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ABSTRACT: Signal transduction in B cells is mediated, in part, by the interaction of the cytoplasmic
components of the antigen receptor complex and various members of thesrc family tyrosine kinases.
Key to this process appears to be the interaction of the tyrosine kinase SH2 domains with the tyrosine-
phosphorylated cytoplasmic domain of Ig-R, a disulfide-bonded heterodimeric (with Ig-â or Ig-γ)
transmembrane protein that noncovalently associates with the antigen receptor immunoglobin chains. In
addition to binding to the phosphorylated cytoplasmic domains of Ig-R and Ig-â, blk and fyn(T), two
members of thesrc family kinases, have been shown to bind overlapping but distinct sets of phosphoproteins
[Malek & Desiderio (1993)J. Biol. Chem. 268, 22557-22565]. A comparison of their three-dimensional
structures may elucidate the apparently subtle differences required for phosphoprotein discrimination.
To begin characterizing theblk/fyn/phosphosphoprotein interactions, we have determined the three-
dimensional solution structure of the SH2 domain ofblk kinase by nuclear magnetic resonance (NMR)
spectroscopy.1H, 13C, and15N resonances of the SH2 domain ofblk kinase were assigned by analysis of
multidimensional, double- and triple-resonance NMR experiments. Twenty structures of theblk SH2
domain were refined with the program X-PLOR using a total of 2080 experimentally derived conformational
restraints. The structures converged to a root-mean-squared (rms) distance deviation of 0.51 and 0.95 Å
for the backbone atoms and for the non-hydrogen atoms, respectively. Theblk SH2 domain adopts the
prototypical SH2 fold. Structurally,blk SH2 is most similar to the crystal structure of the v-src SH2
domain [Waksman et al. (1993)Nature 358, 646-653] and superimposes on the crystal structure with an
rmsd of 1.52 Å for the backbone atoms. The largest deviations occur in the four loops interconnecting
â-strands A-E, which are the least well-defined regions in the NMR structure. Exclusion of these loops
lowers this rmsd to 0.82 Å. The conformation of the BC loop in theblk SH2 domain is similar to the
open conformation in the apolck SH2 domain, suggesting that, like thelck SH2 domain, theblk SH2
domain may have a gated phosphopeptide binding site. Finally, it is proposed that the amino acid
substitution of Lys 88 (blk) for Glu [fyn(T)] is important for the observed differences in specificity between
blk and fyn(T) SH2 domains.

Src homology-2 (SH2)1 domains are globular protein
modules of∼100 amino acids that are found in a wide variety
of intracellular signal-transduction proteins (Koch et al.,
1991; Pawson, 1995; Pawson & Gish, 1992). SH2 domains
mediate specific protein-protein interactions (Koch et al.,
1991) through binding to specific phosphotyrosine (pY)-
containing peptide sequences in their target ligands (Moran
et al., 1990). The structures of various SH2 domains, both
free in solution and complexed with pY-peptides, have been
determined both by X-ray crystallography (Eck et al., 1993;
Mikol et al., 1995; Waksman et al., 1992, 1993) and by
solution-state NMR spectroscopy (Booker et al., 1992; Narula
et al., 1995; Overduin et al., 1992a,b; Pascal et al., 1994;
Xu et al., 1995). These structural studies have shown that
all SH2 domains adopt a similar fold: a centralâ-sheet

flanked on opposite sides byR-helices. The pY-peptide
binding site on src-family SH2 domains is composed
essentially of two binding pockets, one for the pY moiety
and a second for the third residue C-terminal to pY (pY+3).
The sole requirement for low-affinity binding appears to be
the presence of the phosphotyrosine moiety on the peptide;
in fact, isolated SH2 domains can directly bind to phospho-
tyrosine (Lemmon & Ladbury, 1994) and to phosphotyrosine
coupled to agarose beads (Mayer et al., 1991). Discrimina-
tion between low- and high-affinity peptide binding is
dependent upon occupancy of the second binding pocket by
the pY+3 residue (Eck et al., 1993; Waksman et al., 1993).
Studies with short peptides have indicated that a minimum
of five residues can effectively block SH2-mediated binding
to activated receptors (Fantl et al., 1992; Gilmer et al., 1994)
and that the binding affinity of SH2 domains for the
phosphopeptides is not increased with peptides having more
than 12 residues (Piccione et al., 1993). Phosphopeptide
binding can cause conformational changes in the SH2
domain, particularly in the BC and EF loops (Mikol et al.,
1995; Waksman et al., 1993).

p55blk kinase, orblk, is one of several members in thesrc
family of kinases, includinglyn, the fyn(T) isoform of fyn,
and lck, that are expressed in B cells and are activated by
engagement of the B cell antigen receptor (Burkhardt et al.,
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1991). Bothblk andfyn have been observed to bind to the
cytoplasmic domains of Ig-R and Ig-â, disulfide-linked
transmembrane proteins that noncovalently associate with
the B cell antigen receptor (Burkhardt et al., 1991; Campbell
& Sefton, 1992; Law et al., 1993; Yamanashi et al., 1991).
Despite extensive sequence homology, differences in the
primary structure of thesesrc kinases have suggested that
these proteins interact with distinct sets of proteins and
consequently serve distinct signaling functions. This sug-
gestion has been confirmed, in part, by binding studies in
which specific SH2 binding patterns were exchanged be-
tween various SH2 domains (Malek & Desiderio, 1993;
Marengere & Pawson, 1994; von Bonin et al., 1994). For
example, the binding properties of theblkSH2 domain were
transferred to thefyn(T) SH2 domain in chimeras that
modified as few as 14 residues offyn(T) (Malek & Desiderio,
1993). Similarly, the phosphoprotein binding patterns of the
srcSH2 domain were transferred to the Sem-5 SH2 domain
by altering only a single residue in thesrc SH2 domain
(Marengere & Pawson, 1994). These binding studies would
indicate that the determinants for SH2-specific binding lie
in the structural details dictated by the intrinsic amino acids
of the particular SH2 domain.
Given the cell-type restricted expression of some SH2

domains, the critical role of tyrosine phosphorylation in
intracellular signaling pathways, the specificity of the binding
interactions, and the highly defined binding site, SH2
domains are an attractive medium for intervention in im-
munological responsiveness and a number of human diseases,
including a wide variety of carcinomas. Agents that target
SH2 domains, however, must be able not only to bind with
high affinity but also to bind with selectivity to the SH2
domain of interest. While the determinants that segregate
SH2/phosphopeptide interactions have been discerned, those
that provide specificitywithin subclasses of SH2 domains
are less well understood. We have initiated a project to
compare the structures of the SH2 domains ofblk andfyn(T).
A comparison of their three-dimensional structures may
elucidate the apparently subtle differences required for
phosphoprotein discrimination. Here, we report the three-
dimensional structure of the SH2 domain ofblk. The blk
SH2 domain structure is found to be most similar to that
determined for the v-src SH2 domain by X-ray crystal-
lography (Waksman et al., 1993), with primary differences
residing in loop regions. The BC loop of theblkSH2 domain
appears to lie in a conformation analogous to the “open”
conformation of thelck SH2 domain, leading to the sugges-
tion thatblkmay also have a gated phosphopeptide binding
site. Finally, it is proposed that the amino acid substitution
of Lys 88 (blk) for Glu [fyn(T)] is important for the observed
differences in specificity betweenblk and fyn(T) SH2
domains.

EXPERIMENTAL PROCEDURES

Sample Preparation. The recombinantblk SH2 domain
was prepared by subcloning the cDNA-encoding amino acid
residues 107-218 from p55blk kinase into the pGEX-2T
expression vector (gift from J. B. Bolen, BMSPRI).Es-
cherichia coliBL21 cells were transformed with pGEX-2T
and grown at 37°C in minimal medium to an OD600between
0.8 and 1.0. The cells were pelleted (3200g, room temper-
ature), resuspended in fresh minimal medium, and allowed
to recover for 10 min. Expression was then induced at 37

°C with 0.5 mM IPTG. The cells were harvested after a
3-4 h expression phase, at which time the final OD600 was
∼1.3. The cell medium was chilled to 4°C, and the cells
were pelleted (3500g, 4 °C), resuspended in TNE buffer (10
mM Tris-HCl, pH 7.4, 100 mM NaCl, 10 mM EDTA),
pelleted again (4000g, 4 °C), and frozen in liquid nitrogen.
Cell pellets from 1-1.5 Liter cell cultures were resuspended
in ice cold lysis buffer [20 mM sodium phosphate, pH 6.0,
10 mM DTT, 2 mM EDTA, 1 mM Pefabloc (Boehringer),
1 mM benzamidine (Sigma)] to a final volume of 30-35
mL. This suspension was transferred into a chilled French
press and lysed once between 1200 and 1500 psi. The
volume was increased to 50 mL with lysis buffer, and the
supernatant was separated from the cell debris by ultracen-
trifugation at 35 000 rpm for 35 min in a Beckman TI45
rotor at 4°C. The lysis supernatant was diluted 3-fold with
column buffer (20 mM sodium phosphate, pH 6.0, 1 mM
DTT, 2 mM EDTA) and loaded onto a preequilibrated
glutathione-agarose (Sigma G-4510) column (25-30 mL).
The column was washed with at least 10 column volumes
of column buffer and then eluted with 0.1 M NaOH. The
NaOH eluate was neutralized by adding Tris-HCl, pH 7.4,
to a final concentration of 50 mM and HCl to obtain a pH
value between 8.0 and 9.0. Under these conditions, the
fusion protein begins to precipitate, so thrombin digestion
was initiated as quickly as possible. NaCl was added to a
concentration of 150 mM, and bovine thrombin (Amour
Pharmaceutical Co.) was added at 7 units/mg of fusion
protein. After being allowed to stand 30-40 min at room
temperature, the thrombin digestion was quenched with 1
mM benzamidine. The digestion mixture was diluted 8-fold
with lysis buffer that did not contain Pefabloc or benzamidine
and loaded again onto a glutathione-agarose column. The
flow-through was collected and adjusted to pH 8.0 with
NaOH. It was then loaded onto an SP-Sepharose column
(Pharmacia, fast flow 17-0729-01) previously equilibrated
with 20 mM phosphate buffer, pH 8.0, and 1 mM DTT. A
salt gradient of 0-500 mM NaCl was then applied to the
column, with theblkSH2 domain eluting at∼200 mM NaCl.
The fractions containingblk SH2 domain were pooled,
dialyzed against water for 1 day (MW cutoff∼3500), and
concentrated by using centriprep and Centricon filters.
Typical yields for a 1 L growth were∼30 mg of purified
blk SH2 domain. The protein identity was confirmed by
mass spectroscopy; its ability to bind phosphotyrosine-
containing peptides was demonstrated with isothermal cal-
orimetry (data not shown).
NMR Spectroscopy. NMR experiments were collected at

20 °C on a single 1.4 mM sample of13C,15N-labeledblk
SH2 domain in 10 mM phosphate buffer, pH 6.3. All pulse
sequences used in the NMR resonance assignment and
structure determination ofblkSH2 domain are listed in Table
1. In general, the pulse sequences were modified to include
gradients for enhanced solvent suppression,15N-coherence
selection with enhanced sensitivity (Kay et al., 1992), and/
or reduced phase cycling. A detailed description of all NMR
experiments and data processing are provided as Supporting
Information.
Sequence-Specific Resonance Assignments. The residues

of the blk SH2 domain have been numbered to facilitate
alignment with previously published sequences of SH2
domains (see Figure 4). In this regard, the conserved
tryptophan is residue 5, and the sequence of the protein
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therefore extends from residue-9 through 105.
Sequential resonance assignments were made through

analysis of the experiments listed in Table 1. The assignment
strategy was similar to that described previously (Constantine
et al., 1994; Friedrichs et al., 1994; Metzler et al., 1993)
and is only briefly described here. Cross-peaks detected in
the 3D HNCACB, CBCA(CO)NH, HBHA(CO)NH, and
HBHANH experiments were organized into spin systems
consisting of the1HN[i], 15N[i], 13CR[i],13Câ[i], 1HR[i], 1Hâ-
[i],13CR[i-1],13Câ[i-1], 1HR[i-1], and1Hâ[i-1] resonances.
Spin systems were linked by matching the13CR[i],13Câ[i],
1HR[i], and1Hâ[i] chemical shifts of an HN/N pair with the
13CR[i-1], 13Câ[i-1], 1HR[i-1] and 1Hâ[i-1] chemical
shifts of another HN/N pair. In this way, numerous stretches
of sequentially aligned spin systems were generated. To
obtain sequence specific assignments, “marker” spin systems
were identified. These markers included threonine and serine
residues, which were easily identified by their significantly
downfield-shifted Câ resonances; alanine residues, which
were identified by the characteristic upfield chemical shift
of their Câ resonances; and glycine residues, which were
identified by the characteristic chemical shift of their CR
resonances and the absence of a Câ resonance. The identities
of the remaining spin systems were restricted to a subset of
possible residue types based on their CR/Câ chemical shifts
and the probabilities that these chemical shifts indicate a
particular amino acid type. At this point, it became
straightforward to assign specific residues to each of the
stretches of connected spin systems, and backbone resonance
assignments were obtained for all residues. Sequential
connectivity were typically redundant with the only breaks
occurring at proline residues. These gaps were bridged with
NOESY data; in addition, NOESY data were used to confirm
all sequential linkages. Sequential carbonyl13C resonances
were assigned with the 3D HNCO spectra.
Aliphatic side chain1H and13C resonances were assigned

primarily by analyzing the 3D HCCH-TOCSY spectra.

Methionineε-methyl1H and13C resonances were identified
with the 2D 1H-13C CT -HSQCMET spectrum and subse-
quently assigned with the 4D13C/13C-separated NOESY.
Sidechain1H and15N for glutamines and asparagines were
assigned by identifying NOEs between the side chain amide
protons and Hγ and Hâ protons in the 4D13C/15N-separated
NOESY. Cross-peaks between these resonances were also
observed in the HNCACB and CBCA(CO)NH spectra.
Aromatic side chain1H and 13C resonances of Tyr and

Phe were assigned by analyzing the CBHD, CBHE, and
aromatic HCCH-TOCSY spectra. Aromatic side chain1H
and 13C resonances of Trp were assigned via the 4D13C/
13C-separated and13C/15N-separated NOESY spectra. As-
signments were confirmed by detection of NOEs from the
aromatic side chain to the intraresidue1Hâs and 1HRs.
Tryptophan indole1HN and 15N resonances were assigned
by detection of NOEs to the other ring protons in the 4D
13C/15N-edited and13C/13C-edited NOESY spectra.
The side chain assignments confirmed the previously

described sequential backbone assignments. This has pro-
vided support for the use of chemical shifts to group spin
systems into subclasses of amino acid types.
The1H, 15N, and13C assignments have been submitted as

Supporting Information.
DeriVation of Structural Restraints. Three types of

restraints for the structure calculations were initially derived
from the NMR data: interproton distance restraints, torsion
angle restraints, and hydrogen bond restraints. After the
initial rounds of structure refinement, additional restraints
based on the experimental aliphatic1H chemical shifts
(Kuszewski et al., 1995a),13CR and 13Câ chemical shifts
(Kuszewski et al., 1995b), and3JHNHA (Garrett et al., 1994)
were included. A list of all experimental restraints is
available from the authors.
A total of 1454 physically significant distance restraints

were derived from the cross-peak intensities of the 4D13C/
15N-separated and 4D13C/13C-separated NOESY spectra
acquired with a mixing time of 80 ms. These restraints
included 583 intraresidue restraints, 306 sequential restraints,
173 medium-range restraints (2e |i - j| e 4), and 392 long-
range restraints (||i - j| > 4). Each interresidue NOE was
converted into an interproton distance by normalizing its
integrated cross-peak volume against a calibrated volume.
For NOEs arising from aromatic protons, intraresidue Trp
ring NOEs were used as calibrations. For the remaining
protons, backbone-backbone NOEs within the identified
â-sheet regions andR-helices were used with reference to
the typical distance ranges for these interactions (Wu¨thrich,
1986). For example, the average volume of HR-HR NOEs
betweenâ-strands was used to establish a calibration standard
for very strong NOEs in the aliphatic 4D13C/13C-separated
NOESY spectrum. The distance for this interaction is 2.3
Å in regular antiparallelâ-sheets (Wu¨thrich, 1986). Restraint
ranges were generated by setting the lower bound equal to
the sum of the van der Waals radii (1.8 Å) and by setting
the upper bound equal to 1.2 times the calculated target
distance.
A total of 130 torsion angle restraints for either the

backbone torsion angleΦ or side chain torsion angleø1 were
derived from measuredJ values. Restraints onΦ were
derived from a gradient-enhanced (GE) version of the HSQC-
J-modulated [15N,1H]-COSY experiment recorded with vari-
able delays of 10, 20, 40, 60, 80, 100, 120, and 140 ms.

Table 1: Pulse Sequences forblk SH2 Domain Resonance
Assignment and Structure Calculationa

experiment
acquisition
time (h) references

resonance assignments
3D CBCA(CO)NH 24 Grzesiek & Bax, 1992
3D HNCACB 24 Yamazaki et al., 1994
3D HBHA(CO)NH 34 Grzesiek & Bax, 1993a
3D HBHANH 34 (unpublished results)
3D HNCO 12 Kay et al., 1994)
2D 1H-13C CT-HSQCMet 3 Farmer et al., 1995
3D HCCH-TOCSY 36 Kay et al., 1993
2D CBHD 6 Yamazaki et al., 1993
2D CBHE 12 Yamazaki et al., 1993

distance restraints
4D CC-NOESY 142 Vuister & Bax, 1993
4D CN/NN-NOESY 133 Farmer & Mueller, 1994

torsion restraints
3D HNHB 54 Archer et al., 1991
3D HN(CO)HB 64 Grzesiek & Bax, 1992
2D HSQC-J 25 Billeter et al., 1992
{15N} SE-difference

CT-HSQC
7 Bax et al., 1992

{13CO} SE-difference
CT-HSQC

7 Vuister et al., 1993

hydrogen bond restraints
2D HSQC-exchange 4 Grzesiek & Bax, 1993b

26 days (total)

a A detailed description of all NMR experiments and data processing
are provided as Supporting Information.
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ObservedJ values were corrected for the effect of relaxation
due toT1sel(1HR) (Kuboniwa et al., 1994). In general, this
correction led to an∼1 Hz increase in3JHNHR. Torsion angle
restraint ranges forΦ were set to-120° ( 40° (for 3JHNHR

g 8.5 Hz),-120° ( 50 ° (for 8.5 Hz> 3JHNHR g 8.0 Hz),
and-60° ( 40° (for 3JHNHR < 6.0 Hz and when the NOE
data indicated the presence of a helix). Stereospecific Hâ
and Val γ-methyl assignments and restraints onø1 were
based on the values ofJNHâ andJC′H

â obtained from the GE
3D HNHB and HN(CO)HB experiments, respectively, and
on the values ofJNCγ andJC′C

γ obtained from the 2D{15N}
and{13C} spin-echo difference, constant-time HSQC experi-
ments. In cases where the data indicated one predominant
ø1 rotamer (∼60°,∼-60°, or∼180°), the dihedral angle was
restrained to be within 30° of the appropriate staggered
conformation. In some cases, it was possible to exclude only
one of the three favored rotamers. In total, 54Φ restraints
and 76ø1 restraints were included in the structure refinement,
along with stereospecific assignments for 36 Hâ pairs and 3
Val γ-methyl pairs. For a restraint to be included in the
structure calculations, the derived value ofΦ or ø1 must have
been consistent with the both the coupling constant and NOE
data.
Amide hydrogen-exchange rates were estimated from the

buildup of magnetization in a series of 2D water-exchange
HSQC spectra collected with delay times of 4, 8, 16, 32,
64, and 128 ms. Hydrogen bond restraints were included
only if the amide hydrogen was shown to have a reduced
exchange rate and the initial structure calculations provided
unambiguous identification of the hydrogen bond acceptor.
In total, 70 restraints defining 35 hydrogen bonds were
included; for each hydrogen bond, the HN-O and the N-O
distances were restrained to be 2.0( 0.4 and 3.0( 0.4 Å,
respectively.
The last stage of structure refinement included 80 restraints

for 3JHNHA, 102 restraints based on13CR and13Câ chemical
shifts, and 244 restraints based on nonexchangeable1H
chemical shifts. For the1H chemical shifts arising from
methylene groups, restraints were included only for those
hydrogens that yielded nondegenerate, stereo assigned
resonances. These restraints were incorporated as previously
described by Clore and co-workers (Garrett et al., 1994;
Kuszewski et al., 1995a,b).
Structure Calculations. All calculations were performed

on an SGI Power ONYX computer with the program
X-PLOR version 3.1 (Bru¨nger, 1992) that had been modified
to include chemical shift andJ-refinement (Garrett et al.,
1994; Kuszewski et al., 1995a,b). Structures were generated
using a combined distance geometry/restrained dynamic
simulated annealing approach (Nilges et al., 1988). In
addition to the experimental restraints, functions restraining
bond lengths and bond angles to their idealized values were
included, as was a soft van der Waals repulsion term. The
standard CHARMm22 parameter set was modified by setting
all bond length, bond angle, and improper angle force
constants to 500 in order to maintain proper stereochemistry.
Electrostatics, Leonard-Jones potentials, and empirical di-
hedral angle functions were excluded. The force constants
on the NOE restraints and torsion angle restraints were set
to 50 kcal mol-1 Å-2 and 50 kcal mol-1 rad-2, respectively.
Structure refinement proceeded in stages, with the only

difference between stages being the number of experimental
restraints included in the calculations. During each stage,

50 starting structures were generated with distance geometry
by sub-embedding the CR, HR, N, HN, C′, Câ, and Cγ
atoms. These structures were subsequently regularized and
refined. Refinement included 4000 steps of dynamic simu-
lated annealing at 600 K with the van der Waals radii set to
0.002 times their standard value in the CHARMm22
parameter set; 8000 steps of dynamic simulated annealing
during which the temperature was reduced from 600 to 200
K, the vdW radii were increased to 0.75 their standard value,
and the vdW repulsive term was increased from 0.003 to
4.0; and 1000 steps of dynamic simulated annealing at 200
K with the vdW scaled by 0.75 and the vdW repulsive term
set to 4.0. After structure refinement was complete, the
structures were energy minimized for 500 steps with the
standard CHARMm22 parameter set, electrostatics, and
Leonard-Jones potentials.
The initial stage of structure calculations included only

unambiguous restraints, i.e., those NOE restraints that could
be defined uniquely by the chemical shift information and
those torsion angle restraints derived from measuredJ-values
greater than 8.5 Hz. NOE restraints assignable to equivalent
and/or nonstereospecifically assigned groups were included
as (Σr-6)-1/6 effective distances (Bru¨nger, 1992; Constantine
et al., 1992). Before each subsequent stage of refinement,
structures were analyzed to resolve ambiguities in NOE
cross-peak assignments, to identify hydrogen bond acceptors
of slowly exchanging amide hydrogens, and to restrict the
range of torsion angles to their appropriate region ofΦ,Ψ
space (Kline et al., 1990; Metzler et al., 1992). These
additional restraints were then used to further refine the
preliminary structures, and the process was repeated. During
later stages of refinement, structures were analyzed to identify
additional stereo assignments, particularly for the leucine
δ-methyl groups. If all pertinent NOEs from all spectra were
consistent with only a single stereo assignment for the entire
ensemble of structures, the stereo assignment was made. In
this way, theδ methyls of 8 of 12 leucines and theR protons
for 4 of 8 glycine residues were stereo assigned. The stereo
assignments of these groups led to additional restraints as
each (Σr-6)-1/6 effective distance restraint was then expanded
to two tighter restraints.
Analysis of the solution conformational ensemble during

the later stages of refinement has indicated that the first 11
N-terminal residues and last 4 C-terminal residues are poorly
defined by the NMR data. Consistent with this result is the
observation of intense, sharp resonances for these residues
and J-values that suggest conformational averaging. In
addition, no long-range NOEs are observed to these residues.
As these residues are extraneous to the primary structure of
the consensus SH2 domain, no experimental restraints to
these residues have been included during the final structure
calculations.
After the extraction of all possible restraints, the structures

were further refined directly against the measured values
3JHNHA (Garrett et al., 1994), the13CR and 13Câ chemical
shifts (Kuszewski et al., 1995b), and nonexchangeable1H
chemical shifts (Kuszewski et al., 1995a). These structures
were then minimized with the standard CHARMm22 pa-
rameter set to ensure that they were in a local minimum with
respect to all potential terms applied. At this point, Leonard-
Jones and electrostatic potential terms were included in
addition to bond lengths, bond angles, impropers, and
experimental restraints. The final structures were analyzed
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for best fit to the experimental NMR restraints and the overall
energy. As the energy did not vary significantly among the
structures, the 20 structures with the lowest residual experi-
mental restraint violations were chosen to represent the
ensemble of solution conformations for theblkSH2 domain.
Molecular graphics analysis was performed within the

program INSIGHT II (Biosym Technologies). The CHARMm
force field parameter set was generated by the program
QUANTA (Molecular Simulations Inc.). Coordinates for the
20 refined structures, both before and after chemical shift
and3JHNHA refinement, have been deposited in the Brookhaven
Protein Data Bank. The ID codes for these entries are 1blj
and 1blk, respectively.

RESULTS

Distance Restraints DeriVed from 4D NOESY Spectra.
The NOE restraints used in the structure calculations of the
blk SH2 domain were derived solely from 4D NOESY
spectra. Some concerns have been raised over the interpreta-
tion of interproton distance restraints derived solely from
4D NOESY data, due primarily to the differential effects
that coherence transfers and relaxation might have on the
observed NOE intensities. The overall signal-to-noise ratio
of the 4D NOESY spectra relative to their 3D counterparts
has also been an issue in this regard. We therefore compared
the intensities of numerous NOE cross-peaks in 4D NOESY
spectra with the intensities of corresponding NOE cross-
peaks in 3D NOESY spectra. The relative intensities within
the sets of cross-peaks were found to be essentially indis-
tinguishable. Moreover, no cross-peaks were observed in
the 3D NOESY spectra that were not also observed in the
4D NOESY spectra; in fact, due to the additional resolution
provided by the fourth dimension, a larger number of
resolved cross-peaks were identified in the 4D NOESY
spectra. This observation should generally hold under the
following conditions: (1) the 4D data collection time is twice
that of the 3D; and (2) the protein MW ise 15 000-20 000.
For proteins whose MW is>20 000, the extra INEPT transfer
in the 4D may measurably degrade the signal-to-noise ratio.
By using the 4D NOESY spectra, more unambiguous cross-
peak assignments can be made, which both facilitates the
initial structure calculations and subsequently reduces the
dependence on a structure-based assignment strategy for the
remaining ambiguous NOEs.
Experimental Restraint Satisfaction.Twenty structures

were selected to represent the ensemble of solution confor-

mations for theblkSH2 domain (Figure 1). These structures
were refined with the program X-PLOR and were selected
on the basis of their rms difference from the experimental
restraints and their deviations from idealized stereochemistry.
Statistical values for the final ensemble of structures are listed
in Table 2. Before refinement against3JHNHA and the1H,
13CR, and13Câ chemical shifts, all of the individual structures
were consistent with the experimental NOE restraints; only
a single NOE violation was greater than 0.3 Å, and relatively
few were larger than 0.2 Å: the largest violation for any
individual structure was 0.31 Å. Similarly, the structures
satisfied allΦ andø1 torsion angle restraints quite well, with
the largest individual violation being 2.4°. Refinement
against3JHNHA and the1H, 13CR, and13Câ chemical shifts
resulted in an increase in the residual NOE violations, a
decrease in residual torsion angle restraint violations, and a
minimal effect on deviations from idealized geometry (Table
2). Although the rms NOE violation increased from 0.027
to 0.044 Å, the NOE restraint satisfaction remained good.
In the structures refined against3JHNHA and the1H, 13CR,
and13Câ chemical shifts, on average only one restraint was
violated by more than 0.4 Å per structure, with the largest
single violation being 0.47 Å. All of these violations
involved NOEs for which at least one of the partners was a
methyl group in the core of the protein and for which there
were obvious pathways leading to spin diffusion.

It has previously been shown that inclusion of3JHNHR, the
1H chemical shift, and the13CR and 13Câ chemical shifts
during refinement improves the accuracy of the experimen-
tally determined NMR structures relative to a high resolution
crystal structure (Garrett et al., 1994; Kuszewski et al.,
1995a,b; Le et al., 1995; Pearson et al., 1995). Nevertheless,
because the refinement against3JHNHR, 1H chemical shifts,
and13CR and13Câ chemical shifts led to small increases in
the violation of NOE restraints, we investigated whether
including these restraints might have a detrimental effect on
the quality of the refined structures of theblk SH2 domain.
We found that the residual violations of the experimental
restraints were independent of the order in which the3JHNHR

and chemical shift restraints were introduced when these
restraints were introduced successively rather than all at once.
Moreover, successive introduction of one class of these
restraints always led to a reduction in the overall violations
of all previously introduced classes, except for the NOE
restraints. For example, refinement against3JHNHR reduced

FIGURE 1: Stereoview of the 20 structures representing the ensemble of NMR solution conformations of theblk SH2 domain (black). The
structures were superimposed for best fit of the backbone (N, CR, C′) atoms of residues 3-101 to the average structure (red). In this and
all following figures, the first 11 N-terminal residues (-9 through 2) and last 4 C-terminal residues (102-105) are not shown.
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the rms deviation of these restraints from 1.76 to 0.61 Hz
and reduced the rms deviation ofΦ torsion angle restraints
from 0.12° to 0.04°. Additional refinement against13CR and
13Câ chemical shifts further reduced the rms deviation of
the 3JHNHR restraints from 0.61 to 0.51 Hz. Refinement
against1H chemical shifts reduced the rms deviation of the
3JHNHR restraints still further, to 0.47 Hz, and reduced the
rms deviation ofø1 torsion angle restraints from 0.37° to
0.14°. We note that improvements on the order of 0.1 Hz
in the rms deviation of3JHNHR restraints are less than our
precision in the measurements of3JHNHR (∼0.4 Hz). Im-
provements of this magnitude may therefore be insignificant.
However, such trends were observed for all combinations
of refinement.
Refinement against3JHNHA and 1H, 13CR, and 13Câ

chemical shifts yielded significant improvement in the
satisfaction of these restraints (Table 2), with only a small
perturbation to the overall structure of the protein. The
energy-minimized average structures of the ensembles refined
with and without3JHNHA and1H, 13CR, and13Câ chemical
shift restraints superimpose with an rmsd of 0.73 Å for the
backbone atoms and an rmsd of 0.87 Å for all non-hydrogen
atoms. The most significant deviations between the struc-
tures lie in the region where the NMR structures using NOEs
only are least well defined. The precision of the structure

determination improved from 0.60 to 0.51 Å for the ensemble
upon3JHNHA and1H, 13CR, and13Câ chemical shift refine-
ment. As the improved precision most likely results directly
from the incorporation of additional experimental restraints,
we have chosen this ensemble of structures for further
analysis and discussion. We note, however, that neither the
results nor conclusions are affected by this choice.
Analysis of the backbone dihedral anglesΦ andΨ indicate

that most lie in the energetically favored regions of confor-
mational space as defined by the program PROCHECK
(Laskowski et al., 1993). Furthermore, the values for the
Leonard-Jones energy are large and negative, indicating that
the structures are well folded with no or minimal bad
nonbonded contacts.
Analysis of the Solution Conformational Ensemble of the

blk SH2 Domain.The secondary structural elements for the
blk SH2 domain were determined by analysis of theΦ,Ψ
angles and hydrogen bonding patterns of the refined struc-
tures. The ends of the secondary structural elements were
defined by analysis of the deviation of1H, 13C′, 13CR, and
13Câ chemical shifts from random coil values (Supporting
Information), in conjunction with the NOE data. Examina-
tion of the peptide chain starting at its N-terminus leads to
the following secondary structure:âA (residues W5-F7);
RA (R12-L19); âB (S28-E33);âC (A40-I48); âD (E53-

Table 2: Structural Statistics for theblk SH2 Domain

ensemble Aa ensemble Ba

rmsd (N, CR, C′ , residues 3-101) (Å) 0.60 0.51
rmsd (non-hydrogens, residues 3-101) (Å) 1.06 0.95
deviations from experimental restraintsb

rmsd of NOE restraints (Å) 0.027( 0.001 0.043( 0.004
largest NOE violationc (Å) 0.31 0.47
no. of NOE violations>0.4 (Å) 0 0.95( 1.1
no. of NOE violations>0.3 Å 0.1( 0.3 4.5( 1.9
no. of NOE violations>0.2 Å 2.2( 1.4 19.7( 5.6
rmsd of torsion restraints
all (Φ andø

1) 0.33( 0.04 0.11( 0.08
Φ 0.12 0.02
ø1 0.41 0.14

largest torsion angle violationc 2.4 2.4
rmsd of3JHNHA (Hz) 1.76 0.47
rmsd of chemical shifts (ppm)

13CR 1.45 1.10
13Câ 1.50 1.21
1H (all) 0.44 0.30
1H (HR) 0.29
1H (methyl) 0.19
1H (other) 0.32

deviations from idealized covalent geometry
rmsd of bond lengths (Å) 0.013( 02e-4 0.015( 6e-4
rmsd of bond angles (deg) 3.16( 0.03 3.54( 0.11
rmsd of improper angles (deg) 1.56( 0.08 2.1( 0.1

energiesd

E(NOE) 59( 5 157( 25
E(cdih) 2.1( 0.6 0.34( 0.44
E(L-J) -978( 20 -759( 45
E(bond) 90( 2 127( 10
E(angle) 420( 11 509( 30
E(improper) 39( 3 63( 6
E(3JHNHA) 499( 54 36( 8
E(13C shift) 674( 75 397( 22
E(1H shift) 347( 26 162( 9

a Ensembles A and B refer to the ensemble ofblk SH2 structures refined without and with3JHNHA (Garrett et al., 1994),13CR and13Câ chemical
shift (Kuszewski et al., 1995b), and1H chemical shift (Kuszewski et al., 1995a) restraints, respectively.b All deviations are represented as the
average( 1 standard deviation and are calculated for the ensemble of 20blk SH2 domain structures.c The largest individual NOE or torsion angle
restraint violation in any of the 20 refined structures is listed.d Energies are calculated within X-PLOR and are reported in units of kcal mol-1.
E(NOE) andE(cdih) were calculated with a square-well quadratic potential with force constants of 50 kcal mol-1 Å-2 and 200 kcal mol-1 rad-2,
respectively.E(L-J) is the Leonard-Jones van der Waals energy calculated with the X-PLOR empirical energy function and CHARMm22 parameter
set.
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L63); âE (G67-I70); âF (I74-F76);RB (L79-K89); âG
(T97-L98).
Theblk SH2 domain folds into a single compact globular

domain. The structure determined here for theblk SH2
domain (Figure 2) is very similar to previously determined
structures ofsrc family SH2 domains (Eck et al., 1993, 1994;
Gilmer et al., 1994; Lee et al., 1994; Maignan et al., 1995;
Mikol et al., 1995; Narula et al., 1995; Overduin et al., 1992b;
Waksman et al., 1992, 1993; Xu et al., 1995). A central
three-stranded antiparallelâ-sheet (strandsâB, âC, andâD)
makes up the core of the protein, with an additional parallel
â-strandâA extending theâB edge of the sheet and parallel
â-strandâG extending theâD edge of the sheet. A second
smaller antiparallel sheet (âE andâF) adjoins the C-terminal
end of âD. Two R-helices (RA and RB) lie on opposite
faces of the central sheet.
As previously described, the first eleven N-terminal

residues and the last 4 C-terminal residues are conforma-
tionally averaged (see Experimental Procedures) and are
excluded from the following discussion. Otherwise, the
structural ensemble is quite well defined by the NMR data.
The average rms distance deviation for the backbone N, CR,
and C′ atoms from the average structure is 0.51 Å. Figure
3a shows a plot of the rms distances of the backbone atoms
from the average structure vs primary structure. Several
regions of the structure exhibit relatively higher conforma-
tional variability, namely, residues 34-39, 50-53, and 64-
67. These residues correspond to the loop regions between
â-strands B and C, C and D, and D and E of theâ-sheets
and generally correspond to the more solvent-exposed regions
of the structure (Figure 3c). The higher rmsd for residues
64-67 arises from the existence of two discrete conformers
for the DE loop in the NMR ensemble. The two conformers

differ primarily in theΦ andΨ dihedral angles of glycines
65 and 66. Low order parameters were calculated for the
analogous residues (Q65, T66) in the SH2 domain of PLC-
γ1 on the basis of15N and 1H relaxation measurements
(Farrow et al., 1994). Low order parameters were also
calculated for the PLC-γ1 residues analogous toblk residues
35-39 (Farrow et al., 1994); thus these residues are likely
to possess enhanced mobility on the nanosecond to pico-
second time scales. Also consistent with this observation
are the above average temperature factors for the loop regions
in the crystal structure of the v-srcSH2 domain (Waksman
et al., 1993). If residues 35-39, 49-52, and 64-66 are
excluded from the calculation, the average backbone atom
rmsd to the mean structure is 0.42 Å. Many of the side chain
residues are also well defined by the NMR data. The average
rms distance deviations from the average structure are 0.95
Å for all non-hydrogen atoms and 0.83 Å for all non-
hydrogen atoms excluding those in the aformentioned
dynamic residues.

DISCUSSION

Phosphate Ion/blk Interactions.Isolated SH2 domains can
directly bind to free phosphotyrosine (Lemmon & Ladbury,
1994) and to phosphotyrosine coupled to agarose beads
(Mayer et al., 1991). In addition, inorganic phosphate binds
to the SH2 domains in a fashion similar to that of the
phosphate group of pY (Pascal et al., 1995; Waksman et al.,
1993). The structure of theblk SH2 domain reported here
was determined in the presence of 10 mM phosphate;
therefore, it may not be entirely appropriate to refer to it as
the “uncomplexed”blk SH2 domain. However, given the
abundance of various forms of phosphate (Pi, PPi, ATP, etc.)
in the cell, the structure in the presence of phosphatemay
more adequately represent the uncomplexedblkSH2 domain
than one solved in the presence of imidazole or acetate ion.
Recent analysis of the NMR relaxation, hydrogen ex-

change, and chemical shifts of arginine guanidino groups
has led Pascal et al. (1995) to suggest that the phosphate
ion interacts primarily with the arginines in the phosphoty-
rosine binding pocket. To examine whether this interaction
might also be occurring inblk SH2, 2D NH2- and NH-
selective HSQC experiments and a 2D NH2/NH-H(N)CZ
experiment (Farmer & Venters, 1996) were acquired in an
effort to detect and assign any of the Arg guanidino1Hη/
15Nη resonances. A single1Hη /15Nη resonance was
observed for the six Arg residues ofblk SH2, suggesting
that one of the Arg residues is conformationally restrained.
In addition, the Hε and Nε resonances of Arg 32 ofblkSH2
have anomalous chemical shifts. Although the spectroscopi-
cally observed Nη and Hη resonances have not yet been
explicitly assigned, these results are consistent with Arg 32
of blk SH2 forming hydrogen bonds with phosphate ion in
the pY binding pocket, analogous to the results for R37 in
PLCγ1 SH2 domain (Pascal et al., 1995).
Spectroscopic Anomalies Arising from theâC Strand of

blk. Anomalous behavior was detected for several residues
in theâC strand of theblk SH2 domain. These include the
absence of resonances corresponding to1HR/13CR of Thr 49
and backbone amide1H/15N of Ile 48 and Thr 50. While
the failure to detect the backbone amide protons could be
explained by rapid exchange with the H2O solvent protons,
such a process cannot account for the absence of the CR,

FIGURE 2: Ribbon representation depicting the three-dimensional
structure of theblk SH2 domain. The sequence is numbered such
that the conserved tryptophan is residue 5, and the secondary
structure elements are labeled according to the nomenclature of
Eck et al. (1993). Theblk SH2 domain contains the following
secondary structure:âA (residues W5-F7); RA (R12-L19); âB
(S28-E33); âC (A40-I48); âD (E53-L63); âE (G67-I70); âF
(I74-F76);RB (L79-K89); âG (T97-L98).
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HR resonances of Thr 49. Instead, it is more likely that these
resonances are not detected because of chemical exchange
arising from conformational averaging on the appropriate
time scale. This inference is supported by the observation
of multiple resonances for theγCH3 of Ile 48, indicating
localized conformational heterogeneity, and is borne out
structurally in the NMR ensemble by these residues having
above average rmsds upon superposition of the backbone
atoms of blk SH2 (Figure 3a). While the cause of the
exchange broadening of these resonances is not currently
known, one may speculate that it is the result of weak
dimerization betweenblk SH2 monomers. The above set
of atoms lies at the C-terminal end ofâ-strand C, with this
edge of the strand being exposed to solvent in the monomeric
structure of blk SH2 determined here. Model building
indicates that dimerization is conformationally plausible and
could proceed by the formation of an intermolecularâ-sheet
involving the C-terminal end ofâ-strand C from two
monomers. We note here that dimer interfaces are frequently
composed of an intermolecularâ-sheet, as in, for example,
P22 Arc repressor (Raumann et al., 1994), RANTES (Chung
et al., 1995), and apo-CRABPI (Thompson et al., 1995).
Farrow et al. (1994) have previously shown that the
uncomplexed form of the phospholipase Cγ1 SH2 domain
is in a monomer-dimer equilibrium. In their system, the
dimerization is removed upon complexation of phosphopep-
tide to the SH2 domain.
Comparison with the Structures of Other SH2 Domains.

Sequence alignments and secondary structures are shown for

all structures whose coordinates were available in the
Brookhaven Protein Data Bank at the time of manuscript
preparation (Figure 4). The structure ofblk SH2 is most
similar to that ofsrc SH2, as determined by superposition
of the backbone atoms in the secondary structure elements.
Figure 5a also shows the superposition of the backbone atoms
of blk andsrc SH2 domains. The rmsd of all structurally
defined backbone atoms between the two proteins is 1.52 Å
and drops to only 0.82 Å if the AB, BC, CD, and DE loops
are excluded. The per residue backbone rmsd is plotted
against primary structure in Figure 5b. In many regions of
the sequence, the structure ofsrc SH2 is as similar toblk
SH2 as the NMR ensemble is to itself (comparison of the
thin and thick lines in Figure 5b). The three large peaks in
this plot indicate those regions whereblk SH2 andsrcSH2
are most dissimilar. The peak at residue 51 reflects the
structural differences arising from the one-residue insertion
in src SH2 relative toblk SH2. The peak near residue 65
corresponds to the DE loop ofblkSH2 in which two solution-
state conformations were detected. Interestingly, one of the
two conformations observed in the NMR structures for the
DE loop is very similar to that seen in the crystal structure
of srcSH2. The dashed line in Figure 5b indicates the rms
between this particular conformation and the crystal structure.
The most striking difference between the crystal structure
of srcSH2 and the NMR structure ofblkSH2 is the position
of the BC loop (blk SH2 residues 34-39). Although only
minor structural differences are observed between the crystal
structures of aposrcSH2 and phospopeptide-complexedsrc

FIGURE 3: (a, top) Plot of the rmsd of the backbone (N, CR, C′) atoms vs the primary structure of theblk SH2 domain. The structures were
superimposed for best fit of the backbone (N, CR, C′) atoms of residues 3-101 to the average structure; rmsds were then calculated for
each residue. (b, middle) Stacked bar plot showing the NOE restraint density per residue. For each residue, long-range restraints are indicated
by solid bars, and medium-range, sequential, and intraresidue restraints are indicated by increasingly less dense shaded bars. Both residues
defined by the NOE interaction contain the information on each interresidue restraint; thus, each interresidue restraint is counted twice in
this figure. (c, bottom) Stacked bar plot showing the solvent-acessible surface area of the backbone (solid bars) and side chain (hatched
bars) atoms for each residue of theblk SH2 domain.
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SH2 (Waksman et al., 1993), large conformational changes
observed in the BC loop oflck SH2 upon peptide binding
have led to the suggestion of a gated peptide binding site
for the lck SH2 domain (Mikol et al., 1995). The conforma-
tion of the BC loop inblk SH2 is analogous to the open
conformation in uncomplexedlck SH2, and it is likely that
blk SH2 also contains a gated peptide binding site. This
conclusion is consistent with NMR binding studies of high-
affinity peptides toblk SH2. These studies indicate a
perturbation in the chemical shifts of15N and1HN atoms in
the BC loop (data not shown).
blk/fyn SH2 Domain Specificities.Although SH2 domains

share the common property of binding phosphotyrosine-
containing peptides, they vary with respect to the phospho-

peptide binding specificity. Three classes of SH2 domains
have been identified on the basis of the ligands they bind
(Songyang et al., 1993): class I SH2 domains, which include
those of thesrc family SH2 domains, preferentially bind the
motif pY-hydrophilic-hydrophilic-Ile/Pro; class II SH2
domains, which include phosphatidylinositol 3-kinase and
phospholipase C-γ SH2 domains, preferentially bind the
motif pY-hydrophobic-X-hydrophobic; and class III SH2
domains, which include several SH2 domain-containing
protein tyrosine phosphatases (e.g., SH-PTP2), preferentially
bind a motif in which the pY+1 site requires aâ-branched
residue, the pY+3 site requires a hydrophobic residue, and
the pY-2 site is also critical, although its precise determi-
nants are not yet clear (Huyer et al., 1995). Within class I

FIGURE 4: Sequence alignment of SH2 domains whose coordinates have been deposited in the Brookhaven protein Data Bank. Bars below
the sequences indicate residues determined to be in secondary structural elements.

FIGURE 5: Comparison of the structure of theblk SH2 domain to the structure of the uncomplexed v-srcSH2 domain. (a, top) Stereoview
of theblk (black) and v-src (red) SH2 domain structures superimposed for best fit of the backbone (N, CR, C′) atoms of residues in ordered
secondary structures (see Figure 4). (b, bottom) Plot of the rmsds of the backbone (N, CR, C′) atoms of theblk SH2 domain structural
ensemble against primary structure. The structures were superimposed for best fit of the backbone atoms of residues 3-101 for each
structure in the ensemble either to the average structure of theblkSH2 domain (thick line) or to the structure of the uncomplexed v-srcSH2
domain (thin line). The rmsds for the two solution-state conformations of residues 64-67 are indicated by the thin solid and thin dashed
lines. Rmsds were calculated and averaged for each residue after the superposition.

Three-Dimensional Structure of p55blk SH2 Domain Biochemistry, Vol. 35, No. 20, 19966209

+ +

+ +



SH2 domains, additional specificity has been identified. Class
I SH2 domains fromsrc family protein-tyrosine kinases
have been shown to bind distinct sets of phosphoproteins
from B lymphocytes under conditions of high stringency,
i.e., relatively low SH2 concentrations (Malek & Desiderio,
1993). Furthermore, a subset of theblk SH2 specificity for
phosphoproteins could be transferred tofyn(T) SH2 in
chimeric SH2 proteins derived fromblk and fyn(T) se-
quences. In particular, replacing the C-terminal 14 residues
of fyn(T) SH2 with the corresponding sequence fromblkwas
sufficient to conferblk-like binding properties tofyn(T)
(Malek & Desiderio, 1993). These 14 residues correspond
to theRB, BG, andâG regions of the SH2 structure (Figures
2 and 6) and help form the hydrophobic binding pocket in
class I SH2 domains. Of these residues, eight are identically
conserved betweenblk and fyn(T) SH2 domains, including
the two residues (G95, L96) that have been shown to contact
the phosphopeptide in thesrcSH2 structure. The determi-
nants of differential specificity betweenblk andfyn(T) SH2
domains are likely to lie in nonconserved residues whose
contact with phosphopeptide has yet to be demonstrated. The
reason that these contacts have not yet been observed may
be because previous structural studies on pY-peptide-SH2
complexes have been typically carried out with the minimal
peptide sequence required for high-affinity binding (five
residues) and because such peptides were therefore of
insufficient length to make these additional contacts. We
have performed binding studies between theblkSH2 domain
and peptides of various lengths and have found that the
addition of residues C-terminal to the pY+3 residue can
result in an approximately 10-fold increase in affinity
(manuscript in preparation). Similar results have been
observed for peptides binding to the class II SH2 domain
from phosphatidylinositol 3-kinase p85; in those studies,
however, the additional residues C-terminal to the pY+3
residue did not appear to confer specificity but rather were
necessary for the higher affinity (Piccione et al., 1993). By
extending a phosphopeptide at its C-terminal end in the
orientation that has been observed in the structures of class
I SH2-peptide complexes (Figure 6b), additional contacts

between SH2 domain and pY-peptide are possible. We note
that the binding of a pY-peptide to theblk SH2 domain
perturbs the chemical shifts of the amide1H/15N resonances
of several residues in this region, providing indirect support
for the placement of the peptide residues in this location.
Lys 88 ofblkSH2 is a nonconserved residue [Glu infyn(T)]
that lies poised to interact either directly with a pY-peptide
or indirectly through electrostatic effects on Lys 89. Thus
we suggest that Lys 88 may be an important determinant
for the observed difference in specificity betweenblk and
fyn(T).
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