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Water molecules are often found at the binding interface of biomolecular complexes mediating
the interaction between polar groups via hydrogen bonds, or simply ﬁlling space providing van
der Waals interactions. Recent studies have demonstrated the importance of taking such water
molecules into account in docking and binding aﬃnity prediction. Here, we review the recent
experimental and theoretical work aimed at quantifying the inﬂuence of interfacial water on the
thermodynamic properties of binding. We highlight especially our recent results obtained by
inhomogeneous ﬂuid solvation theory in several systems and the prediction of the thermodynamic
consequences of displacement of the bound water molecule by ligand modiﬁcation. Finally, we
discuss possible directions for further progress in this ﬁeld.

Introduction
Crystal structures of biomolecules typically reveal many water
molecules on the biomolecular surface, in crevices, and sometimes buried within the biomolecular interior or at binding
interfaces. The water molecules at binding interfaces can
modify the shape and ﬂexibility of the protein binding site,
improving the steric complementarity between protein and
ligand, or mediate the binding between the biomolecules with
a hydrogen bond network.1–13 Analysis of 109 protein–DNA
complexes showed that 6% of the crystallographic water
mediates the binding.14 For instance, in the trp-repressor/
operator complex, in addition to the direct interactions between the phosphates of DNA and the protein, six watermediated polar contacts to the bases were observed,1 which are
the determinants of speciﬁcity in this system.6 An analysis of
75 protein–protein complexes showed, on average, one water
molecule per 100 Å2 of interface area.15 A more recent analysis
found that water-mediated polar interactions are as abundant
as direct protein–protein hydrogen bonds.16
Several previous reviews are relevant to this topic. Levitt
and Park surveyed the available information on the location
and dynamics of water molecules in and around protein
structures.17 Ladbury focused on the role of water in
protein–ligand binding and its potential applications in drug
design.18 Janin also covered water-mediated interactions in
protein–protein and protein–DNA complexes and their eﬀect
on aﬃnity and speciﬁcity.19 Cozzini et al. described diﬀerent
computational methods used to predict protein–ligand binding
free energy with some emphasis on the contributions of water
molecules.20 Jayaram and Jain reviewed the role of water in
protein–DNA recognition.21
Despite much work, many issues regarding interfacial water
molecules remain unclear: Are water-mediated interactions
equally strong as direct interactions? Do they provide more
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or less speciﬁcity? How does the presence of interfacial water
molecules aﬀect the enthalpy, entropy, and heat capacity of
binding? What is the best way to incorporate water-mediated
interactions in docking and drug design? Here, we will review
recent work that addresses some of these questions. It is not
meant to be a comprehensive review, but an exposition of the
diversity of approaches taken to tackle this problem.
Experimental studies of the thermodynamics of interfacial water
The standard approach for studying the eﬀect of interfacial
water experimentally is to introduce modiﬁcations to the
ligand or the protein that will introduce or displace it, and
measure the eﬀect on binding thermodynamics. In some cases,
ligands designed to displace the water molecules exhibit higher
binding aﬃnity. The best known example can be found among
HIV-1 protease inhibitors. Several water molecules were observed crystallographically at the binding interface between
HIV-1 protease and KNI-272 or its analogs.22–26 Cyclic urea
inhibitors designed to displace and mimic the interactions of
one of the bound water molecules were found to bind more
strongly to the protein.27–29 However, the cyclic urea inhibitors are entirely diﬀerent from KNI-272, and therefore it is not
certain that the gain in binding aﬃnity really comes from
water displacement. More clear-cut is the example of scytalone
dehydratase. The crystal structure of this protein complexed
with a salicylamide inhibitor revealed two water molecules at
the binding interface. Analogs of this inhibitor with an additional nitrile group were found to displace one of the crystallographic water molecules and to have higher inhibitory
potency.30
Crystal structures of OppA–dipeptide complexes revealed
several ordered water molecules mediating the interactions
between ligand and protein.7,10 These water molecules are
displaced when the ligand changes from dipeptide to tri- and
tetrapeptides. Isothermal titration calorimetry measurements
of the binding of the peptides with diﬀerent lengths to OppA
indicate that the dipeptide is bound with about 60-fold lower
aﬃnity than related tri- and tetrapeptides.10 The higher aﬃnity
for tri- or tetrapeptides versus dipeptides is due to a more
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favorable binding entropy, which is only partly oﬀset by a
more unfavorable enthalpy. The favorable entropy was suggested to result from the displacement of the ordered water.10
The
streptavidin–HABA
(2-[(4 0 -hydroxyphenyl)-azo]benzoate) crystal structure shows an immobilized water molecule bridging two hydroxyl groups. Analogs of HABA with
additional aliphatic groups displaced this water molecule and
exhibited higher binding aﬃnity, due to a more favorable
binding entropy. The enhanced aﬃnity was attributed to water
displacement and ligand ﬂexibility.31
Higher binding aﬃnity by displacement of interfacial water
molecules can also be achieved by protein mutations. Crystallographic studies revealed that two water molecules bound to
the tyrosine-82 hydroxyl group in unliganded wild type
FKBP-12 are displaced upon formation of a complex with
FK506.32 In the Y82F mutant of the protein, no ordered water
molecules are observed. Thermodynamic measurements
showed that the enthalpy of binding is 4.2 kcal mol1 more
negative for the mutant, but partial compensation by entropy
led to a slightly more negative binding free energy (0.6 kcal
mol1) for the mutant.33 A simulation study of the E60A
mutant found a reorientation of the water and led to an
intuitive prediction that the mutant will exhibit reduced binding aﬃnity.34
In the examples given above, water displacement was found
to be beneﬁcial for binding. In other cases, however, the
displacement of interfacial water weakens protein–ligand
binding. The structure of the complex of Concanavalin A
(Con A) with a trimannoside shows a conserved water molecule bridging the protein and the ligand with several hydrogen
bonds.35 To study the role of this water molecule in binding,
an analog of the trimannoside was designed to replace the
hydroxyl at C-2 of the central mannose with a hydroxyethyl
group, which was expected to displace and mimic the interactions of this water molecule with the protein.36 Calorimetric
measurements showed that this displacement leads to a more
favorable binding entropy but also a more unfavorable and
larger enthalpy term, and thus weaker binding.36 A crystallographic study of cyclosporin A bound to cyclophilin A
revealed a cluster of water molecules mediating the protein–
ligand binding.3 One of the bound water molecules was found
displaced and others reorganized in going from cyclosporin A
to (5-hydroxynorvaline)-2-cyclosporin.37 The binding aﬃnity
decreased by 1.3 kcal mol1.
Sharrow et al. studied the thermodynamic contribution of
the hydrogen bond network formed between the interfacial
waters and the mouse urinary protein and its ligands, employing calorimetry and mutational studies.38 Mutation of a
protein Y to F disrupts a hydrogen bond between one bound
water molecule and the protein and leads to a loss of enthalpy,
which is only partially compensated by a favorable entropy
change.
Several experimental thermodynamic studies investigated
the role of interfacial water in antibody–antigen binding using
site-directed mutagenesis. In mutational studies of the antilysozyme–antibody D1.3, the interfacial waters in two of the
mutant complexes (Y50S and W92D) appear to reorganize to
partially alleviate the loss of antibody–antigen interactions.39
Still, the binding is weakened. Yokota et al. constructed
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mutants of an antilysozyme antibody changing Y to F and S
to A.40 Crystallographic studies showed that the interfacial
water molecules mediating the binding were not aﬀected by the
mutations. Instead, the mutations create an unfavorable gap
between the waters and the antibody, which induces the loss of
binding aﬃnity due to loss of binding enthalpy. An Arg-to-Lys
mutant of a diﬀerent antilysozyme antibody introduces an
additional water molecule at the binding interface and leads to
a 1000-fold loss of binding aﬃnity.41
In other studies, the introduction of water molecules at the
interface by mutation was found to be energetically neutral.
Watson et al. found similar binding aﬃnities for diﬀerent
inhibitors of glycogen phosphorylase regardless of the presence of water-mediated interactions.42 Dall’Acqua et al.
found that an Asp18 - Ala mutation introduced 3 water
molecules at the interface but had negligible impact on the
binding aﬃnity.43
Mutagenesis has also been used to explore the contribution
of bound water molecules to protein stability. One ﬁnding was
that incorporation of water into an internal protein cavity is
energy-neutral.44 Another study found that a water-mediated
interaction is equivalent in the folded and unfolded states.45
Yet another group concluded that protein–water hydrogen
bonds contribute less to stability than protein–protein hydrogen bonds.46,47
Denisov et al. performed an entropy analysis on experimental bound waters in BPTI. The amplitude and anisotropy
of three water molecules in the protein cavities were assessed
based on the nuclear magnetic relaxation dispersion data. The
results indicated that the binding of some of these water
molecules is entropically driven, even when they formed three
or four hydrogen bonds with the protein.48
Several experimental thermodynamic studies focused on
water mediating protein–DNA interactions. Osmotic stress
has shown the importance of water molecules for speciﬁc
DNA recognition by EcoRI.49 The same approach applied
to the complexes of the tryptophan and lac-repressor with
their operators showed a number of water molecules at the
protein–DNA interface, in good agreement with the number
determined crystallographically.50,51
Isothermal titration calorimetry has been used to measure
the thermodynamics of a TATA-box binding protein with
TATA-box and found that the bridging water molecules at
highly polar biomolecular surfaces, as well as those in the
binding interface, contribute substantially to the negative heat
capacity change upon protein–DNA association.52 This complements earlier results on the contribution of interfacial water
molecules to the heat capacity of binding.53,54
Prediction of interfacial water in biological systems
The identiﬁcation and localization of water molecules in the
crystal structures of biomolecules can be problematic due to
crystallographic uncertainties. Some of the interfacial water in
biological systems can be artifacts, particularly when they do
not hydrogen-bond to the biomolecules.55 Thus, in many
instances, one needs to determine the location of bound water
molecules theoretically. Several methods have been developed
for this purpose. AQUARIUS56 is a knowledge-based
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approach specially aimed at identifying water sites in proteins
from the electron density maps generated by protein crystallography. GRID was developed to identify binding sites for
water and other functional groups.57 It involves calculating the
interaction energy between the probe and the protein using an
empirical energy function based on Lennard-Jones, electrostatic and hydrogen-bond terms. GRID has been reported to
perform well in predicting protein–ligand interfacial
water.58–60 MCSS determines the location of functional
groups via molecular dynamics simulations of multiple copies
of such groups;61 SuperStar is an empirical method based on
the thermodynamics of small molecules and their crystal
structures that treats protein binding site residues as small
molecules or small structure fragments.62 CS-Map predicts the
most favorable binding positions of probes on a protein
surface by calculating an interaction potential that accounts
for van der Waals, electrostatic, and solvation contributions.
The last two were calculated by an implicit solvation model.63
A new version of the Fold-X force ﬁeld allows the prediction
of the position of bound water molecules, and can pick up
76% of water molecules interacting with at least two polar
atoms of biomolecules in crystal structures with an average
uncertainty of 0.8 Å.64
Garcia-Sosa et al. performed a multivariate regression
analysis to establish a statistical correlation between the
structural properties of water molecules in the binding site of
a free protein crystal structure and the probability of observing the water molecules in the same location in the crystal
structure of the complex.65 The B-factor, the solvent contact
surface area, the total hydrogen bond energy and the number
of protein water contacts were found to correlate with the
conservation of an ordered water molecule upon complex
formation.
Interfacial water in scoring, docking, and ligand design
Interfacial water molecules have begun to be taken into
consideration in de novo drug design, protein–ligand docking
programs and the development of scoring functions for prediction of binding aﬃnity.60,65–75
A computational approach based on the HINT empirical
energy function was developed to study the binding and
energetic roles of water molecules located in the binding
interface of 23 HIV-1 protease–ligand complexes.60 The correlation coeﬃcients between the calculated HINT scores and
the experimental binding aﬃnity of these complexes were
signiﬁcantly improved by taking the contributions of water
into account. HINT was also used to estimate the energetics of
water molecules in a wider variety of binding sites.73 The water
molecules bridging protein and ligand were found to have the
largest binding energies (1.3 kcal mol1). The HINT score
together with the number and quality of hydrogen bonds of
water molecules at protein active sites were suggested as
criteria for predicting whether they would be favorably displaced by the ligand.
Inclusion of the interfacial water molecules in deriving both
binding site structure- and ligand-based pharmacophores
shows a profound eﬀect on ligand design.70 Wang et al. used
the number of bridging water molecules in a QSAR-type
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predictor of the binding aﬃnity of tyrosine phosphatase
inhibitors.68 Mancera found that inclusion of explicit water
greatly facilitated de novo ligand design for bacterial neuraminidase.75
A few docking programs have developed ways to include
discrete water molecules. Rarey et al. developed an approach
for taking water into account in the docking program Flex-X.
The water molecule is represented by a particle that can form,
at most, four hydrogen bonds. Possible positions for a water
molecule in the protein binding site are precomputed.66 The
geometry of the hydrogen bonds and the steric constraints
resulting from the water is used to optimize the orientation of
the ligand during the docking process. Osterberg treated water
as a variable in an ensemble of protein structures that are
combined to produce a single target representation for use
with Autodock.67 Schnecke and Kuhn predicted possible
water molecules from the crystal structure of the ligand-free
protein and considered their eﬀects on molecular docking,
allowing them to interact with the ligands or incorporating a
desolvation penalty into the scoring function when they are
displaced by ligand atoms.76 Verdonk et al. extended the
program GOLD to include the bound water molecules in
protein–ligand docking. In this approach, the water molecules
in all-atom representation are allowed to rotate and switch
between the bound and displaced status during the docking
protocol. The loss of rigid-body entropy of water is added to
the scoring function as a penalty when water is present, thus
rewarding water displacement.72 The program GLIDE docks
explicit water molecules into the binding site and employs
empirical scoring terms to account for their impact.77 Moitessier et al. made crystallographic water molecules displaceable
by truncating the water–ligand short range repulsion.78
Signiﬁcant improvements in docking performance by considering the contributions from interfacial water have been
reported.66,67,71,72,76,79,80 In general, when crystallographic or
even predicted water molecules are retained in protein structures, docking performance is improved.71,72,76,79,80 These
water molecules can usually accept two and donate two
hydrogen bonds, at most, in the complex. However, other
studies found that including water molecules had little eﬀect
on the quality of docking.81
A ‘‘solvated rotamer’’ approach was introduced by Jiang
et al. to account for water-mediated hydrogen bonds in
designing protein–protein interfaces.82 They expanded a rotamer library by building ﬁxed water molecules onto polar-side
chain atoms, as well as backbone atoms. These rotamers were
used to calculate protein–water interactions that include a
Lennard-Jones repulsive potential and hydrogen bonding
potential. It appears that the simple water-mediated hydrogen-bonding model can signiﬁcantly improve prediction of
amino acid identities. This model can also be applied to
calculate protein–protein interaction energies. However, the
predicted water molecules are not as helpful as crystallographic ones in predicting interaction energies. One problem
with the approach is the increased combinatorial complexity
of the new rotamer library.
Wolynes and coworkers derived direct and water mediated
contact potentials for proteins and found that the combination
of the two performs best in discriminating native
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protein–protein interfaces.83 In more recent work, watermediated contacts along with a new one-dimensional burial
term improved the quality of protein structure prediction,
especially for larger proteins.84 Water-mediated potentials also
improved the quality of b-sheets in a/b protein structure
prediction.85
Theoretical studies of the thermodynamics of interfacial water
The simplest estimate of the entropy cost of tying up a water
molecule into a protein cavity was given by Dunitz, based on
the entropies of inorganic salts.86 He gave an upper bound of
the entropy cost as 7 kcal mol1 (about 2 kcal mol1 at 298 K).
Similarly, an estimated upper bound of the enthalpy gain of
water ordering was given as 3.8 kcal mol1.18 Combining
these two estimates one arrives at 1.8 kcal mol1 for the free
energy of inclusion of a single water molecule in a protein
cavity or binding interface. Nevertheless, these are simple,
generic estimates which are of limited utility in practical drugdesign situations.
Covell and Wallqvist used a knowledge-based energy function, including crystal waters, to compute the eﬀect of mutations at protein–protein interfaces on binding aﬃnity. 25% of
the total binding aﬃnity was calculated to arise from the
crystallographic water molecules at the interface.87
Petrone and Garcia calculated the contributions of bound
water molecules in Major Histocompatibility Complex
(MHC)—peptide binding. This is a very interesting system
because it is characterized by low speciﬁcity (promiscuity).
They used an approximate method for calculating the chemical potential of water based on a Gaussian model for the water
interaction energy distribution. They found that water that
simply ﬁlls space can bind at the interface with a net gain in
entropy relative to the bulk.88
An entirely diﬀerent methodology—normal mode analysis—was used by Fischer et al. to measure the eﬀect of an
isolated and well-ordered water molecule on the vibrational
entropy of Bovine Pancreatic Trypsin Inhibitor (BPTI).89 The
increase in entropy upon addition of the water molecule was
decomposed into the librational contributions of the water
(9.4 kcal mol1) and an increase in protein ﬂexibility (4 kcal
mol1). This work shows that the low frequency vibrational
modes of the water are important for the protein–ligand
binding processes. Later work found that the water–protein
electrostatic interactions are key to this phenomenon.90
On a totally diﬀerent theory level, a quantum chemical ab
initio method was used to study the geometry and energetics of
six water-mediated base pairs in RNA, including their geometries and interaction energies.91 In most cases, the geometry of
the water-mediated base pairs was similar to that observed in
crystal structures. The energies of the water-mediated and
direct base pairs were compared. It was found that the
absolute energy per hydrogen bond was higher for watermediated interactions in all cases except for the UA pair. Of
course, these studies only give interaction energies and do not
include entropic eﬀects, unlike the other methods mentioned
above. Another quantum mechanical study aimed to quantify
the diﬀerential binding energies of water versus carbohydrates
to concanavalin A, where the carbohydrates were modeled by
576 | Phys. Chem. Chem. Phys., 2007, 9, 573–581

methanol and the protein by a limited number of amino acid
side chains.92 The binding energies of water and methanol to a
cluster including three key amino acid side chains of concanavalin A and the key water were found similar to each other.
Free energy perturbation and thermodynamic integration studies
of interfacial water
Free Energy Perturbation (FEP) and Thermodynamic Integration (TI) are rigorous methods for computing the relative
free energy between two thermodynamic states. Over the past
two decades, they have been applied to a wide variety of
biological problems, including molecular recognition and
protein stability. Studies on the contributions of ordered water
molecules to free energy employing FEP or TI usually involve
a hypothetical process by which a bound water molecule is
transferred from the binding site or cavity of the protein to the
bulk.93–97 Applying these techniques, Wade et al. found that
the free energy of transferring water molecules from bulk
solvent into protein cavities is positive for empty cavities
and negative for cavities containing water molecules.93 Roux
et al. used free energy perturbation to study the stability of
water molecules in bacteriorhodopsin.94 Tashiro and Stuchebrukhov calculated the thermodynamic properties of water
molecules in a hydrophobic cavity around the catalytic center
of cytochrome c oxidase employing TI.98 Zhang and Hermans
studied the energetics of buried water molecules in the subtilisin Carlsberg-eglin C complex by calculating the free energies of transferring water molecules into the protein cavities
employing molecular dynamics simulations and a harmonic
restraint potential for each water.95 Their results show that
such free energies for the hydrated cavities (with a negative
value up to 8.3 kcal mol1) are dramatically diﬀerent from
those for the empty cavities (with a positive value up to +14.6
kcal mol1). Using FEP, Olano and Rick calculated the free
energies of transferring water molecules from pure liquid into
two diﬀerent protein cavities, i.e., BPTI (hydrophilic) and the
I76A mutant of barnase (hydrophobic), which were obtained
as 4.7 and +4.7 kcal mol1 at 298 K, respectively.97 They
also calculated the entropy of transfer and found it to be
unfavorable for the polar cavity and favorable for the nonpolar one.
Hamelberg and McCammon studied interfacial water molecules in two biological systems using the double-decoupling
approach.96 In this approach, the binding thermodynamics of
two molecules (A and B) is calculated from the free energy of
transferring B from solution to the gas phase and from the
complex AB in solution to the gas phase.99 The free energy
change of the ﬁrst process is calculated by simply removing B
from the solution applying free energy perturbation, while the
other one is evaluated by thermodynamic integration applying
constraints on the coordinates of B. They applied this method
to the crucial water molecule bridging HIV-1 protease and the
ligand KNI-272 and a similar water molecule in the complex
of trypsin with benzyldiamine. The free energy of transfer of
water into the protein–ligand complex was calculated to be
3.1 kcal mol1 in the ﬁrst system and 1.9 in the second.96
Archontis et al. used free energy simulations to study the
binding aﬃnity between Glycogen Phosphorylase (GP) and its
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inhibitors: glucopyranose spirohydantoin (hydan) and its analogues (m-hydan and n-hydan).100 Both this study and crystallography show that in the binding interface of the GP–hydan
complex one water molecule prefers to stay at a well deﬁned
position, while in the GP–m-hydan (or n-hydan) complexes
this water prefers another position. The free energy proﬁle for
the translocation of the water between the two positions
showed that the calculated binding free energies are sensitive
to the preference of this interfacial water to occupy the two
positions. A free energy decomposition analysis employing the
thermodynamic integration method along with a restraining
potential on the water showed the free energy of moving a
water molecule from one position to another in the GP–hydan
complex to be 3.0 kcal mol1.100
A method based on free energy simulations has been
proposed to compute the number of water molecules in the
interfaces of protein–protein complexes.101 This approach
determines the optimal number of water molecules from the
condition that the chemical potential of water in the cavity be
equal to that in the bulk. It has been applied to determine the
water content in 211 interfacial cavities in 26 antigen–antibody
complexes.
Thermodynamic contributions of interfacial water revealed by
IFST
In this section, we brieﬂy describe the Inhomogeneous Fluid
Solvation Theory (IFST)102,103 and its recent applications to
the study of interfacial water molecules.104–106 In IFST, the
solvation free energy is decomposed into four terms: the
solute–solvent energy (Esw), the solute–solvent entropy (Ssw),
the solvent reorganization energy (DEww) and solvent reorganization entropy (DSww). Each of these can be expressed as
integrals of the position-dependent solute–solvent and
solvent–solvent correlation functions (gsw(r,o) and
gww(r, r 0 , o, o 0 )).
R
Ssw ¼ kr=O gsw ðr; oÞ ln gsw ðr; oÞ dr do:
ð1Þ
R
Esw ¼ r=O gsw ðr; oÞusw ðr; oÞ dr do:

ð2Þ

1 r2 R
0
0
DSww ¼  k 2 gsw ðr; oÞ½gsw ðr0 ; o0 Þfginh
ww ðr; r ; o; o Þ
2 O
0
0
inh
0
0
ln ginh
ww ðr; r ; o; o Þ  gww ðr; r ; o; o Þ þ 1g

 fgoww ðR; orel Þ ln goww ðR; orel Þ  goww ðR; orel Þ þ 1gdrdr0 dodo0
ð3Þ
1 r2 R
0
0
gsw ðr; oÞ½gsw ðr0 ; o0 Þginh
ww ðr; r ; o; o Þ
2 O2
 goww ðR; orel Þuww ðR; orel Þ drdr0 dodo0

DEww ¼ 

ð4Þ

where k is Boltzmann’s constant, r is the density of bulk
solvent, r and r 0 denote the position of two water molecules; o,
and o 0 denote the orientation of these two water molecules
with respect to the solute, each of which is expressed as three
Euler angles; O is the integral over o (O = 8p2), R is the
distance between two water molecules, orel are the ﬁve angles
that describe
R the relative orientation of two water molecules,
0
0
and Orel = dorel = 32p3; goww (R, orel) and ginh
ww (r,r ,o,o ) are
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the solvent–solvent correlation functions in the pure solvent
and in the complex, respectively; usw (r, o) and uww(R,orel) are
water–solute and water–water potentials, respectively.
The solute–solvent correlation function gsw(r, o) is zero
over the regions occupied by the solute, and thus all contributions to the solvation energy and entropy come from regions
occupied by the solvent. This approach allows one to focus on
the vicinity of the solute, especially the biomolecular interface
region, where the largest contributions to solvation thermodynamics originate, whereas the standard homogeneous correlation functions are averages over the entire body of the
ﬂuid. The advantage of IFST is that it allows a rigorous
decomposition of the solvation free energy into contributions
from diﬀerent solvent regions107 and provides unprecedented
detail: the contribution of each interfacial water molecule to
the enthalpy and entropy can be obtained no matter how
tightly it binds to the biomolecules and whether or not it is
fully buried. In contrast, the removal of water molecules from
surface sites upon FE simulations is not meaningful, because
another water molecule will immediately take their place. The
disadvantages of IFST are that it involves numerous approximations, and requires the evaluation of complicated integrals,
which makes it less ‘‘user friendly’’.108
IFST has been applied to the isolated water molecules in
HIV-1 protease–KNI-272104 and Concanavalin A–trimannoside 1 complexes,105 and to interfacial water clusters in complexes of Cyclophilin A with cyclosporin A and (5hydroxynorvaline)-2-cyclosporin.106 The approach requires
performing MD simulations of the water with the protein
and ligand ﬁxed, calculation of solute–solvent and solvent–solvent correlation functions, and evaluation of the IFST integrals to obtain the thermodynamic properties. Table 1
summarizes the results obtained in all three systems. The
solvation entropy (DSsolv) of the waters ranges from 9.8 kcal
mol1 to 0, reﬂecting their diﬀerent degree of ordering. Thus,
the entropic cost of binding for some highly ordered water
molecules at protein–ligand binding interfaces can be larger
than the upper bound (7 kcal mol1) proposed by Dunitz.104
However, the entropic penalty is always outweighed by the
favorable enthalpy change, which mainly originates from the
direct interactions between the water and the protein–ligand,
leading to a favorable contribution to the solvation free
energy. In some cases, the contribution is large, e.g., the
contribution of the interfacial water in HIV-1 protease–
KNI-272 is 15.2 kcal mol1.104 In other cases, the contribution is very small, e.g., the contribution of water 133 in the
complex of Cyclophilin A–cyclosporin A was calculated as
1.9 kcal mol1.106 Among the interfacial water molecules we
studied, water 133 is the only one forming no hydrogen bond
with the protein or ligand.
Based on the values of the thermodynamics parameters of
water at diﬀerent temperatures, we found that the contribution of several bound water molecules to the heat capacity is
negative. The negative value shows that the increase in pure
water energy and entropy with temperature is faster than the
increase of the protein–ligand interaction energy and entropy.
The values of the solvation free energy for many of the
interfacial water molecules we calculated are much larger than
the value of standard free energy of transferring the water
Phys. Chem. Chem. Phys., 2007, 9, 573–581 | 577

Table 1 Thermodynamic parameters of the bound water molecules in the HIV-1 protease–inhibitor complex, Con A–trimannoside complex,
cyclophilin A–cyclosporin complexes. Adapted from ref. 106
Complex

Bound water*

HIV-1 protease

WTR1

Con A–trimannoside 1

WTR1

Cyclophilin A–CsA 1

Cyclophilin A–CsA 2

Ssw

TDSsolv

DGsolv

DCp

0

25.0

+2.9

15.2

11  1

19.2

0

22.1

+2.0

17.2

10  3

25.6
8.3
14.1
3.7

17.4
5.9
6.6
1.4

5.5
3.4
3.8
3.5

18.3
13.4
12.2
10.1

+2.6
+0.5
+0.2
0.5

14.8
5.4
6.4
1.9

—
—
—
—

23.0
17.7
24.3

12.7
13.1
12.5

+0.2
1.2
0.2

20.9
20.5
21.3

+1.6
+2.0
+1.9

11.1
11.1
10.6

—
—
—

Esw

DEsolv

Sww

0

28.2

18.1

0

30.2

WTR5
WTR6
WTR7
WTR133

3.8
15.4
5.1
15.6

WTR5
WTR6
WTR7

+0.4
11.0
+3.4

Eww

Note: Units for the energy are kcal mol1; Units for the entropy and heat capacity are cal mol1 K1. DEsolv and DSsolv are calculated by
subtracting the energy and entropy of pure water from the sum of the solute–solvent and solvent–solvent terms. The bound waters listed here are
the key water molecules we previously studied in diﬀerent systems.104–106

molecule from the bulk to the binding interface obtained by
Hamelberg and McCammon. For example, for the water in
HIV-1 protease they obtained 3.1 kcal mol1, while we
obtained 15.2 kcal mol1. It should be clariﬁed, however,
that the results of these two methods are not comparable. FEP
simulates the actual removal of a water molecule, while IFST
does not; it performs a decomposition of the free energy of the
system and assigns a certain value to each water molecule. In
the case of FEP, the removal of the water molecule may be
accompanied by conformational changes of the protein and
ligand. The contribution of such changes is not included in the
IFST result. For example, in the HIV-1–KNI272 complex,
1600 steps of energy minimization showed that the protein–
ligand interaction energy is 4.2 kcal mol1 more negative when
the key water molecule is not present. Another factor that may
contribute to the large values for the free energy contribution
of interfacial waters by IFST is that, in the calculations, the
protein and ligand are ﬁxed at their optimized conﬁguration.
Thermal motion of the protein and ligand is expected to
reduce their interaction energy with the bound water. In
principle, the IFST approach should be applied to a thermal
ensemble of protein–ligand conﬁgurations.
To connect the thermodynamic contributions of interfacial
water to the protein–ligand binding thermodynamics, we
studied two pairs of similar complexes, i.e., Con A–trimannoside complexes105 and the complexes of Cyclophilin A with
cyclosporin A and analogues,106 where the thermodynamic
consequences of displacing key water molecules have been
measured experimentally. For each pair, the ligand structures
and the binding modes are very similar to each other (see Fig.
1 for Con A). As a result, we can approximately attribute the
binding free energy diﬀerences to only a few factors, namely,
the contributions of the interfacial water, protein–ligand
interaction energies, ligand desolvation and entropy of conformational restriction.
The calculated contributions for Con A are given in Table 2.
To calculate the diﬀerence of the interaction energy of the two
trimannosides with concanavalin A, we assumed that only the
central mannose contributes to the diﬀerent interaction energy. The diﬀerence in interaction energy of the C-2 substituents of the two ligands with the protein is 18.4 kcal mol1,
578 | Phys. Chem. Chem. Phys., 2007, 9, 573–581

which is comparable to a favorable contribution to the solvation free energy given by the bound water molecule in Con A–
trimannoside 1 complex (17.2 kcal mol1). To calculate the
diﬀerent desolvation enthalpy and entropy of the ligands, we
assumed that the solvation eﬀects of polar and apolar groups
of trimannoside 1 and 2 are additive and proportional to their
solvent accessible surfaces. We also calculated the entropy of
conformational restriction of the hydroxyethyl side chain of
trimannoside 2 by comparing the distributions of the dihedral
angles at the ligand side chain in the bound and free state.
Similar calculations of these factors were performed for the
complexes of Cyclophilin A with cyclosporin A and analogues.
The ﬁnal calculated results for the diﬀerent binding aﬃnity
were both in good agreement with the experimental data.
Outlook
From the published experimental and theoretical studies on
interfacial water, the following conclusions can be reached: (a)
interfacial water involved in hydrogen bonds with the protein
and ligand makes a negative contribution to the entropy,
enthalpy, and heat capacity of binding. However, water that
does not form hydrogen bonds can have higher entropy than
in the bulk; (b) Water-mediated interactions can be as strong
as direct interactions. Displacement of bound water by ligand
modiﬁcation can increase or decrease binding aﬃnity

Fig. 1 Binding of trimannoside 1 and 2 to Con A (structures obtained
after 8 ns MD simulation). a: the ordered water molecule in the
binding interface of Con A–trimannoside 1 (in thicker sticks) complex
and the 3 residues (Asp14, Asn16, and Arg228 in thinner sticks) at the
protein binding site; b shows the similar structure of Con A–trimannoside 2 complex.
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Table 2 Contributions to the enthalpy, entropy and heat capacity of the binding of two trimannosides to concanavalin A. Adapted from ref. 105
Con A–trimannoside 1

Con A–trimannoside 2

Diﬀerence between 1 and 2

Temp.

300 K

300 K

330 K

300 K

EL2OH-P
DEsolv (ordered water)
DSsolv (ordered water)
DHdesolv a
DSdesolv a
DSconﬁg
DE (total)b
DS (total)
DG (total)
DCp c

9.4 
19.2 
6.8 
+15.4
+18.0
0
13.2 
+11.2 
16.6 
3

27.6  0.05
0
0
+19.3
+26.4
2.9
8.3  0.05
+23.5
16.1  0.05

18.4 
+19.2 
+6.8 
+2.9
+5.1
2.9
+3.7 
+9.0 
+1.0 
+37 

330 K
0.1
0.1
0.1

0.1
0.1
0.1
3

9.3 
19.5 
7.8 
+15.7
+18.9
0
13.1 
+11.1 
16.8 

0.03
0.1
0.1

0.1
0.1
0.1

27.8 
0
0
+18.3
+23.1
2.9
9.5 
+20.2
15.6 
40 

0.02

0.02
0.02
1

330 K
0.1
0.1
0.1

0.1
0.1
0.1
3

18.3 
+19.5 
+7.8 
+3.6
+7.5
2.9
+4.8 
+12.3 
+0.7 

0.05
0.1
0.1

0.1
0.1
0.1

*Note: Units for enthalpy and free energy are kcal mol1. Units for entropy and heat capacity are cal mol1 K1.a DHdesolv stands for the
contribution of enthalpies of dehydration from the hydroxyl group in trimannoside 1 and from the hydroxyethyl group in trimannoside 2;
Similarly for DSdesolv. b DE (total) = EL2OH-P + DEsolv (ordered water) + DHdesolv, and DG (total) = DE (total) TDS (total). c DCp was
calculated with DDE (total)/DT.

depending on the detailed balance of the various contributions
involved. The eﬀect of water-mediated interactions on binding
speciﬁcity is much less clear. Some systems with bridging
waters, such as Trp-repressor/operator, exhibit speciﬁcity
and others, such as MHC, do not.
On the experimental side, the most widely used techniques
so far have been mutagenesis and calorimetry. While powerful,
these methods only provide thermodynamic data that result
from a multitude of contributions. One would wish for more
detailed information. One promising technique that should be
further explored toward that goal is NMR.48
On the theoretical side, a number of methods have been
applied to obtain the thermodynamics of interfacial water:
FEP simulations,96 the Gaussian model,88 and IFST.104–106
These methods all have advantages and disadvantages.
Furthermore, their theoretical formulations are very diﬀerent
from each other. It would be useful in the future to explore the
relationship between them both theoretically and by applying
them all to a wider range of problems and comparing closely
the results. IFST provides the greatest level of detail but is
more cumbersome to use. The authors will be happy to share
their programs with colleagues who might be interested in
applying it to diﬀerent systems. One issue that should be
explored is the eﬀect of thermal motion (small ﬂuctuations
in the protein–ligand conﬁgurations) on the values of the
thermodynamic contributions obtained for water.
The above methods are too expensive in many practical
situations. Much work still needs to be done to ﬁnd practical
ways to include water-mediated interactions in protein–ligand
docking, scoring, and drug design. Most work so far appears
to be somewhat ad hoc. One direction is to use discrete, explicit
water molecules at key positions in the binding interface. This
will require improvements in the methodology of predicting
water locations and has the disadvantage of neglecting entropic eﬀects. The second direction is towards implicit modeling of water. A start has been made with the knowledge-based
water-mediated potentials of Wolynes and coworkers,83,84 but
it would be useful to develop physics-based potentials as well.
What is essentially needed is the extension of implicit solvent
models, such as ACE,109 Generalized Born,110 or EEF1,111 to
This journal is


c

the Owner Societies 2007

make them applicable to water in restricted environments. It is
a diﬃcult task, because the thermodynamics of bound water is
sensitive to its surroundings. To capture this complexity
correctly, one would most likely need many-body potentials
and an extensive set of data on the dependence of the free
energy of the bound water on the conﬁguration of surrounding
polar atoms.

Note added at proof
The double decoupling free energy method has recently been
applied to four interfacial water molecules in the HIV-1
protease–KNI-272 complex.112
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