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ABSTRACT. Heterotrimeric GTP-binding protein (G-protein)-coupled receptors are able to induce a variety
of responses including cell proliferation, differentiation, and activation of several intracellular kinase cascades.
Prominent among these kinases are the activation of mitogen-activated protein (MAP) kinase, including the
extracellular signal-regulated kinases (ERKs), ERK1 and ERK2 (p44mapk and p42mapk, respectively); stress-
activated protein kinases (SAPKs/JNKs); and p38 kinase. These receptors signal through G-proteins. Recent
data have shown that the activation of mitogen-activated protein/ERK kinase induced by G-protein-coupled
receptors is mediated by both Ga and Gbg subunits involving a common signaling pathway with receptor-
tyrosine-kinases. Gbg-mediated mitogen-activated protein kinase activation is mediated by activation of
phosphoinositide 3-kinase, followed by a tyrosine phosphorylation event, and proceeds in a sequence of events
that involve functional association among the adaptor proteins Shc, Grb2, and Sos. SAPKs/JNKs and p38 are
able to be activated by Gbg proteins in a pathway involving Rho family proteins including RhoA, Rac1, and
Cdc42. BIOCHEM PHARMACOL 56;3:269–277, 1998. © 1998 Elsevier Science Inc.
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Stimulation of a variety of cell surface receptors elicits a
remarkably diverse array of cellular responses, with the
precise response depending upon the identity of the stim-
ulated receptor and the nature of the stimulated cell.
Activation of receptors can induce cells to proliferate and
migrate, to differentiate, to activate several metabolic
pathways, or even to undergo apoptosis. In addition, over-
expression or constitutive activation of cell surface recep-
tors can contribute to cell proliferation and cancer, and loss
of function in these receptors can result in disorders such as
insulin-resistant diabetes [1]. The mechanisms by which
cell surface receptors activate intracellular signaling path-
ways are, therefore, of great interest, both for understanding
the control of normal cell growth, metabolism, and devel-
opment, and for defining the alterations in signal transduc-
tion that occur in cells with altered receptor activity.

Within this area of study, considerable attention has
focused upon the intracellular signaling pathways that
initiate early biochemical events and that are associated
with mitogenesis. These early events include systems in
which specific kinases are activated following the genera-
tion of second messengers, such as diacylglycerol and cyclic
AMP. Recently, major advances have been achieved in the
elucidation of cellular signaling pathways that involve the
activation of proteins or enzymes by phosphorylation on

tyrosine residues. In this type of pathway, cellular signals
are generated through a series of protein–protein interac-
tions and a cascade of phosphorylation events rather than
by the immediate generation of second messengers. Histor-
ically, this type of pathway has been associated with growth
factor receptors that display intrinsic tyrosine kinase activ-
ity [2]; however, a number of seven-transmembrane span-
ning receptors (G-protein†-coupled receptors) have also
been found to activate similar kinase pathways [3]. In this
commentary, I will outline the regulation and function of
the major signal transduction pathways activated in re-
sponse to both classes of receptors, with special emphasis on
the G-protein-coupled receptor signaling pathways.

ACTIVATION OF MAP KINASE PATHWAYS

Stimulation of a variety of tyrosine kinase receptors leads to
a rapid elevation of the enzymatic activity of a family of
closely related serine-threonine kinases, known as MAP
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kinases. These kinases are able to convert extracellular
stimuli to intracellular signals that control gene expression
and, eventually, cell proliferation and differentiation [4, 5].

MAP kinases have been classified into three subfamilies:
ERKs, including ERK1 and ERK2 (also known as p44mapk

and p42mapk, respectively); SAPKs, also called c-jun N-
terminus kinases (JNKs); and p38 kinase, the homologue of
the Saccharomyces cerevisiae HOG1 gene.

Growth factors, phorbol esters, and hormones regulate
MAP kinases through a series of phosphorylation events.
The pathway linking cell surface receptors to these serine-
threonine kinases has been the focus of intensive efforts.
Whereas the connection between tyrosine kinase receptors
and MAP kinase activation has been elucidated, the
mechanism of activation of MAP kinase by G-protein-
coupled receptors, and the activation of SAPKs/JNKs by
cell surface receptors remain poorly understood. However,
it has become increasingly clear recently that both tyrosine
kinase receptors and G-protein-coupled receptors share
common biochemical components that lead to the activa-
tion of MAP kinase cascades.

In the case of tyrosine kinase receptors (such as receptors
for EGF or PDGF), it has become evident that after
activation of tyrosine kinase activity, dimerization, and
autophosphorylation of the receptor, there follows a cas-
cade of intermolecular interactions involving docking pro-
teins such as Shc and Grb2; exchange factor Sos; GTPases
such as Ras; and kinases such as Raf and MEK that finally
lead to the activation of MAP kinase (see Fig. 1). On the
other hand, it has become clear that the activation of
SAPK/JNK involves a signaling route analogous to but
different from that of the Ras-MAP kinase pathway. In this
regard, GTP-bound forms of Rho-related proteins, Rac1
and Cdc42, can potently stimulate SAPK/JNK but not
MAP kinase activity, in a pathway apparently involving
some serine-threonine kinases such as PAK or MLK3/DLK,
MEKK, SKK/SEK1, and finally SAPK1/JNK1. SAPK2/p38
apparently is activated upon phosphorylation by SKK2, but
the remaining components of the pathway remain to be
identified. The outline of several parallel pathways leading
to the activation of different subsets of MAP kinases is
taking shape (Fig. 1), although the extent to which there is
cross-talk among these pathways is unknown. In general,
multiple elements are activated by a given stimulus or
receptor, generating parallel signaling tracks that may or
may not be self-reinforcing, amplify, or even down-regulate
the signal. The extent to which the signal is regulated at
each step is unclear.

In the case of the docking proteins involved in these
cascades, the coupling of Grb2/Sos plays a central role. Sos
is a cytoplasmic Ras-guanine nucleotide exchange factor
(Ras-GEF) that is constitutively associated with the adap-
tor protein Grb2 and can be stimulated to activate Ras.
When Grb2 interacts with a tyrosine-phosphorylated mem-
brane receptor, it positions Sos at the plasma membrane
where it can promote activation of Ras. After complex
formation of Grb2/Sos with Ras, the nucleotide exchange

activity of Ras is activated, generating the form Ras-GTP,
which enables signal transduction. Hydrolysis of the bound
GTP by an intrinsic GTPase activity relaxes the conforma-
tion and terminates the signal. GAPs enhance the GTPase
activity of normal Ras and thus shorten the lifetime of the
signaling form [6].

Alternatively, instead of Grb2 binding directly to a
tyrosine-phosphorylated receptor such as the activated EGF
receptor, the Sos–Grb2 complex may interact with a
phosphotyrosine on Shc. The Shc gene encodes several
variant proteins (p66, p52, and p46) that become tyrosine
phosphorylated when various receptors are activated. It
appears that Shc first binds to a tyrosine-phosphorylated
receptor, which, in turn, phosphorylates a tyrosine in Shc
that can then serve as bait for Grb2 docking and conse-
quent Sos activation, as illustrated for the NGF receptor
TrkA and ErbB2 (p185 or HER-2/neu) [7]. Alternatively,
Shc can become phosphorylated by non-receptor tyrosine
kinases such as Src.

Src is a protein tyrosine kinase that is attached to the
plasma membrane by its N-terminal myristate modification
and is essential for the mitogenic action of both tyrosine
kinase and G-protein-coupled receptors. When activated,
Src phosphorylates a number of cytoskeleton-associated
proteins (e.g. focal adhesion protein tyrosine kinase and
paxillin) and probably contributes to the activation of both
Raf-1 and PI 3-kinase [8]. v-Src has been found to activate
Ras, possibly by phosphorylation of Shc with subsequent
activation of Grb2/Sos. v-Src enhances both the MEKK/
JNK and Raf-1/ERK pathways.

Membrane-bound Ras-GTP is capable of interacting
with and activating a number of proteins, namely p120
ras-GAP, the p110 subunit of PI 3-kinase, Ral-GDS, PKC,
Raf-1, A-Raf, B-Raf, and possibly certain MEKKs. Each of
these proteins is likely to be activated by Ras-GTP via a
unique interaction with a particular site on the p21 protein,
and each contributes to the overall consequence of Ras
activation [6].

The MAPKKs (MEKs) are typically activated by serine-
threonine phosphorylation catalyzed by one of the MAP-
KKKs (Raf, MEKK). One subgroup of the MAPKKs in-
cludes MEK1a, MEK1b, and MEK2, which phosphorylate
different ERKs but nevertheless appear to elicit similar
transcriptional and morphological responses. A second
subgroup of these dual-specificity kinases includes SKK1/
SEK1. These are preferentially activated by MEKK1 and 2,
but not by the Raf proteins, and their target proteins are the
SAPKs/JNKs [5].

Phosphorylation of both tyrosine and threonine residues
in MAP kinases, which are found in the activation segment
of the kinase domain, is essential for full kinase activity of
the MAP kinases. In turn, the MAP kinases target only
serine and threonine residues that are closely followed by
one or more prolines in a motif recognized preferentially by
a particular MAP kinase. Translocation of activated MAP
kinase to the nucleus and subsequent phosphorylation of a
variety of transcription factors including c-Myc, Elk-1, and
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ATF2 support the involvement of MAP kinases in trans-
ducing cytoplasmic signals to nuclear responses. Specifi-
cally, ERK1 targets Elk-1, a TCF that associates with the
SRF on the serum response element, whereas ERK2 exhib-
its a preference for c-Myc; SAPK1/JNK is able to target
c-jun, ATF2, and Elk; and p38 targets ATF2, Elk, and Max.

G-PROTEIN-COUPLED RECEPTORS AND MAP
KINASE ACTIVATION

Hormones that interact with seven-transmembrane span-
ning receptors also induce long-term effects on gene ex-
pression and cell growth; these receptors signal through
G-proteins [3].

G-proteins are heterotrimeric in nature and are com-
posed of a, b, and g components encoded by distinct genes.
Each gene type represents a family exhibiting a varying
degree of complexity, with the most diverse encoding
a-subunits. Molecular cloning has revealed the existence of
at least 17 Ga genes, divided into four subfamilies: Gs, Gi,
Gq, and G12 [9]. In addition to diversity among a-chains,

there are also multiple genes encoding at least four b- and
six g-subunits.

Under basal conditions, G-proteins exist as heterotrimers
with GDP bound to the a-chain. Activated receptor
promotes the release of GDP, the binding of GTP, and the
dissociation of GTP-Ga from the Gbg complex. GTP-Ga
and Gbg can now interact with their effectors and propa-
gate the signal. Endogenous GTPase activity terminates its
ability to regulate effector activity and leads to Ga-GDP
reassociation with Gbg. Recently, the protein RGS, a
GTPase-activating protein, has been identified; this protein
stimulates the GTPase activity of the Gai subunit, resulting
in the accumulation of GDP-Ga, which re-forms the stable
heterotrimer. Free Gbg leads to dissociation of Gbg from
effector, thus terminating the signal propagation [10, 11].

Different types of heterotrimeric G-proteins can couple
seven-transmembrane spanning receptors to growth re-
sponses. Experiments using pertussis toxin (which ribosy-
lates G-protein a-chains of Gai/Gao in a abg heterotri-
meric state-dependent fashion) and micro-injected G-pro-

FIG. 1. Signal-transduction pathways initiated by cell surface receptors in mammalian cells. Following the activation of G-protein-
coupled receptors or tyrosine kinase receptors, the activation of discrete protein phosphorylation cascades occurs, with some cross-talk
and variable activation relative to each other, depending upon the stimulus. See text for details.
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tein antibodies indicate that, depending on the cell system,
mitogenic responses can be mediated by Gi/Go, Gq/11, Gs, or
G12 subtypes of G-proteins. Furthermore, studies using
expression of constitutively active G-protein a subunits
have demonstrated that induction of cellular transforma-
tion is not restricted to a specific type of G-protein [12].

A variety of agonists acting on G-protein-coupled recep-
tors are able to activate the MAP kinase pathway. At the
beginning, it was found that some G-protein-coupled re-
ceptor agonists strongly stimulated polyphosphoinositide
hydrolysis, and the activation of PKC was considered to be
implicated in the activation of MAP kinase and sufficient
to initiate cell cycle progression. Consistent with these
findings is the observation that PKCa can phosphorylate
Raf-1 upon serine residues in vitro [13].

More recently, agonists such as thrombin and the mito-
genic phospholipid LPA have been shown to activate the
MAP kinase pathway by a mechanism independent of
changes in PKC activation. In these cases MAP kinase
activation has been shown to be pertussis toxin sensitive, as
well as dependent on nucleotide exchange on p21ras [14].
Overexpression of c-Raf-1 potentiates LPA-stimulated
MAP kinase activation, while overexpression of dominant
negative Ras inhibits the activation of MAP kinase induced
by LPA, demonstrating the involvement of both Ras and
Raf in the LPA-activated MAP kinase cascade.

Evidence coming from the laboratories of Bourne [15]
and Gutkind [16] suggested a role for G-protein bg subunits
in the activation of Ras by G-protein-coupled receptors. In
COS-7 cells, the transfection of bg subunits, particularly
b1g2, was found to stimulate MAP kinase. It has been
proposed that the bg subunits may transduce the signal
through the interaction with proteins that contain a PH
domain (well known as a lipid binding domain) [17]. A
number of proteins known to regulate Ras activity also
express a PH domain [18]. Thus, free bg subunits may affect
the function of Ras by binding the PH domain of one or
more Ras-regulatory proteins, since membrane localization
of bg subunits is an absolute requirement to induce the
activation of MAP kinase. This suggests that the targeting
of proteins containing PH domains to the plasma mem-
brane may be a critical event in Ras activation, and this
recruitment of additional intermediates to the plasma
membrane can be used for further activation by some other
mechanism.

Several reports have shown that the activation of MAP
kinase induced by Gbg is mediated by a common signaling
pathway with receptor-tyrosine-kinases [19–21]. The data
suggest that activation of MAP kinase by Gi-coupled
receptors is preceded by the Gbg-mediated tyrosine phos-
phorylation of Shc, leading to an increased functional
association between Shc, Grb2, and Sos. Moreover, disrup-
tion of the Shc–Grb2–Sos complex blocks Gbg-mediated
MAP kinase activation, indicating that Gbg does not
mediate MAP kinase activation by a direct interaction with
Sos. In agreement with these data, it has been demon-
strated previously that LPA- and thrombin-induced activa-

tion of MAP kinase is inhibited by the tyrosine kinase
inhibitor genistein [22]. Taken together, these findings
suggest that additionally tyrosine kinase intermediaries may
be required for the activation of p21ras by G-protein-
coupled receptor agonists.

The tyrosine phosphorylation of Shc is induced by both
tyrosine kinase receptors and some G-protein-coupled re-
ceptors such as those for endothelin [23], thyrotropin
releasing hormone [24], and thrombin [25]. Although these
receptors are thought to couple to pertussis toxin-insensi-
tive G-proteins, perhaps through Gaq or Ga11, it remains
possible that tyrosine phosphorylation of Shc in these cases
is also modulated by Gbg released upon receptor activa-
tion; in particular, in the case of thrombin activation, the
Shc phosphorylation has been shown to be pertussis toxin
sensitive.

Some G-protein-coupled receptors such as the receptor
for thrombin are known to stimulate pp60src activity [25].
Since an increase in tyrosine phosphorylation of Shc has
been observed in pp60v-src-transformed cells, it is possible
that pp60src is activated by a mechanism involving Gbg
subunits. Furthermore, additional evidence demonstrates
that Gbg-mediated Shc phosphorylation is sensitive to
tyrosine kinase and PI 3-kinase inhibitors (see below) [26].
Pertussis toxin-sensitive activation of the Src family kinases
Src, Fyn, Yes, and Lyn in various cell types has been
reported [27, 28], suggesting that these kinases may also
function in Gi-coupled receptor signaling.

The role of Src-family kinases in this pathway has been
directly evaluated recently. Luttrell et al. [29] have shown
that recruitment and activation of c-Src is involved in LPA
and Gbg stimulation of the MAP kinase pathway. Further-
more, expression of c-Src kinase (Csk), which inactivates
Src kinases, inhibits both LPA receptor-mediated Shc
tyrosine phosphorylation and MAP kinase activation. It is
likely that different isoforms of Src, such as Lyn, Fyn, and
Yes can be the mediators of this pathway in specific cell
types. Activation of Src-like proteins via G-protein-cou-
pled receptors may also provide a direct link between this
class of receptor and other receptor pathways, as c-Src is
very well established as a key intermediate in tyrosine
kinase receptor signaling.

One additional connection with other kinases of the Src
family comes from the observation that Bruton’s tyrosine
kinase (Btk), reported to interact with c-Src, and its closely
related kinases (Itk, Tsk, and TecA), contain a PH domain,
and are activated by Gbg subunits [30]. These findings raise
the possibility that Gbg subunits, possibly together with
the products of PI 3-kinase, may regulate a class of tyrosine
protein kinases and provide the initial signaling events
leading to activation of Src family kinase proteins and the
subsequent downstream cascades. In this regard, an intrigu-
ing observation is that phosphotyrosine phosphatase SHP2
has been shown to be essential in thrombin-mediated
fibroblast proliferation [31]; moreover, phosphorylation and
stimulation of SHP2 have been shown to be coupled to the
platelet thrombin receptor via a pertussis toxin-sensitive
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G-protein [32]. Thus, phosphotyrosine phosphatase may
link the tyrosine kinase activity to Gbg. Alternatively, a
PH domain-containing tyrosine kinase may be directly
activated by Gbg by a translocation mechanism in a way
similar to that of bARK.

One additional common player proposed is the EGF
receptor itself (see Refs. 20 and 33). The EGF receptor
becomes phosphorylated shortly after stimulation of G-
protein-coupled receptors by LPA and bradykinin through
transactivation of the receptor in an EGF-independent
manner; the activated receptor could then serve as a
scaffold for recruitment of the Grb2/Sos complex via
tyrosine phosphorylation of Shc. The rapid response (with-
in seconds of stimulation) rules out a post-transcriptional
pathway, and the involvement of a putative phosphatase
has been proposed to be responsible for this transactivation.
The identity of such a phosphatase remains obscure.

Bombesin, vasopressin, endothelin, thrombin, and LPA
receptors stimulate tyrosine phosphorylation of FAK (a
focal adhesion kinase, implicated in the control of cytoskel-
etal reorganization). Src is also known to redistribute into a
cytoskeletal compartment upon activation, where it associ-
ates with integrin-dependent cytoskeletal complexes. In
addition to focal adhesion kinase and Src, integrin signaling
complexes contain Csk, the phosphatase PTP1B, PI 3-ki-
nase, and Grb2/Sos, suggesting that these complexes may
regulate intracellular signal transduction pathways as well
as integrin-mediated cell adhesive interactions [34].

Another tyrosine kinase, related to FAK, and regulated
by Gq-coupled receptors (Pyk2), has been reported re-
cently. This kinase also activates MAP kinase and SAPK/
JNK and is able to bind to c-Src [35, 36]. Recent data
suggest that in HEK-293 cells Pyk2 is able to attenuate
MAP kinase activation after stimulation of both a1B and
a2A-adrenergic receptors (activators of Gi/Gbg and Gq/11

pathways respectively), in a point downstream of PLCb and
calcium/calmodulin, but upstream of Src/Shc/Sos [37].
These results suggest that in some systems both pathways
converge at the level of PLC and proceed in a way
involving tyrosine phosphorylation dependent on calcium.
Whether Pyk2 is involved in the proposed EGF receptor
transactivation warrants further investigation.

G-PROTEIN-COUPLED RECEPTORS AND
SAPK/JNK PATHWAYS

The role of Rho family proteins (including RhoA, Rac1,
and Cdc42) in the activation of SAPK/JNK has been
demonstrated independently by Coso et al. [38] and Minden
et al. [39]. In contrast to Rac1 and Cdc42, the small
G-protein Rho apparently is unable to activate SAPK/JNK
in some systems, suggesting their selective involvement in
some additional pathways. G-protein-coupled receptors are
able to activate SAPK/JNK in a Gbg-dependent manner
[40], but the identity of molecules enabling the receptor to
communicate with the small Gs is poorly characterized. It
has been reported recently that SAPK2/p38 is activated

upon stimulation of muscarinic and b-adrenergic receptors,
suggesting that the signal from the m2 and b-adrenergic
receptors to SAPK2/p38 MAP kinase is mediated by Gbg,
whereas the signal from the m1 receptor is mediated by
both Gbg and Gaq/11 [41].

The connection between Rho and transcriptional acti-
vation has been evaluated recently. Using NIH 3T3 cells,
Fromm et al. [42] have shown that stimulation of m1
muscarinic receptors induced SRE-driven gene activity
mediated only by the Ga12 and RhoA proteins, providing
evidence that these proteins are components of a novel
signal transduction pathway that leads to the TCF-inde-
pendent transcriptional activation of the SRE and to
cellular transformation. However, the biochemical route(s)
connecting G-protein-coupled receptors and G12 to Rho,
and Rho to the SRE, remains largely unknown. Further-
more, there is evidence that Rho regulates a number of
signaling molecules, including critical enzymes involved in
phospholipid metabolism, and several novel kinases such as
Rho-kinase and protein kinase N [43] that can be candi-
dates for downstream targets of the Ga12 and RhoA
pathway.

PI 3-KINASE IN SIGNAL TRANSDUCTION BY
G-PROTEIN-COUPLED RECEPTORS

Another player involved in the activation of MAP kinase
cascades by G-protein-coupled receptors is PI 3-kinase.
Activation of a range of receptors also results in stimulation
of PI 3-kinase, which catalyzes the phosphorylation of the
3 position of the inositol ring of phosphoinositides, leading
to the generation of the phosphoinositides Ptdlns(3)P,
Ptdlns(3,4)P2, and Ptdlns(3,4,5)P3 in a variety of cell types.
This activity is found in virtually all cell types and has an
effect on a wide variety of cellular processes, including the
oxidative burst response in neutrophils, chemotaxis, forma-
tion of membrane ruffles, mitogenesis, and activation of
intracellular signaling molecules, such as p70S6-kinase and
Akt [44].

Several PI 3-kinases have now been identified from a
wide range of sources, and these share sequence homology
within their lipid-kinase domains [45]. The classical form of
PI 3-kinase is a dimeric enzyme (subunits of 110 and 85
kDa); p85 possesses one SH3 group, two SH2 groups, and a
domain that may have GAP activity towards an unidenti-
fied target.

Two isoforms, p85a and p85b, have been isolated. p85a
is ubiquitously distributed, whereas p85b is detected pre-
dominantly in brain and lymphoid tissues. These isoforms
exhibit extensive amino acid homology to each other. The
role of individual p85 isoforms in the regulation of PI
3-kinase activity is not known. Several mammalian iso-
forms of the catalytic subunit have been cloned, e.g. a
bovine clone called p110a, and a human clone named
p110b [45]. Both isoforms of the catalytic subunit have PI
3-kinase activity and associate with p85. A further clone
with very high homology to Vps34p was cloned recently
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[46]. In addition, a PI 3-kinase responsive to Gbg proteins
has been cloned [47, 48]. The protein termed PI 3-kinase g
(or p110g) has a predicted molecular mass of 120 kDa.
There is no similarity between PI 3-kinase g and either PI
3-kinase a or PI 3-kinase b in the NH2-terminal region
through which PI 3-kinase a and PI 3-kinase b bind to p85.
A potential PH domain is located near its amino terminus.
PI 3-kinase g is very well expressed in myeloid (U937 and
K562) and lymphoid cells. PI 3-kinase g forms a complex
with p101, an adaptor protein specific for PI 3-kinase g,
which is distinct from p85 and markedly stimulates the
Gbg responsiveness of PI 3-kinase g. The isolation of a
novel class of Drosophila and murine PI 3-kinase, named
Cpk and Cpk-m (mmp170), respectively, and a PI 3-kinase
d regulated by p85 and well expressed in lymphoid cells
have also been reported [45].

p21ras can bind directly to the catalytic subunit of PI
3-kinase a and PI 3-kinase g in a GTP-dependent manner
[49, 50]. A dominant-negative Ras mutant is able to inhibit
the NGF- and EGF-mediated elevation of 39-phosphory-
lated inositol lipids in PC12 cells, suggesting that Ras acts
upstream of PI 3-kinase. As Ras is central for mitogenesis in
many cells, it is very important to understand how Ras
affects PI 3-kinase activity and what effects PI 3-kinase
products have in the regulation of cell growth.

Roche et al. [51] have demonstrated that inhibitory
antibodies to the p110 subunit of PI 3-kinase block DNA
synthesis in response to PDGF and EGF, but not that
induced by colony-stimulating factor (CSF)-1, bombesin,
or LPA. Other members of the Src kinase family, such as
Lyn and Fyn, also have been shown to interact with PI
3-kinase via their SH3 domains present in p85 [52].

The activation of platelets has been used as a model to
explore the regulation of PI 3-kinase in relation to G-
protein-coupled receptors. The thrombin receptor seems to
be coupled to at least one Gq-like and one Gi-like G-
protein. Ptdlns(3)P is found at low but detectable levels in
resting platelets, while Ptdlns(3,4)P2 and Ptdlns(3,4,5)P3

are produced only in response to thrombin. Activators of
G-proteins, such as GTPgS, have been shown to activate
PI 3-kinase in a dose–response manner in permeabilized
platelets, thus implicating G-proteins in the regulation of
PI 3-kinase [53].

Stimulation of PI 3-kinase activity in platelets seems to
be dependent on the activation of PKC. Both calcium
ionophores and PMA stimulate changes in 3-phosphoi-
nositides in platelets, but neither one alone, or in combi-
nation, is as potent as thrombin. This suggests that factors
other than products of PLC-derived second messengers are
required for full activation [54]. Upon thrombin stimula-
tion of platelets, increased PI 3-kinase activity can be
detected in anti-phosphotyrosine, anti-Src, and anti-Fyn
immunoprecipitates, implicating tyrosine kinases and p85/
p110 PI 3-kinase in the thrombin-stimulated synthesis of
3-phosphorylated inositol lipids [55], thus suggesting that a
fraction of the PI 3-kinase is probably binding directly to
either a protein-tyrosine kinase or to a phosphorylated

substrate molecule. Tyrosine kinases are further implicated
in this process, since the tyrosine kinase inhibitor tyrphos-
tin AG-213 inhibits thrombin-stimulated Ptdlns(3,4)P2

production in platelets [56].
Some candidate targets of phosphoinositides have

been suggested in recent reports. Ptdlns(3,4)P2 and
Ptdlns(3,4,5)P3 are able to activate calcium-independent
PKC isoforms in vitro, and these lipids are able to induce an
increase in the phosphorylation of pleckstrin, the major
PKC substrate in platelets. PI 3-kinase also seems to be
upstream of the protein kinases AKT and p70S6 kinase, and
there is evidence for direct binding of Ptdlns(3,4)P2 and
Ptdlns(3,4,5)P3 to the PH domains of AKT and the kinase
that phosphorylates AKT, called PDK [44]. SH2 domains
have been shown to bind Ptdlns(3,4,5)P3 in competition
with tyrosine phosphorylated proteins, raising the possibil-
ity that this lipid can recruit SH2-containing proteins to
the cellular membrane [57].

The initial suggestion for the involvement of some PI
3-kinase activity mediating the pathway between G-pro-
tein-coupled receptors and MAP kinase came from prelim-
inary observations that wortmannin was able to block MAP
kinase activity after stimulation of muscarinic receptors or
Gbg proteins. Several papers report similar effects in
different systems. Ferby et al. [58] have shown that the
phospholipid mediator platelet-activating factor (PAF), a
very well known activator of MAP kinase and PI 3-kinase
activities by G-protein-coupled receptor in blood cells, acts
in a wortmannin-sensitive manner. PAF-induced MAP
kinase activation in guinea pig neutrophils and in CHO
cells carrying the PAF receptor was partially inhibited by
wortmannin, while on the other hand wortmannin com-
pletely blocked somatostatin-induced MAP kinase activa-
tion in CHO cells expressing a cloned somatostatin recep-
tor (SSTR4) [59]. SSTR4 does not cause any Ca21 signal-
ing in the cells, but does potently activate MAP kinase.
These findings raised a reasonable possibility that PI 3-ki-
nase might be involved in G-protein-dependent MAP
kinase activation in a Ca21-independent pathway. In rat
3Y1 fibroblasts stimulated with vasopressin, a similar addi-
tive effect was observed with wortmannin treatment and
PKC down-regulation [60].

Hawes et al. [61] were able to show that wortmannin and
LY294002 block the Ras and MAP kinase activation
induced by LPA, a2-adrenergic receptor, or Gbg proteins.
In contrast, wortmannin and LY294002 have a lesser effect
on MAP kinase activation stimulated by PMA or EGF.
This inhibition is limited to the MAP kinase signaling
pathway, in that PI 3-kinase inhibitors do not affect
a2-adrenergic receptor-mediated phosphoinositide hydroly-
sis.

The identity of the PI 3-kinase involved in this wort-
mannin-sensitive pathway has been explored recently.
Ferby et al. [58] have shown that the stable transfection of
a murine macrophage cell line (P388D1), expressing an
inducible dominant-negative p85 (Dp85) that lacks the
p110 binding site, does not affect the MAP kinase stimu-
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lated by PAF, whereas Hawes et al. [61] demonstrated that
transient transfection in COS-7 cells of one analogous
dominant-negative p85 leads to blockage of the pathway
after stimulation with the a2-adrenergic receptor of Gbg.
The discrepancy in these reports can be explained by the
different cell lines and the type of transfection used. Dp85
may inhibit the Gbg signal by binding directly to PIP3.
Binding of Dp85 to PIP3 may disrupt PI 3-kinase-dependent
signaling by preventing PIP3 from competing with phos-
phoproteins for binding to an SH2 domain. Furthermore,
using purified fractions from rat liver, the presence of one
activity synergistically stimulated by both phosphotyrosyl
peptides and Gbg proteins has been shown; this fraction
was identified as the dimer p85a/p110b [62]. The biological
relevance and the molecular details of this phenomenon
remain to be determined.

On the other hand, p110g was speculated to be the PI
3-kinase activity downstream of heterotrimeric GTPase-
linked receptors on the basis of its sensitivity to Ga-GTP
and Gbg-subunits in vitro and its expression in myeloid-
derived cells. The transfection of a dominant negative form
of PI 3-kinase g was able to block the MAP kinase
activation by muscarinic receptors and Gbg, and the
transfection of PI 3-kinase g alone was able to induce a
dose-dependent activation of MAP kinase, suggesting that
PI 3-kinase g was both necessary and sufficient for MAP
kinase activation, in a pathway involving a Src tyrosine
kinase, Shc, Sos, and Ras [21].

The exact role of the Src and Shc proteins is far from
clear. One of the products of PI 3-kinase, PIP3, is capable of
binding with high affinity to the SH2 domains of proteins
such as Src and the p85 subunit of PI 3-kinase a [57]. In
addition, PIP3 can compete with tyrosine-phosphorylated
proteins for binding to these sites. PIP3 may block phos-
phoprotein binding to SH2 domain-containing proteins or
even supplant phosphoproteins bound to an SH2 domain.
It is therefore possible that PIP3 may serve as an interme-
diate in the Gbg-mediated MAP kinase kinase signaling
pathway.

The identity and physiological relevance of some specific
Src kinases acting in this pathway and the molecules
intervening need to be determined. In fact, recent data
suggest the involvement of an additional 100-kDa tyrosine-
phosphorylated protein for the Gi-mediated MAP kinase
activation. This protein preferentially binds to the C-
terminal SH3 domain of Grb2 following LPA or thrombin
stimulation, suggesting a model in which the p100–Grb2
complex, together with an upstream non-Src tyrosine
kinase and a wortmannin-sensitive PI 3-kinase, links Gi to
Ras/MAP kinase activation, with Src and Shc functioning
in a separate pathway [63].

In summary, G-protein-coupled receptor stimulation of
MAP kinases is dependent upon heterotrimeric G-proteins,
lipid kinases, tyrosine kinases, and low-molecular-mass
G-proteins. However, the precise relationship between
these elements remains poorly defined. It is probable that a
number of elements remain to be characterized, and there is

no doubt that to dissect the components of these signal
transduction pathways in detail will keep researchers busy
for some time.

I thank Dr. Tom Kirchhausen for helpful suggestions on the manu-
script.
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