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ABSTRACT: Human pp60c-src is a cellular nonreceptor tyrosine kinase that participates in cytosolic signal 
transduction and has been implicated in the development of malignant tumors in the human breast and 
colon. Signal transduction is mediated by highly specific interactions between the SH2 domain and receptor 
phosphorylated tyrosine binding motifs. To elucidate the molecular conformation and interactions in 
solution, a family of highly resolved nuclear magnetic resonance (NMR) structures was determined for 
the src SH2 domain complexed with a high-affinity phosphorylated pentapeptide, acetyl-pYEEIE-OH. 
The 23 structures, generated with a distance geometry (DG) and a dynamical simulated annealing (SA) 
procedure, satisfied 2072 experimental restraints derived from a variety of multifrequency/multidimensional 
and isotope-filtered NMR data. Superim osition of residues 143-245 upon the mean coordinate set 

hydrogen atoms. Residues in the ordered secondary structure regions superimpose to 0.29 f 0.04 A for 
the N, Ca ,  C' and 0.73 f 0.08 %, for all the non-hydrogen atoms. The angular order parameter calculated 
for the #,1/, angles was >0.9 for 81 of the 106 protein residues. The main protein conformational features 
are three antiparallel p-strands that traverse a compact core with an a-helix on each side of the core near 
the N- and C-termini. The observed intermolecular nuclear Overhauser effects (NOE) from the pY, +1E, 
and +31 residues positioned the ligand in an extended conformation across the SH2 domain surface with 
the pY and +31 side chains inserted into the protein binding pockets. In general, the protein conformation 
is consistent with previously reported structures of different SH2 domain complexes determined by X-ray 
crystallography. However, inter- or intramolecular interactions involving the guanidinium side chains of 
the solvated RaA2 or the buried RpB5 were not observed at pH = 5.5 or 7.0. If such interactions exist 
in solution, the absence of any confirming data probably arises from rapid exchange with solvent andor 
undetermined dynamic components. Thus, the unrestrained RaA2 side chain did not show an amino- 
aromatic interaction or a hydrogen bond to the - 1 carbonyl oxygen as observed in the crystal structures. 
This result is consistent with the solution structure of a different SH2 domain complex. A more detailed 
comparison between the crystal structure and the NMR-derived solution structures of the same src SH2 
domain complex is presented. Small conformational differences for ligand residues exposed to observed 
crystal contacts and at the +31 binding region are discussed. 

yielded an atomic rmsd of 0.58 f 0.09 K for the N, Ca ,  C' atoms and 1.04 f 0.08 for all the non- 

hesently, the human cellular protooncogene product, 
pp60c-src or src,l is one member of nine in the Src family of 
nonreceptor tyrosine kinases that are comprised of conserved 
domains that participate in cytosolic signal transduction 
pathways (&]en et al., 1992) and in partially defined self- 
regulation events (Roussel et al., 1991; Cooper & Howell, 

Mediated by their SH2 domains, the Src kinases bind with 
mutual recognition and specificity to intracellular receptor 
phosphorylated tyrosines located on stimulated transmem- 
brane receptor tyrosine kinases (Pawson & Schlessinger, 
1993; YU & Schreiber, 1994). Association between the SH2 
domain and a PhoSPhoVlated tyrosine of a receptor is 

1993; Murphy et al., 1993). Common domains within the 
Src kinases are a divergent N-terminal segment (-50-85 
residues) followed by two conserved Src homology domains, 
designated SH3 and SH2 (-60 and -100 residues), a 
conserved catalytic tyrosine kinase domain (-250 residues), 
and a short C-terminal regulatory domain (-15 residues). 

The coordinates have been deposited in the Brookhaven Protein 
Data Bank under identification codes lHCS and IHCT. 
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Abbreviations: Src, sarcoma family of nonreceptor tyrosine kinases; 
src, human pp60c-src; v-src, viral p ~ 6 W - ~ ~ ;  SH, src homology region; 
EGF-R, epidermal growth factor receptor; PDGF and PDGF-R, platelet- 
derived growth factor and PDGF receptor; PI3K, phosphatidylinositol- 
3-OH kinase; cPLC-yl, C-terminal phospholipase C- yl; hMTa, hamster 
polyomavirus middle-sized tumor antigen; NMR, nuclear magnetic 
resonance; 2D, two dimensional; 3D, three dimensional; 4D, four 
dimensional; NOE, nuclear Overhauser effect; NOESY, nuclear Over- 
hauser effect spectroscopy; COSY, correlated spectroscopy; TOCSY, 
total correlation spectroscopy; HMQC, heteronuclear multiple-quantum 
coherence; HSQC, heteronuclear single-quantum coherence; DQF, 
double quantum filtered; IF, isotope filtered; TPPI, time-proportional 
phase incrementation; AOP, angular order parameter; DG, distance 
geometry; SA, simulated annealing; rmsd, root mean square deviations; 
pY, phosphorylated tyrosine; DTT, dithiothreitol; EDTA, ethylenedi- 
aminetetraacetate; HEPES, 4-(2-hydroxyethyl)-l-piperazineethane- 
sulfonic acid; APMSF, (4-amidinopheny1)methanesulfonyl fluoride. 
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believed to initiate a partially understood complex cascade 
of molecular interactions that eventually communicate 
particular signals effecting a broad range of cellular pro- 
cesses, such as growth, proliferation, mitogenesis, and 
transformation (Pawson & Gish, 1992; Cantley et al., 1991; 
Koch et al., 1991). Additionally, Src SH2 domains are 
believed to regulate their kinase domain activity by associat- 
ing with a phosphorylated tyrosine located in the C-terminal 
regulatory domain, thereby rendering the kinase inactive 
(Cooper & Howell, 1993; Superti-Furga et al., 1993). 
Unregulated Src kinase activity has been implicated in human 
malignancies. 

Strongly suggestive of src participation in malignant 
transformation are reports of overexpressed or elevated 
specific activity of the src kinase along with increased levels 
of tyrosine phosphorylated proteins in preparations from 
cancerous cell lines and tissues. Elevated tyrosine kinase 
activity has been demonstrated in numerous human colon 
carcinoma cell lines and tumors (Cartwright et al., 1989; 
Bolen et al., 1987), in colonic polyps (Cartwright et al., 
1990), and in human breast tumor tissues (Ottenhoff-Kalff 
et al., 1992; Hennipman et al., 1989). More enlightening in 
terms of identifying specific protein interactions are data 
indicating a tight association between endogenous src and 
tyrosine-phosphorylated EGF-R, a receptor tyrosine kinase 
that is often overexpressed in human breast carcinoma cell 
lines along with a homologous receptor, p 1 85HER2/ne" (Luttrell 
et al., 1994). Moreover, isolated src SH2 domains were 
demonstrated to bind both of these activated receptors, which 
increases the possibility of src participation in the develop- 
ment of human breast malignancies. 

Intermolecular recognition and specificity between an 
activated receptor and a particular SH2 domain are conveyed 
by the receptor phosphorylated tyrosine and the residues 
flanking the phosphorylated tyrosine (Cantley et al., 1991; 
Songyang et al., 1993). Residues encoding the receptor 
specificity were determined by examining various sequences 
spanning tyrosine residues within the hMTa or in the 
PDGF-R that were known to bind to the SH2 domain of 
P13K (Cantley et al., 1991). Subsequently, a limited com- 
binatorial library approach that randomized the three residues 
C-terminal to the phosphorylated tyrosine was utilized to 
determine the phosphopeptide sequence specificity of many 
different SH2 domains (Songyang et al., 1993; Songyang et 
al., 1994). From these studies, Src SH2 domains were 
determined to select for phosphopeptide sequences presenting 
a pY -hydrophilic-hydrophilic-I/P recognition motif and 
were classified as group 1 domains. Peptides containing the 
consensus phosphopeptide motif pYEEI were later demon- 
strated to produce high-affinity = 3.7 nM) ligands 
for Src SH2 domains (Payne et al., 1993). Group 2 SH2 
domains outside the Src family included cPLC-yl and the 
p85a subunit of PDK. These domains were found to select 
for phosphopeptide primary sequences presenting a pY - 
hydrophobic-X-hydrophobic motif. It was concluded that 
the specificity between a consensus phosphopeptide and a 
particular SH2 domain correlated with the variable sequence 
regions of the protein where residues beyond the pY site 
bind (Songyang et al., 1993). Interestingly, a recent report 
demonstrated that the recognition of phosphopeptides and 
the specificity and in vivo function of the src SH2 domain 
could be altered by a single mutation (T215W) in a stretch 
of residues that contribute to forming the hydrophobic 
binding site in the SH2 domain (Marengere et al., 1994). 

Xu et al. 

This subtle mutation provided strong evidence that the 
specificity and biological role of an SH2 domain are directly 
linked. 

Following the identification of high-affinity phosphopep- 
tides to a variety of SH2 domains, a number of tertiary 
structure determinations have been published that elucidate 
the conformational details of the protein and the ligand 
binding sites (Kuriyan & Cowburn, 1993; Yu & Schreiber, 
1994). Most recently, structures of group 2 SH2 domains 
were determined. These reports include an NMR solution 
structure of the cPLC-yl SH2 in complex with a 12-residue 
phosphorylated peptide from PDGFP-R (pY 1021) (Pascal 
et al., 1994) and crystal structures of the syp SH2 in complex 
with three different pY peptides (Lee et al., 1994). These 
structures display a site that accommodates the pY moiety 
and an extended hydrophobic groove of intermolecular 
contacts beyond the pY +3 sites. Prior to these studies, 
crystal structures of group 1 Src SH2 domains from ~ 5 6 ' ' ~  
(Eck et al., 1993) and pp60"-"" (Waksman et al., 1993), in 
complex with both a high-affinity 12-residue hMTa (pY324) 
peptide and low-affinity ligands (Waksman et al., 1992), were 
determined. The analogy of a two-pronged plug, represented 
by the pY and +31, engaging a two-holed socket, represented 
by the highly conserved binding sites on the SH2 domain, 
appropriately describes the gross interactions at the peptide 
and protein interface (Waksman et al., 1993). 

Although crystal structures from the Src family of SH2 
domains complexed with high-affinity phosphopeptides have 
been reported, there is reason to examine related complexes 
in solution. Since the flexible peptide ligands bind to sites 
located on exposed surfaces of the SH2 domains, it is quite 
probable that the ligand conformations and binding dynamics 
will be affected in a fully solvated system. Also, an 
examination of the crystal structure of src SH2 bound with 
acetyl-pYEEIE-OH (1) reveals numerous crystal contacts 
from an adjacent molecule in the unit cell that are directed 
above and within 4-5 8, of the acetyl-pYEE residues in the 
bound ligand (Gilmer et al., 1994). These contacts may 
affect the orientation of the bound ligand or nearby protein 
residues. NMR can provide an alternate means of generating 
a structure that is fully solvated and free of crystal contacts. 
Additionally, there have been no reports of solution structures 
of Src family SH2 domains complexed with similar ligands. 
In this paper we present the first high-resolution solution 
NMR structure of the src SH2 complexed with acetyl- 
pYEEIE-OH, an analog of the high-affinity consensus 
peptide for the group 1 SH2 domains. The solution complex 
structures were calculated with 2072 experimental restraints 
generated from heteronuclear edited 3D and 4D NOESY, 
2D isotope-filtered NOESY and DQF-COSY, homohetero- 
nuclear coupling constants, and amide proton exchange data. 
In addition to a detailed description of the solution structure 
complex a comparison to a crystal structure of the same 
protein complex is presented (Gilmer et al., 1994). General 
comparisons are made to a previously determined solution 
structure of the cPLC-yl SH2 complex (Pascal et al., 1994). 

MATERIALS AND METHODS 

Protein Preparation. Residues 144-2492 of the human 
pp60"-"" SH2 domain gene sequence (Anderson et al., 1985) 

~ ~ ~ ~~~~~ ~ ~ ~ ~ ~ ~ ~ ~ 

The numbering scheme referred to here is from that used for the 
human sequence and does not include the N-terminal methionine. All 
other references to the protein sequence use the v-src numbering. 
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were cloned into a PET1 l b  expression vector and expressed 
in BL21(DE3) Escherichia coli. Uniformly (Venters et al., 
1991) and nonrandom fractionally (Neri et al., 1989, 1990; 
Senn et al., 1989) labeled preparations of the protein were 
purified from cells grown on appropriately defined media 
containing [98% '5N]ammonium chloride and [99% 13C]- 
sodium acetate. The cells were lysed in 20 mM HEPES (pH 
= 7.5), containing 5 mM DTT, 5 pM APMSF, 10 pM 
pepstatin, and 10 pM aprotinin, and the soluble protein 
supernatant was loaded onto a cation-exchange column. The 
proteins were eluted off the cation-exchange column with a 
0-500 mM NaCl gradient. Pooled and concentrated frac- 
tions containing src SH2 were further fractionated with a 
Superdex 75 column equilibrated with 350 mM NaC1,5 mM 
DTT, 5 mM EDTA, and 20 mM HEPES at pH = 8.0. 
Purified src SH2 fractions were pooled and concentrated to 
approximately 10 mg/mL. 

Peptide Synthesis. Standard solid-phase peptide synthesis 
methods using Fmoclt-butyl protection strategies were 
employed (Fields & Noble, 1990). The phosphopeptide was 
prepared as described by Andrews et al. (1991). Acidolytic 
cleavage released the peptide from the resin and deprotected 
the side chains. The phosphopeptide was purified by reverse- 
phase HPLC and characterized by mass spectrometry and 
amino acid analysis. 

NMR Sample Preparation. Samples at 1.3- 1.5 mM were 
generated by complexing the required preparation and 
amount of src SH2 with approximately 2 mol equiv of 1 
and dialyzed with 1 kDa molecular weight cutoff tubing 
overnight at room temperature with 2 x 2 L of H20 buffered 
at pH = 5.5 with 50 mM [99.5% 2H]acetic acid and 100 
mM NaC1. This proved to be a reliable procedure for 
preparing stoichiometric complexes by comparison of NMR 
spectra from the titration of 1 to the src SH2. After a final 
concentration step with 10 kDa cutoff devices, each sample 
was adjusted to contain 10% D20 or exchanged into the same 
buffer system prepared with 99% D2O and adjusted to 
contain 5 mM [98% 2H]DTT-dlo from a fresh concentrated 
stock solution. All the samples were blanketed with ultrapure 
argon gas after being transferred into 5-mm NMR tubes. 

NMR Spectroscopy. The NMR data were collected at 30 
"C on Bruker AMX spectrometers equipped with triple- 
resonance hardware and laboratory constructed fourth chan- 
nels for decoupling (Kay et al., 1990a). States TPPI (Marion 
et al., 1989a) quadrature detection and spectrum aliasing (Bax 
et al., 1991) were employed in the indirect dimensions. All 
the NMR data were processed with a modified version of 
Felix 2.1. Time domain convolution was used to remove 
the solvent signal (Marion et al., 1989d), and the indirect 
dimensions were extended as needed with complex linear 
prediction (Olejniczak & Eaton, 1990; Zhu & Bax, 1990). 
Frequency domain base-plane correction subroutines (Guntert 
& Wuthrich, 1992; Dietrich et al., 1991) added to the Felix 
program were employed. Multidimensional data peak pick- 
ing, visualization, and analysis were performed on Silicon 
Graphics workstations using software developed at the Glaxo 
Research Institute (Word et al., unpublished). 

Chemical Ship Assignments. The sequential protein 
resonance assignments were completed with data sets from 
the following triple-resonance methods using 1.3-1.5 mM 
solutions of uniformly [15N/13C] labeled (<98%) protein 
complexed with equimolar 1 in acetate-buffered H20 at pH 
= 5.5.  All of the following data were collected on an AMX 
500-MHz spectrometer with a 'H (F4 carrier frequency of 
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4.74 ppm with a spectral width of 7813 Hz, a 15N (Fl) carrier 
frequency of 118 ppm with a spectral width of 1445 Hz, 
and 32 transients, unless specified otherwise. HNCA (Kay 
et al., 1990a) and HN(C0)CA (Bax & Ikura, 1991), both 
modified to constant time versions (Olejniczak et al., 1992; 
Grzesiek & Bax, 1992a), were collected with a 13C (Fz)  
spectral width of 3333 Hz centered on 58.4 ppm. The 
CBCA(C0)NH (Grzesiek & Bax, 1992b) data and HNCACB 
(Wittekind & Mueller, 1993) were collected with 13C (Fz)  
spectral widths of 7576 Hz centered on 46.0 ppm. A C(C0)- 
NH-TOCSY (Logan et al., 1992, 1993) was collected with 
a 13C (F2) spectral width of 8064 Hz centered on 42.0 ppm. 
The H(CC0)NH (Logan et al., 1992, 1993) data had a 'H 
(F3) spectral width of 3906 Hz at a carrier frequency of 4.74 
ppm and a 13C (F2) spectral width of 8064 Hz centered on 
42.0 ppm. 

The side-chain proton resonances were assigned by cor- 
relating the C(C0)NH and H(CC0)NH data with 3D HCCH- 
TOCSY (Bax et al., 1990a) and 3D HCCH-COSY (Bax et 
al., 1990b) data from a 1.3-1.5 mM solution of uniformly 
[15N/'3C] labeled (<98%) protein with equimolar 1 in acetate- 
buffered D20. Both of these data sets were collected with 
32 transients, a 'H (F3) carrier frequency at 4.74 ppm, and 
the 13C (F2) set to 41.0 ppm. The spectral widths were 5507 
Hz 'H (F1), 4263 Hz 13C (F2), and 6831 Hz 'H (F3). The 
assignments of the bound peptide were made by analyzing 
2D single-frequency, double-tuned IF DQF-COSY (Xu et 
al., 1994), TOCSY, and NOESY data (Petros et al., 1992) 
and 2D double-frequency , single-tuned IF NOESY (Ikura 
& Bax, 1992) and TOCSY data (D. Davis, unpublished) in 
the acetate-buffered H20 and D20 solutions described above. 
Typically, 32 transients were collected with the spectral 
widths set to 5263 Hz (F1) and 7813 Hz (Fz)  with the 
TOCSY and NOESY mixing times set to 35 and 100 or 150 
ms, respectively. 

Distance Restraints. All the NOESY data were collected 
on an AMX 600-MHz spectrometer. The NOE distance 
restraints were derived from 4D 13C/13C NOESY data 
(Zuiderweg et al., 1991; Clore et al., 1991b) with a mixing 
time of 75 ms. The spectral widths and complex point 
density with respect to each dimension were as follows 3289 

(F3); and 10 kHz, 1024, 'H (274). The 4D 13C/15N NOESY 
data (Kay et al., 1990b) were collected with the same point 
density, a mixing time of 65 ms, and the following spectral 
widths: 3289 Hz, 13C (F1); 5400 Hz, 'H (Fz); 1448 Hz, 13C 
(F3); and 9434 Hz, 'H (F4). The 13C and 15N carrier 
frequencies were set at 42.4 and 119.3 ppm, respectively. 
The 3D I5N NOESY-HSQC data (Fesik & Zuiderweg, 1988; 
Marion et al., 1989c) with a mixing time of 65 ms were run 
with a spectral width of 6849 Hz in 'H (Fl), 1734 Hz in 15N 
(Fz)  and 9434 Hz in 'H (F3). A 3D 13C HMQC-NOESY 
was also used with 51 12 Hz in 13C (Fl), 5400 Hz in 'H (Fz), 
and 9434 Hz 'H (F3). Isotope-filtered NOESY data sets 
collected as described above were used to determine 
intermolecular NOES. 

The intraprotein NOE cross-peak intensities were corrected 
using the methods previously described by Meadows et al. 
(1993) to adjust for differential relaxation rates, saturation, 
and coherence transfers in the data. Then the corrected 
intraprotein intensities were converted into a continuum of 
distance restraints whose values were determined from the 
equation: 

Hz, 10, 13C (F1); 5400 Hz, 66, 'H (F2); 3289 Hz, 10, 13C 
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calcd distance = [A(Z)/fl"6 (1) 

where I is the observed cross-peak intensity and A(I) is an 
intensity-dependent proportionality factor obtained from eq 
2. The proportionality factors A&) and A(&) are derived 

A(Z) = [ ( I  - I,>/<Iw - ~,)I[AUw) - A(IJ1 + 41,) (2) 

Xu et al. 

from the average of the 10 weakest (Zw) and 10 strongest 
(Is) NOE intensities such that 

A(Zw) = (5.0 A)6Zw (3) 

A(ZJ = (1.8 A)6Z, (4) 

If the calculated distance was less than 2.1 A, that distance 
was set to 2.1 8, in order to avoid excessive restraint. All 
the restraints were set to a lower limit of 1.8 8, and the 
calculated distance plus 10% was used for the upper 
boundary limit. All the calculated intraprotein distance 
restraints were treated independently and not placed in 
separate categories with fixed ranges. The use of this 
continuous range of distance restraints alleviated a systematic 
problem associated with the fixed range method, where a 
calculated distance restraint value may approach or equal 
the upper boundary limit (Clore et al., 1993; Powers et al., 
1993). On the other hand, the intrapeptide and peptide- 
protein NOES were placed in fixed ranges of 1.8-2.7, 1.8- 
3.5, and 1.8-5.0 8, as indicated by strong, medium, or weak 
NOESY cross peaks, respectively. Methyl group and 
pseudoatom correlations were applied to the restraining 
distances as needed (Wuthrich et al., 1983). 

Stereospecijic Assignments and Torsional Angle Restraints. 
The stereospecific resonance assignments for the two dias- 
tereotopic methyl groups in the 5 Val and 11 Leu residues 
were derived from the analysis of a high-resolution 13C 
HSQC data set from a nonrandom fractionally 13C-labeled 
src SH2 prepared as previously described (Senn et al., 1989; 
Neri et al., 1989, 1990). An HMQC-J (Kay & Bax, 1990) 
data set was used to measure the HN-Ha coupling constants 
(3&N-HQ). The spectral widths were 9434 Hz in 'H (Fz)  and 
1734 Hz in 15N (Fl) with 400 complex points. A correction 
for the 15N line width was applied (Kay & Bax, 1990). 
Dihedral restraints for the 4 angles were set to (-120 f 
30') when 3 J ~ N - ~ a  > 9 Hz, (-120 f 50") when between 8 
and 9 Hz, or (-60 f 30") in the a-helix regions only when 
<6 Hz. 

The 3D 15N TOCSY-HSQC method of Marion et al. 
(1989b) and Clore et al. (1991a) was used to determine the 
HU-H~ coupling constants (3JH.-H@. The data were acquired 
with 16 transients, a 45-ms mixing time, and spectral widths 
of 6849 Hz in 'H (Fl),  1734 Hz in 15N (Fz),  and 9434 Hz in 
'H (F3). A 3D HNHB data set (Archer et al., 1991) was 
collected to determine the N-Hb coupling constants (3.h-H4. 
The spectral parameters were 5688 Hz in 'H (FI), 1734 Hz 
in 15N (F2), and 9434 Hz in 'H (F3) and 16 transients. The 
3D HN(C0)HB data (Grzesiek et al., 1992) were acquired 
to measure the Ha to carbonyl J couplings (3Jc0-H~). The 
spectral widths were 3906 Hz in 'H (Fl), 1445 Hz in 15N 
(Fz), and 7813 Hz in 'H (F3) with 32 scans. From these 
three methods and types of coupling constants, the x1 angle 
and the stereospecific assignments for some of the 8-meth- 
ylene protons were determined. Some of the x1 angles and 
stereospecific assignments of 8-methylene protons were 

made for the peptide by analyzing the cross-peak intensities 
of IF DQF-COSY and NOESY spectra (Xu et al., 1994). 
Protein three-bond 13C-13C couplings, particularly the 
3 J ~ ~ - p ,  were determined with the LRCC J method described 
by Bax et al. (1992) in conjunction with the NOE data 
(Powers et al., 1993). 

Hydrogen-Bonding Restraints. The qualitative rate of 
amide proton exchange with deuterium was determined from 
the depleted signal intensities in 15N HSQC (Bodenhausen 
& Ruben, 1980) spectra acquired from complexes of src SH2 
and 1 exchanged into the acetate-buffered D2O solution and 
from 3D 15N ROESY-HSQC data (Clore et al., 1990) in 
acetate-buffered H20. The ROESY data set was collected 
with a 33-ms mixing time and the same parameters as for 
the TOCSY-HSQC above. Areas of b-sheet structure or 
isolated hydrogen bonds were clearly indicated by slowly 
exchanging amide protons. Additionally, the location of 
isolated hydrogen-bonded sites was confirmed by examina- 
tion of intermediate structures. The qualified sites exhibited 
an H-0 distance (2.4 A, an 0-H-N angle between 140 
and 180°, and a slow amide exchange rate. 

Structure Calculations. Generation and refinement of the 
solution structures were based upon the distance geometry 
(DG) and dynamical simulated annealing (SA) procedures 
described by Nilges et al. (1988) with X-PLOR 3.1 (Briinger, 
1992) installed on a four-processor Silicon Graphics Chal- 
lenge compute server. Initially, 200 DG embedded partial 
structures of the protein-peptide complex were generated 
with all the restraints. Intermediate refinement results were 
carefully screened for violations and errors before further 
refinement. The hydrogen bonds that were elucidated from 
the intermediate structures were incorporated into the final 
SA run. The X-PLOR program SA script used in this work 
included a pure repulsive van der Waals term. Neither a 
full Lennard-Jones potential nor electrostatic terms were 
included in the calculation. The force constant for the NOE- 
derived distance restraints was maintained at 50 kcalmol-'*8,-*. 
The force constant for the dihedral angle restraints was 
initially set to 5 kcalmol-1.rad-2 and then increased to 200 
kcalmol-1-rad-2 at the start of the SA process. The repulsive 
term constant was increased from 0.003 to 4 k~almol-'*8,-~ 
during the SA. After the SA, 1000 cycles of Powell 
minimization were performed with a repulsive constant of 4 
k~almol-'*8,-~, and the van der Waals hard sphere radii were 
set to 0.76 times those in the X-PLOR parameter file, 
parallhdg.pro. 

RESULTS AND DISCUSSION 

Distance Restraints. A total of 1751 unique intraprotein 
distance restraints were determined from 4D 13C/13C NOESY 
and the 4D 13C/15N NOESY spectra. The additional 13C 
dimension reduced the signal degeneracies, which produced 
more reliable NOE peak intensities compared the 3D NOESY 
data. An example of the improved resolution from the 4D 
format is illustrated in Figure 1. The distance restraint total 
consists of 957 intraresidue (54.7%), 320 sequential (18.3%), 
167 short range (between 2 and 5 residues apart) (9.5%), 
and 307 long range ( > 5  residues apart) (17.5%) (Figure 2). 
The restraint set did not include fixed distances that arise 
from geminal proton pairs or vicinal aromatic ring protons. 
An additional 65 intrapeptide distance restraints were 
obtained from IF NOESY data with 100-ms (buffered D20 
sample) and 150-ms (buffered H20 sample) mixing times. 
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3D- "N NOESY-HSQC "N Fz = 119.8 ppm 

4D. %"N NOESY E176 HN "N F3 = 119.8 ppm, 'H F4 = 8.55 ppm 
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FIGURE 1: The top spectrum shows a IH (Fl),  'H (F3) strip taken 
from a 3D ['H, 15N, 'HI NOESY-HSQC spectrum. The bottom 
spectrum exhibits the improved resolution in the 4D [I3C, 'H, lSN, 
'HI NOESY data over the 3D data. The I3C (FI ) ,  'H (F2) plane 
taken at the same lSN (119.8 ppm) and amide 'H (8.55 ppm) 
frequency shows the resolved NOEs for the K152 and E176 a 
protons and the E176 and R175 B protons. The spectrum was 
aliased in the 13C and ISN dimensions, resulting in both positive 
(solid) and negative (dashed) cross peaks. The NOE cross-peak 
ambiguities and degeneracies were reduced by using the 4D data, 
and this led to more reliable peak intensities. 

Fifty-five intermolecular distance restraints were identified 
from the combined analysis of the IF NOESY, 3D 13C 
HSQC-NOESY, and 3D I5N NOESY-HSQC data sets. In 
summary 1871 proton-proton distance restraints were 
derived from the NOE data sets. 

Torsional, Stereo, and Hydrogen Bond Restraints. For 
the protein a total of 56 4 angle restraints were determined 
and employed in the structure calculation. The values 
indicated that 26 were in P-sheets, 20 in a-helices, and 10 
in other regions. Though not in an a-helix, residue D235 
exhibited a 3JHN-Ha = 4.6 Hz and a strong NOE of HN-Ha, 
indicating a 4 angle of +60 f 30". Also, 43 x1 angle 
restraints and 44 stereospecific assignments of P-methylene 
protons were incorporated. Five x1 angles and four ste- 
reospecific assignments of P-methylene protons were deter- 
mined for the bound peptide. A total of 13 x2 angles were 
determined for the nine L and four I residues. Finally, there 
were 42 unambiguous hydrogen donor-acceptor pairs 
identified from the data, and these were included as 84 
distance restraints with H--O (1.8-2.3 8) and 0 - N  (2.5- 

Quality of the NMR Solution Structures. The solution 
structural statistics for the final converged solution structures 
of src SH2 bound with 1 are outlined in Table 1. A threshold 
value of E N ~ E  of 16 kcal/mol was used to cull 23 files from 
the 200 DG embedded files that were subjected to the SA 
protocol. The idealized geometry parameters, low van der 
Waals repulsion energy, and large negative EL-, term reflect 

3.3 A,. 

~ ~~~~~ 

Table 1: Structural Statistics and rmsd for the 23 src 
SH2/Acetyl-pYEEE-OH Complex StructuresD 

- 
structural statistics (SA) (SA), 

rmsd (A) from exptl distance 0.0102 f 0.0010 0.0091 

rmsd (deg) from exptl dihedral 0.090 f 0.021 0.056 

X-PLOR energies (kcdmol) 

restraints (1955) 

angle restraints (1 17) 

Etotb 96.3 f 3.9 92.4 
&and 5.9 f 0.2 5.8 
Eang~e 62.3 f 1.2 61.5 
Elmpr 6.9 f 0.2 6.6 
ERpclC 10.9 f 0.7 10.3 
ECdlhd 0.06 f 0.03 0.02 
ENOE~ 10.3 f 2.0 8.2 
 EL.^ -546 f 17 -570 

deviations from idealized 
covalent geometry 

bonds (A) 0.002 f o.oO0 0.002 
angles (deg) 0.399 f 0.003 0.394 
impropers (deg) 0.216 f 0.002 0.209 

~~~~~~~ ~ ~ ~ ~ ~ ~ ~ ~ ~ 

Cartesian coordinate rmsd (A) 

residue 143-245 0.58 f 0.09 1.04 z t  0.08 
secondary structure 0.29 f 0.04 0.73 f 0.08 
binding, interface (12 residuesY 0.39 f 0.09 0.79 f 0.15 

(SA) vs (SA) N, Ca, C' all non-H 

(SA) is the ensemble of the 23 final simulated annealing structures, 
(SA) is the mean structure obtained by averaging the coordinates of 
the 23 SA structures best fit to each other, and (SA), is the energy- 
minimized structure. * The total energy Etot does not include Lennard- 
Jones van der Waals energy. The value of the quartic van der Waals 
n?pdsion term Enpl is calculated with a force constant of 4 kdm0l-'.k4 
with the van der Waals hard sphere radii set to 0.76 times those in the 
X-PLOR parameter set. The E d  and ENOE were calculated using force 
constants of 200 kcalmol-lTad-* and 50 kcalmol-1.A-2, respectively. 
e The Lennard-Jones van der Waals energy is nor included in the target 
function for simulated annealing. fThough R155 and R175 did not 
display intermolecular NOEs to the pY or +31 of the ligand, they were 
included in this calculation with the protein residues that did (T179, 
C185, H201, Y202, K203,1214, T215, and L237). 

- 

good geometries and proper nonbonded atom contacts. All 
the residual distance violations were below 0.2 A, and none 
of the restrained dihedral angle violations were greater than 
1 .O". The rmsd for the N, Ca, C' and all the non-hydrogen 
atoms in each protein residue are presented in Figure 2. A 
plot of the angular order parameter (AOP) for the 4, W 
backbone and the x1, 22 side-chain angles is presented in 
Figure 3 (Hyberts et al., 1992). 

The rmsd about the mean coordinates for the N, Ca, C' 
or all of the non-hydrogen atoms in residues 143-245 were 
0.58 f 0.09 and 1.04 f 0.08 A, respectively. The rmsd for 
ordered secondary structure residues (148-150, 171-175, 
184- 190, 198-206,212-214,225-230,242-244) super- 
imposed upon the mean coordinates were 0.29 f 0.04 8, for 
the N, Ca, C' and 0.73 f 0.08 A for all the non-hydrogen 
atoms. The rmsd using residues pY, +31, T179, C185, 
H201, Y202, JS203,1214, T215, and L237 from the binding 
sites and R155 and R175 were 0.39 f 0.09 and 0.79 f 0.15 
A. A full stereoview overlay of the 23 low-energy protein 
complex structures and a close-up view of the binding site 
regions are illustrated in Figures 4 and 5 .  

Ramachandran plots of the backbone 4, ly angles for the 
23 solution structures demonstrated that most of the angles 
are within the energetically favored regions of 4, yj space 
(Figure 6A). The high average AOP values of 0.95 and 0.94 
for the 4, W angles indicate good convergence for these 
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FIGURE 2: (A) Histogram displaying by residue the sum and distribution of all the restraints determined from NOE data. The primary 
sequence begins with the acetyl-pYEEIE-OH numbered as -1 (acetyl) to +4 (last E). A blank separates the peptide from the protein 
sequence. The bar-coded restraint catagories are as follows: solid bars are the intraresidue, clear bars are sequential (li - jl = 1) and 
short-range (2 < li - j l 5 5) interresidue restraints, and the gray bars are the long-range (li - j l > 5) interresidue restraints. Intermolecular 
restraints are represented in the later catagory. The total number of restraints for each residue is represented by the stack height. (B) Data 
from the 23 NMR-derived solution structures where the gray bar heights and small solid rectangle levels represent by residue the average 
rmsd to the mean atomic coordinates for all the non-hydrogen side-chain atoms and the backbone N, Ca, C’ atoms, respectively. Residues 
140, a methionine from the E. coli expression, and 141 were plotted off scale to prevent compression of the bar heights. Off-scale data 
values for residue 140 were 6.67 8, (side chain) and 4.75 8, (backbone) and for residue 141 were 5.27 8, (side chain). (C) Data from the 
X-ray-derived structure (Gilmer et al., 1994) where the gray bars and small solid rectangle levels represent by residue the average B-value 
for all the non-hydrogen side-chain atoms and the backbone N, Ca, C’ atoms, respectively. B-values could not be calculated for residues 
+4E, 140-141, and 179-182 due to the absence of electron density. (D) The solvent-accessible surface area (A2) for the energy-minimized 
mean coordinates from the NMR-derived structures calculated with X-PLOR using a 1.6 8, probe. 

torsion angles. Those residues with an AOP 50.9 are in 
the AB, BC, CD, and BG loop regions in the protein. If 
residues with AOPs 10.9 are excluded, the Ramachandran 
analysis improves slightly (Figure 6B). 

The resulting 
conformation of src SH2 complexed with acetyl-pYEEIE- 
OH reveals the presence of seven P-strands and two a-helices 
connected by eight intervening loops (Figures 7 and 8). A 

Description of the Solution Structure. 

short N-terminal P-strand @A) precedes the first (aA) of 
two a-helices that are located on each side of the hydro- 

Previously published v-SI% numbering of Waksman et al. (1993) 
and nomenclature of Eck et al. (1993) were adopted. The N-terminal 
methionine from the bacterial expression begins the sequence as residue 
140. The acetyl group of the phosphorylated pentapeptide, acetyl- 
pYEEIE-OH, is numbered as residue - 1 in relation to the pY at position 
0. Subsequent positiorls are referred to as +lE for example. 
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LBG4 
+31: I 

FIGURE 5: Superimposed stereoview of the ligand binding region from the 23 NMR-derived solution structures for the src SH2 domain 
complex. Protein side chains shown in black were involved in ligand binding with the exception of RaA2 and WB5. The pY and +31 
side chains are displayed in gray. 

234-237 (BG). This conformational description of the src 
SH2 protein is consistent with previously published solution 
structures of different group SH2 domains derived with fewer 
total NMR-derived restraints. The secondary structural 
features and tertiary fold are most similar to the cPLC-yl 
SH2 domain complex (Pascal et al., 1994) despite the 
different ligand specificity from that of src SH2. Structures 
of uncomplexed SH2 domains from ab1 (Overduin et al., 
1992a,b) and the N-terminal p85a subunit of PI3K (Booker 
et al., 1992) were described with slight differences outside 
the central core region. The differences between these 
structures and the src SH2 structure were in regions beyond 
the a-helices toward the C- and N-termini. Both the ab1 
and PI3K SH2 domain structures were reported to possess 
an additional C-terminal P-strand, which formed a short 
antiparallel P-sheet in the p85a structure. Also, the published 
reports of the ab1 and PI3K SH2 domains did not describe 
the presence of the N-terminal PA strand seen in the src 
SH2 structure; however, the characterization of this strand 
may be rather subjective, since it involves only three residues. 

The high-affinity phosphorylated tyrosine pentapeptide 1 
binds with an extended backbone that straddles the midsec- 
tion of strand PD (Figure 8). To a great extent the bound 
peptide remains solvent exposed as it sits on the protein 
surface (Figures 9 and 2D). The pY and +31 side chains 
insert into the binding clefts demarcated by the central core 
/?-strands and the a-helices. Strands PB, PC, and PD and 
loop BC contain the residues from which the hydrophilic 
pY binding pocket is constructed. Strands PD and PE along 
with loops EF and BG contain the residues that form the 
hydrophobic +31 binding pocket (Figures 7 and 9). 

Details on the Observed Binding Interactions. Some of 
the intermolecular contacts between 1 and the src SH2 
domain are graphically presented in Figure 10. The pY 
residue of 1 displayed intermolecular NOES with the fol- 
lowing src SH2 domain residues: TBC2, CPC3, HPD4, 
YPD5, and u D 6  (Figures 9 and 10). Residues TBC2, 
HPD4, YPD5, and W D 6  surround the pY aromatic ring with 
the phosphate directed toward RPB5, which is the sole 
positively charged residue under the phosphate moiety 
(Figure 9). Adjacent to RpB5 but nearer to the pY aromatic 
ring are residues CPC3 and HPD4. Continuing along the 
peptide backbone of 1, the +lE residue displayed NOE 
responses with the u D 3 ,  HPD4, and YPD5 protein residues. 
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4 
FIGURE 6: (A) Ramachandran plots for all the @ (56 restrained) 
and 11, (0 restrained) angles in the 23 solution structures of the src 
SH2 domain complexed with acetyl-pYEEIE-OH. (B) Only those 
residues with @ and 11, AOP values >0.9 (81 residues). 
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FIGURE 7: Schematic diagram of the secondary structural elements determined by NMR for the SIC SH2 domain in complex with acetyl- 
PYEEIE-OH.~ The primary sequence below the numbering scheme is for the src SH2 and above for the cPLC-yl SH2 (Pascal et al., 1994). 
Underlined residues are in regions of conserved secondary structure among SH2 domains. The elements of the secondary structure for src 
SH2 in solution are contained by the labeled rectangles below the sequence. Residues S177 and L207 were included in the crystal structure 
B-sheets (small gray squares) and T242 was not (small black square). Residues in bold participated in ligand binding for the respective 
SH2 domain. Residues in italics were identified in the SIC SH2 crystal structure to have contact with the exposed portions of acetyl-pYEE- 
in an adjacent molecule. 

r ‘ 

CD 

I 
L 

DE 
N 

FIGURE 8: Backbone secondary structure ribbon diagram of the 
src SH2 domain complexed with acetyl-pYEEIE-OH shown with 
rod bonds. The figure was generated with the Molscript program 
(Kraulis, 1991). 

The amide proton of the +lE consistently formed a hydrogen 
bond with the C’ oxygen of HpD4, through the exchange 
rate for this and the other amide protons of 1 was not 
determined. The remaining dominant intermolecular interac- 
tions occurred at the hydrophobic binding site. The +31 
residue of 1 displays numerous NOEs to a single deep pocket 
constructed from the side chains of residues TpD5, IpE4, 
TEF1, and LBG4 of the SH2 domain (Figures 9 and 10). 
There were no protein-peptide intermolecular NOEs from 

the +2E and +4E residues of the bound phosphopeptide. 
The cPLC-yl SH2 domain complex exhibits similar 

binding features at the pY location, though the sequences 
vary at three of the four residues that participate in the 
intermolecular interactions (Pascal et al., 1994). The five 
residues participating in pY binding in the cPLC-y 1 complex 
are w B 7 ,  @C3, w D 4 ,  CpD5, and WD6 and align to 
S#?B7, CpC3, HpD4, YpD5, and YgD6 in the src SH2 
domain (Figure 7). However, the SPB7 in the src SH2 did 
not display any intermolecular NOEs to the pY site. In the 
cPLC-yl complex the +11 through the +6D residues bind 
in an extended hydrophobic groove. In contrast, only the 
+ lE of the src SH2 complex shows interactions to the 
protein before the single deep hydrophobic pocket where the 
+31 binds. At the + lE site of 1, the YgD3 and YpD5 
interactions in the src SH2 translate to YgD3 and C#?D5 
interactions with the +11 site in the cPLC-yl SH2 structure. 
The m D 4  residue in cPLC-yl was not reported to interact 
at the +11 site as it did in the src SH2 complex at the + lE  
site. The +21 and +3P in the cPLC-yl ligand have 
independent interactions with GEFl and L@4, respectively. 
The corresponding sites in the src SH2 domain are TEFl 
and VE4, and both interact with the +31 of 1. None of the 
+4L binding residues in the cPLC-yl SH2 map directly to 
src SH2 binding residues. However, the +5P, a more distant 
ligand residue, has interactions to the LpE4 in the cPLC-yl 
structure, and this corresponds to the +31 and IPE4 interac- 
tions in the src SH2 complex. 

Comparison of the NMR and X-ray Structure Complexes. 
In a parallel effort toward understanding the structural basis 
for the ligand and protein interactions, a crystal structure 
the src SH2 domain complexed with acetyl-pYEEIE-OH at 
approximately 2 A resolution was also determined (Gilmer 
et al., 1994). The secondary and tertiary structures of the 
SH2 domain as well as the interactions and conformation of 
the bound peptide are generally similar to the solution 
structures. However, examination of this structure revealed 
a series of intermolecular crystal contacts from residues L207, 
D208, S209, S216, and 4219 of an adjacent molecule 
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FIGURE 10: Illustrated for the src SH2 domain complexed 
acetyl-pYEEIE-OH are some of the non-hydrogen atoms beari 
protons that displayed intermolecular NOEs. 
contacts are represented by the dashed lines. 
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in the structure calculation. The weak NOEs w 
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structures are 

B-values. In fact, the conformation of the CD loop was the 
least defined in the solution structures. In the X-ray data 
the absence of electron density for residues 179- 183 in the 
BC loop prevented accurate structure determination at those 
sites. This significant structural disorder is also reflected in 
the rmsd values for those residues in the solution structures. 
As seen in Figure 2A,B those regions in the protein 
displaying motional disorder in the family of NMR structures 
also contain fewer total restraints for those residues. 

A comparison of the dihedral angles between the NMR 
and X-ray structures comes from a combined use of plots in 
Figure 1 1  and the AOP plots of Figure 3 (Hyberts et al., 
1992; Wagner et al., 1992). The solution dihedral range 
value extremes for the 4, and for the ~ 1 ,  ~2 angles are 
compared by residue to the single measured angle in the 
crystal structure. Of the 54 4 angle restraints employed in 
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FIGURE 11: Dihedral angle ranges from the 23 solution structures of the src SH2 domain complexed with acetyl-pYEEIE-OH. The primary 
sequence begins with the acetyl-pYEEIE-OH numbered as -1 (acetyl) to +4 (last E). The range extremes for the 4, v ,  ~ 1 ,  and ~2 angles 
for each residue are represented by the gray bars in plots A-D, respectively. The measured angle from the crystal structure of the same 
complex is represented by the small black rectangles. 

this comparison, 12 angles from the crystal structure fall 
outside the solution angle range. Half differed by less than 
lo", and the others were between 10" and 48" outside the 
range. Residue 195 displayed the 48" difference, and the 
NMR data indicated the 6 angle was -120 f 30". The 
X-ray B-values for the backbone and side-chain atoms 
indicated substantial flexibility of this and neighboring 
residues in the CD loop in the crystal. For the undetermined 
6 angles, 22 of 49 were outside the solution angle range. 
Most differed by less than 15", and none were more than 
44" different. The crystal and solution data were in 
agreement for residue D235 whose angle was measured at 
+60 f 30". None of the angles were experimentally 
determined; however, 65 of 102 measured angles from the 
X-ray data were inside the solution structure ranges. Eigh- 
teen were outside by less than lo", 13 between 10" and 20°, 
and the remaining 6 were between 24" and 74" outside the 
range. Twenty of 45 crystal structure side-chain x1 angles 

were outside the restrained range, but 16 of them differed 
by less than 20". There was a group of outliers that differed 
by 24" to 11 1". Residue +31 of the bound phosphopeptide 
displayed the 11 1" difference. In the NMR-derived struc- 
tures the x1 for the +31 was experimentally determined to 
be -60 f 30", and the backbone and heavy atom rmsd was 
below 1 A, reflecting reasonable local convergence (Figure 
2B). The X-ray B-values for the +31 (and +4E) residues 
indicated a high degree of motion (Figure 2C), and this 
probably accounts for the large difference in the 21 angle. 
Thirty-one unrestrained x 1 angle ranges encompassed the 
X-ray value, and of the 17 that did not, 4 exceeded the range 
by 41" to 147". The others were out by 26" or less. Two 
of the eight restrained x2 angle ranges did not include the 
X-ray value. The NMR data indicated that residue L207 
should be restrained about the x2 angle at 180 f 30", but 
the measured value in the crystal structure was near 0". The 
other differences widely fluctuated from 1" to 147". Forty- 
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unusual amino-aroma 
ring and phosphate (Figure 
to the -1 carbonyl oxygen (not shown). Also, 
the guanidinium side chain from RpB5 engages the phos- 
phate to form a bidentate ion-pairing interaction. Though 
in a relatively dilute region of proton atoms, there are 
distances in the X-ray structure that theoretically should lead 
to observed NOEs. Distances measured from an energy- 
minimized coordinate set of the crystal structure with protons 
indicated that there were a few medium- to long-range 
distances (-3.5-5.0 A, within the range to normally generate 
an observable NOE) between nonlabile ligand protons and 
the labile side-chain protons on RaA2 and RpB5. Also, 
there were similar distances noted between nonlabile protons 
of RaA2 and w 4 .  However, the labile protons of the 
guanidinium groups from RaA2 and RpB5 did not exhibit 

OEs to other nonlabile or labile protons of 1 in IF 
Y data sets at pH = 5.5 or 7.04 at 30 and 15 "C. More 

there were no RaA2 to HPD4 interactions 
edited NOESY data. Also, the Hq to Nq 
side-chain correlations were not observed in 

indicated that the pKa values of 
YEEIE-OH were approximately 

in the pH range of this study 
huge of the phosphotyrosine is 

although the HE to 
lack of NOE restraint 

away and back from the pY group as comp 
structure orientation (Figures 12 and 9) 
located on the solvent-exposed surface and exhibits a large 
solvent exposure value in both the X-ray (70 A2) and solution 
(155 A2, Figure 2D) structures, it is plausible that the inability 
to observe signals from the RaA2 side chain was most likely 
due to rapid proton exchange with the bulk solvent as well 
as motional exchange broadening. Such differences between 
solution and crystal structures are not unusual for highly 
solvated residues. Similar observations were reported for 
solvent-exposed residues in a solution structure determination 
of an FKBP complex (Meadows et al., 1993). On the other 
hand, the solvent accessibility value for w B 5  is near zero 
in both the X-ray (not shown) and solution structures of the 
src SH2 domain complex (Figure 2D). Therefore, the w5 
guanadinium side chain probably experiences motional 
broadening. These residues were not completely unrestrained 
in the structure calculation. There were intraresidue and 
short-range protein NOEs from the nonlabile protons of 
RaA2 and RpB5 that defined the position of each group in 
the structures. 

Though the orientation of the guanadinium side chain from 
m5 was not restrained by intermolecular NOEs, the 
energy-minimized mean coordinates were consistent with 
atomic orientations that formed a hydrogen bond from the 
Hq of WB5 to phosphate oxygens on the pY. Other 
interatomic distances that were consistent with the formation 
of a hydrogen bond were those between the phosphate group 
oxygen atoms and the HD1 proton in H#?D4 and the hydroxyl 
group of TPC2. With regard to RaA2, the distance 
separation was too large for the guanadinium side chain and 
the pY aromatic ring to engage in the amino-aromatic 
interaction or to allow the formation of a hydrogen bond 
with the -1 carbonyl oxygen that was evident in the crystal 
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structures. We did not observe significant broadening of the 
proton resonances of the nonlabile RaA2 side-chain protons 
from uncomplexed and complexed protein as was reported 
for the solution structure complex of cPLC-yl (Pascal et al., 
1994). Furthermore, the final distance separation from the 
pY phosphate group to the RaA2 guanadinium side chain 
was too long (-6 8, from the averaged structure) to provide 
for an interaction with the phosphate group. 

It is possible that the RaA2 amino to pY aromatic 
interaction is not absolutely required for ligand binding. This 
conformational flexibility was evident from a close examina- 
tion of the pY binding site in a crystal structure of the src 
SH2 domain in complex with a different pY ligand. A small 
population of crystals displayed electron density that was 
consistent with the RaA2 guanadinium side chain rotated 
away from the pY aromatic group (L. Shewchuk and S .  
Jordan, personal communication). In the solution state, a 
recent backbone dynamics study of the cPLC-yl SH2 showed 
little difference in the order parameter (P) for RaA2 upon 
binding of a high-affinity peptide (Farrow et al., 1994). This 
indicated that the backbone motions for the RaA2 HN were 
not differently restricted between free and bound protein. 
Perhaps NMR solution dynamics studies that focus on the 
side-chain carbons and the NE atom of RaA2 will further 
quantitate the RaA2 side-chain motions. 

Recently published data also reveals that SH2 domains 
can tolerate substitution of the highly conserved RaA2 and 
still retain high-affinity binding capacity. A site-directed 
mutation of RaA2 to KaA2 in the lck SH2 domain displayed 
little change in its ability to bind phosphorylated peptides 
from titration calorimetry data (Lemmon et al., 1994). These 
data indicated that Src family SH2 domains in solution can 
recognize and bind pY without the conserved RaA2. Data 
from less conservatively mutated proteins at the RaA2 were 
not reported. However, a natural mutation, GaA2, occurs 
in the N-terminal SH2 domain of syp, a tyrosine phosphatase. 
Despite this residue change, crystal structures of the syp SH2 
domain complexed with three different phosphorylated 
peptides showed that pY binding was retained in a very 
similar fashion to the src SH2 structures. This occurred 
without a surrogate interaction for the RaA2 to the pY or 
any other significant conformational changes in the protein 
including the RpB5 site (Lee et al., 1994). 

Finally, the following differences between the NMR- 
derived and the crystal structure of the src SH2 domain 
complexed with acetyl-pYEEIE-OH were noted. Besides the 
ligand +31 x1 angle mentioned above, there were also 
differences in the side-chain orientations of two residues 
involved in the binding of the 4-31 (Figure 12). The 
restrained x2 angle (AOP = 0.98) for residue LBG4 had a 
trans configuration compared to gauche- in the crystal 
structure. For residue TEFl the resulting unrestrained x1 
angle (AOP = 0.99) is in a trans configuration, thus 
orientating the methyl group down and the hydroxyl upward. 
This is reversed in the crystal structure where the x1 was 
gauche+ (Figure 12). The high angular order parameter 
value for these angles is indicative of consistently converged 
local geometries. Since the +31 binding site is at least one 
ligand residue removed from where the contacts were seen, 
the noted differences probably do not occur from the crystal 
contacts. A ligand residue whose conformation was poten- 
tially affected by crystal contacts was the acetylmethyl group 
in the - 1 osition. The X-ray structure showed the methyl 
carbon 4 w removed and positioned directly under residue 
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SEF2 in the adjacent molecule. In solution this methyl group 
is rotated about 35" about the q5 angle (not shown). It was 
not possible to ascertain if this difference occurred as a result 
of the crystal packing forces or from the motional flexibility 
of the highly solvated surface-bound ligand. Also, residue 
L207 from an adjacent molecule in the crystal structure was 
positioned 4 8, away from the f l E  side chain and exhibited 
a strained x2 angle with a value near 0". The x2 angle was 
experimentally determined from the NMR data to be frans 
(180 f 30"), and the resulting structures had an AOP = 0.98. 

CONCLUSIONS 

A set of high-resolution structures of the pp6@-"" SH2 
domain complexed with a high-affinity tyrosine phospho- 
rylated pentapeptide, acetyl-pYEEIE-OH, have been deter- 
mined from NMR data. The use of multifrequency/ 
multidimensional NMR data to determine the resonance 
assignments enabled the generation of 2072 experimentally 
derived restraints. The calculated structures satisfied the 
imposed restraints to a high degree based upon the rmsd and 
the low number of restraint violations. The solution struc- 
tures described here were generally consistent with structures 
of different SH2 domains determined by Nh4R and X-ray 
as well as an X-ray structure of the same complex. Differ- 
ences between the NMR and X-ray structures at the binding 
site involved the highly conserved arginine residues. The 
absence of solution data from the conserved arginine 
guanidinium groups probably arose from rapid conforma- 
tional and solvent exchange. It was not possible to determine 
if small conformational differences between the X-ray 
structure of the same complex and the solution structures at 
the phosphorylated tyrosine and $31 binding sites arose from 
crystal contacts or from the motional freedom experienced 
by the highly solvated bound ligand. 
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SUPPLEMENTARY MATERIAL AVAILABLE 

Two tables containing the 'H, I3C, and I5N assignments 
for the human pp6@-'" SH2 domain and the 'H assignments 
for the acetyl-pYEEIE-OH (9 pages). Ordering information 
is given on any current masthead page. 
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