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The structure of the complex of cyclophilin A (CypA) with cyclosporin A (CsA,1) shows a cluster of four
water molecules buried at the binding interface, which is rearranged when CsA is replaced by (5-hydroxy-
norvaline)-2-cyclosporin (2). The thermodynamic contributions of each bound water molecule in the two
complexes are explored with the inhomogeneous fluid solvation theory and molecular dynamics simulations.
Water (WTR) 133 in complex1 contributes little to the binding affinity, while WTR6 and 7 in complex2
play an essential role in mediating protein-ligand binding with a hydrogen bond network. The calculations
reveal that the rearrangement of the water molecules contributes favorably to the binding affinity, even though
one of them is displaced going from ligand1 to 2. Another favorable contribution comes from the larger
protein-ligand interactions of ligand2. However, these favorable contributions are not sufficient to overcome
the unfavorable desolvation free energy change and the conformational entropy of the hydroxylpropyl group
of ligand 2 in the complex, leading to a lower binding affinity of ligand2. These physical insights may be
useful in the development of improved scoring functions for binding affinity prediction.

Introduction

Interactions at the binding interface of biomolecular com-
plexes are often mediated by bound water molecules.1-12 Several
studies have demonstrated the importance of taking such water
molecules into account in ligand design.8,13-17 The displacement
of ordered water molecules is sometimes used as a strategy for
designing ligands with higher binding affinity, as in the case of
cyclic urea inhibitors of HIV-1 protease.8 However, in some
cases, water displacement seems to lower binding affinity.18-20

Interfacial water molecules can be isolated or can form
clusters. For example, six water molecules forming two water
clusters are found at the interface of the trp-repressor/operator
complex, mediating the polar contacts to the base.3,21 These
water molecules are the determinants of specificity in this
system.4 Water clusters are also found at the interface between
the mouse major urinary protein and its pheromone ligands.22

Disruption of the hydrogen bonds between one of the bound
water molecules and the protein-ligand complex causes a loss
of binding enthalpy and a favorable change of entropy.
Crystallographic studies of OppA-peptide complexes revealed
a water cluster at the binding interface of the dipeptide
complex.9,10Release of these bound water molecules to the bulk
when the ligand changes from dipeptide to tri- and tetrapeptides
is entropically favorable and was suggested to be responsible
for the gain of binding affinity.10

The thermodynamic contribution of water at protein-ligand
binding interfaces is still poorly understood. This causes major
problems to current scoring functions for prediction of protein-
ligand binding modes and affinities.23 Attempts of refining the
scoring functions taking bound water molecules into account
improved the prediction quality in some cases.24,25

We have previously applied a rigorous statistical thermody-
namic analysis on tightly bound water molecules in HIV-1
protease-inhibitor and concanavalin A-trimannoside com-
plexes.26,27In both cases, we found that the tightly bound water
molecules at the binding interface had a large negative entropy
that was outweighed by a favorable interaction between the
water molecule and the protein or ligand, leading to a favorable
free energy contribution (-15.2 kcal/mol and-17.2 kcal/mol,
respectively). We also studied the thermodynamic consequences
of the displacement of the water molecule in the concanavalin
A-trimannoside complex. We found that the water-protein/
ligand interactions eliminated were almost compensated by the
direct interactions gained. Other contributions from the differ-
ence of the desolvation enthalpy, entropy, and conformational
entropy of the ligand were much smaller but significant,
compared to the binding free energy difference.27

In this work, we extend this analysis to water molecules that
are not fully buried or form a cluster. Such a water cluster is
observed in complexes of cyclophilin A (CypA) with cy-
closporin A (CsA,1) and analogues. CsA is an immunosup-
pressive drug that can prevent graft rejection after transplant
surgery by forming a complex with its soluble intracellular
receptor protein CypA, which then interacts with calcineurin
and inhibits its phosphatase activity.28 In the complex of CypA-
CsA, several bound water molecules were found at the binding
interface, mediating the interactions between CypA and the Abu
residue (L-R-aminobutyric acid) of CsA.29 Three of them
(WTR5, 6, and 7) are well ordered, and one is less tightly bound
(WTR133). (5-Hydroxynorvaline)-2-cyclosporin (2) (Figure 1,
compound 2) is a derivative of1, which was designed to form
additional direct interactions with CypA. Displacement of two
of the bound water molecules in the Abu pocket was observed
going from 1 to 2.12 X-ray crystal structures of these two
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complexes show that the two ligands have identical backbone
conformation and the protein binding site has similar geometry.

In Vitro measurements of the binding affinities of1 and 2
gave∆∆G2-1 ) +1.3 kcal/mol, showing an 8-9-fold lower
affinity for 2.12 Mikol et al. attributed the different binding
affinity to several contributions: the loss of the conformational
entropy by the constraints of the longer side chain of ligand2
in the complex, which is counter-balanced by the gained
interactions of2 in the complex, a desolvation term, which was
assumed to be less than+2 kcal/mol, including the consider-
ations of both the different desolvation energy of1 and2, and
the free energy cost of displacement of WTR6. The less-ordered
water molecule WTR133 was treated as a solvent molecule at
the hydration shell, and its contribution to the binding affinity
was neglected.

In this work, we calculate the thermodynamic contributions
of the water clusters in the Cyp-1 and Cyp-2 complexes. The
contributions of each bound water molecule to the thermody-
namic properties are calculated separately and compared to those
of other water molecules, showing the different roles they play
at the binding interface. The change in binding affinity by the
ligand modification is accounted for by considering the con-
tributions from the water clusters, ligand-protein interactions,
ligand desolvation, and ligand conformational entropy loss.

Methods

In the inhomogeneous fluid solvation theory,30,31the solvation
energy and entropy are decomposed into the solute-solvent
terms (Esw, Ssw) and the solvent reorganization terms (∆Eww

and ∆Sww), The latter are due to the difference in solvent-
solvent interactions and correlations in the bulk and in the
complex. All of these components can be expressed as integrals
over the solute-solvent correlation functiongsw (r , ω) and
solvent-solvent correlation functiongww

inh(r , r ′, ω, ω′).31 Only
two-particle contributions to the entropy are considered.

wherek is Boltzmann’s constant,F is the density of bulk solvent,
r andr ′ denote the position of two water molecules,ω andω′
denote the orientation of these two water molecules with respect
to the solute,Ω is the integral overω (Ω ) 8π2), R is the
distance between two water molecules,ωrel are the five angles
that describe the relative orientation of two water molecules,
andΩrel ) ∫ dωrel ) 32π3; gww

o (R, ωrel) andgww
inh(r , r ′, ω, ω′)

are the solvent-solvent correlation function in the pure solvent
and in the complex, respectively;usw (r , ω) and uww(R, ωrel)

are water-solute and water-water potentials, respectively. The
energy terms (Esw and∆Eww) can also be more easily evaluated
directly from a simulation.

The inhomogeneous fluid solvent theory has been applied to
several systems: the excess entropy in pure liquid water,32

solvation thermodynamics in simple Lennard-Jones and hard-
sphere fluids,30 and the solvent reorganization energy and
entropy of hydration of methane.31 In previous work, we applied
this approach to isolated water molecules in biomolecular
complexes.26,27 In that case, the solvent-solvent energy and
entropy are negligible, and∆Eww and ∆Sww are equal to the
energy and entropy of removing a water molecule from bulk
solvent. Here, we apply the same treatment to water molecules
that are not fully buried or form a cluster. Now, the solvent-
solvent terms in the complex need to be evaluated, and the
definition of a water molecule contribution to the energy and
entropy is somewhat more complicated.

The integrals in eqs 1 and 3 are over all spaceV. gsw(r , ω)
is zero over the regions occupied by the solute; the only
contributions come from regions occupied by the solvent.
Because any integral overV can be split into a sum of integrals
over distinct subregions (V ) ∑iνi, V′ ) ∑jνj), the contributions
of specific water molecules can be determined. As a result, eqs
1 and 3 can be written as:

With the identities
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the integrals in each subregion (νi, νj) can be decomposed into
a translational and an orientational contribution:

and

with Sww
m (r , r ′) andSo defined as

If we further assume thatgsw
or (ω|r ), gsw

or (ω′|r ′) are independent
of r or r ′ within the small regionsνi, νj, i.e., gsw

or (ω|r ) ≈
gsw

or (ω), gsw
or (ω′|r ′) ≈ gsw

or (ω′), eqs 9 and 11 become,

whereNwat(i)
νi is the number of water molecules in the region of

spaceνi, (Nwat(i)
νi ) F ∫νi gsw

tr (r ) dr ).
The translational correlation function and orientational cor-

relation function were calculated as products of one-dimensional
functions, e.g.,gsw

tr (r ) ) gsw
tr (r) gsw

tr (θ′) gsw
tr (φ′) andgsw

or (θ, φ, ψ)
) gsw

or (θ) gsw
or (φ) gsw

or (ψ), where r, θ′, and φ′ are spherical
coordinates of the water oxygen with respect to its average
position; θ, φ, and ψ are Euler angles. In this work, the bin
sizes for the numerical evaluation of integrals are set to dr)
0.1 Å, dθ′ ) π/10, dφ′ ) π/10, and dθ ) π/10, dφ ) 2π/10,
dψ ) 2π/10. The translational solvent pair correlation function
gww

r,inh(r, r ′) and the orientational solvent pair correlation func-
tion gww

or,inh(ω, ω′|r, r ′) are six-dimensional functions, which are
very difficult to obtain directly from simulation. The Kirkwood
superposition approximation (KSA) assumes that the inhomo-
geneous pair correlation function is equal to the bulk solvent
pair correlation function and depends only on the distance and
the relative orientation between two solvent molecules.

It has been successfully employed to calculate the solvent
reorganization enthalpy and entropy for methane in water.31

The KSA can be applied separately to the translational and
orientational parts

Thus, eq 14 becomes

In our calculations,R is set to the distance of the average
positions of the two water molecules. For eachω, ω′, andR,
we calculate the five relative angles of the two water molecules.
As a result,Sww

m (r , r ′) has a unique value for each water pair.
To simplify the calculation of the five-dimensional orientational

Figure 1. Structure of cyclic undecapeptides cyclosporin A (CsA) and (5-hydroxynorvaline)-2-cyclosporin. The only difference between these two
molecules is highlighted by the purple rectangle. CsA includes: MeBmt1 (N-methyl-(4R)-4-[(E)-2-butenyl]-4-methyl-l-threonine), Abu2 (l-R-
amino-butyric acid), Sar3 (sarcosine), MeLeu4 (N-methyl-leucine), Val5, MeLeu6, Ala7,D-Ala8, MeLeu9, MeLeu10, and MeVal11 (N-methylvaline).
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function in bulk watergww
or,o(ωrel|R), a factorization is em-

ployed.

This factorization was found to underestimate the magnitude
of the entropy in pure water (about 5%).32 The error this brings
to the final result for the solvent-solvent entropy in the complex
Sww for any bound water molecule is no more than 0.3 cal/mol
K in this study.

Equation 6 is essentially the difference in entropy between a
bound water and a water in the bulk. In this work, it has been
more convenient to calculate the bound water terms and then
subtract the entropy of bulk water. The entropy of bulk water
calculated theoretically with similar formulas is-15.2 cal/mol
K.32 The solvent reorganization entropy of one bound water
molecule is

where the solvent-solvent translational partSw(i)w(j)
trans and the

solvent-solvent orientational partSw(i)w(j)
or of the entropy of

w(i) can be calculated by excluding the terms of bulk water in
eq 10, i.e.,

The solvation entropy∆Ssolv is the sum of the solute-solvent
entropy and solvent reorganization entropy of all bound water
molecules.

Thus, the contribution of specific water molecules (or regions
of space) to the solvation entropy can be determined. The
solvation energy is evaluated directly from the simulations.

We first split the region occupied by a cluster of bound water
molecules into distinct spherical regions (i) of radius 1.2 Å based
on the average positions of each bound water molecule obtained
from the MD simulation. This cutoff value was selected because,
in bulk water, the nearest neighbor’s distance is about 2.8 Å
for the oxygen-oxygen pair, and half of this value is 1.4 Å.
Also, as shown in Figure 3, the density of each bound water
molecule decreases to 0 beforer reaches 1.2 Å. Next, we
calculate the occupancyO(i) of each region. We identify any
water molecule located in a region (i) with the corresponding
bound water molecule [w(i)], i.e., we allow for exchange
between water molecules. The solvent-solvent energy and
entropy terms (∆Ew(i)w(j) and ∆Sw(i)w(j)) were calculated sepa-
rately for each water pair. The water-water pair is denoted by
w(i)w(j) and is composed of the bound water molecule in region
i and any other water molecule close to it and lying in different
subregions (j). The subregions (j) were defined by scanning a
spherical space of a bound water molecule [w(i)] within a radius
of 5 Å (the magnitude of the interaction energyEww is no more
than 0.2 kcal/mol beyond this distance) and looking for locations
of high water density.

Calculation of the Desolvation Terms. The solvation
contributions of polar and apolar groups of the ligands were
assumed to be additive and proportional to their solvent
accessible surface area (SASA).33 The analytic surface area
method in CHARMM was employed to calculate the polar
(oxygen and nitrogen) and apolar (carbon) SASA of each ligand
in the bound and free states by using a 1.0 Å water probe radius.

Figure 2. (a) Bound water molecules in the Abu pocket in the CypA-1 complex.1 is drawn in balls-and-sticks (only the residue Abu2 is depicted).
CypA is drawn in thinner sticks. All potential H bonds are shown in dashed black lines. Oxygen atoms are in red, nitrogen atoms in blue, carbon
atoms in green, and hydrogen atoms in gray. (b) Bound water molecules in the Abu pocket in the CypA-2 complex.2 is drawn in balls-and-sticks
(only the residue Abu2 is depicted). CypA is drawn in thinner sticks. All potential H bonds are shown in dashed black lines. Oxygen atoms are in
red, nitrogen atoms in blue, carbon atoms in green, and hydrogen atoms in gray.

gww
or,o(ωrel|R) ) g(θ1, θ2|R) g(θ1, ø2|R) g(θ2, ø1|R)

g(ø1, ø2|R) g(φ|R)/[g(θ1|R) g(θ2|R) g(ø1|R) g(ø2|R)] (19)
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With this solvent probe radius, the SASA of serine matched
the value given by Miller et al.,34 which was used to derive the
dehydration enthalpies, entropies, and free energies per unit of
surface area.33,35The values for the aliphatic and polar parts of
the serine side chain (0.03 and 0.25 kcal/mol Å2, respectively,
for the enthalpy, 0.14 and 0.24 cal/mol K Å2, respectively, for
the entropy, and-0.01 and 0.18 kcal/mol Å2, respectively, for

the free energy33,35) were used to calculate the difference in
desolvation enthalpy and entropy of the two ligands.

MD Simulations. The initial structures were constructed on
the basis of the X-ray structures of the protein CypA complexed
with ligand1 or 2 and all crystallographic water molecules (pdb
codes 1CWA and 1MIK, respectively). The major conformation
of ligand2 reported in the crystal structure was used here. The

Figure 3. Radial distribution function of different water molecules with respect to their average position in complex1 and2 at 300 K.
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CHARMM22 force field36 was used for the protein and ligand
1 and 2. Partial charges for the ligands were obtained with
QUANTA using CHARMM template charges. Molecular
dynamics (MD) simulations were carried out with the program
CHARMM, version c30a1. A 15 Å sphere of TIP3P water
molecules was added around the active site and subjected to
spherical stochastic boundary conditions.37 Solvent molecules
overlapping with the protein, ligands, or bound water molecules
were deleted. This procedure did not result in the insertion of
any additional water molecules at the binding interface. The
SHAKE procedure was used to constrain the bonds involving
hydrogen. The integration time step of the MD simulations was
2 fs. A cutoff distance of 30 Å was applied for the computation
of nonbonded interactions. First, potential energy minimizations
were performed for 2000 steps by using the ABNR method.
Then, MD simulations at 300 K were performed, starting from
the energy-minimized system and lasting for 8 ns with the
protein CypA and the ligands kept fixed. The protein and ligands
were kept fixed in order to reduce the statistical uncertainties
in the computed contributions to the binding affinity and to avoid
possible structural shifts due to force field inaccuracies.

Results

The crystal structure of CypA-1 complex shows four water
molecules found in the cavity called “Abu pocket” interacting
with each other with hydrogen bonds, i.e., WTR5 hydrogen
bonds with Ala101, Gln111, Gly109, and WTR6; WTR6
hydrogen bonds with Thr107 WTR 5, 7, and 133; WTR7
hydrogen bonds with WTR6, WTR129, Gln111 (or SER110),
and Gly74; WTR133 hydrogen bonds with WTR6 and other
solvent water molecules around it. The crystal structure of the
CypA-2 complex shows that WTR6 moves slightly out of the
Abu pocket and presumably induces the displacement of
WTR133; the location of the other two bound water molecules
(WTR5 and 7) did not change much; no direct hydrogen bond
was observed among these water molecules.12

In the MD simulations performed on complex1 and2, WTR6
appears less frequently around its location in complex1 than
in complex 2, where it is observed hydrogen bonding with
Thr107, the hydroxyl group of ligand2, and some other solvent
molecules, while WTR5 and 7 are more stable in both
complexes. All these bound water molecules are found to
hydrogen bond to the protein and ligand as in the crystal
structures12,29 (see Figure 2). The number of hydrogen bonds
formed between each bound water molecule and the protein
and ligand observed from the last snapshot of the MD simulation
are listed in Tables 1 and 2. In the MD simulation, no hydrogen
bond is formed between any of the four bound water molecules
and ligand1 in complex1 due to the hydrophobic nature of the
Abu side chain in ligand1, while in complex2, either WTR 6
or 7 is found to make one hydrogen bond with ligand2.

The region occupied by each bound water molecule is defined
as a spherical region of radius 1.2 Å centered at its average
position obtained from MD simulation. In this way, we split
the region occupied by a water cluster into separate spherical
regions and studied the thermodynamic properties of water
molecules in each region separately. From the MD simulations
performed on CypA-1, the calculated occupancy (O) of the
four bound water molecules in the Abu pocket decreases as:
OWTR5 > OWTR7 > OWTR6 > OWTR133 (Table 1). This order
correlates with the number of hydrogen bonds formed between
these water molecules and the protein mentioned above.

We first calculated the solute-solvent entropy of each water
molecule in their corresponding regions. The translational

correlation function with respect to the average position
(gsw

tr (r )) and orientational correlation function (gsw
or (ω)) were

calculated as products of one-dimensional functions (see Figure
4). The results calculated with and without this approximation
are similar. The radial distribution function for each water
(Figure 3) shows that WTR133 (with the lowest peak) is the
least ordered with respect to the solute among four bound water
molecules in complex1. We also find that WTR7 is much less
ordered in complex1 than in complex2, presumably due to
the additional hydrogen bond formed between WTR7 and the
hydroxyl group of ligand2 (see Figure 2b).

Integrations over these correlation functions employing eq 9
give the solute-solvent contributions of each bound water
molecule to the entropySsw(i) ) Ssw(i)

trans + Ssw(i)
or (Tables 1 and 2).

In complex1, WTR5 exhibits the most negative solute-solvent
entropySsw and solute-solvent energyEsw. Esw andSsw correlate
with the occupancy and the number of hydrogen bonds, but the
correlation forSsw is not perfect. In complex2, all bound water
molecules considered have a more negative value ofSsw than
WTR5 in complex1, indicating that the involvement of the

TABLE 1: Contributions to Solvation from the Ordered
Water Molecules in CypA-1, Calculated from MD
Simulations at 300 Ka

bound water WTR5 WTR6 WTR7 WTR133

number of
H bonds

3 1 2 0

with the
proteinb

occupancyc 7999/8000 7747/8000 7983/8000 7481/8000
Esw -25.6( 0.1 -8.3( 0.3 -14.1( 0.1 -3.7( 0.1
Ssw

or -8.4( 0.2 -6.9( 0.4 -5.1( 0.01 -5.2( 0.2
Ssw

tr -9.9( 0.2 -6.5( 0.3 -7.1( 0.1 -4.9( 0.4
Ssw -18.3( 0.3 -13.4( 0.5 -12.2( 0.1 -10.1( 0.5
Eww -3.8( 0.1 -15.4( 0.6 -5.1( 0.1 -15.6( 0.6
Sww

or -5.1( 0.1 -2.9( 0.3 -3.5( 0.2 -3.2( 0.4
Sww

trans -0.4( 0.01 -0.5( 0.03 -0.3( 0.01 -0.3( 0.1
Sww -5.5( 0.1 -3.4( 0.3 -3.8( 0.2 -5.6( 0.4
∆Esolv -17.4( 0.1 -5.9( 0.4 -6.6( 0.05 -1.4( 0.3
∆Ssolv -8.7( 0.3 -1.6( 0.5 -0.7( 0.2 +1.5( 0.5
∆Gsolv -14.8( 0.1 -5.4( 0.4 -6.4( 0.1 -1.9( 0.3

a Units for enthalpy and free energy are kcal/mol; Units for entropy
are cal/mol K.b No H bond is found between the water molecules and
the ligand.c Probability of finding a water molecule in the specific
region, withinr ) 1.2 Å from its average position.

TABLE 2: Contributions to Solvation from the Bound
Water Molecules in CypA-2, Calculated from the MD
Simulations at 300 Ka

bound water WTR5 WTR6 WTR7

number of H bonds 3 2 3
with the protein
and ligandb

occupancy 8000/8000 8000/8000 8000/8000
Esw -23.0( 0.04 -17.7( 0.01 -24.3( 0.06
Eww +0.4( 0.01 -11.0( 0.08 +3.4( 0.1
Ssw

or -9.6( 0.05 -9.9( 0.01 -9.1( 0.02
Ssw

tr -11.3( 0.2 -10.6( 0.1 -12.2( 0.05
Ssw -20.9( 0.2 -20.5( 0.1 -21.3( 0.1
Sww

or +0.2( 0.001 -0.6( 0.5 -0.2( 0.02
Sww

trans -0.01( 0.01 -0.6( 0.02 -0.04( 0.01
Sww +0.2( 0.01 -1.2( 0.5 -0.2( 0.02
∆Esolv -12.7( 0.04 -13.1( 0.08 -12.5( 0.1
∆Ssolv -5.5( 0.2 -6.5( 0.5 -6.3( 0.1
∆Gsolv -11.1( 0.1 -11.1( 0.2 -10.6( 0.1

a Units for enthalpy and free energy are kcal/mol; Units for entropy
are cal/mol K.b For either WTR6 or 7, one of the H bonds is formed
between the water and the ligand.
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additional hydroxyl group in ligand2 stabilizes the remaining
bound water molecules in the Abu pocket.

To identify water pairs for the solvent-solvent entropy
calculations, we determined the distribution of solvent molecules
within a 5 Å sphere around each bound water molecule. The
sphere was split into several subregions (j), each region
corresponding to a specific water molecule (Table 3). For
instance, the water molecules around WTR7 within 5.0 Å in
complex1 approximately concentrate into 5 subregions whose
corresponding water molecules are WTR5, WTR129, WTR6,
solv54, and WTR133, respectively (Figure 5). The solvent

occupancies in these subregions are 0.984, 0.909, 0.771, 0.711,
and 0.302, respectively. Some of the subregions are not fully
occupied, especially when the subregion is farther away from
the corresponding bound water. Subregions with lower oc-
cupancy make a smaller contribution to the solvent-solvent
entropy. Every bound water molecule [w(i)], together with a
corresponding water molecule [w(j)] in a specific subregion were
treated as a solvent pair and their solvent-solvent correlation
functions were calculated.

By applying eqs 16-22, we calculated the solvent-solvent
contributions of each bound water molecule to the entropy in

Figure 4. Probability distribution of the Euler angles of different bound water molecules in complex1 and2.
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complex 1 and 2. The pure water pair correlation function
(gww

or,o(ωrel|R)) was calculated by an 8 ns MD simulation,
employing eq 19. This function was used to approximate
gww

inh,o(ω, ω′|r , r ′) at the corresponding bin of Euler anglesω,
ω′ andR (R ) |r - r ′|). Equation 18 was used to calculate the
solvent orientational entropy in the complexSww

m (r , r ′). The
solvent pair translational correlation functiongww

r,inh(r , r ′) in the
complex was approximated by the radial distribution function
gww

or,o(R) in the bulk (eq 16). The solvent-solvent entropy was
then calculated for each solvent pair by eqs 21 and 22. The
results are listed in Table 4. The solvent-solvent entropy of
each pair of water molecules varies from-3.78 to+0.15 cal/
mol K and reveals how correlated these two water molecules
are. The slightly positive values are probably an artifact of the
KSA approximation and the numerical integration. Small values
of the pair entropy mean that the two water molecules are
constrained by the protein or ligand in a conformation that
disrupts interactions and correlations between them.Sww in bulk
water was calculated as-15.2 cal/mol K32 and originates mainly
from the water-water correlations at the first neighbor shell.
For a given water molecule in bulk, there are about four solvent
molecules in its first neighbor shell, therefore, the value ofSww

for each water-water pair in the bulk is approximately-3.8
kcal/mol K, which is very close to the most negative value of
the solvent-solvent entropy of a water-water pair in the
complex.

By summing up the pair entropiesSw(i)w(j), we obtained the
solvent-solvent entropy for each bound water moleculeSw(i)w

trans

andSw(i)w
or , as listed in Tables 1 and 2. For instance, for WTR7

in complex1, Sw(7)w
or ) ∑j Sw(7)w(j)

or ) -3.5 cal/mol K,Sw(7)w
trans )

∑j Sw(7)w(j)
trans ) -0.3 cal/mol K, andSw(7)w ) Sw(7)w

or + Sw(7)w
trans )

-3.8 cal/mol K. The calculated results reveal that, in complex

TABLE 3: Regions of Neighboring Water Molecules around Each Bound Water Molecule

bound water neighbor regions R (Å) θ (radian) φ (radian) corresponding watera

complex1 WTR5 1 2.0-4.0 1.1-1.85 0.0-1.6 WTR7
2 2.0-5.0 1.85-2.35 0.0-1.3 WTR129*b

3 2.0-3.0 2.5-3.14 0.0-1.2 WTR6*
WTR6 1 2.0-3.0 2.2-2.8 0.9-2.1 WTR133*

2 2.0-3.0 0.0-0.6 3.1-4.75 WTR5
3 2.0-5.0 1.2-1.75 0.0-0.9 WTR129*
4 3.0-4.0 0.4-1.0 0.0-1.1 WTR7
5 3.0-5.0 1.3-2.2 0.9-1.6 solv54*

WTR7 1 2.0-4.0 1.3-1.8 3.3-4.3 WTR5
2 2.0-5.0 2.05-2.70 0-1.1 WTR129*
3 3.0-4.0 2.2-2.70 3.3-4.3 WTR6*
4 3.0-5.0 2.2-2.70 1.3-2.3 solv54*
5 4.0-5.0 2.65-3.0 2.4-3.3 WTR133*

WTR133 1 2.0-3.0 0.3-0.95 4.0-5.3 WTR6*
2 2.0-3.0 0.8-1.5 0.8-1.5 solv54*
3 2.0-5.0 2.05-2.6 1.6-2.5 WTR110*
4 3.0-5.0 1.55-2.0 0.7-1.9 solv9*
5 3.0-5.0 1.0-1.6 0.0-0.7 solv59*
6 3.0-5.0 1.7-2.5 0.0-0.7 WTR91*

complex2 WTR5 1 3.0-4.0 0.8-1.2 0.5-1.2 WTR7
WTR6 1 2.0-3.0 1.3-1.6 5.7-6.28 WTR102*

2 2.0-5.0 0.85-1.5 1.2-1.9 WTR67*
3 3.0-4.0 0.3-0.9 0-1.4 WTR114*
4 3.0-5.0 0.3-0.75 4.4-5.1 WTR7
5 4.0-5.0 1.5-1.8 1.1-1.9 solv83*
6 3.0-5.0 1.15-1.45 0.6-0.9 solv98*

WTR7 1 3.0-4.0 2-2.3 3.6-4.3 WTR5
2 4.0-5.0 2.15-2.5 0-0.8 WTR102
3 3.0-5.0 1.6-1.9 0.7-1.5 WTR114*
4 3.0-5.0 2.4-2.7 1.2-1.9 WTR6

a “Corresponding water” means to the water molecule located in that region. “WTR” denotes those water molecules from the crystal structure,
“solv” denotes those water molecules in the solvent sphere we added around the binding sites.b The water molecule in that region exchanged at
least once during the MDs.

TABLE 4: The Solvent-Solvent Entropy (cal/mol K) of
Each Bound Water Moleculea

bound water
[w(i)]

neighbor
regions

corresponding
water [w(j)]

solvent-solvent
entropySw(i)w(j)

b

complex1 WTR5 1 WTR7 -3.50
2 WTR129* -0.01
3 WTR6* -2.05

WTR6 1 WTR133* -1.70
2 WTR5 -1.60
3 WTR129* -0.05
4 WTR7 -0.10
5 solv54* +0.02

WTR7 1 WTR5 -3.63
2 WTR129* -0.03
3 WTR6* -0.04
4 solv54* -0.02
5 WTR133* -0.03

WTR133 1 WTR6* -1.51
2 solv54* -2.03
3 WTR110* -0.02
4 solv9* -0.01
5 solv98* -0.03
6 WTR91* -0.03

complex2 WTR5 1 WTR7 +0.15
WTR6 1 WTR102* -0.37

2 WTR67* -0.17
3 WTR114* -0.41
4 WTR7 -0.26
5 solv59* +0.01
6 solv83* +0.01

WTR7 1 WTR5 +0.14
2 WTR102 -0.12
3 WTR114* +0.02
4 WTR6 -0.26

a Units for entropy are cal/mol K.b Good convergence of the results
of Sw(i)w(j) was obtained over two portions of MD trajectory, and the
values listed here were obtained over the whole MD trajectory.Sw(i)w(j)

andSw(j)w(i) give similar values.
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1, WTR5 is relatively more correlated to other solvent molecules
than WTR6, 7, and 133 and all of them have a more negative
value of solvent-solvent entropy than those of the bound water
molecules in complex2, where the values of solvent-solvent
entropy for WTR5 and 7 are close to 0. These results show
that WTR 5 and 7 in complex2 are more isolated than the
corresponding water molecules in complex1.

The contribution of each bound water molecule to the
solvation entropy (∆Ssolv, see Tables 1 and 2) indicates that
transferring WTR6 and 7 from the bulk to complex1 is
accompanied by a very small entropy penalty compared to that
of WTR5. The transfer of WTR133 is even entropically
favorable, showing that it is even less ordered in complex1
than in the bulk, which is related to the fact that it interacts
weakly with the protein. In contrast, all three bound water
molecules in complex2 have a large negative contribution to
the solvation entropy (∆Ssolv), showing that each of them is
highly ordered in the complex. Notably, the total entropy of
the three water molecules in2 is more negative than that of the
four water molecules in1. This is because the excess hydrogen
bonds formed between the methyl hydroxyl group of ligand2
with WTR6 and 7 constrain these water molecules, inducing a
more negative entropy for each of them.

The solute-solvent energyEsw(i) and solvent-solvent energy
Ew(i)w of each bound water calculated directly from the simula-
tions are listed in Tables 1 and 2. Part of the solute-solvent
energyEsw(i) is due to long-range interactions (about-4 kcal/
mol), and the rest is due to hydrogen bonds formed with the
protein and ligand. For example, the H bond energy of WTR5,
6, 7, and 133 is about-20, -5, -10, and 0 kcal/mol,
respectively, in complex1. These values reflect the number of
hydrogen bonds formed between each bound water molecule
and the protein-ligand complexes. The solute-solvent energy
Esw(i) for WTR 5, 6, 7, and 133 in complex1 and WTR5 in
complex 2 mainly originates from their interaction with the
protein; their interaction with the ligand1 or 2 is relatively weak
(-0.1, -0.6, -0.1, -2.4, and-0.7 kcal/mol, respectively),
showing that these water molecules essentially stabilize the
conformation of the protein residues at the binding site, rather
than bridging protein and ligand. WTR6 and 7 in complex2
were found to interact more strongly with the ligand (-5.4 and
-5.5 kcal/mol, respectively) than in complex1 due to their
additional hydrogen bond with the hydroxyl group of ligand2.

The solvent-solvent energy of each bound water molecule
shows strong interactions of WTR6 and WTR133 in complex
1 (-15.4 and-15.6 kcal/mol, respectively) and WTR6 (-11.0

Figure 5. Distribution of probabilities of finding solvent water molecules around the bound water molecule WTR7 in complex1 during the MDs
with different cutoff values ofr.

1472 J. Phys. Chem. B, Vol. 110, No. 3, 2006 Li and Lazaridis



kcal/mol) in complex2, which are even comparable to the
solvent-solvent interactions in bulk water (-20.2 kcal/mol32).
The solvent-solvent interactions of other bound water mol-
ecules are much weaker. The solvent-solvent energy between
WTR5 and WTR7 is even positive in complex2, showing that
these two bound water molecules are tightly fixed by the protein
and ligand, leading to unfavorable water-water interaction. The
contribution of a bound water molecule [w(i)] to the solvation
enthalpy was calculated as

where 10.1 kcal/mol is half of the solvent-solvent interaction
energy in bulk water, which is equal to the energy cost of
transferring one water molecule from bulk to the gas phase.

The contribution of each bound water molecule to the
solvation free energy was calculated as the sum of the entropy
and energy terms (theP∆V term is negligible):

The contribution of WTR5 to the solvation free energy in
complex 1 was obtained as-14.8 kcal/mol and originates
mainly from its interactions with the protein. The contributions
of WTR6, 7, and 133 to the solvation free energy is much
smaller,-5.4,-6.4, and-1.9 kcal/mol, respectively. The small
magnitude of ∆Gsolv of WTR133 shows that it does not
contribute to the binding between CypA and CsA as favorably
as the other three bound water molecules in complex1. The
contributions of WTR5, 6, and 7 to the solvation free energy in
complex2 are-11.1,-11.1, and-10.6 kcal/mol, respectively,
and also originates mainly from their interactions with the
protein. The difference of the contributions of the water clusters
in complex1 and2 is

i.e., there is animproVementin the free energy of solvation
going from1 to 2 despite the reduction in the number of bound
water molecules from 4 to 3.

In addition to solvation free energy, the different affinity of
2 and1 is also due to the change in protein-ligand interactions,
the different desolvation energy and entropy, and the different
conformational restriction entropy of the two ligands.

On the basis of the energy-minimized crystal structures, the
direct interactions of the ethyl group of1 and the hydroxypropyl
group of 2 with the protein were-4.1 and-9.1 kcal/mol,
respectively, giving∆EAbu side chain-protein

2-1 ) -5.0 kcal/mol.
However, the total difference of the direct interactions of ligand
2 and1 with the protein is∆Eligand-protein

2-1 ) -1.4 kcal/mol.
The extra CH2OH of ligand2 probably pushes it about 0.2 Å
farther away from the protein than ligand1, and this reduces
the interaction of the rest of the ligand with the protein.

Another contribution to the difference in binding affinity is
the different desolvation enthalpy and entropy of the two ligands.
The polar (oxygen and nitrogen) and apolar (carbon) solvent
accessible surface areas in the bound and free states are shown
in Table 5. With the dehydration enthalpy and entropy param-
eters given by Makhatadze and Privalov, the desolvation entropy
and enthalpy of the two ligands at 300 K were obtained as
∆∆Hdesolv

2-1 ) +8.6 kcal/mol and∆∆Sdesolv
2-1 ) +10.1cal/

mol K, giving ∆∆Gdesolv
2-1 ) +5.7 kcal/mol.

The entropy of conformational restriction of the hydroxypro-
pyl side chain of ligand2 and the ethyl side chain of ligand1
also needs to be considered. Empirical scales give an average
value of conformational entropy of about 1.5 cal/mol K per
rotatable bond.38-43 As in our previous work,27 the conforma-
tional entropy change of the ligands between the free and the
complex state was estimated by comparing the probability
distributions (p) of the dihedral angles in these two states. There
are four dihedral angles in the hydroxypropyl group of ligand
2 and two in the ethyl group in ligand1. The probabilities (p)
(from the Boltzmann expression) of the dihedral angles were
obtained with rigid rotations and the integrals ofp ln(p) were
used to estimate the entropy change, which is∆Sconfig

2-1 ) -2.7
cal/mol K, or -T∆Sconfig

2-1 ) +0.8 kcal/mol at 300 K.
The contributions to the difference in binding affinity between

the two ligands are summarized in Table 6. The calculated
change in binding affinity is mentioned above, the difference
in binding affinity of the two ligands with the protein CypA is
(see Table 6):

This value is consistent with experiment (+1.3 kcal/mol). No
experimental data for the other thermodynamic properties have
been reported so far.

Crystallography revealed two different conformations of the
ligand in complex2.12 The above results pertain to the major
conformer (occupancy 0.62). We repeated the calculations on
the structure of complex2 with ligand 2 in the minor
conformation and obtained∆∆Gtotal

2′-1 ) +0.7 ( 0.5 kcal/

TABLE 5: Apolar and Polar Accessible Surface Areas (Å2) of the Ligands at Free and Bound States

bound free difference (∆ASA)

polar apolar polar apolar polar apolar

CsA (1) 95.1 597.0 178.9 1046.2 83.8 449.2
(5-hydroxynorvaline)-2-cyclosporin (2) 98.9 597.6 215.1 1063.5 116.2 465.9

TABLE 6: Enthalpic and Entropic Contributions to the
Difference in the Binding Affinity between the Two Ligandsa

CypA-1 CypA- 2

difference
between
1 and2

Eligand-protein -113.6 -115.0 -1.4
∆Esolv(water cluster) -31.3( 0.5 -38.3( 0.1 -7.0( 0.5
-T∆Ssolv(water cluster) +2.8( 0.2 +5.5( 0.1 +2.7( 0.2
∆Hdesolv

b +34.4 +43.0 +8.6
-T∆Sdesolv

b -25.0 -27.9 -2.9
-T∆Sconfig +0.9 +1.7 +0.8
∆H (total)c -110.5( 0.5 -110.3( 0.1 +0.2( 0.5
-T∆S(total) -21.3( 0.2 -20.7( 0.1 +0.6( 0.2
∆G (total) -131.8( 0.5 -131.0( 0.1 +0.8( 0.5

a Units for enthalpy,T∆S, and free energy are kcal/mol.b ∆Hdesolv

and ∆Sdesolv are the differences in dehydration enthalpy and entropy.
c ∆H (total) ) Eligand-protein + ∆Esolv (water cluster)+ ∆Hdesolv,
∆S (total) ) ∆Sligand-protein + ∆Ssolv (water cluster)+ ∆Sconfig, and
∆G (total) ) ∆E (total) - T∆S (total).

∆∆Gtotal
2-1 ) ∆∆Gsolv

2-1 + ∆E2-1 + ∆∆Gdesolv
2-1 +

(-T∆Sconfig) ) +0.8( 0.5 kcal/mol (27)

∆Esolv ) Esw(i) + 1
2
Ew(i)w + 10.1 kcal/mol (24)

∆Gsolv(i) ) Esw(i) + ∆Ew(i)w - T(Ssw(i) + ∆Sw(i)w) (25)

∆∆Gsolv
2-1 )

[∆Gsolv(WTR5) + ∆Gsolv(WTR6) + ∆Gsolv(WTR7)]2 -
[∆Gsolv(WTR5) + ∆Gsolv(WTR6) + ∆Gsolv(WTR7) +

∆Gsolv(WTR133)]1 ) -4.3 kcal/mol (26)
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mol, quite similar to the result for the major conformer.
However, there are significant differences in the contributions,
such as those of certain water molecules. WTR5 and 7 in the
minor conformer have larger contributions to the solvation free
energy than those in the major conformer, while WTR6 shows
the opposite result, giving∆∆Gsolv

2′-1 ) -6.4 kcal/mol.

Discussion

The thermodynamics of isolated bound water molecules at
the binding interface of HIV-1 protease-inhibitor complex and
concanavalin A-trimannoside complex were explored in our
previous work.26,27In this work, this approach was extended to
the buried water clusters in the CypA-1 and CypA-2
complexes. Comparison of all results obtained so far (see Table
7) leads to the following observations.

I. Enthalpic Contributions. The water-water interaction
energies in CypA-1 and CypA-2 complexes vary in a wide
range. The water-water interaction energies of WTR6 and
WTR133 in CypA-1 and WTR6 in CypA-2 are very negative
and even comparable to the water-water interaction energies
in bulk water, while they are less negative for WTR5 and WTR7
in CypA-1, and even positive for WTR5 and WTR7 in CypA-
2. Similarly, the interaction energy of a bound water molecule
with a protein-ligand complex also varies in a wide range,
which approximately corresponds to the number of hydrogen
bonds formed between the bound water molecules and the
protein-ligand complex. The largest magnitudes ofEsw and
∆Esolv are observed for the isolated water molecules in the
complexes of HIV-1 protease-inhibitor and concanavalin
A-trimannoside. We noticed that the bound water molecules
with a more negative value of solute-solvent energy usually
interact weakly with other water molecules. This is because,
when a bound water molecule is strongly constrained by the
protein and ligand by several hydrogen bonds, it will be difficult
for other solvent molecules to simultaneously approach and
interact strongly with it. Nevertheless,Esw andEww do not fully
compensate each other.

II. Entropic Contributions. The solvent-solvent contribu-
tions to the solvation entropy in CypA-1 and CypA-2
complexes vary in a wide range (from about 0 to-5.5 cal/mol
K). Among all of the bound water molecules in these complexes,
WTR5 in CypA-1 has the most negative solvent-solvent
entropies, as it is highly correlated with other water molecules
(i.e., WTR6 and WTR7, see Table 4) at the binding interface.
WTR6, 7, and 133 in CypA-1 are close, while WTR5 or 7 in
CypA-2 and bound water molecules in HIV-1
protease-inhibitor complex and Con A-trimannoside have
water-water entropies close to 0, showing that they are fully
buried at the binding interfaces and kept far from other solvent

molecules. As with the energy, the largest value for the solute-
solvent entropy (Ssw) are observed for the isolated water
molecules in HIV-1 protease-inhibitor and Con A-trimannoside
complexes. From Table 7, we notice that a stronger interaction
between the protein and the bound water usually corresponds
to a more negative value of the solute-solvent entropy.
However, this is not always the case. For instance, in complex
1, WTR7 interacts more strongly with the protein than WTR6,
but the solute-solvent entropies show the opposite result. The
broader distributions of the Euler angles, especially the broader
distribution ofg(θ) of WTR7 than that of WTR6 in complex1
(see Figure 5), implies that WTR7 in complex1 adopts multiple
favorable orientations and appears less ordered than WTR6 at
the binding interface, although it forms one more H bond with
the protein than WTR6.

III. Solvation Free Energy. The values of solvation free
energy of the water molecules in CypA-1 and CypA-2 reveal
that almost all of the water molecules in the water clusters
contribute less to protein-ligand binding than those isolated
bound water molecules in HIV-1 protease-inhibitor and con-
canavalin A-trimannoside complexes and that WTR133 has the
smallest favorable contribution, which mainly originates from
the different water-protein and ligand interactions.

The additional hydroxyl group in complex CypA-2 forms
two more hydrogen bonds with the remaining water molecules
in the water cluster (WTR6 and 7) and stabilizes them, which
leads to a more favorable contribution to the binding energy
(about 7 kcal/mol) even though the longer side chain replaces
one less tightly bound water molecule in the water cluster. The
additional interactions of2 with the protein are also favorable
for binding. These favorable energy contributions, however, are
counterbalanced by the more positive desolvation enthalpy of
ligand2 relative to ligand1, leading to a less negative binding
energy for ligand2. The overall entropy change is also
unfavorable, leading to an unfavorable free energy change (see
Table 6).

The above analysis differs in some ways from that proposed
by Mikol et al.12 In that work, the contributions of the bound
water molecules WTR5 and 7 to the binding affinity were
assumed to be the same in the two complexes, the contribution
of WTR133 was neglected, and the free energy cost by the
displacement of WTR6 together with the desolvation cost of2
were assumed to be less than 2 kcal/mol. The favorable
interaction of CypA-2 relative to Cyp-1 was considered as
∆Eligand-protein

2-1 ) -0.5 kcal/mol, which was presumably
counterbalanced by contributions due to changes in the trans-
lational, rotational, and vibrational degrees of the protein and
ligand. Our findings give a different picture. First, the free
energy contributions of WTR5 in the two complexes are

TABLE 7: Thermodynamic Parameters of the Bound Water Molecules in the HIV-1 Protease-Inhibitor Complex, Con
A-Trimannoside Complex, Cyclophilin A-1 Complex, and Cyclophilin A-2 Complexa

bound water Eww Esw ∆Esolv Sww Ssw -T∆Ssolv ∆Gsolv

HIV-1 protease WTR1 0 -28.2 -18.1 0 -25.0 +2.9 -15.2
con A-1 WTR1 0 -30.2 -19.2 0 -22.1 +2.0 -17.2
cyclophilin A-1 WTR5 -3.8 -25.6 -17.4 -5.5 -18.3 +2.6 -14.8

WTR6 -15.4 -8.3 -5.9 -3.4 -13.4 +0.5 -5.4
WTR7 -5.1 -14.1 -6.6 -3.8 -12.2 +0.2 -6.4
WTR133 -15.6 -3.7 -1.4 -3.5 -10.1 -0.5 -1.9
cluster -39.9 -51.7 -31.3 -18.2 -54.0 +2.8 -28.5

cyclophilin A-2 WTR5 +0.4 -23.0 -12.7 +0.2 -20.9 +1.6 -11.1
WTR6 -11.0 -17.7 -13.1 -1.2 -20.5 +2.0 -11.1
WTR7 +3.4 -24.3 -12.5 -0.2 -21.3 +1.9 -10.6
cluster -7.2 -65.0 -38.3 -1.2 -62.7 +5.5 -32.8

a Units for the energy are kcal/mol. Units for the entropy are cal/mol K.
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different (ca. 3.6 kcal/mol), which presumably originates from
the disruption of the hydrogen bond between WTR5 and WTR6
going from1 to 2. A similar difference is also found for WTR7,
but in the opposite direction due to the formation of a new
hydrogen bond between WTR7 and ligand2. These two terms
compensate each other and add up to∆∆Gsolv(w5+w7)

2-1 ) -0.6
kcal/mol. Second, WTR133 does make a small contribution to
the free energy in Cyp-1 (∆Gsolv(w133)) -1.9 kcal/mol). Third,
the free energy cost by the displacement of WTR6 was obtained
as∆∆Gsolv(w6)

2-1 ) -5.8 kcal/mol, combined with the different
desolvation free energy∆∆Gdesolv

2-1 ) +9.6 kcal/mol, giving
+3.8 kcal/mol, which is even larger than the corresponding
upper bound proposed by Mikol et al.. The calculated difference
in conformational entropy loss of the Abu side chain of1 and
2 (-T∆Sconfig

2-1 ) +0.8 kcal/mol) is similar to the value they
assumed. However, the calculated additional interaction energy
of ligand2 with the protein(∆Eligand-protein

2-1 ) -1.4 kcal/mol)
is much larger than they assumed.

The good agreement between the calculated and experimental
change in affinity is at least somewhat fortuitous, given the
numerous approximations made in the calculations. In the
calculation of the contributions of solvent-solvent entropies,
we assumed that the inhomogeneous pair correlation function
is equal to that in bulk solvent. We also neglected the
conformational entropy difference arising from the same parts
of the two ligands. The desolvation enthalpy and entropy of
protein in the two complexes were assumed to be the same,
and the desolvation terms of the ligands were estimated
according to their solvent accessible surface area, which is an
empirical model. In addition, this work focused exclusively on
the three or four bound water molecules at the binding interface
and assumed that the contribution of all other water molecules
is the same in the two complexes. Applying this theoretical
analysis to all water molecules in the system is currently not
feasible. All these approximations, together with the standard
uncertainties related to force field parameters, make the true
uncertainties much larger than the error bars listed in Table 1,
2, and 6. However, the qualitative picture that arises from the
calculations should be reliable.

From the results obtained so far, gain of binding free energy
from the displacement of water might be achieved under the
following conditions: (i) the new ligand must interact strongly
with the protein and the remaining water molecules, (ii) the
additional group ideally should not disrupt interactions between
bound water molecules, and (iii) the conformational entropy
loss should be minimized if possible, for example, by use of a
carbonyl group instead of a hydroxyl group. This is consistent
with the rules introduced by Garcia et al.44

This approach can be useful in drug design by helping to
distinguish the different role bound water molecules play in the
complex and which of them is the most favorable to displace.
In addition, the insights obtained from this analysis could help
improve empirical scoring functions for prediction of protein-
ligand binding affinity by taking the thermodynamic contribu-
tions of bound water molecules into account.
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