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ABSTRACT: Decreased dynamic motion in the peptide backbone of proteins may accompany ligand binding
and influence the thermodynamic and kinetic stability of the resulting complexes. We have investigated
the diffusional behavior and backbone dynamics of the free and phosphopeptide (EPQpYEEIPIYL)
complexed Hck SH2 domain using NMR spectroscopy. Both the free domain and its phosphopeptide
complex self-associate at higher protein concentrations. Diffusional measurements and surface analysis
indicate that charged side-chain groups are probably responsible for self-association. Higher order
aggregation, such as trimer and tetramer, also occurs at elevated protein concentrations. Dynamic motion
in the peptide backbone of Hck SH2 was determined from15N relaxation data fit using extended model-
free parameters. The rotational correlation time (τm) for uncomplexed Hck SH2 was 6.8 ns whileτm for
peptide-bound Hck SH2 was 7.6 ns. Generalized order parameters (S2) increased for most residues upon
binding of the phosphopeptide, consistent with peptide binding restricting motion of the NH bond vectors
on the picosecond time scale. These studies suggest that complexation increases internal order in Hck
SH2 and that internal dynamic motions contribute to the activation of Src-family kinases in vivo.

The SH2 domain is a protein module of approximately
100 amino acid residues that occurs frequently in proteins
involved in intracellular signal transduction, including the
Src-family protein tyrosine kinases (PTKs)1 (1, 2). The
prototypical SH2 domain fold consists of three central
â-sheets and twoR-helices, which pack on either side of it.
This fold results in two binding pockets on the SH2 domain
surface which bind phosphotyrosine and a hydrophobic side
chain (frequently Leu or Ile), respectively. The SH2:ligand
interaction thus resembles a “two-pronged plug” engaging
a “two-holed socket” (3).
In the context of the Src family of nonreceptor protein-

tyrosine kinases, SH2 domains contribute to the negative
regulation of kinase activity. Phosphorylation of a highly
conserved tyrosine residue in the tail region induces intramo-
lecular interaction with the SH2 domain, contributing to the
stabilization of an inactive conformation for the kinase. The
tail residue is phosphorylated by a distinct regulatory kinase
known as Csk (4). The inactive form of Src is stabilized by
an additional intramolecular interaction between the SH3

domain and a polyproline type II helix formed by the linker
connecting the SH2 and kinase domains. The latter interac-
tion was discovered only recently with the solution of high-
resolution X-ray structures of the inactive, tail-phosphor-
ylated forms of c-Src and Hck (5, 6). A growing body of
literature shows that SH2- or SH3-mediated binding to other
proteins induces Src family kinase activation, presumably
by displacing one or both of the intramolecular, negative-
regulatory interactions (7-9).
The hematopoietic cellular kinase (Hck) is an Src-family

member that is expressed predominantly in myeloid cells of
the granulocytic and monocytic lineages (10-13). Hck is
rapidly induced in response to macrophage activation and
has been implicated in multiple signaling events, including
Fc and cytokine receptor signal transduction, integrin activa-
tion, and TNF release (14-20). Hck binds tightly to HIV
Nef via its SH3 domain, and interaction of Hck with other
proteins via SH2 and/or SH3 may activate Hck by disturbing
the closed, inactive state (21-23).
Knowledge concerning changes in dynamic motion of the

peptide backbone that accompany ligand binding are im-
portant for understanding the physicochemical basis for
interaction at a molecular level (24-30). Our laboratory
recently solved the structure of the SH2 domain for Hck
using NMR spectroscopy (31; Figure 1). In this paper, we
describe the diffusional behavior and the backbone dynamics
of the isolated Hck SH2 domain both in the free and
phosphopeptide-complexed forms. These studies are con-
sistent with complexation of Hck SH2 resulting in a more
ordered structure implying that ligand release is entropically
favored by increased internal motion in the SH2 domain.
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MATERIALS AND METHODS

Sample Preparation. The Hck SH2 domain (residues
E119-K224 of human Hck, 12.2 kDa) was expressed and
purified as described previously (32). The NMR sample was
prepared in 90% H2O/10% D2O containing 100 mM NaCl,
5 mM DTT-d10, and 50 mM sodium phosphate at pH 6.4.
For preparation of the phosphopeptide complex (13.7 kDa),
quantitative HPLC-purified phosphopeptide (AcNH-EPQpY-
EEIPIYL-COOH, sequence from hamster middle T antigen)
(Alberta Peptide Institute) was added to the SH2 solution to
yield a slight excess of peptide relative to Hck SH2. For
diffusion measurements, protein concentrations of 0.5-4.0
mM were studied, whereas the concentration for the dynamic
studies was 1.0 mM for both the free and the phosphopeptide-
complexed Hck SH2 domain. NMR tubes were sealed after
the samples were purged with argon.
NMR Spectroscopy. All NMR experiments were per-

formed at 28°C using a Varian Unity 500 spectrometer
equipped with a triple-resonance, pulsed-fieldz-gradient
probe. NMR data were processed and analyzed using either
VNMR or FELIX version 2.05 (Hare Research, Inc., Bothel,
WA) using a Sparc 20 workstation. The self-diffusion
coefficient was determined using a modified BPP-LED pulse
sequence (33). Water suppression was achieved using the
WET element (34).
The translational diffusion coefficient,D, is related to the

observed signal intensity,I, through the following relation-
ship:

where γ is the gyromagnetic ratio for protons,G is the
gradient strength (G/cm),δ is PFG duration (s),∆ is the
time between the PFG pulses (s), andτ is the gradient
recovery period (s). A series of 19 spectra were acquired
using differentG values for each diffusion measurement.
The pulse sequences used to measure15N T1, T2, and

heteronuclear NOEs were based on those described previ-
ously by Lewis E. Kay (35, 29). All experiments were

recorded with a sweep width of 6000 Hz in theF2 dimension
and a sweep width of 1500 Hz in theF1 dimension. A total
of 128 (t1) × 2048 (t2) complex points were collected. A
relaxation delay of 1.0 s with 16 scans/increment was used
for both T1 and T2 experiments. The heteronuclear NOE
experiments were collected with a recycle time of 5.0 and
32 scans/increment. Methods used for processing and
analysis of the relaxation data are available as Supporting
Information.

RESULTS AND DISCUSSION

1H-15N HSQC Spectra of Free and Complexed Hck SH2.
The 3D solution structure of the Hck SH2 domain is
presented in Figure 1 (31). Hck SH2 residues most affected
by phosphopeptide binding were identified by comparison
of 1H-15N HSQC spectra of a15N-enriched sample of Hck
SH2 acquired in either the presence or the absence of the
high affinity ligand AcNH-EPQpYEEIPIYL-COOH (Kd for
Src and Lck SH2) 3.7× 10-9 M) (36). Those residues
whose backbone NH chemical shifts changed significantly
upon binding of the phosphopeptide are indicated in Figure
2. Large chemical shift changes were observed for several
residues that have been implicated previously in complex-
ation of this peptide with the c-Src SH2 domain (3). In
particular, several charged residues inRA (R13, K14, and
E17) andâD (H59 and K61) undergo large chemical shift
changes upon complexation, consistent with positively
charged residues in these secondary structural elements
forming contacts with the phosphotyrosine of the ligand. The
BC loop has also been implicated in binding of the high-
affinity peptide, and significant complexation-induced changes
in chemical shift were observed for residues in this loop (S35,
E36, T37, and T38). Significant chemical shift changes were
also observed for residues in those secondary structure
elements implicated in contacting the Ile side chain of the
high-affinity peptide in the X-ray structure of c-Src SH2. In
particular, residues in the EF (I72, S73, and R75) and BG
loops (G94, L95, and C96) were sensitive to complexation
with the high affinity peptide. These results indicate that
similar recognition motifs occur for complexation of Hck
SH2 with this phosphopeptide as were observed previously
for c-Src SH2 (3).
Self-Association of the Hck SH2 Domain. The transla-

tional diffusion coefficient for the Hck SH2 domain as a
function of protein concentration was measured using the
BPP-LED method (33). The results are presented in Figure
3. The diffusion coefficient of Hck SH2 decreased as the
protein concentration was increased from 0.5 to 4.0 mM,
indicating that the SH2 domain self-associates at millimolar
concentrations. Concentration-dependent self-association for
both free and phosphopeptide-complexed Hck SH2 suggests
that residues not involved in peptide binding are responsible
for the intermolecular interaction. Concentration dependent
self-association has also been reported for BPTI (37) and
the dynamin PH domain (38). The self-association properties
of Hck SH2, however, differ from BPTI for which an
apparent dissociation constant (Kd) could be obtained using
a monomer-dimer equilibrium model. Attempts to fit the
diffusion data for Hck SH2 to a monomer-dimer equilibrium
model failed, as a global fit for the dissociation constant (Kd)
could not be obtained for all protein concentrations studied

FIGURE 1: Ribbon diagram of the 3D solution structure of the Hck
SH2 domain (31). The primary sequence is numbered such that
the N-terminal methionine from bacterial expression is residue 1
and the highly conserved tryptophan is residue 6. The figure was
generated using the program Molscript (56).

I ) I0 exp[-D(γδG)2(∆ - δ/3- τ/2)] (1)
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(37). The Kd calculated for Hck SH2 is larger at low
concentrations of protein than at high concentrations (Kd )
8.4× 10-3 M at 1 mM; 8.0× 10-4 M at 2.5 mM). These
data are consistent with aggregates of order greater than two
present at higher protein concentrations.
The nature of the interaction surface for dimerization and

higher order aggregation of Hck SH2 was investigated by
analyzing the charge properties of solvent accessible residues.
The solvent-accessible surface for each residue of uncom-
plexed Hck SH2 is shown in Figure 4, while the surface

potential of the free Hck SH2 domain is shown in Figure 5.
The phosphotyrosine binding pocket of Hck SH2 is positively
charged, as expected. Only a few, noncontiguous hydro-
phobic residues, e.g., P23, M26, P51, P74, and M104, have
relatively large solvent accessible surfaces. Conversely,
many charged side chains are accessible to solvent including
E2, T3, D66, and E83 for negative charges and K9, K14,
R18, K39, R52, R75, and K90 for positive charges. K107
is on the C-terminus and, thus, carries both positive and
negative charges. While a hydrophobic surface cannot be
eliminated as one of the possibilities for the dimerization
interface(s), this type of interaction surface for Hck SH2
dimerization is unlikely based on the surface potential (Figure
5).

FIGURE 2: 2D 1H-15N HSQC spectra of the Hck SH2 domain in the free (black) and phosphopepide complexed form (red). Only those
residues that show a large change in chemical shift upon binding of the phosphopeptide are shown.

FIGURE 3: Concentration dependence of the diffusion coefficients
of the Hck SH2 domain at 28°C. The free form is shown as black
dots while the phosphopeptide-complexed form is indicated as a
cross

FIGURE 4: Solvent accessible surface for residues of the free Hck
SH2 domain.
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A more likely scenario for intermolecular Hck SH2
association involves positively charged groups in one
molecule of Hck SH2 interacting with negatively charged
groups in another molecule providing an electrostatic basis
for self-association. Consideration of rotational anisotropy
for Hck SH2 from T1 and T2 relaxation studies reveals that
the anisotropy of the partially aggregated species in solution
is between 1.1 and 1.3, a value slightly greater than the
anisotropy predicted from inertial considerations of the
monomeric structure (D||/D⊥ ) 1.28).
Backbone Dynamics of the Free Protein. The Hck SH2

domain used in this study contains 107 residues. Among
the 101 backbone amide protons (excluding the four proline
residues and the two N-terminal residues which are not
observed), 16 residues were excluded from the analysis due
to resonance overlap. Thus, quantitative measurements were
made for 85 of the amide cross-peaks. Figure 6, panels
A-C, shows the relaxation data for free Hck SH2. For most
residues, theT1 values lie in the range 0.43-0.53 s (Figure
6A), and theT2 values ranged 90-120 ms (Figure 6B). The
heteronuclear NOEs for most residues were found to be in
the range 0.60-0.82 (Figure 6C), indicating that internal
motions on the fast (picosecond) time scale are restricted.
In contrast, the two residues at the C-terminus have negative
NOEs. In addition, the NOEs for T3, E4, and G69 were
significantly smaller than the average.
The overall rotational correlation time,τm, was initially

determined using theT1 andT2 values calculated for each
residue. The optimum values of the model-free parameters
S2 and τe were then determined using thisτm. The global
optimumτm was determined considering all residues simul-
taneously using the previously established values ofS2 and
τe from the grid search. The global optimumτm for the free
Hck SH2 domain was calculated to be 6.8 ns. This value
was used subsequently to determine the internal dynamics
parameters.
The model-free parameters for uncomplexed Hck SH2 are

shown in Figure 7, panels A-E, and summarized in Table
1. For most residues, the order parameters (S2) were in the
range 0.75-0.90, indicating that rapid motions on the fast
(picosecond) time scale were largely restricted. In contrast,

the order parameters (S2) were much lower for residues T3,
E4, G69, and the two residues at the N-terminus (Figure 7A).
These results indicate that these segments of the protein are
more mobile than the overall backbone. A significant
difference in the order parameters between G69 and neigh-
boring residues was observed indicating increased motion
occurs for this residue in the DE loop.
The effective correlation time for internal motions,τe, in

Hck SH2, was generally smaller than 50 ps (Figure 7B).
Higher values (>50 ps) were found for R13, N25, N67, N92,
S106, and five residues in the BC loop (E36-G40). Slower
motions of τe on the time scale of 0.4-4 ns have been
reported previously for a number of residues in interleukin-
1â (39, 40) and human type-R transforming growth factor
(41). Furthermore, 26 residues required an exchange term,
Rex, for compensation of line broadening due to conforma-
tional or chemical exchange processes. Large exchange
values were observed for residues R18, N67, N92, S100,
and some residues in the BC loop. Finally, a two time scale
model was required to fit the data for 27 residues while
relaxation data for 16 residues of the free protein could not
be fitted to any model. These data suggest that site-specific
motions at an intermediate time scale (2-5 ns) are present
across the entire domain.
Explicit consideration of rotational anisotropy for Hck SH2

resulted in only small changes for the numerical values of
the relaxation parameters (42-45). Exclusion of M26 and
Q82 improved the fit of the data that was adequately
described by an axially symmetric model for rotational
diffusion and not further improved by consideration of a fully
anisotropic model. The optimum global correlation time (τm)
was increased slightly from 6.8 ns for isotropic rotation to
7.1 ns considering an axially symmetric model (7.2 ns
omitting M26 and Q82). Numerical values of the order
parameter were insensitive to the orientation of the NH bond
vectors relative to the long axis of the diffusion tensor for
D||/D⊥ ≈ 1.3. Consideration ofSf2 values (D||/D⊥ ≈ 1.3,τc
) 7.0 ns) between 0.30 and 0.85 and internal correlation
times (τe) of 20 and 100 ps resulted in errors of less than
2% due to exclusion of anisotropic rotational diffusion.
Neglect of rotational anisotropy had a larger effect on

FIGURE 5: Surface potential of the free Hck SH2 domain. Negative charge is shown in red while positive charge is shown in blue. (A) The
phosphotyrosine binding surface. (B) The other side of the molecule. These figures were produced using MOLMOL v2.4 (57).
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calculation ofτe with even the low anisotropy of the Hck
SH2 domain capable of inducing maximal errors of 20% in
these values.

Backbone Dynamics of Complexed Hck SH2. The15N and
1H resonances of the backbone amides for most residues of
the Hck SH2 domain were assigned from a series of titration
experiments with the peptide AcNH-EPQpYEEIPIYL-
COOH (3). The resonances for several residues decreased
in intensity in the1H-15N HSQC spectrum during the course
of the titration and became apparent later in the titration at
a different chemical shift. These results indicate that the
exchange of this phosphopeptide between the free and
complexed Hck SH2 domain is intermediate on the NMR
time scale. Assignment of the backbone resonances for these
residues was accomplished using HNHA and NOESY-
HSQC experiments. The HNHA experiment identifies

correlations between intraresidue amide protons andR
protons while the NOESY-HSQC spectrum correlates
chemical shifts of amide protons with both the intraresidue
alpha protons and theR protons in the preceding residue.
The combined use of these two experiments allowed all the
cross-peaks in the15N HSQC spectrum for Hck SH2 to be
assigned (Figure 2).

The relaxation parameters for the complexed protein are
shown in Figure 6, panels D-F. For most residues, the15N
T1, T2, and NOE values lie in the ranges 0.45-0.55 s, 90-
110 ms, and 0.6-0.82, respectively (Figure 6, panels D-F).
In general, the15N T1 is slightly longer andT2 slightly shorter
for the complexed protein than was observed for the same
residue in the free protein. Only one residue at the
C-terminus gave a negative NOE.

FIGURE 6: Plots of15N relaxation data as a function of residue number for the Hck SH2 domain. Panels A-C are for the free protein, and
panels D-F are for the phosphopeptide-complexed protein. Measured values of spin-lattice relaxation time (T1) are shown in panels A and
D, values of spin-spin relaxation time (T2) are shown in panels B and E, and heteronuclear NOE data are shown in panels C and F.
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The optimum globalτm for the complexed protein was
determined to be 7.6 ns using the same procedure as
described above for the free protein. This value was used
to calculate the extended model free parameters for the
complexed protein (Figure 7, panels F-J). Several residues
have lower than average order parameters, suggesting that
these segments of the protein are more mobile than the
overall backbone. Large effective correlation timesτe (>50
ps) were also found for several residues located in the loop

regions or at the end of the secondary structure regions, a
result similar to interleukin-1â (39, 40) and human type-R
transforming growth factor (41).

Backbone Dynamics of Free and Complexed Hck SH2.
The spectral density models used to fit the free and
complexed Hck SH2 domain are summarized in Table 1.
Relaxation data for most residues in the phosphopeptide
complexed Hck SH2 are fit well using a simple model,
whereas either an exchange term or a two time-scale model
is required to fit most of the residues in free Hck SH2. The
differences between the order parameters (S2) for the free
and the complexed states of Hck SH2 are shown in Figure
8. Most residues, especially those implicated in peptide
binding, exhibit increased order parameters in the complexed
protein relative to the free state. The larger numerical values
for order parameters calculated for several residues in the
phosphopeptide complex of Hck SH2 relative to the free
domain probably do not result from different models that
were used to fit the data since the same trends were evident
for residues fit using identical models. Explicit consideration
of anisotropic contributions to relaxation processes also could
not account for the systematically larger values for order
parameters calculated for the complexed form of Hck SH2
relative to the free domain since the relatively low degree
of anisotropy for Hck SH2 induces a maximal deviation of
only a few percent in the order parameters (see above;45)
(Figure 8).

The results obtained are consistent with complexation of
Hck SH2 by the high affinity phosphopeptide ligand resulting
in adoption of a single binding mode with decreased internal
motion relative to the uncomplexed state. This observation
is different from that reported for the PLCγ SH2 domain
for which order parameters for a large number of residues
decreased upon phosphopeptide binding, apparently as a
consequence of multiple binding conformations (29). A
small number of residues not involved in peptide binding
(T3, M26, N92, and S100) in the complexed Hck SH2
domain, however, displayed decreased order parameters
relative to the values in the free state, an indication of
increased local motions may occur for these residues.

FIGURE 7: Plots of the optimized model-free and extended model-
free parameters as a function of residue number for the Hck SH2
domain. Panels A-E are for the free protein, and panels F-J are
for the phosphopeptide-complexed protein. Optimized values of the
generalized order parameter (S2) are shown in panels A and F,
values of effective correlation time (τe) are shown in panels B and
G, exchange parameters (Rex) are shown in panels C and H while
values of the effective correlation time for internal motions on a
slow time scale (τs) are shown in panels D and I and values of the
generalized order parameter for fast motion (Sf2) are shown in panels
E and J.

Table 1: Summary of Spectral Density Models Used to FitT1, T2,
and NOE Data for the Free and Phosphopeptide-Complexed Hck
SH2 Domain

model parameters free complexed

S2 7 35
S2andτe 9 26
S2 andRex 5 10
S2, τe, andRex 21 6
Ss2,Sf2, andτs 27 12
not fit 16 4
total 85 93

FIGURE 8: Differences between the generalized order parameters
(S2) for the free and phosphopeptide-complexed Hck SH2 domain.
Only the residues whose relaxation parameters were determined
for both forms were included in this plot. Solid lines indicate that
the same model was used to fit the relaxation data for both the
free and complexed Hck SH2 domain, whereas gray lines indicate
different models were used.
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Conclusions. We have determined the diffusion coef-
ficients and backbone dynamics of the Hck SH2 domain both
in the free and in the phosphopeptide-complexed forms. Both
the free and the complexed forms of Hck SH2 domain
undergo self-association at high concentrations, resulting in
dimerization and formation of higher order aggregates.
These results suggest that residues outside the phosphopep-
tide-binding site of Hck SH2 might be involved in self-
association, probably through charged interactions. While
limited self-association of the free form of PLC-γ SH2 has
been reported, self-association of the complexed form of an
SH2 domain has not, to our knowledge, been previously
observed (29).
The observation that the numerical values for the order

parameters calculated for residues in the complexed form
of Hck SH2 are systematically larger than those calculated
for the same residues in the free domain is, perhaps, more
significant for the biological activity of Hck in vivo. These
larger numerical values for order parameters in the phos-
phopeptide complex indicates motion on the picosecond time
scale of the NH bond vectors is restricted upon complexation.
This restriction in fast (ps) motion in the peptide backbone
that accompanies ligand binding can be interpreted in terms
of a change in entropy due to complexation. Numerical
estimation of the magnitude of the entropic changes that
accompany phosphopeptide binding to Hck SH2 using the
assumptions described by Kay et al. reveals the entropic
penalty for ligand binding for those residues experiencing
the largest changes in order parameter are about 2.0 J/mol
K (46-48). These changes, while individually quite small,
are widespread across the entire domain (see Figure 8) and
concertedly may influence the thermodynamic favorability
of ligand binding. Thus, intra- or intermolecular complex-
ation of Hck SH2 with a phosphotyrosine-containing ligand
carries with it an entropic penalty for the increased order of
the NH bond vectors in the SH2 peptide backbone. Con-
versely, phosphopeptide release from Hck SH2 is entropically
favored by the decrease in order of the backbone for the
domain. Our results are consistent with changes in the
dynamic motion of the Hck SH2 backbone playing a
significant role in regulation of Hck kinase activity by
providing a thermodynamic driving force for the release of
phophotyrosine-containing ligands.
A recent study by Fesik and co-workers also revealed

similar changes in dynamic behavior of a protein upon
binding a phosphopeptide, as were observed in the present
study (49). In the latter study, the insulin receptor substrate
1 phosphotyrosine-binding domain showed increased order
parameters upon binding an IL-4 receptor phosphopeptide.
These similar results in different systems suggest entropic
increases in proteins accompanying phosphopeptide release
may be a general phenomenon. Complete understanding of
the thermodynamics of molecular recognition processes
important for signal transduction is required to understand
these important natural phenomena and to intervene rationally
in disease states characterized by unwarranted signaling
processes (47).
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