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Abstract
Monte Carlo Computer Simulation Studies of
Dimethylphosphate Anion
by
Bhyravabhotla Jayaram
Advisor: Professor David L. Beveridge

This dissertation is a collection of theoretical
calculations on diverse aspects of the
dimethylphosphate anion (DMP™) in aqueous solutions and
in free space based on Monte Carlo computer simulation
methods. In addition, some extensions of the formal
theory of environmental effects based on the dielectric
continuum model were carried out. The individual topics
considered are as follows.

Aqueous hydration of DMP~, and Na*DMP~ ion pair,
with the two phosphodiester torsion angles in the
gauche-gauche (gg), gauche-trans (gt) and trans-trans
(tt) conformations were investigated using liquid state
Monte Carlo computer simulation method in (T,V,N)
ensemble at 25°C. The structural and energetic aspects
of the hydration of each molecule were analyzed using
the proximity criterion and were partitioned into
ionic, hydrophilic and hydrophobic contributions. Free
energy simulations were performed on [DMP‘]aq in the
gg, gt and tt conformations using the probability ratio

method. The performance of the simulations on the
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thermodynamic cycle was also examined.’

The intramolecular'thermodynamics of the gg, gt and
tt conformations of DMP™ in free space were determined
by the Monte Carlo method, with configurational
entropies estimated in the gquasiharmonic approximation.
Both inter and intramolecular thermodynamics favored
the gg conformation of DMP~ relative to gt and tt
forms. '

The solvation shell model, modified by incorporating.
the coordination numbers and first shell radii obtained
from the mean energy simulations was used to
independently evaluate the relative free energies of
hydration of the gg, gt and tt conformations of DMP~
and to provide a comparison with the results of Monte
Carlo free energy studies.

In related studies from another point of view, the
Tanford-Kirkwood theory for evaluating the
electrostatic free energy of a discrete charge
distribution in the presence of ion atmosphere was
extended to concentric dielectric continua, and applied
to study the conformational preferenées of DMP~ and
NatDMP~ in the absence and presence of ion atmosphere
and at varying local dielectric constants. Theoretical
éxtensions of coaxial cylindrical dielectric continua
to evaluate environmental free energies were also

carried out.



Preface

One of the basic tenets of biomolecular
investigations is that form follows function and vice
versa. We hope to uﬁderstand function through a
detailed knowledge of the structure. The present study
is concerned with theoretical investigations of
biopolymeric structural problems. Theoretical methods
can be broadly classified into three categories based
on the spatial and time scales involved in the problem
at hand, namely (i) microscopic (ii) mesoscopic and
(iii) macroscopic. The microscopic description involves
mechanical models (H. L. Friedman, "A Course in
Statistical Mechanics"™, Prentice-Hall, New Jersey
(1985) )(with a Hamiltonian specifying the interactions
between the various particles constituting the system)
either at Schroedinger level (where the particles are
electrons and nuclei), or at Born-Oppénheimer level
(where the particles are atoms and molecules and the
interaction potentials are generally drived from
gquantum mechanical, S - level, calculations), or at
Mcmillan-Meyer level (solvent is treated as a
dielectric continuum and solutes are the interacting
particles). Both Monte Carlo and molecular dynamics
methods for instance, involve a microscopic description
at B-0O level, with the former method giving equilibrium

{stationary) solutions to the prdblem, and the latter
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following the temporal evolution of the system in the
picosecond to nanosecond range. Statistical mechanics
provides the necessary link between the microscopic
results and macroscopic observa@les. At the mesoscopic
level (R. Kubo, Science, 233, 338 (1986), and
references therein ) are the Kinetic theory (BBGKY
hierarchy), the Brownian dynamics, the master equation
method, the Fokker-Planck approach etc. to cite a few
coarse grained descriptions. Equilibrium and
nonequilibrium thermodynamics, electrohydrodynamics
are some familiar examples for a macroscopic
description all of which involve a continuum treatment
of the macroscopic field variables. Some of the
successful mean field theories at this level are the
Van der Waals equation of stéte, the Debye-Huckel
theory and the Flory's excluded volume approach. The
present study is mainly concerned with a microscopic
description of matter to investigate the equilibrium
thermodynamic and structural properties.

| The relevance of equilibrium studies of biopolymers
cannot be overemphasized. Living systems feed on
negentropy (E. Schroedinger, "What is Life?", Cambridge
U.P. (1945) ) and therefore it may appear that focus
must be on nonequilibrium studies. Firstly, laws of
thermodynamics are universal at and near equilibrium

situations. Secondly a variational principle applies to
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thermodynamic potentials at equilibrium. For an
isolated system (E,V,N ensemble) entropy attains a
maximum. Helmholtz free energy is at a minimum for a
closed system (T,V,N ensemble), and Gibbs free energy
takes a minimum value for the (T,P,N ensemble) or open
system (T,V,u ensemble). It is not possible to identify
a thermodynamic potential, for a system not at
equilibrium, to which a variational principle applies (
I. Prigogine and I. Stengers, "Order Out of Chaos",
Bantam, New York (1984}, ch-5. ). Thirdly fluctﬁations
are a source of order in living systems but Einsteinian
formula for the probability distribution of
fluctuations holds at equilibrium and near equilibrium
and no such formula exists for nonequilibrium
fluctuations. Fourthly the generalized second law
(minimum entropy production principle) addresses the
entropy production rate but the entropy flow term is
system dependent and most complicated to grapple with.
Above all, our knowledge of forces directing the
behavior of biomolecules in varying environments, is
incipient. Thus equilibrium studies of biopolymers is
the place to begin for a systematic investigation.
Studies on biomolecules under physioclogical
conditions must recognize their aqueous environment and
this poses a challenging problem to theoretical

investigations. Liquid state cannot be understood in
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terms of idealizations of the system as an aggregate of
independent subsystems such as a collection of harmonic
oscillators as in the case of crystals, or as
noninteracting or weakly interacting atoms and
molecules as in the case of gases. The case of
associated liquids is even more formidable since simple
thumb rules such as "repulsive interactions govern the
structure and attractive interactions control the
density" break down. Computer experiments have made a
major breakthrough in this area with the availability
of alternate solute-solvent and solvent-solvent
interaction potential functions, and methodologies to
evaluate structural, equiiibrium and transport
prépertiea. The rapidity with which these computations
can be carried out today, provides an additional
incentive. Moreover, given a model, computer
simulations, uniquely provide an insight into the
microscopic details of the structural aspects which are
not directly accessible to experiment.

A major goal of the present study is to contribute
to our knowledge on the forces stabilizing nucleic
acids in aqueous solutions, using the techniques of
computer simulations. Chapter I of this dissertation
deals with Monte Carlo mean energy simulations on the
agqueous hydration of dimethylphosphate anion.

Chapter II describes the determinations of the
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intramolecular thermodynamics. Chapter III is concerned
with the modification of an empirical scheme to
evaluate solvation free energies using the structural
results obtained from the simulations. Chapter IV gives
an account of liquid state free energy simulations as
applied to the conformationmnal problem in
dimethylphosphate anion in aqueous solutions.
Extensions of the discrete continuum approach, with a
macroscopié description of the environment are
discussed in Chapter V along with an application. Some
rélevant methodological explorations including a
stochastic formulation of the dynamics starting from

Monte Carlo results are given in Chapter VI. Scope of
the thesis necessarily precludes discussion of many
interesting topics. For instance, pair-wise additivity
of the potential of intermolecular forces is at the
heart of any computation conducted at molecular level,
the justification of which can be found in Kirkwood's
seminal paper (J. G. Kirkwood, J. Chem. Phys., 3, 300
(1935) ). Although the present day simulations use
effective pair-wise potentials, the influence of
cooperativity merits further investigations. Periodic
boundary conditions, system size and ergodicity are
some of the important issues that are beyond the
purview of this thesis. A recurring theme in the

present work 1is the relevance o0of results ¢to




biopolymers, comparison of the results with experiment,
and merits and limitations of the methodologies. In
science as in any other area of human endeavor there is

80 much more to do.
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CHAPTER I

LIQUID STATE MONTE CARLO STUDY OF THE AQUEOUS

HYDRATION OF DIMETHYLPHOSPHATE




I. A. INTRODUCTION

The structures of nucleic acids show considerable
conformational flexibility and are known to be
sengitive to hydration and ionic strength. The
phosphodiester moiety, -O-POE-O-, bears the anionic
charge in each nucleotide unit and environmental
effects are expectd to be vefy strong in this region.
An understanding of the ﬁydration scheme and
conformational preferences of the.diester torsions is
essential to the investigations on the secondary
structure of nucleic acids in aqueous solutions. We
present herein a theoretical study of the agqueous
hydration of the phosphodiester group, the effect of
hydration and the influence of counterion on the
conformational preferences of the phosphodiester
torsion angles} The motivation for this study is two-
fold: (1) to characterize fhe structural and energetic
features of ionic, hydrophilic and hydrophobic
hydrations in nucleic acid prototypes, and (2) to
understand the relative conformational preferences of
phosphodiester torsion angles in aqueous solutions.

Dimethylphosphate anion, DMP™, prototypical of
nucleic acid backbone is chosen for the current
investigations. While the CL to Cj polarity of nucleic
acids is not well represented by DMP™, and methyl

groups do not mimic sugar rings, it is one of the




simplest model systems exhibiting the conformational
problem for the phosphodiester torsion angles. Also
DMP~ ©possesses all three types of chemically
interesting functional groups: hydrophobic (methyl
groups), hydrophilic (ester oxygens) and ionic {(anijonic
oxygens). This study is based on (T,V,N) ensemble
Monte Carlo mean energy computer simulations on the
dilute aqueous solution of the dimethylphosphate anion,
[DMP']aq, and the sodium dimethylphosphate ion pair,
[Na*DMP']aq. at a temperature of 25°C and experimental -

density.




J. B. BACKGROUND

The stability of B-DNA in aqueous solutions, the
conformational transition to Z-DNA at increasing ionic
strengths, and to A-DNA at decreasing humidity [1l] are
well documented but little understood at a molecular
level. In the Eollowing we review some of the attempts
to unravel the principles underlying the observed
behavior of nucleic acids in the absence and presence
of solvent and ionic environments.

Conformational analysis of the nucleic acid backbone
is generally conducted in terms of six torsional angle
variables [1]1,o(,p ,¥ .8 €., and L shown in Figure 1,
where o and & are the phosphodiester torsion angles.
The magnitude of the problem involved in free space, is
clearly depicted in Olson's [2] study based on
sterically allowed rotational combinations. Each of the
torsion angles o ,3 ,¥ and % takes three preferred
values; g* ("66°), t (~188°) and g~ ("300°), § assumes
two (g+,t) and € two ( t, g7) giving a total of 324
possible rotational combinations for the six torsional
angles along the backbone. This coupled with syn and
anti orientations of the bases gives a multiplicative
factor of 648 for each repeating nucleotide unit with
sugar pucker not counting. Structural correlations
however reduce the number of allowed combinations.

Arnott and Hukins [3] and Sundaralingam [4], based on a
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Figure 1. Definition of‘ nucleic acid
backbone torsion angles




statistical analysis of the known crystal structures of
model compounds for nucleotides observed that
nucleotides were more rigid than nucleosides, thus
proéosing the rigid nucleotide concept. The most
preferred values forof , and L, were found to beé in the
range of (g~, g~) for right handed helices. The other
favored conformations (g~, t) and (g%, t) resulted in
an extended backbone structure with unstacked bases and
were conjectured to be of significance in solution and
in the folding of polynucleotide chains. Berman et
al. [5] proposed a categorisation of the crystal
structures as falling into three conformational
classes: (1) mini helices, (2) extended structures and
(3) folded structﬁres. The major distinguishing
elements are the phosphodiester torsions (o, % ) which
fall into the ranges of (g7, g7) for class 1, (g7, t)
‘for class 2 and (g%, g*) for class 3. Thus to a large
measure, the conformational flexibility in the
oligonucleotides studied, was seen to occur with in the
phosphodiester 1linkage.

The inherent tendency of the nucleotides in free
space for helix formation (= g~,%5 = g~) is
attributed to anomeric effects [l]. There is an
extensive literature on anomeric effects [6]. In the
context of nucleic acids it refers to the polarization

of the P-0O ester bond by the lone pair of electrons on




the neighboring ester oxygen, resulting in the
destabilization of the extended tt conformer relative
to gt and gg forms with gg conformation emerging as the
most stable form in free space. In aqueous solutions
however, the picture is far more complicated by the
screened phosphate-phosphate repulsions and by base
stacking interactions. A logical conjecture stemming
from the hydrophobic effect on the preferred
conformations for phosphodiester torsions would be that
nucleotides in aqueous solutions must also have an
inherent tendency for helix formation with « ,¢
adopting g, g values, since it is in this conformation
that hydrophobic groups tend to cluster together along
the backbone. However the significance of the extended
conformations in aqueous solutions cannot be over
emphasized, particularly in conformational transitions
and in biological function. Thus it is essential to
obtain quantitative thermodynamic and structural
information on the hydration of phosphodiester
torsions.

A partial underéténding of the DNA hydration has
essentially evolved in two stages, the advent of single
crystal studies of model compounds drawing the
demarcation line. Bloomfield et al. [7] summarized some
of the early work on the primary shell hydration of

DNA. Self diffusion coefficient studies gave a




coordination number of 6.5 waters per nucleotide,
gravimetric studies yielded 8.4-1¢ waters at a relative
humidity of 75-88%. Sedimentation coefficient studies
indicated 7-13 waters, heat capacity studies suggested
9-1¢ waters and NMR at -35°C gave 11 waters as
associated with the primary shell hydration of DNA.
Falk [8-1#] and coworkers divided the hydration
sites of DNA into three molecular subgroups which in
decreasing order of prioritf were, the diesterifiéd
phosphate group, the deoxyribose and the heterocyclic
bases. They found about 5-6 waters bound to the PO, Na®
group. Lewin [l1l] proposed four types of water bridges
involving phosphate groups, namely (1) strong cation
phosphate water bridges, (2) weak cation phosphate
water bridges, (3) anchored phosphate amino water
bridges and (4) nonanchored phosphate amino water
bridges. In‘the classification of Hopfinger [12], ocut
of the ~18 waters associated with the primary hydration
of B-DNA, two waters were assigned to ionic phosphate
representing the zone of highest affinity and the
removal of these waters led to a disruption of the
secondary structure of DNA, Next in binding strength
were four waters lying at furanose oxygens and
phosphodiester linkages. Dahlbord and Rupprecht [13] in
their neutron scattering study of oriented Na-DNA found

that water molecules were bound to H~bonding sites on




the double helix in a more or less regular way and
concluded that it was not possible to assign a definite
type of hydration structure.

Single crystal studies of nucleotides greatly
facilitated an understanding of the hydration pattern
in nucleic acids. Drew and Dickerson [14] concluded
that at higher humidities B~-form predominated to the
exclusion of A and i forms of DNA. Ordered water
structures in the minor groove were proposed as an
explanation for the stability of the'Bwform of DNA.
Conner et al. [15] teported that minor groove was fully"
hydrated before the major groove in B-DNA. Kennard [16]
examining the single crystals of oligonucleotides
observed that in B-form primary hydration shell
comprises 11-12 waters, that minor groove hydration was
well ordered and that the water network in the major
groove was discontinuous and much less regular, In the
A-form first hydration shell constituted a ribbon of
water molecules extending along the major groove, with
no PO,” water bridges. Minor groove in A-DNA was less
accessible and hydration was noticed to be less
ordered. Based on these observations she proposed é
mechanism for inducing B to A transition. On
dehydrating the B-form, ordered water structure in the
minor groove is disrupted and only highly polar

phosphate oxygens remain hydrated. This induces a
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conformational transition. A-DNA is stabilized by major
groove hydration. Ordered water structures observed in
crystal studies may well be due to the physical state
of the system and hydration patterns concluded from
crystal studies are not truly representative of the
hydration of nucleic acids in agueous solutions.
Solution NMR data of Mai et al.[l7] suggested a
sequence for hydration. Up until five waters phosphate

group was hydrated. As this was increased to ll waters

all exposed hydrophilic sites were hydrated. By about

25 waters groove hydration was also complete.
Pullman and coworkers carried out extensive

theoretical studies [18-28] on DNA hydration. The

molecular electrostatic potential was proposed to be a -

good approximation for the binding of cations, and the

electrostatic field for the binding of neutral dipolar

species, in particular for hydration. Deepest’

potentials were located in the grooves of -the double
helix, on the phosphate subunits, and greatest fields
were concentrated at the phosphates. Counterion binding
decreased the magnitude of the potentials but further
increased the field on phosphates. They concluded that
phosphates were the major sites of hydration, with
hydration relatively sparse at esteric oxygens.
Clementi and coworkers [21-25] carried out a series

of computer simulations on DNA-water clusters. They
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identified three types of waters, those that were
weakly H-bonded (R, > 3.2 R), those that were strongly
H-bonded (R, < 3.2 R) and those which were both
strongly H-bonded and optimally oriented for an H-bond,
called very strongly H-bonded waters. Coordination
numbers of strongly H-bonded type waters were found to
-be 5.9 for POy, 0.3 for sugar rings, 8.5 for sugar and
bases and 8.9 for bases. Initial saturation of the
groove was reported to be coincident with the solvation
of phosphate, sugar oxygens and of the base pairs
corresponding to 11 waters. By increasing the extent of
hydration to 20§ waters, additional waters were packed
into the groove and around the solvated sites. They
concluded that waters not only enclosed PO,;~ group but
also formed H-bonded filaments. Cluster calculations
such as above disregard the liguid state densities
completely and tend to over estimate solute-water
interactions (also see section I. F) at the expense of
water-water interactions, and are not very informative
of the hydration in aqueous solutions at experimental
densities.

Systematic studies on nucleic acid prototypes are
relatively scarce. As a model compound for phosphate
hydration and for phosphodiester conformational
preferences dimethylphosphate anion has attracted

considerable attention.




Figure 2.

The structure of dimethylphosphate anion
in gg, gt and tt conformations.

<t
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Dimethylphosphate at physiological pH is found
predominantly in the anionic form. The conformations of
DMP™ can be spécified in terms of the torsional angles
{(0-P-0-C) and & (C-0-P-0) (defined in Figure 1),
following IUPAC notation. The angles o and L are
identical to w and w' assigned to the phosphodiester
torsions in some of the earlier literature. Both« and
% follow roughly a threefold potential with minima in
the regions of gauche® (g*), trans (t) or gauche™ (g7).
In this account, we contract the notation for the
specification of conformation for DMP~ to simply "«g&",
i.e., g9, gt, or tt. These conformations are depicted
in Figure 2. In the so0lid, DMP~ with ammonium
counterion crystallizes with « =+57.5° and '5{1;62.4", a
gg conformation [26]. Crystal structure data on

phosphodiester torsion angles for various dinucleotides

reveal a strong preference in these systems for gauche

values of f and £, presumably stabilized by anomeric
effects. A recent search of the Cambridge
crystallographic data bank [27] turned up 45 structures
with gg conformations versus only six structures
exhibiting a combination of gauche and trans, i.e., gt,
or tg values. The tt form seems to occur extremely
rarely in phosphodiester torsion angles.

Information on the conformational preferences of

DMP~™ in solution comes from IR, Raman and NMR
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spectroscopic studies. Shimanouchi, Tsuboi and
Kyogoku [28] interpreted the IR spectrum of Ba2+(DMP‘)2
and the Raman spectrum of Na*DMP~ in aqueous solution
by means of normal coordinate calculations and
concluded that the gg form was the likely conformation
for DMP~ in both so0lid and solution. However,
conformational analysis of DMP~ based on depolarized
Rajleigh scattering by Garrigou-Lagrange et al. [29]
suggested that extended rotational isomeric states of
DMP™ in'water were highly populated.

Proton NMR is insensitive to changes in the o, &
torsions, but 3lp NMR proves to be a useful probe.
Gorenstein et al. [38] investigated the 31lp chemical
gshifts of DMP~ and related compounds in aqueous
solution as a function of temperature, in conjunction
with studies of nucleic acid conformation. The 31lp
resonance shifts downfield as a function of
temperature. This was interpreted by an increase in
the Boltzmann population of gt and possibly tt
conformers with increasing temperature. By inference,
the preponderance of gg conformation of DMP™ at lower
temperatures, including ambient, was indicated. On the
other hand, Lerner et al. [31] in their recent report
on solvation effects on 31P NMR chemical shifts and IR
spectra of phosphate diesters in water and mixed

organic solvent systems, interpreted changes in 31p
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chemical shifts with increasing concentration of
nonaqueous solvents as due to changes in the phosphate
hydration rather than conformational changes. They
further adduced the "blue shift™ of the antisymmetric
stretching frequency of the anionic 0-P-0O group as
corroborative evidence.

Extensive research has been reported on the
calculation of conformational preferences in
phosphodiester torsional angles in DMP~ and related
compounds in the free space approximation. Some early
studies [32, 33] with empirical potential functions
favored the extended structures involving trans forms
of o and §, while others [34] favored gauche forms.
Investigations based on extended BHuckel theory {35] and
PCILO method [36] on model compounds favored trans and
gauche forms, respectively. Quantum mechanical
calculations by Newton [37] on the o, £ conformational
energy map‘showed gg< gt< tt, with tt destabilized by
some 7 kcal/mole. Recently developed potential energy
functions [38-41] effectively incorporate the
interactions between the lone pairs on the ester
oxygens, destabilizing the extended forms relative to
gauche form.

Perahia, Pullman and Saran [42] showed the (o, % )
energy surface to be sensitive to assumptions about

molecular geometry. Subsequently, Perahia and
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Pullman [43] and Gorenstein et al. [44-46] demonstrated
a significént correlation between the phosphodiester
torsional angles and the ester oxygen O-P-0 bond angle,
and found that a 4-59 fpduction in 0-P-0 angle
accompanied each phosphodiester torsional rotation from
g to t. The conformational energy surface flattens
when this is taken into account in calculations. All
(£,%) conformations are then predicted to be thermally
accessible to some extent, with a relative ordering in
conformatioﬁal energies of gg (@) < gt(+0.8-
8.9 kcal/mole) < tt (+1.7-1.9 kcal/mole). This
accentuates the possible role of hydration in deciding
the relative conformationgl preferences £for the
phosphodiester torsion angles in solution.

Theoretical studies of the hydration of DMP™ by
means of an exploration of the solute-water interaction
energy hypersurface have been described in papers from
several laboratories. Berthod and Pullman [47], and
Perahia, Pullman and Berthod [48], using quantum
mechanical calculations found extended and bridged
structures for the DMP~™ wate} monohydrate with
stabilization energies of -20 to -28 kcal/mole
depending upon whether or ﬁot d-functions were included
in the atomic orbital basis set. PCILO calculations of
Frischleder et al. [49] indicated that the strongest

hydration occurs in the O-P-0 plane bridging the
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anionic oxygens with an interaction energy of
-27 kcal/mole for the DMP~ (H,0) complex. Gay and
Vanderkooi [58], petforming CNDO/2 calculations,
concluded that the lowest energy configuration
(-20 kcal/mole) for DMP™(H,0) was one with a linear
hydrogen bond in which the atoms.of H,O were coplanar
with the anionic oxygens ofrphosphate group. Alagona,
Ghio and Kollman [51] in their gquantum mechanical and
molecular mechanical studies oﬁ the DMP™ monohydrate
found the bridged structure for water to be more stable
than the linear structure by about 5-6 kcal/mole.
More extensive "solvation site" studies were reported
by Pullman, Berthod and Gresh [52], who enumerated
possible DMP~ monohydrate structures. From these
calculations they predicted that six waters would be
found in two "circular zones of attraction” near the
anionic oxygens and perpendicular to the P-0 bond.

Corongiu and Clementi [53] and subsequently
Clementi, Corongiu and Lelj [54] studied the
interaction of a single molecule with diethylphosphate
anion and with the nucleic acid backbone model MeCH,-C-~
0-P0,-0-CHy;Me using quantum mechanical calculations.
Contour plots revealed an energy minimum of
-24 kcal/mole for DEP™ and -18 to -28 kcal/mole for the
backbone fragment, in "Region A" which corresponds to

the anionic oxygen zone of attraction of Pullman et al.
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Another region called "B", in the ester 0-P-0O region,
was also noted with binding energies apparently of a
similar magnitude. The results of the calculations
were used to construct an analytical potential energy
function for these systems.

Clementi et al. used this analytical potential
function in conjunction with a corresponding water-
water potential to determine minimum énergy structures
for clusters of first four and then ten waters with
DEP™ and with their nucleic acid backbone pﬁototype and
the results were mainly pertinent to phosphate
hydration. They found their Region A to be
preferentially populated and involved a single well-
directed hydrogen bond pointing towards the two anionic
oxygens, and that minimum energies were obtained by
optimizing water-solute interaction at the expense of
water-water interactions. However the detailed
structure of the small cluster was found to depend
strongly on the number of waters considered, 4 to 10 in
these studies.

The question of polyhydration of DMP~ was taken up
in a more elaborate study by Pullman, Berthod and
Gresh [55]. The essential trihydrate structure around
each anionic oxygen was maintained, however. An
extensive study of polyhydration based on energy

minimization was recently reported by Langlet,
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Claverie, Pullman and Piazzola [56]. The DMP™ (H,0)¢g

hexahydrate complex was subjected to translational and .

rotational energy optimization from various starting
configurations. The solvation site model with three
waters per anionic oxygen in the circular zone of
attraction was recovered with only slight modification,
the principal refinement being that 6-7 waters were
admitted to the first shell as defined on a binding
energy criterion. The energies of the various
conformers were found to remain close even with the
inclusion of waters. Studies on the systems DMP~
(H50) 39 and DMP™ (H70) gg permitted a detailed analysis
of the hydration complex, and also the "radially
oriented” structure in the vicinity of the anionic >POj
group and the "concentric structures®, defined to
describe the hydration of DMP~ methyl groups. The
terms "radially oriented" and "concentric" structures
seem to be equivalent to the terms "ionic hydration"
and "hydrophobic hydration" widely used to discuss the
structural chemistry of agqueous hydration. Langlet et
al. found that solvent effects on conformational
stability in DMP~ were likewise small in the higher
order water clusters .

A treatment of the aqueous hydration of DMP~, HDMP
and HYDMP~™ has recently been carried out by Bleha,

Mlynek and Tvaroska [57] using an Onsager continuum
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model for the solvent. For DMP™, the gg coqfo;mer was
found to be preferentially stabilized in water as well
as in free space, due primarily to the electrostatic
dipolar contribution to the hydration energy.

The solvation shell model for the calculation of
free energies of hydration, proposed by Scheraga and
coworkers [58-681 and elucidated by Hopfinger [12, 61],
assumes a model for hydration complexes of biological
functional groups and subunits, wﬁich can be applied to
DMP~., The hydration numbers of solvation shell theory
for DMP'_groups are: four for anionic >POj éroup,
two for each ester oxygen, and eight for each methyl
group, leading to a value of 24 waters for the entire
molecule in the extended tt form.

Monte Carlo simulation studies of the hydration of
DMP™ have recently been reported in a preliminary form
by Beveridge et al. [62], and more extensively in a
recent article by Alagona, Ghio and Kollman [63].
Kollman and coworkers investigated the hydration of gg
and gt conformations of DMP~ in the (T,P,N) ensemble.
Partial atomic charges on éhe solute and the 0-P-0
valence bond angle were apparently treated as
independent of conformation. Methyl groups were
approximated by united atoms. The TIPS4P model was used
to describe water~water intefactions, and a 12-6-1

potential function for the solute-water interactions.
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About 23 water molecules were assigned to the first
shell of DMP~ on a geometric criterion and were
classified as belonging to strongly polar, polar and
apolar domains corresponding to ionic, hydrophilic and
hydrophobic regions. The average coordination number
of three waters per anionic oxygen, and the absence of
bridged water structures in the ionic region emerging
from their simulation studies were in accord with
qguantum mechanical predictions of Pullman and coworkers
described above. Computed enthalpies of hydration
favored gg conformer over gt by 28 kcal/mole and this
"was ascribed to more attractive water~water
interactions in the case of gg. Solute-water
interactions and in particular ionic hydration favored
the gt conformer in their study. Detailed comparison of
the results of Alagona et al. with those of the present
study creates for Ehe first time a perspective on the
sensitivity of simulation results to choice of
potential functién. assumptions concerning solute
geometry, thermodynamic ensemble and method of
analysis, and statistical uncertainty in the calculated
results.

The influence of counterion on the hydration and
stability of model compounds for nucleotides was
reported by Rich and coworkers [64-65] in their ApU and

GpC crystal studies. In ApU, one sodium ion was found
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to be bound to phosphate group while the other was
located in the minor groove region, bound to uracil and
screened from the phosphate group by its first shell
waters. In GpC, the sodium counterion was bound to the
ionized phosphate group, exhibiting an octahedral
coordination and was considered to be a major
organizing structural element. Phosphodiester torsions
were in gg conformation in both ApU and GpC.

Diethylphosphate anion crystallized in gg
conformation with barium counterion [66] while with
silver cation [67] it was in gt form. DMP~ with
ammonium counterion as pointed out earlier [26],
crystallized in gg conformation. Glonek and Wazer [68]
through their P-31 spin lattice relaxation studies on
the aqueous solutions of several phosphate esters
including DMP~ concluded that the anionic phosphate
group in presence of sodium and potassium cations was
~ associated with closely lying waters, but structural
details were not accessible.

Several theoretical studies involving quantum
calculations on metal-phosphate complexes have
addressed the problem of geometry and stability of the
complexes and few the conformational problem. Nanda and
Govil [69] performed CNDO/2 calculations on metal-
cation interactions with DMP~., Both sodium and

magnesium counterions favored two-centered (bridged)
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interactions, with counterion in the plane of anionic
>PO,~ group, equidistant from the anionic oxygens.
Conformational trends were reversed ( tt> gt> gg) in
the presence of counterion in their study. Pullman,
Gresh and Berthod [78] reexamined these trends with
STO-3G ab initio calculations and found that the
conformational trends were unperturbed ( gg> gt> tt) by
the presence of counterion. The bridge position for the
counterion remained the stable form. Marynick and
Schaefer [71] conducted ab initio calculations on a
series of phosphate-counterion complexes including DMP~
(in tt geometry) with and without a water molecule
attached to the metal ion. They inferred the contact
interaction, with metal ion in C,, symmetry with
respect to the anionic oxygens of the phosphate group,
as the most stable configuration for the metal-
phosphate interactions. Pullman and Berthod [72]
further investigated the effect of counterions on the
molecular electrostatic potential of DMP~. In their
study, the counterion was placed on the bisector of
PO,” at a distance of 2 8 from the anionic oxygens. The
modified molecular potential indicated a strong
decrease in the attractive nature of the POy~ group.
Pack and coworkers {73} studied the geometric and
charge transfer aspects of M+PO4' complexes. The

preferred position for the sodium counterion was a

-
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bridged structure in the >PO; plane, in agreement with
the earlier theoretical calculations.

Berthod and Pullman [74] subsequently considered the
competetivity in binding of Nat and water to the DMP~™
anion, through their studies on Na'DMP~(H,0), system.
They proposed two modes of binding. One involved a
direct binding of Nat to DMP~ and the other, sodium
cation binding to phosphate anion through an
intermediate water molecule, shared by both anion and
cation. Ab initio calculations of Pullman et al. [75]
involving these two modes of binding showed that the
interaction energies were comparable suggesting that
both forﬁs might contribute to the structure in
solution.

Mlynek and Tvaroska [57] in their continuum study,
referred to above, on H'DMP™ intimate ion pair found tt
to be the most stable conformation for the
phosphodiester torsion angles.

Corongiu and Clementi [76] reported their cluster
calculations on B-DNA fragment (12 base pairs, 24 sugar
units and 22 phosphate groups) with one Nat placed
fixed near the free oxygens of each POy~ group. They
found an additional 1.5 water molecules per Na¥ in the
first shell (R.=38) of Na’~B-DNA relative to B-DNA
resulting in a highly dense and structured first shell

termed an "ion induced compression effect", i.e.
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electrostriction in the conventional physical chemistry
literature. Sodium cation on the average maintaiﬂed an
octahedral coordination in their study.

Overall, it is clear from the literature on DMP~
that solvent interactions are potentially a significant
influence on conformational stability, and the
hydration of the phosphate group is an important area
for study in nucleic acids research. The theoretical
study of DMP™ in water via simulation procedures is the
appropriate place to begin, but a number of
difficulties are anticipated. The quality of the

potential functions is a matter of continuous concern

in obtaining a satisfactory account of basic

thermodynamic indices, the principal point of

comparison with experimental studies as well as other

results not as amenable to experimental verification.

Intrinsic limitations in the precision of calculated

quantities due to statistical uncertainties in
ensemble averages formed over finite segments of a
potentially infinite numerical realization exist, and
are manifest especially in estimates of conformational
energy differences where the "small differences in
large numbers”" problem is encountered. In charged
systems or systems with charge separation the periodic
boundary conditions customarily assumed for simulations

on aqueous system may be problematic. However, these
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issues cannot be addressed without carrying out a
series of well defined simulation studies, effectively
computer experiments on the system, and gaining
experience with the numerical problems and analyzing
the results fully and critically. Thus the purpose of
the calculations undertaken herein is twofold: to
describe the system as well as possible and

simultaneously to gain perspective on the methodology.
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I. C. MONTE CARLO THEORY AND METHODOLOGY

A microscopic description of matter must necessarily
start with a Hamiltonian for the system specifying the
interactions between the particles (in the present
study the particles are atoms and molecules)
constituting the system. In the computer
simulations [77], the equilibrium properties of the
system are then evaluated either as time averages
(dynamics simulations) or as ensemble avefages (Monte
Carlo method). Thus in the simﬁlations, one needs an
evolution equation for the system or alternatively a
prescription for the evolution of the system in terms
of transition probabilities to generate a series of
configurations, given the Hamiltonian.(Theorétically
equations of motion uniquely determine the transition
probabilities and vice versa. While this program is
clearly worked out in the quantum case - starting from
transition probabilities obeying Markovian dynamics one
can arrive at Schroedinger's equation via Stone's
theorem [78] - the relationship is not well established
in the classical case except at the level of
analogies.) Classical equations of motion are the
obvious choices for dynamical simulations. In the Monte
Carlo method, proposed by Metropolis et al. [79], the
evolution of the system is realized through a move

algorithm specified in terms of time independent
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transition probabilities. Thus the notion of time does
not enter the Monte Carlo method, and the method is
essentially useful for evaluating any quantity that can
be expressed as an ensemble average. These aspects are

detailed below.

The equilibrium value of a quantity F in thé

canonical (T,V,N) ensemble is expressed as [88]
o o AT LR @
~ [expl-E(ay,...,q3y /KTl a3%

Since this is a ﬁulti-dimensional integral its
evaluation is facilitated by the Monte Carlo
method ([8l]. This is a numerical integration technique
using random numbers. In the present context the method
involves choosing a configuration 'i' randomly and

weighting it with the Boltzmann probability. Thus the

gquantity £ is evaluated as

i (2)

P; = {exp(-E;/kT}}/Q, (3)

Q is the configurational partition function, and E; is
the potential energy due to intermolecular intéractions
in state i. This is the so called "Crude Monte Carlo"
method and is not practical for two reasons. (1) The

normalized probabilities, Pj, are not known apriori
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since this implies a knowledge of the partition
function. (2) At liquid state densities configurations
with low probabilities are chosen much more often
resulting in an inefficient sampling.

Metropolis et al. [79], proposed an important
sampling scheme as a modification of the crude Monte
Carlo method. The essential difference lies in choosing
configurations with Boltzmann probabilities and
weighting them evenly .as opposed to choosiqg
configurations randomly and weighting them with
Boltzmann probabilities. Thus the averages are

expressed as

<f> = (1/M) sTiE; (4)

The summation extends over all states from 1 to M
. sampled, each state being defined as a point in
configuration space. This is accomplished in the
following manner. Choose a particle to move and
generate a new state j from the old state i by changing
its coordinates as follows.

i=-->3

X ==>x + azy

Yy —->y + azsp

z -->z + a2,
'a' is the maximum displacement allowed in one

dimension. z3, 23 and z3 are random numbers between -1
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and +1. Then calculate A Eij = (Ej - Ej). If fa) Eij <
@ accept the move. If A Eij > @ generate another random
number z4. If z4 < exp(- A Eij/kT) accept the move,
otherwise reject the move and count the old
configuration again.

To prove that the limiting distribution was
canonical the authors argued that, (1) the method was
ergodic since any particle was allowed to move to any
point within a cube of side 2a with a finite
probability, a large number of such moves would
eventually let the particle reach any point in the
complete cube, and that, (2) if (ni/nj) > (exp(-Ej/kT}/
exp(-Ej/kT)), the algorithm was so constructed that
more systems move from state i to state j and hence
after many such moves the ensemble would reach
Boltzmann distribution as the limiting distribution.

On the choice of 'a', it was pointed out that most
moves would be forbidden if it was too large, and if it
was too small the configuration would not change
enough. In either case it would take longer to reach
equilibrium. They chose 'a' such that about 50% of the
moves were accepted. |

In this Metropolis Monte Carlo the states i, j, ..,
M generated, constitute a realization of the stationary
Markov chain [82], which is characterized by a one step

transition probability matrix (Pij) in which Pij 2 0 is
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the conditional probability that if the system is in
state 'i' at the nth step it would be in state 'j' at
the (n+l)th step. The connection between the random
walks in configuration space porposed by Metropolis et
al., and finite stationary Markov chains is apparently
a later development.

Wood {83] commenting on the necessary and sufficient
conditions for the choice of P;; stressed that the

normalization condition

S_‘_%‘Pij = 1 for alli, (5)

together with the steady state condition

b2

g

Pipij = Pj for all j, {6)

or the microscopic reversibility

P; Pj53 = Py Pyj. (7)

are adequate to ensure convergence of the Markov chain
to a limiting stationary distribution. Wood further
pointed out that conditions (5) and (6) or (7) are

insufficient in number to completely determine the

matrix (Pij)' accounting for the latitude in the choice.

of Pij'
Hastings [84] gave a general formulation for the
construction of the transition matrix (Pij) starting

with the assumption that
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Pjj= Q5 aj5 £ 1) (8)
and Pii = 1- :1;(3 Pij (9)

Q = (Qij) is the transition matrix of an arbitrary

Markov chain on the states 0,1,...M and

ajq= sij/(1+tij) (18)
where

ti;=P; Qij/Pj Q54 : (11)
and 8i5 is a symmetric function of i and j chosen so

that

g < aj £ 1 for all i and j.
Q;; determines the generation of a new state j from i
and ajj defines the acceptance criterion for the state
so generated. The Pij's defined above satisfy the
detailed balance requirement.

si::]‘ } {{ 1+tij (If tyi 2 1) (12)

{ 1+ty; (If tijy 2 1)

and

535 =1. (13)
For a symmetric Q (i.e. if Qij=jS) Sij=si¥ corresponds
to Metropolis choice and sij=si? to Barker's [85]
choice. More generally 8i4= g{min(tij,tji)} where g(x)

is chosen such that
P < glx) £ 1+x for B < x £ 1.

Peskun [86] through a consideration of the
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asymptotic variance of the averages estimated through
the Monte Carlo method showed that for a given
transition matrix Q, the optimum symmetric function Sij
is the Metropolis ch?ice, 81?-

Valleau and Whittington [87] observed that since the
Monte Carlo computations are based on an estimation of
the products {£(xN) P(xN)} and not the probabilities
P(XN) themselves, there is considerable flexibility in
choosing the distributions II(x™)=W(xNMexp{-E(xM)/kT)},
which can vary dépending on the gquantity to be
.estimated for an efficient sampling. -

Pangali, Rao and Berne [88] in an attempt to
accelerate convergence in the Monte Carlo runs where
the interaction potentials were strongly angle
dependent proposed a force biased algorithm as an
improvement over the Metropolis method. The
modification lies in the Qij matrix. For Metropolis

choice

-1 .
=0 if de €D

In the force bias method

Q;4 = C exp{-(VRj(V(R)) ARy/kT) for ¥ 4R € D
=0 for V dR € D,
where C is a normalization constant and VRj is the

gradient operator with respect to positions and angles.
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For monoatomic particles this is Qij= o exp(Fdej/kT)
and for polyatomic molecules Qij=c exp((Fdej+
Nﬁdwj)/kT) where Fj, Nj, dR:, and dwj are the total
force, torque, center of mass displacement and angular
dispiacement of molecunle j. In a subsequent
publication [889] they incorporated an adjustable
parameter A in the exponential for Qij and arqued that
)\ must be chosen as to maximize translational and
rotational diffusion. Rossky et al. [90], suggested
that a value of 1/2 for ) should substantially improve
the acceptance probability.

Rossky, Doll and Friedman [90] derived a "Smart
Monte Carlo" transition probability matrix from the
Brownian dynamics algorithm, in which the particle
displacements were made according to

Ar=AF/KT + R
where R is drawn from a Gaussian distribution, F
represents the forces on the particle to be moved and A
is related to the friction coefficient. The Qij's are

defined as
Qjj= C exp [-( & rj= A Fy/kT)2/4Al.

aij defining the acceptance criterion is the same as in
Metropolis algorithm. If in the exponential, the linear
terms in force alone are retained and if R is set to

zero, this prescription corresponds to the force bias
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algorithm mentioned above. For a given rms displacement
per move of the pérticles the average acceptahce ratio
for smart Monte Carlo was expected to be larger than
for the Metropolis Monte Carlo.

In our simulations we used the Qij's of Pangali, Rao
and Berne [88-89] and the aj of Metropolis et
al. (79]. The excess thermodynamic internal energy U is

computed as
v=<EEXY >
and the constant volume heat capacity as
Cy i { <E(xM)2> - <E(xM)>2 }/kg T2.
The pressure is calculated as

P = (kgT/V) (N - < 3Z¥.; (R; aE(XxN)/aR;)>)

and the atom-atom spatial distribution function as
gap (R) = Ny (RI/ d 4 TI RZ2AR

where R is the interatomic separation, Nab is the
average number of b neighbors of atom 'a' in a
spherical shell between Rand R+ A Randd is the bulk

density.
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I. D. CALCULATIONS

Statistical thermodynamic (T,V,N) ensemble Monte
Carlo simulations were carried out individually on
dilute aqueous solutions of DMP~ anion and Na*DMP~ ion
pair in the gg, gt and tt conformations, using a
modified Metropolis procedure [79] incorporating force

bias method [89] and preferential sampling [91] for

convergence acceleration. The system for study in each

case consisted of 216 rigid particles, one DMP (anion/
ion pair), and 215 water molecules. The computer
experiment was performed at 25°9C and a density
determined from the experimentally observed partial
molar volume for water and derived partial molar volume
(corrésponding to infinite dilutidn) of 59.3 ml/mol for
DMP~ [92], and 53.1 ml/mol for the ion pair [92-93].
The condensed phase environment of the system was
simulated by face centered cubic bgundary conditi&ns
which provides here in excess of two hydration shells
for the solute. Convergence characteristics and
statistical error bounds on each of the calculated
quantities were monitored by the method of batch
means [94]. Full details of the Monte Carlo procedure
as applied here are described in the previous section
and in a recent article by Mehrotra et al. [95].

The N-particle configurational energies of the

system were calculated under the assumption of pairwise
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additivity in intermolecular interactions using
potential functions determined from ab initio gquantum
mechanical calculations. Water-water interactions were
modelled by the MCY potential [96] developed by
Matsuoka et al., and solute-water interaction by an
analytical potential function developed by Clementi and
coworkers. The performance of MCY water-water potential
has been extensively documented in the recent
literature [97]), and is known to give good agreement
with experimental radial distribution functions in
simulations carried out at experimental density. The
shortcomings arise in the neglect of cooperative
effects, estimated to incur a 13% error in computed
internal energies for [Hy0]; and an inordinately high
calculated pressure indicative of deficiencies in the
curvature of the potential. The latter problem is kept
under control by working consistently with experimental
densities in (T,V,N) ensemble simulations.

The DMP~-water interactions were computed using the
12-6-1 analytical potentials developed from quantum
mechanical calculation by Clementi et al. [54]. The
geometry for DMP™ adopted in our study, was that of
Gorenstein and coworkers [44]). The (%,% ) torsional
angles were gg (68°, 60°), gt (68°, 180°) and tt (180°,
188°). The OPO valence angles for the gg, gt and tt

conformations were taken to be 183.4°, 97.5° and 92°
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respectively, following Gorenstein et al. [44]. Net
atomic charges for each of the conformers of DMP™ were
computed using the Gaussian-80 system of programs [98]
and the atomic orbital basis sets given by Matsuocka et
al. [99]), and consistent with the potential functions.
We have looked at the behavior of this basis set for
the conformational preferences of DMP™ in vacuum for
both fixed [37] and optimized geometries ([44]. By fixed
geometry a constant value of 102.6° is meant for the
0-P-0 valence angle in all three conformations and by
optimized geometry, the optimized OPO valence angle for
each conformation the values of which are quoted above.
The energies relative ¢to tt are -1.81 and -
3.36 kcal/mol for gt and gg respectively in the fixed
geometry, and 0.26 and 1.58 kcal/mol for the optimized
geometry; the increased stability of the extended
forms in vacuum upon optimization of the O-P-0 valence
angle is seen to be reproduced. A slice of the
potential energy hypersurface for the DMP™ (g, g)H,0
interaction calculated from the 12-6-1 potential
function in the >PO; plane is given in Figure 3.
The energy minimum is in the plane of anionic oxygens
and the interaction is worth ~“-21.6 kcal/mole. This
surface also indicates that an in-plane bridge
structure is more stable than a coplanar sequential H-

bond by about 2 kcal/mole. Next in interaction strength
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Figure 3. Isoenergy contour surface
for DMP™ water dimer
in the plane of anionic 0-p-0- group.
' Contour lines are separated by
2 kcal/mole; distances in f.
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are the planes 6f PO;03 and P0,0, with B ~
-16 kcal/mole, followed by the PO4304 plane with E ~
-11 kcal/mole. Bridged structures are predicted to be
the most stable structures for the gt and ¢tt

conformations as well. The stability of the bridged

structures for the monohydrate complexes of DMP™, as

well as the interaction energies predicted by this
potential function are in agreement with a majority of
studies cited in the previous section.

In the case of NatDMP™ ion pair, sodium-water
interactions were computed according to the "simple"”
model of Clementi and coworkers [180], the behavior of
which was well characterized in an earlier
publication [181] from this Laboratory. The interaction
potential and the geometry for the anionic (DMP™) part
~of the ion pair was identical to that described above.
Sodium ion was held fixed in the anionic >P0§ plane on
the bisector of the OPO angle at a distance of 2.21 R
from the anionic oxygens, in conformity with the
guantum mechanical calculations of Pack and
coworkers [73] on metal-phosphate complexes. This
geometry for sodium cation is also in accord with the
other theoretical studies quoted in the background
section. Partial atomic charges for each conformer of
Na*DMP~ were computed using Gaussian - 88 program [98]

and basis sets of Clementi and coworkers [99,182].
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In the computer simulations, solute-water
interaction was treated under minimum image convention.
Intra-solute and inter-solute interactions were not
included. Since the solute modeled is never approached
by an other solute molecule the simulated system
essentially models infinite dilution. Water-water
interactions were truncated at a spherical cutoff of
7.75 &. Simulations on each conformer involved a total
of ~3000 K configurations, preceded by 500K
configurations of sampling which were treated as
equilibration. The initial configuration was taken
from a pre-equilibrated trial run on the appropriate
conformation of {DMP']aq. Ensemble averages for the
mean energy are formed over the last 2808 K for each
run separately.

We also carried out three additional sets of
simulations on [DMP']aq. The first set involved the
anion in identical bond lengths, bond angles [37] and
charges [54] in all the three conformations. This set,
we call fixed Qeometry calculations, cqrresponds to the
simulations described by Alagona et al.. The second set
involved all the three conformations in optimized
geometry [44] but with a larger cutoff of 186.5 R for
water-water interactions. The third set involved the
anion-in optimized geometry but without density

constraints and corresponds to cluster calculations
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widely published in the literature. Results of these
three sets are quoted selectively.

These calculations were performed on the IBM 3881
machine and each of the twelve simulations on DMP™ with
periodic boundary conditiong_took approximately 109
hours of CPU time for the production stage (™ 2000 K
Monte Carlo moves) while the cluster simulations tocok

approximately 58 hours for the same run length.
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I. E. THE PROXIMITY CRITERION AND ANALYSIS

Monte Carlc simulations generate a set of
configurations consistent with Boltzmann distribution.
In order to glean the average microscopic environment
around the solute one needs a unique analysis scheme
starting from the configurations so generated.
Proximity Criterion is one such scheme proposed [183-
1d5], as an extension of the generalized molecular
distribution funct;on (GMDF) theory of Ben-Naim [106],
to accomplish a compositional analysis of the
statistical state of the sysﬁem and gives a unique
definition of the local environment of each
identifiable substructure, atom or functional group of
‘the solute. A brief description of the GMDF theory is
given here followed by the proximity criterion.

Consider a system of N identical molecules. The
supermolecular geometry of a given N-particle
configuration is fully specified by the configurational

coordinate xN
XN = (X;.%5, ... Xy}

where xi'is the configurational coordinate of the
particle i. For any molecular property Q which is a
function of the coordinate XN, one can define a
counting function

cQx¥,q) = 4 [g-0; (XM ]
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where Qi(xN) gives the value of the property Q for
particle i in the configuration ¥N and d [ ] is the
Dirac delta function. One then proceeds to define a
Quasi Component Distribution Function (QCDF) for the
property Q as

fooof Pax™ 3Z¥.; QN0 agV

fo-of p&® 32f.; oRM axV
where D?(XN) is a selector function whose value is
either 8 or 1, which determines whether or not the
particle i contributes to xQ(qL.A similar definition
of QCDF for properties which are functions of molecules

i and j can be given as

For discrete properties xg(q) describes the
configurational average of the fraction of molecules
for which the property Q is exactlf g. For continuous
p;operties xQ(q) dq gives the configurationaliy
averaged fraction of molecules with property Q in the
interval {[qg, g+dgl. Configurational average of the

property Q is obtained as
Q =ij(q) dq for continuous properties
Q = S:{q] xQ(Q)q for discrete properties.

To bring into QCDF, the volume element of the
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configurational space sampled w.r.t the parameter q,
another quantity called Quasi Component Correlation

Function (QCCF) may be defined as

QCCF(qgg(q)) = XQ/VQ(Q) .

The radial distribution function g(R) can be defined
as the QCCF of distance. Take Qij(xN) to be distance

between particles i and j and use D§j(xN)=l.

grlr) = glr) = Xglr)/vglr) = Xg(r)/[4T1r2N/(N-1)V]

The coordination number C; (XM of i is defined as
c; &M = 3Z8.1 h(Rjy-R)

where h(Rij'Rc) is a unit step function equal to unity
if the interparticle separation between i and j, Rij is
less than the radius of the coordination sphere R,
which is chosen as the first minimum in the
intermolecular center of mass g(R). The quantity Ci(xN)
gives the number of other particles j that fall within
the first cooraination sphere of particle i in
configuration XN. The guantity running coordination
number is simply the average coordinafion number K.as a
function of the cutoff radius Rq.

Binding energy of particle i in configuration VN is

defined as

Bi (XM) = E(X3, ... X§) - E(Xy,+« Xj-1,Zj410 ¢ -EN)
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where E is the configurational energy of the system.
The thermodynamic configurational internal energy U
is related to the average binding energy ¥ by the
expression U = N §/2.
The pair energy between two particles i and j, Pij'
is the interaction energy between two particles. If
only near neighbors are allowed to contribute the

selector function is taken as
ng xN) = h(R;jj-Re) . etc..

The Proximity Criterion: Consider an infinitely
dilute solution consisting of one solute molecule
within a volume V together with N solvent molecules.
The analysis is developed in terms of the coordinates
of the N solvent molecules defined relative to the
solute center of mass. In any given configuration each
of the N solvent molecules is classified on the basis
of the nearest solute atom A. The set of solﬁent
molecules closer to A than to any other solute atom are
designated as the total 1° golvation of A. 1In
geometrical terms, this is equivalent to saying that
molecules that belong to the 1° solvation fall into the
Voronci polyhedron of A, generated by the solute atoms
and the boundary of the system. Higher orders of total
solvation may also be similarly defined. The set of

molecules for which A is the second nearest solute atom
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gives the total 2° solvation of A. Two normalization

conditions for N that follow from the definition are

2Zp Na = N and

3 N§ = N for any A.

NR here is the total solvation number of A at order k.
For any given solvent molecule i, in an N-particle

configuration of the system XV, ccliect as a set the

solute atoms listed in order of k. The members of this

set are the proximity indices for solvent molecule i;

Sk(xp). Consider this set as a generalized property of

the system in the context of the GMDF theory.
s; &M = (sieM,seaM., ...}
where S1O(RY) = {A/Rpi=miny{Ryil}}

i. e. the primary index of the solvent molecule is the
Ssolute atom A such that the distance Rp; is the
absolute minimum in the discrete set {Ryj} of all
distances between the n solute atoms and the COM of the
i th solvent molecule.

With the proximity indices thus defined for all
solvent molecules one may develop an analysis of the
solvation of a solute molecule atom by atom. For every
QCD¥F xQ(q). one can define the k th order proximity

QCDF xs(q) by multiplying the selector function by
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d[A-SE(RN)L.The extension of this analysis scheme to
functional groups is straightforward. The selector
function in this case is Z:AS{F}G[A—SE(RN)] where ({F}

defines a functional group.
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I. F. RESULTS

The calculated internal energies and related
quantities for [DMPT],. and [Na*pMP']aq are collected
in Table I. The quantities entered here are the mean
energy <Ug,> of the systém (Ng=1, Nyp=215), the energy
<Uy> of 215 water molecules in [H,0]; at 25°C, the
corresponding energy <UJp of solvent water in [DMP]aq.
the calculated partial molar internal energy of
transfer for DMP into water, <Ug> and finally <U} and
<Ure1>s the solute-solvent and solvent-solvent
contributions to <Ug>. Each of these is formally
defined in equations 1-12 and Figure 4 of a previous
publication from this Laboratory by Swaminathan et
al. (167]. The statistical noise levels upto a
confidence limit of 95% (2 e—) on each of these
quantities are also indicated in Table I underneath
the corresponding row. The bottom row in Table I gives
the calculated conformational energy differences
relative to the trans extended form. The hydration
energy is seen to favor the gt form in the free anion
and the trans extended form in the ion pair. The
statistical uncertainties in the total internal
energies of hydration indicate that gg and gt

conformers are not well differentiated in DMP.




Table I. Monte Carlo mean energy'simulation results

on [DMP~] ., and [Na+DHP']aq

lFa"‘DHP"-(

: { DMP~ (gg) ; DMP ™ (gt) | DMP™(tt) HBa+DHP'(gg)' gt) INa*DHP=(tt)
| <usw>- |-1859.25 |-1864.55 [-1854.58 |[-1839.77 |[-1822.38 -1853.01
=+/—2*sn : 5.46 .: 5.36 8.29 = 19.28 : 18.15 7.39
] <OS*> | ~41.47 | =31.74 -32.88 | -16.21 | -1i4.24 -34.18
=+/-2-sn ! 3.22 % 1.96 2.45 } 4.08 } 2.24 1.87
i cow's> [-1817.78 |-1832.81 |-1821.79 |-1823.46 [-1818.14 -1818.86
=+/-2'sn ; 4.41 } .91 | 7.92 | 92.47 | 9.94 7.1%
| | ‘ I
{ <oM> ]-1859.75 |-1859.7% |}-1859.75 1-1859.75 |)-1859.75 |-1859.7%
:+/-2*sn } 6.45 : 6.45 6.45 { 6.45 { 645 | 6.45%
| <Ugel> | 41,97 | 26.94 | 38.95 | 36.04 | 51.61 40.89
=+/-z*sn ; 4.7 i 4.06 } 4.60 | €.93 { 7.51 3.09
i
| <us> | g.58 | -4.88 | s.17 | 18.73 | 31.»? 6.74
:+/-2-sn { 5.71 ! 4.48 { 5.21 = 8.04 : 7.84 3.61
I A s> | -4.67 |  =9.97 | 0.00 | 12,29 | 38.863 2.99
|+/=-2*s5D | 2.38 | 2.66 | | 7.18 | 6.96

—— ey S P S ) St T s g e S Sy e e PR T P e S k

#s
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The detailed analysis of the results is based on fhe
Proximity Criterion described in the previous section.
Tables II to VII summarize the results of the proximity
analysis on [DMPT],, and [Na*DMP"],, simulations.
Column 1 of these tables lists the atom or functional
group for which the analyses resulté are presented in
the corresponding row. The sequence adopted is first
methyl groups, followed by ester oxygens and then
anionic >PO; group (and Na* for the ion pair) ending up
with sumé / averages for the entire molecule. Column 2
(RFS) gives the first shell radius in R corresponding
to the first minimum of the primary radial distribution
functions of the relevant atom or functional group. The
first shell proximity analyses of the simulations are
based on these limits. In column 3 are indicated
volumes (VFS) in 83 of the truncated spherical shell of
the Voronoi polyhedron associated with the primary
region of the solute analysis unit, be it solute atom
or functional group. These volumes are generated by
Monte Carlo method using a million random points.
Column 4 gives the average coordination number <K>,
computed as the average number of water molecules in
the volume VFS. This is followed by 1local solvent
densities <K/V> in Column 5 in gm/ml. The average first
shell solute binding energies <SLTBE> are reported in

column 6 in kcal/mole. These represent the net




Table II. Proximity analysis of the hydration of

DMP~ (g,g)
PIRSY SHELL SCLINE FNCPEETIEY TOTML, SLY PRCPS IATIR PRPERTIES
: : WSS W2 1,78 A

AT 1D DDEX TXPE S w3 @ VN GEmD amrD © EMD COb WERFD CRND
METHYL GRS : .

1 ¢ 11 ca 53 2282 00 80 08 0.8 0.0 8.8 0.0 88 5.8

2 1 & saQ a2 9552 2,91 991 -12.15 420 22106 ~4.786 439 -L.W7  -)7.297

1 8.6 EE 4.2 6798 L7875 LGS 0.8 12,960 0.289 420 ~2.989 -17.1M

4 9 o 4.2 1254 9081 S5 LS .91 20879 427 028 -17.6%8
TOIALS FOR FIRCTIONAL GRODP 291.47 0.01 3.52 ~4.34% ~0.618 G.98 20205 .38 -39 -1748

1T 1 1T c@ 5. 2.81 8.0 0.8 8.0 9.8 (R 0.8 .4 14 8.0

§ N1 & a2 4.2 95.83 1.281.03 17 ~4070 236 -1.78%  4.28 -39 ~16.8%59

7T 12 6 pm2 4.2 68.09 l.928.85 3,297 1M 131,289 9.449 421 -3.068 -17.587

$ 3 U imx2 4.2 12540 1.470.83 1683 las2 W.408 1850 408 -3016  -17.248
TOMLS FR FRCTIOAL GROUP 291.73 8.67 4.8% =T.367 - -8.0%8 66173 28,242 {19 <018 -17.A3
AVERAGES OVER FIRKCITONAL GROPS:== 291.60 8.34 0.86 -6.158 -4.TM .01 22U 4.3 -1AK  -17.3% -CN
SOSISTICAL REERIATITY {4/- 2%SD) .16 082 0425 902 882 1912 902 8.9% 8.8
———— } T

s 4 52 o0o0ks 3.2 2950 L4 1.7 -L3.467 -18.747 €161 =15.388 4.05 =2.573 =14.788

18 8 %2 O0OsS 3.2 29.5¢ .75 8.76 =510 -6.84 $.155 ~5.048 4§16 -2.583 -16.248

n

AVERACES OVER FUICTIONAL GROUPS:== 29,55 1.88 1.91 -5.284 -0.788 5,650 ~18.674 4.8 <2911 15314 -0
SDATYSTICAL WCERTANRY (/= 2°SD) 0.06 .85 1848 LIS Bl 31329 g6 SAR2 830
P02~ QIR ) . )

11 1 91 reans 54 6288 08 8.9 8.0 .8 s.0 6.0 48 0.8

12 2 55  oowmn 3.6 59.42 213 1.7 -JL334 15,932 A6 -2ID L. -2.866  -16.307

13 3 55 oo 3.0 55.13 2,12 147 -12.233 -15.174 18,512 -30.349 ¢ 420 -LE1%  -16.728
TCTALS P ARCTIONAL GRRE 126.57 4.25 1.32 -66.168 -}2.4s¢ 715280 64677 432 <2812 -16.557 P2~
STATISTICAL (RCERTAINTY (4/- 25D) 2.16 0.3¢ 2.8 2,17 .03 7517 4492 &1 aau
e .
MOLECUTAR SIRVAVERAGE ; 767.29 22.93 0.09 97,852 ~4.27) 215,300 41472 425 -2.955 ~=16,%57 Cif-
STATISTICL VACERTANTY (+/- 2°SD) 9,27 2.01  S.699  9.2%0 2.3¢ 128 a1 0.3 08,380

[41]



Table III. Proximity analysis of the hydration of

DMP™ (g, t)
" FIRS? SHFLL SOLUTE PROPERFIES 10TL ST PROPS TR
eS=1.30 2= 1,75 A

AT MO [NDEX TYPE - WS WS d AN MWD Q&I @ EGMD CD EPD QBND
METWYL. GROLPS

1 § [ ca 5.3 201 08 69 6.8 .. 8.5 83 .3 8.8 5.8

2 7 6 aHa 4.2 97,38 123398 -6.068 -2.148 .60  3.295 &2 -2.992 <1712

3 8 6 80 4.2 96.25 2.679.89 -1.889 -9.351 2638 .63 4.3 -8 =175

4 9 3 Ema 4.2 123,01 1.690.89 6.918 8.25 29,291 17.338 4.21, -2.999 ~17.195
TOTALS FOR FUNCTIONAL GROL® 320,47 9.76 0.9 -5.089 -4.707 Rl A D -8 -17.08

s ¥ 5 cc 5.3 2.8 @8 8.8 84 0.9 'Y 8.0 .0 &3 0.5

6§ 1} 6 BRI .2 8515 2444085 <1762 -4.312 1.4 6328 4.3 <2897 -17.015

7 12 6 BER 4.2 9548 3.09 8.97 126 -2.346 20,667 1.689 4.26 <-3.833 -17.209

s 1 ¢ B 6.2 129.27 497 0.94 3254 8.8n 33.495 16.068 4,33 -3.202 17,968
TOTALS FOR FIRICTICHAL GROUPS 312.50 9.60 9.92 ~4.649 -.484 70.762 24.969 428 -2.979 -11.548
AVERAGES OVER FUBCTIONAL GROUPS:== 1316.69 9.68 6.91 <-5.TH -5.5% NaN [ 4.3 2.9 -17.005 0D
STATISTICAL IRCERTATMIY (+/- 2°SD) 8.10 0.92 0122 0817 0.3 1.49) 8.82 0.832  8.006
ESTER QYGRS . ‘

$ 4 52 OOKkS 3.2 8.2 0.691.92 -5.649 -1.1T7S 1,338 5771 315 -2.915 -13.16
8 S5 52 OO0iES 3.2 5.3 8.83871 <1293 -A.T%9 7.528 3.9 4.20 <-2.095 <-16.449
AVERAGES OVER PUACTIONAL GROPS:=  J7.66 0.76 8.82 -6.4T1 <-4.167 4429 <4851 398 <2995 -10.%5 -0~
ST\TISITCAL IRCERTAILTY (/= 2°SD) 8.058.05 8.7 8477 B4l 1381 8.8 613 0.288
2~ GROIR .

11 1 51 ppos 5.0 62 0508 8.8 0.8 5.8 (X ] 8.0 4.8 5.8

12 2 55 oo 3.4 5220 2,42 1,38 -38.318 -15.859 26171 +31.800 4.24 -2.888 -16.&77
13 3 S5 oo 3.8 63.76 2.46 1,21 -38.388 -18 455 36.197 -30.856 4.22 -2.919 -16.291
TUTALS MOR PUICTIONAL GAOUP 9.3 4.88 1.22 -76.563 -15.756 63.368 ~83.057 4.3 L2586  -16.138 >N0-
STATISTICAL RIERTAILNTY (+/- 2%D) 8.18 .04 4.885 9.912 0.03 . 6920 £.83 804  8.128
oP-
NLEQRAR SIM/AVERAGE: 807.93 25.76 0.95 -101.393 -3,936  215.000 =31.738  4.24. -2.%63 ~17.397 Tw-
STATISTICAL UNCERTAINTY (¢/- 2*SD) 8.42 0.01 2.761 4.095% 8.6 1.9 e.m 0.025 0.068

€S



Table IV. Proximity analysis of the hydration of

DMP™ (t,t)
. PIRS? SELL SOLUTE PROPERITES 2008 S PRCRS WTER PRCPERTIES
. W3de3.28 KCBm 7.75 A
AT D DO TYPE S WS D QD EMD RID ®© EmD @D ONAED GBMD
METHYL GROIPS :
1 6 8 ca 5.3 2.00 8.9°0.8 8.8 8.8 s 88 08 A8 08
2 71 8 sma 42 9790 3.01 6.92 -5 -3.48 2.7 247 425 -L@l8  -114m
i 8 a Aama 42 9025 3.06 0.9 -0.268 -.982 ' 2LIM  4.838 426 -2.981 -17.38
1 9 su ama €2 12259 4.970.90 1988 8.450 35788 17.388 4.25 -2.953 1738
TOMALS FOR FIICTIONL GRUE 128,50 10.24 8,33 -7.003 -8.717 . 18.233 20.869 4.25 -2.950 ~-17.269
5 8 5 ce2 5. 2.83 8.0 8.0 8.8 0.0 6.6 090 83 88- 0.3
P 1 & B 3 98.26 2.87 B.87 -L.991 ~0.695 21904  S5.672 4.25 ~2.999 ~17.13
7 2 & amx 4.2 97.58 2.910.89 ~-5.398 -1.852 22073 2.M8 445 -2.978 ~-17.808
8 13 S& BHX 4.2 129.59. 4.02 9.93 -0.599 -0.149 .63 15748 4.2 -2.9% -17.113
TOTALS FOR FUICTICHAL GROLP 126.58 9.88 8,89 -7.985 -~B.81S 8.2 2).068 4.29 -2.962 =17.377
AVERAGES OVER MRCTIOIAL GROLPS;= 328,58 18.92 B.81 <7664 ~0.766  78.188 20568 4.77 -2.9% -17.30 -0D
STAOTISTICAL (RCIRTANIDY (¢/= 2%SD) .26 ﬂ..n 8.123 8.828 8.82 1.781 .62 0.02 a.087
ESTER GOYGS
9 4 52 oaks .2 .67 0Bl 1.9 4.7 1379 -0.298 488 ~2.914 -14.4%6
0 S5 52 00%S 3.2 .67 510 0.68 -6.261 -8.951 I3 -6.725  4.03 -2.850 -14.533
AVIRAGSS OVER PRLTICIAL GOXRS:==  38.67 0.76 6.74 <7118 -5.373 135 ~7.561 402 -2.88 ~14.405 O~
ZTISPICAL MCEEBINY (+/- 29D} .07 0.8 0.415 - L1719 € 10m  eE ezl e
PO2~ GROUP N .
0 1 51 s S8 683 68 00 0.8 0.8 8.8 88 .88 08 0
12 2 & oo 3.0 S0.25 2.58 1.42 -39.928 -15.580  29.761 -3a.185 4.2l -2.958 <15.42
N 1 55 oo 3.0 5487 2,10 1.6 -32.863 -15.509  26.185 -24.785 431 -2.887 -16.417
TCTALS FOR FUNCTIONAL CROUP 1435 468 1.22 -T2.723 -15.540 51.5355 ~68.398 436 -2.928 =le.e22 Ui~
STATISTICAL UNCERTALIDY (‘_‘/" 2+*9n) 8.25 9.87 2.4 1,111 8,82 8.932 8.03 8.048 8.10
- .
- WASCULAR SLYVAVERAGE: 012.65 26.23 9.94 -102.298 -3,899  215.080 -12.575° 4.2 -2.978 =17.015 Cr-
STATISTICAL WCERTAINTY (+/- 2%SD) 8.59 @.02 .40 #.118 5.04 2.456 6.4t 8.021 6.073

¥s



Table V. Proximity analysis of the hydration of

NatDMP~ (g,g)
FIRST SHE1l. SOLIMTE PROPERTIES TORL ST MOrs . WATER PRCPERTIES
. WShi=3.20 K= 7,735 A
AT N IIDEX TYPE s ws © XN [ .. +] © ST T WMEPD EHUD
MEDYL GROUPS

1l $ 2 cQa 5.3 2.0 4.0 8.8 2.0 [ W ] (3] .. [ N ] 8.0 a.8

2 7 & 2 fc 4.2 92.83 2.970.9% -3.24 -1.092 2.8 6.7 41 -2.947 -11.138

k| 3 6 " 2a 4.2 66.26 1.86 8.54 2.5681 1.4 1599 9.607 418 =1.491 -17.412

4 9 54 Bl 4.2 121.42 3.53 a7 5.5 1.572 © .85 1s.088 LU -1 -1
TOTALS FOR FITTIGRAL GREXP 283,19 4.35 @.88 S.244 8.627 2.852 11,333 4.2 =388 -17.342

s 18 52 ca 5.3 2. a.9 8.8 a. 8.8 8.8 2.8 2.5 8.9 [ N ]

6§ 1 61 8 Hc 4.2 92.52 2.7%5 6.89 8.208 .05 M.454  13.6847 4.1 ~2.991 -11.6T7

7 12 6 B e 4.2 66.49 2.8]1 9.98 1.549 1,86 14.957 5021 413 -3.852 -17.13%

8 13 54 -} Cac] 4.2 121.84 .45 6.8% 6.081 1,782 .30 2.3n 4,28 =3.028 . =17.72
TOTALS fOR FIECTICIAL GEOUR 284.89 9.21 8.86 9.534 1.289 61.704  45.546 4.25 =3.018 =17.683
AVEPAGPS OVER FIRCTIOMAL GROUPS:== 281,74 8.29 0.87 . 7.599 8.518 6.8 »:2) LA <304 -17.471 -GN
STATISTICAL MCSETANTY (4/= 2°SD) 8.2%5 .03 8.112 8.048 4.931 L12.92¢ 8.4 .8.044 4.148
ESTER OXYCDXS

] 4 52 0 O3ES 1.2 28.9% 0.950.94 -7.,31§ ~-1.588 440 -5.47 LI =2.781 =157

19 5 52 0 04e8 3.2 28.95 9.98 8.92 ~4.258 =4.79%7 £33 -1.902 4.20 =-2.87% ~-15.912
AVEFPAGES OVER PIBLTIONRL GROPS:== 28.95 $.92 8.95 ~5.707 -4.21 4.912 =~.689% 4.7 =2.838 15,435 -0
STETISTICAL (RIERIRINTY {+/= 2°SD) 5.1 3.1  0.8W7 1.6 8.889 5.457 .54 8.146 8.469
PO2- GROUP . : . . .

1 1 5 P BHOS 5.0 6.02 8.2 0.8 8.8 4.8 8.0 8.0 8.0 A8 8.0

12 2 55 0 OlAN 3.6 42.87 0.4 8.52 ~4.977 - -4.69 14452 =4.9M2 4.8 =2.941 -1§6.089

13 3 3 0 o2\ 3.0 42,64 1.190.83 -9.7%% -4.237 14,764 -8.985 . 446 =2,823 -lé.8mB
TOTALS FOR PRITIONAL GROUP 91.53 1.91 0.8 -Ml.TI6 <=1.546 29.06 -11.967 4.3 =2.808 -16.549 >PQ2-
STATISTICAL {RCESTAINTY (+/- 2°5D) .12 3.4 1.1 8.025 8.838 9.473 5.03 8.886 8.293
W+ CRTION . .

u un 2 NN 1.0 72.19 4.37 2.85 -86.%57 ~]17.405 52.14 -711.243 4.39 =2,762 =1§.211 W+
STATISTICAL (DCERTAINEY (+/- 2*<D) 2.23 .19 5.858 1.418 4.048 36,223 2.02 8.082 s.211
[v, o8 N
MOLAONAR SIN/AVERAGE : 789,30 25.33 0.96 -58.177 -31.9M 215.080 ~1£.21B 4.29% -2.52% =]17.080 DMP-.M0\¢
STATISTICAL GNCETTAINTY {+/- 205D) 0.57 3.02 .25 8.155% 9.982 ¢.1¥78 0.81 9.812 8.189
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Table VI. Proximity analysis of the hydration of -

NatDMP~ (g, t)

FIRST SUELL SOLITE PROPERTIES TOTAL ST PRCPS SATER PROPERTIES
RESie3.38 K2 7,75 A

AT 1D DX TIPS w3 WS © SN GQIEd @I © CIBED @D JANFD DABID
IENNL GROUPS _

1 & 8 ca $3 277 08 3.8 A N a8 4.0 (N . a4

2 7 & ma 4.2 9322 L7948 2434 -4l Bas .48 423 <3017 <172

1 3 & pExd 4.2 83.20 2.2140.7% 1433 1.5% 15,499 DI 41 - <128
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S 1B 9 cQ 5.3 219 8.8 80 N .8 8. 8.8 8.8 ' N 2.8

§ L 6 guce L2 89.69 307102 &3 013 179355 AT 4.28 -1 -17.iM

7 12 &1 e 4.2 9143 2.480.81 -3.4 -1209 18026 5211 423 ~-3.085 -17.101

8§ 13 5 s 4.2 120,58 3.56 8.88 f.am  1.M2 26,101 1.4 437 -6 -17.9%2
TATALS FOR FUNCTTOMAL GROUP .49 9.11 8.8 A2 aail €2.193 33.392 4.7 g8 -17548
AVEPAGES GUER PRCTIOHAL GRORS;= 394.71 9.1 0.9 &30 #u® S.01 7437 424 -3 -17.095 -QD
STATISTICAL INCEETRIIRY (/- 2°SD) $.26 3.0 A.1M  saU 41§ 1.512 .02 d3M 4N
avens

9 4 52 oaqies 1.2 2.4 8.230.35 4.1 -)7% T 44T 171 .M -15.682

18 5 52 oos 3.2 .02 555 0.3 3019 ~4.880 7.762 =158 4.4 <2988 247
AVERRSES 076 MIACTIOAL GROPS:== 27,08 0.59 .65 -2.1%6 -1.503 4N =105 391 -.448 160U -0
STATISTICAL RCERTANNNY (+/- 2*SD) .87 008 4.215 M2 0.8 0817 8.87 8.9 8.262
PO2- GRORP CoL

n 1 51 pmus $.0 &.19 0.3 0.0 2.8 a.8 a.8 8.8 8.8 a.8 1.8

12 1 55 oo 3.0 4552 1.6) 1.06 -13.484 -4.20 0,280 -7.699 438 =295 15738

n 3 55 oo0um 3.8 J15.31 6.8 0.7 ~7.463° -8.664 9.261 ~6.788 d.ii -2.809 16,54
TOTALS POR FRETIOAL GROIP 88.52 2.47 8.0} -20.960 -0.449 2,462 -l L) -2.0N -16.60 p-
STATISTICAL (BNCERTAINTS (+/- 2*SD) $:150.83 1.0 0492 8815 612 0.4 0.8 .14
e CATTON .

14 la 2 mma 3.8 70.38 4.952.14 -81.aM -16.54 4.1 -72.633 436 <2686 ~15.681 W+
STATISTIC'L WMCEPTAINTY (4/- 2°2D) 8.819 24.512 4.83 8.856 .14

2810 4049 0764

MOLECIRAR SIM/AVERACE;
STATISTICAL UDMCERTAINTY {1/~ 2°<D)

9.98 ~98.490 -1.466
8.82 2212 8.099

215,088 -14.235
.02 2.24
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Table VII. Proximity analysis of the hydration of

B.o4  d.845

NatDMP™ (t, t)
FIRST SHELL SOLIUTE PROPERTIES TomL, S pRPS MRTER PRPERTTES
BPSiell3 K2 175 A
AT N0 TNDEX TTPE FS WS @© GV RID IO @ @MD P WD OBMED
METIN, GROUPS
1 ¢ 3 ca s3 .73 0.0 8.3 8.0 .8 X 0.8 s o 2.9
2 17 8 asa 4.2 92.35 2.620.85 -3. 42 L2718 19,638 5.923 4.1 -2.986 -17.002
3 3 8 pEn 4.2 92.36 2.56 0.85 -4.365 L&l 21,1280 4.8 428 =291 142
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12 2 S5 O0O0WMN « 3.9 239.66 .64 1.24 -16.6M -9.102 1,362 ~11.198 4.27 -2.842 <=16.685
13 3 s5 oo 1.6 19.52 6.9 9.72 -4.322 -2.31 12355 -6.583  4.22 <2.917 ~l6.esl
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interaction energies of each aﬁalysis unit with water
molecules in their first shell. fhe next column gives
the average first shell pair interaction energy <SLTPE>
computed by dividing the elements in column 6 by those
incolumn 4 for each row. In column 8 are indicated the
total number of water molecules contained in the
Voronoi polyhedron of each analysis unit. The molecular
sum for this column adds up to 215, the total number of
water molecules in the central cell. Column 9 gives the
total solute binding énergy in kcal/mole, which adds to
<U&> for the entire molecule. Columns 16 to 12
summarize water properties as modified by the presence
of the solute. <KW> is the average coordination number
of water molecules belonging to the primary region of
the atom /functional group. The reference here is to be
made to the MCY liguid water value of 4.34 [97].
<{NNWWPE> is the average near neighbor pair interaction
energy of water molecules in each primary region. The
value to be compared with is -3.01 kcal/mole for MCY
water. <BEWWT> is the total pair interaction energy in
kcal/mole of all the waters in éach Voronoi ‘polyhedron.
The corresponding MCY water value‘is -17.3 kcal/mole
[97]. Column 13 gives functional groups for which the
averages are reported in the corresponding row.

The RFS value adopted fc: carbon atoms is ‘5.3 R and

is 4.2 & for methyl hydrogens. This is consistent with
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earlier studies from this Laboratory on [CHglazq [187].
The first shell radial cutoff for ester oxygens is 3.2,
slightly less than 3.3 for oxygens in liguid water,
while that for anionic oxygens is 3.@8. This contraction
of the first shell is explicable in terms of the
anionic nature or larger negative charge carried by the
anionic oxygens. The value of 3.8 for Nat conforms to
that adopted in'the ion-water studies published from
this Laboratory [101].These quantities are chosen from
the position of the first minimum in the corresponding
primary radial distribution function in the proximity
analysis.

The volumes VFS can give a quick estimate of the
average number of water molecules expected at liquid
densities. Taking the average volume of water molecule
in bulk water as 30 R3, the average coordination
numbers expected for‘methyl groupé is 18, one per ester
oxygens and four for the POy~ for gg conformer of DMP™,
if the environment were bulk water like. The Voronoi
volumes for the methyl groups in the extended
conformations (gt & tt) increase relative to gg, while
that of anionic oxygens decrease. The total first shell
volumes for the entire molecule show a trend of gg < gt
< tt. The Voronoi volumes for the ion pair for each
conformer are larger than those for the corresponding

anion. These volume elements are used in defining local
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solvent densities and discussing the
transferabilities of coordination numbers for a given
atom or functional group in different molecules.
Structural features of DMP hydration : The
calculated coordination numbers for DMP~ averaged over
the two methyl groups from the detailed simulation
analysis are 8.34, 9.68 and 10.62 for gg, gt and tt
conformations respectively, showing a slight
conformational trend. The corresponding averages for
the ion pair are 8.29, 9.13 and 9.56 for gg, gt and tt
conformations and parallel the conformational trend in
the hydrated anion. Methyl group coordination is
observed to be relatively unperturbed by the presence
of counterion for the gg conformer. The extended forms
however, show a slight decrease compared to their
anionic counterparts. The average coordination number
for the ester oxygens in gg form of DMP™ is 1.98 while
that for gt and tt is #.76, showing a decrease for tt
not expected from the volumes of the primary'regions.
The corresponding averages for the ion pair follow
similar pattern with 8.95 for gg, 9.65 for gt and 0.63
for tt. The average coordination number for PO, group
of gg conformation of DMP™ is significantly less (4.25)
than for the extended conformations (4.88 for gt and
4.68 for tt). The corresponding coordination number for

>PO3 for the ion pair are of course much smaller due to
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the presence of the sodium ion in the ion pair. The
cation blocks some of the potential sites of hydration
of the anionic oxygens. Here again the average for gg
is (1.93) less than that of gt (2.47) and tt (2.68),
indicating that statistical noise does not obscure the
smaller coordination for >PO, of gg conformer.
Coordination number for sodium cation is close to 5 and
is seen to be relatively insensitive to conformational
changes. Thus counéing the two anionic oxygens
together, sodium ion is heptacoordinateé. This is in
contrast to the octahedral coordination, with six
waters in the first shell, found from the [Na"‘]aq
simulations [1P1l, 108]. This appears to suggest that
modifications are brought about in the solvent
structure around the cation by the anionic >PO3; group,
but this may be sensitive to the assumed RFS values and
the location of the sodium ion.

The total coordination numbers for DMP~ are 22.93
fof gg, 25.76 for gt and 26.23 for tt. The
corresponding figures for the ion pair are overall
larger with 25.33 for gg, 26.87 for gt and 27.87 for
tt. The reduction in >P0§ group hydration is more than
offset by the hydration complement of the cation to the
whole molecule. Here again the conformational trends of
gg< gt< tt are noticeable.

Local solvent densities show some interesting
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trends. Hydrophobic hydration is characterized by a
lower density (710%) relative to the bulk water value
in all six DMP (anion and ion pair) experiments. Ester
oxygens show conformational sensitivity both for the
anion and the ion pair, with a trend of gg> gt> tt. The
anionic >P0O; group indicates a considerable increase
over the liquid water value resulting from
electrostriction although the gg conformer of DMP™ is
somewhat an exception. The solvent density of 2.85 for
the sodium cation is double that of the bulk water
value, clearly giving a structural criterion for
electrostriction. The molecular averages for the anion
are slighty less than that of ligquid water indicating
hydrophobic hydration dominates the overall first shell
solvent densities. Values for the ion pair are closer
to the bulk water value indicating that hydration of
the counterion compensates the effect of hydrophobic
hydration on the local solvent densities.

Energetics of DMf'hydration: A large contribution
to the first shell binding energies of the anion comes
from the anionic (>P0O3) group hydration followed by
hydrophilic (ester oxygens) and hydrophobic (methyl
groups) hydration in all the three conformations. The
first shell energetics of the ion pair likewise is
dominated by the anionic and then the

hydrophilic hydrations. The first shell binding
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energies for the hydrophobic hydration are positive,
with the exception of tt conformer. Molecular sums for
the first shell hydration are close to -180 kcal/mole
for both DMP™ and Na*DMP~ with tt form of the ion pair
forming an exception.

The characteristic trends in pair interaction
energies evaluated through simulations of aqueous
solutions of multi-functional solutes are displayed in
Figure 4. A trimodal distribution for the average near
neighbor pair energies is typical of all [DMP"]aq
simulations, and shows the jionic (left most peak),
hydrophilic (center peak) and hydrophobic hydration
(right most peak) to be well resolved in this property.

The average first shell solute water pair
interaction energies for the hydrophobic groups vary
from -1 to +1 kcal/mole. This is consistent with the
results of earlier simulations on hydrophobic hydration
reported from this Laboratory and others [189-111]. The
average pair energies for ester oxygens range from
-8.5 to -9.4 kcal/mole for DMP; but somewhat less (-3.9
to -6.2) for the ion pair. The average pair interaction
energy for the PO,” group is about -15.6 kcal/mole.
This is to be compared with -21.6 kcal/mole for the
DMP -Water, coming out of the contour surface
calculations mentioned in section I. D. The value for

sodium cation is also smaller (-16.5 to -17.5) compared
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to the interaction energy of the isolated NatH,0
complex (-25.3 kcal/mole). The average pair interaction
energies for the whole molecule vary from -3.7 to -4.3
kcal/mole.

The total solute binding energies of DMP™ are
largely governed by the anionic and hydrophobic
hydrations with interactions being strongly attractive
‘for the >PO; group and strongly repulsive for the
methyl groups. A large positive contribution to the
total solute binding energy comes from the methyl group
interactions with waters external to the first shell.
This is either due to a disruption of water structure
in the secondary shells of methyl groups caused by the
ionic groups or due to inadequacies in the basis set
used for computing partial atomic charges on the methyl
groups or inaccuracies in the distance dependence of
Ehe methyl-water interaction potentials or all of the
above. This repulsive contribution from methyl groups
is larger for the ion pair. The calculated error bounds
are much larger on all these atomic / functional group
contributions to the total solute binding energies. The
total solute-water energetics of POy~ group for DMP™
and NatPO,” group for the ion pair are mostly
dominated by the first shell contributions.

Columns 18 to 12 of Tables II to VII in general

reflect water properties to be expected qualitatively
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for ionic hydration. A value of -2.65 to -2.76
kcal/mole for example, for water-water avefage pair
interactions in the proximity of sodium cation relative
to the MCY water value of -3.01 kcal/mole, gives an
energetic criterion for ionic hydration. Solvent pair
interaction energies in the vicinity of hydrophobic
groups are close to the liquid water value while in the
proximity of hydrophilic ester oxygens they are
slightly smaller and are possibly dictated by the
neighboring ionic groups. The computed error bounds for
the sﬁlvent properties near the hydrophobic groups are
much smaller relative to the ionic and hydrophilic
groups.

Comparison with other DMP~ éimulations : Finally,
Table VIII summarizes some pertinent results from the
other sets of simulations (columns 2b to 4d) on DMP~,
These are compared with the results from the main
calculations (column 12) reported above. Energies are
given in kcal/mole, Partial atomic charges (in atomic
units) used in different simulations on DMP~ are
collected in Table IX.

A larger cutoff (column 2b) for water-water
interactions results in a small but significant
decrease in interactions originating both in water-
water and solute-water terms. Solute binding energies

show similar trends as in the main calculations
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Table VIII. Energetics and coordination numbers for
[DME"”]aq from Monte Carlo simulations

-- e
| toup-) g 1* 2b R 4 |
} Total Enetryetics . ‘

ig.9) ({11 H) =-10%9.13 -1024.6 -16968.4 -2256.0 I
Uy -41.% -33.8 -1n4.8 =-142.7
<> . =1017.8 =-1790.8 -1793.6 =2114.1 l

tg.t} cuUsSH> -186G4.6 -1821.9 -1878.5 =-2228.9
<8 > =31,7 -21.2 -103.0 =-141.1

Ul -1932.9 =-1080.7 -~1774.7 ‘=28R1 .6

{t,t) US> ~18%4.6 -1818.¢0 -1095.1 -

gt -32.9 -21.9 -103.¢ -

<UM'> -1821,7 -1796,) -1791.7 —

;lrlt Shell Energetics =

{g.g) <us'(rs)> -97.1 =95.9 -116.5% =80.4
{>P0O1~) -66,2 -17.13 ~-79.1 -63.8

2{-0=) -10.86 =-19.12 -1%.6 ~8.7

2(-CHI) -1243 +2.6 =-21.8 -16.7

(g.t) <us'(rajp> -1a1.4 -95,2 -116.7 -95.8
(>P0O2-) -76.9 -§3.5% -93.2 -69.7

2{-0-) -12.9 -12.9% =9, ~8.2

2(-C113) -11.6 . 41,2 =-9.2 -17.9

{E, &} <us*(Ps)> -192.3 -91.1 -124.1 | w--
(>902-) -72.7 =-15.1 =-18.1 ——

2{-0-) -14.2 =12.4 -17.8 ——

2{=-Cn3) -15.4 -18.2 -317.¢ -

I Cootdination lunbars

t3.9) Total 22.93 25.42 25.85 22.9¢
(2P0O2-) 4.2% s. 19 S.49 S.61
2{-0-) 2.89 1.82 1.41 1.47
{-CNn3) 16,68 1q.:- 19.04 15.08
I fg.t) Total as5.7¢6 26.41 26.67 212.62
{>p02-) 4.88 S.45 3.23 .40
2{-0-) 1.52 1.48 1.41 1.5)
2{-Ccn3) 19.36 19.42 0.0} 15.09

(t,t) TolLal 26.24 26.26 27.51 =
(>P02-) 4.68 4.01 4.98 -—

2"0" 1-52 loll 107’ -

2{-CnI) 10.04 N 21.19 -

Hain Calculatlions desccibed in the text.
Coilzulastions with a larger cutoff for E(W-W)
Calzulations with identical charges and 0-P-0 valence angle for g9, gt & .tt.

From Ref.§3

COTH | —m———
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Table ‘IX. Partial atomic charges on DMP™ used in
the computer simulations

Atom DMP™ {gg) DMR™ (gt) DMP ™ (tt) pup~ & pup- b *
4 1.861 1.0861 1.047 1.791 0.912 |
ol -9.897 : -9.98% ~-8.898 -9.878 -0.635 {
02 -9.097 -9.892 -3.890 -8.878 =3.655 '
03 -.nszl "'0‘19 "l‘l, -0,611 ‘...l’

o4 -#.621 -0.631 -9.619 -8.631 -8.419 I
Ccl -8.428 -8.424 -=B.424 ~8.211 -

giC} #.162 0.176 #.174 f.104 - !
H2C1 9.165% '-118 '011‘ '01" -

HIC1 g.188 0.164 9.165 8.217 - I
c2 -9.428 -9.426 ~9.424 -f§.211 -

H1C2 0.162 9.180 0.174 9.104 e l
HaC2 9.165 9.175 8.174 0.104 -

H3ica #.108 §.163 9.165% 8.117 ~— I
CH3(1) 0.088 9.093 9.089 8.114 0.199 I
CH3(2) © §.088 0.991 0.889 5.114 9.189
onp~ -1.000 -1.088 -1.080 -1.000 -1.000 l

Calculations with identical charges and 0-9-0 valence angls for 3§, gt & tt.
From Ref. g3

oe
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reported above. The differences in the structural
aspects are most pronounced for the anionic hydration
in the gg form. Small changes are noticed for the
extended forms. Hydration of methyl groups and ester
oxygens and the total coordination numbers show
conformational trends mostly matching with the main
calculations.

Results on the fixed geoﬁetry and charge simulations
(column 3¢ of Table VIII) show a significant increase
in the binding energies relative to the calculations
previously described. The interactions are more
negative by about 71 kcal/mole for the gg conformer and
by 83 and 81 kcal/mole for gt and tt conformations
respectively. Given that the geometry for gg conformer
is more or 1less similar in both studies, these
differences are mainly attributable to the magnitude of
charges, and point out the sensitivity of the
calculated energetics to reasonable range of choices
for these parameters. Optimization of the valence angle
is seen to destabilize solute-water interactions over
and above the charge effect, by about 18 kcal/mole.
However the total internal energies of hydration favor
the gg conformer relative togt in the fixed charge and
geometry palculations, while in the optimized geometry
calculations the gg and gt conformers are energetically

indistinguishable in consonance with the theoretical
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studies on DMP™ in vacuum mentioned in the background
section. Hydrophobic hydration in the first shell is
slightlj larger with coordination numbers per methyl
group varying from 9.5 to 18.6. Hydrophobic hydration
and the total coordination numbers show similar trends
as in the other sets.

Column 49 of Table VIII reproduces some pertinent
results on'[DMP‘]aq of Alagona et al.. A comparison of
fixed geometry and charge calculations (column 3€) and
that of Alagona et al. shows that conformational trends
match for the over all energetics and water-water
interactions. However their results differ from the
main calculations (column 1) presented above in that
gt conformer was found to be more stable with regard to
solute-water interactions, while the net conformational
preference for gg in the total energetics in their
calculations, originates in water-water terms which as
they observed are more sensitive to statistical noise
and convergence aspects of the runs. The total solute-
water terms are more negative in their calculations.
One major difference in the energy terms between the
two sets arises in the water-water interactions which
is -2164.4 +/- 2.3 kcal/mole for TIP4P water and
-1859.75 +/-6.5 kcal/mole for MCY water for a system of
215 water molecules. A slightly smaller value for

methyl group coordination is obtained in their
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simulations, which is probably attributable to a
smaller radial cutoff of 4.7 used for the first shell
in their analysis. Also in general the united atom
representation relative to a discrete representation is
expected to give a smaller coordination nqmber for the
same cutoff as the accessible surface area is smaller
in the former representation. That gg form should have
a larger methyl coordination than gt is counter-
intuitive. This is either due to differences in their
analysis procedure or to the united atom representation
for methyl groups used in their simulations. Over seven
waters were assigned to POy~ group hydration, slightly
more than that in the present study and this is
possibly related to the potential function. The minimum
in their potential function for phosphate water
interaction (-16.87 kcal/mole) is over 6 kcal/mole
higher than that given by the potential function of
Clementi and coworkers (-21.93 kcal/mole). A shallower
potentiai energy surface appears to give a larger
coordination number. Also a slightly larger cutoff of
3.2 8 was employed for the anionic oxygens in their
analysis.,

A visual description of the results on DMP™ (gt)
cluster calculations is given in Figure 5. Conclusions
from'cluéter calculations appear to be valid for ionic

hydration and not for hydrophobic hydration, a




Figure 5. Representative hydration complex emerging from the
simulation on DMP~(g,t)-water cluster. Dashes and dots correspond
to solute-water ( < 3.2 R) and water-water { < 3.3 ) bonds.

<L
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reasonable expectation since the former is dominated by
local solute-solvent interactions, whereas the latter
depends on the solute volume and solvent-solvent

!

interactions.
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I. G. SYNTHESIS AND DISCUSSION

The essential structural features of the aqueous
hydration of the dimethylphosphate anion as described
by our simulations is a first hydration shell
consisting of 23-26 water molecules, with “six of the
first shell waters identified with hydration of the
phosphodiester (PO4~) moiety, and 17-29 with the
hydrophobic hydration of the methyl groups.
Conformational differences in the P04~ hydration show
up mainly in adistribution of the six waters among the
anionic and ester oxygens. Methyl groups in the gg form
correspond to a contact pair (C to C distance ~ 3.6 R)
and are expected to be less solvated than in the
extended conformations, and this is borne out by the
simulation results. Counterion admits five additional
waters into the first shell of the molecule while
mostly decreasing the anionic hydration by about two
waters in all conformations and of other functional
grdups as well to a minor extent. The hydrophobic
hydration, taking into account the accessible volumes,
is seen to be unperturbed by the presence of
counterion.

Coordination numbers for methyl groups vary from 8-
19 in all these simulations and show a high degree of
transferability when these are normalized with the

accessible first shell volumes. Local solvent densities
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for the methyl groups in the fully extended form (tt)
for instance, are 0.91 for the anion and 8.91 for the
ion pair and for gt, they—are P.92 for the anion and
9.90 for the ion pair. This agrees with the results on
N-methylacetamide [112] for hydrophobic hydration where
methyl groups were assigned 8-9 waters and the results
were observed to be independent of the potential
functions. PO,4” group hydration in the anion shows a
small scatter while Na+P04' group results indicate
that the coordination numbers are transferable ag&in.

Local solvent densities of ester oxygens clearly
show a conformational effect, with ester oxygens in the
gg form having a larger value. Figure 6 illustrates
this effect. This is akin to the results reported by
Pratt and Chandler ( Figure 4) [113] on the hydration
of butane where the interior methylene sites in the
gauche form showed a larger density than the trans
methylenes.

Bridged structures are a common theme in theoretical
studies on monohydrate complexes as pointed out in the
background section. We have looked at the statistical
gsignificance of such structures in [DMP']aq
simulations. Statistical weight of configurations with
a bridging water molecule between the two anionic
oxygens of the phosphate group is defined as equivalent

to the conditional probability for locating a water
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Figure 6. primary and total radial distribution
functions and running coordination numbers
of gg and tt ester oxygens
illustrating conformational effect.
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molecule at a distance of 3.8 R (first minimum in the
radial distribution functions) from both the anionic
oxygens. The value obtained for the statistical weight
was 0.605, indicating a low probability for such
structures in the statistical state of the systems.
This observation matches with earlier studies on
glycine zwitterion hydration reported from this
Laboratory [114].

Representative structures illustrating the DMP~
hydration for the gg, gt and tt isomers are shown in
Figures 7 to 9, respectively and for the ion pair in
Figures 18 to 12. Of course, no single structure is
representative of an entire simulation, but considered
alongside the statistical description of the system
given in the preceding section, general features can be
considered. The anionic hydration of‘DMP' involves
primarily sequential, two-center hydrogen bonds in the
structures shown. The most common type of interactions
in the structures is bent hydrogen bonds. The general
organization of the anionic hydration of DMP~ as
determined from the simulation reflects clearly the
idea of circular zones of hydration predicted in the
studies of Pullman and coworkers described above [52,
55]. The hydrophilic hydration of DMP™, essentially
one water per ester oxygen shows an average separation

of 2.7 & very near the 1liquid water value. The
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Figure 7, Stereo view of a representative Bydration complex of
[nur‘(g,g)]aq sampled from the Monte Carlo run. Dashes and dots

have the same significance as in PFigure 5.
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Pigure 8. Stereo view of a representative hydration complex of

[DMP™(g,t)] 4. Dashes and dots have the same significance as in Pigure 5,
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Figure g, Stereo view of a representative hydration complex of

[DHP‘(t,t)]aq. Dashes and dots have the same significance as in Pigure 35,
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Fiqure 1g. Stereo view of a representative hydration complex of
[Na"DHP'(g,g)]aq. Dashes and dots have the same significance as
' in Pigure 5.
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Figure 1ll. Stereo view of a representative Bydration complex of
[Na“'DMP‘(g.t)laq. Dashes and dots have the same significance as
in Figure 5,

Z8



Figure 12. Stereo view of representative hydration complex of

[Na"'DHP'(t,t)]aq. Dashes and dots have the same significance as
T i in Pigure 5.

t£B
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hydrophébic hydration, quite extensive in DMP™, is
generally as expected; a structure of the hydrophobic
hydration shells dominated by water-water than solute-
water interactions is shown quite clearly in Figures 7
to 9. The presence of counterion is seen to increase
the number of water-water hydrogen bonds in Figures 1¢
to 12. No water molecule is bound to both the sodium
ion and the phosphate anionic oxygens simultaneously.
Treating the midpoint of the anionic oxygens and the
oxygens of water molecules as coordination sites, the
symmetry of sodium hydration shell roughly corresponds
to an octahedron in all the stereo pictures of ion pair
hydration complexes. Attention here is to be drawn to
the recent molecular dynamics simulation of Siebel,
Singh and Kollman {115] on B-DNA in water with sodium
counterions and without periodic boundary conditions,
where they reported an average coordination number of
4.8 for sodium ions lying close to the phosphate
anionic oxygens, in reasonable agreement with our
observations.

An appraisal of the calculated energetics in the
simulations must necessarily take into account two
basic computational problems. Firstly, solute-solvent
interactions are rather sensitive to the potential
function adopted and the partial atomic charges. For

ionic systems this is further compounded by the
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approximations involved in periodic boundary conditions
in modelling the system due to the long range
interacéions. Furthermore a non-negligible contribution
for highly charged systems is expected to come from
waters beyond the first shell which are numerous, and
this leads to apprehensions about the small system size
in the simulations. Secondly, solvent-sclvent
interactions are generally subject to considerable
statistical uncertainty despite the long run lengths,
more so for ionic systems. Thesé together with concerns
about intermolecular potentials leads us to only a
provisional understanding of the relative stability cof
various conformations.

Trends in total solute-water interactions parallel
conclusions from the continuum model calculations [57],
with the gg conformer for the anion and tt for the ion
pair favored over and above the calculated error
bounds. The conformational differences in the total
internal energies of hydration are not sufficiently
significant for an unequivocal interpretation. However
subject to the stated uncertainties, the tt conformer
of the anion is seen to be destabilized by hydration
relative to gg and gt, whereas it is stabilized by
hydration when paired_with sodium counterion.

Experimental data on the enthalpies of hydration of

DMP is not available. Calculated transfer energies of




Table X. Calculated contributions

energies of DMP™

86

to the transfer

| ., DMP~(gg) DMP~ (gg) *
<us> I ' . 5 "92 [ ‘
<g;,1> +42.0 +58.3
< > -41.8% =142.7

<us' (rs)> ' -97.1 -80.4
U8t (EXT)> I +55.6 -54.3
>P02-(EXT) +1.8 -a=
2(~-0-) (EXT) I -3.8 ———
2(~CH}) (EXT) +56.9 am=

a From Ref. 63
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hydration are mostly endothermic. An analysisvof the
transfer energies for DMP™ (g,g) is presented in Table X
together with the results of (T,P,N) ensemble
calculations of Aiagona et al. [63]. First row of
Table X gives the vacuum to water transfer energies
<Ug>. Second and third rows are the water-water <Uge;>,
and solute-water <U4> contributions to the transfer
energies respectively. The <Upe1> results suggest that
in both cases DMP~ disrupts the water-water
interactions. A similar observation was made earlier
with the halide anions and alkali metal cations [181].
The solute-water interactions howevef are much too
small in magnitude in the present calculations
relative to the results on ion-water simulations
(<ug> 2 -158 kcal/mole) of Ref. 181 and of Alagona et
al.. These are further analyzed in terms of first shell
contributions <UYFS)> given in row 4 and interactions
of solute with waters external to the first shell
<UL(EXT)> given in row 5 (and divided into the
constituent functional group contributions in rows 6, 7
and 8). A contribution of +55.6 kcal/mole for solute-
water binding energy from <UY(EXT)>, almost entirely
coming from waters proximal to the methyl groups, is
clearly unrealistic. Similar symptoms are observed
with the gt and tt conformations of the anion and with

the ion pair. Fixed charge and geometry calculations
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indicate the sensitivity of the solute-water binding
energies (<Ulp= -1¢4.8 kcal/mole given in column 3¢ of
table VIII, as opposed to -41.5 kcal/mole in Table X
discussed above) and hence the transfer energies to the
choice of partial atomic charges adopted in the
simulations as pointed out earlier. While a judicious
choice of the solute-water and water-water potential
functions is imperative to obtain acceptable transfer
energies, aﬁother possible source for this discrepancy
is modelling the ionic systems through periodic
boundary conditions as mentioned earlier. These
constitute some as yet unresolved methodological issues
and further work is needed in this area. The [DMP']aq
simulation results here (a perusal of Table VIII should
suffice) appear to strongly suggest that structural and
energetic aspects pertaining only to the first
hydration shell of the solute are physically.more
meaningful.

A comparison of the performance of the solute-water
potential functions of Clementi and coworkers employed
in the present study with those of Kollman and
coworkers [63], on the first shell energetics is
undertaken in the following. (See columns 12 and 49 of
Table VIII for details.) A total of -88.41 kcal/mole
was assigned to the first shell solute-water

interactions for the gg conformer in their simulations
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with a division of -63.83 kcal/mole for the ionic >PO3
group, =-8.72 kcal/mole for the ester oxygens and -16.66
kcal/mole for the methyl groups. This is to be
contrasted with a total of ~97.85 kcal/mole apportioned
as -66.17 kcal/mole belonging to the ionic group,
-18.57 kcal/mole to the ester oxygens and -12.32
kcal/mole to the methyl groups in the simulation
reported here. The average first shell solute-water
pair interactions are even more revealing. They assign
=11.24 kcal/mole for the ionic groups, -5.82 kcal/mole
to the ester oxygens and -1.85 kcal/mole for the
methyl groups compared to -15.55 kcal/mole for the
ionic group, =-8.79 kcal/mole for the ester oxygens and
-0.73 for the methyl groups in the present
calculations. The first shell energetics of the
hydrophobic hydration, taking into account the number
of water molecules involved, appears to be relatively
insensitive to the choice of the potential function. A
smaller average first shell pair interaction energy and
a larger Eoordination number for the ionic group in
their calculations seem to be related to the choice of
the potential function, while their product giving
the total first shell binding energies cited above for
the two potential functions agree well within the
sﬁatistical uncertainties. Results on the gt conformer

follow a similar pattern with the potential function of
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Clementi and coworkers adopted in the present
calculations turning in a slightly more negative term
for the average pair interaction energies and a smaller
coordination number for the POy~ first shell hydration
compared to that of Kollman and coworkers.

Badger-Bauer rules [116] relate the red shift of the
O-H stretching frequencies to the enthalpy of H-bonding
formation. This empirical relation is extended to the
first shell solute-water interactions obtained through
the analysis of the simulation results. Lerner et
al. [31] noted that the >POj anti-symmetric
stretching frequency (~1228 +/- 5 cm~1) was insensitive
to conformational changes and postulated that IR
spectrum would not reflect conformational changes.
Monte Carlo results on DMP are used to check this
hypothesis through Badger-Bauer rule. The
proportionality constant for PO, -H,0 frequency shifts,
is obtained by calibrating the results on gg conformer.
(An interaction energy of -66.168 kcal/mole is assumed
to result in a frequency shift of 25 cm~l.) The results
on gg show that for a conformational change to gt or
tt, a red shift of 2.5-4 cm™! is expected for the anion
and 2.3-3.8 cm~! for the ion pair. A blue shift of 19.4
en~ 1 is expected for ion pair formation (DMP™(g,g) to
Na*DMP~(g,g)). Monte Carlo results are thus seen to be

in correspondence with the observations of Lerner et
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al.. Thus the anticipated red shifts of the >POj
asymmetric stretch due to conformational changes are
within the quoted experimental uncertainty, while
solvent reorganization attendant upon ion pair
formation is expected to result in a noticeable blue
shift.

In another additional calculation based on the
simulation results, 31lp spin lattice relaxation times
of DMP~ in water are estimated following the
methodology developed by Hertz and Raedle [117].

(1/Ty) j=14/3 y;2y4202s5(s5+1) Ix

j{exp(-t/tc) dt'f(g(r)/rs) amr? dr.}

The procedure essentially assumes that.dipole-dipole
{dd) relaxation is the dominant mechanism and involves
a Markovian approximation for the relaxation process.
The appropriate time correlation function [118] then
has an exponential decay with rotational correlation
time t, of water as an input parameter (taken from Ref.
119). This is the well known rapid modulation limit
where the solvent motions are on a much shorter time
scale relative to the solute motions. The
Oorientationally averaged spatial correlation function
then involves evaluation of the ensemble average of
1/r® where r is the distance between the relaxing
solute nucleus and the solvent protons. This is

evaluated using -the radial distribution functions,
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g(rp_g), obtained from the Monte Carlo calculations.
The calculated T, values for DMP™ are 216.2 seconds,
216.4 seconds and 217.5 seconds for gg, gt and tt
conformations respectively. The experimentally
estimated values [68] are close to 20 seconds. Thus
either the procedure is limited in accuracy or dipole-
dipole relaxation is not the dominant mechanism.
Shindo [12@] finds this as a usual situation met in the
case of 31p studies in macromolecules where chehical
shift anisotropy provides an efficient alternative
means, which may not be relevant for a small molecule
like DMP~. Relaxation scheme based on rapid modulation
limit may not provide a valid model for strongly
interacting systems such as DMP~ and water.
Alternatively, with in the dd approximation one can
utilize the experimental T; values to estimate the
rotational correlation times of water in the vicinity
of the solute and comment upon the strength of solute-
water interactions computed via the given potential
function. For DMP™ the t, estimate is ~ 2.5 x 1711
secs which is probably 3 to 4 times too large for an
anion. Thus the solute-water potential function of
Clementi and coworkers [53] employed here appears to
over estimate the interactions, i.e. the first shell
water molecules are predicted to be more tightly bound

to the solute than is found experimentally.
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I. H. SUMMARY AND CONCLUSIONS

To sum up, the phosphodiestgr group was
characterized by a little over six water molecules in
its first hydration shell. The total average internal
energies of hydration and the relative transfer
energies indicated that hydration destabilized the tt
conformer of the anion, and this mostly originated in
the >PO,; group hydration. Solute-water interactions, in
particular phosphate group hydration favored the gg
form and water-water interactions favored the gt
conformer of the anion. For the ion pair the total
average internal energy of hydration was seen to
stabilize the fully extended tt conformer. Convergence
in water-water interactions was noted to be slow in all
these simulations. The computed error bounds on the
calculated energetics suggested that statistical noise
was larger for the ion pair relative to the anion. (

A comparison of the solute-water potential functions
of Clementi and coworkers with those of Kollman and
coworkers suggested that a meaningful compariéon could
be made only for the first sheil properties of the
solute wherein the results indicated a number of
similarities. A 1arg§r cutoff for water-water
interactions while preserving the conformational trends
in coordination numbers resulted in an increase in the

local solvent density of the anion in gg conformation.
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Idgntical partial atomic charges in all conformations
were observed to render the solute-water interactions
conformationally indistinguishable. Also the transfer
energies were noticed to be sensitive to the selection
of partial atomic charges on the solute. The structural
trends ;n hydration however, were in general agreement

with other sets of simulations.
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I. I. EXTENSIONS

The question of relative stability of the various
conformations of DMP™ is of course a matter of free
energy, and involves intramolecular energy and entropy
contributions as well as intermolecular.

Determinations of the intramolecular thermodynamics
of the gg, gt and tt conformations of DMP~ in free
space, are described in ChapterIII. A three-pronged
approach (an empirical scheme, a computer simulation
method and the dielectric continuum approach) was
envisioned for the estimation of hydration free
energies of the three conformations of DMP~. These
investigations are presented sequentially in Chapters
III, IV and V.

Some relevant methodological explorations at
different stages of completion are discussed in Chapter

VII under suggestions for future work.
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CHAPTER II

INTRAMOLECULAR THERMODYNAMICS OF

DIMETHYLPHOSPHATE ANION IN FREE SPACE
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II. A. INTRODUCTION

The statistical mechanical treatment of
conformational analysis of macromolecules is
traditionally based on the idea that conformational
transitions are laréely governed by the torsional
degrees of freedom and vibrational modes around Ehe
torsional minima on the potential energy surface.
Attempts were made in the past, with various
constraints, on the solute geometry [121] to estimate
the contribution of vibrational partition function to
intramolecular thermodynamics of conformational
changes. A method to estimate the configqurational
entropies through computer simulations based on
Einstein's formula for the probability distribution of
fluctuations was proposed by Karplus and Kushick [122],
and this was further extended to compute the
vibrational frequencies within the quasiharmonic
approximation by Levy et al. [123]. The methodology
for determining the intramolecular thermodynamics in
the quasiharmonic approximation was illustrated by
Ravishanker et al. [124]. Details of the calculations
of internal energy and entropy contributions to the
free energies of DMP~ in free space are described

elsewhere [125]) and are reviewed below.
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II. B. THE QUASIHARMONIC APPﬁOXIHATIONA

The intramolecular thermodynamics of the
dimethylphosphate anion were determined by a Monte
Carlo calculation on the internal degrees of freedom
with entropies estimated in the quasiharmonic
approximation. The configurational internal energy in
the vicinity of a local minimum is computed by a

numer ical integration as the average value
uintra = <g(q)> qe€ i

where E(q) is the intramolecular potential energy as a
function of the q internal degrees of freedom and the
brackets denote a Boltzmann configurational average in
q space (c.f. section I. C.). The energy function E(g)}

is evaluated from an analytical force field [27].

= S™ 2
E = 2 honds Kr (r'req) +

—o. 2
Kg (6-84)% +

q)
2dihedrals (Vn/2)[1 + cos(n g - ¥)] +
32i¢5 | A33/R1%) - (Bi5/REy) + (Qj05/6R )] +

22 bonds [ (C;3/Ri3) ~(D;3/RY)]

:angles

For entropies the procedure [122] is based on an

effective potential of the form
E'(q) = (1/2) q. POH, ¢

with the elements of the force constant matrix FQH




99
given by the expression
F, = kpTle— ~1]
kl B kl

where e~ is the covariance matrix of the internal

coordinate fluctuations.
- = <{gr-<qy>)(qy-<q;>)>.

Assuming that the difference in the Jacobian
evaluated at the two equilibrium conformations i and j
are negligible, the quasiharmonic conformational

entropy difference is given by

A st = (1/2) kp 1ln(e-;/ey)
where

o-; = det (e~) e- € i

for displacements in the vicinity of the i th
conformation. The relative internal energies and free

energies follow straightforwardly from

int _ pint _ pgint
a U’i'Jl = U% ui
and
int _ int _ int
QA A}t = A Uil - T A ST
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II. C. CALCULATIONS

The initial geometries of the gg, gt and tt
conformations of DMP™ are similar to those of Alagona
et al. [27, 63] and identical to the values adopted by
Newton [37] and are based on UpA crystal studies.
Methyl groups. were treated in the united atom
approximation to be consistent with the force field
employed [27]. The potential energy function used in
the present calculations is that of Kollman and
coworkers [27]. The intramolecular internal energies
for the starting configurations of ggq, gﬁ conformations
of DMP™ are seen to agree with the values reported in
Table IV of Ref. 27. Monte Carlo simulations were
conducted in cartesian space. Partial atomic
charges [63] on the solute were held constant during
the simulations. Since the sampling was confined to a
local minimum, no gross distortions in the geometry and
probably no major changes in the charges are to be
expected. This besides, Ealculating charges at each
Monte Carlo step is computationally prohibitively
expensive. Also, representing the electronic charge
distribution of ﬁhe solute by a point charge model
already involves an approximation. Full details of the
calculations as carried out here are described in Ref.
124 and 125. About ZBﬁB K Monte Carlo steps were run on

each conformation.




Table XI. Calculated vibrational frequencies of DMP™ (in en™1)
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II. D. VIBRATIONAL SPECTRUM OF DMP™

In a quasiharmonic moleculér simulation, the force
constant matrix can be used in a Wilson FG procedure
for normal mode analysis. Results of the intramolecular
thermodynamics can only be as good as the force field
employed in the calculations. A check on the force
field is performed by calculating the guasiharmonic

force constant
FOH/kpT = [e-1"1

and solving the secular eguation
| GFQHE- N1 | = 0,

for the vibrational frequencies ( A\ = 4 IT vz). The
calculated and the experimental [28, 29] vibrational
frequencies are collected in Table XI. Results
indicate reasonable agreement between theoretical
predictions and experiment. Shimanouchi et al. through
é normal mode analysis established the asymmetric
stretchof the phosphodiester group (>P0Oj) as a'finger
print zone for identifying the phosphodiester
conformations. The gg conformation with C, symmetry was
predicted'to have a higher frequency for the asymmetric
stretch (>PO, as. str.) relative to the symmetric
stretch while the tt conformation with Cy,, symmetry was

predicted to give a higher frequency for the symmetric
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stretch (>PO5 s. str.). On the basis of this, and the
Raman spectrum they concluded that the solution
conformation was predominantly the gg form. The
calculated frequencies here support their conclusions.

The agreement between the éalculated and
experimental frequencies is better in the high
frequency region of the spectrum. The discrepancies in
the calculated and experimental frequencies are to be
traced to the quasiharmonic approximation, the force
constants and other equilibrium parameters employed in
the energy function. Also, the observed experimental
frequencies are influenced by the presence of
counterions while the present calculations do not take
cognizance of the solute environment (free space

approximation).
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II. E. RESULTS AND DISCUSSION

‘The calculated thermodynamic gquantities are
collected in Table XII. The intramoiecular free
energies ( N ainty are observed to favor the gqg
conformation relative to gt and tt forms for the
phosphodiester torsions of DMP~. The internal energies
( O uint) are seen to dictate the trends. The
calculatedtemperature weighted entropy contributions
(T 0 sinty are small and counter the above trends.

The performance of the potential function appears to
be satisfactory particularly in the high frequency
region as evidenced by the agreement between the
calculated and observed vibrational frequencies. The
intramolecular thermodynamics is dominated by the
internal energy contributions wherein gg form emerges
as the most stable conformation of DMP™ in free space.
The stability of the gg form in free space is generally
attributed to the anomeric effects and this bias is
already built into the force field@ through the dihedral
term . The configurational averaging in the vicinity of
a local ﬁinimum performed here has not altered the
trends in the internal energies. The calculated
entropies make no significant contribution to the
conformational trends. It may be recalled that similar
observations were made on configurational entropy

contributions in the quasiharmonic approximation for




Table XII. Calculated intramolecular thermodynamic quantities for
the gg, gt and tt conformations of DMP™ relative to tt.2

I | tt [ gt I qq =
| |
= o uint 6.8 -0.98 + 0.67 -1.88 & 9.13 :
} -1 A sint 8.8 g.11 + 9.04 0.28 +18.28 %
I A aint 8.0 -8.87 + 8.88 -1.608 % 8.31 |

a) All entries are in kcal/mole. Error bounds are reported as
420~ as determined by the method of batch means.

SOT
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alanine dipeptide [124]. The configurational entropies
are extrehely sensitive to the 1low frequency
vibrational modes and moreover the multi-variate
Gaussian distribution in the internals holds only when
(a) the fluctuations in the internal coordinates are
small and (b) they are statistically independent. It is
uncertain if these conditions are satisfied
particularly in the low frequency region. The thermal
energy at room temperature corresponds to 200 cm~1.
‘Thus a classical treatment of all the vibrational
degrees of freedom involves yet another approximation.
Entropy changes due to diffusive modes which are
probably'important again in the low ffequenqy region
elude the ﬁ?esent calculations. It must be mentioned
however that the quasiharmonic approximation and the
sampling scheme for the internals adopted here
(limiting the sampling to a local minimum) are
consistent with each other and while the objections and
omissions listed above do matter to the absolute
entropies, they are perhaps not very significant to the

conformational differences. These are some possible

areas for further investigations.
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CHAPTER 111

THE HYDRATION SHELL MODEL APPLIED TO

DIMETHYLPHOSPHATE ANION
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IIXI. A. THE HYDRATION SHELL MODEL

Solvent effects play a significant role in
biomolecular organization and hydration shell model is
a simple scheme to incorporate solvent effects in
exploring the free energy surfaces of biomolecules in
agqueocus media. Hydration shell model-originally
proposed by Scheraga and coworkers [58-68] and further
developed by Hopfinger [12, 61] is an empirical scheme
to evaluate solvation free energies and is particularly
useful in stﬁdying conformational preferences of
macromolecules.

The hydration free energy estimates are essentially
based on P A V approximation for the Helmholtz free
energy of hydration. A plausibility argument for the
hydration shell model is presented below to make the

underlying theory and approximations transparent.

OA=-PAV (at constant temperature)
s «-(F/V) AV (P = (F/V)= free energy density)

= =(n £/V) A V (n=Coordination number, £=(F/n) )

A abyd. =; A AihYd (Superéosition approximation)
( A; is the free energy of hydration of atom i, and
summation extends over all solute atoms/functional
groups.)

DAj =-(ng £5/V) A Vy

({ Here vy is identified with the volume of exclusion
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due to non-bonded neighbors.) The above equation in
terms of the local solvent densities d; can be
expressed as

DA; =- £;d; AV; (d; is the local solvent density)
AAbYd = - 3= £ (ny/vHh A v

where the f;'s are calibrated against experiment [59].
nj's are evaluated from energy minimization
studies [58]1]. ViH and A V;®¥ are computed
analytically [68, 61]. |

l. The model thus assumes a linear relétionship between
free energy changes due to hydration and changes in
accessible volumes due to the encroachment of non-
bonded neighbors into the hydration shell.

2. Work done in removing n; waters (scaled
appropriately by the volume changes) from the primary
hydration shell of atom "i" is related to the hydration
free energy of atom "i".

3. Intra-solute spatial correlations in hydration are
neglected (superposition approximation).

4. Coordination numbers or local solvent densities are
assumed to be transferable.

5. Parameters are temperature independent and are valid
only at 25° C.

6. Reference state from the formula is the fully
stretched solute conformer with A V8% = ¢, while from

the interpretation of free energy as work done in
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removing the waters of hydration, it is the solute in
free space and from the calibration of the parameters
with experiment reference state is the solute atom in a
non-agueous medium. This aspect needé a closer
scrutiny.

Similar in spirit is the Gurney parameter approach
of Friedman and coworkers to include solvent effects
first applied to ionic solutions [126], and later
extended to the study of hydrophobic interactions
[127].

The interaction energy between species i and j is

expressed as a sum of four terms.
Uj4= Coulomb + Core + Cavity + Gurney

Gurney term incorporates the solvent effects. Changes
in free energy of hydration are linearly related to

volumes of exclusion of the hydration spheres.

GURij= (Alj) vexy Vw

Here too Aij's are calibrated against experiment and
Ve* are computed analytically. The authors of this
model point out that the errors due to the apparent
inconsistency in treating the free energy term ( as
Gibbs free energy for the purposes of calibration while
it in fact is Helmholtz free energy), are negligible.

This argument applies to the hydration shell model as
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well,

Ben-Naim following a different theoretical route in
the context of hydrophobic interactions, finds a
similar P A V approximation for free energies of
solvation of macromolecules as justified .[128]. It may
be pointed out here that A Aihyd from the hydration
shell ﬁodel, as arising due to the non-bonded overlaps
of hydrophobic groups is in direct correspondence with
dAHT yged in the liteﬁatute to characterize hydrophobic
effect. In assesing the results of hydration shell
model and similar empirical schemes, the breakdown of
superposition approximation pointed out by Pratt and
Chandler[129] are also to be kept in view.

Computer simulations within the scheme of hydration
shell model come into play in handling the local

solvent density term more accurately.




(A) (B) ()

Figure 13. Illustration of the excluded volume
calculations in hydration shell model. (A} R;
represents radius of the central atom i, and Rg
radius of the hydration sphere of i. j and j°
denote covalently bonded@ neighbors and k a
nonbonded neighbor. (B) The shaded region is
subtracted from the hydration sphere of atom i to
compute maximally available_hydration shell volume
of atom i. V& = [(4/3) r= (R3-R}) - V] where Vy is
a sum of volumes excluded tecause of boncded
neighbors and is approximated by a cylinder of
diameter (3/2)R;. (C) The configuration dependent
excluded volumes, shown as double hatched regions,
due to atoms k, contribute to hydration free energy
changes.

Tt
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I1I. B. CALCULATIONS AND RESULTS

Hydration shell model calculations are performed on
the gg, gt and tt conformations of dimethylphosphate
anion (DMP7). The excluded volumes are calculated as
prescribed by Hopfinger [61] and by Hodes et al. [68].
This is illustrated in Figure 13. Contributions from
specific hydration [68], (accounting for acceptor H-
bonds of the anionic oxygens with water molecules), are
equivalent for all the three conformers and hence
cancel out in conformational differences in hydration
free energies.

The geometry for DMP™ is identical to that of
Newton [37] as mentioned in section II. C. Coordination
numbers and radial cutoffs obtained from three separate
Monte Carlo simulations on the gg, gt and tt forms of
DMP™ in water, described in Chapter I (Table VIII,
column 3€), were utilized along with the free energy
parameters of Hopfinger ([12].

The hydration shell model results on DMP~ are
collected in Table XIII. The hydration free energies
are seen to favor the gg conformation relative to gt
and tt forms of DMP~. An analysis of the results on a
functional group basis is reported in rows 2 to 4.
Ionic hydration appears to play a major role in the
destabilization of the extended tt form. Both ionic and

hydrophobic hydrations favor the gg conformer.




Table XIII. Hydration free energies of DMP™ calculated through

hydration shell moedel (kcal/mole)
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tt gt

ﬂ-ﬂ -1.40
8.0 8.84
ﬂ-ﬂ -0017
gog "9073

-1.77
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-0.31
-1.07
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III. C. DISCUSSION AND CONCLUSIONS

The free energies of hydration emerging from the
hydration shell model suggest a stability ordering of
gg > gt > tt. The magnitude of the conformational
differences is however small.

The conformational trends in hydration free energies
predicted by the model are noticed to be sensitive to
the coordinaiion numbers adopted in the calculations.
For instance the coordination number of ester oxygens
is assigned as 2 [12] while in nucleic acids the
hydrophilic hydration of ester oxygens seldom exceeds
one water per ester oxygen. Thus if the parameter set
given in Ref. 12 are used entirely, the hydration free
energies relative to tt are 0.29 kcal/mole for gt and
8.59 kcal/mole for gg conformation. This trend is due
to an unrealistically large emphasis given to the
hydration of ester oxygens which stabilizes to a minor
extent the fully extended tt form, the contributions
from ionic hydration being equal for all the three
conformations. Results were also seen to be sensitive
to small variations in solute geometries and
coordination numbers. If the coordination numbers given
in column 1 ¢of Table VIII corresponding to the
optimized geometry simulations of [DMP"]aq (Chapter I)
are employed in the calculations, the observed

stability trends were gt > gg > tt. Thus while the
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model is computationally very attractive, a
recalibration of the parameters for nucleic acid
constituents is needed to improve the reliability of

the hydration shell model conclusions.




CHAPTER 1V

FREE ENERGY SIMULATIONS ON [DMP

-]aq

117
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IV, A. INTRODUCTIOF

Experimental and theoretical studies of
phosphodiester torsion angles in model compounds in
solution and in free space are reviewed in Chapter 1
and are summarized in Table XIV. The free energy of
hydration of the backbone segment of nucleic acids
exhibiting the phosphodiester torsional degrees of
freedom is not a directly accessible quantity to
experiment. All the theoretical inveétigations
conducted hitherto focussed on the internal enérgy
contributions to conformational differences. There is
no information so far on the entropic contributions to
the conformational free energies of hydration. As seen
in Chapter III, empirical models while providing
computationally attractive schemes to evaluate the
hydration free energies directly, are fraught with
uncertainties in terms of the parameters to be used and
magnitudes and trends of the hydration free energies
predicted. Thus theoretical studies must take recourse
to alternative descriptions for reliable estimates of
relative conformational free energies.

Ligquid state computer simulations and Monte Carlo
method in particular, have proven to be successful in
evaluating structural and mechanical quantities such as
radial distribution functions and internal energies.

Computations o¢f thermodynamic quantities such as




Table XIV. Summary of experimental and theoretical studies on the
conformational prefernces of DMP~ (Energies in kcal/mole)

| | g9 | gt | tt |
| Giaras et ales | erystals xeear 1 a1 T
| Shim;t-l;l-lchi ;.t aI., aq.soIn..;;:_Ram;;-}-“;--! ------ = ------ I
| Gars igoa-iagrange et ai., aqcseiniimER IR
| Gorensrein, aasotn., e wa | = 11T
| Newson, 1973, B0V, ab inicio | 8.8 | 3.8 1 7.8

E-;ullman et-;I.,1975, o ovac, ap 1n1t;{-a.9“= 3.4 { 8.0

= Nanda et al., 197;: a UV;E:“E;:;S;;“ra.e _{_ 1.5 } 5.8 }
= Gorenstein et al.,1977, A U"ac.,“-(-:ﬁaa--l 8.0 -{ 8.1 = 0.9-

I Langlet et al., 1979, A ghyd, Dis-Co;:i-}-;.a = -9.6 E“---

: Alagona et al., 1985, A BBYd, Mc E 8.8 H-za.n = --:-I

61T
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free energy are difficult to obtain starting from a
Hamiltonian model for the system, due to the special
relationship between the partition function and free
energy. Efforts in this direction have been extensively
reviewed in a Trecent article from this
Laboratory ([(138]. The problem is that high energy
regions of the configurational space which are
extremely important for the estimation of free energy,
are either under-sampled or not sampled at all in any
séheme designed to cull configurations with high
Boltzmann probabilities. Non-Boltzmann sampling [87]
(aimed at extracting ultimately Boltzmann averages
of course) is a way to circumvent the abcve mentioned
problem. A coupling parameter approach [131] was
developed in this Laboratory along with the umbrella
sampling technique [87] and the relative free energies
were estimated via probability ratios. This method was
applied to estimate the relative free energies of
hydration of the conformations of alanine dipeptide in
water [131]. The probability ratio method was
subsequently extended to incorporate a self-consistent
determination of the non-Boltzmann bias [132].

Free energy simulations on ionic systems are
particularly problematic due to the strong and long
ranged solute-water interactions. The studies reported

so far are relatively few and and mostly confined to




121

simple spherical systems. Qﬁgstions with regard to tﬁe
practical applicability of the different free energf

methodologies to biopolymers and their limitations such
| as the extent of uncertainties on the quantitative
estimates, remain unanswered. An assessment of the
probability ratio method, its application to agueous
solutions of nucleic acid constituents and specifically
to evaluate relative conformational free energies of
hydration of phosphodiester torsions in DMP™ are
presented in the following. Special attention was given
to the performance of the free energy simulations on

the thermodynamic cycle.
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IV. B. THEORY
To estimate the hydration free energy difference

between any two conformations i and j Qalﬁ’d, through
computer simulations, a coupling parameter (A) is
introduced to accomplish a smooth transition of the
system from one state (A\=0) to another ()\=1l) during the
simulations. Thus any intermediate state k, between
states i and j, along the one dimensional path defined
by the coupling parameter is generated as

k= A1+ (1-)) 3
) here is identifiable with a correlated conformational
coordinate. For a conformational change this can be
explicitly written as

{gk} = X {gi} + (1-)) {gd}
A similar egquation holds for the partial atomic
‘charges. The free energy of hydration can be expressed
as |

ahyd(y) = - kg T 1ln P()\) + constant
where P()\) is the unnormalized probability of
occurrence of the state corresponding to the value of
the coupling parameter \. The problem then is reduced
to developing P()) where ) € [@, 1l]. A sequence of
Monte Carlo runs with umbrella sampling with an
éppropriate weighting function then produce
probabilities of state i and j and all other states

along the path defined by the coupling parameter.
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Whereas in the umbrella sampling technique the
weighting function is conventionally chosen as a
harmeonic function of the form

EqA) = ¢ (A - A2,
>the adaptive umbrella sampling scheme is based on the
logic that the best weighting function is the free
energy function itself.

Eg(\) = kg T In P\)
Since apriori Eg4()\) is not known, an iterative approach
is used where P()\) is first estimated on a smaller set
of )\ using the original poiential energy function E and
this estimate is used in the next step to enlarge the
set of ) sampled. This refinement is continued until
the adequate E,{\) is found.

A ratio of the ﬁnbiased probabilities, properly
matched, (matching is required to ensure that the
different P()\) estimates along the path defined by A\
have the same normalization factor), then yields
relative free energies of hydration beﬁween any two
states defined by the coupling parameter. The
probabilities for the whole range of [8, 1] of )\ in the
present study are matched at the values of )\ where the
slopes of successive 1ln P()\) curves are equal. The
relative free energy of hydration between the
conformations i and j is obtained as '

ﬂA?¥d= Aj(A=1)-Ai(A=ﬂ) = kgT 1n(P\=8)/P(\=1) ).
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IV. C. CALCULATIONS

Monte Carlo computer simulations in the (T,V,N)
ensemble at a temperature of 25° C were performed to
estimate relative free energies of hydration between
(1) gg and tt and (2) gg and gt, conformations of DMP~
in water. A modified Metropolis procedufe [79]
incorporating force bias [89] and preferential
sampling [921] was used. The geometries chosen for the
solutes were those of Gorenstein et al. [44]). Partial
atomic charges on each of the three conformations of
DMP™ were computed using the Guassian-80 system of
programs [98] with the atomic orbital basis sets of
Matsuoka et al. [99]. The system in each case consisted
of one DMP™ and 215 water molecules at experimental
density. FCC (Face centered cubic) periodic boundary
conditions were used to simulate the macroscopic
system. The inper solute interactions were neglected,
thus the system corresponds to one at infinite
dilution. Solute-water interactions were computed using
the potential functions of Clementi et al. [54], under
minimum image convention [77]. Water-water interactions
were modelled by the MCY representation [96], with a
spherical cutoff of 7.75 8. In the set gg to tt, the
coupling parameter A, carried the phosphodiester
torsions from (60°, 608°) to (180°, 1889, the 0-P-O

valence angle from 163.4° to 92° and the partial atomic
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charges (Table IX, Chapter I), as described in the'
previous section. Similarly in the set gg to gt the
torsional angles were varied from (68°, 60°) to (60°,
188°), the 0-P-0 valence angle froﬁ 103.4° to 97.5° and
along with the partial atomic charges.

Preliminary calculations using harmonic weighting
functions for the non-Boltzmann bias, involved a total
of six Monte Carlo simulations for gg to tt and five
for gg to gt. The results suggested that gg was more
stable than tt by 6.4+1.0 kcal/mole, and gt by 7.2+1.0
kcal/mole. The stability of the gg conformer relative
to gt and tt predicted by these simulations was
consistent with the ﬁreponderance of the gg form found
in crystal studies of oligonucleotides. As a self-
consistency check on the methodology and its
guantitative predictions, six more Monte Carlo runs
were conducted fromgt to tt in an attempt to close the
thermocycle. Computational details of these computer
experiments are given in Table XV. As against a value
of 8.8 kcal/mole in favor of the tt conformer to be
expected from the previous two sets, the computed value
for the free energy of hydration of gt relative to tt
was -12.2 kcal/mole. The free energy cycle was off by
13 kcal. This raised serious gquestions about
convergence of the Monte Carlo runs, the statistical

noise in the estimated probabilities, the errors
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XV.Characteristics of individual Monte Carlo
runswith harmonic weightingfunctions

Chaxacterization of the individual Monte Carlo runs (gt to tt)
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involved in matching and the path dependence of the
computed quantities. A more rigorous convergence
criterion was defined to eliminate one source of error.
Ruds which fluctuate around a given mean for the
coupling parameter and do not show any drift during the
simulation, were accepted as having converged. This
provides one way of ensuring that the umbrella sampling
scheme with harmonic weighting functions is properly
implemented. Twenty more Monte Carlo simulations were
performed meeting this criterion. Characteristics of
these Monte Calo runs are given in Tables XVI and XVII
and the corresponding matching curves are shown in
Figure 1l4. The stability trend for the phosphodiester
torsions in DMP™ in water was again observed to be gg >
gt > tt as above. The first set from gg to tt gave a
free energy of hydration of 6.11+0.6 kcal/mole in favor
of gg. The second set from tt to gg yielded -5.6%+0.6
kcal/mole indicating that each segment of thé'Cycle is
reproducible to within 1 kcal/mole. The thermocycle (gg
->» gt =-» tt -> gg) however was still off by 8 kcal.
While there is no obvious theoretical explanation for
this anomalous result, the rotation of the solute
during the simulations, particularly when the solute-
water interactions arising in waters external to the
first shell make significant contribution to solute

binding energies, may lead to a very slow convergence
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XVIiLharacteristics of individual Monte Carlo
runs for gg to tt & tt to gg simulations
meeting convergence criterion

Characterization of the 1ndlv1duu1 Monte Carlo runs (tt to gqg)
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XVII. Characteristics of individual Monte Carlo
runs for gg to gt & gt to tt simulations

meeting convergence criterion
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of the estimated probabilities, since the "corners" of
the simulation cell provide a slightly anisotropic
environment. Secondly the influence of the selected
harmonic'weighting function and that of the initial
configuration on the numerical estimates, are obseved
to be nonvanishing in runs of length less than 1800K.
The hydration free energy calculations were repeated
on the gg, gt and tt conformations of DMP~ with the
probability ratioc method using adaptive umbrella
sampling technique involving a self consistent
determination of the non-Boltzmann bias [132]. Solute
was held rotationally fixed. Each of the ¢two
calculations (gg to tt and gg to gt) involved a total
of three simulations, each of run length 20806K Monte
Carlo steps. ( To discourage sampling outside the
targeted domains, the factor K in equation 20 of ref.
132 was set to 0.1 in the Monte Carlo runs and to
encourage sampling in under sampled regions of the
targeted domains the C factor in equation 19 of Ref.
132 was set equal to @.5.) Results of these
calculations are presented in the following section.
The corresponding matching curves . are shown in
Figure 15. Calculations on a third set from gt to tt
showed a double maxima for the -kTln P (A\) curve and
required five Monte Carlo simulations. This set

together with the two above showed that the statistical
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noise for the complete thermocycle simulation is ~ 0.6
kcal which is probably reasonable considering that a
total of 11 simulations were involved in all. ( The
first law of thermodynamics stands verified after all
by the free energy simulations on [DMP‘]aq to an

accuracy of @8.6 kcal ! )
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IV. D. RESULTS AND DISCUSSION

The calculated free energies of hydration are
collected in Table XVIII. The reported uncertainties in
the estimated free energies are deduced from the
differences in probability estimates of overlapping
segments (matching). The stability ordering (row 1) for
phosphodiester torsions in DMP~ in water is gg > gt >
tt. This is consistent with the observed preponderance
of gg conformer and lack of evidence for tt form in
oligonucieotides and also with the IR and Raman
inferences and 31P NMR studies on DMP~ in agueous
solutions (section I. B, and Table XIV). Table XVIII
gives a split of O AMYd (row 1) into A UMYY (row 2) and
T  sh¥Yd (row 3) contributions. A UMY values are taken
from the Monte Carlo mean energy simulations discussed
earlier in Chapter I (Table I). The results show that
while internal energies of hydration favor gt
conformer, entropically gt turned ocut to be the least
favored form. The stability of gg conformation for the
phosphodiester torsional angles over the extended forms
in free space is attributed to anomeric effects
(Chapter II). The mean energy simulations on the
agqueous solutions of DMP™ (Chapter I) showed that ionic
hydration destabilizes the tt conformation relative to
both gg and gt, while gt was favored over gg conformer.

The hydration free energy simulations reported here




Table XVIII. Calculated intermolecular thermodynamic quantities
for the gg, gt and tt conformations of DMP™ relative to gg. (in
kcal/mole)

I I gg [ gt i tt |
|omm——— v | = ee - -——- |- - |
la A% | p.0 | 1.9 + 8.1 | 2.3 + 8.5 |
[-=———- i I R |mmem e |emmmr e ]
| hvd |
=c AANYY (HSM) | 9.0 | 0.4 l1.8 E
la a ahvd(cpey | 8.0 | 2.6 | 3.3 I

a: The calculated relative free energies of hydration discussed
in the text.

b: The mean internal ehergies of hydration. ( Chapter I )

c: Relative free energies of hydration estimated through
hydration shell model. ( Chapter III )

d: Relative free energies of hydration evaluated through
concentric dielectric continuum model. ( Chapter V)

SET



136

indicate that the relétive preference of fhe
phosphodiester torsions for gg conformation over §t
form in agqueous solutions is to be traced to the TQ S
term. This is an interesting result and is supportive
of the current view of the hydrophobic effect, given
that the two methyl groups are closer to each other in
the gg conformation. The overall picture presented by
the conformational differences is that the hydrat;on
free energy surface is relatively flat.

The present study yields information for the first
time on the relative conformational free energies of
hydration of phosphodiester torsions in nucleic acid
constituents and also highlights some of the problems
to be encountered in complex systems. The series of
computations here have shown that qualitative trends in
relative hydration free energies evaluated through
simulations are reproducible with consistency.
Quantitative estimates however are more exacting. Thus
caution is to be exercised in drawing inferenées based
on the assumption that the numerical estimates of
hydration free energies of larger systems evaluated
through free energy simulations honor the thermodynamic
cycle. However thermocycle provides a stringent test on
the methodology and an error estimate of 8.6 kcal

obtained here is very encouraging.
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IV. E. CONCLUSIONS

The free energy simulations reported here indicate
that hydration stabilizes the gg conformation for the
phosphodiester torsions in DMP~. The anionic hydration
through the solute-solvent interactions, and the
hydrophobic hydration through the entropic
contributions, are observed to be the major factors
stabilizing the gg conformer of DMP~ in aqueous
solutions. The conforﬁational differences in free
energies of hydration however suggested that the
extended forms (gt and tt) are thermally accessible to
some extent in aqueous solutions at ambient
temperature. On the methodological front the
performance of the free energy simulations is very

satisfactory.
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CHAPTER V

DIELECTRIC CONTINUUM MODELS FOR SOLVATION
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V. A. CONCENTRIC DIELECTRIC CONTINUA

V. A. 1. BACKGROUND

The dielecéric continuum as a description of
environmental effects on the equilibrium properties of
aqueous solutions and on the structure and conformation
of biomolecules has received much attention over the
last several decades due to its conceptual simplicity
and computational convenience. Beveridge and Schnuelle
in an earlier publication [133] described the
evaluation of Helmholtz free energy of polarization of
an arbitrary charge distribution imbedded in concentric
dielectric continua, generalizing the models of
Born [134, 135] for ion solvation and Onsager [136] for
dipole solvation, within the framework of
Kirkwood's [137] reaction potential [138] formalism.
This can be useful for includiﬁg electrostriction or
bound water effects in a dielectric coﬁtinuum treatment
of solvent. In the following ﬁe present an extension of
this treatment to incorporate ion atmosphere, thus
combining the work on extended Debye - Huckel theory
discussed by Tanford [139) with that in Ref. 133 to
provide a unified theoretical scheme to apply to
environmental effects. The theory is illustrated by
investigating the conformational preferences of

dimethylphosphate anion and sodium dimethylphosphate
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ion pair in aqueous solutions with respect to
phosphodiester torsional angles.

The continuum approach is motivated physically by a
separation of spatial scales involved in the problem.
If the dimensions of the solute are much larger
compared to solvent and/or counterions, the environment
(i.e. the solvent and counterions) may be treated as a
homogeneous medium. The continuum formalism is
characterised mathematically by an appropriate
differential equation for the potential of intereét.
For the electrostatic potential, one starts with
Laplace equation for treating solvent effects, and
Poisson-Boltzmann equation for considering the effects

due to ion atmosphere.

9235 =0 ( Laplace equation ) (1)

(V2- x2) 3 =9 ( Linearized P-B equation ) (2)

Here & is the electrostatic potential and 72 is the
Laplacian operator. The ionic strength enters the
theoretical treatment through x, the Debye's reciprocal
length parameter. The general solution for equation (1)
"in polar coordinates [14@], suitable for the symmetry
of the problem of solute in a spherical cavity
considered here, is
+n E

nm ;
ﬁg-n ( Bup ™+ ;E:i ) Pg(cos Q) eimd (3)

& =3"
n=0
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and for equation (2) it is {[137]

co +n C | .
8 = 3= 3= ( --x- eXI x (xr))PM(cos ©)eiM8 (4)
n=@ m=-n
where Pﬁ(cos ©) are the associated Legendre
polynomials, B, and C,, are constants, and E,, is
related to the charge distribution.
n 28 n! (2n-s)1
Xplxr)= 2° (=== m e ) (xr)8 (5)
s=0 s! (2n)! (n-s)!
The form of equations (3) and (4) is due to an
expansion of the solutions of equations (1) and (2) in
terms of pegendre polynomials, which constitute a set
of linearly independent functions and are particularly
suitable here for the application of boundary
conditions.

The problem as extended to concentric dielectric
continua [133) considers three regions with solvent
treated as a polarizable dielectrié continuum; region A
with a dielectric constant of €; is the cavity of
radius a containing the solute represented as a
discrete charge distribution, region B vicinal to the
solute contains solvent of dielectric constant €,,. in
a spherical shell of thickness (b-a), and region C
represents the bulk solvent of dielectric constant €,

and extends radially from b to infinity. Thus for the




142

problem dealt with in Ref. 133 the potential inside the

cavity is
©0 +n E
- - - nm
85= €31 3T 37 { (Byp tM+Fpp £+ --=oo)
n=@ m=-n P

{ PN(cos o) eimg) } (6)

where the 1/r™*1 terms originate in the multipolar
expansion of the central charge distribution with n
denoting the order of the electrical moments. Epp
contains the characteristics of the central charge
distribution.
(n=|m|)! n : img
Epp=(-——=--—- ) 22 qg tf P{ (cos 6) e™iW (7)
(n+im|)! k=1
The terms B, and F,, are due to the reaction field
acting on the solute charge distribution, originating
in the polarization of the local dielectric shell and
the bulk dielectric continuum respectively. The
reaction potential acting on the solute charge
distribution is identifiable with
1 oo +n )
Bg= €71 3T 5= (Byy rM+Fp, r™)PR(cos @)eiMf (g)
n=0 m=-n
The continuity of the potential and its first
derivative across the boundaries between the three

regions, were employed to specify the boundary
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conditions. The coefficients B, and F,, were
determined in terms of E ;. Helmholtz free energy of

polarization was obtained as

1 .
A= - 37 q Oplrg) - (9)
2 % k ©Rkk

1 oo (n+l)(1-€) Q

2€; n=0 (n+l)€} + n a2n+l

(n+1) (1-€p) n(l-€}) Q,
(=== ) (1= ———m——mee )-5--i} (18)
(n+1)€, + n (n+l)€l+n ben?
where Q= %E 3~ akxqyrpr}P,icos €k1) | (11)
1
, (n+1) (1-6,) (1-g) a2n+l
and €= €,/[1 + ===mmmmmmfommeeZe oo ] (12)
%= %a ((n+1)€, + n) p2n+l

Thus this model constitutes a step in advance of the
earlier continuum models for solvation free energies in
recognizing the special role of solvent close to the
surface of the solute. A similar extension of Kirkwood

and Tanford's treatment is presented below.
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Solvent and ion atmosphere |
Region C

Figure 16. Definition of the parameters for the
concentric dielectric continuum problem
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V. A. 2. THEORY
The model considered in the present treatment
consists of three regions as in Ref. 133 and depicted
in Figure 16, but could of course be generalized
further. Region A represents a cavity of radius r=a,
and a dielectric constant of €; wherein the solute
charges qi are located at sites ry. Region B extending
from r=a to r=b represents the region of the solvent
vicinal'to the solute and contains solvent of
dielectric constant €;,.. Region C, ranging from r=b to
r=00 contains both the counter and co ions i.e. the ion
atmosphere and the solvent of dielectric constant €.
This partitioning of the system, besides being
physically realistic for spherical solutes at iow ionic
strengths, provides a unified scheme to combine all
other models mentioned above. The objective here is to
consider analytically the solute-solvent intéractions
as well as solute-ion atmosphere interactions at the
continuum level. The appropriate equations to solve are
the Laplace equation (egn. (1)) in regions A and B
and the linearized Poisson-Boltzmann equation (egn.(2))
for region C. The notation adopted in the following
is as similar as possible to that of Ref. 133.
The potential inside the cavity is given by
equation (6) where now the F,, terms include the

reaction field due to the ion atmosphere as well. The
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reaction potential at the solute charge site r) is
given by equation (8). The potential in the local

region (region B) is

=1 2° tp n Gnm
¥10c= €1oc f;gﬂ n?--_-n {(Fpp £ + —;E:i
(eM(cos @) elimd) } (13)

The potential in the outer most region (region C) is

-1 oo __+n Cnm -Xr m img
&,=€g n% mf:n (r-r;-_;_-f e Xn(xr))l’rl (cos 6)e (14)

The boundary conditions for the model considered are

81 oc (r=b) =B, (r=b), - (15)
8,(r=a)=3; o (r=a), (16)
€10c! 88100/8r Vyop = 6ol d8,/d41) Lap s (17)
and  €;( d8;/dr);_5 = €15c( 88)4c/dr) pg- (18)

Equations (13), (14) and (15) lead to

G C

-1 nm. .3 nm -xb ‘
S10c (Fnmb™ ~o27) = €57 (337 o7 Xplxb))
G
n
or €y (Fnm b+ -;E;T= Can Yp (19)

where €, = €,/€; ¢ (28)
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and Y(r) = e ¥I xn(xr)/r“+l:

Yy = (¥(r)) ap: ¥ = (A¥(r)/dr),.p (21)

Equations (13), (14) and (17) lead to

n F,, bP~1l- (n+l) =25 = Cnn ¥ (22)

S bt - . ) -5=- (23)

Similarly equations (6) and (8) together with (16)
give

71 n n, 20 - g7l n o, A0
€i" (Byp @ + Fpp a" + an+1) €1ocFppm 2~ + an+1)

G

nm
+ ;551" (24)

where€,=6,,./6; (25)
and equations (6), (8) and (18) lead to

E G

ah~l. (n4l) --2T = =(n+l) ---= (26)

n B
an+2 an+2

nm

Eliminating F,, using (23) and (24) gives

Gnn=€} (Bpy a?™ + Egp) (27)
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asn+l (n+l)Yp+€p b Y
where €3 =ea/[1+(;-2-r-l-l:i) (1-€,) (-';--t--e-—-];-y-s--” (28)
nip = %

Combining (26) and (27) gives

(n+l) (1-€%) E,

B = (mmm—em———- ) =t (29)
nm (n+1)65 +n a2n+1

and from (27) and (29)

Gup = (1 = ======2--- ) Enn (30)

and from (23) and (30)

(n+l) ¥, + €, b W n (1-€}) E
I b IR 25 a0 - it 4 ----)>=-=(31)
nY, - € b ¥ (n+1)€] + n b<nt

;] X +n (n+1) (1-€3) h
§g = €71 5= 5T (emmmeemom oo

. ' n=f m=-n (n+1)€i+n a2n+l

(n+1)¥L+€, b B! n(l- e) M .
(“""E"P—--Eb-)(l - ——————- E-)--2---1)B‘E,.H“P}{‘(cos e)eims
nYy - €, b (n+l)gl+n b0+

(32)

{n+l) Y, +€ b ! n(l-e!) Q
(====-- 13--li,-"'fk')') (1- ===~ ) —fﬁgi } (33)
an-Gb b Yb' (n+1)Gé+n b
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The above results transform into those of Ref. 133,
in particular equation (33) reduces to (18) in the
limit of vanishing ionic strength.

For x=0,
Yy = 1/b"1 and ¥ = -(n+1)/bNF2 | (34)

Essentially the terms F,, and €', are redefined from
those in Ref. 133 to include ion atmosphere through the
Debye's reciprocal length parameter x.

For n=8, equation (33) reduces to

1 (1-€4) Q, 1-€p(l4xb) Q
By= -=- (-=--- s S -= ) (35)
L a €yll+xb) b

By = (Aggrp + Apm) = ==—m====({1-€,) = —--==-- ) (36)

In comparing equation (36) with the Debye-Buckel
result (see for instance equation 26-30 of Ref. 139 )
it must be borne in mind that the reference state here
is the discrete charge assembly in free space as in
Born's model for ion solvation. By letting x=8 and €;=1
in the above equation, Born's charging energy ;s
recovered.

a - 2o 1%

{——-=) {37)
° 2a €
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Similarly for n=1, Q;= pz and

1 2(1-€)) p?  2v.4€, b ¥ (1-e2) p?
Ay ot E DR R A By G
26; (2€1+1) a ¥,-6, b ¥§  (263+41) b
3
a 2Yp+b €, Yp
where€l=€,/[1+- (ﬁ-ea)p_~51-——9l—9)1 (39)
| b Y,-b €, ¥y
Yy = (e”¥P/b2) (1+xb) (40)
Yg = (-e7%P/b3) (2+42xb+x2b2) (41)

Now by setting €p=1, €;=1 and x=0 in eqn. (38),

A o a__oal_ t (42)
b7 (1+2e,) a3

This is the familiar Onsager's dipolar contribution to

the solvation free energy.
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V. A. 3. CALCULATIONS

Model calculations are performed on
dimethylphosphate anion (DMP~) and sodium
dimethylphosphate ion pair (Na*DMP™), in the gauche-
gauche (gg9), gauche~trans (gt), and trans~trans (tt)
conformations as systems of previous
interest (Chapters I to IV). Literature oln the
conformational preferences of phosphodiester torsion
angles, and on the hydration of DMP~ and Na¥DMP~, is
summarized in section I.B. and in Table XIV. Equation
(33) in the limiting case was seen to reproduce the
hydration free energies of monoatomic ions (Table 2.9
of Ref. 135), and here we consider a polyatomic
conformationally flexible molecular ion. All
calculations were performed at a temperature of 298 K
and varied ionic strengths. Center of the first non-
vanishing moment is chosen as the origin for the
solute. The inner radius r=a was taken to be 3.2 & and
the outer radius r=b as 6.8 8. These values are based
on the solute-water radial distribution functions
calculated from the Monte Carlo simulations described
in chapter I. The inner radius as estimated from the
partial molar volumes was ~ 2.87 & but was observed to
lead to divergences in the computed free energies since
some solute charges lie outside the inner sphere. The

choice for the outer radius also agrees with the value
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of b=a+2Ry,, where R, is the radius of the water
molecule. The geometry and charge distribution for DMP~
were identidal to those of Alagona et al. [63), where
the charges were chosen as fits to the quantum
mechanically calculated electrostatic potentials and
reproduce the moments of the electronic charge
distribution well. The sodium ion for the ion pair was
pPlaced in the anionic POO™ plane on the bisector of the
OPO angle at a distanée of 2.21 R from the anionic
oxygens, with a unit positive charge, following
Liebmann et al. [73]. The inner dielectric constant €;
was taken to be 1. A choice close to 2 for the local
dielectric constant (€;,.) used in conjunction with the
values of outer radii obtained from Monte Carlo
simulations [181] was observed to reproduce the
expérimental free energies of hydration [141] of alkali
metal cations and halide anions. Some of the estimated
€;oc Vvalues are 1.58 for Na¥, 1.72 for K%, 2.25 for
Cl7, 2.16 for Br~ and 1.82 for I~ (b is taken as a+2R,,
for Br™ and I7). This prompted a choice of 2 for €, .
for the present study. A value of 4 for the local
dielectric constant has some precedence in the work of
Kollman et al. [142]. However, calculations were also
performed with €;,.=18, and 78.3 [135]. Different
concentrations were employed to study the effect of

ionic strength on the conformational preferences.
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V. A. 4. RESULTS AND DISCUSSION

Results on the hydration free energies of the anion
DMP™ are collected in Table XIX as a function of the
number of terms considered in the multipole series
expansion in equat;on_(33L.Conformational trends are
seen to converge much faster than the absolute
magnitudes. The calculations predict an ordering of gg
> gt > tt for the relative cohformational preferences
of phosphodiester torsions in DMP~ in aqueous
solutions. Table XX summarizeé the influence of
explicit counterion and the effects of variations in
local dielectric constant on the conformational
stabilities. Local dielectric constant provides an
indirect handle on the ionic strength'in the vicinity
of the solute. The conformational differences are much
smaller for the ion pair than for the anion,
particularly for gg and gt conformations. A smaller
value for the local dielectric constant brings the
conformations free energetically even closer. Indeed,
for the ion pair if the dipolar contributions (n=2, and
€10c=2) alone are considered, the hydration free
energies (in kcal/mole) are -11.57 for gg, -13.40 for
gt and -15.21 for tt suggesting a trend of tt > gt > gg
for the ion pair in concurrence with the studies of
Bleha, Mlynek and Tvaroska [57] on H*DMP™ and with the

Monte Carlo studies (Chapter I). Changes in ionic




Table XIX. Convergence of hydration free energies of
DMP~ calculated through concentric \
dielectric continuum model 2

P e e o i ele e D e . . S S S R S S S S G S S I A P S . e Y Y — i A - -

nb g9 gt tt I
1 -39.43 -39.43 -39.43 |
2 -39.43 -39.43 -39.43 |
3 -39.85 -39.93 -40.27 |
4 -40.28 -408.45 -40.52 |
5 -49.71 -40.77 -40.71 |
10 -42.00 -41.36 -41.089 |
206 -43.38 -41.66 -41.085 |
30 ~-43.98 -41.79 -41.85 I
40 -44.24 ~-41.71 -41.85 i
45 : -44.31 -41.71 -41.85 |

—— . —— ——— — ——————v¢ Yo - - - - .

a. Energies are in kcal/mole, Temperatures 298 K, Ionic
Strength-'-ﬂ.ﬂ. a= 3.2 a, b=6.8 a, Gizlogg elocSZ-, and G°=7BO3-

b. Number of terms considered in the multipole expansion.

FST



Table XX. Calculated hydration free energies of DMP~
and Na*DMP~ ghown as a function of local

dielectric constant

| €1 0c gqg gt tt |

| bpMmp- 78.30 -64.79 -57.32 -55.37
Na‘tpMp~ 78.38 -58.20 -55.97 -49.85
DMP~ 14.989 -60.62 -54,.32 -52.68
NatpMP~ 10.00 -50.87 - =49.09 -44.03
pMP~ 4.00 -54.07 -49.41 -48.21
Na‘DMP~ 4.00 -39.99 -38.82 -35.25
DMP~ 2.80 -44.31 -41.71 -41.085
Natpmp- 2.00 -25.28 -24.85 -23.07 |

Energies are in kcal/mole.

SST



Table XXI. Environmental free energies of DMP™ and

Na‘tDMP™

l : c gg gt tt |
DMP™~ 9.00 ~-44.31 -41.71 -41.85 |
NatpMpP- f.00 -25,28 -24.85 -23.87
DMP—. . Bol -44-37 -41-17 -41'11
NatpMP- .91 -25,29 -24.85 -23.87
DMP~ .10 ~44.45 -41.85 -41.18
NatpmMp- .18 ~25.30 -24.86 -23.08

|. NatDMP~ 1.060 -25,33 -24.89 -23,12 ]

a. Ionic strengths are reported as concentration C (in
molarities) of 1l:1 electrolyte.

b. Energies are in kcal/mole.

9sT
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strength in the outer region on the hydration free
energies as presented in Table XXI areseen to have
little or no influence on the conformational trends.
An attractive feature of the present model is its
generality. It combines solvent effects and ion
atmosphere and is particularly suited for incorporating
a vicinal solvent zone and changes in the ionic
strength. The applicability of the present model to
biopolymers is to be judged in terms of the overall
symmetry of the charge distribution, specifically the
shape parameter ((Areal/z)/(Volume1/3)). For other
shapes, a similar extension of the spheroidal
model.[143] is possible. Soumpasis {[144] discussed the
influence of ion atmosphere on a periodic charge
distribution with cylindrical symmetry and this has
been extended (section V. B.) further to discrete
charge distributions incorporating a vicinal solvent
zone. Size of the molecule needs to satisfy two
mutually conflicting criteria. The solute molecule must
be big enough for the bulk environment, and in
particular the vicinal solvent to be treated as
dielectric continua. The charges in the interior of the
cavity must not be too close to the boundary, for the
spherical symmetry of the potential assumed and in
particuia: fo? the multipolar expansion of the

potential to be valid [145].
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Investigations on the conformational preferences of
phosphodiester torsional angles in dimethylphosphate
anion indicated that gauche-gauche conformation is
preferred in aqueous solutions. This is in accord with
the experimentally observed preponderance of the gg
conformations for the diverse phosphodiester torsions
(Chapter I). The conformational differences . in the
hydration free energies are smaller for the ion pair
relative to the anion as expected. Variations in the
ionice strengtﬂ in the outer region are not
energetically significant probably due to the large
distance (6 &) from the origin. Changes in the local
dielectric constant have pronounced effect on the
magnitudes of the hydration free energies but not on

the relative conformational preferences.
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V. B. Free Energy of a Discrete Charge Distribution
in Coaxial Cylindrical Dielectric Continua

V. B. 1. BACKGROUND

Cylindrical charge distribution is the focus of
constant research activity, primarily due to its
relevance to biological and synthetic polyelectrolyteg
and especially to DNA. The siress in this area in
recent years, is mostly on the condensation phenomenon
and on the radial distributioﬁ of the counterions
around the charged cylinder representing the polyion.
The solvent effects are neglected. In the previous
gection {( V. A.), a generalized treatment of solute-
solvent and solute-ion atmosphere interactions at the
continuum level for an arbitrary charge distribution
embedded in concentric dielectric continua was
presented. In the following a theoretical study of an
arbitrary charge distribution enclqsed in a coaxial
cylindrical system containing solvent and counterions
is undertaken.

In order to understand the polyelectrolyte behavior -
in solution at the continuum level the nonlinear
Poisson-Boltzmann (PB) equation has to be solved. This
however is not possible analytically. Thus either the
nonlinear PB equation has to be integrated numerically,

or Debye~Huckel's linearization has to be extended to
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the cylindrical problem as well to obtain analytical
solutions. There is an extensive literature on the
polyelectrolyte theory and on the application of the PB
equation to the cylindrical problem. Some of the
earlier work in this area was reviewed by
Morawetz [146], Tanfbrd [139] and recently by Anderson
and Reéord [147]). A critique on the application of the
PB equation was advanced by Rice and Nagasawa [148].

A recollection of the spatial scales involved in the
problem is pertinent here..The first is the average
distance of axial charge separation projected along the
backbone of the polyelectrolyte. This is not a such
well defined quantity to be considered concentrated on
a select few atoms along the backbone as any Mulliken
population analysis would show. Thus 1.7 R for native
DNA for instance involves a coarse description of the
charge separation and may be satisfactory for large
distances from the heliéal axis. Second is the diameter
of solvent molecule which for water is ~ 2.8 R.
Treating water as a continuum even in the vicinity of
the polyionic charges involves a gross approximation.
Third is the size of the mobile ion, isclated /
solvated, and again the validity of the PB equation
rests on the negligibility of the size. Fourth is the
Debye's length, x~1, which is inversely related to the

square root of the ionic strength. Fifth is analogous
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to Bjerrum's length for the polyion and may be defined
as Q; Qj/zekT, where Q; and Qj are any two neighboring
'charges along the backbone of the polyelectrolyte. The
dimensionless linear charge density pﬁrameter Z often
encountered in the literature on polyelectrolytes is
defined as twice the ratio of two lengths, the fifth
and the first.

Onsager observed [149] that if the charge density on
a line charge exceeded a certain critical value
corresponding to Z > 1 then statistical mechanics
predicted that the system was unstable. This gave rise
to the condensation theory of Manning.

Manning's, "Modern polyelectrolyte theory" (158],
proposed that the residual charge on the cylindrical
system was 1/NZ where N was the valency of the
counterion and Z, a dimensionless structural parameter,
related to the axial charge density of the polyion. A
theoretical justification for this postulate was found
by minimizing the total free energy of the system with
contributions from the screened repulsions between
charges on the linear array representing the polyion,
and mixihg of free cations, bound cations and solvent
molecules. Thus the partial condensation of the
counterions on the linear array was to be understood as
a compromise between the repulsions which would favor

complete binding and mixing free energy which would
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lead to a complete dissociation. For simple
electrolytes, it was pointed out, complete
disssociation upon dilution was entropy guided and free
energy changes due to dilution always remained finite.
In contrast a complete dissociation of the counterions
from the cylindrical polyion was shown to correspond to
a physically unrealistic situation. Thus 2 2 1 for
cylindrical polyelectrolytes was found to be an
instability condition. Linearized PB equation was
asserted to be a good approximation for all values of 2
< 1,

Dolar and Peterlin [151] conducted a numerical
integration of the PB equation for a rod 1ike model for
polyelectrolyte solutions with mono and divalent
counterions. Philip and Wooding [152] obtained a
solution. of the nonlinear PB equation about a
cylindrical particle by a joining procedure for the
sinh & function. Lawrence and Conway [153] studied the
field and electrostriction at a linear array of
charges. Katchalsky [154] formulated a cell model with
the PB equation to evaluate the colligative properties
of poiyelecrolyte solutions and concluded, in
consonance with Manning's thoery, that condensation of
the counterions was expected if the charging parameter
Z exceeded unity.

MacGillivray [155] studied the behavior of the PB




163
equation by estimating upper and lower bounds on the
solutions, in the limit of infinite dilution. He showed
that a clustering of counterions occurred about the
Cylindrical polyion when viewed from Debye length'scale
and that condensation assumption was not necessary for
the case of 2 > 1. The hypothesis that the uncondensed
mobile ions might be treated in the DH approximation
was found to be justified.

The electrostatic potential of a discretely charged
cylinder in solution was studied by Bailey [156]. Sugai
and Nitta [157] estimated the surface electric
poteﬁtial on a rodlike polyelectrolyte with periodic
axial charge distribution and concluded that a
nonuniform potential lowered the surface potential. The
degree of the drop of the average surface potential due
to non-uniformity was noted to be significant as the
surface charge density decreased. Gregor and
Gregor [158] evaluated the surface potentials of
cylindrical polyelectrolytes with counterions of
different sizes.

Stigter [159] gave an analysis of the ion
condensation based on an interaction integral for the
polyelectrolyte cylinder and the counterion and
proposed a hierarchy of theoretical models with
Manning's as the first in the series. If DH theory was

assumed to be valid in the limit of infinite dilution,
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the interaction integral diverged in the limit of xé=ﬂ;
i.e., in the case of a line charge in a salt solution
(a=radius of the cylinder=0, x = the reciprocal Debye
length > 0 ) and also for a charged cylinder in a salt
free solution ( a>@ and x=0). Counterion condensation
was shown to be a postulate to avoid this divergence.
Stigter further pointed out that the logarithmic
surface potential also diverged in the limit of
infinite dilution.

Soumpasis [144] derived Cdulomb and Debye-Huckel
screened potentials for four different models of
periodic charge distributions: a linear lattice, a
cylindrical lattice, a helical 1lattice and a
Plectonemic double~helical lattice and found that
colligative properties at infinite dilution were
adequately described by a simple continuous line of
charge. The range of validity of the linearized PB
equation was reporfed to be confined to 2 < 1.

Fixman [160] examined the validity of a generalized
PB equation based on functional expansion techniques
incorporating noncoulombic interactions into the
potential. He noted that the PB equation was a good
approximation for polyelectrolyte solutions upto a bulk
concentration of @.1 M.

Klein, Anderson and Record [161] carried out a

numerical integration of the PB equation, extracted
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colligative properties from a cell model and compared
them with experiment with reasonable agreement. They
also concluded that their results conformed over a
range of salt concentfations to the limiting laws
deduced by Manning.

Gueron and Weisbuch [162] discussed their results on
the application of PB equation to different shapes in
terms of counterion accumulation as opposed to
Manning's counterion condensation. They found that
their "CIV" ( concentration of . counterions in the
immediate vicinity of the polyelectrolyte) was shape
dependent only for a very low salt concentration ( <
1mM) and that no importance could be attached to 1/NZ
parameter.

Zimm and LeBret [163] studied the solutions of the
PB equation at infinite dilution for a sphere, a
cylinder and a plane, in a bid to assess the dependence
of counterion condensation on system dimensionality. A
spherical geometry for the system led to a total
dissociation of the counterions, while a planar surface
resulted in a double layer formation and total
condensation. Cylindrical systems were observed to
behave as a unique intermediate case with partial
neutralization of the surface charge.

Ramanathan [164] investigated the properties of the

PB equation for cylindrical polyelectrolytes in dilute
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ionic solutions and proved that if the charge density
on the polyion exceeded a critical value, the
surrounding ionic solution separated into two phases.
The inner phase predominantly consisted of counterions
in verification of Onsager's observation and Manning's
condensation theory. )

Monte Carlo studies of Zimm and LeBret [165]
demonstrated that the size of the mobile counterion was
an iﬁportant factor in defermining the accuracy 6f the
PB equation around a highly charged cylinder such as
DNA. The PB equation led to very good results if the
radius of the mobile ions was less than one tenth the
radius of the cylinder. In correspondence with the
condensation theory a striking accumulation of
counterions in a layer of concentration greater than 1
M was noticed at the surface of the polyion even when
the concentration of the counterions in the bulk was
less than 8.601 M. A continuum versus a discrete charge
representation for the polyion in their simulations was
concluded to give similar results.

Pack and Klein [166] conducted a numerical
integration of the PB equation to evaluate the radial
distribution of counterions around B and Z forms of DNA
and observed a higher concentration of counterions at
the immediate surface of the 2 conformer than in the

vicinity of the B form, consistent with experimental
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data on the B to Z transitions at higher ionic
strengths.

It is thus apparent from the literature surveyed
above that some aspects yet to be considered with in
the frame work of cylindrical symmetry, are the
solvation free energy of a charge distribution {this
is not feasible for a polyion as a zero ionic strength
term would result in the divergence of the logarithmic
potential) and the influence of ion atmosphere on the
solvation free energy of a neutral molecule with an
approximate cylindrical symmetry. Another issue worthy
of examination would be whether the range of validity
of the éxtended Debye-Huckel theory would improve if
the level of description of the solute was made finer
and if regions with different dielectric constants were
included taking into account both solute-solvent and
solute-ion atmoesphere interactions.

The motivation for the present work is two fold. One
is to evaluate electrostatic free energy of a discrete
charge distribution embedded in coaxial cylindrical
dielectric continua, generalizing the existing models
at a mean field level, to further an understanding of
the conformational preferences of biopolymers in
aqueous solutions. The second is to obtain theoretical
expressions for the reaction potential to be used in

conjunction with computer simulations on biopolymers,
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accomplishing a reduction in the system to be
represented and in computational time, while

effectively incorporating the environmental effects.
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Solvent and ion atmosphere
Region C

Figure 17. Definition of the parameters for the
coaxial cylindrical dielectric continuum
problem
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V. B. 2. THEORY

The model considered in the present work, depicted
in Figure 17, 1is so chosen as to be general enough to
accomodate many of the existing approaches in the
literature cited, besides being per se useful. The
coaxial cylindrical system consists of three regions.
Region A, the inner region, represents a cylindrical
cavity of radius r=a, and a dielectric constant of €;
wherein the solute charges qyp are locatea at sites ry-.
Region B, the local region, extending radially from r=a
to r=b represents the "first shell™ of the solute and
contains solvent of dielectric constant €;.,.. Region C,
the outer region, ranging from r=b to r=co contains
both solvent of dielectric constant €, and ion
atmosphere, i. e. counterions and coions. The ion
atmosphere enters the theoretical treatment through the
Debye's inverse length parameter x which 1is
proportional to the square root of ionic strength. The

problem now is to solve the Laplace equation
725 = 0 (1)

for regions A and B, and the linearized Poisson-

Boltzmann equation
(v2 - x93 = p (2)

for region C, where & is the electreostatic potential
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and v2 is the Laplacian operator. General solutions for

regions A and B are

P By
B; and 1oc= A + 2= -—-=----- (3)
k=1 lxrzkl
and for region C
P 2 e xle-xg B, x|k i |
mO= p3 (e + e - ——— ) (4)

&; and &7, contain the coulomb potentials due to the
discrete charge distribution and &, contains the
screened coulomb (Debye) potential. These general
solutions are to be transformed into a coordinate
system appropriate for the symmetry of the broblem for
the application of boundary conditions. Bessel
functions are convenient to work with for cylindrical
shapes. A discussion on the Laplace equation in
cylindrical coordinates and the form of general
solutions is given by Jackson {146]. An overview of the
Bessel functions is given by Hildebrand [167] and
_Abramowitz and Stegun [168]. Soumpasis [144] gave an
expansion for the Debye potential in Bessel functions.
The general solutions for the regions A, B and C are

5.a-1 5 2Qx 0 '
§5€3" 22 (= === 1ln wyg + By+ Fio + 37 ( By Ig(lp wy) +

k=1 L n=1
4Q

k
Frok Ig(lp wg)+ e Kg(lp wg)) cos 1p(z-2¢)) (5)
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P oo

810c=€Tgc 3= (Gk 1n wy + Fy + 32 ( Fpy Ip(lp wy) +
k=1 n=1 :
Gnk Kﬂ(ln Wk)) CcoSs ln(z-zk)) (6)

o0
5 .=e7l 3% (€, Ku(x wi)+ 5”7 Cnp Kg(ll! wi) cos 1.(z-2zy))
°0"Fo £, k () k 21 nk "@'*n Yk n (7§

In the above equations, the functions Kg(x') and Ig(x')
are the modified Bessel functions of ze:oth order and
Kj(x') and Ij(x') are of first order. The terms in B,
originate in tﬁ; polarization of the local dielectric.
Similarly the terms in F,, arise in the polarization of
the bulk dielectric continuum. The constants By, Bpk-
Fro Fogs Gkr Gpks Cx and Cpi are to be evaluated by an
application of the boundary conditions.
The reaction potential is identifiable with
P oo
BR=€]l I (BR+F|+3 (B +Fn) Ip(l w)cos 1, (z-2)) (8)
k=1 n=1
The electrostatic Helmholtz free energy of the charge
distribution is given by
p 1
Be1 = 22 - Qy Brlry) (9)
v=l 2
where GR(Ll) is the reaction potential at the charged
site Ly-
The matching conditions for the problem are that the

potential and its normal component across the
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boundaries be continuous. This imposes on &;, ®&),¢c and

b, the following conditions.

(83;)9=a = ( B10c)®=a (19)
(B10c)2=b = ( 3o)Qab (11)
ad; ddyoc
€; ( ==~ )Q=5 = € ( ==="")¢= (12)
RE T ?=a loc aq ?=a
s, ds
€loc (3= 1%b = G0 (12 )gwb (13)

Using these equations the constants Brs Fisr Bpk and Fpi
in the reaction potential expression, equation (8), are

evaluated. These are

20, (1-€,)  Kg(xwP) wp
By = e it (---9---E--- + €, 1n (-E) ) (14)
Le, €, wa Kltwa) Wi
2Q Kg (xwf)
. (---E---E--- + € 1n wp ) (15)
Le, xwp Ky (xwP) :
4Q Ky (ya)
Bog= -—= (1-€)) -=--2- (16)
L Il(ya)
40,
Fok= === €4 © (17)
L
where
€a= €10c/€;1 ¢ €p= €5/€10c+ (18)
we2= (22 + @ - 2 % Y cos (B-gy)) (19)
wig 2 = (a2 + R - 2 a Y cos(B-gy)) (20)

wf 2= (b2 + Q% -2b Q cos(g-gy)) | (21)
lp= 2 TI n/L, 1= (12+x2)1/2 (22)
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Ya= 1in wEr b= 1n wR. vd= 14 R (23)
1, RKglyp) Kilyp)- €, 13 Kglyp) Kplyg)
e = (-P._g._EL__};-EL___EL_P__F__EL_-E;-EL) (24)
1n Kglyp) Iplyp)+ € 1p Iglyp) Kylyp)

and

€
e;=;Txﬂ(ya)Il(ya)+eaxﬂ(ya)xl(ya)+(1-ea)91,(ya111(ya)1'1
: (25)
On substitution of the above expressions in equation

(8) the reaction potential is given as

P 2Q Kg (xwf) € W =
Bg= St - (—-9---E--- # ==~ 1n (-E) + =2 1n wi) +
k=1 L8,  xwPKy(xwR) €;.¢ wf ey
2€, oo Ky (yy)
=== 22 ( (1-§}) =~=-=- +€35 0)Ig(1lwilcos 1, (z-2)](26)
€; n=1 I1(ya)
The electrostatic free enerdy is obtained as
5= 5=F Qe i
Bgy= 32 22 —=-= [(B'g+F"\ )+ -—= Z°{(Bpx + Fpg!)
el” Vo1 ka1 16 KT ey a1 MMk
Iﬂ(lnw'k)cosln(va Zy ) 1]
(27)
where the constants are defined by equations (14) to
(17) and by the following.
B'y= By€./(2Qy/L)
F'k= era/(ZQk/L)
Bik= Bnk/ (4Qg/L)
FAk= Fpnk/ (4Qk/L)

and WE= Wk, all evaluated at Ly-
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Case (1): In the absence of counterions, the Helmholtz
free energy is given by setting x to zero in equation
(27) and using the asymptotic properties of modified
Bessel functions.
For x << 1 Ip(x) = (x™/ (2™ m1)),
O Kp(x) T (27 (m-1) 1 x7®)
Kg(x) ~ -log x

For x=0, Kg(x) diverges and it .is also seen that both
B¢ and Fy in equation contain the Ky(x) terms. Thus if
the ionic strength is set equal to zero the Helmholtz
free energy of polarization diverges. This result is in
verification of the behavior of cylindrical charge

systems surveyed in the background section (V. B. 1).
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Case (2): Consider the linear lattice with lattice axis
coiniciding with the z-axis. A further simplification
is achieved by assuming that the magnitude of all
charges along the lattice axis is equal.

Qy = Q= Q
Then 37P_, Q,Qk /L€, is replaced by sz/LGO
Also ¥ =, =0, B = 6, = 0 and wl = a , wE = b.
With these substitutions the electrostatic free energy
is given as

A1 = (p%0%/1€,) [BY' + F,g," + (26,/€6;)13782, (BY'+ Fi]
where

Bj'= (1-€,) [Rg(xb)/xb Kj(xb)] + €, 1n (b/a)

F§'= €,[Ky(xb)/xb Ky (xb)] + €, es ln b

Bp'= (1-€3) Ky(ya)/ Ijlyy)

Fi'= €3 ©
with y,, €] and 6 given by equations (23) to (25)

after the above substitutions.
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Case (3): For the case of linear lattice of
Soumpasis [144] there is no solvent layer between { = a
and ¢ = b. Set a= b, €;,c = €; (i. e. €54 = 1) and the

rest as in Caée (2) above.
AL{' = (szz/Leo) [Fg'* + (ZGO/Gi)E:ﬁf__’l (Bp''+ Fi'") ]

where F}'"" = [ (Kg(xb)/ xb Kj (xb) ) + (€,/€;) 1n b) ]
with BR'' and Fj'' identical to Bp' and Fj' of Case (2)
respectively witha=b and €5 =1

By noting a property of the modified Bessel functions
I, (x) Koyp(x) + I ,1(x) K (x) = 1/x and using this in
equation (25) it is seen that € = €; = 1 and Bj'' = 0
Fp'' = © ( defined by equation (24) ).

These results agree with the conclusions in section III

of Ref. 144.
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Case (4): Hill's.model [139] is obtained by.taking the
continuum limit ( L --> ¢o, with Q/L constant). n = @
terms remain. All higher order terms in 'n' vanish. Bp
= FpN'= @. Hill further assumes that €;,, = €, and

G; = 1. Given these, the expression for the

electrostatic free energy simplifies to

Ag1 = (Q2/Le,) [Kg(xb)/xb K (xb) + 1lni(b/a) + 6oln al
The first two terms correspond to Debye-Huckel free
energy for the cylindrical polyion. 'a' represents
radius of exclusion for the ion atmosphere from the
cylindrical axis. The third term is analogous to Born's
work of discharging the polyion in vacuum (also see
equation (36) on p-149).

To conclude, equation (27) gives the expression for
electrostatic free energy of a discrete charge
distribution (in the presence of ion atmosphere)

imbedded in a coaxial cylindrical dielectric continuum.
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CHAPTER VI

SUMMARY AND CONCLUSIONS
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VI. A. A COLLECTIVE PERSPECTIVE

The phosphodiester torsions are found to favor the
gauche~-gauche (gg) conformation of dimethylphosphate
anion relative to the extended forms, both in free
space and agqueous solutions as concluded from the
determined intra and intermolecular thermodynamics.
Results are in general accord with experimental studies
on this system. The intramolecular thermodynamics of
DMP~ is seen to be dictated by anomeric effects
stabilizing the gg conformatioﬁ in free space. Both
ionic and hydrophobic hydrations together are observed
to be responsible for the stability of the gg form in
aqueous solutions. This preference for the gg form over
gt conformer emerging through the simulations is traced
to hydrophobic effect. The conformational differences
in the calculated thermodynamic indices suggested that
the extended forms (gt and tt) may be thermally
accessible at ambient temperature. If the anionic
phosphodiester group is paired with an explicit
counterion the internal energies of hydration are seen
to favor the fully extended tt conformation of DMP~.

Some salient features of hydration emerging out of
the simulations are as follows. The anionic hydration
of DMP™ is characterized by about 5 to 6 waters
associated sequentially (through monodentate

interactions with the anionic oxygens). Bridged water
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structures connecting the two anionic oxygens of the
phqsphodiester group are seen to.be preferred in the
contour surface‘calculationsf(describing the
interactions of the solute with a single water molecule
at 09 K, in free space) but not in the simulations
performed at a temperature of 25° C and experimental
‘densities. The computed local solvent densities near
ester oxygens'of.thg three conformations of DMP~
studied suggested that this can be a finger print zone
for identifying the conformational transitions
(experimentally). The hydrophobic hydration of the
methyl groups of DMP~ is characterised by about 8-10
waters in the first hydration shell with the average
(solute-water) pair interaction energies close to
zero. A comparison of the solute-water potential
functions indicated that a shallower minimum on the
contour éurface can be correlated to a larger
coordination number (>PO; group hydration). It also
becomes evident now that cluster calculations are not
very informative of the hydration at experimental
densities, and particularly of the hydrophobic groups.

The free energy simulation results point out that
the hydration shell model underestimates the
conformational differences and probably needs a
reca}ibration. The concentric dielectric continuum

model overestimates the conformational differences
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compared to the simulation results. A rationale.for
this result is to be found in the fact that continuum
model underscores the attractive part of the solute-
solvent interaction potential while the simulation
results include contributions from both attractive and
repulsive interactions. Presumably it is the latter
that brings the gg and gt conformations free
energetically closer in the case of DMP™ in water as

observed in the simulations.
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VI. B. SIGNIFICANCE OF RESULTS

In addition to providing a large amount of
quantitative information on the hydration in
multifunctional solutes, the present studies shed
light on forces stabilizing the different
phosphodiester conformations in free space and aqueous
solutions. The phosphate group hydration as
characterised here is of relevance to the hydration of
nucleic acids and phospholipid head groups.

On the methodological front, the performance of the
probability ratio method using adaptive umbrella
sampling technique on thermodynamic cycle of DMP™ is a
booster to the simulation methodology in its
applications to biological problems. A continuum
description of the environmental effects is made
Possible by the present work for spherical and
cylindrical systems. The present investigations bring
into perspective three different methodologies for
estimating the effects of hydration on the

conformational preferences of biological molecules.

Significance to Nucleic Acid Hydration

DMP is not DNA. All extrapolations here are to be
taken as some possible suggestions and further work is
called for on the hydration of a series of model

compounds for nucleic acids for an emphatic statement.
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The statistical weight (0.085) of bridged water
structures calculated here, taken together with similar
observations made on the hydration of glycine
zwitterion hydration, is a strong pointer to@ards the
insignificance of such structures in a statistical
description of hydratién and provides a strong argument
against "ordered water filaments" postulated time to
time to describe DNA hydration. Such ordered structures
are not favored entropically as borne out by the
simulations.

The hydrophobic hydration in all the DMP simulations
is less dense than bulk water. This is significant to
the minor groove hydration in B-DNA. The DMP™ results
indicate that a conformational transition from gg to gt
form can be induced by disrupting the hydrophobic
hydration. This again is significant to the minor

groove hydration in nucleic acids.
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VI. C. RETROSPECTIVE

A systematic study of nucleic acid backbone
hydration could have been undertaken stérting from DMP~
and slowly building up to a duplex instead of
methodolgical issues such as cutoffs, geometries and
charges, but these are some unknowns as yet in the
representation of hydration through simulation
methodology and some more work is required on these
lines. The free energy simulation methodology is not
completely chartered yet. The determination of
intramolecular thermodynamics in the quasiharmonic
approximation is a relatively new scheme to comment
decisively upon the magnitudes of the calculated
entropies. Same is true for the calculated vibrational
spectrum particularly in the low frequency region.

Some alternative solute-water potential functions
became available and results on DMP~ were published,
only after a majority of the studies mentioned in
chapter I were completed. While this enabled a

comparison of two independent simulation studies (see

chapter I) on DMP™ hydration, lack of experimental data’

on the thermodynamics of hydration prevented a complete
understanding of the relative merits of the potential
functions in representing solute-water interéctions.
Similar comparative studies on larger systems is

another possible area for future research.
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VIi. D. PROBLEHS AND PROSPECTS

As pointed out in the previous section and earlier
in Chapter I, the quality of the solute-water potential
functions to be used in the simulations is of
continuous concern. The problem with endothermic
transfer energies in the [DMP”]aq simulations using the
potential functions of Clementi and coworkers here,
could not be pinned down tc any one particular reason.
A similar situation obtains with the choice of the
parameters such as partial atomic charges to be used in
the simulations, the radial cutoffs for truncating
water-water}interactions etc. and their implications on
the computed hydration indices. Equally important are
the solute geometries. The advent of supercomputers has
opened up the possibility of acquisition of data on
similar systems at a rapid pace and this must help
further an understanding on several of the
methodological issues in near futurg. Experimental
studies on the thermodynamics of hydration of model
compounds can be of immense help in this task.

Potential of mean force type calcu;ations for
considering a mobile counterion in the vicinity of the
phosphate group are currently extremely time coﬁsuming
and some methodological improvements are in order.
Also, reliable solute-ion potential energy functions

are required.
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Free energy simulations with umbrella sampling
scheme using harmonic weighting functions.necessitaté
further investigations on the convergence of the
estimated_probabilites, criteria for convergence, the
effect of the rotation of the solute in the
simulations, and the size of the simulation cell. The
closure of the thermodynamic cycle with adaptive
umbrella sampling scheme is a promising feature for the

free energy simulation methodology.
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VI. BE. SUGGESTIONS FOR FUTURE WORK

Several of the methodoldgical issues which deserve
to be addressed to improve the reliability of the
predictions through computer simulations have already
pointed out where appropriate so far in this chapter.
Particular emphasis needs to be placed on solute-water
potential functions and accumulation of theoretical and
experimental data on model compounds for nucleic acids.
Modifications in the hydration of phosphodiester group
brought about by the presence of sugar ring and nucleic
acid bases would be interesting to look at. Hydration
of a mononucleoside triphosphate followed by an
extension of these studies to ApU and GpC mini duplexes
should be very informative on the issue of
transferability of hydration to nucleic acids. Also
mobile counterions in the simulations would bring the
theoretical representation closer to reality. Another
problem worthy of examination through simulation
methodology is the study of barrier heights for
conformational transitions of nucleic acids in agqueous
solutions.

The role of hydrophosic effect in stabilizing
helical forms (gg conformation for phosphodiester
torsions in nucleic acids and g, @& torsions in proteins
is an essential prerequisite for helices, and in both

cases hydrophobic groups come closer along the
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backbone) merits attention. Hydrophobic hydration in
the minor groove of nucleic acids may be an important
factor in conformational transitions.

During the course of the current investigations
several related projects emerged as offshoots. One of
them is to obtain dynamic information using the
enormous microscopic data that the Monte Carlo
simulations generate;Let.Q be the dynamicél variable
and C(Q,t) be its correlation function. (See Ref. 169
and 118 for the experimental observable, the
appropriate correlation function and the related
dynamic variable). If the motivation is to obtain
information on the relaxation processes, (or evaluation
of line shapes), one may conegsider in the simplest
treatment of the Monte Carlo data , two extreme cases

depending on the type of interactions involved.
(A) Rapid modulation limit (Markovian limit).
C(Q,t) = <Q(t).Q(2)> = <Q(®) 2> exp(-t/tg)

Here <Q(8)2> is related to the static distribution
function and t, is the correlation time for the
relaxation process under consideration. The power
spectrum is the Fourier Transform of the correlation
function C(Q,t). The exponential relaxation assumed

here invariably yields a Lorentzian. A similar
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treatment was used in the T, calculations discussed in
Chapter I. If the solute-solvent interactions are

strong, the static limit, is more appropriate.

(B) Static limit

Ergodic theorem can be exploited. The distribution
of frequency shifts for each configuration can be
evaluated and the shifts over all configurations
accumulated. A plot of this directly'gives the shape of
the peak centered at gas phase value. This typically
gives a Gaussian. Some relevant computational detaiis

are given in Ref. 179 and 171.

(C)Langevin approach

Both (A) and (B) are two extreme cases. A Eetter
description of the dynamics would be to treat the
solvent as a heat bath, utilize the Monte Carlo data to
evaluate the average forces on the solute due to the
heat bath, set up the Brownian dynamics equations of
motion and integrate them. The friction Kernel may be
treated as a constant [172] or memory effects may be

effectively built into it [173].

(D) Generalized Langevin approach.
Molecular time scale generalized Langevin approach
(MTGLE) [174], is an improvement over a Brownian

description of the heat bath in that it considers the

solvent dynamics (although in a limited way). The four
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computational steps involved are as follows.

(1) Calculation of the solute-solute and solvent-
solute equilibrium pair distribution functions. (This
can be done using the Monte carlo method.)

(2) Construction of the solute configuration
dependent correlation functions.

(3) Construction of the chain equations from the
correlation functions.

(4) Integration of the above equations to obtain
solutions by the classical stochastic trajectory
methods.

Details for steps (2) to (4) can be found in. Ref.

174.
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Monte Carlo Algorithms : Traditionally, Monte Carlo
algorithms ( reviewed in section I. C.) have been
examined from the stand point of variance reduction
techniques in a sampling scheme. A preliminary
investigation of the ;andom walks in phase space
suggested three potentially useful approaches to the
problem of specification of the transition
probabilities to conduct the random walks, namely, (1)
Group theoretical techniques (2) Measure theoretical
and (3) Topological approaches. An outline of the
program for these three approaches is given below.

Group theoretical approach :(1) Extend Gibbsian
statistical groups to rings and give an algebraic
structure to the groups and study the symmetry
properties of the elements obeying this algebra. To
elaborate, (a) define a set of pair-wise transition
probabilities operating on the statistical group,
permuting the elements. This constitutes a transition
probability space. (b) If the definition of microscopic
reversibility is incorporated into the definition of
the above set, it forms a multiplicative group. (c) The
above two together give a ring structure to the
probability space. Viewing this as a vector space over
the field of real numbers one can define an algebra for
the probabilities. (d) Borrowing on the symmetry

program in quantum mechanics, the Gibbsian ensembles
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are isomorphic to a factor group of transition
probabilities. (e) Enumerate the properties of the
elements in the transition probability space.

Measure theoretical approach: Examine the definition
of probability measure on the phase space. Extend the
notion of measure to transition probabilities. Find a
variational principle to obtain the optimum measure.

Topological approach: It is trivial to prove that if
@ is a metric (a) min {1,d} is a metric as well, as
also (b) d/1+d. Now the parallel between the acceptance
probabilities, ajqe of Metropolis et al. and the above
metric (a), and the relationship between the metric (b)
and Barker's choice is a compelling source for
considering an isomorphism between the Euclidean space

and the transition probability space.
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