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It is well established that epidermal growth factor (EGF) induces the cytoskeleton reorganization
and cell migration through two major signaling cascades: phospholipase C-�1 (PLC-�1) and Rho
GTPases. However, little is known about the cross talk between PLC-�1 and Rho GTPases. Here we
showed that PLC-�1 forms a complex with Rac1 in response to EGF. This interaction is direct and
mediated by PLC-�1 Src homology 3 (SH3) domain and Rac1 106PNTP109 motif. This interaction is
critical for EGF-induced Rac1 activation in vivo, and PLC-�1 SH3 domain is actually a potent and
specific Rac1 guanine nucleotide exchange factor in vitro. We have also demonstrated that the
interaction between PLC-�1 SH3 domain and Rac1 play a significant role in EGF-induced F-actin
formation and cell migration. We conclude that PLC-�1 and Rac1 coregulate EGF-induced cell
cytoskeleton remodeling and cell migration by a direct functional interaction. (Molecular
Endocrinology 23: 901–913, 2009)

Activation of the epidermal growth factor (EGF) receptor
(EGFR) signals many biological responses including cell

proliferation, cell differentiation, cell survival, and cell motility
(1, 2). Binding of EGF to EGFR at the plasma membrane induces
dimerization of EGFR, which results in the activation of EGFR
tyrosine kinase and trans-autophosphorylation (3). Sites of ty-
rosine autophosphorylation in activated EGFR bind down-
stream signaling proteins to form receptor-signaling protein
complexes that then initiate the activation of various signaling
pathways (3). Cell motility elicited by EGF requires EGFR ki-
nase activation and autophosphorylation (4). At least two sig-
naling pathways downstream of EGFR can be linked to cell
motility. Phospholipase C-�1 (PLC-�1) has been implicated in
the pathway responsible for the reorganization of the cytoskel-
eton (5). On the other hand, EGFR activation also leads to
membrane ruffling and reorganization of cytoskeleton and focal
adhesions through activation of members of the Rho subfamily
of GTP-binding proteins (6, 7).

PLC-�1, a 145-kDa protein, contains two Src homology 2
(SH2) domains, one Src homology 3 (SH3) domain, and two
pleckstrin homology (PH) domains and catalyzes the hydrolysis
of phosphatidylinositol-4,5-bis-phosphate (PIP2), creating ino-

sitol 1,4,5-triphosphate and diacylglycerol. PLC-�1 forms a
complex in vivo with EGFR through its SH2 domain interaction
(1, 8–11). Complex formation leads to phosphorylation of
PLC-�1 on tyrosine residues and an increase in its enzymatic
activity (12–14). PLC-�1 has been implicated in many growth
factor-induced cell signaling including cell proliferation, differ-
entiation, receptor endocytosis, cell motility, membrane ruffle
formation, and branching tubulogenesis (15–21).

All of the PLC-�1 domains have been implicated in regulat-
ing the cellular localization of PLC-�1 and in regulating GF-
induced cell signaling. For example, both PLC-�1 SH2 and
pleckstrin homology (PH) domains have been implicated in reg-
ulating GF-induced translocation of PLC-�1 (22–26). Recent
studies have shown that PLC-�1 is involved in much broader cell
signaling than previously revealed (17, 27, 28). Interestingly,
most recently identified interactions between PLC-�1 and its
binding proteins are mediated by its SH3 domain. EGF stimu-
lates the interaction between PLC-�1 and phospholipase D2

(PLD2) to potentiate EGF-induced inositol 1,4,5-triphosphate
formation and Ca2� increase. The interaction between PLC-�1
and PLD2 is mediated by PLC-�1 SH3 domain (27). PLC-�1 is
essential for the activation of calcium entry into cells after stim-
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ulation on cell-surface receptors, and PLC-�1 SH3 domain is
required for this effect (29). We recently showed that PLC-�1
binds directly to Akt in response to EGF. The PLC-�1-Akt in-
teraction results in the serine phosphorylation of PLC-�1 (30).
One very interesting finding reported recently is that PLC-�1
SH3 domain acts as a guanine nucleotide exchange factor (GEF)
PIKE and dynamin-1. PLC-�1 SH3 domain acts as a GEF for
PIKE to regulate nerve growth factor-induced cell mitogenesis
(28). PLC-�1 SH3 domain acts as a GEF for dynamin-1 to reg-
ulate EGFR endocytosis, and the interaction between PLC�-1
SH3 domain and dynamin-1 is EGF dependent (17).

It has been reported that PLC-�1 is required for cell migra-
tion induced by many growth factors, including EGF (4), plate-
let-derived growth factor (31), and hepatocyte growth factor (2,
32). Although the mechanisms by which PLC-�1 regulates cell
migration are not yet clear, it was suggested that the activation
of PLC-�1 by EGF resulted in the reorganization of the cytoskel-
eton (5). PLC-�1 hydrolyzes PIP2, which leads to the release of
profilin, a cytoplasmic actin-binding protein (33). The role of
PLC-�1 in the regulation of cell motility has been shown in a
variety of cell types, especially carcinoma cells (5).

Rho GTPases make up a large subfamily of the Ras super-
family and include Cdc42, Rac, and Rho proteins. Rho GTPases
are guanine nucleotide-binding proteins that cycle between an
active, GTP-bound and an inactive, GDP-bound state. The ac-
tivity of Rho proteins is controlled by three distinct families of
proteins: the activator or guanine nucleotide exchange factors
(GEFs), and two families of suppressors, the GTPase-activating
proteins (GAPs), and the guanine nucleotide dissociation inhib-
itors (34, 35). Rho proteins are able to induce the reorganization
of the actin cytoskeleton (36). Because actin cytoskeletal
changes are required for the migratory behavior of cells in re-
sponse to growth factor stimulation or matrix interactions, Rho
proteins play significant role in regulating cell migration. In fact,
all aspects of cellular motility and invasion, including cellular
polarity, cytoskeletal organization, and transduction of signals
from the outside environment, are controlled through an inter-
play between the Rho-GTPases (37, 38). It has been shown that
Cdc42 regulates the polarity of cell migration. RhoA is required
for the generation of contractile force leading to rounding of the
cell body (36, 39). Within the Rac subfamily, Rac1, Rac2, and
Rac3 share significant sequence identities (�88%). These three
diverge primarily in the C-terminal 15 residues. All the Rac-
related proteins stimulate the formation of lamellipodia and
membrane ruffles, presumably through the interaction with the
PIR121-Nap125-HSPC300-WAVE complex (40). A lack of
Rac1 results in embryonic lethality (41). The in vivo and in vitro
studies in the last decades have firmly established the role of
Rac1 in cardiomyocyte signaling and hypertrophy (42–44).

Given that both PLC-�1 and Rho GTPases control cell mo-
tility by regulating the reorganization of the cytoskeleton in
response to EGF, it would be interesting to examine whether
there is a direct functional link between PLC-�1 and Rho GT-
Pase in cell migration induced by EGF. Here we showed that
EGF stimulates the association between PLC-�1 and Rac1. The
interaction between PLC-�1 and Rac1 is direct and mediated by
PLC-�1 SH3 domain and Rac1 proline-rich motif 106PNTP109.

We further showed that EGF-induced PLC-�1 and Rac1 inter-
action resulted in the activation of Rac1, which suggest that
PLC-�1 is a GEF for Rac1 in vivo. Moreover, we demonstrated
by in vitro GEF assay that PLC-�1 SH3 domain is a strong and
specific GEF for Rac1. Finally, we showed that the interaction
between PLC-�1 and Rac1 plays an important role in EGF-
induced cytoskeleton remodeling and cell migration.

Results

Association between PLC-�1 and Rac 1 in response
to EGF

We first determined whether PLC-�1 and Rac1 are physically
associated in response to EGF by coimmunoprecipitation. Cos7
cells were treated with EGF for the indicated time, and the Rac1
was immunoprecipitated with mouse anti-Rac1 antibody. The co-
immunoprecipitation of PLC-�1 was examined by immunoblot-
ting with antibodies to both Rac1 and PLC-�1. As shown in Fig. 1,
PLC-�1 was coimmunoprecipitated with Rac1 after EGF stimula-
tion, and the amount of coimmunoprecipitated PLC-�1 reached
maximum at 5–15 min after EGF stimulation. This indicates that
EGF stimulates the association between PLC-�1 and Rac1.

PLC-�1 SH3 domain mediates the association between
PLC-�1 and Rac1

We next determined which domain of PLC-�1 is responsible
for binding to Rac1. PLC-�1 contains two SH2 domains, one
SH3 domain, and one intact PH domain. We had previously
fused each of these domains to glutathione S-transferase (GST)

FIG. 1. EGF-induced association of PLC-�1 and Rac1 in Cos7 cells. Cos7 cells
were treated with EGF (100 ng/ml) for the indicated time, and the Rac1 was
immunoprecipitated with mouse anti-Rac1 antibody. The immunoprecipitates
were then examined by immunoblotting with a monoclonal antibody to PLC-�1
and a polyclonal antibody to Rac1. B, Quantification of the data from at least
three independent experiments as described in panel A. The intensity of the
bands in the PLC-�1 blot was normalized against the intensity of the
corresponding bands in the Rac1 blot. The data of a serum-free sample (�EGF)
was set as 100%. The error bar is SE. IP, Immunoprecipitation; SF, serum free.
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(23, 45). These GST-fusion proteins were used to pull down
Rac1 from Cos7 cell lysates with or without EGF stimulation.
As shown in Fig. 2A, with or without EGF stimulation only
PLC-�1 SH3 domain interacted with Rac1. This indicates that
PLC-�1 SH3 domain specifically interacts with Rac1.

To determine whether the PLC-�1 SH3 domain mediates the
interaction between PLC-�1 and Rac1 in vivo, we transfected
Cos7 cells with either yellow fluorescent protein (YFP)-tagged
wild-type (wt) PLC-�1 or YFP-tagged mutant PLC-�1 lacking of
the SH3 domain (PLC-�1�SH3). Both constructs were gener-
ated previously (23). After the transfection, EGF-stimulated
interaction between Rac1 and PLC-�1 was examined by coim-
munoprecipitation. Rac1 was immunoprecipitated by mouse
anti-Rac1 antibody, and the coimmunoprecipitation of YFP
tagged PLC-�1 was revealed by immunoblotting with anti-YFP
and Rac1 antibodies. We showed that EGF stimulated strong
interactions between wt PLC-�1 and Rac1; however, EGF did
not stimulate the association between PLC-�1�SH3 and Rac1
(Fig. 2B). This indicates that PLC-�1 SH3 domain is required for
EGF-induced interaction between PLC-�1 and Rac1.

Rac1 proline-rich motif 106PNTP109 mediates its
interaction with PLC-�1

We then determined which sequences of Rac1 interact with
PLC-�1. The Rac1 sequences that interact with PLC-�1 SH3
domain likely contain PXXP motifs. Analysis of Rac1 sequence
reveals the presence of one PXXP motif 106PNTP109. To deter-
mine whether this motif indeed mediates the interaction be-
tween PLC-�1 and Rac1, we mutated the two prolines to
alanines by site-directed mutagenesis. The green fluorescent
protein (GFP)-tagged mutant (Rac1PP/AA) and wt Rac1 were
expressed in Cos7 cells by transient transfection. EGF-stimu-

lated interaction between PLC-�1 and the mutant was exam-
ined by coimmunoprecipitation. We immunoprecipitated
GFP-tagged Rac1 with anti-GFP antibody. Immunoblotting
with antibodies to GFP and PLC-�1 showed that PLC-�1 only
coimmunoprecipitated with wt Rac1 after EGF stimulation (Fig.
3, A and B). PLC-�1 did not coimmunoprecipitate with
Rac1PP/AA regardless of EGF stimulation (Fig. 3, A and B).
This suggests that the interaction between PLC-�1 and Rac1 is
mediated by Rac1 106PNTP109.

We further examined the interaction between PLC-�1 SH3
domain and Rac1 106PNTP109 motif by GST pulldown. Cos7
cells were transfected with either wt Rac1 or mutant Rac1PP/
AA, and the cell lysates were incubated with GST-fusion
PLC-�1 SH3 domain conjugated to glutathione beads. We
showed that GST-fusion PLC-�1 SH3 domain specifically
pulled down wt Rac1, but not the Rac1PP/AA with or with-
out EGF stimulation (Fig. 3C). Together, our data indicate
that PLC-�1 SH3 domain specifically interacts with Rac1
106PNTP109.

The interaction between PLC-�1 and Rac1 is direct
and specific

To further test whether the interaction between SH3 and
Rac1 is direct and specific, we generated a GST fusion, loss of
function mutant PLC-�1 SH3 domain P842L (PLC-�1
SH3P842L) with a single mutation of proline to leucine. We
incubated PLC-�1 SH3P842L and the other GST-fusion do-
mains with purified Rac1 in a pure buffer system. As shown in
Fig. 4A, only the intact SH3 domain can interact with purified
Rac1 in vitro but not the nonfunctional PLC-�1 SH3P842L.
Consistent with our results in Fig. 2, other domains did not
associate with Rac1 in vitro. Together, the results suggest that
the SH3 domain of PLC-�1 interacts with Rac1 directly in vitro.

We next determined whether PLC-�1 only specifically inter-
acts with Rac1 or broadly interacts with other Rho proteins. We
generated an YFP-tagged PLC-�1 mutant with the mutation of
P842 to L (PLC-�1P842L) to disrupt the function of SH3 do-
main. Cos7 cells were transfected with YFP-tagged wt PLC-�1,
PLC-�1�SH3, or PLC-�1P842L. After EGF stimulation for 15
min, YFP tagged PLC-�1, and the mutants were immunopre-
cipitated with anti-YFP antibodies, and bound Rac1, Cdc42,
and RhoA were analyzed by immunoblotting with antibodies to
Rac1, Cdc42, and RhoA. As shown in Fig. 4B, Rac1 was coim-
munoprecipitated only with wt PLC-�1 after EGF stimulation
but not with PLC-�1�SH3 and PLC-�1P842L as expected,
which further indicates that PLC-�1 SH3 domain is required for
EGF-induced interaction between PLC-�1 and Rac1. Interest-
ingly, no Cdc42 and RhoA were detected in the PLC-�1 immu-
noprecipitates, which indicates that PLC-�1 specifically inter-
acts with Rac1, but not Cdc42 and RhoA.

Direct interaction between PLC-�1 and Rac1 is critical for
EGF-induced Rac1 activation in vivo

We examined whether the interaction between PLC-�1 and
Rac1 contributes to Rac1 activation in response to EGF. Acti-
vation of Rac1 was determined by its ability to bind to GST-
fusion p21-activated protein kinase (PAK) Rho-binding domain

FIG. 2. The SH3 domain of PLC-�1 is required for PLC-�1 association with
Rac1. A, The association of Rac1 with various GST-fusion PLC-�1 domains by
GST-fusion protein pulldown. COS-7 cells were not treated or treated with 100
ng/ml EGF for 15 min. The cell lysates were incubated with various GST-fusion
PLC-�1 proteins bound to glutathione-agarose beads. Bound proteins were
analyzed by immunoblotting with anti-Rac1 antibody. Immunoblotting with anti-
GST antibody was used as loading control. B, COS-7 cells were transfected with
wt PLC-�1, or PLC-�1�SH3. The cells were either not treated or treated with 100
ng/ml EGF for 15 min. The cell lysates were subjected to immunoprecipitate with
monoclonal anti-Rac1 antibody, and the resulting immunoprecipitates were
subjected to immunoblotting with a polyclonal anti-GFP antibody and a
polyclonal anti-Rac1 antibody. IP, Immunoprecipitation.

Mol Endocrinol, June 2009, 23(6):901–913 mend.endojournals.org 903

D
ow

nloaded from
 https://academ

ic.oup.com
/m

end/article/23/6/901/2870384 by guest on 24 April 2024



(GST-PAK). We first determined the effects of EGF on Rac1 acti-
vation in both BT20 and Cos7 cells. As shown in Fig. 5A, Rac1 was
activated by EGF, and the Rac1 activation reached maximum at 15
min of EGF stimulation for both BT20 and Cos7 cells.

We then determined whether EGF-induced Rac1 activation re-
quires the direct interaction between PLC-�1 and Rac1. We over-
expressed either YFP-tagged wt PLC-�1 or PLC-�1�SH3 in Cos7
cells by transient transfection. Rac1 activation was determined by
pulldown with GST-PAK. As shown in Fig. 5B, expression of wt
PLC-�1 but not the mutant PLC-�1�SH3 significantly enhanced
EGF-induced activation of Rac1. These data suggest that PLC-�1
mediates EGF-induced Rac1 activation by its SH3 domain.

PLC-�1 SH3 domain has been shown to participate in vari-
ous cell signaling. To exclude the possibility that PLC-�1 SH3
domain interacts with other proteins to indirectly regulate Rac1
activity, we determined whether Rac1 106PNTP109 that medi-
ates Rac1 interaction with PLC-�1 SH3 domain is also required
for EGF-induced activation of Rac1. Both GFP-tagged wt Rac1
and Rac1PP/AA were expressed in Cos7 cells. Rac1 activation
was determined by pulldown with GST-PAK. As shown in Fig.
5C, wt Rac1, but not Rac1PP/AA, was strongly activated by
EGF stimulation. Together, our data indicate that EGF-induced
Rac1 activation is mostly mediated by the interaction between
PLC-�1 SH3 domain and Rac1 106PNTP109.

To determine whether our observations also apply to other
cells, we repeated the above experiment in 293T cells. Because

293T cells express only very low levels of EGFR, we
cotransfected 293T cells with EGFR and YFP-
tagged wt PLC-�1 or PLC-�1�SH3. The effects on
Rac1 activation were very similar to that in Cos7
cells. Expression of wt PLC-�1, but not the mutant
PLC-�1 P842L, significantly enhanced EGF-in-
duced activation of Rac1 (Fig. 5D). We also co-
transfected 293T cells with EGFR- and GFP-
tagged wt Rac1 and Rac1PP/AA. We also showed
by GST-PAK pulldown that wt Rac1, but not
Rac1PP/AA, was strongly activated by EGF stim-
ulation (Fig. 5E).

To exclude the possibility that PP/AA mutation
of Rac1 altered its binding property to GTP and
thus resulted in a nonfunctional Rac1, we deter-
mined the binding property of Rac1PP/AA to GTP.
We transfected COS-7 cells with Rac1PP/AA and
wt Rac1. The cell lysates were incubated with
GTP-�S in the presence of EDTA for 15 min. The
active form (GTP loaded form) of Rac1 was pulled
down by GST-PAK. As shown in Fig. 6A, GST-PAK
pulled down similar amounts of wt Rac1 and
Rac1PP/AA, which indicates that both wt Rac1 and
Rac1PP/AA have a similar ability to bind to GTP-�S.
As controls, we also generated a GFP-tagged con-
stitutive active Rac1 L61 with a single mutation of
Q61 to L and a GFP-tagged dominant-negative
Rac1 N17 (6). These two mutants were expressed
in Cos7 cells by transient transfection, and their
ability to bind to GTP-�S were determined as
above. As expected, L61 showed strong binding af-

finity with GTP-�S, but N17 did not bind to GTP-�S. Therefore,
the inability of Rac1PP/AA from getting activated under EGF
stimulation is likely due to its inability to bind to PLC-�1.

It is well documented that PLC-�1 regulates various EGF-
induced cell signaling through its phospholipase activity (16).
To determine the contribution of PLC-�1 phospholipase activity
in EGF-induced Rac1 activation, we inhibited PLC�1 phospho-
lipase activity by U73122. We transfected Cos7 cells with wt
PLC-�1 and PLC-�1�SH3. The cells were treated with U73122
and stimulated with EGF. As shown in Fig. 6B, wt PLC-�1, but
not PLC-��SH3, still strongly stimulates Rac1 activation. These
data strongly suggest that PLC-�1 SH3 domain, but not its
phospholipase activity, is required for EGF-induced Rac1 acti-
vation. It is interesting to note that EGF-induced Rac1 activa-
tion seemed weaker when both PLC-�1 SH3 domain was de-
leted and PLC-�1 phospholipase activity was inhibited.

PLC-�1 SH3 domain is a GEF for Rac1 in vitro
PLC-�1 SH3 domain acts as a guanine nucleotide exchange

factor (GEF) for PIKE and dynamin-1 (17, 28). To determine
whether PLC-�1 SH3 domain is a GEF for Rac1, an in vitro
nucleotides-exchange assay was performed by using RhoGEF
exchange assay kit (Cytoskeleton, Inc., Denver, CO). As shown
in Fig. 7, A and C, the fluorescence intensity increased dramat-
ically when purified PLC-�1 SH3 domains were added to Rac1
but not when added to Cdc42 and RhoA. The GEF activity of

FIG. 3. Rac1 106PNTP109 motif is required for its association with PLC-�1. A, Cos-7 cells were
transfected with GFP-tagged wt Rac1 or Rac1PP/AA. The cells were either not treated or treated
with EGF (15 min). The transfected Rac1 was immunoprecipitated with GFP antibody, and the
resulting immunoprecipitates were immunoblotted with antibodies to GFP and PLC-�1. B,
Quantification of the data from at least three independent experiments as described in panel A.
C, The effects of Rac1 106PNTP109 on its association with the PLC-�1 SH3 domain. COS-7 cells
were transfected with GFP-tagged wt Rac1 or Rac1PP/AA. With or without EGF treatment (15
min), the cells were lysed and incubated with GST or GST-fusion PLC-�1 SH3 domain bound to
glutathione-agarose beads. Bound proteins were analyzed by immunoblotting with anti-GFP
antibody.
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Dbl on Cdc42 was used as a positive control, and water was
used as a negative control. The exchange activity of PLC-�1 SH3
domain on Rac1 is approximately 60% of the GEF activity of
Dbl on Cdc42. However, the exchange activity of PLC-�1 SH3
domain is almost 6-fold lower on RhoA than on Rac1 and is
50% lower on Cdc42 than on Rac1. These data indicate that
PLC-�1 SH3 domain is a specific GEF for Rac1.

We next examined whether only the SH3 domain from
PLC-�1 is a specific GEF for Rac1. We purified several SH3
domains from other proteins including p120 ras GAP, p85 sub-
unit of phosphatidylinositol 3-kinase (PI3K), and Grb2. In vitro
GEF activity assay showed that none of these SH3 domains had
GEF activity on Rac1 (Fig. 7, B and C).

We next determined the binding affinity of PLC-�1 SH3
domain with activated and inactivated Rac1. We generated two
GFP-tagged Rac1 mutants: a dominant-negative mutant N17
and a constitutively activated mutant Q61. These two mutants
and wt Rac1 were expressed in Cos7 cells by transient transfec-
tion. After serum starvation, the cells were either left nonstimu-
lated or stimulated with EGF for 15 min. The PLC-�1 GST-SH3
domain attached to glutathione beads was incubated with the
cell lysates to pull down Rac1. As shown in Fig. 8, the PLC-�1
SH3 domain bound most strongly to N17 regardless of EGF
treatment. It also bound to GFP-Rac1 in both nonstimulated
and stimulated conditions, but with a slightly higher affinity

under nonstimulated conditions. The PLC-�1 SH3 domain
showed very weak binding to L61. These data indicated that like
most GEFs, PLC-�1 SH3 domain as a Rac1 GEF binds prefer-
ably to inactivated Rac1.

Regulation of EGF-induced F-actin formation and cell
migration by PLC-�1 SH3 domain and Rac1 interaction

We showed above that PLC-�1 is a GEF for Rac1 in vitro and
controls Rac1 activity in vivo by its SH3 domain interaction
with Rac1 106PNTP109. We next examined whether this inter-

FIG. 4. The interaction between PLC-�1 and Rac1 is direct and specific. A,
Interaction between purified Rac1 and PLC-�1 SH3 domain. Purified GST-fusion
domains of various PLC-�1 were immobilized on GST beads and the GST
domain-immobilized beads were incubated with pure Rac1 purchased from
Cytoskeleton Inc., as described in Materials and Methods. The beads with bound
proteins were washed three times with binding buffer after which the bound
proteins were resolved in 10% SDS-PAGE followed by immunoblotting. Top
panel, Bound Rac1 revealed by anti-Rac1 antibody; bottom panel, various GST-
fusion proteins revealed by Coommassie blue stain. B, Interaction between PLC-
�1 and Rac1, RhoA, and Cdc42. Cos7 cells were transfected with YFP-tagged wt
PLC-�1, PLC-�1�SH3, or PLC-�1P842L. After EGF treatment (15 min) transfected
PLC-�1 was immunoprecipitated (IPed) with GFP antibody, and the
coimmunoprecipitated (Co-IPed) Rac1, Cdc42, and RhoA were revealed by
antibodies to Rac1, Cdc42, and RhoA.

FIG. 5. Interaction between PLC-�1 and Rac1 is critical for EGF-induced Rac1
activation. The activation of Rac1 was determined by pulldown with GST-fusion
PAK Rac1-binding domain as described in Materials and Methods. Briefly, the cell
lysates were incubated with GST-PAK bound to glutathione-agarose beads.
Bound proteins were analyzed by immunoblotting with anti-Rac1 antibody.
Immunoblotting with anti-GST antibody was used as loading control. A, EGF-
induced activation of Rac1 in BT20 and Cos-7 cells. BT20 and Cos7 cells were
stimulated with EGF for the indicated times, and the activation of Rac1 was
determined as above. B, The effects of the PLC-�1 SH3 domain on EGF-induced
activation of Rac1. Cos7 cells were transfected with YFP-tagged wt PLC-�1 or
mutant PLC-�1�SH3. 293T cells were transfected with wt EGFR and YFP-tagged
wt PLC-�1 or mutant PLC-�1�SH3. The cells were either not treated or treated
with EGF (100 ng/ml) for 30 min. The Rac1 activation was determined by GST-
PAK pulldown. C, The effects of Rac1 106PNTP109 motif on EGF-induced
activation of Rac1 in Cos7 cells. Cells were transfected with GFP-tagged wt Rac1
or mutant Rac1PP/AA. The cells were either not treated or treated with EGF (100
ng/ml) for 30 min. The Rac1 activation was determined by GST-PAK pulldown. D,
The effects of PLC-�1 SH3 domain on EGF-induced activation of Rac1 in 293T
cells. Cells were transfected with wild-type EGFR and YFP-tagged wt PLC-�1 or
mutant PLC-�1�SH3. The cells were either not treated or treated with EGF (100
ng/ml) for 30 min. The Rac1 activation was determined by GST-PAK pulldown. E,
The effects of Rac1 106PNTP109 motif on EGF-induced activation of Rac1 in 293T
cells. Cells were transfected with wild-type EGFR and GFP-tagged wt Rac1 or
mutant Rac1PP/AA. The cells were either not treated or treated with EGF (100
ng/ml) for 30 min. The Rac1 activation was determined by GST-PAK pulldown.
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action regulates the cytoskeleton reorganization and cell migra-
tion. Cytoskeleton reorganization was assessed by F-actin for-
mation. To examine F-actin formation, cells were incubated
with 100 nM rhodamine-conjugated phalloidin. As shown in
Fig. 9A, the addition of EGF for 15 and 30 min strongly stim-
ulated the F-actin formation in Cos7 cells. We then disrupted the
interaction between PLC-�1 and Rac1 by transfecting Cos7 cells
with YFP-tagged mutant PLC-�1�SH3 or mutant PLC-
�1P842L. YFP-tagged wt PLC-�1 was used as control. As
shown in Fig. 9B, the transfected cells were green due to the
expression of YFP-tagged PLC-�1. We examined F-actin forma-
tion in these positively transfected green cells. After EGF stim-
ulation for 15 min, F-actin formation (red fibers indicated by
arrowhead) was prominent in cells transfected with wt PLC-�1;
however, F-actin formation was blocked in cells transfected
with either mutant PLC-�1�SH3 or mutant PLC-�1P842L.

We further disrupt the interaction between PLC-�1 and Rac1
by transfecting Cos7 cells with GFP-tagged mutant Rac1PP/AA
and examined the effects on EGF-induced F-actin formation.
Cos7 cells transfected with GFP-tagged wt Rac1 were used as
controls. As shown in Fig. 9C, both wt Rac1 and Rac1PP/AA
(green) localized to the plasma membrane. After EGF stimula-
tion, the F-actin formation (red fibers indicated by arrowhead)
was prominent in cells transfected with wt Rac1. However, the
expression of mutant Rac1PP/AA blocked EGF-induced F-actin
formation. These data clearly indicate that the direct interaction be-

tween PLC-�1 and Rac1 plays an important role in EGF-induced
F-actin formation.

The images fromtheexperimentsdescribed inFig.9,BandC,were
quantitativelyanalyzedandthedatawereshowninFig.9D. Inhibition
of the direct interaction between PLC-�1 and Rac1 by mutation sig-
nificantly reduced EGF-induced F-actin formation (Fig. 9D).

We then examined the effects of PLC-�1 and Rac1 interac-
tion in EGF-induced cell migration by wound-healing assay. We
transfected Cos7 cells with either wt PLC-�1 or PLC-�1�SH3
tagged with YFP. Wound-healing assay showed that overex-
pression of wt PLC-�1 significantly enhanced EGF-induced cell
migration. However, deletion of PLC-�1 SH3 domain not only
abolished this enhancement but also significantly inhibited
EGF-induced cell migration (Fig. 10A). These results suggest
that the PLC-�1 SH3 domain accounts for a significant part of
cell migration induced by PLC-�1. We then examined whether
overexpression of wt Rac1 in Cos7 cells increases the cell’s mi-
gration and whether the effects are dependent on its interaction
with PLC-�1. Cos7 cells were transfected with either GFP-
tagged wt Rac1 or mutant Rac1PP/AA. Wound-healing assay
showed that overexpression of wt Rac1 increased cell migration
by 30% (Fig. 10B). However, transfection of Cos7 cells with
mutant Rac1PP/AA that does not bind to PLC-�1 significantly
inhibited EGF-induced cell migration (Fig. 10B).

We repeated the same experiments in 293T cells. As 293T
cells express only very low level EGFR, we coexpressed EGFR

FIG. 6. Direct interaction between PLC-�1 and Rac1, not the other factors, is critical for EGF-induced Rac1 activation. A, Binding affinity of wt Rac1 and mutants Rac1
PP/AA, N17, and L61 to GTP-�S. COS-7 cells were transfected with GFP-tagged wt Rac1 or the mutants. The cell lysates were treated with GTP-�S for 15 min and were
then pulled down by GST-PAK. Active GTP-Rac1 is visualized by immunoblotting with GFP antibody. B, Inhibition of PLC-�1 phospholipase activity and the effects on
EGF-induced Rac1 activation. Cos7 cells were transfected with PLC-�1 and PLC-�1�SH3. The cells were treated with U73122 and stimulated with EGF. The Rac1
activation was determined by GST-PAC pulldown. C, Quantification of the data from at least four independent experiments as described in panel B.
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with YFP-tagged PLC-�1 or GFP-tagged Rac1. As shown in Fig.
10, C and D, we obtained very similar results as in Cos7 cells.
These data again suggest that the enhancement of Rac1 on EGF-
induced cell migration is dependent on its interaction with PLC-�1.
Together, our data indicate that interactions between PLC-�1 and
Rac1 are essential for EGF-induced cell migration.

Discussion

PLC-�1 and Rac1 are two major players in EGF-induced cell
migration (4–7, 36–38). Although it is known that PLC-�1 and
Rac1 coordinate EGF-induced cell migration, no direct interac-
tions between the two proteins have been reported. In this study,
we, for the first time, demonstrated that PLC-�1 and Rac1 co-
regulate EGF-induced cytoskeleton reorganization and cell mi-
gration by a direct functional interaction.

We first examined whether PLC-�1 and Rac1 interact in
response to EGF in vivo. Coimmunoprecipitation experiments
showed that PLC-�1 formed a complex with Rac1 in an EGF-
dependent manner, and the complex formation reached maxi-
mum at 5–15 min of EGF stimulation (Fig. 1). It is well docu-
mented that Rac1 is localized to the plasma membrane (46) and
PLC-�1 translocated to the plasma membrane in response to
EGF (23). This suggests that EGF-induced interaction between
Rac1 and PLC-�1 likely occurs at the plasma membrane. Fur-
ther experiments were carried out to determine the structural
requirement for the binding. PLC-�1 contains two SH2 do-
mains, one SH3 domain, and two PH domains. We conducted in
vitro GST-pull-down experiments and showed that only GST-
fusion PLC-�1 SH3 domain pulled down Rac1, but not any
other GST-fusion PLC-�1 domain (Fig. 2A). We then showed
that in vivo mutant PLC-�1 lacking SH3 domain (PLC-

FIG. 7. The PLC-�1 SH3 domain functions as a GEF for Rac1 in vitro. A, The GEF activity of the PLC-�1 SH3 domain on Rac1, RhoA, and Cdc42 was determined by
using RhoGEF Exchange Assay Biochem Kit as described in Materials and Methods. Experiments were performed in duplicate, and data from one experiment were
presented. B, The GEF activity of other SH3 domains on Rac1. The same method was used as described in panel A. C, A bar chart showing the statistic analysis from
three repeats shown in panels A and B.
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�1�SH3) failed to coimmunoprecipitate with Rac1 after EGF
stimulation; however, the wt PLC-�1 showed strong interac-
tions with Rac1 (Fig. 2B). Together, these data suggest that
PLC-�1 SH3 domain is responsible for binding to Rac1.

We have also identified the 106PNTP109 of Rac1 as the motif
responsible for binding to the PLC-�1 SH3 domain. Mutation of
the two proline residues to alanines completely abolished the
interaction between PLC-�1 and Rac1 (Fig. 3). When expressed
in Cos7 cells, the mutant Rac1PP/AA failed to complex with
PLC-�1 in response to EGF (Fig. 3A). In the GST pull-down
experiment, the PLC-�1 SH3 domain failed to pull down the
mutant Rac1PP/AA (Fig. 3B).

We further showed that purified PLC-�1 SH3 domain is able
to bind to purified Rac1; however, the nonfunctional mutant,
PLC�1 SH3 domain P842L, did not bind to purified Rac1 (Fig.
4). This demonstrates that the interaction between PLC-�1 and
Rac1 is direct. We also showed that the interaction between
PLC-�1 and Rac1 is very specific. No interaction between
PLC-�1 and RhoA or Cdc42 was observed (Fig. 4B).

It is interesting to note that the PLC-�1 SH3 domain inter-
action with Rac1 is dependent on EGF stimulation in vivo but
not in vitro. Although the in vivo and in vitro data seem at odds,
similar observations have been reported previously. For exam-
ple, the interaction between PLC-�1 SH3 domain and PLD2

(27), PIKE (28), dynamin (17), and Emt (47) are all dependent
on EGF stimulation in vivo. In fact, we recently observed similar
interaction between PLC-�1 and Akt (30). In that study our data
suggest a model that in vivo, the full-length PLC-�1 adopted a
conformation that restricts the interaction of its SH3 domain
with Akt. Phosphorylation of PLC-�1 Y771 and/or Y783 by
EGF stimulation releases the restriction on SH3 domain. How-
ever, in vitro, the GST-fusion PLC-�1 SH3 domain does not
contain any other parts of the protein, and the SH3 domain is
always exposed for interaction with Akt with or without EGF

stimulation. Therefore, the in vitro interaction between the
PLC-�1 SH3 domain and Akt is independent of EGF (30). It is
likely that the interaction between the PLC-�1 SH3 domain and
Rac1 proline motif could also be explained by this model.

We have provided multiple evidence in this study to demon-
strate that the interaction between PLC-�1 and Rac1 results in
the activation of Rac1. We showed that EGF strongly activated
Rac1 activity, and the maximum activation of Rac1 is at 15 min,
which is coincident with the maximum interaction between
PLC-�1 and Rac1 (Figs. 1 and 5A). We then showed that EGF-
induced Rac1 activation is dependent on the interaction be-
tween PLC-�1 SH3 domain and Rac1 106PNTP109 motif. When
expressed in both Cos7 and 293T cells, mutant PLC-�1�SH3 or
PLC-�1 P842L did not enhance EGF-induced Rac1 activation
(Fig. 5B), which suggests that PLC-�1 mediates EGF-induced
Rac1 activation by its SH3 domain. Because the PLC-�1 SH3
domain has been shown to participate in various cell signaling
(27, 29, 30) and has been identified as a GEF for PIKE GTPase
and dynamin GTPase (17, 28), it is possible that the role of
PLC-�1 SH3 domain in EGF-induced Rac1 activation may be
due to its interaction with other proteins to indirectly regulate
Rac1 activity. We excluded this possibility by showing that the
expression of mutant Rac1PP/AA that failed to bind to PLC-�1
blocked EGF-induced Rac1 activation (Fig. 5C). We also
showed that the inability of Rac1PP/AA from getting activated
under EGF stimulation is likely due to its inability to bind to
PLC-�1, rather than its inability to load GTP (Fig. 6A).

It is well documented that PLC-�1 regulates various EGF-
induced cell signaling through its phospholipase activity (16). It
was reported that PLC-�1 phospholipase activity is important in
EGF-induced Rac1 activation (48). To exclude the possibility
that the observed effects of PLC-�1 on EGF-induced Rac1 acti-
vation is through its phospholipase activity, we inhibited PLC�1
phospholipase activity by using a specific inhibitor U73122.
Inhibition of PLC-�1 phospholipase activity will block the pro-
duction of PKC and DAG, and thus eliminate the indirect acti-
vation of Rac1 by PLC-�1. In this case, the observed effects of
PLC-�1 on Rac1 activation will be likely due to the direct func-
tion of PLC-�1 SH3 domain as a Rac1 GEF. Indeed, our data
showed that inhibition of PLC-�1 phospholipase activity did
not inhibit PLC-�1-mediated Rac1 activation after EGF stimu-
lation (Fig. 6B). These data strongly suggest that PLC-�1 SH3
domain, but not its phospholipase activity, plays important role
in EGF-induced Rac1 activation. However, our data did not
exclude the possibility that PLC-�1 phospholipase activity may
regulate Rac1 activation in a physiological condition.

Moreover, we demonstrated that PLC-�1 SH3 domain is a
specific and potent GEF for Rac1 (Fig. 7). This finding provides
a logical explanation for our in vivo data that the direct inter-
action between PLC-�1 and Rac1 results in Rac1 activation.
Most likely, PLC-�1 acts as a Rac1 GEF in vivo in response to
EGF. Interestingly, we showed that the PLC-�1 SH3 domain
had a strong GEF activity on Rac1, but only slightly activated
Cdc42 and RhoA. So far, most of the identified GEFs for Rho
GTPases have been shown to activate Rac1, Cdc42, and RhoA.
For example, the best-characterized Rho GEFs are Vav proteins.
Both Vav1 and Vav2 have been shown to act on Rac1, Cdc42,

FIG. 8. The binding affinity of PLC-�1 SH3 domain to active and inactive Rac1. A,
Cos7 cells were transfected by GFP-tagged wt Rac1, Rac1N17, or Rac1L61. With or
without EGF stimulation for 15 min, the cell lysates were incubated with GST-fusion
PLC-�1 SH3 domain attached to glutathione-agarose beads. Bound proteins were
analyzed by immunoblotting with antibodies to GFP. B, Quantification of the data
from three independent experiments as described in panel D.
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and RhoA in vitro (49, 50). It is reported that Tiam1 is a GEF for
RhoA, Rac1, and Cdc42 (51, 52). More importantly, we
showed that PLC-�1 only interacts with Rac1, but not RhoA
and Cdc42 in response to EGF in vivo (Fig. 4B). Together these
data indicate that by acting as a specific GEF for Rac1, PLC-�1
provides a means for cells to selectively activate Rac1 without
activating the other Rho proteins.

Consistent with previous reports (17, 28), the GEF activity of
SH3 domain seems to be restricted only to PLC-�1, as we
showed that SH3 domains of Grb2, PI3K p85, and p120ras
GAP did not show any GEF activity on Rac1, Cdc42, and Rho
A (Fig. 7). Moreover, although it was shown to be a GEF for
PIKE and dynamin, our finding is the first report that PLC-�1
SH3 domain is a GEF for small GTPases.

FIG. 9. Effects of PLC-�1 and Rac1 interaction on EGF-induced F-actin formation. F-actin was stained with 100 nM rhodamine-conjugated phalloidin as described in
Materials and Methods. A, EGF-induced F-actin (red) formation in cos-7 cells. B, EGF-induced F-actin (red) formation in Cos7 cells transfected with GFP-tagged wt Rac1
or Rac1PP/AA. C, EGF-induced F-actin (red) formation in Cos7 cells transfected with YFP-tagged wt PLC-�1, PLC-�1�SH3, or PLC-�1P842L. Arrows indicate F-actin.
Scale bar, 20 �M. D, Quantification of the F-actin stain from images obtained from the experiments described in panels B and C. Quantification method is described in
Materials and Methods. Each value is the mean of at least four experiments with more than three cells analyzed for each experiment. The error bar is the SE. *, P �
0.01; **, P � 0.5. SF, Without EGF stimulation after incubation with serum-free medium; EGF, stimulation with EGF for 15 min.
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We also showed that PLC-�1 SH3 domain bound to GFP-
Rac1 in both nonstimulated and stimulated conditions, but with
a higher affinity under nonstimulated conditions (Fig. 8).
PLC-�1 SH3 domain bound most strongly to N17, the domi-
nant-negative Rac1 regardless of EGF treatment, and it showed
no binding to Q61, the constitutively activated Rac1, with or
without EGF treatment (Fig. 8). These data indicated that like
most GEFs, the PLC-�1 SH3 domain as a Rac1 GEF binds
preferably to inactivated Rac1. In light of this finding, it is in-
teresting to note that we are able to show fairly strong coimmu-
noprecipitation of PLC-�1 and Rac1 after EGF stimulation.
One simplistic explanation may be that the activation process of
PLC-�1 on Rac1 is slow, which allows the coimmunoprecipita-
tion of PLC-�1 and Rac1 complex as we showed in the study.
The reason that we did not observe the interaction between
PLC-�1 and Rac1 in the absence of EGF treatment is not that the
PLC-�1 SH3 domain does not interact with inactivated Rac1;
instead, is that PLC-�1 and Rac1 do not localize in the same
subcellular compartment, and the PLC-�1 SH3 domain is re-
stricted from interaction as discussed above. Finally, we showed
that the interaction between PLC-�1 and Rac1 is critical in
EGF-induced cytoskeleton reorganization and cell migration
(Figs. 9 and 10). This indicates that the interaction between
PLC-�1 and Rac1 is physiologically relevant.

Before our reported interaction between PLC-�1 and Rac1 in
regulating EGF-induced F-actin remodeling and cell migration,
both PLC-�1 and Rac1 have been shown to regulate EGF-in-
duced F-actin remodeling and cell migration. It was shown that
EGF stimulates the PLC-�1 phospholipase activity that, in turn,
hydrolyzes PIP2, which leads to the release of profilin, a cyto-
plasmic actin-binding protein (33). It was also shown EGF ac-
tivates Rac1 by stimulating Rac1 GEF Tiam-1 through the ac-
tivation of phosphoinositide 3-kinases (53). Here, we not only
provide a direct functional link between PLC-�1 and Rac1 in
EGF-induced cell migration but also revealed the mechanism of
this functional link. PLC-�1 acts as a GEF for Rac1 in response
to EGF to activate Rac1. However, as discussed above, the in-
teraction between PLC-�1 and Rac1 is not the only mechanism
for both of them to regulate EGF-induced cell migration. The
multiple mechanisms may ensure the proper control of the cell
on EGF-induced cell migration when one mechanism fails.

Materials and Methods

Cell culture, transfection, and treatment
COS-7 cells were grown at 37 C in DMEM containing 10% fetal

bovine serum, and were maintained in a 5% CO2 atmosphere. Before
transfection, COS-7 cells were seeded into 100-mm plates and incubated

FIG. 10. Effects of PLC-�1 and Rac1 interaction on EGF-induced cell motility. A and B, After transfection with wt or mutant PLC-�1 or Rac1, confluent monolayers of serum-
starved Cos7 cells were treated with EGF (100 ng/ml) as indicated. The cell migration was examined by wound-healing assay as described in Materials and Methods. C and D,
After cotransfection with EGFR and wt or mutant PLC-�1 or Rac1, confluent monolayer of serum-starved 293T cells were treated with EGF (100 ng/ml) as indicated. The cell
migration was examined by wound-healing assay as described in Materials and Methods. Control: transfection of YFP vector (panels A and C) or GFP vector (panels B and D).
Each value is the mean of at least three experiments with more than 50 cells counted for each experiment. The error bar is the SE. *, Differences are statistically significant with P � 0.01.
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until cells were 40–60% confluent. The transfections were performed
using Lipofectin Reagent (Invitrogen, Carlsbad, CA; 18292) according
to the manufacturer’s instructions. For the EGF treatments, COS-7 cells
were serum starved for 12 h, and EGF was added to a final concentra-
tion of 100 ng/ml.

Antibodies and chemicals
Mouse monoclonal anti-PLC-�1 and mouse monoclonal anti Rac1

antibodies were from Upstate Biotechnology, Inc. (Lake Placid, NY).
Rabbit anti-GFP antibody, pEGFP-C3, and pEYFP-C1 vectors were
from CLONTECH (Mountain View, CA). Rho GEF Exchange assay
biochem kit was purchased from Cytoskeleton. Mouse anti-GST anti-
bodies and rabbit anti-Rac1 antibodies were purchased from Santa Cruz
Biotechnology, Inc. (Santa Cruz, CA). Glutathione cross-linked to 4%
agarose, goat antimouse IgG conjugated with agarose, protein A conju-
gated with agarose, and factor Xa were purchased from Sigma-Aldrich
(St. Louis, MO). Unless otherwise specified, all the chemicals were from
Sigma.

Plasmids
The YFP-tagged full-length and SH3 domain deletion mutant of

PLC-�1 and pcDNA3-EGFR plasmid were generated previously (23).
Various GST-fusion proteins (including PLC-�1N-SH2, PLC-�1C-SH2,
PLC-�1SH3, and PLC-�1N-PH, PLC-�1 N-SH2, C-SH2, SH3, Grb2
SH3, p120ras GAP SH3, and p85� subunit of PI3K SH3 domains) were
generated previously in the laboratory (45). GFP-Rac1 was a gift from
Dr. Mark R. Philips (New York University School of Medicine). GST-
fusion PAK Rho binding domain (GST-PAK) construct was a gift from
Dr. Gary Eitzen (University of Alberta). All the mutants with point
mutation were created with the QuikChange Multiple Site-Directed
Mutagenesis kit (Stratagene, La Jolla, CA) with GFP-tagged wt Rac 1
(a gift from Dr. Mark R. Philips, NYU School of Medicine) as a tem-
plate. These mutants include a GFP-tagged mutant Rac 1 with mutation
T17 to asparagine (termed N17), a GFP-tagged mutant with mutation of
Q61 to leucine (termed L61), and a mutant of GFP-tagged Rac 1 with
mutations of both P106 and P109 to alanine (termed Rac1PP/AA).

Expression and purification of GST-fusion proteins
To purify various GST-fusion proteins including PLC-�1 N-SH2,

C-SH2, SH3, Grb2 SH3, p120ras GAP SH3, p85� subunit of PI3K SH3,
and GST-PAK, the pGEX plasmids containing these domains were
transformed into Escherichia coli DH5�. Bacteria were grown to an
optical density (OD)600 of 0.3–0.4 and induced with 1 mM isopropyl-
1-thio-�-D-galactopyranoside for 2 h at 37 C. After pelleting, bacterial
cells were lysed by sonication in 50 mN Tris (pH 8.0), 100 mM NaCl,
10% glycerol, 1 mM dithiothreitol, containing protease inhibitors
[0.02% NaN3, 0.1 mM 4-(2-aminoethyl)-benzenesulfonyl fluoride, 10
�g/ml aprotinin, and 1 �M pepstatin A]. Triton X-100 was added to a
final concentration of 1%, and particulates were removed by centrifu-
gation for 10 min at 10,000 rpm in a JA-17 (Beckman Coulter, Fuller-
ton, CA) rotor. The cleared lysate was incubated with glutathione-aga-
rose beads (Sigma-Aldrich) for 1 h at 4 C, washed three times with
ice-cold GST-wash buffer containing 1 mM dithiothreitol plus protease
inhibitors, and protein bound to the glutathione-agarose beads was
stored at 4 C. To purify the PH domain of PLC-�1, E. coli BL-21, a
strain that is defective in OmpT and Lon protease production and ex-
presses the fusion protein in a more soluble and intact form, was used for
transformation. Cells were grown to an OD600 of 0.3–0.4 and induced
with 0.1 mM isopropyl-1-thio-�-D-galactopyranoside for 8–12 h at 22
C. The later steps were the same as for the other GST-fusion proteins.

In vitro GEF activity assay
We first prepared SH3 domains of PLC-�1, p120ras GAP, p85a

subunit of PI3K, and Grb2 by cleaving the GST with Factor Xa or
thrombin. Briefly, the GST-fusion SH3 domains bound to glutathione-
agarose beads were washed three times with Factor Xa or thrombin
cleavage buffer containing 50 mM Tris-HCl (pH 7.5), 150 mM NaCl,

and 1 mM CaCl2. Factor Xa or thrombin was added to 50% slurry beads
with final concentration of 50 �g/ml followed by agitation for 16 h at
room temperature to cleave SH3 domains from GST-SH3 immobilized
on beads. The supernatant of beads was recovered, and cleaved SH3
domains were visualized by Coomassie blue staining.

In vitro GEF activity assay was then carried out by using RhoGEF
Exchange Assay Biochem Kit (Cytoskeleton, Inc.) according to the man-
ufacturer’s instructions. Briefly, fluorescence spectroscopic analysis of
N-methylanthraniloyl (mant)-GTP incorporation into purified His-Rac
1 was carried out using PTI QM-4 SE spectrometer at 20 C. Exchange
reaction assay mixtures containing 20 mM Tris (pH 7.5), 50 mM NaCl,
10 mM MgCl2, 50 �g/ml BSA, 0.75 �M mant-GTP, and 2 �M of Rac 1,
Cdc42, or RhoA GTPase were prepared and allowed to equilibrate with
slow continuous stirring. After equilibration, the mixtures were placed
into four sample holders, and fluorescence measurements were taken
approximately every 30 sec (0–40 �sec integration) with excitation and
emission wavelengths of 360 nm and 440 nm, respectively, and 10-nm
bandwidth. After five readings (150 sec), purified SH3 domains/
Dbls/Water was added to 0.8 �M, and the relative mant fluorescence
(�ex � 360 nm, �em � 440 nm) was monitored. Experiments were
performed in duplicate.

In vitro GST pull-down assay
COS-7 cells were treated with or without EGF and then lysed into

BOS buffer [50 mM Tris-HCl (pH 7.4), 200 mM NaCl, 1% Nonidet
P-40, 10% glycerol, 10 mM MgCl2, and 1 mM EDTA] with protease
inhibitors. The lysates were centrifuged at 21,000 � g at 4 C for 30 min.
Supernatants were used in the binding assay. GST-fusion PLC-�1 pro-
teins bound to glutathione-agarose-beads in BOS buffer were added and
incubated at 4 C for 1 h. Beads were collected by centrifugation and
washed three times with BOS buffer after which loading buffer was
added. The pull-down proteins were resolved on SDS-PAGE and ana-
lyzed by immunoblotting with anti-GST and anti-Rac1 antibodies.

In vitro binding of purified PLC-�1 domains and Rac1
Purified GST domains of various PLC-�1 were immobilized on GST

beads, and the GST domain-immobilized beads were incubated with
pure Rac1 purchased from Cytoskeleton Inc. in binding buffer con-
taining 20 mM Tris (pH 7.5), 50 mM NaCl, 20 mM MgCl2, 50 �g/ml
BSA, and 0.75 �M GTP at room temperature for 1 h. The beads with
bound proteins were washed three times with binding buffer after
which the bound proteins were resolved in 10% SDS-PAGE followed
by immunoblotting.

Immunoprecipitation
Immunoprecipitation experiments were carried out as described pre-

viously (54). Briefly, cells were lysed with immunoprecipitation buffer
[20 mM Tris (pH 7.5), 150 mM NaCl, 1% Nonidet P-40, 0.1% sodium
deoxycholate, 100 mM NaF, 5 mM MgCl2, 0.5 mM Na3VO4, 0.02%
NaN3, 0.1 mM 4-(2-aminoethyl)-benzenesulfonyl fluoride, 10 �g/ml
aprotinin, and 1 �M pepstatin A] overnight at 4 C. Cell lysates were
centrifuged at 22,000 � g for 30 min to remove debris. The superna-
tants, containing 1 mg of total protein, were precleared with the agarose
beads and then were used to incubate with 1 �g of specific antibody for
2 h with gentle mixing by inverting. Then, goat antimouse IgG conju-
gated with agarose or protein A conjugated with agarose was added to
each fraction and incubated for 2 h with agitation. Finally, both the
agarose beads and the nonprecipitated supernatant were collected by
centrifugation. For the controls, mouse or rabbit IgG was used to replace
the primary antibodies. The agarose beads were washed three times with
immunoprecipitation buffer, and 1� loading buffer was added. The
sample was boiled for 5 min and prepared for SDS-PAGE followed by
Western blot.

Immunofluorescence and F-actin formation assay
Indirect immunofluorescence was carried out as described previ-

ously (54). Cells were grown on glass cover slips to subconfluence and
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serum starved for 24 h. After treatment with 100 ng/ml EGF for the
indicated time, the cells were fixed by immersion in �20 C methanol for
5 min. After removal of the methanol and washing with PBS, the cells
were permeabilized with 0.5% Triton X-100 for 10 min at room tem-
perature. The cover slips were incubated for 1 h at room temperature
with the primary antibody, followed by 45-min incubation with the
second antibody, respectively. For F-actin formation assay, cells were
incubated with 100 nM rhodamine-conjugated phalloidin after perme-
ablilization. The stained cells were analyzed by Delta Vision Deconvo-
lution microscopic systems (Applied Precision, Issaquah, WA). Color
photographs were taken with a digital camera by superimposing the
monochrome graphs of two channels, and the data were analyzed using
Delta Vision softWoRx software. To quantify the F-actin formation, the
boundary of the cells were determined by using differential interference
contrast images, after which the total intensity of F-actin in the cytosol
was calculated by the software. Each value is the mean of at least three
experiments.

In vivo GEF activity assay
In vivo PLC-�1 GEF activity was measured by its ability to activate

Rac1. Rac1 activity was determined by using an assay developed by Ren
and Schwartz (55). The Rac1binding domain of PAK, a Rac1 effector,
was used as GST fusion to pull down active Rac1. Briefly, COS-7 or
293T cells with or without transfections were serum starved for 12 h
followed by EGF (100 ng/ml) stimulation for different time period. The
cells were lysed into GST-PAK buffer (50 mM Tris-HCl, pH 7.6; 150 mM

NaCl; 1% Triton X-100; and 10 mM MgCl2) with protease inhibitors.
The lysates were centrifuged at 21,000 � g at 4 C for 15 min. Superna-
tants were used in the binding assay. GST-PAK-fusion proteins bound to
glutathione-agarose-beads in GST-PAK buffer were added and incu-
bated at 4 C for 1 h. Beads were collected by centrifugation, washed
three times with GST-PAK buffer, after which SDS loading buffer was
added. The pull-down active Rac 1 were resolved on SDS-PAGE and
analyzed by immunoblotting with anti-GST and anti-Rac 1 antibodies.
For the GTP-�S positive control, COS-7 cells were lysed in GST-PAK
buffer, and lysates were centrifuged at 21,000 � g at 4 C for 15 min.
Supernatants were collected. EDTA and GTP-�S were added to cell
lysates with final concentration of 10 mM and 100 �M, respectively. The
mixture then was incubated at 30 C for 15 min followed by adding
MgCl2 to final 60 mM. The lysates were then used for GST-PAK binding
assay.

Wound-healing assay
COS-7 cells were grown on 24-well plate at 40–60% confluence and

transfected with different GFP-tagged PLC-�1 constructs. After 24–48
h, the cells reached 100% confluence, and a wound was created with a
glass pipette. A nearby reference point was created by a needle. The plate
was washed once with serum free medium and replaced with the desired
medium. The cells were observed under a fluorescence microscope to
ensure that enough cells in the leading edge of the wound were positively
transfected. Both phase-contrast and fluorescence images were acquired
every 2 h by matching the reference point until the wound had com-
pletely closed. To calculate the rate of migration of the transfected cells,
we measured the distance traveled toward the center of the wound after
8 h. We performed wound-healing assays only at 8 h, which can limit the
effect of the DNA synthesis. At least eight to 10 randomly chosen areas
including at least 50 cells were quantified. Experiments were repeated
three to four times, and an individual photograph was chosen as the
example. The relative distance to the reference line was calculated
and normalized to the nontransfected cells, and the data are ex-
pressed as means 	 SEs of the percentage of the nontransfected cells
from at least eight to 10 randomly chosen areas from three to four
separate experiments.
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