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Structural water molecules within protein active sites are relevant for ligand-protein
recognition because they modify the active site geometry and contribute to binding affinity. In
this work an analysis of the interactions between 23 ligands and dimeric HIV-1 protease is
reported. The X-ray structures of these complexes show the presence of four types of structural
water molecules: water 301 (on the symmetry axis), water 313, water 313bis, and peripheral
waters. Except for water 301, these are generally complemented with a symmetry-related set.
The GRID program was used both for checking water locations and for placing water molecules
that appear to be missing from the complexes due to crystallographic uncertainty. Hydropathic
analysis of the energetic contributions using HINT indicates a significant improvement of the
correlation between HINT scores and the experimentally determined binding constants when
the appropriate bridging water molecules are taken into account. In the absence of water r2 )
0.30 with a standard error of ( 1.30 kcal mol-1 and when the energetic contributions of the
constrained waters are included r2 ) 0.61 with a standard error of ( 0.98 kcal mol-1. HINT
was shown to be able to map quantitatively the contribution of individual structural waters to
binding energy. The order of relevance for the various types of water is water 301 > water 313
> water 313bis > peripheral waters. Thus, to obtain the most reliable free energy predictions,
the contributions of structural water molecules should be included. However, care must be
taken to include the effects of water molecules that add information value and not just noise.

Introduction

“In silico screening” of libraries of chemicals is cur-
rently one of the main tools to identify new lead
compounds. Key to this approach is the development of
computational models that incorporate as much as
possible of the physicochemical principles governing
protein-ligand encounters. The major molecular events
to be considered are (i) recognition between the ligand
and protein active site residues mediated by topological
and functional complementarity, (ii) release of water
molecules from the ligand and the protein, and (iii)
conformational changes of ligand and protein induced
by the formation of the complex. Each of these is
characterized by enthalpic and entropic contributions.
Despite intense efforts to model computationally the free
energy of ligand binding to proteins, its precise evalu-
ation has yet to be reliably obtained and still represents
a major issue in medicinal chemistry and, in general,

in biochemistry. Most approaches consider the process
as a sequence of steps summing up distinct enthalpic
and entropic contributions, whereas, in reality, the
ligand-protein recognition is a concerted event and
thermodynamic quantities cannot be just simply added
up.1 The enthalpic contributions are estimated by
theoretical models, knowledge-based potential functions,
or empirical approaches.2,3 The entropic contributions
to binding are much less well-defined and often poorly
quantitated or even ignored. The release of water
molecules from a protein active site/ligand, resulting in
hydrophobic interactions, has been particularly difficult
to model computationally.4 These difficulties in the
quantitative evaluation/modeling of entropy are also
reflected in the lack of robust prediction methods for
protein folding. The energetics of water play a very
significant role, directly as in water-mediated hydrogen
bonds, and indirectly in ligand and protein desolvation
and hydrophobic interactions. All of these effects should
be considered in accurately modeling the total free
energy of binding. Thus, comprehensive in silico (vir-
tual) screening and free energy scoring methods should,
in some manner, take into account water molecules
either explicitly or implicitly.

A variety of approaches for evaluating the contribu-
tion of water molecules to the free energy of binding
have been proposed, and their advantages and limita-
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tions have been reviewed recently.5 Briefly, the ligand
surface area accessible to solvent (SASA) can correlate
with the hydrophobic free energy;6-8 hybrid Free Energy
Perturbation calculations9 with Generalized Born10 or
Poisson-Boltzmann11,12 electrostatics methods simulate
solvent energetics; conserved water molecules modifying
the topology of the protein active site13 can be identified
experimentally (crystallography) or computationally
(grid-based methods14); and, computational methods
explicitly considering all water molecules in simulations
yield good results but are expensive to perform.15

However, a simple empirical method, HINT (Hydro-
patic INTeractions)16-18 for estimating the free energy
of binding, is based on LogPo/w, the partition coefficient
between 1-octanol and water. LogPo/w is a thermody-
namic parameter related to ∆G for solute transfer
between the two solvents. Since water is integral to
LogPo/w, solvation/desolvation, and the resulting hydro-
phobic effects, i.e., entropy, are encoded within the
HINT constants and HINT yields interaction scores
proportional to the free energies of association for ligand
binding19-22 and protein-protein interactions.23,24

We have recently undertaken a detailed examination
of the issues associated with the calculation of binding
free energy for protein-ligand systems using HINT. Our
method is able to, with a simple, intuitive, and rapid
protocol, predict the free energy of binding for a diverse
collection of ligand-protein complexes without struc-
tural water molecules bridging ligand and protein.21 In
a second report we detailed the effects of pH on protein
and ligand functional group ionization states and sug-
gested a protocol for adapting molecular models for
these effects.22 In the course of both of these projects
we consistently encountered situations where the pres-
ence of (ordered) water at the ligand binding site was
influencing the energetics of binding. The present work
is the third contribution in this series. Here we illustrate
the energetic contribution of water molecules that are
bridging between the protein and ligand and thus
influencing binding. These water molecules can be
variously termed as “crystallographic”, “structural”,
“constrained” or “conserved”, but their role in ligand
binding has seldom been investigated thoroughly.13,25,26

In a previous study of dimer-dimer tetramerization for
native and mutant hemoglobins24 we demonstrated that
the energetic contribution of new or displaced water
molecules was critical for accurate free energy predic-
tions. Here, we extend this concept to water molecules
bridging inhibitors and active site residues of the human
immunodeficient virus (HIV-1) protease. HIV-1 pro-
tease, a dimer comprised of two identical polypeptide
chains, has a single symmetric active site formed by
residues from both subunits.27,28 It is essential for HIV
replication and thus represents a crucial therapeutic
target in the development of treatments for AIDS.29,30

Because of its therapeutic relevance and the large
volume of experimental research into its structure,
inhibitors, and binding, numerous computational stud-
ies have been reported.8,31-37 In the present study, the
specific contribution of each water molecule bridging
protein and ligand is characterized and applied to
binding free energy predictions for 23 HIV-1/inhibitor
complexes. While the modeling techniques and scoring
protocols we describe here are general and should be

applicable to most protein-ligand systems, the high
quality of data in the HIV-1 protease system has
attracted our interest for testing this model. Likewise,
while we are using the HINT model for calculation of
binding scores and energies, the basic concepts for
including water in free energy estimates should be
applicable with other methods.

Results

The key features of HIV protease are the “catalytic”
water 300, observed in the unbound form of the enzyme
and coordinated to the two catalytic residues Asp25 and
Asp125 (Figure 1A), and a conserved water molecule,
water 301, located on the HIV-1 protease symmetry axis
(bridging the two subunits), hydrogen bonded to pro-
tease residues (Ile 50 and Ile150) and specific peptidic
inhibitors (Figure 1B). Water 301 is observed in the free
form of the enzyme, and except where it has been
displaced deliberately, it has been observed in all HIV-1
protease-ligand complexes. The first generation HIV-1
protease inhibitors were designed around the shape of
this active site with reference to water 301. In the
current study we have analyzed 23 HIV-1 protease-
inhibitor complexes of high quality three-dimensional
structure and binding affinity (Chart 1 and Table 1).
Several classes are represented: hydroxyethylenic ligands
(1-12), peptidomimetic diol derivatives (13-16), cyclic
ureidic derivatives (18-20), and cyclic sulfamide deriva-
tives (21-23). The cyclic inhibitors (18-23) were de-
signed to displace water 301,38,39 i.e., the ureidic ligands
place a carbonyl oxygen in the position usually occupied
by the oxygen of water 301 and thus form hydrogen
bonds with Ile50 and Ile150.

In some, but not all, HIV-1 protease complexes
crystallographic analyses detected two pairs of largely
conserved water molecules of interest for this study.
Water 313, as named by Jhoti and colleagues,51 is
located by X-ray in several analyzed complexes and
appears to be analogous to a water molecule reported
in the unbound enzyme (see Figure 1). We have named
the water in the pseudo-symmetric position water 313′.
Compared to water 301, waters 313/313′ are located in
a more peripheral area of the active site near the salt
bridge between Asp29 (Asp129) and Arg108 (Arg8) and
interacting with both the protein and ligand(s). We have
named the other water molecules consistently inside the
binding pocket water 313bis and the symmetry-related
water 313bis′. These two solvent molecules occupy a
more peripheral active site region (Figure 1B) than
water 313/water 313′. They are much closer to the
protein than to the ligand and interact strongly with
residues Arg87, Thr26 (water 313bis), and Arg187,
Thr126 (water 313bis′). In some structures a number
of other water molecules are reported at the periphery
of the active site while still bound both to ligand and
protein residues. Comparing the three-dimensional
structures of the free and bound forms of the enzyme
indicates that some additional water molecules are
totally displaced to bulk upon ligand binding (see
Figures 1A and 1B). However, water molecules were not
always present or reported in the structures of the
complexes we analyzed, surprisingly irrespective of the
crystallographic resolution. Thus, we applied the soft-
ware GRID14 to both analyze the potential sites for
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solvent molecules in the free and ligand-bound form
of the enzyme and to validate the waters that were
experimentally determined. The probability density for
water defined by GRID matches the location of nearly
all of the structured water molecules, as has been
reported.40-42 Thus, we have a reasonable degree of
confidence when placing water molecules using GRID
in the HIV-1 active site in cases where the experimental
crystallographic structures were incomplete (see Mate-
rials and Methods). Modeling of the catalytic (Asp25/
Asp125) dyad, based on careful analysis of the aspar-
tates, their possible interactions, their reported pKa
values, and nuclear magnetic resonance studies of HIV

inhibitor complexes,43-44 indicated that the catalytic
dyad was generally singly protonated. Each water
molecule of interest was optimized with respect to both
protein and ligand to maximize hydrogen bonds (vide
infra).45

The interactions of each ligand with the protein were
evaluated by the empirical HINT “force field”.17 The
difficult-to-characterize bulk effects of solvent are im-
plicitly encoded in the HINT parameters. However,
constrained individual solvent molecules bridging pro-
tein and ligands need to be considered explicitly. The
total HINT score for the complex interaction is given
by the sum of the contributions resulting from protein-

Figure 1. Structure of HIV-1 protease active site. (A) Free form of the enzyme (pdb code 1g6l71). The structural water molecules
300 and 301 and the protein residues from the two subunits are highlighted. (B) Enzyme complexed with the pseudosymmetric
inhibitor 11.62 The structural water molecules at the binding site are highlighted. Yellow dotted lines represent hydrogen bonds
between water and ligand, and water and protein.
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Chart 1. Structures of 23 HIV-1 Inhibitors
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ligand, ligand-water, and protein-water interactions (eq
1)

where HTOTAL is the total HINT score and both
Hligand-water and Hprotein-water are calculated for each
analyzed water molecule. If we assume that all water
molecules located in the active site of ligand-protein
complexes are preexisting, i.e., part of the protein, then
the latter (bracketed) term can be ignored (see Discus-
sion). First, the Hprotein-ligand terms of the HINT inter-
action scores for the 23 HIV-1 protease-inhibitor com-
plexes were calculated, and the correlation between
these scores and experimental binding free energies is
shown in Figure 2A. The related regression equation is

with a relatively poor r2 ) 0.30 and standard error of (
1.30 kcal mol-1. Next, as described in the following
sections, the contributions to binding free energy by
each of the five conserved and semiconserved water
molecules at the active site (wat301, wat313, wat313′,
wat313bis, wat313bis′) were evaluated for the complexes
with 1-23. Table 1 indicates the individual contribu-
tions of these water molecules to the total HINT score
for each complex.

Water 301. The function and relevance of water 301
in ligand binding recognition has been investigated
thoroughly.27,46-50 Its highly conserved nature is re-
flected in low crystallographic B factor values and, in
our hands, GRID always identified the region occupied
by water 301 as energetically favorable for water

placement. Because water 301 is so tightly associated
with the protein, we are using the form of eq 1 that
ignores the contribution of Hprotein-water. In the Discus-
sion we will debate this issue in more depth because
the choice may not be quite so obvious for the other
water molecules. The total HINT score for the 23 HIV-1
protease-inhibitor complexes including the contribution
of water 301 provides the following regression equation:

with r2 ) 0.63 and standard error of ( 0.95 kcal mol-1

(Figure 2B). P, the t-test probability that adding the
water 301 term to the model is insignificant, is small
(<0.0005). Interestingly, the six cyclic urea and sulf-
amide-based inhibitors (18-23, shown as open circles
in Figure 2B; dashed regression line: r2 ) 0.82), where
water 301 has been by design displaced deliberately,
closely match the experimental free energy-HINT score
regression line for the entire data set (solid line). In
effect, while these six ligands are tighter binders, the
net energy benefit appears to be only that of the
removed water-ligand interaction. Also, examination
of the correlation of the cyclic urea and sulfamide
derived inhibitors nearly perfectly predicts the free
energy correction due to water 301.

Waters 313/313′. Not all of the crystallographic
structures we examined revealed the presence of waters
313 and/or 313′. The H2O probe of GRID was used to
evaluate the spatial and energetic limits of the binding
pockets and indicated whether it was possible to add
waters 313 and/or 313′ to complexes when they were
not experimentally reported (see Materials and Meth-
ods). HINT analysis (Table 1) of each of the putative
water 313/313′ molecules evaluates the chemical nature

Table 1. HINT Scores for HIV-1 Protease Inhibitor-Water Complexes

water 301b water 313 water 313′ water 313bis water 313bis’PDB
(ligand)

refbinding/
refcrystal

∆Gbinding
(kcal mol-1)

crystal
resolution

(Å)

crystal
reported
watersa Hpro-lig Hlig-wat Hlig-wat Hpro-wat Hlig-wat Hpro-wat Hlig-wat Hpro-wat Hlig-wat Hpro-wat

1HXW (1) 55 -14.71 1.80 100 3607 1454 578 486 128 598 52 552 15 556
1HVJ (2) 56 -14.25 2.00 1 3460 1203 459 509 - - 41 654 93 520
1HXB (3) 57 -13.49 2.30 102 3135 1049 689 587 271 367 51 571 2 656
1HTG (4)c 51 -13.20e 2.00 124 4226 1272 595 406 187 612 51 535 18 490
7HVP (5)d 49 -13.11 2.40 95 4311 1229 337 387 317 526 37 519 27 689
1HPV (6) 58 -12.57 1.90 80 3080 1058 115 424 132 287 4 594 3 515
1HPS (7) 59 -12.57 2.30 15 3124 829 715 596 502 274 117 395 40 496
4PHV (8)c 60 -12.51f 2.10 104 3932 789 183 543 195 623 25 569 11 516
1AAQ (9) 61 -11.45 2.50 1 3416 633 244 679 575 528 29 531 63 408
1HTF (10)c 51 -11.04e 2.20 94 2641 726 476 895 31 572 34 476 2 538
1HIH (11) 62 -10.97 2.20 145 3210 1080 197 603 288 536 21 566 27 609
1SBG (12) 46 -10.56 2.30 23 3037 1126 277 282 205 594 164 633 10 551
1HVK (13) 56 -13.80 1.80 1 3935 1064 - - - - 77 551 83 566
1HVI (14) 56 -13.74 1.80 1 3734 1211 451 466 - - 46 627 84 532
1HVL (15) 56 -12.27 1.80 1 3415 1253 - - - - 61 627 92 625
1HIV (16) 63/64 -12.27f 2.00 90 3660 1326 528 547 381 556 49 621 41 644
1HBV (17) 65 -8.68 2.30 33 2042 777 - - 526 529 42 665 17 756
1QBT (18) 66 -14.44 2.10 0 5170 - 656 376 1090 242 22 677 23 584
1DMP (19) 67 -12.99 2.00 0 4988 - 615 349 503 546 9 508 120 650
1AJX (20) 68/69 -10.79 2.00 112 3357 - 251 121 234 319 10 620 6 601
1G35 (21) 39 -11.06 1.80 143 4198 - 130 360 223g 564g 9 606 5 579
1G2K (22) 39 -10.82 1.95 72 3525 - 210 437 288 483 19 612 5 612
1AJV (23) 68/69 -10.52 2.00 75 3916 - 216 146 260 477 19 679 6 643

a Number of crystallographic water molecules reported in the pdb files of the HIV-1 protease-ligand complexes. b HINT scores for
protein-water 301 interactions are not shown. Hydrogen bonds involving protein backbone amide nitrogens are systematically
underestimated in the HINT force field. The average Namide (protein)-O (water 301) distance of 3.02 ( 0.14 Å indicates that these interaction
scores would be very consistent. c Ligand crystallized in two symmetrical orientations, occupying symmetrical sides of the binding pocket;
HINT analysis was performed on models for both ligand orientations, but water analysis was carried out only on the model with the
highest HINT score for protein-ligand interaction. d pHbinding for this complex is 6.5; models corresponding to both deprotonation and
monoprotonation of the catalytic dyad Asp25/125 were built, and the HINT score mean value is reported. e Ref 70. f Ref 37. g Water 313′
is found in two different crystallographic positions39 with high B factors for both positions. Our analysis considered both water molecules
to have 50% site occupancy; reported HINT scores are the means of resulting scores.

∆G ) - 0.0017HTOTAL - 4.789 (3)

HTOTAL )
Hprotein-ligand + Hligand-water [ + Hprotein-water] (1)

∆G ) - 0.0012HTOTAL - 7.903 (2)
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of the interactions and confirmed the GRID-based
placements. While water 301 always interacts with the
amide hydrogens of Ile50/Ile150 and carbonyl oxygens
of the inhibitors, waters 313/313′ interact with the
terminal groups of the ligands. Thus, the type and
strength of interactions is highly dependent on the
structure of the ligand. Waters 313/313′ are highly
mobile, occupying different positions depending on the
nature of the bound ligand and can assume positions
varying by as much as 3.0-3.5 Å. The role of waters
313/313′ can be partially revealed by examination of
their HINT scores (Table 1). Both interact more strongly
with the protein (313: average score 460 ( 177; 313′:
average score 486 ( 124) than with the ligand (313:
average score 396 ( 201; 313′ average score 333 ( 235).
Also note the smaller variance for the water-protein
interactions compared to the water-ligand interactions.

When the contribution of the ligand-water 313
interaction is added to the total HINT score,
the expression becomes HTOTAL ) Hprotein-ligand +
Hligand-water301 + Hligand-water313 and the relationship
between experimental binding free energies and com-
putational scores for the complexes follows the equation

where r2 is 0.71, the standard error is ( 0.84 kcal mol-1,
and P ) 0.139. Adding the contribution of water 313′

to the total HINT score, HTOTAL ) Hprotein-ligand +
Hligand-water301 + Hligand-water313 + Hligand-water313′, yields
the correlation between experimental free energy and
HINT score:

with r2 ) 0.60, standard error of ( 0.99 kcal mol-1, and
P ) 0.281.

Waters 313bis/313bis′. Waters 313bis and 313bis′
are both identified crystallographically in nearly all of
the 23 complexes except where only water 301 or no
waters are reported crystallographically, and in 7 where
only water 313bis is reported. These molecules are more
fixed than water 313/water 313′ with generally smaller
B factors and more consistent interaction scores with
both the ligand and protein (Table 1). They are, in fact,
quite strongly hydrogen bonded to the protein (average
scores for water 313bis and water 313bis′ are 582 ( 69
and 579 ( 76, respectively), while weakly interacting
with all ligands (average scores for water 313bis and
water 313bis′ are 43 ( 37 and 34 ( 36, respectively).
Water molecules in a similar position are also present
in the three-dimensional structure of the free form of
HIV-1 (Figure 1A), with a minor shift of only about 0.6-
0.8 Å from the unbound to the bound form of the
enzyme. Only in the complex between HIV-1 protease
and 12,46 where water 313 is shifted toward the ligand,
does water 313bis occupy a different position (movement
of about 2.7 Å). Waters 313 and 313′ are usually able
to interact with waters 313bis and 313bis′, respectively,
creating a network of two water molecules on each side
of the active site bridging protein and ligand.

The HINT scores for the interaction between ligands
and waters 313bis/313bis′ in the analyzed complexes are
small (Table 1), and their contributions do not signifi-
cantly impact the total HINT score (HTOTAL ) Hprotein-ligand
+ Hligand-water301 + Hligand-water313 + Hligand-water313′ +
Hligand-water313bis + Hligand-water313bis′). The correlation
between ∆G and HINT score indicates the regression
equation:

with r2 ) 0.61 and standard error of ( 0.98 kcal mol-1,
not dissimilar to (eq 5) before waters 313bis and 313bis′
were included. The t-test probability that the addition
of the water 313bis and water 313bis′ terms is insig-
nificant is correspondingly large (P ) 0.782). This will
be an element of the Discussion.

Other Water Molecules. Water molecules can be
incorporated in a binding site in a number of different
ways and their mode of binding and their role in protein
ligand interaction can change with their positions.4,13,52

There are a number of “peripheral” water molecules,
e.g., at the entrance to the binding pocket, which
apparently bridge protein and ligand for HIV-1 pro-
tease-ligand complexes. These are usually (1) not con-
firmed by GRID; (2) have relatively large B factors; and
(3) have small water-ligand HINT scores. We classify
these as casual waters of solvation. In effect they may
have taken up their structural positions after the ligand
binding event has occurred. The problem of identifying
which water molecules are important for binding will
be addressed below in the Discussion section.

Figure 2. Correlation of HINT score with experimental free
energy of binding for 23 HIV-1 protease-inhibitor complexes.
(A) Score for inhibitors without considering the contribution
of conserved water molecules. The solid line is the least-
squares fit by eq 2. (B) Score for 23 inhibitors including the
contribution of the highly conserved water 301 (closed circles);
six cyclic urea and sulfamide inhibitors designed to displace
301 are indicated (open circles). The solid line is the least-
squares fit by eq 3 of all inhibitors (including HINT score
contribution of water 301 when appropriate), while the dashed
line indicates only the six cyclic urea and sulfamide com-
pounds.

∆G ) - 0.0016HTOTAL - 4.873 (4)

∆G ) - 0.0013HTOTAL - 5.515 (5)

∆G ) - 0.0013HTOTAL - 5.422 (6)
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Discussion

The process of ligand binding in a protein active site
is driven by (i) the interaction between complementary
functional groups (purely enthalpy) and (ii) the release
of water molecules from ligand and protein to bulk
(mostly entropy). However, active sites may contain
other compounds, such as cofactors or coenzymes as well
as structural (conserved) water molecules that can
simultaneously interact with protein residues and ligand
functional groups by bridging between them. Of par-
ticular interest to us are structural water molecules that
may make favorable hydrogen bonds with ligands, thus
significantly contributing to the energetics of binding.
Due to the variety of complex roles that (water) solvent
plays in biological systems, entropy is especially difficult
to estimate computationally in biological systems. Even
at the limit of explicit solvation, Newtonian mechanics-
based computational methods have not, to date, pro-
duced de novo the hydrophobic effect, and quantum
mechanics simulations of the magnitude necessary for
complex biological systems are still unattainable.

To overcome these limitations we have been using
HINT, which, because it is derived from a free energy
experiment of solvation, implicitly includes entropic
contributions arising from water molecules surrounding
the ligand/protein and displaced in complex formation.
Our previous successes with using this tool to predict
free energy20-24 have confirmed our assertions that
entropy is implicitly included in the HINT model.17 Up
until now we have largely focused on cases where we
believed that (ordered) water molecules at the ligand
binding site were not substantially influencing the
energetics of binding. However, water molecules that
bridge ligand and protein need to be accounted for in
free energy predictions. The question is how to account
for them. Above, we have described a simple computa-
tional protocol for correcting binding free energy predic-
tions by incorporating the “binding energy” of water
molecules.

Are Protein-Water Interactions Significant? As
we introduced eq 1 above, we noted that it may be
necessary to add terms for both ligand-water and
protein-water interactions. In this work we have
chosen to consider bridging water molecules as (only)
an integral part of the protein surface and ignore the
protein-water interactions. This is likely to be the
general case and can be justified as follows: first,
studies have shown that structural water molecules
located in the active site of protein-ligand complexes
are almost invariably also present in the free protein
forms.26 This is definitely the case with the HIV-1
protease complexes. Comparisons of free and ligand-
bound proteins show that the number of active site
water molecules usually decreases with ligand binding,
i.e., ligand-coordinated water molecules are generally
released. Second, in this set of HIV-1 protease complexes
and, likely, in general, the water-to-protein interactions
are mostly invariant across the data series, especially
for water 301 and waters 313bis/313bis′ (Table 1). The
average scores and standard deviations reported above
are evidence for this claim. While there is some useful
information in the protein-water interaction scores,
there is also significant noise. The systematic uncer-
tainty in HINT scores, arising from crystallographic

effects, LogPo/w measurement errors and numerous
other potential computational sources, is around (50-
100 score units.53 Thus, a potentially significant effect
of including the protein-water interaction scores is the
propagation of this uncertainty.

Should We Consider only Crystallographic Wa-
ter Molecules or All Probable Waters? Despite the
relatively high resolution of the crystallographic experi-
ments leading to the complex structures analyzed in this
report, a highly variable number of water molecules
were reported in the PDB files (Table 1). In some cases
zero or only one water (301) was reported, even though
the structures were determined at a resolution high
enough to describe the water network. In other cases
100+ water positions were reported in the crystal
structures. Is it most correct to include the contribution
to binding of only crystallographic waters, or of all
waters including those added through GRID analyses?
When the crystallographic analysis does not locate any
water molecules (HIV-1 protease complexes with 18 and
19 that displace water 301), or locate only water 301
(complexes with 2, 9, 13-15), GRID was instrumental
for placing water molecules in the active site. In
contrast, complexes with 3 where 102 waters were
found, with 6 where 80 waters were found, or with 22
where 72 waters were found (Table 1), were also
supplemented with additional water molecules sug-
gested by GRID.

While it is likely that some of these waters were not
reported in the crystallography because they are really
not present, for consistency we have chosen to add all
water molecules that GRID locates. We have used this
approach because GRID has been validated, in this
study and others,14,40-42 to reproduce crystallographi-
cally determined water positions. If we consider in the
HINT analyses only the crystallographic water mol-
ecules 301, 313, 313′, 313bis, and 313bis′, the correlation
between experimental free energy and HINT score
exhibits an r2 of 0.39 and standard error of (1.22 kcal
mol-1. This is clearly inferior to the correlation reported
above (eq 6), when all crystallographic and GRID water
molecules were included in the model.

Role of Waters 301, 313, 313′, 313bis, and 313bis′.
From this and other analyses, the relevance of water
301 in the binding process of HIV is extremely evident.
In fact, our estimation of its binding energy is about
4-6 kcal mol-1, of a similar order of what Wade et al.54

reported (10.0 kcal mol-1) for a water molecule tightly
bound in a buried cavity of sulfate-binding protein. The
energetic contribution of water 301 to binding leads to
a better correlation between experimental free energy
and HINT score, thus improving binding free energy
prediction (Figure 2B). Other waters, located in different
regions of the active site, play different roles in the
binding process. The contribution of water 313 and
water 313′ to the total HINT score is variable (Table
1), depending strongly on the chemical nature and size
of the ligand, and on which side of the symmetrical
binding pocket the ligand is bound, but is for the most
part statistically valid. For large and pseudo-sym-
metrical ligands that fill the pocket and present func-
tional groups that make similar interactions with the
two symmetrical waters, the energetic contribution of
these two solvent molecules is also similar. In contrast,
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when the inhibitors are smaller and largely occupy only
one side of the active site, the contributions from waters
313 and 313′ are also asymmetric. Interestingly, taking
into account the contribution of water 313 leads to an
improvement in the correlation between experimental
and calculated data, but the quality of the correlation
slightly degrades when the contribution of water 313′
is also considered. The inclusion of the more peripheral
waters 313bis and 313bis′ in HTOTAL does not noticeably
improve the correlation and are shown to be statistically
insignificant, indicating that these two water molecules
really are best considered as being part of the protein
active site surface. Thus, it may appear that the only
water molecule really impacting the HINT score and the
free energy correlation is water 301. Another factor, the
growing uncertainty arising from adding more terms to
HTOTAL, also must be considered. Because the HINT
score uncertainty for an interaction is on the order of
50-100 score units (around 0.1-0.2 kcal mol-121), the
propagation of this uncertainty, i.e., noise, will dominate
score correlations if enough terms are added to HTOTAL.
These cumulative systematic uncertainties from HINT
score calculations will eventually dominate over the
statistical uncertainty (standard error) of the correla-
tions. Also, we have previously stated21 that the experi-
mental uncertainties of binding measurements (and
crystallography) suggest that predicting ∆G with more
confidence than about (1.0 kcal mol-1 is unlikely for
data collected in multiple laboratories. This is certainly
evident with this set of data where the “best” standard
error is (0.84 kcal mol-1 before deteriorating with what
appears to be error propagation concomitant with ad-
ditional terms in HTOTAL.

Conclusions. This study on 23 HIV-1 protease-
inhibitor complexes clearly indicates the value of ex-
plicitly modeling water at the protein active site. A
spectrum of roles for water in the active site from
structurally required water molecules, such as water
301, through waters that inhabit the binding pocket and
somewhat shape the binding site, such as the water 313/
313′ pair and to a lesser extent the 313bis/313bis′ pair,
to water molecules that are clearly just opportunistic
waters of solvation, has been described. The relative
differences between HINT scores and uncertainties
provide insight into water roles, and while GRID14 is
also a valuable tool for characterizing the role of water
molecules, high quality and complete experimental data
for conserved water molecules are paramount to truly
understanding the effects of binding site water mol-
ecules. In this series of papers we have brought together
two very important but often ignored properties of
protein-ligand binding: ionization state of acidic or
basic protein residues/ligand functional groups22 and the
role of solvent molecules in the active site (in this work),
with our empirical HINT force field and model.21

Materials and Methods

Model Building. The three-dimensional structures of the
23 HIV protease-ligand complexes analyzed in the study were
retrieved from the Protein Data Bank (www.rcsb.org) and read
into the modeling program Sybyl (version 6.8, www.tri-
pos.com). These models were processed and optimized as
described previously.21,22 The ionization states of polar groups
at the protein binding site and on the ligand were examined,
with particular attention on the catalytic Asp25/Asp125 dyad.

Nuclear magnetic resonance studies of HIV protease-inhibitor
complexes indicate that only one of the two aspartates of the
dyad can be protonated in the pH range 2.5-6.5, i.e., pKa1 >
6.2 and pKa2 < 2.5.43,44 As both the crystallographic and
solution inhibition experiments were typically performed
around pH 5-6 (see Table 2, Supporting Information), our
models generally singly protonated the catalytic dyad. When
the protonation of one aspartate or the other was ambiguous,
models corresponding to both situations were built and scored,
and the mean HINT score value has been reported.

The GRID program (www.moldiscovery.com) was used to
both confirm crystallographically reported water molecules and
to propose additional water molecule sites when necessary. The
standard water probe was applied over the region of interest,
typically a box with dimensions 24 × 24 × 24 Å centered on
the ligand, with a grid spacing of 0.33 Å. Table 2 (Supporting
Information) indicates the results of the GRID analyses by
listing the specific water molecules that were placed as
suggested by GRID or for which the site was too constricted
for a water to be added. When water molecules were added,
the coordinates were, whenever possible, taken from models
that exhibit crystallographic waters and translated into the
positions suggested by the density contours of GRID. Special
considerations were made for the addition of waters 313 and
313′ as the expected binding region for these waters varied
considerably as a function of ligand. In four cases, Arg8 and
Asp129 assume conformations closer to the ligand than the
symmetric Arg108 and Asp29, thus apparently preventing
water binding at the 313′ site, while allowing water binding
at the 313 site only in two of the four complexes. In general,
when present, water 313 and water 313′ are both detected by
X-ray diffraction studies. There are three exceptions: in two
(12 and 22) only water 313 was crystallographically present,
while in one complex (6) only water 313′ was present. [It may
be argued that this distinction between 313 and 313′ in these
unsymmetrical cases is only due to nomenclature/labeling of
the atoms and residues as built during solution of the
structure, but we have retained the original numbering
convention.]

All water molecules of interest in the binding site were
optimized with the HINT “optimize ligand” option.45 This
procedure allows for the optimization of water positions with
respect to protein and ligand by maximizing hydrogen bond
formation with the protein/ligand and minimizing hydrophobic-
polar interactions. Water oxygen atoms were allowed limited
(e0.5 Å) translation during optimization depending on the
nature (crystallographic, GRID, etc.) of the optimized water
molecules.

Hydropathic Analysis. The software HINT (version 2.35S,
www.tripos.com) was applied to these 23 protein-ligand
complexes using methodology previously reported.21,22 Because
the focus in this work is on polar (hydrogen bonding) interac-
tions, the “all” option for partitioning the protein and ligand
molecules was used. This option assigns a partial LogPo/w (ai)
and solvent accessible surface area (Si) to each atom, including
nonpolar hydrogens. The HINT scores reported in the table
are the sums of all atom-atom interactions.17 Previous
work21,22,24 has shown that about -515 HINT score units
corresponds to 1 kcal mol-1.
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