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ABSTRACT: Some water molecules in binding sites are important for
intermolecular interactions and stability. The way binding site explicit
water molecules are dealt with affects the diversity and nature of
designed ligand chemical structures and properties. The strategies
commonly employed frequently assume that a gain in binding affinity
will be achieved by their targeting or neglect. However, in the present
work, 2332 high-resolution X-ray crystal structures of hydrated and
nonhydrated, drug and nondrug compounds in biomolecular
complexes with reported Ki or Kd show that compounds that use
tightly bound, bridging water molecules are as potent as those that do
not. The distribution of their energies, physicochemical properties, and
ligand efficiency indices were compared for statistical significance, and
the results were confirmed using 2000 permutation runs. Ligand cases
were also split into agonists and antagonists, and crystal structure pairs with differing tightly bound water molecules were also
compared. In addition, agonists and antagonists that use tightly bound water bridges are smaller, less lipophilic, and less planar;
have deeper ligand efficiency indices; and in general, possess better physicochemical properties for further development.
Therefore, tightly bound, bridging water molecules may in some cases be replaced and targeted as a strategy, though sometimes
keeping them as bridges may be better from a pharmacodynamic perspective. The results suggest general indications on tightly
hydrated and nontightly hydrated compounds in binding sites and practical considerations to adopt a strategy in drug and
molecular design when faced with this special type of water molecules. There are also benefits of lower log P and better
developability for tightly hydrated compounds, while stronger potency is not always required or beneficial. The hydrated binding
site may be one of the many structure conformations available to the receptor, and different ligands will have a different ability to
select either hydrated or nonhydrated receptor binding site conformations. Compounds may thus be designed, and if a tightly
bound, bridging water molecule is observed in the binding site, attempts to replace it should only be made if the subsequent
ligand modification would improve also its ligand efficiency, enthalpy, specificity, and pharmacokinetic properties. If the
modification does succeed in replacing the tightly bound, bridging water molecule, it will have at least achieved benefits for ligand
optimization and development independently of either positive or negative change in binding affinity outcome.

■ INTRODUCTION
Water plays a fundamental and decisive role in biomolecular
association.1−22 From the several types of hydrophobic effect4,23

to discrete hydrogen bonded water networks,1 water also plays an
important and major part in the structures available to ligands
and biomolecules.24,25 Water molecules are found structurally in
hidden (buried) pockets of biomolecules, as well as tightly
associated with the biomolecular surface, bridging biomolecule-
ligand interactions.26Water molecules can act as a “glue,” or third
partner, between the ligand and biomolecule, and they have been
observed to dictate specificity,27,28 as well as facilitate the binding
of very different peptides to the same partner, i.e., nonselective
binding to the OppA peptide binding protein.29

Explicit, tightly bound water molecules are observed in high
resolution X-ray crystal structures.2,26 Drug design projects
routinely remove them from a biomolecule binding site, given
the added complexity they represent. These water molecules

define different volumes, shapes, and physicochemical properties
of the binding sites. However, they can be involved in ligand
design, either by conserving their hydration sites, or targeting
themwith ligand functional groups.30,31Water is also intrinsically
involved in the energetics of biomolecular association since all
binding partners require being solvated in a free state and are
then either fully or partially desolvated when bound. The
hydrophobic effect describes the contribution to binding energy
from the favorable desolvation of hydrophobic surfaces, and their
subsequent attachment.32 The contributions to binding energy
have an enthalpic and entropic component. The estimated
entropy gain from removing one water molecule from a binding
site to the bulk liquid water has been estimated from crystal
structures of salts to be from 0 to not more than 2 kcal/mol.33 As
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a comparison, one hydrogen bond may provide an energy gain of
up to 6 kcal/mol,34 though desolvation (including cavity
formation) and conformational effects also affect the magnitude
of energetic contributions. A buried hydrogen bond has been
suggested to positively (favorably) contribute around 1 kcal/mol
to the overall binding energy of a biomolecule,35 or near 2 kcal/
mol in model cavities composed of small molecules.36 Therefore,
even if some water molecules would experience a decrease in
entropy transferred from bulk into a ternary association with a
ligand and biomolecule, this is not always the case, and some
water molecules have a muchmore reduced entropy, balanced by
an even deeper enthalpy, close to that of ice.37 Some water
molecules are thus tightly bound to the biomolecule and/or
ligand and will have different properties than loosely bound
waters, or buried water molecules.26 Several ways of describing
tight as opposed to loosely bound water molecules exist: Consolv
using k-nearest neighbors,38 WaterScore using multivariate
logistic regression of physicochemical properties of discrete
and explicit water molecules,26 Bayesian classifiers on free energy
calculations,39 as well as calculation of local enthalpy and entropy
of waters with MD simulations.19,40−42 In WaterMap, those
waters that have less local enthalpy and energy compared to bulk
waters are used to position ligand atoms.19,41−43 In fact, the
transition of water molecules in a binding site from loose to
tightly ordered can be the driving force in enthalpy and energy
changes in a biomolecular association.44 A delicate interplay of
effects occurs between biomolecule−water−ligand systems that
include differences in bulk solvent and in the binding site, in
addition to conformational states.45 Taking account of these
effects and their change due to modification of a ligand with
chemically relevant series of functional groups may be used to
design compounds.46 A classical example of tightly bound
molecules having been targeted with ligand functional groups is
the case of cyclical urea inhibitors of HIV-1 protease, where a
larger hydrophobic effect and lower ligand entropy aided in
increasing affinity.47 However, they may be included in
pharmacophores,48 docking,49 and de novo design,30,31 among
others.50−84

The solvation properties and preferences for amino acid
groups of water molecules can also change with temperature.13

Explicit water has also been found to be required to describe and
predict accurately the nonpolar solvation free energy,18 which is
often calculated solely with continuum methods including
surface areas or volumes. Water molecules in the binding site,
even in a solvent-exposed binding site, were thus found to have
distinct properties from bulk water. The strategies commonly
employed for using explicit water molecules frequently assume a
gain in binding affinity will be achieved by their explicit targeting
or implicit neglect. This is not always the case,85−89 and many
other effects may be in play.4,46 In addition, stronger potency is
not always required nor beneficial (not even from a putative
lower dosing perspective), especially when stronger binding
affinity comes from increases in entropy that contribute to a lack
of specificity and molecular obesity.90

There are two ways of studying protein binding data. One
includes experimentally or computationally addressing the
enthalpic and entropic changes upon binding, including water.
The other way of studying binding phenomena is through
statistical analysis of large data sets of protein−ligand data.26,91

These strategies dealing with water molecules have an influence
on the chemical compounds designed and their features.
Conserving or targeting tightly bound, bridging water molecules
has been observed to modify the shape, volume, and locations of

hydrogen bond partners in the binding site, as well as the
chemical diversity of the de novo designed ligands.30,31 In the
present work, a statistical approach has been employed to study
the properties of biomolecule−ligand associations in high
resolution X-ray complexes, including their binding affinity,
physicochemical properties of ligands, and their associated ligand
efficiencies,92−98 as well as tightly bound, bridging water
molecules. The results suggest general indications on hydrated
and nonhydrated compounds in binding sites and practical
considerations when adopting a strategy when faced with this
special type of water molecule.

■ METHODS

Structures of biomolecular-ligand complexes were obtained from
the largest set of complexes (called “general index”) in the
PDBBind database.99 The binding affinity,ΔGbind, was calculated
using inhibition, Ki, or dissociation, Kd, values,

100−102 using T =
300 K, through ΔGbind = −RT ln Ki = RT ln Kd, where R is the
ideal gas constant. High resolution X-ray crystal structures
(resolution ≤2.5 Å) were selected, since these have more
confidence in their structure determination and may provide less
uncertainty about the position or assignment of electron cloud
density to water molecules.103

Programs were written in python to count the number of
tightly bound, bridging water molecules in the binding site, using
WaterScore,26 that have parameters of crystallographic motion
or temperature (B-factors, also called Debye−Waller factors, in
Å2), number of protein contacts within 3.5 Å, and solvent contact
surface area (in Å2).
Box plots, densities, and statistical tests were carried out using

the statistical computing package R.104 t tests were computed
usingWelch, two-sided, unequal variance, two-sample tests using
the null hypothesis that both distributions could be the same (i.e.,
their differences due to random variation), using a 95%
confidence level (p < 0.05) against the alternative hypothesis
that the true difference in means of both groups is not zero.
These tests were also confirmed or challenged by permutation,
two-sided, independent, unequal variance t tests using 2000
simulations, and testing for statistical significance at the same
confidence level (p < 0.05). By taking all possible samples of
values of one group from the total of values of both groups, the
permutation distribution is obtained.
That status of drug compounds was checked in the DrugBank

database105 and the Protein DataBank (PDB).106 Physicochem-
ical properties of ligands were calculated using XLOGP107 for the
logarithm of the octanol/water partition coefficient (log
Poctanol/water), and Marvin Beans108 for molecular mass (MW),
number of heavy atoms (NHA), number of carbons (NoC),
number of atoms, number of hydrogens, number of bonds,
number of rings, aliphatic rings, aromatic rings, aromatic atoms,
hydrogen bond donors, hydrogen bond acceptors, rotatable
bonds, molecular surface area (MSA), polar surface area (PSA),
molecular polarizability, Wiener index, Balaban index, Harary
index, hyper-Wiener index, Platt index, Randic index, Szeged
index, and Wiener polarity.
Ligand efficiencies (LEI) were calculated by dividing binding

energy by a normalization factor (NF) as ΔGbind/NF, where NF
is one of MW, NHA, NoC, MSA, PSA, or Wiener, as well as a
lipophilic efficiency index:97 log(−ΔGbind/P).
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Figure 1. Box plots for comparisons between tightly hydrated and nontightly hydrated compounds: (a)ΔGbind, (b)ΔGbind/NoC, (c) log P, (d)ΔGbind/
NHA, (e) hydrogen bond donors.
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■ RESULTS AND DISCUSSION

From the total amount of 5678 entries in the largest (general)
collection of the PDBbind,99 only those that had a reported Ki or
Kd value as well as biomolecule and ligand structure from high-
resolution (lower than 2.5 Å) X-ray crystallography determi-
nation were retained. This left 2332 high quality complexes for
study.
High Resolution X-Ray Structures. From the 2332

complexes, a program written to identify tightly bound and
bridging water molecules in complexes’ binding sites using
previously determined criteria of a high number of contacts, low
B-factor, and low solvent contact surface area26 obtained 1119
complexes including them, and 1213 complexes without.
The distributions for the properties for each class of

compound were studied, and a selection of comparisons is
presented in Figure 1.
For all of these properties, two-sided, unequal variance, Welch

t tests were carried out to determine those properties whose
difference between their distributions in the tightly hydrated
versus the nontightly hydrated complexes could have arisen
through random chance (null hypothesis), or that there was a
statistical significant difference at the 95% confidence level
between the two. These results are summarized in Table 1.

A superposition of the density for ΔGbind, ΔGbind/NoC, log P,
ΔGbind/NHA, and hydrogen bond donors can be seen in Figure
2.
Of special importance from these measurements is the

indication that ΔGbind is essentially the same for tightly hydrated
and nontightly hydrated complexes. This would imply that there
would be no need to specifically replace all water molecules in the
binding site of biomolecular complexes in a given molecule
design project, which is common procedure, since there may be
no significant gain in ΔGbind. This lack of statistical significance
was also confirmed by permutation tests of 2000 permutations.
The finding of no statistical significance between the binding free
energies of binding sites containing tightly bound water
molecules, and those without, is indeed of value, given that the
widespread paradigm is to exclude water molecules or target
them, irrespective of their binding nature and the difference
between classes of water molecules, and the assumption that an
increase in binding energy will result because of this neglect or
targeting. These assumptions are not borne out by data available.
Indeed, there are some water molecules that are more favorably
placed in the bulk than in the binding site, and others that are
more tightly associated and where this balance is more critical,
since few functional groups will replace it successfully. A more
careful and discerning approach than commonly used should be

conducted when confronting water molecules in binding sites,
where they are a frequent occurrence.
Another conclusion is that log P is lower in the ligands with

tightly bound, bridging water molecules, and this may be helpful
in designing ligands that are less lipophilic (hydrophobic) yet
retain strong affinity (ΔGbind). Another highlight is the
observation that ligand efficiency indices (LEI) are deeper for
ligands that do not have tightly bound, bridging water molecules,
and this is achieved through their normalization factor (NF), not
throughΔGbind. It could indicate that proteins may be capable of
enveloping smaller ligands and that flexibility of biomolecule
receptors plays an important role. This in turn suggests that
displacing or targeting all water molecules in a binding site may
not be strictly required as a strategy, since a protein may wrap
itself around a smaller ligand (alternatively, a smaller ligand may
select a conformation of the protein that has a smaller, nontightly
hydrated, binding site).

Tightly Hydrated and Nontightly Hydrated Drug High
Resolution X-Ray Structures. From the high resolution
complexes, the drug compounds in the binding site were
identified using the DrugBank database.105 This resulted in
identifying 72 drugs. The same program written and described in
the previous section was run to identify the number of tightly
bound, bridging water molecules in the binding sites and found
36 tightly hydrated and 39 nontightly hydrated.
The importance of tightly bound, bridging water molecules is

seen for half of the drug compounds in the data set. They are also
important from the specificity they impart on the protein−ligand
interaction, since their hydrogen bonds have particular spatial
orientations. A selection of these bridges can be seen in Figure 3.
Comparisons of box plots for some properties are shown in

Figure 4.
Superpositions of densities for several properties were also

calculated and are shown in Figure 5.
Statistical comparisons of two-sided, unequal variance, t tests

were again conducted, with themain results presented in Table 2.
Important to notice is that again, as was the case with all the

complexes, tightly bound hydrated drug complexes had the same,
statistically indistinguishable distributions of binding energy as
nontightly hydrated drugs (with even a slightly smaller amount of
weak binders than nontightly hydrated drugs). This supports the
indication that replacing or targeting all of the tightly bound,
bridging water molecules in a protein−ligand binding site is not a
strictly required strategy, inasmuch as binding affinity is
concerned. The vice versa situation may also be true. That is,
on occasion, a ligand modification or a different ligand may
introduce a tightly bound water into the binding site that had not
been observed in the binding site structure before. These
situations confirm the trend that ligand−biomolecule associa-
tions with and without tightly bound waters may be similar with
respect to their binding energy, while still considering that the
hydrophobic effect will be an important driver of protein−ligand
association. Further confirmation comes from the fact that
hydrogen bond acceptors and donors were statistically
indistinguishable between tightly hydrated and nontightly
hydrated drugs. This would imply that their desolvation energies
would be similar. The available conformations for ligands and
proteins in bulk solution, as well as in complex, will also be
critical, where bulk water plays an important role in the energetic
and structural properties of the molecules and their association,
and where tightly bound water appears to be another variable to
consider, with different properties to bulk and loosely associated
water.

Table 1. Statistically Significant Differences between
Compounds with Tightly Bound, Bridging Water Molecules
and Compounds without Water Bridges

property

without
tightly
bound
waters

with
tightly
bound
waters

•ΔGbind,ΔGbind/NoC, aliphatic rings, aromatic rings,
aromatic atoms

statistically
indistinguishable

• ΔGbind/NHA, ΔGbind/MW, ΔGbind/MSA, ΔGbind/
PSA, ΔGbind/Wiener, hydrogen bond donors,
hydrogen bond acceptors, Wiener index

lower

• log P lower
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Figure 2. Densities for distributions of ligand properties of tightly hydrated (magenta) and nontightly hydrated (black) biomolecular binding sites: (a)
ΔGbind, (b) ΔGbind/NoC, (c) log P, (d) ΔGbind/NHA, (e) hydrogen bond donors.
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Contrary to common thought, drugs that do not make use of
tightly bound water molecules were slightly smaller than those
that do. However, the ligand efficiencies were statistically
indistinguishable between tightly hydrated and nontightly
hydrated drug compounds in their binding sites, showing that
size-dependent NFs do not overrule the binding affinity in the
LEI term. Therefore, replacing a tightly bound water molecule
may not increase binding affinity or ligand efficiency.
Another property that was statistically significant was lower

number of heavy atoms for nontightly hydrated binding sites.
This may be due to the fact that tightly hydrated binding sites

require polar groups and hydrogen partners to accommodate
water molecules. Although this may increase the number of
atoms in a compound, it may also impart specificity on a ligand,
since lipophilicity and small molecular size have been implied in
ligand promiscuity.109,110

Drug and Nondrug High Resolution X-Ray Structures.
From the high resolution complexes, the number of drugs and
nondrugs that had or did not have tightly bound, bridging water
molecules in their binding site are presented in Table 3. The drug
names and their HET-ID are shown in Table S1 in the
Supporting Information.

Figure 3. Intermolecular interactions for drug compounds in high resolution X-ray complex structures. (a) Novobiocin, (b) Amiloride, (c) Ritonavir,
(d) Viracept, (e) Atropine, (f) Raltitrexed, (g) Lopinavir. Tightly bound, bridging water molecules are shown as purple spheres. The residues engaging
in tightly bound water bridges are labeled. Hydrogen bonds are shown as yellow dashed lines, ligand in cyan, and protein in olive. Hydrogens are explicit
for the ligand and for the protein polar groups.
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Tightly bound, bridging waters were observed in nearly half of
the drug structures. An example of both direct and water

mediated contacts for a nondrug compound in its protein
binding site can be seen in Figure 6.

Figure 4. Box plots for comparisons between tightly hydrated and nontightly hydrated drug compounds: (a) ΔGbind, (b) log P, (c) ΔGbind/NoC, (d)
ΔGbind/NHA, (e) hydrogen bond donors, (f) number of heavy atoms.
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Figure 5. Densities for distributions of drug properties of tightly hydrated (magenta) and nontightly hydrated (black) biomolecular binding sites: (a)
ΔGbind, (b) log P, (c) ΔGbind/NoC, (d) ΔGbind/NHA, (e) hydrogen bond donors, (f) number of heavy atoms.
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Statistical comparisons between properties of both compound
groups were conducted, and the main results are presented in
Table 4.
From Table 4, it can be seen that for the cases of tightly

hydrated drugs and tightly hydrated nondrugs, almost all of the
property distributions were statistically indistinguishable be-
tween both groups of compounds. This underlines the
remarkable similarity in properties between compounds, be
they drugs or nondrugs, when their binding sites are tightly
hydrated, and suggests that compound optimization strategies
need not remove or add tightly bound, bridging water molecules
in the binding site. They also suggest that a change in these
properties is not necessarily beneficial in order to optimize a
compound to become a drug. Alternatively, compounds that
make good use of tightly bound, bridging water molecules may
be well-optimized, and therefore their properties are similar
between drugs and nondrugs. Another alternative explanation is
that tightly bound, bridging water molecules serve as a good

“glue” or structure and energy modifier inside binding sites,
allowing the molding of the protein−water−ligand interaction in
the best way to accommodate and favor the binding interaction,
“stepping aside” as it were, where it is needed and beneficial to
the interaction.
Box plots of comparisons of several properties are shown in

Figure 7, while superpositions of densities of these properties are
shown in Figure 8.
An interesting result for these comparisons is the fact that

drugs without tightly bound, bridging water molecules havemore
total water molecules in their binding site than nondrugs without
tightly bound, bridging water molecules. This may be a reflection
of a better use of their contacts inside the binding site, having
been optimized for biomolecular−ligand−water interactions.
Also important is the fact that nontightly hydrated drugs have
lower MW, log P, aromatic rings, aromatic atoms, and number of
bonds than nontightly hydrated nondrugs. This may be a
reflection that many nontightly hydrated nondrugs are peptide
ligands, which are generally larger than drug compounds. As in
previous cases, binding energy is not statistically significant for
both tightly hydrated drugs and tightly hydrated nondrugs.
Contrary to the case of tightly hydrated and nontightly hydrated
ligands, there is no discernible difference for the number of
hydrogen bond acceptors between the tightly hydrated drugs and
tightly hydrated nondrugs. This may be due to both tightly
hydrated classes of compounds using optimally their polar atoms.
Thus, considering the results of all three comparison cases,

general implications and suggestions appear in the use of tightly
hydrated and nontightly hydrated, drugs and nondrug
compounds. Adopting features present in tightly hydrated and
nontightly hydrated drug compounds may help direct ligand
design and optimization projects.

Pair-Wise Comparisons. Protein binding sites prior to
binding may be partially or fully hydrated, or even fully
nonhydrated.18 Even if molecular dynamics simulations show
that water molecules can enter and leave buried sites, ligand
atoms compete at different levels of difficulty to replace either
bulk, loosely associated, or tightly bound water molecules. Pair-
wise comparisons between pairs of structures of protein−ligand
complexes may show the conservation of some water molecules,
such as was done for WaterScore.26 Using the knowledge of
particular tightly bound water sites including dynamic conforma-
tional, enthalpic and entropic effects together with standard state
corrections and different chemical functional groups in the ligand
or protein was useful for designing ligand modification.46 A
collection of structures for pairwise comparison was compiled in
the present work in order to study the change in the binding
energy due to single changes in either ligand groups or protein
groups and associated tightly bound waters. The comparisons are
shown in Table 5.
The results from Table 5 show that at different numbers of

tightly bound waters, the binding energy can either increase with
fewer tight waters, increase with more tight waters, or remain

Table 2. Statistically Significant Differences between Drugs with Tightly Bound, Bridging Water Molecules and Drugs without
Water Bridges

property

drugs without
tightly bound

waters

drugs with
tightly bound

waters

•ΔGbind,ΔGbind/MW,ΔGbind/NHA,ΔGbind/PSA, log(−ΔGbind/P), log P, PSA, hydrogen bond donors, hydrogen bond acceptors,
number of hydrogens, aliphatic rings, Balaban index, hyper-Wiener index, Platt index, number of rings, Wiener index, Szeged
index

statistically indistinguishable

• MW, NHA, MSA, rotatable bonds, molecular polarizability, aromatic rings, aromatic atoms lower

Table 3. Number of Tightly Hydrated and Nontightly
Hydrated Drug andNondrug Compounds in 2332 Complexes
of High Resolution X-Ray Structure Determination with
Reported Ki or Kd

with tightly bound, bridging
water molecules

without tightly bound, bridging
water molecules

drugs 61 82
nondrugs 939 1250

Figure 6. Intermolecular interactions for the nondrug compound in
complex structure 1x8t. Tightly bound, bridging water molecules are
shown in purple spheres. The residues engaging in tightly bound water
bridges are labeled. Hydrogen bonds are shown as yellow dashed lines,
ligand in cyan, and protein in olive. Hydrogens are explicit for the ligand
and for the protein polar groups.
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similar. Note must be taken that different tools may provide a
slightly different definition of tightly bound water molecule
clusters.
Since prior to ligand binding protein binding sites may be

partially hydrated, fully hydrated, or fully nonhydrated, ligand or
protein atoms may sometimes be displacing an “empty site.”
However, conformational and cavity effects are still present. In
addition, it may be extremely difficult to disentangle the
contribution to energy components from changes in a hydration
site, given that the resulting enthalpy, entropy, cavitation, and
conformational effects are closely intertwined.45 Further still,
even if hydration site changes can dictate the specificity of an
interaction,27,28 at other times, changes in ligand structure will
not be dependent on hydration structure changes, since these can
accommodate the interactions of different partner ligands, acting
as a glue, “brick wall,” or screen.29 Ligand binding energy can
come from displacing loosely associated waters.41,42 Here, we
compare displacing tightly bound waters, which are different in
nature, and where the results show less of an advantage of
displacement. The study of Timson et al.44 shows that reordering
of water molecules from loose-bound to tight-bound can drive a
biomolecular association. Thus, tightly bound water replacement
must be especially done in a way that best reproduces or
improves on the tightly bound water molecules interactions, or
else the change in energy will not be favorable.
Ligand Types. A breakdown of the ligands by type showed

35% of them are inhibitors and 33% ligands. A total of 32
compounds were agonists and six antagonists, as well as nine
products, nine substrates, and three antigens. Product ligands
had lower binding affinity than the other types of ligand, while
inhibitor ligands had the strongest binding affinity. Among the
agonists and antagonists, 20 agonists and four antagonists had
tightly bound waters. Since agonists and antagonists are
frequently bound to membrane receptors that are hard to
crystallize, there were fewer high resolution crystal structures of
them as compared to enzyme ligands. The means for the binding
energy per class are shown in Table 6.
Form Table 6, it can be seen that agonists with tightly bound

waters had the same binding energies as those without. For
antagonists, those without tightly bound water molecules were
slightly more favorable than those with. However, the difference
in binding energy between antagonists and agonists was not

statistically significant, as was also the case between tightly and
nontightly hydrated agonists, and the same comparison for
antagonists. Table 7 shows the means for these groups of
compounds and binding sites.
From Table 7, it can be seen that agonists and antagonists

without tightly bound waters are larger and more hydrophobic,
have larger steric effects (as measured in their Wiener polarity),
higher complexity (higher number of fragments, as reflected in
their Platt indices), and less branching (as measured in their
Wiener and Randic indices) than those that use tight waters, or
agonists or antagonists in general. This means that they may be
less easy to develop further. Also, they contain more aromatic
rings and atoms, which mean that they are flatter molecules,
associated with lower solubility and more problems in
transitioning through development phases.111 On the other
hand, those agonists and antagonists that use tightly bound
waters are smaller, less hydrophobic, less flat, and have deeper
LEI than the compounds that do not use tight waters and than
the overall sets. The largest and most obese compounds are the
antagonists that do not use tightly bound water molecules.
Hence, compounds that use tightly bound water molecules may
have advantages of developability over those compounds that do
not. Agonists with tightly bound water bridges were similar in
properties to antagonists with tightly bound water bridges, and
agonists without tightly bound water bridges were also similar to
antagonists without tightly bound water bridges.
The overall results show that compounds and binding sites

that possess tightly bound water molecule bridges tend to have
similar energy and physicochemical properties as those that do
not. This stresses the point that water molecules in binding sites
may be used to guide ligand optimization, but that their use must
be well reasoned. If the water molecule is loosely bound, no
major problem may be expected to arise by their substitution for
other groups. However, if they form a tightly bound water bridge,
then the substitution requires a much better analysis, since it can
easily occur that it may not be more favorable than the original
water bridge, in terms of energy, or of physicochemical
properties, or of ligand efficiency, or of developability (further
modification). Hence, sometimes tightly bound water molecules
may be left as bridges, or else substituted properly, taking into
account desolvation, other enthalpic and entropic, including
conformational and cavitation effects of the ligand, protein, as

Table 4. Statistically Significant Differences between Drugs with Tightly Bound, Bridging Water Molecules and Nondrugs with
Water Bridges As Well As Those between Drugs without Tightly Bound, Bridging Water Molecules and Nondrugs without Water
Bridges as well as General Comparisons between Drugs and Nondrugs

property drugs nondrugs

with tightly bound, bridging waters:
• ΔGbind/NHA, ΔGbind/MW, ΔGbind/Wiener, ΔGbind/NoC, hydrogen bond donors, number of hydrogens lower
• ΔGbind, number of total waters in pocket, number of tight waters in pocket, MW, log P, Wiener index, MSA, PSA, hydrogen bond acceptors,
rotatable bonds, NoC, NHA, number of carbons, molecular polarizability, aliphatic rings, aromatic rings, aromatic atoms, Balaban index, Harary
index, number of bonds, hyper-Wiener index, Platt index, Randic index, number of rings, Szeged index, Wiener polarity, ΔGbind/PSA,
log(−ΔGbind/P).

statistically
indistinguishable

without tightly bound, bridging waters:
• ΔGbind, ΔGbind/PSA, PSA, hydrogen bond acceptors, aliphatic rings, Balaban index, Szeged index statistically

indistinguishable
•ΔGbind/NHA, ΔGbind/Wiener,ΔGbind/MW, ΔGbind/NoC, MW, Wiener index, MSA, hydrogen bond donors, rotatable bonds, number of atoms,
number of hydrogens, NHA, NoC, number of total waters in pocket, molecular polarizability, aromatic rings, aromatic atoms, Harary index,
number of bonds, Platt index, Randic index, number of rings, Wiener polarity, log P, log(−ΔGbind/P)

lower

all together
• ΔGbind, ΔGbind/PSA, PSA, hydrogen bond acceptors, aliphatic rings, Balaban index, hyper-Wiener index, number of rings, Szeged index statistically

indistinguishable
• number of total waters in pocket,ΔGbind/NHA,ΔGbind/Wiener,ΔGbind/MW,ΔGbind/NoC, MW,MSA, hydrogen bond donors, rotatable bonds,
number of atoms, number of hydrogens, NHA, NoC, molecular polarizability, aromatic rings, aromatic atoms, Harary index, number of bonds,
Platt index, Randic index, Wiener index, Wiener polarity, log P, log(−ΔGbind/P)

lower
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well as tightly bound water molecule that may behave differently
than a bulk or a loosely bound water molecule. The results also
show that important information and optimization techniques
can be gleaned from using protein and ligand and water structural
information together.

■ CONCLUSIONS

The general strategy of replacing a tightly bound, bridging water

molecule in a receptor−water−ligand binding site may lead in

some occasions to increases in binding energy, such as the

Figure 7. Box plots for comparisons between tightly hydrated drug and tightly hydrated nondrug compounds: (a) ΔGbind, (b) log P, (c) MW, (d)
number of aromatic atoms, (e) number of total waters.
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Figure 8. Densities for distributions of drug properties of tightly hydrated drug (black) and tightly hydrated nondrug (magenta) biomolecular binding
sites: (a) ΔGbind, (b) log P, (c) MW, (d) number of aromatic atoms, (e) number of hydrogen bond donors, (f) number of total waters.
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classical case of HIV-1 protease cyclic ureas,47 where there was an
increase in hydrophobic interactions as well as the added benefit
of increased rigidity in the ligand as compared to the noncyclic,
hydrated ligand complexes. However, the present results show
that this strategy is not strictly required, since the data show that
tightly hydrated ligands are as strong in binding affinity as
nontightly hydrated ligands. This is also supported by
observations where targeting and replacing a tightly bound,
bridging water molecule did not lead to major increases in
energy,85−88 or indeed, may even result in a loss of binding
affinity.89 These inhibition effects may be due to changing effects
of enthalpy and entropy, both in the binding site,46 as well as in
the bulk solvent.46 The binding site may have difficulty accepting
different ligand modifications.46,89 In addition, the hydrated
binding site may be one of the many structure conformations
available to the receptor, and different ligands will have a different
ability to select either tightly hydrated or nontightly hydrated
receptor binding site conformations. Therefore, tightly bound,
bridging water molecules may sometimes be replaced and
targeted as a strategy, though sometimes keeping them as bridges
may be better from a pharmacodynamic perspective.
From a pharmacokinetic point of view, compounds that make

use of tightly bound, bridging water molecules have the
advantage of lower log P (and some classes of compounds are
smaller and less planar), than nontightly hydrated ones. This may
be very useful when deciding to advance compounds for
development, since they may retain low lipophilicity which may
more easily allow further modification and specificity than more
lipophilic (nontightly hydrated) compounds that may have
problems of lack of specificity and promiscuity.109,110 In addition,
more polar ligands may be beneficial to avoid “molecular
obesity”90 and increase specificity since polar interactions are
more directed in space than hydrophobic interactions, and place
the emphasis on improving enthalpic interactions rather than
presupposed entropic gains through larger ligand molecular size
and lipophilicity. Conserving tightly bound, bridging water
molecules in the receptor−ligand binding site may also favor
these properties in the ligands.
Tightly hydrated drugs and tightly hydrated nondrugs show

that the former have lower MW, NHA, and NoC and thus
increase their ligand efficiency indices. This improvement of
ligand efficiency indices is not required to come from water
molecule substitution, since binding affinity is not significantly
different for both groups of compounds.
From all the above, the results suggest that conserving or

displacing tightly bound water molecules in the binding site may
have unpredictable or even negative consequences on the
binding affinity of a compound, as well as on its physicochemical
properties, which in turn affect its pharmacokinetics, as well as its
specificity and safety properties. Indeed, each ligand and binding
site may behave uniquely, with tightly bound, bridging water
molecules being an extra factor to be considered in the structural,
conformational, energetic (enthalpic and entropic), and
physicochemical variables of receptor and ligand. Pragmatically,T
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Table 6. Means of ΔGbind in kcal/mol for Tightly Hydrated
and Nontightly Hydrated Agonist and Antagonist
Compounds

all

with tightly bound,
bridging water
molecules

without tightly bound,
bridging water molecules

agonists −9.51 −9.50 −9.52
antagonists −7.56 −7.27 −8.16
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replacing a tightly bound, bridging water molecule may only be
adequate when the new ligand series actually derives from this
both stronger binding affinity, as well as favorable physicochem-
ical and specificity properties, and predicting these effects is not
straightforward. That is, each tightly hydrated or nontightly
hydrated ligand−receptor interaction will have its own defining
causes and consequences, which is in agreement with the central
role of water as a solvent and its close role in biomolecular
association. Picking apart this role allows better understanding
and use of water molecules in biomolecular association.
A fair strategy may thus be comprised of designing compounds

and obtaining structural information of their complexes with
receptor, and if a tightly bound, bridging water molecule is
observed in the binding site, only attempt to replace it if the
subsequent ligand modification would also improve its ligand
efficiency, enthalpy, entropy, specificity, and pharmacokinetic
properties. If the modification does succeed in replacing the
tightly bound, bridging water molecule, it will have at least
achieved benefits for the ligand optimization and development
independently of either positive or negative change in binding
affinity outcome.
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