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MITOGEN-ACTIVATED protein kinases, MAP kinases or ERKs
(extracellular signal-regulated kinases) are rapidly stimulated by
growth-promoting factors acting on a variety of cell-surface
receptors'%. In turn, ERKs phosphorylate and regulate key intra-
cellular enzymes and transcription factors involved in the control
of cellular proliferation®*. The tyrosine-kinase class of growth-
factor receptors transmits signals to ERKs in a multistep process
that involves Ras and a limited number of defined molecules’. In
contrast, ERK activation by G-protein-coupled receptors is poorly
understood>®, as is the role of ras in this signalling pathway™®.
We have explored in COS-7 cells the mechanism of ERKs activa-
tion by m1 and m2 muscarinic receptors, typical examples of recep-
tors coupled through Gq proteins to induce phosphatidylinesitol
hydrolysis and to G; proteins to inhibit adenylyl cyclase,
respectively’. Here we present evidence that ERK activation is
mediated by Py subunits of heterotrimeric G proteins acting on a
ras-dependent pathway.

Receptors m1 and m2 were expressed in COS-7 cells together
with an epitope-tagged-ERK2 (HA-ERK2)'® (Fig. 1a). In cells
expressing either muscarinic receptor the cholinergic agonist car-
bachol induced a dose-dependent increase in HA-ERK2 activity
(Fig. 1b). Treatment with pertussis toxin (PTX), which uncou-
ples certain G proteins by ADP-ribosylation'', nearly abolished
ERK2 activation mediated by m2 receptors, but not by ml or
EGF receptors (Fig. 1¢). Thus, activation of ERK?2 through m2
but not ml or EGF receptors involves a PTX-sensitive G pro-
tein, presumably a member of the G; family.

To investigate how G proteins signal to ERKs, we coexpressed
HA-ERK2 together with wild-type or GTPase-deficient mutants
of a subunits from G,, Gi, and G;5'>7'%. All transfected «
subunits were detectably expressed (Fig. 2a). Activated a4 and
ai>, as expected, potently induced phosphatidylinositol hydro-
lysis or inhibited adenylyl cyclase, respectively (refs 6, 14, 15 and
data not shown), mimicking the effect of m1 or m2 stimulation.
However, cells expressing either wild-type or activated forms of
these Ga subunits did not display significantly enhanced HA-
ERK?2 phosphorylating activity (Fig. 2b). Furthermore, ERK2
was not significantly activated on expression of GTPase-deficient
mutants representing each of the four known classes of G protein
a-subunits, alone or in all possible combinations (Fig. 2b). In
contrast, v-ras (ref. 17) effectively activated ERK2 under ident-
ical experimental conditions. Thus, molecules in addition to «
subunits of G proteins must be involved in stimulating ERK
activity.
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FIG. 1 Cholinergic agonist, carbachol, increases the enzymatic activity of an
epitope-tagged ERK2 when coexpressed with m1 or m2 muscarinic receptors
in COS-7 cells. a, Lysates containing 40 ug of protein from COS-7 cells trans-
fected with the pCDNA | vector (control) or with an expression plasmid con-
taining the epitope-tagged murine ERK2 cDNA'® (provided by M. J. Weber)
(HA-ERK2, 1 ug per plate) were subjected to western biot (WB) analysis with
a C-terminal anti-ERK serum (UBI; ERK), or with epitope-tag-specific 12CA5
antibody (Babco) and a secondary rabbit anti-mouse serum (Cappel; HA).
Parallel samples containing about 800 pg of cellular protein were first
immunoprecipitated with the 12CA5 antibody (HA-IP). Bands were visualized
with 2®|-Protein A. The protein product of the HA-ERK2 construct is indicated
with an arrow. b, COS-7 cells transfected with vector (control), m1 or m2
were serum starved overnight, lysed on stimulation with the indicated con-
centrations of carbachol or EGF (100 ngmi™) for 5 min, and immuno-
precipitated with the 12CA5 antibody (2 pg). ERK kinase activity was
determined in immunoprecipitates in a reaction buffer containing 1 pCi[y-
32pIATP, 20 uM ATP and 1.5 mg mI™* myelin basic protein (MBP; Sigma)
for 20 min at 30 °C, essentially as described’®. Phosphorylated MBP was
visualized by autoradiography after PAGE. Similar results were obtained in
3 independent experiments. ¢, Effect of pertussis toxin (PTX) on the activation
of ERK2 by agonist in control, m1 or m2 transfected COS-7 cells. Untreated
cells or cells treated for 18 h with 20 or 100 ng mi~" PTX were exposed to
vehicle alone (minus), carbachol (100 uM) or EGF (100 ng mi~%) for 5 min,
and processed as above. Data represent average +s.e.m. of radioactivity
incorporated in MBP in triplicate samples. Similar results were obtained in
3 independent experiments.
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When activated, receptors coupled to G proteins catalyse the
replacement of GDP by GTP bound to the ¢ subunit. This
exchange induces dissociation of a-GTP from Sy dimers'>'>'*,
To investigate whether Sy complexes participate in the activa-
tion of ERKs, we took advantage of the finding that overexpres-
sion of the ¢ subunit of transducin («,) blocks By-dependent
pathways, probably by sequestering free By dimers'®. As shown
in Fig. 3a, expression of @, did not affect the response of ERK?2
to EGF but inhibited its activation when mediated by either
muscarinic receptor, suggesting that By dimers play a role in
signalling from G-protein-coupled receptors to ERKs.

We next determined whether overexpression of Sy subunits
activates ERK2. In addition to the wild-type construct we used
an altered y subunit lacking an isoprenylation signal, designated
7*, which dimerizes with B subunits but fails to associated with
the plasma membrane®>'. Only cells cotransfected with both f
and y (or y*) complementary DNAs expressed elevated levels
of their respective protein products (Fig. 3b), probably because
complex formation between f and y is required for the stability
of either G-protein subunit®*. Coexpression of 8y but not of
By* led to a dramatic increase in ERK2 phosphorylating activity
(Fig. 3c), demonstrating that By-heterodimers can directly
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FIG. 4 a, Effect of protein
kinase C downregulation
on agonist or fy-induced
activation of ERK2. Cells
were transfected with the
indicated expression plas-
mids together with pcDNA-
HA-ERK2. Two days latter,
cells were serum starved
and left untreated (control)
or were treated with phor-
bol  12-myristate 13-
acetate (TPA) (1L pgml™)
(TPA-pretreated). After
18 h, cells were untreated
or exposed to carbachot
(100 pM), EGF (100 ng
ml™), or TPA (50 ng mi™)
as indicated for 5 min,
lysed and ERK activity 04
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by the 18-h treatment with TPA was confirmed by western blot analysis
(data not shown). Data represent average +s.e.m. of triplicate samples.
Similar results were obtained in 3 independent experiments. b, Effect
of ras-inhibitory proteins on agonist-induced activation of ERK2. pcDNA
(vector), m1, m2, B, +y, or activated raf(BXB-raf, ref. 30) containing
plasmids (5 ug per plate) were cotransfected with an expression vector
carrying a dominant negative mutant of Ras (N17-ras)®, or rap-1a (ref.
26), 5 ug per plate, as indicated. Cells were untreated or exposed to

stimulate biochemical pathways leading to ERK activation.
Membrane association appears to be a requisite for this function.

We investigated whether protein kinase C (PKC) mediates
ERK activation by G proteins in cells depleted of PKC by pro-
longed treatment with a high concentration of phorbol ester™.
As shown in Fig. 44, this procedure abolished ERK?2 activation
in response to a subsequent challenge with phorbol ester. In
contrast, PKC downregulation only partially diminished activa-
tion of ERK2 mediated by ml receptors, a finding consistent
with previous reports®**. Furthermore, we observed that PKC
downregulation had little effect on ERK2 activation elicited by
m?2 or EGF receptors, or by overexpressed Sy subunits. Taken
together these data demonstrate a PKC-independent pathway
mediating signalling from G proteins to ERKs.

To explore the role of ras in ERK2-activation by heterotri-
meric G proteins, we cotransfected COS-7 cells with m1, m2,
or By cDNAs together with plasmids expressing ras-inhibitory
proteins such as a dominant negative mutant of Ras (N17-ras)*
and rap-la (ref. 26). As shown in Fig. 4b, cotransfection of each
ras-inhibiting construct nearly abolished ERK2 activation when
induced through EGF, ml and m2 receptors, or by By dimer
overexpression, but had little effect on stimulation of ERK2 by
activated raf. These findings provide strong evidence that ras
function is required for transducing signals from G proteins to
ERK2.

On the basis of our present study, activation of ERKs can be
added to the growing list of effector functions mediated by Sy-
heterodimers'®. Furthermore, our findings also provide strong
evidence that at least in COS-7 cells, free fy dimers rather than
activated « subunits transfer signals from G-protein-linked
receptors to ERKs. Sy subunits have been previously shown to
mediate pheromone receptor activation of ERKs in the budding
yeast Saccharomyces cerevisiae, although in this case the path-
way is ras-independent”. In mammalian cells, however, signal-
ling from By complexes to ERKs appears to require Ras, thus
raising a mechanistic question regarding communication
between By subunits and ras. In this regard, a recent finding
has shown that f ardrenergic-receptor kinase binds free By het-
erodimers through a region that contains a pleckstrin homology
(PH) domain®®. The majority of proteins known to regulate ras
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carbachol (100 uM) or EGF (100 ng ml Y for 5 min, lysed and ERK
activity assayed on anti-HA immunoprecipitates as described in Fig.
1. Data represent the mean *s.e. of 3-5 independent experiments,
expressed as a percentage of radioactivity incorporated into MBP as
compared to cells transfected with vector DNA (100%). These same
ras-inhibiting DNAs did not affect expression of HA-ERK2, m1 or m2
receptors, nor did they inhibit coupling to PI-PLC (data not shown).

activity also contain a PH domain®. Thus, we proposc that free
By subunits might affect functioning of Ras by binding the PH
element of one or more ras-regulatory proteins. Such a hypoth-
esis, linking G-protein-coupled receptors to small GTP-binding
proteins, is testable and will be investigated in the future. [
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