymerizing activity of Dia1 in vitro. For 

this, we functionally reconstituted Dia1 autoinhibition using 

N- and C-terminal constructs. The N-terminal construct contains 

the RBD, DID, dimerization domain, and the coiled-coil regions, 

and the C-terminal construct spans the FH2 and DAD domains 

(Fig. 2 A). As reported by Li and Higgs (2005), we observed that 

the C terminus stimulates actin fi lament assembly, which can be 

inhibited by the N terminus (Fig. 3, A and B). The addition of 

purifi ed V14RhoA fully restored FH2-mediated actin polymer-

ization in a dose-dependent manner, whereas the addition of 

IQGAP1-DBR displayed no detectable effects on Dia1- mediated 

actin fi lament assembly either alone or in combination with 

RhoA (Fig. 3, B and C). Consistent with this, IQGAP1 or its 

C terminus neither stimulated SRF nor interfered with Dia1-

induced SRF activity (Fig. S2 D), which is known to depend on 

actin dynamics (Posern and Treisman, 2006). Thus, although 

only RhoA-activated Dia1 binds IQGAP1, we observed that 

IQGAP1 neither activated nor inhibited actin polymerization by 

Dia1. Of course, this does not rule out that full-length IQGAP1 

can modulate Dia1 activity under more physiological conditions 

(for example, to stabilize its active conformation).

IQGAP1 is required for the localization 
of Dia1
Because the FH3 of Dia1 colocalized with IQGAP1 at the front 

of migrating cells, we speculated that IQGAP1 is involved in the 

subcellular location of Dia1. To test this, NIH3T3 cells were 

treated with control siRNA or with siRNA specifi c for Dia1 or 

IQGAP1, and monolayers were scratch wounded to induce 

polarized cell migration. Previous RNAi studies demonstrated a 

critical role for both proteins in wounding-induced fi broblast cell 

migration (Watanabe et al., 2004; Goulimari et al., 2005). Using 

this assay, we observed that localization of Dia1 to the wound 

edge of migrating cells depends on the presence of IQGAP1, but, 

when Dia1 was knocked down, IQGAP1 localization was normal 

(Fig. 3, D–I). In agreement with this, we found that cells express-

ing the DBR failed to localize Dia1 to the wound edge (Fig. S2 E). 

Figure 3. IQGAP1 is required for localiza-
tion but does not activate or inhibit Dia1. (A) 
Coomassie-stained SDS-PAGE of 1–2 μg of 
proteins used in B. (B and C) Pyrene actin as-
sembly assays containing 4 μM actin (5% pyrene 
labeled) and purifi ed components as indicated. 
(D) NIH3T3 cells were transfected with either con-
trol or siRNAs specifi c for IQGAP1 (siRNA #2) 
for 48 h before wounding. Cells were fi xed 
4 h after wounding and analyzed for IQGAP1 
and Dia1 using specifi c antibodies. (E) Dia1 
localization at the wound edge was deter-
mined by scoring a minimum of 100 cells. 
(F) Cells were treated as in D, lysed, and the 
indicated proteins were analyzed by immuno-
blotting. (G) NIH3T3 cells were transfected 
with either control or siRNA specifi c for Dia1 
for 48 h before wounding. Cells were fi xed 
4 h later and analyzed for IQGAP1 and Dia1 
using specifi c antibodies. (H) IQGAP1 locali-
zations to the wound edge were quantifi ed as 
in E. (I) Cells were treated as in G, lysed, and 
the amount of Dia1 as well as the indicated 
controls were analyzed by immunoblotting as 
indicated. (E and H) Values represent means ± SD 
(error bars) of three independent experiments. 
Bar, 10 μm.
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This argues that IQGAP1 is required to localize Dia1 at the front 

of the migrating cell.

IQGAP1, Rho-GTP, and Dia1 are 
components of the phagocytic cup
The front of migrating cells is a cortical region of high local actin 

fi lament assembly and disassembly (for review see Pollard and 

Borisy, 2003). Using RNAi, it has recently been suggested that 

Dia1 is involved in phagocytosis by a yet unidentifi ed mechanism 

(Colucci-Guyon et al., 2005). Therefore, we decided to investi-

gate the potential role of IQGAP1 in localizing Dia1-mediated 

actin fi lament assembly by studying phagocytic cup formation, 

a process in which localized actin polymerization provides the 

driving force by which cells internalize particles (Chimini and 

Chavrier, 2000). First, we examined IQGAP1 and Dia1 localiza-

tion during the internalization of 3-μm avidin-coated latex beads 

in RAW macrophages. Avidin coating stimulates internalization 

via unknown receptors. Immunofl uorescence analysis showed 

that endogenous IQGAP1 localizes to the phagocytic cup of 

avidin-coated beads along with fi lamentous actin (F-actin; Fig. 

4 A) as well as to CR3-coated beads (not depicted). Likewise, we 

also observed a distinct signal for endogenous Dia1 around the 

phagocytic cup (Fig. 4 B), indicating that Dia1 functions locally 

at these structures. Consistent with this, using a previously de-

scribed in situ probe for Rho-GTP (Goulimari et al., 2005), we 

could detect active Rho at the phagocytic cup, suggesting that it 

may promote local Dia1 activation during phagocytosis. Further 

supporting these fi ndings are the observations that IQGAP1 and 

Dia1 colocalize at the phagocytic cup (Fig. 4 D). These data sug-

gest that Dia1 and IQGAP1 interact during phagocytic cup for-

mation, as observed at the leading edge of migrating cells, and 

that RhoA is also locally activated to promote internalization. 

Thus, IQGAP1 localization at the phagocytic cup may be essen-

tial for positioning RhoA-induced Dia1 activity.

Association of IQGAP1 with Dia1 
is indispensable for phagocytosis
We examined the localization of IQGAP1 during phagocytosis in a 

more dynamic way by expressing GFP-IQGAP1 in macrophages. 

We confi rmed that GFP-IQGAP1 but not GFP is recruited to 

the phagocytic cup (Fig. 5, A and B). After phagocytic closure, 

IQGAP1 was not detected around the internalized phagosome 

(Fig. 5 B, asterisk). However, on a later stage of maturation, 

we observed that some phagosomes exhibited rocketing move-

ment throughout the cell cytoplasm, which was characterized 

by the formation of an actin tail (Fig. 5 C and Video 1, avail-

able at http://www.jcb.org/cgi/content/full/jcb.200612071/DC1). 

This phenomenon has been observed for endosomes and more 

recently for phagosomes in Dictyostelium discoideum (Clarke 

et al., 2006). We could monitor such phenomenon in RAW 

macrophages stably expressing GFP-actin (Video 1). To our 

surprise, we observed that GFP-IQGAP1 is enriched in the 

comet tails during phagosome rocketing (Fig. 5 C and Video 2). 

This implies that IQGAP1 is involved in different phago-

cytosis stages in which actin fi lament assembly is required, 

suggesting a critical function of IQGAP1 for activating local 

de novo actin nucleation. Rocketing movement of phago-

somes likely does not involve microtubules, suggesting that 

IQGAP1 could act in the cell as a regulator of actin assem-

bly independently of its function as a microtubule plus end–

 capturing protein.

To investigate the functional role of the IQGAP1–Dia1 

interaction in phagocytosis, we overexpressed the IQGAP1- 

DBR in RAW macrophages. In contrast to wild-type IQGAP1, 

which localized to the plasma membrane and to fi lopodia, this 

domain showed a diffuse distribution throughout the cytoplasm 

(Fig. 5 D). We observed that cells expressing the IQGAP1-DBR 

were unable to initiate phagocytic cup formation and to subse-

quently take up opsonized particles (Fig. 5 E). However, bind-

ing of the beads to the surface of the cell was not impaired (Fig. 

5 D, arrows). Furthermore, in DBR-expressing cells, endoge-

nous IQGAP1 still localized to the cell cortex (Fig. 5 D, top). 

In contrast, Dia1 showed a diffuse distribution throughout the 

cytoplasm and was not detected at the bead-binding site (Fig. 5 D, 

bottom). These data suggest that the DBR can function as an 

interfering version of IQGAP1, probably by inhibiting its inter-

action with endogenous Dia1, and show that this interaction is 

crucial to initiate phagocytic cup formation.

Figure 4. IQGAP1, Rho-GTP, and Dia1 are components of 
the phagocytic cup. RAW macrophages were incubated with 
3-μm avidin-coated beads for 15 min before fi xation and 
immunostaining. Beads were visualized by phase contrast. All 
images represent a single confocal plan. (A) IQGAP1 (green) 
and F-actin (red) colocalize at the phagocytic cup during 
bead internalization (arrows). (B and C) Dia1 (B) and active 
Rho, which was detected by using recombinant GFP-RBD (C), 
are enriched at the phagocytic cup. Arrows indicate localiza-
tion at the phagocytic cup. (D) The colocalization of Dia1 
(red) and IQGAP1 (green) at the phagocytic cup is shown 
(merge). Boxed areas are magnifi cations of the phagocytic 
cup. Bars, 5 μm.
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To confi rm the functional role of IQGAP1 in phagocytosis, 

we inhibited IQGAP1 production using two different siRNAs. 

Western blot analysis showed that IQGAP1 expression was de-

creased by 50% in cells treated with siRNA #1 and for 90% in 

cells treated with siRNA #2 (Fig. 5 F). The IQGAP1 knocked 

down cells showed an almost complete inhibition of phagocytic 

activity (Fig. 5 G), demonstrating the crucial role of IQGAP in 

the phagocytic process.

In this study, we identify IQGAP1 as a binding partner 

for Dia1 and as a novel regulator for phagocytosis. The interac-

tion of IQGAP1 and Dia1 appears to be critical for phagocytic 

cup formation, implicating IQGAP proteins as factors that reg-

ulate Dia1 localization in addition to or in cooperation with 

RhoA, thereby adding another level of complexity in how cells 

control formin function. Thus, it is tempting to speculate that 

local actin polymerization by Dia1 acts as a driving force for 

phagocytosis. Interestingly, a recent report has demonstrated 

that the Cdc42-regulated DRF FRLα is important for phago-

cytosis and has suggested that, in addition to GTPase activity, a 

factor X may bind at the DRF N terminus to promote mem-

brane localization (Seth et al., 2006). In the case of Dia1, we 

would like to propose that IQGAP1 represents such a factor. 

Because IQGAP specifi cally binds Dia1 but not Dia2 or Dia3, 

it is likely that different scaffold proteins regulate other DRFs 

in a specifi c manner for various cellular functions involving 

cytoskeletal dynamics.

Materials and methods
Reagents and antibodies
All cell culture reagents were obtained from Invitrogen. All chemicals were 
obtained from Sigma-Aldrich. 3 μm of latex beads were purchased from 
Polyscience. HRP-conjugated α-Flag, α-myc antibodies, and α-Flag agarose 
were purchased from Sigma-Aldrich, monoclonal α-Dia1 antibodies were 
obtained from BD Biosciences, and α-His antibodies were purchased from 
QIAGEN. α-Dia1 antibodies were raised in rabbits against synthetic pep-
tides representing residues 727–765 and were purifi ed using affi nity chro-
matography on immobilized peptides. Generation of IQGAP1 antiserum 
was described previously (Fukata et al., 2002). All secondary antibodies 
were obtained from Dianova. IQGAP2 cDNA was a gift from A. Bernards 
(Massachusetts General Hospital, Boston, MA), and pGEX-RhoAV14 was a 
gift from J. Faix (Medizinische Hochschule Hannover, Hannover, Germany).

Plasmids
Desired IQGAP and Dia plasmids were amplifi ed by PCR using specifi c 
primers (Table S1, available at http://www.jcb.org/cgi/content/full/jcb
.200612071/DC1). To obtain Dia1 plasmids deleted for residues 256–346 
or 750–770, the corresponding codons were replaced with three alanines, 
introducing a Not1 site.

Bacterial expression and protein purifi cation
Proteins were purifi ed in the Escherichia coli strain DE3 using standard 
protocols (Brandt et al., 2003). Proteins were dialyzed against 25 mM 
Tris, pH 7.4, 50 mM NaCl, 2 mM EDTA, 2 mM DTT, and 2% glycerol. His-
tagged Dia1-ct (748–1,203) and -nt (1–548) were prepared according to 
Li and Higgs (2005).

Dia1 binding studies
9 × 109 Hela cell extracts (Cil) were lysed with a Dounce homogenizer, 
and lysates were cleared by centrifugation at 100,000 g and passed 
through glutathione beads to remove endogenous GST. 25 mg/ml of cell 

Figure 5. Association of IQGAP1 with Dia1 
is indispensable for phagocytosis. (A and B) 
RAW macrophages were transfected with GFP 
(A) as a control or GFP-IQGAP1 (B; green) be-
fore incubation with 3-μm avidin-coated beads 
for 15 min. GFP expression does not interfere 
with bead binding at the membrane (red) or 
phagocytosis (internalized beads observed 
by phase contrast). IQGAP1 is recruited at 
the phagocytic cup (arrow) but is not de-
tected around internalized beads (asterisk). 
(C) GFP-IQGAP1– and GFP-actin–expressing 
macrophages showed the recruitment of actin 
and IQGAP1 in the tail of 1-μm rocketing 
phagosomes. Asterisks indicate the positions of 
the rocketing phagosome in each video still. 
(D) RAW macrophages were transfected with 
GFP-DBR (green), incubated with 3-μm avidin-
coated beads for 1 h, fi xed, and immuno-
stained for Dia1 or IQGAP1 (red). Membrane-
attached beads (noninternalized) are indi-
cated by arrows (top, α-avidin in blue). 
(E) The percentage of positive transfected cells 
either with GFP or GFP-DBR displaying one 
or more than two internalized beads per cell. 
(F) IQGAP1 protein expression in RAW cells 
transfected with control siRNA or two differ-
ent siRNA specifi c for IQGAP1 (#1 and #2). 
(G) The graph shows the percentage of 
siRNA-treated cells with at least one internal-
ized avidin-coated bead after 1 h of incubation. 
All quantifi cations shown are the means ± SD 
(error bars) of three independent experiments. 
Bars, 5 μm.
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extracts was incubated with 0.5 mg GST fusion proteins coupled to gluta-
thione–Sepharose beads and eluted by salt gradient before isopropanol 
precipitation. Eluates were analyzed by SDS-PAGE (4–12% Bis-Tris gels; 
Invitrogen) and colloidal Coomassie. Protein bands of interest were ex-
cised and analyzed by mass spectrometry (matrix-assisted laser desorption/
ionization-time of fl ight; Biochemiezentrum Heidelberg).

Cells, transfections, stainings, and image analysis
RAW 264.1 mouse macrophages, NIH3T3, and HEK293 cells were main-
tained in DME supplemented with 10% FBS, 2 mM glutamine, 100 IU/ml 
penicillin, and 100 mg/ml streptomycin at 37°C in a CO2 atmosphere. Cells 
were transfected using LipofectAMINE 2000 (Invitrogen). IQGAP1-specifi c 
siRNA (#2, 5′-U U A U C G C C C A G A A A C A U C U U G U U G G -3′; and #1, 5′-U U C-
U U C A U G A G A C A A G G C U U G U U C A -3′) was obtained from Invitrogen, and 
Dia1 siRNA (Arakawa et al., 2003; Goulimari et al., 2005; Eng et al., 
2006) was obtained from IBA. Wound-healing assays and stainings on 
NIH3T3 cells were performed as described previously (Goulimari et al., 
2005). RAW cells grown on 12-mm glass coverslips were incubated with 
3 μm of latex beads coated with avidin (1:100 fi nal dilution) in internaliza-
tion medium (MEM, 10 mM Hepes, and 5 mM D-glucose, pH 7.4). Cells were 
fi xed and permeabilized before PFA was quenched in 50 mM PBS/NH4Cl 
for 15 min. Staining of F-actin was performed by incubating the cells with 
0.5 μM phalloidin-TRITC for 30 min at RT. Detection of IQGAP1 and Dia1 
was performed by incubating cells for 1 h at RT with polyclonal α-IQGAP1 
antibodies (dilution of 1:100) or monoclonal α-p140mDia antibodies 
(1:100). For RhoA-GTP detection, purifi ed GFP-RBD protein was added at a 
fi nal concentration of 0.02 mg/ml for 2 h at 4°C as described previously 
(Goulimari et al., 2005). Slides were mounted in MOWIOL. Immunofl uores-
cence images were collected with a microscope (DMIRE2; Leica) equipped a 
camera (DC350F; Leica) and IM50 imaging software (Leica) or with an FCS 
confocal laser-scanning microscope (LSM510; Carl Zeiss MicroImaging, Inc.) 
equipped with an oil immersion UV PLAPO 63× NA 1.32 lens (Carl Zeiss 
MicroImaging, Inc.). Images were processed using Photoshop CS (Adobe).

Coimmunoprecipitations and protein interactions
Cell extracts were subjected to immunoprecipitation and immunoblotting 
as described previously (Grosse et al., 2003). For in vitro interactions, in-
creasing concentrations of purifi ed His–Dia1-nt were mixed with immobi-
lized GST-DBR in binding buffer (20 mM Tris-HCl, pH 8, 100 mM NaCl, 
0.1% CHAPS, 0.1% Triton X-100, and 1 mM DTT), and bound proteins 
were analyzed by Coomassie brilliant blue staining. The amount of His–
Dia1-nt was detected in a linear range using serial dilutions of standards 
(BSA) by Coomassie staining and was estimated by densitometric analysis 
using Photoshop (Adobe). Nonlinear regressions were determined using 
Prism software (GraphPad). To reconstitute Dia1 autoinhibition, 0.03 μM 
His–Dia1-nt was incubated in the absence or presence of 0.06 μM His–
Dia1-ct or His–Dia1-ct together with 3 μM V14RhoA for 10 min on ice. 
GST-DBR–coupled glutathione–Sepharose beads were added, and reac-
tions were incubated for 30 min at 4°C. Precipitates were washed four 
times, and proteins were analyzed by immunoblotting.

Actin assembly assays
Protein solutions were mixed with 40 μl of G buffer (20 μM CaCl2, 20 μM 
ATP, and 0.5 mM Tris-HCl, pH 8) and 10 μl of polymerization buffer (12.5 
mM KCl, 0.5 mM MgCl2, 2and 5 μM ATP) and added to 30 μl of G actin 
(5% pyrene labeled; fi nal concentration of 4 μM; Cytoskeleton, Inc.). 
Pyrene fl uorescence was excited at 365 nm and recorded at 407 nm every 
12.5 s for a period of 500 s for every experiment.

Live cell imaging
48 h after transfection, RAW cells were replated onto 35-mm glass-bottom 
dishes and allowed to adhere for 8 h. For imaging, cells were placed at 
37°C on a heated stage connected to a humidifi er module. To start phag o-
cytosis, cells were incubated with 1 ml of imaging medium (10 mM Hepes and 
5 mM D-glucose, pH 7.4) containing latex beads coupled to avidin. Imaging 
runs were started after bead internalization. For each time point, a 10-plan 
z stack of GFP images spaced 0.5 μm apart was acquired at an exposure 
time of 500 ms for GFP-actin–expressing cells and at 800 ms for GFP-
IQGAP1 cells. A total of 10 images per time point were collected, which re-
sulted in one time point per 5 s for actin-GFP and 8 s for IQGAP-GFP. Beads 
were visualized in the GFP channel as a result of their autofl uorescence.

Phagocytosis assay
48 h after transfection, RAW cells grown on 12-mm glass coverslips were 
incubated at 37°C with 3-μm latex beads coated with avidin (1:100 fi nal 

dilution) in internalization medium (MEM, 10 mM Hepes, and 5 mM 
D-glucose, pH 7.4). After 1 h, cells were washed and fi xed with 4% PFA. 
Noninternalized beads were stained using either biotin-rhodamine or 
monoclonal α-avidin antibody (1:100) detected by α-mouse-Cy5. Internalized 
beads were counted using phase contrast. Three independent experiments 
were performed. For each, 30 cells positive for GFP-protein transfection 
were examined for their phagocytic activity.

Online supplemental material
Fig. S1 represents the peptide sequences of IQGAP1 identifi ed by mass 
spectrometric analysis. Fig. S2 shows Dia1-IQGAP interaction and its 
 effects on SRF activity and Dia1 localization in migrating cells. Table S1 
provides detailed information about the plasmids generated in this study. 
Video 1 shows phagosome rocketing in a GFP-actin–expressing RAW cell. 
Video 2 reveals the presence of GFP-IQGAP1 during phagosome rocketing. 
Online supplemental material is available at http://www.jcb.org/cgi/
content/full/jcb.200612071/DC1.
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