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SUMMARY

SH2 domains and SH3 domains, found in a number of
protein-tyrosine kinases and substrates of protein-tyrosine
kinases, provide specificity in downstream signaling. Both
of these domains bind to relatively short linear sequences
of peptides to provide specific interactions between
proteins. The SH2 domains directly bind to phosphotyro-
sine residues of proteins in a specific sequence context. We
have devised a phosphopeptide library technique that
allows us to rapidly determine the sequence specificity of
individual SH2 domains on the basis of amino acids
selected at position +1, +2 and +3 C-terminal of the phos-
photyrosine. The optimal motif for 22 distinct SH2 domains
has been determined and used to predict likely sites of in
vivo interaction. A second phosphopeptide library was

devised in which the amino acids N-terminal of the phos-
photyrosine were also varied. The residues N-terminal of
phosphotyrosine had little influence on binding to the N-
SH2 domain of the 85 kDa subunit of phosphoinositide 3-
kinase. These results indicate that for this SH2 domain,
specificity is determined by sequences carboxy-terminal of
the phosphotyrosine moiety. Knowledge of the specificity of
SH2 domains allows predictions about likely downstream
targets on the basis of primary sequence of proteins. Some
of these predictions will be discussed.
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INTRODUCTION

A breakthrough in understanding how protein-tyrosine kinases
are regulated and specifically associate with downstream
targets was provided by the discovery that SH2 and SH3
domains recognize specific short peptide sequences. These
domains were originally pointed out by Tony Pawson as
regions of homology conserved among cytosolic protein-
tyrosine kinases that are not part of the kinase domain. As addi-
tional signaling proteins were found to contain SH2 and/or
SH3 domains without protein kinase domains, it became clear
that these domains have functions separate from the kinase
domain. Later work from Pawson’s laboratory and from
Hanafusa’s laboratory (Matsuda, 1990; Anderson, 1990;
reviewed by Cantley et al., 1991) showed that SH2 domains
mediate binding to heterologous proteins in a manner that
depends on tyrosine phosphorylation of the target proteins. In
fact, the binding could be blocked with phosphotyrosine indi-
cating that the SH2 domain directly binds to the phosphotyro-
sine moiety of the proteins. In addition we noticed a short
region of similarity between the sequence around a phospho-
tyrosine residue in polyoma middle t implicated in binding to
phosphatidylinositol (PtdIns) 3-kinase (Whitman et al., 1985)
and two tyrosine phosphorylation sites in the PDGF receptor
implicated in binding this same enzyme (Kazlauskus and
Cooper, 1989; Escobedo et al., 1991) that suggested a
consensus site for binding of the PtdIns 3-kinase SH2 domains
(phosphoTyr-Met/Val-Xxx-Met; Cantley et al., 1991). On the
basis of these and other observations we suggested that SH2

domains from different signaling proteins bind phosphotyro-
sine in distinct sequence contexts such that the sequence imme-
diately surrounding a site of tyrosine-phosphorylation dictates
which SH2-containing protein will bind in vivo. This hypoth-
esis has been supported by additional studies discussed below.

Like SH2 domains, SH3 domains recognize relatively short
(10-12 amino acid) sequences of proteins or peptides. The abl
SH3 domain was used to screen an expression library and
c¢DNA clones of two proteins with regions rich in proline were
isolated (Cicchetti et al., 1992). The proline-rich domains of
the two proteins were shown to mediate the binding to the abl
SH3 domain and a consensus sequence for binding to the abl
SH3 domain was determined from studies with synthetic
peptides (Ren et al., 1993). A number of other proteins with
proline-rich regions have now been shown to bind to various
SH3 domains. We discovered that in stimulated lymphocytes,
the src-family members, p60fy® and pS6!k utilize their SH3
domains to associate with PtdIns 3-kinase (Prasad et al., 1993;
Kapeller et al., 1994). This association involves two proline-
rich regions of the p85 regulatory subunit of PtdIns 3-kinase
(Kapeller et al., 1994).

In this manuscript the results obtained using the phospho-
peptide library to explore SH2 domains are discussed.

MATERIALS AND METHODS

Construction of peptide libraries

The phosphopeptide library with degeneracy carboxy-terminal of the
phosphotyrosine was constructed as described by Songyang et al.



122 L. C. Cantley and Z. Songyang

(1993). The sequence of the library mixture is
GlyAspGly(phospho) TyrXxxXxxXxxSerProLeuLeuLeu where Xxx
indicates all amino acids but Cys or Trp.

A second library with degeneracy amino-terminal of the phospho-
Try was also made. This library has the sequence
GlyAlaXxxXxxXxx(phospho) TyrXxxXxxXxxAlaLysLysLys where
Xxx indicates all amino acids but Cys or Trp. The degeneracy of this
library is 34,012,224,

GST-SH2 domains and affinity purification of peptides

cDNA clones of the various SH2 domains were expressed as glu-
tathione S-transferase fusion proteins by expression in pGEX as
described by Songyang et al. (1993). The GST-SH2 domain was
harvested on glutathione beads and packed in a 1 ml syringe. The
beads were washed with 1 ml PBS (150 mM NaCl, 3 mM KCI, 10
mM NasHPOs, 2 mM KH2PO4, pH 7.2). The peptide mixture (~0.3
mg) was added to the column and allowed to stand for 10 minutes.
The column was then quickly washed twice with 1 ml ice-cold PBS
(containing 10 mg/ml blue dextran and 0.5% NP-40) and once with
1 ml ice-cold PBS (without blue dextran or detergent) using a plunger
to force the solution through. Elution of the specifically associated
peptides was accomplished with 200 w 1 of 20 mM sodium
phenylphosphate solution (pH 7.8). The solution was collected, con-
centrated by evaporation, and sequenced on the Applied Biosystems
477A protein sequencer.

RESULTS

We wished to test the hypothesis that SH2 domains provide
specificity for downstream signaling by protein-tyrosine
kinases because of their ability to distinguish between tyrosine-
phosphorylated sites on the basis of the sequence immediately
surrounding the phosphotyrosine. We had shown that relatively
short phosphopeptides (as short as 6 amino acids) containing
the motif phosphoTyr-Met-Pro-Met (based on Y315 of
polyoma middle t) can bind to the N- or C-terminal SH2
domains of the p85 subunit of PtdIns 3-kinase in competition
assays with Kj values of 5-20 nM (Auger et al., 1992; Carpenter
et al., 1993). Scrambled phosphotyrosine-containing peptides
bound orders of magnitude weaker. These results were consis-
tent with studies done by Lewis Williams’ laboratory using
peptides based on sequences in the PDGF receptor (Fantl et al.,
1992; Escobedo et al., 1991).

Despite these findings it was still not clear that phosphoTyr-
Met/Val-Xxx-Met was the optimal sequence for binding to
these SH2 domains since only a few amino acid replacements
at the +1 and +3 positions were tested. In addition, no
consensus motifs for the other ~30 SH2 domains known to
exist had been determined.

In order to determine whether phosphoTyr-Met/Val-Xxx-
Met is truly the optimal sequence for binding to the SH2
domains of p85, we constructed a partially degenerate phos-
phopeptide library. Every peptide in this library began with the
sequence Gly-Asp-Gly-phosphoTyr-. The next three residues
following the phosphotyrosine were degenerate such that all
amino acids except Cys or Trp (left out because of problems
in sequencing/disulfide bond formation) were present. In all
peptides the C-terminal sequence was Ser-Pro-Leu-Leu-Leu.
The Ser-Pro motif was added because it was detected down-
stream of many potential tyrosine-phosphorylation sites in
proteins. The poly-Leu tail prevented wash-out during
sequencing. The procedure for synthesis of this library and the

rational are discussed in detail in the Experimental Procedures
of Songyang et al. (1993). The degeneracy of the library was
183 = 5832 distinct peptides.

The N-terminal SH2 domain of p85 was expressed as a glu-
tathione S-transferase fusion protein in bacteria, purified on
glutathione beads and used to construct an affinity column.
Washing and elution conditions were optimized using a radio-
labeled phosphopeptide (1251-1abeled Arg-Glu-Asn-Glu-phos-
phoTyr-Met-Pro-Met-Ala-Pro-Gln-Ile-His) known to bind
with high affinity to this SH2 domain. The column was then
used to specifically retain peptides from the degenerate
mixture that bound with highest affinity to the SH2 domain.
(Phenylphosphate was used to elute the specifically-bound
peptides.) Rather than attempt to separate distinct peptides in
the mixture of affinity-purified peptides, we sequenced the
complete mixture. Since in every case the phosphotyrosine is
the 4th residue in the peptide, the relative abundance of the
various amino acids detected at cycle 5 is an indication of the
amino acid preference of this SH2 domain at the +1 site C-
terminal of the phosphoTyr moiety. (The slight variation in
relative abundance of the 18 amino acids at this cycle in the
starting mixture was divided out). In this way we were able
to show that the N-SH2 domain of p85 prefers Met, Val, Ile
or Glu (in that order) at the +1 site and strongly prefers Met
at the +3 site (Songyang et al., 1993). Little specificity was
detected at the +2 site. These results were reassuring that the
technique works since they agreed with the consensus
sequence arrived at by comparing in vivo sites for binding of
PtdIns 3-kinase (Cantley et al., 1991) and competition exper-
iments done using synthetic phosphopeptides (Fantl et al.,
1992; Carpenter et al., 1993).

We went on to use this library to determine the optimal motif
for 21 additional SH2 domains (Songyang et al., 1993, 1994).
We found that SH2 domains from src-family members all rec-
ognized a common motif (phosphoTyr-Glu-Glu-Ile) while
each SH2 domain outside the src-family had a unique optimal
motif. We synthesized a phosphopeptide based on this motif
and showed that it has a very high affinity for the src SH2
domain. High affinity (10-50 nM Kg) was also demonstrated
for the Ick SH2 "domain (Payne et al, 1993). Stephen
Harrison’s laboratory and John Kuriyan’s laboratory used
phosphopeptides based on this motif to form co-crystals with
the Ick (Eck et al., 1993) and src (Waksman et al., 1993) SH2
domains with the phosphoTyr-Glu-Glu-Ile peptides bound.
The crystal structures revealed the regions of the SH2 domains
that made contact with the side chains of the +1, +2 and +3
residues. These residues are summarized in Table 1. The amino
acids selected at these positions could be rationalized based on
the structure of the complex. Consistent with our finding that
all src-family members bind the same optimal motif, the
residues that made contact with the side chains were conserved
in this family. In contrast, all other SH2 domains having one
or more of the residues predicted to make contact with the side
chains varied from the src structure. Thus, these results provide
a clear structural explanation for the sequence specificity of
SH2 domains. We also noted that the SH2 domains thus far
known fall into 4 distinct groups on the basis of the residues
at the peptide-binding sites (Songyang et al., 1993, 1994).
General predictions about the likely motifs of SH2 domains
can be made on the basis of which group they fall into.

This phosphopeptide library technique is extremely rapid.
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Fig. 1. The selectivity of the N-SH2 domain of p85 for amino acids at position, N-terminal and C-terminal of the phosphoTyr moiety of
associated peptides. The GST-N-SH2 domain of p85 was used to affinity-purify peptides from a library with the sequence
GAXXXpYXXXAKKK. The affinity-purified peptide mixture was sequenced and the data plotted as described by Songyang et al. (1993). The
histogram in the top left corner indicates the relative amino acid abundance in the 3rd cycle of the sequence (the first degenerate position of the
library) and the histogram under it represents the 4th cycle and etc. Cycle 6 (not shown) is phosphoTyr. Notice that significant selectivity is
only observed at cycle 7 (the +1 position) and cycle 9 (the +3 position). Amino acids are indicated by single letter codes.

preference for Asp residues at the —1 and —2 positions but the
major selection was still for Met/Val/Ile/Glu at +1 and for Met
at +3 (Fig. 1). In this library, the sequences N-terminal of the
phosphotyrosine and C-terminal from the region of degener-
acy are different from those in the original library yet the same
motif was selected, indicating that for the p85 N-SH2 domain
the motif selected is not significantly affected by the residues
outside the phosphoTyr-Xxx-Xxx-Xxx region.

DISCUSSION

Using a peptide library technique we have investigated the
specificity of SH2 domains for linear sequences of phospho-
Tyr-containing peptides. Twenty two distinct SH2 domains
have been investigated using a library that varies the residues
at positions +1, +2 and +3 amino acids carboxy-terminal of the
phosphoTyr (Table 1). These SH2 domains can be distributed
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Table 1. Phosphopeptide motifs for SH2 domains: residues predicted to interact with the side chains of the associated
' phosphopeptides
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Columns +1, +2 and +3 comprise the 1st, 2nd and 3rd residues C-terminal to P-tyrosine of the optimal phosphopeptide selected by each SH2 domain (e.g.
P-YEEI for src SH2). SRC-SH2 200 and 202 indicate the residues of src (and residues at analogous positions of other SH2 domains) predicted to contact the +1
residue side chain of the associate peptide. SRC-SH2 205 is predicted to be near the +2 side chain and SRC 202, 214, 215 and 237 are predicted to form a
hydrophobic pocket to bind the +3 residue side chain. The alignments were made on the basis of work by Waksman et al. (1992).

Bold letters indicate strong selection. Upper case without bold indicates medium selection. Lower case indicates weak selection. A hyphen indicates no

selection. Motifs not yet determined or not submitted for publication are left blank.

Once the SH2 domain is expressed in bacteria as a GST-fusion
protein it only requires 6 hours from the time of bacterial lysis
until the affinity-selected peptide mixture is added to the micro
sequencer. Each SH2 domain is evaluated at least twice from
two different bacterial lysates to ensure reproducibility.

We also tested whether some SH2 domains may also be
sensitive to the amino acids N-terminal of the phosphoTyr.

This does not appear to be the case for the SH2 domains of the
p85 subunit of PtdIns 3-kinase. We constructed a library with
the following sequence: Gly-Ala-Xxx-Xxx-Xxx-phosphoTyr-
Xxx-Xxx-Xxx-Ala-Lys-Lys-Lys in which Xxx indicates all
possible amino acids but Trp or Cys. The SH2 domains were
used to affinity-purify optimal phosphopeptides from this
library as before. For the p85 N-SH2 domain there was a slight



into 4 distinct groups on the basis of the amino acid at the D5
position (Songyang et al., 1993). From the crystal structures of
src and Ick SH2 domains it is clear that this residue contacts
the side chains of the amino acids +1 and +3 residues carboxy-
terminal of the phosphoTyr (Eck et al., 1993; Waksman et al.,
1993). In about half the known SH2 domains, this residue is
either Tyr or Phe (Group I). Vav is the single known member
of a group (Group II) in which BD5 is a Thr residue. Group III
SH2 domains have a Cys or Ile at BD5 and the remaining SH2
domains have other residues at BDS5.

The residue at BDS5 is predictive of the type of phospho-
peptide that will associate with the SH2 domain. For example,
most Group I SH2 domains select peptides with the general
motif phosphoTyr-Hydrophilic-Hydrophilic-Hydrophobic. In
contrast most Group III SH2 domains select peptides with
the sequence phosphoTyr-Hydrophobic-Xxx-Hydrophobic.
Within these groups, the individual SH2 domains recognize
specific sequences on the basis of diversity in the other residues
that make up the +1, +2 and +3 binding sites. The possibility

that additional contact is made between the SH2 domain and

residues amino-terminal of the phosphoTyr-binding site was
explored using the new library first described in this paper. The
results with the N-SH2 domain of p85 indicate that this SH2
domain does not significantly interact with the side chains of
residues amino-terminal of the phosphoTyr moiety. The fact
that, using this library, a similar motif was observed to that
observed with the original library in which only residues
carboxy-terminal of phosphoTyr were varied (phosphoTyr-
Val/Met/lIle/Glu-Xxx-Met; Fig 1 and Table 1) indicates that the
procedure works. The results are in agreement with the crystal
structures of Eck et al. (1993) and Waksman et al. (1993) in
which the src and Ick-SH2 domains had little contact with side
chains of residues amino-terminal of the phosphoTyr moiety
of the associated peptide.

Perhaps the most exciting outcome from determination of
these motifs is the ability to predict likely sites in proteins for
assembly of specific SH2 domain-containing proteins in vivo.
For example, we correctly predicted the sites on the c-fms and
c-kit receptor tyrosine kinases where PtdIns 3-kinase binds in
vivo on the basis of the phosphoTyr-Met/Val-Xxx-Met motif
(Cantley et al., 1991; Songyang et al., 1993). We also correctly
predicted PtdIns 3-kinase-binding sites on proteins involved in
B-cell and T-cell activation: CD19 (Tuveson et al., 1993) and
CD 28 (Prasad et al., unpublished data) and on ERB B3
(Soltoff et al., 1994). Our peptide library results predicted that
T-cell receptor Zeta, would be a good binding site for SHC and
this was shown to occur in vivo (Ravichandran, 1993). Several
other sites predicted by Songyang et al. (1993) have also been
confirmed by us or other laboratories, including binding sites
for sem5/grb-2 on the EGF receptor, SHPTP2 and on SHC
(Pawson and Schlessinger, 1993).

It is now clear from these studies that specificity in signaling
downstream of protein-tyrosine kinases is at least partially
determined by the ability of SH2 domains to specifically
interact with unique sites of tyrosine phosphorylation. In this
way, by autophosphorylating on tyrosine residues that are
within motifs optimal for the SH2 domains of PtdIns 3-kinase,
PtdIns-PLC-g, ras-GAP, SHPTP2, and pp60¢s, the PDGF
receptor can specifically associate with these downstream
targets (Fig. 2). The association with the receptor alone may
activate some of these enzymes, as we have shown for PtdIns
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Fig. 2. A model for PDGF receptor interaction with cytosolic
proteins bearing SH2 domains.
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3-kinase (Carpenter et al., 1993). In most cases the associated
proteins become phosphorylated on tyrosine. This tyrosine
phosphorylation may regulate the activities of these proteins or
provide binding sites for SH2 domains of yet additional
signaling molecules.

This model raises the question of how much specificity in
downstream signaling is mediated by the substrate specificity
of the kinase domain of the protein-tyrosine kinase. It seems
unlikely that the kinase domain will randomly phosphorylate
any protein-tyrosine residue that is locally available and that
specificity will be determined entirely by SH2 domain
selection. In fact, the model that has arisen from studies of the
PDGF receptor appears not to apply to many other receptors.
For example, truncation or Tyr-Phe mutants of the EGF
receptor that eliminate all the known autophosphorylation
sites, including the binding sites for Grb-2, SHC, PLC-gamma
and ras-GAP are not compromised in their ability to mediate
EGF-dependent mitogenesis (Wells et al., 1990; Decker,
1993). These results indicate that some aspects of EGF
receptor signaling are mediated directly by the kinase domain.
We are currently using a peptide library technique to determine
the specificity of kinase domains for linear peptide sequences.
These results should provide further information about speci-
ficity in downstream signaling.
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