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G,-coupled G protein-coupled receptors (GPCR) mediate the
actions of a variety of messengers that are key regulators of differ-
ent cellular functions. These receptors can regulate a highly inter-
connected network of biochemical routes that control the activity
of several members of the mitogen-activated protein kinase
(MAPK) family. The ERK5 MAPK has been shown to be activated
by G,-coupled GPCR via unknown mechanisms. We find that the
atypical protein kinase C (PKCJ{), previously reported to interact
with the ERK5 activator MEK5 and to be involved in epidermal
growth factor-mediated ERK5 stimulation, plays a crucial role in
the activation of the ERK5 pathway by G,-coupled GPCR. Stimu-
lation of ERK5 by G,-coupled GPCR is abolished upon pharmaco-
logical inhibition of PKC{ as well as in embryonic fibroblasts
obtained from PKC{-deficient mice. Both PKC¢and MEKS5 associ-
ate to Gey, upon activation of GPCR, thus forming a ternary com-
plex that seems essential for the activation of ERK5. These data put
forward a novel function of Gey, as a scaffold protein involved in the
modulation of the ERK5 cascade by GPCR that could be relevant in
G4-mediated physiological functions.

The activation of the mitogen-activated protein kinase
(MAPK)? superfamily plays an important role in a wide variety
of signaling pathways involved in embryogenesis, cell prolifer-
ation, differentiation, migration, apoptosis, and gene expres-
sion. The MAPK superfamily includes the well known extra-
cellular signal-regulated kinases 1 and 2 (ERK1/2), c-Jun
N-terminal kinase (JNK1-3), and p38 («, 3, v, and 8) families.
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In addition, ERK3, ERK4, ERK5 (also termed big MAPK1 or
BMK]1), and ERK7 are other more recently described MAPK
family members that display distinct regulatory mechanisms.

A plethora of extracellular stimuli have been found to mod-
ulate MAPK cascades (1, 2). Although many aspects remain to
be detailed, several studies have described the specific mecha-
nisms by which G protein-coupled receptors (GPCR) can acti-
vate the main MAPK families (2—4), which can be modulated
by different Ga or By subunits, in a stimulus- or context-spe-
cific manner (2, 5).

The ERK5 MAPK has been reported to be activated by mito-
gens (EGF, granulocyte-colony-stimulating factor), agonists of
GPCR, cytokines (leukemia inhibitory factor, cardiotrophin-1),
and stress (6 — 8). ERKS5 is selectively activated by the upstream
kinase MEKS5, which in turn is stimulated by MEKK2 and
MEKKS3, in a process that appears to involve Src tyrosine kinase
activation or the scaffolding function of Gab1 or Lck-associated
adaptor (LAD) adaptors depending on the stimuli (7, 9). It has
also been described that EGF-mediated ERK5 stimulation
requires a direct association between PKC{ and MEKS5 (10)
through their respective PB1 domains (11), in a process that
may involve scaffold proteins such as p62, to which both MEK5
and PKC{ can bind (12-14). However, the mechanisms by
which GPCR stimulate ERK5 are largely unknown. It has been
reported that ERK5 stimulation can be triggered by GPCR cou-
pled to the G, and G,,,,; families of heterotrimeric G proteins
independent of Ras, Rho, Rac, and Cdc42 stimulation (15-17),
but the biochemical mechanisms involved in this cascade have
not been identified.

In this study, we show a novel functional interaction between
Gaq, PKC{, and MEKS5 that accounts for the activation of the
ERKS5 cascade upon G-coupled GPCR stimulation. The direct
association of Ge, with both PKC{ and MEK5 puts forward
these proteins as "bona fide“ G effectors and also reveals for the
first time an unforeseen role of Gey, as an adaptor protein that
facilitates the recruitment of key players in the ERK5 stimula-
tion cascade.

EXPERIMENTAL PROCEDURES

Materials—The cDNAs of the M1-muscarinic acetylcholine
receptor, Ga, and the constitutively active G ,-R183C mutant
were kindly provided by Dr. Anna Aragay (University of Ber-
gen, Norway). The constitutively active Ga,, mutant that lacks
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the ability to interact with PLCB (G, Q209L/R256A/T257A
(Q209L-AA)) was provided By Dr. Richard Lin (Stony Brook
University, NY). The cDNAs encoding HA-ERK5, GST-MEKS5,
GST-MEK5APB1, GST-PKC{PB1, HA-PKC{, and HA-PKCA
and the purification of recombinant full-length His-PKC{ have
been previously described by our laboratories (10). The Ga,,
Ga;,,, and Goy; constructs were purchased from the Missouri
S&T cDNA Resource Center. Ga,, recombinant protein, puri-
fied from baculovirus-infected Sf9 insect cells, was kindly pro-
vided by Dr. Elliot Ross (University of Texas Southwestern
Medical Center, Dallas, TX). GST-MEKS5 recombinant protein
was purchased from Abnova (Walnut, CA). COS-7 cells were
from the American Type Culture Collection (Manassas, VA),
and the NIH 3T3 fibroblasts expressing ~20,000 human
ml-muscarinic receptors per cell, designated 3T3-m1 cells,
were kindly provided by J. S. Gutkind (National Institutes of
Health, Bethesda, MD). Culture media and Lipofectamine were
from Invitrogen. The affinity-purified rabbit polyclonal anti-
bodies Gay/y, (C19), Ga, (K20), Gay, (5-20), Gey, (1-20),
hemagglutinin (HA) (Y-11), or PKC{ (C-20), as well as the
mouse monoclonal antibody (H1) raised against the carboxyl
terminus of PKC{ and the affinity-purified rabbit polyclonal
antibody against GST (Z5), were all purchased from Santa Cruz
Biotechnology Inc. (Santa Cruz, CA). The monoclonal 12CA5
anti-HA antibody was from Roche Applied Science. The rabbit
polyclonal antibody that recognizes ERK5 was from Upstate
Biotech Millipore (Lake Placid, NY). The MEK5 polyclonal
antibody was purchased from Abcam (Cambridge, UK). Poly-
clonal C-16 and C-14 antibodies that recognize ERK1 and ERK2
were obtained from Santa Cruz Biotechnology. The anti-phos-
pho-ERK1/2 polyclonal antibody was purchased from Cell Sig-
naling Technologies (Beverly, MA). Mouse monoclonal anti-
His tag clone HIS1, EGF, sphingosine 1 phosphate, and
carbachol were obtained from Sigma. Different anti-phospho-
ERKS5 antibodies were purchased from Invitrogen, Abcam, Cell
Signaling, Santa Cruz Biotechnology, or Upstate Biotech Milli-
pore. The Src inhibitor PP2 and the EGF receptor-specific tyro-
sine kinase inhibitor AG1478 were obtained from Calbiochem.
Myristoylated PKC{ pseudosubstrate peptide (Myr-SIYRR-
GARRWRKL) was obtained from BIOSOURCE (Camarillo, CA).
G protein-Sepharose and ProBond resins were obtained from
Invitrogen. Pertussis toxin was obtained from BIOMOL Research
Laboratories (Plymouth Meeting, PA). All other reagents were of
the highest commercially available grades.

Cell Culture and Treatment—COS-7 and NIH 3T3-ml cells
were maintained in Dulbecco’s modified Eagle’s medium sup-
plemented with 10% (v/v) fetal bovine serum (Sigma-Aldrich)
or newborn serum (Invitrogen), respectively, at 37 °C in a
humidified 5% CO, atmosphere. Mouse embryonic fibroblasts
(MEFs) obtained from wild-type or PKCZ ™/~ mice were cul-
tured as described previously (18). The desired cell type was
stimulated with carbachol (10 um) or sphingosine-1-phosphate
(100 nm) at 37 °C in serum-free Dulbecco’s modified Eagle’s
medium during the indicated time periods. The cells were
serum-starved for 5—6 h before ligand addition to minimize
basal kinase activity. Treatments with the Src inhibitor PP2 (10
uM), AG1478 (250 nm), the PLCP inhibitor U73122 (10 uMm), or
the PKC{ pseudosubstrate inhibitor (10 um) were initiated 30
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min before agonist stimulation. For the inactivation of G; pro-
teins, cells were pretreated with pertussis toxin (100 ng/ml) for
16 h. COS-7 or 3T3 cells (70 — 80% confluent monolayers in 60-
or 100-mm dishes) were transiently transfected with the
desired combinations of cDNA constructs using the Lipo-
fectamine Plus method, following the manufacturer’s instruc-
tions. Empty vector was added to keep the total amount of DNA
per dish constant. Assays were performed 48 h after transfec-
tion. Transient expression of the desired proteins was con-
firmed by immunoblot analysis of whole-cell lysates using spe-
cific antisera, as described below.

Determination of MAPK Stimulation—The activation state
of ERK1/2 and ERK5 was measured by Western blot analysis of
cell lysates by using anti-phospho-ERK1/2 (1:500) as reported
previously (19) or anti-ERK5 (1:500) antibodies, respectively. In
the latter case, the stimulation of ERK5 can be detected by the
presence of a band with slower electrophoretic mobility that
represents the active, phosphorylated form of the protein (20)
or by using specific anti-phospho ERK5 antibodies. To obtain
cell lysates, cells were washed with ice-cold phosphate-buffered
saline buffer plus 1 mM sodium orthovanadate and subse-
quently solubilized in lysis buffer (50 mm Tris-HCl, 150 mm
NaCl, 1% (w/v) Nonidet P-40, 0.25% (w/v) sodium deoxy-
cholate, 1 mm EGTA, 1 mm NaF, supplemented with 1 mm
sodium orthovanadate plus a mixture of protease inhibitors).
Lysates were resolved by 6-10% SDS-PAGE and subjected to
immunoblot analysis as described (19). Bands were quantified
by laser-scanner densitometry, and the amount of phosphory-
lated ERK1/2 or phosphorylated ERKS5 protein was normalized
to the amount of the total ERK1/2 or ERKS5 protein, as assessed
by the specific antibodies. Statistical analysis was performed
using the two-tailed Student’s ¢ test, as indicated.

Immunoprecipitation—Immunoprecipitation assays of co-
transfected proteins were performed 48 h after transfection.
Cells were scraped and washed twice with ice-cold phosphate-
buffered saline, solubilized in 500 wl/100-mm dish of radioim-
mune precipitation buffer (50 mm Tris, pH 7.5, 150 mm NaCl,
0.5% (w/v) sodium deoxycholate, 1% (v/v) Triton X-100, 0.1%
SDS) supplemented with a mixture of protease inhibitors. The
lysates were clarified by centrifugation, and an aliquot (30 ul)
was used to assess protein expression levels. The immunopre-
cipitation reactions were performed by incubating the superna-
tants with 1 mg/ml bovine serum albumin and the specific anti-
bodies for HA (12CA5, 4 pg), Ga, (C19, 2 pg), PKC{ (H1, 0.6
pg), or GST (Z5, 2 ug) at 4 °C overnight followed by reincuba-
tion with protein G-Sepharose for 1 h, as reported previously
(21). For immunoprecipitation of endogenous proteins, 80%
confluent monolayers from two 100-mm dishes of cultured
cells were used. Cell lysates were tested for protein expression
by using the required specific antibodies. Additionally, to iden-
tify MEK5 interaction partners, lysates from cells expressing
GST-MEKS5 (or GST alone as a negative control) were subjected
to GST pulldown assays with glutathione-Sepharose 4B as
reported previously (21). All blots were developed using the
chemiluminescence method (ECL, Amersham Biosciences).
When required, bands were quantified by laser-scanner densi-
tometry, and the amount of co-precipitated protein was nor-
malized to the amount of the immunoprecipitated protein, as
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FIGURE 1. ERK5 pathway activation by G,-coupled GPCR. A, NIH 3T3-m1R cells, stably expressing the human
m1-muscarinic acetylcholine receptor, were incubated with 10 um carbachol for the indicated times, and
endogenous ERK5 activation was determined with an antibody that recognizes both the phosphorylated
(P-ERK5) and the unphosphorylated forms of ERK5 and analyzed as detailed under "Experimental Procedures.”
The band of slower electrophoretic mobility corresponds to the stimulated kinase. Blot bands were quantified
by laser-scanner densitometry, and data were expressed as the percentage of activated kinase (P-ERK5) versus
total ERK5. Data are mean = S.E. of 3 independent experiments. *, p < 0.05 when compared with 0 min. B, NIH
3T3-m1 cells were incubated with the PLC inhibitor U73122 (10 um) or vehicle prior to stimulation with
carbachol. The pattern of ERK5 activation by carbachol is not affected by this inhibitor (upper panel), whereas
ERK1/2 stimulation is clearly impaired (lower panel). C, NIH 3T3 cells were transiently transfected with a plasmid
encoding HA-tagged ERK5 and with constitutively active Ga,, mutants able (Ga, R183C) or unable (G, Q209L-
AA) to interact with the Ga,, effector PLCS. Then, HA-ERKS5 was immunoprecipitated (/P), and ERK5 activation
was assessed with an ERK5-phosphospecific antibody. The normalized -fold stimulation of ERK5 activity versus
control conditions is indicated above the representative blot. G, and HA-ERK5 expression was monitored by
immunoblot analysis (WB) of cell lysates (lower panel). D, endogenous ERK5 activation in 3T3m1R cells is
induced upon overexpression of either Ga, R183C or Ga,; Q209L-AA. Migration of unphosphorylated and
phosphorylated forms of ERK5 or ERK1/2 and of molecular weight makers is indicated in all panels. Blots are
representative of at least 3 independent experiments.

RESULTS

Stimulation of G-coupled GPCR
Promotes ERKS Activation in NIH
3T3 Cells—Previous studies indi-
cated that GPCR that can couple to
the G, family of heterotrimeric G
proteins, such as ml-muscarinic
and thrombin receptors, were able
to promote ERK5 activation in
COS-7 or NIH 3T3 cells (15, 17). To
explore the mechanisms involved,
NIH 3T3 cells stably expressing the
human ml-muscarinic acetylcho-
line receptor (NIH 3T3-m1R) (22)
were stimulated with carbachol for
different periods of time. This ago-
nist promoted a clear, time-depen-
dent increase in endogenous ERK5
activation (Fig. 1A) that can be
detected by immunoblot analysis
with an ERK5 antibody by the
appearance of a band of slower elec-
trophoretic mobility (correspond-
ing to the phosphorylated, stimu-
lated kinase), which comigrated
with the band detected with differ-
ent ERK5-phosphospecific antibod-
ies (supplemental Fig. S1). Because
the latter method was, in our hands,
less sensitive (supplemental Fig. S1,
lower panel), the band-shift method
was routinely used to assess ERK5
stimulation.

Activation of ERK5 by different
mitogens may involve Src tyrosine
kinase (9) and can also be triggered
by EGF (10). However, stimulation
of ERK5 by muscarinic agonists was
not affected in the presence of the
Src inhibitor PP2 (supplemental

assessed by the specific antibodies. Statistical analyses were
performed using the two-tailed Student’s ¢ test, as indicated.

Protein  Interaction Assays—Purified recombinant Gey,
(10-20 nMm) was incubated at 4 °C with purified His-PKC{ (20
nM) or GST-MEKS5 (100 nm) fusion proteins (or GST 100 nm as
a negative control) in a final volume of 100 ul of binding buffer
(50 mm Tris-HCI, pH 7.9, 70 mMm NaCl, 0.6 mm EDTA, 0.01%
Lubrol plus a mixture of protease inhibitors). Subsequently,
ProBond (for His PKC{) or glutathione-Sepharose 4B (for GST-
MEKS5) resins was added for 2 h at 4 °C, after which the affinity
matrix was pelleted and washed four times with 500 ul of ice-
cold binding buffer (in the presence of 10 mm imidazole in
experiments involving His-PKC{). Proteins retained on the
matrix were resolved by SDS-PAGE and transferred onto nitro-
cellulose membranes. Western blot analysis was then per-
formed with the anti-Ge, (C-19, (1:1000)), anti-histidine
(1:1000), or anti-GST (1:500) antibodies, depending on the
experiment.
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Fig. S2A) or the EGF receptor tyrosine kinase inhibitor AG1478
(supplemental Fig. S2B). On the other hand, ERKS5 activation by
carbachol was not affected by the presence of the PLCf inhib-
itor U73122, whereas ERK1/2 stimulation was markedly
decreased (Fig. 1B). Moreover, expression of a GTPase-defi-
cient, constitutively active Ga,, mutant (GqR183C) mimicked
ERKS5 activation by Gq—coupled GPCR in NIH 3T3-m1R cells,
and the same was true for the other constitutively active con-
struct (G, Q209L-AA), previously shown to be unable to inter-
act with the known Ga, effector PLCB (Fig. 1, C and D) (23).
Overall, these data suggested that G,-coupled GPCR trigger the
stimulation of the ERK5 cascade by biochemical routes involv-
ing Ga, but not its classical effector PLCPB, nor cytoplasmic
tyrosine kinases nor EGF receptor transactivation.

PKC{ Is Required for ERKS Activation by Ga,-coupled
GPCR—It has been previously shown that the atypical PKC
isoform PKC{ interacts with MEKS5 in a growth factor-induc-
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FIGURE 2. PKC{ is required for G,-coupled GPCR stimulation of the ERK5
pathway. A, NIH 3T3-m1R cells, preincubated or not with a myristoylated
PKC{ pseudosubstrate inhibitor (10 um), were challenged with the agonist
carbachol, and ERK5 activation (P-ERK5) was determined as detailed under
"Experimental Procedures.” Blot bands were quantified by laser-scanner den-
sitometry, and data (mean = S.E. of 3 independent experiments) were
expressed as a percentage of activated kinase (P-ERK5) versus total ERK5.
B, MEFs obtained from WT or PKC¢-deficient mice (PKCZ /™) were challenged
with STP, and ERK5 activation was assessed at different times as in previous
panels. Data (mean = S.E. of 3 independent experiments) were expressed as
-fold activation when compared with the absence of agonist.

ible manner and that such interaction is required and sufficient
for the activation of the MEK5/ERK5 pathway (10, 13). Inter-
estingly, some groups had reported that agonists acting
through G -coupled GPCR such as angiotensin (24-27) or
phenylephrine (28) were able to promote PKC{ translocation,
although the mechanisms involved and the potential triggering
of downstream cascades were not explored in detail. Therefore,
we sought to determine whether PKC{ could be involved in
Ga,-mediated GPCR stimulation of the ERK5 pathway.

To test this hypothesis, NIH 3T3-m1 cells were pretreated or
not with a cell-permeable myristoylated-PKC{ pseudosub-
strate peptide inhibitor (27, 28). Fig. 24 shows that the presence
of the inhibitor promotes a marked decrease in the percentage
of phosphorylated endogenous ERK5 in response to the agonist
carbachol. Similar results were obtained when overexpressing a
dominant-negative PKC¢-mutant (11.1 * 2.6% of phosphory-
lated HA-ERKS5 after a 30-min stimulation with carbachol in its
absence versus 6.5 £ 0.9% in its presence).

To further establish that PKC{ is required for ERK5 stimula-
tion by G-coupled GPCR in a physiological setting, we inves-
tigated this pathway in cells derived from PKC{-deficient mice
(18). Using MEFs from wild-type mice, we found that sphingo-
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sine-1-phosphate (S1P), an agonist that can stimulate both G;-
coupled and G,-coupled endogenous receptors (29), promoted
a clear increase in ERK5 activation that was not affected by the
presence of pertussis toxin (supplemental Fig. S34), thus indi-
cating that this process did not involve G proteins of the G;
subfamily. In contrast, SIP-mediated ERK1/2 stimulation was
markedly inhibited by pertussis toxin (supplemental Fig. S3B).
Interestingly, although S1P significantly increased ERK5 activ-
ity in MEFs from wild-type (WT) mice (1.89 * 0.38-fold over
basal at 15 min of treatment, p < 0.05, two-tailed ¢ test), no
ERKS5 activation over basal levels (0.74 * 0.37-fold) could be
observed when MEFs obtained from PKC{ knock-out mice
were used (Fig. 2B). In contrast, the stimulation of ERK1/2 was
detected in these cells to an extent similar to that observed in
WT MEFs (supplemental Fig. S3B), indicating that the effect of
PKC{ deficiency is specific to the ERK5 pathway and does not
lead to a general decrease in receptor signaling.

Ga,, Subunits Associate with Protein Kinase C{—To investi-
gate how Ga, and PKC{ functionally interact to promote ERK5
stimulation, we expressed an HA-tagged PKC{ construct
together with wild-type or active Ga, (the GTPase-deficient
Ga, R183C mutant) and performed immunoprecipitation
assays using either anti-HA-monoclonal (Fig. 3A, upper panel)
or anti-Ga,, polyclonal antibodies (Fig. 3A, middle panel). A
clear association of PKC{ and Ga, upon co-expression is
observed using both approaches. Interestingly, a clear associa-
tion with PKC{ was also observed for the G, Q209L-AA mutant
unable to activate and interact with PLCP (Fig. 3B), again sug-
gesting that this process is independent of the PLC pathway.
Moreover, the association between PKC{ and Ga,, appears to
be specific because PKC{ does not co-immunoprecipitate with
co-expressed Gey, Gy, or Ga, subunits, nor does Ge, associ-
ate with PKCA, another atypical PKC isoform with high
sequence similarity to PKC{ (supplemental Fig. S4).

The fact that the Ga,/PKC{ association was markedly
increased (from 2.5- to 4-fold over control, Fig. 34) when
expressing the active Ga, mutant when compared with wild-
type G, subunit suggested that Ga/PKC{ co-immunopre-
cipitation would be regulated upon G, protein activation by
GPCR, as is the case for other Ga protein subunit effectors.
Consistently, carbachol stimulation of Ga,-coupled m1-mus-
carinic receptors promoted a clear increase in the association of
either co-transfected (not shown) or endogenous PKC{ and
Ga, (3.1-5-fold over basal conditions at 5 min of agonist chal-
lenge, Fig. 3C), indicating that the functional interaction
between these proteins takes place in physiological conditions
upon activation of GPCR.

To determine whether the Ga, /PKC{ association was direct
or mediated by other cellular proteins, we performed an “in
vitro” binding assay using purified recombinant Ger, and a His-
PKC{ fusion protein. Fig. 3D shows a clear, direct interaction
between both proteins.

Ga,, Interacts with MEK5—In agreement with the notion
that the Ga ,/PKC{ pathway is relevant for the activation of the
ERKS5 cascade, we were able to detect the presence of MEKS5, the
well known PKC{ interactor and upstream activator of ERK5 (7,
10), in Ger, immunocomplexes (Fig. 44) upon co-expression of
active Ga;, HA-PKC{¢, and GST-MEKS5 constructs in COS-7
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FIGURE 3. Ga, associates with PKC{. A, COS-7 cells were transiently transfected with the indicated combinations of plasmids encoding HA-tagged-PKC{,
wild-type Ga, (WT) or a constitutively active Ga, mutant (G, R183C). Expression of the different proteins was confirmed by immunoblot analysis of cell lysates
(lower panel). Cell lysates were subjected to immunoprecipitation (/P) with an anti-HA monoclonal antibody or an anti-Ge,, polyclonal antibody as indicated.
Immunoprecipitates were resolved by SDS-PAGE, and the presence of PKC{ and Gq,, in the immunocomplexes was determined by Western blot analysis with
specific antibodies. To compare the association of PKCZ with WT G, and Gey, R183C, band quantification was normalized by total HA-PKC{ (upper panel) or
total Ga, (middle panel), and the PKC{/WT Ge, association was taken as control conditions. Data are mean * S.E. of 3-4 independent experiments. Repre-
sentative blots are shown. B, COS-7 cells were transiently transfected with the indicated combinations of plasmids encoding HA-tagged-PKC{, WT Ga,, or a
constitutively active Ga, mutant unable to activate and interact with PLCB (Ga, Q209L-AA). Immunoprecipitation and SDS-PAGE procedures were carried out
as in panel A. C, stimulation of G,-coupled GPCR promotes the association between endogenous Ga,, and PKC{ proteins. NIH 3T3-m1R cells were challenged
with 10 um carbachol for different times as in Fig. 14, and endogenous Ge,/PKC{ co-immunoprecipitation was assessed with specific antibodies. The normal-
ized -fold stimulation of co-immunoprecipitation versus basal conditions is indicated above the representative blot. In 3 independent experiments, an average
stimulation of association of 3.44 = 1.5- and 2.06 = 0.36-fold over basal at 5 and 10 min after carbachol challenge, respectively, was obtained. D, direct
interaction between Gey, and PKC{. Purified recombinant Ga,, (20 nm) was incubated in the absence or presence of purified His-tagged PKC{ fusion protein (20
nm), and the mixture was subjected to affinity chromatograp?wy using a ProBond nickel resin. Proteins retained in the matrix were resolved by SDS-PAGE, and
the presence of His-PKC{ or Ga, was analyzed by immunoblot analysis with specific antibodies, including the input (20%) of Ga, as a control. This experiment
was repeated twice with similar results.

cells. Surprisingly, MEK5 co-immunoprecipitated with Gey,

In principle, the observed association between Ga, and
even in the absence of co-expressed PKC{, whereas the pres-

MEKS could be either direct or mediated by endogenous PKC¢,

ence of extra MEK5 decreased the extent to which PKC({ asso-
ciated with Ga,, (Fig. 4A4). The same was observed when PKC{
immunocomplexes were analyzed in similar assays using a HA
immunoprecipitating antibody (Fig. 4B). However, the pres-
ence of extra Ga,, does not reduce, but appears to even enhance
PKC¢Z/MEKS5 association (Fig. 4B). To further characterize such
Ga,/MEKS5 functional interaction, we performed co-immuno-
precipitation assays using an anti-GST-MEKS5 polyclonal anti-
body. Ga,/MEKS5 association was clearly detected and mark-
edly increased (4-fold over control, Fig. 54) when expressing an
active Ga, mutant when compared with wild-type Go,, sub-
unit, consistent with a stimulus-dependent interaction.
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able to interact with both proteins. To discriminate between
these possibilities, we carried out similar co-immunoprecipita-
tion assays in MEFs obtained from PKC{ knock-out mice (Fig.
5B). Under these conditions, a clear association between Ge,
and MEKS5 was also observed, indicating that this process does
not strictly require PKC{. Consistently, an in vitro binding assay
using purified recombinant Ga, and a GST-MEKS5 fusion pro-
tein shows a clear, direct interaction between both proteins
(Fig. 5C). However, it is interesting to note that in the cell
milieu, active and wild-type G, display a similar association to
MEKS5 in the absence of PKC( (Fig. 5B), suggesting that PKC{¢
may facilitate the binding of MEKS5 to active Ga,,. In agreement
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FIGURE 4. Analysis of PKC{-Ga,-MEK5 macromolecular complexes. COS-7 cells were transfected with HA-PKC{, the constitutively active Ga, mutant (Gay
R183C) and GST-MEKS. Cell lysates were subjected to immunoprecipitation (/P) with an anti-Ga,, monoclonal antibody (A) or an anti-HA polyclonal antibody (B).
Immunoprecipitates were resolved by SDS-PAGE, and the presence of HA-PKC{, Ga,, and GST-MEK5 in the immunocomplexes was determined by Western
blot (WB) analysis with specific antibodies. To compare the association of HA- PKCg with Ga,, or GST-MEKS, in the presence or absence (taken as control
conditions) of the indicated proteins, band densities were normalized to total Ga, (upperpanel) or HA-PKC{ (lower panel). Data are mean = S.E. of 3 indepen-

dent experiments. Representative blots are shown.

with this notion, stimulation of Gq—coupled ml-muscarinic
receptors promoted a clear increase in the association of endog-
enous MEK5 and Ga, (Fig. 5D) with a time course slightly
retarded when compared with the Ga,/PKC{ association
(Fig. 3C).

Dynamic Ga,-PKC{-MEKS Complexes Are Essential for
ERKS Activation by GPCR—Overall, our data suggested that by
recruiting both PKC¢ and MEKS5 to the same macromolecular
complex, Ga,, would lead to ERK5 activation by GPCR. In such
a model, receptor stimulation would promote association of
activated Ga,, to PKC{, which would in turn facilitate MEK5
binding to Ga,, and the subsequent formation of a PKC{-MEK5
complex, resulting in ERK5 stimulation (Fig. 6A).

The association between PKC{ and MEKS5 has been reported
to involve PB1 domains in both proteins (11, 30), and the
MEK5APBI mutant (which does not have a functional PB1
domain) has been shown to be unable to interact with PKC{
upon EGF stimulation (10). We thus used this mutant to further
dissect the dynamics of the Ga,,-PKC{-MEK5 complexes.

asEvB
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Consistent with the notion that Ge, associates to MEK5
independently of PKC{, MEK5APBI1 was detected in Ga,
immunocomplexes (Fig. 6B, lane 4). Interestingly, although
wild-type MEKS5 appears to “displace” PKC{ from Ge, this
effect was not observed with MEK5APB1, which even increases
the extent of PKC{/Ge, association (Fig. 6B, compare lanes 2,
3,and 6), as predicted by our model. Accordingly, Fig. 6C shows
that when analyzing PKC{ immunocomplex in such experi-
mental conditions, the lack of association between MEK5APB1
and PKC( (Fig. 6C, lane 5) can be “rescued” in the presence of
extra G, (Fig. 6C, lane 3) in line with a scaffold role for Ga, in
this process. The inability of MEK5APBI to associate to PKC{
would stabilize the usually transient MEK5-Ga, -PKC{ com-
plexes and therefore block activation of GPCR-mediated ERK5.
Consistent with this notion, overexpression of MEK5APB1
completely abrogates carbachol-mediated endogenous ERK5
stimulation in cells (Fig. 6D). The same effect is observed upon
expression of an independent GST-PKC{ PB1 construct,
known to inhibit PKC{/MEKS5 association (Fig. 6E).
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FIGURE 5. G, associates with MEK5. A, COS-7 cells were transiently transfected with the indicated combinations of plasmids encoding GST-MEKS5, GST,
wild-type Ga,, (WT), or a constitutively active Ga, mutant (Ga, R183C). Cell lysates were subjected to pulldown (PD) with glutathione-Sepharose 4B resin as
detailed under "Experimental Procedures.” Proteins retained in the matrix were resolved by SDS-PAGE, and the presence of GST, GST-MEKS5, and Ga,, was
determined by Western blot analysis with specific antibodies. To compare the association of MEK5 to WT Ga,, and Ga,, R183C, blot bands were quantified and
normalized by total GST-MEKS5. The MEK5/WT Ge,, association was taken as the control condition. Data are mean = S.E. of 3-4 independent experiments.
Representative blots are shown. B, MEFs obtained ?rom PKCZ ™/~ mice cells were transiently transfected with the indicated combinations of plasmids, and cell
lysates were analyzed using a pulldown assay as in the previous panel. C, direct interaction between Ga,, and GST-MEKS. Purified recombinant Ge, (10 nm) was
incubated in the absence or presence of purified GST-MEKS5 fusion protein (100 nm), and the mixture was subjected to affinity chromatography using a
glutathione-Sepharose 4B resin. Proteins retained in the matrix were resolved by SDS-PAGE, and the presence of GST-MEK5 or Ge, was analyzed by immuno-
blot analysis with specific antibodies, including the input (20%) of Ga, as a control. This experiment was repeated twice with similar results. D, stimulation of
G4-coupled GPCR promotes the association of endogenous Ga, and MEKS5 proteins. NIH 3T3-m1R cells were challenged with 10 um carbachol for different
times as in Fig. 1A, and endogenous Ga,,/MEKS5 co-immunoprecipitation (IP) was assessed with specific antibodies. Data are mean * S.E. of 3 independent

experiments.

DISCUSSION

In this report, we show that PKC{ plays a key role in the
activation of the ERK5 pathway by G,-coupled GPCR in epithe-
lial cells and that G, displays a scaffold-like role in this process
by independently interacting with both PKC{ and MEKS5 (see
model in Fig. 6A4). This is, to our knowledge, the first demon-
stration that G protein a-subunits can serve as a scaffold, bring-
ing two proteins into close proximity and proper relative orien-
tation to promote their transient interaction and subsequent
stimulation of a signal transduction cascade. Several lines of
evidence support this model. First, ERK5 stimulation by carba-
chol does not appear to require the activity of EGF receptors or
cytosolic tyrosine kinases, known to participate in ERK5 acti-
vation in response to different mitogens (7, 9, 10), thus indicat-
ing that potential GPCR/EGF receptor transactivation mecha-
nisms (31) are not involved. Second, overexpression of a
constitutively active G, subunit mutant promotes ERK5 stim-
ulation “per se,” independently of its ability to interact with the
classical Ga, effector PLCB. Third, stimulation of ERK5 by G-
coupled GPCR is blocked by PKC{¢ pharmacological inhibitors
and is absent in MEFs derived from PKC/{-deficient mice.
Fourth, Ge, (and not other Ga subunits) associates with PKC{
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in cells, and co-immunoprecipitation of these endogenous pro-
teins can be promoted upon G,-coupled activation of GPCR.
Moreover, a direct Ga,/PKC{ interaction can be observed
using purified proteins. Fifth, Ga,, PKC{, and MEKS5 (the
upstream ERKS5 activator) appear to form dynamic complexes
to trigger ERK5 activation, involving direct interactions
between Ga, and both PKC{ and MEK5 and a PKC{/MEK5
association mediated by their respective PB1 domains.
Previous reports have shown that GPCR able to couple to G,
proteins can regulate the activity of ERKS5 in epithelial cells.
This process was mimicked by expression of activated forms of
Ga, (but not of Ga, or Ga; or upon overexpression of By sub-
units) and was independent of the activation of Ras or Rho
signaling pathways (16, 17), although the mechanisms linking
Ga, to ERK5 were not identified. The primary downstream
actions of Ga,, have been tied to activation of its classic effector
PLCPB. However, because we find that pharmacological inhibi-
tion of PLCPB does not affect ERK5 activation by G,-coupled
GPCR and because the expression of an activated form of Ga,
that does not interact with PLCR (23) is still able to stimulate
ERK5, we demonstrate that PLCS is not involved in this path-
way. Instead, we show that the functional interactions of Gaq

VOLUME 285+-NUMBER 18+APRIL 30, 2010
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FIGURE 6. The formation of dynamic Ga,,-PKC{-MEK5 complexes is essential for ERK5 activation. A, model for the proposed dynamics of the Ger,-PKC{-
MEKS5 complexes. See "Results” for detallea‘ explanation and discussion. B, the MEK5APB1 mutant stabilizes PKC{/Ga, association and impairs the formation of
the MEK5-PKC{ complex. COS-7 cells were transiently transfected with the indicated combinations of plasmids encoding HA-tagged-PKC{, the constitutively
active Ga, mutant (G, R183C), wild-type GST-MEKS5, and the GST-MEK5APB1T mutant. Cell lysates were subjected to immunoprecipitation (/P) with an anti-G,
polyclonaci antibody. Immunopreapltates were resolved by SDS-PAGE, and the presence of PKC{, MEK5, and Gey, in theimmunocomplexes was determined by
Western blot (WB) analysis with specific antibodies. To compare the association of HA-PKC{ with G ,R183C in the presence of MEK5WT or MEK5APB1, band
densities were normalized to total Ga,,. Data are mean = S.E. of 3 independent experiments. A representative blotis shown. C, the presence of extra G, rescues
the lack of association between PKC{ and the GST-MEK5APB1 mutant. Cell lysates as in panel B were subjected to immunoprecipitation with an anti-HA
monoclonal antibody to analyze PKC{ complexes. D and E, effect of the expression of GST-MEK5APB1 or the independent PKC{ PB1 domain on ERK5 activation
by G,-coupled GPCR. NIH 3T3-m1R cells were transiently transfected with GST-MEK5APB1 (D) or GST-PKC{ PB1 (E) and GST as a control. 48 h after transfection,
cells were challenged with 10 um carbachol for different times as in Fig. 1A. Endogenous ERK5 activation was then determined and expressed as a mean = S.E.
of 2-3 independent experiments. *, p < 0.05, analysis of variance followed by Fischer’s least significant difference.

to establish a role for such association in the stimulation of the
ERK5 MAPK cascade by GPCR.

with PKC{¢ and MEKS5 underlie its ability to trigger the ERK5
cascade.

Consistent with the notion that PKC{ is a novel G, effector,
agonists acting through G,-coupled GPCR such as angiotensin
II, phenylephrine, platelet-activating-factor, or thromboxane
A2 have been shown to promote PKC{ translocation and acti-
vation in several cell types (24 -26, 32, 33), and PKC{ has been
suggested to participate in GPCR-mediated control of cell pro-
liferation (25-27), eosinophil degranulation (32), or smooth
muscle cell adhesion, spreading, and hypertrophy (25). Several
authors have suggested a role for PKC{ in ERK1/2 activation by
GPCR (34, 35), although another recent report indicates that
inhibition of PKC{ in adult cardiomyocytes has no effect in
ERK1/2 activation by G,-coupled GPCR (36). However, this is
the first report to show a direct link between Ga, and PKC{and
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The Btk and Csk kinases or the nucleotide exchange factor,
p63RhoGEF, have also been reported to be PLCB-independent
Ga, effectors (23, 37, 38). Besides that effector diversity, our
report puts forward a novel scaffold role for Ga,, in ERKS5 sig-
naling based on its ability to directly interact with both PKC{
and MEKS5. Our data suggest that activation of GPCR would
first promote Ger,/PKC{ association followed by direct binding
or MEKS5 to Gay,, which would in turn favor PKC{/MEKS5 inter-
action through their respective PB1 domains (39, 40), leading to
ERKS5 activation (see model in Fig. 64). In agreement with this
model, we find that wild-type MEK5 decreases the extent of
Ga,/PKC{ association, whereas the presence of extra Gey
enhances PKC{/MEKS5 co-immunoprecipitation. Also consis-
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tent with this notion, the time course of endogenous MEK5/
Ga, co-immunoprecipitation is slightly delayed when com-
pared with that of Ga,, and PKC{. The use of the MEK5APB1
mutant, reported to be unable to interact with PKC{ (10), and of
PKC{-deficient cells has provided further insight into the
dynamics of these complexes. On the one hand, the fact that the
MEK5APBI mutant can associate to G, indicates that endog-
enous PKC{ does not act as a “bridge” between these two pro-
teins, also showing that the MEK5 PB1 domain does not play a
role in the interaction with Gey,. The ability of MEK5 to directly
bind to Ga is further established using purified proteins. Inter-
estingly, although MEKS5 and Ge, can co-immunoprecipitate
in PKC{-deficient MEFs, such association is not sufficient to
trigger ERK5 activation, nor is it increased upon expression of
activated when compared with wild-type Ga,, suggesting that
the activated Ger,-PKC{ complex is the preferred recruiting site
for MEK5.

Finally, it is worth noting that the presence of the
MEKS5APB1 mutant (contrary to the wild-type kinase) does not
displace Ga, from PKC{ and blocks GPCR-mediated ERK5
stimulation. This suggests that the stabilization of a “non-pro-
ductive” Ga,-mutant MEK5-PKC{ complex is taking place
instead of the transient ternary complex that would normally
lead to MEK5/PKC{ association (see model in Fig. 6A4). Con-
sistent with the scaffold role of Ga, in the process, the presence
of extra G, rescues the lack of association between PKC{ and
MEKS5APBI.

Scaffold proteins bring together specific kinases or other
components of signaling cascades for selective activation and
localization. Both MEK5 and PKC{ have been shown to bind
scaffold proteins such as p62 or Par-6 (12, 30). In fact, p62 has
been described as an important factor in MEK5/ERK5-medi-
ated activation of the transcription factors MEF2C and Sapla
following EGF stimulation (14). Moreover, p62 knockdown can
block nerve growth factor-mediated activation of ERK5 (13).
Lamark et al. (14) have postulated that the interaction between
PKC{¢ and MEKS5 is stabilized by p62. In this context, our data
strongly suggest that Ge, plays a similar scaffold role for PKC{
and MEK5 in GPCR-mediated ERK5-mediated activation.
Interestingly, other routes of MEK5/ERKS5 stimulation also
appear to require adaptor proteins. The Lck-associated adaptor
(LAD) may be responsible for facilitating MEKK2/MEKS5 bind-
ing and recruitment to the growth factor receptor complex (41),
and Gab-1 participates in leukemia inhibitory factor-mediated
ERK5 modulation (reviewed in Ref. 7).

It has been recently suggested that activated Ge, subunits
would display specific membrane orientations that would
unmask binding surfaces ready for the docking of structurally
different effectors (38). Although a scaffold role for Ga, has not
been reported to our knowledge, it is worth noting that differ-
ent regions of this protein can specifically associate with the
distinct Dbl homology (DH) and RGS homology (RH) domains
of the G, effector p63RhoGEF (38). Moreover, recent studies
have shown the formation of RGS-Ge,-p63RhoGEF or and
RGS-Ga,-GRK?2 ternary complexes (42), suggesting the occur-
rence of two independent binding surfaces in Ga,,. In vitro stud-
ies have also shown the ability of G, to simultaneously bind to
both PLC and phosphatidylinositol 3-kinase (43). Our prelim-
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inary data indicate that both G ,/PKC{ and Ger,/MEKS5 asso-
ciation are inhibited in the presence of the GRK2 RH domain,*
which has been reported to interact with G, and block the
interaction with its effector PLCB (21, 44, 45). However, the
Ga, sites required for the interactions with both PKC{ and
MEKS5 appear to be different from those involved in PLCB bind-
ing because a Ga,, mutant that is unable to interact with the
latter promotes ERK5 activation and readily associates to PKC{.
The detailed architecture of the Ga,-PKC{-MEK5 complexes
and the mechanisms underlying their spatial and temporal
assembly await further investigation.

ERKS5 has been implicated in the regulation of many cellular
functions, such as differentiation, proliferation, migration, sur-
vival, and cardiovascular development (2, 7, 46, 47). The trig-
gering of such ERK5 cascade by association of G,-coupled
GPCR may thus play relevant roles in several cell types and
physiological settings, which are being actively investigated in
our laboratory. Finally, whether this novel Ge,/PKC{ interac-
tion may also be involved in modulating signaling pathways
downstream of PKC{ other than the ERK5 cascade (39) upon
activation of G,-coupled GPCR also deserves to be explored in
future studies.
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