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Abstract Taking account of the presence of water molecules is sometimes crucial for free energy calculations to 
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been usually neglected. 
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1. Introduction 
One common technique used to identify in silico the 

precursors of potential drugs is virtual screening. 
Computer-aided structure-based methods are aimed at 
predicting the binding mode of a ligand in the binding site 
of a protein or any molecular target and at obtaining an 
estimate of the binding affinity. These methods involve 
two computational steps: docking and scoring. In the 
docking step, multiple protein-ligand configurations, 
called poses, are generated. Then, a scoring function is 
used to calculate the affinity between the receptor and the 
ligand for each pose. In addition, if multiple ligands are 
docked, their binding free energies need to be ranked 
accurately. 

Scoring functions can be grouped into three classes: 
force-field-based, knowledge-based, and empirical scoring 
functions (see refs 1 and 2 for a review). Force field-based 
scoring functions apply classical molecular mechanics 
energy functions. They approximate the binding free 
energy of protein-ligand complexes by a sum of van der 
Waals and electrostatic interactions. 

A docking program is used to predict the binding pose 
and energy of a small-molecule model within a selected 
receptor binding pocket. Traditionally, many ligand 
models, typically taken from a database of compounds 
that can be easily synthesized or commercially purchased, 
are docked into a single static receptor structure, often 
obtained from NMR or X-ray crystallography. The best 
predicted ligands are subsequently tested experimentally 
to confirm binding. 

Unfortunately, traditional docking relying on a single 
receptor structure is problematic. Some legitimate ligands 
may indeed bind to the single structure selected, but in 
reality most receptor binding pockets have many valid 
conformational states, any one of which may be druggable. 

In a traditional virtual screen, true ligands are often 
discarded because they in fact bind to receptor 
conformations that differ markedly from that of the single 
static structure chosen. 

A quantitative understanding of the noncovalent 
interaction between a ligand and its receptor is a central 
goal for computational chemistry, and is the route to a 
deeper appreciation of molecular biochemistry and 
structure-based drug design. The association of a small 
organic molecule with a protein frequently induces 
changes in the conformation of both partners in order to 
minimise the free energy of association [3]. A measure of 
strain can be tolerated in the ligand on binding as it seeks 
to optimise all its interactions with the protein receptor, 
such as hydrogen bonds and van der Waals contacts. It has 
been estimated that over 60% of ligands bind in a strained 
conformation [4], although the level of strain does not 
appear too great: for example, it was found for a set of 99 
drug-like molecules that the majority of bioactive 
conformations were within 2 kcal/mol of a local energy 
minimum [5]. 

A key objective of computational structure-based drug 
design is the prediction of the structure of protein-ligand 
complexes. In general, the scoring function of any docking 
engine is designed to be fast and robust. However, to 
achieve this goal, important details of the binding process 
are approximated or even completely ignored. This can be 
justified especially when one is dealing with virtual 
libraries of thousands or even millions of compounds to be 
in silico screened. The rigid receptor approach can be 
safely pursued in closely related structures where it can 
perform appropriately, but for cases where ligand sets are 
diverse or where the protein is flexible, methods that can 
partially or fully account for protein flexibility may be 
more suitable. 

If a high resolution structure of the receptor is available, 
and the receptor structure does not change substantially 
upon ligand binding, the problem can often be reduced to 
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docking the flexible ligand in the environment of the rigid 
receptor. When rigid receptor docking fails, one of the 
simplest approaches is to reduce the van der Waals radii of 
the protein and/or ligand atoms or delete side chains of 
residues predicted to be flexible, thus potentially 
eliminating close contacts [6,7]. However, while this 
approach may yield the correct ligand binding mode, it 
may not give insights into specific protein/ligand 
interactions since the conformation of key residues in the 
binding site may be inconsistent with the correct ligand 
structure in the receptor. It is also likely to lead to false 
positives in virtual screening experiments, as the binding 
site will effectively increase in size. It is clear that in order 
to tackle the full protein/ligand structure prediction 
problem in a robust and accurate manner, it is essential to 
allow both the structure of the protein and ligand to 
reorganize. From a computational point of view, this is 
substantially more challenging than rigid receptor docking, 
as it involves many more degrees of freedom. There are a 
number of ways one could account for both ligand and 
receptor flexibility. In theory, the correct structure of the 
protein-ligand complex can be generated by running 
explicit solvent molecular dynamics simulations, starting 
from an arbitrary initial guess [8,9,10]. 

2. Interactions Involved in Molecular 
Recognition and Binding Affinity. 

Knowledge-based scoring functions represent the 
binding affinity as a sum of protein-ligand atom pair 
interactions. These potentials are derived from the protein-
ligand complexes with known structures, where 
probability distributions of interatomic distances are 
converted into distance-dependent interaction free 
energies of protein-ligand atom pairs using the “inverse” 
Boltzmann law [11]. 

Molecular recognition between drugs and their 
receptors is guided by the nature of intermolecular 
interactions, such as hydrogen bonds, heteroatom 
electrostatic interactions, π - π interactions, and van der 
Waals forces. Depending on the specific chemical donor-
acceptor combination, and the details of the contact 
geometry, all of these interactions influence biological 
activity. Therefore, knowledge of intermolecular 
interactions and their geometric characteristics enables 
one to design and manipulate molecular systems, which 
can be applied in the field of rational drug design. 
Understanding the relationship between drug structures 
and biological activities forms the basis for the design of 
drugs. When the structural group(s) on the drug molecule 
that interacts with the target is known, structural 
modifications can be made to increase the affinity towards 
the desired target, decrease the affinity to an undesired 
target, alter the drug’s ability to cross a lipid membrane, 
and so on. Structure-based drug design is perhaps the most 
elegant approach for discovering compounds exhibiting 
high specificity and efficacy. In reality, however, drug 
targets are very complex and this approach has had only 
limited utility. However, a number of recent successful 
drugs have in part or in whole emerged from a structure-
based research approach. 

The three-dimensional crystal structure of a molecule is 
a free-energy minimum resulting from the optimization of 
attractive and repulsive intermolecular interactions with 
varying strengths, directional preferences, and distance-
dependence properties. Intermolecular interactions in 
organic compounds are of two types: isotropic medium-
range forces that define the shape, size, and close packing; 
anisotropic long-range forces that are electrostatic and 
include hydrogen bonds and heteroatom interactions. The 
observed three-dimensional architecture in the crystal is 
the result of interplay between the isotropic van der Waals 
forces and the anisotropic hydrogen-bond interactions. 
The distinction between hydrogen bonds and van der 
Waals interactions lies in their orientational and angular 
attributes [12]. 

The nature of intermolecular interactions that mediate 
molecular recognition for all systems are the same: strong 
O-H...O, N-H...O, O-H...N hydrogen bonds; weak C-H...O, 
C-H...N hydrogen bonds; heteroatom interactions X...X, 
X...O (X = Br, I); π-π interactions; and van der Waals 
forces [13]. Hydrogen bonds, regarded as the strongest 
and most directional of intermolecular interactions, have 
been widely exploited in many fields [14]. 

At optimal geometry, van der Waals interactions 
contribute some tenths of a kcal/mol to the hydrogen bond 
energy whereas electrostatic interaction reduces with 
increasing distance and with reducing dipole moments or 
charges involved. For strong donors like O-H or N-H, the 
electrostatic component is the dominant one, whereas for 
weakly polarized donor groups like C-H the magnitude of 
the electrostatic component resembles to van der Waals 
contribution [15,16]. 

Hydrogen bonding is a well-known classical structural 
phenomenon [17]. Knowledge of weak intermolecular 
interactions enables one to design and manipulate 
molecular systems and this can be applied in the fields of 
rational drug design, crystal engineering, supramolecular 
chemistry, and physical organic chemistry [18]. Also, 
these secondary interactions have ramifications in the 
systematic design of new materials possessing novel 
chemical, magnetic, optical, or electronic properties [19]. 
Critical assessment of the weak intermolecular 
interactions is a must as these may exert a substantial 
effect when added together. In this context, the acceptor 
capabilities of halogen atoms are controversial and 
noteworthy [20]. A second type of weak hydrogen bond 
established in recent years is the hydrogen bond with π 
acceptors [15]. 

One of the less known but significant weak interactions 
in nature is the interaction involving π systems [21] 
wherein phenyl rings, various heterocycles, C≡C, C=C, 
and other π-bonded moieties are involved. Two types of 
interactions can be categorized with π systems: one is a 
hydrogen bond where the π system acts as an acceptor and 
the other is the interaction between the π systems (π-π 
interactions). In this context, energy calculations have 
shown that there is significant interaction between a 
hydrogen bond donor and the center of a benzene ring, 
which is about half the strength of a normal hydrogen 
bond and contributes approximately 3 kcal/mol of 
stabilizing enthalpy. The energetics and consequently the 
chances of the occurrence of this type of interaction are 
enhanced if the aromatic system contains nitrogen atoms 
that magnify the π-electron density. 
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3. The Role of Water Molecules. 
Water molecules play a critical role in the formation of 

protein-ligand interactions and are a significant 
determinant in the binding free energy. Changes in 
hydration free energy during complex formation are a 
crucial element of binding free energies [22,23,24]. With 
the use of methods for the prediction of binding free 
energies becoming commonplace in the field of drug 
design, there is a need for solvation methods that are both 
quick and highly accurate [25,26,27]. However, it is still 
challenging to predict accurately not only where water 
molecules prefer to bind, but also which of those water 
molecules might be displaceable. The latter is often seen 
as a route to optimizing affinity of potential drug 
candidates. For example, using a protocol called 
WaterDock, the freely available AutoDock Vina tool can 
be used to predict accurately the binding sites of water 
molecules [28]. 

Solvation has been usually taken into account using a 
distance dependent dielectric function, although solvent 
models based on continuum electrostatics have also been 
developed [29,30,31]. Although the use of a continuum 
solvent model is an improvement over accounting only for 
direct protein-ligand interactions, as they suggest practical 
ways to calculate free energies of macromolecular 
conformations taking into account equilibrium interactions 
with water solvent an protons, in many cases it is not 
enough. The continuum solvent models do not account for 
two explicit water molecule contributions. First, some 
water molecules serve to bridge interactions through 
hydrogen bonding between the ligand and protein and 
therefore affect the binding affinity. Second, some well-
defined water molecules can be displaced by the ligand 
and significantly contributes to the binding affinity due to 
the increase in translational and rotational entropy upon 
release. 

Explicit solvation models such as free energy perturbation 
(FEP), thermodynamic integration (TI) [22,32] and the 
faster linear interaction energy models (LIE) [33,34], offer 
detail on the distinct nature of water around the solute and 
are transferable across a wide range of datasets. The 
caveat of these solvation models for their application in 
the field of drug design is their lack of throughput. 
Implicit solvation models offer a quicker alternative to 
explicit models by replacing the individual water 
molecules with a continuous medium [35,36,37,38]. For 
small organic molecules, the loss of molecular detail of 
the solvent results in relatively small differences between 
hydration free energy prediction accuracies calculated 
with implicit solvent models relative to the explicit 
treatment [39,40,41,42,43]. When applied to complex 
biomolecular systems, this loss of detail may become 
problematic at locations where water does not behave as a 
continuous medium, for example the individual water 
molecules ordered in concave pockets at the surface of 
proteins [25,44]. 

As expected, new docking strategies considering 
explicit water molecules, partial protein flexibility, and 
rescoring of docking poses have already been found to 
improve binding mode prediction of CYP ligands. 
However, inclusion of explicit water molecules and 
especially the inclusion of flexibility for the whole 
enzyme lead to significantly higher complexity. Without 

proper algorithmic treatment of this complexity, this can 
lead to a final lower reliability of the docking results. The 
combination of docking with MD simulations to improve 
docking predictions and to explore conformational 
flexibility of substrates and CYP enzymes to a greater 
extent, as well as the explicit inclusion of water, is seen in 
an increasing number of studies and shows much promise 
[45]. 

At the same time, ordered water molecules play an 
important role in protein-ligand recognition, either being 
displaced on ligand binding or bridging groups to stabilize 
the complex [46].In a recent survey of high-resolution 
structures, over 85% of complexes had one or more water 
molecules bridging protein and ligand, with an average of 
3.5 per complex [47]. Since the identity of the mediating 
waters can change from ligand to ligand and since many 
of the waters observed in an apo-structure are displaced by 
ligand binding, predicting the role of a particular ordered 
water molecule to ligand binding remains challenging [26]. 
The problem of treating ordered waters is acute in 
molecular docking, which relies on rapid evaluations of 
discrete states. These rise exponentially with the number 
of water molecules sampled. Also, it is rarely clear which 
waters should be treated as displaceable and which should 
be treated as fixed, despite efforts to categorize them 
based on environment or crystallographic observation (e.g., 
thermal factors) [47,48,49]. 

 

Figure 1. Water molecules mediating in protein-drug interactions [50] 

4. Water and Protonation Estates 
The protonation of the ligand molecule and the protein 

binding site has a significant influence on the results 
obtained by protein-ligand docking. Due to the inability of 
X-ray crystallography to resolve the hydrogen atom in 
protein and protein complex structures, the correct 
protonation for the protein and the ligand has to be 
assigned on a theoretical basis before the structures can be 
used. Because of the local environment inside the binding 
site and because of the influence of the ligand and the 
protein onto each other, the ligand protonation can differ 
from the protonation one would expect for the ligand in 
solution under physiological conditions. Hence for 
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protein-ligand docking different proton states of the ligand 
have to be taken into account. 

Additionally, the importance of the preparation of the 
protein and especially the ligand structure and its 
influence on the docking results has been stressed in 
several studies. As the position of hydrogen atoms cannot 
be determined experimentally by X-ray crystallography, 
protonation and tautomeric states must be predicted on a 
theoretical basis, and the assignment of atomic 
hybridization and bond orders are not always 
straightforward. For scoring functions, which take actual 
hydrogen positions into account for the calculation of 
hydrogen-bonding strengths, the correct placement of 
these atoms is often the key to identifying the correct 
structure with a docking approach [51]. 

The Chothia-Janin model makes clear that the net 
contribution of non-covalent interactions, even if zero, 
must not be ignored because interactions determine the 
specificity of the complex. A highly specific interaction 
must reconcile with three criteria, all concerning interface 
complementarity [52]: 

a) Complementarity of ions. If not all charged groups 
form salt bridges in the interface, the subunit association 
would require an ionic bond to the solvent (2-6 kcal mol-1) 
to be broken and, therefore, would highly destabilize the 
protein-protein complex. 

b) Complementarity of hydrogen bonds. A hydrogen 
bond that is not satisfied within the protein-protein 
interface would result in a large change in free energy 
(0.5-6 kcal mol-1) [53]. 

c) Steric complementarity. Although van der Waals 
interactions are weak in nature, the number of atoms in the 
interface is large, and therefore they contribute to the 
specificity in a non-negligible manner. 

5. Water and Binding 
Besides all the preceding, there is often a difference 

between the bound and unbound ligand conformations, 
and the literature also suggests that while the predicted 
low energy solvated structure is often the bioactive this is 
not always true [4,54]. 

An often neglected aspect in rational drug design is the 
ubiquitous presence of water inside and around the 
receptor binding cavity and, in some instances, the free-
energy cost of displacing ordered or partially ordered 
water molecules involved in the residual solvation of 
active site residues should be considered carefully 
[44,55,56,57]. Computational methods are being devised 
to calculate the energy cost of displacing clusters of 
rotationally and translationally hindered water molecules 
present in binding site cavities accessible to water 
[28,58,59,60,61,62]. 

When a ligand binds to a protein, water molecules 
surrounding the ligand and protein need to rearrange. 
These rearrangements contribute to the binding affinity of 
the ligand. Most water molecules building the hydration 
shell around the ligand and in the protein active site need 
to be either removed or displaced. Paying attention to the 
thermodynamics of these phenomena, for which no 
relevant experimental data are available, has been done in 
early theoretical studies of protein folding and protein 
association [63]. Very recently, molecular dynamics 

simulation (MDS) has further contributed to our 
understanding by showing that water molecules in the first 
hydration layer around a receptor surface are less 
thermodynamically stable than bulk water [55]. The 
process of transferring water from the bound state to bulk 
solvent is associated with a favorable free energy 
[44,55,58]. This, however, does not hold for water 
molecules that are deeply buried and tightly bound in 
crevasses at the surface or inside the active site of proteins. 
The maximum entropy change of releasing such a water 
molecule into bulk water is evaluated around 2 kcal.mol-1; 
a gain which is unfavorably outweighed by the loss of 
enthalpy due to the breaking of hydrogen bonds with the 
receptor [57]. Because they are highly ordered 
(immobilized), these water molecules are seen in X-ray 
crystal structures, and in many cases ligand binding is 
often mediated by such water molecules [28]. Attempting 
to displace them with experimental ligands may not only 
be difficult to achieve but also have unpredictable 
unfavorable effects [57,64,65].  

However, when a ligand is binding to a hydrophobic 
cleft at the surface or inside the protein the enthalpic 
contribution to the free energy of binding will increase 
because of favorable interactions between the ligand and 
protein. Simultaneously, water molecules that occupy the 
hydrophobic cleft will be released into the solvent, 
resulting in a favorable increase in entropy [55].  

The interplay between water and the gate-constituting 
amino acids to the binding site has been analyzed for 
mechanosensitive channel (MSC) in order to understand 
the underlying molecular and biophysical mechanisms of 
the mechano-gating process from force sensing to gate 
opening, focussing on the investigation of the role of 
water during the process [66] finding that the presence of 
water molecules in the gate leads to gate expansion, a 
point usually neglected in binding studies, although a 
similar effect would probably influence the ligand 
aproximation to a buried binding site. Influence of the 
number of water molecules inside the conducting path for 
the rapid clearance of drugs from human cells has also 
been found in studies about MRP1 function [67] 

Solvation plays an important role in molecular 
recognition, but appropriate treatment of solvent effects in 
scoring functions still remains a major challenge. In many 
scoring functions these effects are considered only 
partially, neglected altogether, or included indirectly, as in 
some knowledge-based scoring schemes. A more rigorous 
way of treating solvation effects in the estimation of 
binding affinities has become known as MM-PBSA or 
MM-GBSA scoring, where MM stands for molecular 
mechanics, PB and GB for Poisson-Boltzmann and 
Generalized Born, respectively, and SA for solvent-
accessible surface area. The MM-PBSA approach has 
been pioneered by Kollman et al., and its basis is a 
thermodynamic cycle for complex formation in aqueous 
solution [68,69]. The key element is that the electrostatics 
of (de)solvation and ligand-receptor interactions is treated 
in a more sophisticated manner using PB or GB instead of 
simple Coulomb-based terms. The (de)solvation process 
can be divided into polar and apolar contributions. The 
associated energies, the polar free energy of solvation and 
the apolar free energy of solvation, are calculated with the 
PB or GB approach and using an expression containing a 
surface area term, respectively [70]. Recently, first 
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applications of MM-PBSA as a more sophisticated scoring 
function in the context of SBVS have become known. In 
contrast to earlier applications, where it was combined 
with molecular dynamics (MD) simulations, the recent 
examples demonstrate its value also for ‘snapshot 
scoring,’ i.e., the evaluation of the MM-PB(GB)SA 
expression for one or a few poses per ligand. These poses 
had been generated using a conventional docking program 
and not by means of a lengthy MD simulation. 
Researchers at Wyeth [71] and SGX Pharmaceuticals [72] 
presented evidence that MM-PBSA scoring can lead to an 
improvement compared to conventional scoring. It was 
shown that, given a number of precomputed poses per 
ligand, re-ranking of the poses with MM-PBSA leads to a 
better separation between correct and incorrect poses. This 
improvement was due to a reduction of both false 
negatives and false positives. Also, it was illustrated that 
enrichment was significantly higher when MMPBSA was 
used to rescore larger databases of docked ligands. 
Treatment of a substantial number of compounds was 
computationally feasible, as the compute-intensive part of 
the MD simulations including explicit water had been 
replaced by pose generation with a fast docking program. 

6. Inclusion of Water in Docking Studies 
As previously mentioned, a current weakness in 

docking is the treatment of water-mediated protein-ligand 
interactions. If one ignores water-mediated interactions 
during docking then the calculated interaction energy of a 
given ligand conformation may be too low. If, on the other 
hand, one retains crystallographically observed water 
molecules then the binding pose and affinity of a ligand 
that in reality replaces that water molecule will not be 
correct. It is notoriously difficult to treat water adequately, 
as first at all one need to identify possible positions for 
water molecules where they could interact with the protein 
and ligand, and subsequently one must be able to predict 
whether a water molecule is indeed present at that position. 
Researchers at Astex and the Cambridge Crystallographic 
Data Centre recently implemented an elegant procedure in 
the latest version of GOLD to address both these issues 
[73].  

To predict whether a water molecule is present or 
absent in a protein-ligand complex, it is needed to estimate 
the free energy change, ΔGb, associated with transferring 
a water molecule from the bulk solvent to its binding site 
in a protein ligand complex. ΔGb for a given water 
molecule w is defined as follows: 

 ( ) ( ) ( )b p iG w G w G w∆ = ∆ + ∆  (1) 

where ΔGp(w) is the free energy associated with the loss 
of rigid-body entropy on binding to the target. ΔGi(w) 
contains contributions resulting from the interactions that 
the water molecule forms with the protein and the ligand 
(relative to those it forms with bulk solvent) and also 
reflects any changes in the interactions between the 
protein and the ligand caused by the introduction of the 
water molecule. These interactions may be favorable (e.g., 
hydrogen bonds) or unfavorable (e.g., steric clashes). 
They refered to ΔGi(w) as the intrinsic binding affinity of 
a water molecule. For a water molecule to bind to a 
protein-ligand complex, its intrinsic binding affinity needs 

to outweigh the loss of rigid body entropy on binding. 
Therefore, to predict water mediation and water 
displacement, the balance of the two terms in Eq (1) is 
critical.  

The water positions they consider for a given target are 
taken from a set of complex structures of that target, but 
one could also use programs to predict potential water-
binding sites [74,75]. Each water molecule can then be 
present (‘on’) or absent (‘off’). If a water molecule is on, 
it can make favorable interactions with the ligand and 
protein, but it pays an entropic penalty for loss of 
translational and rotational degrees of freedom [76]. The 
value of this penalty was optimized using a training set of 
58 protein-ligand complexes. Considering both the 
training and test sets, on and off status are correctly 
predicted for 93% of the water molecules. This increases 
correct pose prediction rates of water-mediated complexes 
by 10-12 percentage points, but it decreases correct pose 
prediction rates for nonwater-mediated complexes by 6-7 
percentage points. This latter decrease is readily explained 
when one assumes that prediction of a water molecule 
where there should not be one leads to an incorrect 
binding mode. The expectation is that the correlation of 
calculated and measured affinities will improve with the 
inclusion of water molecules in the docking runs, which in 
turn should improve the enrichments obtained in VS 
experiments, but this remains to be investigated. 

Another approach to dealing with water molecules 
involved in protein-ligand interactions has been 
incorporated in the FlexX docking program. This method, 
referred to as the particle concept, includes the calculation 
of favorable positions of water molecules inside the active 
site prior to docking. During the incremental construction 
phase these water molecules are allowed to occupy the 
precomputed positions if they can form additional 
hydrogen bonds with the ligand. The method was tested 
using a data set of 200 protein-ligand complexes and with 
pose prediction quality as an evaluation criterion. Similar 
to the observations made for GOLD, it was found that on 
average the improvement was minor. Nevertheless, in a 
number of cases the predicted waters corresponded to the 
crystallographically observed ones, which led to an 
improvement in the predictions [77]. 

Another program that needs to be mentioned in this 
context is the program SLIDE [78]. Prior to docking, a 
knowledge based approach (CONSOLV [49]) is applied in 
order to select those water molecules that are likely to 
remain in their positions upon ligand binding and to 
determine an energy penalty for their displacement. 
During docking, overlap between the docked ligand and 
these water molecules is resolved by iterative translations 
or annihilation of the water molecules, applying 
appropriate penalties in due course. 

While current sampling and scoring algorithms are 
often able to predict the correct binding pose [79], 
satisfactory prediction of binding affinity has yet to be 
achieved [80]. Other particular challenge in ligand 
docking studies is the positioning of interface water 
molecules [79]. That interface water molecules play an 
important role in ligand binding is evidenced by the fact 
that many protein/ligand complexes contain structured 
waters that bridge protein and ligand. For instance in the 
CSAR dataset 299 out of 341 complexes include waters 
within hydrogen bonding distance of both protein and 
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ligand atoms. These water molecules are often absent in 
experimental structures of the apo protein [81]. Waters 
stabilize protein/ligand interfaces by providing indirect 
interactions between protein and ligand through formation 
of hydrogen bonds with both partners [82]. In empirically 
derived scoring functions optimized to predict binding 
affinities [83,84], components such as hydrogen bond 
energy have been weighted to account for the change in 
energy compared to hydrogen bonds formed with water 
[77]. Similarly the ‘‘hydrophobic’’ score terms are used to 
represent desolvation of the protein receptor. Nevertheless, 
great improvements have been seen in molecular 
dynamics based binding affinity prediction when water is 
considered [85,86]. 

In both self-docking [87] and cross docking published 
studies [88], correct ligand binding pose prediction can be 
improved by the presence of conserved crystallographic 
waters, but although it has been demonstrated that water 
docking can improve inhibitor placement, it has been not 
seen a significant improvement in binding affinity 
prediction. Although water molecules are routinely 
included in molecular docking methods and protocols 
because of their important role in mediating ligand protein 
interactions, it is still unclear that the inclusion of explicit 
water molecules improves docking accuracy. 

The study of Lie et al. [89] showed that water mapping 
calculations can be used to select key water molecules 
from experimentally identified water positions for 
molecular dockings. They have observed that inclusion of 
all binding site water molecules led to reduced 
performance and erroneous results. Moreover, an overall 
improvement in binding pose prediction was achieved 
when computationally selected water molecules are 
included during docking simulations. The improvement in 
the docking performance by including water molecules 
also depends on protein system, chemical class of ligand, 
docking method, and scoring function. They have 
implemented a method for incorporating key water 
molecules in protein-ligand docking. First, the method 
fully solvates the ligand with attached water (AW) 
molecules, and these are then included during the docking 
calculation, if the interaction energy between the AW 
molecule and the surroundings is favorable (negative). 
The loss of rigid-body entropy when a water molecule 
binds to a protein is taken into account by adding a 
constant (positive) entropy penalty value per included AW 
molecule. From the training set consisting of 12 diverse 
complexes, an optimum is found for the entropy penalty 
value of Sp = 3. The entropy penalty value of 3 is 
energetically equivalent to a penalty of 5.5 in a setup 
where the interaction between the AW molecule and the 
ligand atom it is attached to contributes to the score. Thus, 
the entropy penalty is approximately twice the strength of 
an ideal hydrogen bond with opposite sign in MVD, 
which is in agreement with the size of entropy penalty for 
including water molecules in GOLD’s displaceable water 
model [73]. 

As water is a key structural feature of protein-ligand 
complexes and can form a complex hydrogen-bonding 
network between ligand and protein [90,91], water-
mediated binding is so common that a study of 392 
protein-ligand complexes found that 85% had at least one 
or more water molecules that bridge the interaction 
between the ligand and the protein [47]. Furthermore, the 

displacement of an ordered water molecule can drastically 
affect a ligand’s binding affinity [76,92]. As a result, it is 
common nowadays to include explicit water molecules in 
computational drug design [93-95]. The careful 
consideration of hydration sites has been shown to aid the 
predictability of 3D QSAR models, [96-98] ensure stable 
simulations with molecular dynamics [99], and improve 
the accuracy of rigorous free energy calculations [100]. 
Continuum solvent models have also been reported to 
improve with the addition of explicit water molecules 
[101]. Traditionally, ordered water molecules were 
ignored in ligand docking studies and ligands were docked 
into desolvated binding sites. There are now a number of 
docking protocols that include explicit water molecules 
and claim to improve accuracy in many cases 
[77,87,88,102,103,104]. However, it has also been 
reported that including such water molecules may hamper 
efforts to predict a ligand’s correct binding mode [105]. A 
popular strategy in rational drug design is to modify a 
ligand so that it displaces an ordered water molecule into 
the bulk solvent [92,96,106,107]. This is due to the 
favorable entropic gain that can result by increasing the 
water molecule’s translational and orientational degrees of 
freedom. However, the targeted displacement of an 
ordered water molecule may be unsuccessful [57,76], can 
also lead to a decrease in affinity if the ligand is unable to 
replace the water molecule’s hydrogen bonds correctly 
and fulfill its stabilizing role [76,108]. This has important 
implications for lead optimization and rigorous theoretical 
studies have investigated how changing a water displacing 
functional group affects a ligand’s affinity [109,110]. In 
addition, water molecules are important pharmacophoric 
features of a binding site [111], and the chemical diversity 
of potential inhibitors generated in silico has been reported 
to be greatly affected by the targeted displacement of 
ordered water molecules [112,113,114]. Water molecule 
locations are typically taken from X-ray crystal structures 
and may be validated by observing the same position in 
other crystal structures of the same protein. Nevertheless, 
there are inherent problems with identifying hydration 
sites with crystallography. Water molecules can be 
artifactual, may be too mobile to identify or not observed 
because of low resolution [115,116,117]. In cases such as 
homology modeling, there will be no structural knowledge 
of water molecules. Hence, it is necessary to be able to 
accurately predict water locations within binding sites. 

As the affinities, binding modes and chemical diversity 
of a series of ligands can be greatly affected by the water 
molecules in a protein binding site, it is important to 
predict which water molecules are displaced or conserved 
during the binding process. Some docking procedures, 
although different in implementation, involve switching 
explicit water molecules ‘‘on’’ and ‘‘off’’ [73,77,118]. 
Other approaches have used the structural features of a 
water molecule’s environment to predict whether it will be 
displaced or not without any prior knowledge of the ligand. 
Using a K-nearest neighbors genetic algorithm, Consolv 
reported 75% accuracy in predicting whether a binding 
site water molecule would be displaced or not [49]. 
However, as Consolv used crystallographic temperature 
factors as structural descriptors, it cannot be applied to 
predicted water sites. Amadasi and coworkers have 
combined the HINT force field [119] with the Rank score 
[120] to classify water molecules into 2 broad categories; 
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conserved/functionally displaced and sterically 
displaced/missing [121,122]. Their first study correctly 
classified 76% of the water molecules tested while their 
second study reported a classification accuracy of 87%. 
Their analysis included weakly bound water molecules, 
which were a maximum of 4 A° away from the protein. 
On the other hand, WaterScore used water molecules 
within 7 A° of the bound ligand in protein-ligand binding 
sites [123]. Using multivariate logistic statistical 
regression, WaterScore reported 67% accuracy in 
classifying displaced and conserved waters, although 
water molecules that were displaced because of steric 
clashes with the ligand were not included in their analysis. 
Barillari et al. used the computationally expensive double-
decoupling method to calculate the binding energies of 54 
water molecules in protein-ligand complexes [46]. They 
found that water molecules that could be displaced by a 
ligand were on average less strongly bound than 
conserved water molecules by 2.5 kcal/ mol. 

Despite the positive strides that have been made in 
understanding the role of ordered waters, no single 
method is able to answer how displaceable a water 
molecule is, and what is it likely to be displaced by. When 
there is limited experimental knowledge of a binding site’s 
solvation structure, addressing these questions becomes 
even less clear. Trott et al. [124] developed a pipeline that 
can accurately predict the location of water molecules and 
predict whether they are likely to be conserved or 
displaced after ligand binding. They also predict the 
probability that predicted water molecules will be 
displaced by polar or non-polar groups.  

It is important to remember that when a protein 
molecule is in solution, its entire surface is covered by 
water molecules with properties different to those in the 
bulk [125]. Cryogenic X-ray determinations and 
molecular dynamics simulations reveal the existence of 
large networks of water molecules around the surface of 
proteins [126,127,128]. Most of the water molecules in the 
vicinity of a protein are loosely bound to it, remain mobile, 
have short interaction times, and are not readily observed 
via conventional X-ray crystallography. Although some 
water molecules that are observed in crystal structures are 
artifacts of the determination [116], others are clearly 
tightly bound to the protein surface [47,129,130] 
particularly in clefts on the protein surface, such as ligand 
binding sites [131]. 

Real water molecules observed in the crystal structures 
of proteins have a tendency to occupy conserved positions 
in structurally related proteins [132-144], as well as in 
structures obtained under different conditions [126,145] 

and/or different bound ligands [146-151]. The most 
frequent structural change among structurally related 
ligands bound to the same protein seems to involve 
different arrangements of water molecules [152]. The 
importance of water molecules found in the binding site of 
a protein lies in their ability to mediate the interactions 
between the ligand and the protein and form hydrogen-
bonded networks that can stabilize a protein-ligand 
complex in solution [81,130,153-160]. Such a hydrogen-
bonded network of water molecules may stabilize the 
complex formed with one ligand but not another, thus 
contributing to the specificity of ligand recognition 
[155,161]. Water molecules may also help to stabilize the 
conformation of the active sites of enzymes [162]. Water 

molecules have also been used to improve the predictive 
ability and rationalization of three-dimensional 
quantitative structure-activity relationship (QSAR) models 
[97,163] provide a structural rationale for ligand-derived 
pharmacophore models of binding sites [111,164,165,166] 
and improve the performance of virtual screening [78,167]. 

The binding of a ligand to a protein receptor often 
involves the thermodynamically favorable release of water 
molecules from the protein surface to the bulk solvent. 
However, the retention of water molecules that are bound 
tightly to the protein surface upon ligand binding may be 
associated with an entropic penalty that is outweighed 
enthalpically, through favorable hydrogen-bonding 
interactions to both the protein and the ligand [168-175]. 
Computer simulations have been used successfully to 
compute the free-energy changes associated with hydrating 
binding sites and displacing water molecules upon ligand 
binding [64,65,171,172,173,175,176,177,178179], as well 
as the binding of tightly bound water molecules [46]. In 
addition, several approaches have been taken to predict 
hydration sites [180,181,182,183], conserved water 
mediated and polar ligand interactions [49,115,184] water 
occupancy [185], and the displacement of tightly bound 
water molecules [66,74,121]. 

The importance of water molecules is now recognized 
in structure-based drug design, where the displacing, 
mimicking, and/or targeting of bound water molecules is 
performed to improve the binding affinity of ligand 
molecules [186]. The displacement and mimicking of 
tightly bound water molecules may result in increased 
binding affinity through the entropy gain of releasing such 
ordered water molecules [92,106]. However, this does not 
always seem to be true [108], and, in some cases, the 
recruitment of an additional tightly bound water molecule 
that can bridge the interactions between the ligand and the 
protein has been determined to decrease the binding 
affinity of ligands [187]. It has also been observed that 
natural substrates [188] and designed inhibitors [157] may 
not necessarily displace tightly bound water molecules but 
rather preserve water-mediated interactions. In some cases, 
water molecules have been observed not to mediate any 
ligand-protein interactions but simply to better define the 
steric shape of the binding site [189]. The consideration of 
tightly bound water molecules in de novo drug design 
methods has also demonstrated their role in modulating 
the binding modes and chemical diversity of designed 
ligands by imposing steric and hydrogen-bonding constraints 
[112,114,180]. A few methods have been developed to 
place water molecules during ligand-protein docking 
simulations, with some success [77,191]. However, 
various studies have provided no conclusive evidence that 
the inclusion of tightly bound water molecules improves 
docking accuracy [78,105,165,167,192,193,194,195], 
mostly because not enough protein targets were investigated 
to achieve statistical significance. Nonetheless, the first 
comprehensive docking studies with large datasets of 
ligand-protein complexes were contradictory, either 
revealing that including water molecules did not increase 
accuracy [196] or showing that it did [197]. Recent studies 
attempted to assess the accuracy of ligand-protein docking 
in the presence of tightly bound water molecules [103]. 
The binding modes of various ligands of cytochrome P450 
and thymidine kinase were predicted using three different 
docking programs, with and without water molecules. The 
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positions of water molecules were obtained directly from 
the known crystal structures and from predictions using a 
novel GRID-based method [103]. Docking accuracy 
improved in the presence of crystallographic water 
molecules, with a larger improvement measured when 
predicted water molecules were included. Improvements 
were also detected in the accuracy of virtual screening 
[198]. Water molecules were observed not only to mediate 
the interactions between ligands and proteins, but also to 
help in the placement of ligands close to the center of the 
active sites [198]. A simple entropy penalty term has been 
introduced to account for the unfavorable loss of rotational 
and translational entropy that accompanies the tight 
binding of a water molecule to a protein surface [73]. This 
penalty term was used to predict the displacement of 
tightly bound water molecules upon ligand binding. An 
improvement in the accuracy of ligand-protein docking 
was observed for a large dataset of ligand-protein 
complexes [73]. This effect was most noticeable in those 
cases where water molecules were determined to mediate 
the ligand-protein interaction. 

The modelling of protein-protein complexes by means 
of docking (a computational approach which models the 
unknown structure of a complex from its constituents) has 
become increasingly popular, as witnessed by the CAPRI 
(Critical Assessment of PRedicted Interactions) 
experiment [199]. Docking approaches have benefited 
from knowledge obtained by detailed analyses of binding 
interfaces [200,201]. As discussed in a recent review, 
water molecules are expected to influence the assembly of 
biomolecular complexes [202], and, as such, to be 
important for protein-protein docking. An analysis based 
on Voronoi volume showed that only upon inclusion of 
interfacial solvent molecules are protein-protein interfaces 
as densely packed as protein interiors [203]. So far, 
however, water has been neglected generally in 
biomolecular docking. Its role and importance in single 
proteins have been discussed [203,204] and several case 
studies have analyzed its conservation in 3D structures of 
homologues [114,134,139,145,149,151,184,203,205]. There 
has also been quite some interest in identifying and 
predicting the positions of water molecules in known 
structures: this can be quite successfully performed, for 
example, by GRID [203] or Fold-X [183]. 

These kind of approaches, however, are not very well 
suited for docking purposes, since the structure of the 
complex is not known a priori. Ideally, water should be 
accounted for directly during the docking process since its 
presence might affect the resulting models. So far this has 
only been done for protein-ligand [73,155,194,203,206] 
and nucleic acid-ligand docking [207]. Only very recently 
has the role of water molecules at protein-protein 
interfaces been investigated. A hydrogen bonding 
potential for water-mediated contacts, in combination with 
a solvated rotamer library for describing side chain 
conformations, has been shown to predict rather 
successfully the positions of water molecules in 
complexes with known structures [208]. In another study 
[209], various properties of interfacial water molecules 
such as residue preference and their number per unit of 
interface area were investigated. 

Nowadays, molecular docking plays an important role 
in drug design and discovery with the universal 
application of docking programs, such as Glide [191], 

Autodock [210], FlexX [211], and GOLD [212]. When 
these programs are utilized prior to experimental 
screening, they are usually considered as powerful 
computational filters to reduce labor and cost. All of these 
docking programs explore various docked conformations 
and determine the tightness of interactions between the 
protein and the ligand, but the performance on predicting 
the experimentally observed binding poses is not always 
satisfying. As is widely accepted, the real bottleneck on 
obtaining the reliable docking result lies in the scoring 
functions [213-218]. As a matter of fact, considerable 
efforts have been devoted to the development of 
approximate computational methods for describing 
protein−ligand interactions more accurately, but it still 
lacks a universal scoring function which works reliably for 
all or most of protein−ligand systems [219,220]. For some 
particular protein−ligand systems, most of the widely used 
docking programs are incapable of predicting the correct 
binding modes, imposing great challenge on the 
effectiveness of computer-aided drug design. Therefore, 
improved methods for predicting protein−ligand binding 
affinities are desperately needed. 

It is generally known that the effect of bridging water 
molecules between the protein and ligand attracts more 
and more attention recently, as these water molecules are 
considered to play an important role in mediating the 
interaction between protein and ligand 
[81,86,129,131,148,213,221,222,223]. While only a few 
scoring functions explicitly take the water-mediated 
protein−ligand interactions into consideration 
[63,78,194,224] explicitly including the bridging water 
molecules in molecular docking and scoring function may 
be crucial for correctly predicting the binding poses as 
shown in Figure 2 for 1ETR (a) and 1FJS (b) using 
Autodock [225]. 

 

Figure 2. Superposition of best-scored conformations with (in red) and 
without (in blue) the bridging water molecules compared with the 
experimentally observed (in green) 

It must be pointed out the fact that generating a 
receptor-ligand structure in silico involves two main 
components (sometimes inaccurately referred to as 
‘‘steps’’): docking and scoring. Docking per se entails 
conformational and orientational sampling of the ligand 
within the constraints of the receptor binding site. Scoring 
function selects the best pose (i.e., ligand conformation, 
orientation, and translation) for a given molecule and rank 
orders ligands, if a ligand database is docked/screened. To 
be successful, docking must accurately predict two things 
relative to experimentally available information: ligand 
structure (pose prediction) and its binding propensity 
(affinity prediction). Aim to address the main challenges 
of docking: receptor representation (such as structural 
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waters, side chain protonation, and, most of all, flexibility 
(from side chain rotation to domain movement)), ligand 
representation (protonation, tautomerism and stereoisomerism, 
and the effect of input conformation), as well as accounting 
for solvation and entropy of binding. These challenges of 
docking are very well reviewed by Corbeil et al [226]. 

But in many popular docking methods the ligand is 
treated as flexible but the protein conformation is kept 
rigid. This relies on the Lock-and-Key hypothesis for 
protein ligand binding. However, it is now widely 
accepted that ligand binding is not a static event but a 
dynamic process, in which both the ligand and protein 
may undergo conformational changes. In docking, 
incorporating protein flexibility exponentially expands the 
potential search space and quickly becomes impractical. 
Therefore, properly accounting for receptor flexibility is 
much more computationally expensive than doing that for 
ligands [227]. Docking programs have only recently 
started to offer partial receptor flexibility during docking. 

Anderson and co-workers [228] suggest that ligands are 
more accurately assessed when docked to the minimized 
ensemble from a single MD simulation, an improvement 
due to more than just error minimization. They have also 
developed an efficient method to evaluate and select the 
most ‘‘contributive’’ ensemble members prior to docking 
for targets with conserved binding site cores [228], and 
Sanchez-Moreno et al. [229,230] employed a new 
methodology to account for drug and enzyme flexibility 
with apparently good results, but not useful for large 
numbers of drug candidates. 

An alternative to MD is to generate receptor ensembles 
by normal mode analysis. Abagyan and co-workers have 
demonstrated that the elastic network model (ENM) is a 
method that may initiate not only local conformational 
changes, such as those of side chains, but the movement of 
the protein backbone. They have also demonstrated that 
the ENM can be significantly more efficient than MD 
[231]. Gohlke and co-workers [232] have developed an 
accurate grid-based representation of intermolecular 
interactions, which evaluates interaction energies via 
lookup tables even for a moving protein. The efficiency is 
achieved by adapting a 3D grid with pre-calculated 
potential field values, derived from the initial receptor 
conformation, to another conformation by moving the 
points in space, but keeping the values. Baker and co-
workers [233] have commented on the problem of 
sampling tautomeric and protonation states, given the 
possible difference of free and bound ligand states in these 
respects. They suggested enumeration of tautomeric and 
protonation states as a possible solution but have warned 
about the potentially prohibitive computational cost. 
Another suggested alternative included segmentation and 
incremental construction of the docked ligand, whereby 
the protonation and tautomerism ‘‘decisions’’ are 
independent and hence decrease the problem size. 

As receptors bind to their ligands in solution, the 
solvation aspects used to be commonly treated implicitly, 
that is, by the use of implicit solvents, knowledge-based 
scoring functions or by modification or calibration of 
other scoring functions. Fong et al. [234] have 
investigated the inclusion of a desolvation penalty into 
their QM/MM scoring, using a Generalized Born solvent 
model, and found that it resulted in improved pose 
prediction. Cincilla et al. [235] have modified the 

solvation treatment in the scoring function of AutoDock 3 
[210] to improve the predictions of weak complexes 
containing ligands with polar atoms lacking a matching 
partner in the binding site. Specifically, they have 
removed the constant hydrogen bonding energy term for 
the polar ligand atoms and introduced the Stouten free 
energy desolvation term. The modified function has also 
differentiated between the ‘‘polar’’ and ‘‘non-polar’’ 
heteroatoms on the basis of hybridization and connectivity. 
Kuntz and co-workers [236] have used two implicit 
solvent scoring functions AMBER/GBSA and 
AMBER/PBSA, implemented in DOCK 6, for docking 
small molecules to RNA. Sodium ions were used to 
neutralize the backbone charge and a double shell of 
explicit water was used to shield the charges. They have 
found that the quality of pose prediction increased from 
70% to 80% for moderately flexible ligands (<7 rotatable 
bonds) and from 26% to 50-60% for highly flexible 
ligands (7-13 rotatable bonds). Huang and Wong have 
tested the performance of a simple implicit solvent method 
(a distance dependent dielectric model) in comparison to a 
version of the Generalized Born method (GBMV) and 
found it to produce better pose prediction results for a 
fraction of the computational cost [237]. 

The problem is that most methods of treating solvation 
do not take into account the effects that could be exercised 
by ‘‘structural’’ water molecules, that is, those that 
provide stabilization and/or recognition through specific 
hydrogen bonding and even van der Waals interactions. 
Villacanas et al. [238] have reviewed the effect of 
structural water molecules on docking and concluded that 
the general feeling in the literature is that explicit water 
molecules improve docking outcomes, both in pose 
prediction and virtual screening. Englebienne and 
Moitessier [239] have shown that the consideration of 
displaceable water molecules, implemented in FITTED, 
improves pose prediction, but does not significantly affect 
scoring accuracy. They have suggested that the latter is 
most likely the outcome of most scoring functions having 
been developed for ‘‘dry’’ proteins. Recently, Horbert et 
al. [240] have successfully employed the water map 
technology [191,241,242] to calculate hydration sites. 

7. Identification of Key Water Molecules 
Kumar et al. [243] approach is based on previous 

observations that inclusion of water molecules in docking 
improves the docking accuracy. It has been observed that 
inclusion of all active site water molecules creates bias for 
ligands of a particular chemical class and may not work 
for others. Also, sometimes water positions are not 
reliable in crystal structures, especially in structures of 
low resolution [115,116,244]. Therefore, the appropriate 
selection of water molecules to be included in docking 
studies is crucial, existing several computational methods 
that evaluate solvent energetics for the identification of 
key water molecules. In several studies, key water 
molecules for each protein target were identified by 
running water mapping calculation with SZMAP [see for 
example [245,246].  

They implemented a novel approach to score water 
mediation and displacement in the protein-ligand docking 
program GOLD. The method allows water molecules to 
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switch on and off and to rotate around their three principal 
axes. A constant penalty, σp, representing the loss of rigid-
body entropy, is added for water molecules that are 
switched on, hence rewarding water displacement. 

As previously mentioned, water molecules can be 
involved in protein-ligand recognition either by forming 
mediating hydrogen bonds between the protein and the 
ligand or by being displaced by the ligand; both of these 
mechanisms have been shown to be of importance to drug 
discovery [170]. For example, the first-generation HIV-1 
protease inhibitors were peptidic in nature and all formed 
hydrogen bonds to a conserved water molecule between 
the two central “flaps” [247]. Subsequently, it was 
discovered that it is possible to displace this structural 
water molecule, which led to new inhibitor series [92]. 
Similarly, the benzamidine moieties in early factor Xa 
inhibitors interacted with a conserved water molecule 
situated above a tyrosine ring in the S1 pocket [248]. 
More recently, inhibitors binding with neutral moieties in 
the S1 pocket were shown to displace this water molecule 
[249,250]. There could be several potential advantages to 
including water molecules in a protein-ligand docking 
program. First, if the compound interacts with the water 
molecule, including it could improve the predicted binding 
mode. Several studies have been reported in the literature 
where parallel dockings were done in the absence of water 
molecules and in the presence of some key water 
molecules. Some authors have reported significant 
improvements in docking performance when water 
molecules were included [167,197], whereas others found 
that including water molecules had little effect on the 
quality of the dockings [103,251]. A second potential 
advantage of addressing water binding in a docking 
application is that it could distinguish between compounds 
that can displace a water molecule and compounds that 
cannot. Finally, correctly scoring water mediation and 
water displacement in scoring/energy functions could help 
in ranking compounds and, therefore, increase hit rates 
obtained from virtual screening. 

Various applications have been reported in the literature 
for predicting potential water binding sites on proteins. 
For example, AQUARIUS [252] is a knowledge-based 
approach specifically aimed at identifying water sites in 
proteins; other applications including GRID [253], MCSS 
[254], SuperStar [255], and CS-Map [182] can also be 
used for this purpose. However, such applications do not 
directly indicate which predicted water molecules are 
likely to be displaced by a ligand and which are likely to 
remain bound to the protein. Solving this issue is clearly 
of importance to structure-based design, as it would 
indicate whether compounds could be designed to displace 
the water or to interact favorably with a water molecule. 

If a sufficient number of X-ray structures of protein-
ligand complexes are available, displaceable and 
conserved waters can often be identified and a suitable 
design strategy can be adopted [256]. Consolv was 
developed by Raymer et al. [49] to automate the process 
of assigning conserved waters using the distribution of a 
number of structural parameters describing the water 
molecules in a training set of 13 diverse proteins. More 
recently, García-Sosa et al. [74] used a similar set of 
parameters in WaterScore to distinguish between 
conserved and displaceable water molecules. When water 
molecules are known or assumed to play a role in protein-

ligand recognition, the most common strategy is to 
perform separate docking runs in parallel, i.e., one in the 
absence of water molecules and a second in the presence 
of one or more water molecules. However, these parallel 
runs need to be analyzed and some assessment of the cost 
of displacing a water molecule is required. Hence, it 
would be preferable if the docking program could assess 
both the bound and unbound states of water molecules. To 
address this, FlexX [211] can precalculate energetically 
favorable water sites [80]; “spherical” water molecules 
(“particles”) can then be switched on at each of these 
positions during the docking protocol. 

In SLIDE [78], Consolv is used to predict water 
molecules that are likely to be displaced, and these water 
molecules are removed from the binding site. The 
remaining water molecules can then be displaced during 
the docking at the cost of a penalty. AutoDock [257] can 
use multiple energy grids representing different states of 
the protein. Österberg et al. [194] created energy maps for 
different structures of HIV-1 protease, including one 
structure that contained the key water molecule interacting 
between the flaps, hence implicitly giving Auto-Dock the 
option to “choose” between the water-bound and the 
water-unbound state. What we believe is missing in the 
above approaches is the concept that a water molecule that 
is displaced by a ligand gains rigid-body translational and 
rotational entropy and that this should therefore be 
rewarded in the scoring function used by the docking 
program. We also feel that predicting the positions of 
water molecules as well as their occupancies (i.e., whether 
they are bound or displaced) makes the problem 
unnecessarily challenging. In most structure-based drug 
discovery applications, the modeler will have access to 
knowledge about potential water sites and will be able to 
make an informed judgment on which water molecules to 
consider. 

In the study by Murray and co-workers [87], the 
presence of all crystallographic water molecules in the 
binding site biased the search space by physically 
restricting the number of possible binding modes. In two 
studies by Mancera and co-workers, a redocking study [87] 
and a cross-docking study [257], all water molecules that 
were capable of interacting with both the ligand and the 
receptor protein were included by indiscriminately 
including all water molecules that fulfilled the distance 
criteria to both ligand and protein, and on that basis, it was 
concluded that water molecules play a key role in protein-
ligand recognition because the efficacy and accuracy of 
the docking simulations were improved. Thus, the results 
obtained from all three of the mentioned studies are 
artificially constrained by including all nearby water 
molecules [258], all possibly mediating water molecules 
[87], or all conserved possibly mediating water molecules 
[258]. However, despite these limitations, it is obvious 
that water molecules in some cases are important for the 
binding of a ligand in a protein receptor. Water molecules 
are thus important in structure-based drug design, where 
the binding affinity of ligand molecules can be improved 
by mimicking, displacing, and targeting bound water 
molecules [186]. When a water molecule is known or 
assumed to play a role in protein-ligand recognition, a 
simple way to incorporate it in a docking problem is to 
perform one docking simulation, where the water 
molecule is included as a static part of the receptor 
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structure and another where it is absent. This strategy is 
feasible if only a few water molecules are potentially 
important, but when n water molecules are assumed to 
play a role in protein-ligand recognition, this approach 
will ultimately sum up to 2n separate docking simulations 
in parallel. An alternative is a displaceable water model 
where the individual crystal water molecules from the 
PDB structure can be toggled on/off automatically during 
the docking simulation, so that a ligand can keep favorable 
water molecules and displace nonfavorable water 
molecules. 

In another study with a large set of protein-ligand 
complexes, the inclusion of all crystallographic water 
molecules within 6.0 Å of any ligand atom resulted in a 
large increase in the docking accuracy [259]. However, as 
the authors acknowledged themselves, by indiscriminately 
including all water molecules in the binding site, the 
search space may have been drastically biased, virtually 
leaving the correct binding mode as the only possible low-
energy solution [259]. They have performed a 
comprehensive survey of the role of water molecules on 
the accuracy of ligand-protein docking simulations by 
expanding the number of ligand-protein complexes 
considered to include all those in the original 
CCDC/Astex test set [196] that contain water molecules in 
their crystal structures. This ensures a more-thorough 
examination of the effect of including water molecules on 
the accuracy of predictions of binding modes by a 
standard docking/scoring strategy. We also focus on two 
particular issues: (1) the influence of the method chosen to 
optimize the orientation of water molecules prior to 
docking, and (2) the inclusion of only those water 
molecules that are in the immediate vicinity of both the 
ligand and the protein has been determined to decrease the 
binding affinity of ligands [187]. It has also been observed 
that natural substrates [188] and designed inhibitors [157] 
may not necessarily displace tightly bound water 
molecules but rather preserve water-mediated interactions. 
In some cases, water molecules have been observed not to 
mediate any ligand-protein interactions but simply to 
better define the steric shape of the binding site [189]. The 
consideration of tightly bound water molecules in de novo 
drug design methods has also demonstrated their role in 
modulating the binding modes and chemical diversity of 
designed ligands by imposing steric and hydrogen-
bonding constraints [112,114,190].  

8. Conclusions 
The principles and methods briefly discussed in this 

review highlight the role of interactions between a ligand 
and water molecules which generally represent only a 
small fraction of the number of interactions the ligand 
forms in its bound state. Hence, it is not uncommon that a 
reasonable binding mode can be produced without 
including even key structural water molecules. Also, the 
fact that a small drop-off in success rates is usually 
observed for the displaced and decoy waters test sets is 
almost inevitable. All water molecules included in these 
sets are in good positions for a water molecule to interact 
with the protein and are, therefore, not easily displaced. 
Additionally, because the water molecules in these sets 
should be displaced by the ligand, including them can 

only distract the docking algorithm from identifying the 
correct binding mode. Each water molecule that is 
included increases both the search space and the 
likelihood of obtaining false positives. Therefore, it is 
important to limit the number of water molecules included 
in a docking run and only include water molecules that are 
known to be crucial for ligand binding. 

Including water molecules in the docking runs could 
improve the correlation of the scores with the affinities of 
the compounds and may improve the enrichments 
obtained in virtual screening experiments. A protein 
molecule and a ligand in solution are covered by water 
molecules. When a ligand and a protein receptor form a 
complex, desolvation must take place, and the ligand and 
the protein interact through direct interactions. Also, in 
some cases, contacts are mediated through discrete water 
molecules. These water molecules stabilize the protein-
ligand complex by forming a hydrogen-bonded network, 
taking part in the interactions between the ligand and the 
receptor [46,80,129,132,158,159,260,261,262]. Furthermore, 
a hydrogen-bonded network of water molecules may 
stabilize the complex formed with one ligand but not 
another, thereby contributing to the specificity of ligand 
recognition. Several protein-ligand docking studies have 
been performed to elucidate that the presence of water 
molecules in a ligand binding site plays a key role in 
protein-ligand recognition. In 2008, Murray and co-
workers [254] published a docking study where the 
inclusion of all crystallographic water molecules within 
6.0 Å of any ligand atom resulted in a large increase in 
docking accuracy. By including all water molecules in the 
binding site, the search space is however biased toward 
the correct binding mode, which is also discussed in the 
paper [259]. In 2008, Mancera and co-workers [87] 
published a comprehensive redocking study to investigate 
the importance of water molecules for the accuracy of 
protein-ligand docking predictions. In that study, any 
crystal water molecule that is capable of forming 
mediating hydrogen bonds between the ligand and the 
receptor, i.e., any crystallographic water within 2.5 Å 
from any ligand atom and 3.0 Å from any protein atom, 
was included as a static part of the receptor structure. The 
study found that the efficacy of the docking simulations 
and the accuracy of the docking predictions were 
significantly improved with the inclusion of the 
crystallographic water molecules in the binding site. The 
redocking study [87] was in 2010 followed by a cross-
docking study [258]. Six different protein targets with 
between three and 13 available protein-ligand PDB 
structures were considered. For each of the six targets, a 
common set of the crystallographic water molecules was 
found. Also in this study, a significant improvement in the 
accuracy of the predicted binding modes was observed 
with the inclusion of the conserved water molecules. 
Lemmon et al. [263] having find that docking algorithms 
fail in some cases to predict the correct protein/ligand 
complex structure, showed that simultaneous docking of 
explicit interface water molecules greatly improves 
Rosetta’s program ability to distinguish correct from 
incorrect ligand poses. This result holds true for both 
protein-centric water docking wherein waters are located 
relative to the protein binding site and ligand-centric water 
docking wherein waters move with the ligand during 
docking. 
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So, the influence of water in biomolecular complexes 
formation processes is a crucial point to consider in drug 
design. Although the improvement achieved to date in the 
studies related to water influence in drug-receptor 
interactions is noteworthy, there is still an urgent necessity 
of further research in order to increase the predictability of 
the proposed models and to gain a deeper knowledge of all 
the involved factors. 

Most molecular docking programs successfully predict 
the binding modes of small-molecule ligands within 
receptor binding sites. However, the current algorithms do 
not estimate the absolute energy associated with the 
intermolecular interaction with satisfactory accuracy. The 
appropriate handling of issues such as solvent effects, 
entropic effects, and receptor flexibility are major 
challenges that require attention. Successful molecular 
docking protocols require a solid knowledge of the 
fundamentals of the applied methods. Understanding these 
principles is essential in the production of meaningful 
results. 

Over the past decades, protein-ligand docking has 
emerged as a particular important tool in drug design and 
development programs, as it has several strengths, among 
which the method’s ability to screen large compound 
databases at low cost compared to experimental 
techniques is particularly notable. 

This gain in standing is well portrayed in the rising 
number of available protein-ligand docking software 
programs, increasing level of sophistication of its most 
recent applications, and growing number of users. In spite 
of the large number of alternatives, we are still far from a 
perfect docking program. In terms of the searching 
algorithms, efficiently accounting for protein flexibility 
remains a challenging task. In terms of the scoring 
functions features like the presence of structural water 
molecules and the treatment of entropy, among others, still 
pose considerable problems for protein-ligand docking. 
Many protein-ligand docking programs are currently 
available and new alternatives are continuing to appear 
every year.  

9. Future Perspectives  
Biomolecular simulation is extremely computationally 

demanding, especially when it comes to processing large 
complex systems. Nonetheless, quantum computers have 
special capabilities that could make a real difference to 
our ability to compute and predict the properties of 
biological systems at the cellular level. Most importantly, 
it is the ability of a quantum computer to explore many 
classical paths simultaneously that offers a potential 
method to overcome the problem of finding the minimum 
free energy, as opposed to just the minimum energy, in an 
optimization problem such as protein folding or molecular 
docking. State-of-the-art MD simulations now routinely 
include ‘repeat’ simulations, in which a number of initial 
conformations are investigated in parallel to check the 
robustness of any conclusions against thermal noise. 

Simulations have comparable advantages and caveats to 
the other existing experimental techniques, and should not 
be regarded as any less valid so long as they are used 
appropriately and the corresponding limitations are clearly 
stated. To conclude, we can say that the biomolecular 

sciences need to embrace computer simulation as a useful 
technique for model building and hypothesis testing, 
especially given the vast quantities of biomolecular data 
that are being generated. Most insight will be obtained by 
combining all available biophysical methods to address a 
single biological problem, and computer simulation can 
make a valid and valuable contribution. 

Despite the underlying assumptions and inconsistencies, 
researchers are dedicated to develop and refine implicit 
models to be more accurate. Therefore, further research 
efforts based on implicit solvent models should continue 
to focus on modifications to overcome such limitations 
without significantly reducing the computational 
efficiencies of these models. And the number and types of 
this improvements is growing everyday. For example, 
WaterFlap, included in FLAP last release presents an 
enhanced approach to docking with optional water 
molecules [264] and WaterMap [265], nowadays included 
in Schrodinger suite for molecular docking studies, offers 
a new paradigm for designing optimal ligands based upon 
their ability to differentially displace and retain specific 
water molecules in protein binding sites. Mapping the 
locations and thermodynamic properties of water 
molecules that solvate protein binding sites offers rich 
physical insights into the properties of the pocket and 
quantitatively describes the hydrophobic forces driving the 
binding of small molecules. WaterMap has been applied 
with great success to a wide variety of pharmaceutically 
relevant targets [see for example 266-269].  

Additionally, there is increasing effort to incorporate 
explicit polarization into the general classical mechanics 
in different forms such as point dipole induction and 
Drude oscillators to improve the electrostatic 
representation of biomolecules. Adoption of such 
polarizable potentials in routine studies remains limited, 
mostly because of concerns about the computational 
expense. Advances in computing power and efficient 
simulation algorithms; however, will continue to reveal 
shortcomings of oversimplified fixed-charge potentials 
and remind us of the missing physics. Additionally, 
development of advanced classical electrostatic model 
beyond simple polarization is ongoing. In addition to 
polarization effect, the local charge-transfer (CT) and 
penetration effects are demonstrated to play important role 
for short-range molecular interactions in water, aromatics 
and high-valence ions. 

Incorporation of such effects will significantly improve 
the accuracy in modeling the structural and energetic 
details of these molecular clusters. Advancements in the 
electrostatic representation of biomolecules and their 
solvent environment have already led to successful 
applications including small molecule solvation, pKas and 
protein-ligand binding affinity prediction, but 
computational sampling can however be the next 
bottleneck in achieving more accurate thermodynamic 
quantities in complex molecular systems. Advancements 
in statistical mechanics theories are as important [270]. 
Although approaches such as free energy perturbation 
(FEP) and application of Bennett’s acceptance ratio (BAR) 
may require little additional work beyond what is required 
for molecular dynamics, methods such as thermodynamic 
integration, lambda dynamics, meta dynamics and the 
orthogonal space random walk (OSRW) strategy are more 
time-consuming to implement for polarizable atomic 
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multipole descriptions of electrostatics. Tenable, but 
nontrivial, complications arise with the latter methods 
because of their dependency on the derivative of the 
potential energy with respect to the state variable λ. For 
example, to the best of our knowledge, a soft-core method 
to smoothly decouple atomic multipolar interactions with 
respect to λ has yet to be described. Given the power of 
meta dynamics based methods to enhance molecular 
dynamics sampling and reconstruct the free energy surface 
along a few collective variables, there is great motivation 
for force field experts to work closely with developers of 
the leading statistical mechanics algorithms in the future. 
For example, the scope of the freely available complex 
analyzer GIANT [271] is limited to the direct contacts 
between proteins and small molecules in the current 
version, but its basic concept is applicable to other various 
kinds of molecular interactions such as water-mediated 
interactions. Their developers claim to be planning to take 
statistics of interactions with metal and water molecules 
that play important roles for molecular recognitions. In 
addition, while the interaction patterns defined in GIANT 
focuses on the relative positions between a protein 
fragment and a ligand atom, and does not consider the 
combination of the elements interactions (or the 
“environment” around the contacting pair), their intentions 
are to take some statistics of cooccurrences of the 
interaction patterns in a future work, as the information 
about environment should be an important factor in the 
ligand recognition. 
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