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Daisuke Yamazakia,b, Toshiki Itoha, Hiroaki Mikib, and Tadaomi Takenawac

aDivision of Membrane Biology and cLaboratory of Lipid Biochemistry, Department of Biochemistry and Molecular 
Biology, Kobe University Graduate School of Medicine, 7-5-1 Kusunoki-cho, Chuo-ku, Kobe 650-0017, Japan; 
bDepartment of Cellular Regulation, Research Institute for Microbial Diseases, Osaka University, 3-1 Yamadaoka, Suita, 
Osaka 565-0871, Japan

ABSTRACT The distinct levels of Rac activity differentially regulate the pattern of intrinsic 
cell migration. However, it remains unknown how Rac activity is modulated and how the level 
of Rac activity controls cell migratory behavior. Here we show that Slit-Robo GAP 1 (srGAP1) 
is a modulator of Rac activity in locomotive cells. srGAP1 possesses a GAP activity specific to 
Rac1 and is recruited to lamellipodia in a Rac1-dependent manner. srGAP1 limits Rac1 activ-
ity and allows concomitant activation of Rac1 and RhoA, which are mutually inhibitory. When 
both GTPases are activated, the protrusive structures caused by Rac1-dependent actin reor-
ganization are spatially restricted and periodically destabilized, causing ruffling by RhoA-in-
duced actomyosin contractility. Depletion of srGAP1 overactivates Rac1 and inactivates 
RhoA, resulting in continuous spatiotemporal spreading of lamellipodia and a modal shift of 
intrinsic cell motility from random to directionally persistent. Thus srGAP1 is a key determi-
nant of lamellipodial dynamics and cell migratory behavior.

INTRODUCTION
Cell migration plays a pivotal role in various biological processes, 
including tissue morphogenesis and tumor metastasis. The sheet-
like membrane protrusions observed at the leading edge of loco-
motive cells are the lamellipodia, and their formation is the first step 
in cell migration (Pollard and Borisy, 2003; Ridley et al., 2003). The 
number, extent, and direction of lamellipodia dynamically vary, and 
changes correlate well with the speed and direction of cell migration 
(Petrie et al., 2009). Therefore it is important to understand the 
molecular mechanisms involved in the control of lamellipodial 
dynamics.

Rac plays a central role in the control of membrane protrusions 
termed lamellipodia at the front of locomotive cells (Ridley, 2011). 
Activated Rac1 induces actin polymerization through the WAVE/

Arp2/3 complex (Miki et al., 2000; Yamazaki et al., 2003; 
Takenawa and Suetsugu, 2007) and promotes membrane protru-
sions (Wu et al., 2009). Rac level determines cell migratory behav-
ior through control of the number and stability of lamellipodial 
protrusions, and activation that is too low or too high leads to im-
mobilization (Pankov et al., 2005). Thus spatiotemporal activation 
of Rac must be tightly regulated. In addition to Rac, Rho is also a 
key player in the regulation of lamellipodial dynamics (Pertz, 
2010; Ridley, 2011). At lamellipodia RhoA might be involved in 
mDia-dependent actin polymerization (Kurokawa and Matsuda, 
2005; Sarmiento et al., 2008), but its significance is controversial. 
Lamellipodial extensions are normally followed by membrane ruf-
fling and retraction (Small and Resch, 2005), which is coopera-
tively regulated by Rac1 and RhoA (Kurokawa and Matsuda, 2005; 
Pertz et al., 2006; Machacek et al., 2009). There is functional an-
tagonism between Rac1 and RhoA (Malliri and Collard, 2003; 
Burridge and Wennerberg, 2004), and overactivated Rac1 can 
suppress the function of RhoA (Kurokawa and Matsuda, 2005; 
Pertz et al., 2006; Wu et al., 2009). Therefore their activities are 
spatiotemporally coordinated to accomplish membrane dynamics 
at the lamellipodia (Machacek et al., 2009). However, the mole-
cular mechanisms modulating the activities of the two GTPases at 
lamellipodia and their subsequent control of lamellipodial dy-
namics remain unknown.

Monitoring Editor
Asma Nusrat
Emory University

Received: Apr 4, 2013
Revised: Aug 12, 2013
Accepted: Aug 29, 2013

This article was published online ahead of print in MBoC in Press (http://www 
.molbiolcell.org/cgi/doi/10.1091/mbc.E13-04-0178) on September 4, 2013.
Address correspondence to: Daisuke Yamazaki (dayama@biken.osaka-u.ac.jp)

© 2013 Yamazaki et al. This article is distributed by The American Society for Cell 
Biology under license from the author(s). Two months after publication it is avail-
able to the public under an Attribution–Noncommercial–Share Alike 3.0 Unported 
Creative Commons License (http://creativecommons.org/licenses/by-nc-sa/3.0).
“ASCB®,” “The American Society for Cell Biology®,” and “Molecular Biology of 
the Cell®” are registered trademarks of The American Society of Cell Biology.

Abbreviations used: CT, carboxyl-terminal; FRET, fluorescence resonance energy 
transfer; MRLC, myosin regulatory light chain; RNAi, RNA interference; siRNA, 
small interfering RNA; srGAP, Slit-Robo GAP.



3394 | D. Yamazaki et al. Molecular Biology of the Cell

Slit-Robo GAP (srGAP) functions as a 
GAP for Rho-family GTPases downstream of 
Slit-Robo signaling (Wong et al., 2001). sr-
GAP is composed of three functional do-
mains—F-BAR (Itoh et al., 2005; Tsujita 
et al., 2006), RhoGAP, and SH3—and one 
functionally unknown carboxyl-terminal (CT) 
region (Tcherkezian and Lamarche-Vane, 
2007). In mammals, four structurally similar 
proteins have been identified, namely, sr-
GAP1, srGAP2, srGAP3/WRP, and ARH-
GAP4/p115 (Wong et al., 2001; Tcherkezian 
and Lamarche-Vane, 2007). srGAP2, sr-
GAP3, and ARHGAP4 have GAP activity for 
Rac (Foletta et al., 2002; Soderling et al., 
2002; Yang et al., 2006; Guerrier et al., 2009; 
Mason et al., 2011), and the nematode or-
thologue of srGAP1, SRGP-1, possesses 
GAP activity for CED-10, the nematode or-
thologue of Rac1 (Neukomm et al., 2011), 
suggesting that srGAPs regulate Rac activ-
ity. srGAP2, srGAP3, and ARHGAP4 localize 
to the leading edge and negatively regulate 
cell migration (Yang et al., 2006; Vogt et al., 
2007; Guo and Bao, 2010; Endris et al., 
2011; Mason et al., 2011). Of interest, these 
GAPs interact with the regulatory molecules 
of actin reorganization at the cell periphery 
(Soderling et al., 2002; Weiner et al., 2006; 
Endris et al., 2011; Mason et al., 2011), 
which suggests their involvement in the 
control of lamellipodial protrusions. How-
ever, the role of srGAPs as RacGAPs in the 
control of the lamellipodial dynamics and 
cell migration is largely unknown.

In this study, we show that srGAP1 mod-
ulates Rac1 activity via its RacGAP activity, 
resulting in concomitant activation of Rac1 
and RhoA at lamellipodia. These findings 
are important, as the coordination of their 
activities is crucial for control of lamellipo-
dial dynamics and cell migratory behavior.

RESULTS
srGAP1 regulates the dynamics 
of lamellipodial protrusions
Immunostaining revealed that endogenous 
srGAP1 is localized to the tip of the ruffling 
membranes in HT1080 fibrosarcoma cells 
(Figure 1, A and B). To examine the role of 
srGAP1 in the control of lamellipodia, we 
repressed its expression by RNA interfer-
ence (RNAi) in HT1080 cells (Figure 1A). 

FIGURE 1:  srGAP1 regulates the properties of the sheet-like membrane protrusions. 
(A) Western blot analysis of HT1080 cells transfected with the indicated siRNAs and the rescue 
constructs. (B) Cells treated with the indicated siRNAs were stained for srGAP1 (green) and 
actin filament (F-actin; red). Magnified images of the areas indicated by the white squares. 
Scale bar, 20 μm. (C) Morphologies of srGAP1-depleted cells. Cells transfected with the 
indicated siRNAs and the GFP-fused rescue constructs (green) were stained for F-actin (red). 
Magnified images of the boxed areas indicated by the white squares (left, GFP; middle, 
F-actin; right, merged). Scale bar, 20 μm. (D) Quantification of the morphologies of sheet-like 
membrane protrusions. Cells transfected with the indicated siRNAs and rescue constructs 
were stained for F-actin. Cells were classified on the basis of morphology of the membrane 
protrusion. Cells more than half of whose protrusive area was ruffling were considered 
ruffling. Cells more than half of whose protrusive area was spreading were considered 
spreading. Cells without the sheet-like membrane protrusions were considered no. We 
analyzed 150 cells from three independent experiments. Error bars indicate SEM. 
(E) Quantification of the frequency of membrane ruffling. We counted the number of rufflings 
of the largest membrane protrusions in each cell for 20 min. Three independent experiments 
were performed. The total number of analyzed cells is shown above each bar. Error bars 
indicate SEM. **p < 0.01, ***p < 0.001. (F) Quantification of the perimeter of the sheet-like 
membrane protrusions. The total number of analyzed protrusions is shown above each bar. 
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ter of each protrusion confirmed the signifi-
cant difference between the cells (Figure 
1F). Furthermore, the number of protrusions 
per cell was greater in control than in 
srGAP1-depleted cells (Figure 1G). Of 
importance, such morphological changes in 
lamellipodial protrusions were also observed 
in the cells treated with two additional 
siRNAs directed against srGAP1 (Supple-
mental Figure S2). Thus srGAP1 is involved 
in the control of the number, size, and 
dynamics of lamellipodia.

srGAP1 regulates Rac1 activity 
at lamellipodial protrusions
To examine the importance of the GAP 
activity of srGAP1 in the regulation of lamel-
lipodia, we generated a GAP activity–defi-
cient mutant of srGAP1 by substituting the 
conserved arginine in the GAP domain to 
alanine (srGAP1R542A; Bos et al., 2007). Ecto-
pic expression of srGAP1 reduced the 
amount of active Rac1 but not RhoA and 
Cdc42 in COS7 cells (Supplemental Figure 
S3A). However, the Rac1 activity was not af-
fected in srGAP1R542-expressing cells. In ad-
dition, a recombinant srGAP1 decreased 
the amount of active Rac1 in vitro (Supple-
mental Figure S3, B and C). Thus srGAP1, in 
addition to srGAP2 and srGAP3, functions 
as a RacGAP, which is expected, consider-
ing that the GAP domains of these proteins 
are highly similar (77.7% identity between 
srGAP1 and srGAP2 and 79.3% identity be-
tween srGAP1 and srGAP3; Soderling et al., 
2002; Guerrier et al., 2009). Rescue experi-
ments were performed in which the srGAP1 

construct resistant to the srGAP1 siRNA (Figure 1A) was expressed 
in cells treated with srGAP1 siRNA. Reexpression of srGAP1, but 
not of srGAP1R542A, restored the ruffling, perimeter, and number of 
lamellipodial protrusions (Figure 1, C–G, and Supplemental Figure 
S1, C and D). Thus srGAP1 regulates lamellipodial dynamics in a 
GAP activity–dependent manner.

Next the cellular Rac1 activity was imaged with Raichu-Rac1, 
which is a based on the principle of the fluorescence resonance en-
ergy transfer (FRET) probe (Itoh et al., 2002). In control cells, Rac1 
activity increased toward the membrane protrusions (Figure 2A), 
and Rac1 activity at the membrane did not change during the exten-
sion–retraction cycle (Supplemental Figure S4). Although Rac1 ac-
tivity increased toward the lamellipodia also in srGAP1-depleted 
cells (Figure 2A), srGAP1 depletion significantly increased Rac1 ac-
tivity not only at lamellipodia, but also in the total cell area (Figure 2, 
A–D). Reexpression of srGAP1 repressed the increase and propaga-
tion of Rac1 activity caused by srGAP1 depletion (Figure 2, C and D). 
Thus srGAP1 inhibits excessive activation of Rac1 at lamellipodial 
protrusions and its propagation throughout the cell.

To confirm whether changes in the properties of the membrane 
protrusions in srGAP1-depleted cells were due to increased Rac1 
activity, Rac1 we also repressed expression by RNAi (Figure 3A). The 
partial repression of Rac1 expression by treatment with 0.1 nM Rac1 
siRNA recovered membrane ruffling in srGAP1-depleted cells 
(Figure 3, B and C). Conversely, expression of a constitutively active 

Depletion of srGAP1 did not affect the ratio of cells with lamellipo-
dial protrusions but altered their morphology (Figure 1, C and D). 
When treated with the control small interfering RNA (siRNA), 60% of 
cells showed ruffling membranes and 20% had spreading mem-
branes. In the srGAP1-depleted cells, the relative number of cells 
with ruffling membranes decreased and the number of cells with 
spreading membranes increased in comparison with control cells 
(Figure 1D). To analyze such morphological differences in more de-
tail, we observed the dynamics of membrane protrusions by time-
lapse imaging using phase-contrast microscopy and analyzed them 
by kymography, which produces a time line of protrusion and retrac-
tion. In control cells with ruffling membranes, membrane extension 
was interrupted by ruffling of the membrane followed by retraction 
(Supplemental Figure S1A and Supplemental Movie S1). The cycle, 
which was composed of ruffling and retraction of the membrane 
protrusions, was continuously and periodically repeated, thereby 
resulting in the ruffling structure of the lamellipodia in the HT1080 
cells. Depletion of srGAP1 decreased the frequency of membrane 
ruffling and increased the persistence of membrane extension, 
which resulted in the spreading structure of lamellipodia with less 
ruffling (Figure 1E, Supplemental Figure S1B, and Supplemental 
Movie S2). Thus the spreading morphology of protrusions is due to 
decreased ruffling in srGAP1-depleted cells.

In addition to repressed ruffling, the width of each protrusion 
was larger after srGAP1 depletion (Figure 1C). Indeed, the perime-

FIGURE 2: Imaging of Rac1 activity. (A–D) HT1080 cells were treated with the indicated siRNAs 
and then transfected with FRET probes for Rac1. Cells were imaged for YFP, CFP, and 
differential interference contrast (DIC) every 20 s for 20 min. FRET efficiencies are shown as YFP/
CFP ratio images. White line is an outline of an srGAP1-depleted cell. (B) Magnified images of 
the boxed areas in A. Scale bar, 20 μm. (C, D) Emission ratio of YFP/CFP was measured for the 
entire region (C) and the membrane protrusions of the cells (D) using MetaMorph software. The 
total number of analyzed cells is shown above each bar. Three independent experiments were 
performed. Error bars indicate SEM. *p < 0.05, **p < 0.01.
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Rac1 signaling regulates recruitment of 
srGAP1 to the membrane through the 
F-BAR–FX unit
To examine the spatial regulation of srGAP1, 
we ectopically expressed it and observed its 
cellular localization in COS7 cells. Exogenous 
srGAP1 showed cytosolic distribution, but 
the GAP-dead and GAP-deleted mutants 
(R542A and ∆GAP, respectively) of srGAP1 
were localized to the tip of the membrane 
protrusions (Supplemental Figure S7). These 
results suggest that GAP-dependent inacti-
vation of endogenous Rac disrupts the mem-
brane localization of srGAP1. Of importance, 
Rac1G12V expression dramatically increased 
membrane localization of srGAP1 (Figure 4, 
A and B). Thus Rac1 signaling is important 
for membrane recruitment of srGAP1.

Next, to further investigate the mecha-
nisms by which Rac1 signaling recruits sr-
GAP1 to the membrane, we expressed the 
various deletion constructs of srGAP1 with 
Rac1G12V and examined their localizations. 
The N-terminal 500 amino acids of srGAP2 
and srGAP3 were recognized as one func-
tional domain (Guerrier et al., 2009; Carlson 
et al., 2011; Endris et al., 2011; Coutinho-
Budd et al., 2012). We found that this region 
is separated into two lipid-binding domains, 
namely, F-BAR and FX, as well as Fer and Fes 
(Itoh et al., 2009; Figure 4C). It was reported 
that expression of the F-BAR–FX unit of sr-
GAP2 and srGAP3 can induce filopodia-like 
plasma membrane protrusions (Guerrier 
et al., 2009; Carlson et al., 2011; Endris et al., 
2011; Coutinho-Budd et al., 2012): however, 
our study determined that the F-BAR–FX unit 
of srGAP1 could not induce such membrane 
deformations as well as that of srGAP2 (Sup-
plemental Figure S8), as described previously 
(Coutinho-Budd et al., 2012). Thus the prop-
erties of the F-BAR–FX unit of srGAP1 are 
distinct from those of the other srGAPs. Of 
interest, deletion of the F-BAR and/or FX do-
mains abrogated the Rac1-induced mem-
brane localization of srGAP1, and the F-BAR–
FX unit alone was recruited to the membrane 
(Figure 4, D and E). The signal intensity of the 
F-BAR–FX unit at the membrane was in-
creased by coexpression of Rac1G12V and de-
creased by the Rac1 dominant-negative mu-
tant (Rac1T17N; Figure 4, A and B). Besides 
the F-BAR–FX unit, the CT region is needed 
for Rac1-induced membrane localization of 
srGAP1 (Figure 4, D and E).

The BAR domain, which is structurally similar to the F-BAR 
domain, binds with both acidic phospholipids and small GTPases 
(Habermann, 2004; de Kreuk et al., 2011). Indeed, each of the F-BAR 
and FX domains of srGAP1 possesses lipid-binding activity (Figure 
5A). The F-BAR domain of srGAP1 directly interacts with Rac1, and 
the affinity between both proteins increases in a manner dependent 
on Rac1 activity (Figure 5, B–D), suggesting the importance of 

mutant of Rac1 (Rac1G12V) showed the same effect on lamellipodial 
protrusions as srGAP1 depletion (Supplemental Figure S5). Further-
more, activation of Rac1 promoted spreading of the protrusions 
more effectively than that of RhoA and Cdc42 in HT1080 cells (Sup-
plemental Figure S6). These results suggest that srGAP1-dependent 
regulation of Rac1 activity is important for the control of 
lamellipodia.

FIGURE 3: Partial depletion of Rac1 recovers membrane ruffling in srGAP1-depleted cells. 
(A) Western blot analysis of cells treated with the indicated amounts of Rac1 siRNA. Signal 
intensity of Rac1 was quantified with ImageJ. The amounts of Rac1 were normalized to those of 
actin. In the graphs, the amount of Rac1 in cells treated with Rac1 siRNA is normalized to that in 
nontreated cells. Three independent experiments were performed. Error bars indicate SEM. 
(B) Cells were treated with control or srGAP1 siRNAs and then with the indicated amounts of 
Rac1 siRNA after 24 h of the first treatment. After 24 h of the second treatment cells were fixed 
and stained for F-actin. Bottom, magnified images of the boxed areas in the top. Scale bar, 
100 μm (top) and 12.5 μm (bottom). (C) Quantification. Morphologies of the sheet-like 
membrane protrusions classified as described in Figure 1D. From three independent 
experiments, 150 cells were analyzed. Error bars indicate SEM.

0

0.5

1.0

1.5

A

B

C No
Ruffling
Spreading

Control siRNA srGAP1 siRNA

0

20

40

60

80

100

(%)

0
0.0

01 0.0
1 0.1 1.0 10 0

0.0
01 0.0

1 0.1 1.0 10Rac1 siRNA :
(nM)

C
el

l m
o

rp
h

o
lo

g
y

Rac1

Actin
50

37

20

0
0.0

01 0.0
1 0.1 1.0 10

0 0.0
01

0.0
1

0.1 1.0 10
Rac1 siRNA :

(nM)

Rac1 siRNA :
(nM)

R
el

at
iv

e 
ex

p
re

ss
io

n

0 0.001 0.01 0.1 1.0 10

C
o

n
tr

o
l s

iR
N

A
sr

G
A

P
1 

si
R

N
A

Rac1
(nM)

siRNA
:

(kD)



Volume 24 November 1, 2013 Modulation of Rac1 activity by srGAP1 | 3397 

Rho/ROCK signaling regulates 
lamellipodial dynamics
How does srGAP1 regulate lamellipodial dy-
namics in a Rac1 activity–dependent man-
ner? Rac1 is involved in the control of cell–
substrate adhesion (Rottner et al., 1999), 
and Rac1 depletion inhibited the develop-
ment of the adhesive structures in HT1080 
cells (Yamazaki et al., 2009). Lamellipodia 
are stabilized by cell–substrate adhesion 
immediately behind their tips; defective ad-
hesion causes their ruffling (Borm et al., 
2005; Giannone et al., 2007). However, 
the adhesive structures were not observed 
behind the tips of spreading protrusions 
in srGAP1-depleted cells (Supplemental 
Figure S9).

Previous studies showed that RhoA is ac-
tivated at the leading edge of the cell 
(Kurokawa and Matsuda, 2005; Pertz et al., 
2006; Machacek et al., 2009), and our study 
demonstrated that RhoA and Rac1 activities 
increase toward lamellipodial protrusions in 
control cells (Figure 6A). In comparison, 
RhoA activation at lamellipodia was sup-
pressed in srGAP1-depleted cells (Figure 6, 
A–D). As reported in previous studies 
(Kurokawa and Matsuda, 2005; Pertz et al., 
2006; Wu et al., 2009), expression of 
Rac1G12V repressed the activation of RhoA 
in a manner similar to srGAP1 depletion 
(Figure 6 E–G). Therefore the abolition of 
RhoA activity may underlie the abnormal 
lamellipodial dynamics caused by srGAP1 
depletion. Indeed, expression of a constitu-
tively active mutant of RhoA (RhoAG14V) 
recovered membrane ruffling in srGAP1-
depleted cells (Supplemental Figure S10).

RhoA regulates myosin II–based acto-
myosin contractility through ROCK-medi-
ated phosphorylation of myosin regulatory 
light chain (MRLC; Narumiya et al., 2009; 
Vicente-Manzanares et al., 2009). Treatment 
with Y27632, a specific inhibitor of ROCK, 
decreased the phosphorylation level of 
MRLC at the cell periphery, including mem-
brane protrusions (Supplemental Figure 
S11, A and B). In addition, constitutive acti-
vation of RhoA increased the amount of 
phosphorylated MRLC at the cell periphery 
in a manner dependent on ROCK in HT1080 
cells (Supplemental Figure S11, A and B). 
Thus Rho/ROCK signaling mediates phos-
phorylation of MRLC at the cell periphery.

To define the importance of Rho/ROCK-
induced actomyosin contractility, we exam-
ined lamellipodial dynamics in cells treated 
with blebbistatin, which is a specific inhibitor 

of myosin II, and Y27632. The treatment with blebbistatin and 
Y27632 decreased membrane ruffling and increased lamellipodial 
extent similarly to srGAP1 depletion (Supplemental Figures S12 and 
S13, control siRNA). Ectopic expression of the mutant ROCK 

F-BAR–FX unit and Rac1 interactions in Rac1-induced membrane 
localization of srGAP1. Because the CT region also bound with Rac1 
(Figure 5B), such interaction might contribute Rac1-induced recruit-
ment of srGAP1 to the membrane.

FIGURE 4: srGAP1 is recruited to the membrane protrusions through its F-BAR–FX unit, 
dependent on Rac1 signaling. (A) The effect of Rac1 signaling on the recruitment of srGAP1 to 
the membrane. Myc-srGAP1 (full length and F-BAR–FX) and mCherry-Rac1 (G12V and T17N) 
were coexpressed in COS7 cells. Cells were fixed and then stained for myc-srGAP1 (green) and 
F-actin (blue). The magnified images of the boxed areas are shown (top, myc; middle, F-actin; 
bottom, merged). Scale bar, 20 μm. (B) Quantification. The signal intensities of myc-srGAP1 (full 
length and F-BAR–FX) at the tip of the membrane protrusions were measured by ImageJ. The 
signal intensities at the tip of the membrane were normalized to those at the region 1 μm 
behind the tip. From three independent experiments, 45 protrusions of 15 cells were analyzed. 
Error bars indicate SEM. ***p < 0.001. (C) Constructs of srGAP1. (D) Myc-srGAP1 (full length, 
∆(F-BAR-FX), F-BAR, FX, F-BAR–FX, ∆GAP, ∆SH3, and ∆CT) and GFP-Rac1G12V were coexpressed 
in COS7 cells. Cells were fixed and then stained for myc-srGAP1 (green) and F-actin (blue). The 
magnified images of the boxed areas are shown. Scale bar, 20 μm. (E) Quantification. Cells in 
which myc-srGAP1 is localized at the tip of lamellipodial protrusions were counted. From three 
independent experiments, 150 cells were analyzed. Error bars, SEM.
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protruding edge retracted toward the cell 
body (Figure 7A, arrows). These observa-
tions predict that the contractile force works 
not only perpendicular, but also parallel, to 
the extending edge. When the ruffling 
membrane stopped retracting, the next pro-
truding membrane began to curl upward 
(Figure 7B, white broken lines). These obser-
vations suggest that the contractile force 
generated at the retracting membrane in-
duces the next extending membrane to curl 
upward.

To examine whether depletion of srGAP1 
affects actomyosin contractility, we per-
formed time-lapse imaging of mCherry-
tagged Lifeact, which is an indicator of actin 
(Riedl et al., 2008), and VENUS-tagged 
MRLC in control and srGAP1-depleted cells. 
In control cells, actin filaments at the retract-
ing membrane were gradually covered with 
myosin II, and a bundle-like structure was 
formed parallel to the edge of the extend-
ing protrusions (Figure 7C), as previously 
described (Svitkina et al., 1997; Burnette 
et al., 2011). The amount of Arp2/3 complex 
colocalized with the actin filaments gradu-
ally decreased as the actin filaments were 
covered with myosin II (Supplemental Figure 
S14A, compare red and green arrows). This 
result suggests that the actin filaments at 
the retracting membrane are converted 
from a branched structure containing the 
Arp2/3 complex to a bundled arrangement 
covered with myosin II (Supplemental Figure 
S14B). Indeed, it was reported that the 
mesh-like structure of actin filaments formed 
at the front of lamellipodia changed to a 
bundled one as the edge of lamellipodia re-
tracted (Koestler et al., 2008). Of impor-
tance, when actin filaments at the retracting 
membrane were covered with myosin II, the 
next extending membrane curled up (Figure 
7C, arrows and arrowheads at 40 and 60 s).

In the srGAP1-depleted cells, myosin II 
showed a spot-like distribution, and colocal-
ization of actin and myosin II was not ob-
served at the spreading lamellipodia (Figure 
7D). Although actin bundles were observed 

in lamellipodial protrusions, they were not covered with myosin II 
(Figure 7D, arrows and arrowheads). Thus the interaction between 
actin and myosin II and the formation of actomyosin bundles at the 
lamellipodia did not occur in srGAP1-depleted cells. The defective 
formation of actomyosin bundles at the base of the lamellipodia in 
srGAP1-depleted cells was recovered by reexpression of srGAP1 
but not srGAP1R542A (Figure 8, A and B). Furthermore, constitutive 
activation of Rac1 also inhibited actomyosin bundle formation, 
whereas loss of Rac1 promoted MRLC phosphorylation and devel-
opment of cortical actomyosin bundles and membrane blebs de-
pendent on ROCK (Figure 8B and Supplemental Figure S15). Of 
importance, treatment with blebbistatin or Y27632 also altered the 
distribution of myosin II and inhibited bundle formation at the lamel-
lipodia (Figure 8B and Supplemental Figures S13, control siRNA, 

(ROCK∆3), which lacks a RhoA-binding site and acts as a dominant-
active enzyme, increased the phosphorylated level of MRLC (Ishizaki 
et al., 1997). In ROCK∆3-expressing cells, phosphorylated MRLC 
left the cell periphery and concentrated in the center of the cell, and 
the lamellipodial morphology converted from ruffling to spreading 
(Supplemental Figure S11, C and D). These results suggest that 
Rho-mediated regulation of ROCK is important for control of lamel-
lipodia. Thus Rho/ROCK signaling regulates lamellipodial dynamics 
through ROCK-induced myosin-based contractility.

Regulatory mechanism of membrane ruffling by actomyosin-
based contractility
Analysis by phase-contrast microscopy demonstrated that the mem-
brane began to curl upward from the lateral sides and then the 

FIGURE 5: Characterization of the F-BAR–FX unit of srGAP1. (A) GST-fusion proteins were 
incubated with or without brain liposomes and then centrifuged. Supernatant (S) and pellet (P) 
were separated by SDS–PAGE. Proteins were detected by Coomassie brilliant blue. Arrowheads 
indicate a bacteria-derived protein copurified during affinity purification of GST-fusion proteins. 
(B) FLAG-Rac1G12V and FLAG-Rac1T17N were expressed in COS7 cells and then subjected to 
pull-down assay with GST-F-BAR and GST-CT, respectively. The bound proteins were analyzed by 
immunoblotting with anti-FLAG antibody. Arrows indicate GST-fusion proteins. (C) FLAG-
Rac1G12V and myc-srGAP1 (F-BAR, FX, and F-BAR–FX) were expressed in COS7 cells and then 
immunoprecipitated by anti-FLAG antibody. The bound proteins were analyzed by 
immunoblotting with anti- FLAG antibody. A bracket indicates FLAG-F-BAR–FX. (D) Bacterially 
expressed Rac1 was loaded with GTPγS (GTPgS) and GDP and subjected to pull-down assay 
with GST-F-BAR. The bound proteins were analyzed by immunoblotting with anti-Rac antibody.
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changes (Figure 9A and Supple mental Movie 
S3). When a cell moved in a particular direc-
tion, only one compact lamellipodial protru-
sion was observed at the leading edge. The 
protrusion was then split into two or three, 
and the cells stopped moving (Figure 9A, 
arrows; Andrew and Insall, 2007). When all 
except one of the membrane protrusions 
were diminished, the cells began to move in 
the direction of the left protrusion. Thus cell 
movement correlates well with the dynamics 
of lamellipodial protrusions.

The lamellipodial protrusions spread 
larger and covered the majority of the cell 
periphery in srGAP1-depleted cells (Figure 
9A); this severely inhibited cell locomotion 
(Figure 9A and Supplemental Movie S4). The 
frequency of the split of protrusions de-
creased and continuous protrusive structure 
was maintained in srGAP1-depleted cells 
(Figure 9B). To verify the effect of srGAP1 
depletion on cell migration, we tracked cell 
movement and quantified their speed and 
directionality. Depletion of srGAP1 decreased 
migration velocity and increased rates of di-
rectional cell movement without affecting 
cell polarity (Figure 9, C–E, and Supplemen-
tal Figure S17). Reexpression of srGAP1, but 
not srGAP1R542A, recovered the decreased 
velocity and increased the directionality of 
srGAP1-depleted cells. Thus srGAP1 deple-
tion altered the dynamics of protrusions and 
changed the cell migratory mode from ran-
dom to directionally persistent.

DISCUSSION
Overactivation of Rac1 causes development 
of continuous lamellipodial protrusions 
around the cell, whereas suppression of 
Rac1 activity inhibits their formation (Pankov 
et al., 2005). Cell migration is severely re-
pressed in both cases, and thus spatiotem-
poral activation of Rac1 must be tightly 
regulated. However, it remains unknown 
how the level of Rac activity is modulated at 
lamellipodial protrusions. In this study, we 
showed that srGAP1 inhibits excessive in-
crease in Rac1 activity at lamellipodia via its 
RacGAP activity (Figure 10A). srGAP1 is re-
cruited to the lamellipodia in a Rac1-depen-
dent manner, and therefore Rac1 and 

srGAP1 constitute a negative feedback loop that can limit the maxi-
mum intensity of Rac1 signaling (Brandman and Meyer, 2008). 
Depletion of srGAP1 spatially propagates Rac1 activity throughout 
the cells, and the structure of cell–substrate adhesions at the lamel-
lipodia is larger in srGAP1-depleted than control cells (Supplemen-
tal Figure S9). The positive feedback between increased cell–sub-
strate adhesion and Rac1 activation (Nayal et al., 2006) implies that 
development of adhesive structures might induce propagation of 
activated Rac1 throughout the cell in srGAP1-depleted cells.

Here we show that srGAP1 controls membrane ruffling 
through the coordination of Rac1 and RhoA. Rac1 induces actin 

and S16). Collectively these results suggest that srGAP1 regulates 
Rho/ROCK signaling–mediated actomyosin contractility at lamelli-
podia via modulation of Rac1 activity.

srGAP1 regulates migratory behavior through lamellipodia 
formation
To examine the significance of srGAP1 in cell migration, we examined 
the relation between lamellipodial protrusions and migratory behav-
ior by phase-contrast time-lapse microscopy in control and srGAP1-
depleted cells. On collagen-coated substrate, the HT1080 cells 
showed random migration characterized by repeated directional 

FIGURE 6: Imaging of RhoA activity. (A–D) Cells were treated with the indicated siRNAs and 
then transfected with FRET probes for RhoA. Cells were imaged for YFP, CFP, and DIC every 
20 s for 20 min. FRET efficiencies are shown as YFP/CFP ratio images. White line indicates an 
outline of an srGAP1-depleted cell. (B) Magnified images of the boxed areas in A. Scale bar, 
20 μm. (C, D) Emission ratio of YFP/CFP was measured at the entire region (C) and the 
membrane protrusions of the cells (D) by MetaMorph software. The total number of analyzed 
cells is shown above each bar. Three independent experiments were performed. Error bars, 
SEM. *p < 0.05, ***p < 0.001. (E–G) HT1080 cells were transfected with FRET probes for RhoA 
and the indicated expression vectors. Cells were imaged for YFP, CFP, and DIC every 20 s for 
20 min. FRET efficiencies are shown as YFP/CFP ratio images. (F) The magnified images of the 
boxed areas in E. Scale bar, 20 μm. (G) Emission ratio of YFP/CFP measured at the membrane 
protrusions by MetaMorph software. The total number of analyzed cells is shown above each 
bar. Three independent experiments were performed. Error bars, SEM. Unpaired Student’s t 
test indicates a significant difference between samples. ****p < 0.0001.
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FIGURE 7: Myosin-based contractility causes membrane ruffling. (A) Time-lapse montage of the ruffling membranes. 
HT1080 cells were plated on collagen-coated, glass-bottomed dishes. Membrane dynamics were observed by phase-
contrast microscopy. White, red, and green arrows indicate the edges of distinct membrane protrusions. Black double-
headed arrows indicate a change in extent of membrane protrusion. The kymograph shown in B was generated along 
the white line. Scale bar, 10 μm. (B) Kymograph analysis. White broken lines indicate the timing of ruffling of the 
membrane protrusions. Scale bars, 10 μm (vertical), 5 min (horizontal). (C, D) Myosin II dynamics. HT1080 cells were 
treated with control (C) or srGAP1 RNAi (D) and then transfected with VENUS-MRLC (green) and Lifeact-mCherry (red). 
Kymographs were generated along the white line. Time-lapse images of the area indicated by the white square are 
shown. Scale bars, 10 μm (white), 10 μm (vertical, kymograph), and 5 min (horizontal, kymograph). Arrows and 
arrowheads in C indicate the retracting edge of the membrane protrusions. Arrows and arrowheads in D and E indicate 
actin bundles crossing through lamellipodia.

A B

C

MRLC

Actin

MRLC/
Actin

MRLC/
Actin/
DIC

MRLC Actin MRLC/
Actin

MRLC/Actin

srGAP1 siRNA
0 20 40 60 80 100 120 140 160 180

(sec)

MRLC

Actin

MRLC/
Actin

MRLC/
Actin/
DIC

MRLC/Actin

MRLC Actin MRLC/
Actin

Control siRNA
0 20 40 60 80 100 120 140 160 180

(sec)

0 10 20 30 40 50 60 70

80 90 100 110 120 130 140 150

160 170 180 190 200 210 220 230  (sec)

5 min

10
µm

Extension

Retraction

Curling up

D



Volume 24 November 1, 2013 Modulation of Rac1 activity by srGAP1 | 3401 

concomitant activation of Rac1 and RhoA at the lamellipodia. RhoA 
activates ROCK and stimulates actomyosin contractility, causing peri-
odic membrane ruffling. Such compact, dynamic, ruffling protrusions 
often bifurcate and cause frequent directional changes during cell 
migration, leading to random motility. Thus srGAP1 is a key determi-
nant of lamellipodial dynamics and intrinsic cell migratory behavior.

Cells have the ability to spontaneously generate cell polarity with 
lamellipodia at their leading edges. This polarity is heavily influ-
enced by chemoattractants, which direct cells by biasing the intrin-
sic lamellipodial dynamics toward the source (Petrie et al., 2009). It 
has been suggested that positive feedback signaling via PIP3 
(phosphatidylinositol (3,4,5)-triphosphate) or other molecules con-
tributes to polarity establishment during cell migration through the 
generation of lamellipodia. In this study, we demonstrate that sr-
GAP1-mediated negative feedback regulation of Rac signaling dic-
tates the dynamic behavior of lamellipodia and spatially restricts the 
propagation of lamellipodia, producing compact lamellipodial pro-
trusions. Thus the balance between positive and negative feedback 
signaling is crucial for normal lamellipodial dynamics. This is a new 
concept on the control of lamellipodia in motile cells.

MATERIALS AND METHODS
Cell culture
The HT1080 human fibrosarcoma cells and COS7 cells were cultured 
in DMEM (Wako, Osaka, Japan) supplemented with 10% fetal bo-
vine serum (FBS). FreeStyle 293-F cells were cultured in FreeStyle 
293 Expression medium (Invitrogen, Carlsbad, CA). HT1080 cells 
were plated on glass-bottomed dishes and coverslips (Mastunami, 
Osaka, Japan) coated with type I collagen (0.3 mg/mL; Nitta Gelatin, 
Osaka, Japan) at room temperature for 30 min.

Plasmids
Full-length human srGAP1 and srGAP2 cDNAs were purchased from 
Open Biosystems. Full-length human MRLC (MYL12B), RhoA, Rac1, 
and Cdc42 cDNAs were obtained by PCR using human whole brain 
cDNA (Clontech, Mountain View, CA). Site-directed mutagenesis 
was performed using the PrimeSTAR MAX DNA polymerase accord-
ing to the manufacturer’s instructions (TaKaRa Bio, Otsu, Japan). Site-
directed mutagenesis was used to mutate Arg-542 and Trp-780 of 
srGAP1 to alanine, Gly-14 of RhoA and Gly-12 of Rac1 and Cdc42 to 
valine, and Thr-17 of Rac1 to asparagine. The following deletion mu-
tants of srGAP1 were amplified by PCR: F-BAR (amino acids [aa] 
1–363), FX (aa 364–503), F-BAR–FX (aa 1–503), GAP (aa 504–687), 
SH3-CT (aa 743–1085), SH3 (aa 743–802), CT (aa 803–1085), ∆F-BAR 
(aa 364–1085), and ∆F-BAR–FX (aa 504–1085). The following dele-
tion mutants of srGAP1 were generated by site-directed mutagene-
sis: ∆FX (aa 1–363 + 504–1085), ∆GAP (aa 1–503 + 688–1085), ∆SH3 
(aa 1–742 + 803–1085), and ∆CT (aa 1–802). All cDNAs were se-
quenced and then cloned into the pEF-BOS vector (Mizushima and 
Nagata, 1990) encoding an N-terminal FLAG tag or myc tag, pEGFP-
C1, pEGFP-N3, pmCherry-C1 (Clontech), and pGEX-6P-1 (GE 
Healthcare, Piscataway, NJ). To create the VENUS-fusion constructs, 
GFP genes in the green fluorescent protein (GFP) fusion constructs 
were replaced by the VENUS gene (Nagai et al., 2002). The glutathi-
one S-transferase (GST)–FBP17, GFP-F-BAR–FX (Fer), and GFP-
IRSp53 constructs have been previously described (Suetsugu et al., 
2006; Tsujita et al., 2006; Itoh et al., 2009). The myc-tagged ROCK∆3 
construct was provided by Y. Takai (Kobe University, Kobe, Japan).

Transfection
The plasmids were transfected into HT1080 cells by using FuGENE 
HD Transfection reagent, according to the manufacturer’s manual 

reorganization that is essential for membrane extension at the tip of 
lamellipodial protrusions. Therefore it is possible that membrane 
protrusion is terminated by srGAP1-dependent inactivation of Rac1, 
which is followed by membrane retraction in response to decreased 
Rac1 activity. However, no significant decrease in Rac1 activity was 
detected in the retracting phase of ruffling membranes (Supple-
mental Figure S4). Moreover, in previous studies, retraction of lamel-
lipodia did not necessarily accompany decrease in Rac1 activity 
(Kurokawa et al., 2004; Machacek et al., 2009). Therefore we con-
clude that the contribution of srGAP1 to membrane ruffling does 
not occur through temporal inactivation of Rac1 at lamellipodia dur-
ing one protrusion–retraction cycle.

On the basis of these results, we propose a model of srGAP1-
mediated control of lamellipodial dynamics (Figure 10B). We pro-
pose that activated Rac1 induces membrane protrusions by promot-
ing actin polymerization via the Arp2/3 complex, and, subsequently, 
that srGAP1 is recruited to the membrane in a manner dependent on 
Rac1 activity and represses excessive activation of Rac1. This spatially 
restricts the propagation of membrane protrusions and enables the 

FIGURE 8: Actomyosin contractile bundles at lamellipodia. 
(A) HT1080 cells transfected with the indicated siRNAs and the 
mCherry-tagged rescue constructs (red) were stained for 
phosphorylated MRLC (S19) (green) and F-actin (blue). Arrowheads 
indicate the actomyosin contractile bundles. Scale bar, 10 μm. 
(B) Quantification. Cells with actomyosin bundles at the base of the 
sheet-like membrane protrusions were counted. One hundred fifty 
cells were analyzed from three independent experiments. Error bars, 
SEM. ***p < 0.001.
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RNAi
The cells were cultured for 48–72 h after the 
stealth siRNAs (Invitrogen) were transfected 
into the HT1080 cells with Lipofectamine 
RNAiMAX reagent (Invitrogen). The target 
sequences were as follows: srGAP1 siRNA#1, 
5 ′-CCAGUCCAGGCAGAGCUCAUG-
CUCA-3′; srGAP1 siRNA#2, 5′-GGUGCAG-
GAUAUGGAUGAUACGUUU-3′; srGAP1 
siRNA#3, 5′-CACCCAGAAUGGGCGUG-
CAGCUGAA-3′. siRNA#1 was used to de-
plete srGAP1, unless noted otherwise. The 
target sequences of the control siRNA and 
Rac1 siRNA have been previously described 
(Yamazaki et al., 2009). The rescue con-
structs (srGAP1 siRNA#1 resistant and base 
pair mutations A1059T, G1062A, C1063T, 
and C1065G) were generated with site-di-
rected mutagenesis as described. The res-
cue constructs were introduced 24 h after 
transfection of srGAP1 siRNA#1.

Reagents
The anti-srGAP1 antibody (sc-81939) and 
anti-RhoA antibody (sc-418) were purchased 
from Santa Cruz, Santa Cruz, CA. The anti-
Myc (2272) and anti-phospho-myosin Light 
Chain 2 (Ser-19) antibodies (3671) were pur-
chased from Cell Signaling Technology, 
Danvers, MA. The anti-FLAG (F3165) 
and anti-vinculin antibodies (V9131) were 
purchased from Sigma-Aldrich, St. Louis, 
MO. The anti-p34 (07-227) and anti-Rac1 
antibodies (05-389) were purchased from 
Upstate, Billerica, MA. The anti-Cdc42 
(610928), anti-GM130 (610822), and anti-
paxillin antibodies (610051) were purchased 
from BD Biosciences, San Jose, CA. The 
anti-actin antibody (MAB1501) was pur-
chased from Millipore, Billerica, MA. Rhod-
amine-labeled phalloidin and Alexa Fluor 
647–labeled phalloidin were purchased 
from Molecular Probes, Eugene, OR. Bleb-
bistatin and Y-27632 were purchased from 
Calbiochem, Temecula, CA.

Immunofluorescence and microscopy
The cells were plated on coverslips and 
then fixed with 4% paraformaldehyde for 
10 min at room temperature, following 
permeabilization using 0.2% Triton X-100 
in phosphate-buffered saline (PBS) for 
5 min. Before staining for paxillin and vin-
culin, the cells were fixed with PBS con-
taining 2% paraformaldehyde and 0.05% 
Triton X-100 for 2 min on ice. The cover-
slips were washed twice with PBS and fixed 

with 4% paraformaldehyde for 5 min on ice. The coverslips were 
incubated with the primary antibodies for 1 h at room tempera-
ture or 12 h at 4°C and then with the secondary antibodies for 
30 min at room temperature. The coverslips were mounted with 
PermaFluor Aqueous Mounting Medium (Thermo Scientific, 

(Roche, Indianapolis, IN). The plasmids were transfected into COS7 
cells by using Lipofectamine LTX reagent, according to the manu-
facturer’s manual (Invitrogen). The plasmids were transfected into 
FreeStyle 293F cells with FreeStyle MAX reagent according to the 
manufacturer’s instructions (Invitrogen).

FIGURE 9: srGAP1 regulates the cellular migratory behavior. (A) Morphological changes of the 
motile cells. HT1080 cells treated with control or srGAP1-directed siRNA were plated on 
collagen-coated, glass-bottomed dishes, and cell migration was monitored by phase-contrast 
microscopy. White curves indicate the position of the sheet-like membrane protrusions. Arrows 
indicate the splitting of the protrusions. Scale bar, 100 μm. (B) Quantification of the frequency of 
splitting of the protrusions. The number of splittings of the membrane protrusions in each cell 
for 5 h were counted. Three independent experiments were performed. The total number of 
analyzed cells is shown above each bar. Error bars, SEM. ***p < 0.001. (C) Migration tracks of 
cells plated on collagen-coated substrates. Ten cells from three independent experiments. 
(D) Quantification of migratory velocity. The total number of analyzed cells is shown above each 
bar. Three independent experiments were performed. ***p < 0.001. (E) Quantification of the 
persistence of migratory directionality. D/T is the ratio of the direct distance (D) divided by the 
total track distance (T). The total number of analyzed cells is shown above each bar. Three 
independent experiments were performed. Error bars, SEM. *p < 0.05, **p < 0.01.
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and a 100× oil immersion objective lens. The images were col-
lected at 20-s intervals for 20 min. After background subtraction, 
the ratio image of yellow fluorescent protein (YFP)/cyan fluores-
cent protein (CFP) was determined using MetaMorph and the ra-
tio used to represent FRET efficiency.

Time-lapse imaging
Time-lapse imaging of VENUS-MRLC and mCherry-Lifeact in the 
HT1080 cells was performed as described for FRET. Time-lapse im-
ages of VENUS-MRLC and mCherry-Lifeact were collected at 20-s 
intervals for 20 min. Time-lapse imaging of the F-BAR–FX unit of 
srGAP1 and srGAP2 in the COS7 cells was performed using a Flu-
oView 1000-D confocal microscope. The time-lapse images were 
collected at 10-s intervals for 10 min.

Migration assay
Time-lapse microscopic observations of cell motility were per-
formed using cells plated onto collagen-coated, 35-mm glass-bot-
tomed dishes. After 1 h, the cells were observed for >5 h by using 
an Axiovert S100 system and a 10× objective lens (Carl Zeiss, Jena, 
Germany). The images were collected at 5-min intervals, and the 
velocity and persistence of the migratory directionality were deter-
mined by tracking the positions of cell nuclei with ImageJ software. 
The D/T ratios indicate the direct distance from the start to end 
point (D) divided by the total track distance (T), as previously de-
scribed (Pankov et al., 2005).

Protein purification
Human full-length srGAP1 was cloned into the pEF-BOS vector en-
coding an N-terminal FLAG tag and transfected into FreeStyle 
293-F cells. The cells were harvested by centrifugation 72 h after 
transfection, and the pellet was resuspended in lysis buffer (40 mM 
Tris, pH 7.5, 150 mM NaCl, and 0.5% Triton X-100) supplemented 
with Complete EDTA-free Protease Inhibitor Cocktail Tablet 
(Roche). The cells were lysed by sonication and centrifuged at 
20,000 × g for 10 min. The anti-FLAG M2 affinity gel (Sigma-
Aldrich) was incubated with the supernatant for 2 h and then 
washed with lysis buffer. FLAG-srGAP1 was eluted with the com-
peting 3× FLAG peptide (Sigma-Aldrich). Human full-length Rac1 
and the F-BAR, FX, F-BAR–FX domains of human srGAP1 were 
cloned into the pGEX-6P-1 vector (GE Healthcare). These con-
structs were used to transform BL21 (DE3) pLysS Escherichia coli 
(Promega, Madison, WI) cells. The cells expressing the GST-fusion 
proteins were collected and resuspended in lysis buffer, lysed by 
sonication, and centrifuged at 20,000 × g for 10 min. Glutathione 
Sepharose 4B was incubated with the supernatant for 2 h and then 
washed with lysis buffer. GST was cleaved from GST-Rac1 with Pre-
Scission Protease (GE Healthcare). For the cosedimentation assay, 
GST-F-BAR, GST-FX, and GST-F-BAR–FX were eluted with elution 
buffer (50 mM Tris, pH 7.5, 50 mM glutathione).

Effecter pull-down assays
The amounts of active RhoA, Rac1, and Cdc42 were investigated in 
pull-down assays with GST-Rhotekin-RBD (RhoA) and GST-PAK-CRIB 
(Rac1 and Cdc42) as previously described (Yamazaki et al., 2009). 
The signal intensities were measured using ImageJ.

In vitro GAP assay
The bacterially expressed Rac1 described earlier was loaded with 
GTP into loading buffer (50 mM Tris, pH 7.5, 5 mM EDTA, 50 μM 
GTP, and 0.4 μM Rac1). Loading was performed for 10 min at 30°C, 
followed by addition of 20 mM MgCl2 and further incubation for 

Waltham, MA) and observed using a FluoView 1000-D confocal 
microscope (Olympus, Tokyo, Japan).

Kymographic analysis
For kymography, phase-contrast time-lapse sequences were ob-
tained using IP Lab software and the 40× objective. The video clips 
were 20 min long, with images captured every 20 s. The kymographs 
were produced and analyzed using the ImageJ software (National 
Institutes of Health, Bethesda, MD).

FRET
The FRET probes for Rac1 and RhoA, Raichu-Rac and Raichu-
RhoA, respectively, have been previously described (Itoh et al., 
2002; Kurokawa and Matsuda, 2005). The HT1080 cells were trans-
fected with FRET probes and plated onto collagen-coated, glass-
bottomed dishes (Matsunami). During time-lapse imaging, the 
cells were cultured in medium containing 10 mM 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid (HEPES; pH 7.5), 150 mM NaCl, 
5 mM KCl, 1 mM CaCl2, 1 mM MgCl2, and 10 mM glucose supple-
mented with 10% FBS. The cells were imaged using an Olympus 
IX81 inverted microscope equipped with a charge-coupled device 
camera (Cascade II 512; Photometrics) controlled by MetaMorph 
software (Universal Imaging, Bedford Hills, NY). The cells were il-
luminated with a xenon lamp through a 6% ND filter (Olympus) 

FIGURE 10: Summary. (A) The level of Rac1 activity controls the 
membrane protrusions. (B) Limitation of Rac1 activity by srGAP1 
allows concomitant activation of Rac1 and RhoA at the membrane 
protrusions.
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10 min on ice. GTP-loaded Rac1 was incubated with or without 
FLAG-srGAP1 in GAP buffer (20 mM Tris, pH 7.5, 0.1 mM dithio-
threitol, 0.86 mg/ml BSA, 40 nM Rac1, and 6 nM FLAG-srGAP1) for 
10 min at 30°C, followed by addition of 5 mM MgCl2. The amount 
of GTP-bound Rac1 was measured by pull-down assay with GST-
PAK-CRIB.

Liposome cosedimentation assay
Liposomes (1 mg/ml) and GST fusion proteins (10 μg/ml) were incu-
bated in buffer containing 20 mM HEPES, pH 7.4, 100 mM NaCl, 
and 2 mM EDTA. The mixtures were collected by centrifugation at 
100,000 × g for 30 min. The supernatants and pellets were analyzed 
by SDS–PAGE and Coomassie staining.

Immunoprecipitation
The COS7 cells transfected with the FLAG tag constructs were cul-
tured for 24 h and then collected with lysis buffer supplemented 
with the Protease Inhibitor Cocktail. The cells were lysed by sonica-
tion and centrifuged at 20,000 × g for 10 min. The anti-FLAG M2 
affinity gel was incubated with the supernatant for 2 h and then 
washed thrice with lysis buffer and incubated with SDS-sample 
buffer.

Pull-down assay
The HT1080 and COS7 cells were collected and added to lysis buf-
fer supplemented with the Protease Inhibitor Cocktail. The cells 
were lysed by sonication and centrifuged at 20,000 × g for 10 min. 
Glutathione Sepharose 4B bound to GST-fusion proteins was incu-
bated with cell lysates or purified proteins for 2 h and then washed 
thrice with lysis buffer and incubated with SDS-sample buffer.

Statistical analysis
Statistical analysis was performed using Prism 5 (Graphpad, La Jolla, 
CA). Tukey’s multiple comparison test was used after one-way analy-
sis of variance to calculate p values. In Figure 1, E and G, and Sup-
plemental Figure S12B, Dunn’s multiple comparison test was used 
after the Kruskal–Wallis test to calculate p values.
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