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The combination of vibrational spectroscopy, conducted in a supersonic jet expansion, with computation
through molecular mechanics, density functional theory (DFT) and ab initio calculation, has provided a
new approach to the conformational and structural assignment of carbohydrates and their molecular
complexes. This article reviews the new insights it has provided on the regioselectivity and conforma-
tional choice in singly and multiply hydrated monosaccharides. It reveals a systematic pattern of confor-
mational preference and binding site selectivity, driven by the provision of optimal, co-operative
hydrogen-bonded networks in the hydrated sugars. Water binding is invariably ’focused’ around the
hydroxymethyl group (when present); the bound water molecules (on multiply hydrated mannose)
are located exclusively on its hydrophilic face while the hydrophobic face remains ‘dry’; and there is a
correlation between the locale of the preferred binding sites and those involved in protein–carbohydrate
molecular recognition.

� 2009 Elsevier Ltd. All rights reserved.
Contents
1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 718
2. Hydration, conformation and selectivity—the rules of the game . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 719
3. Multiple hydration and molecular recognition. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 720

Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 722
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 722
1. Introduction

Carbohydrate molecules are notoriously flexible and in aqueous
or physiological environments their conformational structures can
be influenced by interaction with neighbouring ions or molecules
and particularly, by explicit hydration.1–3 This may in turn, influ-
ence their selective molecular recognition at protein–carbohydrate
receptor sites, thought to involve their preferred, solution
conformation(s).4 Determining and understanding what rules, if
any, govern them and characterizing their three-dimensional con-
formations presents a major challenge. Their NMR spectra are com-
ll rights reserved.
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plex and are associated with time averaged, dynamical structures
which can complicate the interpretation of NMR measure-
ments.5–7 Structural determinations based upon nuclear Overhaus-
er effects in solution or residual dipolar coupling in liquid crystal
environments,5,8,9 coupled with molecular dynamics simulations,
may not provide unique answers. Molecular dynamics simulations
of a1,6-glycosidic conformations in aqueous solution, for exam-
ple,10 suggest that intramolecular hydrogen bonding is ‘washed
out’ by the solvent so that steric repulsion provides the principal
structural determinant. On the other hand, similar simulations of
b1,4- (and b1,3-) linked glycosides identify an important role for
inter-molecular hydrogen bonding which creates rigid extended
water-bridged structures, while a1,2-, a1,3- and a1,6-linked gly-
cosides adopt flexible and compact conformations.11

Recently a new laser-based strategy has been developed, which
allows comparisons to be made between the conformational struc-
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tures of isolated carbohydrates and their micro-hydrated com-
plexes determined experimentally, stabilized at low temperatures
in the gas phase.12 The vibrational spectra of individual conformers
and hydrated clusters, isolated in a cold molecular beam, can be
identified and selected through the depletion in their ground state
populations promoted by resonant absorption of tunable IR laser
radiation. The depletions are most simply detected via the dip in
their UV laser-induced, resonant two-photon ionization signals;
when coupled with mass spectrometry this allows size selected
molecular complexes to be detected and interrogated
spectroscopically.12

Characteristic vibrational signatures associated with OH (and
NH) stretching modes are particularly informative since they are
extremely sensitive to the local hydrogen-bonded environment.
When coupled with theory—molecular mechanics, density func-
tional theory (DFT) and ab initio calculations, which provide the
‘menus of possibilities from which Nature makes its choice’—the
strategy provides direct access to the intrinsic conformational
landscape of the carbohydrate and exposes the consequences of
its explicit hydration. The level of theory employed is a compro-
mise between the known reliability of the method and the compu-
tational cost.

In most cases, since many structures are possible, a typical
strategy begins with the generation of a large set of feasible con-
formers and hydrate structures using a Monte Carlo search proce-
dure implemented from a molecular modelling suite and
molecular mechanics force fields, to perform an extensive search
of the large number of possible structures. As the size of the stud-
ied systems increases, a full search of the potential structures can
become very expensive and in these cases the ‘sledge–hammer’ ap-
proach is modified in favour of an intelligent feedback strategy in
which the experimental data are used to guide the calculations.
Specific spectral features can signal the characteristics of probable
structures, for example, groups involved in specific hydrogen
bonding can be obtained from the position of their associated
vibrational bands in the experimental IR spectrum. Characteristic
conserved conformations generate characteristic vibrational signa-
tures to create a ‘spectroscopic alphabet’ which can aid the analysis
of more complex structures; those which do not provide an accept-
ably close match (at that level) to the experimental spectrum are
eliminated from further calculations. In a typical procedure, the
relevant structures are first submitted to calculations at the HF le-
vel, using a moderate size basis set, usually 6-31G(d) or 6-31+G(d)
and the most stable are re-optimized using the DFT method, gen-
erally with the Becke-style three-parameter Lee–Yang–Parr hybrid
correlation functional, B3LYP which gives reliable results for
hydrogen-bonded biomolecules. Relative energies are then calcu-
lated using a larger basis set and include electron correlation, typ-
ically using the second-order Møller–Plesset perturbation theory
method, MP2, and the lowest-lying sub-set of structures, that is,
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Figure 1. Schematic structures of glucose, galactose, mannose
those which might be expected to be significantly populated are
submitted for harmonic frequency calculations again using the
B3LYP functional and 6-31+G(d) as basis set. These calculations
provide the IR vibrational frequencies and intensities and the zero
point and free energy corrections; appropriate ‘anharmonic’ scal-
ing factors are used to compare the calculated spectra with the
experimental ones.13

Over the last few years, this strategy has been applied to a rep-
resentative series of a- and b-monosaccharides, including glucose,
galactose and mannose, as well as fucose (6-deoxygalactose) and
xylose (Fig. 1),14–16 and has led to a set of predictive rules govern-
ing carbohydrate conformational preferences and explicit water-
binding site selectivity.15 A bridge to the condensed phase is also
being explored through comparisons between their vibrational Ra-
man optical activity (ROA) spectra measured in aqueous solution,
and ab initio simulations based upon a weighted ‘basis set’ of the
explicitly hydrated conformations determined in the gas phase.
Early results suggest that the solution phase conformations are
strongly influenced by explicit hydration.17 Herein we report a
brief review of some of these developments, illustrated by recent
investigations of hydrated monosaccharides.

2. Hydration, conformation and selectivity—the rules of the
game

Key factors controlling conformational preference and site
selectivity in hydrated monosaccharides include the flexibility of
their exocyclic hydroxymethyl groups (in glucose, galactose and
mannose); their anomeric configuration; and the relative orienta-
tions (axial vs equatorial) of their hydroxyl groups. These factors
can operate separately or collectively, adapting the carbohydrate
conformation and configuration to optimize the sequence of intra-
and inter-molecular hydrogen-bonded interactions in the hydrated
complex. The first (and second) bound water molecules are invari-
ably located near the hydroxymethyl group, inserting into the
weakest pre-existing hydrogen bond in the bare molecule. In many
cases, the carbohydrate conformation changes in order to achieve
this. An illustration of this is shown in Figure 2 which presents
the experimental and computed IR spectra of phenyl b-D-glucopy-
ranoside and its monohydrate, recorded in the gas phase.14 The
preferred conformation of the hydroxymethyl group changes from
G+g� to G�g+ (gg to gt) while the orientation of the peripheral OH
groups switches from counter-clockwise, ‘cc’ to clockwise, ‘c’.

Figure 3 presents the preferred conformations and water-bind-
ing sites in the series of hydrated monosaccharides, a- and b-glu-
cose (Glc), galactose (Gal) and mannose (Man). When the OH4
group is oriented equatorially, as in Glc and Man, each of the hy-
drated sugars either adopts (a,bGlc, bMan), or retains (aMan) a
cG�g+ conformation, to provide an optimized structure for recep-
tion of the bound water molecule at the (4,6) hydroxymethyl site,
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Figure 2. Experimental (upper) and computed (lower) IR spectra of the most populated conformers of phenyl b-D-glucopyranoside and its monohydrate. Note the change in
conformation promoted by explicit hydration, which allows selective insertion of the bound water molecule at the (4,6) site.
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the weakest link in the original ccG+g� configuration, and maxi-
mize the length of the co-operatively hydrogen-bonded chain,
OH2?OH3?OH4?W?OH6?O1. In Gal the OH4 group is oriented
axially, facilitating strong hydrogen bonding between OH4 and
OH6 (in the cG�g+ conformer) or between OH4 and OH3 (in the
ccG+g� conformer), and in both anomers, the water molecule in-
serts on the other side of the hydroxymethyl group, at the (6,5)
site.

The hydroxymethyl group clearly provides the favoured binding
site in the singly hydrated complexes of the three monosaccha-
rides, Glc, Gal and Man.15 When the hydroxymethyl is replaced
by a hydrogen atom or a methyl group with no change in the rel-
ative configuration, for example, in xylose16 rather than glucose or
in fucose18 rather than galactose, the bound water molecule shifts
to a site further around the pyranose ring. The binding is still selec-
tive however, ‘unpicking’ the weakest link(s) in the pre-existing
(cc) (OH–O)n chain. In the fucosides (6-deoxy Gal) this corresponds
to the (3,2) site; in the xylosides however, it also depends on the
anomeric configuration. The (3,2) site is again preferentially se-
lected in the a-anomer but in the b-anomer, the water molecule
Figure 3. The preferred structures of the singly hydrated a- and b-ano
binds at the (2,1) site, where the OH2?O1(equ)?equ rather than
equ?axial) interaction is noticeably weaker. This is very clearly
seen in the set of characteristic vibrational signatures shown in
Figure 4. In each of the three b-anomers the band associated with
the OH2 mode, r2, is located at the highest wavenumber; in the a-
anomers however, it lies at the lowest wavenumber, displaced by
the enhanced hydrogen bonding between OH2 and O1. It is tempt-
ing to associate explicit hydration at the (2,1) site in the b-anomer
of xylose with its preferential population in aqueous solution.
3. Multiple hydration and molecular recognition

Binding site selectivity continues to operate in multiply hy-
drated carbohydrates. In the doubly hydrated phenyl b-D-glucopy-
ranoside, for example, the binding continues to be focused around
the hydroxymethyl group with one molecule occupying the (4,6)
site as before and the other, the (6,5) site, to extend the clockwise
(OH–O)n chain even further, see Figure 5a. The energy gain pro-
vided by this co-operative chain is enough to persuade the water
mers of phenyl (or methyl) glucoside, galactoside and mannoside.



Figure 4. ‘Vibrational signatures’ of the a-and b-anomers of phenyl fucopyranoside and xylopyranoside (PhFuc, PhXyl) and the b-anomer of phenyl galactopyranoside
(PhGal). Note the relative positions of the band r2, associated with the OH2 stretch mode: in the a-anomers, where the OH2–O1 bonding is stronger, the band is displaced
towards lower wavenumber. Galactose and fucose on the one hand, and xylose on the other, also display a similar alternation in r4, reflecting the change in orientation of
OH4 from axial to equatorial and a consequent increase in the OH4–OH3 (hydrogen-bonded) distance. Each of the four OH bands in galactose, r2–r6, is clearly resolved and
r6 is clearly ‘missing’ from the IR spectra of fucose and xylose, both of which lack a CA6 OH group.

Figure 5. (a) Experimental and computed IR spectra of doubly hydrated phenyl b-D-glucopyranoside; (b) computed (MP2/6-311++G**//B3LYP/6-311+G*) lowest energy
structure of doubly hydrated phenyl a-L-fucopyranoside—which accommodates a water dimer bound at the (3,2) site and phenyl b-D-xylopyranoside where the dimer is
bound at the (2,1) site (see text).
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Figure 6. Conformational structures of phenyl b-D-mannopyranoside and its
multiply hydrated complexes.

Figure 7. (a) Localised structure of triply hydrated phenyl b-D-mannose and (b) a
schematic representation of its potential for interacting simultaneously with polar
and non-polar side chains in a stacked protein–carbohydrate complex.
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molecules to bind separately to the carbohydrate, rather than to
each other.

On the other hand, when there is no CA6 hydroxyl group, for
example, in fucose, rather than binding the two water molecules
separately (on each side of the hydroxymethyl group) they now
prefer to bind as a water dimer, again inserting at the (3,2) site
and extending the counter-clockwise hydrogen-bonded chain
OH4?OH3?W1?W2?OH2. Doubly hydrated xylose behaves
similarly though in the b-anomer, once again it is the (2,1) site that
is favoured. The computed structures and relative energies of the
two lowest energy structures of doubly hydrated phenyl a-L-fuco-
pyranoside and b-D-xylopyranoside are shown in Figure 5b.

A particularly striking example of selective binding is provided
by multiply hydrated mannose. The preferred structures of singly,
doubly and triply hydrated phenyl b-D-mannopyranoside are
shown in Figure 6. Like glucose, the two bound water molecules
in the dihydrate insert separately on each side of the hydroxy-
methyl group, the first occupying the (4,6) site favoured in the
monohydrate and the second bridging across the pyranose ring
to the axial OH2 group. This creates an extended, clockwise ‘virtu-
ous circle’ of hydrogen bonding, OH2?OH3?OH4?W1?OH6?
W2?OH2; the hydroxymethyl group continues to adopt the
G�g+ conformation. The structure adopted by the trihydrate is
very similar; the first water molecule occupies the (4,6) site while
the second and the third insert between OH6 and OH2 as a water
dimer, to conserve the ‘virtuous cycle’, OH2?OH3?OH4?
W1?OH6?W2?W3?OH2 and retain the G�g+ conformation of
the hydroxymethyl group. The side-on view of the trihydrate,
shown in Figure 7a provides a striking illustration of the amphi-
philic character of the carbohydrate. Its hydrophobic, a-apolar face
remains ‘untouched’ and the water molecules are all located exclu-
sively on the hydrophilic, polar face, with their orientation dictated
by the (perturbed) conformation of the carbohydrate to which they
are attached; the hydrophobic face remains ‘dry’. The bound water
molecule acts like a ‘spy’ surveying the electrostatic topography of
the carbohydrate and seeking out the favoured binding site(s).

As well as the binding tending to be focused around the
hydroxymethyl group in water–carbohydrate complexes, X-ray
crystal structures of simple protein–carbohydrate complexes often
identify the hydroxymethyl group as a favoured, though not exclu-
sive recognition point with monosaccharide ligands bound at their
O4–O6 or O6–O5 sites. Which carbohydrate conformation does the
protein recognize? One possibility would be the conformation
most favoured in the aqueous environment;4 indeed the presence
of explicitly bound, conserved water molecules, also commonly in-
volved in protein–carbohydrate complexes, may be because their
presence maintains a favoured ligand conformation as well as pro-
vides a stronger overall protein–carbohydrate interaction.19 The
question then arises as to whether the recognition motif is that
of the carbohydrate or its solvation shell. Consider again, the
hydrophilic and hydrophobic faces displayed in the multiply hy-
drated phenyl b-D-mannoside. The ‘dry’ hydrophobic face is ready
for stacking interactions with aromatic residues,4 see Figure 7b
but the hydrophilic face is crowned by an ordered array of water
molecules with a structure directed by the conformation of the
underlying carbohydrate—which may itself be altered by
hydration!
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