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Abstract: NMR spectroscopy and molecular dynamics (MD) simulations were used to probe the structure
and dynamics of complexes of three phosphotyrosine-derived peptides with the Src SH2 domain in an
effort to uncover a structural explanation for enthalpy-entropy compensation observed in the binding
thermodynamics. The series of phosphotyrosine peptide derivatives comprises the natural pYEEI Src SH2
ligand, a constrained mimic, in which the phosphotyrosine (pY) residue is preorganized in the bound
conformation for the purpose of gaining an entropic advantage to binding, and a flexible analogue of the
constrained mimic. The expected gain in binding entropy of the constrained mimic was realized; however,
a balancing loss in binding enthalpy was also observed that could not be rationalized from the crystallographic
structures. We examined protein dynamics to evaluate whether the observed enthalpic penalty might be
the result of effects arising from altered motions in the complex. 15N-relaxation studies and positional
fluctuations from molecular dynamics indicate that the main-chain dynamics of the protein show little variation
among the three complexes. Root mean squared (rms) coordinate deviations vary by less than 1.5 Å for
all non-hydrogen atoms for the crystal structures and in the ensemble average structures calculated from
the simulations. In contrast to this striking similarity in the structures and dynamics, there are a number of
large chemical shift differences from residues across the binding interface, but particularly from key Src
SH2 residues that interact with pY, the “hot spot” residue, which contributes about one-half of the binding
free energy. Rank-order correlations between chemical shifts and ligand binding enthalpy for several
pY-binding residues, coupled with available mutagenesis and calorimetric data, suggest that subtle structural
perturbations (<1 Å) from the conformational constraint of the pY residue sufficiently alter the geometry of
enthalpically critical interactions in the binding pocket to cause the loss of binding enthalpy, leading to the
observed enthalpy-entropy compensation. We find no evidence to support the premise that enthalpy-entropy
compensation is an inherent property and conclude that preorganization of Src SH2 ligand residues involved
in binding hot spots may eventuate in suboptimal interactions with the domain. We propose that introducing
constraints elsewhere in the ligand could minimize enthalpy-entropy compensation effects. The results
illustrate the utility of the NMR chemical shift to highlight small, but energetically significant, perturbations
in structure that might otherwise go unnoticed in an apparently rigid protein.

Introduction

Structure-based drug design is an important application of
structural biology studies. Using the atomic structure of a
biological receptor complexed with a ligand, one should ideally
be able to characterize the binding interface and propose specific
modifications to the ligand that would enhance the free energy
for association. However, this process is often fraught with
difficulty in practice, as changes intended to optimize either the
enthalpy or the entropy of binding are often met with unantici-
pated energetic results.1-3

The structure of a small molecule may be modified in a
number of ways toward improving its potency for a biological
target. One common tactic involves preorganizing the ligand
in the conformation it adopts upon binding, commonly referred
to as the biologically active conformation.4-6 This practice owes
its origin to the fact that there is an entropic penalty associated
with restricting the motion of a flexible molecule when it binds
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to a protein. Accordingly, constraining a flexible molecule in
its biologically active conformation is expected to reduce the
magnitude of this entropic penalty, thereby providing a relatively
favorable contribution to the binding free energy.7-9 Calori-
metric studies have established that a more favorable binding
entropy can be realized by preorganization, although recent
accounts have revealed that ligand preorganization does not
necessarily lead to an entropic advantage in binding.10-12

The effects of ligand preorganization upon the binding
energetics of a set of constrained and flexible analogues of the
canonical pYEEI peptide for the pp60 v-Src SH2 (Src SH2)
domain have been examined.13,14 In the constrained analogue
(cpYEEI), a trisubstituted cyclopropyl moiety was used as a
rigid replacement of the pY residue (Figure 1). Modeling
suggested that this rigid replacement mimicked the conformation
of the pY side-chain that is observed in structures of phospho-
tyrosine-derived peptides bound to this and other SH2
domains.15-17 Because pYEEI and cpYEEI do not have the
same number of heavy atoms, the appropriate flexible control
for cpYEEI is fpYEEI, wherein a benzyl succinate moiety serves

as a flexible replacement of the pY residue (Figure 1). Both
cpYEEI and fpYEEI have the same number and type of heavy
atoms, the same functional groups, and the same number of
hydrogen-bond donors and acceptors, so it was reasoned that
desolvation effects for each would be similar. The binding
thermodynamics of these three ligands for the recombinant Src
SH2 domain were determined using isothermal titration calo-
rimetry (ITC). It was found that the constrained pseudopeptide,
cpYEEI, exhibited a binding entropy about 7 cal mol-1 K-1

more favorable (positive ∆∆S°) than its tetrapeptide counterpart
pYEEI and nearly 9 cal mol-1 K-1 more favorable than its
flexible control fpYEEI. Nevertheless, the relative binding
enthalpy of cpYEEI was about 1.5 kcal mol-1 less favorable
(positive ∆∆H°) than pYEEI and 2.7 kcal mol-1 less favorable
than fpYEEI. We thus observed the expected entropic advantage
attending preorganization of the cpY residue relative to pY and
the flexible replacement fpY, but an enthalpic penalty offset
this entropic gain in both cases. The end result from this
observed enthalpy-entropy compensation was that the binding
affinity of cpYEEI was only slightly higher than that of pYEEI
and slightly lower than that of fpYEEI, and the relative binding
enthalpies for the three Src SH2 complexes are most favorable
for the fpY pseudopeptide and least favorable for the cpY
pseudopeptide.

Enthalpy-entropy compensation has been a topic of discus-
sion in the literature for many years.18-22 Because of its
prevalence in biological systems,18,21,23 enthalpy-entropy com-
pensation has been proposed to be an inherent property of
aqueous solution associated with the reorganization of hydrogen-
bonding patterns in the hydration shells of proteins and small
molecules.18 On the other hand, this view has been countered
by theoretical derivations arguing that such a correlation is not
a fundamental thermodynamic requirement,19,21,22 and there are
some examples of noncompensating systems in which anticor-
relation between enthalpy and entropy serves to amplify gains
in the binding free energy.21,24 Despite the body of literature
on the subject, a full understanding of compensation mechanisms
in protein-ligand interactions is lacking. Such an understanding
could prove beneficial to rational drug design if one knew how
to minimize enthalpy-entropy compensation to take advantage
of one free energy component, and thus the physical basis for
the differences in the enthalpy of binding among the three Src
SH2 complexes is examined here.

Less favorable enthalpy of binding in the case of Src SH2
by a pseudopeptide could, of course, result from an altered
binding conformation relative to a canonical peptide ligand. To
identify a potential structural basis for the compensation
observed in this series of Src SH2 binding ligands, crystal
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Figure 1. Schematic of the canonical (pYEEI), constrained (cpYEEI), and
flexible (fpYEEI) ligands studied in this investigation. pY denotes the natural
phosphorylated tyrosine residue. cpY denotes the trisubstituted cyclopropane
replacement used to mimic the bound state conformation of pY. fpY denotes
the flexible control replacement that has the same number of heavy atoms
as cpY and is designed to account for the rearrangement of the hydrogen-
bonding capacity between the pY and cpY residues.
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structures of Src SH2 in complex with the cpYEEI pseudopep-
tide (Figure 1) and a canonical peptide were compared.14 It was
not possible to obtain a structure of the Src SH2 complex with
fpYEEI. The rmsd between the complex with cpYEEI and that
with the canonical peptide was approximately 1 Å for protein
main-chain atoms and within 1.5 Å over all heavy atoms.
Because differences between the structures of the two complexes
are comparable to the differences between multiple copies of a
complex in each asymmetric unit, no significant structural
perturbations that adequately explain the compensation14 could
be identified.

The lack of a significant structural difference observed
between the crystallographic models for the Src SH2 complexes
with pYEEI and cpYEEI, and reasoning that desolvation effects
would be similar for the pseudopeptides, raises the question of
whether variations in internal dynamics associated with the
cyclopropyl moiety exist and are the cause for less favorable
interaction energy in the cpYEEI complex. If so, then a direct
link between the observed loss in enthalpy and the gain in
entropy would be established, suggesting that enthalpy-entropy
compensation is inherent to binding Src SH2. In the presence
of certain conformational motions, dynamic averaging over the
thermal distribution of protein-ligand conformations was shown
in an MD study to be important in determining the interaction
energies; the relative energies for protein-ligand interactions
estimated from the average structure were shown to differ from
the relative values determined from the ensemble-averaged
energy,24 which is the thermodynamically relevant quantity. It
is reasonable that restricted motion imposed by the conforma-
tional constraint of cpYEEI could affect the ensemble averaging
in a manner that weakens intermolecular interactions without
significantly affecting the average structure. A wide body of
evidence demonstrates the importance of thermal motions to
protein function and the need to include conformational fluctua-
tions in characterizing protein-ligand interactions.25-29 While
X-ray crystallography gives accurate three-dimensional struc-
tures of proteins, it provides limited information on dynamics,
so that possible energetic differences that result from dynamic
averaging over the fluctuations about the average structure would
be invisible by crystallography. On the other hand, NMR
relaxation and molecular dynamics simulations, which have been
valuable for elucidating the effects from internal fluctuations
and conformational entropy of proteins to molecular associa-
tion,1,25,30-33 can contribute to understanding differences in
internal dynamics and enthalpy of proteins in a manner that is
not apparent from an average structure.

In this light, we probed the differences between the pYEEI,
cpYEEI, and fpYEEI complexes of Src SH2 by NMR and
computer simulation. Positional fluctuations were examined to
determine if the enthalpic loss in the Src SH2-cpYEEI complex

might arise from restricted motion in the complex that could
result in the observed enthalpy-entropy compensation. NMR
chemical shift analysis was also used to probe structural
differences between the solution structures of the three
SH2-peptide complexes.34

Materials and Methods

Protein Expression, Purification, and Sample Preparation.
The canonical pYEEI tetrapeptide was purchased with an acetylated
N-terminus and unblocked C-terminus (SynPep). The cpYEEI and
fpYEEI pseudopeptide derivatives were synthesized as previously
described.13 Protein was expressed and purified in a manner similar
to previously reported protocols.35,36 A construct consisting of
residues 144-249 of the pp60 v-Src tyrosine kinase (UniProt
P00524) that comprise the SH2 domain (Src SH2) was cloned into
a pET30b expression vector (Novagen) at the NdeI and BamHI
restriction sites. Protein was overexpressed in Rosetta2 (DE3) E.
coli (Novagen) grown on M9 minimal media with 1 g/L 15N-labeled
NH4Cl as the sole nitrogen source and at least 2 g/L glucose as the
sole carbon source, unlabeled or uniformly 13C-labeled as required.
Induction was initiated with 0.2 mM IPTG after incubating for
16-20 h at 22 °C.

Cells were lysed using a French press in 20 mM (Na)HEPES,
pH 7.5, 5 mM DTT, 1 mM EDTA, 0.2 mM PMSF, and 0.02%
NaN3. After ultracentrifugation, the supernatant was loaded onto a
5 mL cation exchange HiTrap SP column (GE) that had been
equilibrated with the same buffer. The protein was eluted with a
0-0.5 M NaCl gradient in the same buffer. Src SH2 containing
fractions were pooled and concentrated to ∼2 mL using Amicon-
Ultra-15 concentrators (Millipore) with 3 kDa molecular weight
cutoff (MWCO) prior to final purification by gel filtration (Superdex
75 16/60, Pharmacia) using 20 mM (Na)HEPES, pH 7.5, 5 mM
DTT, 1 mM EDTA, 350 mM NaCl, and 0.02% NaN3.

NMR experiments were conducted in 50 mM Na acetate, pH
5.5, 100 mM NaCl, 5 mM TCEP, and 0.02% NaN3 (from Xu et
al.36 with minor variations). Pooled fractions containing Src SH2
were dialyzed against the NMR buffer (2-3 times, at least 6 h
each time) using Snake Skin dialysis membranes with 3.5 kDA
MWCO (Pierce). Peptides were dissolved in 100 µL of NMR buffer.
After adjusting the pH to ∼5.5 with aqueous NaOH, the peptide
stock was dialyzed alongside the protein using 100 Da MWCO
membranes (Harvard Bioscience). Protein was concentrated to
1-1.8 mM using 3 kDa MWCO concentrators (Millipore). NMR
samples in 90%/10% H2O/D2O were prepared by combining
appropriate proportions of protein, peptide stock, and D2O. Con-
centrations were measured by UV absorbance at 280 nm with an
extinction coefficient of 14 700 M-1 cm-1 for protein, and 775 M-1

cm-1 at 268 nm for the peptides.14

NMR Spectroscopy. NMR spectra were acquired at 298 K on
a Bruker Avance III spectrometer operating at 800 MHz and a TXI
triple resonance probe using standard pulse sequences from the
Bruker pulse sequence library. Spectra were processed with
NMRPipe37 and viewed with Sparky.38 Samples contained ap-
proximately 1 mM Src SH2 domain and 5 mM ligand to ensure
saturation of the bound state conformation of each complex, as
determined by titrations monitored by 15N HSQC. Initial assign-
ments based on the published values for the Src SH2-pYEEI
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complex36 were confirmed with the MARS program39 using data
from standard HNCACB and CBCACONH triple resonance experi-
ments.40 Because of large changes in chemical shift, the main-
chain experiments were conducted and full main-chain assignment
performed for all four samples (unbound SH2, SH2-pYEEI,
SH2-cpYEEI, and SH2-fpYEEI). The 800 MHz spectra were well
resolved, allowing main-chain assignment of all nonproline residues.

During the assignment process, the peaks of E178 NH and R175
NεHε, which were assigned on the basis of published values,36,41

showed rank-order correlation with binding enthalpy. Both residues
are located in the pY-binding pocket and are directly involved with
coordination of the phosphoryl group on the ligand. It was assumed,
therefore, that the trend in the chemical shifts is related to the
deshielding effect of the negatively charged phosphate group and
the stability of its interaction with the residues. This assumption,
which is further supported throughout the results and discussion,
led to the assignment of peaks for the R175 NηHη side-chain atoms
that bind the phosphoryl moiety of the ligand. After accounting
for the main-chain amides of all nonproline residues and the side-
chain values available in the published shifts, a group of unassigned
peaks remained that were located in the region of the spectra
populated by the arginine and histidine side-chain peaks and
followed the same rank-order trend with enthalpy. The chemical
shift values fall within the statistical range compiled for proteins
in the BMRB and have proton chemical shifts similar to R160
NηHη, based on the reported values for the c-Src SH2-pYEEI
complex by Xu et al.36

Standard pulse sequences were used to measure the main-chain
15N relaxation rates,42 with interscan relaxation delays of 2 s for
all experiments and a 2 s saturation time for the NOE experiments.
Delay times of 10, 35 (in duplicate), 50, 175, 375, 550 (in duplicate),
750, 1000, and 1400 ms were employed for T1 measurements.
CPMG delays of 16.3, 32.6 (in duplicate), 48.9, 65.2, 81.5, 97.9
(in duplicate), 114.2, and 130.5 ms were employed for T2 measure-
ments. Exponential decay times were fit to peak heights in Sparky.
Chemical shift perturbations (CSPs) and chemical shift differences
(CSDs) were calculated from sensitivity-enhanced 1H-15N HSQC
spectra43 according to:44

Molecular Dynamics Simulations. Dynamics simulations were
calculated with CHARMM45 using the CHARMM27 all-atom force
field46 with CMAP main-chain dihedral correction.47 Supplementary
topology and parameters for the cyclopropyl moiety (Supporting
Information) were generated according to the standard CHARMM
force field parametrization methodology.46 Equilibrium geometries
and reference vibrational data for this moiety were obtained from

the NIST CCCBDB database.48 Reference energy curves from HF/
6-31 g** ab initio dihedral optimizations of model compounds were
used to parametrize the torsional parameters for rotation about the
C�-Cγ bond (�1 rotamer) and cyclopropyl-carbonyl “main-chain”
bonds in cpY. Parameters for the fpY residue were assigned by
analogy to existing force field values.

Initial coordinates for the complex models were taken from the
three chains of the Src SH2-pYEEI crystal structure (PDB code
1SPS49) and the two chains of the Src SH2-cpYEEI crystal
structure (PDB code 1IS013). For each complex being simulated,
the peptide was alchemically mutated to obtain the desired model
pseudopeptide in each case, yielding five sets of starting coordinates.
To increase the efficiency of conformational sampling, two
independent simulations using different initial velocities were
initiated from each set of starting coordinates to yield 10 indepen-
dent simulations of each complex.50

Solutes were solvated with a truncated octahedral water box of
TIP3 water molecules with box edges at least 14 Å from the solute.
Nonbonded lists were generated with a 14 Å cutoff, and electrostatic
interactions up to 12 Å were treated with a shifted potential and
particle mesh Ewald summation method during the dynamics. Bond
lengths to hydrogen atoms were constrained with SHAKE. Dynam-
ics were performed using a leapfrog integrator, time step of 1 fs,
and constant pressure and temperature (CPT) routine using a
reference pressure of 1 atm and piston mass constant of 500 amu.
Hoover temperature control was employed with a temperature bath
of 298 K and thermal piston constant of 1000 kcal ps2 mol-1.
Simulations were equilibrated for 500 ps, after which time all
simulations were deemed reasonably energetically stable and
displayed asymptotic rmsd time series relative to initial coordinates.
Production runs of 1 ns were calculated for each simulation, with
coordinates saved every 1 ps for a total of 10 ns of trajectory (10 000
snapshots) per complex. Dynamic properties were evaluated from
this combined 10 ns pseudotrajectory. Average structures were
calculated from the combined set and subjected to 500 steps of
steepest descent minimization to remove severe steric clashes. Main-
chain chemical shifts were calculated from these structures using
Sparta.51

Hydrogen-bond analysis was performed with CHARMM’s
coordinate manipulation commands. For each frame in the trajec-
tory, a hydrogen bond between a hydrogen-bond donor (D) and
acceptor (A) was considered to be intact52 if the D-A distance
was less than 2.4 Å and the D-H · · ·A angle was 120°-180°. Two-
dimensional histograms for geometric analyses were calculated
using 4° bins over a range of -180° to 180° for dihedral angles,
and 0.5 Å bins over a range of 1-6 Å for interatomic distances.

Individual contributions of groups of water molecules to the
energy of a Src SH2-peptide complex were calculated from the
explicitly solvated MD trajectories. The energy of the group (Egrp)
was determined from the sum of the internal energy (Einternal), which
includes the molecular mechanics energy for the bonded and
nonbonded interactions associated with the atoms of the group, and
one-half the nonbonded energies for the interactions of the group
with other water molecules (Esolvent) and with protein or peptide
atoms (Esolute).

Interaction energies were averaged over the 2 ns simulation time
period using snapshots every 1 ps.
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Networks of water molecules identified from several crystal-
lographic structures of Src SH2-peptide complexes3,14 are thought
to stabilize the bound state. The occupancy and energetics of these
networks were characterized from the MD trajectories. One site,
WG236, refers to water molecules within 6.0 Å of non-hydrogen
atoms of either residues G236 or L237 and within 6.0 Å of residue
Y202. The second site, W+2E, corresponds to water molecules within
3.2 Å of both protein residue R205 and peptide residue pY+2E as
well as within 6.0 Å of the main-chain heavy atoms of both residues
K203 and I214. (See Supporting Information Figure S1 for a
graphical depiction of the water sites.) Occupancy was determined
from the time average number of water molecules meeting these
distance criteria for trajectory snapshots at 1 ps intervals. For each

group of water molecules selected, the time-averaged site energy
was calculated using eq 2.

Results

Internal Dynamics Probed by NMR and MD. To test for
possible differences in internal dynamics of the Src SH2-pYEEI,
Src SH2-cpYEEI, and Src SH2-fpYEEI complexes, 15N
relaxation experiments were conducted for each complex. T1

and T2 relaxation times, and the 1H-15N heteronuclear NOE
(Isat/Inosat - 1), are sensitive to motions on a picosecond to
nanosecond time scale, while T2 is also sensitive to longer time
scale motion associated with conformational exchange. The
residue profiles for these relaxation parameters are shown in
Figure 2. For most residues, the values deviate among the
complexes by an amount less than experimental error. The
profiles show similar trends of relatively diminished Isat/Inosat

and slightly elevated T2 values, indicating higher internal
mobility, for residues N-terminal to the RA helix (residue 153),
in the AB (residue 164), CD (residues 192-195), and DE
(residues 206-211) loop regions, and in the N and C termini.
These relaxation data are thus remarkably similar between the
complexes even in these more flexible loop regions. Rotational
anisotropy manifests more strongly in T1 than in T2, and
therefore the observed T1 profiles in Figure 2 (top) are less
uniform than those for T2 (middle). Small differences in T1 occur
for residues scattered throughout the protein (I153, N164, E178,
N193, D235). These T1 deviations range from 0.1 to 0.2 s and,
based on Lipari-Szabo model-free theory,53 reflect small
differences in the amplitude of fast time scale motion, corre-
sponding to a maximum disparity in the generalized order
parameter of only ∼0.2. Because these dynamic variations are
small and occur for residues scattered throughout Src SH2, we
find no convincing argument that they are relevant to the
enthalpic differences of Src SH2 binding the three ligands.
Overall, the NMR relaxation data suggest that Src SH2 main-
chain fluctuations are highly similar and provide no evidence

Figure 2. 15N (A) T1, (B) T2, and (C) heteronuclear NOE (Isat/Inosat)
relaxation values, measured at 18.8 T for the Src SH2-fpYEEI (green),
Src SH2-pYEEI (gold), and Src SH2-cpYEEI (red) complexes.

Figure 3. Root mean square fluctuations (RMSF) for R-carbons (upper left) and non-hydrogen atoms (lower left) and overlaid average structures calculated
from MD trajectories (right) of the Src SH2-pYEEI (gold), Src SH2-cpYEEI (red), and Src SH2-fpYEEI (green) complexes. ∆(cpY - pY) and ∆(fpY
- pY) denote the differences of each analogue peptide complex with respect to the pYEEI complex. The flexible loops are labeled according to their
topological nomenclature. Protein image was produced with VMD.79
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for conformational averaging that could account for variations
in binding enthalpies upon association with pYEEI, fpYEEI,
and cpYEEI.

The Src SH2-ligand complexes were also observed to have
comparable positional fluctuations based on MD simulations.
Protein root mean square fluctuations (RMSF) about the mean
coordinates of the simulation, calculated over each 10 ns
trajectory set (Figure 3), are nearly equal; the RMSF values for
some loop residues vary up to ∼0.5 Å for the CR atoms (top)
and up to ∼0.9 Å for a small number of non-hydrogen atoms
(bottom). The greatest differences in RMSF are found for
residues in the AB, BC, CD, and BG loops. Given their small
magnitude and because these differences occur in mobile loop
regions, which in general require longer sampling times for
convergence, the disparities are not deemed sufficient to account
for the variation in binding energetics.

The influence of the cyclopropyl constraint on the confor-
mational distribution of the cpY residue as compared to pY and
fpY was considered by examining the joint probability distribu-
tions for φ-Ψ, �1-�2, and dihedral angles describing rotation
of the phosphoryl group (Figure 4). The peaks in the two-
dimensional histograms for cpY are sharper in φ and �1 than
those for pY or fpY, demonstrating the expected reduced range
of motion (see also Table 1) for the constrained ring. Interest-
ingly, the constraint also has long-distance effects on the dihedral
angles about the bridging oxygen of the phosphoryl group
(bottom plots, Figure 4); the distribution for C�-Oη-P-O is
narrower for cpY as compared to fpY and pY (Table 1).

Much like the trend between the crystal structures, the average
coordinates of the complexes calculated from the simulation
trajectories are strikingly similar to each other (Figure 3, right).

The three complexes differ from each other by ∼0.7 Å over
main-chain atoms and ∼1 Å rmsd over all non-hydrogen atoms.
In regard to the pY residue itself, the average values for �1,
�2, and phosphate dihedral angle, as well as � for residue Y+1
E, only two bonds removed from the point of constraint, differ
by as much as 15° among the three bound ligands in both the
crystallographic and the MD structures (Table 1). These
structural differences may seem large, but the rotation of the
phosphate group is able to orient the ring so that strong
interactions and the position of the phosphotyrosyl moiety
appear to be maintained with respect to the protein.

Chemical Shift Perturbation Analysis. Chemical shift is an
exquisitely sensitive probe of local structure and magnetic
environment. In contrast to the similarities observed for the(53) Lipari, G.; Szabo, A. J. Am. Chem. Soc. 1981, 104, 4546–4559.

Figure 4. 2D histograms displaying φ-Ψ, �1-�2, and phosphate dihedral distributions for the pY, cpY, and fpY residues from MD simulations of each
complex.

Table 1. Crystallographic and Simulated Geometries for pY, cpY,
and fpY in the Respective Ligand Complexes with v-Src SH2, and
for +1 E φ

dihedral (deg) Src SH2-pYEEI Src SH2-cpYEEI Src SH2-fpYEEI

φ (X-ray)a -116.3 (7.4) -136.9 (2.3)
φ (MD)b -116.3 (14.6) -138.9 (5.3) -129.5 (46.3)
Ψ (X-ray)a 143.7 (6.9) 146.3 (5.6)
Ψ (MD)b 151.0 (15.8) 150.9 (18.5) 128.5 (18.8)
�1 (X-ray)a -72.6 (7.1) -116.2 (0.8)
�1 (MD)b -72.1 (9.8) -116.0 (4.2) -83.2 (12.5)
�2 (X-ray)a 83.6 (19.0) 134.0 (1.9)
�2 (MD)b 90.5 (10.4) 137.3 (12.5) 106.1 (10.8)
Cε-C�-O-P (X-ray)a -75.6 (19.5) -69.7 (4.8)
Cε-C�-O-P (MD)b -78.1 (53.4) -46.7 (-36.0) -74.4 (48.4)
C�-Oη-P-O (X-ray)a -137.6 (6.3) -167.4 (3.5)
C�-Oη-P-O (MD)b -146.1 (30.0) -166.7 (14.7) -151.8 (23.3)
pY+1 E φ (X-ray)a -79.4 (11.1) -63.9 (1.7)
pY+1 E φ (MD)b -94.5 (19.6) -85.4 (20.7) -86.4 (18.3)

a Standard deviation over multiple crystallographic chains in paren-
theses. b Standard deviation over MD snapshots in parentheses.
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crystallographic and MD average structures, the 1H-15N HSQC
spectra of the unbound Src SH2 domain and the three complexes
exhibit numerous differences, which indicate that experimentally
measurable structural variations do exist. To assess the spectral
differences, chemical shift perturbations (CSP) were calculated
for each complex relative to the unbound spectrum (Figure 5,
upper left), and chemical shift differences (CSD) were calculated
between each complex (Figure 5, upper right). CSP values
greater than 0.1 ppm are typically considered indicative of
significant binding effects,34,54-57 whereas values greater than
0.2 ppm indicate highly shifted CSP values.54,55 The main-chain
amide resonances of Src SH2 are especially sensitive to ligand
binding, and a number of CSPs are greater than 0.3 ppm (Figure
5, upper left). A similar profile was reported for v-Src SH2
binding to a longer variant of pYEEI.54 The number of residues
perturbed, as well as the magnitude of the differences, between
the three complexes is remarkable in light of the degree of
similarity between the crystal structures and simulation average
structures.

While the CSP indicates a change in the electronic environ-
ment of the amide group upon ligand binding, the CSD more
specifically compares the chemical shifts between complexes.
The bulk of the discussion will therefore focus on the CSDs.
Main-chain CSDs between the three complexes that are greater
than 0.06 ppm, a value greater than twice the average peak line
width in the spectra, are mapped onto the structure in the lower
panel of Figure 5 and tabulated in Table S1 (Supporting

Information). The chemical shifts of Src SH2 bound with the
constrained cpYEEI deviate significantly from those of the other
two complexes, as highlighted by the extent of the magenta
(lower center) and blue (lower right) mappings. The SH2-pYEEI
and SH2-fpYEEI complexes are more similar to each other,
as illustrated by the relative sparsity of the cyan mapping (lower
left).

Ligand-dependent chemical shift differences are scattered
across the binding interface, but are most prominent in the BC
loop, the �C and �D strands of the central � sheet, the EF loop,
and the BG loop (Figure 5). The perturbed residues of the BC
loop and a portion of the residues in �C and �D form part of
the highly conserved pY-binding pocket. The remaining per-
turbed residues in �C and �D, along with the EF and BG loops,
contribute to the specificity-determining region, interacting with
the EEI motif. Throughout this report, the secondary structural
elements will be referred to by the standard SH2 topological
nomenclature defined by Eck et al.58 Residues will be referenced
according to Src kinase numbering, and residue names in
parentheses cross-reference the topological names that appear
in the SH2 literature.

The greatest chemical shift differences between the three
complexes are associated with residues directly involved with
pY binding (see Table S1): E178 (GluBC1) main-chain amide
(CSDfpY-pY ) 0.278, CSDcpY-pY ) 0.281, CSDcpY-fpY ) 0.558
ppm) and R175 (Arg�B5) side-chain guanidinium NηHη
(CSDfpY-pY ) 0.255, CSDcpY-pY ) 0.332, CSDcpY-fpY ) 0.586
ppm). Figure 6 highlights these perturbations with four overlaid
1H-15N HSQC spectra for the unligated Src SH2 and the three
complexes. Of particular interest is the observation that the trend
in chemical shift perturbation follows the rank order of the
binding enthalpies; the fpYEEI complex (green peaks) is the

(54) Taylor, J. D.; Ababou, A.; Fawaz, R. R.; Hobbs, C. J.; Williams, M. A.;
Ladbury, J. E. Proteins 2008, 73, 929–940.

(55) Williamson, R. A.; Carr, M. D.; Frenkiel, T. A.; Feeney, J.; Freedman,
R. B. Biochemistry 1997, 36, 13882–13889.

(56) Ma, J.; Gruschus, J. M.; Tjandra, N. J. Am. Chem. Soc. 2009, 131,
9884–9885.

(57) Groesch, T.; Zhou, F.; Mattila, S.; Geahlen, R.; Post, C. J. Mol. Biol.
2006, 356, 1222–1236. (58) Eck, M. J.; Shoelson, S. E.; Harrison, S. C. Nature 1993, 362, 87–91.

Figure 5. Chemical shift perturbations (CSPs) (upper left) and chemical shift differences (CSDs) (upper right) plotted as a function of residue number. The
horizontal dashed line on each plot shows the 0.06 ppm (2*〈lw〉) cutoff used to select for perturbed residues. CSDs between the Src SH2-fpYEEI and Src
SH2-pYEEI complexes (cyan, lower left), Src SH2-cpYEEI and Src SH2-pYEEI complexes (magenta, lower center), and Src SH2-cpYEEI and Src
SH2-fpYEEI (blue, lower right) are mapped onto the crystal structures. Protein images were produced with VMD.79
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most enthalpically stable complex and has the most downfield
(larger ppm) chemical shifts, while the cpYEEI complex (red
peaks) is the least enthalpically stable complex and has the most
upfield (smaller ppm) chemical shifts of the three complexes.
The higher frequency of a downfield shifted resonance indicates
the proton is relatively deshielded, which in proteins typically
arises from stronger hydrogen bonding. As depicted in Figure
7, the E178 main-chain amide nitrogen is within hydrogen-
bonding distance (∼2.8 Å) of the nearest phosphate oxygen in
the crystal structures. R175, which is universally conserved
across SH2 domains, forms a bidentate salt-bridge with the
phosphate group as well as hydrogen bonds to the side-chains
of H201 (His�D4) and S187 (Ser�C5). Although R175 side-
chain resonances exhibit large CSD values, no significant
differences are observed for R175 main-chain chemical shifts.
Appreciable main-chain amide CSDs between all complexes
are found for S177 (Ser�B7), T179 (ThrBC2), and C185 (Cys
�C3), all of which have side-chain interactions with the
phosphoryl group. The remaining interactions responsible for
coordinating the pY side-chain are mediated through the long,
basic side-chains of R155 (ArgRA2) and K203 (Lys�D6). Of
these two residues, only K203 shows a significant main-chain
CSD in the constrained pseudopeptide complex.

In addition to the �-sheet residues R175 and C185 just
discussed, the chemical shifts of the central � sheet residues
L186 (Leu�C4), H201 (His�D4), Y202 (Tyr�D5), and I204 (Ile
�D7) differ considerably among the three complexes (Figure
5). The second largest CSDs are observed for the central �C
strand residue L186 (CSDfpY-pY ) 0.095, CSDcpY-pY ) 0.231,
CSDcpY-fpY ) 0.326 ppm, Figures 5 and 6). Such large
differences are unexpected, as L186 makes neither direct
contacts nor apparent conformational changes between com-
plexes based on the crystal structures. The differences are greater
than those in neighboring residues, C185 (CSDfpY-pY ) 0.047,
CSDcpY-pY ) 0.112, CSDcpY-fpY ) 0.155 ppm) and S187
(CSDfpY-pY ) 0.008, CSDcpY-pY ) 0.065, CSDcpY-fpY ) 0.072
ppm), or in R175, all of which contribute directly to the network
of interactions in the pY-binding pocket (Figure 7). The C185
and S187 main-chain chemical shifts differ only in the com-
parisons to the constrained complex, while the shifts in both
the pYEEI and the fpYEEI complexes are similar. Y202
(CSDfpY-pY ) 0.065, CSDcpY-pY ) 0.129, CSDcpY-fpY ) 0.096
ppm) forms main-chain �-sheet hydrogen bonds to L186, as
well as energetically important side-chain contacts with the Y+1
E residue of the peptide and the hydrophobic binding pocket.

The HN resonance for H201 had large CSD values at
saturation (CSDfpY-pY ) 0.072, CSDcpY-pY ) 0.049, CSDcpY-fpY

) 0.116 ppm). Moreover, the trend in the H201 amide proton

chemical shifts follows the rank order of the binding enthalpies
in the same manner as detailed above for E178 NH and R175
NηHη. That is, the shift for the most enthalpically stable
SH2-fpYEEI complex is furthest downfield (δH ) 8.443 ppm),
and that for the least enthalpically stable SH2-cpYEEI complex
is furthest upfield (δH ) 8.284 ppm), with the SH2-pYEEI
complex being intermediate (δH ) 8.353). The more downfield
chemical shift indicates greater deshielding and suggests stronger
H201 HN hydrogen-bonding interactions for the SH2-cpYEEI
complex. The H201 amide also showed a unique titration
behavior; the H201 peak was absent in the SH2-cpYEEI
complex spectra at pseudopeptide to protein molar ratios as high
as 2.5 (data not shown). This broadening for the cpYEEI
complex indicates a possible chemical exchange process that
is exhibited by neither pYEEI nor fpYEEI complexes (see
Discussion). Because of spectral overlap of the H201 peaks,
reliable 15N-relaxation measurements could not be obtained for
H201 in any of the three complexes, and thus the exchange
process was not further characterized.

The effects of preorganization also extend into the hydro-
phobic binding pocket as shown by large CSDs involving the
cpYEEI complex for residues in the �D strand and the BG and
EF loops. The L186 side-chain is a central component of this
pocket, packing with the side-chains of Y202, I204 (Ile�D7)
(CSDfpY-pY ) 0.042, CSDcpY-pY ) 0.114, CSDcpY-fpY ) 0.156
ppm), and L237 (LeuBG4) (CSDfpY-pY ) 0.030, CSDcpY-pY )
0.100, CSDcp-fpY ) 0.129 ppm). The chemical shifts of the EF
and BG loops are also very responsive to peptide binding; S216
(SerEF2) (CSDfpY-pY ) 0.053, CSDcpY-pY ) 0.174, CSDcpY-fpY

) 0.227 ppm) and T218 (Ile�F1) (CSDfpY-pY ) 0.030,
CSDcpY-pY ) 0.108, CSDcpY-fpY ) 0.137 ppm) of the EF turn,
and G236 (GlyBG3) (CSDfpY-pY ) 0.027, CSDcpY-pY ) 0.101,
CSDcpY-fpY ) 0.128 ppm) of the BG loop show large CSDs in
the constrained complex (Figure 5, Table S1) despite their lack
of direct association with the peptide. S216 CSPs are dominated
by changes in the 15N frequency and show the second largest
CSPs upon binding all three ligands (CSPpY ) 0.562, CSPcpY

) 0.734, CSPfpY ) 0.509 ppm) (Figure 5, top left).

MD Analysis of Intermolecular Interactions. To gain insight
into the basis for the differences in binding enthalpy, we
evaluated the particular intermolecular interactions of the
residues that exhibit large CSD values from MD simulations.
E178 NH and R175 NηHη, which show the largest CSD values,
interact directly with the phosphoryl group of the constrained
residue. The time-averaged number of hydrogen bonds per
snapshot, the nonbond energy of interaction for the groups
containing the respective donor and acceptor atoms, and the
distances (oxygen to hydrogen, or oxygen to nitrogen) for these
interactions vary little among the three complexes (Table 2). A
higher energy is observed for R175 NηHη interaction with the
phosphoryl group in the cpYEEI SH2 complex (-135.8 versus
-136.7 or -136.9 kcal/mol), consistent with this complex
having the least favorable binding enthalpy. The outer �D strand
residues H201 and Y202 also have large main-chain amide
CSDs. The main-chain carbonyl of H201 forms a hydrogen bond
to the NH group of residue Y+1 E, as illustrated in Figure 7.
The average nonbond energy between Y+1 NH and H201 CO
in the SH2-cpYEEI complex (-1.8 kcal/mol) is higher than
that in either SH2-pYEEI (-2.8 kcal/mol) or SH2-fpYEEI
(-2.6 kcal/mol) as the result of an increase in the NH-O
distance, and a corresponding smaller fraction of snapshots that
fit the hydrogen-bonding criteria (Table 2). The differences in
the interaction energies are smaller than the standard error.

Figure 6. Overlay of 15N HSQC spectra of the unbound Src SH2 (cyan),
Src SH2-cpYEEI complex (red), Src SH2-pYEEI complex (gold), and
Src SH2-fpYEEI complex (green) featuring E178 NH, L186 NH, R175
NεHε, and R175 NηHη.
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Nevertheless, the overall tendency of the simulation results in
Table 2 is that the interactions with ligand of R175 and H201,
residues with a rank-order chemical shift trend for the three
complexes, are somewhat less favorable for the cpYEEI
complex, consistent with the measured enthalpic differences.

A number of interfacial water molecules are observed in the
crystal structures to mediate interactions between the peptide
and SH2 domain and appear to be energetically important to
the stability of the complex.3,14,73-75 Waksman and co-workers
found a significant improvement in the agreement of binding
enthalpies predicted using an empirical formulation based on
surface area when these water molecules were included in the

estimate of surface area.73-75 The possibility that hydration
effects resulting from these interfacial water molecules differ
among the three complexes was considered by using the MD
trajectories to assess the occupancy and interaction energies of
the water molecules in the sites identified by Waksman. One
of these water molecules hydrogen bonds with the H201 NH
group as shown in Figure 7. Analysis of the MD trajectories
found the constrained pseudopeptide did not significantly change
the occupancy for the constrained pseudopeptide as determined
by the fraction of frames with a hydrogen bond between H201
NH and a water molecule (0.935 for SH2-pYEEI, 0.919 for
SH2-cpYEEI, and 0.917 for SH2-fpYEEI). We also analyzed
two clusters of interfacial water molecules present in several
crystal structures. One cluster of approximately four water
molecules lies near the pY+2E side-chain (W+2E). A second
cluster, with roughly three water molecules, bridges interactions
of G236 in the BG loop and the hydrophobic binding pocket
(WG236) with the ligand. The time-averaged interaction energies
calculated with eq 2 and number of water molecules in the site
W+2E and WG236 are nearly identical (Table 3). Explicit-water
MD simulations provide information on hydration effects at a
level of detail that is not obtained by experiment; however, it
should be noted that the energetics of water interactions are

Figure 7. (A) Schematic view of the pY-binding pocket and central �-strands highlighting key residues showing chemical shift differences. Residues
labeled with solid wedges extend from the �-sheet into the pY-binding pocket, while residues labeled with open wedges extend into the hydrophobic binding
pocket. Dashed lines represent hydrogen bonds and salt-bridging interactions. (B) Stereoview of the pY-pocket interactions and central �-sheet. Hydrogen
bonds are highlighted in pink. Protein image was produced with VMD.79

Table 2. Geometric and Energetic Analyses from MD for
Interactions of Residues with Large CSD and a Trend in 1H NMR
Frequencies Following the Rank Order in the Binding Enthalpy of
the Three Complexes

Src SH2-pYEEI Src SH2-cpYEEI Src SH2-fpYEEI

R175 Nη1-Hη11---O-P
〈H-bond〉a 2.082 2.100 2.078
〈Ener〉c -136.9 (6.0) -135.8 (6.7) -136.7 (5.8)
〈rNO〉b 2.69 (0.11) 2.67 (0.10) 2.68 (0.11)

E178 N-H---O-P
〈H-bond〉a 0.984 1.001 0.895
〈Ener〉d -11.9 (0.4) -11.7 (0.4) -10.8 (2.9)
〈rHO〉b 1.86 (0.19) 1.83 (0.14) 2.04 (0.63)
〈rNO〉b 2.82 (0.17) 2.78 (0.13) 2.97 (0.58)

+1 E N-H---OdC H201
〈H-bond〉a 0.889 0.586 0.876
〈Ener〉e -2.8 (0.1) -1.8 (1.0) -2.6 (0.2)
〈rHO〉b 2.03 (0.20) 2.65 (0.84) 2.10 (0.28)
〈rNO〉b 2.97 (0.18) 3.49 (0.73) 3.02 (0.23)

a Average number of hydrogen bonds per snapshot. b Average
distance (Å) with standard error in parentheses. c Average nonbonded
energy (kcal/mol) between xpY(C�-O-PO3) and R175(Nη1Hη11Hη12Nη2-
Hη21Hη22C�NεHε). d Average nonbonded energy (kcal/mol) between
xpY(C�-O-PO3) and E178(HNNCRHR). e Average nonbonded energy
(kcal/mol) between xpY+1(HNNCRHR) and Y202(OC).

Table 3. Energetic Contributions to Complex Stability in the
Specificity-Determining Regiona

Src SH2-pYEEI Src SH2-cpYEEI Src SH2-fpYEEI

WG236 〈N〉 4.4 (0.2) 4.7 (0.2) 4.4 (0.1)
WG236 〈E〉 -10.9 (0.08) -10.8 (0.05) -10.8 (0.03)
W+2E 〈N〉 3.6 (0.3) 3.9 (0.3) 3.3 (0.3)
W+2E 〈E〉 -10.8 (0.08) -10.5 (0.07) -10.9 (0.11)

a Energies ((standard error) in kcal/mol, calculated according to eq
2. See Materials and Methods for definition of solvation sites, and
Supporting Information for illustration of the sites; 〈N〉 is the
time-averaged number of water molecules ((standard error) occupying
the site, and 〈E〉 is the average energy per water molecule ((standard
error) in kcal/mol.
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difficult to quantify with high accuracy because of the limitations
of the water models and the long simulation times required to
reach absolute convergence. With this limitation in mind, the
results shown in Table 3 give no indication that the interfacial
water molecules differ significantly as a result of the cpY
constraint.

An aim of this investigation was to explore the possibility
that concerted atomic motions modulate noncovalent interactions
in a manner that could explain the differences in binding
enthalpies observed experimentally. Concerted motions include
local motions such as libration of a functional group, or a
collective motion of several groups across a network of
interactions as is important for driving protein allostery and other
conformational changes.59,60 Consider that motion of the phos-
photyrosyl residue optimizes the orientation of the phosphoryl
group with respect to E178 and R175. Rigidity arising from
the cpY main-chain constraint could hinder the ligand from
concurrently maintaining stable main-chain hydrogen bonds
between Y+1 E and H201. Two-dimensional histograms
correlating the distance between E178 and the nearest phosphate
oxygen atom with the Y+1 NH to H201 CO hydrogen-bond
distance are shown in Figure 8. The distributions for the pYEEI
complex and fpYEEI complex show a single well so that the
ligand interactions with both E178 and H201 maintain a stable
H-O distance of ∼2 Å, while the cpYEEI complex has a minor
population of simulation snapshots with an increased Y+1 E
to H201 distance of approximately 3.5-4 Å. This is manifested
in the 0.6 Å increase in the mean Y+1 E HN to H201 O distance,
decrease of 0.3 hydrogen bonds per frame, and 1 kcal/mol
unfavorable change in interaction energy for cpYEEI listed in
Table 2. These results suggest that the rigid constraint partly
disrupts the pseudopeptide from simultaneously maintaining
optimal interactions across the entirety of its binding interface.

Discussion

The Src SH2 domain is a relatively rigid protein receptor
with no induced-fit binding,14,35,49 which makes it an attractive
model system for ligand design, and simplifies the interpretation
of ITC results and energetics of binding.13,14 The structure of
the Src SH2 domain appears unchanged in the unbound,54

phosphate-bound,49 pYEEI-bound,49 and cpYEEI-bound14 states,
as well as in complexes with a variety of other pY-based

inhibitors.61 The similarities are particularly striking within the
pY-binding pocket. Despite this apparent structural rigidity, the
association of preorganized ligands with Src SH2 occurs with
less favorable enthalpy of binding, albeit the desired gain in
entropy. This enthalpy-entropy compensation motivated this
investigation of possible conformational averaging affects given
that relative motion of the protein and constrained peptide could
lead to fluctuations with increased hydrogen-bond lengths or
more acute angles between donor and acceptor such that
motional averaging would lead to higher hydrogen-bond energy.
Nonetheless, the internal dynamics of the pYEEI, cpYEEI, and
fpYEEI Src SH2 complexes estimated from 15N relaxation
(Figure 2) and MD fluctuations (Figure 3) show only minor
variations, which cannot convincingly account for the observed
disparities in binding enthalpy of the three complexes. Previ-
ously reported NMR relaxation measurements for Src SH2 also
suggest that main-chain flexibility varies little upon binding the
canonical pYEEI peptide, with only minimal differences from
residues scattered throughout the protein in the amplitude of
motion specified from the Lipari-Szabo order parameter.54 As
such, we find no evidence that alternative conformational
distributions occurring from picosecond-nanosecond motions
affect the time-average interaction energy with the three Src
SH2 ligands. These results do not directly assess possible
differences in slower time scale motions. Nevertheless, given
that slower motions correspond to larger amplitude motions,
and that large-amplitude motions, such as loop motions, would
likely be manifest in the average structure determined by
crystallography, the structural similarity of the Src SH2
complexes would argue against the possibility that differences
in slower time scale motions exist for these complexes.

Disruptions to pY-Pocket Interactions. In contrast to the
above observations, important deviations in the chemical shifts
of pY-pocket residues among the Src SH2 complexes reveal
key distinctions that can be rationalized in energetic terms. The
strongest CSDs (Table S1) between all three complexes are
associated with the side-chain NηHη of R175 and the main-
chain NH of E178, which both interact directly with the
phosphoryl group (Figure 7). NMR CSDs for these residues
are consistent with small structural variations that can reasonably
account for the measured enthalpy differences of the three
complexes. Recall that previously reported mutagenesis and
calorimetry studies (Table S1) indicate that phosphotyrosyl
binding contributes approximately one-half of the binding free
energy and is largely enthalpically driven.3,62,63 The free energy
for Src SH2 binding pYEEI is ∼6 kcal/mol more favorable
relative to that of YEEI, with ∆∆H° ≈ -4 kcal/mol and T∆∆S°
≈ 2 kcal/mol.62 Interactions that contribute the majority of the
binding free energy have become known as binding hot
spots.64,65 Hot-spot residues were found by mutagenesis to have
considerably greater power in altering affinity than neighboring
residues that also exist in the intermolecular contact surface.

The large downfield perturbations in the chemical shifts for
R175 and E178 are consistent with a distance-dependent

(59) Amaro, R. E.; Sethi, A.; Myers, R. S.; Davisson, V. J.; Luthey-
Schulten, Z. A. Biochemistry 2007, 46, 2156–2173.

(60) Sethi, A.; Eargle, J.; Black, A.; Luthey-Schulten, Z. Proc. Natl. Acad.
Sci. U.S.A. 2009, 106, 6620–6625.

(61) Lange, G.; Lesuisse, D.; Deprez, P.; Schoot, B.; Loenze, P.; Bénard,
D.; Marquette, J.-P.; Broto, P.; Sarubbi, E.; Mandine, E. J. Med. Chem.
2003, 46, 5184–5195.

(62) Bradshaw, J. M.; Mitaxov, V.; Waksman, G. J. Mol. Biol. 1999, 293,
971–985.

(63) Bradshaw, J. M.; Mitaxov, V.; Waksman, G. J. Mol. Biol. 2000, 299,
521–535.

(64) Dwyer, J. J.; Dwyer, M. A.; Kossiakoff, A. A. Biochemistry 2001,
40, 13491–13500.

(65) Clackson, T.; Wells, J. A. Science 1995, 267, 383–386.

Figure 8. 2D histograms from MD simulations for the ligand-protein
distances for (left) Src SH2-pYEEI, (center) Src SH2-cpYEEI, and (right)
Src SH2-fpYEEI. The distance between the amide hydrogen atom of ligand
residue Y+1 E and the carbonyl oxygen of H201 (His�D4) is plotted along
the y-axis. The distance between the main-chain amide proton of E178
(GluBC1) and the nearest phosphate oxygen atom is plotted along the x-axis.
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deshielding of the NH nuclei by direct contact with the ligand
dianionic phosphoryl group.34 The NMR chemical shift depends
strongly on distance to nearby charged, polar, or aromatic
groups, thereby providing a useful probe of main-chain amide
hydrogen bonding, which is otherwise difficult to test by
common approaches such as single-site mutagenesis. The
SH2-fpYEEI complex exhibits the most downfield proton
chemical shifts for E178 HN and R175 Hη, suggesting stronger
interactions and therefore shorter phosphate-HN distances. The
cpYEEI shifts are furthest upfield, consistent with the longest
distances and least favorable energy. The rank order in chemical
shifts of these protons (Figure 6) therefore correlates with the
binding enthalpies of the peptide series, and this correlation is
consistent with increasing distance for the interaction with fpY,
pY, and cpY residues, respectively. The relationship between
chemical shift and hydrogen-bond stabilization has been well
established for protein secondary structure66,67 and model
compounds.67-69 Ab initio calculations have suggested that
changes in hydrogen-bonding distance of tenths of an angstrom
are sufficient to perturb the chemical shift by more than 1
ppm.68-70 Furthermore, a 0.1 Å change in the phosphoryl group
distance to the E178 amide and R175 guanidinium groups alters
the interaction energy by approximately 1 and 4 kcal/mol,
respectively, based on the molecular mechanics force field
(Supporting Information Figure S2). Thus, in the case of Src
SH2 binding, the trends in chemical shift indicate that subtle
deviations in the interaction distances for the phosphotyrosine
with the SH2 pY-pocket residues, perhaps due to small
geometric variations between cpY, pY, and fpY residues, can
account for the observed differences in binding enthalpies of
the complexes.

The crystal structures were unable to distinguish the three
complexes in terms of the distances between the phosphate and
HN of E178 or R175; however, a difference of tenths of
angstroms to account for the CSD is comparable to the ∼0.3 Å
estimated coordinate error of a crystallographic model deter-
mined at 1.9 Å resolution.70 Further, the simulations find less
favorable interaction energy of R175 guanidinium for the
cpYEEI complex, but the trends in interaction energies of E178
NH and R175 NηHη do not correlate with the interaction energy
indicated from chemical shifts. The simulations therefore also
appear unable to capture the subtle structural effects observed
by NMR. A more accurate treatment of electrostatics by
including polarization70 in the molecular mechanics force field
is likely required to correctly model the behavior of the charged
phosphoryl group.

Interpretation of chemical shift perturbations in terms of
thermodynamic parameters necessitates caution as chemical shift
is sensitive to a number of structural and environmental
factors.34,71 A quantitative interpretation requires accurate
chemical shift calculations and detailed structural information
for the system. Further, binding enthalpy depends on the energy
difference between the bound and unbound state, and the

difference between two complexes alone may not fully explain
deviations in binding thermodynamics. It is reasonable that the
high degree of structural similarity between the three ligands
in this study would minimize any contribution from the free
state of the ligands, and MD studies are underway to actually
estimate the contribution from the free state. Nevertheless, the
relative downfield changes in chemical shift for E178 HN and
R175 Hη (Figure 6) indicate stronger deshielding and electro-
static potential for interaction in the order of the Src complexes:
fpYEEI > pYEEI > cpYEEI. Given the interactions observed
crystallographically, we propose closer contact and more
favorable noncovalent ligand interactions of the phosphoryl
group with E178 NH and R175 NηHη in the same relative order,
and these interactions are in part the basis for the observed
ranking in experimental binding enthalpies.

The energetic importance of R175 to binding affinity and as
part of the hot spot interaction is well established.49 The residue
is universally conserved across SH2 domains. The structural
importance of the hydrogen bonding between R175 and H201
has been supported by the acidic pKa of H201 Nδ, measured
by NMR titration in Src SH254 and PLCγ.72 A triad of hydrogen
bonds between R175, H201, and E159 is argued to preorganize
the R175 side-chain in its bound state geometry.54 The R175A
Src SH2 mutant binds pYEEI with significantly reduced binding
enthalpy (∆∆G° ) 3.2 kcal/mol, ∆∆H° ) 4.1 kcal/mol, T∆∆S°
) 0.9 kcal/mol62). The noncovalent interactions of the R175
side-chain with S187, H201, and the pY residue (Figure 7)
provide ample energetic potential so that alterations of R175
by different ligands could cause a 2.7 kcal/mol difference in
binding enthalpy that is observed between cpYEEI and fpY-
EEI.14

The NMR chemical shift differences for residues 201-204
(Figure 5) also suggest variations in the interactions of the outer
�D strand of Src SH2. As illustrated in Figure 7A, H201 has
main-chain interactions with pY+1E and with a bound water
molecule,14 which has been shown to be energetically important
in a series of computational investigations by Waksman and
co-workers.73-75 The simulations find that in the cpYEEI
complex two populations exist for the distance of H201 carbonyl
to pY+1E NH (Figure 8). This conformational averaging may
be the origin of the chemical exchange line broadening exhibited
by H201 NH during the titration of Src SH2 with cpYEEI, and
lowers the stability of this interaction based on the energies
calculated from the simulations (Table 2). Moreover, given that
the trend in the chemical shifts of H201 HN follow the rank
order of the binding enthalpies (see Results), H201 interactions
could contribute to the loss of enthalpy with preorganization.
Interestingly, this loss would be attributed to the presence of
dynamic averaging for the restrained cpYEEI rather than a loss
of mobility.

Long-Range Effects of Constraint. Unlike the large CSD
values of NH groups that interact directly with the phosphoryl
moiety of the ligand, a precise structural explanation for the
large CSDs in the central �C-strand residue L186 is less clear.
Chemical shift differences in this region of p85N SH2 upon
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ligand binding were attributed to ring current effects,34 but this
explanation cannot account for the CSD observed in the Src
complexes studied here given that L186 HN exhibits larger
differences (0.7 to 2.3 ppm in δN, 0 to 0.04 ppm in δH) but is
more distant from surrounding aromatic rings so that the ring
currents would be considerably smaller. Also, δN is less
susceptible to the influence of ring currents than δH,75 and the
nitrogen chemical shift dominates the L186 CSD (Figure 6).
Nitrogen chemical shifts are more complex and thus complicated
to calculate as compared to proton shifts, but they are
particularly sensitive to changes in the φ dihedral angle, as well
as the Ψ and �1 torsion angles of the preceding residue,76 C185
in this case. The trends in Ψ(C185), φ(L186), and �1(C185)
that are tabulated in Table 4 agree qualitatively with the
variations in nitrogen chemical shifts in that the SH2-pYEEI
and SH2-fpYEEI values are more similar to each other than
to SH2-cpYEEI. The dihedral angle differences are less than
the standard deviation, but on the basis of this consistent trend
we suggest the CSDs could arise from small deviations in main-
chain conformation of the central � strands induced by the
constraint.

If the CSDs arise from small disparities in Ψ and �1 torsion
angles of residue 185 and in η of 186 in the �C strand, we
suggest the enthalpic impact of this local structural perturbation
is likely negligible. Nevertheless, the chemical shift perturbations
along the length of the �C and �D strands (residues 185, 186,
201-204) could reflect thermodynamic consequences in view
of a coupling between the two binding pockets shown from
calorimetric measurements of binding enthalpies.77 Using a
series of pYEEI variants binding to Src SH2, Waksman and
co-workers reported a significant nonadditivity between the
pY+3 I residue, and either the pY+1 E (1.2 kcal/mol) or the
pY+2 E (-1.6 kcal/mol) residues.77 Long-distance effects are
also apparent here from the disparate NH chemical shifts; S216
and T218 in the EF loop and G236 and L237 of the BG loop
differ for the cpYEEI complex, whereas the complexes of the
more flexible fpYEEI and pYEEI ligands have similar bound
state chemical shifts (Figure 5). Long-range effects originating
from the pY-pocket are also indicated by a recent comparison
of Src SH2 crystallographic structures in the unbound state
determined in the presence and absence of inorganic phosphate.
A notable difference was the closing of the EF and BG loops
in the solution structure without phosphate, leading to a less
well-defined hydrophobic binding pocket.54 We envision a
pathway of correlated interactions starting with the side-chains
of residues C185, S187, H201, and K203 on the pY face of the
�-sheet (solid wedges in Figure 7) mediated through the
hydrophobic-face �-sheet residues L186, Y202, and I204 (open
wedges in Figure 7) to the BG loop via contacts between L186,
Y202, and L237. While a structural path between the pY-pocket

and the EF and BG loops on the opposite side of the SH2
domain is readily mapped out for the residues with CSDs, an
interpretation of the large CSD values of the EF and BG loop
is not obviously associated with the measured enthalpic differ-
ences as was the case for the trends in chemical shift deshielding
for residues in the pY-pocket.

Conclusion

This report has detailed several interactions in the pY-pocket
of the Src SH2 domain as a basis for enthalpy-entropy
compensation of ligand binding by using a combination of
information from NMR, MD simulations, crystallography, and
calorimetry. From the perturbations observed in the chemical
shifts of the Src pY-binding pocket, it is seen that addition of
even a minor structural constraint is not a perfect mimic of the
optimal geometry of binding. Small, almost “invisible” changes
in the bound state geometry appear to impact the binding
energetics. These studies suggest that constraining a portion of
a flexible ligand involved in hot-spot interactions with Src SH2
might be the origin of the weaker binding enthalpy observed
for cpYEEI relative to fpYEEI and pYEEI.

To preorganize ligands without such an enthalpic penalty, it
would appear necessary to closely match the binding site
geometry of Src SH2. Alternatively, the introduction of a
geometric constraint elsewhere in the ligand could yield
improved entropy from preorganization without an enthalpic
penalty resulting from an imperfect match of the targeted bound
state geometry. For example, preorganization of the pY+3 side-
chain, which is energetically forgiving to conservative muta-
tions,77,78 could provide the same entropic gain achieved with
cpY but without requiring an ideal match of binding site
geometry to not diminish key interactions of a “hot-spot” region.
In this context, it is notable, perhaps perplexing, that use of the
same cyclopropane-derived replacement at pY led to enhanced
binding enthalpies without the expected gain in binding entropies
for a series of Grb2 SH2 binding phosphotyrosine analogues,10,11

thereby underscoring the difficulty in predicting binding ther-
modynamics from structure.

We find no evidence in this study that the compensating
contributions in the measured enthalpy-entropy components
arise from the same physical basis, and thus enthalpy-entropy
compensation is not an intrinsic property of preorganization.
That is, the reduced mobility from preorganization of the ligand
leads to a more favorable binding entropy, but this reduced
ligand mobility does not appear to be the origin of the less
favorable binding enthalpy through an effect of the restraint on
the conformational dynamics. As well as can be determined from
the 15N relaxation measurements and MD simulations, protein
internal dynamics are not significantly affected by the con-
strained ligand motion in a manner that accounts for energetic
differences. The results therefore do not support the view that
compensation occurs because the entropy and enthalpy are
inexorably linked and therefore an unavoidable property of the
system. Thus, achieving the anticipated gain in binding free
energy by preorganization of ligand in the bound state confor-
mation appears to remain a potentially viable design principle,
although predicting whether ligand preorganization will have a
favorable entropic and/or enthalpic consequence is problematic.
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