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Summary 

The solution structure of the C-terminal SH2 domain 
of phospholipase C-y1 (PLCql), in complex with a phos- 
phopeptide corresponding to its Tyr-1021 high affinity 
binding site on the platelet-derived growth factor re- 
ceptor, has been determined by nuclear magnetic res- 
onance spectroscopy. The topology of the SHP-phos- 
phopeptide complex is similar to previously reported 
Src and Lck SH2 complexes. However, the binding site 
for residues C-terminal to the phosphotyrosine (pTyr) 
is an extended groove that contacts peptide residues 
at the +l to +6 positions relative to the pTyr. This strik- 
ing difference from Src and Lck reflects the fact that 
the PLCyl complex involves binding of a phosphopep 
tide with predominantly hydrophobic residues Gter- 
minal to the pTyr and therefore serves as a prototype 
for a second class of SHP-phosphopeptide inter- 
actions. 

Introduction 

Src homology 2 (SH2) domains play a vital role in signal 
transduction processes by binding to sites of Tyr phos- 
phorylation following growth factor stimulation (reviewed 

f’The first two authors contributed equally to this work. 

by Koch et al., 1991; Cantley et al., 1991; Pawson and 
Gish, 1992). These modular regions of - 100 residues are 
found in a number of proteins that act downstream of growth 
factor receptors (Anderson et al., 1990; Moran et al., 1990). 
SH2 domain-containing proteins can be roughly subdi- 
vided into two groups, those containing an enzymatic 
activity necessary for downstream signal transduction 
events, such as members of the Src-related family of cyto- 
plasmic Tyr kinases, Ras GTPase-activating protein and 
phospholipase Cy (PLQ), and those molecules that have 
no enzymatic activity and act as so-called adaptor mole- 
cules in bridging protein-protein interactions, such as the 
p85 subunit of phosphoinositol 3-kinase (Pl3K), Crk, and 
members of the Sem-SIGrbPldrk family (Pawson et al., 
1993). The tertiary structures of isolated SH2 domains 
from Abl (Overduin et al., 1992a, 1992b), Src (Waksman 
et al., 1993), and the ~85 subunit of Pl3K (Booker et al., 
1992) have been determined. These structural studies by 
nuclear magnetic resonance (NMR) and X-ray crystallo- 
graphic techniques reveal a similar overall topology for 
the SH2 domain consisting of a large central p sheet and 
an associated smaller p sheet, flanked by two a helices. 
Crystal structures of Src (Waksman et al., 1993) and Lck 
(Eck et al., 1993) SH2 domains complexed with high affin- 
ity binding phosphopeptides representing residues of 
potential target-binding proteins and containing the 
sequence pTyr-Glu-Glu-lie are also available, as are 
structuresof the Src SH2 domain complexed with low affin- 
ity binding phosphopeptides (Waksman et al., 1992). 
These structures reveal a binding mechanism best de- 
scribed as a two-pronged plug. The pTyr inserts into the 
larger pocket and the Ile at the +3 position relative to 
the pTyr binds to the smaller pocket. The binding site for 
the pTyr involves a network of charge-charge and hydro- 
gen bonding interactions between residues of the SH2 
domain and the phosphate oxygens and aromatic IT elec- 
trons of the pTyr ring. 

It is expected that the mode of binding of pTyr will be 
generally conserved for SH2 domains, based on the strong 
conservation of SH2 residues involved in the SHP-pTyr 
interaction (Koch et al., 1991). In vitro and in vivo studies 
(reviewed by Cantley et al., 1991; Pawson and Schles- 
singer, 1993) have shown that sequence-specific high af- 
finity binding between an SH2 domain and its target de- 
pends on amino acids flanking the pTyr residue. Relative 
binding affinities of phosphopeptides generated from li- 
braries in which the three residues immediately C-terminal 
to the pTyr have been randomized support the hypothesis 
that these residues confer the primary specificity of SH2 
interaction (Songyang et al., 1993, 1994). Based on these 
specificities and the identity of a particular (PD5) amino 
acid in the SH2 domain, Cantley and coworkers divided 
SH2 domains into two categories (Songyang et al., 1994), 
those that bind sequences with the motif pTyr-hydro- 
philic-hydrophilic-lie/Pro and those that bind sequences 
with the motif pTyr-hydrophobic-X-hydrophobic. Mem- 
bers of the first class include SH2 domains of nonreceptor 
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Tyr kinases. Members of the second class include the SH2 
domains of the ~85 subunit of Pl3K, SHBcontaining pTyr 
phosphatases, and PLCy. 

PLC performs the enzymatic hydrolysis of inositolcontain- 
ing phospholipids, releasing the second messengers ino- 
sitol triphosphate and diacylglycerol. The y isoforms of 
PLC are regulated by growth factor stimulation owing to 
the presence of their two SH2 domains, which other iso- 
forms lack (Rhee, 1991). PLC-y SH2 domains bind to spe- 
cific sites of phosphorylation in the platelet-derived growth 
factor receptor (PDGFR) (Valius et al., 1993; Valius and 
Kazlauskas, 1993), epidermal growth factor receptor 
(EGFR) (Rotin et al., 1992; Zhu et al., 1992) and Flg fibro- 
blast growth factor receptor (FGFR) (Mohammadi et al., 
1991). Mutation of Tyr-1021 of the PDGFR to Phe blocks 
in vivo PLCy binding and phosphoinositide hydrolysis fol- 
lowing PDGF stimulation (Valius et al., 1993). The KDvalue 
for the interaction of the C-terminal SH2 domain of PLC-y 
(PLCC) with a 12 residue phosphopeptide having a se- 
quence derived from this Tyr-1021 site (pY1021 peptide) 
is - 1 x lo-’ to 5 x 1O-7 M, estimated by competition 
assay (Piccione et al., 1993) and calorimetry (S. E. S., 
unpublished data). These estimates are consistent with 
determinationsof the concentration of the pY1021 peptide 
necessary to inhibit 50% of the binding of intact PLC-y to 
the C-terminal tail of the PDGFR (Larose et al., 1993). 

While a number of SHBcontaining proteins bind to acti- 
vated PDGFR both in vivo and in vitro, recent studies dem- 
onstrate that interactions with PLC-y are biologically signif- 
icant for the mitogenic effects of PDGF. In vivo binding 
studies with PDGFR mutations of Tyr to Phe indicated that 
either Tyr-751 (the target for the SH2 domains of the ~85 
subunit of Pl3K and Nck) or Tyr-1021 (the target for the 
PLC-y SH2) was necessary for Ras activation and trans- 
mission of a mitogenic signal (Valius and Kazlauskas, 
1993). In a previous study, mutation of Tyr-1021 was 
shown to decrease the PDGF mitogenic response by 
-30% (Valius et al., 1993). Interactions of PLC-y with 
other receptors seem to be less important for their mito- 
genie response (Peters et al., 1992; Mohammadi et al., 
1992). Thus, the high affinity binding of PLC-y to Tyr-1021 
of the PDGFR is a significant biological interaction in sig- 
naling processes. 

While both SH2 domains of PLCr belong to the category 
of those that bind pTyr-hydrophobic-X-hydrophobic se- 
quences, the N- and C-terminal SH2 domains of PLC-yl 
have different sequence specificities. Binding studies with 
randomized peptides (Songyang et al., 1993) show that 
the N-terminal domain prefers an acidic residue at the 
+2 position relative to the pTyr while the C-terminal SH2 
domain prefers a hydrophobic amino acid at this position. 
The sequences of the Tyr-1021 PLC-yl site of the PDGFR 
and the Tyr-992 site of the EGFR, pTyr-lle-lle-Pro and 
pTyr-Leu-lle-Pro, respectively, match the specificity of 
the C-terminal SH2, while the sequence of the Tyr-766 
site of the FGFR, pTyr-Leu-Asp-Leu, matches the spsci- 
ficity of the N-terminal SH2 of PLC-y. Thus, the biological 
interaction of PLC-y with Tyr-1021 of the PDGFR is most 
likely due to the C-terminal SH2 domain of the enzyme. 
Therefore, we have studied the complex of the C-terminal 

SH2 of PLC-yl with a phosphopeptide encompassing the 
Tyr-1021 of the PDGFR. 

Comparison of structures of several SH2 domain-target 
peptide complexes should help to deepen our under- 
standing of the molecular details of sequence-specific pro- 
tein interactions in signal transduction. The crystal struc- 
tures of the Src SH2 domain (Waksman et al., 1993) and 
the highly homologous Lck SH2 domain (Eck et al., 1993) 
complexed with a high affinity binding phosphopeptide 
containing the sequence pTyr-Glu-Glu-lie are repre- 
sentative of the specific binding of pTyr-hydrophilic- 
hydrophilic-IlelPro sequences to SH2 domains. In this 
paper, we present the solution structure of the complex 
of the C-terminal SH2 domain of PLC-yl with a phospho- 
peptide corresponding to its high affinity Tyr-1021-binding 
site in PDGFR 8. The sequence of this 12 residue pY1021 
peptide, Asp-Asn-Asp-pTyr-lle-lle-Pro-Leu-Pro-Asp- 
Pro-Lys, contains the pTyr-hydrophobic-X-hydrophobic 
motif. Thus, this structure provides an example of com- 
plexes representative of the second category of SHS-pTyr 
peptide interactions as well as the structure of a known 
biologically relevant SH2 interaction, since the biological 
targets of the Src and Lck SH2 domains are not as well 
characterized as those of the C-terminal SH2 of PLCr. 

Results 

NMR Analysis of the SH2-pY1021 Complex 
Uniform 13C and 15N labeling of proteins can facilitate NMR 
studies of their interactions with unlabeled target ligands 
(Ikura and Bax, 1992). The C-terminal SH2 domain of bo- 

Figure 1. Sequence Alignment of the PLCC SH2 Domain with the Src 
and Lck SH2 Domains Based on a Comparison of the PLCC and Src 
SH2 Structures 

Owing to thesimilarityof sequencesofthetwoSH2domainsof PLC-11, 
an alignment of the N-terminal SH2 domain of PLC-yl (PLCN) with 
the other SH2 sequences based on the structure of the PLCC SH2 is 
also given. The secondary structural elements in the PLCC SH2 do- 
main and those from the Src (Waksman et al., 1993) and Lck (Eck et 
al., 1993) complexes are underlined. The nomenclature proposed by 
Harrison and coworkers (Eck et al., 1993) is indicated at the first resi- 
dues of the secondary structural elements to which they refer. Note that 
there are differences in this alignment from those published previously, 
including the definition of strand 6F in the PLCC SH2 domain and the 
alignment for helix aA. While helix aB in the PLCC begins one residue 
later than the helices in the Src and Lck structures, the residues will 
be numbered according to the SrclLck nomenclature. Residue num- 
bers of the PLCC SH2 domain construct used in this study are given 
below the sequence. 
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Figure 2. Selected NOE Correlations between the PLCC SH2 Domain 
and pY1021 Peptide 

‘C-‘H strips taken from a 150 ms mixing time 3D F,-edited, Fs-filtered 
NOESY in D20 at 30°C, showing representative NOE correlations 
between protons of the PLCC SH2 domain and pY1021 peptide. These 
include cross peaks from resonances of the pTyr to those of Cys 5D5, 
Ala 6C3, and Arg f3D6; from resonances of Ile +I to Lys 6D3; and from 
resonances of Pro +3 to Leu 6E4 and Leu BG2. The asterisk indicates 
an NOE to one or more of the overlapping resonances of the Ile +2 
CT methyl or the Leu +4 C6 methyls. 

vine PLC-yl (PLCC) (Figure l), comprising residues 663- 
759 of the full enzyme (Stahl et al., 1988), was expressed 
from Escherichia coli grown in minimal media with the 
addition of %-glucose and 15N-ammonium chloride to pre- 
pare 99% isotopically enriched protein. Yields of 50 mg 
of PLCC SH2 domain per liter of culture could beobtained. 
The PLCC SH2 domain was most soluble in phosphate 
buffers and gave well-dispersed NMR spectra at pH 6.4 
and 30%. The synthetic 12 residue pY1021 phosphopep- 
tide (unlabeled) was titrated into an NMR sample of 1.5 
mM free PLCC SH2 in 100 mM phosphate buffer (pH 6.4) 
until a 1 :l complex of SH2:phosphopeptide was achieved. 

Figure 3. Superposition of the Ca Atoms of the 16 Final Simulated 
Annealing Structures of the PLCC SH2-pY1021 Complex 

Structures were generated using the program X-PLOR (Brtinger, 
1992). Ca atoms of the central 6 sheet and two helices of the SH2 
domain (residues 11-13, 19-26, 33-39, 44-51, 55-62, and 76-87) 
were superimposed for this figure. Residues l-10 and 100-l 05 of the 
SH2 domain and the first two and last two residues of the phosphopep- 
tide are disordered in solution and are excluded from the figure. 

Titration led to broadening and disappearance of reso- 
nances of the uncomplexed PLCC SH2 and a sharpening 
and increase in intensity of peaks of the SHP-pYlO21 com- 
plex. The predominantly slow exchange behavior between 
the two states, free and complexed, is consistent with the 
high affinity binding of the pY1021 peptide to the PLCC 
SH2 domain. 

NMR experiments exploiting heteronuclear editing and 
filtering techniques allow specific interactions between 
two molecules, one 13C and 15N labeled and another unla- 
beled, to be identified, as well as interactions within each 
of the two molecules to be studied separately (Ikura and 
Sax, 1992). Three-dimensional (3D) heteronuclear tech- 
niques that allow observation of interactions between pro- 
tons bound to 13C or 15N atoms were used to determine 
resonance assignments and the structure of the SH2 do- 
main. Filtered two-dimensional (2D) experiments, which 
eliminate proton resonances bound to 13C and 15N atoms, 
were used to determine the assignments and nuclear 
Overhauser effect (NOE) correlations within the pY1021 
peptide. Finally, NOES between the SH2 and the pY1021 
peptide were assigned via half-filtered experiments in 
which the j3C or j5N and their attached protons are corre- 
lated with protons attached to j2C and 14N. Figure 2 shows 
portions of a 3D half-filtered NOE spectroscopy (NOESY) 
spectrum demonstrating interactions between protons of 
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Table 1. Structural Statistics and Atomic RMSDs of the 16 Final Structures of the PLCC SH2-pY1021 Complex 

Structural statistics’ 
RMSDs from NOEderived distance restraints (A) 

All (1239) 
SH2-SH2 distances (1104) 
pY1021-pY1021 distances (37) 
SH2-pY1021 distances (96) 
H-bonds (50)D 

RMSDs from experimental dihedral restraints (degrees) (62y 
DeviationsOfrom idealized geometry 

Bonds (A) (1929) 
Angles (degrees) (3462) 
Impropers (degrees) (1016) 

Atomic RMSDs (A)’ 

<SA> PA), 

0.015 f 0.001 0.010 
0.013 f 0.001 0.006 
0.025 k 0.004 0.041 
0.019 j, 0.001 0.010 
0.022 f 0.003 0.013 
0.335 * 0.139 0.165 

0.0016 f 0.0002 0.001 
0.562 f 0.015 0.564 
0.319 f 0.031 0.279 

All 

Residues 1 l-99 (69) 1.17 * 0.16 1.94 f 0.17 
Central 5 sheet @A, 6B, PC, and f3D) (22) 0.52 + 0.10 1.33 f 0.14 
pTyr-binding site (7) 0.43 + 0.10 1.43 f 0.20 
Hydrophobic binding groove (16) 0.61 + 0.51 1.26 * 0.26 
Complete binding interface (23) 0.64 f 0.17 1.36 k 0.21 

*The average RMSDs from the experimental and covalent geometric restraints used for the X-PLOR structure calculations are listed. <SA> 
represents the mean value for the 16 final simulated annealing structures; (SA), is the restrained minimized mean structure, where the mean 
structure was obtained by averaging the coordinates of the 16 individual superimposed structures. The number of terms for the various restraints 
is given in parentheses. None of the structures exhibited distancf violations gre$er than 0.3 A or dihedral angle violations greater than 4O. 
b For each hydrogen bond there are two restraints: r kHO, 1.5-2.3 A; rKo, 2.4-3.3 A. A total of 50 restraints were used for 25 constrained H bonds. 
All hydrogen bond restraints involved slowly exchanging amide protons and were included only if the acceptor could be unambiguously defined 
by local NOES. 
c Torsion angle restraints included 65 +, 7 w, and 6 x1 angles for the SH2 domain, based on ?1 HNo values and NOE-derived intraresidue and 
sequential distances from 50 ms mixing time NOESY spectra. In addition, 2 xi angles of the peptide were restrained based on intraresidue and 
sequential NOES and the results of initial structure calculations. 
d The average atomic RMSDs from the mean structure for the backbone atoms (including the N, Cu, and C’) of the indicated residues are listed, 
as well as for all nonhydrogen atoms of those regions, with the number of residues involved given in parentheses. The residues of the pTyr-binding 
site are Glu aA6, Arg 5B7, Ala pC3, His 5D4, pCys 6D5, Arg 6D6, and the pTYr. The residues in the hydrophobic binding groove are Ile 6C4, 
Phe f3C6, Lys 5D3, Cys 5D5, Leu 6E4, Gly EFl , Asn EF2, Pro BGI, Leu BG2, Tyr BG3, Arg BG4, Ile + 1, Ile + 2, Pro + 3, Leu + 4, and Pro + 5. 

the PLCC SH2 domain and pY1021 peptide. The 2D and 
30 double and triple resonance experiments utilized are 
described in Experimental Procedures. 

3D structures were computed utilizing a combined dis- 
tance geometry-simulated annealing protocol using the 
program X-PLOR (&finger, 1992). The calculations in- 
cluded 1104 protein-protein NOE-derived distance re- 
straints, 65 9 and 7 QJ torsion angle restraints, and re- 
straints for 25 hydrogen bonds. A total of 98 NOES 
between the PLCC SH2 domain and pY1021 peptide and 
37 NOES within the pY1021 were also included. A super- 
position of the Ca coordinates from the 18 final X-PLOR 
structures is shown in Figure 3. The average root mean- 
squared deviation (RMSD) from the mean structure for 
ordered backbone atoms, including residues 1 l-99 of the 
PLCC SH2 domain, is 1.17 A (Table 1). The backbone 
RMSD for the central 8 sheet, including residues 11-13, 
34-38,44-51, and 54-60, is 0.52 A. The RMSD for back- 
bone atoms and for all heavy atoms of residues of the 
SH2 domain and pY1021 peptide in the binding interface, 
including residues 22, 39, 46, 47, 49, 56-59, 69-71, and 
88-91 for the SH2 and the pTyr and the following five 
residues of the peptide, are 0.64 A and 1.36 A, respec- 
tively. A superposition of selected side chains of the hy- 
drophobic binding interface from the ensemble of struc- 
tures is shown in Figure 4, with an RMSD for these atoms 

of 0.72 A. This level of precision allows the detailed de- 
scription of many specific interactions of the SH2 domain 
with the pY1021 peptide. The structures have no NOE 
violations greater than 0.3 A, no torsion angle violations 
greater than 4O, and very low deviation from ideal covalent 
geometry. 

Overall Topology of the PLCC 
SH2-Peptide Complex 
The topology of the PLCC SH2 is very similar to that of 
other SH2 domains that have been studied (Overduin et 
al., 1992a, 19926; Waksman et al., 1992, 1993; Booker 
et al., 1992; Eck et al., 1993). Figure 5A is a schematic 
ribbon diagram of the backbone of the minimized mean 
structure. The central 8 sheet is composed of four primary 
strands, 8A, pB, PC, and 80. An additional extended re- 
gion can be defined as a short 8 strand, f3G from Tyr-97 
to Pro-98, based on one hydrogen bond to pB, but the 
extent of the interaction is minimal. Strand 8D continues 
as pD’, the first strand of the second 8 sheet. This smaller 
sheet is composed of three strands, f3D: 8E, and 8F. The 
connections between strands f3C and 60, strands 80’ and 
BE, and strands 6E and 8F are tight 8 turns. The a helices 
flank the central sheet, and the C-terminus of the second 
a helix is slightly irregular, with some bifurcated or missing 
hydrogen bonds. The N- and C-termini of the PLCC SH2 
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LPE4 

Figure 4. Superposition of Selected Residues of the Hydrophobic Binding interface 

Stereoview from the ensemble of simulated annealing structures of the SH2 PLCC-pY1021 complex with side chain heavy atoms (including the 
Ca) for residues Phe 603, Leu 6E4, Leu BG2, and Tyr BG3 of the SH2 domain and all heavy atoms for the three residues C-terminal of the pTyr 
of the peptide (from the Ca of Ile +l to the Ca of Pro +3). 

domain are located on the opposite side of the protein loop contains a P-turn structure with a bifurcated hydrogen 
from the peptide binding surface. Loops between strands bond from the amide protons of Leu 862 and Tyr BG3 to 
f3E and f3F (EF loop) and between helix aB and strand the carbonyl of Met BG6. The binding site of the PLCC 
f3G (BG loop) are intimately involved in interactions with SH2 domain can be described as a pocket for the pTyr 
pY1021 peptide residues C-terminal to the pTyr. The BG residue and a long deep groove for residues C-terminal to 

Figure 5. Interactions between the PLCC SH2 Domain and pY1021 Peptide 

Important residues are identified with red arrows. 
(A) Cartoon drawing. The backbone of the SH2 domain is shown as a ribbon (residues 1 i-99) with orange 6 strands @A, Trp-1 1 to His-13; 6B, 
Ala34 to Lys-36; DC, Phe-45 to Ala-51; f3D, Lys-54 to Val-60; 6D’, Gln-61 to Glu-63; 6E, Thr-66 to Leu-69; 6F, Ser-72 to Phe-74; and PG, Tyr-97 
to Pro-96) violet a helices (aA, Thr-17 to Val-26; aB, Leu-77 to His-87) and yellow turns and loops. Nonhydrogen atoms of peptide residues 
4-10 (in white) and SH2 side chains that interact with the peptideare shown as licorice bonds, with oxygen and nitrogen side chain atoms colored 
red and blue, respectively. The figure was created by QUANTA Release 3.3 (Molecular Simulations Incorporated, University of York, York, England). 
(B) Molecular surface of the PLCC SH2 domain with the identical residues of the pY1021 peptide as in (A) drawn with licorice bonds. Blue represents 
positive and red negative electric potential calculated using default charges, with the peptide removed, and displayed using the program GRASP 
(Nicholls et al., 1991). Note the intense positive potential at the bottom of the pTyr-binding pocket, as well as the apolar nature of the large 
hydrophobic binding groove. 
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Figure 6. Schematic Illustration of Strong and Medium NOE Correlations between the PLCC SH2 Domain and pY1021 Peptide, Indicating Distances 
of -4AorLess 

The NOES are represented as dashed lines. For clarity, when multiple NOES from an amino acid are present, the relevant region of the amino 
acid is enclosed by an arc and the NOES are drawn from the arc. 
(A) NOES between the SH2 domain and pTyr. Structures in which the guanidinium groups of Arg 665 and Arg 667 are within hydrogen bonding 
distance of the phosphate group of the pTyr are present in the calculated ensemble. Although no NOES to guanidinium protons were observed 
from these residues and from Arg aA2, other evidence suggests the presence of these contacts (see text), which are indicated as dotted lines. 
Structures in which the guanidinium group of Arg f3D6 is within hydrogen bonding distance of the n electron cloud of the pTyr are also present 
in the calculated ensemble. 
(B) NOES between the SH2 domain and Ile +l, Ile +2, and Pro f3 of the pY1021 peptide. 
(C) NOES between the SH2 domain and Leu +4, Pro +5, and Asp +6 of the pY1021 peptide. 
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the pTyr, accommodating residues at positions +l through 
+6 relative to the pTyr. This binding cavity is orthogonal 
to the central 6 sheet with borders defined by strand pD, 
the EF loop, and the BG loop. Although there are slight 
differences in the exact positions of the secondary struc- 
tural elements of this PLCC SH2 structure from those of 
the Src and Lck SH2 domains described by Eck et al. 
(1993) and Waksman et al. (1993) the nomenclature initi- 
ated in those papers that relates amino acids to secondary 
structural elements will be utilized (see Figure 1). 

pTyr-Binding Site 
Important contacts between the PLCC SH2 domain and 
pY 1021 peptide are shown in Figure 5A. The pTyr interacts 
with a positively charged region of the protein including 
residues Arg aA2, Arg 6B5, Arg f3B7, and Arg j3DS. (Note 
that His 6D4 is neutral, based on chemical shift data.) As 
can be seen in the electrostatic surface of the PLCC SH2 
domain shown in Figure 58, this concentration of positive 
charges creates an intense positive field at the bottom of 
the phosphate-binding pocket formed by residues in helix 
aA and strands pB, j3C, and 6D (Figure 5A). Figure 6A 
shows schematically the NOE contacts observed between 
the pTyr and residues of the PLCC SH2 domain. In pat-ticu- 
lar, residues Arg pB7, Ala pC3, His 6D4, Cys 6D5, and 
Arg 606 make extensive contacts with the pTyr, with the 
majority of these NOES involving the aromatic ring protons. 

While there are explicit protein-peptide NOES to only 
two of the four Args that potentially interact with the pTyr, 
the structures and other NMR evidence allow us to de- 
scribe the interactions of all four residues. The NOES and 
resulting structures show that Arg j3DS interacts strongly 
with the Tyr ring x electrons. The NOES involving Arg j3B7 
may be indicative of interactions with the ring or the phos- 
phate. While there are no protein-peptide NOES to Arg 
j3B5, the structures clearly locate this residue at the base 
of the pTyr-binding pocket. Slowly exchanging guanidi- 
nium NE and NIJ protons, with distinct 15N and proton chem- 
ical shifts, indicate a pair of stable hydrogen bonds from 
two Nn protons to phosphate oxygens. There are also no 
protein-peptide NOES involving Arg aA2. The structures 
allow for the possibility of guanidinium-phosphate hydro- 
gen bonds and the large chemical shift change of 0.9 ppm 
for the CaH resonance upon addition of phosphopeptide 
is consistent with close contact of the pTyr to this residue. 
The results are consistent with the high conservation of 
these residues in SH2 domains (Koch et al., 1991) and 
with mutational analyses (Valius et al., 1993; Mayer et al., 
1992; Marengere and Pawson, 1992; Bibbins et al., 1993) 
and crystallographic studies (Waksman et al., 1992, 1993; 
Eck et al., 1993) showing them to be important in pTyr 
binding. 

Absence of direct NOES between the pTyr and Arg bB5 
and Arg aA residues can be explained by a number of 
factors. Formation of a stable hydrogen bond between Arg 
guanidinium groups and phosphate oxygens or the Tyr 
ring x electrons does not require that the distance between 
nonlabile NM&observable protons be within 5 A, since 
there are no stable protons on the phosphate of the pTyr. 
Distances between the potentially NMR-observable CS 

protons of Arg aA and Arg pB5 and the CE ring protons 
of the pTyr in the Src structure vary from 6 to 7 A, too far 
to detect NOES. In addition, the side chain proton reso- 
nances of these four Args exhibit the severe broadening 
characteristic of intermediate exchange, reflecting dy- 
namic processes on a millisecond timescale and resulting 
in a loss of signal intensity. Since each guanidinium group 
contains five nitrogen-bound protons, it may be that these 
potential hydrogen bond donor groups are exchanging po- 
sitions as the complex samples various interactions, lead- 
ing to resonance broadening. Preliminary 31P NMR data 
do suggest the presence of multiple phosphorus environ- 
ments, which are indicative of exchange. Other millisec- 
ond timescale motions may also contribute to the broaden- 
ing. Another possible explanation is the low pH (6.4) of 
the sample. The second pKA of free pTyr is in the range 
of 5.7-5.6 (Domchek et al., 1992). The extremely dense 
positive charge in the pTyr-binding pocket should lower the 
pKA dramatically, giving two complete negative charges at 
pH 6.4, but it is possible that there is some exchange of the 
protonation state of the phosphate. 

Hydrophobic Binding Groove 
Residues C-terminal to the pTyr in the pY1021 peptide 
interact with a large hydrophobic cavity in the PLCC SH2 
domain (see Figure 58). This cavity begins at the j3D strand 
and continues in an orthogonal direction to the strand. 
The groove is formed principally by the last residue of 
strand 6E and residues of the EF and BG loops and primar- 
ily contacts peptide residues at the +l and the +3 positions 
relative to the pTyr. The aromatic rings of Phe j3CS and 
Tyr BG3 and the aliphatic chain of Lys pD3 converge at 
one end of the channel (see Figure 5A) to form a binding 
pocket for the Ile at position +l relative to the pTyr (lle +I). 
NOES were observed to all aliphatic proton resonances of 
Ile +l , and a hydrogen bond is present between the amide 
proton of Ile +l and the carbonyl of His j3D4. Note that 
the PLCC SH2 domain has the highest binding selectivity 
at the +l position (a 3.7-fold preference for Ile; Songyang 
et al., 1993). Numerous NOES were observed between 
Pro +3 and the C5 methyl groups of Leu 6E4 and Leu 
BG2 (Figure 6B), reflecting the deep binding of the Pro 
ring into the channel formed between the EF and BG loops 
and explaining the observed preference for Pro at the +3 
position. The precision of atomic positions determined for 
this region of the interface seen in the superposition of 
heavy atoms presented in Figure 4 is due to the high den- 
sity of NOES for these residues. 

A number of NOES were found from residues of the SH2 
domain to residues in the +4, +5, and +6 positions of the 
pY1021 peptide (Figure 6C). Leu +4 is situated in the cleft 
between the EF and BG loops. The peptide backbone 
changes direction beginning at Pro +5, following the path 
of the BG loop before extending into the solvent. This posi- 
tion may be stabilized by a salt bridge between Asp +6 
and Arg BG4, Lys BG5, or His aB12. The electrostatic 
interactions may explain the binding preference of the 
PLCC SH2 domain for the PDGFR over the EGFR, since 
the residue in the +6 position in the high affinity binding 
site for PLCC SH2 in the EGFR is a Gly (Ullrich et al., 



Figure 7. Superposition of a Ribbon Diagram Representation of the Src SHS-Phosphopeptide Complex with the PLCC-pY1021 Complex 

The Src SH2 domain is shown in blue with its bound peptide in green, while the PLCC SH2 is colored red and the pY1021 peptide is orange. 
(A) View facing the peptide binding surface, showing the overall similarity of the tertiary fold and position of the phosphopeptide. 
(B) View looking perpendicular to the peptide binding surface, showing the relative position of the phosphopeptides in the binding site. Note that 
the PLCC SHP-binding phosphopeptide (in orange) binds more deeply into the SH2 domain than does the Src SHZ-binding peptide. 

1984). Among the sites known to or speculated to bind 
with high affinity to the PLCC SH2 domain (Songyang et 
al., 1993) onlythe PDGFRa(Claesson-Welshet al., 1989) 
and 8 contain an acidic residue at the +8 position, although 
the FGFR family contains an Asp residue at the +4 posi- 
tion. Overall, the sequences of these PLCC SHBbinding 
sites, including the EGFR Tyr-992 (Ullrich et al., 1984), 
Let-23 Tyr-1244 (Aroian et al., 1990), Flg Tyr-558, Bek 
Tyr-551, FGFR-4 Tyr-547 (Partanen et al., 1991), and hu- 
man Erb-BP Tyr-1127 (Semba et al., 1985) sites, are diver- 
gent beyond the +3 position. 

Approximately 85% of protein-peptide NOE peaks in- 
volve pTyr, lie +l, or Pro +3. Only one unambiguously 
assigned NOE was found to involve Ile +2. In the struc- 
tures, the EF loop contacts the Cr methyl of Ile +2, while 
the Cr methylene and C6 methyl of this residue face the 
solvent. These results are consistent with the binding pref- 
erences of the PLCC SH2 domain for hydrophobic amino 
acids at the +2 position (Songyang et al., 1993), but do 
not provide a convincing explanation for the e-fold strength 
of this preference. A higher resolution structure of this 
complex (refinement in progress) may shed light on this 
issue. 

Discussion 

Comparison with SrclLck SH2 Complexes 
Our comparison of the details of binding of this pY1021 
peptide to the PLCC SH2 with the binding of the pTyr- 
Glu-Glu-lie peptide to the Src (Waksman et al., 1993) and 
Lck (Eck et al., 1993) SH2 domains will focus on the Src 
complex since the SHP-peptide interactions are nearly 
identical in the Src and Lck structures. The backbone folds 
of the SH2 domains are very similar (Figure 7) with a 
backbone RMSD between the Src and the minimized aver- 

age PLCC SH2 domains of 1 .l A. The most pronounced 
conformational differences occur in the loops, particularly 
the BC and BG loops, as well as in the side chains that 
interact with the peptide. When viewed face on to the pep- 
tide binding surface (Figure 7A), the position of the peptide 
is very similar in Src and PLCC; both lie predominantly 
orthogonal to the central 8 sheet, although the PLCC- 
bound peptide curves at its C-terminus to follow the BG 
loop. A view perpendicular to the peptide binding surface 
(Figure 7B) shows that the PLCC-bound peptide pene- 
trates considerably deeper into the binding groove and 
interacts much more extensively with the SH2 domain than 
does the Src-bound peptide. 

The presence of four Arg residues at positions aA2, pB5, 
8B7, and 8D8 that could potentially interact with the pTyr 
is unique to the PLCC SH2 domain. Arg 8B5 is positioned 
at the base of the binding pocket and contributes two Nn 
protons to hydrogen bonds with the pTyr phosphate group 
in both the Src and PLCC complexes. The backbone of 
Arg aA is positioned similarly relative to the pTyr in each 
complex, and the guanidinium group forms two Hn- 
aromatic hydrogen bonds and one HE-phosphate hydro- 
gen bond in the Src complex. NMR structures and chemi- 
cal shift arguments place the backbone of Arg aA near 
the pTyr phosphate group in the PLCC complex; however, 
interaction with the guanidinium group is less certain. The 
Src SH2 domain has a Ser at the 8B7 position that hydro- 
gen bonds to the pTyr phosphate group via its hydroxyl 
group. Arg 8B7 in the PLCC SH2 domain also may hydro- 
gen bond to the phosphate group and may be able to 
form additional hydrogen bonds to the ring owing to its 
increased length and increased number of donors. Arg 
808 is replaced by a Lys in Src, but each of these residues 
interacts strongly with the pTyr ring, forming amino-aro- 
matic hydrogen bonds in the case of Src and probably 
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also in PLCC. The principle difference in the pTyr-binding 
region may be the additional potential hydrogen bond- 
donating groups in the PLCC SH2 domain. While Arg j3B5 
at the base of the pTyr-binding site is involved in stable 
hydrogen bonds, each of the three other Arg guanidinium 
groups may compete for and exchange hydrogen bonds, 
resulting in a more dynamic interaction than in the Src 
complex. 

In the crystal structures of Src-phosphopeptide com- 
plexes, phosphate binding involves the formation of an 
extensive hydrogen bonding network from residues Glu 
BCl and Thr BC2 in the BC loop of the SH2 domain to 
the phosphate of the pTyr. However, NOES between the 
pTyr of the pY1021 peptide and residues in the BC loop 
of the PLCC SH2 domain were not observed. Significant 
changes in chemical shifts and backbone dynamics were 
also not observed in the BC loop upon addition of the 
pY1021 peptide(Farrowet al., 1994). Although theamide- 
water exchange rate of Asn BCl decreases significantly 
upon binding of the pY1021 peptide, it is unlikely that the 
BC loop in the PLCC SH2 domain is intimately involved 
in pTyr binding. This difference may be traced to specific 
amino acid substitutions. The side chain hydroxyl of Src 
Thr BC2 forms a hydrogen bond to the phosphate group. 
The equivalent residue in the PLCC SH2 domain is a Glu 
that would be repelled by the negatively charged phos- 
phate group. The hydroxyl of the following residue in Src, 
Thr BC3, interacts indirectly by hydrogen bonding to and 
positioning the amino group of Lys j3DS over the pTyr ring. 
The BC3 position is deleted in the PLCC SH2 domain. 
Furthermore, the closest equivalent residue is Pro BC4, 
which cannot mimic this interaction. The interactions lost 
from this so-called phosphate-binding loop may be com- 
pensated by interactions from other residues, such as ad- 
ditional potential hydrogen bonding interactions with Args 
substituted for Lys pD6 and Ser j3B7 in the Src and Lck 
SH2 domains. In this regard it is interesting to mention 
that the mutation of Ser 587 in Abl eliminates pTyr binding 
(Mayer et al., 1992) but that the N-terminal SH2 domain 
of the p65a subunit of Pl3K has an Ala at this position and 
Semd has a Cys. Note that the Vav SH2 is similar to 
PLCC, with an Arg at pB7. In addition, certain of the phos- 
phatase SH2 domains lack the Arg aA2, and mutation of 
the GTPase-activating protein N-terminal SH2 Arg aA to 
Ala, while reducing the affinity, did not abolish pTyr binding 
(Marengere and Pawson, 1992). 

The binding of peptide residues C-terminal to the pTyr 
exhibit the most pronounced difference from the analo- 
gous Src- and Lck-binding sites. Src and other SH2 do- 
mains that bind peptides containing pTyr-hydrophilic- 
hydrophilic-IlelPro sequences have a bulky aromatic ring 
at position 6D5, either Tyr (as in Src) or Phe. This position 
is substituted by a smaller Cys or lie in PLCC and other 
SH2 domains that bind peptides containing pTyr- 
hydrophobic-X-hydrophobic sequences (Songyang et 
al., 1993). This results in a significant volume change, 
creating additional space for a larger pocket, and allows 
Phe PCS to interact strongly with the the peptide, forming 
the base of the binding site for the +l position. Val PC6 

is inaccessible to the peptide in the Src complex. In addi- 
tion, a salt bridge is formed between Arg EF3 and Asp 
BG2 in the Src SH2 domain, effectively joining the BG 
and EF loops and limiting the extent of the cavity and 
possible interactions with residues C-terminal to the +3 
position. A comparable salt bridge does not occur in the 
PLCC SH2 domain, allowing interactions with the peptide 
at positions +4, +5, and +6. 

Another difference between the PLCC SH2-pY1021 
complex and the Src SHP-peptide complex is the role of 
the BG loop. In the Src SH2 domain, the BG loop contacts 
only the +3 residue, while in the PLCC SH2, the BG loop 
interacts with pY1021 peptide residues at the +l, +3, +4, 
+5, and +6 positions. We have observed a different confor- 
mation of the BG loop to that seen in the Src SH2 domain, 
undoubtedly related to these more extensive interactions. 

Implications for Other SHS-Mediated 
Protein Interactions 
Binding studies of random peptide libraries have focused 
the region of SH2 binding specificity to three residues C-ter- 
minal of pTyr (Songyang et al., 1993). This is consistent 
with the Src and Lck SH2 complexes with the pTyr-Glu- 
Glu-lie peptide in which protein binding was not observed 
beyond the +3 position. However, in a recent study, a 
requirement for a Leu residue at the +4 position for specific 
binding of PLC-+yl to the PDGFR was noted (Larose et al., 
1993). Other binding studies with the Src (Bibbins et al., 
1993) and Nck (Nishimura et al., 1993) SH2 domains indi- 
cate a requirement for residues N-terminal to the pTyr 
residue for optimal binding. From our structural results, 
there is clear evidence of SH2 binding of the pY1021 pep- 
tide extending from the pTyr to the +6 residue. The degree 
to which interactions with the +4, +5, and +6 residues 
contribute to high affinity-specific binding is not yet clear. 
Particular SH2-peptide complexes may reveal different 
requirements for residues outside the pTyr to +3 binding 
positions. Thus, it is important to extend peptide binding 
studies of SH2 domain specificity to include amino acids 
in positions +4, +5, and +6, as well as residues N-terminal 
to pTyr. 

As our results for the PLCC-pY1021 complex demon- 
strate, the mode of pTyr binding can vary in different SH2- 
phosphopeptide complexes. This binding is dependent on 
hydrogen bonds and charge-charge interactions between 
the SH2 domain and pTyr. The fact that SH2 domains 
have sequence variations at positions implicated in pTyr 
binding suggests that there are a number of possibilities 
for these interactions and that a given SH2 domain will 
bind to a phosphopeptide using a selected subset of these 
interactions. There is also a dynamic component allowing 
a given SH2 domain to sample multiple interactions while 
bound to its target site, which is possible in the case of 
the PLCC-pY1021 complex. 

The sequence-specific binding of SH2 domains to resi- 
dues C-terminal to the pTyr similarly requires many elec- 
trostatic and van der Waals interactions. The structure of 
the PLCC SH2 domain complexed with the pY1021 pep- 
tide provides a model for interaction of SH2 domains with 
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sequences containing the pTyr-hydrophobic-x-hydro- 
phobic motif. The openness of the binding groove for posi- 
tions +l to +6 also suggests other potential backbone 
conformations and interactions for different SH2-phos- 
phopeptide complexes. These conformations could in- 
clude those that curve toward the EF loop rather than the 
BG loop or those that do not curve and interact instead 
with residues of aB. The diversity of SH2 sequences and 
the possibility of multiple modes of SH2-phosphopeptide 
binding is not surprising given the many different protein 
interactions in signaling that these complexes mediate. 

Experimental Procedures 

Expresslon and Purlflcatlon of the PLCC SH2 Domain 
PLCC (Stahl et al., 1988), comprising residues 883-759 of the full 
enzyme, was subcloned into the PET-1 1 d plaamid (Studier et al., 1990) 
and transformed into E. coli BL21 cells. In addition, the recombinant 
construct contains five additional residues N-terminal and three addi- 
tional residues C-terminal to sequences of the PLCC SH2 domain in 
the intact PLC+. Isotopically enriched SH2 domain (99% ‘3c and j5N 
labeled) was prepared by growth and induction of 2 liters of bacterial 
culture in M9 medium containing 1 g/l 15NH,CI and 3 g/l %-glucose. 
After induction with 1 mM IPTG, cells were harvested and lysed by 
sonication, and the overexpressed protein was purified to homogeneity 
by use of phosphocellulose, phenyl-Sepharose, and FPLC Mono S 
column chromatography. Purity was estimated at 99% by SDS-PAGE 
analysis. N-terminal amino acid sequencing and amino acid analysis 
confirmed the identity of the purified SH2 domain. Because of the 
presence of a Cys residue in the SH2 domain sequence, NMR samples 
were reduced with over lOO-fold excess DlT, followed by dialysis in 
argon-purged buffers. NMR tubes were argon purged prior to addition 
of sample, sealed, and blanketed with argon for at least 10 min. The 
pY1021 peptide, a 12 residue phosphopeptide derived from the se- 
quence surrounding Tyr-1021 of the PDGFR (DNDpYIIPLPDPK), was 
synthesized as described previously (Piccione et al., 1993). 

NMR Techniques 
NMR experiments were performed on Varian UNITY 500 MHz spec- 
trometers equipped with pulsed-field gradient units and triple reso- 
nance probes with actively shielded z gradients. NMR spectra were 
processed using commercially available and in-house routines, as well 
as the NMRPipe software system (Delaglio, 1993), and analyzed using 
the programs PIPP and CAPP (Garrett et al., 1991) on SUN Spare 
stations. Spectra recorded for sequential assignment and determina- 
tion of protein-protein NOES include 150 ms mixing time 3D %-and 
jSN-edited NOESY-HSQC (Marion et al., 1989; lkura et al., 1990), 45 
ms mixing time 3D ‘$N-edited TOCSY-HSQC (Marion et al., 1989; Bax 
etal., 1990), 150msand50msmixing timeCN NOESY-HSQC(Pascal 
etal., 1994),andthe(HP)CfZu(CO)NNH(GrzesiekandBax, 1992)and 
HNCaCD (Wittekind and Mtieller, 1993) triple resonance experiments. 
Side chain assignments were obtained from HCCH-TOCSY (Kay et 
al., 1993) spectra and from experiments that correlate the aliphatic 
side chain ‘H and ‘3c chemical shifts with the subsequent 15N and NH 
shifts(Grzesieketal., 1992; Montelioneetal., 1992; Loganetal., 1992). 
(H8)Cg(CyCS)HS and (H~)C~(CICGCE)HE experiments were used for 
assignment of aromatic resonances (Yamazaki et al., 1993). All experi- 
ments incorporated pulsed-field gradients to suppress artifacts and 
assist in the elimination of the water resonance. Experiments involving 
observation of the NH proton made use of the enhanced sensitivity 
approach described previously (Kay et al., 1992; Muhandiram and 
Kay, 1994). The HMQC J experiment (Kay and Bax, 1990) was used 
to determine the three-bond NH-CaH coupling constants (3J,N.) that 
were measured by fitting the line shape of one-dimensional traces 
through the HMQC J spectrum (Forman-Kay 81 al., 1990). Qualitative 
amide exchange rates were also measured from a cross section of 
the “N-edited NOESY-HSQC at the F, chemical shift of the water. 
Since this experiment was performed using gradients rather than pre- 
saturation lo suppress water, amide-water exchange cross peaks can 
be observed at the F, chemical shift of water and their intensities can 

be qualitatively correlated with the rate of exchange. Double-filtered 2D 
proton NMR experiments for assignment of resonances of the pY1021 
peptide include F,,F2 ‘3C/‘SN-filtered NOESY, TOCSY, and COSY. A 
sample that contained a 1:2 protein:peptide ratio was also used to 
allow observation of exchange peaks between the resonances of the 
free and complexed pY1021 peptide. This information was utilized 
together with assignments of the free pY1021 peptide (i.e., in the ab- 
sence of the SH2 domain) derived from homonuclear TOCSY experi- 
ments to assist assignment of the bound peptide. Over 98% of NMR- 
observable resonances of the SH2 domain and pY1021 peptide were 
unambiguously assigned. The primary exceptions are resonances of 
the two N-terminal residues Gly-1 and Ser-2 that are not a part of the 
PLC-yl SH2 domain sequence but are derived from the recombinant 
construct. 2D Fl,F2 ‘3C/‘SN-filtered NOESY experiments were used 
to extract peptide-peptide NOE peaks. A 3D F,-edited, F,-filtered 
‘%-HMQC-NOESY was used to obtain protein-peptide NOE correla- 
tions. 

Structure Calculations 
Combined distance geometry-simulated annealing calculations were 
performed in a similar manner to those described previously (Nilges 
et al., 1986) using the program X-PLOR (Briinger, 1992). Calculations 
included 1104 protein-protein NOE-derived restraints and 65 6 and 
7 v torsion angle restraints derived from 3JHN. coupling constants and 
short mixing time intraresidue and sequential NOE values. The pro- 
gram STEREOSEARCH (Nilges et al., 1990) was utilized to extract the 
valuesforthesetorsionangle restraints. Stereospecificassignmentsof 
p-methylene protons and x torsion angle restraints were not deter- 
mined, in general, with the exception of x’ values for eight residues 
of the SH2 domain and two of pY1021 peptide. Center averaging of 
distances involving methylene, methyl, and ring protons was used, 
with appropriate corrections made to the values. The calculation also 
included 50 hydrogen-bonding restraints, based on qualitative amide- 
water exchange rates and NOES defining the acceptor for 25 hydrogen 
bonds. A total of 98 NOE distance restraints between the PLCC SHZ 
domain and pY1021 peptide and 37 restraints within the pY1021 were 
also included. The mean structure generated by averaging the coordi- 
nates of the least-squares best-fitted structures was minimized, re- 
straining the coordinates with the experimental NMR data as in the 
final steps of the simulated annealing calculations. This minimized 
structure satisfies the restraints from the experimental NMR data and 
covalent geometry as well as the individual structures and is used in 
Figures 5 and 7. Simulated annealing and minimization calculations 
included repulsive van der Waals terms only, with no full Lennard- 
Jones potential. Electrostatic terms were also not included. 
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Note Added in Proof 

It has come to our attention that J. Kuriyan and colleagues have re- 
cently solved crystal structures of peptide complexes of a Syp pTyr 
SH2 domain, providing additional examples of SH2 interactions with 
peptides containing the pTyr-hydrophobic-X-hydrophobic motif. This 
information appears in the following article: Lee, C-H., Kominos, D., 
Jacques, S., Margolis, B., Schlessinger, J., Shoelson, S. E., and Kuri- 
yan, J. (1994). Crystal structures of peptide complexes of the N-ter- 
minal SH2 domain of the Syp tyrosine phosphatase. Structure, in 
press. 


