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ABSTRACT Ras-GRF1 has been implicated as a Ras-
specific guanine nucleotide exchange factor (GEF), which
mediates calcium- and muscarinic receptor-triggered signals
in the brain. Although a Dbl homology domain known as a
motif conserved among GEFs that target Rho family GTP-
binding proteins exists in Ras-GRF1, GEF activity toward Rho
family proteins has not been observed. Here we show that
Ras-GRF1 exhibits Racl-specific GEF activity when recovered
from cells overexpressing G protein vy subunits (Gg,).
Substitution of conserved amino acids within the Dbl homol-
ogy domain abolished this activity. Activation of the Rac
pathway in the cell was further evidenced by synergistic
activation of the stress kinase JNK1 by Ras-GRF1 and Gg,,
which is sensitive to inhibitory action of dominant-negative
Racl1(17N). In addition, association of Ras-GRF1 with
Rac1(17N) was demonstrated by coimmunoprecipitation. Ev-
idence for the involvement of tyrosine kinase(s) in Gg,-
mediated induction of Racl-specific GEF activity was pro-
vided by the use of specific inhibitors. These results suggest a
role of Ras-GRF1 for regulating Rac-dependent as well as
Ras-dependent signaling pathways, particularly in the brain
functions.

In mammalian cells, GTP-binding proteins direct diverse
intracellular events associated with cell growth, differentia-
tion, and transformation (1). The activation of GTP-binding
proteins occurs through the exchange of bound GDP and GTP,
which is regulated by guanine nucleotide exchange factors
(GEFs) specific to each member.

The Ras-GEF family consists of at least five members,
including mSos, Ras-GRF/CDC25M™ and Ras-GRP. A role
for Sos proteins (mSosl and 2) in tyrosine kinase-type, cyto-
kine, and G protein-coupled receptors has been investigated
extensively, leading to the notion that they act downstream of
tyrosine kinases and adaptor proteins (2, 3). Ras-GRF1/
CDC25Mm (4-7) is expressed exclusively in the brain, while a
close relative of Ras-GRF1, Ras-GRF2 (8), is expressed not
only in the brain, but also in several other tissues, including
lung and spleen, suggesting distinct roles of the two molecules.
Ras-GRP (9) is detected in the nervous system, where it may
be involved in calcium and diacylglycerol regulation of Ras.

Ras-GRF1 has been shown to be responsible for Ras
activation in response to Ca?* influx (10). This activation is
mediated by calmodulin that binds to an IQ motif between the
amino-terminal pleckstrin homology (PH) and Dbl homology
(DH) domains. On the other hand, it has been demonstrated
that stimulation of muscarinic receptors or expression of G
protein By subunits (Gg,) confer an increased Ras-GDP/GTP
exchange activity to Ras-GRF1 in a phosphorylation-
dependent manner (11). In either case, Ras-GRF1 is believed
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to play a significant role in the regulation of brain-specific Ras
functions because mice lacking Ras-GRF1 exhibit defects in
certain brain functions such as memory consolidation (12).

Like Ras, the GDP/GTP state of the Rho family GTP-
binding proteins, including Rho, Rac, and Cdc42, is modulated
by their specific GEFs (13). To date, more than 10 proteins
were identified as GEF for Rho family members although the
role of each GEF in receptor-mediated signaling is virtually
unknown. The DH domain, which is conserved among all Rho
family-specific GEFs, is required for the GEF activity. The PH
domain contiguous to the DH domain is also important for
exerting biological functions. Interestingly, the Ras-targeted
GEF Ras-GRF1 also contains the tandem DH/PH domains in
its amino-terminal portion although no GEF activity toward
Rho family members has been reported so far. Recently,
Ras-GRF2, which exhibits overall sequence similarity to Ras-
GRF1, has been shown to activate both Ras and Rac, thereby
regulating both extracellular signal-regulated kinase (ERK)
and c-Jun N-terminal kinase (JNK) pathways (14). The acti-
vation of ERK and JNK through Ras-GRF2 was further
enhanced on calcium ionophore treatment, suggesting a role of
Ras-GRF?2 in mediating calcium signals to Ras and Rac (14).
Mammalian Sos proteins also contain the DH/PH domains,
whose function recently has been identified as the regulation
of GDP/GTP exchange of Rac downstream of the activated
form of Ras (15). These findings suggest that GEF activity of
Ras-GRF1 toward Rho family members may be latent in
unstimulated cells, and additional signals or modifications may
be required for Ras-GRF1 to act as a Rho family GEF. Thus,
we examined such possible GEF activity of Ras-GRF1 recov-
ered from cells after a variety of stimulations.

In this paper, we show that Ras-GRF1 acts as a GEF toward
Racl in response to signals triggered by Gg,. Ras-GRF1
immunoprecipitated from human embryonic kidney 293 cells
overexpressing Gg, displayed enhanced GEF activity toward
the recombinant Racl protein. Further, synergistic activation
of the stress-responsive kinase JNK1 by Ras-GRF1 and Gg,,
which is sensitive to the action of dominant-negative Racl, was
observed. These findings provide insights into the understand-
ing of the role and cross-talk of small GTP-binding proteins,
particularly Ras and Rac, in the brain.

MATERIALS AND METHODS

Materials. The tyrosine kinase inhibitor herbimycin A was
purchased from Calbiochem. The tyrosine kinase inhibitor
PP2 was kindly provided by Alexander Levitzki (The Hebrew
University of Jerusalem, Jerusalem, Israel).

Abbreviations: DH, Dbl homology; Gg,, G protein By subunits; GEF,

guanine nucleotide exchange factor; GST, glutathione S-transferase;

PH, pleckstrin homology; ERK, extracellular signal-regulated kinase;

JNK, c-Jun N-terminal kinase; HA, hemagglutinin.

*To whom reprint requests should be addressed. e-mail: ykaziro@
bio.titech.ac.jp.
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Cell Culture and Transfection. The 293 cells were main-
tained in DMEM supplemented with 10% (vol/vol) FBS.
Transfection of 293 cells with expression plasmids was carried
out as described (16). For starvation, cells were incubated in
DMEM supplemented with 1 mg/ml BSA for 24 h.

Plasmid Construction. For expression of glutathione §-
transferase (GST)-fusion proteins in Escherichia coli, cDNAs
encoding Racl, RhoA, and Cdc42 were subcloned into
pGEX-2T (Amersham Pharmacia). The rat Ras-GRF1 cDNA
(kindly provided by Larry Feig, Tufts University School of
Medicine, Boston, MA) (5) was subcloned into the mammalian
expression vector pCM V5 (17), generating pCMV5-Ras-GRF.
The cDNA encoding Ras-GRF1 tagged with a FLAG-kinker
sequence (MDYKDDDDKLIPGISGGGGG) was con-
structed by PCR and subcloned into pCMVS5 to generate
pCMV5-FLAG-Ras-GREF. Plasmids encoding Ras-GRF1 mu-
tants that contain a mutated DH domain (390LTLHELL396
is replaced with 390IIIRDII396) or a deletion of amino-
terminal 129 amino acids [pCMV5-FLAG-Ras-GRF(DH(—))
and pCMV5-FLAG-Ras-GRF(AN129), respectively] were
constructed through sequential PCR steps. cDNAs encoding
FLAG-tagged dominant-negative mutants of small GTP-
binding proteins [FHa-Ras(17N), FRac1(17N), FRhoA(19N),
and FCdc42(17N)] also were subcloned into pCMVS. Expres-
sion plasmids for Ggo1, Ggi, G2, and the muscarinic m2
receptor (pCMVS5-aol, pPCMV5-B1, pCMV5-42, and pPCMV5-
m2R, respectively) have been described (18, 19). All PCR
products were sequenced to confirm the primary structure of
encoded proteins.

Purification of Recombinant GTP-Binding Proteins. The
Rho family proteins Racl, RhoA, and Cdc42 were purified first
as a GST-fusion protein followed by the removal of the GST
moiety. The E. coli strain DHS5« (for Racl and RhoA) or BL21
(for Cdc42) carrying the expression plasmid for each GST-
fusion protein was cultivated in the presence of 0.5 mM
isopropyl 1-thio-B-D-galactoside at 25°C overnight. Harvested
cells were disrupted by sonication in E. coli lysis buffer [S0 mM
Tris'HCL, pH 7.5/5 mM MgClL/2 mM DTT/1 mM EDTA /1%
(wt/vol) sodium cholate/2 pg/ml aprotinin/10 pg/ml leupep-
tin/10 pg/ml pepstatin A/1 mM benzamidine], and centri-
fuged at 23,000 X g for 30 min. Cell lysates were applied to a
glutathione-Sepharose (Amersham Pharmacia) column, which
subsequently was washed with GST wash buffer (20 mM
Tris'HCL, pH 7.5/2 mM MgCl,/1 mM DTT/2 mM EGTA/0.1
uM GDP). GST-fusion proteins were eluted with glutathione
buffer (50 mM Tris:HCI, pH 8.0/10 mM glutathione/0.1 uM
GDP), and dialyzed against dialysis buffer A [20 mM Tris-HCI,
pH 7.5/2 mM MgCl,/0.1 mM DTT/10% (vol/vol) glycerol].
After adding 1 mM DTT and 0.1 uM GDP, samples were
stored at —80°C.

GST-fusion proteins were treated with thrombin (10
units/mg of GST-fusion protein, Sigma) in buffer containing
50 mM Tris'HCl (pH 7.5) and 2.5 mM CacCl, at 4°C overnight,
yielding recombinant Racl, RhoA, and Cdc42 proteins. Racl
was purified by using a Q-Sepharose (Amersham Pharmacia)
column. Thrombin-digested GST-Racl was applied to the
column equilibrated with buffer A (50 mM Tris-HC, pH 7.5/2
mM MgCl,/1 mM DTT/0.1 uM GDP). Racl was eluted by the
same buffer as unbound protein fractions. Thrombin was
further eliminated by benzamidine-Sepharose (Amersham
Pharmacia) in buffer B (50 mM Tris-HCI, pH 8.0/2 mM
MgCl,/1 mM DTT/150 mM NaCl/0.1 uM GDP), and purified
Racl was dialyzed against dialysis buffer B [20 mM Hepes-
NaOH, pH 7.4/2 mM MgCl,/0.1 mM DTT/10%(vol/vol)
glycerol]. After adding 1 mM DTT and 0.1 uM GDP, samples
were stored at —80°C. RhoA and Cdc42 were purified by a
Mono Q (Amersham Pharmacia) column. Thrombin-digested
GST-RhoA or GST-Cdc42 was applied to the column equili-
brated with buffer C (40 mM Tris*HCI, pH 8.0/2 mM MgCl,/2
mM DTT), which subsequently was developed with a linear
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gradient of NaCl (0-150 mM for RhoA and 0-250 mM for
Cdc42, respectively). Peak fractions were collected, and puri-
fied RhoA and Cdc42 proteins were dialyzed and stored in the
same manner as described for Racl.

In Vitro GDP/GTP Exchange Assays. GDP/GTP exchange
assays were performed essentially as described (11). The 293
cells transfected with various combinations of plasmids were
serum-starved for 24 h. Cells were rinsed with ice-cold PBS,
dissolved in RIPA buffer [5S0 mM Tris-HCI, pH 8.0/150 mM
NaCl/1%(vol/vol) NP-40/0.5%(wt/vol) sodium deoxy-
cholate/0.1%(wt/vol) SDS/0.1 mM PMSF/25 pg/ml leupep-
tin/25 ug/ml aprotinin/1 mM Na3zVO,/50 mM NaF/50 mM
B-glycerophosphate/20 mM Na4P,07], and centrifuged at
15,000 X g for 5 min. Subsequently, the anti-FLAG antibody
M2 (2 ng, Kodak) and a rabbit anti-mouse antibody conjugated
to protein A-Sepharose (Amersham Pharmacia) were added to
the cell lysate, followed by incubation for 1 h with gentle
mixing. Immunoprecipitates were washed twice with RIPA
buffer and twice with exchange buffer (10 mM Hepes-NaOH,
pH 7.4/5 mM MgCl,/5 mM KCl/1 mM EGTA) and subjected
to GDP/GTP exchange assays.

For [*H]GDP binding assays, immunoprecipitates were in-
cubated at 30°C in exchange buffer supplemented with 200 ng
of each small GTP-binding protein, 2 mM DTT, 0.2 mg/ml
BSA, 1 mM ATP, and 1 uM [*H]GDP (1,265 TBq/mol). After
incubation for specified periods, ice-cold wash buffer (10 mM
Tris'HCI, pH 7.5/10 mM MgCl,) was added, and the samples
were filtered through the nitrocellulose membrane, which
subsequently was subjected to extensive washing with wash
buffer. The radioactivity remained on the filter was quanti-
tated by the liquid scintillation counter.

For [PH]GDP release assays, the small GTP-binding
protein-[*H]GDP complex was prepared by incubation of each
small GTP-binding protein with 1 uM [*H]GDP (1,265 TBq/
mol) in exchange buffer supplemented with 2 mM DTT, 5 mM
EDTA, 0.2 mg/ml BSA, 1 mM ATP for 90 min at 30°C
followed by the addition of 5 mM MgCl, to terminate the
GDP/GTP exchange reaction. Immunoprecipitates were in-
cubated with the small GTP-binding protein-[*’H]GDP com-
plex at 30°C in exchange buffer supplemented with2mM DTT,
0.2 mg/ml BSA, 1 mM ATP, and 10 mM GDP. After incu-
bation for specified periods, the radioactivity remained in the
complex was quantitated by filter binding assays as described
above.

Protein Kinase Assays. Expression plasmids encoding hem-
agglutinin (HA)-tagged JNK1 and HA-tagged ERK2 were
kindly provided by Michael Karin (University of California-
San Diego, La Jolla, CA). Ectopically expressed HA-JNK1 or
HA-ERK2 was immunoprecipitated from 293 cells with 0.2 ug
of an anti-HA antibody (Boehringer Mannheim) conjugated to
protein A-Sepharose. Kinase assays for JINK1 and ERK2 were
carried out as described (20).

Immunoprecipitation and Immunoblotting. Cells were dis-
solved in IP buffer [20 mM Tris-HCI, pH 7.5/250 mM NaCl/3
mM EDTA/3 mM EGTA/0.5%(vol/vol) NP-40/1 mM
PMSF/10 pg/ml leupeptin/0.1 mM NazVO4/3 mM B-glycer-
ophosphate], and centrifuged at 15,000 X g for 15 min. The
anti-FLAG antibody M2 (2 pg) and a rabbit anti-mouse
antibody conjugated to protein A-Sepharose were mixed
gently with the cell lysate for 2 h at 4°C, and the precipitate was
washed four times with IP buffer. The precipitated proteins
then were separated by SDS/PAGE and transferred onto the
nitrocellulose membrane. The membrane was stained with an
anti-Ras-GRF1 or antiphosphotyrosine (PY99) antibody (San-
ta Cruz Biotechnology) and enhanced chemiluminescence
detection reagents (DuPont/NEN).

RESULTS

Fig. 1 shows stimulated GEF activity toward Racl of Ras-
GRF1 obtained from Gg,-overexpressing 293 cells. The 293
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FiG. 1. GEF activity of Ras-GRF1 toward Racl. (4) Effect of
wild-type Ras-GRF1 on GDP binding to Racl. The 293 cells were
transfected with a control vector (O), pPCMV5-FLAG-Ras-GRF alone
(»), or pCMV5-FLAG-Ras-GRF with pCMV5-B1 and pCMV5-y2
(a). Cell lysates were prepared after serum starvation. Anti-FLAG M2
immunoprecipitates were subjected to [’H]GDP binding assays. Data
are shown as mean * SE (n = 3). (B) Effect of the DH domain mutant
Ras-GRF1(DH(-)) on GDP binding to Racl. The 293 cells were
transfected with a control vector (O0), pCMV5-FLAG-Ras-
GRF(DH(-)) alone (O0), or pCMV5-FLAG-Ras-GRF(DH(-)) with
pCMV5-B1 and pCMV5-y2 (w). Cell lysates were prepared after
serum starvation. Anti-FLAG M2 immunoprecipitates were subjected
to [PH]GDP binding assays. Data are shown as described in A. (C)
Effect of wild-type Ras-GRF1 on GDP release from the Racl-GDP
complex. The 293 cells were transfected with a control vector (O),
pCMV5-FLAG-Ras-GRF alone (2a), or pCMV5-FLAG-Ras-GRF
with pCMV5-B1 and pCMV5-y2 (). Cell lysates were prepared after
serum starvation. Anti-FLAG M2 immunoprecipitates were subjected
to [3H]GDP release assays. Relative amounts of [FH]GDP remaining
in the complex to the value at 0 min (100% = 1.25 pmol) are shown
as mean £ SE (n = 3). (D) Effect of the DH domain mutant
Ras-GRF1(DH(-)) on GDP release from the Rac1-GDP complex. The
293 cells were transfected with a control vector (0), pPCMVS5-FLAG-
Ras-GRF(DH(-)) alone (O0), or pCMV5-FLAG-Ras-GRF(DH(-))
with pCMV5-B1 and pCMV5-v2 (m). Cell lysates were prepared after
serum starvation. Anti-FLAG M2 immunoprecipitates were subjected
to [PH]GDP release assays. Data are shown as described in C.

cells were transfected with a plasmid that expresses FLAG-
tagged full-length Ras-GRF1 alone or together with plasmids
encoding G protein 81 and y2 subunits, respectively. Expres-
sion levels of Ras-GRF1 were virtually identical between
samples in each experiment as defined by immunoblotting
using the anti-FLAG antibody M2 (data not shown). Subse-
quently, GEF activity of immunoprecipitated Ras-GRF1 to-
ward the recombinant Racl protein was assessed by using filter
binding assays. Both the binding of [P'H]JGDP to Racl and the
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release of [PH]GDP from the Racl-[°H]GDP complex were
promoted by the Ras-GRF1 immunoprecipitate from Gg,-
coexpressing cells compared with that recovered from mock-
transfected cells (Fig. 1 4 and C). In contrast to Ras-GEF
activity (11), no Rac-GEF activity was detected unless the cells
were cotransfected with Gg,, consistent with the previous
results that recombinant Ras-GRF1 displayed no Rac-GEF
activity (5). To ascertain that the DH domain is responsible for
Rac-directed GEF activity, we generated a Ras-GRF1 con-
struct [termed Ras-GRF1(DH-)] containing a substitution of
highly conserved seven aa within the DH domain (390LTL-
HELL396 is replaced with 390IIIRDII396) (21). Similar mu-
tation is known to render the Dbl protein incapable of
stimulating GDP/GTP exchange of Cdc42 (22) and transfor-
mation of NIH 3T3 cells (23). As shown in Fig. 1 B and D,
Ras-GRF1(DH(-)) no longer exhibited Rac-GEF activity even
when it was immunoprecipitated from Gg,-overexpressing
cells.

An array of proteins containing the DH/PH domains,
including Dbl, Ost, and Trio, target two or three Rho family
members, thereby accelerating their GDP/GTP exchange.
Thus, we tested GEF activity of Ras-GRF1 toward the other
members, RhoA and Cdc42. Under conditions similar to those
for detecting Rac-directed GEF activity, no GEF activity
toward RhoA and Cdc42 was evident as illustrated in Fig. 2.
The lipid-modified form of recombinant RhoA purified from
insect cells was also insensitive to Ras-GRF1 (data not shown).

The stress kinase JNK1 is regulated downstream of Rho
family members in a variety of cells. Thus, the kinase activity
of INK1 was measured after expression of Ras-GRF1 and Gg,
in 293 cells. As shown in Fig. 34, overexpressed Gg, alone
caused several-fold stimulation of JNKI activity as described
(24). When ectopically expressed, Ras-GRF1 also augmented
JNKI1 activity. This effect may be mediated by Ras because
Ras-GRF1 alone can activate Ras (5, 10, 11), which in turn
triggers JNKI1 activation in 293 cells (25). Significantly, con-
comitant expression of Gg, and Ras-GRF1 resulted in syner-
gistic activation of JNKI1, which is likely to be ascribed to
Rac-directed GEF activity of Ras-GRF1 induced by Gg, as
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FiG. 2. Effect of Ras-GRF1 on GDP/GTP exchange of RhoA and
Cdc42. (A) Effect of wild-type Ras-GRF1 on GDP binding to RhoA.
The 293 cells were transfected with a control vector (O), pCMV5-
FLAG-Ras-GRF alone (&), or pCMV5-FLAG-Ras-GRF with
pCMV5-B1 and pCMV5-y2 (a). Cell lysates were prepared after
serum starvation. Anti-FLAG M2 immunoprecipitates were subjected
to [P’H]GDP binding assays. Data are shown as described in Fig. 1A4.
(B) Effect of wild-type Ras-GRF1 on GDP binding to Cdc42. The 293
cells were transfected with a control vector (O), pPCMV5-FLAG-Ras-
GRF alone (2), or pCMV5-FLAG-Ras-GRF with pCMV5-81 and
pCMV5-v2 (). Cell lysates were prepared after serum starvation.
Anti-FLAG M2 immunoprecipitates were subjected to [PH]GDP
binding assays. Data are shown as described in Fig. 14.
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FiG. 3. Synergistic activation of JNK1 and ERK2 by Ras-GRF1
and GBy. (4) Effect of dominant-negative small GTP-binding pro-
teins on Ras-GRF1 and GBy-induced JNKI1 activation. Activities of
HA-tagged JNK1 immunoprecipitated from 293 cells expressing in-
dicated proteins were assessed. Relative values compared with the
activity from Ras-GRF1 plus Gg,-expressing cells are shown as
mean * SE (n = 3). (B) Effect of DH domain mutation and deletion
of the amino-terminal PH domain of Ras-GRF1 on Ras-GRF1 and
Gpy-induced JNKI1 activation. Activities of HA-tagged JNK1 immu-
noprecipitated from 293 cells expressing indicated proteins were
assessed. Relative values compared with the activity from mock-
transfected cells are shown as mean * SE (n = 3). (C) Effect of
dominant-negative small GTP-binding proteins on Ras-GRF1 and
Gpy-induced ERK2 activation. Activities of HA-tagged ERK2 im-
munoprecipitated from 293 cells expressing indicated proteins were
assessed. Data are shown as described in 4. (D) Effect of DH domain
mutation and deletion of the amino-terminal PH domain of Ras-GRF1
on Ras-GRF1 and GBvy-induced ERK2 activation. Activities of HA-
tagged ERK2 immunoprecipitated from 293 cells expressing indicated
proteins were assessed. Data are shown as described in B.

described in Fig. 1. To confirm this hypothesis, we examined
the effect of dominant-negative mutants of GTP-binding
proteins. Ha-Ras(17N), Rac1(17N), and RhoA(19N) partially
inhibited Ras-GRF1 plus Gg,-induced JNKI1 activation,
whereas Cdc42(17N) did not exert inhibitory effects. Contrary
to the inhibitory action of RhoA(19N), Clostridium botulinum
C3 transferase, which specifically inactivates Rho, did not
disrupt Gg, and Ras-GRF1-stimulated JNK1 activation (data
not shown). Therefore, Ras and Rac are likely to be respon-
sible for the JNK1 activation. Furthermore, the DH domain
mutation that eliminates Rac-GEF activity also attenuated
JNKI activation (Fig. 3B), consistent with the notion that the
induced Rac-GEF activity is responsible for the synergistic
activation of JNKI.

Fig. 3 C and D describes ERK2 activation in response to
overexpression of Ras-GRF1 and Gg,. Like JNK1, ERK2 was
remarkably enhanced by concomitant expression of Ras-
GRF1 and Gg,. However, the activation entirely depended on
Ras as evidenced by complete inhibition by Ha-Ras(17N) and
was insensitive to the inhibitory effects of dominant-negative
mutants of Rho family members. Also, the DH mutation
showed no negative effect on ERK2 activation in response to
Gg,.

Furthermore, we assessed the role of the amino-terminal PH
domain (amino acid 23-129) by the use of the deletion mutant
Ras-GRF1(AN129). The amino-terminal PH domain cooper-
atively functions with other motifs including coiled-coil and IQ
domains for Ca?* stimulation of Ras-targeted GEF activity of
Ras-GRF1 (26). Although the amino-terminal PH domain was
also indispensable for the activation of the Ras/ERK cascade
after Gg, expression (Fig. 3D), it was not absolutely required
for Gg,-triggered JNK activation (Fig. 3B). Hence, the mech-
anism underlying Gg,-mediated activation of Rac-GEF activ-
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F1G. 4. Effect of Ras-GRF1 on JNKI activation in response to m2
receptor stimulation. (4) Time course of JNK1 activation in response
to m2 receptor stimulation. Activities of HA-tagged JNK1 immuno-
precipitated from 293 cells expressing the m2 receptor alone (O) or the
m?2 receptor and Ras-GRF1 (@) after stimulation with carbachol (10
uM) for specified periods. Relative values compared with the activity
from 293 cells expressing the m2 receptor alone without carbachol
stimulation are shown as mean = SE (n = 3). (B) Effect of Gao1 On
m2 receptor and Ras-GRF1-mediated JNK1 activation. Activities of
HA-tagged JNKI1 immunoprecipitated from 293 cells expressing the
m2 receptor and indicated proteins with (+) or without (—) carbachol
stimulation (10 uM, 10 min). Data are shown as described in A.

ity seems distinct from that of Ca?*- or Gg,-induced stimula-
tion of Ras-GEF activity.

Stimulation of the muscarinic m2 receptor triggers the
release of Gg,, allowing an array of Gg,-dependent signaling
pathways to be activated. Thus, the effect of m2 receptor
stimulation on Ras-GRF1-mediated JNK1 activation was ex-
amined. As shown in Fig. 44, JNK1 activation after carbachol
treatment was substantially enhanced when Ras-GRF1 was
coexpressed. Moreover, the enhanced JNK1 activity was di-
minished by overexpression of Go1, indicative of a role for Gg,
(Fig. 4B).

Fig. 5 shows the association between Ras-GRF1 and dom-
inant-negative forms of small GTP-binding proteins within the
cell. Ras-GRF1 was detected in immunoprecipitates of FLAG-
tagged Ha-Ras(17N), Racl(17N), and RhoA(19N), whereas
the interaction of Cdc42(17N) with Ras-GRF1 was not ob-
served. Expression levels of small GTP-binding proteins were
virtually identical as defined by immunoblotting using the
anti-FLAG antibody M2. Also, similar levels of Ras-GRF1
expression in all lysates were confirmed by immunoblotting
using an anti-Ras-GRF1 antibody (data not shown). These
results are consistent with inhibitory effects of dominant-
negative forms of Ha-Ras, Racl, and RhoA on Ras-GRF1-
dependent JNKI1 stimulation (Fig. 34).

To further understand the mechanisms by which Gg, stim-
ulates Rac-GEF activity of Ras-GRF1, we investigated ty-
rosine phosphorylation of this molecule. Immunoprecipitated
Ras-GRF1 was tyrosine phosphorylated when recovered from
Gg,-coexpressing cells, as determined by immunoblotting us-
ing an antiphosphotyrosine antibody (Fig. 64). In addition,

Mock Ras Rac Rho Cdc42
IP:FLAG - + - + - + - + - +
IB : GRF - - =

F1G.5. Association of Ras-GRF1 with dominant-negative forms of
Ha-Ras, Racl, and RhoA. Proteins within anti-FLAG antibody M2
(+) or control antibody (—) immunoprecipitates from 293 cells
transfected with pCMV5-Ras-GRF and expression plasmids for Gg,
and indicated FLAG-tagged small GTP-binding proteins were stained
with an anti-Ras-GRF1 antibody. A representative result of three
independent experiments is shown.
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Fic. 6. Involvement of tyrosine kinase(s) in Gg, induction of
Rac-GEF activity of Ras-GRF1. (4) Tyrosine-phosphorylation of
Ras-GRF1 on Gg, expression. Proteins within anti-FLAG antibody
M2 (+) or control antibody (—) immunoprecipitates from 293 cells
transfected with pCMV5-FLAG-Ras-GRF alone or pCMVS5-FLAG-
Ras-GRF and expression plasmids for Gg, were stained with an
antiphosphotyrosine antibody. Where indicated, cells were treated
with herbimycin A (1 wg/ml) or PP2 (30 uM) for 24 h. A representative
result of three independent experiments is shown. (B) Effect of
tyrosine kinase inhibitors on Rac-GEF activity of Ras-GRF1. The 293
cells were transfected with a control vector (O), pCMV5-FLAG-Ras-
GRF alone (2), or pCMV5-FLAG-Ras-GRF with pCMV5-B1 and
pCMV5-v2 (A, O, m). During serum starvation, cells were treated with
herbimycin A (1 wg/ml, O), PP2 (30 uM, =), or control solvent (O, A,
A). Cell lysates were prepared after serum starvation. Anti-FLAG M2
immunoprecipitates were subjected to [’H]GDP binding assays. Data
are shown as described in Fig. 1A4.

Gg,-induced tyrosine phosphorylation of Ras-GRF1 was pre-
vented on treatment with the tyrosine kinase inhibitors her-
bimycin A and PP2 (Fig. 64). As shown in Fig. 6B, these
inhibitors also impaired Gg,-stimulated Rac-GEF activity,
suggesting that tyrosine phosphorylation in response to Gg, is
crucial for the Rac-GEF activity.

DISCUSSION

Rho family small GTP-binding proteins have been implicated
in regulation of a wide variety of cellular events in many types
of cells, including fibroblasts, epithelial cells, and neuronal
cells (27). Particularly, the role of Rho family proteins in
organization of the actin cytoskeleton is revealed in detail. Rho
family proteins also are involved in cell cycle progression,
transformation, cell motility, and cell-cell interaction. In
parallel with these diverse biological functions, Rho family
proteins act downstream of several types of receptors, such as
tyrosine kinase-type (e.g., epidermal growth factor and hepa-
tocyte growth factor) and G protein-coupled (e.g., lysophos-
phatidic acid and muscarinic acetylcholine) receptors. How-
ever, the mechanisms underlying the activation of Rho family
members in response to membrane receptor signals are still
obscure, although a large number of GEFs specific to the Rho
family have been identified (13).

In the G protein-coupled receptor system linked to the
activation of Rho family members, both « and B+ subunits of
G proteins are believed to interact with their specific targets,
thereby facilitating downstream signaling cascades. As for G,
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signaling, JNK activation after expression of an activated
mutant of G,jp, for instance, is mediated by Rac, Cdc42
(28-30), and Rho (Motoshi Nagao, Y.K., and Hiroshi Itoh,
unpublished work). Recently, the interaction of p115-RhoGEF
with Gu12 and G,z and mutual regulation of the catalytic
activities were reported, providing a significant link between
receptor-coupled G protein and the small GTP-binding pro-
tein Rho (31, 32). However, Gg,-dependent signaling pathways
to Rho family proteins remained largely unknown. Our find-
ings, at least in part, account for Gg,-mediated activation of
Rac, although exclusively in the brain. Thus, other GEFs
specific to Rho family members may participate in Gg,-
dependent signaling in different cell types.

To date, several examples of signal-dependent stimulation of
GEF activity toward Rho family proteins have been described.
First, the protooncogene product Vav, which is primarily
expressed in hematopoietic cells, is a tyrosine kinase-
stimulated GEF for Racl (33, 34). Second, mammalian Sos,
originally identified as a GEF specific to Ras, shows activated
Ras-dependent Rac-GEF activity (15). Herein, we describe
another example, Racl-specific GEF activity of Ras-GRF1
that was recovered from Gg,-overexpressing cells.

Through the use of specific inhibitors, we have demon-
strated that tyrosine phosphorylation is indispensable for the
induction of Rac-GEF activity of Ras-GRF1 (Fig. 6). The
mechanism is similar to Vav, which displays Rac-targeted GEF
activity on phosphorylation by the tyrosine kinase Lck (33, 34).
Although largely unknown at present, tyrosine kinases that act
downstream of Gg,, such as Btk family kinases (35) and Src
(36) may play a role for the induction of Rac-GEF activity of
Ras-GRF1. Given that the Gg,-stimulated increase of Ras-
GEF activity of Ras-GRF1 depends on serine/threonine
phosphorylation (11), Rac-GEF activity may be induced
through serine/threonine phosphorylation as well. Similarly,
threonine phosphorylation of the Racl-specific GEF Tiaml1
may be required for the regulation of its GEF activity because
it becomes threonine phosphorylated on stimulation with G
protein-coupled receptor ligands, such as lysophosphatidic
acid, bombesin, and bradykinin, in a protein kinase C-
dependent manner (37).

Ras-GRF1 leads to Ras activation in response to Ca?* influx
through the binding of calmodulin to the IQ motif (10). For
this function, the DH/PH domains and the amino-terminal PH
domain are required (21, 26). Rac-GEF activity of Ras-GRF2
may be regulated by similar mechanisms because Ras-GRF2-
induced JNK activation, which is mediated through Ras and
Rac, is enhanced by Ca?" influx (14). In contrast, the amino-
terminal PH domain is not crucial for Gg, and Ras-GRF1-
triggered JNK activation (Fig. 3B), leading to the possibility
that the Ca?"/calmodulin signal does not function between
Gg, and Ras-GRF1 to stimulate the Rac pathway.

Conformational change of Ras-GRF1 in response to direct
interaction with Gg, also may be responsible for the induction
of Rac-GEF activity because an array of molecules, including
adenylyl cyclases, phospholipase CB, and a subset of K*
channels, are regulated through direct binding of Gg,,. In fact,
binding of Gg, to the GST-fusion protein containing the PH
domain of Ras-GRF1 was reported (38). Yet, arguing against
this possibility, we have not been successful in detecting Gg,
associated with immunoprecipitated Ras-GRF1 that exhibits
Racl-directed GEF activity (unpublished results).

In addition to the overexpression of Gg,, stimulation of the
G protein-coupled m2 receptor caused enhanced JNKI1 acti-
vation in the presence of Ras-GRF1 (Fig. 44). The enhance-
ment was sensitive to G that sequesters Gg,, indicative of a
role of Gg, (Fig. 4B). Thus, Ras-GRF1 activation may occur
in response to Gg, released on physiological stimulation also
in the nervous system.

In neuronal cells, Rho family proteins are implicated in the
process of axonal extension, particularly in the regulation of
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filopodial and lamellipodial structures in the growth cone (39,
40). However, the role of Rho family proteins in signal
transduction downstream of a wide range of G protein-coupled
receptors, including neurotransmitter receptors, are virtually
unclear. Our present data may provide insights into the
brain-specific role of Rac and mechanisms governing pathways
coupling Rac and G protein-coupled receptors. Notably, mice
lacking Ras-GRF1 are impaired in the process of memory
consolidation, while learning and short-term memory are
intact (12). Given the results described in this paper, not only
Ras, but also Rac may serve as a key element leading to the
formation of long-term memories.
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