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Ras plays an essential role in activation of Raf ki-
nase which is directly responsible for activation of the
MEK-ERK kinase pathway. A direct protein-protein
interaction between Ras and the N-terminal regula-
tory domain of Raf is critical for Raf activation. How-
ever, association with Ras is not sufficient to activate
Raf in vitro, indicating that Ras must activate some
other biochemical events leading to activation of Raf.
We have observed that RasV12Y32F and RasV12T35S
mutants fail to activate Raf, yet retain the ability to
interact with Raf. In this report, we showed that
RasV12Y32F and RasV12T35S can cooperate with
members of the Rho family GTPases to activate Raf
while alone the Rho family GTPase is not effective in
Raf activation. A dominant negative mutant of Rac or
RhoA can block Raf activation by Ras. The effect of Rac
or Cdc42 can be substituted by the Pak kinase, which is
a direct downstream target of Rac/Cdc42. Further-
more, expression of a kinase inactive mutant of Pak or
the N-terminal inhibitory domain of Pakl can block
the effect of Rac or Cdc42. In contrast, Pak appears to
play no direct role in relaying the signal from RhoA to
Raf, indicating that RhoA utilizes a different mecha-
nism than Rac/Cdc42. Membrane-associated but not
cytoplasmic Raf can be activated by Rac or RhoA. Our
data support a model by which the Rho family small
GTPases play an important role to mediate the activa-
tion of Raf by Ras. Ras, at least, has two distinct func-
tions in Raf activation, recruitment of Raf to the
plasma membrane by direct binding and stimulation of
Raf activating kinases via the Rho family GTPases.

Stimulation of cells with mitogenic growth factors results
in activation of receptor tyrosine kinases which can lead to
activation of the Ras GTPase (1). Ras plays an essential role
in regulating a wide range of cellular functions, including cell
proliferation, differentiation, oncogenic transformation, and
development (2, 3). The GTP-bound, but not the GDP-bound,
form of Ras directly binds to and regulates its downstream
targets. Numerous downstream targets of Ras have been
identified that mediate the signal transduction of Ras. Raf, a
serine/threonine kinase, originally isolated as a viral onco-
gene contributing to cellular transformation, is one of the
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best characterized Ras effectors and activates the MEK!-
ERK pathway (4-6).

A MAP kinase module consists of three kinases (MAPKKK,
MAPKK, and MAPK) acting in sequence (7—10). The canonical
MAP kinase cascade is found in many signal transduction
pathways. Biochemical mechanisms of MAP kinase activation
are completely conserved although different MAP kinase mod-
ules may couple to different signal transduction pathways in
response to different extracellular stimuli. In mammalian cells,
the RafftMAPKKK)-MEK(MAPKK)-ERK(MAPK) pathway has
been well characterized in response to a large number of mito-
genic stimuli. The c-Jun N-terminal kinase (JNK) also known
as the stress-activated protein kinase and the p38 kinase are
activated by a kinase cascade very similar to the Raf-MEK-
ERK pathway (7-9). The Raf-MEK-ERK cascade is a linear
pathway and shows extremely high specificity. In contrast, the
situation is more complex with JNK and p38. Numerous
MAPKK and MAPKKK are implicated in activation of JNK or
p38. Furthermore, some of the upstream kinases have been
implicated in activation of both JNK and p38. MAP kinase
modules have been discovered in all eukaryotes and are in-
volved in many physiological responses. For example, in yeast,
MAP kinase pathways are involved in regulation of mating
pheromone response, sporulation, cell wall integrity, hyperos-
motic stress, and pseudohyphal growth (11, 12). Similarly,
MAP kinase pathways have been demonstrated to regulate
many developmental programs in Caenorhabditis elegans (13)
and Drosophila (14).

The biochemical mechanisms of activation of ERK and MEK
are well understood. Raf directly phosphorylates and activates
MEK via two conserved serine residues in the kinase activation
loop of MEK (15, 16). These phosphorylations are necessary
and sufficient to fully activate MEK. Activated MEK then
directly phosphorylates a conserved tyrosine and threonine
residue in the kinase activation loop of ERK (17). Again, these
phosphorylations are necessary and sufficient for full ERK
activation. Similar biochemical mechanisms of activation are
employed by the other MAP kinase modules. In contrast, the
biochemical mechanism of MAPKKK activation, such as Raf, is
not fully understood (6).

One of the key events in Raf activation is growth factor-
induced association with Ras (18-21). The interaction of Raf
with Ras is a common and necessary feature of all Raf family
members, however, is not sufficient for Raf activation. It is

! The abbreviations used are: MEK, mitogen-activated protein kinase
and extracellular signal-regulated kinase; ERK, extracellular signal-
regulated kinase; MAPK, mitogen-activated protein kinase; JNK, c-Jun
N-terminal kinase; ROCK, Rho-associated coiled-coil-containing Kki-
nase; PKN, protein kinase N; RBD, Ras-binding domain or Rac binding
domain; GST, glutathione S-transferase; HA, hemagglutinin; PAGE,
polyacrylamide gel electrophoresis.
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conceivable that a common biochemical mechanism (possibly
phosphorylation) is involved in Raf activation by Ras. Raf ki-
nase activity is regulated by multiple events, including positive
and negative phosphorylations (6). Most of the studies per-
formed with C-Raf demonstrated that phosphorylation of
Ser®?® is essential for Raf activation by Ras, growth factors,
and phorbol 12-myristate 13-acetate (22-25). A synergistic ac-
tivation of Raf was observed when both Ser®?® and Tyr34! are
phosphorylated. However, the above model (phosphorylation of
Ser®3® and Tyr®4?) fails to explain the activation of other Raf
family proteins because these two residues are not conserved.
For example, the C. elegans lin-45 Raf contains aspartate res-
idues at positions corresponding to Ser®3® and Tyr®4! of C-Raf.
Similarly, residue corresponding to Tyr3*! is substituted by an
aspartate residue in B-Raf. Recently, we have demonstrated
that phosphorylation of Thr®®® and Ser®’! in B-Raf, which
correspond to Thr?®! and Ser?®* of C-Raf, are essential for
B-Raf activation (26).

Previous studies have demonstrated that Ser®3® of C-Raf can
be phosphorylated by Pak2 which is a direct downstream target
of Cdc42 and Rac (27). However, the exact mechanism of Pak in
Raf activation is not clear because expression of Pak alone is
generally not sufficient to activate Raf or the ERK pathway.
Furthermore, expression of active Cdc42 or Rac induces mar-
ginal Raf activation while expression of active Ras induces
dramatic Raf activation. Interestingly, co-expression of Pak
with active Rac can induce significant Raf activation (28), in-
dicating a potential role of Cdc42/Rac and Pak in Raf
regulation.

In this report, we investigated the mechanism of Raf acti-
vation by Ras. The effector domain of GTP-bound Ras is
directly involved in protein-protein interaction with Raf. Mu-
tations of the effector domain, such as E37G and Y40C,
eliminate the ability of Ras to interact with Raf. Such effector
domain mutants are also defective in Raf activation. We
identified two Ras effector domain mutants, Y32F and T35S,
that retain the ability to interact with Raf but are severely
compromised in Raf activation. We observed that Rho family
GTPases can cooperate with the RasV12Y32F or
RasV12T35S to stimulate Raf activation although neither
Rho nor Rac/Cdc42 alone can induce significant Raf activa-
tion. Furthermore, Pakl can substitute the effect of Rac or
Cdc42, but not Rho. Active Ras stimulates activation of Rac
and RhoA while the RasV12Y32F or RasV12T35S mutant fail
to stimulate activation of Rac or RhoA. In addition, dominant
negative mutant of Rac or Rho can block Raf activation by
Ras. Our results demonstrated that the Rho family GTPases
play an important role in Raf activation by Ras.

EXPERIMENTAL PROCEDURES

Cell Culture and Transfection—Human embryonic kidney 293 cells,
COS-7 cells, and HeLa cells were cultured in Dulbecco’s modified
Eagle’s medium supplemented with 10% (v/v) fetal bovine serum in a
humidified atmosphere of 5% CO, at 37 °C. Transfection was done by
LipofectAMINE (Life Technologies, Inc.) methods. Six-well plates were
used for all the transfection experiments except where indicated. Vector
such as pcDNA3 was used to balance the amount of DNA used for
transfection. For stimulation or kinase assay, 24 h after transfection,
cells were starved for an additional 12 h by incubating in Dulbecco’s
modified Eagle’s medium with 0.1% serum. For immunoprecipitation,
cells were cultured under the normal growth conditions for 48 h after
transfection.

Plasmid Construction—HA-tagged Ki-Ras and ERK1 ¢cDNA were
subcloned into the vector pcDNA3HA. FLAG-Raf-1 is a kind gift from K.
Pumiglia (29). Ki-Ras mutants, such as RasV12, RasV12Y32F,
RasV12T35S, RasV12E37G, and RasV12Y40C, and Raf-1 mutant
S338A were obtained by site-directed mutagenesis (Strategene). FLAG-
Raf-1CAAX construct was made by adding the C-terminal 18 amino
acid residues from the C terminus of Ki-Ras to the C terminus of Raf.
The plasmids used for yeast two-hybrid interaction tests were made by
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polymerase chain reaction and their DNA fragments were subcloned
into PVP16 or Plex Ade vector as targets or baits, respectively. The
small GTPases (Racl, Cdc42, and RhoA, all in the Myc-pRK5), Rat-myc-
Pak1/pCMV5M (including wild type Pakl, 165-544 deletion mutant,
83-149 deletion mutant, and Pak1K299A), PRK2/pCMV2, PKN1/pRC/
CMV, HA-JNK, GST-SEK S220E/T224D, and GST-SEK S220A/T224L
mutants are the kind gifts from A. Hall, M. Cobb, L. Quilliam, Y. Ono,
and J. Kyriakis. Rac effector domain mutants were obtained by polym-
erase chain reaction mutagenesis. The GST-PakRBD and GST-Rock
RBD were made by subcloning the Rac-binding domain of Pak1l and the
Rho-binding domain of Rockl into pGEX-KG vector (30).

ERK Kinase Assay—The conditions for transfections were as de-
scribed above. The amounts of DNA used in each transfection were as
following: Myc-ERK1 (100 ng), RhoAL63 (50 ng), RacL61/Cdc42L61 (50
ng), Pakl (200 ng), Pakl deletion (83-149) (250 ng), RasV12 (20 ng),
and its effector domain mutants (100 ng). The transfected 293, COS-7,
and HeLa cells were serum-starved for 12 h before harvesting. Cells
were washed once with phosphate-buffered saline and then lysed in
immunoprecipitation buffer Nonidet P-40 (10 mm Tris-HCI, pH 7.5, 2
mmMm EDTA, 150 mMm NaCl, 1% Nonidet P-40, 50 mMm NaF, 1 mm sodium
vanadate, 1 mM phenylmethylsulfonyl fluoride, 2 pg/ml aprotinin, 2
ung/ml leupeptin). Cell lysates were incubated with 1 pug of HA antibody
(anti-HA) for 1.5 h at 4 °C followed by addition of protein G-Sepharose
(Pierce) for 1.5 h. Immunoprecipitated proteins were washed three
times with lysis buffer followed by one wash with 25 mm HEPES, pH
7.5, 1 mM dithiothreitol, and 0.5 mm EDTA. Kinase activities for ERK
were measured as described previously (16). GST-Elk-1 (containing the
C-terminal amino acid residues 305-425) expressed in Escherichia coli
and purified by glutathione affinity chromatography was used as a
substrate in kinase activity assay.

JNK Kinase Assay—HEK 293 cells were co-transfected with 300 ng
of HA-JNK and various plasmids, including 250 ng of GST-SEK S220E/
T224D or 250 ng of GST-SEK S220A/T224L mutants. The transfected
293 cells were serum-starved for 12 h before being stimulated by 20
ug/ml anisomycin for 30 min. Then the cells were lysed in Nonidet P-40
buffer. The procedure of HA-JNK protein immunoprecipitation and
kinase assay was similar as the ERK kinase assay. Except the GST-
c-Jun was used as substrate in the kinase activity assay.

Raf Kinase Assay—HEK 293 cells were co-transfected with 150 ng of
FLAG-Raf-1, FLAG-Raf S338A mutant, and various plasmids, includ-
ing 50 ng of RasV12 or 100 ng its effector domain mutants, 50 ng of
RacLi61 or 100 ng its effector domain mutants, 50 ng of Cde42L.61, 50 ng
of RhoAL63, 200 ng of Pak1, 500 ng of Pak1K299A, 500 ng of RacN17,
500 ng of RhoAN19, 200 ng of PKN1, 200 ng of PRK2, and 200 ng of
ROCKI1 plasmid DNA. 24 h following transfection, cells were incubated
for 12 h in serum-free medium before harvesting. If stimulated, cells
were treated with epidermal growth factor (50 ng/ml) for 5 min. Cells
were washed once with phosphate-buffered saline and then lysed in
about 300 ul of RIPA buffer (0.1% SDS, 1% Triton X-100, 0.5% deoxy-
cholate, 50 mm Tris-HCI, pH 7.5, 150 mM NaCl, 50 mm NaF, 1 mm
EDTA, 1 mm EGTA, 0.1 mM phenylmethylsulfonyl fluoride, 5 pg/ml
aprotinin, 5 ug/ml leupeptin, and 1 mM sodium vanadate). After cen-
trifugation, 250-ul supernatants were used for immunoprecipitation
with 2 pg of FLAG antibody and 10 ul of protein G-Sepharose beads.
Rafkinase activity was assessed by coupled MEK/ERK 1 kinase assays,
according to previously described methods in which purified recombi-
nant GST-MEK1, GST-ERK1, and GST-Elk1 were included in the re-
action (26). In this coupled kinase assay, Raf activates MEK1 which
activates ERK1 which then phosphorylates Elk1. Phosphorylation of
Elk1 (by radioactivity) was quantitated by phosphoimage analysis.

Immaunoprecipitation and Western Blot—293 cells were transfected
for about 48 h, and washed with phosphate-buffered saline. Then the
cells were lysed in immunoprecipitation buffer containing protease
inhibitor (10 mm Tris-HCl, pH 7.5, 5 mm EGTA, 150 mm NaCl, 1%
Nonidet P-40, 20 mm NaF, 1 mm sodium vanadate, 1 mM phenylmeth-
ylsulfonyl fluoride, 10 pg/ml aprotinin, 10 ug/ml leupeptin). Cell ex-
tracts were incubated with antibody for 2 h at 4 °C. The proper amount
of protein A or protein G beads were added in immunoprecipitation
solution, and incubated for an additional hour. Immunoprecipitates
were collected by centrifugation, washed four times with immunopre-
cipitation buffer, and subjected to SDS-PAGE. Protein was detected by
immunoblotting with specific antibodies. To determine specific phos-
phorylation on Raf-1, an immunoblot was conducted by using antibody
which specifically recognizes Ser®*®phosphorylated Raf (New England
Biolab).

In Vitro Binding—GST-PakRBD (Racl-binding domain) and GST-
Rock RBD were expressed and purified from E. coli. HEK 293 cells were
transfected with wild type Myc-Racl (250 ng) and wild type RhoA (250
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TaBLE 1
Ras effector domain mutants in Raf binding and activation
Raf binding was determined by the yeast two-hybrid assays. Raf
activity was determined by in vitro coupled kinase assays using immu-
noprecipitated Raf (++++ denotes for 100% activity; +/— denotes for
<10% activity).

Raf Raf
binding activation

RasV12 ++++ ++++
RasN17 - -
RasV12Y32F +++ +/—
RasV12T35S ++++ +/—
RasV12E37G — —
RasV12Y40C - -
RacL61 - +/—
RhoAL63 - +/—

ng) in the presence of RasV12 (50 ng) or effector domain mutants (100
ng). Cells were lysed in binding buffer (50 mm Tris-HCI, pH 7.5, 150 mm
NaCl, 1 mwm dithiothreitol, 1% (v/v) Triton X-100, 5 mm MgCl,, 25 um
ZnCl,, and 0.2% (w/v) bovine serum albumin). The cleared cell lysates
were incubated with 5 ug of GST-PakRBD or GST-Rock RBD for about
2 h and followed by addition of glutathione-Sepharose beads for an
additional 1-2 h. The beads were washed four times with binding
buffer, and once with binding buffer without bovine serum albumin.
Then the beads were eluted with 10 mum glutathione. The elution was
analyzed by SDS-PAGE and immunoblot with a Rac or RhoA antibody.

Interaction Test by the Yeast Two-hybrid System—Protein-protein
interactions by the yeast two-hybrid experiments were performed as
described (31).

RESULTS

Different Effector Domain Mutations in Ras Distinguish Raf
Binding and Raf Activation—GTP-bound Ras is a potent acti-
vator of Raf. Artificial membrane attachment of Raf can lead to
Raf activation (32). These observations suggest that membrane
targeting of Raf by Ras is a key event for Raf activation. We
examined several Ras effector domain mutants in Raf binding
and activation (results summarized in Table I). Our results are
consistent with the current model that binding is required for
Ras to activate Raf. Mutation in the effector domain, such as
E37G and Y40C, eliminated Raf binding and simultaneously
abolished the ability of Ras to activate Raf (Table I). However,
two effector domain mutants Y32F and T35S, which retain the
ability to bind Raf, failed to activate Raf. T35S has been pre-
viously shown to bind Raf but not phosphoinositide 3-kinase
(33), while Y32F has not been biochemically tested. We con-
firmed the interaction between RasV12Y32F and Raf by GST-
RafRBD pull-down experiments in vitro (Fig. 1A). RasV12 and
RasV12E37G were included as positive and negative controls,
respectively. We also examined the activation of ERK by Ras as
an in vivo assay for Raf activation. Both RasV12Y32F and
RasV12T35S showed a much reduced ability to activate ERK
when compared with RasV12 (Fig. 1B). The above data dem-
onstrate that Ras-Raf binding is not sufficient to activate Raf.
In addition to association, RasV12 must have additional activ-
ity required for Raf activation. Mutation of Y32F or T35S
compromises the ability of RasV12 to stimulate Raf. Consistent
with our observation, Tamada et al. (34) have previously re-
ported that RasV12V45E effector domain mutant binds Raf but
is severely compromised in its ability to activate Raf although
the molecular mechanism is unknown (34).

The Rho Family Small GTPases (Rac, Cdc42, and RhoA) Can
Restore the Defects of RasVI2Y32F and T35S Effector Domain
Mutants—We wanted to determine which downstream path-
ways of Ras might complement the defect of RasV12Y32F or
T35S mutants. Interestingly, T35S is known to be defective in
binding and activation of phosphoinositide 3-kinase that plays
a positive role in the activation of Rac, which is an activator of
Pak (33, 35). Since Pak has been implicated in Raf activation

Activation of Raf

A RasV12
Y32F E37G
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Fic. 1. A, RasV12Y32F binds Raf. In vitro binding of Ras effector
domain mutants with GST-RafRBD was tested. Ras proteins were
expressed in HEK293 cells by transfection. Cell lysates containing
RasV12 (lanes 1 and 2), RasV12Y32F (lanes 3 and 4), or RasV12E37G
(lanes 5 and 6) were incubated with 5 pug of GST-RafRBD or GST as
indicated. The bound protein was eluted and detected by Western
blotting with a Ras specific antibody. RasV12 or RasV12Y32F show
strong binding to GST-RafRBD while RasV12E37G showed no binding.
All data shown in this figure and subsequent figures are representative
of at least three similar experiments. B, activation of ERK by Ras
effector domain mutants. HA-ERK1 was co-transfected with RasV12 or
different effector domain mutants in the RasV12 background as indi-
cated. 36 h after transfection, cells were starved in 0.1% fetal bovine
serum overnight before lysis and immunoprecipitated with anti-HA
antibody for HA-ERK. Kinase activity of immunoprecipitated HA-
ERK1 was assayed using GST-Elkl as a substrate. The top panel
indicates phosphorylation of GST-Elk1 substrate. The amount of ERK
in immunoprecipitates and Ras in cell lysates are shown in the middle
and bottom panels, respectively.

(27, 28), we tested whether an activated RacL.L61 mutant can
cooperate with the Ras effector domain mutants in Raf activa-
tion. RacL61 alone was ineffective to activate Raf (Fig. 24, lane
2). However, RacLL61 could cooperate with RasV12Y32F or
RasV12T35S to activate Raf kinase activity (Fig. 24, lanes 3
and 5). In contrast, RacL.61 was ineffective to cooperate with
the RasV12E37G and no cooperation was observed between
RacL61 and RasV12Y40C mutant (Fig. 24, lanes 7-10), which
has lost the ability to bind Raf (Table I). The effect of RacL61
was specific and not due to alterations of either Raf or Ras
expression (Fig. 2A, middle and bottom panels). We also deter-
mined ERK activity in cells co-transfected with Ras effector
domain mutants and RacL.61. The ERK activation results are
completely consistent with the Raf activation data (Fig. 2, A
and B). RacL61 cooperates with the RasV12Y32F and T35S
mutant to stimulate ERK activity.

Another Rho family member, Cdc42, is also known to acti-
vate Pak (35). Therefore, the effect of Cdc42 was examined. Our
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Fic. 2. A, Rac cooperates with Ras effector domain mutants to activate Raf. FLAG-Raf was transfected into HEK293 cells in the presence of
various RasV12 effector domain mutants (RasV12Y32F, lanes 3 and 4; RasV12T35S, lanes 5 and 6; RasV12E37G, lanes 7 and 8; RasV12Y40C, lanes
9 and 10) as indicated. Co-transfection of RacLi61 is indicated. 24 h after transfection, cells were starved in 0.1% fetal bovine serum overnight before
harvesting. Immunoprecipitation of FLAG-Raf was performed and the immunoprecipitated Raf activity was determined in an in vitro coupled
kinase assay as described under “Experimental Procedures.” Raf kinase activity (indirectly determined by phosphorylation of GST-Elk1) is shown
in the top panel. Raf protein used for kinase assays and Ras protein in cell lysates are shown in the middle and bottom panels, respectively. Neither
RacLi61 alone (lane 2) nor RasV12Y32F (lane 4) induced a significant Raf activation while co-transfection of both induced a dramatic Raf activation
(lane 3). Similar results were obtained with RasV12T35S and RacL61. B, cooperation between Rac and Ras effector domain mutants in ERK
activation. Experiments are similar to those described in panel A except FLAG-Raf was replaced by HA-ERK. The data show that RacL61
cooperated with RasV12Y32F or RasV12T35S to stimulate activation of the co-transfected HA-ERK. C, Cdc42 and RhoA cooperate with Ras effector
domain mutants. Experiments were similar to panel B. Co-transfections of RhoAL63 or Cdc42L61 with different RasV12 effector domain mutants
are indicated. ERK activity and protein are shown in the upper and lower panels, respectively. D, activation of ERK in HeLa cells. Experiments
are similar to those in panel B except transfections were performed in HeLa cells. ERK kinase activity and protein levels are shown in the top and
bottom panel, respectively. Co-transfections of RasV12Y32F and RacLi61 or RhoAL63 are indicated on top of each lane. E, activation of ERK in
COS-7 cells. Experiments are identical to panel D except transfections were performed in COS-7 cells.

results indicate that Cdc42 acts similarly to Rac in cooperation
with the RasV12Y32F and T35S mutants to stimulate ERK
activity (Fig. 2C, lanes 12 and 13). We wanted to test whether
RhoA, a Rho family member unable to activate Pak, could
cooperate with the Ras effector domain mutants in ERK acti-
vation. RhoAL63 alone did not activate ERK (Fig. 2C, lane 6).
Surprisingly, co-expression of RhoAL63 with the Ras effector
domain mutants enhanced ERK activation (Fig. 2C, lanes 7
and 8). This result indicates that Pak may not be the only
downstream effector responsible for Raf activation. Our results

demonstrate that the Rho family GTPases play a role in Raf
activation by Ras.

Activation of ERK in COS-7 and HeLa cells was determined.
Co-expression of RacLl61 or RhoAL63 cooperates with the
RasV12Y32F mutant in stimulation of ERK activity in both
HeLa (Fig. 2D) and COS-7 cells (Fig. 2E). These results indi-
cate that the functions of the Rho family GTPases in Raf
activation are independent of cell type.

Rho and Rac Are Required for Raf Activation by Ras—The role
of the Rho family small GTPases in Raf activation was further
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FiG. 3. A, dominant negative RacN17 or RhoAN19 blocked Ras-de-
pendent Raf activation. FLAG-Raf was transfected into HEK293 cells
in the presence or absence of RasV12. Co-transfections of RacN17 or
RhoAN19 are indicated. Raf activity was assayed (as in Fig. 2A4). The
amount of Raf protein used in the kinase assay was determined by
Western blotting with anti-C-Raf antibody. B, dominant negative
RacN17 or RhoAN19 blocked Ras-induced ERK activation. Experi-
ments were similar to panel A except HA-ERK was used in the
experiments. HA-ERK protein used in kinase assay was detected by
anti-ERK Western blotting (lower panel).

tested using dominant negative mutants. The dominant negative
mutants of RacN17 and RhoAN19 exist constitutively in GDP-
bound form. Dominant negative small GTPases can block activa-
tion of endogenous GTPases, possibly by sequestering upstream
activators. Expression of dominant negative RacN17 or
RhoAN19 effectively blocked Raf activation by RasV12 (Fig. 3A).
Similarly, activation of ERK by RasV12 is also largely inhibited
when dominant negative RacN17 or RhoAN19 was coexpressed
(Fig. 3B). These results provide strong evidence that activation of
the endogenous Rho family small GTPases is required for full Raf
activation by Ras.

The Ability of Ras Effector Domain Mutants to Stimulate Rac
and RhoA Activation Is Correlated with Their Ability to Acti-
vate Raf—To further elucidate the mechanisms of Ras effector
domain mutants, we determined activation of co-transfected
wild type Racl by Ras. The level of GTP-bound Rac was meas-
ured by using the RBD of Pak, which specifically interacts with
the GTP form, but not the GDP form of Rac. Co-expression of
RasV12 caused a detectable increase of Rac-GTP as determined
by the GST-PakRBD pull-down experiments (Fig. 44, lanes
1-3). In contrast, RasV12Y32F and T35S mutants failed to
activate wild type Rac in co-transfection experiments (Fig. 44,
lanes 4 and 5). Similar experiments were performed with RhoA.
Levels of GTP-bound RhoA were measured by pull-down exper-
iments using the RhoA-binding domain of Rock. The results in
Fig. 4B shows that RasV12 but not RasV12Y32F nor
RasV12T35S activated RhoA in co-transfection experiments.
These results support that the inability of Ras effector domain
mutants to activate Raf may be due to the defect in Rac/Rho
activation.

Rac also contains an effector domain, which is responsible for
the interaction with downstream targets. We examined several
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Rac effector domain mutants to determine their ability to co-
operate with RasV12Y32F. The data in Fig. 4C indicate that
RacL61-F37G and RacL61-Y40C are compromised in the abil-
ity to cooperate with RasV12Y32F to stimulate Raf activity
(Fig. 4B, lanes 7 and 8). Interesting, similar mutations were
defective in stimulating Pak activity (36), further indicating a
role of Pak in Raf activation.

Activation of Membrane-associated Raf by Rac and Rho—
Our results suggest that Ras stimulates Raf by two separate
activities: 1) Ras recruits Raf to plasma membrane and 2) Ras
activates Rac/Rho. Both of these functions are required for full
Raf activation. Based on this hypothesis, one can predict that
Rac may be able to activate membrane-associated Raf. Mem-
brane targeting of Raf could partially substitute for the effect of
Ras binding and elevate basal Raf kinase activity. We tested
the effect of active RacLL61 on the activity of RafCAAX, which
contains the C-terminal membrane targeting CAAX sequence
of Ras. As previously reported, RafCAAX displays a much
higher basal activity than the wild type Raf (Fig. 5A) (32).
Interestingly, RacL61 alone could stimulate RafCAAX activity
while under the same conditions no stimulation was observed
with the wild type Raf (Fig. 5A). Similar experiments were
performed with the active RhoAL63 mutant, which also acti-
vated RafCAAX (Fig. 5B). These data support that active Rho
and Rac can activate membrane localized, but not cytoplasmic
localized Raf.

Pak Mediates the Effects of Rac/Cdc42 but Not Rho—Pak is
a likely candidate to mediate the positive effect of Rac on Raf
activation. We determined whether an active form of Pak-
(165-544) (37), a deletion of the N-terminal inhibitory domain,
could substitute for the effect of active Rac. Pak-(165-544)
alone was not sufficient to activate Raf (Fig. 64, lane 7). Co-
expression of Pak-(165-544) and RasV12Y32F resulted in co-
operation in Raf activation (lane 11). This observation indicates
that active Pak can substitute for Rac to stimulate Raf activa-
tion. To further test the role of Pak in mediating the Rac signal
to activate Raf, we examined the kinase inactive Pak mutant
which may function as dominant negative. Co-expression of
Pak-K299A significantly blocked the activation of Raf by
RacL61 and RasV12Y32F (Fig. 64, lane 16), suggesting that
Pak is essential for Rac to cooperate with RasV12Y32F in Raf
activation. Similarly, the effect of Cdc42L.61 was also blocked
by kinase inactive Pak (Fig. 64, lane 17). In contrast, the
kinase inactive Pak had no effect on the ability of RhoAL63 to
enhance Raf activation (Fig. 64, lane 18). These results support
that Pak mediates the effect of Cdc42/Rac, but plays no signif-
icant role in RhoA to activate Raf. Neither wild type Pak nor
RacL61 alone can activate Raf. Surprisingly, co-expression of
RacL61 or Cdc42 and Pak resulted in significant activation of
Raf (Fig. 64, lanes 3 and 4). In contrast, co-expression of
RhoAL63 and Pak failed to activate Raf (Fig. 64, lane 5).

We also examined the effect of other potential downstream
effectors of RhoA. PKN1 and PRK2, two kinases known to be
activated by RhoA (38, 39), were tested in cooperation with
RasV12Y32F. Our results demonstrated that these two kinases
had minimal effect in cooperating with RasV12Y32F to stimu-
late Raf activity (Fig. 6B, lanes 6, 7, and 10). Another down-
stream target of RhoA, ROCK1 (40), was tested in similar
experiments and found not to cooperate with RasV12Y32F
(data not shown). These results indicate that activation of Raf
by RhoA is likely mediated by an as yet unidentified effector
(possibly a kinase) of RhoA.

The kinase dead mutant of Pak1-K299A binds Rac/Cdc42
and may interfere activation of other downstream targets of
Rac/Cdc42. To further establish the role of Pak in Raf activa-
tion, we tested the Pak1 fragment between amino acid residues
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Fic. 5. A, activation of membrane targeted Raf by RacL61. Wild type
FLAG-Raf (100 ng, lanes 1-4) or FLAG-RafCAAX (10 ng, lanes 5-8) was
co-transfected with increasing amounts of RacL61 as indicated. FLAG-
Raf was immunoprecipitated and kinase activity was measured (upper
panel). The level of FLAG-Raf expression is shown in the lower panel by
anti-Raf Western blot. B, activation of membrane-targeted Raf by
RhoAL63. Experiments were similar to those described in panel
A. RhoAL63 stimulated RafCAAX (lanes 5-8) but not wild type Raf
(lanes 1-4).

83 and 149, which does not bind to Cdc42/Rac but still can
inhibit Pak activity (41). ERK activation by RasV12Y32F and
RacLl61 was significantly inhibited by co-expression of Pakl-
(83-149) (Fig. 6C), indicating that inhibition of Pak alone is
sufficient to block the ability of Rac to cooperate with
RasV12Y32F. These results are consistent with the observa-
tions that active Pakl cooperates with RasV12Y32F to stimu-
late Raf activation (Fig. 6A) and further support the role of Pak
in Raf activation. We also tested whether the JNK pathway
play a role in Raf activation in response to RhoA, which is
reported to activate JNK in HEK 293 cells (42). JNK is acti-
vated by the upstream kinase, SEK. Our results showed that
SEK(ED), a constitutively active mutant, did not cooperate
with RasV12Y32F (Fig. 6D). Consistently, SEK(AL), a domi-
nant negative mutant, does not block ERK activation by
RasV12Y32F and RhoAL63 (Fig. 6D). As positive controls,
SEK(ED) activates JNK while SEK(AL) blocked JNK activa-
tion by anisomycin (Fig. 6E). These data clearly demonstrated
that JNK plays no significant role in Raf activation by
RasV12Y32F and RhoALG63.

RhoA and Rac Use Different Mechanisms to Stimulate Raf
Activity in Cooperation with Ras Effector Domain Mutants—
Phosphorylation of Ser®>® by Pak plays an important role in
C-Raf activation (27). We determined the phosphorylation sta-
tus of Ser®*® during Raf activation by RasV12Y32F and
RacL61. Phosphorylation of Ser33® in C-Raf was increased by
either RasV12 or epidermal growth factor stimulation (Fig. 7,
A, lane 7, and B, lane 2). This result is consistent with previous
observations (24) and supports a role of Ser®*® phosphorylation
in Raf activation. Expression of RacL61 significantly enhanced
the Ser®3® phosphorylation (Fig. 74, lane 2). The phosphoryla-
tion of Raf can be further increased by cooperation of RacL.61
and RasV12Y32F (Fig. 7A, lanes 2 and 4). In contrast,
RhoAL63 had much less effect on Ser338 phosphorylation (lane
3). Furthermore, the enhancement of Ser®*® phosphorylation
by RhoAL63 was much less than RacL61 in the presence of
RasV12Y32F (lanes 4 and 5) although RhoALG3 is as effective
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as RacL61 in Raf activation. These observations indicate that quantitatively correlated with Raf activity, consistent with ob-

Ser®?® is not the major target of RhoA which likely stimulates
Raf via another phosphorylation site. Mutation of Ser33® to
alanine completely eliminated the recognition by the anti-phos-
pho-Ser®?® antibody, supporting the specificity of the antibody.

Although RacL.61 and Cdc42L61 stimulated phosphorylation
of Ser®3® to a similar or higher extent as RasV12 (Fig. 7B, lanes
2-4), Raf activity was not highly activated by RacL61 or
Cdc42L61 whereas RasV12 induced a dramatic Raf activation.
These results indicate that phosphorylation of Ser33® is not

servations by others (43), and Ras may induce modifications of
Raf in addition to Ser®?®. Consistent with this model, active
Pakl induced a significant Ser®3® phosphorylation (Fig. 7C,
lane 4) but did not activate Raf (Fig. 64, lane 7). The Ser®®
phosphorylation of C-Raf was dramatically enhanced by co-
expression of Pak and RacL61 or Cdc42L61 (Fig. 7B, lanes 7
and 8). In contrast, RhoAL63 enhanced Ser®3® phosphorylation
weakly even in the presence of Pak (Fig. 7B, lane 9), further
supporting that RhoA activates Raf through a mechanism dif-



Activation of Raf

&
S
Bt &
O & A
A-:,\' 37“ é\
>3
I FN &
S NS A ~
TSI s
A FSTITSIITIAQ
sk wT S338A
Phospho Raf (5338) | “— Emes == |
Raf protein *

1 2 3 4 5 6 7 8 9

-
o N
ey
O ¥ 9
yoF
Ny VAN RN AN
B WN'§@§$§§
ST STITT ST
J@@@@Q§Q”cﬁ’
Phospho Raf (S338) | % w= we -

Raf protein M

12 3 4 5 6 7 8 9

¥ ~

~ t,,l”’ ) 4§' O?
SELEF

o s & o &S
& Ql;’& q':'& q‘,’ey& < ‘*’?

Phospho Raf ($338) | w4 —
Raf protein w

1 2 3 4 5 6 7 8

A

&

D &y

05\‘

Y

X 5

& > 5: »’a’.‘f’v

v N2

A;VA&#?&;;@&S’S‘

SIS STITES

Raf(WT) s B o m e g

Raf S338A + + + P G e A

Raf Activity . -.l

Raf Protein s S s 4 40 400 s |

1 2345678

F1G. 7. A, RacL61 stimulates Ser®*® phosphorylation of Raf. Wild type
FLAG-Raf (lanes 1-7) was co-transfected with RacL.61 or RhoAL63 in the
absence or presence of RasV12Y32F as indicated on top of each lane.
Epidermal growth factor stimulation (50 ng/ml for 5 min) was included as
a positive control (lane 7). FLAG-Raf was immunoprecipitated and sub-
jected to SDS-PAGE followed by Western blotting with anti-phospho-
Ser®*® antibody (upper panel) or anti-Raf antibody (lower panel). S338A
denotes mutant Raf in which the Ser®*® was mutated to alanine (lanes 8
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FLAG-Raf was co-transfected with various plasmids as indicated. Exper-
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Fic. 8. A proposed model of Raf activation by Ras. Solid arrows
indicate a direct protein-protein interaction or phosphorylation while
open arrows indicate an indirect connection. Comparisons of the mam-
malian Ras-Raf pathways with the yeast mating pheromone response
pathways are presented. This model predicts that Ras has at least two
effects (direct binding to the N-terminal region, and indirect phospho-
rylation via Rac/Cdc42 and Pak) on Raf activation.

ferent from Rac or Cdc42. However, Ser33® is required for Raf
activation (Fig. 7D). The Raf S338 A mutant cannot be activated
by RasV12Y32F and RhoAL63 or RacL61 (Fig. 7D, lanes 5 and
6).

The effect of PKN1 and PRK2 on Ser®3® phosphorylation of
Raf was also investigated. Both active PKN1 and PRK2 failed
to stimulate Ser3® phosphorylation while active Pakl was very
effective (Fig. 7C, lanes 4-7). The above data demonstrate that
Ser338 phosphorylation is a likely target of Cdc42/Racl and
Pak1 in Raf activation. Furthermore, phosphorylation of Ser338
is not sufficient to fully activate Raf.

DISCUSSION

Genetic and biochemical studies have unequivocally demon-
strated that Ras is the major upstream activator of Raf. Acti-
vation of Raf by Ras requires a direct interaction between Ras
and Raf. However, purified Ras protein is unable to activate
purified Raf, indicating that other events are involved in vivo.
This report demonstrated that the Rho family GTPases play an
important role in Raf activation.

We propose a model where Ras plays at least two important
roles in Raf activation (Fig. 8). First, Ras directly binds to the
N-terminal region of Raf. The binding of Ras to Raf could have
two consequences. Ras recruits Raf to the membrane proximity
where Raf activation occurs. This effect can be mimicked by
artificial membrane targeting of Raf, which partially activates
Raf. Furthermore, binding of Ras may relieve the inhibitory
effect of the N-terminal region on the C-terminal kinase domain.
Consistent with this notion, deletion of the N-terminal region
activates Raf. Second, Ras activates a kinase(s) responsible for
phosphorylation of activating sites in Raf or a phosphatase(s)
responsible for dephosphorylation of inhibitory sites. Once acti-
vated, Raf remains active even when Ras is dissociated. One of
the Ras-stimulated phosphorylation sites is Ser®®®. The Rho fam-
ily GTPases may signal downstream of Ras and upstream of Raf
via protein kinases, such as Pak that can directly phosphorylates
Ser®3®, Ras could modulate Rho and Rac activity indirectly via
effectors, such as phosphoinositide 3-kinase (44, 45). However,
the model in Fig. 8 may be too simple. For example, it does not
explain why co-expression of Rac and Pak partially activates Raf
while co-expression of active Pak1-(165-544) does not (Fig. 6A).
Phosphorylation of Ser®3® was high under both conditions (Fig. 7,
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B and O). A possible interpretation is that Rac induces additional
phosphorylation of Raf besides at residue Ser®3®. Another inter-
pretation is that Pak1-(165-544) phosphorylates Raf in the cyto-
plasm whereas the Rac-activated Pak1 phosphorylates Rafin the
membrane proximity where other modifications for Raf activa-
tion can occur.

Our data indicate that Pak can mediate the positive signal
from Cdc42/Rac to Raf activation. Pak has been previously
shown to phosphorylate Ser33® of C-Raf and stimulate Raf
activation. We showed that constitutively active Pak cooper-
ates with RasV12Y32F in the activation of Raf. Furthermore,
kinase inactive Pak mutant blocks the cooperation between
RasV12Y32F and active Cdc42 or Rac. In contrast, Pak is
unlikely to play a role in the cooperation between Rho and
RasV12Y32F because dominant negative Pak does not block
the cooperation. These observations are consistent with the fact
that Pak is not activated by Rho. We examined Rho activated
kinases, including ROCK1, PRK2, and PKN1. However, we
failed to observe a cooperation between these kinases and
RasV12Y32F in Raf activation. We also excluded the involve-
ment of the JNK pathway in Raf activation. Therefore, the
downstream kinase mediating the signal from RhoA to Raf is
currently unknown and requires further investigation.

The role of Pak in Raf regulation shares similar features
with the yeast mating pheromone response MAP kinase path-
way (46). In this MAP kinase module, Stell is the MAPKKK
acting at the same level as Raf in the ERK pathway (Fig. 8).
Stell is believed to be activated by Ste20 which is a member of
the Pak family. Ste20 is regulated by the Cdc42 gene product in
yeast. Both genetic and biochemical evidence have indicated
that GBvy, which directly couples to the pheromone receptor,
regulates Cdc42 activity possibly via the Cdc24 nucleotide ex-
change factor (46). GBy may also regulate Stell via other
components such as the Steb5 scaffold protein, which interacts
with GB (47) and forms a complex with Stell, Ste7, and Fus3.
The model in Fig. 8 underscores that remarkable conservation
of the MAP kinase module exists not only at the level of MAPK
and MAPKK but also at the level of MAPKKK and upstream
(Fig. 8).

Extensive genetic studies failed to identify Rho family mem-
bers or Pak kinases as upstream activators of Raf. This could
be due to the fact that there are functional redundancies. Our
results demonstrate that one of the Rho family members is
sufficient to relay the signals from Ras to Raf. Therefore, single
mutation of Rho, Rac, or Cde42 is not sufficient to eliminate the
positive signal from Ras to Raf. Similarly, at the level of Pak,
multiple members of the Pak family may prevent the genetic
isolation of these kinases as positive regulators of Raf. It is
worth noting that the function of Rac-Pak in Raf activation
may not be conserved in C. elegans. The C. elegans lin-45 Raf
contains an aspartate residue at a position corresponding to
Ser®2® of C-Raf.

Raf activation is more complex than simply Ras binding and
phosphorylation of Ser®3® by Pak. It is clear that phosphoryla-
tion of Ser®® is not the sole event in Raf activation because a
direct quantitative correlation between Ser33® phosphorylation
and Raf activity is lacking. For example, active Pak dramati-
cally stimulates Ser®®® phosphorylation while it is not suffi-
cient to activate Raf. In addition, expression of Pak with Rac or
Cdc42 induces Ser®*® phosphorylation stronger than that in-
duced by RasV12, yet RasV12 is a more potent activator of Raf.
Furthermore, RhoA is as effective as Rac to cooperate with
RasV12Y32F in Raf activation whereas RhoA induces a much
weaker Ser33® phosphorylation than Rac. These observations
indicate that other events, likely phosphorylation or dephos-
phorylation, must occur in order to achieve full Raf activation.

Activation of Raf

C-Raf is known to be phosphorylated on multiple sites (6). We
have recently observed that multiple phosphorylations are re-
quired for C-Raf activation (48). Ras may stimulate phospho-
rylation of Raf on different sites via different downstream
effectors. In addition, phosphorylation of Ser?®® in C-Raf has an
inhibitory effect. It is also possible that Ras may promote
dephosphorylation of the inhibitory site by activating a specific
phosphatase. Future studies to examine the relationship
among all the phosphorylation sites in Raf are needed for a
complete understanding of the molecular mechanism of Raf
regulation.
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