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Abstract

Structures and energetic of hydrogen bond (H-bond) networks of water at the charged functional groups of two forms of alanine
zwitterions were studied using various theoretical methods. The present investigation started with a construction of intermolecular potentials
between the zwitterions and water followed by Molecular Dynamics (MD) simulations of aqueous solutions. The three-dimensional
structures and the average potential energy landscapes of the H-bond networks of water were analyzed and visvalized using various
probability distribution (PD) maps. Although the confermation with planar skeleton possesses larger overall stabilization by hydration, the
conformation with the COO™ plane being 90° with respect to the NC*C backbone seems to be mote accessible by water. The MD analyses
revealed that, although the shapes of the average potential energy landscapes at the H-bond networks are highly irregular, they can help
characterize the dynamic behavior of water molecules especially at the functional groups the solutes,
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1. Introduction

It is well known from X-ray diffraction experiments that
structures of proteins in crystals depend largely on their
conformations in aqueous solution from which they are
grown [1]. Several X-ray structural analyses also revealed
that large solvent regions separate individual protein in
crystal [2—-4]. Since various experimental evidence has
shown that solution properties can be consistently explained
by crystal structures [5-8], it has been proposed that protein
structures in crystal are essentially the same as in solution
[9,10] and, in most cases, general phenomena of hydration
as well as local hydration patterns could be discussed more
accurately in the context of water distributions rather than
individuai water molecules [5].

Attempt has been made to investigate hydration
structures and energetic of amino acids in aqueous solution
using various theoretical and experimental techniques
[11-26]. One of the mest pioneering computer simulation
on amino acids in aqueous solution was put forward by
Clementi et al. [16]. In Ref. [16], intermolecular potentials

* Corresponding author, Tel/fax: -+ 66 44 224 635.
FE-mail address: kritsana@ccs.sut.ac.th (K. Sagarik),

0166-1280/% - see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/.theochem.2004.10.091

for twenty-one amino acids were derived from SCF-MO
calculations and some of them were applied in Monte Carlo
(MC) simulations of aqueous solution [27]. Clementi [27]
suggested various possibilities to visualize and analyze
hydration structures at functional groups of amino acids
from SCF-MO calculations and MC simulations. It was also
proposed for the first time that the detailed solvation
structure is governed by a subtle balance between solute~
solvent and solvent—solvent interactions and the hydrogen
bond (H-bond) filaments or H-bond networks of water are
most likely the key aspect for fast and long distance
deprotonation at one site and protonation at another site of
biological molecules [27]. These imply the necessity to
include explicitly water molecules in theoretical models and
partly form the basis for the present investigation.

Glycine {Gly) and alanine (Ala) have been frequently
chosen as model molecules in the study of amino acid in
aqueous solution [11-22]. It is well known that Gly and Ala
exists in zwitterionic forms {Glyz and Alaz) in polar
solvents and in the crystalline state [28-30]. At the earliest
stage of theoretical studies, ab initio calculations with
restricted basis sets were applied on the Glyz—H,;0 1: n
complexes [11-13,27], from which structural properties
in aqueocus solution were anticipated. Based on
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the semiempirical AM1 and PM3 as well as SCF-MO
calculations, it was suggested that the microsolvated species
of amino acids with fifteen-water supermolecules can yield
solvation energies close to the bulk solvation limit [13]. The
most probable microstructures of Glyz—H,0 1: 7 and 1: 15
complexes were found in Ref. [13] to be represented by
H-bond network of up to two water molecules linking
together the NHY and COO™ groups, However, numerous
theoretical and experimental investigations have shown that
the structures of such microsolvated species in the gas phase
and in aqueous solution can be completely different {31].
The complicated H-bond networks in aqueous solution were
pointed out to be responsible for the discrepancy [31].

Alagona et al. [17] conducted a systematic analysis of
water structures in the vicinities of the functional groups of
Glyz in aqueous solution ([Glyz].q). They suggested four
types of water molecules in [Glyz],, namely, those tightly
bound to the oxygen atoms of the carboxyl group, those
tightly bound to the ammonium group, those hydrophobi-
cally localized at the methylene group and those in the bulk,
It was also concluded in Ref. [17] that the strong
intramolecular H-bond between one of the oxygen atom in
the COO™ group and the internal hydrogen atom in the
NH; group prevents the formation of an intermolecular
H-bond with water for both atoms.

Limited theoretical and experimental information is
available for Ala compared to Gly. A detail analysis of
the conformations of Glyz and Alaz in aquecus solution was
reported by Kikuchi et al, [19-21], based on the results of ab
initio MO calculations with a continuum model and MC
simulations. The authors concluded that the nearly planar
skeleton is to be the most stable structure in agueous
solution and the stabilization by the aqueous solvent is
larger in the conformation with the COO™ plane being 90°
with respect to the NC*C backbone plane. The latter
conformation is regarded as Alaz-R in the present study. In
contrast to the conclusion made in Ref, [17], Kikuchi et al.
pointed out the possibility for waier molecule to H-bond at
the internal hydrogen atom of the NH} group. Additionally,
they suggested that the hydrations at the COO™ and NHj
groups are quite independent for Glyz,

The applicability of ab initio calculations with con-
tinuem models, such as the self-consistent reaction field
(SCRF) method, has been frequently mentioned [32]. This is
due mainly to the fact that ab initio calculations with
continuum models neglect specific short-range solute—
solvent interactions as well as temperature effects. These
make them applicable only for the systen, in which solvents
act only as perturbation on the gas-phase property of the
systern [32]. The effects of the presence of water molecules
on the structure of Alaz were studied using ab initio
caleulations at B3LYP/6-31G* level of theory, compared to
those within Onsager continuum model {15]. It was reported
that the conformations of Alaz are strongly influenced by
water molecules, mainly through the electrostatic, polari-
zation and H-bond interactions. It was also shown that,

in order to hydrate both NHY and COO ™ groups, at least
four water molecules have to be included in the model
calculations [15]. The three-dimensional structures of the
H-bond networks of water in the vicinities of both NH and
COO™ groups of Alaz could not be presented due to
restricted number of water molecules considered in the
theoretical investigation [15],

In the present work, structures and energetic of the
H-bond networks in aqueous solution of Alaz ([Alaz],,) and
Alaz-R ([Alaz-R],,) were studied using various compu-
tational methods. The two forms of alanine Zwitterion, Alaz
and Alaz-R, were considered (o investigate the effects of
conformation change on the H-bond networks at the charged
functional groups. The investigation started with construc-
tion of intermolecular potentials to describe the interaction
between Alaz and water, as well as Alaz-R and water, using
the Test-particle model (T-model}. The T-model potentials
were lested in the calculations of the equilibrium structures
and interaction energies of Alaz—H,O and Alaz-R-H,0 1: n
complexes, with n=1-2. The computed T-model potentials
were then applied in Molecular Dynamics (MD) simulations
of [Alaz],, and [Alaz-R],q. In order to obtain information on
the three-dimensional structures of the H-bond networks of
water in the vicinities of the NHY and COQ~ groups, the
MD results were analyzed and visualized based on the
oxygen (PDO) and hydrogen probability distribution (PDH)
maps [27]. The interaction energy distributions in [Alaz],,
and [Alaz-R],, were computed and displayed using the
average solute-solvent (AWPD) and average solvent—
solvent interaction energy probability distribution
(WWPD) maps [27]. In order to provide insight into the
stability and hydration dynamics of water molecules in the
H-bond networks, the so-called total-average interaction
energy probability distribution maps (AW-WWPD) were
computed from the AWPD and WWPD maps. The results
were discussed in comparison with available theoretical and
experimental data of the same as well as similar systems.

2. Methods

In our previous work [33-39], intermolecular potentials
to describe interactions between functional groups of
biologically active molecules were constructed using the
T-model. Based on the T-model potentials, various types of
intermolecular interactions were investigated successfully,
ranging from H-bonds between small molecules [33-35] to
T-T0 interactions in benzene [36], benzoic acid [37] and
phenol [38]. It has been shown that the T-model potentials
are suitable for the investigations of structures
and energetics of both aqueous and nonaqueous solutions
[36,37], by means of statistical mechanical simuilations. In
the following subsections, some important aspects of the
T-model and MD simulations will be summarized.



K. Sagarik, 5. Dokmaisrijan / Journal of Molecular Structure: THEQCHEM 718 (2005) 3147 33

2.1. T-model potentials

As mentioned earlier that conformations of Alaz are
strongly influenced by the presence of water molecules [15]
and the results of geometry optimizations could be totally
different after the inclusion of explicit water molecules in
the calculation [15]. The Alaz-R structure shown in Fig. |
was found in Ref. [15] to represent the lowest minimum
energy geometry when four water molecules were included
in ab initio geometry optimizations at the B3LYP/6-31G*
level of theory, However, the Alaz structure became more
stable when ab initio geomelry optimizations in combi-
nation with the Onsager continuum model were conducted
on Alaz with four water molecules [15]. The structure of
Alaz in Fig. 1 is in accordance with the experimental
findings that, in the crystalline state and aqueous sclution,
the most probable structures of Glyz and Alaz consist of
bifurcated-intramolecular H-bonds between the N-H groups
and the oxygen atom [30,40,41]. We, therefore, adopted
both Alaz and Alaz-R in the investigations of the effects of
corformation change on the structures and energetic of the
H-bond networks of water in aqueous solutions.

In the present investigation, the T-model was applied in
the calculations of intermolecular potentials between Alaz
and water, as well as between Alaz-R and water, Within
the framework of the T-model, the interaction energy
(AET_ noget) between molecules A and B is written as a
sum of the first-order interaction energy (AFLcr) and
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a higher-order energy term (AE",
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AEgcp accounts for the exchange repulsion and electrostatic
energies, It is computed from ab initic SCF calculations [42]
and takes the following analytical form:
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i and j in Eq. (2) label the sites of molecules A and B. ;, p;
and ¢, arc the site parameters. Rj; is the site-site distance.
The exponential term in Eq. (2) represents the size and
shape of the interacting molecules A and B. The point
charges g; and ¢, are computed from the requirement that a
point-charge model reproduces the electrostatic potentials
of molecules of interest. In our previous studies [35-37], we
showed that the CHelpG charges [43] are also applicable. In
the present study, ¢; and g; for Alaz were, therefore,
determined by a fit of the electrostatic potentials at points
selected according to the CHelpG scheme which has been
embedded in the Gaussian 98 package [44). The electrostatic
potentials employed in the fit were derived from the density
matrices computed from ab initio calculations at the MP2/
6-311+ +G(2d,2p} level of theory. About nine thousand
electrostatic energies were used in the fit of the atomic
charges. The dipole moment of Alaz computed from the
CHelpG charges is 11.50 D, whereas those obtained from
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Fig. 1. Two conformations of alanine zwitterion and the reference planes used in MD analyses. (a) Alaz geometry with the nea-rly planar skeleton. {b) Alaz-R
geometry with the COO™ plane being 90° with respect ta the NC*C backbane plane. (c) Reference planes for [Alaz].,. (d) Reference planes for [Alaz-R],,.
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ab initio calculations and experiments in aqueous solutions
are in the range of 10.8 and 15,7 D [45,46].

The higher-order energy contribution, AE™ in Eq. (1),
represents the dispersion and polarization contributions of
the T-model potential, AE" could be determined from both
theoretical and experimental data. Our previous experience
has shown that a calibration of the incomplete potential to
the properties related to intermolecular interaction energies,
such as the second virial coefficients (B(T)), dimerization
energies or pofential energy of liquid etc. is the most
appropriate choice. AE" takes the following form:

AE =33 CEFRyRG® (3)

ied jeg
where
Fy(Ry) = exp[—(1.28 RY/Ry — 1)*), Ry <1.I8Rj
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Rg- in Eq. (4) is the sum of the van der Waals radii of the
interacting atoms. Eq, (5) is the Slater-Kirkwood relation. ¢;
and N, in Eq. (5) denote the atomic polatizability and the
number of valence electrons of the coriesponding atom,
respectively. Fi(R;) in Eq. (4) is a damping function,
introduced to correct the behavior of R;® at short Ry
distance. Only Cg in Eq. (5) is unknown.

In our experience, the values of Cs in Eq. (5) are close to
1 in many cases. The variation of Cg within the range of 0.8
and 1.5 seems not lead to significant change in the Potential
Energy Surface (PES). For mast of the microsolvated
systems constdered, the values of Cg were determined to be
1.43 [39). We, therefore, adopted the same value of Cy for
the Alaz—H,O complexes. Our experience has also demon-
strated that the repulsion parameters and Ce are not very
sensitive (o a slight conformational change, compared to the
point charges. Therefore, only the point charges of Alaz-R
were recomputed using ab initio calculations at MP2/
6-311+ +G(2d,2p) level of theory, Tt turned out that the
point charges of Alaz-R from the CHelpG scheme were not
substantially different from those of Alaz, with the dipole
moment of 11.52D. Thus, in order to keep our T-model
potential simple for further applications, we adopted the
same point charges for both Alaz and Alaz-R. The T-model
parameters for Alaz, Alaz-R and water can be sent on
request,

2.2. Equilibrium siructures of Alaz-H,0
and Alaz—R—-H,0 1: n complexes

The T-model potential constructed in the previous
section was applied in the catculations of the equilibrium

structures and interaction energies of the Alaz-HO
and Alaz—R-H,O 1. n complexes, with »=1-2. Rigid
Alaz was placed at the origin of the Cartesian coordinate
system and the coordinates of water were randormly
generated in the vicinities of Alaz. Based on the T-model
potential, the equilibrium structures of the Alaz-H,0
complexes were searched using a minimization technique
[47]. A hundred starting configurations were generated for
each intermolecular geometry optimization. Only some
lowest-lying minimum energy geometries were discussed in
details. The same procedure was applied to determine the
equilibrium structure of the Alaz-R-H,0 complexes.

2.3. Molecular dynamics simulations

Theoretical methods applied in the study of solvent
effects on the static and dynamic properties of amino acids
fall into two categories, depending on the treatment of the
solvent molecules [48-50]. Microscopic methods treat
solvent molecules and their interactions with the solute
explicitly, whereas macroscopic methods consider solvent
45 a continuous medium characterized by a dielectric
constant [49,50). Both approaches seem to have advantages
and disadvantages [51], In agueous solution, for example,
the former can yield a deep insight into microscopic
solvation structures, such as the three-dimensional struc-
tures of the H-hond networks of water in the vicinities of
solute molecules. The tatter on the other hand yields the
solvation free energy, which is estimated in relation to the
dielectric constants, Since the three-dimensional structures
of the H-bond networks of water in the first hydration sphere
of the solutes were one of our prime interests, the former
approach was adopted in the present work.

Based on the T-model potentials, NVE-MD simulations
were performed on [Alaz},, and [Alaz-R],q at 298 K. T MD
simulations, a rigid solute and 300 rigid water molecules
were put in a cubic box subject {o periodic boundary
conditions. The center of mass of solute was placed at the
center of the simulation box. In order to simplify the
analysis of the hydration structures, the C1-C2-N backbone
of Alaz was assumed to coincide with the XY plane of the
box, with Z=0.20 A. The densities of [Alazl,, and
[Alaz-R],, were maintained at 1.0 g cm™ % The cut-off
radius was half of the box length. The long-range Coulomb
interaction was taken into account by tmeans of the Ewald
summations. The time step used in solving the equations of
motions was 0.5 fs. In MD simulations, 100,000 timesteps
were devoted to the equilibration and additional 200,000
timesteps to property calculations, The latrer corresponds to
the simulation time of 100 ps.

General energetic results were computed from MD
simulations namely, the average potential energy of aqueous
solution {{E5)) and the average solute-solvent interaction
energies ((E:jg‘“‘““’)), as well as the average solvent-
solvent interactiont encrgics ((E‘;‘;]“’S‘J"’)). These energy
values were the results of the average over the timesteps and
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the number of water molecules. The structures of water
molecules in the H-bond networks were initially character-
ized based on the average H-bond distances ({R 5_s..g)) and
angles ({fa—p.. 5)). (B a—p..5) represent the angle between the
A~H bond and the line connecting atoms A and B. Since
NMR experiments [52,53] suggested that hydration water
can mediate protein-DNA recognition through specific
H-bond formations which depend on the hydration
dynamics of water molecules at particular hydration sites,
it is interesting to estimate the duration of the H-bonding
between individual water molecules and the NHi and
COO "~ groups from MD simulations. Due to the fact that the
H-bond formations and disruptions take place quite often
and very rapidly at the first hydration shell of proteins [54],
the residence times derived from MD simulations could
vary in a wide range. Since NMR experiments can
effectively detect the long-lived hydration water, it is
reasonable to compare the longest H-bond lifetimes
(Ta-H-B, max} ©btained from MD simulations with the
NMR average residence times [55]. Ta_p.p, max WEIE
approximated from the percentage of simulation steps,
during which a specific pair of H-bond donor and acceptor
were coming close enough to continuously engage in
H-bonds. H-bond donor and acceptor were considered to
engage in H-bond formation when the donor-acceptor
distance was shorter than 4 A [56].

The hydration structures and the H-bond neiworks of
water around Alaz and Alaz-R were further analyzed in
details using the atom-—atom pair correlation functions
{g(R)) and the average running coordination number (n(R)},
as well as the PDO and PDH maps [27]. The PDO and PDH
maps show the average three-dimensional structures of the
H-bond networks at the functional groups of Alaz and
Alaz-R. In the present work, three sets of the PDO and PDH
maps were constructed, using the predefined reference
planes I, I and III in Fig. 1. In order to view the overall
picture of hydration structures of Alaz and Alaz-R, the
C1-C2-N backbone was chosen to form reference plane I.
Since the second set of the PDO and PDH maps was aiming
at the hydration structures at the NHJ group, the XZ plane
with Y=0.0 A was defined as reference plane II. The ¥Z
plane with X=0.0 A was chosen as reference plane IIT to
view of the hydration structures at the COO™ group.

In the calculations of the PDO and PDH maps, the
volumes above and below the reference planes were divided
into layers with the thickness of 1.0 A. In each layer, the
PDO and PDH maps were computed at the 61X61 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 constructed using the SURFER program [57].
For simplicity, the maximum and minimum of the contour
lines, as well as the contour interval, were the same for all
the PDO and PDH maps.

In order to obtain insight into the interaction energy
distributions in aqueous solutions, a similar approach was

adopted in the analysis of the average solute-solvent and
average solvent—sclvent interaction energies. The AWPD
and WWPD maps {27} for [Alaz],, and [Alaz-R],, were
constructed with respect to reference planes I, IT and I11. The
AWPD maps account for the average interaction energy
between water molecule at the grid intersection and the
solute moiecule, whereas the WWPD maps reveal
the average interaction energy between water molecule at
the grid intersection and all other water molecules in
aquecus solution, Only negative interaction energies were
employed in the calculations of the AWPD and WWPD
maps. The contour intervals were the same for all the
AWPD and WWPD maps. In order to obtain information on
the hydration dynamics of water molecules and to view the
average potential energy landscapes at the H-bond
networks, the AW-WWPD maps were computed by
combination of the AWPD and WWPD maps. Since in
general the rate of water exchange and the mobility of water
molecules depends on the transition energy barriers, the
shapes of the average potential energy landscapes at the
H-bond networks were analyzed in details using cross
section plots. Various cross section plots were generated by
taking vertical stices atong predefined profile lines through
the surfaces of the AW-WWPD, AWPD and WWPD maps.
In the present work, the cross sections derived from the
longitudinal profile lines on the AW-WWPD maps could be
associated with the transition energy barriers to water
exchange within the H-bond network ((AE;)). Whereas
those computed from the transverse profile lines are
attributed to the transition energy barriers to water exchange
between the H-bond network and the outside ((AEEG_)). It
should be noted that, when a particular water molecule
leaves a hydration site, its place will be occupied nearly
simultaneously by another water molecule. And since the
rate of water exchange depends on the transition energy
barriers, which is inversely proportional to 74—y g, max. the
hydration dynamics of water molecules at the hydration
sites are discussed based on Ta_p.p, maxs (B F5q) and (AEL).

3. Results and discussion
3.1 The Alaz—H,0 and Alaz—R-H,0 1 n complexes

The absolute and some lowest-lying minimum energy
geometries of the Alaz-H,O and Alaz-R-H;O 1. =
complexes, with n=1-2 are illustrated in Fig. 2, together
with AE"[‘_deel.

The absolute minimum energy geometry of the Alaz—H,0
1: 1 complex 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 acceptor and donor towards the
NH'{ and COO™ groups of Alaz, respectively. AET 0001 Of
structure a is —82.65 kJ mol !, with the N-H4---Ow and
Ow-Hw: -0l H-bond distances of 2.65 and 2.71 A
respectively. The cyclic H-bond in structure b is similar to
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Fig, 2, The absclute and some local minimum energy geometries of
Alaz-H.(0 and Alaz-R-H:0 1: » complexes computed from the T-model
potentials, {a)-(c) Alaz-H,O [: I complexes, (d}(f) Alaz-H,O I: 2
complexes. (g)-(i} Alaz-R-H,0 1. | complexes. (j)(1) Alaz-R-H,0 1: 2
complexes.

structure a, with water molecule H-bonding at the H2 atom of
Alaz. AET _ oo Of structure b is 7.64 kJ mol ™! higher than
structure a. This could be attributed to weak repulsion
between the CH, group of Alaz and water in structure b. The
N-H2---Ow and Ow-Hw---O] H-bond distances are 2.81
and 2.69 A, respectively. Structures ¢ is considerably less

stable than structures a and b. Water melecule in structures ¢
acts only as proton donors and H-bonds simultaneously at 01
and 02 of Alaz, with AEy _ o4e of —56.17 kY mol ™.

For the Alaz-H,0 1: 2 complex, both water molecules
prefer to bridge between the NHY and COO~ groups of
Alaz, siructure d in Fig. 2. Structure d possesses AE _ nodel
of —152.32kJmol™ ', Structures e and f seem to have
comparable stability. For structure e and f, H-bonds between
water molecules extend to O,, with the interaction energies
of ~140.92 and —139.44 kI mol ™', respectively.

The situations in the Alaz-R-H,O complexes are similar
to those in the Alaz—H,O complexes, In general, the
interaction energies of the Alaz-R-H,0 complexes are
lower than the Alaz—H,0O complexes. The T-model poten-
tials predicted the structure in which water molecole H-bonds
simuitaneously at H4 and O1, structure g in Fig. 2, to be the
absolute minimum energy geometry of the Alaz-R-H,0O [: ]
complex. In this case, the interaction energy amounts o
—87.24 kI mol ™', with the Ow-Hw---O1 and N-H4---Ow
distances of 2.72 and 2.74 A, respectively. The H-bond
distances are slightly longer than those in structure a. The
interaction energies of structures h and i are comparable and
slightly higher than structure g, The H-bond features in
structure hare similar to structure b, in which water molecule
bridges between H2 and O1. For structure i, water molecule
acts simultaneously as proton acceptor and donor forming
four H-bonds with Alaz-R, two N~-H-- -Ow H-bonds and two
Ow-Hw---O H-bonds.

The absolute minimum energy geometry of the
Alaz-R-H,0 1: 2 complex is structure j in Fig. 2. Structure
j is about 14 kJ mol ™' more stable than structure d. It is
characterized by four H-bonds between water molecules
bridging between the NH{ and COQ ™ groups of Alaz-R,
similar to that in the Alaz—-H,0 1: 2 complex. The interaction
energy of structure j amounts to —165.93 kJ mot "
Structures k and Y possess comparable interaction energies,
with rather complicate H-bond network. AET_ 04 fOr
structures k and 1 are —147.26 and — 14524 kI mol ™',
respectively.

In order to check the T-model results on the Alaz—-H,O
and Alaz-R-HO 1: n complexes, the lowest-tying energy
geometries in Fig. 2 were reoptimized using MP2
calculations, with quite large basis sets. The MP2 results
confirmed that they are all reasonable and the T-model
potentials could be further applied in MD simulations with
confidence. The MP2 results could be sent on request.

3.2. MD simulations on [Alaz],, and [Alaz-R],,

The MD simulation parameters employed in the present
work are given in Table 1, together with (£5)), (Esg™ ~ 5V
and (E;‘;g"’ - %Yy Selected PDO maps for Alaz and Alaz-R,
computed with respect to reference planes 1, IT and III, are
displayed in Figs. 3 and 4, respectively. The correspon-
ding AWPD and AW-WWPD maps are also included in

Figs. 3 and 4. The PDH and WWPD maps are not presented
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Table 1 as the corresponding lowest average interaction energies on
MD simulation parameters and the results on [Alaz],g and [Alaz-R],, the AWPD, WWPD and AW-WWPD maps, are surmmar-
L{A) (B (o sy g sy ized in Table 2. They are denoted by (P*P0).,.,

AWPDY WWPDYy | AW-WWPDYy )

[Alaz],, 20.8888 31724022 —1.7326  —29.0697 {AE&q min> (AEQ " min and (AEY Jmins TeSpect
[Alaz R], ~ 20.3888 —3158+022 —1.7633 —28.9103 ively. The cross section plots for selected H-bond networks

at the NHY and COO ™ groups are displayed in Figs. 5 and 6,
respectively, with the lowest energy minima set to
OkImol ' to compare {AEL) and (AEL). Since the
structures of g(R) for [Alaz],, and [Alaz-R],, are not
substantially different, only some characteristic peak
to limit the number of figures. Some high-density contour positions directly related to the H-bonds between water
arcas on the PDO, AWPD and AW-WWPD maps in Figs. 3 and the NHY, CH;, CH and COO™ groups are given in
and 4 are labeled with letters, The values of the highest ~ Table 3, together with n(R). Table 4 lists (Ra..jy..5), (Ba—y1..n)

The number of water molecules in all MD simulations is three hundreds.
Energies are inkJ mol ' L, simulation box length; {£5,"), average potential
energy of aqueous solution: (Eﬁ:;'“ - =0l¥y average solute-solvent interaction
energy; (E;?I"’ =Yy average solvent—solvent interaction energy.

probabilities at the labeled areas on the PDO maps, as well and 7, B, max-
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Fig. 3. Selected PDO, AWPD and AW-WWPD maps for [Alaz],,, obtained from MD simulations. X-, ¥- and Z-axis are in A (a)~{c) Results with respect to
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Fig. 3 (continued)

3.2.1. Hydration structures and H-bond networks
in agqueous solutions

3.2.0.1. [Alaz],, For fAlaz].g, the preferential hydration
sites are labeled with A~N on the PDO maps in Fig. 3. At
least nine well defined hydration sites are observed on

the PDO maps of Alaz, five at the NHY group and four at
the COO™ group. The hydration sites labeled with A, B, C,
H and L involve the NHY group, whereas those with D, E, F
and J are at the COO™ group. The PDO maps reveal that
water molecules form more well defined H-bond networks
at the NHJ group, compared to the COO™ group.
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According to {(PFP9)_.. in Table 2, the order of
the preferential hydration at the NHY group is written as:

H>L>A>C>B.

Combination of Fig. 3a-e shows the three-dimensional
structures of the H-bond networks at the NH group in
details. The hydration sites labeled with L, H and A are
located near H2, H4 and H3, respectively. Water molecules at
A seem (o bridge the NHY and CH; groups, whereas the ones
at L and H link between the NH} and COO ™~ groups. These
H-bonding features are similar to those observed in the
Alaz-H,O 1: 1 and 1: 2 complexes, Fig. 2a, b and d,
respectively. Fig. 3b and f suggests that water molecules at C

are located between and slightly above L and H. They also
reveal the possibility for water molecules at C to bridge the
NHZ and COO~ groups. This rules out the possibility to form
intramolecular H-bond between the NHY and COO ™~ groups.
The result is in accordance with the '"O-NMR retaxation
study on [Glylaq and MC results in Refs. [58] and [20],
respectively. Additional information on the hydration
structures at the NHY group can be inferred from Fig. 3a
and ¢—¢. The H-bond networks at A and H are ohserved to
link together in Fig. 3¢ and &. Whereas the H-bond networks
bridging between A and L are recognized in Fig. 3aand e,
Water molecules at D, E, F and J constitute the three-
dimensional structures of the H-bond networks at

v
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the COO™ groups. {PTPC) .. in Table 2 reveal the highest
probability at J, followed by those at E, D and F,
respectively. From Table 2, the order of the preferential

hydration at the COO™ group is written as:

J=E>D=F.
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Fig. 4 {continued)

Fig. 3b.

Fig. 3b suggests weak H-bond networks spanning from D
to E to F in the vicinity of the COO ™ groups. Whereas Fig. 3d
suggests the possibility for a weak H-bond network
linking between J and E. Weak H-bond networks are also
recognized at the CH group. They span from G to K, asseenin
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Table 2

The highest probabilities (TP, ) at the labeled areas on the PDO maps
and the corresponding lowest average interaction energies ((AEfq),ni“) on
the X maps in Figs. 3 and 4

PPN BE )i BET i (AERVY) 0

{Alaz],,
NH?
A 0.066 —47.55 —77.58 —81.44
B 0.049 —47.27 —74.55 —~90.25
C 0.051 —71.06 —-74.77 —85.64
H 0.086 —67.27 —74.11 —87.74
L 0.084 —62.06 —79.92 —~81.07
(AEfIEl)min_ v —59.04 —76.18 —90.43
Co0~
D 0.022 —37.60 —70.63 —88.86
E 0.034 —48.78 —84.31 —87.99
F 0.022 —36.92 —69.48 - 86.06
J 0.036 —41.53 —75.30 —82.34
(AES i, av —~41,2] ~74.93 -86.31
{Alaz-R},,
NH}
A 0.094 —52.64 —86.92 —96.07
B 0.041 —51.38 —-7374 —84.05
C 0.074 —70.84 —74.93 —-87.15
H 0.097 —70.63 —76.01 —91.87
L 0,105 —68.32 —67.50 —86.40
(AE,’J%)M,I av —62.76 -75.82 —89.1t
cCo0~
b 0.024 —52.26 —65.55 —81.47
E 0.027 —36.94 —73.49 —84.01
F 0.022 —36.37 —68.65 —85.54
J 0.032 —37.58 —73.72 —82.11
O 0.042 —47.37 —63.31 — 89,17
(AE;Yq)n,i,L av —42.10 —68.94 —84.46

X is AWPD, WWPD or AW-WWPD. Energies are in kJmol ™"

(AE din, v = 20 i‘%ﬂ)— N, number of the labeled area.

Further information on the hydration structures of Alaz
can be obtained from g(R) and n{R) in Table 3. For [Alaz],,,
the main peak of g(Rn_ow) 18 located at R=2.76 A with
n{Ry_ow) of about two (2.17). n(Rn_ow) in this case
represents the average number of water molecules in close
contact with the NH}' group. The integration of g(Ry_ow) t0
the first minimum at R=3.61 A yielded more than six (6.34)
water molecules in the first hydration shell of the NHY
group. These could be attributed to the water molecules at
L, H, A, B and C on the PDO maps. The structures of the
main peaks of g{Roi_ow) and g{Roz ow) are quite similar.
The main peaks of both g{Rg ow) and g(Ros ow) are
located at R=2.81 /3\, with n{Ra_ow) and n{Ras oy ) 0 1.40
and 1.38, respectively. Therefore, on average, more than
one water molecule is in ¢lose contact with Ol and O2, and
the degree of hydration at O1 is roughly 8% higher than at
02. The latter could result from the formation of well
defined H-bond networks linking between Ot and the NH{
group. Combination of g(Rgj_ow) and g(Rargw)
yielded g(Rg_ow), with the main peak position at 2.81 A
and n{Ro_gw) of 1.44. Since the C-H:--O H-bond is weak in
general, the hydration structures at the CH; and CH groups

were not easy to elucidate. However, n{Rcs_ow) and
11(Rc3_ow) indicate more than three (3.60) water molecules
at the CH group and about three (2.95) water molecules at
the CH; group.

3.2.1.2. [Alaz-R],, The hydration structures in [Alaz-R],q
are slightly different from [Alaz],,. Since the COO™ plane
in Alaz-R is 90° with respect to the NC*C backbone plane,
the NH; and COO ™~ groups are more distant compared to
Alaz. The O1---H4 and O2.--H2 distances in Alaz-R are
almost identical (about 2.98 A). Thus, the steric effects at
O1 due to H2 and H4 in Alaz are reduced in Alaz-R. The
MD results show that the rotation of the COO ™ plane allows
the charged functional groups to expose more with water,
leading to an increase in the structure and the degree of
hydration, especially at the NH{ group. The following
discussion supports this scenario.

An increase in the degree of hydration at the NHY group
is recognized from the PDO maps in Fig. 4a, b and e. Table 2
confirms that the probability distributions at L, H, A and C
are higher than [Alaz],q. Compare to [Alaz],q, {PPP0), .t C
and A are increased by about 45 and 42%, respectively. At
the NH group, only {PPP9)_ at B is decreased, about 16%.
Thus, the order of the preferential hydration at the NHY
group in [Alaz-R],q is written as:

L>H>A>C>8.

The degrees of hydration at the COO™ group are both
increased and decreased due to the conformation change.
(PPPO) . in Table 2 reveal that the degrees of hydration at
E and J are decreased by about 21 and 11%, respectively,
whereas at D increased by about 9%. The rotation of the
NC*C backbone plane creates a new H-bond network at O,
Table 2 suggests that O possesses the highest (PPPO), .
among the H-bond networks at the COO™ group. Water
molecules at O link between the O2 atom and the CH; group
of Alaz-R. Comparison of Fig. 4a and b suggests that the H-
bond network at O is similar to G, which links between the
02 atom and the CH group. According to {PFPO)_,., the
order of the preferential hydration at the COO™ group in
{Alaz-R],q is written as;

O>J>E=D2>F.

The information in Table 3 also confirms the increase in
the degrees of hydration at the NHf and COO™ groups. For
[Alaz-R],g, the position of the main peak of g(Ry_qy,) is at
R=2.76 A, with n(Ry_ow) of 232, The value is about 7%
higher than [Alaz],;. The number of water molecules in
close contact with the COO™ group seems to experience
larger effect upon the rotation of the NC*C backbone plane.
n{Ro_ow) at the first maximum of g(Rg_g.,) amounts to 1.83,
increased by about 27%. Therefore, on average, two water
melecules are in close contact with the COO™ group in
{Alaz-R],q.



42 K. Sagarik, S. Dokmaisrijan / Jonrnal of Molecular Siructure: THEQUHEM 718 (2005) 3147

X | Adazl,,
Yall- LA

[Alaz-R]
Y=10-20A

Ac| 5
s pe 4 e

1 L)

ReXcly U v ¥ ¥
f A0 L0 600 200 480 606

{1 maf.w.u

;

o
5

f“._,.\{j :
#';':'?\es{ :

Y

SR

a0 oo an 6w
L —— 11
A

Fig. 5. Cross section plots for the H-bond networks at the NHY group of {Alaz]., and [Alaz-R.,. X-, ¥- and Z-axis are in A. The lowest energy minima of the
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cross sections were set to 0 kI 'mol ™" for comparison,

3.2.2. Average potential energy landscapes at the H-bond
networks

General trends of the interaction energies of polar
solute in aqueous solutions were observed in {Alaz],, and
[Alaz-Rlaq. The preferential hydrations were resulted more
or less from the combined effects of solute-solvent and
solvent-solvent interactions. The trend of (Ef) in Table 1 is
in accordance with Ref. [21], in which the overall
stabilization by hydration was reported to be slightly larger
for [Alaz),, than [Alaz-Rl,e. (Esq" %) in Table 1
suggested that the functional groups of Alaz-R is more
accessible by water compared to Alaz,

It should be noted that the orders of the preferential
hydration derived from the PDO maps and the stability
orders from the AW-WWPD maps are not necessarily the
same. This is due to the fact that the PDO maps represent the
local probability distributions, which could be compared
with the electron density maps obtained from the X-ray
diffraction experiment. Whereas the minima on the
AW-WWPD maps are associated with the interaction
energy states, which might be occupied or unoccupied at

for the AW-WWPD maps, — -~ — for the AWPD maps, - - - - for the WWPD maps.

a given MD timestep. Moreover, the occupancies of these
interaction energy states depend primarily on the hydration
dynamics of water molecules and the transition energy
barriers connecting these states. Therefore, it is inappropri-
ate to directly correlate these stroctural and energetic
properties.

Similar argument was made on the hydration sites
inferred from X-ray crystallography and NMR experiment.
X-ray crystallography measures the extent to which a given
hydration site is occupied by water molecules, It cannot
distinguish a long-lived water molecule occupying a site
from that involving rapid exchange. Whereas NMR
experiment monitors a particular water molecule, which
resides sufficiently long at a hydration site before being
replaced by another water molecule [4]. NMR experitnent
is, therefore, more appropriate in the investigation of
hydration dynamics of water molecules, such as the rate
of water exchange or the residence timses of water at specific
functional groups of proteins.

Additional remarks should be made on the energy
values in Table 2 and the cross sections in Figs. 5 and 6.
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cross sections were set to 0 kJ mol”! for comparison.

Since the solute-selvent interactions are quite strong,
especially at the NH{ group, the minima on the AWPD
and AW-WWPD maps are seen nearly at the same positions.
In contrast, the minima on the WWPD maps are located at
the boundary or outside the first hydration shells. These
were recognized from the cross section plots derived from
the transverse profile lines in Fig. 5. The observations
support the statement in Ref. [27] that, in the first hydration
shell, the stabilization by the solute—solvent interactions is
accompanied by the destabilization of the solvent-solvent
interactions and vice versa. In addition, it was also
noticeable from the same cross section plots that the shapes
of the average potential landscapes, especially in the first
hydration shell of the NHY group, are determined by the
solute—solvent interactions. Whereas Fig. 6 suggested that
the shapes of the average potential landscapes at the COO ™
group are influenced by the solvent-solvent interactions.
The following discussion will focus on the energetic of
particular H-bond networks mentioned in the previous
subsections.
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Characteristic peak positions (R} related to H-bonds between water and the
NH;, CH;, CH and COO~ groups, together with the corresponding running
coordination number, n(R), obtained from MD simulations

Rmux n(erlx) Rmin n(Rmin}

{Alaz},,

2(RN_ o) 276 2.17 361 6.34
gRo1ow) 281 1.49 3.81 6.82
gRozow) 281 1.38 3.06 7.25
gRaow) 2.81 1.44 3.96 7.35
8(Rerow) 146 3.60 4.30 10.68
8(Res_ow) 3.21 2.95 4.01 8.54
[Alaz-R],,

#(Row) 276 232 3.66 6.43
&Roiow! 281 1.46 4,06 8.09
gRon o) 281 1.39 3.91 6.80
8 Roow) 2.86 £.83 391 7.11
2Rca_gw) 341 3.52 3.8t 6.48
gRcaiow) 321 2.92 4.10 9.15

Distances are in A, R, position of the maximum of the main peak. Rin,

position of the minimum of the main peak.
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3.2.2.1. [Alaz],, Table 2 shows that, at the NH}' group,
water molecules at C possess the strongest solute—solvent
interaction, foliowed by H, L, A and B, respectively. The
solvent—solvent interactions are, however, strongest at L,
followed by A, C, B and H respectively. Based on
(AE&W_WWPD)M“, the interaction energies at A and B, as
well as H and L, are comparable and the stability order for
the hydration at the NHT group is written as;

C>A>B>H=>=L

At the NHY group, (A% )i, wr (BER Y )i, v and
(AERVWWED) e are  —359.04,  —7618 and
~90.43 kI mol ™", respectively.

Although the probability of finding water molecules at H
is only slightly higher than L according to the PDO maps,

TA—H-8, max i0 Table 4 reveal that a particular water molecule

Table 4

Selected average H-bond distances ({Rs_y.p)} and angles ({(8p_x..5)). as
well as the longest H-bond lifetimes (7a_p..p, mx} derived from MD
simulations

SD
[Alaz},,
NH;
N-H2---Ow {(Rn_H2-Ow? 2.94 0.20
Btz ow? 1523 5.20
TN—HZ-Ow, max 270 -
N-H3---Ow {Rrcs Ow} 288 0.23
(Pt ow) 2979 12.27
TN—H3 Ow, max 19.44 -
N-H4:-Ow {RN_H&-Ow) 2.90 0.23
{On—tig-0w) 27,24 10.76
TN—H:-Ow, max 2834 -
CoO™
Ow-Hw---01 (Row—tHw-01) 2,95 (.26
{Bowatw 1) 29.31 13.52
TOw—Hw-- 01, max 3.08 -
Ow—Hw---02 (RUw—H\v'-()ﬁ 3.12 0.29
{Bow—rw-02) 31,20 13.91
TOw—Hw 02, max 4.90 -
{Aloz-R].,
NH}
N-H2---Ow {Rn—hz Ow) 2.86 0.21
{On—t2- 0w} 29.11 15.52
TN—H2-Ow, max 195 -
N-H3---Ow (Ryy—t3.- 0w} 2.85 0.25
{Bn—n3 ow) 43.60 8.65
TN—H3-Ow, max 17.93 -
N-H4:--Ow (Ry—yia- 0w 2.87 0.28
{Br_pise-Ow} 34,74 12.21
TN—Hd- Ow, max 13.87 -
Ccoo~
Ow-Hw---01 {Row—tuw-0i) 2.96 0.26
{Bow—Hw-01) 31.65 13.54
TOw—Hw -0, max 4717
Ow-Hw---02 {Row—Hw 02} 3t 0.32
{B ot 02) 31.59 13.94
TOw—Hw- 02, max 298 -

8D, Standard Deviation. A-H---B, H-bond donor-acceptor pair between
molecules A and B. Distances, angles and times are in A, degree and ps,
respectively.

stays at H much longer than L. This indicates that water
exchange takes place more often at L compared to H.
TN-H2-Ow, max ANd Tn—14.- 0w, max are approximately 3 and
21 ps, respectively. The latter is comparable with the average
residence time for charged atoms reported in Ref. [55],
approximately 19 ps. The shapes of the average potential
energy landscapes in Fig. 5 could help provide insight into
the discrepancy between the H-bond lifetimes at L. and H.

Investigation of Fig. 5 and Table 4 suggested that the
mobility of water molecules at specific hydration sites
depend on the structures of the energy valleys of the H-bond
networks. Fig. 5a-d clearly show that the shapes of the
average potential energy landscapes at L and H are different
in details. Within the range from X=0.0 to —4.0 A, for
example, the transition energy barriers ((AE;[)) at L vary
approximately from 0 to 13 to 20 to 26 kJ mol ™', whereas at
H approximately from 13 to 0 to 50 kJ mol ™', respectively.
Fig. 5c and d also reveal that (AE;‘;) at the boundary of L is
only about 30 kJ mol™', whereas at H amounts to about
100 kJ mol ™', Since the transition energy barriers within
and at the boundary of the H-bond network at I are lower,
the mobility of water molecules at L is expected to be higher
than at H. This should allow water exchanges with the bulk
to take place easier and faster at L. compared to H. The
discussions on the transition energy barriers explain why the
H-bond lifetime at L is considerably shorter than H.

Fig. 5b and d also suggested that the motion of water
molecules at H is rather restricted, within a narrow energy
valley of about 3 A widths and about 4 A from the Alaz
molecular plane. The latter supports the rough estimation in
Ref. [27] that the amino acid-water interaction drops
sharply within 5 A, and the thickness of the perturbed water
layer is about one water molecule. Similar explanation
could be made on the average potential energy landscape at
A. The shapes of the average potential energy landscape at
A are between L and H. The cross section derived from the
longitudinal profile line in Fig. 5e is similar to Fig. 5b,
whereas that obtained from the transverse profile line in
Fig. 5f is similar to Fig. 5c. This suggested that specific
water molecules at A are more localized compared to L, but
less localized compared 0 H. 7y_p1. 0w, max in Table 4
confirms this suggestion.

Due to weak H-bond interaction with water, the situation
at the COO™ group is rather complicated, In Table 2,
(AESP) o, av for the interaction between the COO~
group and water is —41.21 kI mol ™', about 18 kJ mel ™'
higher than the NH} group. Whereas {AEp """} pin, av 15 N0t
substantially different from the NH{ group. According to
(AEAW-WWEDy - the stability order for the hydration at the

aq
COQ™ group is written as:

D>E>F>]
Some difficultics were encountered in the analysis of the

average potential energy landscapes at the COO™ group.
Fig. 6 shows energy valleys, which are not very well defined
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on the AW-WWPD maps. Due to the fact that the Ol and
02 atoms being adjacent makes it difficult to specify the
boundaries of the hydration shells. Therefore, attempt will
not be made to directly correlate 7o_y.g, mex With the size
and shape of the cross sections at the COO™ group. It
appears in general in Fig. 6a—d that the energy valleys at the
COO™ group are shallower compared to the NH group.
Hence, the shapes of the cross sections at the COO ™ group
allow water molecules to move in a wider range, especially
within the areas between the O1 and O2 atoms. These could
heip promote the water exchanges at the COO™ group, both
within and between the H-bond networks, as well as
between the H-bond networks and the bulk. For examples,
the transition energy barrier to the water exchange between
the H-bond networks at E and F in Fig. 6a is approximately
32 kI mol ™", and that between J and G about 26 kJ mol .
These are in line with the values of 7Tgw—pw 01, max and
TOw—Hw--02, max» Deing only about 5 ps.

3.2.2.2. [Alaz-R],,. In general, the rotation of the COO ™
plane led to slightly stronger solute—solvent interactions
both at the NHY and COO ™~ groups. This is evident in
Table 2, in which (A£G}, wat the NHY and COO™
groups are decreased by about 4 and 1 kJ mol ™', respect-
ively. {AERYFP) .. o is nearly unchanged at the NHY
group, whereas at the COO™ group increased by about
6 kI mol ™.

Water molecules at A possess the Jlowest
(AEQYWWEDY 0 followed by H, C, L and B, respectively.
Based on (ALY WD) ., the stability order at the NHJ
group is written as: '

A>H>C>L>B

The rotation of the COO™ plane brought about little
change at the energy valleys at L and A Tt, however, created
visible changes on the shapes of the cross section and (AEY, )
at H. Within the range from X=0.0to —4.0 A, the highest
(4EL} at H reduces from approximately 50 kI mol ™" in
[Alaz]ag to 39 K] mol ™' in [Alaz-R},,. This increases the
mobility of water molecules at H, as evident from the
reduction of Ty..j4..Ow, max from about 21 ps in [Alaz],, to
14 ps in [Alaz-R].

Based on (AELY™"WFP) ., the stability order at the
COO™ group is written as:

O>F>E=]J>D.

Fig. 6a-h show that the rotation of the COO™ plane
brought about remarkable changes in the cross sections at
the COO™ group. The cross sections at E and J are
discussed as examples. The energy barriers to the water
exchange between the H-bond networks, discussed in the
previous subsections, are considerably reduced in general.
In Fig. e, (AE},},) at E are about 18kJ mol™" at most.
Fig, 6d and h also illustrate that, upon rotation, (AEaTq) atJ is
virtually reduced, from about 36 to 25kJ mol ™,

This should increase the rate of water exchange between
the H-bond network and the bulk, as well as allow water
molecules to move in a quite wider range in the area of the
COO™ group, compared to [Alaz],,.

4. Conclusion

Structures and energetic of the H-bond networks of water
molecules at the charged functional groups of two forms of
alanine zwitterions (Alaz and Alaz-R) were investigated,
using intermolecular potentials derived from the T-model
and MD simulations. In order to study the effects of
conformation change on the structures and energetic
of the H-bond networks, the MD results on [Alaz],, and
[Alaz-R],q were analyzed extensively. General trends of the
interaction energies of polar solute in aqueous solutions
were observed from the MDD results,. The preferential
hydrations resulted more or less from combined effects of
solute—solvent and solvent—solvent interactions, as well as
the hydration dynamics of water molecules in the first
hydration shell. The PDO maps clearly illustrated the three-
dimensional structures of the H-bond networks of water at
both NHY and COO ™~ groups. It was recognized that water
molecules establish more well defined H-bond networks at
the NH'; group, compared to the COO™ group. For both
[Alaz],q and [Alaz-R],,, the PDO maps confirmed that
water molecules form H-bond networks between the NHF
and COO™ groups, which rules out the possibility for the
two charged functional groups to form intramolecular
H-bond. This is in accordance with the previous
"O-NMR relaxation study and MC simulations on [Glylaq.

For [Alaz],q, at least five H-bond networks were
observed at the NHY group and more than four at the
COO™ group. It was recognized that, the orders of
the preferential hydration derived from the PDO maps and
the stability orders inferred from the AWPD, WWPD and
AW-WWPD maps are not the same. This is due to the fact
that the minima on the AW-WWPD maps are associated
with the interaction energy states, which might be occupied
or unoccupied at a given MD timestep. The occupancies of
the interaction energy states depend on the hydration
dynamics of individual water molecule, as well as the
transition energy barriers interconnected these states.

Attempt was made in the present work to correlate the
sizes and shapes of the average potential energy landscapes
at the H-bond networks with the H-bond lifetimes. To serve
this purpose, cross section plots at the H-bond networks
were constructed from the AW-WWPD maps. In the present
work, the mobility of water molecules and the possibilities
for the water exchanges within and between the H-bond
networks, as well as between the H-bond networks and the
outsides, were discussed based on Tx_y.5, mux (AE&‘q) and
(AEL). The structures of the energy valleys suggested that,
at the NHI group, water exchanges within the H-bond
networks seem to take place easier and faster than between
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the H-bond networks and the bulk, Whereas at the COO™
group, water molecules could move or exchange very
rapidly within a wider range.

The rotation of the COO™ plane 90° with respect to the
NC“C backbone seems to create changes more or less in
both structures and energetic of the H-bond networks. It was
confirmed in the present work that, although the functional
groups of Alaz-R are more accessible by water, the overall
stabilization by hydration is larger for [Alaz},, than
[Alaz-R],q. On average, the solute—solvent interactions are
stronger and the solvent-solvent interactions are weaker at
the H-bond networks of both NH and COO ™ groups. The
rotation of the COO™ plane created an additional well
defined H-bond network at the COO™ group, and brings
about changes in {AEj) and (AE},). They are considerably
reduced at the COO™ group, allowing water molecules to
move or exchange within a wider range. The present results
implied that, complete information on molecular hydration
could be obtained only when explicit water molecules,
together with their hydration dynamics at the hydration
sites, are considered in the model calculations.
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