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HYDRATION/MD SIMULATIONS

This research focused on the study of the structures and energetic of hydrogen
bond (H-bond) networks of water at the NH;" and COO" functional groups of two
forms of alanine zwitterion using theoretical methods. The study started with the
construction of intermolecular potentials between the alanine zwitterions and water,
followed by molecular dynamics (MD) simulations of the aqueous solutions. The
three-dimensional structures and the average potential energy landscapes of the
H-bond networks of water were analyzed and visualized using various probability
distribution (PD) maps.

The MD results revealed that the conformation with planar skeleton (Alaz)
possesses larger overall stabilization by hydration, whereas the conformation with the
COO plane being 90° with respect to the NC"C backbone (Alaz-R) seems to be more
accessible by water. The PD maps also showed that water forms well-defined H-bond
networks around Alaz and Alaz-R, especially at the NH;" group. The structures and
energetic of the H-bond networks of water at the NH;" and COO™ functional groups
are quite different. The solute-solvent interaction at the NH3" group of Alaz as well as
Alaz-R is considerably stronger than at the COO™ group. The MD results revealed that

water molecules spend longer time at the NH;' group than at the COO™ group.
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The MD results also showed that some parts of the hydration structures at the NH;"
group of Alaz overlap with some of that at the COO" group; whereas the hydration
structures at two functional groups of Alaz-R are quite independent. Some water
molecules binding at the NH;" group can translate to bind with the COO" group. There
was no direct evidence for the intramolecular H-bond formation between the NHy'
and COO" groups.

The analysis of the average potential energy landscapes of the H-bond
networks of water showed that, although their shapes are highly irregular, they can
help characterize the dynamic behavior of water molecules especially at the functional
groups of the solutes. The MD results led to the conclusion that complete information
on molecular hydration can 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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CHAPTER I

INTRODUCTION

Proteins are essential components of living systems with the greatest
functional range. Proteins consist of polypeptide chains that are made up of residues
or amino acids linked together by peptide bonds. The polypeptide backbone is
composed of repeating units that are identical, except for the chain termini. There are
twenty common naturally occurring amino acids that differ in their side-chains as
illustrated in Figure 1.1. The side-chains of those amino acids differ in size, shape,
charge, hydrogen bond (H-bond) capacity, hydrophobicity and chemical reactivity.
Individually and collectively, these side-chains contribute to the structure and
function of proteins.

The study on the interactions of proteins with water molecules has been of
interest for a long time. The most important consideration for understanding proteins
is the influence of solvents such as water on the functional integrity and structural
stability of them. This influence is manifested in a variety of different phenomena,
ranging from marked solvent effects on conformation to the stabilization of oppositely
charged side-chains. 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 (Baker, 1994). Several X-ray structural analyses
also revealed that large solvent regions separate individual protein molecules in the

crystal form (Billeter, 1995; Levitt and Park, 1993; Thanki, Thornton, and



Goodfellow, 1988). Since various experimental evidence has shown that solution
properties can be consistently explained by crystal structures (Feig and Pettitt, 1998;
Jiang and Briinger, 1994; Makarov, Pettitt, and Feig, 2002; Schoenborn, Garcia, and
Knott, 1995), it has been proposed that protein structures in the crystal are essentially
the same as in solution (Mathews, 1977; Rupley, 1969) and, in most cases, general
phenomena of hydration as well as local hydration patterns can be discussed more
accurately in the context of water distributions rather than individual water molecules
(Makarov et al.). Nowadays, models for the hydration layers in close contact with the
protein surface are described in terms of deviations from bulk solvent properties.
Restricted motions, stronger binding and preferential binding sites are some of the
properties that characterize well-ordered hydration layers (Schoenborn, Garcia, and
Knott). Also experimental methods such as diffraction techniques and NMR or other
spectroscopies have been applied to determining the structure of solvated proteins.
However, the detailed analysis of arrangements of water in the crevices of proteins is
limited due to the complexity of their structures.

In order to obtain more insight into the hydration of proteins as well as the role
of water in its biological function and structure and the noncovalent forces stabilizing
their native structures, it is necessary to study the hydration of the a-amino acids.
Particularly the hydrophilic and/or hydrophobic hydration of the amino acids chains is
interesting in view of the driving forces behind protein folding. Apart from this, the
study of free amino acids is also interesting since there is a finite number of amino
acids and they have tremendous biological and biochemical significant. Moreover,
amino acids contain a variety of intramolecular and intermolecular interactions that

lead to very flexible conformations. Their properties are thus not easily amenable to



experiments. However, the properties are accessible by the methods of computational

chemistry, even up to high level ab initio calculations.
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Attempts have been made to investigate hydration structures and energetic of
amino acids in aqueous solution using various theoretical and experimental techniques
(Alagona, Ghio, and Kollman, 1988; Castronuovo, Elia, and Velleca, 1996; Clementi,
Cavallone, and Scordamaglia, 1977; Ding and Krogh-Jespersen, 1996; Forner, Otto,
Bernhardt, and Ladik, 1981; Jensen and Gordon, 1995; Kalko, Guardia, and Padro,
1999; Kikuchi, Matsuoka, Sawahara, and Takahashi, 1994; Kikuchi, Watanabe,
Ogawa, Takase, and Takahashi, 1997; Mark and Nilsson, 2001; Mezei, Mehrotra, and
Beveridge, 1984; Park, Ahn, and Lee, 2003; Rzepa and Yi, 1991; Suzuki, Shigematsu,
Fukunishi, and Kodama, 1997; Tajkhorshid, Jalkanen, and Suhai, 1998; Tufién, Silla,
Millot, Martins-Costa, and Ruiz-Lopez, 1998; Watanabe, Hashimoto, Takase, and
Kikuchi, 1997). One of the most pioneering computer simulations of amino acids in
aqueous solution was put forward by Clementi et al. In Clementi et al., intermolecular
potentials for twenty-one amino acids were derived from Self-Consistent Field—
Molecular Orbital (SCF-MO) calculations and some of them were applied in Monte
Carlo (MC) simulations of aqueous solution (Clementi, 1980). Clementi 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 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
(Clementi). 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 (Alagona et al., 1988;
Clementi et al., 1977; Ding and Krogh-Jespersen, 1996; Forner et al., 1981; Jensen
and Gordon, 1995; Kikuchi et al., 1994, 1997; Mezei et al., 1984; Park et al., 2003;
Rzepa and Yi, 1991; Tajkhorshid et al., 1998; Tuiién et al., 1998; Watanabe et al.,
1997). 1t is well known that Gly and Ala exists in zwitterionic forms (Glyz and Alaz)
in polar solvents and in the crystalline state (Gaffney, Pierce, and Friedman, 1977;
Kimura, Nakamura, Eguchi, Sugisawa, Deguchi, Ebisawa, Suzuki, and Shoji, 1998;
Lehmann, Koetzle, and Hamilton, 1972). At the earliest stage of theoretical studies,
ab initio calculations with restricted basis sets were applied on the Glyz-H,O 1 : n
complexes (Clementi, 1980; Ding and Krogh-Jespersen; Forner et al.; Jensen and
Gordon; Rzepa and Yi), from which structural properties in aqueous solution were
anticipated. Based on the semi-empirical Austin Model 1 (AM1) and Parameterized
(NDDO) Model 3 (PM3) as well as SCF-MO calculations, it was suggested that the
microsolvated species of amino acids with fifteen water molecules can yield solvation
energies close to the bulk solvation limit (Rzepa and Yi). The most probable
microstructures of Glyz-H,O are 1 : 7 and 1 : 15 complexes, which were found in
Rzepa and Yi to be represented by a H-bond network of up to two water molecules
linking together the NH; 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
(Desfrancois, Carles, and Schermann, 2000). The complicated H-bond networks in
aqueous solution were pointed out to be responsible for the discrepancy (Desfrancois

etal.).



Alagona et al. (1988) 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].q, namely those tightly bound to the
oxygen atoms of the carboxyl group, those tightly bound to the ammonium group,
those hydrophobically localized at the methylene group and those in the bulk. It was
also concluded by Alagona et al. 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 aqueous
solution was reported (Kikuchi et al., 1994, 1997; Watanabe et al., 1997), 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 aqueous 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 by Alagona et al. (1988), Watanabe et al. pointed out the
possibility for a water molecule to form a H-bond with the internal hydrogen atom of
the NH;" group. Additionally, they suggested that the hydrations at the COO™ and at
the NH;" groups are quite independent for Glyz.

The applicability of ab initio calculations with continuum models, such as the
Self-Consistent Reaction Field (SCRF) method, has been frequently mentioned
(Smith, 1994). 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 systems, in which solvents
act only as perturbation on the gas-phase property of the system (Smith). The effects
of the presence of water molecules on the structure of Alaz were studied using
ab initio calculations with Becke’s Three parameter hybrid method using the Lee,
Yang and Parr (LYP) correlation function (B3LYP) using the 6-31G* basis set. The
calculations were compared to those within the Onsager continuum model
(Tajkhorshid et al., 1998). It was reported that the conformations of Alaz are strongly
influenced by water molecules, mainly through the electrostatic, polarization and
H-bond interactions. It was also shown that, in order to hydrate both NH;" and COO
groups, at least four water molecules have to be included in the model calculations
(Tajkhorshid et al.). 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 the restricted number of water molecules considered in the theoretical
investigation (Tajkhorshid et al.).

In the present work, structures and energetic of the H-bond networks in
aqueous solution of Alaz ([Alaz],q) and Alaz-R ([Alaz-R],q) were studied. The two
forms of the alanine zwitterion, Alaz and Alaz-R, were considered to investigate the
effects of conformation change on the H-bond networks at the charged functional
groups. The investigation started with the construction 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 tested in the
calculations of the equilibrium structures and interaction energies of Alaz-H,O and
Alaz-R-H,O 1 : n complexes, with n = 1 to 2. The computed T-model potentials were

then applied in Molecular Dynamics (MD) simulations of [Alaz],, and [Alaz-R]y,.



In order to obtain information on the three-dimensional structures of the H-bond
networks of water in the vicinities of the NH;" and COO" groups, the MD results were
analyzed and visualized based on the oxygen (PDO) and hydrogen probability
distribution (PDH) maps (Clementi, 1980). The interaction energy distributions in
[Alaz],q and [Alaz-R],q were computed and displayed using the average solute-solvent
(AWPD) and average solvent-solvent interaction energy probability distribution
(WWPD) maps (Clementi). 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.



CHAPTER Il

THEORETICAL METHODS

In this chapter, the details of the research methods were explained. The
calculations were divided into two parts, namely T-model and MD simulations. The
derivation of the T-model parameters for Alaz, Alaz-R and H,O molecules are briefly

described.

2.1 The Alaz and Alaz-R conformations

Tajkhorshid, Jalkanen, and Suhai (1998) reported that the conformations of
Alaz are strongly influenced by the presence of water molecules, and the results of
geometry optimizations could be totally different after the inclusion of explicit water
molecules in the calculation. The structure of Alaz in Figure 2.1 is in accordance with
the experimental findings that, in the crystalline state and aqueous solution, the most
probable structures of Glyz and Alaz consist of bifurcated-intramolecular H-bonds
between the N-H groups and the oxygen atom (Lehmann, Koetzle, and Hamilton,
1972; Levy and Corey, 1941; Vishveshwara and Pople, 1977). The Alaz-R structure
shown in Figure 2.1 was found in Tajkhorshid ef al. 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 geometry optimizations in combination with the

Onsager continuum model were conducted on Alaz with four water molecules
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(Tajkhorshid et al.). We, therefore, adopted both Alaz and Alaz-R in the
investigations of the effects of conformation change on the structures and energetic of

the H-bond networks of water in aqueous solutions. The geometry of Alaz is given in

Table A.1 in Appendix A.

Figure 2.1  Two conformations of alanine zwitterion and the reference planes used
in MD analyses.
a) Alaz geometry with the nearly planar skeleton.
b) Alaz-R geometry with the COO™ plane being 90° with respect to the
NC“C backbone plane.
c) Reference planes for [Alaz]a,.

d) Reference planes for [Alaz-R],,.
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2.2  The T-model potential

Based on the T-model potentials, various types of intermolecular interactions
were investigated successfully, ranging from H-bonds between small molecules
(Sagarik and Ahlrichs, 1987; Sagarik and Spohr, 1995; Sagarik, 1999) to n—n
interactions in phenol (Sagarik and Asawakun, 1997), benzoic acid (Sagarik and
Rode, 2000) and benzene (Sagarik, Chaiwongwattana, and Sisot, 2004). It has been
shown that the T-model potentials are suitable for the investigations of structures and
energetics of both aqueous and nonaqueous solutions (Sagarik and Rode; Sagarik
et al., 2004), by means of statistical mechanical simulations. In the following
subsections, some important aspects of the T-model and MD simulations will be
summarized.

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.model)

between molecules 4 and B is written as a sum of the first-order interaction energy

(AE{; ) and a higher-order energy term (AE").

AE T-model AE lSCF +AE’ (1)

AE¢., accounts for the exchange repulsion and electrostatic energies. It is computed

from ab initio SCF calculations (Bo6hm and Ahlrichs, 1982) and takes the following

analytical form:
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_Ri‘+o-i+o-‘ q,9,
ABger =2 2 {exp[ ’ ’]+ - ] )

i€c4 jeB pi +10j ij

i and j in Equation (2) label the sites of molecules 4 and B. o;, p; and g; are the site
parameters. R; is the site-site distance. The exponential term in Equation (2)
represents the size and shape of the interacting molecules 4 and B. The point charges
gi and g; are computed from the requirement that a point-charge model reproduces the
electrostatic potentials of molecules of interest. In the present study, ¢; and g; for Alaz
were determined by a fit of the electrostatic potentials at points selected according to
the CHelpG scheme (Breneman and Wiberg, 1990) which has been embedded in the
GAUSSIAN 98 package (Computer Program, 2001). The electrostatic potentials
employed in the fit were derived from the density matrices computed from ab initio
calculations at the level of second order Mgller-Plesset perturbation theory (MP2)
with the 6-311++G(2d,2p) basis set. 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 ab initio calculations and
experiments in aqueous solutions are in the range of 10.8 and 15.7 D (Destro, Roversi,
Barzaghi, and Marsh, 2000; Voogd, Derissen, and van Duijneveldt, 1981).

The higher-order energy contribution, AE" in Equation (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)),
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dimerization energies or potential energy of liquid efc. is the most appropriate choice.

AE" takes the following form:

e F.ij(Ri/‘)Rf 3)

ied jeB

where
2
F(R,) = exp[— (128 RO/R, 1) ] R, <128 R’ B
= 1, elsewhere
and
3 o.0 .
Cié = Co= —7 Q)
ij 6 5 (ai/Ni )1/2 + (OCA//N;')UZ

Rg in Equation (4) is the sum of the van der Waals radii of the interacting atoms.

Equation (5) is the Slater-Kirkwood relation. ¢; and »; in Equation (5) denote the
atomic polarizability and the number of valence electrons of the corresponding atom,
respectively. Fj(R;) in Equation (4) is a damping function, introduced to correct the

behavior of R 6 at short R;; distance. Only Cs in Equation (5) is unknown.

The variation of Cs within the range of 0.8 and 1.5 seems not to lead to
significant change in the PES. For most of the microsolvated systems considered, the
values of Cs were determined to be 1.43 (Sagarik, Pongpitak, Chaiyapongs, Sisot,
1991). The same value was adopted for the Alaz-H,O complexes. Previous experience
has also demonstrated that the repulsion parameters and Cs are not very sensitive to a

slight conformational change, compared to the point charges. Therefore, only the
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point charges of Alaz-R were recomputed using ab initio calculations at the
MP2/6-311++G(2d,2p) level of theory. It 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 11.52 D. 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 water (taken from Sagarik and Asawakun, 1997), Alaz as

well as Alaz-R molecules are listed in Table A.2 in Appendix A.

2.3 Equilibrium structures of the Alaz-H,0 and Alaz-R-H,O 1 : n

complexes

The T-model potential constructed in the previous section was applied in the
calculations of the equilibrium structures and interaction energies of the Alaz-H,O
and Alaz-R-H,O 1 : n complexes, with n =1 to 2. Rigid Alaz was placed at the origin
of the Cartesian coordinate system and the coordinates of water were randomly
generated in the vicinities of Alaz. Based on the T-model potential, the equilibrium
structures of the Alaz-H,O 1 : n complexes were searched using a minimization
technique (Schlegel, 1982). 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,O complexes.

In order to test the reliability of the T-model potentials for Alaz-H,O
complexes and to obtain additional information on the minimum energy geometries
on the ab initio PES of the Alaz-H,O and Alaz-R-H,O in the ratio of 1 : 1 complexes,

all minimum energy geometries of those complexes obtained from T-model were
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reoptimized at the MP2 level of theory with the 6-311G(d,p) basis set. Only the
intermolecular geometrical parameters were considered in the ab initio gradient
optimizations. Single-point counterpoise (CP) correction was applied to correct the
BSSE. Single-point MP2 calculations were made on the MP2/6-311G(d,p) optimized
geometry, using the 6-311G(2d,2p) and 6-311++G(2d,2p) basis sets. It should be
noted that MP2 calculations employed in the present work were aiming only at
checking the absolute and some local minimum energy geometries from the T-model
PES. We are aware of the problem of Basis Set Superposition Error (BSSE) arising in
ab initio standard gradient optimization of weakly interacting systems as addressed
repeatedly by Hobza and Havlas (1998), and the fact that the quality of the MP2
calculations is very sensitive to the size of the basis sets. It appeared that, due to
BSSE, PES obtained from ab initio gradient optimizations and the counterpoise
corrected PES (CP-PES), for which the CP method is applied in each cycle, are not
the same (Hobza and Havlas). It should be further stressed that the T-model and MP2
are obviously based on different levels of theory. One should not expect exactly the

same PES from both methods.

2.4 MD 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 (Cramer and Truhlar, 1999; Kollman, 1993;
Orozco and Luque, 2000). Microscopic methods treat solvent molecules and their
interactions with the solute explicitly, whereas macroscopic methods consider solvent

as a continuous medium characterized by a dielectric constant (Cramer and Truhlar;
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Orozco and Luque). Both approaches have advantages and disadvantages (Leach,
2001). In aqueous solution, for example, the former can yield a deep insight into
microscopic solvation structures, such as the three-dimensional structures of the
H-bond networks of water in the vicinities of solute molecules. The latter has the
advantage in free energy calculation. 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, microcanonical ensemble-MD (NVE-MD)
simulations were performed on [Alaz],q and [Alaz-R],, at 298.15 K. In MD
simulations, a rigid solute and 300 rigid water molecules were put in a cubic box
subject to 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 [Alaz],, 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 means of the Ewald
summations. The timestep 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 latter corresponds to a simulation

time of 100 ps.

General energetic results were computed from MD simulations, namely the
average potential energy of aqueous solution (<E§;’t >) and the average solute-solvent

solu—solv

interaction energies (<E;)

>), as well as the average solvent-solvent interaction
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energies (<EZ‘;1V’S°lv >). These energy values were the results of the average over the

timesteps and the number of water molecules. The structures of water molecules in

the H-bond networks were initially characterized based on the average H-bond
distances (<R, ,, 3 >) and angles (<0, ,,>). <0, , > represent the angle

between the A-H bond and the line connecting atoms A and B. Since NMR
experiments (Otwinowski et al., 1988; Sigler, 1992) 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 NH;" 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 (Wiithrich, 1993), 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 (T,_y p ) Obtained from MD simulations with the NMR average residence
times (Brunne, Liepinsh, Otting, Wiithrich, and van Gunsteren, 1993). t,_,; 5 .. were

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 in AMBER (Computer Program, 1999) were
considered to engage in H-bond formation when the donor-acceptor distance was
shorter than 4 A.

The hydration structures and the H-bond networks of water around Alaz and

Alaz-R were further analyzed in detail using the atom-atom pair correlation function
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(g(R)) and the average running coordination number (n(R)), as well as the PDO and
PDH maps (Clementi, 1980). 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, II and III in Figure 2.1. 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 1. Since the second set of the PDO and PDH maps
was aiming at the hydration structures at the NH;" group, the XZ plane with Y = 0.0
A was defined as reference plane II. The YZ plane with X = 0.0 A was chosen as
reference plane III 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 (Computer Program, 1997). For simplicity,
the maximum and minimum of the contour lines, as well as the contour interval, was
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-solvent interaction energies. The AWPD and WWPD maps
(Clementi, 1980) for [Alaz],, and [Alaz-R],; were constructed with respect to
reference planes I, II and III. The AWPD maps account for the average interaction

energy between water molecule at the grid intersection and the solute molecule,
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whereas the WWPD maps reveal the average interaction energy between water
molecule at the grid intersection and all other water molecules in aqueous solution.
Only negative interaction energies were employed in the calculations of 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
slices along 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 (< AEf;q >).

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 (< AE ;fq >). 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 t,_y ..., the hydration dynamics of

water molecules at the hydration sites are discussed based on T, ; 5, < AEan >

and < AE;q >.



CHAPTER Il1

RESULTS AND DISCUSSION

The results of the present work started with the T-model results of the
Alaz-H,0 and the Alaz-R-H,O 1 : n complexes, followed by the MD results of the
[Alaz],q and [Alaz-R],q at 298.15 K. Some important data are displayed and discussed
in this chapter and more results obtained from the calculations are enclosed in the

Appendices.

3.1 The Alaz-H,0 and Alaz-R-H,0 1 : n complexes

The absolute and two low lying minimum energy geometries, together with
AET.model, Of the Alaz-H,O and Alaz-R-H,O 1 : n complexes, with n = 1 to 2 are
illustrated in Figures 3.1-3.2. The atom numbering system employed in the discussion
is shown in Figure 2.1.

The absolute minimum energy geometry of the Alaz-H,O 1 : 1 complex from
the T-model potential is structure a in Figure 3.1. Structure a consists of a cyclic
H-bonded complex in which water acts simultaneously as proton acceptor and donor
towards the NH;" and COO groups of Alaz, respectively. AEt.moqe1 Of structure a is
-82.65 kJ mol”', with the N-H4..0w and Ow-Hw..O1 H-bond distances of 2.65 and
2.71 A, respectively. The cyclic H-bond in structure b is similar to structure a, with
water molecule H-bonding at the H2 atom of Alaz. AEr.mee of structure b is 7.64

kJ mol higher than structure a. This could be attributed to weak repulsion between
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the CH3 group of Alaz and water in structure b. The N-H2..O0w and Ow-Hw..O1
H-bond distances are 2.81 and 2.69 A, respectively. Structure C is considerably less
stable than structures a and b. The water molecule in structure € acts only as a proton

donor and forms H-bonds simultaneously with Ol and O2 of Alaz, with AEt_model

Alaz
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Figure 3.1  The absolute and some local minimum energy geometries of

Alaz-H,0 and Alaz-R-H,O 1 : 1 complexes computed from

the T-model potentials. a) - ¢) Alaz-H,0; d) - f) Alaz-R-H,O.
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of -56.17 kJ mol'. Their interaction energies of structures a and b obtained from
MP2/6-311++G(2d,2p)//MP2/6-311G(d,p) calculations are -83.12 and -83.84
kI mol”, respectively. With the single-point BSSE corrections, the interaction
energies are reduced to -72.63 and -72.43 kJ mol”, respectively.

For the Alaz-H,O 1 : 2 complexes, both water molecules prefer to bridge
between the NH;" and COO" groups of Alaz, structure a in Figure 3.2. Structure a,
which is the lowest minimum energy geometry, possesses AEr.moder Of -152.32
kI mol™". Structure a is similar to that of the lowest energy conformer of the Glyz-H,O
and Alaz-H,O 1 : 2 complex studied by Jensen and Gordon (1995) and Park et al.
(2003), 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,O
complexes are lower than the Alaz-H,O complexes. The T-model potentials predict
the structure in which water molecule H-bonds simultaneously at H4 and Ol,
structure d in Figure 3.1, to be the absolute minimum energy geometry of the
Alaz-R-H,O 1 : 1 complex. In this case, the interaction energy amounts to -87.24
kJ mol'l, 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 of the
Alaz-H,O dimer. The interaction energies of structures e and f are comparable and
slightly higher than those of structure d. The H-bond features in structure e are similar
to that of the Alaz-H,O dimer, in which the water molecule bridges between H2 and
O1. For structure f, the 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.
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Figure 3.2  The absolute and some local minimum energy geometries of
Alaz-H,0 and Alaz-R-H,0 1 : 2 complexes computed from

the T-model potentials. a) - ¢) Alaz-H,O; d) - f) Alaz-R-H;O.
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The absolute minimum energy geometry of the Alaz-R-H,O 1 : 2 complex is
structure d in Figure 3.2. It is characterized by four H-bonds between water molecules
bridging between the NH;" and COO™ groups of Alaz-R, similar to that in the
Alaz-H,O 1 : 2 complex. The interaction energy of structure a amounts to -165.93

kJ mol™.

3.2 MD simulations on [Alaz],q and [Alaz-R].q
The MD simulation parameters employed in the present work are given in

Table 3.1, together with <EP'> <E}X"™"> and <E}"™"“> The PDO maps

computed with respect to reference planes I, II and III for Alaz and Alaz-R are
displayed in Figures 3.3 and 3.4, respectively. The corresponding AWPD and
AW-WWPD maps for Alaz and Alaz-R are also shown in Figures 3.3 and 3.4,
respectively. The WWPD maps are not presented here to limit the number of figure.
Some high-density contour areas on the PDO, AWPD and AW-WWPD maps in
Figures 3.3 and 3.4 are labeled with letters. The values of the highest probabilities at
the labeled areas on the PDO maps, as well as the corresponding lowest average

interaction energies on the AWPD, WWPD and AW-WWPD maps, are summarized

in Table 3.2. They are denoted by <P™° > < AEfqWPD > < AEXZ[WPD > . and

max min ? min

< AE:;W_WWPD > respectively. The structures of g(R) of the NH;", CHs;, CH and

COO'" groups for [Alaz],q and [Alaz-R],q, although they are not substantially different,
and the corresponding n(R), are shown in Figures C.7 (see Appendix C) and D.7 (see
Appendix D), respectively. Some characteristic peak positions of g(R) of the N, C and

O atoms of those groups of [Alaz],q and [Alaz-R],q, directly related to the H-bonds
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between water and the NH;", CHs, CH and COO™ groups together with n(R) are given
in Table 3.3. Table 3.4 lists <R ,_; 3 >, <0, 5 > and 1, ;... The cross section
plots for selected H-bond networks at the NH;" and COO" groups are displayed in
Figures 3.5 and 3.6, respectively, with the lowest energy minima set to 0 kJ mol™ to

compare < AE; > and <AE; >.

Table 3.1 MD simulation parameters and results for [Alaz],q and [Alaz-R],,.
The number of water molecules in all MD simulations is three hundred.

Energies are in kJ mol™ and all the definitions are in the text.

L(A) <EX > <ER“M s> <ERVON >
[Alaz]yg 20.8888  -31.72+£0.22 -1.7326 -29.0697
[Alaz-R],q  20.8888  -31.58 +0.22 -1.7633 -28.9103
L = simulation box length.
< Eggt > = average potential energy of aqueous solution.
< Ejfllu"s"lv > = average solute-solvent interaction energy.

< EZZIV‘S"'V > = average solvent-solvent interaction energy.
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3.2.1 Hydration structures and H-bond networks in aqueous solutions
3.2.1.1 [Alaz]aq
For [Alaz],q, the preferential hydration sites are labeled with A to N on
the PDO maps in Figure 3.3. At least nine well-defined hydration sites are observed
on the PDO maps of Alaz, five at the NH3" group and four at the COO™ group. The
hydration sites labeled with A, B, C, H and L involve the NH;" 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 NH3" group than at the COO™ group.

P PDO

According to < > in Table 3.2, the order of the preferential hydration at the

max

NH;" group is written as:

H >L > A >C > B.

Combination of Figures 3.3a to 3.3e shows the three-dimensional structures of the
H-bond networks at the NH3" 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 to
bridge the NH;" and CH; groups, whereas the ones at L and H link between the NH3"
and COO" groups. These H-bonding features are similar to those observed in the
Alaz-H,O 1 : 1 and 1 : 2 complexes, Figures 3.1a, 3.1b and 3.2a, respectively. Figures
3.3b and 3.3f suggest 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
NH;" and COO™ groups. This rules out the possibility to form an intramolecular

H-bond between the NH;" and COO™ groups. The result is in accordance with the
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Figure 3.3  Selected PDO, AWPD and AW-WWPD maps for [Alaz],q obtained
from MD simulations. X-, Y- and Z-axis are in A.
a) —c¢) Results with respect to reference plane 1.
d) —e) Results with respect to reference plane II.

f) — g) Results with respect to reference plane III.



28

PDO AWPD AW-WWPD
P=0.00-1.00 A

10,007 Y 3 10,001 =
200" B B 2001
) m Ty o
-4.00{ R -4.00{
PPPOVIAIEE i i, NSS! RO PSS R 6001
T S S SENIC B ST .00 "‘
I e I e SO g g g e
1000 600 200 200 600 1000 1000 600 200 200 600 1000 1000 600 200 200 600 1000

P=100-2.00A

1000f -. 10.00{

8001
6.00|
4.00H
2.0
0.0
<21
-4.00{
~6.00H

=800

R R A et s e A Sl000 - T SR,
<1000 600 <200 200 600 1000 <1000 600 <200 200 600 1000 <1000 600 <200 200 600 1000

P=0.00-1.00 A

1000 = RS R 10,001

f)

800/
600
4,00/
200/
L0
2,00/

4001

.00/

400/
-10.001 iy T v v T v v * T v .
1000 600 200 200 600 1000

P=1.00-2.00 A

: ; 8001
6.00| -4
4,004 I.. 1
2001 .;‘.;‘- ) %
g) 0.00 "j j‘{ 5°
2001 G - 9 1
=400 M
6001
8.0, -
1000 600 200 200 600 1000 1000

Figure 3.3  (Continued).
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Table 3.2 The highest probabilities (< P™ > __ ) at the labeled areas on the PDO

max
maps and the corresponding lowest average interaction energies

(< AEi; > ) on the X maps in Figures 3.3-3.4. X is AWPD, WWPD or

min

AW-WWPD. Energies are in kJ mol™.

a) [Alaz]aq
<PPO > o <AENTP > L <AENYT > L < AENYVYVP S
NH;"
A 0.066 -47.55 -77.58 -91.44
B 0.049 -47.27 -74.55 -90.25
C 0.051 -71.06 -74.77 -95.64
H 0.086 -67.27 -74.11 -87.74
L 0.084 -62.06 -79.92 -87.07
<AEX > -59.04 -76.18 -90.43
COO
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
] 0.036 -41.53 -75.30 -82.34

<AE; > -41.21 -74.93 -86.31

min,av
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Table 3.2 (Continued).

b) [Alaz-R]ag

<P o <AEMP > 0 <AEYTP > L < AESYVYWID S
NH;"
A 0.094 -52.64 -86.92 -96.07
B 0.041 -51.38 -73.74 -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
<AEX > 26276 75.82 89.11
COO°
D 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
<AEX > 4210 -68.94 -84.46
N <EX >,
<AEY >i. = D.———: N = number of the labeled area.
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7O -NMR relaxation study on [Gly],, and MC results by Gerothanassis, Hunston,
and Lauterwein (1982) and by Watanabe et al. (1997), respectively. Additional
information on the hydration structures at the NH;" group can be inferred from
Figures 3.3a and 3.3c to 3.3e. The H-bond networks at A and H are linked together in
Figures 3.3c and 3.3d. The H-bond networks bridging between A and L are
recognized in Figures 3.3a and 3.3e.

Water molecules at D, E, F and J constitute the three-dimensional structures

of the H-bond networks at the COO™ groups. <P™° > in Table 3.2 reveal the

ma:

highest probability at J, followed by those at E, D and F, respectively. From Table

3.2, the order of the preferential hydration at the COO™ group is:

(]
vV
m

> D

2
n

Figure 3.3b suggest weak H-bond networks spanning from D to E to F in the
vicinity of the COO" groups, whereas Figure 3.3d suggest 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, as seen in Figure 3.3b.

Further information on the hydration structures of Alaz can be obtained from
g(R) in Figure C.7 (see Appendix C) and n(R) data in Table 3.3. For [Alaz],q, the
main peak of g(Rn.ow) is located at R = 2.76 A, with n(Rn.oy) 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(Rx.ow) to the first minimum at R =
3.61 A yields more than six (6.34) water molecules in the first hydration shell of the

NH;" group. These could be attributed to the water molecules at L, H, A, B and C on
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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(Roi.ow) and g(Rozov) are located at R = 2.81 A,
with n(Roi-ow) and n(Roz.ow) of 1.49 and 1.38, respectively. Therefore, on average,
more than one water molecule is in close contact with O1 and O2, and the degree of
hydration at O1 is roughly 8% higher than at O2. The latter could result from the
formation of well-defined H-bond networks linking between O1 and the NH;" group.
Combination of g(Roi.ow) and g(Roz.ow) is termed g(Ro.ow), with the main peak
position at 2.81 A and n(Ro.ow) 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(Rc2.0w) and n(R¢s.ow) indicate more than three (3.60) water molecules at

the CH group and about three (2.95) water molecules at the CH3 group.



Table 3.3 Characteristic peak positions (R) related to H-bonds between water and
the NH;", CHs, CH and COO™ groups, together with the corresponding
running coordination number, n(R), obtained from MD simulations.

Distances are in A.

a) [Alazlag
anax n(Rmax) Rmin n(Rmin)
2(Rn.0w) 2.76 2.17 3.61 6.34
2(Ro1-0w) 2.81 1.49 3.81 6.82
2(Ro-0w) 2.81 1.38 3.96 7.25
2(Ro.ow) 2.81 1.44 3.96 7.35
g(Rez-ow) 3.46 3.60 4.30 10.68

b) [Alaz-R]ag

Rmax n(Rmax) 1{min n(Rmin)

g(Rn.ow) 2.76 2.32 3.66 6.43

2(Ro1-0w) 2.81 1.46 4.06 8.09

g(Ro2-0w) 2.81 1.39 3.91 6.80

2(Ro-ow) 2.86 1.83 3.91 7.11

g(Rcz.0w) 3.41 3.52 3.81 6.48

g(Res-ow) 3.21 2.92 4.10 9.15
Rmax = position of the maximum of the main peak.

Rmin = position of the minimum of the main peak.
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3.2.1.2 [Alaz-R]aq
The hydration structures in [Alaz-R],, are slightly different from
[Alaz],q. Since the COO™ plane in Alaz-R is 90° with respect to the NC*C backbone
plane, the distance between the NH;" and COO™ groups is larger than in 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 be
more exposed to water, which leads 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 NH;™ group is recognized from
the PDO maps in Figures 3.4a, 3.4b and 3.4e. Table 3.2 confirms that the probability

distributions at L, H, A and C are higher than for [Alaz],;. Compared to [Alaz]y,,

<P™° > at Cand A are increased by about 45 and 42%, respectively. At the NH3"

max

group, only <P™° > at B is decreased, by about 16%. Thus, the order of the

max

preferential hydration at the NH;" group in [Alaz-R],q is:

L>H > A >C > B.

The degrees of hydration at the COO" group are either increased or decreased

PO > values in Table 3.2 reveal that the

max

due to the conformation change. The <

degrees of hydration at E and J are decreased by about 21 and 11%, respectively,

whereas at D. It is increased by about 9%. The rotation of the NC“C backbone plane
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creates a new H-bond network at region O. Table 3.2 shows that O possesses the

P™° > among the H-bond networks at the COO™ group. Water

highest < max
molecules at O link between the O2 atom and the CH3 group of Alaz-R. Comparison

of Figures 3.4a and 3.4b suggests that the H-bond network at O is similar to G, which

links between the O2 atom and the CH group. According to < P™° > the order of

the preferential hydration at the COO™ group in [Alaz-R],q is:

O>J>E >D > F.

g(R) of the NH;", CH, CH3 and COO" groups of Alaz-R are shown in Figure
D.7 (see Appendix D). The information in Table 3.3 also confirms the increase in the
degrees of hydration at the NH;" and COO" groups. For [Alaz-R],,, the position of the
main peak of g(Rn.ow) is at R =2.76 A, with n(Rn.ow) of 2.32. The value is about 7%
higher than [Alaz],,. The number of water molecules in close contact with the COO
group seems to be more strongly affected by the rotation of the NC*C backbone plane.
n(Ro.ow) at the first maximum of g(Ro.ow) amounts to 1.83, increased by about 27%.
Therefore, on average, two water molecules are in close contact with the COO™ group

in [Alaz-R],q.
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Figure 3.4

Selected PDO, AWPD and AW-WWPD maps for [Alaz-R],q obtained

from MD simulations. X-, Y- and Z-axis are in A.

a) — c¢) Results with respect to reference plane 1.
d) —e) Results with respect to reference plane II.

f) —g) Results with respect to reference plane III.
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3.2.2 Average potential energy landscapes at the H-bond networks
General trends of the interaction energies of a polar solute in aqueous
solutions were observed in [Alaz],q and [Alaz-R].,. The preferential hydrations

resulted more or less from the combined effects of solute-solvent and solvent-solvent

interactions. The trend of <E['> in Table 3.1 is in accordance with Kikuchi,

Watanabe, Ogawa, Takase, and Takahashi (1997), in which the overall stabilization

by hydration was reported to be slightly larger for [Alaz],q than for [Alaz-R],.

<E::‘“’S°‘V> in Table 3.1 suggests 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 can be compared with the electron density maps obtained from
the X-ray diffraction experiment. On the other hand, the minima of the AW-WWPD
maps are associated with the interaction energy states, which may be occupied or
unoccupied at any 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 inappropriate to
directly correlate these structural and energetic properties.

A 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. On

the other hand, NMR experiments monitor a particular water molecule, which resides
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sufficiently long at a hydration site before being replaced by another water molecule
(Billeter, 1995). The NMR experiment is, therefore, more appropriate in the
investigation of hydration dynamics of water molecules, such as the rate of water
exchange or the residence times of water at specific functional groups of proteins.
Some additional remarks should be made on the energy values in Table 3.2
and the cross sections in Figures 3.5 and 3.6. Since the solute-solvent 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 Figure 3.5. The observations support the statement in Clementi (1980) 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 is also noticeable from the same cross section plots that the shapes of
the average potential landscapes, especially in the first hydration shell of the NH;"
group, are determined by the solute-solvent interactions. On the other hand, Figure 3.6
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 energetics of particular H-bond networks mentioned in the previous subsections.

3.2.2.1 [Alaz]yq
Table 3.2 shows that, at the NH;" group, water molecules at C possess
the strongest solute-solvent interaction, followed by H, L, A and B, respectively. The

solvent-solvent interactions are, however, strongest at L, followed by A, C, B and H



40

respectively. Based on <AE,"""™ >

the interaction energies at A and B, as

well as H and L, are comparable and the stability order for the hydration at the NH;"

group is written as:

At the NH;" group, < AE"™ > <AE" > and < AE,"""V > are

min,av ° min,av min,av

-59.04, -76.18 and -90.43 kJ mol™, respectively.
Although the probability of finding water molecules at H is only slightly

higher than at L according to the PDO maps, T, 5. in Table 3.4 reveal that a

particular water molecule stays at H much longer than at L. This indicates that water

exchange takes place more often at L compared to H. Ty 1, o mae 3094 T 114 0w max aT€

approximately 3 and 21 ps, respectively. The latter is comparable with the average
residence time for charged atoms reported in Brunne, Liepinsh, Otting, Wiithrich, and
van Gunsteren (1993), approximately 19 ps. The shapes of the average potential
energy landscapes in Figure 3.5 can help to provide insight into the discrepancy

between the H-bond lifetimes at L and H.
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Table 3.4 Selected average H-bond distances (<R, , , >) and angles (<0, , , >),

as well as the longest H-bond lifetimes (t, , , ) derived from MD

simulations.
SD = Standard Deviation
A-H...B = H-bond donor-acceptor pair between molecules A and B

Distances and angles are in A and degree, respectively.

a) [Alazla
SD
NH;"
N-H2..0w <R\_m ow > 2.94 0.20
<On_mow > 15.23 5.20
TN-H2..0w, max 2.70 B
N-H3..0w <R\ 30w > 2.88 0.23
<On_mow > 29.79 12.27
TN_H3.0w, max 19.44 -
N-H4..0w <Ry_psow > 2.90 0.23
<On_pa0w > 27.24 10.76
TN-H4..0w, max 21.34 B
'éb'éf """""""""""""""""""""""""
Ow-Hw..O1 <Row_pw o1 > 2.95 0.26
<Oow_nw 01 > 29.31 13.52
5.08 -

T Ow-Hw..O1, max

Ow-Hw..02 <Row_pwop > 3.124 0.29

<Ooy o > 3120 1391

4.90 -

T Ow-Hw..02, max




Table 3.4 (Continued).

b) [Alaz-R]aq
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SD

NH;"
N-H2..0w

N-H3..0w

N-H4..0w

<Ry_m.ow >

<On_m2.ow >
TN*HZ..OW, max
<Ry\_m.ow >
<On_ms.ow >
TN—H3,.OW, max
<Ry\_ns.ow >
<O\ nsow >

TN—H4,.OW, max

2.86
29.11

3.95

2.85
43.60

17.93

0.21

15.52

0.25

8.65

0.28

12.21

Ow-Hw..02

<Row-nw.01 >
< eOW—HW..OI >
TOW-HWA.OI, max

<Row-nw.02 >
<Oow-nw.02 >

T Ow-Hw..02, max

3.11
31.59

2.98

0.26

13.54

0.32

13.94
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Investigation of Figure 3.5 and Table 3.4 suggests that the mobility of water
molecules at specific hydration sites depend on the structures of the energy valleys of
the H-bond networks. Figures 3.5a to 3.5d clearly show that the shapes of the average

potential energy landscapes at L and H are different in details. Within the range from

— o o . L
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. Figures 3.5¢ and 3.5d also reveal that < AEaTq > at

the boundary of L is only about 30 kJ mol™', whereas at H it amounts to about 100
kJ mol™. Since the transition energy barriers within and at the boundary of the H-bond
network at L are lower, the mobility of water molecules at L is expected to be higher
than at H. This should allow water exchange with the bulk to take place easier and
faster at L compared to H. This discussion on the transition energy barriers explain
why the H-bond lifetime at L is considerably shorter than H.

Figures 3.5b and 3.5d also suggest that the motion of water molecules at H is
rather restricted, within a narrow energy valley of about 3 A width and about 4 A
from the Alaz molecular plane. The latter supports the rough estimation in Clementi
(1980) that the amino acid-water interaction drops sharply within 5 A, and the
thickness of the perturbed water layer is about one water molecule. A similar
explanation can be based on the average potential energy landscape at A. The shape
of the average potential energy landscape at A is between that at L and at H. The
cross section derived from the longitudinal profile line in Figure 3.5¢ is similar to
Figure 3.5b, whereas that obtained from the transverse profile line in Figure 3.5f is

similar to Figure 3.5c. This suggests that specific water molecules at A are more
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localized compared to L, but less localized compared to H. t,_,;; o, na 10 Table 3.4

confirms this.

Due to weak H-bond interaction with water, the situation at the COO™ group is

rather complicated. In Table 3.2, < AE:;WPD > for the interaction between the

COO" group and water is -41.21 kJ mol™, about 18 kJ mol™ higher than for the NH;"

group, whereas < AE:ZWPD > is not substantially different from the NH;" group.

min,av

According to < AEZY " >

the stability order for the hydration at the COO

min

group is found to be:

D >E >F > J.

Some difficulties are encountered in the analysis of the average potential
energy landscapes at the COO™ group. Figure 3.6 shows energy valleys, which are not
very well defined on the AW-WWPD maps. The fact that the Ol and O2 atoms are
adjacent makes it difficult to specify the boundaries of the hydration shells. Therefore,

an attempt will not be made to directly correlate with the size and shape of

TAfH...B,max
the cross sections at the COO™ group. It appears in general in Figures 3.6a to 3.6d 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 Ol and O2 atoms.
This could help 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 example, the transition energy barrier for water exchange between the H-bond
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Figure 3.6  Cross section plots for the H-bond networks at the COO™ group of
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networks at E and F in Figure 3.5a is approximately 32 kJ mol™, and that between J

and G is about 26 kJ mol"'. These are in line with the values of Tow-tiw.olma aNd

being only about 5 ps.

T Ow—-Hw..02, max

3.2.2.2 [Alaz-R]yq
In general, the rotation of the COO™ plane led to slightly stronger
solute-solvent interactions both at the NH; ™ and COO groups. This is evident in Table

3.2, in which < AE"™ > at the NH;~ and COO" groups is decreased by about 4

min,av

is nearly unchanged at the NH;" group,

and 1 kJ mol”', respectively. < AE:ZWPD >

min,av

whereas at the COO" group is increased by about 6 kJ mol™.

Water molecules at A possess the lowest < AE" ™™™ > . followed by H,

C, L and B, respectively. Based on < AE,"™""" > . the stability order at the NH;"

group is:

A >H>C >1L > B.

The rotation of the COO™ plane brings about little change at the energy valleys

at L and A. It, however, creates visible changes on the shapes of the cross section and

<AE,, > at H. Within the range from X = 0.0 to -4.0 A, the highest < AE, > at H

reduces from approximately 50 kJ mol™ in [Alaz]aq to 39 kJ mol™ in [Alaz-R],q. This
increases the mobility of water molecules at H, as is evident from the reduction of

from about 21 ps in [Alaz],q to 14 ps in [Alaz-R],q.

T N-H4..0w, max
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Based on < AEQ]W_WWPD >

the stability order at the COO™ group is:

min ?

O>F>E > J > D.

Figures 3.6a to 3.6h show that the rotation of the COO™ plane brings 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 for the water exchange between the

H-bond networks, discussed in the previous subsections, are considerably reduced in
general. In Figure 3.6e, < AEl“q > at E are about 18 kJ mol™ at most. Figures 3.6d and

3.6h also illustrate that, upon rotation, < AEZq > at J is reduced, from about 36 to 25

kJ 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 wider range in

the area of the COO" group, compared to [Alaz],q.



CHAPTER IV

CONCLUSION

Structures and energetics 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
energetics of the H-bond networks, the MD results on [Alaz],q and [Alaz-R].q were
analyzed extensively. General trends of the interaction energies of the polar solute in
aqueous solutions are observed in the MD simulations. The preferential hydrations
result 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 illustrate the three-dimensional structures of
the H-bond networks of water at both the NH;" and the COO" groups. It is 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
confirm that water molecules form H-bond networks between the NH;" and COO
groups, which rules out the possibility for the two charged functional groups to form
an intramolecular H-bond. This is in accordance with the previous '"O-NMR
relaxation study and MC simulations on [Gly],q.

For [Alaz],,, at least five H-bond networks are observed at the NH;" group and

four or more at the COO" group. It is recognized that the orders of the preferential
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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 on 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 are
constructed from the AW-WWPD maps. 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, are discussed based on

To g Bmxs < AE{;q > and < AEIq >. The structures of the energy valleys suggest that,

at the NH;" group, water exchanges within the H-bond networks seem to take place
easier and faster than between the H-bond networks and the bulk. On the other hand,
water molecules at the COO™ group cannot 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 the structures and the energetics of the H-bond
networks. It is 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],q than the [Alaz-R],;. 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 creates an additional
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well-defined H-bond network at the COO™ group, and brings about changes in

<AE} > and <AE_ >. They are considerably reduced at the COO™ group, allowing

water molecules to move or exchange within a wider range. The present results imply
that complete information on molecular hydration can 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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APPENDIX A

GEOMETRY OF ALAZ AND

THE T-MODEL PARAMETERS



Table A.1 Geometry of Alaz obtained from the neutron diffraction data®.

Bond length Bond angle Torsion angle
(A) () ()

C1-C2 1.5310 Cl1C2C3  111.0699 C1C2NH2 58.30
C1-01 1.2420 C1C2H1  108.5576 C1C2NH3  178.8450
C1-02 1.2580 C2C101  118.3900 C1C2NH4  297.7545
C2-N  1.4870 C2C102  115.97 NC2C3H5 57.6002
C2-H1 1.0930 01C102  125.6398 NC2C3H6  177.3002
C2-C3 1.5240 C2NH2 111.3300 NC2C3H7  297.8700
N-H2  1.0225 C2NH3 108.5774 NC2C101* 341.3373
N-H3  1.0225 C2NH4 108.5775 NC2C102* 161.5001
N-H4  1.0225 C3C2H1  110.40
C3-H5 1.0810 NC2C3 109.74
C3-H6 1.0820 NC2C1 110.0639
C3-H7 1.0810 NC2H1 106.9150

H2NH3 109.4424

H2NH4 109.4424

H3NH4 109.4424

C2C3H5 110.33

C2C3H6  110.57

C2C3H7  110.37

H5C3H6  108.2344

H5C3H7  108.3615

H6C3H8  108.9102

# Taken from Lehmann, Koetzle, and Hamilton (1972).

(Three N-H bond lengths and HNH angles were adjusted to be equal.)

* For Alaz-R: NC2C101 = 90.0° and NC2C102 = 270.16°.
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Table A.2 T-model parameters for Alaz and H,0O. Values are in atomic units.

Molecule  Atom 0, Pi 4qi

Alaz

N 1.353868 0.218911 -0.525237

C1 0.787583 0.339274 0.761047

C2 0.917581 0.263135 0.080266

C3 1.214082 0.260744 -0.148352

01 1.144134 0.241377 -0.708529

02 1.112793 0.247678 -0.702305

H1 0.061947 0.284460 0.041066

H2 -0.499160 0.371735 0.323706

H3 -0.102376 0.270691 0.354676

H4 -0.164475 0.271370 0.342286

H5 0.036322 0.293167 0.064755

H6 -0.049472 0.305756 0.088530

H7 0.021921 0.308578 0.028090
H,O

Ow 1.284091 0.200370 -0.451660

Hw -0.318644 0.331849 0.514110

D -0.576560

Note

D is a dummy charge on the C, axis of H,0, 0.26 A from oxygen

and in the opposite direction of the lone pair. The solute-solvent exchange

repulsion energy was scaled with a factor of 0.70.
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APPENDIX B
ADDITIONAL INFORMATION ON THE ALAZ-H,0O

AND ALAZ-R-H,0O 1: N COMPLEXES



a) AET.model = -82.65 kJ mol™

1) %‘ 1) R(H..0) = 1.84 A
B R(N..O)= 2.65 A
12) ZN-H..O = 133.02°

2)R(H..0)= 1.87 A
R(0..0)= 2.71 A
O Z0-H..0 = 144.22°

b) AET-model = -75.01 kJ mol™

1)R(H..0)= 1.84 A
R(N.O)= 281 A
ZN-H..0 = 155.79°

1)

A 2)

; 2)R(H.0)= 1.86 A
S R(0..0)= 2.69 A
Z0-H..0 = 142.48°

€) AE -model = -56.17 kJ mol™

HRMH..0)= 2.17 A
R(0..0)= 2.84 A
Z0-H..0 =126.07°

2)R(H..0)= 2.17 A
R(0..0)= 2.84 A
Z0-H..0 = 125.71°
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AEwmpacp =-71.34 kJ mol™!

1)R(H..0)= 1.76 A
R(N..O)= 2.66 A
ZN-H..O = 144.97°

2)R(H..0)= 1.80 A
R(0..0)= 2.69 A
Z0-H..0 = 153.36°

AEmpocp = -71.47 kJ mol™

_“l)i 1)R(H..0)= 1.68 A
L "y 2) R(N..O) = 2.66 A
Z/N-H..0=160.15°

= 2)R(H..0)= 1.70 A
X R(0..0)= 261 A
Z0-H..0 = 156.08°

AEmpocp = -30.93 kJ mol™

1)R(H..0)= 2.19 A
R(0..0)= 2.92 A
Z0-H..0 = 132.55°

2)R(H..0)= 2.29 A
R(0..0)= 2.99 A
Z0-H..O0 =128.94°

Figure B.1 The minimum energy geometries of the Alaz-H,O 1 : 1 complexes

obtained from T-model and MP2/6-311G(d,p) level.
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d) AET-model = -55.65 kJ mol™ AEwmpacp = -40.37 kJ mol™

1) .
D 1) R(H..0)= 1.87 A ?—"Of )R(H..0)= 1.84 A
O! R(N..O)= 2.70 A R(N..O)= 2.86 A
O o /N-H.O=13618 —» ZN-H.O=170.11°
O

€) AET-model = -54.91 kJ mol™ AEmpacp = -45.54 kJ mol™

I)RH..0)= 1.77A
R(0..0)= 2.71 A
Z0-H..O = 164.17°

)R(H..0O)= 1.86 A
R(0..0)=2.75A e
Z0-H..0 = 153.15°

f) AET-model = -53.66 kJ mol™ AEwmpacp = -35.13 kJ mol™

H 1)R(H..O)= 2.03 A 1)R(H..O)= 2.17 A
L R(0..0)= 2.82 A O@ R(0..0)= 2.94 A
‘? Z0-H..0 = 138.65° Z0-H..0 = 135.79°

2) 2) R(H..0)= 2.03 A 2)R(H..0)= 2.14 A
R(0..0)= 2.80 A R(0..0)= 293 A
Z0-H..0 = 136.66° Z0-H..0 = 138.35°

Figure B.1  (Continued).



Table B.1 Interaction energies and BSSE of Alaz-H,O 1 : 1 complexes derived
from the ab initio calculations. Energy is in kJ mol™.
Structure
Method a b C d e f Mean SD
SCF-A -80.12  -80.03 -46.27 -45.98 -55.68 -48.43
SCFCP-A -64.68 -64.25 -30.37 -36.95 -43.36 -37.87
BSSEscr.a  -15.44  -15.78 -1590 -9.03 -12.32 -10.55 -13.17 2.97
MP2-A -101.21 -103.21 -59.51 -56.76 -69.46 -54.40
MP2CP-A -71.34  -71.47 -30.93 -40.37 -45.54 -35.13
BSSEmp2.a -29.87  -31.73 -28.58 -16.39 -23.92 -19.27 -24.96 6.16
SCF-B -76.68 -75.84 -43.84 -41.55 -53.99 -44.90
SCFCP-B -61.91 -60.99 -29.13 -32.35 -41.67 -34.17
BSSEscr-B -14.77  -14.84 -14.71 -9.19 -12.32 -10.73 -12.76 2.42
MP2-B -102.30 -103.98 -59.81 -55.16 -72.61 -53.76
MP2CP-B -74.47 7472 -3439 -38.42 -49.44 -3533
BSSEmp2s -27.83  -29.26 -25.42 -16.74 -23.17 -18.43 -23.48 5.04
SCF-C -63.20 -61.88 -32.09 -33.28 -44.21 -37.61
SCFCP-C -59.96 -58.81 -29.45 -31.42 -42.15 -35.55
BSSEscr.c -3.24  -3.07 -2.64 -1.85 -2.06 -2.06 -249 0.58
MP2-C -83.12  -83.84 -43.73 -42.71 -59.22 -43.79
MP2CP-C -72.63 -72.43 -36.16 -37.25 -51.29 -38.36
BSSEmpa.c -10.49  -11.41 -7.57 -546 -793 -543 -8.05 2.49
SCF-X SCF calculations using X basis set
SCFCP-X = SCF-X with BSSE correlation
BSSEscrx = (SCF-X) - (SCFCP-X)
MP2-X = MP2 calculation using X basis set
MP2CP-X = MP2-X with BSSE correction
BSSEmp2ax = (MP2-X) - (MP2CP-X)
X = A = abinitio calculations with MP2/6-311G(d,p)
B = abinitio calculations with MP2/6-311G(2d,2p)//MP2/6-311G(d,p)
C = abinitio calculations with MP2/6-311++G(2d,2p)//MP2/6-311G(d,p)
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a) AET.model = -152.32 kJ mol™

- &
&,

b) AEf.model = -140.92 kJ mol™

- &)

1

1
e
|

®

€) AE -model = -139.44 kJ mol™

72

d) AET.model = -136.61 kJ mol™

Figure B.2  Equilibrium structures of the Alaz-H,O 1 : 2 complexes derived from

T-model.



a) AET.model = -210.57 kJ mol™ d) AEfmodel = -203.76 kJ mol™

€) AE -model = -202.97 kJ mol™

T

C) AETmodet = -206.36 kJ mol™ f) AET-model = -200.62 kJ mol”!
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Figure B.3  Equilibrium structures of the Alaz-H,O 1 : 3 complexes derived from

T-model.



a) AET.model = -268.05 kJ mol! d) AET.model = -260.11 kJ mol™

b) AEfmodel = -261.39 kJ mol™

“fgéi? 1 ot
.

€) AETmodel = -260.42 kJ mol” ) AET.model = -259.80 kJ mol™

-
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Figure B.4  Equilibrium structures of the Alaz-H,O 1 : 4 complexes derived from

T-model.
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a) AET.moder = -87.24 kJ mol! AEmpacp = -88.00 kJ mol!
1y~ 1)R(H..0)= 1.79 A NS, 1)R(H..0)= 1.70 A
> ‘; R(N..O)= 2.74 A { R(N..0)= 2.63 A
& ZN-H..0 =151.33° O @) ZN-H..O = 149.89°
"\2) S
. @ 2)RMH.0)= 1.86 A , 2)R(H..0)= 1.70 A
o=@ R(0.0)= 2.72 A .5_7.*’ R(0..0)= 2.62A
S Z0-H..0 = 148.23° ) Z0-H..0 = 160.44°
b) AET-moder = -81.79 kJ mol™ AEvpace = -86.26 kJ mol™
HRMH..0)= 1.84 A HRMH..0)= 1.70 A
R(N..O)= 2.78 A R(N..O)= 2.65 A
ZN-H..0 = 152.01° ZN-H..O = 151.18°
e
2)R(H..0)= 1.85A 2)R(H..0)= 1.70 A
R(0..0)= 2.72A R(0..0)= 2.62 A
Z0-H..0 = 149.46° Z0-H..0 = 161.82°
) AETmodel = -80.77 kJ mol™
HR(O.H)= 2.14A 2) R(H..0) = 2.40 A
R(0..0)= 2.73 A R(0..0)= 2.94 A
Z0-H.O=118.13° Z0-H..0 = 114.98°
3)R(H..0)=2.24 A 4)R(H..0)=236 A
R(N..O)=2.64 A R(N..O) = 2.64A
ZN-H..O = 101.40° ZN-H..0 =93.93°

Figure B.5 The minimum energy geometries of the Alaz-R-H,O 1 : 1 complexes

obtained from T-model and MP2/6-311G(d,p) level.



d) AET.model = -55.36 kJ mol™

D O

Ongy”

O 8 1)RH.0)= 1.86 A

O R(N.O)= 269 A
ZN-H..O = 13591°

€) AET.model = -53.43 kJ mol™

)R(O.H)= 230A
R(0..0)= 2.93 A
Z0-H..0 = 122.82°

2) 2R(H.0)= 2.13A
) R(0..0)= 2.81 A
D Z0-H..0 = 126.47°

) AETmodel = -49.64 kJ mol™

)R(H..0)= 1.8 A
R(0..0)= 2.76 A
ZO-H..0 = 162.39°

Figure B.5 (Continued).
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ABypacp = -45.08 kJ mol’!

F®---C
G
» DR(H.O)= 1.82A
R(N..O)= 2.84 A
ZN-H..0 = 177.03°
ABmpacp = -32.01 kJ mol™
P 1)R(O.H)= 2.83A
Cr R(0.0)= 3314
Z0-H..O=111.82°
—_

X 12) 2)R(H.0)= 198 A
'O R(0.0)= 2.83 A
é Z0-H..0 = 146.75°

AEwmpcp = -37.23 kJ mol™

1)R(H..O)= 1.80 A
R(N..O)= 275 A
ZN-H..O = 172.70°




Table B.2 Interaction energies and BSSE of Alaz-R-H,O 1 : 1 complexes derived

from the ab initio calculations. Energy is in kJ mol™.

Structure
Method a b c* d e f Mean SD
SCF-A -96.08 -9529 -62.21 -49.67 -45.51 -45.68

SCFCP-A -79.92  -77.99 -43.27 -42.37 -30.46 -36.50
BSSEscr.a l16.16 17.30 1894 7.30 15.05 9.18 13.99 4.67
MP2-A -120.58 -120.09 -78.39 -58.24 -59.19 -54.90
MP2CP-A -88.00 -86.26 -43.76 -45.08 -32.01 -37.23
BSSEwmp2-a 32.58 3383 34.63 13.16 27.18 17.67 26.51 9.09
SCF-B -92.17  -90.68 -58.12 -44.68 -43.51 -42.73
SCFCP-B -77.11  -74.82 -40.95 -36.93 -29.23 -33.91
BSSEscr.B 15.06 1586 17.17 7.75 1428 882 13.16 391
MP2-B -120.76 -120.62 -78.95 -56.24 -60.28 -56.23
MP2CP-B -91.49 -90.03 -48.61 -42.12 -35.50 -39.32
BSSEwmp2-B 29.27  30.59 3035 14.12 2478 1691 2434 7.20
SCF-C -771.87  -75.79 -44.49 -37.55 -31.67 -36.44
SCFCP-C -74.72  -72.47 -41.05 -3591 -29.10 -34.68
BSSEscr-c 3.15 332 344 164 257 176 2.65 0.79
MP2-C -100.68  -99.71 -60.51 -45.74 -43.95 -47.69
MP2CP-C -89.07 -87.66 -50.38 -40.72 -36.50 -41.31
BSSEwmp2-c 11.61 12.05 10.13 5.02 745 638 877 2.90

* single-point ab initio calculations made at the T-model optimized geometry

SCF-X = SCF calculations using X basis set
SCFCP-X = SCF-X with BSSE correlation
BSSESCF_X = (SCF-X) - (SCFCP-X)

MP2-X = MP2 calculation using X basis set
MP2CP-X = MP2-X with BSSE correction
BSSEMpz_X = (MPZ—X) - (MP2CP—X)

X = A = abinitio calculations with MP2/6-311G(d,p)
B = abinitio calculations with MP2/6-311G(2d,2p)//MP2/6-311G(d,p)
C ab initio calculations with MP2/6-311++G(2d,2p)//MP2/6-311G(d,p)



a) AET.moqe1= -165.93 kJ mol™ d) AET-model = -142.66 kJ mol™
&
(;:h

4
b) AET-model= -147.26 kJ mol™ €) AET.moqer= -139.31 kJ mol™
= - ™ (¢ ¥ - -=7]

\ s

YL @= -
\ Cr
¢) AET.moqel= -145.24 kJ mol™ ) AET-moqe1= -139.18 kJ mol™
o &,
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Figure B.6  Equilibrium structures of the Alaz-R-H,O 1 : 2 complexes derived

from T-model.
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a) AET.mogel = -228.38 kJ mol™ d) AET-modet = -220.12 kJ mol™

¢) AETumodel = -220.95 kJ mol™

L

By

\
\

Yy
O ;
’

gﬂ “=-.@xO
o : ?
Y/

Figure B.7  Equilibrium structures of the Alaz-R-H,O 1 : 3 complexes derived

from T-model.



a) AET.model = -288.14 kJ mol™ d) AET-model = -276.31 kJ mol™

Figure B.8

Equilibrium structures of the Alaz-R-H,O 1 : 4 complexes derived

from T-model.
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APPENDIX C
ADDITIONAL MD RESULTS ON ALAZ

IN AQUEOUS SOLUTION
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Figure C.1  PDO and PDH maps with respect to reference plane | for [Alaz]y

obtained from MD simulations. X-, Y- and Z-axis are in A.
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Figure C.2  PDO and PDH maps with respect to reference plane 1l for [Alaz],q

obtained from MD simulations. X-, Y- and Z-axis are in A.
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obtained from MD simulations. X-, Y- and Z-axis are in A.

PDO and PDH maps with respect to reference plane 11 for [Alaz]y
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[Alaz],q obtained from MD simulations. X-, Y- and Z-axis are in A.
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Figure C.6 AWPD and AW-WWPD maps with respect to reference plane 111 for

[Alaz],q obtained from MD simulations. X-, Y- and Z-axis are in A
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APPENDIX D
ADDITIONAL MD RESULTS ON ALAZ-R

IN AQUEOUS SOLUTION
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Figure D.1  PDO and PDH maps with respect to reference plane | for [Alaz-R]aq

obtained from MD simulations. X-, Y- and Z-axis are in A.
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Figure D.2  PDO and PDH maps with respect to reference plane Il for [Alaz-R]yq

obtained from MD simulations. X-, Y- and Z-axis are in A.
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Figure D.3  PDO and PDH maps with respect to reference plane Il for [Alaz-R]aq

obtained from MD simulations. X-, Y- and Z-axis are in A.
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Figure D.4  AWPD and AW-WWPD maps with respect to reference plane | for

[Alaz-R],q obtained from MD simulations. X-, Y- and Z-axis are in A.
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respectively.
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