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Binding of SH2 Domains of Phospholipase C,1, 
GAP, and Src to Activated Growth Factor Receptors 

Phospholipase C y l  (PLCyl) and p2lraS guanosine triphosphatase (GTPase) activating 
protein (GAP) bind to and are phosphorylated by activated growth factor receptors. 
Both PLC,l and GAP contain two adjacent copies of the noncatalytic Src homology 
2 (SH2) domain. The SH2 domains of PLC,l synthesized individually in bacteria 
formed high &ity complexes with the epidermal growth factor (EGF)- or platelet 
derived growth factor (PDGF)-receptors in cell lysates, and bound synergistically to 
activated receptors when expressed together as one bacterial protein. In vitro complex 
formation was dependent on prior growth factor stimulation and was competed by 
intracellular PLC,l. Similar results were obtained for binding of GAP SH2 domains 
to the PDGF-receptor. The isolated SH2 domains of other signaling proteins, such as 
p6OS" and Crk, also bound activated PDGF-receptors in vitro. SH2 domains, 
therefore, provide a common mechanism by which enzymatically diverse regulatory 
proteins can physically associate with the same activated receptors and thereby couple 
growth factor stimulation to intracellular signal transduction pathways. 

VARIETY OF POLYPEPTIDE HOR- receptor dimerization and subsequent auto- 
mones that elicit cell growth and phosphorylation on tyrosine, evoking a cat- 

. differentiation bind to cell-surface alytically active receptor capable of phos- 
receptors with intracellular protein-tyrosine phorylating cellular substrates (1-3). 
kinase domains (1). Growth factors appar- Activated EGF- and PDGF-receptors 
ently activate their receptors by inducing (EGF-R; PDGF-R) complex with a set of 

cytoplasmic proteins that directly regulate 
intr~cellular signal transduction pathways. 

Division of Molecular and Dcvclopmcntal Biology, Sam- 
uel Luncnfcld Research Institute, Mount Sinai Hospital, These include the isoform of the 
600 Unlvcrsity Avenue, Toronto, Ontario, M5G 1x5, phosphoi~ositide-speCific phospholipase C 
Canada. (PLC) (4, 5),  p21r"" GTPase activating pro- 
*To whom correspondence should be addressed. tein (GAP) (6, 7), phosphatidyl inositol (PI) 

3'-kinase (8), and p74'"' (9). These results 
suggest that criticaltargets for receptor tyro- 
sine phosphorylation are selected from the 
pool of potential substrates by their ability 
to physically complex with the receptor. A 
simple mechanism to accomplish these inter- 
actions would be the provision of cytoplas- 
mic ligands with a common structural do- 
main that recognizes autophosphorylated 
receptors. 

The proteins that associate with activated 
g o w t h  factor receptors have quite distinct 
enzymatic properties and are structurally 
unrelated within their catalytic domains. 
However, PLC,l (10) and GAP (11) each 
contain two adjacent copies of a noncatalytic 
domain of - 100 amino acids, called the Src 
homology (SH) region 2 (12) (Fig. 1). The 
SH2 domain was first identified in nonre- 
ceptor protein tyrosine kinases like Src and 
Fps, by its apparent ability to interact with 
the kinase domain and phosphorylated sub- 
strates (13-15). An SH2 sequence has also 
been identified in the v-Crk oncoprotein, 
which complexes with several tyrosine phos- 
phorylated proteins in crk-transformed cells 
(16). Most SH2-containing proteins also 
contain a motif. SH3. which is found inde- 
pendently in several cytoskeletal proteins 
and may mediate interactions with the cp- 
toskeleton (12, 16, 17). The SH2 domains 
have been implicated in protein-protein in- 
teractions that involve protein-tyrosine k- 
nases and their substrates (13, 15). This 
raises the possibility that enzymes such as 
PLC, and GAP associate directly with acti- 
vated tyrosine kinase receptors by virtue of 
their SH2 domains (18). 

To test this hypothesis, restriction sites 
were introduced into the complementary 
DNA (cDNA) for bovine PLC,l, which 
allowed the precise excision of the NH,- 
terminal and COOH-terminal SH2 do- 
mains (SH2[N] and SH2[C]), either alone 
or together (Fig. 1) (19). The individual 
SH2 domains, or the two SH2 domains 
together (SH2[N + C]) were introduced 
into a bacterial expression vector (PATH) 
and expressed as TrpE fusion proteins in 
Escherichia coli. These proteins were isolated 
from bacterial lysates by irnmunoprecipita- 
tion with antibodies to TrpE (anti-TrpE) 
attached to Sepharose beads (20). The im- 
mobilized bacterial proteins were then incu- 
bated with lysates df either Rat-1 cells that 
expressed the human EGF-R, which had 
been stimulated with EGF or Rat-2 cells 
that expressed the PDGF-R, which had 
been stimulated with PDGF. The immuno- 
precipitates were recovered, washed exten- 
sively, and analyzed for associated phospho- . - 

tyrosine (P.Tyr)-containing proteins by 
irnrnunoblotting with antibodes to P.Tyr 
(anti-P.Tyr) (Fig. 2). The TrpE-PLC- 
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src --( 3 ~ Y H  KINASE Fig. 1. Locations of  SH2 and SH3 
s r c - S H ~ - S H Z  - domains. The solid bars beneath the 

protcins indicatc thc rcgions expressed 
as bacterial TrpE fusion proteins for in 
vitro binding cxperirncnts (32). Abbrc- 
viations: 3, SH3 domain; PLC, cata- 
lytic rcgions of  PLC,l; GA, GTPasc 
activating region of  GAP; kinasc, Src 

GAP -43- G A 1 tyrosinc lkinGc domain. 
GAP-SHZ[N] - 
GAP-SHP[C] - 
GAP-SH2 [N+3+C] 

SH2[N] fusion protein complexed specifi- 
cally with a 180-kilodalton (kD) P.Tyr- 
containing protein in lysates of EGF- 
stimulated cells. Immunoblotting of 
duplicate samples with antibodies to the 
EGF-R confirmed that this protein was the 
EGF-R and showed that its in vitro associ- 
ation with the PLC,l SH2[N] domain was 
EGF-dependent (Fig. 2). The PLC,l 
SH2[N] domain was more efficient than the 
SH2[C] domain in its ability to bind the 
EGF-R. Interestingly, the hsion protein 
that contained both NH,- and COOH- 
terminal SH2 domains bound two to four- 
fold more EGF-R in EGF-stimulated cell 
lysates than could be accounted for by the 
two individual SH2 domains. The PLC,l 
SH2 domains therefore hnctioned synergis- 
tically in binding to the activated EGF-R. 
Very similar results were obtained for inter- 
actions of the PLC,l SH2 domains with the 
PDGF-R (Fig. 2). The PLC,l SH2[N] 
domain bound the PDGF-R in lysates of 
cells treated with the BB homodimeric form 
of PDGF but not in lysates of unstimulated 
cells. As observed for the EGF-R, the 
PLC,l SH2[C] domain alone was ineffi- 
cient in binding activated PDGF-R, but 
bound synergistically with the SH2[N] do- 
main when both domains were expressed as 
one bacterial protein (Fig. 2). 

Within the SH2 domain, there are motifs 
that are particularly highly conserved. For 
example the NH,-terminal tryptophan is 
invariant, and most SH2 domains start with 
the consensus W(Y,F)(H,F)GK (15, 21). A 
likely possibility is that these residues have 
been conserved because they are important 
in the interactions of SH2-containing pro- 
teins with activated growth factor receptors. 
We therefore expressed a TrpE fusion pro- 
tein that contained both PLC,l SH2 do- 
mains, with the exception that the first four 
residues of SH2[N] (W-F-H-G) were de- 
leted (PLC ASH2-SH2-3). This hsion pro- 
tein showed a modest ability to bind acti- 
vated EGF- or PDGF-R (Fig. 2, lanes 5 and 
10) that was equivalent to the SH2[C] 
domain alone, indicating that the removal 
of the four residues weakened binding 

activity. 
Because GAP also associates with the 

PDGF-R, we undertook similar experiments 
using bacterial GAP SH2 sequences (see 
Fig. 1). The GAP SH2[N] domain bound 
the PDGF-R in a lysate of PDGF-stimulated 
cells (Fig. 3), but not in unstimulated cells 
(22). The GAP SH2[C] domain exhibited 
much weaker PDGF-R-binding activity. 
However, the two SH2 domains together 
(GAP-SH2[N + 3 + C] bound the recep- 
tor threefold more efficiently than expected 
from their individual binding activities (Fig. 
3, lanes 4 to 6 and 13 to 15). GAP contains 
an SH3 domain, which intervenes between 
the two SH2 elements and might contribute 
to binding to receptors. This seems unlikely, 
because the PLC,l SH3 domain, expressed 
in isolation as a TrpE fusion protein, did not 
associate with the PDGF-R (Fig. 3). 

Only a minor fraction of activated 
PDGF-R complexes with PLC,l in vivo. 
We genetically modified a Rat-2 cell line to 
overexpress PLC,l by tenfold as compared 
with the endogenous enzyme (Rat-2 
PLC,l) (23). There is a proportionate in- 
crease in the amount of PDGF-R precip- 
itated with antibodies to PLC,l (anti- 
PLC,l) after PDGF stimulation of Rat-2 
PLC,l cells, in comparison with parental 
Rat-2 cells (23). If bacterial PLC,l SH2 
domains bound to the same site(s) on the 
PDGF-R as did cellular PLC,l, then over- 
expression of PLC,l should block binding 
of bacterial PLC,l SH2 domains to acti- 
vated PDGF-R in vitro. Consistent with this 
prediction, when the Rat-2 PLC,l cell line 
was stimulated with PDGF, lysed, and incu- 
bated with immobilized PLC,l-SH2[N] or 
PLC,l SH2[N + C], only one-third as 
much PDGF-R associated with the bacterial 
protein, compared with the parental PDGF- 
stimulated Rat-2 cells (Fig. 4). Binding of 
TrpE-GAP-SH2 hsion protein to the 
PDGF-R was also reduced by overexpres- 
sion of endogenous PLC,l, suggesting that 
PLC,l and GAP compete for sites on the 
activated PDGF-R. 

Src-like tyrosine kinases and v-Crk also 
contain SH2 domains, which may bind 

activated receptors. Consistent with this pre- 
diction, bacterial hsion proteins that con- 
tained the SH2 domains of p60"" or 
P47g"gCrk bound PDGF-R in lysates of 
PDGF-stimulated Rat-2 cells (Fig. 3). 
p60"" is a substrate for the PDGF-R (24), 
and recent evidence suggests that Src-like 
kinases are physically associated with acti- 
vated PDGF-R in vivo (25). Our data imply 
that this interaction involves the Src SH2 
domain. Whether the normal homolog of 
v-Crk complexes with growth factor recep- 
tors in vivo remains to be established. 

These results indicate that individual 
PLC,l or GAP SH2 domains, isolated as 
bacterial hsion proteins, can form stable 
complexes with activated growth factor re- 
ceptors. The 100 amino acids of the PLC,l 
and GAP SH2 domains therefore contain 
sufficient structural information to form in- 
dependent, high affinity binding sites for 
receptors. The ability of SH2 domains to 
form such complexes when hsed to a heter- 
ologous TrpE polypeptide suggests that 
SH2 domains may act in vivo to physically 
couple enzymatically diverse signaling pro- 
teins such as PLC, and GAP to growth 

EGF-R 4 

+EGF 
a P. Tyr 

+EGF ,-A,- 

a EGF-F 
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+PDGF -PDC 
a P. Tyr a PDGF-R a PDGF-R 

Fig. 2. SH2 domains of  PLC,I synthesized in 
bactcria bind synergistically in vitro to activatcd 
EGF- and PDGF-rcccptors. (A) Immobilized pa- 
rental TrpE or thc indicatcd TrpE-PLC,l bactc- 
rial fusion protcins were incubated with lysatcs of 
Rat-1 cclls that ovcrcxprcsscd thc human EGF-R 
(RlhER), which had bccn serum-starved for 48 
hours (lancs 11 to 15) or stimulated for 5 min at 
37°C with 80 nM EGF (lancs 1 to 10). Com- 
plcxcs wcrc washcd, rcsolvcd on 8.25% SDS- 
polyacrylamidc gcls, and analyzed by immuno- 
blotting with cithcr anti(a)-P.Tyr (lancs 1 to 5) 
or anti-EGF-R (lanes 6 to 15) followed by 112'- 
labclcd protcin A. Autoradiography was for 18 
hours. (B) Immobilized TrpE or TrpE-PLC,l 
fusion protcins, as in (A), wcrc incubated with 
lysates from Rat-2 cclls that wcrc scrum-starvcd 
for 48 hours (lanes 11 to 15) or stimulated for 5 
min at 37°C with 75 nM RR-PDGF (lancs 1 to 
10). Samples were rcsolvcd on 6% SDS- 
poiyacrylamidc gcls and analyzed by immunoblot- 
ting with cithcr anti-P.Tyr (lancs 1 to 5) or 
anti-P1)GF-R (lancs 6 to 15). 
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factor receptors. Sequences that are mctur- 
ally and functionally similar to the catalytic 
domains of PLCyl and GAP have been 
identitied in proteins that do not have SH2 
domains. Several distinct isoforms of PLC 
have been isolated, including PLCB and 
P-, which share enzymatic sequences 
with PLC,, but lack the central PLC, SH2 
and SH3 domains (26). Only the PLCyl 
isoform has been shown to complex with 
growth factor receptors (4) or to stimulate 

+PDGF PDGF 

a P. Tyr a PDGF-R 

Fig. 3. Binding of TrpE fusion proteins that 
contain the GAP, Src, or Crk SH2 domains to 
PDGF-R in lysat~~ of PDGF-stimulated Rat-2 
cells. Strum-med Rat-2 cells were stimulated 
for 5 rnin at 37% with 75 nM BB-PDGF, l y d ,  
and mixed with the indicated immobilized TrpE 
bacterial fusiin proteins. Complexes were 
washed, d e d  on 7.5% SDS-polyaaylamide 
gels and analyzed by immunoblotting with anti- 
P.Tyr (8 hour arposurr; lams 1 to 9) or with 
anti-PDGF-R (18 hour exposure; lanes 10 to 18). 

-84 

5 6 7 8 -58 

a P. Tyr 
Fig. 4. Inhibition of in viao binding of both 
P 4 1  and GAP SH2 domains to the activated 
PDGF-R in Rat-2 cells that overcxpms P q 1 .  
Rat-2 cells (lanes 1, 2, 5, and 6) or a Rat-2 cell 
line that overexpressed PK,1 by m h l d  (R2- 
P q ;  lanes 3, 4, 7, 8) were stimulated with 
PDGF (lanes 1, 3, and 5-8) or maintained with- 
out PDGF (lanes 2 and 4). Cell lysates were 
mixed with i m m o b i i  TrpE-PLC-SH2[N] 
(lanes 1 to 4), TrpE-PLC-SH2[N + C] ( l a m  5 
and 7), or TrpE-GAP-SH2[N + 3 + C] (lanes 6 
to 8). Samples were washed, separated by gel 
eleamphoresis, and immunoblotced with anti- 
P.Tyr. Similar results were obtained by blotting 
with anti-PDGF-R. 

PI turnova in vivo in ccsponsc to PDGF, 
and, indeed, deletion of the entire PLC,l 
Src homology region abolishes the in vivo 
association of PLG1 with the PDGF-R 
(n). Similuj., the IRA gene e m ,  
which stimulate Ras CXPase activity in 
yeast, contain a region reIated to the 
C O O H - t e u s  of mammalian GAP, but 
do not possess SH2 domains (2B). The 
abity of bacterial SH2 domains to mimic in 
v im the interactions of native PLC, or 
GAP with activatbd growth factor receptors 
provides direct evidence that thest se- 
quences are sujiicient fbr receptor-bin-. 
These data mongly suggest that during the 
evolution of cellular signaling mcdmhs, 
the acquisition of SH2 domains confkcd 
on PLC, and GAP the capacity to interact 
with aammembrane tymtsine kinascs, and 
tharbytocoupk~factorstimulation 
to PI turnover and the Ras pathway. 

The high afKnity association of P q 1  
and GAP with the EGF-R a PDGF-R is 
dependent on prior growth factor stimula- 
tion, and requires receptor tyrosine kinase 
activity (5, 6). A simple explanation might 
be that receptor autophosphorylation elicits 
high aikity SH2 biding (29). The SH2 
domains of GAP, Src, Abl, and Crk bind 
several proteins other than growth factor 
receptors (16, 29, 30), such as GAP- 
associated p62 (18, 29), whose common 
feature is tyrosine phosphorylation. In addi- 
tion, autophosphorylation is required h r  
efiicient complex formation in vivo between 
the PDGF-R and GAP (6). It is fksible that 
tyrosine phosphorylation of residues in 
SH2-binding sites increases the alKnity for 
SH2 domains. We note the presence of 
invariant positively charged residues in 
SH2, which might contribute to such an 
interaction (15). Alternatively, or in addi- 
tion, growth fixax stimulation and subse- 
quent m q t o r  autophosphorylation may in- 
duce a conhrmational change that forms an 
SH2-binding site. The &ty of PLCyl and 
GAP for activated receptors was incrcased 
syneqktically by the juxtaposition of two 
SH2 domains. Them are several potential 
explanations fix this synergistic etkct. 
Growth factor-binding induces receptor 
dime*% and the elevated b i i  ac- 
tivity of two linked SH2 domains may result 
tiom a cooperarive inrrraction with the ac- 
tivated, dimerized rrccpbor. Alternatively, a 
receptor monomer might have multiple 
SH2-biding sites, or the combined SH2 
domains might bind more mongly to a 
single site. The ability of o v e r e x p d  
PLC,1 to inhibit the in v im binding of 
both PLC,l and GAP SH2 domains to 
PDGF-R suggests that these bind to similar 
sites. The EGF-R phosphorylates P L q 1  at 
two tyrosines in vivo, one of which is adja- 

cent to SH2[C] (31). T p i n e  phosphoryi- 
ation of PLCyl may dccrrasc the afKnity of 
SH2-binding, as the phosphorylated en- 
zyme is apparently released from the recep- 
tor (5). 

In summary, SH2 domains mediate the 
high f i t y  interactions of PLCyl and GAP 
with activated growth factor receptors. 'Ihe 
use of a speci- noncatalytic domain to 
d i m  complex formation between protein 
kiruscs and their presumptive targets is un- 
precedented. It is possible that a function of 
tyrosine phosphorylation is to regdate het- 
eromeric protein-protein interactions. 
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A Cytoplasmic Protein Inhibits the GTPase Activity 
of H-Ras in a Phospholipid-Dependent Manner 

M E N - H W E I TSAI, C H U N - L I YU, DENNIS W. STACEY 

A cytoplasmic protein has been identified that inhibits the guanosine triphosphatase 
(GTPase) activity of bacterially synthesized, cellular H-Ras protein. This GTPase 
inhibiting protein is able to counteract the activity of GTPase activating protein 
(GAP), which has been postulated to function as a negative regulator of Ras activity. 
The potential biological importance of the GTPase inhibiting protein is further 
supported by its interaction with lipids. Phospholipids produced in cells as a conse
quence of mitogenic stimulation increase the activity of the GTPase inhibiting protein, 
as well as inhibit the activity of GAP. The interaction of such lipids with each of these 
two regulatory proteins would, therefore, tend to increase the biological activity of Ras 
and stimulate cell proliferation. 

A LTHOUGH IT APPEARS THAT CELLU-

lar Ras proteins are important in 
proliferative signal transduction (1, 

2), the mechanism by which Ras is regulated 
remains unclear. As with other guanine 
nucleotide-binding proteins, Ras is thought 
to be biologically active when bound to 
guanosine triphosphate (GTP); its inherent 
GTPase activity, however, slowly converts 
Ras-GTP to Ras-GDP (guanosine diphos
phate), which is thought to be biologically 
inactive. A change in either the nucleotide 
exchange rate of Ras or the inherent GTP 
hydrolysis rate could therefore be responsi
ble for controlling the biological activity of 
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the protein. A GTPase activating protein 
(GAP) has been identified (3-5) that stimu
lates the GTPase activity of normal Ras 
more than 100-fold without affecting onco
genic mutant Ras proteins. Because GAP 
can stimulate the conversion of Ras-GTP 
into Ras-GDP, it could function in sup
pressing the biological activity of Ras (6). 
On the other hand, on the basis of mutation 
analysis indicating that GAP interacts with a 
sequence that is essential for Ras biological 
activity (3, 4), it has been suggested that 
GAP might act as the Ras effector protein. 

On the basis of results of microinjection 
experiments, we previously suggested that 
the biological activity of Ras could be con
trolled by phospholipids (7, 8). This was 
supported by our observation that GAP is 
inhibited by certain phospholipids in vitro 

(#), and we further demonstrated that GAP 
physically associates with lipids including 
phosphatidic acid (PA), phosphatidylinosi-
tol monophosphate, and arachidonic acid; 
other lipids were ineffective (9). The physi
cal association between GAP and phospho
lipids resulted in the retention of GAP on a 
lipid affinity column. GAP bound to such a 
PA column was released after treatment with 
EDTA, suggesting that its association with 
lipid requires divalent cations. When a prep
aration of soluble, cytoplasmic proteins was 
passed over a PA-containing affinity column 
and then eluted with EDTA, two protein 
fractions with opposite effect on Ras 
GTPase activity were obtained: one of these 
fractions contained GAP and stimulated 
GTPase, whereas the second fraction inhib
ited Ras GTPase activitv. We have now 
characterized this GTPase inhibitor. 

A mouse brain extract that had been 
eluted from DEAE-Sephacel was added to a 
PA affinity column. After extensive washing 
(Fig. 1), the column was then eluted with 
10 mM EDTA. The GTPase activity of 
H-Ras was inhibited by eluted fractions 1 to 
3 (10) (Fig. 1A). Later fractions eluted from 
the same column contained GAP (9). Thus, 
there were two distinct enzymatic activities 
in mouse brain extract that bind to PA in a 
cation-dependent manner. One is GAP, 
whereas the other is a GTPase inhibiting 
protein. We confirmed these results, which 
were observed with a filter binding assay 
(11) (Fig. 1A), bv immunopreeipitation 
analysis (Fig. IB) (12). 

In the immunopreeipitation assay, an in-

982 SCIENCE, VOL. 250 


