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SH2 Domains Recognize Specific
Phosphopeptide Sequences

in SH2 domain sequences at likely sites of contact pro-
vides a structural basis for the phosphopeptide selec-
tivity of these families. Possible in vivo binding sites
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The discovery that Src homology 2 (SH2) domains provide1Cellular and Molecular Physiology
phosphorylation-dependent and sequence-specific con-Harvard Medical School
tacts for assembly of receptor signaling complexes hasand Department of Medicine
provided a breakthrough in understanding signal trans-Beth Israel Hospital
duction (Cantley et al., 1991; Koch et al., 1991). This � 100Boston, Massachusetts 02115
amino acid sequence was first pointed out as a nonkinase2 Department of Physiology
domain conserved between the src and fps gene productsTufts University School of Medicine
likely to be involved in targeting (Sadowski et al., 1986).Boston, Massachusetts 02111
Now more than 20 cytosolic proteins likely to be involved3 Research Division
in signaling have been shown to contain SH2 domains.Joslin Diabetes Center
Recombinant SH2 domains from several different pro-Department of Medicine
teins, including Crk, phosphoinositide-specific phospholi-Brigham and Women’s Hospital
pase C type � (PLC-�), Ras GTPase-activating protein (Rasand Harvard Medical School
GAP), and Abl, have been shown to bind specifically toBoston, Massachusetts 02115
tyrosine-phosphorylated cellular proteins (Anderson et al.,4 Division of Molecular and Developmental Biology
1990; Margolis et al., 1990; Mayer and Hanafusa, 1990;Samuel Lunenfeld Research Institute
Mayer et al., 1991; Moran et al., 1990). Evidence that theMount Sinai Hospital
binding of a particular SH2 domain to tyrosine-phosphor-Toronto, Ontario
ylated proteins is dependent on the primary sequenceM5G 1X5, Canada
around the phosphotyrosine (pTyr) came from a compari-6 BASF Corporation
son of the sequences of the regions of polyoma middle T195 Albany Street
and the platelet-derived growth factor (PDGF) receptorCambridge, Massachusetts 02139
that bind phosphatidylinositol 3-kinase (Cantley et al.,8 Rockefeller University
1991). The sequence pTyr-Met/Val-X-Met was found atNew York, New York 10021
sites known to be critical for phosphatidylinositol 3-kinase5 Division of Cellular and Molecular Biology
binding to these proteins (Cohen et al., 1990; KazlauskasDana Farber Cancer Institute
and Cooper, 1989; Talmage et al., 1989; Whitman et al.,Harvard Medical School
1985), and this sequence has been predictive for otherBoston, Massachusetts 02115
receptors or receptor substrates that bind phosphatidyl-7 Molecular Medicine Unit
inositol 3-kinase (Lev et al., 1992; McGlade et al., 1992;Beth Israel Hospital
Sun et al., 1991; Reedijk et al., 1992). Synthetic phospho-Boston, Massachusetts 02215
peptides based on this sequence have been found to block9 Biochemistry Department
phosphatidylinositol 3-kinase binding to the PDGF recep-Tufts University School of Medicine
tor (Escobedo et al., 1991; Fantl et al., 1992) and to poly-Boston, Massachusetts 02111
oma middle T (Auger et al., 1992; Yoakim et al., 1992;
Carpenter et al., 1993). In addition, mutational studies
have shown that the SH2 domains of phosphatidylinositol
3-kinase, Ras GAP, and PLC-� recognize distinct phos-Summary
phopeptide sequences in the PDGF receptor (Fantl et al.,
1992; Kazlauskas et al., 1990, 1992).A phosphopeptide library was used to determine the

sequence specificity of the peptide-binding sites of These studies have identified peptide sequences with
high affinity for a few SH2 domains, yet systematicSH2 domains. One group of SH2 domains (Src, Fyn,

Lck, Fgr, Abl, Crk, and Nck) preferred sequences with searches for optimal sequences for SH2 domains are
needed. For example, peptides containing the sequencethe general motif pTyr-hydrophilic-hydrophilic-lle/Pro

while another group (SH2 domains of p85, phospho- pTyr-Met/Val-X-Met have high affinity for phosphatidylino-
sitol 3-kinase, and peptides with Gly, Ala, or Pro in placelipase C-�, and SHPTP2) selected the general motif

pTyr-hydrophobic-X-hydrophobic. Individual members of the final Met have low affinity (Fantl et al., 1992). How-
ever, the possibility that a peptide with 1 of the other 16of these groups selected unique sequences, except

the Src subfamily (Src, Fyn, Lck, and Fgr), which all amino acids at this position has an equal or higher affinity
has not been tested. Here we demonstrate direct bindingselected the sequence pTyr-Glu-Glu-lle. The variability
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Table 1. Degenerate Phosphorylated Peptide GDGY*XXXSPLLL

Amino Acid

Cycle A R N D E Q G H I L K M F P S T Y V

1 (G) – – – – – – 458 – – – – – – – – – – –
2 (D) – – – 285 – – – – – – – – – – – – – –
3 (G) – – – – – – 394 – – – – – – – – – – –
4 (Y*) – – – – – – – – – – – – – – – – 3.3 –
5 (X) 19.5 5.8 15.7 18.8 14.1 19.5 29.9 5.8 12.0 17.5 13.7 9.5 13.2 16.6 11.1 13.1 22.0 13.2
6 (X) 15.6 10.9 15.0 18.7 14.7 16.9 19.3 6.9 7.7 12.1 13.1 9.3 9.3 10.9 6.8 9.2 16.8 9.7
7 (X) 11.5 13.4 12.1 14.8 13.1 14.2 15.5 6.6 5.7 8.9 9.6 7.0 6.6 8.9 8.0 8.7 16.5 7.0
8 (S) – – – – – – – – – – – – – – 46.6 – – –

Abbreviations for amino acid residues are: A, Ala; D, Asp; E, Glu; F, Phe; G, Gly; H, His; I, Ile; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Gln; R,
Arg; S, Ser; T, Thr; V, Val; Y, Tyr. X indicates a degeneracy of all the above acids (e.g., all amino acids except Trp and Cys). Y* indicates p
Tyr (the phosphate on this tyrosine prevents tyrosine being sequenced). Data (in pmoles) show the amount of each amino acid at different sequencing
cycles. A dash indicates a background signal of less than 3 pmol after the lag from the previous cycle was corrected.

of short phosphopeptides to recombinant SH2 domains pTyr where Met was highly preferred (Figure 2C, cycle 7).
There was a slight preference for large hydrophobic aminoand present a technique that selects the optimal phospho-

peptides from a degenerate mixture. The likely sites of acids at the first residue after pTyr (Figure 2A), but the
selectivity at this residue was not nearly as great as thatcontact between the phosphopeptides and SH2 domains

are discussed based on the crystallographic structure pre- when using the N-terminal SH2 domain. Thus, the C-ter-
minal SH2 domain of p85 will bind to the same set ofviously determined for two Src SH2–phosphopeptide com-

plexes (Waksman et al., 1992). peptides as the N-terminal SH2 domain, but is more pro-
miscuous at the first residue after pTyr and more selective
for Met at the third residue.

Results

Identification of Phosphopeptide Motifs pTyr-Glu-Glu-Ile Recognition Motif for SH2
Recognized by p85 SH2 Domains Domains of the Src Family
A synthetic phosphopeptide library (Table 1) was con- The same phosphopeptide library was used to determine
structed to explore the optimal sequence for binding to optimal sequences for binding to 11 additional SH2 do-
various SH2 domains (see Experimental Procedures). Re- mains. The results are summarized in Table 3. The amino
combinant SH2 domains were used to affinity purify a sub- acids that are preferentially selected at the positions �1,
group of phosphopeptides from the library. The mixture �2, and �3 C-terminal to the pTyr are presented. The num-
was sequenced and the relative abundance of the 18 bers in parentheses indicate the relative preference. The
amino acids present at each of the degenerate positions SH2 domains of the Src family members (Src, Fyn, Lck,
(cycles 5, 6, and 7) was determined and compared with and Fgr) all selected phosphopeptides with Glu at the �1
the abundance in a control experiment. The results ob- and �2 positions and Ile at the �3 position C-terminal
tained for the N-terminal SH2 domain of the 85 kd subunit of pTyr.
of phosphatidylinositol 3-kinase are presented in Figure 1.
This SH2 domain selectively bound phosphopeptides that A pTyr-Glu-Glu-Ile-Containing Peptide Binds

to the Src SH2 Domain with High Affinityhave Met, Val, Ile, or Glu at residue 5 (first residue after
pTyr; Figure 1A) and Met at residue 7 (third residue after A search of the SwissProtein and GenBank data bases

for similar sequences revealed some interesting possiblepTyr; Figure 1C). Data were normalized so a ratio of 1
denotes no amino acid selectivity (which was observed binding sites for the Src family SH2 domains (Table 2). Of

particular interest is a domain in hamster polyoma middlewith a denatured SH2 domain; data not shown).
Interestingly, the optimal sequences predicted from this T that includes the predicted optimal sequence for binding

to the Src SH2 domain: Glu-Pro-Gln-Tyr-Glu-Glu-Ile-Pro.analysis (pTyr-Met-X-Met or pTyr-Val-X-Met) are precisely
the sequences that have been identified as the p85-bind- This protein is known to bind and activate Src family mem-

bers in vivo (Courtneidge et al., 1991). Also included ining sites on polyoma middle T, PDGF receptor, colony-
stimulating factor 1 receptor, and c-kit. Similar sequences Table 2 is the sequence of the C-terminal region of pp60c-src

that is thought to associate with the Src SH2 domain of theare likely to mediate p85 binding to insulin receptor sub-
strate 1 (Backer et al., 1992), hamster polyoma middle T, same molecule (Cantley et al., 1991). This sequence is not

predicted to be optimal for binding to the Src SH2 domainand ErbB3 (Table 2). Some additional proteins with this
motif are also presented. since peptides with Pro at 2 residues after pTyr are poorly

selected and those with Gln and Gly at positions 1 and 3,The C-terminal SH2 domain of p85 selected a set of
phosphopeptides similar to those retained by the N-ter- respectively, are intermediate in rank of selection (Table

3 and data not shown). Interestingly, the hamster middleminal SH2 domain (Figure 2). As with the N-terminal SH2
domain the greatest selectivity was at the third cycle after T peptide has similarity to the C-terminal domain (Tyr527)
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of pp60c-src N-terminal to pTyr (Glu-Pro-Gln; Table 2). While
the association of Src family members with mouse poly-
oma middle T (and probably also hamster middle T) occurs
primarily through the N-terminal region of the middle T
protein and the C-terminal domain of pp60c-src (Cheng et
al., 1988; Piwnica-Worms et al., 1990), a second contact
may be made between the identified Tyr324 of hamster mid-
dle T and the SH2 domain of a Src family member. Thus,
this domain of hamster middle T might be involved in regu-
lation of tyrosine kinase activity.

ThehamsterpolyomamiddleTphosphopeptide(Glu-Pro-
Gln-pTyr-Glu-Glu-Ile-Pro-Ile) was synthesized and com-
pared with the phosphopeptide based on the C-terminus
of pp60c-src for the ability to bind to the Src SH2 domain.
Relative affinities were compared by competing for the
ability of the glutathione S-transferase (GST)–Src SH2
beads to precipitate the PDGF receptor from PDGF-
stimulated fibroblasts (Figure 3) (Anderson et al., 1990).
While 50 �M Src C-terminal phosphopeptide only blocked
about 50% of binding, 0.5 �M hamster middle T phospho-
peptide blocked more than 90% of binding (the KD for the
hamster middle T phosphopeptide was estimated to be
4 nM by direct binding using the BIAcore technique;
S. E. S., unpublished data). A phosphopeptide containing
the sequence pTyr-Met-Pro-Met also bound more weakly
than the hamster middle T phosphopeptide. Adding a
methyl group to the phosphate of the hamster middle T
phosphopeptide significantly reduced the affinity. Thus,
the sequence predicted to be optimal for binding to the Src
SH2 domain by the experiment in Figure 3 has a much
higher affinity for this domain than does the phosphopep-
tide based on the C-terminus of pp60c-src. One might expect
the phosphopeptide sequence at the C-terminus of
pp60c-src to have lower affinity than other target sequences
if these targets are to compete for the Src SH2 domain in
vivo. We have recently shown that a relatively low concen-
tration of the pTyr-Glu-Glu-Ile-containing peptide can acti-
vate pp60c-src in vitro, presumably by displacing the endog-
enous pTyr527 moiety (Liu et al., 1993).

Motifs for Other SH2 Domains
Unique peptide sequences were selected by each SH2
domain outside the Src family. However, subgroups of
SH2 domains that selected similar motifs were observed.

Figure 1. Selection of Phosphopeptides That Bind the p85 N-Terminal The results are presented in Table 3, and the structural
SH2 Domain

basis for the selections is presented in Discussion.
The degenerate phosphopeptide mixture (Table 1) was added to a

A rough estimate of the ability of the various SH2 do-column containing the N-terminal SH2 domain of p85 as a GST fusion
protein. The column was washed, and bound peptides were eluted mains to select a specific sequence from the degenerate
with phenylphosphate. The eluted peptide mixture was subjected to library is provided by the numbers in the far right column
microsequence analysis, and results were compared with those from

of Table 3. These numbers were calculated assuming thatthe eluate of a control column containing GST alone. (A), (B), and (C)
are results from the fifth, sixth, and seventh cycle, respectively, of the the ratio of the optimal affinity phosphopeptide to that of
sequence (i.e., the first, second, and third positions after pTyr). Each the average affinity phosphopeptide can be determined by
value is the ratio of the amount of each amino acid eluted from GST–

multiplying the ratios of the affinities of the optimal aminoSH2 bead columns divided by that of the control GST bead columns
at the same cycle. The data from three separate experiments were acids to the average affinities of the remaining amino acids
averaged and normalized so that the sum of the values of all amino at each position. This calculation ignores complexities of
acids equals the number of amino acids (18). Error bars indicate the

interacting effects (see Experimental Procedures), butstandard error (n � 3). Nonspecific binding (typically 10% of total) was
not subtracted. provides some indication as to which SH2 domains

strongly select a unique motif and which are more promis-
cuous. According to this calculation, Nck and Crk SH2
domains are most selective (selectivities of 117 and 109,



Table 2. pTyr Peptide Specificity of SH2 Domains

Binding Sites in Proteins

SH2 Domain Motif Sequence Protein Tyr Location

Src family SH2 PO4 Likely sites in proteins that bind Src family members
| STEPQYQPGEN Mouse pp60c-src (Y527)
YEE I EEEPQYEEIPIYLELLP Hamster polyoma MT (Y324)

DNV SPVLSYTDLVG Mouse PDGF receptor � (Y799)
TDM

L
Possible sites for Src family members
PQEGLYNELQKDKMAEAYSEIGM Human CD3 � chain (Y110, Y122)
EEDHTYEGLNIDQTATYEDIVT Mouse B cell B29 antigen (Y195, Y206)
PDDRLYEELNVYSPIYSELED Mouse immunoglobulin � receptor � (Y210, Y220)
EDENLYEGLNLDDCSMYEDISR Mouse B cell immunoglobulin–associated Mb-1 (Y182, Y193)
NLSKRYEEIYL Human Rb-associated rb 110 (Y321)
PLVEFYEEIKK Bovine �-adrenergic receptor kinase (Y86)
EGDEIYEDLMR Human vav oncogene (Y126)
ASEQGYEEMRA Human ErbB3 (Y1270)
ESDFFYEDMDS Mouse TPA-inducible protein Tis7 (Y304)
ELQDDYEDMME Human red cell band 3 (Y8)
AACVVYEDMSH Human T cell CD7 (Y222)
FIASKYEDMYP Human G2 cyclin b (Y255)

Abl SH2 PO4 Possible sites
| EEEGEGYEEPDS Human B cell CD19 (Y409)
YENP SQDGSGYENPED Human B cell CD19 (Y439)

TEV DDGEITYENVQV Human B cell CD72 (Y39)
MDL DRRERDYTNLPS Human colony-stimulating factor 1 receptor (Y923)

PEPPPVYTNLSS Human JunB (Y182)
FITICDYTNPCT Mus myeloid differentiation response 88 (Y223)
EFAGFSYTNPEF Human protein kinase C �-I (Y662)

Crk SH2 PO4 Possible sites
| AKILKQYDHPNI Human Fer tyrosine kinase (Y615)
YDHP AKILKQYDHPNK Rat Flk tyrosine kinase (Y119)

KFL AKILKQYDHPNI Mouse Fert tyrosine kinase (Y246)
NR

Nck SH2 PO4 Possible sites
| TKAKNPYDEPGK Caenorhabditis elegans Twitchin (Y1173)
YDEP PLCHSDYDEDDY Human cell cycle gene 1 (Y139)

D KLSEHIYDEPYE MMTV Gag polyprotein (Y151)
V

Sem-5 SH2 PO4 Proteins known to bind SEM5
| FLPVPEYINQSV Human ECF Receptor (Y1092)
YLNv AVGNPEYLNTVQ Human EGF receptor (Y1138)

V p LFDDPSYVNVQN Human SHC (Y317)
I SPSNGDYYNQPN C. elegans Let-23 tyrosine kinase (Y1276)
M PSSSSGYYNEPH C. elegans Let-23 tyrosine kinase (Y1289)

Potential sites in receptors
VHVNATYVNVLC Human HGF receptor (Y1374)
CSPQPEYVNQPD Human ErbB2 (Y1139)
EDEEYEYMNRRR Human ErbB3 (Y1200)
PDEDYEYMNRQR Human ErbB3 (Y1262)
IADGMAYLNANK Human IGF-1 receptor (Y1125)
IADGMAYLNAKK Human insulin receptor (Y1149)
SSDDVRYVNAFK Human Fit tyrosine kinase (Y1213)
GDAGSNYINASY Human CD45 PTPase (Y706)
SEEPSKYINASF Human CD45 PTPase (Y1015)

P85 N-terminal SH2 PO4 Known binding sites
| ESDGGYMDMSKDESVDYVPMLD Human PDGF receptor � (Y740, Y751)
YMXM EEEEEYMPMEDLYLD/LP Mouse polyoma MT (Y315)

V QGVDTYVEMRP Mouse colony-stimulating factor 1 receptor (Y721)
I DSTNEYMDMKP Human c-Kit (Y721)
E

Possible sites on proteins known to bind p85
GPGGDYAAMGACPASEQGYEEMRA Human ErbB3 (Y1257, Y1270)
TPDEDYEYMNRQRDGGGPGGDYAAMGA Human ErbB3 (Y1241, Y1257)
CTIDVYMVMVK Human ErbB3 (Y922)
SPSSGYMPMNQ Human ErbB3 (Y1, 035)
DEDEEYEYMNR Human ErbB3 (Y1,178)
LEELGYEYMDV Human ErbB3 (Y1,203)
EELSNYICMGG Rat insulin receptor substrate 1 (Y460)
VSIEEYTEMMP Rat insulin receptor substrate 1 (Y546)
HTDDGYMPMSP Rat insulin receptor substrate 1 (Y608)
KGNGDYMPMSP Rat insulin receptor substrate 1 (Y628)
VDPNGYMMMSP Rat insulin receptor substrate 1 (Y658)



Table 2. (continued)

Binding Sites in Proteins

SH2 Domain Motif Sequence Protein Tyr Location

PCTGDYMNMSP Rat insulin receptor substrate 1 (Y727)
TGSEEYMNMDL Rat insulin receptor substrate 1 (Y939)
NSRGDYMTMQI Rat insulin receptor substrate 1 (Y987)
VAPVSYADMRT Rat insulin receptor substrate 1 (Y1, 010)
ERENEYMPMAPQIHLYSQ/RE Hamster polyoma MT (298)
LSNPTYSVMRS Mouse polyoma MT (Y250)
CPEKVYELMRA Mouse v-Abl oncoprotein (Y355)

p85 N-terminal SH2 Other possible sites
NTTVDYVYMSHGDNGDYVYMN Human papilloma virus 11 E5b (Y59, Y70)
NCNDDYVTMHYTTDGDYIYMN Human papilloma type 6b E5b (Y57, Y68)
YVNDIYLYMRHLEREFKVRTDYMAMQE Starfish G2 cyclin B (Y149, Y165)
NQEEAYVTMSS Human IL-7 receptor (Y449)
FIASKYEDMYP Human G2 cyclin b (Y255)
LGSQSYEDMRG Mouse B cell CD19 (Y493)
EDADSYENMDK Mouse B cell CD19 (Y522)
ELQDDYEDMME Human red cell band 3 (Y8)
AACVVYEDMSH Human T cell CD7 (Y222)
APPEEYVPMVK Chick pp125fak (Y926)
IDSCTYEAMYN Human c-cbl proto-oncogene (Y731)
VAVAEYEIMEQ Chicken dystrophin (Y974)
MSVESYEEMKM Aspergillus kinesin-like Bimc (Y462)
HQTREYESMIE C. elegans kinesin-like Unc-104 (Y633)
TLQNEYELMRE Human Rb-associated protein 110 (Y692)
GGEEIYVVMLG Rat s-myc proto-oncogene (Y247)
LEGEHYINMAV Avian EB virus sea oncoprotein (Y331)
EITEQYIYMVM Mouse Esk STY kinase (Y596)
TEQYIYMVMEC Mouse Esk STY kinase (Y598)

p85 C-terminal SH2 PO4 Same sites as for p85 N-terminal
|
YXXM

PLC-� C-terminal SH2 PO4 Known sites for PLC-�

| NEGDNDYIIPLP Human PDGF receptor � (Y1021)
YVIP

I L I
V

Possible sites in receptors known to bind PLC-�

LSADSGYIIPLP Human PDGF receptor � (Y1018)
PSETDGYVAPLT Human ErbB2 (Y1127)
XQXGPLYVIVEX Human basic FGF receptor I, II, IV (� Y558)

PLC-� N-terminal SH2 PO4 Known site for PLC-�

| XTXXXEYLDLXX Mus/Human basic FGF receptor I, II, III, IV (� Y766)*
YLEL

I D I
V V

Possible sites in proteins known to bind PLC-�

ARDPQRYLVIQG Human EGF receptor (Y978)
TAENAEYLRVAP Human EGF receptor (Y1197)*
TAENPEYLGLDV Human ErbB2 (Y1248)

SHPTP2 N-terminal SH2 PO4 Potential sites in receptors
| DTSSVLYTAVQP Human PDGF receptor � (Y1009)
Y I X V NEGDNDYIIPLP Human PDGF receptor � (Y1021)*

V I LSADSGYIIPLP Human PDGF receptor � (Y1018)
L VDSDNAYIGVTY Human PDGF receptor � (Y988)
P DESTRSYVILSF Human PDGF receptor � (Y720)

EEDVNGYVMPDT Human ErbB3 (Y1159)
TQDGPLYVIVEY Human ErbB3 (Y471)
QQDGKDYIPINA Human Flt receptor type tyrosine kinase (Y1169)
EINGNNYVYIDP Human Kit receptor type tyrosine kinase (Y568)
LLNEPQYIILEL Human Ros receptor type tyrosine kinase (Y234)
TFIGEHYVHVNA Human HGF receptor (Met) (Y1367)
VHVNATYVNVLC Human HGF receptor (Met) (Y1374)
XQXGPLYVIVEX Mus/Human basic FGF receptors I, II, IV (� Y558)

Sequences in bold have similarities to the motifs that bind the indicated SH2 domains. Negatively charged residues N-terminal to the Tyr are
underlined. The location of the Tyr in the primary sequence is indicated in parentheses. The sequences were found using the Blast, FASTA, and
FIND programs to search the Swiss Protein and GenBank data bases. Presented is a subgroup of proteins potentially involved in signaling where
the SH2-binding motif is found in a cytosolic domain C-terminal to a negatively charged region (likely phosphorylation site). MMTV, mouse mammary
tumor virus; EGF, epidermal growth factor; HGF, human growth factor; IGF, insulin growth factor; PTPase, protein tyrosine phosphatase; IL,
interleukin; Rb, retinoblastoma; EB, erythroblastosis; FGF, fibroblast growth factor; MT, middle T.
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and �3 C-terminal to the pTyr residue, since the SH2 do-
mains of p85 appeared to be sensitive to substitutions at
these positions. In addition, the Src SH2 domain was
shown to make contact with the backbones of the �1,
�2, and �3 positions of two low affinity phosphopeptides
(Waksman et al., 1992), suggesting that SH2 domains in
general have specific binding sites that include the resi-

Table 3. Recognition Specificities of SH2 Domains

SH2 Domain pY�1 pY�2 pY�3 Selectivity

Src E (2.5) E (2.6) I (3.6) 33
D (1.7) N (2.4) M (2.5)
T (1.7) Y (2.0) L (2.3)

Fyn E (3.2) E (3.7) I (4.2) 83
T (2.0) D (1.7) V (2.5)

Q (1.6) M (2.0)

Lck E (3.5) E (2.5) I (3.4) 45
T (1.7) D (1.5) V (2.2)
Q (1.6) M (2.1)

Fgr E (4.8) E (3.1) I (2.1) 49
Y (1.6) N (1.7) V (1.7)
D (1.6) D (1.7)

Abl E (2.8) N (3.5) P (3.0) 44
T (2.4) E (2.2) V (2.2)
M (2.1) D (1.8) L (2.2)

Crk D (2.6) H (2.9) P (7.3) 109
K (2.3) F (1.9) L (1.7)
N (1.6) R (1.7)

Nck D (5.8) E (3.6) P (3.0) 117
D (2.8)
V (2.7)

Sem5 L (2.3) N (4.6) V (1.7) 25
V (2.0) P (1.7)
I (1.9)
M (1.8)

p85 N-terminal M (2.4) X M (5.2) 18
I (2.0)
V (1.9)
E (1.8)

p85 C-terminal M (1.6) X M (13) 73
L (1.6)
I (1.5)

PLC-�1 C-terminal V (3.7) I (2.4) P (2.5) 32
I (2.9) L (2.0) V (2.2)
L (1.7) I (2.2)Figure 2. Selection of Phosphopeptides That Bind the p85 C-Terminal

PLC-�1 N-terminal L (3.8) E (2.8) L (3.2) 52SH2 Domain
I (3.2) D (1.8) I (2.7)The degenerate phosphopeptide mixture (Table 1) was used to screen
V (2.4) V (2.4)peptides that specifically bind to the p85 C-terminal SH2 domain (see

Figure 1). Error bars indicate the standard error (n � 3). SHPTP2N I (2.7) X V (2.1) 7
V (2.5) I (2.1)

L (1.9)
P (1.8)

respectively), while the SH protein-tyrosine phosphatase
The amino acids preferentially selected by the indicated SH2 domains2 (SHPTP2) N-terminal SH2 domain is least selective (se-
at positions �1, �2, and �3 c-terminal to the p Tyr residue of thelectivity of 7). associated phosphopeptide mixture. The numbers in parentheses indi-
cate the enrichment value of the amino acids selected. Calculation of
these numbers is described in Experimental Procedures. Those aminoDiscussion
acids with enrichment values greater than 3 are written in bold. The
selectivity was calculated by multiplying the ratios of the affinities of

We have investigated the ability of 14 different SH2 do- the optimal amino acids to the average affinities of the remaining amino
mains to select specific peptides from a phosphopeptide acids at each position.
library. We varied the amino acids at positions �1, �2,
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These structures are called �D and �D	 in the new nomen-
clature.

Using molecular graphics, the side chains of pTyr-Glu-
Glu-Ile were substituted for the side chains at the analo-
gous positions of the bound pTyr-Leu-Arg-Val in order to
determine whether the Glu-Glu-Ile side chains are likely to
make more favorable contacts than those made by the low
affinity peptides that were crystallized. The backbone of
the peptide was not significantly altered and the SH2 do-
main was not modified in the modeling exercise. Interest-Figure 3. Phosphopeptide Competition with Src SH2 Domain Binding
ingly, the �1 Glu residue is predicted to be close enoughto PDGF Receptor
to form hydrogen bonds with Lys200 (�D3) and/or Tyr202Lysates of PDGF-stimulated BALB/c 3T3 cells were incubated with the

indicated peptides. After addition of either GST–Src SH2 beads or (�D5) of strand �-4 (Figure 4). The �2 Glu side chain ex-
GST beads, the beads were washed and then the associated proteins tends away from the protein but is close to Arg205 (�D	1).
were analyzed by SDS–polyacrylamide gel electrophoresis. The pro-

Arg205 also extends away from the protein structure andteins were transferred to nitrocellulose and blotted with an anti-pTyr
antibody (UBI). YQPG and Y*QPG represent the unphosphorylated does not interact with other residues. Thus, the positive
and tyrosine-phosphorylated Src Y527 peptide (the complete se- charge at this position could select for negatively charged
quence is EPQYQPGP). Peptide Y*MPM indicates the phosphory-

side chains at the �2 residue of the associated peptide.lated hamster middle T peptide (the complete sequence is RENEY*M-
The �3 Ile is predicted to bind in a hydrophobic pocket inPMAPQIH). Y*EEI is the phosphorylated peptide based on hamster

Y324 (the complete sequence is EPQY*EEIPI). Y*EEI (m) is the same which van der Waals contacts are made with the ring
peptide with a methylated phosphate on the tyrosine. atoms of Tyr202 (�D5), the methyl group of Thr215 (EF1), and

the side chains of Ile214 (�E4) and Leu237 (BG4).
Stephen Harrison and collaborators (Harvard Univer-

sity) have obtained the crystal structure of the Lck SH2
domain associated with a peptide containing the motif
pTyr-Glu-Glu-Ile (Eck et al., submitted) and John Kuriyan

dues C-terminal to pTyr. We found that Src family mem- and collaborators (Rockefeller University, New York, New
bers (Src, Lck, Fyn, and Fgr) preferentially bound peptides
with the sequence pTyr-Glu-Glu-Ile while all other SH2
domains selected different and unique motifs. The struc-
tural basis for the selections will be discussed below. We
will also discuss how knowledge of these motifs can be
used to predict binding sites for SH2 domains on receptors
and other signaling proteins.

The Structural Basis for SH2 Domain Selectivity
The crystal structures of two Src SH2 domain–phospho-
peptide complexes provide a basis for predicting contacts
between SH2 domains and the side chains of associated
phosphopeptides (Waksman et al., 1992). The two phos-
phopeptides used in the crystallization (pTyr-Val-Pro-Met
and pTyr-Leu-Arg-Val) had relatively low affinities for the
Src SH2 domain (consistent with the results in Table 3),
and most of the contacts were made with the pTyr moiety.
However, despite distinct sequences for the 3 residues
C-terminal to the pTyr and lack of significant contacts with
the side chains of the other residues, the backbones of the
two peptides associated with the SH2 domain in a similar
orientation. Appropriate side chains at the 3 residues
C-terminal to the pTyr would be expected to form addi-
tional interactions to stabilize the complex further and ex-

Figure 4. A Schematic Representation of the Phosphopeptide-plain the data in Table 3.
Binding Site on the Src SH2 Domain

A nomenclature suggested by Stephen Harrison (Har-
The oval represents the SH2 domain oriented so that the long centralvard University, Cambridge, MA) is used in Figure 4 and
� structure (�4-�4	 or �D-�D	) is vertical with � helix A at the right and

Table 4 to facilitate comparisons of SH2 domains. The � helix B at the left. The bold jagged line running right to left represents
first and second � helices are named �A and �B, and the the backbone of the associated peptide (pTyr-Glu-Glu-Ile): the side

chains are named in outlined type. The two stippled circles representsuccessive � structures are called �A �B, etc. Thus, �D3
the binding pockets for the pTyr and the �3 Ile. The arrows indicateindicates the third residue of the fourth � structure. The
residues from the SH2 domain that are predicted to make contact

first residue in the bend between �E and �F is called EF1. with the side chains of the associated peptide. Notice that Tyr �D5 is
The fourth � structure is involved in two distinct sheets sandwiched between the �1 Glu and �3 Ile of the associated phospho-

peptide. (Based on molecular modeling of Waksman et al., 1992.)previously called �-4 and �-4	 (Waksman et al., 1992).
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Table 4. Phosphopeptide Motifs for SH2 Domains: Residues Predicted to Interact with the Side Chains of the Associated Phosphopeptides

Src SH2 Src SH2 Src SH2

200 202 205 202 214 215 237
Group SH2 Domain �1 �D3 �D5 �2 �D	1 �3 �D5 �E4 EF1 BG4

1A Src E K Y E R I Y I T L
Fyn E K Y E R I Y I T L
Lck E K Y E R I Y I S L
Fgr E K Y E R IV Y I T L
Lyn K Y R Y I S L
Yes K Y R Y I T L
Hck K Y R Y I S L
Dsrc K Y K Y L S L

1B Syk N-Terminal H Y E Y I S L
Syk C-terminal L Y D Y I P L
ZAP-70 C-terminal Y Y S Y I P L

Tec R Y K Y L A L
Atk R Y C Y L A L
ltk K Y K Y V A L

Abl E Y Y N N P Y V S L
Arg Y Y N Y V T L

Csk E Y M Y I D ?

Crk D S Y H N P Y A G T?

Nck D K F E Q P F I G T?

ZAP-70 N-terminal H F E F I A L

Sem5 LV Q F N L vp F L W R?

GAP C-terminal Q F C F M G I?
GAP N-terminal N F I F I G L?

Tensin R F T F ? ? ?

2 Vav K T I T I T ?

3 p85a N-terminal MIVE K I – F M I F S A?
P85b N-Terminal K I F I F S A?
p85a C-terminal mli K C – N M C F A V?
p85b C-terminal K C Y C F A V?

PLC-�1 C-terminal VI K C IL N PIV C L G Y?
PLC-�2 C-terminal K C Q C L G Y?
PLC-�1 N-terminal LIV Q C Ed H LIV C K F L?
PLC-�2 N-terminal Q C R C K Y L?

SHPTP1 N-terminal T I Q I D L V
SHPTP2 N-terminal IV T I – Q VI I D L L
Corkscrew N-terminal T I Q I D L L
SHPTP1 C-terminal T I M I T V E

4 SHPTP2 C-terminal T V R V D V E
Corkscrew C-terminal T V R V D V E

SHC K L V L T K P?

113 TF F A P A L? S? ?
91 TF I S P S L? Q? ?

Columns �1, �2, and �3 are the first, second, and third residues C-terminal to pTyr, 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 based on Waksman et al. (1992).
Bold letters indicate strong selection. Uppercase roman letters indicate medium selection. Lowercase roman letters indicate weak selection. A dash
indicates no selection. Motifs not yet determined or not submitted for publication are left blank.
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York) obtained the crystal structure of the Src SH2 domain due to the bulky Trp residue at EF1 closing up the �3
pocket (Table 4).associated with the same peptide (Waksman et al., submit-

ted). The structures are generally consistent with the pre- The group 3 SH2 domains have Ile or Cys at position
�D5 and select the general motif pTyr-hydrophobic-X-dictions made above with some additional contacts found

between the�3 Ile and the hydrophobic pocket. Most nota- hydrophobic. The particular hydrophobic amino acid se-
lected depends on the other amino acids at the predictedbly, a highly conserved tyrosine residue in the second �

helix was found to form the bottom of the pocket. contact points. p85 N-terminal and C-terminal SH2 do-
mains have relatively conserved �3 pockets and both
strongly select Met at �3 (Figures 1 and 2 and Table 4).
Members of group 3 show weak selection at the �2 posi-Subgroups of SH2 Domains Based on Variability
tion. This could be because the snug fit in the �3 pocketin Residues That Bind Phosphopeptides
restricts the side chain at �2 from favorable interactionsCan the phosphopeptide selectivity of SH2 domains be
with the SH2 domain.explained by variability in residues predicted to form the

We have not yet completed the analysis of the Vav SH2binding sites? Table 4 presents the residues of various
domain (the sole member of group 2). Preliminary analysisSH2 domains that are at analogous positions to the amino
indicates that Vav has selectivity similar to that of the groupacids in the Src SH2 domain that make contacts with the
3 members. Thus, Thr and Cys at �D5 may produce similarside chains of the �1, �2, and �3 residues of the associ-
binding sites.ated phosphopeptide. While the residues that form the

Finally, group 4 contains additional SH2 domains thatpTyr-binding pocket are highly conserved (Waksman et
have distinct amino acids at �D5. Despite several attemptsal., 1992), the residues that form the binding sites of the
we have not yet determined motifs for any of the membersother amino acids are quite variable.
of this family. In the case of the SHC SH2 domain thisThe residue that is most critical in selecting phospho-
failure is probably due to insufficient protein in the experi-peptide specificity is �D5. In the case of the Src SH2–
ment. However, the failures of SHPTP2 C-terminal,pTyr-Glu-Glu-Ile complex, the aromatic moiety of this resi-
113TF, and 91TF (Fu, 1992) to bind phosphopeptidesdue makes van der Waals contacts with the �1 Glu on
could not be explained by insufficient protein. It is possibleone side and with the �3 Ile on the other side (Figure
that these domains fail to fold properly when expressed4). Mutation of this residue would be expected to affect
in the absence of the total protein or that they recognize aselectivity at both the �1 and �3 positions.
specific sequence N-terminal to pTyr that cannot be substi-The SH2 domains in Table 4 can be divided into four
tuted for by the Gly-Asp-Gly-pTyr in the library. Alterna-subgroups on the basis of the amino acid at �D5. The first
tively, they may not function to bind pTyr motifs in vivo.group includes SH2 domains with Tyr or Phe at �D5 (top

of Table 4). The second group (of which Vav is the sole
member) contains Thr at �D5, the third group has Ile or
Cys at �D5, and a final group contains other amino acids Phosphopeptide Motifs Predict In Vivo Binding

Sites for Proteins with SH2 Domains(bottom of Table 4).
The members of group 1 that have been investigated The major value of the data in Table 3 is that it considerably

reduces the work required to determine the in vivo signal-select phosphopeptides with the general motif pTyr-
hydrophilic-hydrophilic-Ile/Pro. All members with Tyr at ing complexes formed by proteins with SH2 domains. A

search of protein sequence data bases for proteins con-�D5 (Src, Lck, Fyn, Fgr, Abl, Crk, and Nck) select Glu or
Asp at the �1 position. The Src family (Src, Lck, Fyn, Fgr, taining the motifs recognized by the various SH2 domains

reveals possible sites in proteins that have been previouslyYes, Lyn, and Hck) makes up a subgroup of group 1, in
which most of the residues that are predicted to contact sequenced. These predictions can then be tested by

checking for coimmunoprecipitation of the proteins fromall three side chains of the associated phosphopeptide are
conserved (top of Table 4). Consistent with the conserved lysates of stimulated cells and finally by making point mu-

tations at the predicted binding sites.structure, the SH2 domains from this family that have
been investigated all select pTyr-Glu-Glu-Ile as the opti- Table 2 presents some possible binding sites for the

SH2 domains whose binding motifs we determined. Somemal peptide.
Crk, Nck, Abl, and Sem5/GRB2 make up another sub- of these sites have already been shown to bind the pre-

dicted SH2 domains (see p85 and PLC-�). Other sites aregroup of group 1. All four have an aromatic residue at �D5,
but the other residues expected to contact the side chains on proteins that are known to bind the respective SH2

domains, but the binding sites have not yet been mappedof the associated peptide are distinct from the analogous
sites of the Src family members. The residues predicted (see Src family, Sem5/GRB2, p85, and PLC-�). The pre-

dicted Sem5/GRB2-binding site on SHC was recently con-to form the �3 pocket are similar between Crk and Nck
and both SH2 domains strongly select Pro at �3. The �3 firmed by point mutation (Pawson laboratory, unpublished

data). Other predicted sites for the various SH2 domainspocket of Abl is similar to that of the Src family but has Val
rather than Ile at �E4. It also shows a preference for Pro are currently being investigated. The successes we have

had in predicting the binding sites for p85 (Table 2; Cantleyover Ile at �3.
Sem5/GRB2 is unusual in that it has very weak selectivity et al., 1991) encourage us to pursue the predictions made

in Table 2. Some of these predictions warrant discussion.at the �3 position and selects primarily on the basis of
Asn at �2 (Table 3). The poor selectivity at �3 could be The distinct motifs selected by the two SH2 domains of
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PLC-� strongly suggest that the N-terminal SH2 domain This observation raises the possibility that all Src family
members, once activated, bind to the same target in themediates binding to the fibroblast growth factor receptor

(Tyr766–Leu-Asp-Leu; Mohammadi et al., 1992; Peters et cell and thus produce similar downstream signals. Alterna-
tively, these proteins may all have the potential to be acti-al., 1992) and epidermal growth factor receptor (Tyr978–

Leu-Val-Ile or Tyr1197–Leu-Arg-Val; Rotin et al., 1992), vated by the same phosphoprotein via displacement of the
C-terminal pTyr moiety (Liu et al., 1993). It is possible thatwhile the C-terminal SH2 domain mediates binding to the

PDGF receptor (Tyr1021–Ile-Ile-Pro; Fantl et al., 1992; specificity is provided by recognition of motifs N-terminal
to the pTyr moiety (a library has been constructed to testRonnstrand et al., 1992). The motifs at the known binding

sites on the fibroblast growth factor and PDGF receptors this idea). It is also possible that the SH3 domain or other
regions unique to individual members of the Src familyare nearly the optimal sequences for the N-terminal and

C-terminal SH2 domains, respectively, based on the li- provide specificity in downstream signaling.
brary search.

Experimental Procedures
The sequences in Table 2 raise the interesting possibility

GST-SH2 Fusion Proteinsthat proteins that contain two SH2 domains may form a
cDNAs encoding SH2 domains of p85, lck, fgr, v-src, fyn, abl, PLC-�,bidentate association with closely spaced pTyr motifs of
c-crk, nck, and SHPTP2 were subcloned into pGEX vectors and ex-

the same polypeptide. We have evidence that the two pressed as GST fusion proteins. Construction of the p85 N-terminal
closely spaced pTyr residues on the PDGF receptor that SH2 and C-terminal SH2 domains were previously described (Yoakim
are involved in binding phosphatidylinositol 3-kinase et al., 1992). DNA fragments of human nck encoding residues 270–

377 and c-crk encoding residues 1–129 were cut out and inserted(pTyr740 and pTyr751; Table 2) activate the enzyme by simul-
into pGX-3X. The regions of v-src encoding residues 148–251, bovinetaneously binding to both SH2 domains (Carpenter et al.,
PLC-� 547–659 and 663–752, murine c-fgr encoding residues 132–1993). The compact structure of the SH2 domains makes
232, fyn encoding residues 127–229, and lck encoding residues 149–

it feasible for two SH2 domains to simultaneously bind to 249, were isolated, respectively, by PCR and subcloned into pGEX-2T.
pTyr residues that are fewer than 10 amino acids apart in The insert was confirmed by DNA sequencing. The fusion proteins
the same peptide. A similar spacing of Tyr-X-X-Met motifs were produced in Escherichia coli by isopropyl �-D-thiogalactopy-

ranoside induction and purified with glutathione-agarose beads.is found on ErbB3 and on human papilloma virus E5b
(Table 2), suggesting that these proteins could activate Design of Oriented Phosphopeptide Library
phosphatidylinositol 3-kinase by a similar mechanism. A partially degenerate, oriented phosphopeptide library was synthe-

sized based on evidence that the SH2 domains of the 85 kd subunitA similar (� 10 amino acid) spacing of Tyr-X-X-Leu/Ile
of phosphatidylinositol 3-kinase bind to proteins and synthetic peptidesmotifs occurs multiple times in the cytosolic domains of T
that contain the motif pTyr-Met-Xxx-Met (Cantley et al., 1991; Es-and B cell receptor subunits (Reth, 1989). Some of these
cobedo et al., 1991; Auger et al., 1992; Fantl et al., 1992). There does

sequences are good motifs for Src family SH2 domains not appear to be strong conservation at a specific site N-terminal to
(Table 2). However, it seems more likely that close spacing the pTyr other than a general tendency for aspartate or glutamate
of these motifs provides optimal bidentate binding sites for residues, which are probably important for the phosphorylation of

these sites (Hunter and Cooper, 1985). Including at least 1 residuethe two SH2 domains of the Syk (B cell) and ZAP-70 (T
N-terminal to the pTyr in synthetic peptides improves affinities, al-cell) tyrosine kinases (Chan et al., 1992; Taniguchi et al.,
though there is no evidence that the side chain residues N-terminal to1991). We have not yet determined the motifs for these
the pTyr influence the activity (S. E. S., unpublished data; Fantl et al.,SH2 domains, but they fall into group 1 in Table 4, with
1992).

close similarity to Src family members. They are likely to On the basis of this information, we synthesized the phosphopeptide
select motifs of pTyr-hydrophilic-hydrophilic-Ile/Leu, con- library indicated in Table 1. All peptides in this library begin with the

sequence Gly-Asp-Gly-pTyr. This provides a negative charge, oftensistent with most of the Reth (1989) motifs.
found N-terminal to in vivo phosphorylation sites, and 3 residues ofIn summary, the results presented here provide the be-
sequence useful for verifying that peptides from the library are beingginning of a structural basis for the selectivity of SH2 do-
sequenced and for quantitating the total amount of peptides. The 3mains for specific cellular targets. Considerable selectivity
residues C-terminal to the pTyr are degenerate with all possible amino

is provided by the 3 amino acids C-terminal to the pTyr acids but Trp and Cys, which were omitted to avoid problems with
residue of the associated phosphopeptide. When these sequence detection and dimer formation. The total degeneracy is 183

residues are varied the optimal peptide selected is typi- � 5832. The residues Ser and Pro are present at the fourth and fifth
positions C-terminal to pTyr in all peptides of the library. Although therecally 30- to 100-fold higher in affinity than the medium
are no obvious consensus amino acids at these positions of the knownaffinity peptide (Table 3) and several thousand–fold higher
binding sites of phosphatidylinositol 3-kinase, there is a tendency to-than the lowest affinity peptides (data not shown). The
ward residues that form bends, and Ser-Pro is likely to form a bend.

optimal affinities were 1 to 50 nM for those SH2 domains All peptides of the library terminate with three Leu residues to prevent
examined. Most SH2 domains examined selected unique wash-out during sequencing.
optimal peptides, and these selections are consistent with

Phosphopeptide Library Synthesis
the variability in residues at the contact points (Table 4). Na-Fmoc-based syntheses were conducted on a Milligen/Biosearch
However, certain sequences are predicted to act as inter- 9600 synthesizer using standard (benzotriazolyloxy)tris(dimethyla-
mediate to high affinity peptides for more than one SH2 mino)phosphonium hexafluorophosphate (BOP)/1-hydroxybenzotriazole

coupling protocols, and protected amino acids, except incorporationsdomain (e.g., pTyr-Glu-Glu-Met is predicted to bind to both
following that of the protected pTyr derivative, N�-Fmoc-O-(O,O-p85 and Src family members; Table 2). Thus, multiple SH2
dimethoxyphosphoryl)-L-tyrosine, were prolonged. For degenerate posi-domains could compete for the same site in vivo.
tions, the resin was deprotected with 30% piperidine as usual and washed

Finally, it is interesting that the phosphopeptide-binding extensively with dimethylformamide, solvent was removed and the moist
sites of the Src family members have been conserved. resin was divided into 18 equivalent amounts by weight. Each aliquot was
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coupled for 18 hr with 4 equivalents each of BOP, 1-hydroxyben- high affinity for a given SH2 domain but be underrepresented in this
technique because amino acid X at residue �1 could only bind if aminozotriazole, and a different Na-Fmoc-amino acid having the appropriate

side chain protecting group. All aliquots were recombined and the acid Y is present at position �2. Thus, all peptides with only X at �1
or only Y at �2 would fail to bind. One test of this possibility is toprocedure was repeated at each degenerate position. Peptide cleav-

age and side chain deprotections were with trimethylsilyl bromide as compare the results from less degenerate libraries with those observed
from the highly degenerate library. This was done using the N-terminaldescribed (Domchek et al., 1993). The peptide mixture was precipi-

tated with diethyl ether (4
C) and desalted on a column of Bio-Gel P2. SH2 domain of p85 and a less degenerate library in which the first
amino acid C-terminal to pTyr fixed as Met. The order of preferencesThe results of sequence analysis of the peptide mixture are shown in

Table 1. The variability in molar amounts of the individual amino acids found at the �2 and �3 positions C-terminal to pTyr were very similar
to those found for the same residues in the more degenerate peptideat a given cycle was generally less than 3-fold as judged by sequencing

(some variability is due to recovery in the sequencer) and less than (data not shown), indicating that the selectivity found with the highly
degenerate peptide is reliable for this SH2 domain.2-fold on the basis of amino acid analysis of the mixture. There was

some decrease in yield with successive cycles, but since all peptides
had the same C-terminal sequence, the wash-out was similar for all In Vitro Competition
peptides. Quiescent 3T3 cells were stimulated with PDGF � at 37
C for 5 min.

After washing twice with phosphate-buffered saline, cells were lysed
in lysis buffer (20 mM Tris [pH 8.0], 150 mM NaCl, 10% glycerol, 2 mMAffinity Purification
EDTA, 1 mM phenylmethylsulfonyl fluoride, 0.15 U/ml aprotinin, 20A total of 150 �l of fusion protein beads (600 �g of protein) was packed
�M leupeptin, 2 mM sodium vanadate, 1% NP-40). Cell lysates werein a 1 ml syringe as an affinity column. The beads were washed with
cleared by centrifugation. The supernatants were aliquoted and prein-1 ml of phosphate-buffered saline (150 mM NaCl, 3 mM KCl, 10 mM
cubated with different concentrations of phosphorylated peptides atNa2HPO4, 2 mM KH2PO4 [pH 7.2]). Degenerate peptide (2 mg) was
4
C for 30 min. GST–Src SH2 fusion protein beads or GST beads wereloaded on the top of the column and allowed to sit at room temperature
added to a final concentration of 500 nM, and the mixture was shakenfor 5 to 10 min. During this period, the column flow was stopped. The
at 4
C for 90 min. After centrifugation, precipitates were washed threecolumn was then quickly washed twice with 1 ml of ice-cold phosphate-
times in lysis buffer. Proteins on the beads were resolved on SDS–buffered saline (containing 10 mg/ml blue dextran and 0.5% NP-40)
polyacrylamide (10%) gel and transferred to the nitrocellulose mem-and once with 1 ml of ice-cold phosphate-buffered saline at 4
C. Pres-
brane. The proteins on the membrane were probed with anti–phos-sure was added to accelerate the wash so that the entire washing time
phorylated tyrosine antibody (monoclonal 4G10 from UBI). The bandswas less than 1 min to avoid peptide dissociation. To elute the peptides,
were visualized through enhanced chemiluminescence (Amersham).200 ml of 20 mM sodium phenylphosphate solution (pH 7.8) was loaded

on the column at room temperature. The flowthrough was collected,
Acknowledgmentsdried down into a small volume, and sequenced on the Applied Biosys-

tems 477A Protein Sequencer. Preliminary results using a radiola-
The original modeling of the pTyr-Glu-Glu-Ile phosphopeptide in thebeled phosphopeptide (125I-labeled RENEY*MPMAPQIH, based on a
Src SH2 domain was done by John Kuriyan (Rockefeller University).sequence in hamster middle T; Y* indicates pTyr) known to bind tightly
We thank Dr. Kuriyan for sharing his crystal coordinates and for manyto this SH2 domain (KD � 1 nM) confirmed that high affinity peptides
informative discussions about modeling, We also thank Stephen Har-are retained through the washing procedure and are quantitatively
rison (Harvard University) for discussion about the Lck SH2 domain.eluted by phenylphosphate (data not shown). As a control the same
We thank Michael Berne (Tufts University School of Medicine, Boston,procedure was performed with GST lacking the SH2 domain. To cor-
MA) for microsequencing and for synthesizing some of the phospho-rect for the differential recoveries during sequencing, variable abun-
peptides. We thank Bill Bachovchin and David Sanford (Tufts Univer-dance of amino acids in the degenerate mixture, and potential differ-
sity School of Medicine) for nuclear magnetic resonance analysis toences in nonspecific adsorption to the control beads, the ratio of each
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