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ABSTRACT: Maltose-binding protein is a periplasmic binding protein responsible
for transport of maltooligosaccarides through the periplasmic space of Gram-
negative bacteria, as a part of the ABC transport system. The molecular
mechanisms of the initial ligand binding and induced large scale motion of the
protein’s domains still remain elusive. In this study, we use a new docking protocol
that combines a recently proposed explicit water placement algorithm based on the
3D-RISM-KH molecular theory of solvation and conventional docking software
(AutoDock Vina) to explain the mechanisms of maltotriose binding to the apo-
open state of a maltose-binding protein. We confirm the predictions of previous
NMR spectroscopic experiments on binding modes of the ligand. We provide the
molecular details on the binding mode that was not previously observed in the X-
ray experiments. We show that this mode, which is defined by the fine balance
between the protein−ligand direct interactions and solvation effects, can trigger the
protein’s domain motion resulting in the holo-closed structure of the maltose-binding protein with the maltotriose ligand in
excellent agreement with the experimental data. We also discuss the role of water in blocking unfavorable binding sites and water-
mediated interactions contributing to the stability of observable binding modes of maltotriose.

1. INTRODUCTION

Maltose-binding protein (MBP) is a periplasmic binding
protein1 responsible for transport of maltose and maltodextrins
with up to seven glucose rings through the periplasmic space in
E. coli and other Gram-negative bacteria.2,3 The structure of
MBP has been resolved in X-ray and NMR spectroscopy
experiments both for the liganded (holo) and unliganded (apo)
states.2−12 These studies revealed that MBP has two structural
domains connected by the hinge region with the carbohydrate
binding site located in the cleft between the domains (Figure
1). The domains can perform large scale motion, with the
closed state of MBP characterized by small interdomain angles,
stabilized by the physiological ligands (such as maltose and
maltotriose11) that bridge interactions between the domains.
Many experimental and theoretical studies were dedicated to

investigation of ligand binding and large scale conformational
changes in MBP.5,11,13−17 Originally, two mechanisms were
proposed to explain ligand binding to MBP. The induced fit
mechanism4,11,14,16 suggests that the ligand initially binds to the
open state of MBP, which in turn triggers the conformation
changes resulting in the protein domains closure. According to
the conformational selection mechanism,16 the ligand can bind
with higher affinity to less populated semi-closed conforma-
tions. The NMR experiments confirmed the existence of apo-

closed (or semi- closed) states of MBP,9 but the recent single-
molecule fluorescence energy transfer measurements ruled out
the conformation selection mechanism of binding.14

As demonstrated in the X-ray experiments, the holo-open
state of MBP can be stabilized by maltotetraitol,12 a
nonphysiological ligand. For maltotriose, the holo-open state
of MBP likely exists only transiently (because ligand binding
triggers domains closure), which complicates experimental
analysis of the initial MBP−ligand interactions and resulting
conformational changes. Thus, further clarification of the initial
stages of ligand binding to MBP is needed. It is worth noting
that while the NMR studies suggest that two binding modes of
maltotriose may exist in solution7 only one binding mode has
been characterized so far by the X-ray experiments.3,18

The role of water-mediated interactions in protein−
carbohydrate complex structures has been well recog-
nized.10,19,20 The experimental data suggest that hydration
effects play an important role in ligand recognition and binding,
as well as in triggering conformational transitions upon ligand
binding to MBP.4,12 Expulsion of water molecules from the
(hydrophobic) binding cleft by a ligand can provide a favorable
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entropic contribution to the free energy of binding and domain
motion.11,12,21 Conserved (structural) water molecules mediate
the protein−ligand interactions through the network of
hydrogen bonds5,11,12 stabilizing the closed state of MBP,
thus increasing the binding affinity. Water-mediated inter-
actions could possibly contribute to initiating the domain
closing as well.
In MBP, waters can occupy hydration sites around the

hydrophilic residues in the ligand binding site close to the N-
terminal domain (NTD) and form lower density pockets
around the hydrophobic area at the C-terminal domain
(CTD).12 Water molecules that are tightly bound to the
protein could efficiently block unfavorable ligand binding sites.
Structural (tightly bound) water molecules play an important
role in defining molecular recognition and mechanisms of
protein−ligand binding.22−24 Inability to properly describe such
solvation effects is one of the most critical issues of many
docking studies.20,22,25,26

Explicit solvent molecules can be included into a docking
protocol by using different approaches. In silico docking
experiments were performed with the crystallographic water27

as well with water molecules predicted by different computa-
tional methods.19,22,24,26,28−34 Molecular dynamics (MD) or
Monte Carlo simulations with explicit solvent molecules are the
most accurate approaches (within the limitations imposed by
the choice of particular force field and by ignoring the quantum
mechanical effects) to predict solvation structure around a
receptor and to identify locations of tightly bound water
molecules.22,35 While such approaches can considerably
improve the outcomes of the docking experiments,19,22 they
are computationally demanding and can be used only to model
simple solvent conditions.22,24 Many alternative computational
methods have been developed in the past few years;20,22−24,26,36

however, they do not provide sufficient information on
solvation structure and thermodynamics and are not trans-
ferable to different solvent conditions/composition.
As an alternative to computationally demanding explicit

solvent simulations, the 3D-RISM-KH molecular theory of
solvation (three-dimensional reference interaction site model

with the Kovalenko−Hirata closure relation)37,38 can be used
for fast and reliable prediction of the solvation structure around
a macromolecule. The theory is based on the rigorous
statistical−mechanical foundation and accounts for chemical
specificity of solvent, including formation of hydrogen bonds
between solute and solvent molecules, solvation entropic effects
(hydrophobicity), and solution composition and thermody-
namic state.34,37−48 The 3D maps of water density distributions
obtained with the 3D-RISM-KH molecular theory of solvation
can be used to identify locations of structural water molecules
for using in docking experiments.49,50 This capability is
implemented in the Molecular Operating Environment
(MOE) software package.51

Recently, a new 3D-RISM-based protocol has been
developed to predict the locations of water molecules around
a protein.49,50 In this study, we introduce a docking approach
that combines this water placement protocol with the
AutoDock Vina52 docking capability. With this new approach,
we investigate the binding modes of maltotriose to the open
state of MBP and discuss the role of water in ligand binding and
resulting conformation changes of MBP. We also compare the
docking results obtained with this new approach with available
experimental data as well as with outcomes of conventional
docking experiments. We then discuss the role and functions of
structural water in initial ligand binding and triggered large
scale domain motions of MBP.

2. COMPUTATIONAL METHODS

In this study, we use the new protocol that employs the 3D-
RISM-KH molecular theory of solvation37,38 to predict
locations of water molecules around the receptor, which then
are used in docking experiments with the AutoDock Vina
software.52 In this section, we briefly overview the 3D-RISM-
KH theory, following ref 37, and describe the protocols used to
identify locations of water molecules and to predict binding
modes of maltotriose at the open state of MBP.

2.1. 3D-RISM-KH Molecular Theory of Solvation. The
solvation structure around a protein (or any other solute
particle) can be described by the probability density ργgγ(r) of
finding atomic site γ (oxygen or hydrogen for water) of a
solvent molecule at 3D space position r around the solute. This
density is determined by the average number density ργ of bulk
solvent multiplied by the 3D normalized density distribution
function gγ(r). The latter describes the solvent site density
enhancement when gγ(r) > 1 or depletion when gγ(r) < 1
relative to the average bulk density (where gy(r) → 1).
The 3D distribution functions of solvent interaction sites are

obtained from the 3D-RISM integral equation37,38,53,54

∫∑ χ= ′ − ′ ′
γ

α

α αγ
h c rr r r r( ) d ( ) ( )

(1)

where hγ(r) = gγ(r) − 1 and cγ(r) are the 3D total and direct
correlation functions of solvent, and the summation runs over
all interaction sites of all solvent species. The direct correlation
function is formally defined as a solution to eq 1. Outside the
repulsive core, it has the asymptotics of the solute−solvent
interaction potential uγ(r) scaled by the Boltzmann constant kB
times solvent temperature T: cγ(r) ∼ − uγ(r)/(kBT), where its
value inside the repulsive core is related to the solvation free
energy. The site−site susceptibility of solvent χαγ(r) in eq 1 is
an input to the 3D-RISM theory and is obtained from RISM
theory55 for solvent.

Figure 1. Holo-open structure of MBP with bound maltotetraitol
(PDB accession code 1EZ912). MBP is shown in cartoon
representation with N-terminal domain (NTD) shown in gray, C-
terminal domain (CTD) in pink, and the hinge region (HR) in yellow.
Aromatic residues (Trp 230, Tyr 155, Trp 340, and Tyr 341) in the X-
ray binding site are in blue, and polar residues (Asn 12, Asp 14, Glu
44, Glu 45, Asp 65, Arg 66, and Glu 111), which are implicated in
protein−ligand interactions in the closed state of MBP, are shown in
purple. Heavy atoms of maltotetraitol ligand are shown in stick
representation and colored according to their atom types (oxygen in
red and carbon in cyan).
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To be solved, the 3D-RISM integral equation, eq 1, for the
3D total and direct correlation functions has to be
complemented with another relation called a closure that also
involves the interaction potential uγ(r) specified with a
molecular force field. The exact closure has a nonlocal
functional form that can be presented as an infinite
diagrammatic series in terms of multiple integrals of the total
correlation function.55 However, it is computationally intract-
able and in practice is replaced with amenable approximations
that should analytically ensure asymptotics of the correlation
functions and features of the solvation structure and
thermodynamics to properly represent the solvation physics.
We use the closure proposed by Kovalenko and Hirata (KH

closure approximation).37,38 It provides an accurate description
of the solvation structure and thermodynamics in biomolecular
systems as well as various association effects in complex liquids
and electrolyte solutions.34,37−48 The 3D KH closure that reads

=
− + − ≤

− + − >γ

γ γ γ γ

γ γ γ γ
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couples in a nontrivial way the hypernetted chain (HNC) and
mean spherical approximation (MSA) closures.55 The former is
applied to the spatial regions of solvent density depletion gγ(r)
< 1, including the repulsive core of the solute, and the latter to
the regions of solvent density enrichment gγ(r) > 1, such as
association peaks, while keeping the right asymptotics of cγ(r)
peculiar in both HNC and MSA.37,38

The site−site susceptibility of pure solvent breaks up into the
intra- and intermolecular terms

χ ω ρ= +
αγ αγ α αγ

r r h r( ) ( ) ( ) (3)

where the intramolecular correlation function ωαγ(r) = δαγδ(r)
+ (1 − δαγ)δ(r − lαγ)/(4πlαγ

2 ) represents the geometry of
solvent molecules with site−site separations lαγ specified by the
molecular force field, and hαγ(r) is the radial total correlation
function between solvent sites α and γ. Prior to 3D-RISM-KH
calculations, hαγ(r) values are obtained from the dielectrically
consistent DRISM theory56 with the KH closure (DRISM-KH
approach)38 for the solvent system (which may include ions,
cosolvent, and ligands at a given concentration). To properly
describe the electrostatic interactions in solution with polar
molecular and ionic species, the electrostatic asymptotics of
both the 3D and radial correlation functions are separated out
and treated analytically38,57 while calculating the convolution in
the 3D-RISM-KH and DRISM-KH integral equations
2.2. Initial Structure Preparation for 3D-RISM-KH and

Docking Simulations. The initial structures of the holo-
closed (with maltotriose as a ligand), holo-open (MBP with
bound maltotetraitol), and apo-open states of MBP were taken
from the Protein Data Bank (PDB accession codes 3MBP,11

1EZ9,12 and 1OMP,4 respectively). All crystallographic water
molecules were removed. The receptor structures for the bound
systems were built by additionally deleting the maltotriose and
maltotetraitol ligands from the corresponding X-ray structures.
Target receptor conformations were parametrized, and all
missing hydrogen atoms were added with the Amber 12
Molecular Dynamics Package58 and the ff10 Amber force
field.59−61 The maltotriose and maltotetraitol structures were
prepared with the GLYCAM Carbohydrate Builder.62

2.3. 3D-RISM-KH Calculations. 3D-RISM-KH calculations
were performed in 0.00029 g/cm3 sodium chloride aqueous
solution at temperature 25 °C (≈298 K). The water density

was set to 0.99983 g/cm3 and the dielectric constant to 78.5.
The solute−solvent interaction potential comprises the
Coulomb and Lennard−Jones interactions. The potential was
parametrized with the AMBER ff10 force field59−61 for the
protein and the SPC model for water molecules.63

The 3D-RISM-KH integral equations, eqs 1 and 2, were
solved on a uniform 3D grid of 256 × 256 × 256 points in a
cubic supercell of size 128 Å × 128 Å × 128 Å large enough to
accommodate MBP along with sufficient solvation space
around. The 3D-RISM-KH equations were converged to a
relative root-mean-square accuracy of 10−5 by using the
modified direct inversion in the iterative subspace (MDIIS)
accelerated numerical solver.38 It was proven that such protocol
can provide hydration structure around proteins compatible
with that obtained in explicit solvent MD simulations.41

2.4. Docking with Explicit Water: Water Placement
Protocol. Water densities calculated with the 3D-RISM-KH
molecular theory of solvation were used to predict locations of
water molecules in and around the binding site of MBP by
using the Placevent script of Sindhikara et al.49

The water placement protocol includes the following steps:

(1) Solute preparation: Receptor structures of MBP are
prepared as described above.

(2) Solvent preparation: rism1d code with DRISM theory
and KH closure37 as implemented in the Amber Tools 12
package64 is used to calculate solvent susceptibility from
eq 1.

(3) Calculation of solvent densities with 3D-RISM-KH:
Calculations are performed with the 3drism.snglpnt code
from the Amber Tools 12 package.64

(4) Water placement: The Placevent protocol49 is used to
predict location of water molecules around the receptor.
Water oxygen positions were obtained based on the
solvent density (which defines the volume occupied by
one water molecule) of 0.54045 g/cm3.

(5) Identification of displaceable water molecules: The
hydropathy index,65 which describes the hydrophilic
and hydrophobic properties of 20 amino acid side-chains,
is calculated for residues within 4 Å of water oxygen sites
of all predicted water molecules. Water molecules with a
total hydropathy index exceeding −1 are considered as
displaceable and are excluded from docking experiments.

(6) Preparation of a receptor structure with explicit water for
docking experiments: Coordinates of water molecules are
merged with those of MBP, and resulting structures are
prepared for docking experiments with AutoDock-
Tools.66

2.5. Docking Protocol. Parameters and structures for
docking experiments were set up with the AutoDockTools.66,67

The Kollman’s and the gasteiger charges were used for the
receptor and ligand, respectively. Docking simulations were
performed with AutoDock Vina52 based on the standard
docking protocol. The size of docking grid box was set to 30 Å
× 30 Å × 30 Å in all docking experiments. The center of the
box was near the side-chain nitrogen of Trp 340 for the apo-
open and holo-open structures of MBP (this corresponds to the
location with coordinates −5, −10, and 5 Å in the PDB ID
1OMP structure4). For the holo-closed structure, the grid box
was centered near the side-chain oxygen of Glu 153 (box center
coordinates of 12, 21, and 36 Å in the PDB ID 3MBP
structure11). In AutoDock Vina simulations, the default value of
docking exhaustiveness parameter of 8 was used, the adaptive
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number of steps in a run was set based on complexity of the
problem. Binding modes were ranked with the standard
AutoDock Vina scoring function52 weight settings for each
energy term. The five highest-ranked binding modes from each
docking simulation were chosen for further analysis. These
modes were first energy minimized and then rescored with the
Amber 12 Molecular Dynamics Package58 with Amber ff10
force field59−61 for the receptor and GLYCAM_06h force
field68 for the ligands. In this procedure, the generalized Born
implicit solvent model69 was used. Minimization was performed
with 2500 steepest descent steps followed by 2500 conjugate
gradient minimization steps. Docking simulations were
repeated three times for each system to check consistency of
the results.
2.6. Molecular Dynamics Simulations. To test the

dynamical stability of predicted bound conformations and to
verify the possibility of triggering domains closure by ligand
binding, molecular dynamics (MD) simulations were carried
out for selected protein−ligand structures. The top-ranked
binding modes from the current docking experiments as well as
the apo-open structures with maltose transferred from the
superimposed holo-closed structure were used as initial
structures in these simulations. Note that explicit water
molecules were excluded from the initial structures. The force
field parameters and solvation model were the same as
discussed in the previous section. In total, five 7.5 ns MD
runs corresponding to the different initial velocity distributions
were recorded and analyzed.

3. RESULTS AND DISCUSSION

We successfully redocked maltotriose into the experimental
binding site of the receptor from the holo-closed state of MBP
with the AutoDock Vina software by using a conventional
docking protocol and without accounting for explicit water
molecules (section S1, Supporting Information). This indicates
that the AutoDock Vina scoring function52 can provide an
accurate description of the binding modes of maltotriose, at
least for the native receptor conformations.
However, docking experiments performed with the same

protocol for the open state of MBP were unsuccessful (see
section S2, Supporting Information, for details). To provide an
explanation for that, we first considered the following possibly
limiting factors: (i) underestimation of the carbohydrate−
protein π-stacking interactions by the AutoDock Vina scoring
function, (ii) inaccurate representation of a local structure of
the binding site by the apo-open experimental structure, and
(iii) the lack of receptor flexibility in docking experiments.
Relaxing the above limitations in docking experiments provides
only marginal improvements of the results (section S3,
Supporting Information).
Both the apo-open and holo-closed experimental structures

of MBP have water molecules in the cleft between the protein’s
domains near the ligand binding site. At the same time,
accounting for explicit water molecules in docking simulations
with the closed state may be less crucial than for the open state
of MBP. This can be explained by the desolvation of the polar
residues at NTD during the domain closure triggered by ligand
binding. In the holo-closed state, these residues form hydrogen
bonds with the hydroxyl groups of sugar, which in turn forms π-
stacking and hydrophobic interactions with the aromatic
residues at CTD part of the binding site. Thus, the ligand
bridges the interactions between domains, and desolvation of
the polar residues occurs not during the initial binding event

(which is mostly driven by the ligand interactions with the
aromatic residues at CTD) but later on in the process of the
MPB domain closing.
In the apo-state, the polar residues at NTD are fully solvent

exposed (Figure 1) and can efficiently form hydrogen bonds
with surrounding water molecules.4 Such water molecules
strongly bound to polar residues can provide steric restrictions
on possible binding modes. If this effect is underestimated by a
scoring function, the accuracy of docking may deteriorate.
Other water molecules can be displaced from the binding sites,
and some water molecules can bridge the interactions between
the ligand and the receptor. The complex interplay between the
solvation effects, including those due to the high desolvation
penalty of structural waters and hydrogen bonding between
water molecules and the receptor as well as ligand, may be
difficult to accommodate by the phenomenological solvation
part of the scoring function.5,11,12 In some cases, these
problems can be resolved by accounting for explicit water
molecules in docking experiments.
It is worth noting that accounting for X-ray (structural) water

may be not sufficient for improving the accuracy of docking
experiments.24 Thus, redocking of maltotetraitol to the native
open X-ray structure of MBP12 was not successful (section S2,
Supporting Information). This can be possibly attributed to
missing some of the structural water molecules in X-ray data
due to the difficulties of identification of water at low
resolution24 and/or different hydration structure of the protein
in solution and under conditions of X-ray crystallography.
There is much evidence that accounting for explicit

(structural) water molecules can improve the accuracy of the
docking experiments.22−24,36 To explore the role of water in
maltotriose binding to MBP and to assess accuracy of docking
of maltotriose to the open state of MBP with explicit waters, we
first predict the water distributions and location of water
molecules around the MBP receptor with a newly developed
protocol based on the 3D-RISM-KH molecular theory of
solvation. Then, we use these water molecules to predict
binding modes of maltotriose at the apo-open state of MBP and
to analyze the role of water in the maltotriose interaction with
MBP. To verify the consistency of the docking experiments, we
employ the same protocol for redocking of maltotetraitol and
maltotriose to the receptor structures from the X-ray holo-open
and holo-closed structures of MBP.

3.1. Hydration Structure of Maltose-Binding Protein
from the 3D-RISM-KH Molecular Theory of Solvation.
The 3D-RISM-KH molecular theory of solvation37,38 provides
3D maps of density distributions for each atomic site of solvent
molecules around the macromolecule. High density peaks on
these maps may correspond to tightly bound (structural) water
molecules at the macromolecular surface. It was shown that
there is a good agreement between the 3D-RISM-KH
predictions on structural water and X-ray experimental data,43

as well as between 3D-RISM-KH and MD results on solvation
structure of proteins.41,42

We use the 3D-RISM-KH molecular theory of solvation to
calculate 3D water density maps around the open state of MBP
and to predict possible locations of tightly bound water
molecules at the protein surface. These waters are used in
docking experiments in the next section. For illustration, we
show the high density peaks of water oxygen atomic site density
distribution around the apo-open state of MBP in Figure 2.
There is a good agreement between location of these peaks and
location of X-ray waters (such as, for example, in the top right
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corner of the figure). There is a region with enhanced water
density at the N-terminal domain right above the binding site
marked by (a) in Figure 2.
It has been shown recently22,24 that tightly bound water

molecules that are not displaceable upon ligand binding are
likely to form hydrogen bonding with a protein. The 3D-RISM-
KH theory accounts for the specificity of solute−solvent and
solvent−solvent interactions, including hydrogen bonding, by
coupling the correlation functions of different solvent sites and
by using site-specific parameters of the force field. In particular,
in case of hydration, the formation of hydrogen bonds between
water and a protein will result in polarization of distributions
for water oxygen and hydrogen atomic sites, accounting for
directionality of hydrogen bonding. Such polarization of the
water site densities are clearly seen around the polar residues of
MBP (Figure 3). For illustration, we show in panel A of Figure
3 a zoomed view of the region around Asp 65 where a
hydrogen bond forming water molecule was identified by the
X-ray experiments.4,11 Other high density peaks of water
oxygen and hydrogen characterized by the high degree of
polarization can be found around the other polar residues of
MBP, including Asn 12, Asp 14, Lys 15, Glu 44, Glu 45, Asp 65,
Arg66, Gln 72, Glu 111, Glu 153, Ser 337, and Arg 344. Many
of these residues are located in the cleft between CTD and
NTD domains (Figure 3) above the maltotriose binding site at
the C-terminal domain. The water density polarization at these
locations may indicate strong (hydrogen) bonding between
water and the protein. At the same time, the water densities in
and around the CTD binding site lined with the aromatic
residues (Tyr 155, Trp 230, Trp 340, and Tyr 341) show less

polarization. This can be related to the lower desolvation
penalty of removing water molecules from the mostly
hydrophobic interface. These predictions are in qualitative
agreement with the results of the free energy analysis of water
molecules in binding sites of proteins which can be or cannot
be displaced by ligand binding.43,70

3.2. Prediction of Structural Water in the Binding Site
of the Open State of MBP. The 3D-RISM-KH solvent
densities can be directly incorporated into the docking protocol
to describe the desolvation effects upon ligand binding.71 Also,
locations of tightly bound water molecules can be predicted
based on the 3D-RISM-KH densities,49−51 and these explicit
water molecules can be used in conventional docking
simulations. In this section, we find locations of explicit water
molecules at the apo-open state of MBP by using the protocol
described in Computational Methods section.
The predicted water molecules in proximity of the (putative)

binding site of MBP along with the 3D-RISM-KH water oxygen
density distributions are shown in Figure 4. The locations of
these water molecules coincide well with the high-density peaks
of the water distributions (e.g., water oxygen site density
distribution). For example, the high density peaks correspond-
ing to the density isolevel of 4 overlaps with most of the
predicted water molecules (panel A, Figure 4). Some of these
water molecules will be displaced by the ligand to optimize the
solvation entropic part of the binding free energy as well as the
binding enthalpy. More tightly bound water molecules have
higher binding affinity, and their locations may be associated
with the higher peaks in the density distributions. Interestingly,
these high density peaks are almost excluded from the
experimental binding site of the apo-open state of MBP
(panel B, Figure 4), but they persist above the binding site at
the location of an alternative ligand binding site at NTD
predicted by docking without explicit water molecules (Figure
S2, Supporting Information).

Figure 2. High density peaks of 3D water maps around the apo-open
state of MBP predicted with the 3D-RISM-KH theory. The density of
water oxygen is represented by the density isosurface with isolevel of 5
times the bulk water density (blue color). The X-ray waters from the
apo-open state of MBP (PDB ID code 1OMP4) are shown with red
van der Waals spheres of water oxygens. Solvent exposed surface of the
protein is in gray. The region (a) corresponds to the experimental
binding site of MBP. For illustration, the area with three X-ray water
molecules overlapping with the high density peaks in water
distribution is marked as (b).

Figure 3.Water oxygen and hydrogen density distributions around the
apo-open state of MBP predicted with the 3D-RISM-KH theory. The
densities are shown by isosurfaces with isovalues of 4 for oxygen (red
color) and 3 for hydrogen (blue color) times the bulk water density.
Polarization of water is clearly seen around the polar residues. Panel A
gives a zoomed view of the region around Asp 65 where a hydrogen
bond forming water molecule was identified in X-ray experiments.4,11

The water density polarization, which may be indicative of strong
bonding between water and the protein, is clearly seen at the N-
terminal domain in panel B above the maltotriose putative binding site
(marked with the blue ellipse).
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There are approximately 20 water molecules at the interface
between CTD and NTD of MBP. The distances between the
protein heavy atoms with a substantial partial charge and water
oxygen are between 3.0 and 4.0 Å. This further supports the
fact that these water molecules can form a network of hydrogen
bonds with MBP and can bridge the residues at CTD and
NTD. For example, a hydrogen-bonding chain can form
between NTD Trp 340 and CTD Asp 65, Arg 66 and Trp 62,
with one water molecule bridging Trp 340 and Asp 65, and the
other two bridging Asp 65 with Arg 66 and Trp 62. Another
two water molecules can bridge CTD Ser 337 with NTD Arg
66 and Glu 45. Similar water mediated interactions can be seen
between the polar residues from two domains at the edge of the
experimental CTD binding pocket in the holo-open and holo-
closed X-ray structures.11,12 We note that the distances between
the predicted locations of water oxygen at the edge of the
experimental binding site can be as high as 11 Å (such as the
distance between oxygen atoms of water molecules located near
Asp 153 at NTD and Asp 14 at CTD).
The 3D-RISM-KH-based protocol for water placement also

predicts water molecules near the aromatic residues (Tyr 155,
Trp 230, and Trp 340) all within 4 Å distance from the maltose
binding site at CTD. This agrees well with the results of X-ray
experiments.12 The shortest distance between the aromatic
residue and water molecule is smaller than the distances
between the residues and maltotetraitol in the experimental
holo-open structure.11 This can be explained by a smaller size
of water molecules compared to the size of carbohydrate
ligands, which allows them to access the protein surface easier.
3.3. Identification of Displaceable Water Molecules.

Water molecules in and around a ligand binding site can be
affected by binding. This includes both displacement of weakly
bound water molecules by a ligand as well as rearrangement of
solvation structure around the ligand to optimize protein−
solvent and ligand solvent interactions. Ideally, docking
experiments should account for such events, which in most
cases currently are taken in consideration at the phenomeno-
logical level by introducing, for example, desolvation/hydro-
phobic terms in a scoring function, or by accounting for explicit
structural water molecule in docking experiments. In the latter

case, only tightly bound water molecules that cannot be
displaced by a ligand should be kept in docking experiments.
Water molecules identified as described above have different

binding affinities, depending on their local environments (side-
chain orientations, partial charge distributions of the atomic
sites of the receptor, etc). Some water molecules can be
displaced by the ligand upon binding, while other may provide
steric obstruction to binding or/and mediate favorable protein
ligand interactions. Removing displaceable water molecules in
docking with explicit water molecules can sufficiently improve
the accuracy of docking results.22,24,36 This can be done, for
example, by ranking water molecules binding affinities obtained
with the free-energy perturbation calculations36 or by using the
thermodynamic analysis with different solvation models based
on explicit solvent MD simulations.72

While such free energy calculations can provide useful
information on binding affinities of water molecules in and
around a binding site, in many practical applications more
computationally efficient and fast approaches are needed. In
this study, we use a protocol based on the hydrophobicity
scale65 of residues in proximity of a putative binding site. The
hydropathy index describes the hydrophobic/hydrophilic
property of each amino acid side-chain.65 Larger (positive)
values correspond to residues characterized by more
pronounced hydrophobic properties. Water molecules located
in hydrophobic environments are easy to displace compared to
those located around the hydrophilic residues. Thus, we
assume, following refs 22 and 65, that the hydropathy index of a
residue can be related to binding affinity (or desolvation
penalty) of water molecules near that residue.
By summing up the hydropathy indices for all residues within

4 Å distances of the oxygen water atomic sites (Table S1,
Supporting Information), we predicted the desolvation penalty
of the water molecules in and around MBP binding site. After
that, water molecules with a total hydropathy index larger than
−1 were deleted because they are located in mostly
hydrophobic environments and thus more likely to be displaced
by a carbohydrate ligand. A similar procedure has been used
recently as a part of the protocol for scoring water molecules in
a protein binding sites for docking experiments.22 The choice of
a threshold for selecting displaceable water molecules can be
justified by the fact that residues with −SH/−OH functional
groups (such as Thr, Ser, and Tyr), with polarity similar to that
of water molecules, have hydropathy index in the range from
−0.7 to −0.9.65 Increasing the threshold value (for example, up
to 0) results in placement of water molecules near the aromatic
residues in the binding site.
We note that water binding affinities can also be obtained

from the 3D-RISM-KH theory coupled to the free energy
calculations. While such an approach can provide more accurate
estimates of binding affinities, it is more computationally
demanding.

3.4. Docking Experiments with Explicit Water Mole-
cules Predicted by 3D-RISM-KH: Maltotriose Binding to
the Open State of MBP. Docking experiments without
accounting for explicit water in hydration sites of MBP predict
that maltotriose binding modes mostly located at the N-
terminal domain of the MBP open state (see Supporting
Information for details), which are not confirmed experimen-
tally. Both the docking simulations with different MBP
conformers and the structural analysis of the open structure
of MBP suggest that the polar residues in and around the NTD
binding site can be surrounded by tightly bound water

Figure 4. Water oxygen density distributions (shown in blue) around
the apo-open state of MBP obtained with the 3D-RISM-KH theory.
Structural water molecules predicted by the 3D-RISM-KH theory as
discussed in section 3.3 are shown with red van der Waals spheres.
Solvent exposed surface of the protein is in gray. The density maps are
shown for isolevel of 4 (panel A) and 5 (panel B) in excess of the
water bulk density. The ligand binding site is shown by the green
surface.
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molecules. These water molecules can either block unfavorable
binding modes or provide favorable water-mediated inter-
actions between the protein and the ligand. In this section, we
discuss results of docking experiments with maltotriose at the
open state of MBP, with the explicit (possibly tightly bound)
water molecules predicted with the 3D-RISM-KH molecular
theory of solvation.
Docking simulations were carried out with AutoDock Vina

software.52 The five highest-ranked binding modes were chosen
for further analysis. All these modes are located close to the X-
ray binding site of MBP at CTD. The top-ranked binding mode
obtained after rescoring (see the docking procedure explanation
in the Computational Methods section) is shown in Figure 5

along with the experimental position of the maltotriose
ligand.11 It is worth noting that the improvement of docking
results were achieved by accounting for the tightly bound, while
removing potentially displaceable water molecules from the
hydrophobic areas. Many of these potentially displaceable water
molecules are located around the aromatic residues in the
experimentally observable binding site (Figure 4B). By
displacing these water molecules, the ligand can form favorable
π-stacking interactions with the aromatic residues of the
receptor (Figure 5). This also provides favorable entropic
contribution due to displacement of these water molecules
from mostly hydrophobic environments to the bulk solution.12

We note that keeping these weakly bound water molecules
located around the aromatic residues along with the structural
waters in the docking experiments does not improve the
accuracy of the docking (section S5, Supporting Information).
The structural water molecules predicted with the 3D-RISM-
KH theory provide steric obstruction thus directing the ligand
in a proper location in the CTD binding cleft, as well as
mediate favorable interactions between the hydroxyl groups of
sugar and the polar residues located in proximity of the binding
site (Figure 5B).
Interestingly, two binding modes of maltotriose at MBP were

detected in the previous solution NMR and fluorescence

spectroscopy studies.7,73,74 The R mode (named after the red
shift in fluorescence emission spectrum) is consistent with the
X-ray binding mode,5,18 where the ligand g1 sugar ring (Figure
5B for the explanation of notations) forms π-stacking with Tyr
155 and Trp 230, g2 ring with Trp 340, and g3 ring with Tyr
341. Our predicted binding mode of maltotriose at the open
state of MBP is similar to the experimental B mode (after the
blue shift in fluorescence emission spectrum), where the g1
sugar ring moves away from Trp 2307 and closer to NTD. In
the docked structure, the g2 sugar ring can form π-stacking
interactions with Tyr 155 and g3 with Trp 340 (Figure 5). Due
to the different Tyr 341 side-chain rotamer state in the apo-
open state of MBP compared to the holo-closed state, no π-
stacking interactions are formed with the g3 sugar ring. As
discussed in the next section, such interactions are observed
transiently in MD simulations starting from the docked
conformation. Because both the R and B modes are observed
experimentally (with the spectroscopic studies suggesting
predominance of the R mode18), our docking results can
provide valid predictions on the maltoriose binding modes for
the MBP open state as well as on mechanisms of binding and
triggered domains motion.
As discussed above, the water molecules not only provide a

steric guidance for the ligand, but they also mediate favorable
interactions between the ligand and the receptor. Thus, the g1
sugar ring of maltotriose forms water-mediated hydrogen bonds
with the polar residues at NTD, which includes Asp 14, Asn 12,
and Lys 15 (Figure 5). There is also a possibility of bridging the
interactions between the g2 ring and Asp 65 at NTD by a water
molecule. Similarly, the water molecules bridge the interactions
between the polar residues at CTD (two water molecules form
hydrogen bonds between the C6-OH group of the g3 ring of
the ligand and Arg 344, and one water molecule forms a
hydrogen bond between the C6-OH group of g2 and Glu 153).
These water molecules are located close to the aromatic
residues in the binding site, and they can push the ligand away
from the CTD binding site toward to NTD. This could explain
the difference between the experimental (from the super-
imposed holo-closed structure) and the predicted binding
mode of maltotriose.
We also note that the ligand transferred from the

superimposed holo-closed X-ray structure does not form
hydrogen bonding interactions with any polar residue at
NTD. The shortest distance between the ligand’s hydroxyl
groups and the NTD/HR polar residues is 5.4 Å (distance
between the C3-OH group of the g2 sugar ring and Asp 65). In
the holo-open X-ray structure with maltotetraitol, there are
only three hydrogen bonds between the ligand and NTD with
one bond formed between the linear sugar of maltotetraitol and
Asp 14.12 The interactions between the ligand and NTD for the
predicted binding mode could provide more favorable
conditions for triggering domain closure. This is partially
confirmed by the results of MD simulations discussed in the
next section.
To confirm the consistency of the docking experiments with

explicit water predicted by the 3D-RISM-KH molecular theory
of solvation, we performed redocking of native ligands to the
receptor X-ray structures of the holo-open (MBP with bound
maltotetraitol, PDB accession code 1EZ912) and holo-closed
(MBP with bound maltotriose, PDB accession codes 3MBP11)
states of MBP. In both cases, the locations of possible tighly
bound water molecules were indentified with the protocol
discussed in section 3.2. In the case of the holo-open structure,

Figure 5. Binding modes of maltotriose at the open state of MBP from
docking experiments with explicit water molecules predicted by the
3D-RISM-KH molecular theory of solvation. (A) Top-ranked
maltotriose conformation from docking experiments (orange)
compared to the conformation of maltotriose from the superimposed
holo-closed X-ray structure11 (green). The next four low-ranked
binding modes are shown in gray. (B) Predicted water-mediated
hydrogen bonds (dashed lines) between the top-ranked binding mode
and the polar residues of MBP. The polar and aromatic residues are
shown in purple and blue, respectively. Water oxygens are represented
by red van der Waals spheres.
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there is a significant improvement in the ligand’s placement
compared to the docking without accounting for explicit
solvent (section S2, Supporting Information). The top-ranked
binding modes of both maltotriose and maltotetraitol are
located in the experimental binding site, in good agreement
with the available experimental data12 (Figure 6).

We also predicted locations of tightly bound water molecules
around the closed structure of MBP and carried out docking
experiments with maltotriose (redocking experiments without
account for explicit water molecules are described in section S1,
Supporting Information). Interestingly, in this case, there are
three water molecules located near the polar residues (Glu153
from CTD and Arg 66, Glu 44, and Glu 111 from NTD of
MBP), which block the binding site (Figure 7). These water
molecules are located in mostly hydrophilic environments, and
thus, they are not listed as displaceable by the protocol based
on the hydropathy index discussed in section 3.3. Two of these
three water molecules are located at NTD, and thus, they are

brought to the proximity of the binding site during the domain
closure.
It was shown in the NMR experiments that 5% of apo MBP

conformations correspond to the partially closed state and 95%
to the open state.9 At the same time, the recent single-molecule
fluorescence resonance energy transfer experiments suggested
that the ligand binds to the open state of MBP only, which
triggers consequent closure of the protein domains.14 The
presence of tightly bound water molecules near/in the binding
site in the closed state of MBP can explain the above-
mentioned experimental finding. In this scenario, these water
molecules are brought to the binding site of the apo-closed
structure in the process of domain closure, and thus, they do
not obstruct the binding site in the open state, as observed in
docking experiments with the open structure of MBP. In the
transition between the holo-open to holo-closed state,
desolvation of the polar residues in the proximity of the
binding site is driven by the domain closure, as discussed above.

3.5. Verification of Docking Predictions with MD
Simulations. To verify our docking results and to test
dynamical stability of the predicted maltotriose binding modes,
we carried out MD simulations starting from different
conformations of the maltotriose−MBP complex correspond-
ing to (i) the top-ranked binding mode of maltotriose docked
to the apo-open structure of MBP obtained with the new
docking protocol, (ii) the X-ray maltotriose conformations
transferred from the MBP holo-closed state after super-
imposition of the closed and open structures, and (iii) the
NTD binding mode predicted by the conventional docking
protocol without accounting for explicit water molecules
(section S2, Supporting Information). For each system, MD
simulations were repeated five times with different initial
conditions, as explained in the Computational Methods section.
No significant interdomain angle changes were observed in

four of out of five MD runs started from the NTD binding
mode (Figure S3, Supporting Information). It was only in one
MD run that domain closure was observed after the ligand
moved toward the experimental binding site at CTD.
In the MD simulations with the CTD top-ranked binding

mode obtained with the explicit water molecules shown in
Figure 5, maltotriose quickly (at the time scale of simulations)
moves toward the CTD aromatic residues to optimize the

Figure 6. (A) Binding modes of maltotetraitol at the open state of
MBP from docking experiments with explicit water molecules
predicted by the 3D-RISM-KH molecular theory of solvation. The
top-ranked ligand conformation from docking experiments (orange) is
compared to the experimental structure (PDB accession code 1EZ912)
(green). The next four low-ranked binding modes are shown in gray.
(B) Binding modes of maltotriose at the open state of MBP (receptor
structure for docking was modeled after the X-ray holo-open structure
of MBP, PDB accession code 1EZ912). The notations are the same as
in panel A.

Figure 7. (A) Water oxygen density distributions around the maltotriose binding site in holo-closed (blue) and the apo-closed (red) states of MBP,
as predicted with the 3D-RISM-KH theory. Density isosurfaces at isovalue 4. (Some −OH groups of maltotriose in the binding site overlap (in blue
ellipse areas) with the high peaks of the water oxygen density distribution in the MBP unliganded state.) (B) X-ray structure of the holo-closed state
of MBP. Water molecules blocking the binding site as predicted with the water placement protocol for the apo-closed structure are shown as red van
der Waals spheres. Polar and aromatic residues are shown in purple and blue, respectively.
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aromatic and hydrophobic interactions. This movement and the
following domain closure take place within first 2 ns of MD
runs (Figure 8). Interestingly, the domain closure can occur

faster for the predicted bound conformation compared to the
case of the experimental ligand conformation from the
superimposed holo-closed X-ray structure (Figure 8). After
the domains get closed, maltotriose stays in the experimentally
observable binding cleft corresponding to the holo-closed state
of MBP, with the conformations of maltotriose resembling the
experimentally observable structure from the holo-closed state
of MBP. For illustration, we show in Figure 9 a representative
snapshot from the MD trajectory started with the maltotriose
top-ranked binding mode. There is excellent agreement
between the X-ray structure of the complex11 and our results

in which all the major interactions (hydrophobic, aromatic, and
hydrogen bonding) between the receptor and the ligand are
established. Thus, the docking protocol that uses the 3D-RISM-
KH assignment of possible locations of structural water
molecules provides a more accurate description of the binding
modes of MBP compared to the conventional docking
methods.
Because the initial structure for the MD simulations obtained

in docking experiments with the explicit water resembles the
maltotriose NMR B mode,7,73,74 a plausible scenario for
maltotriose binding to the open state of MBP can be as
follows: First, maltotriose binds to the CTD binding site as
shown in Figure 5, and then, in the course of the
conformational changes triggered by binding (transition from
the open to closed state), the ligand acquires experimentally
observable conformation corresponding to the holo-closed state
of MBP (Figure 9). This provides a new prospective on the
mechanisms of induced fit-type binding of maltotriose to MBP.

4. CONCLUSIONS

The 3D-RISM-KH molecular theory of solvation37,38 accurately
and efficiently predicts the solvation structure around MBP,
including locations of high density water pockets. This
information can be used to place explicit water molecules in
most probable hydration sites by using the protocol recently
developed by Sindhikara et al.49,50 Some of these water
molecules can be displaced by ligand binding, especially from
the hydrophobic interfaces, while the others characterized by
the high desolvation penalty can impose steric restrictions on
possible binding modes. The role of water molecules in ligands
binding to MBP includes partial blocking of unfavorable
binding sites, favorable hydrophobic interactions, including
those with the aromatic residues at CTD, as well as mediation
of the interactions between the polar residues at NTD and the
ligand. The latter may be an important factor in the domains
closure process triggered by ligand binding.
The current results also demonstrate the importance of

accounting for structural water in docking experiments as
discussed in many previous studies.19,20,25,33 Importantly, the
3D-RISM-KH molecular theory of solvation constitutes a fast
and accurate procedure for predicting locations of structural
water molecules41,50 at the protein surface, which can be used
in docking experiments.
The new docking approach that combines the 3D-RISM-KH

molecular theory of solvation to obtain solvent density
distributions around a biomolecule and a protocol for
prediction locations of explicit water molecules (such as the
Placevent algorithm49 used in the current study) with AutoDock
Vina software can increase the accuracy of binding modes
prediction, as we demonstrate for the binding modes of
maltotriose at the open state of MBP. We also show that this
approach provides a new insight into the conformational fitting
mechanism of ligand binding, including binding-triggered large-
scale conformation changes in MBP. In particular, we describe
an alternative binding mode of maltotriose at the open state of
MBP, the existence of which was previously suggested based on
NMR spectroscopic experiments.7 We show that such a binding
event results in triggering the domains motion of MBP and
evolution of the structure toward the holo-closed state, which is
in excellent agreement with the experimental X-ray structure.11

Validating the ability of this new approach to provide
systematic improvement of docking results for a general pool of
biomolecular systems where structural solvation plays an

Figure 8. Evolution of the interdomain angle in MD simulations
started from different initial structures of the maltotriose−MBP
complex. The results are shown for the top-ranked maltotriose bound
conformation at the CTD binding site (blue), false NTD binding site
(gray), and ligand conformation from the superimposed X-ray closed
structure (red).

Figure 9. Snapshot of MD simulation started from the top-ranked
maltotriose conformation from docking experiments with explicit
water (orange) compared to the conformation of maltotriose in the
holo-closed X-ray structure (green).11 Aromatic residues in the
binding site are shown in blue, and polar residues are shown in purple.
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important role requires large scale simulations with multiple
crystal structures as well as assessment of different protocols for
selections of displaceable water molecules and possible
refinement of the current protocol parameters (such as the
threshold value for hydropathy index). More advanced methods
for ranking binding affinity of structural water molecules based,
for example, on free energy calculations can be used instead of
the hydropathy index-based approach of the current study,
which will provide transferability of the proposed protocol and
its applicability to systems with complex solvation environ-
ments.
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