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Binding between biomolecules is usually accompanied by the
formation of direct interactions with displacement of water from
the binding sites. In some cases, however, the interactions are
mediated by ordered water molecules,1 whose effect on binding
affinity and the other thermodynamic functions is unclear. In this
work, we compute the contribution of one such water molecule to
the thermodynamic properties using statistical mechanical formulas
for the energy and entropy. The requisite correlation functions are
obtained by molecular dynamics (MD) simulations. We find that
the entropic penalty of ordering is large but is outweighed by the
favorable water-protein interactions. We also find a large negative
contribution from this water molecule to the heat capacity.

Most theoretical work so far has focused on water in internal
protein cavities and on the free energy only.2,3 Dunitz4 provided
an empirical upper bound of 7 cal/mol K (about 2 kcal/mol at 300
K) for the entropy cost of transferring a water molecule from the
bulk to a binding site. Similar estimates for the enthalpy of water
ordering gave-3.8 kcal/mol.1 Therefore, the free energy of ordering
should be favorable. However, these estimates do not consider the
specific binding interface and interactions that the bound water
experiences with the biomolecule or the inhibitor, and thus they
cannot provide much guidance as to whether water displacement
is favorable or unfavorable in specific cases.

One approach that could prove useful in this regard is the
inhomogeneous fluid solvation theory.5,6 In this approach, the
solvation energy and entropy are decomposed into the solute-
solvent terms (Esw, Ssw) and solvent reorganization terms (∆Eww,
∆Sww). Ssw is expressed as an integral over the solute-solvent
correlation functiongsw(r ,ω):

wherek is Boltzmann’s constant,F is the density of bulk water,
and Ω is the integral overω (the orientation of the solvent with
respect to the solute).

Using the identity

we can decomposed the above integral into a translational and an
orientational contribution:

If we further assume thatgsw
or (ω|r ) is independent ofr within a

certain region of spaceυ (gsw
or (ω|r ) ≈ gsw

or (ω)) and restrict the
range of integration withinυ, eq 3 becomes

whereNwat is the number of water molecules in that region of space

(Nwat ) F∫υgsw
tr (r ) dr ). The solute-solvent energy can also be

written as an integral:

whereusw is the potential energy, but it is more easily evaluated
directly from a simulation.

The solvent terms,∆Eww and ∆Sww, can also be expressed as
integrals over the space around the solute. Thus, the contribution
of specific regions of space to the solvation properties can be
determined. This approach can be applied over regions occupied
by bound water molecules in biomolecular complexes to provide a
rigorous estimate of the contribution of such molecules to the
thermodynamic functions. The contribution of a solvent molecule
to the solvation energy, entropy, and free energy is equivalent to
the energy, entropy, and free energy difference between bulk and
“interfacial” solvent molecules (upon insertion of a solute into the
solvent, a number of bulk solvent molecules become interfacial
solvent molecules).

One case where the displacement of a bound water molecule
was thought to be favorable to binding is HIV-1 protease. The
crystal structures of the HIV-1 protease with a number of inhi-
bitors7-10 show an ordered water molecule donating two hydrogen
bonds to the inhibitor and accepting two hydrogen bonds from the
protein “flaps”. NMR studies showed that this water molecule has
a long residence time.11 In the work reported by Lam et al.,12 cyclic
urea inhibitors were designed to displace and mimic the interactions
of this water molecule and were found to bind more strongly to
HIV-1 protease. The crystal structure of the HIV-1 protease-
DMP450 complex13 shows the oxygen atom of the cyclic urea car-
bonyl group accepting two hydrogen bonds from the protein flaps.

Here we calculate the contributions of this water molecule to
the energy, entropy, and heat capacity of solvation using the
inhomogeneous fluid theory.5,6 MD simulations were performed
on two HIV-1 protease-inhibitor complexes: the complex with KNI-
272 (pdb code 1HPX) where the ordered water molecule is present,
and the complex with DMP450 (pdb code 1DMP) where it has
been displaced. The simulations started from the crystal structures
and lasted 8 ns at 300 K, keeping the protein and the inhibitors
fixed. In addition to the crystal water molecules, a 15 Å sphere of
TIP3P water molecules was added around the active site. The
charmm22 force field was used for the protein. Partial charges for
the inhibitors were obtained with QUANTA (Accelrys, Inc.) using
charmm template charges.

We first calculated the translational correlation function
gsw

tr (r,θ′,φ′), where r, θ′, and φ′ are spherical coordinates of the
water oxygen with respect to its average position. The radial distri-
bution function (gsw

tr (r ) averaged overθ′ andφ′) is shown in Fig-
ure 1. This function gives the local density relative to bulk water,
which can be seen to be very high. From the Euler angles of this
water molecule in each frame, we also calculated an average
orientational correlation functiongsw

or (θ,φ,ψ) over the region oc-
cupied by this water molecule (Figure 2 shows the distribution of

Ssw) -kF/Ω∫gsw(r ,ω) ln gsw(r ,ω) dr dω (1)

gsw(r ,ω) ) gsw
tr (r )gsw

or (ω|r ) (2)

Ssw) -kF∫gsw
tr (r ) ln gsw

tr (r ) dr -

kF/Ω∫dr gsw
tr (r )∫gsw

or (ω|r ) ln gsw
or (ω|r ) dω (3)

Ssw
υ ) -kF∫υgsw

tr (r ) ln gsw
tr (r ) dr -

kNwat/Ω∫gsw
or (ω) ln gsw

or (ω) dω (4)

Esw) F/Ω∫gsw(r ,ω)usw(r ,ω) dr dω (5)
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each angle). The calculation of the integrals in eq 4 was done using
either the full three-dimensional functionsgsw

tr (r,θ′,φ′) and
gsw

or (θ,φ,ψ) or the factorization approximationsgsw
tr (r,θ′,φ′) )

gsw
r (r)gsw(θ′)gsw(φ′) and gsw

or (θ,φ,ψ) ) gsw(θ)gsw(φ)gsw(ψ), with
similar results. The values below are those obtained by the factor-
ization approximations. The translational and the orientational con-
tributions to the solute-solvent entropy were found to be-12.5
cal/mol K each, givingSsw ) -25.0 cal/mol K. The solute-solvent
energyEsw was calculated directly from the simulation to be-28.2
kcal/mol.

The calculation of the solvent reorganization terms in this case
is facilitated by the fact that this water molecule does not interact
significantly with other water molecules when bound to the protease
(the calculated interaction energyEww is -0.3 kcal/mol). Therefore,
the∆Eww and∆Sww are simply the energy and entropy of removing
a water molecule from bulk water, that is,∆Eww ) +10.1 kcal/
mol and∆Sww ) +15.2 cal/mol K.14 Therefore,∆E ) -18.1 kcal/
mol and∆S) -9.8 cal/mol K. This value is larger than the upper
bound estimated by Dunitz,4 showing the extremely high degree
of ordering of this water molecule. The contribution of the water
molecule to the solvation free energy at 300 K is (P∆V term is
negligible)

To examine the dependence of the calculated solvation properties
on the protein/inhibitor configuration, we repeated the calculation
on the structure obtained after 1 ns of MD simulation, with the
inhibitor and the residues of the protein within a radius 13 Å free
to move. We obtainedSsw ) -23.3 cal/mol,Esw ) -28.4 kcal/
mol, and∆Gsolv ) -15.9 kcal/mol, quite similar to the values above.

To calculate the contribution of this water molecule to the heat
capacity, we repeated the MD simulation at 330 K. We obtained
Ssw ) -24.5 cal/mol K andEsw ) -28.0 kcal/mol. From the
properties of bulk water, we obtained∆Eww ) +9.6 kcal/mol and
∆Sww ) +13.5 cal/mol K.14 Therefore,∆E ) -18.4 kcal/mol and
∆S) -11.0 cal/mol K, and the contribution of the water molecule
to the heat capacity of solvation is6

An alternative calculation gives

The negative value of∆Cp is due to the fact that the decrease of
solvent reorganization energy and entropy with temperature is faster
than the decrease of the protein-water interaction energy and
entropy. In other words, the interactions of the water molecule in
the binding site are less susceptible to temperature than bulk water.

This finding is in agreement with the proposal that ordered water
molecules contribute to the negative heat capacity observed in
protein-DNA complexes.15

For the protease/DMP450 complex, we calculated the interaction
energy of the carbonyl group with the protein to be-16.9 kcal/
mol. This value is more negative than∆Gsolv for the water molecule.
However, the cost of desolvating a carbonyl group is about+5
kcal/mol.16 Therefore, the displacement of the key crystal water
molecule by insertion of a carbonyl group per se should be
unfavorable. On the other hand, two carbonyl groups interacting
with the key water molecule are eliminated in going from KNI-
272 to DMP450, reducing the desolvation cost. Consideration of
the above contributions leads to the conclusion that the specific
way water displacement was achieved in this case was favorable
for binding. Of course, because these two inhibitors are entirely
different, one would need a comprehensive account of all other
differences for a reliable attribution of the gain in binding affinity.

The present work shows that inhomogeneous fluid solvation
theory can yield the thermodynamic contributions of ordered water
molecules. One advantage of this method over standard free energy
simulations is that it is also applicable to water molecules that are
not fully buried; such calculations are in progress. Other advantages
include the facility by which it yields all thermodynamic functions
(not just the free energy), easier assessment of sampling adequacy,
and a lower computational cost. This approach could be useful in
rational drug design by estimating which bound water molecules
would be most favorable to displace.
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Figure 1. Radial distribution functiongsw
r (r) at 300 and 330 K.r is the

distance of the key water molecule from its average position.

∆Gsolv ) Esw+ ∆Eww - T(Ssw+ ∆Sww) ) -15.2 kcal/mol
(6)

∆Cp ) (d∆H
dT )p

=
δEsw

δT
+

δ∆Eww

δT
)

7 - 17 ) -10 cal/mol K (7)

∆Cp ) T(d∆S
dT )p

) -12 cal/mol K (8)

Figure 2. Probability distribution of the Euler angles around their average
values.
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