THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rstb.royalsocietypublishing.org

TRANSACTIONS

PHILOSOPHICAL THE ROYAL |
OF SOCIETY

Proteins with SH2 and SH3 Domains Couple Receptor
Tyrosine Kinases to Intracellular Signalling Pathways

Tony Pawson, Paul Olivier, Maria Rozakis-Adcock, Jane McGlade and Mark Henkemeyer

Phil. Trans. R. Soc. Lond. B 1993 340, 279-285
doi: 10.1098/rsth.1993.0069

Email alerting service Receive free email alerts when new articles cite this article - sign up in the box at the top
right-hand corner of the article or click here

To subscribe to Phil. Trans. R. Soc. Lond. B go to: http://rstb.royalsocietypublishing.org/subscriptions

This journal is © 1993 The Royal Society


http://rstb.royalsocietypublishing.org/cgi/alerts/ctalert?alertType=citedby&addAlert=cited_by&saveAlert=no&cited_by_criteria_resid=royptb;340/1293/279&return_type=article&return_url=http://rstb.royalsocietypublishing.org/content/340/1293/279.full.pdf
http://rstb.royalsocietypublishing.org/subscriptions
http://rstb.royalsocietypublishing.org/

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rstb.royalsocietypublishing.org

Proteins with SH2 and SH3 domains couple receptor
tyrosine kinases to intracellular signalling pathways
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SUMMARY

The targets of receptor protein-tyrosine kinases are characterized by Src homology 2 (SH2) domains,
that mediate specific interactions with receptor autophosphorylation sites. SH2-mediated interactions
are important for the activation of biochemical signalling pathways in cells stimulated with growth
factors. A distinct protein module, the SH3 domain, is frequently found in polypeptides that contain
SH2 domains, and is also implicated in controlling protein—protein interactions in signal transduction.
Evidence suggesting that SH2 and SH3 domains act synergistically in stimulation of the Ras pathway is

discussed.

1. INTRODUCTION

Many of the polypeptide hormones that regulate the
growth, differentiation and metabolism of mammalian
cells exert their effects through cell-surface receptors
with cytoplasmic protein-tyrosine kinase domains
(Cantley et al. 1991; Pawson et al. 1990). Binding of the
appropriate growth factor to a receptor tyrosine kinase
causes the receptor to cluster in the membrane, and
subsequently to autophosphorylate by an intermolecu-
lar reaction (Ullrich ef al. 1990). Receptor autophos-
phorylation serves as a molecular switch, to induce the
association of cytoplasmic signalling proteins with the
activated receptor. Such receptor-binding proteins
include phospholipase C (PLC)-yl, Ras GTPase
activating protein (GAP), phosphatidylinositol (PI)
3’-kinase, Src-like cytoplasmic
kinases, and the Syp/SHPTP2 phosphotyrosine phos-
phatase (Koch et al. 1991) (figure 1).

These proteins all contain one or two copies of a
protein module, the SH2 domain, that directly recog-
nizes phosphotyrosine-containing sites, and is respon-
sible for their association with autophosphorylated
receptors (Anderson ¢t al. 1990; Matsuda et al. 1990;
Moran et al.1990). Recent structural data indicate
that SH2 domains have a conserved binding pocket
for phosphotyrosine, and also possess a pocket for the
amino acid three residues C-terminal to the phospho-
tyrosine (the +3 position) (Waksman et al. 1992;
Waksman et al. 1993; Eck et al. 1993). This latter
pocket is lined by variable residues, and hence allows
different SH2 domains to bind preferentially to dis-
tinct residues at the + 3 site. SH2 domains also have
specific contact sites on their surface for the residues at
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protein-tyrosine .

the +1 and +2 positions. Hence, a minimal SH2-
binding site is composed of a phosphorylated tyrosine
and the three following residues. Phosphorylation of
the binding site serves as the signal to induce SH2
association, while the C-terminal residues provide for
specific recognition of the relevant SH2 domain
(Songyang et al. 1993) (figure 2). Hence, the ability of
any receptor tyrosine kinase to interact with SH2-
containing targets depends on the sequence context of
its autophosphorylation sites.

In the B receptor for platelet-derived growth factor,
for example, distinct receptor autophosphorylation
sites are responsible for the binding of different SH2-
containing signalling proteins (figure 2). Ablation of
any one site, by substitution of the autophosphory-
lated tyrosine with phenylalanine, incapacitates bind-
ing to a specific SH2-containing protein without
affecting binding to others (Fantl et al. 1992; Kashis-
hian et al. 1992; Kazlauskas et al. 1992; Ronnstrand e¢
al. 1992). Hence, substitution of Tyrl021 within the
tail of the receptor eliminates binding to PLC-yl,
without compromising binding to GAP or PI 3'-
kinase. Concomitantly, the receptor loses its ability to
stimulate hydrolysis of PI-4,5-Py to the second mes-
sengers diacylglycerol and inositoltrisphosphate. The
selective binding of PLC-yl to the autophosphory-
lated tail of the PDGF-receptor is therefore crucial for
its activation in response to PDGF.

Biochemical and genetic evidence suggests that the
biological effects of many receptor tyrosine kinases
require activation of the Ras signalling pathway
(Mulcahy et al. 1985; Smith et al. 1986; Szeberenyi et
al. 1990; Thomas et al. 1992; Wood et al. 1992). The
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Figure 1. Structures of cytoplasmic signalling proteins with SH2 and SH3 domains. Proteins are divided into
polypeptides with catalytic sequences and SH2/SH3 domains within the same chain, and adaptor proteins that
apparently couple to downstream signalling subunits. PTPase = phosphotyrosine phosphatase; GLY/PRO-glycine/
proline-rich region. DBL =region of homogy to the Dbl protein.

Ras GTPase is inactive in the GDP-bound state, and
is activated by exchange of GDP for GTP under the
control of a guanine nucleotide releasing protein
(GNRP) (Bourne ¢t al. 1991). Once in the GTP-

B PDGF-R
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Figure 2. SH2-binding sites on the human 8PDGF-receptor.
Autophosphorylation sites, numbered according to the phos-
phorylated tyrosine, and the SH2 domains to which they
bind are depicted. Adjacent to each phosphorylation site is
the sequence immediately following the phosphorylated
tyrosine. The non-catalytic kinase insert, and C-terminal
tail of the receptor are shown in black; kinase domain
sequences are striped. Solid oval symbols= cysteine residues
of the extracellular domain. PI3K =PI 3’-kinase.
SYP = SH2-containing phosphotyrosine phosphatase (Feng
et al. 1993; Kazlauskas et al. 1993).
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bound form Ras delivers downstream signals that
modify cell morphology and growth. Although the
identities of the immediate targets of Ras.G'TP remain
uncertain, it is evident the GTP-bound Ras interacts
with GAPs that stimulate Ras GTPase activity, and
hence serve as negative regulators (Nori et al. 1991;
DeClue et al. 1991). It is also possible that GAPs
function as Ras targets (Cales e/ al. 1988). Here, we
discuss the mechanism by which tyrosine kinases
activate SH2-containing proteins, and in particular
the means by which they couple to Ras.

2. REGULATION OF SIGNAL TRANSDUCTION
BY SH2 AND SH3 DOMAINS

(a) SH2|SH3 adaptor proteins

The cytoplasmic signalling proteins detailed above
generally contain enzymic domains and SH2 domains
within the same polypeptide chain. Most of these
proteins also possess a distinct motif of approximately
50 amino acids, termed the SH3 domain, which like
the SH2 domain is apparently involved in protein—
protein interactions during signal transduction
(Musacchio et al. 1992; Cicchetti et al. 1992) (figure 1).
PI 3’-kinase, in contrast, is composed of an 85 kDa
(p85) receptor-binding subunit which contains SH2
and SH3 domains, and a distinct 110 kDa catalytic
subunit (p110) (Hiles e/ al. 1992). p85 therefore
appears to function as a molecular adaptor that
couples receptor tyrosine kinases to the pl110 enzymic
subunit (McGlade ef al. 1992). A number of proteins
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with SH2 and SH3 domains contain no intrinsic
catalytic sequences (Crk, Nck, Sem-5/Grb2), and may
therefore serve as adaptors to link receptor tyrosine
kinases to downstream targets that themselves lack
SH2 domains (Pawson & Gish 1992) (figure 1).

It is of interest that these proteins are comprised
almost exclusively of SH2 and SH3 domains. If their
SH2 domains direct interactions with autophosphory-
lated receptors, or other phosphotyrosine-containing
proteins, it seems likely that their SH3 domains
engage the proposed downstream targets. Recent
evidence suggests that SH3 domains recognize a
proline-rich motif, and might therefore act in concert
with SH2 domains to link tyrosine kinases to targets
with such proline-rich SH3-binding sites (Ren et al.
1993).

(b) Activation of intracellular signalling pathways

The binding of a cytoplasmic SH2-containing sig-
nalling protein to an activated receptor could modu-
late its activity in several different ways. Firstly,
stimulation of mammalian cells with growth factors
such as PDGF or epidermal growth factor (EGF)
results in the translocation of PLC-y]l and GAP from
the cytosol to the plasma membrane (Molloy et al.
1989; Todderud et al. 1990). A similar observation has
been made for the Drosophila homologue of Sem-5/
Grb2 (termed Drk), which associates with the mem-
brane of cells in the eye imaginal disc by virtue of its
SH2 domain, presumably reflecting an association of
the SH2 domain with activated receptor tyrosine
kinases (Olivier et al. 1993). Receptor autophosphory-
lation may therefore provide a means of recruiting
SH2-containing signalling proteins to the membrane.
Because the substrates of these proteins are themselves
located at the membrane (i.e. phospholipids in the case
of PLC-y1, or Ras.GTP in the case of GAP) this
inducible association with the membrane may repre-
sent a control point. As noted above, binding of PLC-y1
to receptors appears crucial for stimulation of PLC
activity, even under circumstances where PLC-yl
becomes phosphorylated (Valius et al. 1993; Moham-
madi ¢t al. 1992; Vega et al. 1992).

Receptor-bound signalling proteins are, in many
cases, very good substrates for tyrosine phosphoryla-
tion by the receptor’s tyrosine kinase domain. For
PLC-v1, the presence of a single SH2 domain lowers
the Km for phosphorylation by the EGF-receptor,
and two SH2 domains act synergistically to increase
the efficiency of PLC-yl phosphorylation by the
receptor (Rotin et al. 1992). This is likely to have
physiological significance, since mutagenesis studies
indicate that phosphorylation of Tyr783 in PLC-yI is
important for its activation by the PDGF-receptor
(Kim et al. 1991). The physical complex formed
between a receptor tyrosine kinase and an SH2-
containing signalling protein may therefore identify
the latter as a preferential substrate for phosphoryla-
tion, and thereby contribute to its activation.

A third possible mode of activation is that the mere
binding of the SH2 domains of a signalling protein to
phosphotyrosine-containing sites might modify the

Phil. Trans. R. Soc. Lond. B (1993)
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activity of the associated catalytic domain. A proto-
type for this scheme involves the activation of PI 3'-
kinase by the insulin-receptor. Autophosphorylation
of the insulin-receptor stimulates its tyrosine kinase
activity, but does not induce the marked binding of
SH2-containing signalling proteins to the activated
receptor. Rather, the principal receptor substrate is a
large protein, IRS-1, with multiple potential tyrosine
phosphorylation sites (Sun ef al. 1991). These IRS-1
tyrosine phosphorylation sites are located within
sequences that are reminiscent of SH2-binding sites for
proteins such as PI 3’-kinase and Grb2. Indeed,
tyrosine phosphorylation of IRS-1 induces its associa-
tion with the p85 SH2 domains, and hence with PI
3’-kinase (Lavan et al. 1992). These results present a
conundrum, however, as there is no evidence for
tyrosine phosphorylation of PI 3’-kinase in insulin-
stimulated cells. A possible explanation for this puzzle
is that binding of the SH2 domains of PI 3’-kinase to
phosphorylated sites on IRS-1 directly stimulates PI
3’-kinase activity. Data supporting this notion have
recently been reported (Backer et al. 1992).

(¢) Coupling tyrosine kinases to Ras

A variety of data indicate that activation of Ras is
crucial for the induction of DNA synthesis by mito-
genic tyrosine kinases (Mulcahy et al. 1985; Smith et
al. 1986). Furthermore, Ras is necessary for neurite
outgrowth in PCIl2 neuronal cells stimulated with
nerve growth factor (Thomas et al. 1992; Wood et al.
1992), which activates the Trk tyrosine kinase, and for
developmental events induced in the Drosophila com-
pound eye by the Sevenless and DER receptor
tyrosine kinases (Simon et al. 1991). These results beg
the question as to how tyrosine kinases communicate
with Ras.

In principle, Ras could be activated either by
stimulating exchange of GDP for GTP, or by inhibit-
ing GAP activity. In mammalian cells stimulated by
growth factors, it appears that Ras is converted to the
GTP-bound form primarily by induction of a GNRP,
which promotes GDP-GTP exchange (Zhang et al.
1992; Medema et al. 1993; Buday & Downward 1993).
These results suggest that tyrosine kinases activate a
Ras-GNRP. Clues as to the series of protein-protein
interactions that lead to stimulation of Ras guanine
nucleotide exchange have recently been garnered
from the genetic analysis of signal transduction in
invertebrate organisms.

In the nematode worm Caenorhabditis elegans, differ-
entiation of vulval precursor cells requires an induc-
tive signal from the anchor cell, which triggers a
signalling cascade within the vulval progenitor (Hor-
vitz et al. 1991). Genetic evidence indicates that a
receptor tyrosine kinase, Let-23, transmits the signal
through a Ras protein encoded by the let-60 gene.
Upstream of Let-60, and most probably downstream
of Let-23, is the product of the sem-5 gene, which
contains a central SH2 domain flanked by two SH3
domains (Clark et al. 1992) (figure 1). A plausible
explanation for the role of the Sem-5 protein is that it
binds to the activated Let-23 receptor tyrosine kinase
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Figure 3. A comparison of signalling pathways involved in Ras activation in C. elegans, Drosophila and mammalian
cells. See text for details.

through its SH2 domain, and to a downstream target
involved in control of Ras guanine nucleotide
exchange through its SH3 domains. Results obtained
with the Drosophila homologue of Sem-5 (termed Drk
for ‘Downstream of receptor kinases’) suggest that this
target is the product of the Son-of-sevenless (Sos) gene
(Olivier et al. 1993). Sos has a central domain related
to the CDC25 protein of Saccharomyces cerevisiae, which
acts as a Ras-GNRP (Simon et al. 1991; Rogge ¢t al.
1991). In addition, Sos has a long C-terminal tail
which is rich in proline residues, and contains several
potential SH3-binding sites. In vitro, the Drk protein
binds to the C-terminal tail of Sos. Drk also binds
through its SH2 domain to activated receptor tyrosine
kinases, including an activated version of the Sevenless
receptor (Olivier ¢t al. 1993). These results imply that

in Drosophila Drk may function to link tyrosine kinases
to Sos, which in turn can potentially activate Ras.
The components of this signalling pathway are also
found in vertebrates. A mammalian homologue of
Sem-5, Grb2, is apparently involved in Ras activation
in mouse fibroblasts (Lowenstein et al. 1992); indeed
cDNAs for both human Grb2 and Drosophila Drk can
suppress the effects of sem-5 mutations on wvulval
development in C. elegans (M. Stern, personal commu-
nication). Hence the Grb2, Drk and Sem-5 proteins
are functional, as well as structural homologues.
Furthermore, two mammalian ¢cDNAs have been
isolated whose products (mSosl and 2) are remarkably
similar to the Drosophila Sos gene product (Bowtell et al.
1992). These observations raise the possibility, outlined
in figure 3, that the pathway through which tyrosine

H
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Figure 4. Formation of a Shc-Grb2 complex. Shc proteins are highly phosphorylated on tyrosine in cells transformed
by the v-Src cytoplasmic tyrosine kinase. The sequence of the apparent Shc phosphorylation site (Y3"VNV) is a
phosphorylation-dependent binding site for the Grb2 SH2 domain. Grb2 can potentially stimulatc Ras through its
interactions with the Sos GNRP. Hence, one function of Shc may be to couple v-Src to Grb2, and hence to the Ras

pathway.
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Figure 5. SH2 and SH3 domains mediate a complex series of protein-protein interactions in signal transduction.
Proteins with SH2/SH3 domains are indicated by black boxes. See text for details. The c-Src cytoplasmic tyrosine
kinase is negatively regulated by an interaction between its SH2 domain and its own phosphatyrosine-containing
tail (Liu et al. 1993).However, dephosphorylation of Tyr527 within the tail frees the SH2 domain to interact with

other phosphotyrosine-containing proteins.

kinases control Ras has been conserved throughout
metazoan evolution.

(d) Phosphotyrosine-containing Shc proteins bind
Grb2

Pelicci et al. (1992) have identified a novel human
gene, SHC, that encodes at least three overlapping
proteins, each with a C-terminal SH2 domain and a
more N-terminal glycine/proline-rich region. Tyrosine
phosphorylation of Shc proteins, which is a common
event in response to a wide range of polypeptide
hormones, induces their association with the SH2
domain of Grb2 (McGlade et al. 1992; Rozakis-
Adcock et al. 1992). The predicted Shc phosphoryla-
tion site at Tyr317 lies within a sequence context
(YVNYV) which fits well with the binding specificity of
the Sem-5/Grb2 Sem-5 SH2 domain (Songyang et al.
1993). Hence it seems likely that Shc phosphorylation
provides an alternative mode of coupling to Ras.
Consistent with this view, overexpression of Shc
proteins induced transformation in NIH 3T3 mouse
fibroblasts, and Ras-dependent neurite outgrowth in
PC12 cells (Pelicci et al. 1992; Rozakis-Adcock et al.
1992). The precise function of the Shc-Grb2 complex
is not yet clear. Because Grb2 is not itself a substrate
for phosphorylation, but appears to be controlled by
interaction of its SH2 domain with phosphotyrosine-
containing proteins, one possible role is to couple
tyrosine kinases which lack intrinsic Grb2-binding
sites to the Ras pathway (figure 4). It is of interest that
in some cell types Grb2 forms multiple complexes; for

Phil. Trans. R. Soc. Lond. B (1993)

example in EGF-stimulated cells Grb2 binds to both
the EGF-receptor and to Shc. These results indicate
that Grb2 is regulated in a complex fashion.

3. CONCLUSION

The activation of receptor tyrosine kinases stimulates
a complex network of protein-proteins interactions,
regulated by SH2 and SH3 domains (figure 5).
Tyrosine phosphorylation acts as the trigger for these
events, by inducing the association of SH2 domains of
cytoplasmic signalling proteins with receptors or other
phosphotyrosine-containing proteins. In addition to
binding receptors, SH2 domains direct interactions
with cytoplasmic proteins, as typified by the binding
of Grb2 to phosphorylated Shc polypeptides. SH3
domains apparently extend the ability of signalling
proteins to complex with one another. A detailed
understanding of the specific interactions mediated by
SH2 and SH3 domains will define the intracellular
events that initiate cellular responses to growth fac-
tors.
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