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Abstract ~ The paper documents the progress accomplished
during the last two decades in a methodological development
of the computational methods for oligo« and polysaccharides
in solid state and in solution. Emphasis of analysis is
placed on the quality of the method used for calculations of
the structure, the energy of isolated molecule, and the
influence of the environment as well as on the strategy of
the investigation of the conformational properties. Finally,
some examples are given to illustrate how computational
methods can be used to estimate solution behaviour of
oligosaccharides.

INTRODUCTION

Saccharides are ubiquitous in nature. They occur in all life forms and,
because of their unusual properties they present a unique source of
chemicals, Saccharides of living organisms perform a very broad biological
role (ref. 1=3) they function as structural materials, energy reserves, and
adhesives; they appear to be essential in the process of infection by
certain gathogenic species; they specify human blood types and are
intimately involved in the immunochemistry of blood; they determine
cell-cell recognition and adhesion; they function as receptors in the
antigenestinulated lymphocyte antibody responce, and they have an important
role in cancer pathology. Evidence has accumulated that the shape
(conformation) of saccharides determine the biological function of these
compounds (ref. 3),

In the past two decades the accumulation of a large body of structural data
based on powerful crystallographic methods of X=-ray and neutron diffraction
has revealed consistent trends in bonding and chemical connectivitl of solid
state structure of saccharides (ref. 4), Significant progress has been made
in the development of experimental tools, needed to study the conformational
complexities of saccharides in solution, in particular high=resclution NMR
spectroscopy (ref. 5). A similar revolution has taken place in the
computational methods for modeling the shape of saccharides (ref. 6).

This paper attempts to survey the progress in the computational methods for
studying oligo~ and polysaccharide conformations. It is not our intention to
cover all papers which lie within scope of this review. Our aim is rather to
analyze the present state of art of conformational analysis of saccharides.,
The first part of this paper sets out the energetic framework in which we
will operate. This is followed by a description of the methods, and
strategies used to calculate the energies of the isolated molecules and the
effect of the environment, particularly free energy of solvation. Finally,
some examples will be given to illustrate how these methods can be used to
estimate dilute solution properties of saccharides.

MOLECULAR THREE-DIMENSIONAL STRUCTURE

For thres=-dimensional structure the natural questions which arise are
whether the relatively minor changes in the chemical structure produce
meaningful changes in conformation and, if so, whether the environment
(crzstalline, solution or protein) plays a role in bringing about and
stabilizing these changes. To address these questions, it is impertant to
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find the amont of energy required to alter the various geometrical
parameters within a molecule.

Molecular energetics

Molecular shape is defined by three different types of molecular parameters:
bond lengths, bond angles and torsion angles. Variations in the molecular
geometry of a molecule are then very simply define as changes in these
parameters: bond stretching or compression, bond bending or deformation and
bond twisting or torsion, Typical force constant for bond stretching (in
mdyn/A) are 4.4 for the single C-C bond and 5.36 for single C-0 bond (ref,
7) Assuming a Hooke s law dependence this translates to approximately 1450

kJ/molAz, so that the distortion of a single bond of only 0.03A would cost
about 1,2 kJd/mol, Bond angle bending is less expensive and angular

distorsion of about 10° involves the same amount of energy as the distortion
of a single bond by about 0.,05A. Torsional changes involve the rotation
about the bond axis; the barrier to rotation about the single C«C bond is
about 11.6 kJ/mol, which is approximately the difference between the
staggered and eclipsed conformations. The barrier to rotation of the
methoxyl group in dimethoxymethane is approximatell 3.8 kJ/mol (ref. 7).
Thus, as a rule of thumb, bond stretching is roughly two orders of magnitude
more expensive energetically than rotations about single bond, with bond
angle deformations falling in the intermediate range.

Intermolecular interactions and molecular geometry

In crystals, 1n solution or at receptor sites one is dealing potentially
with a variety of intermolecular interactions, and most of them are quite
weak compared to those involved in chemical bonding. A crystal structure
corresponds to a free energy minimum which is not necessarily the global
conformational minimum. In any situation of this type the minimum in the
potential energy represents a balance between the attractive and repulsion
interactions to be discussed subsequently. The nomenclature of these
interactions is varied and terms are not always clearly defined or
distinquished from one another. Generally, they fall into three classes:
non-~bonded, electrostatic, and hydrogen bonding. The lines of distinction
between these classes are not always particularly sharp. The intermoclecular
interactions between a carbohydrate and solvent or protein molecules compete
with intramolecular forces in the subtle equilibrium which is responsible
for the dynamical equilibrium of several interconverting conformers.

The intermolecular interactions all fall on the low end of the scale of
energies required to bring about distortions of molecular geometry. This
already suggests that if the environment has any influence on the molecular
geometric parameters then those most likely to be affected will be the
torsion angles around single bonds rather than distorsions in bond angles or
bond lengths which require substantially lar%er energies to bring about
significant changes., However, the analysis of a large body of structural
information concerning the detailed geometry of acetal and hemiacetal
moieties in saccharides established (ref. 9) that there are characteristic
patterns of bond lengths and bond angles associated with particular torsion
angles. This coupling represents a manifestation of the anomeric and
exo~anomeric effects. Thus, we are concerned with the general problem of the
interplay between intermolecular forces and molecular geometry. Amylose
polymorphs (ref. 10) as well as crystal structures of linear and cyclic
maltodextrins (ref. 11) may serve to demonstrate differences due to changes
in & small number of geometrical parameters. Since the effects are
cumulative they lead to significant changes in overall shape of the molecule.

METHODS AND STRATEGIES FOR COMPUTING CONFORMATIONAL
PROPERTIES

In studying a saccharide shape, one is seeking the answers to three basic
questions:

1. What are the preferred molecular conformation for a saccharide
molecule ?

2. How does the difference in energy between molecular conformations
vary in the various environments ?

3. What are the differences in geometry, if any, in the molecular
conformations observed in the various environments ?
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To answer these questions, a typical study would consist of all or some of
the following steps:

i, Determination of the crystal structure to obtain the geometrical
parameters.

2, Determination of the existence of different conformations by the
appropriate physical measurements.

3. Determination of differences in energy among the different
molecular conformations by appropriate computational methods.

4, Determination of differences in energy among the molecular
conformations from one environment to another by appropriate
computational methods.

We start with a few notes on two first steps and than proceed with a short
outline and discussion of computational methods to indicate very briefly the
kinds of tools and techniques which can be applied to conformational studies
of oligo- and polysaccharides.

Although the crystal structure analyses are generally routine, obtaining a
single crystal of suitable ?uality may be a serious problem for more complex
saccharides. In fact the diffraction analysis of any crystalline polymer is
not approached in the same manner as a classical single crystal analysis.
Because of a relative paucity of diffraction data, the methods where atom
positions are determined directly from intensity data are not applicable.
Rather, a model analysis technique must be used in which, first, a suitable
initial model of the structure is established, followed by its iterative
refinement in which differences between experimental and diffraction
intensities and those calculated from the model are minimized by suitably
varyin% the model (ref, 12,13). The modeling procedure used to establish the
initial model is based on stereochemical constraints and a determination of
the differences in energy among the different molecular conformations in the
different crystal structures. Recent developments in solid state NMR
spectroscopy, particularly the crossed polarization magic angle spinning
technique indicate that this could be a very powerful and sensitive probe of
solid state molecular conformation and environments for saccharides (ref.
14,15),

Although X=-ray and neutron diffractions are powerful techniques, the
high~-resolution NMR spectroscopy has become the most valuable physical tool
for studying conformations of saccharides (ref, 5,16=-19) particularly in
solution. Chemical shifts, coupling constants, NOE's and relaxation rates
contain detailed information about conformational structure of saccharides
in solution, However, due to the flexibility of saccharides, experimentally
observed parameters might correspond tc a dynamical average of several
conformers. The existence of several conformers in solution of various
disaccharides was already clearly seen in opticel rotation experiment (ref,
20). Since the experimental values are avera%ed values, their interpretation
requires the knowledge of all individual conformers involved in averaging
process, This is equally true for polysaccharides, for which any
experimentally measured property will represent an averaged quantity over
all conformational states of that polymeric chain, and there?ore will not
necessarily reflect the property of most probable state only, provided that
other states are available. From an experimental point of view, the range
of techniques often play a complementary role in the elucidation of
polysaccharide solution conformation {(ref. 21), Thus, to interpret the
experimental data in solution it is always necessary to have a model based
on the methods available for the calculation of molecular energies in the
different environments. Fortunately, the powerful techniques for calculating
these energies have evolved over the past two decades.

Theoretical methods of conformational analysis

Methods of the theoretical conformational analysis can be classified in
several ways. We have chosen as most illustrative the one shown in Fig. 1
(ref., 22), The direct methods are based on calculations of the total energy
of the molecule E . which is minimized with respect to all or to some of

the structural parameters. In indirect methods, on the other hand,
conclusions are drawn from the analysis of dipole moments, different types
of spectra, etc. In this part of the present paper we shall devote our
attention exclusively to direct methods.
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The application of direct methods to conformational analysis of saccharides
implies two questions:

1., How does one account for the dependence of Eror ON the structural

parameters ?
2, How does one carry out the minimization of the Eiort 7

t

The use of two or more theoretical schemes in estimating the total energy is
typical for a non-uniform methods. In general, the total energy is split
into the energy of non-bonded interaction, Enb? and the remaining energy

contributions, V. The contributions Enb and V are estimated on a completely

different basis. On the other hand, when only one theoretical scheme is
required for computation of E, ., the method is said to be uniform. This is

what happens with the quantum mechanical methods in which all-electrons are
used, or at least all-valence-electrons.

Classical (mechanical model)

———> Non=uniform

‘—} Quantum mechanical

——————— > Bemi=-empirical quantum mechanical
Theoretical
methods

| ——=Uniform

————————> Non~empirical quantum mechanical
(ab_initio)

i
!
|
]
!
|
|
i
|
|
]

~————————— Indirect

Fig. 1. Classification of theoretical methods of conformational analysis.

Classical methods

The non-uniform classical methods which originated from vibrational
spectroscopy have now matured into force field or molecular mechanics
methods (see e.q. Ref. 23-~25), They have included specific terms for
perturbations in molecular geometry and the total molecular ensrgy can be
written as

Etot = Enp

+ Vv (1)
where the term V is defined in terms of the same geometrical parameters
discussed at the begining of this paper. The choice of analytical forms for
the force field, the determination force field constants and the
transferability of force fields and their constants among different chemical
systems are subject of considerable interest and research, particularly for
systems with heterocatoms. Different kinds of calculations based on these
models were applied to saccharides, from a simple one assuming only
non-bonded interactions term to the full force field method; and these are
well documented elsewhere (ref, 21-~30). Here we outline only of some of the
more popular approaches in a saccharide field in order to discuss briefly
their performance in the investigation of molecular conformations.
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Potential-function calculations, A group of classical methods which are
usuaIIZ named potential function calculations (PF) is characterized by the
incomplete estimation of V term and the incomplete minimization of the total
energy. The E. . of a saccharide molecules is minimized only with respect to

torsion angles, usually to those defining the relative orientations of
glycosidically linked aglycon relative to the monosaccharide unit. The
intramolecular energy term V represents the summation of contributions from
electrostatic interactions, torsion term, and hydrogen bonding. These
contributions are expressed with the suitable empirical formulae. Procedures
differ mainly in the way of estimating V, and the contributions to V are
selected differently by different authors.

A typical expression for non-bonded interactions Eqp consist of two parts.

One part give the reﬁulsion energy of two atoms at small distances; the
other leads to a weak attraction at large distances. Usually one of the
following two formulas is used:

the Lenard=Jones ; Enb(rij) = Bij/rii - Aij/r?j (2)

or the Buckingham ; Enb(rij) = BijexP('Cij/rij) - Aij/r?j (3)

in which lettered constants are empirical parameters for any pair of atom i
and j and Fij is the distance between these atoms.

In the oldest approach, so~called hard-sphere model (ref. 28,29) was used.
E  (r.,,) = O for r,. s r°
nb''ij ij 2 '
o

= 00 for riy < riy (4)

where rz is the sum of van der Waals radii of interacting atoms. In this

approach, the atoms are considered as harde~spheres of a radius equal to
their atomic van der Waals radius. In this way, one can construct the
conformational maps indicating the sterically allowed zones, without contact
between spheres, and the sterically forbidden zones, in which the spheres
bump into each other. The hard=-sphere method obviously takes cognizance of
short-range repulsion only and disregards completely the attractive forces
between atoms. Moreover, it operates at an all or nothing level, it does not
give any information about the position of the energy minima, i.e. about the
preferred conformation.

Various formulations of the potential=function calculations have been used
successfully, (see e.g. ref., 26«38), particularly in conjuctions with Xeray
diffraction studies (ref., 28«34), Much of the success of this approach is
because van der Waals interactions have a dominant influence on the
conformations of many oligo- and polysaccharides, and it is relatively easy
to rank conformation in order of increasing or decreasing van der Waals
repulsion. However, numerous attempts to calculate conformational energies
more quantitatively have shown that the direct application of the potential
function methods (which had been developed primarily for nonpclar molecules)
to saccharides require modification of the method with particular to
properly accounting for the anomeric and exo-anomeric effects (ref. 9).
Quantum mechanical studies of the model compounds were instrumental in
improving the PF method. It was evident from the calculations of torsional
energetics of acetals (ref., 39) that the PF procedure must be modified by
the proper incorporation of the lone=-pair electrons into calculation of
intramolecular energ{. The lone~pairs bring about the anisotropy of electron
distribution in a molecule such that the majority of the charge density is
localized in their direction. One may regard the lone-pairs as pseudoatoms
with a size and dipole moment and incorporate them into the PF scheme. A
simple PF method was successfully modified (ref. 39) in this way, by
incorporation of the loneepair dipoles in the calculation of electrostatic
term,

An alternative way of the adapting the PF computational scheme to molecules
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exhibiting the exo-anomeric effect consists of the addition of a proper,
preferably simple, potential term. In other words, an attempt is made in
this approach to establish the extra energy term E_ . beforehand, and thea

to incorporate it into the PF method. In one of the first trials, non<bonded
interactions (serving as an extra ener%y term) were combined (ref. 40) with
the ab initio 4=-31G torsional potential (ref,., 41), which corresponds to the
motionless state at zero absolute temperature, of dimethoxymethane. In that
procedure some interactions were evidently counted twice, and the corrected
approach known as HSEA (Hard Sphere Exo-Anomeric) was suggested (ref. 42)
where the extra energy £ . is expressed as e simple function of the

torsional angle for each anomer separately. However, the adoption of the

acyclic molecule as a model for derivation of Egxo introduces an artificial

character to HSEA method from a physical viewpoint, since the model is

symmetrical about 180°%, In spite of this, the HSEA method was used in a
number of studies (ref. 43). A different approximation to the exo=anomeric
energy term (ref. 44) was developed from molecular orbital (MO) celculations
from cyclic models as the difference between the torsional potential of
2=methoxytetrahydropyran and that of 2~ethyltetrahydropyran. The resulting
different expressions for = and -anomers as a function of the angle ,
(ref. 45) were subsequently used as additional energy contributions in the
so~called PFOS method for studies of oligosaccharide conformations (ref.
30).
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Fig. 2, Energy surface (kJ/mol) for methyl A-xylobioside as a function of
torsion ang%es and ; x indicates the lowest calculated minimum; (a)
calculated by the PFS method; (b) calculated bz the PFK method; (c¢)
calculated by the HSEA method; (d) caelculated by the PFOS method.
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For purpose of this paper we have calculated energy of methyl B-xylobioside
(1) as a function of two torsion angles @ and ¥ by using following four PE
methods:

1. EBior = Epp(S) + Eiors (3)

where Enb(s) is represented by the Lenard-Jones potential (eg. 2) with

Scott=Scheraga parameters (ref., 46); torsion around glycosidic C=0 bond
being represented by a term Etors having three-fold periodicity and a

barrier 4.1 kJ/mol (ref. 8). We designate this method as PFS.

2. Eior = Ep(K) + Eiors (8)

where E_ (K) is calculated using Kitaigorodski’s form (ref. 46) of
Buckingham potentials (eq. 3). We used the abbreviation PFK,

3. Eiot = Epp(K) + Eexo (7)
The E, ., term is based on 4-31G ab initio calculated energy of

dimethoxymethane (ref, 41), This method is known as HSEA (ref., 42).

4. EBior = Epp(S) * Eigps * Eoxo (8)

where Eexo contribution is based on cyclic model compounds (ref. 45), and
three-fold barrier in E term is 8,2 kJ/mol., This method was designated

as PFOS (ref. 30).

tors

The calculated two-dimensional energy=-contour maps calculated for 1 by the
four methods are given in Fig. 2. Maps calculated with the same fixed
geometrical parameters but different algorithms have similar shapes but
differ in detail. The calculations with PFK and PFS give very similar
results, Inspsction of the maps revealed the presence of six minima. The
HSEA method predict more restricted flexibility than the other three
methods, The HSEA method shows only two minima in the two deep narrow wells,

centred at =60° and +50°. All other conformers have significantly higher
energies., The performance of above methods for calculations of
oligosaccharides was carefully tested (ref. 30) against available
experimental data or previcus quantum mechanical calculations,

The analysis revealed that the shape of the conformational surface and
relative energies calculated by the above methods depend to great extent on

the choice of molecular geometry. Moreover, the form of Egxo LN the HSEA

method strongly biases the conformational equilibrium of oligosaccharides

towards the unique conformer in the vicinity of ® at 60° or -600, whereas
other conformers are at much higher energies. Although the other PF methods
do not suffer from the same limitation they provide only qualitative
description of the conformational energy surface for oligosaccharide.

Force field or molecular mechanics methods. The development of the classical
methods culminated in force field or molecular mechanics (MM) methods. The
current popularity of these methods appears to rest on the fact that, the
most of the inconveniences of PF calculations, like fixed bond lengths and
bond angles, either free or frozen bond rotation, and unrealistically hard
contact between non-bonded atoms, are removed, The MM methods are based on
the same philosophy as the PF method, i.e. & molecule is considered as a
collection of atoms held together by the harmonic forces. These forces can
be described by the potential functions of structural features like bond
lengths, bond angles and so on., The combination of these potential functions
is the force field., The energy of the molecule in the force field arises
from deviatien from ideal structural features and can be approximated by a
sum of energy contributions

Etot‘ Eb + E + E + Enb + Ehb + Eelst (9) -
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The first three terms are the intramolecular terms and describe essentially
all of the important intramolecular motions of a molecule, that is bond
stretching, angle bending, and internal rotation. The last three terms are
used to describe the non=-bonded interactions, hydrogen bonding, and
electrostatic interactions that is the interactions between the atoms which
are not bonded, If there were other intramolecular mechanisms affecting the
energy, such as out plane bending or lone pair electron interactions, they
may be also added to the force field. The energy of molecule is minimized
with respect to all or some structural parameters, Generally speaking, there
are no strict rules indicating how many or what types of energy functions
should be used, Because of this, many different molecular mechanics force
fields have been developed (ref. 23~25), However, it is important to
recognize that E, . is only a measure of intramolecular strain relative to a

hypothetical situation. By itself E . . has no physical meaning. In addition,

the component terms will change depending on their form and the choice of
parameters, The parametrization of the force field relies heavily on
experimental data collected over years, and judicious choice must be made in
sorting out good and bad data because the reliability of the method can be
no better than the data used for parametrization. Force fields have been
parametrized or fitted to give excellent geometries, relative conformational
energies, heats of formation, crystal packing arrangements, and even
reactivities for different types of molecules = except saccharides. The most
probable reason for failure is the unusual conformational behaviour of
saccharides caused by the interaction of the lone electron pairs of the
oxygen atoms, the consequence of which are the anomeric and exo-anomeric
effects, The anomeric and exo-anomeric effects are primarily quantum
mechanical, and they have no corresponding expression in the classical
mechanics. Most recently, however, the first force fields for saccharides
have been created and applied for mono- and oligosaccharides.

The first force-field developed for saccharides (ref. 23,24) described
correctly the overall saccharide structure, but failed to reproduce the
changes in geometry in the vicinity of the anomeric carbon when
configurations of substituents are changed. As well as, the incorporation of
lone pairs (ref., 7,25) into molecular mechanics schemes MM1 and MM2 did not
bring about the improvement in the description of the anomeric center
geometry. The modification of MML1 scheme (ref. 48) by the separate
parameters for the ring oxygen, glycosidic oxygen and anomeric carbon, which
moreover differ for o= and [S=anomers in the calculation of the energy terms,
represented the first successful atterpt. Recently, the MM2 method was
anended in a similar way (ref. 49) and used to caZculate the structure of
various conformers of oligosaccharides (ref., 30,49), The computations
demonstrated the ability of the method to render the variations of
disaccharide geometry with the changes in conformation around the glycosidic
bonds. In spite of the success, the described modifications are handicapped
by the necessity of an introduction of additional parameters to an already
large set of parameters, To avoid this problem, the standard C-0 bonds
length in MM2 method has recently been expressed (ref. 50) as a function of
conformation of both of the central C-0 bonds in acetal segment,., Further
testing will assess the merits and shortcomings of this and other
modifications of force fields. A full reproduction of the anomeric and
exo-enomeric effects in conformational energies and valence geometry of
saccharides is an ultimate goal of this efort.

Uniform methods

The quantum mechanical methods form the group of uniform methods., In
contrast to the classical methods they are very much concerned with the
three dimensional distribution of electrons around the nuclei. Today, the
situation is considerably different from that in 1965, when it was possible
to write in an authoritative book on conformational analysis (ref. 51): "It
is fair to state that the quantum mechanical approach to conformational
problems has not yet as been very useful, It is the fundamentally correct
approach, however, it will probably pay off in the long run", V'ith the help
of high=speed electronic computers and advances in conceptual and
computational techniques which allow quantum mechanics to be applied to many
systems of chemical interest that were before though to be inaccessible to
quantum chemical studies,

With neglect of relativistic effects and within the scope of the
Born-Oppenheimer approximation, the exact wave function and energy of the
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system are solutions of the Schroedinger equation (ref. 52,53). Based on the
approximations used in solving the Schroedinger equation the uniform methods
can be classified into two groups: ab initio or non~empirical and
semiempirical, Unlike the classical methods, both groups of uniform methods
are without ambiquity in the underlying concepts. However, the choice of the
method to some extent depends upon the size of the structure to be
investigated, Therefore the utility of ab initio quantum mechanical methods
is limited because of their computational complexity. They often require a
reduction in the size of molecule to a smaller one of manageable
proportions. Thus, several small acyclic and cyclic molecules were used as
models for studies on the structural segments of saccharides. Fig. 3 shows &
claessification of uniform methods, The methodology of these methods and the
fruits of their applications to saccharides and their model compounds has
been subject of recent review (ref. 6,9,54) and therefore will not be
discussed here.

Uniform methods

I HV = EV
ab initio seniempirical
STO=3G glucose,maltose EHT
421G acyclic CNDO model compounds
4=31G model INDO monosaccharides
6~31G compounds MINDO ,MNDO oligosaccharides

PCILO

Fig. 3. Classification of uniform methods and the brief indications of their
applications to saccharides.

Role of the environment

It is important to recognize that most quantum mechanical and classical
schemes are designated to treat isolated molecules. Ommiting the environment
from the calculations amounts, in some cases, to dealing with only half of
the energy contributions of the complete system. Fortunately many of the
basic principles and models for the calculation of molecular energies are
also applicable to the calculation of lattice energetics, In principle the
extension of classical approach from molecules to crystal is
straightforward, The basic assumption is that the intramolecular
interactions may be treated as the sum of atom...atom interactions which,
again are approximated by non~bonded interactions, coulombic electrostatic
term etc., (ref. 58). For example, crystalline polysaccharides usually adopt
a regular helical shape which is subject to quantitative description in
terms of relatively small number of lattice parameters and symmetry
relationships. Helical shapes are thus easy to describe, conceptually
simple, and, hence, frequently adopted as model idealizations (ref. 12,13),
Much more complicated is situation in solution and in what follows we shall
focus more on this subject.

Solution. Several different approaches have been suggested to this difficult
problem (ref. 59). One possible way to overcome part of this problem is to
include & limited number of solvent molecule in the calculation., In this
case the system of the solute and a small number of solvent molecules is
treated as a "supermolecule", The supermolecule approach may be useful :in
determining the specific solvation sites (ref. 60), However, for most
processes in saccharide solution the overall solvation energy rather than
the optimal solvation sites is of interest. In fact, the solvation energy
€anfbe obtained only by a treatment which includes many solvent molecules
retve. 61).

An alternative approach is to treat the solvent as a dielectric continuum.
This approach was based on the solvophobic model and was developed for
saccharides (ref, 62,63), It will be described briefly later. The continuum
models are useful in estimating conformational energies of polar molecules.
However they are of limited vagidity for the quantitative treatment of icnic
reactions and for studies of the balance of interactions between the
solute~-solute and solute=-solvent.
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A combination of supermolecule and continuum approaches has been reported
recently (ref, 64), Probably ultimate approach for studying solvent effect
will be the brute force method of computer simulation of the given solution.
This can be based either on Monte Carlo or molecular dynamics calculations
including explicitly the solute and many solvent molecules. However, there
do not seem to be suitable potential functions for calculating the potential
energy of saccharides in different solvent.

The method of free-energg calculation of individual conformers in dilute
solution has been described in detail in our previous paper (ref. 62,63)
and therefore, here we shall repeat only the basic principles of the model,
The process of dissolving a molecule in a solvent involves two steps. The
first is the creation, in the solvent, of a cavity of sufficient size to
accommodate the solute molecule in the given conformation, The cavity
formation requires a Gibbs free energy Geav® The second step is the

introduction into this cavity of the soclute molecule which then interacts
with the surrounding solvent molecules. In our model, the interaction part
of the solvation free energy,zﬁGsolV, is composed of the free energy of

dispersion,AGdis . and electrostatic,zﬁcelst, interactions. The total free
energyAGTot of the individual conformers with corresponding intramolecular
energyAGim in the given solvent can be written as

A3 = NGy, + A3 (10)

ot = AG, +Aecav + AG

solv im

elst T AGdisp

The calculation of the cavity term is based on an expression taken from the
Scaled Particle Theory, which has been successfully used in studies of the
thermodynamic properties of aqueous and nonaqueous solutions (ref. 65)., The
electrostatic term is calculated according to Onsager’s theory of the
reaction field as aspplied by Abraham and Bretschneider (ref. 66). The
dispersion interactions take into account both attractive and repulsive
nonbonded interaction, usin% a combination of the London dispersion equation
and Born-type repulsion (ref. 62), Expressions for the individual terms of
the solvation free=-energy function have been given, together with all
necessary solvent parameters in our previous papers (ref. 62,63,67).

Strategies

Analysis of the performance of individual theoretical methods led to a
suggestion of two possible approaches or strategies in the investigation of
conformational properties of oligosaccharides in solution (ref. 30). In the
first, the two-dimensional (®,V) relaxed energy surface is calculated by
the appropriate method, optimizing the geometry for each (®,V) conformer.
Then the solvation energy (®,W) map is calculated for each solvent and
superimposed onto the vacuum relaxed surface to obtain different (®,V) maps
for any given solvent. Next, these (§,V) free energy maps are used to
determine statistical weights for the calculation of ensemble averaged NMR
experimental characteristics of a given oligosaccharide.

However, the foregoing approach requires considerable effort and computer
time, and is probably feasible only for simple disaccharides. In fact, this
way of calculations was only used for the investigation of conformational
properties of maltose (ref. 68). Therefore, as an alternative procedure the
following simpler methodology was proposed. In the first step, a
two=dimensional (d,V) energy surface is calculated with a fixed molecular
geometry generated from average coordinates (ref. 69~71), The local minima
on this map are used as starting points for optimization of geometry and for
precise specification of minima on the (P,V) surface. At this point, the
contribution of solvation energy is calculated and superimposed onto the
vaccum energy for each optimized conformer. The average properties are
calculated only with these minima and compared with experimental data.
Although this approach is usually sifficient, oligosaccharide may appear in
conformers which, may have minima on the solvent=-specific (®d,V) surface,
thit a{e not present on the ($,V) surface of the isolated oligosaccharide
molecule.
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EXAMPLES OF CONFORMATIONAL ANALYSIS IN OLIGOSACCHARIDES
SOLUTIONS

A fundamental question which often arises with regard conformational
properties of oligosaccharides in solution is that of defining a mixture of
conformations whose relative gopulations. are suitable for interpreting the
solution properties of the molecule. We have shown that the computational
techniques have matured in the last decade to the point where they can
provide rather reliable information on molecular energetics of saccharides,
especially when one is concerned with energetic differences in molecular
conformations rather than in the absolute energZ of any particular
conformation, In this section we cite two examples, trehalose and methyl
-xylobioside, in order to demonstrate that our knowledge of expected
conformations and our confidence in predicting them by using the combination
of the NMR and computational techniques are now quite well=-founded.

Trehalose. The incentive for determining the solution behaviour of the
trenalose was to compare the orientational properties around a glycosidic
linkage in three different orientations of the C«0-C~0«C-0-C segment, and to
aid in understanding of anomeric and exo-anomeric effects. Trehalose is the
general name given to a family of three D-glucosyl D-glucosides, nonreducing
disaccharides namely, &,0-; &,3- and B,3-. Conformational properties of the
trehaloses, were studied by using 2-(tetrahydropyran-2-yloxy)tetrahydropyran
(2) as a model. The detailes of the calculations are described in the
original paper (ref. 49).

The Fig., 4a shows (®, d') conformational energI maps for an isolated molecule
of the a,c=form of 2 (2aa) and its aqueous solution (Fig. 4d). The contour
maps demonstrate how both the exo-anomeric effect and steric interactions
between the pyranoid-ring atoms influence the rotation around the glycosidic
C=0 bonds, OnZy a small percentage of the confirmational space lies within
the 20 kJ/mol region. An inspection of the (®,P, maps reveals the existence
of three minima., The lowest energy is found for conformer (sc,sc}, having &

= 63.4 and ®'= 59.1°, The (ap,sc) conformer with @ = 145,1, &'= 67.5° lies
9.87 kJ/mol higher in energy. The symmetrically related conformation

(sc,ap) with @ = 67.5°, ®' = 145.1 has the same energy. The (sc,sc)

conformer corresponds to the crystal-structure conformation of o,ct=trehalose
(ref, 55=57)., A comparison of the map for 2aa in solution with that for an
isolated 2aa molecule shows only a minor alteration.in the character of the
maps as a result of the solvent effect, This is demonstrated in Fig. 4d for
agueous solution. The minima in solution and energy differences are the same
as those for an isolated molecule. The calculated population of the (sc,sc)
conformer is 96,5%, both in an isolated molecule and in solution.

Two=-dimensional (&P, d') contour maps for an isolated o,B=form of 2 (2ab)
molecule and a aqueous solution thereof are given in Fig. 4. It is evident
from comparison of the 2ab maps with the 2aa maps that the change in the
anomeric configuration at one anomeric carbon atom broadens the area
enclosed by the contour 20 kJ/mol. The rotation around the equatorially
oriented C-1°-0-1 bond is less hindered than that about the axially oriented
C~-1-0=1 bond. The maps show the existence of four minima (sc,~sc), (sc,ap).

(sc,sc), and (ap,~sc). The lowest minimum appeared at d = 65.,4° and d'=

-54.70, the next, with 5,1 kJ/mol higher energy at (151.5, =58.,4). The
energies of the (61.9, =147.8) and (72.5, 46.3) conformers relative to
(sc,=sc) are 5.6 and 5.3 k3J/mol, respectively, The distribution of
conformers for the isolated molecule is 74:8:9:9. In solution, the

abundance of the (sc,~sc) conformer decreases as the polarity of the solvent
increases, with the lowest value of 33% in water. In contrast, the abundance
of the (ap,-sc) conformer increases to 58% in water. The populations of
other two change only little. The solvent effect is most pronounced in
water. Whereas, in other solvents, (sc.-sc) is the principal conformer, in
aqueous solution (ap,~sc) is predicted to be the principal species.

The calculated two-dimensional maps for (B,8-form of the 2 (2bb), given in
Fig. 4 contain six local minima (=sc,esc), (~sc,sc), (.sc,ap), (sc,=-sc),
(sc,se), and (ap,=-sc). The lowest minimum (=~sc,-sc) appeared at d = -58.8°
and &'’= -59.00, and it has C2 symmetry, as well as the (sc,sc) conformer
(34.6, 34,6) with 6.8 kJ/mol higher energy. The energy of the (sc, =sc)
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(59.0, =39.3) conformer and of the symmetricallz related (~-sc,sc) (=39.3,
59.0) conformer, relative to (=sc,-sc), is 4.3 kJ/mol, The last two
symmetrical conformers, («33.4, 60.8) and (60,8, =33.4), are situated at 7.8
kd/mol above the absolute minimum. The distribution of conformers for the
isolated molecule is 66:24:6:4, The molecular representations of the most
stable conformers for three forms of the 2 are displayed on Fig. 5.

Fig. 5. Molecular representation of the most stable conformations
for each form of the 2.

It follows from our results that the rotation around the C=0 bond in
(L1=1)~linked disaccharides depends on the orientation of the adjacent C«0
bonds in the C~0=~C-0-C~0-~C segment. The orientation of the C=«1-0=5 or
Cel’=0~5"bond is determined by the configuration of the anomer; for the
o=anomer (or in the axial form) the orientation is sc; for the pB-anomer (or
an . equatorial form) the orientation is ap. The shape of the energy curve for
the rotation around the C=l1=0-1 or C=l1"=0«1" bond resembles that in the

axial and equatorial forms of 2emethoxytetrahydropyran (ref. 44).

The calculations of the 2-methoxytetrahzdropyran revealed the existence of
two minima for rotation around the axially oriented C-1-0-1 bond, and three
minima for the equatorially oriented C-1-0-~l1 bond. On the other hand, in the
2, the orientation around the C=1-0-1 or C-1°=0-1 bond influences the
rotation about the adjacent C=l1"=0=-1 or C-1-0-1 bond. Therefore, we have
found only three minima for 2aa, four for 2ab, and six for 2bb,
Disaccharides usually exist In a complex, conformational equilibrium in
solution, and the composition of the mixture of conformers depends on the
solvent. in this respect, the solution properties of the o,=form of
(1-1)=~linked disaccharides are unique. As follows from our results, 96% of
the 28a is in the (sc,sc) conformation, and the abundance of this conformer
is not solvent-dependent.

Methyl %-x¥lobioside. The next example is the study in which both
theoretical and experimental approaches have been used in order to study
solution behaviour of the methyle0=p~D-xylopyranosyl-s-D-xylopyranoside
(methyl B-xylobioside, 1). Results of semiempirical quantum chemical PCILO
calculations with solvent effect evaluation has been correlated with
measurements of interglycosidic vicinal coupling constants_using new
selective two-dimensional NMR techniques (ref. 72). Interest was focused on
the study of influence of the solvent and the temperature upon the
population of individual conformers.
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Heteronuclear interglycosidic coupling constants 3% are in water relatively
constant between 278 K and 318 K ; values are within an interval 4,6 Hz -

4,9 Hz, With increasing temperature (up to 358 K) J® decreases to 4.4 Hz
and 4.1 Hz respectively., More evident dependence was detected in an array of

atoms corresponding to the dihedral angle V, a¥, values ranged from 5,6 Hz

at 278 K to 4,2 Hz at 358 K, Similar trends were obtasined in methanol ; JV
was constant at low temperatures (5.3 =~ 5.0 Hz), smaller values were

obtained at 288 K and 318 K, The dependence of 3Y¥ was also monotonic. The
coupling constants decrease from 5.8 Hz at 238 K to 4,5 Hz at 318 K.

Coupling constants obtained in dimethyl sulfoxide indicate that this solvent
has a different effect on conformational equilibria of 1 in comparison to

previous solvents. Coupling J% and 3VY at 298 K are 5.7 Hz and 5.6 Hz,
respectively i,e. about 1 Hz larger than in water or methanol, at the same
temperature. The temperature dependence is not so pronounced, a maximal
change of both couplings is 0.6 Hz at 80 degrees difference. With regard to
the averaged character of the measured coupling constants, we have employed

PCILO calculations for the quantitative interpretation of J? and ¥ coupling
constants in NMR measurements.

An inspection of the (D,V) map (Fig. 6). For ‘the isolated molecule of 1
reveals the existence of six areas of the energy minima. These were used as
a starting points for minimization, Then, based on calculated energies the
statistical weights for the calculation of ensemble averaged torsion angles
(®)and (¥)in four solvent were determined. The ensemble averaged coupling

constant {(JI%) and (I¥)were calculated by using determined Karplus=type
squation which describes conformational dependence of Jgy in C-0~C~H segment

of bonded atoms on dihedral angle (ref., 73).

@
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The calculated values of (3I%) and (3¥%) follows the experimental trends, at
25 degrees in dioxane the values are 2.7 Hz and 4.9 Hz; in methanol 2.6 Hz
and 4.8; in dimethyl sulfoxide 2.7 Hz and 4.8 Hz; and in water 2.8 Hz and
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5.0 Hz, respectively., Thus the differences in conformer population of 1 in
the equilibrium mixture with the change of temperature and solvent condition
observed by NMR measurement might be interpreted with the help of
calculations.

CONCLUDING REMARKS

We have shown how theoretical conformational analysis of saccharides can
yield a great deal of information of interest to chemist and biochemist
concerned with the solid state and solution, It provides the most direct
means for examining differences in conformational behaviour of saccharides
which are influenced by the environment. A quantitative measure of this
influence of the environment (crystal, solution or protein) may be obtained
by computationally examining both the molecular and intermolecular
energetics to sort out the interactions which bring about the observed
changes from one environment to the next.

While computational techniques have reached now a significant level of
sophistication, their applicability to a variety of problems, the
transferability of potential forms, and their predictive power are problems
and challenges which still remain.

The application of these techniques to problems involving conformational
complexities is a symbiotic one: the techniques are required for the
investigation of the problems and in their solution one can discover their
power and limitations.

The combination of experimental techniques and computational methods is one
that is sure to provide a great deal of information on the conformational
complexities of oligo~ and polysaccharides.
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