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The mitogen-activated protein (MAP) kinases are a family of serine/threonine kinases that are regulated by
distinct extracellular stimuli. The currently known members include extracellular signal-regulated protein
kinase 1 (ERK1), ERK2, the c-Jun N-terminal kinase/stress-activated protein kinases (JNK/SAPKs), and p38
MAP kinases. We find that overexpression of the Ste20-related enzymes p21-activated kinase 1 (PAK1) and
PAK?2 in 293 cells is sufficient to activate JNK/SAPK and to a lesser extent p38 MAP kinase but not ERK2. Rat
MAP/ERK kinase kinase 1 can stimulate the activity of each of these MAP kinases. Although neither activated
Rac nor the PAKs stimulate ERK2 activity, overexpression of either dominant negative Rac2 or the N-terminal
regulatory domain of PAK1 inhibits Ras-mediated activation of ERK2, suggesting a permissive role for Rac in
the control of the ERK pathway. Furthermore, constitutively active Rac2, Cdc42hs, and RhoA synergize with
an activated form of Raf to increase ERK2 activity. These findings reveal a previously unrecognized connection
between Rho family small G proteins and the ERK pathway.

To date, three related protein kinase cascades, known as
mitogen-activated protein (MAP) kinase modules, that prop-
agate signals received at the plasma membrane to the interior
of the cell in mammals have been identified. These cascades
have been named according to the final enzyme in each series
and are generally known as the extracellular signal-regulated
protein kinase (ERK)/MAP kinase pathway, the c-Jun N-ter-
minal kinase/stress-activated protein kinase (JNK/SAPK)
pathway, and the p38 MAP kinase pathway (reviewed in ref-
erences 5 and 7). The ERK pathway is activated by many
growth factors and hormones and is involved in mediating
cellular proliferation, transformation, and differentiation. The
JNK/SAPK and p38 MAP kinase pathways have been impli-
cated in the protective responses triggered by cytokines and
environmental stresses. Each cascade consists of three protein
kinases acting in series, a MAP/ERK kinase (MEK) kinase
(MEKK), a dual-specificity MEK, and a pleiotropic, proline-
directed MAP kinase. Substantial pathway specificity appar-
ently resides in the MEK component, as evidenced by the high
degree of selectivity among MAP kinase homologs as sub-
strates (12, 22). The first kinase in the series, the MEKK, is less
selective and may recognize MEKs from more than one path-
way (46, 47). The last group of kinases in the series, the MAP
kinases, have diverse substrates which include transcription
factors, cytoskeletal components, and various enzymes (5, 8).

Many of the incoming signals transmitted to these cascades
are transduced by the Ras superfamily of small GTP-binding
proteins (42). The ERK pathway, for example, is primarily
regulated by Ras. In the GTP-bound state, Ras binds the
MEKK Raf, thereby recruiting Raf to the plasma membrane
(21, 39). Raf is then phosphorylated and becomes activated by
an undefined mechanism (9, 44). Once activated, Raf will
phosphorylate and activate downstream MEKs. To a much
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lesser extent, Ras can also activate the JNK/SAPK pathway
(16). The JNK/SAPK and p38 MAP kinase pathways appear to
be regulated by the related small G proteins Rac and Cdc42hs
(6, 27). Rac and Cdc42hs are members of the Rho subfamily of
small G proteins (43). Importantly, none of the other Rho-
related proteins seem to regulate the INK/SAPK pathway. The
mechanism by which Rac and Cdc42hs regulate the JNK/
SAPK pathway is not well understood.

Evidence for the existence of kinases immediately down-
stream of Rac and Cdc42hs is emerging. Among likely candi-
dates are mammalian homologs of the yeast kinases Ste20 and
Ste20-homologous kinase 1 (Shk1) (20, 25, 32). This growing
family of enzymes includes three protein kinases known to be
activated by binding to GTP-liganded Rac and Cdc42hs. These
are rat p65”*% (p21-activated kinase 1 [PAK1 or PAKa]) (24),
a related enzyme, PAK2 (yPAK) (14b, 26, 40), and a third
kinase, termed PAK3 (BPAK) (1, 23). Upon binding of GTP-
liganded Rac or Cdc42hs to their N termini, these kinases
autophosphorylate and become active (24, 26). Although
downstream substrates of the PAKs have yet to be identified,
their regulatory mechanisms make them likely candidates to
control the INK/SAPK and p38 MAP kinase pathways. Three
lines of evidence also support this hypothesis. First, addition of
constitutively active PAK1 to Xenopus oocyte lysates stimulates
the activity of added, recombinant SAPK but not ERK2 (29).
Second, expression of the N-terminal regulatory domain of
PAKI1 can inhibit activation of JNK1 by activated Rac in mam-
malian cells (27). Third, overexpression of PAK1 was been
shown to lead to p38 MAP kinase activation (48).

We have investigated the ability of both PAK1 and PAK2 to
activate the known mammalian MAP kinase pathways. We find
that overexpression of either PAK1 or PAK2 activates SAPKa
and, to a lesser extent, p38 MAP kinase but has no effect on
ERK?2 activity. The effects of PAKs on the regulation of these
kinases are similar to what is observed upon overexpression of
either activated Rac2 or rat MEKKI1. In addition, although
neither activated Rac nor the PAKs activate ERK2, overex-
pression of either dominant negative Rac2 or the N-terminal



3708 FROST ET AL.

regulatory domain of PAK1 inhibits Ras-mediated activation
of ERK2, suggesting a permissive role for Rac in the control of
the ERK pathway. Furthermore, constitutively active Rac,
Cdc42hs, and Rho each synergize with active Raf to increase
ERK?2 activity, revealing a previously unrecognized connection
between the Rho subfamily of small G proteins and the ERK
pathway.

(Part of this research was conducted by M. R. Hutchison in
partial fulfillment of the requirements for the Ph.D. degree at
the University of Texas Southwestern Medical Center, Dallas.)

MATERIALS AND METHODS

Plasmids. Rat ERK2 (46) and rat p38 MAP kinase cDNAs were subcloned
into the mammalian expression vector pCEP4 with the hemagglutinin (HA)
epitope inserted at the N terminus. The rat SAPKa cDNA was subcloned into
pCMVS5 with an N-terminal HA tag. Human V!?Rac2, N'7Rac2, V'?Cdc42hs,
and LRhoA were subcloned into pCMV5 as was rat MEKK1 (45a). Glycine 12
of wild-type Cdc42hs in pACT2 was mutated to valine by double-stranded,
site-directed mutagenesis (Chameleon kit; Stratagene) using the primers 5'-
TTGTTGTGGGCGATGTTGCTGTTGGTAAAAC-3' (Gly to Val) and 5'-
GATCCGAATTCGAAGGTCGACAGATCTATGAATCGT-3" (3" Xhol to
Sall in pACT?2). The sequence of V'?Cdc42hs was confirmed by DNA sequenc-
ing. V!?H-Ras was contained in pRcCMV (17). A'"H-Ras was expressed from
pEFmyc (kindly provided by Andrew Thorburn). Wild-type rat PAK2 was sub-
cloned into pCMVS5 containing an N-terminal 9E10 c-Myc epitope (pCMV5M).
Wild-type rat PAK1 was amplified with Vent polymerase (New England Bio-
labs), adding 5" EcoRI and 3’ Xhol sites. The primers used were 5'-GGAAT
TCGAATGTCAAATAACGGCTTA-3' (5'-EcoRI) and 5'-CCGCTCGAGGT
GATTGTTCTTGGTTGC-3" (3'-Xhol). Correct amplification of wild-type
PAKI1 was confirmed by DNA sequencing, and the PAK1 cDNA was subcloned
into pPCMV5M. The isolation of cDNA clones of rat PAK1 and PAK2 (GenBank
accession number, U19967) will be described elsewhere (14a). A C-terminal
PAKI1 deletion mutant containing amino acids 1 to 231 (PAK1 1-231) was
amplified by PCR with Vent polymerase, adding 5’ EcoRI and 3’ Xhol sites. The
3’ primer used was 5'-CCGCTCGAGGGGCGGAGTGGTGTTATT-3'. The 5’
primer was the same as that used for the amplification of wild-type PAKI.
Correct amplification of PAK 1 1-231 was confirmed by DNA sequencing, and
the cDNA was subcloned into pCMV5. The Raf-1 N terminus (Raf C4B) was
subcloned into pCEP4. Constitutively active Raf-1 (Raf BXB) was subcloned
into pRcCMV (14). pCMV/BGAL is as described previously (41).

Cell culture and transfection. Human kidney fibroblasts (293 cells) were
grown in Dulbecco’s modified Eagle medium supplemented with 10% fetal
bovine serum (46). Cells (~80% confluent) were transfected with DNA by
calcium phosphate coprecipitation (34). Twenty-four hours after transfection the
medium was switched to Dulbecco’s modified Eagle medium plus 0.5% fetal
bovine serum and maintained for an additional 16 to 20 h. In some cases the
medium from these cells was transferred to a second set of transfected cells.
After being washed once with ice-cold phosphate-buffered saline, the cells were
harvested by scraping into 0.5 ml of Triton lysis buffer (19) per 60-mm-diameter
dish. Lysates were incubated for 10 min on ice, and insoluble debris was removed
by centrifugation at 14,000 X g for 10 min at 4°C. Supernatants were used
immediately or frozen in liquid N, and stored at —80°C.

Immunoprecipitation and kinase assays. To normalize for transfection effi-
ciency among plates, soluble extracts were assayed for B-galactosidase (B-Gal)
activity derived from a cotransfected, constitutively transcribed B-Gal expression
vector (pCMVBGal) (41). Samples were adjusted to equalize B-Gal activities,
and the amount of the expressed, HA-tagged MAP kinase family member was
measured by Western blotting (immunoblotting) with mouse anti-HA antibody
(BADbCo). Cell lysates adjusted to equalize for anti-HA immunoreactivity were
then used for immunoprecipitation of HA-tagged MAP kinase. Extracts were
incubated with mouse anti-HA antibody and protein A-Sepharose for 2 h at 4°C.
Sepharose beads were then sedimented and washed three times with buffer A (20
mM Tris-HCI [pH 7.5], 1 M NaCl) and then once with buffer B (20 mM Tris-HCI
[pH 8.0], 10 mM MgCl,). The beads were then resuspended in 40 ul of kinase
buffer containing 20 mM Tris-HCI (pH 8.0), 10 mM MgCl,, 1 mM dithiothreitol,
50 uM ATP (4 cpm of [y>2-P]ATP per fmol), and 0.3 mg of either myelin basic
protein (MBP), glutathione S-transferase (GST)—c-JunA(1-221) (16), or GST-
ATF2A(1-254) per ml (22). HA-ERK2 kinase reaction mixtures were incubated
at 30°C for 15 min, while HA-SAPK and HA-p38 kinase reaction mixtures were
incubated at 30°C for 30 min. Reactions were stopped by sedimenting the beads
and adding 5X Laemmli sample buffer to the supernatants. All experiments were
performed at least twice.

RESULTS

Regulation of MAP kinase family members by distinct small
G proteins and PAKs. Before investigating the effects of PAKs
on the activity of MAP kinase family members, we wished to
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test MAP kinase regulation by small G proteins in 293 cells.
Cells were cotransfected with HA-tagged forms of either
ERK2, SAPKa, or p38 MAP kinase and either activated Ras
(V'?H-Ras) or activated Rac2 (V'?Rac2). Thirty-six hours af-
ter transfection, tagged MAP kinases were immunoprecipi-
tated from cell lysate volumes containing equal amounts of
transfected MAP kinase and the associated kinase activities
were determined. As seen in Fig. 1A, expression of V'?H-Ras
greatly stimulated ERK2 activity (30- to >120-fold). In con-
trast, expression of V'?Rac2 produced an insignificant effect
on ERK?2 activity. Activated Rac2, on the other hand, was a
much better activator of SAPKa than was activated Ras (Fig.
1B). Similarly, V'*Rac2 also stimulated p38 MAP kinase ac-
tivity to a greater extent than did V**H-Ras (Fig. 1C). Expres-
sion of activated RhoA (L®*RhoA) did not lead to activation of
ERK2, SAPKa, or p38 MAP kinase (data not shown). These
data are consistent with previously published results for other
cell types (6, 27).

We then tested whether PAK1 and PAK2 were able to
activate MAP kinase family members. If the PAKs are down-
stream effectors of Rac, then their expression might be ex-
pected to produce effects similar to those caused by overex-
pression of activated Rac. As seen in Fig. 1A, overexpression
of either wild-type PAK1 or wild-type PAK2 had little effect on
ERK2 activity. Coexpression of V*Rac2 with PAK1 or PAK2
also did not lead to ERK2 activation. In contrast, expression of
either wild-type PAK1 or wild-type PAK2 significantly in-
creased the kinase activity of cotransfected SAPKa (16- or
12-fold, respectively [Fig. 1B]). This activation does not occur
with catalytically defective PAK1 (D-406 to A mutant) (not
shown) but does occur in the absence of additional stimuli,
suggesting that a minimal level of signaling in these pathways
must occur in resting 293 cells. Activation of SAPKa by PAKSs
was consistently greater than the activation caused by V'?H-
Ras, but less than that observed with V'?Rac2. As shown in
Fig. 1B, coexpression of V'?Rac2 with PAK1 or PAK2 did not
increase the level of SAPKa activity to more than that ob-
served with V'?Rac2 alone. This was the case even when sub-
maximal amounts of V'?Rac2 were transfected (data not
shown). Expression of either PAK1 or PAK2 alone also led to
a smaller but reproducible increase in p38 MAP kinase activity.
As with SAPKa, p38 MAP kinase activity stimulated by PAKs
was less than that observed with V'?Rac2 but greater than that
caused by V*?H-Ras (Fig. 1C). Coexpression of PAK1 with
V'?Rac? resulted in a slightly increased level of p38 MAP
kinase activity compared with that caused by V*?Rac2 or PAK1
expression alone. In 293 cells, none of these molecules acti-
vated p38 MAP kinase by more than 10-fold when GST-ATF2
was used as a substrate.

Expression of rat MEKKI1 activates both SAPKa and p38
MAP kinase. Previously, MEKK1 has been reported to activate
the JINK/SAPK pathway (28, 47). As a potential downstream
mediator of PAKs we tested its effects on SAPKa and p38
MAP kinase activity in 293 cells. This rat MEKK1 clone en-
codes a protein kinase of approximately 195 kDa that includes
2.5 kb of 5’ coding sequence not included in previously pub-
lished MEKKT1 clones (19, 45). As expected, expression of rat
MEKKI caused a large increase in SAPKa activity (54-fold
[Fig. 2A]). Anisomycin, a known activator of the INK/SAPK
pathway (10), weakly activated SAPKa in the absence of
MEKKT1 (fourfold) and had no further effect on SAPKa activ-
ity in the presence of MEKKI. The expression of rat MEKK1
also led to a significant activation of p38 MAP kinase activity
(fourfold [Fig. 2B]). Rat MEKKI1 was consistently as effective
an activator of p38 MAP kinase as V'?Rac2. The weak effect
on p38 MAP kinase may result from the limited ability of
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FIG. 1. Activation of MAP kinase pathways by cotransfected PAK1 and
PAK2. 293 cells were cotransfected with either HA-ERK2 (A), HA-SAPKa (B),
or HA-p38 MAP kinase (C) and the plasmids encoding the proteins shown. Fold
refers to the fold increase in substrate phosphorylation over that occurring in the
control lane. Below the MBP and GST-ATF2A kinase assays in panels A and C
are Western blots for expressed HA-ERK2 and HA-p38 MAP kinase, respec-
tively. The control used is the pCMV5 plasmid lacking a cDNA insert. The
plasmids and amounts transfected are as follows: pCEP4/HA-ERK2, pCMV5/
HA-SAPKa, and pCEP4/HA-p38 MAP kinase, 7.0 wg each; pCMVS5, 7.0 pg;
pRcCmv/V'?H-Ras, 1.0 pg; pPCMV5/V!?Rac2, 2.0 pg; pCMV5SM/PAKI, 7.0 pg;
and pCMV5M/PAK2, 7.0 pg. Representative autoradiographs are shown in each
panel. wt, wild type.

MEK4 (also known as SEK and JNK kinase), an MEKK1
substrate, to phosphorylate and activate p38 MAP kinase in
vivo (11).

Expression of dominant negative forms of PAK1 and Rac2
interferes with V'?H-Ras-stimulated ERK activity. Because
neither PAK1 nor PAK?2 stimulated ERK2 activity, we ex-
pected that overexpression of the N-terminal regulatory do-
main of PAK1 (PAK1 1-231) would also have no effect on
ERK2 activation. Surprisingly, coexpression of PAK1 1-231
reproducibly inhibited ERK2 activation by V*2H-Ras (up to
33% in three experiments) (Fig. 3). Full-length PAKI1 did not
cause this effect (not shown). The degree of inhibition was
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FIG. 2. Activation of SAPKa and p38 MAP kinase activities by MEKK1. 293
cells were transfected with the same quantities of plasmids as described in the
legend to Fig. 1. The control used is the pCM VS5 plasmid lacking a cDNA insert.
(A) Activation of transfected HA-SAPKa by anisomycin (an.) (10 wg/ml; 30
min), cotransfected rat MEKK1, or mouse MEKK1. Control, anisomycin, and rat
MEKKI1 lanes are shown in duplicate. GST—c-Jun is used as a substrate. The
lower right-hand portion of the figure shows a Western blot for immunoprecipi-
tated HA-SAPKa. (B) Activation of HA-p38 MAP kinase by cotransfected
mouse MEKKI1 and rat MEKK1. GST-ATF2A is used as a substrate.

similar to that achieved by coexpression of dominant negative
Rac2 (N'"Rac2). As anticipated, coexpression of the N termi-
nus of Raf-1 (Raf C4B) with V'?H-Ras also reduced ERK2
activation (40%) (Fig. 3). Coexpression of PAK1 1-231 with
Raf C4B reduced ERK?2 activation by V'?H-Ras by more than
75% (Fig. 3), a much greater effect than was observed with
either protein alone. Because expression of the N terminus of
PAKI1 should presumably inhibit signaling by binding to the
upstream Rac and Cdc42hs (24, 26), these data suggest that the
activation of ERK2 caused by overexpression of V!?H-Ras
may involve other small G proteins. This idea is supported by
the finding that N'7Rac2 expression can also inhibit ERK2
activation by V'?H-Ras. A comparable mutant of RhoA
(N'’RhoA) was less effective than N'"Rac2 (not shown).
Constitutively active forms of Rac2, Cdc42hs, and RhoA
synergize with constitutively active Raf to activate ERK2. To
examine this further, we tested the ability of Rac to cooperate
with Raf-1 to activate ERK2. Expression of Raf BXB, an
amino-terminal truncation mutant of Raf-1 that is constitu-
tively active in many cell types (15, 44), stimulated ERK2
activity approximately ninefold (Fig. 4A). Coexpression of
V!'?Rac2 with Raf BXB, however, greatly enhanced ERK2
activation (70-fold in Fig. 4A and 118-fold in Fig. 4B). This
represents an eightfold or greater increase in ERK2 activation
over that achieved with Raf BXB expression alone. Similar
results were observed with V'?Rac2 and a Raf BXB-CAAX
(43a) construct that targets Raf to the plasma membrane (data
not shown). We then tested whether expression of the related
small G proteins Cdc42hs and RhoA also potentiated Raf
BXB-mediated ERK2 activation. As expected, expression of
activated Cdc42hs (V'>Cdc42hs in Fig. 4B) or activated RhoA
(L*RhoA) (not shown) alone did not increase ERK2 activity.
However, coexpression of either V!2Cdc42hs or LRhoA and
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FIG. 3. Inhibition of V'?H-Ras-mediated ERK2 activation by N'7Rac2, the
PAKI1 N terminus, and the amino terminus of Raf-1. 293 cells were transfected
with HA-ERK?2 and either empty vector (pCMVS5) or the vectors containing the
c¢DNAs shown. HA-ERK2 activity was measured by MBP immunocomplex as-
says. Fold activation refers to the fold increase in MBP kinase activity over that
in the control lane (first bar [CMV5]). V!?H-Ras was cotransfected with the
remaining lanes (remaining five bars). Seven micrograms of Raf C4B and PAKI1
1-231 and 2 pg of N'7Rac2 were transfected. The quantities of the other plasmids
used were as described in the legend to Fig. 1.

Raf BXB did lead to a synergistic activation of ERK2 (11- and
3-fold more, respectively, than with Raf BXB alone [Fig. 4B]).
V!2Cdc42hs was almost as effective as V*Rac2 in synergizing
with Raf BXB to activate ERK2, while L**RhoA was repro-
ducibly less effective. Since both Rac and Cdc42hs are poten-
tial activators of PAK1 in vivo, we tested whether wild-type
PAK1 and Raf BXB would also synergize to activate ERK2.
We found that PAK1 did not significantly increase Raf BXB-
mediated ERK2 activation (Fig. 4B).

To test the possibility that activated forms of Rac or Cdc42hs
might potentiate Raf BXB activation of ERK2 through an
autocrine mechanism, we collected conditioned medium from
cells transfected with Raf BXB, V!?Rac2, V'2Cdc42hs, and
L*RhoA or combinations thereof and measured the stimula-
tion of ERK2 activity in a second group of cells exposed to the
medium. The conditioned medium from transfected cells did
not increase ERK2 activity more than 2.5-fold regardless of the
vectors transfected into the cells from which it had been har-
vested (Fig. 5). In comparison, epidermal growth factor caused
an 8.5-fold increase in ERK2 activity.

A less direct experiment was also performed to examine the
requirement for Ras in the potentiation of ERK2 activation by
Raf BXB and V'?Rac2. An autocrine loop that results in an
increase in a Raf-dependent activation of ERK2 might be
expected to work through Ras. Therefore, Raf BXB and
V12Rac2, V'2Cdc42hs, or L**RhoA were cotransfected with
the interfering Ras mutant, A'>’H-Ras (4). Coexpression of
A H-Ras had no effect on the synergistic activation of ERK2
by Raf BXB plus V'?Rac2 but reproducibly decreased the
effect of Raf BXB plus V*?Cdc42hs on ERK2 an average of
70% (data not shown). ERK2 stimulation by Raf BXB plus
V'2Cdc42hs in the presence of A'°H-Ras was reduced to ap-
proximately the same as that by Raf BXB alone. Coexpression
of AH-Ras with L°*RhoA plus Raf BXB only minimally
affected ERK2 activity (data not shown).
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FIG. 4. Potentiation of Raf BXB-mediated activation of ERK2 by activated
Rac2, Cdc42hs, and RhoA. Shown is the kinase activity of immunoprecipitated
HA-ERK?2 with MBP as a substrate. Pictured below each panel is a Western blot
of expressed HA-ERK2. Seven micrograms of Raf BXB was transfected. The
quantities of the other plasmids were as described in previous figure legends. (A)
Synergism between V'?Rac2 and Raf BXB in mediating ERK2 activation. (B)
Activated Cdc42hs and, to a lesser extent, activated RhoA synergize with Raf
BXB to activate ERK2.

DISCUSSION

Our results show that wild-type forms of both PAK1 and
PAK?2 activate SAPKa and to a lesser extent p38 MAP kinase
in 293 cells. We also find that rat MEKKI1 activates both
pathways, contrary to previously published results (11). How-
ever, none of our findings address possible interactions among
small G proteins, PAKs, and MEKKI1 in causing stimulation of
SAPKa or p38. The effects of Rac, PAK, and MEKK1 on p38
MAP kinase are much less than their effects on SAPK. Earlier
studies with inhibitory mutants have been used to suggest that
these molecules act in sequence (27). Because the mechanisms
of action of the inhibitory mutants have not been defined,
conclusions from such studies must be withheld until other
experimental approaches can be used to confirm or refute a
sequential model. Lastly, we show that expression of either
dominant negative Rac2 or the PAK1 regulatory domain can
inhibit V'?H-Ras-stimulated ERK2 activation to a degree
comparable to that observed with expression of the Raf-1
amino terminus and that coexpression of the PAK1 and Raf-1
N termini largely abolishes Ras-mediated ERK2 activation.
Consistent with these results, expression of either activated
Rac2 or activated Cdc42hs greatly potentiates Raf BXB-me-
diated ERK2 activation.

Our data do not prove but are consistent with the notion that
Rac or Cdc42hs activates SAPK by first activating PAKs, as
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FIG. 5. Stimulation of HA-ERK2 activity by conditioned media. 293 cells
were transfected with the plasmids shown on the left. Eighteen hours after
transfection, the media were changed to Dulbecco’s modified Eagle medium plus
0.5% fetal bovine serum. Twenty hours after this, conditioned media were col-
lected. Separate cells transfected with HA-ERK2 alone were then exposed to the
conditioned media for 5 min before being harvested as described previously.
Epidermal growth factor stimulation (final concentration, 100 ng/ml) was for 5
min. Shown are results from a representative experiment. Fold activation refers
to the increase in HA-ERK2 activity over that obtained with media from cells
transfected with empty vector alone.

suggested previously (27). The degree of SAPKa activation
caused by overexpression of the PAKs was consistently less
than that produced by overexpression of V!?Rac2 or MEKK1
but greater than that produced by activated Ras or anisomycin.
Such differences in the degree of SAPKa activation stimulated
by Rac and PAK could be merely due to the fact that an
activated Rac mutant was used, whereas the PAKs expressed
were wild type. These differences could also reflect a necessary
interaction of Rac with other signaling molecules that would
not be activated by overexpression of PAKs. In this context,
overexpression of a small G protein such as Rac, which clearly
communicates with other small G proteins, nucleotide ex-
change factors, and linker molecules (3, 25, 37, 43), might be
expected to stimulate SAPKa and p38 MAP kinase activities
through multiple pathways, only a subset of which may include
PAKI1 and PAK2. The exact mechanisms of such cross-com-
munication, as well as the proteins involved, remain to be
determined.

Other Ste20-related kinases which have also been reported
to activate the stress pathways have been cloned. One example
is the mixed-lineage family of kinases, of which GC kinase and
MLK are typical (30). These kinases each contain an amino-
terminal kinase domain which is similar to those of PAKs (35
to 40% identity) as well as a carboxyl-terminal extension dif-
ferent from those of other Ste20-related kinases. It has recently
been suggested that they contain G protein binding sites sim-
ilar to that of PAK (2), indicating that their mode of regulation
may be similar.

Previously, MEKK1 has been reported to activate the JNK/
SAPK pathway. We find that in 293 cells, rat MEKKI1 can
activate not only SAPKa but also p38 MAP kinase. In fact,
MEKXKTI activates p38 as well as or better than Rac or Cdc42hs.
This was unanticipated because it was reported previously that
Rac could activate p38 MAP kinase (11) although MEKK1
could not (48). This apparent discrepancy could have several
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explanations, one of which may be the different cell types used
in these studies. It may also be accounted for by differences in
the MEKK1 clones that were expressed. The MEKK1 cDNA
used here (45) contains 2.5 kb of 5’ coding sequence not found
in the MEKK1 sequence previously published (19). This up-
stream coding sequence contains putative SH3-binding and
pleckstrin homology domains that may be required for opti-
mum signaling.

The inhibition of Ras-mediated ERK2 activation by domi-
nant negative Rac and the PAK N terminus probably reflects
cross talk between MAP kinase pathways that have been pre-
viously viewed as independent. Because our data show that
interfering with Rac-associated signaling alters Ras-mediated
ERK?2 activation, we conclude that these pathways are tightly
connected. Given its in vitro binding specificity (24, 26), the
PAK1 N terminus is likely to function by complexing with
endogenous Rac and Cdc42hs. By analogy to N'’H-Ras,
N'7Rac2 may titrate Rac-associated guanine nucleotide ex-
change factors, thereby preventing enhanced exchange on en-
dogenous Rac (13, 33). In either case, normal Rac function
would be blocked. The similar effects of PAK1 1-231 and
N'7Rac2 on Ras-mediated ERK2 activity suggest that Ras-
mediated activation of ERK2 requires normal Rac function.
Because Rac does not activate ERK?2, its role is likely indirect
and may be due to an interaction with undefined effector mol-
ecules common to both small G proteins. It is tempting to
speculate that molecules such as p190 Rho GTPase-activating
protein, which itself is known to interact with both Ras and
Rac, would serve as the link between Ras and Rac (35, 36).

It is also possible that Rac affects ERK2 activation through
Raf. The finding that activated forms of Rac and Cdc42hs both
synergize with Raf BXB or Raf BXB-CAAX to activate ERK2
suggests such a connection. The connection is probably due to
an intracellular interaction, as experimental results are incon-
sistent with an autocrine mechanism. Upon binding to GTP-
bound Ras, wild-type Raf-1 is activated by posttranslational
mechanisms that include phosphorylation on defined residues
which are included in the Raf BXB truncation mutant (9, 44).
One possibility is that the phosphorylation of these sites might
be controlled by Rac- and Cdc42hs-dependent pathways, per-
haps directly by PAKs. MEK is a less likely site for the positive
effects of Rac because its activity is modestly decreased follow-
ing phosphorylation by PAK in vitro (14c). Our current hy-
pothesis is that Ras sends two signals to the ERK pathway that
are required for activation, one which targets Raf to the
plasma membrane and a second which activates Raf and may
also be Ras independent under certain circumstances. This
hypothesis is supported by the observation that the activity of
Raf BXB localized to the plasma membrane by addition of a
C-terminal farnesylation signal can be further increased with
growth factor stimulation (21). Rac and other Rho family
members may be involved in transducing the second of these
signals. Such a mechanism is analogous to the regulation of the
Schizosaccharomyces pombe MEKK, byr2, by Ras. A direct
effect is exerted by the binding of Ras to byr2, with a second,
indirect input from Ras being routed through Cdc42 and the S.
pombe PAK homolog Shk1 (14d, 25).

Previous studies have shown that Ras and Rac, activated Raf
and Rac, as well activated Raf and RhoA cooperate to trans-
form cells (18, 31). Our findings suggest that components of
the MAP kinase pathway, such as Raf, could be a focal point of
their interaction. Further studies will be required to define the
mechanism of this interaction.
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ADDENDUM

PAK has now been shown to activate JNK/SAPK in Cos cells
(38).
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