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Abstract

The Rho family of small GTPases plays a central role in
intracellular signal transduction, particularly in reorgani-
zation of the actin cytoskeleton. Rho activity induces cell
contractility, whereas Rac promotes cellular protrusion,
which counteracts Rho signaling. In this regard, the
reciprocal balance between these GTPases determines
cell morphology and migratory behavior. Here we dem-
onstrate that Tiam1/Rac1 signaling is able to antagonize
Rho activity directly at the GTPase level in COS-7 cells.
p190-RhoGAP plays a central regulatory role in this
signaling pathway. Interfering with its activation by
Src-kinase-dependent tyrosine phosphorylation or its
recruitment to the membrane through interaction with the
SH2 domains of p120-RasGAP blocks the Tiam1-medi-
ated rapid downregulation of Rho. This process is medi-
ated by Rac1, but not by Rac2 or Rac3 isoforms. Our
data provide evidence for a biochemical pathway of the
reciprocal regulation of two related small GTPases, which
are key elements in cell migration.
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Introduction

The family members of Rho-like GTPases are regulators
of diverse cellular signaling pathways, including cyto-
skeletal organization, transcription and cell cycle pro-
gression (van Aelst and D’Souza-Schorey, 1997; Etienne
Manneville and Hall, 2002). As molecular switches, Rho
GTPases cycle between an inactive GDP-bound state
and an active GTP-bound state (Vetter and Wittinghofer,
2001). This cycling is regulated by three main classes
of proteins: guanine nucleotide dissociation inhibitors
(GDIs) that control the partitioning of Rho GTPases
between the cytosol and membrane compartments
(Dovas and Couchman, 2005); guanosine nucleotide
exchange factors (GEFs) that facilitate the GDP/GTP
exchange, resulting in the activation of GTPases (Ross-
man et al., 2005); and GTPase activating proteins (GAPSs)
that inactivate the GTPases by stimulating their GTP-
hydrolysis reaction (Scheffzek and Ahmadian, 2005).
Activated GTPases such as Cdc42, Rac1 and RhoA

induce the assembly and organization of actin structures
including filopodia, lamellopodia and stress fibers,
respectively, by binding and activating the downstream
effectors (Hall, 1998; Bishop and Hall, 2000).

Several studies have demonstrated that activation of
Rac1 counteracts RhoA activity (Kozma et al., 1997; Hor-
witz and Parsons, 1999; Sander et al., 1999; van Leeu-
wen et al., 1999; Zondag et al., 2000; Noren et al., 2001).
The balance between Rac and Rho activity determines
neuronal morphology by controlling growth cone devel-
opment or growth cone collapse (Kozma et al., 1997),
and controls the morphology and motile behavior of
NIH3T3 fibroblasts (Sander et al., 1999). Furthermore, it
has been reported for epithelial cells and NIH3T3 fibro-
blasts that this effect accompanies the shift from a mes-
enchymal to an epithelial phenotype with an increase in
cell spreading and inhibition of motility (Sander et al.,
1999; Zondag et al., 2000). In this scenario, the reciprocal
activities of two serine/threonine effector kinases, Rho-
associated kinase (ROCK) and p21-activated protein
kinase 1 (PAK1), control cell contractility (Horwitz and
Parsons, 1999; Ridley, 2001). Decreased RhoA and ele-
vated Rac1 activities are also found in confluent epithelial
cells when compared to subconfluent cultures (Noren et
al., 2001). It has recently been shown that the downre-
gulation of RhoA activity by Rac1 depends on the cellular
redox state that controls tyrosine phosphorylation and
activation of p190-RhoGAP (Nimnual et al., 2003). Fur-
ther studies have shown that Rac1 activation is a result
of the engagement of cell adhesion receptors that acti-
vate p190-RhoGAP, which in turn inactivates RhoA
(Noren et al., 2003).

p190-RhoGAP plays an important role in regulating
Rho-mediated reorganization of the actin cytoskeleton
(Ridley et al., 1993; Chang et al.,, 1995). It was first
described as a tyrosine-phosphorylated protein associ-
ated with p120-RasGAP in v-Src-transformed cells (Ellis
et al.,, 1990; Bouton et al., 1991). It contains an N-ter-
minal GTP-binding domain, a glucocorticoid receptor-like
central domain and a C-terminal GAP domain (Settleman
et al., 1992). The latter is specific for Rho, but not for the
other GTPases of the Rho family (Ridley et al., 1993).
Several studies have shown that p120-RasGAP inter-
action is required for the recruitment of p190-Rho-
GAP to the plasma membrane (McGlade et al., 1993;
Bryant et al., 1995; Chang et al., 1995; Hu and Settle-
man, 1997; Roof et al., 1998). Furthermore, Src-kinase-
dependent phosphorylation of tyrosine 1105 at the end
of the central domain of p190-RhoGAP is important for
the binding of the SH2 domains of p120-RasGAP (Chang
et al., 1995; Hu and Settleman, 1997).

PDZ-RhoGEF and p115-RhoGEF belong to the sub-
family of Dbl proteins, which contain a regulator of G pro-
tein signaling-like (RGS) domain at their N-terminal region
(Hart et al., 1998; Fukuhara et al., 1999; Ruemenapp
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et al., 1999; Longenecker et al., 2001). p115-RhoGEF is
able to accelerate the GTP-hydrolysis reaction of G,;,
and G,,; (Kozasa et al., 1998) and hence can transmit
signals from the heterotrimeric G proteins G, and G,
to Rho (Fukuhara et al., 2001). In addition, G protein
binding to the RGS domain of p115-RhoGEF was shown
to partially activate its GEF activity towards Rho, sug-
gesting that the N-terminus of p115-RhoGEF may intra-
molecularly regulate its GEF activity (Hart et al., 1998;
Wells et al., 2002). In addition, PDZ-RhoGEF contains a
PDZ domain at the very N-terminus, which mediates
interaction with membrane receptors including plexins
and insulin-like growth factor receptors (Taya et al., 2001;
Driessens et al., 2002; Perrot et al., 2002; Swiercz et al.,
2002). p115- and PDZ-RhoGEFs contain a characteristic
central tandem domain organization consisting of the Dbl
homology (DH) and the pleckstrin homology (PH)
domains, which are responsible for the Rho-specific
nucleotide exchange activity of these GEFs (Hart et al.,
1998:; Fukuhara et al., 1999; Ruemenapp et al., 1999;
Longenecker et al., 2001).

The Rac-specific GEF Tiam1 is an important regulator
of Rho GTPase functions in tumor cells (Mertens et al.,
2003). Tiam1 induces T-lymphoma invasion and metas-
tasis through Rac activation, but also inhibits migration
and invasion of both human renal-cell carcinoma (Habets
et al., 1994; Michiels and Collard, 1999; Engers et al.,
2001) and metastatic melanoma (Uhlenbrock et al,,
2004). As a GEF, Tiam1 contains a DH-PH tandem that
is specific for Rac proteins (Michiels et al., 1995; Bollag
et al., 2000; Haeusler et al., 2003; Fiegen et al., 2004).

In this study we investigated the biochemical mecha-
nism by which RhoA becomes inactivated by Tiam1/
Rac1 activity. We show that p190-RhoGAP regulates the
signaling pathway for the Rac-induced inactivation of
Rho. Its phosphorylation and interaction with p120-
RasGAP, thereby forming an active heterodimer, is
required to rapidly downregulate Rho by stimulating its

.GTP—hydronsis reaction.

Results and discussion

Tiam1 interferes with PDZ-RhoGEF-mediated Rho
activation

Several studies have demonstrated that Rac1 can neg-
atively regulate the activity of RhoA in various cell lines
(Kozma et al., 1997; Horwitz and Parsons, 1999; Sander
et al., 1999; van Leeuwen et al., 1999; Zondag et al,,
2000; Noren et al., 2001; Nimnual et al., 2003). To inves-
tigate the biochemical pathway of the Rac-induced inac-
tivation of Rho, we utilized the COS-7 cell line because
of its quantitative transfection efficiency (see materials
and methods section). Expression of a constitutive active
Tiam1 mutant encompassing the C-terminal 1199 amino
acids (Michiels et al., 1995) in COS-7 cells resulted in a
drastic increase in active GTP-bound Rac (Figure 1A).
However, this did not cause any reduction in the
Rho-GTP level, as shown by Rho and Rac GTPase pull-
down assays. To overcome this problem, we set out to
increase the basal level of Rho-GTP by transfecting COS-
7 cells with constructs encoding full-length p115-
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Figure 1 Tiam1-induced inactivation of Rho in COS-7 cells.
(A) p115-RhoGEF activity dominates the Tiam1-induced Rho
inactivation. COS-7 cell lysates expressing Tiam1, p115GEF or
both GEFs were assayed for active GTP-bound Rho and Rac by
GTPase pulldown with GST-Rhotekin-GBD and GST-PAK-GBD,
respectively. Rho and Rac proteins were detected by Western
blotting using 26C4 and 23A8 antibodies. Aliquots of the lysates
were probed with the same antibodies to control for total
amounts of Rho. (B) PDZ-RhoGEF-mediated Rho activation is
downregulated by Tiam1 activity. Rho and Rac pulldown assays
of the cell lysates expressing PDZ-RhoGEF, Tiam1 or both GEFs
assayed as described for (A). (C) PDZ-RhoGEF, p115-RhoGEF
and Tiam1 were immunoblotted with antibodies against myc and
HA tags to check their expression.

RhoGEF and N-terminal truncated PDZ-RhoGEF lacking
the PZD-RGS domains. Expression of both GEFs led to
stimulation of the GDP/GTP exchange of Rho in COS-7
cells without changing the basal level of Rac (Figure
1A,B). Similar data have previously been shown for the
expression of p115-RhoGEF in HEK293 cells (Wells et al.,
2001). Upon coexpression of Tiam1, complete down-
regulation of Rho was observed in the presence of PDZ-
RhoGEF, but interestingly not in the presence of
p115-RhoGEF (Figure 1). To examine whether Tiam1
does have any effects on the expression of both Rho-
GEFs, it was coexpressed with p115-RhoGEF and PDZ-
RhoGEF in COS-7 cells. Figure 1C shows that expression
of the RhoGEFs was not affected by Tiam1, as there was
no difference in their protein levels in the presence or
absence of Tiam1.

These data demonstrate that Tiam1/Rac signaling
induces Rho inactivation in COS-7 cells and provide the
first evidence of different signaling properties between
the two RhoGEFs that are differentially modulated by



Tiam1. However, it remains unclear whether Tiam1
directly interferes with the upstream signals that are
required for activation of PDZ-RhoGEF, but not for p115-
RhoGEF activation, or induces signals towards down
regulation of active Rho-GTP, which cannot be accom-
plished when Rho is activated by the p115-RhoGEF
function. In the former scenario, the RGS-like domain of
p115-RhoGEF may play a role that is missing in the PDZ-
RhoGEF used in this study. It is important to note that
this PDZ-RhoGEF protein lacking the PDZ-RGS domains
is able to activate serum response element (Fukuhara et
al., 1999) and to induce actin stress fibers in human blad-
der carcinoma (Ruemenapp et al., 1999), which results
from its RhoGEF activity.

Tiam1/Rac signaling downregulates active Rho-GTP
through p190-RhoGAP

It has been proposed that the formation of a complex
between p190-RhoGAP and p120-RasGAP is required
for the recruitment of p190 to membrane fractions, where
it downregulates Rho signaling (Chang et al., 1995; Hu
and Settleman, 1997). To investigate if Rac activity is
involved in a biochemical pathway that regulates the acti-
vation of a Rho-specific GAP such as p190, we coex-
pressed the N-terminal SH2 domain of p120-RasGAP
(called SH2n) together with Tiam1 and PDZ-RhoGEF. As
shown in Figure 2A, the Tiam1-induced inactivation of
Rho is inhibited in the presence of the SH2n domain. This
interferes neither with the GEF activity of PDZ-RhoGEF
(Figure 2A) nor with Tiam1 (Figure 2B). Similar results
were obtained with the second further C-terminal SH2
domain of p120 (data not shown), indicating that both
SH2 domains might compete with endogenous p120-
RasGAP for binding to the tyrosine-phosphorylated
p190-RhoGAP.

To investigate whether there is a direct interaction
between the SH2 domains of p120 and the tyrosine-
phosphorylated p190, we overexpressed SH2n in the
presence of either tyrosine kinase v-Src or Tiami,
respectively, in COS-7 cells. As shown in Figure 3, p190
coimmunoprecipitated with the SH2 domain of p120
most strongly in the presence of v-Src. These results are
in part in good agreement with a recent report showing
that the constitutive active mutant (G12V: glycine 12 to
valine) of Rac1 expressed in Hela cells is able to down-
regulate Rho by increasing tyrosine phosphorylation of
p190 (Nimnual et al., 2003). In the absence of v-Src but
in the presence of Tiam1, however, there is a low level of
phosphorylated p190 detectable. However, this cannot
be attributed to the Tiam1 activity (Figure 3, upper panel,
lane 3) when compared to the SH2n-expressing cells
(Figure 3, upper panel, lane 2). Nevertheless, these
results indicate that the SH2n domain directly associates
with the tyrosine-phosphorylated p190-RhoGAP and
blocks complex formation between p190 and p120. The
SH2 domains thus represent a dominant negative form
of p120-RasGAP that interferes with the Tiam1/Rac-
induced downregulation of Rho by p190-RhoGAP.

We further examined the role of p190-RhoGAP as a
regulator of the Rac-induced Rho inactivation by modu-
lating the phosphorylation state of this GAP using the
activities of both the low-molecular-weight protein tyro-
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Figure 2 Dominant negative effect of the SH2 domain of p120-
RasGAP on the Tiam1-induced inactivation of Rho.

Rho (A) and Rac (B) pulldown assays were performed as
described in the legend of Figure 1A using COS-7 cell lysates
expressing Tiam1, the N-terminal SH2 domain of p120-RasGAP
(SH2n), or both Tiam1 and SH2n. The levels of Tiam1, PDZ-
RhoGEF and SH2n are the same as shown in Figures 1C and 3.

sine phosphatase (LMW-PTP) and the tyrosine kinase
inhibitor PP1. LMW-PTP has been shown to dephospho-
rylate p190-RhoGAP upon stimulation with platelet-
derived growth factor (Chiarugi et al., 2000). The latter is
available in the culture medium supplemented with 10%
FCS (see materials and methods). Hence, we cotrans-
fected COS-7 cells with a combination of LMW-PTP,
Tiam1 and PDZ-GEF and performed a Rho pulldown
assay. Figure 4A shows that the level of active Rho
remained unchanged in the presence of PDZ-GEF, Tiam1
and LMW-PTP. These data were further supported by
treatment of the transfected COS-7 cells with the Src-
family-selective inhibitor PP1 (Figure 4B), which are con-
sistent with phosphorylation of p190-RhoGAP being
important for the Tiam1/Rac-induced downregulation of
Rho in COS-7 cells.

As can be seen in Figure 4A, the basal level of the
active GTP-bound Rho is further reduced in cells
expressing LMW-PTP. One obvious reason is that LMW-
PTP does not selectively modulate the phosphorylation
state of p190-RhoGAP (Raugei et al., 2002). Apart from
p190-RhoGAP, LMW-PTP shows substrate specificity for
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Figure 3 SH2 domain bound to p190-RhoGAP.

HA-SH2n was immunoprecipitated from COS-7 cell lysates
expressing Tiam1, v-Src, Sh2n or a combination of Tiam1/SH2n
or v-Src/SH2n. The samples were immunoblotted with antibod-
ies against immunoprecipitated (IP) HA-SH2n and coimmuno-
precipitated (colP) p190-RhoGAP. Aliquots of the lysates were
probed with the same antibodies to control for total amounts of
Sh2n and p190. The arrow indicates the position of the phos-
phorylated p190-RhoGAP. The asterisk indicates a faint unspe-
cific band at the position of phosphorylated p190.
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Figure 4 Role of LMW-PTP and Src-kinase.

(A) A Rho pulldown assay was performed as described in the
legend of Figure 1A using COS-7 cell lysates expressing Tiam1,
PDZ-RhoGEF, LMW-PTP and a combination of these constructs
as indicated. (B) COS-7 cells transfected with Tiam1 and PDZ-
RhoGEF were treated with 0.5 M of the tyrosine kinase inhibitor
PP1 for 30 min. Lysates were assayed for the active GTP-bound
Rho as described in the legend of Figure 1A.

several different membrane tyrosine-kinase receptors,
including platelet-derived growth factor (PDGF) receptor
(Chiarugi et al., 1995), and for the focal adhesion kinase
p125FAK (Giannoni et al., 2003). Dephosphorylation of
these molecules may be the reason for the reduced basal
level of active Rho in COS-7 cells, since both PDGF
receptor and p125FAK have been shown to be upstream
of Rho signaling (Hotchin and Hall, 1995; Defilippi et al.,
1997; Sander et al., 1999).

Active Rho is downregulated by Rac1, but not by
Rac2 or Rac3

Tiam1 is a known activator of Rac1 in cells (Bollag et al.,
2000); however, its specificity for Rac2 and Rac3 was not
known. To examine the nucleotide exchange activity of
Tiam1 on Rac1, the respective constructs of wild-type
Rac1, Rac2 and Rac3 were cotransfected with Tiam1 in
COS-7 cells and cell lysates were analyzed in a Rac pull-
down assay. Figure 5A shows that despite differences in
the total amounts of the exogenous Rac proteins (upper
band in the upper panel), Tiam1 does activate both Rac1
and Rac2 when comparing GTP-bound proteins in the
‘presence and absence of Tiam1, but probably has no
effect on Rac3. This is supported by calculation of the
total percentage of active GTP-bound wild-type Rac pro-
teins (Figure 5A, lower panel, upper bands) using the
densitometric AIDA software package (Raytest, Berlin,
Germany). Values for the GTP-bound Raci1, Rac2 and
Rac3 were 3%, 16% and 103% in the absence of Tiam1,
and 71%, 89% and 100% in the presence of Tiam1,
respectively.

We have recently shown that the three highly related
Rac isoforms exhibit consistent biochemical character-
istics, such as GTP-hydrolysis and effector binding, as
well as different properties regarding nucleotide binding
and their activation by Tiam1 (Haeusler et al., 2003; Fie-
gen et al., 2004). Although Rac proteins share 92%
sequence identity, the isolated GEF domain of Tiam1 was
up to 30-fold more effective on Rac2 compared to Rac1
or Rac3. This is based on the different dynamics of these
GTPases rather than deviations in their primary sequence
(Haeusler et al., 2003). However, a higher specificity of
Tiam1 for Rac2 versus Rac1 remains to be analyzed in
monocytes or neutrophils, since Rac2 is expressed in
hematopoietic cells rather than in COS-7 cells.

Rac3 is apparently constitutively active in the absence
of exogenous Tiam1 and likely not regulated by Tiam1
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Figure 5 Tiam1/Rac1 signaling to Rho.

(A) Activation of the Rac isoforms by Tiam1 was analyzed in a
Rac pulldown assay using COS-7 cell lysates expressing Tiam1
in combination with the wild-type (wt) Rac1, Rac2 and Rac3.
Aliquots of the lysates were probed with an antibody against Rac
to control for total amounts of the exogenous (upper band) and
endogenous Rac proteins. (B) The effect of Rac isoforms on Rho
inactivation was analyzed in a Rho pulldown assay as described
in the legend of Figure 1A using COS-7 cell lysates expressing
PDZ-RhoGEF in combination with the constitutive active
mutants (G12V) of the Rac isoforms. Aliquots of the lysates were
probed with antibodies against Rho and flag-tagged Rac iso-
forms to control for total amounts of these proteins.

(Figure 5A, lower panel, lanes 4 and 8). It has been shown
to be hyperactive in breast cancer cells, too, where it
controls proliferation via a PAK-dependent pathway (Mira
et al., 2000). The reason for the high level of active Rac3
is unknown. However, it is important to note that the high
level of GTP-bound Rac3 probably cannot only be attrib-
uted to a higher expression level of Rac3 (Figure 5A,
upper panel, lane 4). Like most other small GTPases,
Rac3 functionally acts as a molecular switch cycling
between the inactive GDP-bound state and the active
GTP-bound state (Haeusler et al., 2003). Both intrinsic
reactions, nucleotide exchange and GTP-hydrolysis, are
very slow and need to be regulated by GEFs and GAPs,
respectively (Haeusler et al., 2003). We have previously
shown that the nucleotide exchange reaction of Rac3
can be accelerated in vitro by the catalytic domain of
Tiam1 (Haeusler et al., 2003), indicating that conversion
of Rac3 into its active GTP-bound form requires activa-
tion of the proper GEF by the upstream signals. GAP
function, on the other hand, resembles an enzyme, and
catalytic amounts of the GAP are sufficient to quantita-
tively stimulate the GTP-hydrolysis reaction within sec-
onds, presuming the proper GAP is localized to the same
subcellular compartment as Rac3. To examine the sen-
sitivity of Rac3 towards GAP, we measured the GTP-
hydrolysis reaction of Rac3 in real time in the pres-
ence and absence of p50-RhoGAP using a novel kinetic
method as recently described for Rac1 (Eberth et al.,
2005). Accordingly, the GAP-stimulated GTPase reaction
of Rac3 was comparable to that of Rac1 (data not
shown), suggesting that the basic mechanism of the
GAP-stimulated GTPase reaction of Rac3 is conserved.



Thus, future investigations will prove which process, acti-
vation by GEFs or inactivation by GAPs, is the reason for
the elevated level of active GTP-bound Rac3. In another
scenario, GDI binding to Rac3 may influence the level of
active Rac3 in COS-7 cells, as it is also known to bind
to the GTP-bound forms of the GTPase and to inhibit
its intrinsic GTP-hydrolysis reaction (Nomanbhoy and
Cerione, 1996).

To further address the question of which Rac isoforms
might be responsible for the Tiam1-induced inactivation
of Rho, we cotransfected COS-7 cells with PDZ-Rho-
GEF and the constitutive active mutants of Rac1, Rac2
and Rac3, respectively. As shown in Figure 5B, only
Rac1(G12V) seems to be active in downregulating Rho,
but not the other Rac isoforms, particularly when consid-
ering the total amounts of Rac1 protein compared to
Rac2 and Rac3 (Figure 5B, lower panel). The latter may
be explained by the recent finding that constitutively
active Rac1 is degraded in cells by a proteasome-
dependent pathway, while Rac2 and Rac3 are not sub-
jected to degradation (Pop et al., 2004). Taking these
results together, we conclude that Tiam1/Rac1 signaling
in COS-7 cells regulates the p190-RhoGAP-mediated
inactivation of Rho.

Conclusion

In the present study we addressed the role of p190-
RhoGAP as the executive regulatory element that down-
regulates Rho in response to Tiam1/Rac1 signaling. We
showed that interfering with phosphorylation of p190-
RhoGAP or its association with the SH2 domain of p120-
RasGAP can cut off its RhoGAP function in COS-7 cells.
In addition, Rac1, but not Rac2 or Rac3, was the sub-
strate of Tiam1 in a pathway that is able to switch off
Rho activation by PDZ-RhoGEF, but not by p115-
RhoGEF. The difference between these two RhoGEFs
was observed for the first time in this study, which might
result from N-terminal truncation of PDZ-RhoGEF, and
awaits further investigation. Another important issue that
remains to be addressed is the downstream effector that
links Rac1 to p190-RhoGAP. One obvious candidate
might be PAK1, as it antagonizes Rho/ROCK-induced
actomyosin-generated tension and contractility of the
migrating cell in response to active GTP-bound Rac. This
scenario can be excluded, as it has been shown that an
activated PAK1 mutant was unable to mediate Rho in-
activation in NIH3T3 fibroblasts (Sander et al., 1999).
Another effector candidate is NAD(P)H oxidase, which
regulates the production of reactive oxygen species that
represent an essential component in the Rac-mediated
Rho inactivation and subsequent lamellipodia formation
in Hela cells (Nimnual et al., 2003).

Materials and methods

Reagents and antibodies

Reagents and antibodies were purchased from the following
providers: tyrosine kinase inhibitor PP1, Alexis Biochemicals
(Griinberg, Germany); monoclonal mouse antibody against Rac,
23A8, Upstate Biotechnology (Hamburg, Germany); monoclonal
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mouse antibody against RhoA, 26C4, Santa Cruz (Heidelberg,
Germany); monoclonal mouse antibody against p190-RhoGAP,
30, BD Transduction Laboratories (Heidelberg, Germany);
myc-tag, 9E10, Roche Diagnostics (Mannheim, Germany); Flag-
tag, M2, Sigma-Aldrich (Deisenhofen, Germany); and HA-tag,
12CA5, Roche Diagnostics. All other reagents were obtained
from Sigma-Aldrich.

Expression constructs

Human Rac1, Rac2 and Rac3 and their respective constitutive
active G12V mutants were cloned in pcDNA3-Flag via BamHI/
EcoRl sites. The SH2 domains of the human p120-RasGAP
[amino acids (aa) 77-275 and aa 350-447] were cloned in
pMT2sm-HA via Sall/Xbal. pGEX-PAK (aa 57-141), pGEX-Rho-
tekin (aa 1-90), pMT2-v-Src, pUTSV-HA-Tiam1 (C-terminal
aa 393-1591 or C1199), pcDNA3-flag-PDZ-RhoGEF (aa
637-1522), pCAN-myc-p115-RhoGEF (full length) and pPRcCMV-
wtLMW-PTP were kindly provided by J. Collard (Michiels et al.,
1995; Reid et al., 1999), K.H. Jakobs (Ruemenapp et al., 1999),
G. Bollag (Hart et al., 1996) and P. Chiarugi (Chiarugi et al., 2000),
respectively.

Preparation of the GST-fusion proteins

The GTPase-binding domains (GBDs) of PAK1 and Rhotekin
were produced as glutathione-S-transferase (GST) fusion pro-
teins in Escherichia coli for 4 h at 30°C with 0.1 mm isopropyl
B-D-thiogalactopyranoside. Cells were washed and suspended
in 50 mm Tris/HCI, pH 7.5. After sonication, the lysates were
clarified by centrifugation and 1-ml aliquots of the supernatants
were snap-frozen and stored at -80°C. Aliquots of 150 | of the
respective supernatants were coupled to 30 wl of glutathione-
Sepharose beads at 4°C. After 30 min the beads were washed
three times and used in a GTPase pulldown assay.

Cell culture and transient transfection assays

Monkey kidney epithelial COS-7 cells were cultured at 37°C
under a 5% CO, atmosphere in Dulbecco’s modified Eagle’s
medium (Invitrogen, Karlsruhe, Germany) supplemented with
penicillin/streptomycin (Invitrogen), and 10% fetal calf serum
(FCS; Invitrogen). Then 1.5x10° COS-7 cells were seeded on 10-
cm? culture dishes 24 h prior to transfection. Transient trans-
fections of COS-7 cells were carried out according to the
DEAE-dextran method (Sussman and Milman, 1984). Briefly, the
medium was replaced by the DNA/DEAE-dextran solution
containing 5 g of plasmid DNA, 100 ! of DEAE-dextran (10
mg/ml), and 1.9 ml of phosphate-buffered saline (PBS). After
incubation for 30 min, 5 ml of medium containing 80 M chlo-
roquine (Sigma-Aldrich) was added for additional incubation for
3 h. The medium was then replaced with a medium supple-
mented with 10% DMSO, followed by standing for 2.5 min. After
aspiration of the DMSO solution, the original medium was added
to the transfected cells for 48-h incubation at 37°C and 5% CO..

GTPase pulldown assay

The GTPase pulldown assay was carried out as previously
described (Reid et al., 1999; Sander et al., 1999; Fiegen et al.,
2004). Briefly, 48 h after transfection, cells were washed in ice-
cold PBS and lysed in ice-cold lysis buffer (50 mm Tris/HCI,
pH 7.4, 2 mm MgCl,, 1% Nonidet P-40, 10% glycerol, 100 mm
NaCl, 1 mm benzamidine, 1 wg/ml leupeptin, 1 pg/ml pepstatin,
1 pg/ml aprotinin). Two 10-cm? culture dishes were used for the
Rac assay and three for Rho assays. Lysates (1.5 ml) were clar-
ified by centrifugation and the supernatant was incubated for
20 min at 4°C with GST-fusions of PAK-GBD and Rhotekin-GBD
coupled to glutathione-Sepharose beads. After washing (three
times) with lysis buffer, bound proteins were denatured with 4x



316 U. Herbrand and M.R. Ahmadian

SDS-Laemmli sample buffer (100 mm Tris/HCI, pH 6.8, 33%
glycerol, 300 mm dithiothreitol, 6.7% SDS and 0.01% bromo-
phenol blue) at 95°C and analyzed for active GTP-bound forms
of Rac and Rho by Western blotting. The experiments were per-
formed two or three times to verify the results.

Immunoprecipitation

Immunoprecipitations were carried out as described by Moran
et al. (1991) in lysis buffer containing 0.2 mm sodium ortho-vana-
date and 1 mm EDTA, pH 8.0. y-Bind Sepharose (Amersham
Pharmacia, Braunschweig, Germany) was coupled to the
respective monoclonal antibody at 4°C. After 30 min the beads
were washed three times. Transiently transfected COS-7 cells
were washed in ice-cold phosphate-buffered saline and lysed in
ice-cold lysis buffer. Lysates were clarified by centrifugation and
the supernatants were incubated with y-Bind Sepharose-cou-
pled monoclonal antibody for 1 h at 4°C. After washing (three
times) with 50 mm Tris/HCI pH 7.4, bound proteins were dena-
tured with 4x SDS Laemmli buffer at 95°C and analyzed by
Western blotting.
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