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ABSTRACT: We present a novel web server, named gridSolvate,
dedicated to the prediction of biomolecular hydration properties.
Given a solute in atomic representation, such as a protein or
protein−ligand complex, the server determines positions and
excess chemical potential of buried and first hydration shell water
molecules. Calculations are based on our semiexplicit hydration
model that provides computational efficiency close to implicit
solvent approaches, yet captures a number of physical effects
unique to explicit solvent representation. The model was
introduced and validated before in the context of bulk hydration
of drug-like solutes and determination of protein hydration sites.
Current methodological developments merge those two avenues
into a single, easily accessible tool. Here, we focus on the server’s
ability to predict water distribution and affinity within protein−ligand interfaces. We demonstrate that with possibly minimal user
intervention the server correctly predicts the locations of 77% of interface water molecules in an external set of test structures. The
server is freely available at https://gsolvate.biomod.cent.uw.edu.pl.

■ INTRODUCTION
The interplay between the aqueous environment and living
matter has been actively studied for decades.1 The role of
hydration effects in shaping biomolecular structures, dynamics,
and interactions is now well recognized, as is the importance of
their quantitative treatment in practical applications, for
instance, in drug design.2 Computational methods offer
increasingly reliable description of macromolecular hydration.3

A wide array of available approaches starts with explicit solvent
simulations typically combined with various postprocessing
techniques aimed at general description of solvent thermody-
namic properties,4,5 estimation of water binding free energy to
specific sites,6,7 bound water detection,8 or scoring.9−11

Computationally less demanding, yet also less accurate, are
implicit solvent models.12 Finally, there are numerous
specialized algorithms designed for description of surface
hydration,13−15 water annotation in crystal structures,16−18 or
its placement and scoring,19−22 also in the context of protein−
ligand docking.23−26

Recently, we developed a semiexplicit solvent model,
applicable to biological macromolecules (proteins, nucleic
acids), drug-like compounds, and their complexes,27−29 that
provides information concerning locations of buried and first
hydration shell water molecules together with estimates of their
excess chemical potentials. The calculations aremuch faster than
explicit solvent simulations, yet still capture a number of physical
effects that are neglected in typical simplified approaches:
directionality of water hydrogen bonds, entropic penalty due to

limited rotational freedom of bound water, or the asymmetry of
charge distribution within water molecule. In particular, in
comparison to most other grid-based approaches for typing
protein hydration sites, the model captures mutual interactions
within clusters of buried water molecules. For a detailed
discussion, we direct the reader to our previous reports
concerning theoretical model assumptions,27 estimation of
hydration free energies of drug-like compounds,28 and
prediction of protein internal hydration sites.29 Here, we present
a gridSolvate web server that allows automatized calculations for
protein−ligand complexes and makes the method available for
external users.

■ METHODS

Hydration Model. The server relies on our semiexplicit
hydration model.27−29 Briefly (see Supporting Information, SI,
for details), it combines an atomistic description of solute(s)−
water interactions with mean field treatment of intrasolvent
interactions. As an input, it requires a structure of the system to
be hydrated with nonbonded force field parameters assigned to
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each atom. The aqueous environment is represented by a
discrete lattice whose nodes serve to map spatial water
distribution and excess chemical potential. The latter is defined
at each point, r, by an effective Hamiltonian of a rotatable,
atomistic water probe
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where {n} denotes an instantaneous distribution of occupied
and empty lattice points, HUV(r,θ) is a solute−solvent
interaction energy combining electrostatic and Lennard-Jones
(LJ) contributions,HVV(r,θ,{n}) is a mean-field solvent−solvent
term, kBT = β−1 are the Boltzmann constant times temperature
(300 K), and the summation extends over 12 probe orientations,
θ. It is assumed than any lattice point whoseHeff is greater than a
certain threshold value becomes vacated. A stationary solvent
distribution in the presence of a solute is reached iteratively,
using a fast, cellular automata-based algorithm.27 The resulting
spatial map of excess water chemical potential can be used to
assess local hydration propensity of a solute surface or can be
partitioned into the most probable locations of individual water
molecules.
GridSolvate Server. The server processes input structures,

handles hydration calculations, and returns results on a
dedicated web page or through an email (Figure 1).

The Input. The following input options are available:
• PDB30 id for download. The structure can include a

protein or protein−ligand complex. The chains that
should be considered for calculations can be specified by
the user, or by default the first chain found will be
processed. Ligand structure can be selected for automatic
processing (see below) by providing a ligand residue
name. Crystallographic water oxygen atoms can be left
within the system in order to be included in the
calculation.

• PDB file directly uploaded to the server. Such a file will be
processed with analogous options as an automatically
downloaded PDB file.

• PQR file containing a structure prepared with the use of
the PDB2PQR program.31 Such an option gives the
possibility to prepare custom protonation states and
desired positions of hydrogen atoms.

• MOL2 file, containing a separate ligand structure. It can
already include hydrogen atoms and partial atomic
charges, or they can be calculated by the server.

• PQRS file with an arbitrary system of interest. The file
adopts an expanded PQR format, with one additional
column containing the atomic LJ potential well depth (ϵ
parameter) in kcal/mol (detailed description in the SI). A
PQRS file does not require any processing before
hydration calculations and can describe just a part of a
macromolecule (e.g., binding site region) or any artificial
atomic assembly. It can be manually created by the user,
or one can modify and reuse a file previously generated by
the server.

An additional parameter is the number of hydration
calculations, N, that are performed in order to obtain the final
statistics. Typically, the convergence is achieved for 100 < N <
1000, as discussed before.29

Job Processing. Protein structures are analyzed with the use
of the PDB2PQR program31 in order to add hydrogen atoms
and to assign nonbonded force field parameters. Optionally,
they can be optimized, which includes the addition of missing
heavy atoms and resolution of steric clashes. Protein structures
that are submitted already in PQR format are left untouched,
and only ϵ atomic LJ parameters are added based on default
atom types.
Ligand structures that are extracted automatically from PDB

files are supplemented with hydrogen atoms by the openbabel32

program, converted to mol2 format, and submitted to the
antechamber program33 for partial charges calculation. If
automatic ligand processing fails, a separate MOL2 file with
an already protonated ligand structure can be submitted.
Alternatively, both the protonation state and partial charges
can be defined within the MOL2 file.

The Output. The system_hydrated.pdb file contains the
submitted system along with predicted locations of bound water
molecules and their estimated binding free energies, ΔG, in
kcal/mol (stored in the occupancy column). All detected
hydration sites, including those only partially hydrated (withΔG
> 0), are listed in a separate file named grid_s.pdb. A spatial
distribution of excess chemical potential mapped on a 0.5 Å
spaced Cartesian grid is available in the grid_c.pdb file, with the
μex value present in the occupancy column. An input structure
processed by the server and assembled into a calculation-ready
form is included in the system.pqrs file.

Test Set and Test Calculations. To assess the server’s
ability to predict hydration patterns at protein−ligand binding
interfaces, we considered a benchmark set of ∼1500 high
resolution (≤1.5 Å) crystal structures with validated electron
densities for water molecules.34,35 Out of this set, we selected
complexes that (a) were formed by protein chains shorter than
600 residues, (b) did not have any nonprotein or nonwater
atoms or atoms assigned to a different chain within 8 Å from
ligand heavy atoms, and (c) did not have any water molecule
closer than 2 Å to ligand heavy atoms. The resulting 463
protein−ligand complexes and considered interface water

Figure 1. Workflow of the GridSolvate server.
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molecules, defined as those at most a 4 Å distance from both
protein and ligand heavy atoms, are listed in the SI.
In each case, we first attempted to perform calculations in fully

automatic mode by providing the PDB code for download,
desired chain id, ligand residue name, and ligand charge of 0 e,
using default N = 500 repetitions. If this procedure was
unsuccessful (mostly because of problems with ligand
processing), we extracted ligand structures, assigned proto-
nation states using Discovery Studio Visualizer (Dassault
System̀es, BIOVIA; custom script), and submitted to the server
protein chains and ligand structures as PDB and MOL2 files,
respectively. If subsequent calculations were still unsuccessful,
the complex was discarded.
We analyzed the number of truly predicted (TP) water

molecules and the number of false predictions (FP). The former
were identified as those having a crystallographic binding site
water oxygen atom within a certain cutoff distance, Rc. The latter
were defined as those not having any crystallographic water
oxygen within Rc. TP and FP numbers were transformed to TP
and FP fractions, TPf and FPf, respectively, defined such that
TPf = TP/Xw and FPf = FP/Nw, where Xw denotes the number
of crystallographic interface water molecules, and Nw denotes
the number of water molecules placed by the server within the
interface. We further stratified TPf and FPf depending on the
fraction of solvent accessible surface area (SASAf = SASA/4πr2,
where r = 1.4 Å) of the respective water oxygen atoms.

■ RESULTS
The output offers insight into local surface hydration (Figure
2a), as well as into the distribution and affinity of buried water
molecules (Figure 2b). In this latter respect, a sample output
shows a number of reasonably well placed, strongly bound water
molecules within buried regions. Solvent exposed areas of the
interface are typically populated by less strongly bound water,

often misplaced with respect to crystallographic water oxygens.
One may expect, however, that water molecules located there
are less important for specific protein−ligand binding and also
that their network captured in a crystal lattice may not fully hold
in physiologic conditions. The presence of two predicted water
molecules with ΔG > 0 (red spheres) at positions not occupied
by crystal water highlights the fact that binding interfaces are not
tightly packed but contain void regions. Their correct
identification is equally important as the accurate placement of
the true solvent.
Out of the 463 protein−ligand complexes, the server managed

to automatically process 253. A further 150 were processed
following the alternative, yet still automatic, protonation
scheme. Out of the remaining 60 cases, 48 failed in partial
charge calculations and 12 due to incomplete protein structures,
preventing PQR file generation.
The assessment of model predictions as a function of Rc is

presented in Figure 3a. As can be expected, TPf rises as less

accurate water placements are accepted. We assume that the
upper limit of reasonable accuracy is Rc = 1.4 Å, which
corresponds to a customary radius of a water molecule. Here, an
average TPf reaches 0.77, with values for individual complexes
varying from 0.0 to 1.0.
In general, the model places more water molecules within the

interface region than are present in the crystal structures (Nw =
8094, Xw = 3060, respectively, Table SI). This translates to
seemingly high FPf = 0.62 for Rc = 1.4 Å. It should not
necessarily indicate truly erroneous results, since individual
water molecules in solvent-exposed areas are often not resolved
in crystal structures and can be also missing in buried regions.
Indeed, if SASAf distributions among X-ray- and model-
predicted binding site water molecules are compared (SI, Figure
1), it is evident that the model more likely covers solvent-
exposed areas of binding interfaces, whose hydration is
underrepresented in crystal structures. For reasonable water
placement in such regions, it is important to maintain correct
spacing between individual solvent molecules. In this respect,

Figure 2. Sample gridSolvate results: (A) protein surface hydration
(PDB: 2nnq) and (B) protein−ligand interface hydration (PDB: 1uyg).
Prediction (C) before and (D) aftermanual adjustment of S55 hydroxyl
group orientation in fatty acid binding protein (PDB: 2nnq). Yellow
sphere of 1.4 Å radius indicates the position of W665; small spheres
indicate predicted water locations. Hydrogen bond distances are in Å.

Figure 3. (A) TPf and FPf for predictions with ΔG < 0. TP* refers to
water molecules forming at least two hydrogen bonds with a protein−
ligand environment.35 (B) TPf and FPf as a function of free energy
cutoff assessed based on water molecules with SASAf up to a given
value.
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the model was parametrized to reproduce distance distribution
within surface water obtained with explicit solvent MD
simulations.29 Consequently, we assume that FPf is increasingly
overestimated as more exposed hydration sites are taken into
account. This is reflected by a significant drop of FPf for
increasingly buried hydration sites (Figure 3b). For the most
buried water molecules, 0.85 of all crystallographic locations are
recovered, with a 0.19 rate of potentially false placements
(Figure 3b, violet circle).
The likelihood of correct water placement and its importance

for protein−ligand binding can be gauged based on the
estimated ΔG. Water molecules predicted to bind with high
affinity are less likely to be false predictions, which is particularly
evident for most buried hydration sites (Figure 3b). At the same
time, the threshold of ΔG = 0 seems to be reasonable for
discriminating between occupied and vacated hydration sites, as
relatively little TPf gain is achieved for higher ΔG values at a
price of increased FPf. This is in agreement with our previous
results concerning protein cavities, showing that sites with
positive ΔG tend to constitute true negative predictions.29 Still,
their consideration in drug design may be important, since they
indicate sterically accessible areas whose targeting with hydro-
phobic ligand groups may increase its binding strength.
The overall quality of results is similar as delivered by related

approaches8,21,25,35 that typically report TPf in the 0.7−0.8
range. A straightforward comparison is hampered by various
criteria used to confirm successful water placement (e.g., a
threshold used to distinguish occupied and empty locations),
the level of user involvement in calculations (automatic vs
supervised), and inclusion or not of FPf into the assessment. Of
importance is also the nature of the test set; as can be seen from
Figure 3a, if the set is limited to water molecules that form at
least two hydrogen bonds with a protein−ligand environment as
in the original work by Nittinger et al.,35 TPf is increased by
more than 0.1 with respect to predictions for our standard
interface definition. Still, the results are a bit worse compared to
that original work, in which a TPf of 0.8 is reported forRc = 1.0 Å.
This may result to some extent from a relatively coarse 0.5 Å grid
used in our method, the fact that the prediction of water
placement in our method is based on a general force field model
rather than trained directly on crystal structures, and also from a
possibly inferior generic scheme of system protonation.
An important limitation of the proposed approach is fixed

solute geometry considered for calculations.Most problematic is
the orientation of rotatable hydroxyl groups since it is
determined in the absence of water molecules and may be not
optimal. Such a situation is evident in the W665 water binding
site in fatty acid binding protein from the test set (Figure 2c,d).
An incorrect orientation of the S55 hydroxyl group results in the
prediction of waterΔG≃ +1 kcal/mol and, hence, the treatment
of the site as empty. Manual rotation of the S55 hydroxyl group
results inΔG = −6 kcal/mol and correct assignment of a buried
water molecule, indicating room for significant improvement if
the user’s knowledge is involved in system preparation.

■ SUMMARY
We presented a novel web server, GridSolvate, for the
assessment of interaction between water and biomolecular
solutes such as proteins or protein−ligand complexes. It is based
on our previously introduced, semiexplicit hydrationmodel. The
server accepts and automatically handles atomistic input
structures provided in standard, easily available formats but
leaves also the possibility to manually specify and tune their

details. The output includes the distribution of surface and
internal solvent molecules in the context of a solute, together
with estimates of their excess chemical potential. It can be used
to analyze individual water molecules at protein−ligand binding
sites for the sake of drug design studies, as well as to derive
descriptors of surface hydration propensity for the prediction of
protein aggregation or macromolecular interface regions.
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