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Correctly positioning water molecules at the drug-
target interface is a major challenge in structure-based drug design.
Predicting how water structure reorganizes during drug docking
into the target pocket is particularly difficult. Previously, a
molecular dynamics-based protocol, HydroDock, was introduced
and tested for docking small ligands into hydrated ion channels.
Here, we extend the applicability of HydroDock to challenging
targets with open binding pockets, populated by highly mobile
water molecules that are the most troublesome for drug design.
HydroDock improved docking accuracy, with increases of 28%
(10%) in median structural (and ranking) performance. The
comparison with other methods showed that HydroDock is a
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robust solution, even for problematic systems in which docking without explicit water molecules failed to find the correct drug-

binding mode.
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There have been various docking methods introduced for the
accurate prediction of drug-target interactions." However, fast
docking methods often fail to capture the dynamic nature of
binding pockets," particularly when interfacial water molecules
are involved.” These waters are not passive spectators—they
mediate hydrogen bonding, stabilize conformations, and
influence both ligand-binding affinity and specificity.””* Yet
their small size, high mobility, and dynamic hydrogen-bonding
networks® make them difficult to model. Certain binding
pockets, like the medically important narrow channels (,°
Figure 1A) provide topological constraints that reduce the
movement of water molecules. Therefore, structurally narrow
channels are less challenging targets compared to open binding
pockets. Open pockets (deep and shallow in Figure 1A) pose
decreased topological constraint” to keep water molecules fixed
in space. In wide-deep binding pockets, water molecules near
the bulk water can freely leave the pocket. Only water
molecules at the bottom of the deep binding pocket are kept
by the surrounding topology. In wide-shallow pockets, the
movement of water molecules is not limited by topology. The
decreased topological constraint might lead to missing crucial
hydrogen-bonding networks, which result in inaccurate energy
calculations and hinder reliable ligand rank1'ng.2’7'8 Therefore,
open binding pockets are challenging targets, especially when
water molecules are involved.

Recent efforts to incorporate water molecules into docking
calculations, whether as displaceable waters''™"® or fully
flexible waters,"” > have yielded mixed results, as summarized
in Table S1. A recent review notes that deep learning-based
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tools cannot yet outperform physicochemical docking methods
because they lack the physics relevant to docking,”* especially
for water molecules.”’

To address the challenge of incorporating water molecules
into docking for open binding pockets, we use HydroDock.’
HydroDock requires only the dry target and ligand structures
to generate hydrated complexes (Figure 1). HydroDock
addresses the chicken-and-egg problem of hydrated docking
by performing simultaneous dry docking and water prediction
steps, followed by a short molecular dynamics (MD)
refinement. Previously, the protocol achieved® excellent
agreement between experimental structures and HydroDock-
determined structures for narrow channels (Figure 1A). In this
study, we aim to extend the applicability of HydroDock from
docking in narrow channels to docking in proteins with
challenging open binding pockets. As test systems (Table 1),
we used medically important and structurally challenging
anticancer drug targets, including Heat shock protein 90-alpha
(HSP9O),24 Bruton’s tyrosine kinase (BTK),” and cyclin-
dependent kinase 2 (CDK2).*° Antiinfective drug targets, such
as the Type 1 fimbrin D-mannose-specific (FimH) adhesin®’
and the sialic acid-binding periplasmic protein (SiaP).*®
Together, a diverse set of 21 protein—small molecule ligand
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Figure 1. A) Comparison of a narrow channel, a wide-deep, and a wide-shallow binding pocket. Less-than signs indicate the decreasing order of

topological constraint for the water molecule to leave into the bulk solvent.
waters in the absence of topological constraints. In the deep binding pocket
the deeper pockets within the pocket. (B) Workflow of HydroDock protoco

In the shallow pocket, water molecules can freely exchange with bulk
and narrow channel, water molecules can not escape as quickly from
1 shown for System 3t1l. The target protein and ligand conformations

are shown as surface and stick representations, respectively. The numbering of HydroDock steps follows the explanation in the main text. The

surface water molecules produced by MobyWat™'°

molecules.

in the second step, are sh

Table 1. Properties of the Protein—Ligand Systems Investigated

holo (PDB  res® apo (PDB  res”

ID) (A) ID) (A) target name

likg ** 1.9 3pte *° 1.6 p-alanyl-p-alanine carboxypeptidase

ltou *' 2 3q6l 14 fatty acid-binding protein, adipocyte

2byi ** 1.6 lyes > 22 heat shock protein 90-alpha

2qem *? 1.67 2jgy 1.95  uridine 5’-monophosphate synthase

2sim ** 1.6 2sil ** 1.6 sialidase

2v4e ** 1.7 2cey ** 1.7 sialic acid-binding periplasmic protein

2xjx ¥ 1.66 lyes 22 heat shock protein 90-alpha

3t1l Y7 1.6 3zs ** 1.08  galectin-3

458 *° 1.28 2bit 1.71  peptidyl-prolyl cis—trans isomerase f,
mitochondrial

4j59 *° 1.92 2bit 1.71  peptidyl-prolyl cis—trans isomerase f,
mitochondrial

4j5d *° 1.32 2bit *° 1.71  peptidyl-prolyl cis—trans isomerase f,
mitochondrial

4j5e ¥’ 0.99 2bit *° 1.71  peptidyl-prolyl cis—trans isomerase f,
mitochondrial

4x50 %7 2 Smeca *! 1.6 type 1 fimbrin p-mannose specific
adhesin

Serl 2 4ape s 2.1 endothiapepsin

Sfbe ** 143 2w9® 12 kallikrein-7

Sfck 1.86 2xw9 1.2 complement factor D

Shor *° 1.58 325l ** 1.08  galectin-3

Siyy 7 0.9 Tkex * 1.9 neuropilin-1

Snat * 1.17 2xw9 ¥ 12 complement factor D

Snkh *° 1.29 Sek7 1.9 ephrin type-A receptor 2

6q4g *° 0.98 1hd *! 1.8 cyclin-dependent kinase 2

own as red spheres; otherwise, stick representations are used for water

in this Study

wc? ligand pICso/pKi/ PKp = #rotatable
(3.5) MW* —log;,(M) PSs® bonds
5 374.390 - 72.18 11
5 321.319 6" 65.97 3
7 422.843 6.34™* 69.12 5
4 354.207 3.35% 45.33 6
3 291255 4.42%* 70.36 5
8 268.218 - 73.89 4
4 409.521 9.15 53.19 4
4 354.352 426 24.66 7
5 276.334 <3.30% 4627 4
3 402.489 5.85% 62.4 5
5 431.326 5.96% 66.14 5
4 382.456 4.94% 69.23 6
3 332.348 7.75 62.82 4
3 520.705 - 55.16 17
5 465.422 4.85" 73.11 7
6 484.911 7.52% 41.94 6
3 503.499 - 3831 13
4 584.667 4.77 37.38 9
7 446.422 470" 73.45 4
4 561.098 - 66.32 5
4 269.259 - 77.39 3

“Crystallographic resolution. “Interfacial Water Count, the number of water molecules within 3.5 A of both target and ligand. “Molecular weight of
the ligand. 9ICy, values are shown in italic, and K; values in bold text. “Percentage of the surface area of the ligands buried upon binding.

complexes with a broad molecular weight (268—58S Da) and
experimental binding affinity (nM-mM, Table 1) range was
assembled. The set of complexes encompasses ligands of
various sizes, both lightly and tightly bound, that bind to
challenging open binding pockets, and therefore, is adequate to
extend and test HydroDock.’

The structural performance of the HydroDock protocol was
evaluated using standard procedures, calculating the all-atom
root-mean-square deviation (RMSD, Methods) of the ligand
relative to its experimental binding mode. The initial dry-
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Figure 2. Summary of HydroDock performance across all test systems listed in Table 1 using apo target structures. The corresponding holo system
is stated in brackets for clarity. Structural refinement results as indicated by ARMSD (%) values calculated between RMSDyy,,, and RMSDy,, values
obtained by the HydroDock protocol (see also Table S2). The median of ARMSD is indicated by a horizontal blue line, and the corresponding
MAD by a transparent blue background.
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Figure 3. Comparison of the initial dry-docked (left) and the HydroDock-refined best binding mode (right) produced for human Galectin-3 in
complex with methyl 2-O-acetyl-3-O-toluoyl-beta-p-talopyranoside (PDB ID: 3zsl) (holo 3tll). The initial (left) and the best (right) binding
modes are shown as cyan sticks. The crystallographic ligand-binding mode is shown as red sticks for reference. The target is shown as a gray surface
(A) and as a gray all-atom stick representation (B) as a blow-up of the binding pocket, and interacting amino acids are labeled according to PDB:
3zsl (holo 3t1l). Water molecules are shown as red and white sticks. Important hydrogen bonds formed through water molecules are shown with
yellow dotted lines. Water molecules are necessary for the experimentally observed target—ligand interactions, which are absent in the dry-docked
binding mode.

docked binding mode (RMSDy,,, Table S2) was compared ARMSD(%) = ARMSD X 100

with the best pose produced by HydroDock (RMSDy., o) = RMSD, @)
Methods). The improvement achieved by HydroDock is

reported as a percentage relative to RMSDy,, (ARMSD%, Reporting ARMSD% may be more informative than
Table S2, Figure 2, egs 1 and 2). ARMSD (also available in Table S2) for systems with different

RMSD,,,, values (as is the case for the systems in the diverse

ARMSD = RMSD, set of Table 1). In the main text, results for apo targets are

start

— RMSD best (1)
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Figure 4. A) Comparison of the dry-docked (left) and the refined best binding mode produced by HydroDock (right) for HSP90 in complex with
onalespib (PDB ID: lyes) (holo 2xjx). The docked and refined binding modes are shown as teal all-atom representation sticks; the crystallographic
ligand binding mode is shown in red sticks for reference. (B) A blow-up image of the binding pocket. Interacting amino acids are shown as gray all-
atom representation sticks and labeled according to PDB: lyes (holo 2xjx). In the dry-docked binding mode, the ligand interacts with D102, and in
the refined binding mode, the interaction with D102 is replaced by a water molecule to push the ligand toward the experimental binding mode.

shown, and in the Supporting Information, values for holo
systems are provided (Table S3).

Across the 21 systems in our test set, dry-docked RMSDy,
values ranged from 1.5 to 9.1 A, indicating moderate to poor
starting positions with a median of 4.1 A (Table S2), hence an
overall mis-docking situation. HydroDock improved the initial
dry-docking results in all cases, as indicated by the ARMSD
values in Table S2, achieving a median ARMSD improvement
of 28%. Ten systems exceeded the median improvement, with
S even exceeding the median absolute deviation (Figure 2).
This demonstrates the protocol’s robustness across a diverse
set of protein—ligand complexes with challenging open binding
pockets, which is attributable to the molecular dynamics
simulations used. However, the extent of improvement varied
by system (Figure 2), the largest gains were observed when the
initial pose retained stabilizing interactions with the target,
such as hydrogen bonds or z-stacking contacts, whereas
moderate gains occurred when the pose was highly incorrect or
constrained by deep, sterically restrictive binding pockets that
limited ligand mobility. These trends indicate that HydroDock
performs best when the initial docking pose captures key native
interactions and the binding pocket geometry enables
conformational accessibility.

Over 10% ARMSD improvement was observed for 19
systems, with the largest ARMSD% improvement observed for
human Galectin-3 in complex with methyl 2-O-acetyl-3-O-
toluoyl-beta-p-talopyranoside, namely the apo 3zsl (3tll)
system, achieving 85% improvement with the HydroDock
protocol (Figure 3A). The initial dry-docked binding mode
showed some experimental-like contacts with the target
(Figure 3B). However, the toluoyl group of the ligand binds
differently from the reference position, failing to form the
cation—7x stacking interaction with R144, which is exper-
imentally identified as one of the key stabilizing contacts in the
Galectin-3 binding pocket.”” In the refined binding mode, the
oxo group adjacent to the toluoyl group interacts with W181
through a water molecule, rotating the toluoyl group into the
correct position. Furthermore, two hydroxyl groups of the
ligand interact with hydrophilic amino acids, such as R144,
N160, and N174, through water molecules, adjusting and

stabilizing the ligand in a near-native structure (RMSD.q =
0.45 A) (Figure 3B). The MobyWat surface water success rate
(SR, see Methods) for this system was 100% (Table S3) in the
3.5 A binding pocket defined by the superimposed ligand from
the holo counterpart 3tll system, providing an appropriate
hydration layer for refinement by the HydroDock protocol.

Another example of the role of the appropriately predicted
hydration layer is the lyes (2xjx) system. In the dry-docked
binding mode, the isoindoline moiety of the ligand deviated
markedly from the experimental reference ligand binding mode
(Figure 4, RMSDg,,, = S A). Thus, the dry-docked binding
mode failed to form contacts with D54 and ASS, which are
important amino acids in ligand binding to HSP90.”® In the
absence of void-filling water molecules, the isoindoline group
of the dry-docked ligand interacts with D102 instead of D54
and ASS, and only in the refined structure is this interaction
replaced by a water molecule. Therefore, the isoindoline group
is pushed toward D54 and ASS to form the experimentally
observed binding interactions (Figure 4). As a result, the ligand
reaches its correct binding conformation (RMSDy,, of 1.8 A),
achieving a ARMSD improvement of 64% during refinement.
The MobyWat-predicted surface water molecules within the
3.5 A binding pocket defined by the superimposed ligand from
the holo counterpart 2xjx system (SR = 100%, Table S3) were
necessary to accurately reproduce the experimental binding
mode. Five other systems with significant improvements are
also highlighted in Figures S1—SS5.

The protocol was also applied to holo target structures
(Table S3). The median ARMSD improvement was 17%. All
systems improved (except one), and 14 systems showed at
least a 10% improvement in ARMSD. The improvements for
the apo targets are larger than those of the holo targets,
explained by the higher starting RMSD values (4.09 A for apo
vs 2.92 A for holo; median RMSDy,_, in Tables S3 vs S4) due
to the absence of the ligand-binding conformation in the apo
target. Starting from a higher RMSDy,, (corresponding to
worse ligand-binding modes on apo) is more challenging and
requires the robust approach of HydroDock, which also
handles ligand-induced target conformational changes during
the final MD refinement step. Consequently, larger improve-
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ments can be achieved for apo targets compared to holo
targets.

The 21 holo experimental complex structures contained 97
interfacial water molecules, of which the HydroDock
prediction step (using the molecular dynamics-based Moby-
Wat program %) found 94% within 1.7 A (Table S3), an
excellent result according to the literature.”” We predicted 389
water molecules, effectively filling the voids in the experimental
structures and completing the hydration shell. This void-free
hydration is essential for stabilizing docked complexes,”>
preventing artificial intramolecular contacts, and enablin
realistic hydrogen-bond networks at the binding interface.’
The strength of the prediction not only lies in finding
experimental water molecules, because experiments do not
provide a complete void-free hydration layer.” The combina-
tion of identifying the validated experimental water positions
with high accuracy (Figure S) and predicting additional waters
to fill the complete binding pocket demonstrates the true
strength of water molecule prediction.

EXPERIMENTAL

PREDICTED

Figure S. Experimental (left) and predicted (right) water molecules
for system 2qcm (apo Zng) The target is shown as a gray cartoon,
the ligand as a blue surface, and water molecules are red spheres.
Asterisks indicate the predicted water molecules within 1.7 A of the
experimental water positions.

For example, in the case of the holo 2qcm system, there are
4 experimental water molecules in the binding pocket of the
ligand (defined by a 3.5 A radius around the experimental
ligand, see Methods), MobyWat found all 4 of them, and
predicted a total of 11 water molecules to fill the entire binding
pocket (Figure S). This example shows how water molecule
prediction can find and complement the valid experimental
water positions. The correct water positions are then refined by
molecular dynamics to aid the ligand binding mode refinement
with accurate hydrogen bond orientations. In the case of the
holo 2qcm system, the 100% success rate of water positioning
resulted in over 40% ARMSD,, improvement after refine-
ment by HydroDock (Table S3).

As a basis for validation, crystallographic water molecules are
used. However, it is worth noting that even the experimental
determination of water molecules faces many limitations.”
Especially, for larger systems, with many water molecules, the
solvent is disordered, which increases noise, leading to difficult
solvent assignation even in the first hydration shell,” where B-
factor-based assignment of water molecules can be per-
formed.”® Furthermore, overfitting of electron density data
improves resolution but can result in misleading identification
of water sites.””>®

The initial dry-docked binding mode (RMSDy,,, Table S2)
was compared with the top-ranked pose produced by
HydroDock (RMSD,,, Methods). The improvement achieved
by HydroDock is reported as the percentage relative to
RMSD,,,, (ARMSD%, eqs 1 and 2, where RMSD,, is
substituted with RMSD,,,).

Several ranking strategies were tested because the base
HydroDock representative selection strategy did not yield
sufficient improvement for open binding pockets.

The most commonly used strategy is to select the most
energetically favorable binding mode. We evaluated several
ranking methods based on target—ligand interaction energies
(Eineen See Methods), including their Lennard—Jones (LJ) and
Coulomb components, calculated both with and without
explicit water molecules. Several possibilities were tested,
including treating water molecules as either part of the target
or the ligand when calculating E; .. and its components.
Among these, ranking by L] energy with water molecules
treated as part of the target (LJ tw-l) yielded the best
performance, achieving a median ARMSD of 9.7% for the apo
set (Table SS).

We then tested a hybrid strategy in which a representative
binding mode (the closest structure to the average
coordinates) was selected from the top 10% of LJ tw-l-ranked
conformations. While this approach improved on the dry-
docking results (median ARMSD of 6.6%, Table S6), its
performance was notably lower than that of L] tw-l ranking
alone (9.7%).

To further refine the ranking, we applied frame elimination
by discarding conformations with RMSD >S5 A or >10 A
relative to the first frame, thereby removing outliers such as
dissociated poses or those drifting into nonrelevant subpock-
ets. While this filtering alone had limited impact (Table S7),
combining it with L] tw-] energy ranking and representative
selection yielded the greatest improvement (Figure 6). This
resulted in a median 10% improvement in ARMSD for the apo
set (Tables S4 and S7a). The median improvement was
exceeded by 10 systems, including 4 that exceeded the median
absolute deviation margin (Figure 6).

In addition to RMSD-based ranking, the frame with the
most retained experimentally similar water-mediated contacts
can be selected to demonstrate that the protocol not only
improves geometric accuracy but also recovers chemically
relevant interactions among water, the target, and the ligand.
As an example, the MD trajectory of 3zsl(3t11) is analyzed, and
all 5 experimental water-mediated contacts are retained, and
one additional is found after 14.4 ns of simulation (Figure S6).

To answer the challenges described in the Introduction,
relatively few methods have been developed to incorporate
explicit water molecules into docking simulations (Table
81,13’19_21’59). The performance of three methods, AutoDock-
GIST,"? RosettaLigand,21 and AutoDock Vina 1.2.0°°
(reference methods, Table 2) was compared to HydroDock.
The number of systems included in the reference methods
ranged from 6 to 23; in the present study, 21 systems (Table
2) were used with HydroDock. The median RMSDy,,,, value of
the HydroDock systems was at least two times higher than that
of the reference studies (Figure 7A, Table S8), indicating that
the diverse systems of the present study were overall more
challenging hydration-wise than the reference ones.
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Figure 6. A) Ranking accuracy as indicated by ARMSD (%)
calculated between RMSDy,; and RMSD,,, values selected by the
top-performing ranking strategy in this study (see also Table S4). The
median of ARMSD is indicated by a horizontal blue line, and the
corresponding MAD by a transparent blue background. (B)
Comparison of the previous HydroDock and current final ranking
strategies. RMSDy, . is the starting structure of the refinement, and
RMSD,,, is the final structure. The difference between the two is
expressed as ARMSD.

From its definition, a high RMSD,,, indicates that the
starting position of the ligand is far from the experimental
binding mode. Therefore, improving the ligand poses of a high
RMSDy,,; shows the robustness of HydroDock.

Table 2. Docking Methods and Protocols Investigated
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Figure 7. Comparison of the performance of HydroDock with other
methods that use water molecules to improve dry docking accuracy.
(A) The RMSD of the dry-docked starting structure for each method
before the inclusion of water molecules. (B) The absolute
improvement in RMSD after the inclusion of water molecules
compared to the starting structure. (C) The ratio of worsened cases,
where the inclusion of water molecules leads to an increased
(worsened) RMSD,,, compared to the starting dry-docked
(RMSDy,,.) position.

top

HydroDock showed the best absolute improvement in
ranking (ARMSD, eq 1) after including water molecules in
docking (Figure 7B), compared to the reference methods,
except for AutoDock Vina. However, in the case of AutoDock
Vina, the median absolute deviation of the reported ARMSD
values for the 6 systems® is significantly larger than the
median itself, and therefore, it cannot be used for a valid
statistical comparison with the other methods.

Including water molecules not only improves docking
accuracy but, in some cases, it can worsen the RMSD

count of test

name description systems
HydroDock® (with an updated MD-based prediction of hydration structure, dry docking with AutoDock, and an additional MD refinement 21
ranking) of the ligand pose in the hydrated binding pocket
AutoDock-GIST Affinity & MD-based prediction and GIST“-based selection of displaced and conserved water molecules, and docking 23
AutoDock-GIST Pose ' with AutoDock to the hydrated binding pocket
RosettaLigand®' water molecules are handled as part of the target or the ligand during docking, and the scoring involves an 9
implicit solvent model
AutoDock Vina 1.2.0%° water molecules are not involved in docking, but are used for the calculation of an entropic gain upon 6

desolvation of the ligand

“Grid Inhomogeneous Solvation Theory.
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(negative ARMSD). If the number of worsened cases is high
relative to the total number of systems, the method is not really
robust. This ratio (worsened/total cases) across all systems
was the lowest for HydroDock (Figure 7C), also highlighting
its robustness. The robustness is likely due to the final MD
refinement step,61 which is not present in the reference
methods. Notably, HydroDock also applies MD to generate
water positions (Section 2.2), achieving high success rates and
contributing to its robustness. It is worth to mention that our
preliminary results show the MD simulations can be simplified
to reduce computational demand by using a single water
droplet with a tiny S- or 10 A water layer around the protein
instead of a simulation box filled with an order of magnitude
larger number of waters (see Supplementary Method, Table
S9). Further investigations on this “droplet simplification” will
be presented in a forthcoming study.

The case of Cyclophilin D inhibitor antivirals was selected to
highlight how HydroDock captures chemically meaningful
hydration effects. Cyclophilin D has a hydrophobic binding
pocket with amino acids F60, M61, F113, and L122. This
hydrophobic pocket (amino acids in sticks, Figure 8A) was
targeted by a series of ligand modifications (4S8, 4j59, 4j5d,
and 4j5e””) at the pyrrolidine terminus (asterisk in Figure 8A).
The common part of these ligands (Figure 8A) aligns well with

2/
A
ity
e e

Figure 8. A case study of cyclophilin D inhibitors and the chemically
meaningful hydration effects captured by HydroDock. (A) The
binding modes of the substituted inhibitor molecules superimposed
from their respective PDB structures (4jS8 in yellow; 4jSe in cyan;
4jSd in green; 4jS9 in pink). The amino acids of the hydrophobic
binding pocket of cyclophilin D are shown in sticks, the terminal
pyrrolidine ring of the inhibitors is marked with an asterisk. Systems
4jS8 (B), 4jSe (C), 4j5d (D), and 4j59 (E) are shown with
HydroDock-predicted water networks. The protein is shown as gray
cartoon, the ligands and interacting amino acids as colored and gray
all atom representation sticks, respectively. Water molecules are
shown as red and white sticks and balls. Amino acids are labeled
according to 4j58.%

one another, and the differences in their antiviral activity arise
from the modification of their terminal pyrrolidine ring located
in the center of the hydrophobic pocket. In the HydroDock
RMSD,,.; structure for the base compound (458, Figure 8B),
there are no water molecules in the hydrophobic pocket, and
the urea oxygen of the molecule does not bind to RSS, an
important amino acid for antiviral activity (4j58, Figure 8B).
Consequently, this compound has no antiviral activity (low
pECs,, Table 1). In the HydroDock RMSDy,,, structure for
4jSe, a compound with improved activity (Table 1), there is
still no connection with RSS, but the water molecules around
the methoxy-phenyl moiety arrange in a clathrate-like structure
(Figure 8C). To optimize the water-mediated interactions, 11
water molecules of the clathrate contribute to the hydrophobic
effect®™ " sticking the substituted phenyl ring of the ligand
and L122 together. 4j59 (Figure 8D) and 4jSd (Figure 8E) are
equally strong inhibitors (Table 1). In both cases, RSS binds to
the urea oxygen of the ligands, and the hydrophobic moieties
of the ligands are also stabilized by smaller clusters of water in
a clathrate-like assembly.

These water molecules contributing to the hydrophobic
effect do not mediate bridging interactions but instead “push”
the two hydrophobic interaction partners toward each other by
forming a common clathrate-like structure around them.
Importantly, such a complex effect can be handled only with
the explicit treatment of water molecules. Because hydrophobic
binding pockets are present in many drug targets, MD-based
methods with explicit water molecules (such as HydroDock)
are key to accounting for complex water-mediated effects in
drug design.

To extend and test the applicability of HydroDock to targets
with challenging open binding pockets, a diverse test set of 21
pharmacologically important drug-target complexes of various
hydration patterns was assembled. HydroDock resulted in a
remarkable increase in structural (28%) and ranking (10%)
performance compared to structures (mis)docked without
water molecules. The structural improvement exceeded the
median for half of the test set. HydroDock proved to be robust,
as evidenced by the small number of cases that worsened. The
robustness of the protocol can be attributed to the molecular
dynamics step, which can improve even significantly deviated
starting structures. It was also discussed how accurately
predicted water molecules aided the improvement of ligand-
binding poses via improved interactions with the target. A
comparison with state-of-the-art methods showed that Hydro-
Dock achieves better results and greater robustness, even when
starting from more challenging mis-docked structures.

In the present study, structural files of protein-small molecule
complexes were systematically mined from the Protein Data
Bank (PDB,”*). The filtering was based on the following
criteria.

1. Structures determined by X-ray crystallography with a
resolution of <2.5 A Only one ligand is bound at the
binding pocket

2. Unbound (apo) structures of the target protein are
available
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3. At least three interfacial (IF) water molecules within 3.5
A

4. Noncovalently bound ligands

S. Drug-like and structurally diverse ligands

6. Ligands without peculiar ring systems that cannot be
regenerated by redocking

7. No missing heavy atoms in ligands

8. No atoms with alternative locations in ligands

Further filtering was performed to remove complexes with
sugar-containing ligands, lipid ligands, and targets containing
cofactors or uncommon elements (e.g., Be, B, Si) near their
binding pockets, or any nonstandard amino acid residues in
direct contact with the ligands. Complexes whose apo target
structures did not meet the general selection criteria were also
excluded. Additionally, systems with missing residues or heavy
atoms in the binding pocket region or in the ligands were
excluded. The filtering resulted in a high quality diverse test set
of 21 complexes (Table 1).

Ligand structures were extracted directly from the structural
files of their corresponding complexes in PyMol and
subsequently processed for use in AutoDock 4.2.°° Gas-
teiger—Marsili partial charges’” were assigned to the ligand
structures based on their protonation states at neutral pH 7.4
using Open Babel,”® a software package, and were saved in
MOL2 format. The resulting ligand structures were subjected
to steepest descent optimization, followed by conjugate
gradient minimization with a maximum of 100,000 steps and
the MMFF94 force field.”” In conjugate gradient minimization,
the convergence threshold was set to 1077 kcal mol™" A~
Furthermore, semiempirical quantum mechanical optimization
was carried out with MOPAC”® using PM7 parametrization,71
with the upper limit for the gradient norm set to 0.001 kcal
mol™ A~!. The CHARMM-GUI"* was used to assign bond
parameters and atom types for the ligand topology using the
general Amber force field,”> which is designed to be
compatible with the existing Amber force fields, including
AMBER99SB-ILDN,”* which we used to prepare the target

topology.

Both apo and holo forms of the proteins were prepared for
docking. The atomic coordinates of the holo and apo target
proteins (Table 1) were downloaded from the PDB. A clean
target structure was generated by removing all nonprotein
components, including ligands and all solvent molecules,
except for important metal ions in the binding pocket. Swiss-
Model” was used to detect and reconstruct missing residues
and/or atoms in the target structure. The error-free, full-length
protein sequence was obtained from UniProt.”® PyMol”” was
used to add capping groups and to align the apo targets with
their holo counterparts.

To prepare a molecular dynamics simulation in GRO-
MACS,”® a minimization was performed. The structure was
placed in a dodecahedral box with a 1 nm cutoff between the
solute and the box. The box was filled with explicit TIP3P
water molecules,”” and counterions (sodium or chloride ions)
were added to neutralize the system using the gmx solvate
program in GROMACS.”® The simulation box was subjected
to steepest descent (sd) optimization, with convergence
thresholds set to 1000 kJ mol ~' nm ~'. Next, conjugate
gradient (cg) optimization was performed, with convergence
thresholds set to 10 k] mol ~' nm ~'. In both steps, solute

heavy atoms were position-restrained with a force constant of
1000 kJ mol ! nm ~'. All simulations were performed with the
AMBER99SB-ILDN force field”* using the GROMACS
software package.”® After ligand and target preparation, the
dry target and its respective ligands were used as starting points
for HydroDock (see next Section).

4.4.1. Dry Docking (Step 1). Docking was performed for
both the apo and holo forms of the proteins. AutoDock
Tools®® was used to add Gasteiger-Marsili partial charges®” to
the prepared target structures and convert them to PDBQT
format. The target was treated as a rigid body, while the ligand
was set to be fully flexible. Prior to docking, AutoGrid4 was
used to generate the grid, with the grid center set to the
average coordinates of the experimental ligand structure. The
grid box size, defined as the number of grid points (N,), was
calculated using eq 4.

(Linax + T)
Npts =
G (4)
where L, is the maximum length of the ligand, measured

between the farthest two heavy atoms in the ligand; T is a
distance tolerance (10 A) between the edge of the docking box
and the ligand; and G is the grid spacing, set to 0.375 A. No
explicit water molecules were adopted from the PDB
structures.

Docking was performed using the Lamarckian Genetic
Algorithm,g0 with 100 docking runs, a maximum of 25 million
evaluations, and a population size of 150. The resulting 100
ligand-binding modes were structurally clustered (with a
tolerance of 2 A) and ranked by their AutoDock 4.2 binding
free energy values. The ligand structure with the lowest
calculated free energy of binding was selected, and neighboring
docked ligand structures within 2 A were grouped into the
same rank. A new rank was then opened with an unused
structure of the lowest calculated free energy of binding from
the remaining structures, and the process was repeated until all
ligand structures were collected into ranks. The rank-1 binding
pose is used to calculate RMSDg..

4.4.2. Building the Water Structures of the Target—
Ligand Interface (Step 2). To prepare the protein for a
MobyWat™'® water prediction, first a 1 ns-MD simulation is
performed. For the MD simulation GROMACS package’® is
used with the AMBER99SB-ILDN force field.”” The MD
simulation box was filled with explicit TIP3P water
molecules.” Long—range electrostatics were handled using
the PME summation,”’ employing a Fourier spacing of 0.12
nm and a grid spacing of 1 A. van der Waals interactions were
truncated at an 11 A cutoff. The solute and solvent were
coupled separately to a reference temperature of 300 K using
the velocity rescale algorithm® with a time constant of 0.1 Ps.
Pressure coupling used the Parrinello—Rahman algorithm®”**
with a reference pressure of 1 bar, a time constant of 0.5 ps,
and a compressibility of 4.5 X 107° bar™". Position restraints
were applied to all heavy atoms of the target with a force
constant of 1000 kJ mol™ nm™

The resulting trajectory (md.trr) of the TIP3P solvated
system, containing atomic coordinates for all frames, was
converted to a portable xtc format (systemxtc) using the
trjconv utility in GROMACS. Using the resulting MD
trajectory file, the surface water structure of the target was
calculated in MobyWat’s prediction mode with its all-inclusive,
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identity-based prediction algorithm (IDa). MobyWat predicts
waters from the trajectory of the solvated MD system, starting
from solvent waters in the frames, resulting in a predicted layer
of water molecules. During the calculation, a maximum
distance from the target (dmax) of 5 A was used, with
clustering (ctol) and prediction (ptol) tolerances of 1.5 and 2.5
A, respectively. The resulting hydrated target structure was
then placed in a common coordinate system with the target
containing the RMSDy,,., ligand binding pose, using Pymol.””
Water molecules conflicting with the ligand structure were
removed using the editing mode of MobyWat at a minimum
distance limit (dmin) of 1.75 A.

4.4.3. Refinement (Step 3). The hydrated complex
structures were subjected to a five-step robust refinement to
optimize the orientation of hydrogen atoms on the predicted
water molecules, facilitating water network formation. Energy
minimization was performed as described in the Target
Preparation Section.

The energy-minimized structure was subjected to a 100 ps
NPT MD simulation. Lon§—range electrostatics were treated
with the PME summation,”' using a Fourier spacing of 0.12
nm and a grid spacing of 1 A. van der Waals interactions were
truncated at 11 A. The solute and solvent were coupled
separately to a reference temperature of 300 K using the
velocity rescale algorithm®” with a time constant of 0.1 Ps.
Pressure coupling used the Parrinello—Rahman algorithm®***
with a reference pressure of 1 bar, a time constant of 0.5 ps,
and a compressibility of 4.5 X 107° bar™". Position restraints
were applied only to the backbone Ca atoms of the target, with
a force constant of 1000 kJ mol™ nm™ The second round of
sd and cg optimizations was performed with the same settings
as the first round, but with position restraints applied solely to
the backbone Ca atoms. All simulations were performed with
the AMBER99SB-ILDN force field”* using the GROMACS
software package.”

4.4.4. Generating MD Snapshots of the Target—
Ligand Complex (Step 4). Finally, a S0 ns NPT MD
simulation was performed on the hydrated and equilibrated
complex structures using the same settings described in Step 3.
Only the target Car atoms were position-restrained, while the
amino acid side chains, the ligand, and the solvent were
allowed to move. The resulting trajectory file was converted to
a portable xtc format using the trjconv utility of GROMACS.
This conversion also accounts for periodic boundary
conditions, ensuring that the solute remains intact and
centered within the simulation box. First, each frame was
aligned to the experimental target structure using Ca atoms via
the confrms utility. Complex snapshots were extracted as
individual PDB files at 0.1 ns intervals (conformation pool)
and subjected to further analysis. RMSD values were calculated
between each ligand binding mode extracted from the
conformation pool and the corresponding reference binding
mode, as described in the Evaluation metrics section. The
ligand binding mode with the lowest RMSD among all
extracted snapshots (RMSD,.,) was used to assess the
structural performance of HydroDock, while the RMSD of
the top-ranked binding mode (RMSD,,,) was determined as
described in the Ranking section.

4.4.5. Selection of Representative Binding Mode
(Step 5). An average ligand coordinate was calculated from
all ligand binding modes in the conformation pool generated in
Step 4 using a shell script. RMSD values were then calculated
between the average ligand coordinate and each ligand binding

top

mode in the pool. The ligand binding mode with the lowest
RMSD relative to the average structure was selected as the
representative binding mode. The RMSD between this
representative binding mode and the experimental reference
ligand binding mode is referred to as RMSD

representative*

All structures in the conformation pool (Step 4) were ranked
by their target—ligand intermolecular interaction energies
(Biter €9 S) and by the components separately (i.e.,
Lennard—Jones and Coulomb terms). All energy calculations
were performed on the trajectory file (system.xtc from Step 4)
with and without water molecules using Pantherg, an in-house
program. The Coulomb term (Ecgyom,) Was calculated using
the distance-dependent dielectric function of Mehler and
Solmajer with Amber2012 force field parameters.*®

(A By 99
Emter - ELJ + ECoulomb 12 6 4
L r TEGE, T
_ 12
Au 8in1;
B, = 2&.RS
jj 5
Ru =R, + R]
g = [E¢
B
&E=A+ ——— T
1+ ke ™™

()
where Nt and Ny are the number of target and ligand atoms,
respectively; r; is the actual distance between the ith (ligand)
and jth (target) atoms; q is the partial charge of an atom; &, is
the permittivity of vacuum; €, distance—dependent relative
permittivity; &; is the potential well depth at equilibrium; R;; is
the internuclear distance at equilibrium; B = £, — A in which g,
is the dielectric constant of water at 25 °C; A, 4 and k are
constants.*

The RMSD value calculated between the top-ranked binding
mode and the experimental reference ligand binding mode was
referred to as RMSD

top*

RMSD values were measured between the heavy atoms of the
predicted (C in eq S) and the experimental reference (R)
ligand binding mode according to eq 6.

1 NH
RMSD = [—— > IC, — R’
NH 5 (6)

where NH is the number of heavy atoms in the ligand, R is the
space vector of the ith heavy atom of the experimental
reference ligand structure in the respective Protein Databank
(PDB) coordinate files, and C is the space vector of the ith
heavy atom of the predicted ligand structure.

4.6.1. Improvement of RMSD. The improvement of
starting structures upon the HydroDock protocol was
expressed by ARMSD. ARMSD is measured as the difference
between RMSDy,, (the RMSD calculated for the starting
ligand conformation obtained from dry docking), and RMSD,,
a solution produced by the HydroDock protocol, which is
RMSDy,; in the case of structural performance and
RMSD,epresentative OF RMSDy,, in the case of ranking perform-
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ance. The improvement is also expressed as a percentage
(ARMSD (%)) relative to RMSDy,,.

4.6.2. Success Rate. The Validation mode of MobyWat
was used for success rate (SR) calculation, which quantifies the
match between predicted and experimental (reference) water
positions. For interface water prediction the binding site is
defined by the 3.5 A radius of the ligand. The identification of
a reference water position was considered successful when the
predicted water position was within 1.7 and 1.5 A from the
reference position (Table S3). If the distance criterion is met,
then the predicted and reference water positions are
considered as matching pairs. The number of matches is
divided by the number or reference water positions and
multiplied by 100 to get the SR as a percentage.

Data files are available at https://zenodo.org/records/
18919800. The compressed data file contains the in- and
output files of HydroDock protocol for both the holo and apo
systems, the parameter files and the programs necessary to
produce them, and a Table of Contents file with detailed folder
descriptions. The programs necessary for producing the results,
MobyWat (http://mobywat.com/) and GROMACS (https://
www.gromacs.org/), are open source programs. The in-house
programs that were used to calculate RMSD and interaction
energy values are provided in the data depository.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsphyschemau.6c00072.

Additional computational details, and methods, includ-
ing description of docking methods; per system
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