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Abstract

The effects of metal ion and solute conformation change on the structures, energetic and dynamics of water molecules in the first hydration shell
of amino acid were studied, using three forms of alanine (Ala) and Li+/Ala as model molecules. The theoretical investigations were started with
construction of the test-particle model (T-model) potentials for all molecules involved and followed by molecular dynamics (MD) simulations of
[Ala]aq and [Li+/Ala]aq at 298 K. The MD results showed that the hydrogen bond (H-bond) networks of water at the functional groups of Ala are
strengthened by the metal ion binding, whereas the rotation of the N–Cα bond from the angle ϕ=0° to 180° brings about smaller effects which
cannot be generalized. It was also shown that the dynamics of water molecule in the first hydration shell of amino acid could be estimated from the
total–average potential energy landscapes and the water exchange diagrams. The MD results suggested inclusion of an additional dynamic step in
the water exchange process, in which water molecule moves inside a channel within the first hydration shell of solute, before leaving the channel at
some point. The theoretical results reported in the present work iterated the necessity to include explicit water molecules in the model calculations.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

It has been well established that metal ions play central roles
in various processes in biological systems [1,2]. They are
generally involved in enzyme regulation, stabilization of
structures of reactive biomolecules [1,3], transportation to
transmembrane channels, etc. [4]. Attempts have been made in
the past decades to study structural and energetic aspects of
metal ion-protein complexes in aqueous solutions and crystals
[1]. These represent difficult tasks due to the fact that proteins
are complicated multifunctional macromolecules with several
possible conformations and binding sites. Based on theoretical
and experimental studies, it appeared for example that, the
positions of metal ion binding sites play critical roles in
determining the locations of bond formations and disruptions in
biochemical reactions [5]. In aqueous solutions, the stability of
proteins and the folding patterns of the peptide backbones have
been pointed out to be affected by the presence of metal ion [6].
Since there have been many review articles taking into account
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the interactions in protein solutions in details [7], only some
important theoretical and experimental aspects relevant to the
present study will be briefly summarized.

The affinities of metal ions with small amino acids, such as
glycine (Gly) and alanine (Ala), as well as the dipeptides
composed of these small amino acids such as Gly–Gly and
Ala–Ala, in the gas phase have been investigated, using both
experiments [8–11] and ab initio calculations [9,12–14]. The
theoretical results obtained from the hybrid B3LYP exchange-
correlation functional using extended basis sets revealed that,
for Gly and Ala, the metal ion affinities decrease on going from
Cu+ to Li+ and Na+ and the values computed at this level of
theory agree in general with experiments [13]; except for Li+,
for which a deviation of about 29 kJ/mol was observed. It
appeared that, in the gas phase, the metal ions considered in
Refs. [13,15] prefer to bind simultaneously at the N and O
atoms of Gly and Ala. This type of bidentate coordination has
been found also in larger amino acid complexes, such as Li+/
valine (Li+/Val) [10], Na+/phenylalanine (Na+/Phe) [16], etc.

The influence of metal ions on the stability of small hydrogen
bond (H-bond) complexes [17,18], as well as biologically active
molecules, such as the base pairs of DNA [19,20], was reported
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based on theoretical studies. Ab initio calculations in Ref. [18]
showed that Li+ transfers its electrostatic effects along the OfC–
N structure in the formamide (FA)–H2O complex, leading to a
net stabilization effect (NSE) at the neighboring N–H…Ow H-
bond. This was supported by the results obtained from FTIR
experiment [21], which shows that, due to the condensing
effects, Ag+ and Zn2+ could give rise to an increase in the
intermolecular H-bond interactions between adjacent molecules
in the N-octadecanoyl-L-alanine monolayes; whereas the
expanding effects of Ca2+, Cd2+, Ni2+ and La3+ could lead to
the formation of intramolecular H-bonds.

Structures, energetic and dynamics of water molecules in the
hydration shells of proteins have been pointed out to constitute
basic information required to characterize their stability in
aqueous solutions [22]. They have long been the subject
of interest in both theoretical and experimental points of view
[23–26], e.g. ab initio calculations, molecular dynamics (MD)
and Monte Carlo (MC) simulations [27,28], as well as X-ray
[29] and NMR experiments [30,31]. In aqueous solutions and
crystals, X-ray crystallography measures the extent to which
specific hydration sites of proteins are occupied by water
molecules, whereas the observations of the Nuclear Overhauser
Effects (NOE) between individual protons of amino acid
residues and those of sufficiently tightly bound water enable
NMR experiments to monitor specific water molecules in the
hydration shells of proteins, before being replaced by another
water molecule [32]. Through the measurements of NOE, the
dynamics of individual water molecules in the hydration shells
of proteins could be determined with acceptable accuracy
[30,31], e.g. by measuring the residence times of specific water
molecules. Although the residence times are sensitive to the
definitions and methods employed in the investigations [33], the
ones obtained from NMR experiments are compared well with
those from MD simulations [30,31,34]. The residence times
deduced from NMR experiments [35] suggested, for example,
that the diffusion process of water molecules moving away from
protein surface is heterogeneous; about 75% of the surface
water diffuse 4 times slower and 25% diffuse 15 times faster
than in the bulk. It was also illustrated based on MD simulations
that the average residence times of water at the side chain
atoms of proteins are approximately 50% smaller than for the
backbone atoms [34,36].

Theoretical methods employed in the studies of solutions fall
into two categories [37]; microscopic methods consider solvent
molecules and their interactions with solutes explicitly, whereas
macroscopic ones take into account solvent as a continuum
medium characterized by a dielectric constant. It has been
shown that both approaches have advantages and disadvan-
tages. In our previous investigations [38–41], the H-bond
networks of water in the first hydration shells of solutes were
investigated using an explicit water model and MD simulations.
The MD results showed that the H-bond networks in the first
hydration shells of the zwitterionic form of Ala could be
changed due to its conformation change [38], whereas the
stability of the close-contact and solvent-separated guanidi-
nium–formate (Gdm+–FmO−) complexes could be affected by
the structures of the H-bond networks. These pieces of
information suggested the necessity to include explicit water
molecules in the model calculation [39].

In the present work, the effects of metal ion and solute
conformation change on the structures, energetic and dynamics of
water molecules in the first hydration shells of Ala were studied
usingMD simulations. The theoretical investigationswere started
with construction of the intermolecular potentials for the Ala–
H2O and Li+/Ala–H2O complexes using the test-particle model
(T-model). They were applied in the calculations of equilibrium
geometries and interaction energies of the Ala–H2O and Li+/
Ala–H2O complexes in the gas phase. Ab initio calculations at
MP2 level were performed to check some of the T-model results.
The T-model potentials were then applied in MD simulations of
[Ala]aq and [Li+/Ala]aq at 298 K, from which the three-
dimensional structures and energetic of the H-bond networks of
water in the first hydration shells were analyzed and visualized
[42]. The dynamics of water molecules in the H-bond networks,
such as the water exchange processes and the water residence
times, were systematically studied and discussed based on the
total–average potential energy landscapes and probability
distribution (PD) maps [38,39,42]. The water exchange events
in the first hydration shells in [Ala]aq and [Li

+/Ala]aq were further
examined in details using water exchange diagrams [43,44], from
which the water exchange pathways were identified and
classified. The theoretical results obtained in the present
investigations were discussed in comparison with available
theoretical and experimental data of the same and similar systems.

2. Computational methods

In the gas phase, various experimental and theoretical evi-
dences have led to the conclusion that both Gly and Ala exist in
neutral forms [45,46], whereas in aqueous solutions and crystals,
they adopt zwitterionic forms, abbreviated in the present study as
Glyz and Alaz, respectively. Matrix isolation IR spectroscopy
[47,48], microwave spectroscopy [49] and ab initio calculations
[47,50–52] predicted at least three most stable conformations of
Gly and Ala in the gas phase. They possess cyclic N–H…OfC,
N…H–O and N–H…O–H intramolecular H-bonds, generally
regarded as structures I, II and III, respectively. Structure I has
been confirmed by ab initio calculations [47,50,52,53] and
experiments [47,48] to represent the global minimum energy
geometry, whereas structures II and III were reported to be local
minimum energy geometries, with comparable relative stability
[52,53]. Ab initio calculations at MP/6–31G(d) level predicted
quite low interconversion energy barrier between structures III
and I, only about 5.4 kJ/mol [53]. The situation is different in
aqueous solutions, in which structure II [54] becomes the global
minimum energy geometry and the proton transfer was
suggested to take place readily between the O–H and N–H
groups, forming Glyz and Alaz [47,51]. Although Glyz and Alaz
dominate in aqueous solutions and crystals, their neutral forms
could serve as model molecules in the studies of the hydration of
the main chains, as well as the side chains, of proteins [54],
which contain the N–H and CfO groups in general [55].

Since our main objectives were to study the effects of solute
conformation change and metal ion on the hydration of model
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amino acid in its neutral forms, three possible structures of Ala
were considered. They are denoted by Ala-A, Ala-B and Ala-C
in Fig. 1. Ala-A and Ala-B were chosen to illustrate the effects of
conformation change, whereas Ala-C for the effects of metal ion.
Ala-A represents the lowest minimum energy geometry of Ala in
the gas phase, similar to structure I in Ref. [50]. The geometry of
Ala-Awas taken from Ref. [56] and reoptimized using ab initio
calculations at MP2/6–311G(d,p) level, shown in our previous
studies to be appropriate for the geometry optimizations of
moderately strong H-bond systems, such as hydroxylamine [57]
and benzoic acid (BA)–H2O clusters [40]. Structure of Ala-B is
slightly different from Ala-A, with the angle ϕ being 30° with
respect to Ala-A. The structure of Ala-C is the same as structure
IVp in Ref. [58], in which both N and O atoms are ready to form
a bidentate coordination with metal ion [10,16]. Since the
electrostatic effects were expected to dominate in Li+/Ala-C, the
basis set used in the geometry optimization was augmented with
polarization and diffuse functions. The optimized geometries
of Ala-A, Ala-B and Ala-C, as well as Li+/Ala-C, were kept
constants throughout the calculations.

2.1. The T-model potentials

In the T-model [38–41,57], the interaction energy (ΔET-model)
between molecules A and B is written as a sum of the first-order
interaction energy (ΔESCF

1 ) and a higher-order term (ΔEr).

DET�model ¼ DE1
SCF þ DEr ð1Þ

ΔESCF
1 in Eq. (1) accounts for the exchange repulsion and

electrostatic energies which can be computed from ab initio
Fig. 1. Structures and atom numbering systems of Ala-A, Ala-B and Ala-C, together w
are on the YZ, XZ and XY planes, respectively. The dipole moments (μ) were compu
first-order SCF calculations. ΔESCF
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i and j in Eq. (2) label the sites of molecules A and B,
respectively. σi, ρi and qi are the site parameters; Rij are the site–
site distances. The exponential term in Eq. (2) is responsible for
the size and shape of molecules A and B, with the site parameters
σi and ρi, determined by probing molecules A and B with a test
particle.

Since the structures and energetic of H-bond are determined
to a large extent by the electrostatic energy, care must be
exercised in the calculations of atomic charges, qi and qj in
Eq. (2). Within the framework of the T-model, atomic charges
are determined from the requirement that a point charge model
reproduces the electrostatic potentials of molecules A and B. Our
experience has shown that the charges obtained from the
electrostatic potentials at the points selected according to the
CHelpG scheme [59] work quite well with most H-bond systems
considered [38–41,57]. In the present investigation, we,
therefore, adopted the CHelpG scheme implemented in the
Gaussian 98 package [60]. The electrostatic potentials employed
in the calculations of the atomic charges were derived from ab
initio calculations at MP2/6–311++G(d,p) level, which has been
applied successfully in the calculations of the electron densities
and atomic charges in conformers of Gly [58,61], using various
theoretical models including the CHelpG scheme. For the
molecules and complex considered here, more than nine
ith the reference planes employed in MD analyses. Reference planes I, II and III
ted from the point charges derived from the CHelpG scheme [59].
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thousand electrostatic energies were generated and employed in
the calculations of the atomic charges. The dipole moments
obtained from the CHelpG charges are also included in Fig. 1.

The higher-order term (ΔEr) in Eq. (1) takes into account the
dispersion and polarization contributions of the T-model
potentials. ΔEr could be determined from both theoretical and
experimental data and takes the following analytical form:

DEr ¼ −
X
iaA

X
jaB

C6
ijFijðRijÞR−6

ij ð3Þ

where

FijðRijÞ ¼ exp ½−ð1:28R0
ij=Rij−1Þ2�;Rij < 1:28R0

ij;
1; elsewhere:

�
ð4Þ

Rij
0 in Eq. (4) is the sum of the van der Waals radii of atoms i and

j, and Cij
6 can be determined from the Slater–Kirkwood relation:

C6
ij ¼ C6

3

2

aiaj

ðai=NiÞ1=2 þ ðaj=NjÞ1=2
ð5Þ

αi and Ni in Eq. (5) denote the atomic polarizability and the
number of valence electrons of atoms, respectively. C6 in
Eq. (5) is the only unknown parameter. From our experience
[38–41,57], C6 can be determined in many ways. For example,
one could calibrate the incomplete T-model potentials to the
properties related to intermolecular interaction energies, such as
the second virial coefficients (B(T)), the experimental or
theoretical dimerization energy. In many cases, C6 are close to
one and the variation within the range of 0.8 and 1.5 does not
significantly affect the potential energy surfaces. Since the value
of C6 for similar H-bond systems is 1.43 [38,41], we decided to
adopt this value in the present investigation.
2.2. Equilibrium structures in the gas phase

In order to obtain information on the interaction energy
surfaces, the computed T-model potentials were applied in the
calculations of the equilibrium geometries and interaction
energies of the Ala–H2O and Li+/Ala–H2O 1:n complexes,
n=1 to 4. The equilibrium geometries in the gas phase could
help visualize the three-dimensional arrangements of water
molecules in [Ala]aq and [Li+/Ala]aq.

The absolute and local minimum energy geometries of the
Ala–H2O 1:n complexes were computed by placing Ala at the
origin of the Cartesian coordinate system. Then, the coordinates
of water molecules were randomly generated in the vicinities of
Ala. Based on the T-model potentials, the absolute and local
minimum energy geometries of the Ala–H2O 1:n complexes
were searched using a minimization technique. Some low-lying
minimum energy geometries of the Ala–H2O 1:1 and 1:2
complexes, which could be important in [Ala]aq, are displayed
and discussed. In order to sample check the T-model potentials,
some of the equilibrium geometries were reoptimized using ab
initio calculations at the MP2/6–311++G(2d,2p)//MP2/6–311G
(d,p) level. In this case, the Berny optimization routine [62]
included in Gaussian 98 [60] was employed, by keeping the
monomer geometries constant. In order to assess the quality of
the basis sets, single-point counterpoise corrections of the Basis
Set Superposition Error (BSSE) were made on the optimized
geometries. The same procedure was carried out for the Li+/
Ala–H2O 1:n complexes. Since Li+ binds strongly with Ala-C
in the gas phase, the equilibrium geometry of Li+/Ala-C could
be considered as a supermolecule, in which only the positions
and orientations of water molecules were taken into account in
ab initio geometry optimizations.

2.3. Molecular dynamics simulations

The T-model potentials derived and tested in the previous
section were employed in NVE-MD simulations of [Ala]aq and
[Li+/Ala]aq. Four sets of MD simulations were performed at
298K, regarded asMD-[Ala-A]aq,MD-[Ala-B]aq,MD-[Ala-C]aq
and MD-[Li+/Ala-C]aq. In each MD run, a rigid solute and three
hundred water molecules were put in a cubic box subject to
periodic boundary conditions [63]. The C–Cα–C plane of Ala
was coincident with the XYplane of the simulation box, see Fig.
1d to f. The densities of all aqueous solutions were maintained at
1 g/cm3, corresponding to the box length of 20.9 Å. The cut-off
radius was half of the box length. About 50,000 MD steps of
0.0005 ps were devoted to equilibration and additional 100,000
steps to the property calculations. Problems arose when the
behavior of water molecules in the first hydration shell of Li+/
Ala-C was to be studied based on pair potentials. Due to the
competitive electrostatic interactions amongLi+, H2O andAla-C,
cares must be exercised in selecting an appropriate model for
MD-[Li+/Ala-C]aq. In order tomake ourMD simulations possible
and reasonable, we decided to simplify the model by considering
Li+/Ala-C as a supermolecule, which was not allowed to move in
the course of MD simulations. Since the attractive interaction in
the bidentate coordination is stronger than other monodentate
coordinations [13,15], our approximated rigid model could
represent one of the most probable states in [Li+/Ala-C]aq.

The most basic one-dimensional views on the structures of
[Ala]aq and [Li+/Ala]aq were obtained from the atom-atom pair
correlation functions (g(R)) and the average running coordina-
tion number (n(R)). Additionally, in order to characterize and
visualize the three-dimensional structures of the H-bond
networks in [Ala]aq and [Li

+/Ala]aq, the probability distributions
maps for the oxygen (PDO) and hydrogen (PDH) atoms of water
were constructed from MD simulations [38,39,42]. In the
calculations of the PDO and PDH maps, three reference planes
were defined with respect to the position and orientation of the
solute molecule in the simulation box. They are included in
Fig. 1. The volumes above and below the reference planes were
divided into layers with the thickness of 1 Å. In each layer, the
PDO and PDH maps were computed separately, at the 61×61
grid intersections, by following the trajectories of the oxygen
and hydrogen atoms of water in the course of MD simulations.
The PDO and PDH maps were represented by contour lines,
computed and displayed using the SURFER program [64]. The
densities of the contour lines on the PDO and PDH maps are
related to the probability of finding the oxygen and hydrogen
atoms of water in the aqueous solutions.

Based on a similar approach, some average interaction energy
PD maps were constructed from the MD trajectories. The
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average solute–solvent and solvent–solvent interaction energy
PD maps, regarded as the AWPD and WWPD maps,
respectively, were computed and represented by contour lines.
The AWPDmaps show the average interaction energies between
water molecules at the grid intersections and solute, whereas the
WWPD maps account for the average interaction energies
between water molecules at the grid intersections and all other
water molecules in aqueous solution. Only negative interaction
energies are displayed on the maps.

In order to visualize the total–average potential energy
landscapes, as well as to provide basic energetic information to
characterize the dynamics of water molecules in the H-bond
networks, the total–average interaction energy PD (AW-
WWPD) maps were constructed by combination of the AWPD
and WWPD maps [38,39,42]. The structures of the AWPD,
WWPD and AW-WWPD maps were examined in details using
cross section plots [38,39], generated by taking vertical slices
along predefined profile lines on their surfaces. The cross
section plots derived from the longitudinal profile lines could be
associated with the average potential energy barriers to the
diffusion of water molecules within and between the H-bond
networks (〈ΔEaq

L 〉), whereas those obtained from the transverse
profile lines could be attributed to the average potential energy
barriers to the diffusion of water molecules between the H-bond
networks and the outside (〈ΔEaq

T 〉). 〈ΔEaq
L 〉 and 〈ΔEaq

T 〉 are
considered to be part of the average potential energy channel for
the diffusion of water molecule in the H-bond network.

Attempt was further made to obtain information on the water
exchange processes at the H-bond networks of the solutes.
Although not straightforward, we have shown that the dynamics
of specific water molecules in the first hydration shells of solute,
such as the longest H-bond lifetime (τA–H…Ow,max), could be
anticipated at least qualitatively from the structures of the total–
average potential energy landscapes [38,39]. Additionally, in the
present case, the water exchange diagrams [43,44], showing
the distance between a specific water molecule and a functional
group of solute as a function of MD simulation time, were con-
structed, from which the water residence times at Li+ (τLi+…Ow)
and the H-bond lifetimes (τA–H…Ow) at the functional groups were
approximated. The lifetimes of the water exchange intermediate
complexes at Li+ and at the H-bonds, denoted by τex,Li+…Ow and
τex,A–H…Ow, respectively, were determined from the analysis of
the water exchange diagrams. The five-water exchange path-
ways proposed by Langford and Gray [65] were tentatively
employed in the analysis of the water exchange processes. They
have been applied successfully, for example, in [Li+]aq [43,44]
and [Na+]aq [43]. In the course of MD simulations, the total
interaction energies (ΔEAW–WW) of selected water molecules
were recorded and included in the water exchange diagrams.

3. Results and discussion

3.1. Equilibrium structures in the gas phase

Some absolute and low-lying minimum energy geometries
for the Ala-A–H2O, Ala-B–H2O, Ala-C–H2O and Li+/Ala-C–
H2O 1:n complexes, computed from the T-model potentials, are
illustrated in Figs. 2–5. ΔET-model and some characteristic
distances and angles, together with the corresponding MP2
results, are included in the figures.

3.2. The Ala–H2O complex

The absolute minimum energy geometry of the Ala-A–H2O
1:1 complex, obtained from the T-model potential, is structure a
in Fig. 2. Structure a consists of a cyclic H-bond, in which water
acts simultaneously as proton donor and acceptor towards the
C=O1 and O2–H7 groups, respectively. This type of cyclic H-
bond has been commonly found in R–COOH–H2O 1:1
complexes [40,51]. ΔET-model of structure a is −41.4 kJ/mol,
with the Ow–Hw⋯O1 and O2–H7⋯Ow H-bond distances of
2.93 and 2.85 Å, respectively. MP2/6–311++G(2d,2p)//MP2/
6–311G(d,p) geometry optimization predicted the same struc-
ture, with slightly shorter Ow–Hw⋯O1 and O2–H7⋯Ow H-
bond distances.ΔEMP2 andΔEMP2CP of structure a in Fig. 2 are
−41.4 and −34.3 kJ/mol, respectively. Ab initio calculations at
the HF/6–31G(d,p) [66] and MP2/6–311++G(d,p) [51] levels
suggested the same equilibrium geometry. The Ow–Hw⋯O1
and O2–H7⋯OwH-bond distances computed at the HF level are
2.78 and 2.67 Å, respectively.

The second and third low-lying minimum energy geometries
of the Ala-A–H2O 1:1 complex are represented by a cyclic H-
bond, in which water molecule acts simultaneously as proton
donor towards the CfO1 group and proton acceptor towards the
N–H3 and N–H2 groups, respectively.ΔET-model of structures b
and c are almost identical, −29.3 and −29.1 kJ/mol,
respectively. The N–H3⋯Ow and Ow–Hw⋯O1 H-bond dis-
tances in structure b are 3.04 and 2.99 Å, respectively, whereas
the N–H2⋯Ow and Ow–Hw⋯O1 H-bond distances in structure
c are 3.11 and 2.95 Å, respectively. MP2/6–311++G(2d,2p)//
MP2/6–311G(d,p) calculations suggested that structure c is
slightly more stable than structure b. Three low-lying minimum
energy geometries of the Ala-B–H2O 1:1 complex, obtained
from the T-model potential, are structures d, e and f in Fig. 2.
The H-bond structure at the COOH group seems not affected
when the angle ϕ of Ala was rotated 30° about the N–Cα bond.
The H-bonding feature in structure d is almost identical to
structure a, with the same interaction energy. The 30° rotation of
the N–Cα bond seems to bring about more visible effects to the
N–H…Ow H-bonds; the interaction energy in structure e is
slightly higher than structure b, whereas that of structure f is
about 4 kJ/mol higher than structure c.

For the Ala-C–H2O 1:1 complex, the cyclic H-bond in
structure g is nearly identical to those in structures a and d. From
chemical intuitions, one could expect that the N and O1 atoms
in Ala-C might act simultaneously as proton acceptors towards
both O–H groups of water molecule. In the present case,
however, the approach of only one O–H group towards both N
and O1 atoms was found in structures h and i, with the
interaction energies of about −30 kJ/mol. Although this type of
interaction is not very common, it was observed in protein
crystals [67] and has been regarded as a bifurcated or three-
center H-bond [68]. The term has been used to describe the
situation, in which a single proton is shared between two H-
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bond acceptors. They were found, for example, in β-sheet
structures of carboxypeptidase [55].

Since the characteristic structures of H-bonds in the Ala-B–
H2O and Ala-C–H2O 1:2 complexes are similar to the Ala-A–
Fig. 2. Equilibrium structures, interaction energies and some characteristic H-bond d
from the T-model potentials and MP2 calculations. (a–c) Ala-A–H2O 1:1 comp
MP2CP=MP2 calculations with single-point counterpoise correction. […]=values o
H2O 1:2 complexes, only some results on the latter are discussed.
The lowest-lying minimum energy geometry for the Ala-A–H2O
1:2 complex is structure a in Fig. 3. For structure a, both water
molecules act as proton donor and acceptor toward the COOH
istances and angles of the Ala–H2O 1:1 complexes in the gas phase, computed
lexes, (d–f) Ala-B–H2O 1:1 complexes, (g–i) Ala-C–H2O 1:1 complexes.
btained from MP2/6–311G(d,p).



Fig. 3. Equilibrium structures, interaction energies and some characteristic H-bond distances and angles of the Ala-A–H2O 1:2 complexes in the gas phase, computed
from the T-model potentials.
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group, forming a larger cyclic H-bond structure. ΔET-model of
structure a is −70.9 kJ/mol, with the Ow–Hw⋯O1 and O2–
H7⋯Ow H-bond distances of 3.05 and 2.84 Å, respectively.
Structures b and c in Fig. 3 consist of two cyclic H-bonds, with the
H-bond structures similar to those in the Ala-A–H2O 1:1
complexes. Structures b and c possess comparable interaction
energies. They are slightly higher than structure a. The structures
of the Ala-A–H2O 1:2 complexes derived from the T-model
potentials agree in general with those reported in Ref. [51], in
which the results of ab initio calculations with larger basis set on
the Ala–H2O 1:n complexes, with n=1 to 2, were reported.

3.3. The Li+/Ala–H2O complex

The T-model and MP2 results on the Li+/Ala-C–H2O
complexes are displayed in Fig. 4. Fig. 4a shows the equilibrium
geometry of Li+/Ala-C computed from MP2/6–311++G(2d,2p)
calculations; the Li+…O and Li+…N distances are 1.92 and
2.08 Å, respectively, with ΔEMP2 of −261.1 kJ/mol. The Li+…O
and Li+…N distances, as well as the binding energy, are
comparable with those computed from B3LYP/6–311++G(d,p)
calculations [13], 1.86Å, 2.05Å and−248.3 kJ/mol, respectively.

The bidentate coordination of Li+ at the N and O1 atoms of
Ala-C brings about significant effects at the COOH and NH2

groups. Both T-model and MP2 calculations suggested structure
b, in which water molecule binds directly at Li+, to be the
most favorable form of the Li+/Ala-C–H2O 1:1 complex, with
ΔET-model and ΔEMP2 of −97.3 and −105.0 kJ/mol, respective-
ly. The bidentate coordination directly affects the O2–H7…Ow
H-bond structure and interaction energy. Structure c in Fig. 4
consists of a linear O2–H7…Ow H-bond, compared to a cyclic
H-bond in the Ala-C–H2O 1:1 complex, structure g in Fig. 2.
The binding of Li+ to Ala-C leads to an increase in the stability
of the O2–H7…Ow H-bond, between 18 and 13 kJ/mol
depending on the method used. Structures d and e in Fig. 4
show the N–H2…Ow and N–H3…Ow H-bonds, which are also
stabilized by the bidentate coordination of Li+, with ΔET-model

of about −50 kJ/mol. Similar results were obtained for the Li+/
Ala-C–H2O 1:2, 1:3 and 1:4 complexes, shown in Fig. 5, in
which additional water molecule prefers to bind directly at Li+,
and subsequently at the O2–H7 and N–H2 groups. It appeared
that, in the gas phase, not more than two water molecules can
directly hydrate at Li+, compared to four in the case of the Li+/
H2O complex [69]. This is in good agreement with the theoretical
results obtained from B3LYP/6–311++G(d,p) and MP2/6–311+
+G(d,p) calculations, as well as experiment on the Li+/Val–H2O
1:2 and 1:3 complexes, in which only two water molecules
interact solely at Li+ and the third one at Val molecule [10].

Based on the results summarized in this section, one can
conclude that the T-model potentials predicted reasonable gas-
phase equilibrium structures and interaction energies for all the
Ala–H2O and Li+/Ala-C–H2O 1:n complexes considered. They
can be further applied in MD simulations of the aqueous
solutions with confidence.

3.4. MD simulations

In order to limit the number of figures, only selected g(R),
PDO and AW-WWPD maps, together with their cross section
plots, are displayed and used in the discussion. Characteristic
high-density contours on the PDmaps are labeled with letters: A
at the O2–H7 group; B and C at the lone-pair electrons of O1,
above and below the COOH plane, respectively; D and E at H3
and H2, respectively; F at the C1–H1 group; and G at the CH3



Fig. 4. Equilibrium structures, interaction energies and some characteristic
distances and angles in the Li+/Ala-C and Li+/Ala-C–H2O complexes in the
gas phase, computed from the T-model potentials and MP2 calculations. (a)
Li+/Ala-C complex, (b–e) Li+/Ala-C–H2O 1:1 complexes. MP2CP=MP2
calculations with single-point counterpoise correction. […]=values obtained
from MP2/6–311G(d,p).
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group. They represent the H-bond networks of water in the first
hydration shells of Ala. In order to compare the average
potential energy barriers to the diffusion of water molecules
(〈ΔEaq

L 〉 and 〈ΔEaq
T 〉) in the H-bond networks, the lowest energy

minima in the cross section plots were set to zero.

3.5. [Ala]aq

Since the structures of Ala-A and Ala-B are different only at
the NH2 group, one could expect that the structures and peak
positions of g(R) for the COOH group are not substantially
different. This is confirmed by the results in Fig. 6a to d. For
both [Ala-A]aq and [Ala-B]aq, the positions of the main peaks of
g(RO2…Ow) are seen at 2.91 Å. The integrations of g(RO2…Ow) to
these peak positions suggested a little more than one water
molecule (1.31 and 1.23, respectively) H-bonding directly at the
O2–H7 group, which is compared well with 1.4 in the case of
[BA]aq [40]. It should be noted that larger number of water
molecule in close contact with the O2–H7 group in [Ala-A]aq
does not necessarily mean that the O2–H7…Ow H-bond is
stronger than in [Ala-B]aq. To resolve this ambiguity, the results
on g(RO2…Ow) have to be supplemented by the PDO maps. The
O2–H7…Ow H-bond corresponds to the H-bond networks
labeled with A on the PDO maps in Fig. 7a, d, f and i. The
contour density at A in [Ala-B]aq is higher than in [Ala-A]aq,
implying an increase in the degree of hydration at A upon the N–
Cα bond rotation. For [Ala-A]aq and [Ala-B]aq, the main peaks
of g(RO1…Ow) are seen at 3.11 and 3.16 Å, respectively, with
about two water molecules (1.97 and 2.33, respectively) in close
contact with O1. The two water molecules act as proton donor
towards the lone-pair electrons of O1 and correspond to the H-
bond networks labeled with B and C in Fig. 7a, b and e for [Ala-
A]aq, and Fig. 7f, g and j for [Ala-B]aq. The contour densities at
B and C in [Ala-B]aq are a little lower than in [Ala-A]aq.

For [Ala-A]aq, the position of the main peak of g(RN…Ow) is
located at 3.16 Å, with approximately two (1.92) water
molecules H-bonding with both N–H groups. They are labeled
with D and E and clearly seen on the PDO maps in Fig. 7a to c.
Since H2 and H3 are in different environment, due to the
presence of the CH3 group adjacent to H2, the structures of
g(RH2…Ow) and g(RH3…Ow) in Fig. 6b are quite different, for
which the main peak of g(RH2…Ow) is more structured than
g(RH3…Ow). This suggests that the N–H2…Ow H-bond could
be more associated than the N–H3…Ow H-bond, in line with
the PDO maps in Fig. 7c, in which a more well defined H-
bond network at E compared to D is evident. The degree of
hydration at the NH2 group seems to be decreased when the
angle ϕ varies from 0° to 30°. For [Ala-B]aq, the main peak
of g(RN…Ow) in Fig. 6d is located at 3.11 Å, with lower
number of water molecules (1.54) in close contact with both
N–H groups compared to [Ala-A]aq. Moreover, the main
peak of g(RH2…Ow) in Fig. 6d possesses nearly no structure,
another indicator for a weaker N–H2…Ow H-bond upon the
rotation. Comparison of the PDO maps in Fig. 7c and h also
shows decreases in the contour densities at D and E, due to
the rotation of the N–Cα bond. This confirms the results of
g(RN…Ow). The decrease in the degree of hydration at the
NH2 groups seems to be accompanied by an increase in the
contour density at F, which means that the H-bond network
at the C1–H1 group becomes stronger upon rotation; since
in Ala-B, H3 is closer to H1, and the H-bond networks
nearby can partly overlap.

The structures and peak positions of g(R) for the COOH
group are slightly modified when the angle ϕ is rotated
180° about the N–Cα bond. For [Ala-C]aq, the main peak of
g(RO1…Ow) in Fig. 6e is seen at 3.11 Å, with approximately
two (1.84) water molecules in close contact with the CfO1
group. g(RO2…Ow) in Fig. 6 shows that the number of water
molecules in close contact with the O2–H7 group is not much
affected when the angle ϕ varies from 0° to 30° to 180°,
respectively. However, an increase in the degree of hydration
at the O2–H7 group is more evident from the PDO maps, on
which the contour density at A in [Ala-C]aq is a little higher



Fig. 5. Equilibrium structures, interaction energies and some characteristic distances and angles in the Li+/Ala-C–H2O complexes in the gas phase, computed from the
T-model potentials. (a–c) Li+/Ala-C–H2O 1:2 complexes, (d) Li+/Ala-C–H2O 1:3 complex, (e) Li+/Ala-C–H2O 1:4 complex.
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than in [Ala-B]aq and in [Ala-A]aq, respectively. The structures
of the main peaks of g(RH2…Ow) and g(RH3…Ow) in Fig. 6f are
roughly the same as in Fig. 6d. They confirm that the variation
of the angle ϕ from 0° to 30° to 180° destabilizes the H-bond
networks at the NH2 groups. The 180° rotation of the NH2

group creates an additional well defined H-bond network,
labeled with I in Fig. 7n. This H-bond network is adjacent to
F, spanning from H1 to the nearest H atom of the CH3 group.
The PDO maps also reveal a small H-bond network in the area
between the N and O1 atoms in Ala-C, labeled with H in Fig.
7k to m and o. This H-bond network seems to be an evidence
showing the existence of the bifurcated H-bond, in which a
water molecule acts as a proton donor towards both N and O1
atoms of Ala-C, see structure h and i in Fig. 2.

The effects of conformation change on the hydration dynamics
in [Ala-A]aq, [Ala-B]aq and [Ala-C]aq are discussed in the first
place using the cross section plots in Fig. 8 and τA–H…B, max in
Table 1. Since, on the PDO maps, the H-bond networks at A are



Fig. 6. g(R) obtained fromMD simulations at 298 K. Some characteristic distances are shown, with the average running coordination number (n(R)) in parenthesis. (a–
b) MD-[Ala-A]aq, (c–d) MD-[Ala-B]aq, (e–f) MD-[Ala-C]aq, (g–i) MD-[Li+/Ala-C]aq.
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Fig. 7. Some PDO maps obtained from MD simulations at 298 K. (a–e) MD-[Ala-A]aq, (f–j) MD-[Ala-B]aq, (k–o) MD-[Ala-C]aq, (p–t) MD-[Li+/Ala-C]aq.
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the most well defined, attention is focused on the behavior of
water molecules forming H-bonds with the O2–H7 group.
Selected water exchange diagrams are displayed in Fig. 9,
together with the corresponding ΔEAW–WW. The low-pass filter
[70] was employed to smooth all the data plots in Fig. 9. Some
representative results of τO2–H7…Ow and τex,O2–H7…Ow, together



Fig. 8. Selected AW-WWPD maps and the corresponding cross section plots obtained from the transverse and longitudinal profile lines. (———) The total–average interaction energy. (– – – – – – –) The average
solute–solvent interaction energy. (- - - - - -) The average solvent–solvent interaction energy. Energy values and distances are in kJ/mol and Å, respectively. The lowest energy minima on the cross section plots are set to
zero to show the average potential energy barriers for the motion of water molecule.
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Fig. 8 (continued).
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with the water exchange pathways obtained from the analysis of
the water exchange diagrams, are listed in Table 2. The energetic
paths of the water exchange processes were explored by
calculations of the activation interaction energy of the transition
state complex (ΔEaAW–WW), defined as the difference between
the average interaction energy of a specific water molecule in the
first hydration shell (ΔEav

AW–WW) and its interaction energy at the
water exchange transition state (ΔETS

AW–WW). These energy values
can be extracted from the water exchange diagrams and some of
them are given in Table 2. The derivations ofΔEaAW–WW, as well
as τA–H…Ow and τex,A–H…Ow, are also shown in Table 2. Attempt
was further made to establish correlations among these energies
and times. Some meaningful results are displayed in Fig. 10.

Comparisons among the cross section plots in Fig. 8a to d and
i and j show that the rotation of the N–Cα bond from the angle
ϕ=0° to 30° to 180° leads to visible effects on the total–average
potential energy landscapes at A, especially in [Ala-C]aq
compared to [Ala-A]aq and [Ala-B]aq. For [Ala-C]aq, the cross
section plot derived from the longitudinal profile line in Fig. 8j
showsmore structures compared to the others. This could reduce
themobility of water molecule inside the H-bond network at A in
[Ala-C]aq, compared to [Ala-A]aq and [Ala-B]aq. Since 〈ΔEaq

T 〉
Table 1
The longest H-bond lifetimes (τA–H⋯Ow,max) and the longest water residence times (τLi+…O
obtained from MD simulations of [Ala]aq and [Li

+/Ala]aq, respectively

MD O2–H7⋯Ow N–H

τO2–H7⋯Ow,max kex,O2–H7⋯Ow τN–H

[Ala-A]aq 19.63 50.9 13.1
[Ala-B]aq 21.17 47.2 16.2
[Ala-C]aq 20.37 49.1 17.1
[Li+/Ala-C]aq 28.03 35.7 17.9

Time in ps and rate constant in ns−1.
could be correlated with τA–H…B,max [38,39], one anticipates
from the values of 〈ΔEaq

T 〉 in Fig. 8a, c and i that τO2–H7…Ow,max

in [Ala-B]aq is larger than [Ala-C]aq and [Ala-A]aq, respectively.
The values of τO2–H7…Ow,max in Table 1 confirm this anticipation
namely, τO2–H7…Ow,max in [Ala-B]aq, [Ala-C]aq and [Ala-A]aq
are 21.2, 20.4 and 19.6 ps, respectively. By application of a
simple relationship between the water exchange rate constant
(kex) and the water residence time (τres) (kex=1/τres) [44], kex at
the O2–H7 groups in [Ala-B]aq, [Ala-C]aq and [Ala-A]aq are
47.2 and 49.1 and 50.9 ns−1, respectively. A similar conclusion
could be made for the H-bond networks at the NH2 group, in
which 〈ΔEaq

T 〉 at D in [Ala-B]aq is a little higher than [Ala-
A]aq, resulting in longer τN–H3…Ow,max in [Ala-B]aq, see Fig.
8e and g, as well as Table 1. τN–H3…Ow,max in [Ala-B]aq and
[Ala-A]aq are 16.2 and 13.1 ps, respectively, corresponding to
kex at the N–H3 groups of 61.5 and 76.2 ns−1, respectively.

Since the water residence times or the H-bond lifetimes are
sensitive to the definitions and methods employed in the
investigations, and the values in the literatures vary in a wide
range. Therefore, care must be exercised in comparison the
present results with the others. The longest H-bond lifetimes
reported here could be compared in the first place with our results
w, max), together with the water exchange rate constants (kex, A–H⋯Ow and kex, Li+…Ow)

⋯Ow Li+⋯Ow

⋯Ow,max kex,N–H⋯Ow τLi+⋯Ow,max kex,Li+⋯Ow

2 76.2 – –
5 61.5 – –
9 58.2 – –
9 55.6 38.02 26.3



Fig. 9. Selected water exchange diagrams for specific water molecule in the first hydration shell of the O2–H7 group and Li+, together with the corresponding total
interaction energy (ΔEAW–WW) monitored in course of MD simulations. Some water exchange mechanisms proposed by Langford and Gray [65] are also included in
the figure. (a–d) At the O2–H7 groups in [Ala-A]aq, [Ala-B]aq, [Ala-C]aq and [Li+/Ala-C]aq, respectively. (e–g) At Li

+ in [Li+/Ala-C]aq. (h) Selected trajectories of
water molecules at the O2–H7 group and Li+ obtained from MD-[Li+/Ala-C]aq, denoted by W151 and W15, respectively.
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Table 2
The results extracted from the water exchange diagrams, together with the
derivation of τA–H⋯Ow, τex and ΔEaAW–WW

(a) O2–H7⋯Ow

Mechanism a Water molecule A τex,O2–
H7⋯Ow

Water molecule B ΔEaAW–WW

τO2–H7⋯Ow τO2–H7⋯Ow

MD-[Ala-A]aq
Ia 7.50 0.87 – –
I 17.39 1.59 7.50 –
Id 15.98 0.11 6.04 –
D 19.63 1.24 – 7.8
D 16.30 0.13 8.67 5.2

MD-[Ala-B]aq
Ia 17.71 2.04 – 6.4
Ia 8.29 0.89 4.73 –
I 16.67 0.79 8.30 –
Id 3.50 1.23 21.17 –
Id 15.17 0.45 9.11 –
D 3.78 1.20 5.31 –
D 3.37 0.72 8.29 –

MD-[Ala-C]aq
Ia 7.87 1.62 7.39 5.3
Ia 11.63 1.15 20.37 3.7
Ia 6.41 0.64 5.65 5.5
I 4.87 1.39 11.62 2.3
Id 5.65 0.38 4.25 –

MD-[Li+/Ala-C]aq
Ia 24.65 1.03 5.37 5.3
Ia – 1.35 6.23 –
I 28.02 1.91 – 10.3
I – 0.77 28.02 –
Id 5.65 1.64 10.65 –
Id 10.65 1.59 5.37 6.3
Id 8.87 0.37 4.51 –
Id 3.73 0.25 5.37 –
D 11.89 0.36 10.65 –
D 8.01 0.09 – –

(b) Li+⋯Ow

Mechanism Water molecule A τexLi+⋯Ow Water molecule B ΔEaAW–WW

τLi+⋯Ow τLi+⋯Ow

MD-[Li+/Ala-C]aq
Ia 38.02 1.61 – 8.4
Ia 12.33 1.32 14.51 11.5
I 10.49 0.63 12.51 5.8
D 10.51 1.65 11.71 10.0

MD simulation times in ps and energies in kJ/mol.

MD simulation times in ps and energies in kJ/mol.

τO2–H7⋯Ow=H-bond residence time at the O2–H7 group.
τLi+⋯Ow=water residence time at Li+.
τex,O2–H7⋯Ow=lifetime of the water exchange intermediate complex at the O2–
H7 group.
τex,Li+⋯Ow=lifetime of the water exchange intermediate complex at Li+.
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in [H2O]aq [39] and [Alaz]aq [38]. τOw–Hw…Ow,max in [H2O]aq is
8.7 ps, whereas τN–H…Ow,max at the NH3

+ group and τOw–Hw…O,max

at the COO− group in [Alaz]aq are 21.3 ps and 5.1 ps, respectively.
The longest H-bond lifetimes reported in the present and previous
work [38,39] are also quite reasonable, compared with the water
residence times (〈τrt〉) obtained from MD simulations of the
bovine pancreatic trypsin inhibitor (BPTI) in aqueous solution
[34], in which 〈τrt〉 in [H2O]aq, at the amide protons (SC_HN) of
asparagine (Asn) and at the hydroxyl proton (SC_HO) of serine
(Ser) are approximately 10, 22 and 49 ps, respectively. In other
words, the water residence time in purewater is smaller than at the
N–H and O–H groups of proteins, respectively; which agrees
qualitatively well with our results.

The water residence times and the water exchange mechan-
isms in [Ala-A]aq, [Ala-B]aq and [Ala-C]aq could be further
discussed in details using the water exchange diagrams in Fig. 9a
to c and the results in Table 2a. We are aware of the fact that, due
to the complexity of the solute structures, the water exchange
mechanisms in [Ala-A]aq, [Ala-B]aq and [Ala-C]aq cannot be
exactly the same as those in [Li+]aq [43,44] and [Na+]aq [43].
However, to simplify the discussion, we decided to restrict
ourselves primarily to the five-water exchange mechanisms
proposed by Langford and Gray [65], namely, the dissociative
(D), associative (A) and interchange (I) mechanisms; the I
mechanism could be subdivided into two classes, depending on
whether the interchange is associative-like or dissociative-like,
regarded as Ia and Id mechanisms, respectively. Fig. 9a to c show
some predominant water exchange processes at the O2–H7
group of [Ala-A]aq, [Ala-B]aq and [Ala-C]aq. It appeared from
the analysis of the water exchange diagrams that, at the COOH
groups, the I mechanisms are more favored than the D
mechanism, with τO2–H7…Ow and τex,O2–H7…Ow varying in
quite wide ranges. The former is from 3.4 to 21.2 ps and the
latter from 0.1 to 2.0 ps. Weak correlations were established
between τO2–H7…Ow and ΔEaAW–WW, as well as τex,O2–H7…Ow

and ΔEAW–WW. The trends of the correlation plots in Fig. 10a
and b support the anticipation made from the total–average
potential energy landscapes and the cross section plots namely,
the higherΔEaAW–WW the longer τO2–H7…Ow and τex,O2–H7…Ow.

3.6. [Li+/Ala]aq

Since one of our main objectives is to investigate the effects
of Li+ on the H-bond networks of water in the first hydration
shell of Ala, the discussion in the present section will be made
based on the results of MD-[Ala-C]aq and MD-[Li+/Ala-C]aq.
g(R) obtained from MD-[Li+/Ala-C]aq show that the bidentate
coordination of Li+ at the O1 and N atoms of Ala-C leads to a
significant increase in the degree of hydration, especially at
the COOH and NH2 groups. In [Li+/Ala-C]aq, all g(R) related
to the O2–H7…Ow and N–H…Ow H-bonds are in general
ΔEaAW–WW=activation interaction energy of the water exchange intermediate
complex.
a The abbreviation for the water exchange mechanism taken from Langford

and Gray [65].

Notes to Table 2



Fig. 10. Selected correlation diagrams obtained from MD simulations of MD-[Ala]aq and MD-[Li+/Ala-C]aq at 298 K. (a) ΔEAW–WW and τO2–H7…Ow. (b) ΔEAW–WW

and τex,O2–H7…Ow. (c) ΔEAW–WW and τLi+…Ow. (d) ΔEAW–WW and τex,Li+…Ow.
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more structured compared to those in [Ala-C]aq. The positions
of the main peaks of g(RO2…Ow), g(RH7…Ow) and g(RN…Ow)
are also shifted to shorter distances; whereas those of g(RH2…Ow)
and g(RH3…Ow) becomemore equivalent, compare Fig. 6e and g,
and f and h, respectively. The integrations of g(RO2…Ow) and
g(RN…Ow) to the first maxima showed that, upon the Li+

binding, the number of water molecule in close contact with
the COOH and NH2 groups are increased from 1.84 to 2.08
and from 1.7 to 2.0, respectively.

The structure of g(RLi
+
…Ow) in Fig. 6i indicates that the first

and second hydration shells of Li+/Ala-C are not as well
separated as in [Li+]aq [43,44]. This suggests that Li

+ becomes
softer due to the bidentate coordination with Ala, and water
molecules in the first hydration shell of Li+ could be more
dynamics. g(RLi

+
…Ow) shows the first maximum and minimum

at 2.01 and 2.96 Å, respectively. They are slightly longer than
those in [Li+]aq [44], 1.96 and 2.70 Å, respectively. The
integrations of g(RLi

+
…Ow) to the first maximum and minimum

yielded one (1.02) water molecule in close contact with Li+ and
about three (3.17) water molecules in the first hydration shell of
Li+/Ala-C. The number of water molecules in the first hydration
shell is quite reasonable, compared with four (4.02) in the case
of [Li+]aq [44]. The slightly larger first hydration shell with
smaller number of water molecule in [Li+/Ala-C]aq compared to
[Li+]aq could also be attributed to the steric effects caused by the
bidentate coordination at Li+.

The hydration structures and the total–average potential
energy landscapes at the H-bond networks of Ala-C are
obviously affected by the Li+ binding. Comparisons of the
PDO maps in Fig. 7l and p and the total–average potential
energy landscapes in Fig. 8i to l show that Li+ can transfer its
electrostatic effects to the O2–H7 group, leading to a more
associated H-bond network at A, as well as higher average
potential energy barriers for the diffusion of water molecule in
the transverse direction (〈ΔEaq

T 〉) in [Li+/Ala-C]aq compared to
[Ala-C]aq. These lead to longer τO2–H7…Ow,max in [Li

+/Ala-C]aq,
compared to [Ala-C]aq, 28.0 and 20.4 ps, respectively. The
values of τO2–H7…Ow,max correspond to the water exchange rate
constants (kex) of 35.7 and 49.1 ns−1, respectively. The binding
of Li+ at the O1 and N groups of Ala-C also strengthens and
lengthens the H-bond networks at the NH2 group; the H-bond
networks at D, G and I become more well defined and inter-
connected, as seen in Fig. 7l and q. This further suggests that the
hydration at the CH groups is increased upon the Li+ binding,
with the longest H-bond lifetime τN–H3…Ow,max increasing from
about 17 ps in [Ala-C]aq to about 18 ps in [Li+/Ala-C]aq.

The three water molecules in the first hydration shell of Li+/
Ala-C were found to distribute in four H-bond networks labeled
with M to P on the PDO maps in Fig. 7p to t, with quite high
contour densities at P and M. The structures of the total–average
potential energy landscapes and the cross section plots in Fig. 8m
to r show that water molecules in the first hydration shell of Li+

could be moving in narrow channels interconnecting the four H-
bond networks, with 〈ΔEaq

L 〉 of about 10 kJ/mol. The structures
of the cross section plots deduced from the transverse profile
lines suggested longer water residence time at Li+ compared to
those at the COOH and NH2 groups, with 〈ΔEaq

T 〉 at P and M of
108–110 kJ/mol, respectively. τLi+…Ow,max derived from MD-
[Li+/Ala-C]aq is about 38 ps, corresponding to the water
exchange rate constant (τex, Li+…Ow) of 26.3 ns−1, see Table 1.
As mentioned earlier that the water residence times are quite
sensitive to the definitions and methods employed in the
investigations, rigorous comparison could not be made easily.
The average residence time of water molecule in the first
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hydration shell of Li+ has been determined by quasi-elastic
neutron scattering (QENS) [71] to be less than 100 ps, whereas
the MD results compiled in Ref. [44] are ranging from 25 and
400 ps. Our τLi+…Ow,max seems to be in reasonable agreement
with those estimated from ab initio MD simulations, ranging
from 20 and 50 ps [72].

Due to limited number of complete water exchange events
taking place in the first hydration shell of Li+, the water
exchange diagrams obtained from MD-[Li+/Ala-C]aq could not
be examined as extensive as in [Ala-A]aq, [Ala-B]aq and [Ala-
C]aq. Some representative results are given in Fig. 10 and their
analyses in Table 2b. It appeared that, in [Li+/Ala-C]aq, the I
mechanisms were observed more often than the D mechanism,
with τLi+…Ow and τex,Li+…Ow varying from 10.5 to 38.0 ps and
from 0.6 to 1.6 ps, respectively. The suggested mechanisms
agree well with the MD results in Ref. [43], in which the Id and
D mechanisms were reported to dominate in [Li+]aq.

Further investigations on MD trajectories, shown as exam-
ples in Fig. 9h, revealed that water molecule (W151) enters the
first hydration shell of the O2–H7 group and moves inside the
average potential energy channel for a while, before leaving the
channel at some point, and in general, water molecule could
enter and leave the first hydration shell at various points in the
channel. This implies that the frequency of the water exchange
events depends to some extent on this dynamic step. Therefore,
this dynamic step should be included in the water exchange
pathways of amino acid. Our suggestion seems to comply with
the observations made in Ref. [44] that a complete understand-
ing of the water exchange mechanisms requires information on
both hydration structures and dynamics, which are closely
related to the interactions andmomentum transfer between water
molecules in the first and second hydration shells. The influence
of water molecules in the second hydration shell was also
illustrated in our previous work on [NH4

+]aq [73] and [H3O
+]aq

[74]. Especially in the case of [H3O
+]aq [74], it was shown that

water molecules in the second hydration shell could help
promote the proton transfer from H3O

+ to H2O, through the
formation of the Zundel complex (H5O2

+).
The MD trajectory in Fig. 9h also shows that water

molecule (W15) moves back and forth inside the average
potential energy channel interconnecting the H-bond networks
at M, N, O and P, as in the case of the O2–H7 group, with the
time interval between successive water exchange events of
about 10 ps, see Fig. 9e to g and Table 2b. Since the values of
τex,Li+…Ow, shown in Table 2b, are considerably smaller than
τLi+…Ow and vary only in a narrow range, between 0.6 and
1.6 ps, the diffusion of water molecule in the average potential
energy channel could be a rate-determining step and should be
included, as an additional dynamic step, in the water exchange
process. The correlation diagrams in Fig. 10c and d reveal the
trends of τLi+…Ow and ΔEaAW–WW, and τex,Li+…Ow and
ΔEaAW–WW similar to [Ala]aq.

It should be noted that the water exchange mechanisms
proposed by Langford and Gray [65], as well as the others [69],
emphasize the stereochemistry (cis or trans) of each exchange
event, by trying to correlate the five-water exchange mechan-
isms with the degree of contraction or expansion of the first
hydration shell during the water exchange process. In addition,
the present MD results focus attention on the dynamics of water
molecule in the first hydration shell of solute and propose to
include this dynamic step in the water exchange process.

4. Conclusion

The effects ofmetal ion and solute conformation change on the
structures, energetic and dynamics of water molecule in the first
hydration shell of amino acid were examined, using alanine (Ala)
and Li+/Ala as model molecules. The present theoretical studies
began with the constructions of the test-particle model (T-model)
potentials for four structures of Ala, regarded as Ala-A, Ala-B,
Ala-C and Li+/Ala-C; Ala-B and Ala-C were generated fromAla-
A by rotations of the N–Cα bond 30° and 180°, respectively. The
T-model potentials were applied in the calculations of the optimal
geometries of the Ala–H2O 1:n complexes in the gas phase, with
n=1 to 4. Some of the T-model results were examined using ab
initio calculations at MP2 level of theory. The T-model potentials
andMP2 calculations yielded comparable results. They suggested
that, for all the Ala–H2O complexes considered, water molecules
prefer to form cyclicH-bonds at the COOHgroup,with similar H-
bond structures and interaction energies. In the gas phase, the
variation of the angle ϕ from 0° to 30° to 180° does not bring
about significant change on the hydration at the COOH group,
whereas some effects were observed at theNH2 groups, especially
when the angle ϕ=180°. A three-center or bifurcated H-bond, in
which only one Ow–Hw group of water approaches simulta-
neously at the N and O1 atoms, was detected in the Ala-C–H2O
1:1 complexes.

For Li+/Ala-C, water molecule prefers to bind primarily at
Li+, and subsequently at the COOH and NH2 groups. It appears
that, in the gas phase, not more than two water molecules bind
directly at Li+, compared to four in the case of Li+/H2O. The
number of water molecules is in good agreement with ab initio
calculations on the Li+/Val 1:2 and 1:3 complexes. The
bidentate coordination of Li+ at the N and O1 atoms of Ala-C
brings about significant changes at both COOH and NH2

groups, for which the structure of the O2–H7…Ow H-bond is
most affected, with an increase in the H-bond interaction
energy. The linear O–H…Ow H-bond becomes favorable upon
the Li+ binding. Based on the results discussed above, one can
conclude that the T-model potentials predicted reasonable gas-
phase equilibrium structures and interaction energies for all the
Ala–H2O and Li+/Ala-C–H2O 1:n complexes and can be
applied in MD simulations with confidence.

MD simulations were performed on [Ala-A]aq, [Ala-B]aq,
[Ala-C]aq and [Li

+/Ala]aq at 298 K, using the T-model potentials.
TheMD results showed that the rotation of the N–Cα bond from
the angle ϕ=0° to 30° to 180° brings about different effects to
the H-bond networks, compared to the gas phase. MD-[Ala-A]aq
and MD-[Ala-B]aq revealed that the variation of the angle ϕ
from 0° to 30° strengthens the H-bond networks at the O2–H7
and C1–H1 groups and weakens the ones at the lone-pair
electrons of O1 and the NH2 groups. The stabilities of the H-
bond networks at the COOH and NH2 groups are further
increased and decreased, respectively, when the angle ϕ is



90 N. Deeying, K. Sagarik / Biophysical Chemistry 125 (2007) 72–91
changed from 30° to 180°, with additional H-bond networks
created upon the rotation. The dynamics of water molecules in
the first hydration shells of solutes were illustrated again to be
attributable from the structures of the total–average potential
energy landscapes. Although not so straightforward, it was
shown that the values of the longest H-bond lifetimes could
reflect the structures of the total–average potential energy
landscapes and vice versa. The MD analyses employed in the
present work could be applied in the investigation of the
diffusion of water molecules at the protein surfaces, known in
general as the lateral and transversal diffusions.

The structural and energetic results obtained from MD
simulations showed that the bidentate coordination of Li+ at N
and O1 brings about considerable stabilization effects to all H-
bond networks in [Li+/Ala]aq. It appeared that the H-bond
networks at the O2–H7 and the NH2 groups become more
associated, with increases in the average potential energy
barriers to the diffusion of water molecules between the H-bond
network and the outside. Three water molecules are in the first
hydration shell of Li+. They seem to distribute in four associated
H-bond networks, which are interconnected and form an
average potential energy channel for the diffusion of water
molecules. The analyses of the water exchange diagrams and
MD trajectories in [Li+/Ala]aq suggested to include an
elementary dynamic step to the water exchange process, in
which water molecules move in a channel in the first hydration
shell before leaving at some points in the channel.

It should be noted that the MD results reported in the present
work were based on pair-wise additive intermolecular poten-
tials, in which the many-body contributions were not taken into
account. Although the electrostatic effects introduced by Li+ are
relatively strong, the treatment of Li+/Ala as a supermolecule
could partly compromise these effects and our approximated
rigid model could represent one of the most probable states in
[Li+/Ala-C]aq. The inclusion of the cooperative effects in our
model calculations is expected to result in slightly more
associated H-bond networks, as well as longer water residence
times, and should not bring about significant change in the
reported results. The theoretical results presented here also
iterate the necessity to include explicit solvent molecules in the
model calculations. Since the microscopic nature of water
molecules in aqueous solutions cannot be directly accessible
from experiments, the authors hope that the present work could
provide additional important information on the structures,
energetic and dynamics of water molecules in the hydration
shells of amino acids.
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