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ABSTRACT

SH2 domains play important roles in signal
transduction by binding phosphorylated tyrosine
residues on cell surface receptors. In an effort to
understand the mechanism of ligand binding and
more specifically the role of water, we have
designed a general computational protocol based
on the potential of mean force to compute the
thermodynamics of water molecules at the pro-
tein-ligand interface for two SH2 domain com-
plexes of the Src kinase, those bound to the two
peptides Ac-PQpYEpYI-NH2 and Ac-PQpYIpYV-
NH2 where pY indicates a phosphotyrosine. These
two peptides were chosen because they have simi-
lar binding affinities but very different entropic/
enthalpic thermodynamic binding signatures,
indicating different interactions with solvent. We
find that the isoleucine to valine mutation at
position +3 (the third amino acid C-terminal to
pY) in the ligand has only limited impact on the
water structure. By contrast, the glutamic acid to
isoleucine mutation at position +1 has a signifi-
cant impact by not only abrogating a local hydro-
Pphilic binding site but, more importantly and sur-
prisingly, inducing a favorable nonlocal entropic
contribution from the water molecules around the
phophorylated tyrosine at the +2 position. Our
study demonstrates the validity of the method
reported here for exploring the thermodynamic sol-
vation landscape of protein—protein interactions.

Proteins 2008; 72:1290-1297.
© 2008 Wiley-Liss, Inc.

Key words: SH2 domains; potential of mean force
(PMF); phosphotyrosine; protein—protein interac-
tions; salvation; thermodynamics; energetics;
water.

1290 rroTEINS

INTRODUCTION

SH2 domains are small protein domains present in a large number
of signal transducing proteins. They are comprised of ~100 amino
acids and bind specifically to tyrosine-phosphorylated sequences
within proteins involved in signal transducing pathways. The SH2 do-
main structure consists of a large (central B-sheet flanked by two a-
helices. The tyrosine phosphorylated peptide binds the SH2 domain
perpendicular to the central B-sheet. The central B-sheet divides the
structure in two regions. The first region is located on the N-terminal
side of the central (3-sheet). In this region, the phosphotyrosine in the
phosphopeptide inserts into a positively-charged binding-pocket. The
second region is located on the C-terminal side of the central B-sheet
and interacts with the C-terminal residues of the peptide ligand.1_3

The binding specificity of SH2 domains was first investigated using
a degenerate phosphopeptide library in which the three first residues
C-terminal to the phosphotyrosine were randomized.40 These stud-
ies resulted in the identification of classes of SH2 domains differing in
the types of sequence motifs they preferentially bind to. In the case of
the SH2 domains of the Src kinase family, it was shown that a
sequence EEI C-terminal to the phosphotyrosine appeared to generate
substantial binding affinity. This was confirmed by subsequent studies
investigating the details of binding specificity in the Src SH2 do-
main/>8 where it was shown that, in the EEI motif, the +3 Ileu
appears to be the more important of the three motif’s residues.
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Table |
Thermodynamic Signatures of pYEpYI- and pYIpYV-Binding to the Src
SH2 Domain

AH (Kcal/Mol) TAS (Kcal/Mol) AG (Kcal/Mol)
PYEpYI -70 2.7 -97
pYlpYV -15 7.2 -8
AA (Kcal/Mol) —55 —45 -1.0

Reprinted from ] Mol Biol, 328, Lubman OY, Waksman G, Structural and thermo-
dynamic basis for the interaction of the Src SH2 domain with the activated form
of the PDGF B-receptor; pp 655-668, © 2003, with permission from Elsevier.

In the platelet-derived growth factor (PDGF) signaling
pathway, the Src kinase binds preferentially to a region of
the PDGF B-receptor with the sequence pYIpYV (where
pY indicates a phosphotyrosine) i.e. an Ile, phosphotyro-
sine, and Val at the +1, +2, and +3 positions C-termi-
nal to the first phosphotyrosine. This region is located in
the juxta-membrane sequence of the receptor. The struc-
ture and thermodynamic signature of this ligand have
been investigated to gain a better understanding of the
role played by the phosphotyrosine at the +2 position of
the pYIpYV ligand in the binding process.9 A mutation
to pY at the +2 position of a peptide containing the
pYEEI sequence (pYEpYI) resulted in a more favorable
affinity. It was also observed that, while the binding of a
pYEpYI-containing phosphopeptide is enthalpically
driven (i.e., the contribution of the enthalpy change to
the binding free energy dominates the binding thermody-
namics), the binding of a pYIpYV-containing peptide is
entropically driven (i.e., the contribution of the entropy
change to the binding free energy dominates the binding
thermodynamics; see Table I).

The structures of the pYEpYI- and pYIpYV-containing
phosphopeptides bound to the Src SH2 domain were
determined using X-ray crystallography at a resolution of
1.9 and 2.1 A, respectively (INZL and INZV in the
protein data bank, respectively), and unveiled 13 and 9
crystallographic water molecules at their binding inter-
face respectively. This difference in water structure
appeared to be the only significant one as all other
aspects of the structures are very similar (the crystalliza-
tion conditions of the two complexes were identical).
Four subsequent studies using very different computa-
tional methods attempted to make sense of the con-
trasted binding thermodynamic signatures of the pYE-
pYI- and pYIpYV-containing ligands.lo_13 Using molec-
ular dynamics (MD) and thermodynamic integration
(TI) on a high performance computing grid, Fowler
et al.10:13 investigated the AAG between two alchemical
mutations at +1 and +3 positions of the ligand, mutat-
ing from pYEpYI to pYIpYV. This study attempted inter
alia to reproduce the experimental AG value of —1.0 +
0.2 kcal/mol between the two dually phosphorylated pep-
tides. Increasing the duration of simulations to enhance
the sampling of phase space improved the quality of

results; however the computed value underestimated the
experimental measurements by 3 kcal/mol, suggesting
that the approach is not accurate enough to be used for
double alchemical mutations, in contrast to the situation
pertaining for single point mutations. Two other studies
by Geroult et al. (2006, 2007) used the surface area
method pioneered bZ Freire and Amzel (reviewed in
Baker and Murphy!4) to compute binding thermody-
namics.! 112 This method, simple in its principles and
implementation, failed to provide predicted binding ther-
modynamic parameters anywhere close to the observed
values, even in a rigorous and systematic treatment of
interfacial water molecules. However, the failure was at
least in part ascribed to a flawed AC, (heat capacity)
equation and it was shown that, provided the AC, is
known, one can expect to derive a reasonable estimate of
the binding entropy change.

The present work seeks to investigate the interactions
of the Src SH2 domain with the ligands Ac-PQpYEpYI-
NH2 and Ac-PQpYIpYV-NH2 in terms of the thermody-
namics of solvation, that is the free energy cost W(x)
associated with the removal of a water molecule from the
surface of the SH2 domain-ligand complex at any posi-
tion x. The free energy W(x) is computed via the poten-
tial of mean force (PMF) method of displacing reversibly
a water molecule to the bulk from any small volume
localized around the protein. By subtracting the different
water binding free energies around the two protein—
ligand systems, we can derive the free energy difference
of water binding between the two systems at any position
x (see Fig. 1). The information on the thermodynamics
of water molecules mediating binding is then exploited
to gain insights into the overall mechanism of phospho-
peptide-binding to the Src SH2 domain. We demonstrate
here that water binding energetics is a useful “informant”
to describe parts of the mechanism of protein-ligand
interaction mediated by SH2 domains.

The use of PMF calculations by direct unbiased mea-
surement over a MD trajectory is a simple and useful
method to derive the thermodynamics of small molecules
when the states are sufficiently well populated.!>16 In
the work reported here, we use the PMF method to
probe the water energetic landscape at the binding inter-
face and thereby indirectly derive information related to
the overall free energy landscape of the protein-ligand
complex. We are able to compute the work from the
PMF formula without any special sample biasing proto-
col due to the abundance of water at the protein-ligand
interface, which makes the statistical sampling of states
from the MD trajectories entirely reliable. This signifi-
cantly reduces the computational cost of the approach as
well as the difficulty of implementing the protocol. This
protocol furnishes rapid qualitative insight into protein-
ligand binding and is a useful complement to more
involved calculations of the binding affinity using stand-
ard free energy perturbation (FEP)!7 and steered molec-
ular dynamics (SMD) methods,18 which, by contrast,
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ApYlpYV

Figure 1

Thermodynamic cycles used to compute the free energy differences of water
molecules across a different set of protein-ligand interfaces. The Src SH2
domain is represented by its water accessible surface area colored in white and
the isosurfaces in grey chicken-wire represent w = W(r) with w = —0.5 Kcal/
mol highlighting water binding sites. The identity of the bound peptides in
panels A, B, and C is indicated next to the A, B, and C labels. The peptides in
those panels are shown in stick representation color-coded by atom types (C, N,
O, and H atoms in cyan, blue, red, and white, respectively). In panel D where
the apo form of the SH2 domain is represented, a pYEpYI peptide (in stick
representation color-coded in orange) is shown to help locate the binding site.

require a larger computational and human effort in terms
of preparation of the calculations and computer time. It
also compares favorably with algorithms for computing
binding sites for water which probe the energy landscape
with respect to topology, electrostatic and Lennard—Jones
po'[e:ntials.19’20 However, those approaches neglect
entropic effects and therefore fail to recover the free
energy surface associated with the binding site. This is
the major advantage of our new protocol which allows
us to reconstruct the water thermodynamics and thereby
to compare directly different structures by computing
free energy differences of water binding at protein-ligand
interfaces.

THEORY AND METHODS

The PMF W(E) along a reaction coordinate & = &(RY)
is defined up to an arbitrary constant by Kirkwood?! as:

W(E) = K, T log(p(§)) (1)
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in which the probability density p(&) of encountering &,
is given by the statistical mechanical ensemble average:

_ JARVAPRB(E(RY) — §) exp(—BH)
B J dRNdPY exp(—BH)
= (B(E(RY) - ©)), (2)

p(&)

where H is the Hamiltonian of the molecular system
(based here on the CHARMM force ﬁeld22’23), RY and
PN the atom positions and momenta, 3 = I/kgT, and &
is the Dirac delta function.

We define the reaction coordinate &, , to be the occu-
pancy of water molecules within a sphere S, , of radius a
centered at position x in three-dimensional (3D) space.
More formally, given M water molecules and the posi-
tions ry,. . .,r, of their oxygen atoms, the reaction coordi-
nate is defined as &, , = M Yx.alri), Where ¥, is the
characteristic function of the sphere S, , centered in x of
radius a, that is y(x) = 1 if x € S and 0 otherwise. The
probability density p(E, ,) can be directly measured from
a standard molecular dynamics trajectory by counting
the presence of water molecules within the sphere S, , for
a given probe radius a and over a set of spatial positions
x. For instance, we have used a regular lattice embedding
the protein-ligand complex with a lattice spacing of
0.5 A and radius a = 1 A. The density is then directly
used to determine the PMF in Eq. (1). The PMF difference
AW = W(x,) — W(x;) between two reference positions
X, and x; is the free energy difference required to reversibly
move a water molecule from &, to &, (see Fig. 1).

Within this description, a water molecule is said to be
in the bulk if its free energy does not change on moving
it further away from the protein-ligand complex. The
reference bulk free energy W(x;) when x; is in bulk water
can be computed by the most probable value of the free
energy histogram of the W values in the lattice. This ref-
erence value Wy is identical between different simula-
tions on different ligands; it can then be subtracted from
the free energy to give the reference delta free energy
between x, and bulk water (x;). Computing the occu-
pancy density at different neighboring sites also gives us
an indication of the degree of convergence of our occu-
pancy averages which are better than 0.1 kcal/mol in the
bulk. This protocol allows us to compute the reversible
work required to move a water molecule from the bulk
water environment to any volume S, close to the SH2
domain, and to build a 3D map and isosurface of the
free energy profile obtained.

Computational protocol for pmf calculations

We used the bound crystallographic structures of the
Src SH2 domain in the PDB files INZL and INZV to set
up the MD simulations of the SH2 domain/pYEpYI
ligand and the SH2 domain/pYIpYV ligand complexes,
respectively. The starting structure for the SH2 domain/
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pYEpYV ligand complex was generated from the crystal
structure of the SH2 domain/pYEpYI ligand complex by
mutating the isoleucine to a valine residue. The SH2
domain in the apo form is also taken from the PDB file
INZL (this structure contains indeed two molecules of
SH2 domain in the asymmetric unit, one bound to the
doubly phosphorylated peptide and the other unbound).
All MD simulations were carried out using the NAMD
program24 with the CHARMM?27 forcefield?3 and TIP3P
water. During equilibration the position of the protein
heavy atoms were kept fixed with the hydrogen atoms
and water molecules allowed to evolve for 200 ps at am-
bient temperature (298 K). The backbone of the protein,
and the phospho-peptide, were then restrained by a small
harmonic potential with a spring constant of 2 kcal/mol/
A2 and thermalised from 108 to 298 K in steps of 10 K
over 200 ps. The magnitude of the restraining spring
constant was then reduced to 0.5 kcal/mol/A? and finally
to zero. A Berendsen barostat was applied to maintain
the pressure at 1 atm. The simulation cell was finally
equilibrated for at least 2 ns in the isothermal-isobaric
(NPT) ensemble.

The PMF calculation uses trajectories generated during
a 10 ns simulation run in the NPT ensemble at 298 K and
1 atm for the three equilibrated SH2 domain complex
structures (SH2 domain/pYEpYI ligand, SH2 domain/pYI-
pYV ligand, SH2 domain/pYEpYV ligand complexes) and
also for the apo form (see Fig. 1). The 10 ns production
MD trajectories were postprocessed in order to ensure
perfect alignment. First, the proteins were re-centered in
the simulation box and the water molecule positions
transformed within the periodic domain. Then every tra-
jectory was aligned on a chosen reference initial position
of the C, atoms comprising the SH2 domain. This proce-
dure allows us to compare the relative positions of the
water molecules around the SH2 domain/ligand complex
system. For every trajectory, each configuration is parti-
tioned into small cubic volumes of side 0.5 A and the av-
erage number of water molecules counted within the
spherical volume S, centered at the grid point x with ra-
dius 1 A. We obtain the density p(&,,) after normalizing
for the number of frames and the PMF from the defini-
tion in Eq. (1), resulting in  Wsmipyepyi(X),
WSH2+pYIpYV(X): WSH2+pYEpYV(X)> and Vvapo(x)- The value
of the PMF in the bulk W, is then subtracted from the
volumetric free energy data to obtain the free energy land-
scapes of water binding at the interface of the protein-
ligand ~ systems AWspoipyepyvi(X),  AWsha+pyipyv(X),
AWsto 4 pyepyv(X), and AW,,,(x). The four isosurfaces at
w = —0.5 Kcal/mol are shown in Figure 1.

From the three data sets of the ligand-bound struc-
tures we can further compute the “AA” free energies
between different SH2 complexes, which highlight the
differences in binding sites of water molecules between
different ligands. We compute the free energy changes for
the dual mutation AAWiy.gi(x) = AWspoypypyv(X) —

AWst 4 pyepy1(X), and for the single mutations AAWey_g
(x) = AWSH2+pYEpYV(X) AWSH2+pYEpY1(X)> and
AAWypy(x) = AWSH2+pYIpYV(x) - AWSH2+pYEpYV(X)-
Using the same protocol, we have also computed the free
energy difference for the doubly mutated ligands pYEpYI
and pYIpYV in bulk water AAWiy gr, buk(X) = AW,y
pyv(X) — AW,yppyi(x) with water coordinates restrained
to their crystallographically determined bound positions,
in order to compare the “bare” effect of the mutation in
bulk with that when bound to the SH2 domain. All volu-
metric data are visualized by isosurfaces using the volume
rendering capabilities of VMD.2> All necessary files to
reproduce the results (psf, pdb, cube files) can be found
as supplementary files in supplementary materials.

RESULTS

We use the PMF method to provide an explanation of
the differences observed between the binding thermo-
dynamics of the pYEpYI and pYIpYV peptides to the Src
SH2 domain (shown in Table I) in terms of a quantita-
tive definition of hydrophobicity. In the following, we
look at the results on the apo form of SH2 domain and
the AW change (AAW) between these two ligands by
using the singly mutated intermediate pYEpYV peptide
to help differentiate the contribution from each single
amino acid mutation.

A quantitive definition of hydrophobicity/
hydrophilicity

The definition of the PMF given in Eq. (1) allows us
to give a clear, quantitative definition of hydrophobicity.
A small volume centered in x is hydrophobic if AW(x) =
W(x) — Wpuk > 0, that is it requires positive work to
reversibly displace a water molecule from the bulk to the
volume centered in x. In contrast, hydrophilic sites are
characterized by negative work AW < 0. The isosurface
at a given value of the PMF w = AW(x) defines a solvent
iso-energetic surface. Water molecules experience a zero
average thermodynamic force when moving on this sur-
face (i.e., they undergo free diffusion there), while the
direction normal to this surface at each point represents
the least likely permeation direction for water molecule
diffusion because it corresponds to the greatest energetic
barrier. Volumes characterized by a negative free energy
value are therefore binding sites for water molecules. The
information obtainable by this methodology is displayed
in Figure 1 where the isosurfaces for —0.5 Kcal/Mol are
shown highlighting the different binding sites for water
at the protein-ligand interface.

AW of the Src SH2 domain apo form

In all panels of Figure 2, the pYEpYI ligand is shown
in a semitransparent stick representation superimposed
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Figure 2

AW of the Src SH2 apo form. In A, the Src SH2 apo form is shown with the
+3k,T/e (red) and — 3k, T/e electrostatic potential (blue) isosurface. A large
positive electrostatic region characterizes the binding pocket. In B and C, the free
energy AW of the Src SH2 apo form computed with the PMF method is
represented with 3D isosurfaces; AW with values higher than + 3k, T and lower
than — 1.5k, T are illustrated by red and blue isosurfaces, respectively. In each
panel, the crystallographic structure of the pYEpYI ligand has been added at the
domain interface for illustrative purposes and is shown in semi-transparent stick
representation color-coded by atom types red, blue, and gray for oxygen,
nitrogen, and carbon atoms, respectively. The Src SH2 domain water solvation
accessible surface area is represented in gray.

on the apo SH2 domain to help locate the binding inter-
face. First, the electrostatic potential (U) of the Src SH2
domain in its apo form is computed using APBS (adapt-
ive Poisson—Boltzmann solver, http://apbs.sourceforge.
net)26 and shown as an isosurface plot in Figure 2(A) at
the potential values of U = +3kgT/e (red color) and U
= —3kgT/e (blue color). Interestingly, the binding inter-
face shows an electrostatic potential manifestly positive,
a feature that attracts negatively-charged ligands such as
the pYEEL pYIpYV or pYEpYI peptides. The static infor-
mation on the electrostastic potential can be comple-
mented with van der Waals interactions and entropic
effects which contribute to the full thermodynamic land-
scape. In our PMF method, these effects are explicitly
taken into account. This is illustrated by the hydrophobic
free energy difference AWgp;.4po(X) = +3kgT isosurface
(red) shown in Figure 2(B). The hydrophobic region
coincides reasonably well with the binding site of the
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ligand. The binding pocket is expected to be hydrophobic
because it would require a lower free energy to displace
water molecules in order for the ligand to bind. In Figure
2(C), AW of the Src SH2 domain apo form is repre-
sented by free energy 3D isosurfaces with values lower
than —1.5kgT (blue). The negative AW domains high-
light the hydrophilic sites of the apo form.

AAW of Sre SH2 domain bound to
pYEpYI and pYIipYV

The free energy change AAWiy.g(x) = AWz 4 pyipyv(X)
— AWsp 1 pyepyi(x) provides the difference in solvation
energy between the SH2 domain/pYEpYI ligand and SH2
domain/pYIpYV ligand complexes. In Figure 3(A), the
3D isosurfaces of AAWy.g; are drawn for potentials of

A

+1 ILE

+2 pTyr

+3 ILE

Figure 3

AAW(r) between pYEpYI-, pYEpYV-, and pYIpYV-SH2 domain complexes.(A)
AAW y_gi(x) = AWspiot pyipyv(%) — AWty pyepyi(X) between the pYEpYI-
and pYIpYV-SH2 domain complexes. The 3D isosurfaces of AAW with a value
higher than +4k,T and lower than —4k,T are represented in red and blue color,
respectively. The time-averaged structure of the pYIpYV ligand is shown at the
domain interface in orange stick representation. The solvation accessible surface
area of the Src SH2 domain interface is represented in a grey isosurface. (B)
AAW(r) between pYEpYI- and pYEpYV-SH2 domain complexes. The color
coding is the same as in A. The time-averaged structure of the pYEpYI ligand is
shown at the domain interface in orange stick representation. (C) AAW(r)
between the pYEpYV- and pYIpYV-SH2 domain complexes. The color coding is
the same as in A. The time-averaged structure of the pYEpYV ligand is shown
at the domain interface in orange stick representation.
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F +1 residue

S 0-pTyr

+3-residue — +2-pTyr
Figure 4

AAW(r) between the apo form of the pYEpYI (orange) and pYIpYV (green)
ligands restrained in their crystallographic conformations. The three-dimensional
isosurfaces of AAW with values higher than + 3k, T and lower than —3K,T are
represented in red and blue, respectively.

+4kpT (red) and —4ksT (blue) representing the positive
and negative free energy differences in solvation from the
SH2 domain/pYEpYI complex to the SH2 domain/
pYIpYV complex. The free energy isosurface AAWpy g
between the two complex structures shows a strongly
reduced water affinity at the +1 position. This is to be
expected from the nature of the mutated residues.
Indeed, the same mutations for the ligands in bulk water
(without the SH2 domain) reproduce a similar energetic
profile (see Fig. 4) due to removal of the polar groups of
the glutamic acid, which makes the region more hydro-
phobic. The I-V mutation at the +3 position also
reduces steric interactions, creating more available vol-
ume for water binding but it has no direct solvation
effect within the protein-ligand complex because it is not
directly accessible by water. However, the AAW}y g iso-
surface between the bound structures also exhibits a
strong higher hydrophilic component at the +2 position.
This is unexpected as it is not present in AAWpy gr com-
puted from the peptides alone (see Fig. 4). Thus, the
negative AAWpy.g; observed at the +2 position in the
bound structures is due to the interaction with the pro-
tein. We next investigated which of the two residues
mutated at the +1 and +3 positions is responsible for
this effect.

AAW between Src SH2 bound to pYEpYI
and pYEpYV

We applied the PMF protocol to the Src SH2 domain/pYE-
pYV peptide complex and computed the free energy change
AAWgy gi(x) = AWSH2+pYEva(X) - AWSH2+pYEpYI(x)-
In Figure 3(B), the isosurfaces AAWgy gy with a value
higher than +4kgT (red) and lower than —4kgT (blue)
are shown. We did not observe significant changes of sol-
vation close to the +3 position in the solvation isosur-
face because, as explained earlier, the region is buried
inside the protein-ligand interface. A small change in the

solvation AAWgy. g isosurface is observed close to the
phosphotyrosine at the +2 position. It appears that the
presence of an isoleucine compared to a valine at +3
position produces a gain in solvation around the +2
position, leading to increased water affinity under the
ring of the phosphotyrosine in the SH2 domain/pYEpYV
peptide complex.

AAW between Src SH2 bound to pYEpYV
and pYIlpYV

Finally, we investigated AAWiy_py(x) = AWsa 4 pyipyv
(x) — AWspa4pyepyv(x) between the Src SH2 domain/
PYEpYV peptide and/pYIpYV peptide complexes. The
AAWry gy isosurface is shown in Figure 3(C), where we
observe a loss of solvation at the +1 position (as
expected, see Fig. 4) due the replacement of a hydrophilic
by a hydrophobic residue. However, we observe a net
gain in the solvation energetics at the +2 phosphotyro-
sine and +4 positions.

Monitoring the mobility of the
+2 pY side chain

As both mutations at the +1 and +3 position impact
on the hydrophilicity under the +2-pY position, we
investigated a potential impact of this increased hydro-
philicity on the mobility of the +2-pY side chain along
the MD trajectory. We monitored two distances: DI
between the +2-pY C: atom and the C, atom of the N-
terminal pY (the least mobile atom in the ligand) and
D2 between +2-pY C; atom of the ligand and the C,
atom of LysBD6 in the SH2 domain [Fig. 5(A)]. The dis-
tances between the atoms were computed for each frame,
smoothed with moving means (£50 ps) and plotted as a
function of frame number. Figures 5(B,C) show the vari-
ation of the distances D1 and D2, respectively, during the
simulation. We observed a reduced displacement fluctua-
tion of the +2-pY side chain in the SH2 domain/pYEpYI
peptide complex (blue trace) compared to the SH2 do-
main/pYEpYV peptide complex (red trace) or SH2 do-
main/pYIpYV peptide complex (green trace). Fluctua-
tions of this side chain in the SH2 domain/pYIpYV pep-
tide complex were much larger than in the SH2 domain/
pYEpYV peptide complex. Also, the +2 side chain in the
ligand appears to be more anchored to the SH2 domain
interface in the SH2 domain/pYEpYI peptide complex
than in the SH2 domain/pYIpYV peptide complex [Fig.
5(C)]. Thus, there appears to be a correlation between
solvation and greater mobility of the +2-pY side chain
in the SH2 domain/pYIpYV peptide complex.

DISCUSSION

In our study, the role of solvation in influencing binding
thermodynamics of the Src SH2 domain to doubly phos-
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Variation in the distance D1 between the +2-pTyr C; atom and the C, atom of
the 0-pTyr and distance D2 between the +2-pTyr C. atom and the C, atom of
LysBD6 in the SH2 domain. (A) Schematic diagram defining D1 and D2. (B)
D1 is plotted for all three complexes examined with the pYEpYI-SH2 domain
complex in blue, the pYEpYV-SH2 domain complex in red, and pYIpYV-SH2
domain complex in green. The distances between the atoms are computed for
each molecular dynamics snapshot, smoothed with a moving mean (£50 ps)
and plotted as a function of frame number. (C) D2 is plotted for all three
complexes with the same color coding than B.

1296 FroTEINS

phorylated peptides has been investigated. If, in general
terms, the release of bound water to the bulk is believed to
be entropically favorable,27 on the other hand, recruitment
of water to a binding interface may be enthalpically favor-
able.28-30 Overall, although there is a fine balance between
the enthalpic and entropic contributions, binding of water
molecules through formation of several hydrogen-bonds is
believed to be energetically favorable,2%50 if these water
molecules are placed such that they extend the binding
pocket by forming several hydrogen bonds with the ligand
and the protein at the same time. Although, these rules
must be used with great care, it is clear that whatever the
impact water molecules make on binding, they are key
players in the thermodynamic signature of Src SH2 do-
main/phosphopeptide complexes.

Our results provide a detailed, quantitative, thermody-
namic map of all the binding sites of water at the
protein-ligand interface. We also showed that a gain in
solvation energy is observed in the region of the AAW
isosurface located on the +2-pY and that the +2-pY side
chain in the pYIpYV peptide-bound ligand appears to be
more mobile and to assume a different conformation
compared to the pYEpYI peptide-bound ligand. Overall,
the double mutation introduced in the pYIpYV peptide
at position +1 and +3 compared to the pYEpYI peptide
results in two indirect events around the +2-pY. It is
thus remarkable to see that these mutations do not just
produce local effects, that is ones that occur close to the
mutated residues, but combine to affect more distant
regions of the binding interface.

We suggest here that the region around the +2-pY
therefore plays a central role in the entropic contribution
to the free energy changes shown in Table I. By decom-
posing the double E to I and I to V mutation into single
mutations, we gain a better understanding of the cause
of the progressively better solvation around the +2 pY in
going from pYEpYI to pYEpYV to pYIpYV. Indeed, we
observe that this effect is not entirely due to one residue
but rather to the combination of two single mutations,
albeit with different magnitudes (+1 position being the
dominant one). The favorable enthalpic difference from
pYIpYV to pYEpYI (—4.7 Kcal/mol from Table I) is
likely due to the binding of water molecules at the inter-
face between the glutamic acid and the SH2 domain with
a possibly much lower contribution from the V to I
mutation at the +3 position. The high entropic loss
(—4.5 kcal/mol) is partially due to the bound water at
+1 but more importantly to a secondary event at +2-pY
with a change in mobility and conformation of the phos-
photyrosine ring producing a significantly reduced water
accessible volume at the ligand—protein interface.

In conclusion, the PMF protocol described in this
work, in combination with MD simulations, provides an
effective means of analyzing the thermodynamic signa-
ture of protein-ligand interactions on a qualitative basis
and useful insights into the molecular mechanism of
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binding. However, it has the obvious limitation that it
does not provide a quantitative answer in terms of the
thermodynamics of protein-ligand binding. In the future,
however, the same protocol may lead to more quantita-
tive results for binding affinities. In fact, the “AA” free
energy isosurfaces AAW computed here provide addi-
tional information on the shape and depth of the free
energy wells of the water binding sites which are of inter-
est in estimating, at least approximately, the relative
enthalpic/entropic contributions of solvation in a more
quantitative manner.
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