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[. Introduction

In nature, carbohydrates form an important family
of biomolecules, as simple or complex carbohydrates,
either alone or covalently linked to proteins or lipids.
Most of the earlier studies on carbohydrates were
centered on plant polysaccharides, such as cellulose,
starch, pectins, etc., largely because of their wide
range of industrial applications. More recently, the
role of carbohydrates in biological events has been
recognized? 2 and glycobiology has emerged as a new
and challenging research area at the interface of
biology and chemistry. The glycoconjugates, i.e.,
glycolipids, glycoproteins, and glycosaminoglycans
present at the cell surface, display diversity in
glycosylation pattern between species which appear
to be to be driven by evolutionary selection pressures*
but which also can occur between cell types in the
same organism. Modifications of cell glycosylation
also occur during cell activation, inflammation, and
cancer. Oligosaccharides are known to play structural
and physical roles but are also specifically recognized
by lectin receptors.> Of special interest are the
carbohydrate-mediated recognition events that play
a role in important biological phenomena involving
cell—cell interaction such as fertilization, bacterial
infection, inflammatory processes, cell growth, etc.

Determination of the three-dimensional structure
of oligosaccharides and understanding the molecular
basis of their recognition by receptors represent the
main challenges of structural glycobiology. Elucida-
tion of the three-dimensional structures and the
dynamical properties of oligosaccharides is a prereg-
uisite for a better understanding of the biochemistry
of recognition processes and for the rational design
of carbohydrate-derived drugs. Unfortunately, oligo-
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saccharides, either in their free form or when part
of glycoconjugates, are inherently difficult to crystal-
lize and structural data from X-ray studies are
sparse.® In solution, the flexibility of certain glycosidic
linkages produces multiple conformations which
coexist in equilibrium. The use of several spectro-
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scopic methods, with appropriate time resolution, is
necessary for analysis of the conformational behavior
of such molecules.”® Hence, procedures for molecular
modeling of carbohydrates have been devised as an
important tool for structural studies of these com-
pounds. Since the pioneering work of Prof. Lemieux
and co-workers,® various molecular modeling meth-
ods have been developed® and widely used for the
determination of oligosaccharide conformations. The
progress made in algorithms and computational
power now allows for the simulation of carbohydrates
in their natural environment, i.e., solvated in water
or in organic solvent, in concentrated solution, or in
the binding site of a protein receptor.

The last two decades have witnessed tremendous
advances in the elucidation and understanding of the
conformations and dynamics of oligosaccharides
thanks to the technical developments in nuclear
magnetic resonance (NMR), X-ray diffraction, and
computer modeling methods. It is the aim of the
present paper to review the significant contributions
in the field, restricting the examples to some carbo-
hydrate molecules that are considered to possess a
significant biological function. We focus essentially
on molecules belonging to the class of histo-blood-
group antigens and to the glycosaminoglycan family
for which a range of conformational characterizations
has been reported, in turn providing a consistent
understanding of the conformation and conforma-
tional changes that these molecules undergo as a
function of their chemical and biological environment.
Obviously other biologically active oligosaccharides
and glycoconjugates have been reported. but none of
these has been sufficiently well characterized, in
terms of conformation, to be included, thus avoiding
the risk of transforming this paper into a catalog. As
for the different concepts and tools underlying the
assessment of the structural and dynamics features
of oligosaccharides, they will be presented using the
most significant scientific contribution, whether the
studied molecules belong to the classes of biologically
active oligosaccharides defined above.

ll. Computational Studies of Oligosaccharides

A. Structural Diversity and the Conformational
Challenges

Carbohydrates have a potential information con-
tent that is several orders of magnitude higher than
any other biological macromolecule. The diversity of
carbohydrate structures results from the broad range
of monomers (>100) of which they are composed and
the different ways in which these monomers are
joined. Thus, even a small number of monosaccharide
units can provide a large number of different oligo-
saccharides, including branched structures, a unique
feature among biomolecules. For example, the num-
ber of all possible linear and branched isomers of a
hexasaccharide exceeds 10%2.1* The complexity of the
topology of oligosaccharides (and polysaccharides)
requires the design of dedicated molecular building
procedures that can rapidly convert the commonly
used sequence information into a preliminary but
reliable 3-D model. Particular procedures have been
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designed for such tasks'?'® using libraries of con-
stituent monomers.'4

Currently, the accepted vision is of oligosaccharides
as flexible molecules containing several bonds about
which there is free rotation. Therefore, they consti-
tute a particularly challenging class of molecules for
conformational analysis, both from the theoretical
and experimental point of view. Carbohydrates are
also thought to be especially difficult to model
because of their highly polar functionality and the
differences in electronic arrangements, such as the
anomeric, exo-anomeric, and gauche effects, that
occur during conformational and configurational
changes. These effects have been extensively re-
viewed.?>1¢ To address these issues, molecular mod-
eling is required, and this is most effective when it
is used in conjunction with diffraction methods, high-
resolution NMR spectroscopy, and other spectroscopic
methods. In this context, to perform realistic model-
ing, three basic questions should be answered: (1)
What are the most appropriate force fields and
concomitant parameters to use? (2) What is the most
satisfactory and efficient way to travel through the
conformational hyperspace? (3) What is the appropri-
ate way to calculate, from a modeling study, the
spectroscopic observables for which experimental
data are available?

The low-energy conformers of a disaccharide can
be estimated using molecular mechanics. In such
compounds the global shape depends mainly on
rotations about the glycosidic linkages, because the
flexibility of the pyranose ring is rather limited and
the different orientations of the pendant groups have
a limited influence on the conformational space of the
disaccharide. The relative orientations of saccharide
units are therefore expressed in terms of the glyco-
sidic linkage torsional angles ® and W which are
defined as ® = O5—C1-0O—C'xand W = C1-O—C'x—
C'(x — 1) for a (1—x) linkage (Figure 1).

B. Force Fields for Carbohydrates

Molecular mechanics potential-energy functions
have been developed to describe a variety of systems,
such as various small molecules, including the im-
portant case of water, simple organic compounds,
proteins, and nucleic acids. Unfortunately, because
the characteristics of a particular functional group
may depend on the chemical environment, it is
usually not possible to transfer molecular mechanics
potential-energy parameters developed for a specific
case to the description of the same group in a
different environment. For this reason, potential-
energy functions and parameter sets developed for
proteins or for general organic molecules may not be
appropriate for carbohydrate systems. Several car-
bohydrate potential-energy functions and/or param-
eter sets are available in the literature, and these
have been used extensively in the past. The following
force fields are widely used or have been designed
especially for carbohydrates.

The MM2 and MM3 force fields are molecular
mechanics force fields initially meant for hydrocar-
bons but now applicable to a wide range of com-
pounds.t’~2° Tvaroska and Pérez published a modi-
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Figure 1. Graphical representation of two disaccharides
along with labeling of the torsion angles defining the
conformation of the glycosidic linkage. (top) The aMan(1—
3)Man disaccharide. (bottom) The aMan(1—-6)Man disac-
charide.

fied version especially for oligosaccharides called
MM2CARB.?*

The GROMOS force field was developed for molec-
ular dynamics simulations of proteins, nucleotides,
or sugars in aqueous or apolar solutions or in crystal-
line form?? and has been modified to include the exo-
anomeric effect.?3

The CHARMM force field is designed for the
modeling (both molecular mechanics and dynamics
calculations) of macromolecular systems.?* Several
revisions for carbohydrates have been proposed.?526
Kouwijzer and Grootenhuis redeveloped the CHEAT
force field: a CHARMM-based force field for carbo-
hydrates in which a molecule in aqueous solution is
mimicked by a simulation of the isolated mol-
ecule.?”28

The AMBER force field was developed for simula-
tions of proteins and nucleic acids.?® A modification
of this, for conformational analysis of oligosaccha-
rides, was made by Homans.3® Glennon et al.?* and
more recently Momany and Willet3? presented an
AMBER-based force field especially modified for o-
(1—4) linkages. Woods et al. developed the GLYCAM
parameter set for molecular dynamics simulations of
glycoproteins and oligosaccharides that is consistent
with AMBER.®°

The AMBER* version used in the MacroModel
package®® has been expanded with carbohydrate
parameters and validated by free-energy calculations
on various simple sugars and disaccharides.3

The consistent force field (CFF), originally a mo-
lecular mechanics force field for cycloalkane and
n-alkane molecules optimized on structural and
vibrational data,® has been developed, in later ver-
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sions, for other classes of compounds including
carbohydrates.36:%7

The SPACIBA program has been developed as a
vibrational force field with particular emphasis on
monosaccharides and oligosaccharides.3®

The TRIPOS molecular mechanics force field is
designed to simulate both biomolecules (peptides) and
small organic molecules.®® Additional parameters for
conformational analysis of oligosaccharides, including
sulfated glycosaminoglycan fragments and glycopep-
tides, were derived by Imberty et al. 144041

The CVFF and CFF force fields available from
Biosym Technologies have been evaluated for model-
ing carbohydrates.*? Recently, methods for deriving
class Il force fields*® have been applied to carbohy-
drates and the parameters incorporated into the CFF
force field.

The DREIDING force field, developed for the
simulation of organic, biological, and main-group
inorganic molecules, is one of the newer force fields
in this list.*

The OPLS force field*® has been expanded recently
to include carbohydrates.*®

The Merck Molecular Force Field (MMFF94) has
been published.*” It seeks to achieve MM3-like ac-
curacy for small molecules in a combined “organic/
protein” force field equally applicable to proteins and
other systems of biological significance.

A comparison and chemometric analysis of 20 of
these molecular mechanics force fields and parameter
sets applied to carbohydrates has been performed.*
The applications of these force fields and/or sets of
parameters to a series of seven test cases provided a
fairly general picture of the potential of these pa-
rameter sets to give a consistent image of the
structure and energy of carbohydrate molecules. The
results derived from a chemometric analysis (prin-
cipal component analysis) produced a global view of
the performances of the force fields and parameters
sets for carbohydrates. The analysis (i) provided an
identification of the parameters sets which differ
from the bulk, (ii) helped to establish the relationship
that exists between the different parameters sets,
and (iii) provided indications for selecting different
parameters sets for exploration of the force field
dependency (or the lack of thereof) in a given molec-
ular modeling study.

C. Exploring Hyperdimensional Space

Computational methods are applied extensively for
the exploration of the conformational space of oligo-
saccharides.*® The determination of conformational
preferences of oligosaccharides is first performed by
describing their preferred conformations on potential-
energy surfaces as a function of their glycosidic
torsional angles: @ and W. It is assumed that each
glycosidic linkage displays a conformational behavior
that is independent of the structural features in the
molecule.

The @, W space can be explored in a systematic
way. Both torsions are sequentially rotated in small
increments over the full 360° range. At each point of
the grid the energy according to the force field in use
is calculated. It is then possible to represent the
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energies of all the conformations available as a
contour map in ®, W space. These contour maps
enable graphical description of energy changes as a
function of the relative orientation of the monosac-
charides. They indicate the shape and position of
minima, the routes for interconversion between
conformers, and the heights of the transitional bar-
riers. There are many different methods for calculat-
ing contour maps.

In the rigid residue or hard sphere potential
surfaces approach, the constituent monosaccharides
are assumed to be rigid with pendant groups fixed.
As the ©, W values are changed, steric interactions
occur between the pendant groups which are unable
to relax. These steric interactions cause a rapid
increase in energy. This effect is especially prominent
in sterically crowded molecules. In addition, surveys
of a large number of known crystal structures,
together with and supported by semiempirical cal-
culations, reveal small but important variations in
pyranoid ring geometries and orientations of pendant
groups with the ®, W values. These are dependent
upon the anomeric and exo-anomeric effects and
emphasize the need for a model to include bond
length and angle degrees of freedom.

The strain produced by steric interactions inherent
from rotation of monosaccharide residues is relieved
by the inclusion of adjustments to bond length and
angle by minimization of all degrees of freedom of
the system (except @ and W) at each grid point.
During minimization, pendant groups move to the
nearest minimum downhill from the starting point.
In the process of driving the molecule through
unfavorable regions of the ®, W space, large steric
interactions can sometimes cause pendant groups to
overcome torsional barriers. This results in minimi-
zation to a different local well. This relaxed map
describes a larger accessible potential-energy surface
than rigid maps and leads to a lowering of the energy
barriers between minima and a lower energy mini-
mum far removed from the initial starting geom-
etry.%0

Whereas rigid residue maps represent a two-
dimensional cross section of a 3N — 6 dimensional
surface, where N is the number of atoms, relaxed
maps represent a larger cross-sectional window of a
given potential-energy surface because they allow
minimization of the internal coordinates (bond lengths,
bond angles, and torsional angles) to local low-energy
wells. However, as minimization will only lead to
conformations ‘downhill’ from the starting structure,
the torsional dimension where most conformational
variation occurs is limited to only one orientational
well. It is possible that rotation of pendant groups
over torsional barriers could produce lower energy
conformations at that point in the @, W space. Ideally
at each point in this space an investigation of all
possible combinations of pendant group orientations
is required (i.e., assuming that each pendant group
can exist in each of the three idealized staggered
orientations, 3n different conformations at each point
in the @, W space, where n is the number of pendant
torsions). This results in 3'2 (531 441) conformations
for a simple disaccharide and 3'° (1.16 x 109



Dynamics of Bioactive Oligosaccharides

conformations for the more complex disaccharide
repeat of heparin.

Adiabatic maps attempt to represent the lowest
energy of all possible pendant group orientations at
each point in the ®, W space. On comparison with
the corresponding relaxed maps, adiabatic maps are
flatter, allow greater freedom about the glycosidic
bonds, locate additional minima, and reduce the
barriers between minima. At present there are
several different methods for calculating adiabatic
conformational maps: In the method most commonly
used, the energy at each point in ®, W space for
several starting orientations of the hydroxyl groups
is evaluated systematically and the lowest energy for
each point is used to generate the map. This can be
very time-consuming, so such a systematic search is
only possible for carbohydrates of limited size and
flexibility.

Several procedures have been developed to scan the
energy surface as a function of the two glycosidic
angles in an efficient way. For example, the random
molecular mechanics (RAMM)®! grid method searches
the orientation of pendant groups at each point in
@, W space. At each point, a random walk procedure
uses 1000 steps for varying pendant group orienta-
tion and evaluating unrelaxed energies. Only the
resultant lowest energy structure is optimized and
accepted as the energy for that point in the ®, W
space.

The prudent ascent method moves through the @,
W space in a way that is dependent on previous
minimizations. Large steric interactions are mini-
mized by dealing with the most favorable geometries
first in a way similar to the local relaxed map. It
makes use of inelastic deformations that decrease the
energy by recalculating the energies of surrounding
geometries using the new lower energy structure as
the starting geometry. On average the energy for
each point in the ®, W space is calculated twice.>?

With the CICADA method (channels in conforma-
tional space analyzed by driver approach),> the
potential-energy surface is explored using single-
coordinate driving approach:3* each selected torsion
angle is driven with a concomitant full-geometry
optimization at each increment (except for the driven
angle). A comparative application of this type of
heuristic search, with an exhaustive systematic
search for disaccharides,® has established the reli-
ability of the CICADA method. It displays several
advantages over other conformational searches: (i)
it has polynomial dependence of dimensions on
computer time, in contrast to the systematic grid
searches which have exponential dependence; (ii) the
conformations found are free of artificial harmonic
constraint potentials; (iii) it overcomes all barriers
among families of conformations on the conforma-
tional hypersurface but spends almost all of its time
in the essential highly populated areas; (iv) the
inherent properties of the algorithm make rigorous
optimization superfluous and provide good conver-
gence behavior; (v) it provides low-energy conversion
pathways that can be used for estimating adiabatic
rotational barriers.

Chemical Reviews, 2000, Vol. 100, No. 12 4571

The Monte Carlo method is essentially a random
search method. The method is more efficient for
atomic or simple molecular systems than for complex
(macro)molecular systems, since a random displace-
ment in the latter case will generally lead to such
distortions of a molecule so that the energy of a new
configuration will usually be very high. Metropolis
Monte Carlo methods have been applied to the
conformational analysis of oligosaccharides.>®

In molecular dynamics simulations, an ensemble
of configurations is generated by applying the laws
of motion to the atoms of the molecular system. The
two major simulation techniques are molecular dy-
namics in which Newton’s equations of motion are
integrated over time and stochastic dynamics in
which the Langevin equation for Brownian motion
is integrated over time. Several algorithms have been
developed for molecular dynamics simulations. Such
simulations follow a system for a limited time.
Physically observed properties are computed as the
appropriate time averages through the collective
behavior of individual molecules. For the results to
be meaningful, the simulations must be sufficiently
long so that the important motions are statistically
well sampled. Experimentally accessible spectro-
scopic and thermodynamic quantities can be com-
puted, compared, and related to microscopic inter-
actions. It should be noted that molecular dynamics
is severely limited by the available computer power.
With presently available computers, it is feasible to
perform a simulation with several thousand explicit
atoms for a total time of up to a few nanoseconds. To
explore the conformational space adequately, it is
necessary to perform many such simulations. In
addition, it may be possible that carbohydrate mol-
ecules undergo dynamical events on longer time
scales. These motions cannot be investigated with
standard molecular dynamics techniques.

It is important to recognize that most quantum
mechanical and molecular mechanical procedures are
designed to treat molecules in the isolated state.
Omission of the effect of the environment from the
calculation results in a neglect of the fraction of the
energy contribution that arises from these interac-
tions. For example, a carbohydrate in an aqueous or
crystalline environment will usually form hydrogen
bonds only to neighboring molecules, while the
simulation of the molecule in vacuo is dominated by
conformations with energetically favorable intramo-
lecular hydrogen bonds.?®

Several different approaches have been proposed
to treat solvation effects.5” In one of the simplest, the
effect of the solvent is achieved by increasing the
dielectric constant for calculations of electrostatic
interactions or by the use of a distance-dependent
dielectric constant. Unfortunately this affects all
electrostatics. An alternative approach is to treat the
solvent as a dielectric continuum. The conformational
free energy of a given conformer in a particular
solvent may be described as arising from the contri-
bution of the energy of the isolated state and the
solvation free energy.%®%° A computational method
that is very efficient is the use of the CHEATO95 force
field, which is parametrized in such a way that the
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Figure 2. Potential-energy surface of the aGal(1—3)Gal
disaccharide calculated with the MM3 force field as a
function of ® and W.'*3 The isoenergy contours are drawn
by interpolation of 1 kcal/mol above the absolute minimum
A. The broken line represents the history of ® and W
torsion angles for a 2.5-ns molecular dynamics trajectory
of the aGal(1—-3)5Gal(1—4)GIcNAc trisaccharide in water
solution.

simulation of isolated carbohydrates mimics the
behavior of the molecule in aqueous solution.?® An
alternative method, using Langevin dynamics simu-
lation in which the water is simulated by a frictional
model, has also been used for modeling disaccha-
rides® and trisaccharides.®!

At present the best approach is the inclusion of the
environment in the simulation, viz. a molecular
dynamics simulation with explicit water molecules
or other surrounding molecules. By applying periodic
boundary conditions a true but still very small system
is simulated (Figure 2). Of course this is very time-
consuming for an oligosaccharide in water, and only
a few thorough investigations have been reported so
far in practice for the disaccharides: maltose,6263
sucrose,® trehalose,%® xylobiose,®® neocarrabiose,5’
oMan(1—-3)Glc,%® and fragments of hyaluronan.5%7°

D. Probing the Structures

The experimental data available for the atomic
structures and energies of carbohydrates primarily
comprise geometries and crystal packing in the solid
phase, anomeric equilibria in solution, translational
and rotational diffusion in solution, and molecular
vibrations in the condensed phase. All of these
experimental properties can be modeled, but they
require consideration of a number of choices for
modeling the environment and for sampling the
statistically representative conformers that contrib-
ute to the experimental data.

1. Crystal Structures

More than 3600 crystal structure determinations
of carbohydrates are now listed in the Cambridge
Crystallographic Data Base. X-ray analysis provides
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the most accurate data concerning the conformation
of a carbohydrate. Precise atomic coordinates are
obtained, along with an explicitly defined environ-
ment. Although the crystalline state is often dis-
missed as irrelevant to biological processes, compari-
sons with crystal structures are among the most
precise test of modeling available for carbohydrate
molecules, provided that packing forces are taken
into account. By molecular dynamics simulations of
crystal structures, both force fields and methods can
be validated.™

A more common way to use crystallographic data
to test computer simulations is the superimposition
of conformations found in crystal structures on a
calculated potential-energy map. However, it should
be kept in mind that the conformations found in
crystals can be influenced by packing effects, so that
they may differ from the preferred conformation(s)
in aqueous solution and in vacuo. An interesting
example of the problems that can arise with in vacuo
calculations is given by sucrose. The MM3 calculation
predicts a high potential energy (5.5 kcal/mol higher
that the global minimum) for the conformation of the
sucrose link found in raffinose. The simulation in
water shows that this is an artifact of the MMS3 force
field; the calculations with the CHEAT95 force field
perform much better in this respect. The lowest
energy conformation is stabilized by an intramolecu-
lar hydrogen bond which cannot be formed in the
raffinose conformation. Nevertheless, this conforma-
tion appears to be stabilized by surrounding mol-
ecules. An extensive study of the energy contributions
of this glycosidic link showed that the problem was
not due to the overlapping anomeric sequence, as
suggested, but to a very high barrier for one of the
torsions.

2. Conformational Behavior in Solution

In solution, the method of choice to study the three-
dimensional structure of saccharides is NMR, through
the parameters represented by chemical shifts, cou-
pling constants, nuclear Overhauser effects (nOe),
and also relaxation time measurements. The use of
NMR experiments for the conformational analysis of
oligosaccharides differs significantly from that of
proteins. Isotopically labeled oligosaccharides are not
readily available, and therefore, many heteronuclear
NMR experiments are not easily applicable to the
study of oligosaccharides. The conformational depen-
dence of the carbon’ and proton” chemical shifts is
far from being understood; nevertheless, the use of
chemical shifts of hydroxyl proton as conformational
probes for studies in aqueous solution is emerging.”
The magnitude of the torsion angles at the glycosidic
linkages can be evaluated using a Karplus-type
relationship established for vicinal proton—carbon™
or carbon—carbon’® coupling constants. Measure-
ments of nOes can provide estimations of distances
between protons that are close together in space. In
contrast to proteins, distance geometry calculations
for oligosaccharides are either nonapplicable or com-
plicated because of the flexible nature of these
molecules. NMR data alone, therefore, can rarely
define the structural or dynamic properties of oligo-
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saccharides unambiguously. In addition, relaxation
time measurements give information on the mobility
and the behavior of molecules in solution. Here again
the assessment is complicated by the fact that the
internal motions often occur on the same time scale
as the overall tumbling time of the molecules. There-
fore, interpretation of the experimental relaxation
rates requires a dynamic model which is incorporated
in the expression for the spectral densities. In the
model-free approach,’” internal motion is defined by
only two variables: the order parameters, S?, which
describe its spatial restriction or amplitude, and 7,
which is the corresponding effective correlation time.
Despite its inherent complexity, such an approach is
being used in the area of oligosaccharide conforma-
tional studies.”® Additional problems are expected
when the overall molecular tumbling time is aniso-
tropic. Detailed studies in this respect are being
performed on large oligosaccharides such as a syn-
thetic heparin pentasaccharide.” These show that
the effects of anisotropic motion generally cannot be
neglected.

A major difficulty in the determination of the
conformation of an oligosaccharide from NMR data
arises from the flexibility of carbohydrates, especially
flexibility arising from the glycosidic links. When
multiple conformations are present in solution, NMR
data will represent a time-averaged conformation.
Since the geometrical parameters are usually related
in a nonlinear way to the experimental data, these
data can be very misleading. Consider, for example,
an oligosaccharide in solution that occupies two
distinct conformations, one with a relatively short
distance between the protons at both sides of the link
and one (which is preponderant) with a rather large
distance. Since the measured nOe is an average, its
value could easily lead the interpreter to a single non-
existing conformation. Even when it is known that
two conformations are present, errors can easily be
made since the predominant conformation will pro-
duce only a small contribution to the resulting nOe.

A very promising and yet simple approach lies in
the combination of molecular dynamics simulation,
with the explicit consideration of water molecules,
to help resolve both the structural and dynamical
features of oligosaccharides as seen by NMR spec-
troscopy. A nanosecond time scale molecular dynam-
ics simulation of sucrose in aqueous solution was
used to interpret NMR data from this disaccharide.5
From these simulations the glycosidic heteronuclear
coupling constants and NOESY volumes were calcu-
lated to be in good agreement with the experimental
values, in contrast to the results derived from a rigid
model. Because the internal motions of the disaccha-
ride occurred on the same time scale as overall
tumbling, a new motional model for spectral densities
was devised. The calculated rotational tumbling time,
translational diffusion coefficient, and radius of gyra-
tion also agreed well with experiments. In the MD
simulations, the disaccharide exhibited significant
conformational flexibility, as suggested from its
relaxed conformation energy map, derived either
from CHARMME®O or from MM3.8t In particular, the
two inter-ring hydrogen bonds of the crystal did not
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persist in solution. Although they were present
intermittently for a small fraction of the simulation
time, most of the time they were exchanged for
hydrogen bonds to solvent molecules. A study, utiliz-
ing rotating frame Overhauser enhancement spec-
troscopy (ROESY) experiments in supercooled water,
indicated that direct exchange occurred between the
hydroxyl groups belonging to the glucose and the
fructose moiety, respectively.®? It was concluded that
a corresponding intramolecular hydrogen bond exists
transiently in sucrose in solution. This does not
necessarily contradict the above results because the
experimental conditions in supercooled solutions
certainly represent an extreme situation.

In recent years '3C isotopic enrichment has proved
to be a way for assessing new experimental NMR
parameters not previously measurable.®® For oligo-
saccharides the most interesting advances arose from
the combination of isotope labeling with alignment
of the molecules in strong magnetic fields.8* Mea-
surement of C—H (or H—H) residual dipolar cou-
plings determined in dilute aqueous liquid-crystal
media can complement or replace nOes for the
assessment of the average conformation of oligosac-
charides.>8¢ In some cases of protein/oligosaccharide
interaction, the increase in dipolar coupling constant
arising from ligand binding and the alignment in the
magnetic field can be evaluated to provide data for
the binding conformation of the oligosaccharide.®”

There are not many experimental means, other
than NMR, that are suitable for probing carbohy-
drate conformations and evaluating calculated po-
tential-energy surfaces. However, the optical activity
of saccharides depends on their chemical composition,
configuration, and conformation. Optical rotations
can be calculated from 3D structures using the
semiempirical theory of Stevens and Sathyanaraya-
na.t® These studies result in the location of preferred
regions in conformational space rather than in de-
termination of well-defined energy minima. Numer-
ous disaccharides, including sucrose®® a(1-2) and
a(1—3) linked mannobiose®°* and rhamnobiose,®
have been investigated so far. For oligosaccharides,
the technique is not widely applicable but is a useful
complement to NMR methods.

lll. Structure of Oligosaccharides: What Can We
Learn from Crystal Structures?

A. Crystal Structures of Oligosaccharides

The Cambridge Structural Data Base (CSDB)
contains over 160 000 entries in the form of struc-
tural data related to geometry, configuration, con-
formation, and packing of molecular crystals for
organic and metal—organic compounds.®® As a con-
sequence of the automation of experimental mea-
surements along with the development of crystal
structure analysis for noncentrosymmetric space
groups, there has been a significant increase in the
number of reported crystal structures of carbohy-
drates between 1980 and 1995. The number of entries
dealing with carbohydrate crystal structures in the
CSDB that can be considered as structurally infor-
mative in terms of conformations and configurations
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Table 1. Crystal Structure of Di- and Trisaccharides Related to Oligosaccharides of Biological Interest

name formula ref

Lewis X trisaccharide pGal(1—4)[aFuc(1—3)]fGIcNAC-O-Me 95
blood-group B trisaccharide aFuc(1—-2)pGal(1—3) fGIcNAc-O-Me, 9H,0 94
N-glycan fragment aMan(1—-3)SMan(1—4)GIcNAc 97
H-type 1 disaccharide aFuc(1—-2)pGal, Y, H,0 96
mannobiose aMan(1—-2)aMan-O-Me 100
galabiose aGal(1—-4)Gal 104
N-acetyllactosamine pGal(1-4)aGIcNAc, H,O 98
lactose pGal(1—4)aGlc, H,O 107
pGal(1—4)aGlc, CaCl, 7H,0 105

pGal(1-4)5Glc 106

chitobiose pGal(1-4)BGIcNAc 99
KDO disaccharide aKdo(2—8) aKdo-O-allyl, 2Na* H,0O 108

Figure 3. Asymmetric unit content of the crystal structure
of (A) blood-group A trisaccharide® and (B) hydrated Lex
trisaccharide.®® Graphical representations are drawn with
PLATON.247

amounts to 3600. Among these there are 55 crystal
structures of unsubsituted disaccharides and a dozen
crystal structures of the fully (or almost fully) acety-
lated disaccharides. In the case of larger compounds,
there are 17 trisaccharide crystal structures and only
4 tetrasaccharides.

Among these crystal structures, no more than 10
disaccharidic fragments of glycoconjugates and three
trisaccharides are present (Table 1). The structures
of histo-blood-group B% and Lewis x* trisaccharides
have been obtained recently (Figure 3) together with
H-type disaccharide.®® As for the N-glycans, one
trisaccharide® as well as some of the constituent
disaccharides®~1% have been crystallized. Structural
data are also available for the N-linkage between
GIcNAc and asparagine, both for small model com-
pounds!192 and for glycoproteins.'®® Fragments of
glycolipids such as galabiose'®* and lactose!®®197 have
also been crystallized. The KDO disaccharide'® is the
only representative of the acidic oligosaccharide
family. Very few structural data have been gathered
on glycosaminoglycan structures. Only one disaccha-
ride crystal structure has been solved,'® and the only
relevant sulfated structures obtained relate to mono-
saccharides (see refs 110 and 111 and references
therein).

B. Oligosaccharides in Protein Crystal Structures

Since the beginning of the 1990s, an increasing
number of crystal structures have been reported for
glycoproteins and protein—carbohydrate complexes.

The resolution of the first reported structures was
rarely sufficient to provide reliable conformational
information. However, significant and rapid progress,
arising from the use of synchrotron radiation, is being
made toward the provision of highly resolved struc-
tures. Among proteins that interact noncovalently
with carbohydrates, lectins bind mono- and oligosac-
charides reversibly and specifically while displaying
no catalytic or immunological activity. More than 200
crystal structures of lectins have been solved, most
of them as complexes with carbohydrate ligands.
From a database of three-dimensional structures of
lectins (http://www.cermav.cnrs.fr/databank/lectine),
Table 2 has been compiled to illustrate the extraor-
dinary wealth of information which is available
regarding interaction between lectins and oligosac-
charides. Only glycan structures at least as large as
trisaccharides have been included in Table 2.

Many of these complexes involved biologically
important oligosaccharides for which no structural
information was available. Cocrystallization of oligo-
saccharides with lectins therefore appears to be the
method of choice for the study of the conformation of
glycan moieties such as (i) the sialic acid containing
oligosaccharides (sialyllactose, sialoglycopeptide
etc.),}27116 (ii) important antigens (histo-blood-group
antigen such as Lewis antigens and their sialylated
or sulfated forms),17:118 (iii) moieties of glycolipids
such as GM1 and GM3,11°"122 gnd (iv) oligosaccha-
rides belonging to N-linked glycans, either of

the oligomannose type!?®~12° or of the complex
type_114,130—135

Whereas the study of the conformations about the
glycosidic torsion angles indicated somewhat limited
flexibility in molecular crystals (vide infra), a differ-
ent picture emerges for the flexibility of oligosaccha-
rides interacting with lectins. Figure 4 depicts the
distributions of glycosidic torsion angles within three
disaccharide segments: aMan(1—3)Man, SGIcNAc(1—
2) Man, and aNeuAc(2—3)Gal. In the case of the
oMan(1—3)Man segment, the observed conformations
are located essentially around a ® value of 80°, with
an excursion in the vicinity of 140°. Perhaps more
interesting is the observation that a remote low-
energy area (located at ® = 90° and ¥ = 310°) can
be occupied, as observed in the crystalline complex
between Lathyrus ochrus and a biantennary gly-
can.’3% The study of the dispersion of conformations
observed for the disaccharide segment SGIcNAc(1—
2)Man provides another illustration of the occurrence
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Table 2. Crystal Structures of Complexes between Oligosaccharides and Lectins and Other Protein Receptors

glycan

protein

PDB code and ref

oligomannose fragments from N-glycan

aMan(1—-3)SMan(1—4)GIcNAc Lathyrus ochrus isolectin | 1LOG=

aMan(1—6)[aMan(1—3)JoMan Concanavalin A 1CVN!?6 10NA7
Dioclea grandiflora lectin 1DGL1%8

mannopentaose Galanthus nivalis agglutinin 1JPC1%

phosphorylated mannopentaose Bos taurus mannose 6-P receptor 1C391»

biantennary glycopeptide Rattus rattus mannose binding protein A 2MSB?4

complex fragments from N-glycan

pentasaccharide from N-glycan concanavalin A 1TEIS

biantennary oligosaccharide Bos taurus galectin-1 1SLA, 1SLB,1SLC'%
Lathyrus ochrus isolectin | 1LOF1%0

glycopeptide Lathyrus ochrus isolectin 11 1LGC132

N2 fragment of lactotransferine 1LGB**®?

sialoglycopeptide wheat germ agglutinin | 2CWGH1

disialylated oligosaccharide

murine polyomavirus coat protein

fragments of ABH and Lewis histo-blood-group oligosaccharides

1SIEM4, 1VPSts4

fucosyllactose Ulex europaeus isolectin 11 1QOTH4
Lewis B Griffonia simplicifolia isolectin IV 1LEDY
Lewis Y 1GSLYY
3'-sialyllactose wheat germ agglutinin | 1WGC?H2
3'-sialyllactose wheat germagglutinin 11 2WGC*2
3'-sialyllactose Maackia amurensis leukoagglutinin 1DBN?16
3'-sialyllactose Mus musculus sialoadhesin 1QFOMS
3'-sialyllactose influenzae virus hemagglutinin 1HGG!3
3'-sialyllactose murine polyomavirus coat protein 1SID*

3'sialyl Lewis X Rattus norvegicus MBP-A (CL-K3) 2KMBH8
3'-sulfo Lewis X 3KMB8
4'-sulfo Lewis X 4KMB18

GM1 pentasaccharide
1CT1%0

fragments of glycolipids
Vibrio cholerae cholera toxin

1CHB, 2CHB,

receptor GB3 Escherichia coli verotoxin-1 1BOS'#

GMS3 trisaccharide Staphylococcus aureus enterotoxin B 1SE3'
fragment from glycosaminoglycans

pentasaccharide from heparin human antithrombin-I11 1AZX138

heparin tetrasaccharide basic fibroblast growth factor 1BFB*%

heparin hexasaccharide 1BFC136

heparin hexasaccharide

acidic fibroblast growth factor

1AXM, 2AXM?*37

aMan(1-3)Man

BGIcNAc(1-2)Man

aNeuAc(2-3)Gal

360 360 360
300 300
240 240~
120+ 180
@5 ]l
2 ]
120 120+ ’
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Figure 4. Potential-energy maps of three disaccharide fragments constituting N-glycan oligosaccharides. The energy
maps have been calculated with the MM3 force field; the isoenergy contours are drawn by interpolation of 1 kcal/mol
above the absolute minimum. ® and W are defined as O-5—C-1-0-1-C'-x and C-1-0-1—-C'-x—C'-x4; (0-6—C-2—0-2—C'-3
and C-2—0-2—C'-3—C’'-4 for aNeuAc(2—3)Gal). Conformations observed in crystal structures of lectin/oligosaccharide
complexes have been reported for the corresponding energy maps using circle, star, and triangle symbols, respectively, for
complexes with plant, animal, and microorganism lectins.

of conformations in a remote energy well of the
potential-energy surfaces. The location of this well
is 120° away from what would correspond to the
stable conformation driven by the exo-anomeric effect
for an equatorial type of linkage. Such examples are

observed in crystalline complexes involving the isolec-
tin Il of Lathyrus ochrus, complexed with high
molecular oligosaccharides such as a biantennary
octasaccharide,'®® a glycopeptide, or a N2 fragment
of lactotransferrin.’®2 The aNeuAc(2—3)Gal offers an
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Figure 5. Graphical representation of the monomer of
Maackia amurensis leukoagglutinin complexed with sialyl-
lactose as observed in the crystal structure (code PDB
1DBN).16 Protein, carbohydrate, and cations are displayed
using ribbon, stick, and space-filling representations, re-
spectively, using the WebLab ViewerLite program.248

extreme case of conformational flexibility as this can
be 10 times more flexible than the other disaccha-
rides. Here again, the conformation corresponding to
the establishment of the exo-anomeric effect, with ®
at about 60°, is adopted in the binding site of several
proteins including wheat germ agglutinin,*? influ-
enza virus hemagglutinin,!*®* and murine siaload-
hesin.'*® The same conformation is observed for
sialyllactose cocrystallized with a lectin from Maack-
ia amurensis, the only legume lectin that is specific
for sialylated oligosaccharide (Figure 5).116 Confor-
mational stabilization due to the exo-anomeric effect
can be easily overridden as exemplified by the oc-
currence of several low-energy conformations having
@ in the vicinity of —60°, as observed for the GM1
pentasaccharide in the combining site of cholera
toxin.1?°

The structures of three proteins interacting with
heparin fragments3¢-138 gre also included in Table
2 since, even if these are not usually included in the
lectin families, these complexes yield very interesting
data in terms of structural biology. The conformation
of heparin fragments when bound to protein recep-
tors is discussed in another paragraph of the present
review.

IV. Histo-Blood-Group Oligosaccharides

The human histo-blood-group ABH(O) systems
were the first major human alloantigens to be identi-
fied. The carbohydrate nature of the A, B, H, and
Lewis antigens was established in the 1950s (see
review by Kabat!® and Watkins).'*° Figure 6 shows
a schematic representation of current histo-blood-
group antigens although additional rare types also
exist.14!
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Figure 6. Schematic representation of histo-blood-group
oligosaccharides.

The oligosaccharidic epitope of ABH(O) and Lewis
histo-blood groups have been the subject of many
structural investigations. The energy maps of all of
the disaccharide fragments have been established by
molecular mechanics methods.#>143 In addition to the
classical NMR and molecular modeling studies, some
of the oligosaccharides have been crystallized. Fur-
thermore, the “bioactive conformation”, i.e., the one
adopted by the glycan when interacting with a
protein receptor, has been assessed either by protein
crystallography or by use of the transferred nOe
method.
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A. Blood-Group A, B, and H Oligosaccharides in
Different Environments

1. Theoretical Studies

Early theoretical and experimental studies on ABH
oligosaccharides predicted them to be rigid mol-
ecules.®'* However, when systematic conformational
search methods were applied to these molecules,43145
different conformational behavior was predicted to
occur, depending on the nature of the oligosaccha-
rides. While H type 1 and H type 2 trisaccharides
were predicted to adopt one main low-energy confor-
mation, the conformational analysis, when applied
to A and B blood-group determinants, demonstrated
much higher flexibility. The tetrasaccharide deter-
minants of blood-group A type 1, A type 2, and B type
2 can occupy three families of conformations of which
two are highly populated. The differences between
these conformations are due mainly to the H-type
trisaccharide, the terminal aGal(1—3), or aGalNAc-
(1—3) linkage being less flexible. The same conclusion
has also been reached about the higher flexibility of
the aFucl—2Gal moiety by means of a molecular
dynamics study.'46

2. Solution Conformational Behavior

The first NMR studies performed on H trisaccha-
rides in solution led to the conclusion that these
compounds were rigid.**” It should be borne in mind
that these studies usually use NMR data as con-
straints that are applied to the energy minimizations
or to the molecular dynamics trajectories so that the
identification of one conformational family only is
built into the results. In recent studies conducted on
analogues of H-type trisaccharides such as aFuc(1—
2)pGal(1-3)BGalNAc (H type 4),*8 a(Fucl—2)3Gal-
(1—-4)BGlc (H type 6),*° and aFuc(1—-2)lactitol,®°
NMR data were not used as constraints; this allowed
the identification of two conformational families. In
every case the flexibility of the compound arose from
the ¥ angle of the aFucl—2Gal linkage which can
adopt two values differing by about 80°.

Blood-group A (and blood-group B) oligosaccharides
contain a terminal nonreducing Gal (GalNAc) residue
that may interact with the fucose, thus limiting its
conformational freedom. In the late 1970s, pioneering
IH NMR work, performed at 270 MHz, had already
identified a nOe contact between H-1 of Fuc and H-3
of GalNAc in the blood-group A trisaccharide® Ad-
ditional NMR studies on blood-group A oligosaccha-
rides®! and, more recently, on blood-group B trisac-
charide®* identified short distances between the
anomeric proton of the fucose residue and H-3 and
H-5 protons of the aGalNAc (or aGal) residue. The
occurrence of two such short distances (about 3 A)
between two noncovalently linked residues led to the
conclusion that blood-group A and blood-group B
trisaccharide are relatively rigid in solution.

However, these conclusions were based on a quali-
tative analysis of the nOe data and did not take into
account the possibility that other conformations
might participate in an equilibrium. When a quan-
titative comparison between the experimental and
calculated nOe values of blood-group A trisaccharide

Chemical Reviews, 2000, Vol. 100, No. 12 4577

Figure 7. Two solution conformations of blood-group A
trisaccharide.’52 Dotted lines represent the major nOes
observed between the two nonadjacent carbohydrate rings.

was performed, a different conclusion was reached.%?
A thorough study by molecular mechanics predicted
the occurrence of the two low-energy conformations
displayed in Figure 7. Experimental interresidue nOe
build-up curves were compared to theoretical curves
calculated from each conformational family or from
a population consisting of a 50/50 mixture of each
conformation. A possible conclusion is that the cal-
culated interresidue nOes are smaller than expected
for conformation A and larger for conformation B
(displayed in Figure 7). The best agreement is
obtained when both families are given the same
weight in the calculations, suggesting that this
trisaccharide is flexible in solution.

3. Conformations Observed in the Solid State

It was only very recently that the H-type disac-
charide was crystallized® and, shortly after, that the
crystal structure of the blood-group B trisaccharide®
solved. Interestingly, the aFuc(1—2)5Gal linkage
adopts different conformations in the two crystal
structures. As a fragment of blood-group B trisac-
charide, the observed (®,W) values are (—66°, —91°),
i.e.,, 52° and 28° for &y and Wy, respectively. This
conformation exhibits short contacts between the
anomeric proton of Fuc and the nonreducing aGal
residue. On the other hand, in the H-type disaccha-
ride crystal,®® the same glycosidic linkage adopts
(®,W) values of (—93°, —175°), i.e., 28° and —57° for
oy and Wy, respectively. Hence, in the solid state,
the aFuc(1—2)pGal linkage can adopt two conforma-
tions that differ by almost 90° in W. These two
different conformations correspond to those predicted
previously by molecular dynamics'*¢ and molecular
mechanics?*3 and also to the two families of confor-
mation of the oFuc(1—2)BGal moiety that were
detected in the previously mentioned NMR study of
blood-group A trisaccharide.'>?

4. Conformations Observed in the Protein-Bound State

Fucosyllactose is the only related ABH blood-group
oligosaccharide that has been cocrystallized with a
protein receptor. Indeed, isolectin Il of Ulex euro-
paeus is classified as a GIcNAc/chitobiose-specific
lectin, but its highest affinity is for H-type 2 trisac-
charide and related H-type 6 trisaccharide or fuco-
syllactose (aFuc(1—2)3Gal(1—4)Glc).’®® In the re-
cently determined crystal structure of the complex
between UEA-II and fucosyllactose,'>* the trisaccha-
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Figure 8. Model of the H-type 2 trisaccharide in the
binding site of isolectin 1 from Ulex europaeus. The spheres
represent the cations Ca?" and Mn2+,

ride adopts a conformation close to that of lowest
energy. The aFuc(1—2)pGal linkage displays (®,W)
values of (—123°, —132°), somewhat between the two
low-energy conformations previously reported. In
fact, according to the (®,W) energy map,'*® this
conformation is located in the low-energy plateau
that contains these two minima.

In the absence of crystal structures, other methods
can provide information on the conformation of
ligands bound to protein receptors.’®> Transferred
nOes can be monitored, provided that the exchange
between the complexed and uncomplexed states is
sufficiently fast, a condition that appears to be
satisfied frequently by sugar-binding proteins.'%®
Interaction of blood-group A trisaccharide with the
lectin from Dolichos biflorus seeds was characterized
by negative transferred nOes that corresponded to
one conformation only of the trisaccharide. Theoreti-
cal transferred nQOes, calculated using an extended
procedure for the complete relaxation matrix analysis
of multispin exchanging systems,5? confirmed that
only one conformation is selected upon binding to the
lectin. This result was not obvious from molecular
modeling alone, since both solution conformations
could be docked satisfactorily in the binding site of
the Dolichos biflorus lectin.

Starting from the modeled structure of isolectin |
from Ulex europaeus, several docking modes were
predicted for the orientation of fucose in the primary
binding site of the lectin,’®” two of them being in
agreement with binding data obtained previously
with chemically modified monosaccharides.*%8 It was
then possible to model the interaction of this lectin
with its best known ligand, H-type 2 trisaccharide.
The final optimized model of the interaction between
H-type 2 trisaccharide and isolectin I from Ulex
europaeus is shown in Figure 8. The model is in
agreement with (i) that H type 1 is a less potent
ligand since its docking will result in steric conflict
between the N-acetyl group of GIcNAc and the
protein surface and (ii) that methylation of O-6 of
GIcNAc enhances binding®®® since this group inter-
acts with an hydrophobic area of the protein.
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B. Lewis x: Conformation and Association

1. NMR and Modeling Study of the Lewis Blood-Group
Oligosaccharides

As early as 1980, modeling indicated that Lewis
oligosaccharides are basically rigid molecules.®'44 In
each molecule a strong nonbonded interaction occurs
between Gal and Fuc residues, both of which are
linked to the GIcNAc moiety. The main conclusion
of this early investigation was the striking similari-
ties exhibited by Le? and Le* trisaccharides on the
one hand and by Le® and LeY tetrasaccharides on the
other hand. These similarities can be correlated with
the previously reported similarities of the global
minima of the fGal(1—3)SGIcNAc (Le) and pGal(1—
4)BGIcNAc (LacNAc) disaccharides. The only differ-
ence arises from the position of the N-acetyl group
which is either on one side or the other side of the
molecule, depending on whether the neighboring
linkage is 1-3 or 1—4. Recently, an exhaustive
exploration of the conformational space of the Lewis
oligosaccharides was performed using the CICADA
approach.'* It was concluded that the Le? and Le®
oligosaccharides are slightly less rigid than their Le*
and LeY counterparts. In theory, the first two could
form a second conformational family even if not
energetically favored This study also predicted that
the main low-energy conformation can display varia-
tions of about 20° for each torsion angle. From
another modeling study that took solvent effect into
account, it was concluded that for the Lewis oligosac-
charides, several conformers can occur, the abun-
dance of each conformational family depending
strongly on the solvent.16°

Despite their well-recognized biological role, the
first crystal structure of a histo-blood-group carbo-
hydrate-dependent antigen, i.e., Le* (3Gal(1—4)[oFuc-
(1—3)] BGIcNAC), was reported only in 1996.%5161 The
two crystallographically independent Le* molecules
differ in their overall conformations, and these dif-
ferences are found principally in the glycosidic torsion
angles at the fGal(1—4)GIcNAc linkage for which ©
differs by 10°. Neither of the trisaccharides exhibits
an intramolecular hydrogen bond. A strong interac-
tion occurs between the fucose and galactose residue,
but only nonpolar van der Waals contacts are in-
volved, each ring presenting its most hydrophobic
face to the other. The same conformation is observed
in the more bulky LeY tetrasaccharide when cocrys-
tallized with the isolectin 1V of Griffonia simplicifo-
lia'” or with an antibody.?

The LeX molecule, as well as several analogues, has
been the subject of many NMR studies, from nOgl®
to NOESY and ROESY experiments'®* and more
sophisticated procedures for measurement of relax-
ation rates'®>166 On the basis of the nOe and dynam-
ics data, it has been shown that no conformational
exchange occurs, the molecule existing as a unique
conformational family, corresponding to that ob-
served by X-ray crystallography.®® However, when
the 3C NMR parameters are interpreted using the
Lipari—Szabo’” model-free approach, the fucose ring
possesses smaller order parameters than the N-
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acetyllactosamine core, indicating that this ring
displays more extensive local motion.6¢

2. Le*-Le* Interaction: A
Carbohydrate—Carbohydrate-Specific Recognition?

The role of specific carbohydrate—carbohydrate
interactions as a biologically significant molecular
recognition phenomenon is only just beginning to be
recognized. It is now accepted that in some cases (i)
the glycosphingolipids in the cell membrane can
establish side-by-side contacts that create micro-
domains and (ii) microdomains from different mem-
branes result in interaction between cells through
head-to-head contacts.'6”.168 Among the known ex-
amples of carbohydrate—carbohydrate interactions,
only aggregation of cells through homotypic interac-
tion between Lex glycosphingolipids have been proven
unambiguously.169-171

Crystal structures of oligosaccharides yield infor-
mation related not only to the conformation of the
molecule, but also to their packing, i.e., their pre-
ferred modes for optimizing intermolecular interac-
tions. In the recently reported crystal structure of
Lex,% analysis of the packing indicates a well-defined
hierarchy of intermolecular contacts, of which some
may be indicative of the manner in which Le*—Le*
interactions may occur in biological situations, thus
providing a molecular basis for a cell—cell recognition
event. Along one crystal axis the trisaccharides are
aligned in a row with hydrogen bonds between fucose
and galactose in neighboring molecules. Indeed, by
molecular modeling it was possible to modify this Le*-
row into a glycosphingolipid by addition of the
relevant carbohydrate and ceramide moieties. Side-
by-side association of such rows leads to the design
of a sphingolipid microdomain. This “glycolandscape”
model provides a representation of the sphingolipid
microdomain in which the accessible surface is totally
covered by fucose and galactose.'"?

Head-to-head interactions between Le* molecules,
shown to have a role in cell aggregation,'6°-17! have
also been confirmed by physical methods. Because
of the very weak interaction between two isolated Le*
molecules, it is not possible to observe directly the
dimerization by NMR spectroscopy. However, the
transferred nOes method, classically used for study-
ing the interaction of a small ligand with a protein
receptor, can also detect and quantify the affinity of
such ligand for a membrane.'”® When applied to the
interaction between two species of LeX trisaccharide,
free and membrane-bound, the affinity constant was
found to be 2—3 m~1.174 In both biochemical and NMR
assays, the Le*—Le* interaction is Ca?* dependent.
From the NMR study, two LacNAc moieties are
supposed to dimerize through coordination of the
calcium ion. This sugar—calcium interaction is fur-
ther supported by a NMR study that makes use of
the paramagnetic properties of divalent cations to
determine their site of interaction with a Le* penta-
saccharide derivative.'”® In the crystal structure of
Le*,% head-to-head interactions between facing rows
of trisaccharide were also observed. However, these
close contacts were directly mediated by hydrogen
bonds between opposed fucose and galactose residues
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and no cations were involved. The interaction in the
condensed solid state and in the absence of divalent
cations may therefore be different to that postulated
between biological membranes.

C. Sialyl Lewis: The Flexible NeuAc-Gal Linkage

Since the discovery of its importance as a recogni-
tion ligand in leukocyte adhesion to endothelial cells,
the tetrasaccharide sialyl Le* (aNeuAc(2—3)pGal(1—
M[oFuc(1—3)]pGIcNAC) has been the subject of much
interest.

1. Solution Conformation of Sle*

The sialyl Le* tetrasaccharide has been the subject
of many conformational analysis studies. The dif-
ficulty in such theoretical conformational analysis
lies in the number of degrees of freedom. Different
methods have been used for exploring the multidi-
mensional conformational space of this tetrasaccha-
ride: rigid-body systematic variations around the
torsion angles followed by energy minimization,176:177
molecular dynamics simulation,’17° random molec-
ular mechanics (RAMM),%° and heuristic conforma-
tional search (CICADA).'8° The predicted conforma-
tions of the tetrasaccharide, as obtained by these
different theoretical approaches, are collected in
Table 3. All theoretical approaches agree on the
relative rigidity of the LeX backbone compared to the
flexibility of the aNeuAc(2—3)pGal linkage.

On the basis of the observation of a nOe between
the sialyl H3ax and the galactosyl H3 resonances,
the first NMR studies concluded that only conforma-
tions conf_B and conf B’ (see Table 3 and Figure 9)
occur in solution.17681 \When molecular dynamics and
NMR data are combined for a quantitative analysis,
it becomes clear that the conformation reported here
as conf_A is also present in solution.’%182 The most
recent NMR data allowed the collection of more
experimental data on SLe* in solution, either through
the investigation of hydroxyl protons in conditions
of slow chemical exchange!®® or with the use of
homonuclear® or heteronuclear®® 3D NMR. These
recent investigations all concluded that several con-
formations of the sialic acid residue were involved
in a dynamic exchange that could not be analyzed
from the NMR data in a straightforward manner.

2. Protein-Bound Conformation of SLe*

Although the crystal surface of the carbohydrate
binding domain of human E-selectin has been
solved,8® the structure of the complex with the SLex
is not known. The conformation of SLe* tetrasaccha-
ride bound to E-selectin was studied by the use of
transferred nOe experiments. The first attempts
demonstrated that the transfer nOes observed in the
bound state are different from those characteristic
of the solution conformations.'87.188 Recent studies
have established the conformation of the tetrasac-
charide in the bound state. The conformations pro-
posed by the three most recent studies®~18 all
belong to the conf_A family. However, they differ
significantly from each other, not only in the orienta-
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Table 3. Comparison of Literature Data on SLe* Conformation?

aNeuNAc(2—-3)Gal

oFuc(1—-3)GIcNAc pGal(1—4)GIcNAc

(] by (] hg [} y
conformation A
Grid/GESA (GESA-C)7¢ 41 127 —-72 145 —65 —113
Grid/CHARMM?"? 55 118 —63 142 —65 —116
RAMM/MM?2160 62 130 —85 141 —72 —60
CICADA/MM3180 65 114 —81 150 —76 —104
MD/CHARMM?82 52 126 —85 140 —60 —113
MD/Amber/NMR17® 50 125 —70 140 —70 —100
transfer nOe (E-selectin)!®* 44 126 -82 146 —-81 —108
transfer nOe (E-selectin) 183 62 98 —49 134 —96 —86
heteronuclear transfer NOE (E-selectin)! 77 108 -91 161 -75 —101
transfer nOe (P-selectin)'8 35 116 -59 146 —75 —102
crystallography (mutated MBP)18 50 94 —68 133 —-87 -95
(trimer) 68 82 -70 85 72 -97
51 101 —=70 140 =75 —-109
conformation B
Grid/GESA (GESA-B)"® —50 116 —-72 144 —66 —111
Grid/CHARMM 177 —44 100 —63 142 —64 —117
RAMM/MM?2160 —49 105 —86 142 —72 —107
CICADA/MM3180 —57 115 —79 149 =77 —103
MD CHARMM?82 —22 93 —51 143 —57 —120
MD Amber/NMR17® —40 100 —70 140 —70 —100
conformation B’
Grid/GESA (GESA-A)'6 =77 63 —72 145 —66 —-112
CICADA/MM3180 -84 63 —81 150 —73 —105
conformation C
Grid/GESA (GESA-D)'7¢ —172 100 —72 144 —66 —111
Grid/CHARMM"? —178 108 —62 143 —63 —119
CICADA/MM3180 —175 108 —80 150 —76 —103

aThe torsion angles have been all referred to the same convention (® = 06—C2—-02—-C3' and W = C2—-02—-C3'-C4') by adding

+120°.

Conf_C

Conf_A

Conf B

Figure 9. Three lowest energy conformational families of
SLeX as calculated with the CICADA program coupled with
the MM3 force field.18° The lowest energy conformation in
each family is represented by black lines, whereas the
others, in a energy window of 5 kcal/mol, are represented
as gray lines.

tion at the aNeuAc(2—3)5Gal linkage but also for the
aFuc(1—-3)SGIcNAc moiety. At the present time,
those discrepancies cannot be explained or solved.
Indeed, the protein protons may be sufficiently close
to the carbohydrate protons to cause significant spin
diffusion. In the absence of a 3D structure or of a
reliable model of the complex between SLe* and the
E-selectin surface, the bound conformation and the
orientation of the sugar at the protein surface cannot
be completely elucidated.

Because it was not possible to determine directly
the structures of SLeX bound to the selectins, an
indirect approach has been adopted. The rat serum
mannose-binding protein (MBP-A), which is homolo-

gous to selectins, has been mutated in order to mimic
the essential aspects of carbohydrate recognition by
E-selectin.® The crystal structure of the K3 mutant
of MBP-A has been solved as a complex with several
carbohydrate ligands.'*® In this complex, the SLex
adopts a conformation close to the one predicted by
the several nOe studies. The hydroxyl groups of the
fucose residue interact directly with the calcium in
the binding site. In the complex, there is no direct
contact between the sialic acid moiety and the protein
surface.

V. Fragments of Glycosaminoglycans

The glycosaminoglycans comprise a family of com-
plex anionic polysaccharides including glucosamino-
glycans (heparin, heparan sulfate), galactosylamino-
glycans (chondroitin sulfate and dermatan sulfate),
hyaluronic acid, and keratan sulfate. In addition to
their participation in the physicochemical properties
of the extracellular matrix, glycosaminoglycan frag-
ments are specifically recognized by protein receptors
and play a role in the regulation of many processes,
such as hemostasis, growth factor control, anticoagu-
lation, and cell adhesion.®® Given the importance of
protein—glycosaminoglycan interactions, oligosac-
charide fragments are important targets for drug
design. Considerable effort has been invested in
establishing the structure of glycosaminoglycan frag-
ments with biological activity, either in solution or
in their bioactive conformation, i.e., in interaction
with a protein receptor.
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A. Heparin Fragments: Highly Sulfated
Biologically Active Oligosaccharides

The heparin polymer!® is made up of disaccharide
repeat units consisting of a1—4 linked p-glucosamine
and L-iduronic acid carrying three sulfate groups.
Heparin is recognized by a variety of protein recep-
tors,'%? such as growth factors, chemokines, and
protease inhibitors of the blood coagulation cascade,
etc. Some proteins recognize the most regular regions
of heparin, while others have affinity only for unique
irregularities in this structure. For example, the
anticoagulant activity of heparin is due to a highly
specific interaction between the plasma protein anti-
thrombin 111 (AT-111) and a unique pentasaccharide
sequence present in some of the molecules (Figure
10).193.194

1. Conformational Studies of the Anticoagulant Heparin
Pentasaccharide

Following the chemical synthesis of the specific
pentasaccharide,'931% systematic chemical modifica-
tions were made to the functional groups of the
individual constituent monosaccharides to assess the
effect of these on biological activity.'®® The first
conformational studies'% highlighted several difficul-
ties that are specific to heparin fragments: (a)
compared to other pyranose sugars the iduronate ring
displays great flexibility and can adopt a variety of
conformations viz., “C;, 1C4, and 2So, (b) parametriza-
tion for the O- and N-sulfate groups is not readily
available in most force fields, and (c) the polyanionic
character of the pentasaccharide requires special
consideration for solvent and counterion effects.
Calculations of potential-energy surfaces of each
constituent disaccharide, with the use of the MM2
force field, demonstrated that each glycosidic linkage
is potentially flexible and can adopt an average of
two conformations.?®® The authors proposed a simpli-
fied model, comprising two elongated conformations
corresponding to the 1C, and 2So forms of the idur-
onate residue, which reproduced most of the observed

coupling constants and nOe data. A conformational
study was conducted on a related trisaccharide using
the MM3 program and nOe measurements.’®” In
agreement with binding data on antithrombin 111, it
was demonstrated that 2-O-sulfated substitutions do
not affect the conformational equilibrium observed
in the case of 2-N-sulfated. Longitudinal and trans-
verse relaxation times, measured at different mag-
netic fields, indicated that the synthetic pentasac-
charide displays relatively complex motion in solution:
79 jts overall molecular tumbling is anisotropic due
to its elongated shape, and in addition interpretation
of the experimental data requires the inclusion of
internal motion. A more recent study on a synthetic
tetrasaccharide confirmed the extended shape of this
sulfated oligosaccharide.'®® In this latter molecule,
the iduronate residue is at the reducing position and,
from the analysis of the coupling constants, the
estimated ratio of conformers 1C, to 2Sp was found
to be approximately 75/25.

The study of the interaction between the heparin
pentasaccharide and its receptor antithrombin 111 is
not a simple task, due to the fact that a conforma-
tional change occurs in the protein upon binding.1®®
The first model,?°° obtained using homology modeling
for the protein and hand docking of the pentasac-
charide, allowed the determination of the basic amino
acids involved in the recognition of the sulfate and
carboxylate groups. A more recent study,?’! making
use of several recently developed docking programs,
arrived at the same prediction for the binding site.
Indeed, in the 2.9 A crystal structure of the complex
between antithrombin 11l and synthetic pentasac-
charide,'® the sulfates and carboxylates interact with
a cluster of basic amino acids. In the complex, the
pentasaccharide is not as fully extended as observed
in solution (Figure 11). All of the linkages are in their
lowest energy conformation except one: the ® angle
of the glucosamine—iduronate linkage which deviates
by about 30°. This deviation, together with the 2So
conformation of the iduronate ring, creates a kink in
the overall shape of the pentasaccharide. Interest-
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Figure 11. Graphical representation of the heparin penta-
saccharide with anticoagulant properties in the binding site
of antithrombin I11 as observed in the crystal structure of
the complex (PDB code 1AZX).138 Protein and oligosaccha-
ride are displayed as ribbon and stick representations,
respectively, using the WebLab ViewerLite program.248
Amino acids directly involved in salt bridges with the
pentasaccharide sulfate or carboxyl groups are labeled.

ingly, a recent NMR study'®® of the interaction
between a related tetrasaccharide and the protein did
not lead to the same conclusion. On the basis of
coupling constants and measurements of transferred
nOes, it was inferred that the iduronate ring adopts
a 1C4 conformation and that the linkage between the
glucosamine and the glucuronate residues is the one
distorted upon binding. It is difficult to determine
whether the discrepancies between the solution and
the crystal studies arose from the difference in the
ligand or from the limitations in the accuracy of both
methods.

2. Conformational Studies of the Repeating Region of
Heparin

NMR study of the heparin polysaccharide has
demonstrated that its solution conformation is rib-
bonlike, with a cluster of sulfate groups on each side
of the ribbon.?°? Shorter oligosaccharides have also
been studied by means of NMR and molecular
dynamics.?%3294 |t is of interest to note that the
internal iduronate rings adopt a 2S, conformation in
the shorter fragment,?® a tetrasaccharide, but un-
dergoes a change in the hexasaccharidic fragment?%4
or in the polysaccharide?®? with almost equal propor-
tions of 25, and !C, conformations being found.
Although there are many heparin receptors with
important biological roles, very few have been co-
crystallized. Only the basic and acidic fibroblast
growth factors (FGF-1 and FGF-2) have been solved
as complexes with fragments of heparin.’®6:137 The
specific interaction between FGF-2 and tetra- and
hexasaccharides utilize the negative groups of hep-
arin and, in particular, the N- and O-sulfates.*3¢ The
oligosaccharide is not buried in a binding site but is
wrapped around the protein surface. In its crystalline
form, FGF-1 exists as a dimer exclusively bridged by
a decasaccharide of heparin with no protein—protein
contact (Figure 12). These complexes served as a
template, on the one hand, for understanding the role
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Figure 12. Graphical representation of the heparin hexa-
saccharide sandwiched between two monomers of acidic
fibroblast growth factor as observed in the crystal structure
of the complex (PDB code 2AXM).137 Protein and oligosac-
charide are displayed using ribbon and stick representa-
tion, respectively, using the WeblLab ViewerLite pro-
gram.48

of sulfated glycosaminoglycans in FGF function?%®
and, on the other, for modeling ternary interactions
involving FGF receptors. However, it should not be
forgotten that modeling the interaction of GAGs with
proteins is a challenging task because of the weak
surface complementarity, the high charge density of
the binding areas, and the highly flexible nature of
the polysaccharide.?° Nevertheless, a ternary model
has been proposed for the interaction between FGF-
2, heparin, and FGF receptor.2° On the basis of the
crystal structure of the complex between interleu-
kin-1 and its receptor, FGF-1 and its receptor were
predicted to form an “electric sandwich” in which the
heparin adopts an S shape.?®” Finally, modeling
efforts have also been made to understand the
interaction of heparin with platelet factor 4 and with
interleukin-8.201.208

B. Fragments of Hyaluronan: A Non-sulfated
Glycosaminoglycan

Hyaluronan is a negatively charged nonsulfated
glycosaminoglycan that exhibits a wide variety of
biological effects mediated by binding to cell-surfaces
and therefore involved in cell adhesion. Its viscoelas-
tic properties make it an important component of
synovial fluid, cartilage, vitreous humor, and other
tissues. The polymer is built up from repeating
—BGIcNAc(1—-4)BGIcA(1—3)— disacharide units (Fig-
ure 10). A combined NMR and molecular dynamics
study of octasaccharide fragments demonstrated that
the 13 linkage is less flexible than the $1—4 and
can adopt two main conformers.?*® The 81—3 linkage
was further characterized by a molecular modeling
study in the absence and presence of counterions.?1°
It was demonstrated that the presence of Na* influ-
ences the conformational preference of this linkage.
This was later confirmed by *H and 3C NMR studies
in different cationic environments?!'2'2 in which it
appeared that each of the different cations influences
the linkage mobility in a different manner. Such
specific interactions will complicate the modeling
studies.

Specific interactions also occur between the carbo-
hydrate and the water molecules. Molecular dynam-
ics simulations of the two disaccharide repeats of
hyaluronan, performed in explicit water with the use
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Figure 13. Schematic representation of the two disaccha-
rides constituting hyaluronan along with the probability
of the various water-bridged inter-ring hydrogen bonds
formed during a 500 ps molecular dynamics simulation in
water. (Adapted with permission from ref 69. Copyright
1997 Oxford University Press.)

of the CHARMmM force field, demonstrated the role
of “water bridges” at both linkages.®® A combination
of intramolecular hydrogen bonds and “water bridged”
hydrogen bonds were suggested to play an important
role in the conformational behavior of the oligosac-
charides. In particular, the water molecules, which
are frequent residents around the glycosidic linkages,
may screen the electron interactions that are respon-
sible for the exo-anomeric effect and decrease its
influence. Indeed, another molecular dynamics study,
performed with the GROMOS force field, confirmed
the unusual high density of water around hyaluronan
fragments.’® The reorientation of water molecules is
a highly dynamic process, but on average, there are
between 10 and 15 hydrogen bonds between a di-
saccharide and the surrounding water (Figure 13).
This specific behavior may explain the viscoelastic
properties of the proteoglycan aggrecan that make
up cartilage.

Discussion of composite proteoglycans such as
aggrecan leads to a brief consideration of the confor-
mations of the constituent polysaccharide chains.
From X-ray fiber diffraction studies it has been
known for many years that these chains show con-
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formational versatility and can exist in a variety of
polymorphic forms in the solid state, depending on
factors such as hydration, temperature, and counter-
ion. This versatility has been verified in modeling
studies?!® which have shown that these chains may
indeed adopt a large number of conformations having
similar energies. Furthermore, the capacity for the
formation of chain—chain interactions and multiple
helices has also been confirmed, and this is yet
another factor that needs to be attended to when
dealing with molecules at the polysaccharide level.

VI. Can We Use Conformational Knowledge for
the Design of Oligosaccharidic Ligands?

A. Structural Mimetics

Rational drug design makes use of available infor-
mation about a particular naturally active compound
and its receptor. Accordingly, knowledge of three-
dimensional structure and conformational behavior
of the ligand may help in the design of new active
compounds. For example, the crystal structure of the
complex between the Shiga-like toxin and its GB3
glycolipid acceptor'?> has been used to design a
multivalent carbohydrate ligand with subnanomolar
inhibitory activity.?'3

The search for analogues of SLe* has been an active
area of research and provided several examples
where conformational studies have assisted in the
provision of lead compounds. This field has been
reviewed recently,?** and what follows is a summary
of the strategies that have been used. For example,
the inherent pseudo-C, symmetry of the Lewis anti-
gens described previously has been used as a tem-
plate to design tetrasaccharides having full C, sym-
metry.?!5> The resulting product, bis-a-fucosylated
Galp,s-trehalose, has a similar affinity for E-selectin
as the SLe* tetrasaccharide. Thus, targeting a com-
pound having the same overall shape and conforma-
tional behavior as LeP and LeY tetrasaccharide ap-
pears to be a promising strategy for the design of new
class of Lewis mimetics. Some analogues that mimic
the major conformers of SLe*, as determined by NMR
spectroscopy, have also been designed. However, this
approach has been less successful®'® since, as was
confirmed later, the selectin-bound conformation is
noticeably different from the most populated con-
former in solution. Conformations of SLe* bound to
the selectins have been determined by using transfer
nOe techniques,'8~18 and these have assisted in the
design of many small analogues. Comparison be-
tween the shape of SLe* and its analogues was
achieved using the “internal coordinate” procedure
and led to the chemical synthesis of a potent SLeX
mimiC_217,218

B. S- and C-Glycoside Analogs

The search for ligand analogues that are not
susceptible to hydrolytic attack led to the synthesis
of heteroanalogues in which the glycosidic oxygen of
several disaccharides was replaced by a S or a CH,
group. The goal of these studies was to obtain
compounds displaying the conformational attributes



4584 Chemical Reviews, 2000, Vol. 100, No. 12

Conf B
- Conf_
-180 -120 -60 0 60 120 180 -Mg0 -120 -60
180 T T T v T 180 160 T T

_/O
18
8

o
11204 4120 120+ 120
oo

1
?5 604 480 60 60
1
5 0 1o 04 10

[

-
-804 480 60 1-60
=
>

420 -120

a~-0-Mannobiosé a-C-Mannobiose

T T T T v 180 -180 T T T v T -180
-180 120 80" O 60 120 180 -107120 80 0 60 120 180

®(H1-C1-01-C2%) Conf A

Figure 14. Comparison of the (®,W) energy maps of
aMan(1—-2)aMan-O-Me and its C-analogue as calculated
using the MM3* force field, together with the low-energy
conformations of the C-disaccharide. (Adapted with per-
mission from ref 223. Copyright 1999 Wiley-VCH.)

of the O-linked parent compounds but with improved
chemical and biochemical stability. Initially it was
thought that C-disaccharides were true structural
mimetics of the natural compounds,?!® but subse-
quently, contradictory results were obtained. First it
was demonstrated that S-disaccharides were more
flexible than the natural compounds, so that although
the thioglycoside analogues of galabiose,??° aFuc(1—
3)GIcNAc,??* and maltoside??? displayed the same
global energy minima as the native disaccharides,
they also exhibited secondary energy minima that
differed both in @ and W torsion angles and that
corresponded to significant populations in solution.
The C-analogues were found to be even more flexible,
and for both an a-linkage (aMan(1—2)Man)?? (Figure
14) and a S-linkage (lactose),??42%% it was demon-
strated that the C-analogue can adopt additional
conformations. The global energy minimum of C-
lactose corresponds to an anti conformation which is
a minor conformational family for O-lactose.??* It is
now accepted that protein receptors can select con-
formations other than that of lowest energy. Thus,
C-lactose, ricin B,??6 and bovine heart galectin-1227
select the syn-conformation, i.e., the lowest energy
conformation of natural lactose, whereas E. coli
B-galactosidase®?® selects the gauche—gauche (or anti-
®) conformation corresponding to a local minimum.

The flexibility of S- and C-analogues may result
in a high entropy cost for protein binding so that the
affinity for the receptors is decreased. In any case,
even if it turns out that these compounds have
limitations as therapeutic agents, they have been
shown to be excellent compounds for studying mech-
anisms of glycohydrolase action in structural biol-
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Figure 15. Enthalpy—entropy compensation plot for the
interaction between concanavalin A and mannoside and
mannose-containing oligosaccharides; 241249252 (@) monosac-
charides, (O) disaccharides, (M) trisaccharide; (O) bianten-
nary pentasaccharides, and (A) cyclic trisaccharide (3).

C. The Search for Higher Affinity Ligands:
Conformationally Constrained Molecules

Carbohydrate—protein interactions are character-
ized by the weak affinities involved in their associa-
tion. It is thought that higher affinities may be
obtained by factors related to the presentation of the
protein or by multivalent associations.

1. Thermodynamics of Protein/Carbohydrate Interactions

Calorimetric studies have provided information on
the thermodynamics of complex formation in many
protein—carbohydrate associations.?®® Generally, al-
though there are counter examples, protein—carbo-
hydrate associations are typified by favorable en-
thalpy terms which are offset by unfavorable entropy
contributions. Thus, larger ligands usually have
correspondingly more negative values of AH and TAS
leading to the phenomenon of “entropy/enthalpy
compensation”. This is illustrated in Figure 15, which
summarizes the thermodynamic parameters mea-
sured for the interaction of concanavalin A with
mannose and mannose-containing oligosaccharides
of different size. It is widely accepted that the
enthalpy term arises from both numerous hydrogen
bonds and extensive van der Waals interactions. The
origin of the entropy barrier is more controversial and
has been considered to arise either from solvation
effects?®! or from the loss of conformational flexibility
of the carbohydrate ligand.?%?

In the first hypothesis it is considered that protein—
carbohydrate binding brings together ‘polyamphiphilic’
surfaces, i.e., surfaces containing both polar and
nonpolar regions. The studies of Lemieux and co-
workers show that at such surfaces the water struc-
ture is perturbed. Complex formation triggers de-
solvation and the return of these perturbed water
molecules to the bulk,; a process which may be
entropically favorable. Support for this interpretation
has come from thermodynamics, in the form of
solvent isotope effects determined by titration micro-
calorimetry.?33 Controversially, microcalorimetry ex-
periments, coupled with osmotic stress strategy, led
to the conclusion that as many as five water mol-
ecules were taken from the bulk solvent upon binding
of mannose by concanavalin A.2%* However, the
‘polyamphiphilic burial’ model has been attacked and
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Figure 16. Conformationally constrained analogues of H
type 2 blood-group trisaccharide (1),2%” N-linked glycan
trisaccharide (2 and 3),240:241 and trisaccharide epitope of
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it has been proposed that highly favorable interac-
tions between the lectin and the carbohydrate drive
the enthalpy of binding.2%

In the second hypothesis, the entropy barrier is due
to the freezing of flexible oligosaccharides or carbo-
hydrate side chains upon binding by the protein. The
estimates for freezing single-bond rotamers vary from
0.6%% to 2 kcal/mol.?32

2. Rational Design of Conformationally Constrained
Oligosaccharides.

The low affinities that characterize protein/oligo-
saccharide interactions is a major barrier to the
development of carbohydrate-derived drugs. To get
higher-affinity ligands, some attempts have been
made to lower the conformational entropy by locking
the oligosaccharide in its bioactive conformation
(Figure 16). According to Bundle,?” the following
criteria should be fulfilled in the design of tethered
oligosaccharides: (i) the tether should not be attached
to key polar groups that are involved in the interac-
tion with the host, (ii) the bioactive conformation
should be targeted, and (iii) the tether should not
create steric hindrance to the binding.

A constrained H-type 2 blood-group trisaccharide
that displays slightly lower affinity for Ulex euro-
paeus lectin I than the native trisaccharide has been
synthesized,?®” but no thermodynamic data are yet
available for this binding. The same group has
designed tethered analogues of the trisaccharide
epitope aGal(1—2)[acAbe(1—3)]acMan to study its in-
teraction with antibody fragments.?®® Several mol-
ecules, carrying variations in the nature of the tether,
were synthesized, but none exhibits free-energy
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Figure 17. Calculated lowest energy conformation for
cyclic trisaccharide 3 alone and in the binding site of
concanavalin A.241

changes larger than 0.5 kcal/mol when compared to
the native trisaccharide.?®® The authors concluded
that interresidue flexibility is not a major contributor
to the low affinity observed in protein/carbohydrate
interaction.

However, a recent study, conducted on an oligosac-
charide with a more severe flexibility restraint,
arrived at different conclusion. Two cyclic analogues
of BGIcNAc(1—2)aMan(1—3)aMan were designed and
synthesized,?*>?*! with the aim of mimicking the two
different conformations observed in the binding site
of two crystal structures of Lathyrus ochrus com-
plexed with oligosaccharides.*3%132 Of the two cyclic
trisaccharides, one was shown to have markedly
reduced flexibility as demonstrated by a full charac-
terization by NMR and molecular modeling stud-
ies.?*! Indeed, the expected gain in entropy was
confirmed in microcalorimetric titration experiments
since there is a 1.6 kcal/mol AH value difference in
binding between the linear and cyclic trisaccharide.
Unfortunately the gain in the entropic barrier is lost
in the enthalpic term and the free energy of binding
of the tethered molecule is less favorable than for the
linear one. It could be hypothesized that the lowest
energy conformation of the cyclic trisaccharide in
solution is still too different from that predicted to
produce the lowest energy of interaction with the
protein (Figure 17).

Thus, it seems that the target of a perfect analogue,
i.e., one that mimics perfectly the bioactive conforma-
tion but results in no conformational entropy, is still
a challenge. Recently Schmidt demonstrated that it
is possible to constrain a glycosidic linkage in its anti
conformation,?*? suggesting that the approach de-
scribed here remains one of the most promising for
the production of high-affinity carbohydrate-derived
drugs

VII. Conclusions

In the past few years we have seen that theoretical
and experimental studies are becoming mutually
reliant for the elucidation of structural and dynami-
cal data in the oligosaccharide field. The next frontier
will most likely focus on the problems associated with
hydration. Molecular dynamics simulations of car-
bohydrates with the inclusion of explicit water mol-
ecules has proven to be a powerful tool for reconciling
theoretical and experimental conformational data.%*
Furthermore, calculation of free-energy perturbations
is a promising approach for the prediction of oligosac-
charide-receptor binding affinities.?43-24 Detailed
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analyses of hydration patterns for carbohydrates in
water?*® or in aqueous solvent mixtures?*® can now
be undertaken. Understanding the role of water as
a structural but dynamic element of the solvated
oligosaccharide will allow modeling of the interaction
between charged carbohydrates and counterions and
for this new and improved experimental and theo-
retical procedures will be needed. It is only by the
merging of theory and experiment that understand-
ing of the role of water in the conformation and
dynamics and ultimately the biology of many oligo-
saccharides will be achieved.
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