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Abstract

A set of high-resolution three-dimensional solution structures of the Src homology region-2 (SH2) domain of the
growth factor receptor-bound protein-2 was determined using heteronuclear NMR spectroscopy. The NMR data
used in this study were collected on a stable monomeric protein solution that was free of protein aggregates and
proteolysis. The solution structure was determined based upon a total of 1439 constraints, which included 1326
nuclear Overhauser effect distance constraints, 70 hydrogen bond constraints, and 43 dihedral angle constraints.
Distance geometry-simulated annealing calculations followed by energy minimization yielded a family of 18 struc-
tures that converged to a root-mean-square deviation of 1.09 A for all backbone atoms and 0.40 A for the backbone
atoms of the centrd@l-sheet. The core structure of the SH2 domain contains an antipgralelet flanked by two
parallela-helices displaying an overall architecture that is similar to other known SH2 domain structures. This
family of NMR structures is compared to the X-ray structure and to another family of NMR solution structures
determined under different solution conditions.

Introduction rylation sites on several different proteins including
the oncogene product, Shc, and the EGF receptor
Growth factor receptor-bound protein-2 (Grb2) is an (Downward, 1994; Pawson, 1995).
adaptor protein that mediates signal transduction path-  As a class, SH2 domains are small, consisting of
ways. Grb2 is the human homologue, both structurally approximately 100 amino acid residues, and are highly
and functionally, of Sem-5 fror€aenorhabditis ele-  conserved among cytoplasmic signaling proteins (e.g.,
gans(Clark et al., 1992) and of Drk frorDrosophila PLC-y and GAP) and non-catalytic proteins (e.g., the
melanogaste(Olivier et al., 1993). Itis a 25 kDa pro-  p85x subunit of PI3K, Grb2, and Crk). A number
tein consisting of one Src homology region-2 (SH2) of SH2 domain structures, with and without bound
domain and two Src homology region-3 (SH3) do- phosphopeptides, have been determined both by NMR
mains arranged in the order SH3-SH2-SH3. The SH2 spectroscopy and by X-ray crystallography (for a re-
domain of Grb2 binds to specific tyrosine phospho- view see Kuriyan and Cowburn (1993)). The nature
of the specificity and recognition of phosphopeptides

b *To \t/_vhomm csrresp?ni%gg icsrkto E‘f; ?:ddrezsed- ! arowth by SH2 domains is well understood (for a review see
reviations: crk, viral p ; , epidermal gro .

factor; GAP, FTPase-activating protein; Grb2, growth fac- Zvelebil ?t al. (1995),)' . .
tor receptor-bound protein-2; NOE, nuclear Overhauser effect; De_s_plte the fu_nct|onal_d|fferences of SH2 domain-
P13K, phosphatidylinositol‘3kinase; pY, phosphotyrosine; p¥2, containing proteins, their overall structures appear
pY+3, amino acids positioned two and three residues C-terminal g pe similar. This suggests that local differences

to the phosphotyrosine residue; PLCphospholipase-G; root- . . . o
mean-square-deviation; TOCSY, total correlation spectroscopy; 2D, in structure account for their phosphoprotein bind

two dimensional; 3D, three dimensional. ing specificities. The Grb2 SH2 domain is unique in
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that it recognizes an asparagine residue two residuescorrespond, respectively, to residues 60 and 158 in the
removed from the phosphotyrosine (pY) in the po- numbering system of Lowenstein et al. (1992).

sition (pY+2). An X-ray structure of the Grb2 protein

(Maignan et al., 1995) and, very recently, a family NMR sample preparation

of NMR solution structures of the isolated SH2 do-
main of Grb2 in phosphate buffer (Thornton et al.,

.][99?) have both t|>e¢n reported. In ;hirs] studg/, a fam- taining 0.015% sodium azide. Dynamic light scatter-
lly of 3D NMR solution structures of the Grb2 SH2 ing analysis (Protein Solutions Inc., Charlottesville,

domain was independently determined. The structuresVA) showed that under these solution conditions the

reported here are derived from a protein sample and , 0in was greater than 99% monomeric (data not
from resonance assignments that differ significantly shown)

from those used in the Thornton et al. NMR study.
These differences resulted in two sets of solution struc-
tures that exhibit different local secondary structure.
Since the overall 3D structures of all published SH2
domains are quite similar, differences in local struc-
ture could be critical for understanding the unique €nt units and a triple-resonance probe with actively
phosphoprotein binding specificities of individual SH2  shielded Z gradients. The sample temperature for
domains. Here, we present the 3D structure deter- NMR experiments was maintained at 26. Pulsed-
mined for a stable, monomeric form of the Grb2 SH2 field gradients were incorporated to suppress artifacts,
domain protein in solution. This structure is compared !0 assist in water suppression, and for coherence selec-
to the X-ray structure, to other SH2 domain struc- tion. Quadrature detection in the indirect dimensions
tures, and to the structures determined by Thornton et Was achieved using the States-TPPI method (Marion

al. in an attempt to explain the unique ﬂ_‘z blnd|ng et al., 1989a,b) SpeCtra| a”asing was obtained in the
specificity of the Grb2 SH2 domain. indirect dimension involving'3C nuclei (Bax et al.,

1991). NMR data were exported to an Indigo-2 work-
station (Silicon Graphics Inc., Mountain View, CA)
and processed using FELIX v. 950 software (Mole-
cular Simulations Inc., San Diego, CA). The peak
picking and analyses of multidimensional data were
performed using NMRCompass software (Molecular
Simulations Inc., San Diego, CA).

NMR samples had protein concentrations of 1.0 and
1.5 mM in 5.0 mM acetatéds buffer, pH 5.3, con-

NMR spectroscopy

NMR spectra were collected on a Varian Unity-800
NMR spectrometer equipped with pulsed-field gradi-

Materials and methods

Protein biosynthesis, purification, and NMR sample
preparation

Protein biosynthesis, purification, and sequence de-
scription and numbering are as described previously
(Wang et al., 1996). The SH2 domain is defined Chemical shift assignments

as residues 60-158 of the full-length Grb2 protein Greater than 95% of the backbone and 80% of
(Lowenstein et al., 1992). The recombinant protein the side-chain resonance assignments were accom-
used for these NMR studies is composed of residues plished as previously described (Wang et al., 1996).
53-163 plus an N-terminal glycine which is con- These included both proton assignments and het-

tributed by the expression plasmid. N-terminal amino
acid sequencing indicates that the initiator methion-
ine is post-translationally removed from the purified
recombinant protein (data not shown). The purified
protein contains eight additional residues N-terminal

eronuclear3c®, 13cP, 13cO, and1°N resonance
assignments. Subsequent to the publication of these
assignments, side-chafdC¥ and 13C? assignments
were made from the 3D C(CO)NH-TOCSY exper-
iment (Montelione et al., 1992; Grzesiek et al.,

and five additional residues C-terminal to the consen- 1993; Logan et al., 1993). The data from this ex-
sus sequence of the SH2 domain. The residues N- andperiment and the 3D HCCH-COSY experiment (Bax
C-terminal to the SH2 domain are either residues from et al., 1990) were used to make additional proton
the SH3 domains or residues connecting the SH2 do- side-chain assignments. Aromatic resonance assign-
main to the two SH3 domains of Grb2. In this NMR ments were obtained using 2D and 3D heteronu-
study, we chose to number the protein starting with clear (H)CP(CYC*)H?® and (H)CP(CYC*C¢)H¢ exper-

the N-terminal glycine as residue 1. Thus, the SH2 iments (Yamazaki et al., 1993). The HNCACB exper-
domain begins with Trpand ends with PA®7 which iment (Wittekind and Mueller, 1993) was modified to
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Figure 1. Distribution of NOE constraints per amino acid residue:
(A) intraresidue constraints; (B) sequential constraints; (C)
short-range constraints; and (D) long-range constraints. In this num-
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2.6-3.4 A for N-O constraints. The twe-helices,

oA andaB, are represented, respectively, by five and
four intrahelical hydrogen bond constraints. The re-
maining 26 hydrogen bond constraints are involved in
antiparalleB-sheet interactions. Four hydrogen bonds
between thegA strand and thg@B strand, as well as
two hydrogen bonds between residues at the end of
the BB strand and Aréf reflect long range protein
interactions.

Distance constraints

Spectra recorded for protein structure determination
included a gradient-enhanced 3N-edited NOESY-
HSQC (Zhang et al., 1994) data set (75 ms mixing
time) and two 3D!C-edited NOESY-HMQC (Mar-
ion et al., 1989a,b; lkura et al., 1990) data sets (75
ms and 125 ms mixing times). NOEs were converted
to distance constraints using the approach described
by Wagner and co-workers (Hyberts et al., 1992).
The upper bounds for the interproton distances were
determined by adding a larger uncertainty to the dis-
tance as described previously (Emerson et al., 1995)
to obtain a continuum of distance constraints. The

bering scheme, the amino acid sequence of the SH2 domain rangeslower bounds were set to 1.8 A. Center averaging was

from Trp? (W9) to Prd97 (P107). These correspond to residues
60-158 in the full-length Grb2 molecule (Lowenstein et al., 1992).

used for methyl and non-stereospecifically assigned
methylene protons with pseudo-atom corrections ap-
plied to the upper bounds of the constraints (Wuthrich

measure the chemical shifts of the side-chain amide et al., 1983).

groups of asparagine and glutamine residues.

Stereospecific assignments and dihedral angle
constraints

The water-flip-back 3D HNHA experiment was used
to determine the three-bond HN*Hcoupling con-
stants %‘]HNH“) (Kuboniwa et al., 1994). Stereospe-
cific assignments of-methylene protons angs ro-
tamers were obtained from a semi-quantitative analy-
sis of a short mixing timé°N-edited NOESY (50 ms
mixing time) and &°N-edited TOCSY (35 ms mixing
time). Dihedral angle constraints for the 43 protein
backbone dihedral angleg)(were set to{1204+30°)
when the value ofJynye was greater than 9 Hz,
(—120+ 50°) when the value otJyne Was between

8 and 9 Hz, and{60+30°) in a-helical regions when
the value ofJyyne was less than 6 Hz.

Hydrogen bond constraints

The hydrogen bond constraints were identified on the
basis of slowly exchanging amide protons. Two dis-
tance constraints were applied for each of the 29
hydrogen bonds: 1.6-2.4 A for H-O constraints and

A total of 1326 NOE distance constraints, 35
hydrogen bonds, represented as two constraints per
hydrogen bond, and 43 dihedral angle constraints were
used to generate the 3D solution structures. Of the
NOE distance constraints, 607 are intraresidue, 346
are sequential, 125 are short-range, and 248 are long-
range. Long-range distance constraints are defined as
NOEs arising between protons that are greater than
five residues removed in the amino acid sequence,
while short-range NOEs are between protons that are
two to five residues removed. The distribution of
NOEs for each residue is summarized in Figure 1
and shows that all the SH2 domain residues are rep-
resented by both sequential and intraresidue NOEs.
Figure 1 also shows that 50% or more of the residues
are involved in short-range and long-range NOE in-
teractions. This distribution illustrates how well the
tertiary structure of the protein is defined as only 38%
of the residues are part pfstrands and-helices.

Structure calculations
An initial family of structures was generated us-
ing the hybrid distance geometry-simulated anneal-
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Figure 2. Stereoview of the family of 18 structures representing the NMR solution conformations of the Grb2 SH2 domain. The structures
were superimposed for the best fit of th& &oms of the centrdl-sheet and twa-helices. The residues belongingatéhelices ang-strands

are colored red and blue, respectively; all other residues are colored white. Residues 1-8 and 102-112 are unstructured and are excluded from
the figure for clarity.
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Figure 3. Ramachandran plot showing all tkeand ¥ angles for the final 18 NMR solution structures. The plot was generated using the
PROCHECK-NMR analysis program (Laskowski et al., 1996) which revealed that 97% of the residues are in allowed regions (Morris et al.,
1992). Glycine residues are identified by a triangular marker; all other residues are represented by a square marker. The intensity of the color
scale ranging from dark gray to white represents angles from the most favored regions to the most generously allowed regions, respectively.
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ing (DG/SA) method (Nilges et al., 1988) on
two SGI Indigo-2 workstations equipped with the
QUANTA/XPLOR software package (Molecular Sim-
ulations Inc., San Diego, CA). After embedding the
backbone atoms, the DG structures were subjected
to 200 cycles of geometric regularization using min-
imization against the DG term. At this stage, 5000
steps of high-temperature (1000 K) simulated anneal-
ing with a 3.0 fs time step was applied, followed by
2000 steps of Verlet cooling dynamics to a final tem-
perature of 300 K. The NOE force field used was a soft
square well potential with a variable force constant.
Neither a full Lennard-Jones potential nor electrostatic
terms were included in the calculation. The result-
ing structures were then subjected to 5000 cycles of
Powell conjugate gradient energy minimization.

An initial family of structures was generated with
986 NOE distance constraints from tReN-edited Figure 4. Ribbon diagram of the energy-minimized average struc-
NOESY data and did ot include any hycrogen bond (28 18 522 2 fomln, The ey uuebve iemens e
or dihedral angle constraints. This set of constraints colored as described in Figure 3. Figures 3, 5 and 7 were generated
included unambiguous intraresidue, sequential, and using the program QUANTA v. 4.1 (Molecular Simulations Inc.,
short-range NOEs. The preliminary NMR structures San Diego, CA).
generated were employed to aid in the assignment
of long-range NOEs between side-chain protons and
to resolve any ambiguities in the NOE assignments.
Some of the long-range NOE assignments involving
side-chain methyl groups were checked against a ho-
mology model of the SH2 domain of Grb2. The model -
was constructed using the program Modeler (Molecu- viously by Metzler et al. (1996), some stereospecific

lar Simulations Inc., San Diego, CA) based upon the 2sSignments for methyl groups and glycine éso-
v-Src structure (Waksman et al., 1992) and accord- Nances were made. For a given family of structures,

ing to the principles outlined by Sali and Overington these were included only if the stereochemistry was
(1994). The distance violations in the initial family of ~consistent with all of the NOE data. Cluster analysis

structures were evaluated to resolve any chemical shift ©f the structures was accomplished using the pro-
assignment ambiguities. gram QUANTA. The quality of the final structures

At this stage of structural refinement, additional °Ptaineéd from the cluster analysis was evaluated us-
NOEs from the 75 ms mixing tim&C-edited NOESY ~ Ing the program PROCHECK-NMR (Laskowski etal.,

data were added to the constraint file along with the 1996).

hydrogen bond and dihedral angle constraints. A sec-

ond set of structures was generated from the edited Three-dimensional structure comparisons
constraintfile following the same calculation protocol. The average NMR structure determined here and that
The family of structures that resulted from this revised of Thornton et al. as well as the X-ray structure were
constraint file had a lower maximum pairwise rmsd compared. Secondary structural elements were made
value relative to those determined for the first fam- by subjecting both NMR structures to a PROCHECK-
ily of structures. At this stage, addition&iC-edited NMR analysis according to the Kabsch and Sander
NOEs from the longer mixing time data set (125 ms) (1983) assignments. Comparisons between the NMR
as well as stereospecific methylene proton constraintsstructures and the X-ray structure were made for the
were added. Iterative rounds of DG-SA with final steps  hackbone rmsd values, for the interhelical angles, and
of structural refinement and energy minimization were for surface areas. Interhelical angles were calculated
continued. Structural families were evaluated both for py the stepped-helix method (Louie and Somorijai,

constraint violations and for pairwise differences. To 1983) as implemented in the Ribbons program pack-

minimize any errors from spin diffusion, the upper
bounds were increased by 0.5 A on NOEs derived
from the longer mixing time data set.

In the last stages of refinement, as described pre-
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age (Carson, 1987) and are defined as the arc-cosinghe rms deviations for the backbone and side-chain
of the dot-product of the two helix vectors. An- heavy atoms from the coordinates of the 18 final struc-
gles are defined as negative if the rotation is in the tures. Table 1 lists the atomic rmsd (A) from the
clockwise direction (Presnell and Pohen, 1989). Sur- average structure and the calculated structural statis-
face areas were calculated with the algorithm of Lee tics. The values about the average coordinates for
and Richards (1971) as implemented in the IMPACT the backbone N, € and C atoms and for all non-
program (Bassolino et al., 1988). hydrogen atoms in residues 9-99 wer@d+ 0.10 A

and 169+ 0.12 A, respectively. The rmsd values for

the centrap-sheet B, C, BD) were 04040.07 A for
Results and discussion the backbone N, § and C atoms and 864+ 0.10 A

for all non-hydrogen atoms. Table 1, Figures 2 and 5
The additional residues N- and C-terminal to the SH2 clearly demonstrate that the atoms of secondary struc-
domain are unstructured and are not part of the sec-tural elements converge and that most of the disorder
ondary structural analysis. Thus, the results reported contributing to the higher value arises from the loop
here for the family of 3D solution structures are for regions of the protein.
the SH2 domain sequence, residues 60-158, as defined The resulting structures of the Grb2 SH2 domain
by Lowenstein et al. (1992). In the numbering system have a conserved core structure that consists of two
used in this study, residues 60 and 158 correspond, re-a-helices and sevefrstrands arranged in the follow-
spectively, to TrB and Pré%”. The nomenclature used ing order: BA, «A, BB, BC, BD, BD’, BE, BF, and
to describe the secondary structure follows that of Eck aB. These elements form two central antiparafiel

et al. (1993). sheets that are flanked by paraliehelices as shown
topologically in Figures 2 and 4. StranflB, C, and
Resonance assignments BD form the largeB-sheet, while the smallg-sheet

Side-chain amide protons were assigned for all of the consists of strandgD’, BE, andpF. The beginning
asparagine residues and for approximately 40% of the and end points of the secondary structure were de-
glutamine residues. Partial aromatic ring proton as- termined from the PROCHECK-NMR analysis using
signments were made for both tryptophan residues andthe Kabsch and Sander (1983) assignments. The first
for approximately 50% of the tyrosine and pheny- helix, aA, extends from Arg® to Sef* strandpB
lalanine residues. In addition, analyses of the 3D from Phé?to GIu*%; BC from Phé* to Phé% 8D and
HCCH-COSY and HCCH-TOCSY data sets resulted BD’ as one continuous strand from R8po Val®®; BE

in the unambiguous assignments of Beand Trp. from Tyr®” to Phé%; F from Lys’® to Asn’>; and the
Stereospecific assignments for 24 pairg-ofiethylene  second helixaB, from Leu/” to Tyr®3,
protons were made by qualitatively analyzing cross-  The first strandBA, consists of two residues from

peak intensities in the 33°N-edited NOESY and  Phé?to Phél. This strand is close in space to strand
TOCSY experiments (Powers et al., 1993). A com- BB forming hydrogen bonds with I and GIu®.
plete list of the assignments including thcY, 13C?, Arg®® at the C-terminus is also close to strapd

and 13C¢ resonances for the Grb2 SH2 domain will forming hydrogen bonds with G¥ and Phé%. The

be submitted to the BioMagResBank Database at the secondary structural elements described here are sim-

University of Wisconsin, Madison, WI. ilar to those predicted from the sequence alignment of
Lee et al. (1994). The NMR data differ from the se-
Solution structures guence alignment in the initiation points, termination

A final family of 18 structures was generated from 100 Points, the lengths of the-helices ang-strands, and
structures with no distance violation greater than 0.5 A the absence of strari@. The secondary structure and
nor any torsion violation greater tharf 1reflecting tertiary fold are similar to most other published SH2
18% convergence. A stereoview overlay in Figure 2 domains.

illustrates this family of structures. The members of

this family had on average 97% of their non-glycine, Comparison to the X-ray structure

non-proline residues in allowed regions of the Ra- The X-ray structure of the full-length Grb2 protein
machandran plot as shown in Figure 3. Figure 4 shows was determined to 3.1 A resolution in the absence of
an average minimized structure calculated from this phosphopeptide. It crystallized as a dimer (Maignan
family. Figure 5 is a PROCHECK-NMR analysis of et al.,, 1995). In this study, a set of high-resolution
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Table 1. Structural statistics and rmsd for the final 18 structures of the Grb2 SH2

domain
Structural statistics <SA>b <SA>r¢
Rmsd (A) from NOE distance
restraints (133$) 0.046+ 0.005 0.035
Rmsd from experimental
dihedral restraints<) (43)d 0.027+ 0.016 0.020
Deviation from idealized geometry
Bonds (A) 0012+ 0.00002  0.012
Angles (°) 1.315+ 0.037 1.245
Improper (°) 0.599+ 0.080 0.475
Atomic rmsd (A) Backbone N, All non-hydrogen

C%and C atoms  atoms
Residues 9-99 (9%) 1.09+0.10 169+0.12
CentralB-sheet
(8B, BC, BD) (20° 0.40+ 0.07 086+ 0.10
Helix aA (9)€ 0.23+0.07 084+ 0.20
Helix «B (8)¢ 0.23+ 0.08 106+ 0.24

2 The average rmsd values from the experimental and covalent geometry
restraints used for the XPLOR structure calculations are listed.

b Mean value for the final 18 simulated annealing structures.

¢ Restrained minimized mean structure, where the mean structure was obtained
by averaging the coordinates of the 18 superimposed structures.

d Number of NMR restraints.

€ Number of residues. The centrgdsheet includes residues 30-36, 45-50,
and 53-59. HelixxA includes residues 16—24 and heliB includes residues

78-85.

3D NMR solution structures of the Grb2 SH2 domain

ation for the family of solution NMR structures, the

has been determined from NMR distance and dihedral differences between the average NMR structure deter-

angle constraints. NMR line widths and dynamic light
scattering results (data not shown) show the NMR so-
lution structure of the SH2 domain described here to
be monomeric. Very recently, a family of NMR solu-
tion structures was determined under different solution
conditions and found to be a mixture of high molecular
weight aggregates (Thornton et al., 1996).

Similar secondary structural elements including
the B-strands,a-helices, and loops are observed in
both the X-ray structure and the NMR structures pre-
sented here. A superimposition of the averaged NMR
structures with the X-ray structure is shown in Fig-
ure 6. This figure shows the high conservation of the
position and orientation of the-helices ang-strands

mined here and the X-ray structure are probably not
significant.

The similarity between the NMR and X-ray struc-
tures demonstrates that the core of the SH2 domain is
largely unaffected by the two flanking SH3 domains.
The similarity also demonstrates that dimer forma-
tion, as seen in the crystal structure, has little effect
on the SH2 domain structure. The crystal structure
of the full-length Grb2 shows three distinct domains
arranged to maintain full accessibility of each binding
site. There is little contact between the SH2 domain
and the two SH3 domains, demonstrating that the SH2
domain structure is independent of its neighboring
SH3 domains.

between the three structures. The rmsd value between

the NMR structure determined here and the crystal
structure for all backbone atoms is 1.45 A, while the
respective values for helixA, helix aB, and the cen-

Comparison of expression vectors, NMR solution
conditions, and resonance assignments to those of
Thornton et al. (1996)

tral -sheet are 0.28, 0.32, and 0.63. Since these valuesas mentioned in the Introduction section, a set of

either fall within or very close to the range of vari-

NMR solution structures of the Grb2 SH2 domain was
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Figure 5. A plot of the deviations of the backbone (N*CC') atoms (black) and side-chain heavy atoms (white hatched) from the mean
coordinates of the whole ensemble versus the primary sequence. The final 18 structures were superimposed for the best fit of the backbone
atoms to the average structure. Values were then calculated for each residue.

Figure 6. Comparison of the NMR structures to the crystal structure of the Grb2 SH2 domain. An overlay 8fttlaeeCof the average NMR
structure (red) with the average NMR structure from Thornton et al. (yellow) and with the crystal structure (blue) is shown using a ribbon
representation. Statistics for the fit of the NMR structure determined in this work compared to the crystal structure are described in the text.
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published recently. These structures were derived from cal shift differences. For example, differences of more

a different protein construct than the one described
here. In the present study, the recombinant Grb2
SH2 protein was derived from a pQE-60 plasmid that
produced Grb2 residues 53—-163 plus an N-terminal
glycine (G in the present numbering system). The

actual SH2 domain extends from residues 60 to 158
(residues Trpto Pra%7 in the present numbering sys-

tem). The residues additional to the SH2 domain are

from the SH3 domains and the linker sequences con-

necting the SH3 domains to the SH2 domain. The
solution conditions used for the NMR samples in this
study were 1.0-1.5 mM protein in acetate buffer, pH
5.3. Under these solution conditions, the protein was
monomeric as determined from dynamic light scatter-
ing data (data not shown). NMR data were acquired on
isotopically enriched protein that was stable and free
of protein precipitation for a period of 2—3 months.

In the Thornton et al. study, the Grb2 domain pro-
tein was produced from a pGYEX-KT vector as a
GST-fusion protein, which was subsequently treated
with bovine thrombin to produce the Grb2 SH2 do-
main. The protein used in their NMR study con-
tained two N-terminal and six C-terminal residues
contributed from the pGEX vector that are not native
to the Grb2 molecule. NMR data were acquired on
a protein sample in phosphate buffer at pH 6.2 that

than +£0.5 ppm were found between the two sets of
chemical shifts for 11, 19, and 11 of the respec-
tive 13C*, 13CP, and H resonances, as well as nine
of the 1N resonances, which differ by more than
42.00 ppm. The present study includes four new back-
bone assignments: residues &lyLeu’’, Val®l, and
Sef8. In the Thornton et al. study, the higher pH of the
phosphate buffer (pH 6.2) would result in faster sol-
vent exchange and may explain why these backbone
resonances were not detected.

It should be noted that the different pH and buffer
conditions could also account for the differences in
chemical shifts. Since the NMR data in Thornton et
al. were acquired on a sample in 20 mM phosphate
buffer, chemical shift differences could arise from
bound phosphate. Large variations between the two
studies for the chemical shifts of the HN*H3C,
13¢B, and15N resonances of residues @fuo Aspg*3
were noted. This region of the protein, which in-
cludes the BC loop and the latter part of fiiestrand,
contains Se¥, a residue directly involved in phospho-
tyrosine binding. The chemical shift differences in this
region of the protein most likely represent an alter-
nate BC loop conformation in the presence of bound
phosphate.

contained a mixture of aggregates and was undergoingComparison between phosphate-free and phosphate-

proteolysis (Thornton et al., 1996).
In addition to differences in the NMR solution con-

bound structures
Since two families of independently determined NMR

ditions, the resonance assignment strategies and 3Dstructures exist for the same protein under differ-

structure determination protocols used in these two
studies were also different. In the Thornton et al. case,
2D H-1H homonuclear and 3B3°N-edited TOCSY

ent solution conditions, it would be of interest to
make a comparison between them. It is possible to
explain some of the differences noted in terms of en-

and NOESY data sets were used to make sequential ashanced stability of the SH2 domain in the presence of

signments in the traditional manner (Wuthrich, 1986).

Three-dimensional structures were calculated using

the INSIGHT/DISCOVER software package (Molec-

phosphate.
The secondary structural elements for both sets
of structures were determined from the PROCHECK-

ular Simulations Inc., San Diego, CA). In the present NMR analysis using the Kabsch and Sander (1983) as-
study, independent backbone assignments were madesignments. A comparison of these results shows some
from triple-resonance experiments. Side-chain assign-minor differences in the lengths, initiation, and ter-
ments were confirmed from the combined analyses of mination points of the secondary structural elements.

the triple-resonance 3D HC(CO)NH-TOCSY, HCCH-  Another difference the PROCHECK-NMR analysis
COSY, and HCCH-TOCSY data. In addition, somé H detected was the absence of the S}'ﬁﬁt and BF

and H side-chain assignments were made that are notstrands in the Thornton et al. structures. In their struc-

present in the Thornton et al. study. The 3D solution tures, botha-helices are one residue longer than in
structures in this study were calculated and mini- the structures presented here. The lengths of3the
mized with the QUANTA/XPLOR software package strands are identical in both structure determinations
(Molecular Simulations Inc., San Diego, CA). extending from Ph# to GIu®®. Thep-strand3C and

The distinct protein sample conditions used in the gD/D’ are, respectively, one residue shorter and longer
two studies resulted in a significant number of chemi- in the Thornton et al. structures.
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As described earlier, large chemical shift differ- to varying loop conformations that affect neighboring
ences were found for residues involved in phosphate a-helices ang-strands.
binding. The presence of phosphate in the Thorn-
ton et al. structures could be influencing side-chain Comparison with other SH2 domains
conformations in the helical regions. In their struc- A number of 3D structures of SH2 domains with
tures, the side-chain of At§, a residue in thexA and without phosphopeptide have been solved both
helix, is turned inward away from the surface of the by NMR spectroscopy and by X-ray crystallogra-
protein, whereas in the structures presented here thisphy. Many of these structures are similar to the Grb2
side-chain is pointing out towards the surface of the SH2 solution structure reported here even though their
molecule. The positive charge from this residue cre- binding specificities are different (Songyang et al.,
ates an intense positive field along the surface of the 1993, 1994). The mode of phosphotyrosine binding
phosphate binding pocket formed by residues in the for SH2 domains is clearly established and involves
aA helix, the 8B strand, and the BC loop. There is several highly conserved residues (Waksman et al.,
also a significant difference in the interhelical angles 1993). The BC3 loop residue, S&rof Grb2, most
between the two NMR structures. Those of the crys- likely forms a hydrogen bond with one of the phos-
tal structure agree more with the structure determined phate oxygens. In other SH2 domains, this residue
here (44.4 for the Thornton et al. structure, 25.6  is often a threonine. The AH§ and Arg?® form re-
for the NMR structure determined here, 31fbr the spective ion pairs with the phosphotyrosine and the
X-ray structure). A close inspection of the two NMR  phosphate group, while the side-chains fronPfiand
structures reveals that the relative position of hehx Lys®8 in the BD strand form part of the phosphotyro-
differs which would affect the phosphotyrosine bind- sine binding cleft.
ing site. This difference in helix position would also A superimposition of the Syp SH2 domain contain-
account for the orientation of the At side-chain ing bound phosphopeptide (Lee et al., 1994) and the
away from the surface in the Thornton et al. structure. SH2 domain from the Grb2 X-ray structure showed

The aggregation state of the protein and the pres- strong similarities in the regions involved in phospho-
ence of phosphate buffer in the Thornton et al. study tyrosyl binding (Maignan et al., 1995). The superim-
could account for the differences observed between position demonstrated that the highly conserved®Arg
the two sets of structures for the-helices andB- (BB5) residue was positioned near the tyrosine ring
strands. In fact, a superimposition of the two averaged of the bound peptide in the Syp SH2 domain. Since
NMR structures shows that the NMR structure deter- the X-ray and NMR structures of the Grb2 SH2 do-
mined here agrees more with the X-ray structure. The main are very similar, it is likely that the tyrosine
rmsd value between the two NMR structures for the ring would orient in a similar manner in the NMR
backbone atoms is 1.99 A, while the respective val- structure. Therefore, residues responsible for allowing
ues for helixaA, for helix B, and the centred-sheet pY-+2 versus p¥-3 binding specificity must be due
are 0.50, 0.43, and 0.75 A. These values are largerto subtle differences in the regions of the protein that
than the ranges of variation for the ensembles of NMR bind the residues C-terminal to the phosphotyrosine.
structures.

In addition, as Figure 6 shows, there are large dif- Phosphoprotein binding specificity

ferences in the average orientations of the BC, DE, Residues in theB helix, thepD strand, the EF loop,
EF, and BG loops. As discussed earlier, the large dif- and the BG loop form the base of the binding pocket
ferences in chemical shifts for part of tii& strand for the pY+3 residue in SH2 domains with pi3
and the BC loop residues may arise from an alternate specificity. One residue proposed to be critical in con-
BC loop conformation due to the presence of phos- ferring binding specificity is residugD5, which is
phate buffer or to the oligomeric state of the protein. phé7 in the Grb2 SH2 domain. The nature of this
Results from the surface area calculation reveal that residue is important enough to be the criterion used
Ser? is more exposed in the Thornton et al. struc- to distinguish SH2 domain families. In the Src and
ture, supporting the idea that this loop has an alternate Syk families of SH2 domains, th&D5 residue is ei-
conformation due to the presence of phosphate. It ther a phenylalanine or a tyrosine, whereas in the Shc,
seems reasonable to conclude that some of the othersyp, and PLCy1 SH2 domain families, this residue
differences in secondary structure can be attributed js either a leucine, isoleucine, or a cysteine. There-

fore, of the SH2 domains studied with p8 binding
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specificity, the Src family 1B (Songyang et al., 1994) have shifted to new resonance positions. Since NOEs
appears to be the most similar to Grb2. were not detected between the tping protons and

The 3D structures determined for the Src family the phosphopeptide, it is possible that the ring has
include Blk (Metzler et al., 1996), Lck (Eck et al., oriented itself away from the phosphopeptide binding
1993), v-Src (Waksman et al., 1992), and c-Abl (Over- site. The reorientation of the TP ring may allow
duin et al., 1992a,b) SH2 domains. A comparison of pY+3 phosphopeptide interactions with the side-chain
the amino acid sequences and secondary structural el-of Val’l (EF3). The methyls of both L&8 and Val!
ements for these SH2 domains shows the BIk, Lck, showed NOEs to the valine side-chain methyls of the
and v-Src structures to be very similar both in terms of phosphopeptide p¥3 residue. In addition, move-
sequence homology and placement of the secondaryment of the Trg? side-chain may obstruct the BG
structural elements, whereas the Grb2 SH2 domainloop explaining the lack of p¥3 binding speci-
most closely resembles the c-Abl SH2 domain. The ficity. Together, these results suggest that°Byasnd
similarities between the latter two SH2 domains are Leuf? are critical in binding the p¥-2 residue. These
closest for the twou-helices, thepB, BC, andpD data agree both with modeling studies that predict
strands, and the BC and CD loops. The AB loop, the importance of LR in phosphopeptide binding
located between helixA and thepB strand, is the  specificity (Zvelebil et al., 1995) and with a thermo-
same size in both domains but differs considerably dynamic analysis of phosphopeptide binding to the
in sequence. In contrast to these regions of similar- Grb2(SH2) domain (McNemar et al., 1997). However,
ity, the Grb2 and c-Abl SH2 domains differ in the the exact binding orientation of residues following the
size of the DE and BG loops and in the sequence pY+2 residue remains uncertain until a more thorough
of the EF loop. It is possible that the differences in study of the Grb2 SH2:Shc phosphopeptide complex
these loops contribute to the alternate phosphoproteinis completed.
binding specificities of the two domains.

The EF and BG loops that flank tk helix form .
part of the hydrophobic pocket that binds the4pY Conclusions
residue in SH2 domains with pl¥3 binding speci-
ficity. In the Grb2 SH2 domain, these loops vary in
sequence, are larger, and exhibit different conforma-
tions relative to those of c-Abl and the other SH2
structures of the Src family. In order to form a sim-
ilar pY+3 binding pocket in the Grb2 SH2 domain,
there would have to be significant changes upon phos-
phoprotein binding to close the EF and BG loops. A
more likely binding interaction may occur between the
pY+2 residue and protein residues in ti@ strand
and the EF loop of the Grb2 SH2 domain.

An examination of the NMR solution structure pre-
sented here reveals that the backbone atoms of two
amino acid residues, Ly% (BD6) and Le§® (EF1;
BE4 in the sequence alignment of Lee et al. (1994)),
are oriented to hydrogen bond with the side-chain of
the pY+2 residue, an asparagine. This is supported by
a titration study with the Grb2 SH2 domain and a Shc
phosphopeptide, with the sequence SpYVNVK. Upon
addition of the peptide to the SH2 domain, #8l/1H
resonances for Ly§ (8D6), Lelf? (EF1), and Trp° study.

(EF2; EF1 in the sequence alignment) exhibited in-
creased line broadening in a 2D_ITI11§N-!-|SQC Spec-  Acknowledgements
trum (data not shown). In addition, isotope-filtered

NOESY data from a 1:1 molar complex of peptide to \we thank Dr. L.E. Kay for providing us with gradient-
protein reveal that several side-chain protons of ¥rp  enhanced pulse programs, and Dr. N. Yao for assis-

In summary, the NMR solution structure of the
monomeric SH2 domain of Grb2 closely resembles
the SH2 domain’s crystal structure within the full-
length protein. This degree of structural similarity is
an indicator that the overall core structure is essentially
independent of the two flanking SH3 domains and of
intermolecular Grb2 contacts. The p¥2 specificity of

the Grb2 SH2 domain may arise from binding interac-
tions with Lys8 (8D6), LelP? (EF1), and Trp° (EF2).
Once the p¥-2 asparagine residue is positioned, the
Trp’® residue may reorient its side-chain to avoid a
steric clash with the p¥-3 residue of the phosphopep-
tide substrate. Although the global fold of the family
of 3D structures presented here is similar to that of
Thornton et al., there are differences in some of the
resonance assignments as well as in the positioning
and the lengths of botf-helices and somg-strands.

We believe that some of these differences are due to
the presence of bound phosphate in the Thornton et al.
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tance with figure preparation. The authors also wish
to acknowledge Dr. M. Donlan for her helpful sug-
gestions concerning structure calculations. We than
Drs. S.L. Campbell and P.C. Weber for a critical read-
ing of the manuscript, as well as Drs. T.M. Chan and
C.A. Evans for helpful discussions and constructive
criticism.
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