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Abstract

The purpose of this paper is to review our understanding of the dilute hydration (aqueous solvation) behaviour of
disaccharide compounds. To this end we discuss and scrutinise the results that have been obtained for the three
model disaccharides: maltose, sucrose and trehalose from experimental NMR studies and from theoretical molecular
dynamics studies in explicit aqueous solutions. The focus is on the description of molecular hydration features that
will influence macroscopic entities such as diffusion and relaxation: residence times of hydration waters, hydration
numbers and hydration densities. The principles of molecular dynamics simulation are briefly outlined while a
detailed presentation is given of the key features that characterise hydration: the solvation of the glycosidic linkage,
the radial hydration of the solute, the water density anisotropy around the solute, the residential behaviour of water
molecules in the periphery of the solute, and rotational and translational diffusion coefficients. With respect to the
use of NMR in characterising the structure and dynamics of the hydration, the hydrodynamic theory of rotational
and translational diffusion of biomolecules as well as the use of pulse field gradient spin echo experiments are briefly
presented. The NMR-defined rotational diffusion coefficients (D,) and the experimentally determined translational
diffusion (D,) coefficients are reported for 4% (w/w) solutions of sucrose, trehalose and maltose. These results are
compared with theoretical data obtained from molecular dynamics simulations of sucrose, trehalose and maltose
under identical conditions (concentration, temperature, etc.). With our present level of knowledge we can propose
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that although carbohydrates share a number of hydration characteristics, evidence is accumulating in support of the
notion that it is not the amount or overall hydration but rather the detailed individual carbohydrate—water
interaction that is likely to determine carbohydrate structure and functionality. © 2001 Elsevier Science B.V. All

rights reserved.
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1. Introduction

Carbohydrates have a very high affinity to wa-
ter, the predominant biological medium. They
constitute a particularly interesting class of bio-
logical solutes, as the majority of their hydrogen
bonding interactions with aqueous solvent occurs
through their hydroxyl groups, which in their hy-
drogen-bonding scheme behave much like the
water molecules themselves. In the case of su-
crose the saturation solubility in water is 67.36%
(w/w) at 25°C. Tt is therefore not surprising that
carbohydrates affect the surrounding water struc-
ture and that, in return, the water affects the
structure of the dissolved carbohydrate molecules.
It is the nature of their interactions with water
that is responsible (or decisive) for most carbohy-
drate biological functionalities including energy
transport and storage, sweet taste induction, gel-
phase formation, stabilisation and adherence and
signal transmission, yet at the molecular level
specific carbohydrate—water interactions remain
largely to be elucidated. For this reason the next
frontier in the understanding of carbohydrate
structure and functionality will most likely be
focused around their hydration.

Macroscopic thermodynamic studies of car-
bohydrate—water systems have a long and distin-
guished history due to their ability to probe some
of the unique properties of hydrated carbohy-
drates. While such methods are excellent for de-
scribing the overall carbohydrate hydration, they
do not provide evidence of the detailed hydration
on the molecular level. Alone and especially when
coupled with molecular simulation tools such as
molecular dynamics with explicit water molecules,
advanced NMR techniques provide an effective
tool for investigating the detailed hydration of

complex solutes such as carbohydrates. The first
application of detailed dynamic perturbation
methods such as high-resolution NMR to car-
bohydrate—water systems appeared approximately
two decades ago in a study of the sucrose—water
system [1]. Since then a large number of carbohy-
drate NMR studies have emerged. However, in
the majority of such studies the focus has been
more on the structure of the carbohydrate solute
than on the detailed hydration. When focus is on
the study of carbohydrate hydration, NMR and
molecular dynamics techniques are generally con-
sidered strongly interdependent, but also comple-
mentary with respect to the timescales of the
dynamic events under investigation. Condensed
phase molecular dynamics simulations provide a
means for studying dynamic events ranging ap-
proximately from the nanosecond down to the
sub-femtosecond scale. This time range suffices
for studying vibrational motions and most inter-
nal molecular transitions with the exception of
torsional transitions around principal (backbone)
conformational degrees of flexibility such as gly-
cosidic linkages. Most important in these studies
is that the time range covers the description of
the dynamics of the hydration features. NMR,
which is the most versatile and general experi-
mental technique available for studying molecular
dynamics, will under normal conditions use per-
turbation times in the micro and millisecond
ranges and thereby ‘only’ provide time averaged
dynamic information about sub-microsecond
events.

In order to fully understand results from mod-
ern experimental perturbation methods it is im-
perative to have a reliable theoretical model of
solvation dynamics and it would appear as if
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molecular dynamics provides the most promising
technique for this purpose. Molecular dynamics
studies of carbohydrates in aqueous solution were
pioneered a little more than one decade ago by
Grigera with a study on mannitol and sorbitol [2],
by Koehler et al. with a study on a-cyclodextrin
[3], by Brady with a simulation of glucose [4] and
by van FEijck and Kroon with simulations of ribose
and deoxyribose [5]. These investigations came
approximately one decade later than the first
simulation of a dipeptide in water by Rossky and
Karplus [6], a milestone in the field of simulations
of dissolved molecules in water. While the eluci-
dation of the hydration of the monosaccharides is
essential for the understanding of basic carbohy-
drate compatibility with the water structure, the
understanding of the hydration of the glycosidic
linkage will clarify conformational preferences of
the overall carbohydrate structure in water. Stud-
ies on model disaccharides such as maltose [7,8],
Mana(l - 2)Mana [9], Mana(1 = 6)Mana [10]
cellobioside [11], sucrose [12—14], neocarrabiose
[15] and «,a-trehalose [16—18] have all clearly
demonstrated that the presence of water has a
significant impact on the principal conformational
parameter that governs the overall molecular
shape, namely the glycosidic linkage orientation.

Among the limited number of molecular dy-
namics investigations of disaccharides only two
have been performed using the same protocols
and conditions (force field, parametrisation, model
of water) over a sufficiently long period of time;
these are sucrose and trehalose. This work aims
at reviewing key hydration features in a compara-
tive hydration study of sucrose and trehalose and
in some cases with reference to maltose. More-
over, this study reports new experimental NMR
evidence of the influence of carbohydrates on the
water structure. When examining the hydration of
sucrose and trehalose in detail it is perhaps sur-
prisingly found that their hydration pattern is
entirely different, supporting our present hy-
pothesis that carbohydrate—water interactions are
highly specific and in principle designed for dif-
ferent tasks such as restricted diffusion of water,
restricted diffusion of carbohydrate, structural
motif lock and water channel /pump.

2. Methods
2.1. The carbohydrate molecules and nomenclature

In this work we will discuss the hydrations of
the three disaccharides sucrose, maltose and tre-
halose.

Table sugar, or sucrose B-D-fructofuranosyl-
(2 = 1)-a-D-glucopyranoside; Fig. 1a), is a non-re-
ducing disaccharide present in all photosynthetic
plants where it functions as a transport substance
during starch translocation and in some plants as
an energy supply. Sucrose contains two neigh-
bouring anomeric centres, C-1g and C-2f, and
exhibits an overlapping exo-anomeric effect due
to the sequence C-5g-O-5g-C-1g-O-1g-C-2f-O-5f-
C-5f. Sucrose is the most abundant disaccharide
in nature, but despite the fact that sucrose has
been subjected to intensive modern research for
approximately 100 years, we are only beginning to
understand the unique properties of this molecule,
including structure in aqueous environment, su-
persaturation behaviour and sweet taste induc-
tion.

Mushroom sugar, or «,a-trehalose (a-D-gluco-
pyranosyl-(1 = 1)-a-D-glucopyranoside; Fig. 1b), is
the only naturally occurring disaccharide out of
three isomeric trehalose forms (aa, af and Bp).
In the (C,) symmetric «,a-trehalose, two a-D-gly-
cosyl units are linked by a glycosidic linkage
between their two anomeric carbon atoms, abbre-
viated to C-1 and C-1’, exhibiting the so-called
double anomeric effect throughout the sequence:
C-5-0-5-C-1-0-1-C-2'-0-5'-C-5". Trehalose has a
hydration characteristic, which displays extremely
interesting features including the ability to pro-
tect and reversibly reconstitute proteins and bio-
membranes from dehydration, a glass-transition
anomaly, the ability to retain and preserve volatile
flavours and aromas in dried foodstuffs, etc. Tre-
halose is produced by many cryptobionts in both
the plant (spores of certain fungi and a few vari-
eties of plant seeds) and the animal kingdoms
(desert insects, brine shrimp embryo, baker’s
yeast) and survival of anhydrobiosis and crypto-
biosis by many of these organisms was found in
the early 1980s to be correlated with the presence
of trehalose [19,20]. Since then a large number of
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Fig. 1. Labelling and heavy atom representations of sucrose,
trehalose and maltose with indications of glycosidic dihedrals
@ and V. (a) Sucrose: ® = O-5g-C-1g-0-1g—C-2f and ¥ =
C-1g-0-1g—C-2f-0-5f. (b) Trehalose: ® = O-5-C-1-0-1-C-
1" and ¥ =C-1-0-1-C-1-0-5". (¢) Maltose: ® = O-5-C-
1-0-1-C-4' and ¥ = C-1-0-1-C-4'-C-5'".

studies have been performed to disclose the
mechanisms behind trehalose functionality, with

research mainly driven by the potential interests
in medical protein stability.

a-Maltose (a-D-glucopyranosyl-(1 — 4)-a-D-
glucopyranose; Fig. 1¢), like sucrose, is basically
an energy storage molecule and is most abundant
as the building element of the starch components
amylose and amylopectin. Due to the extreme
importance of starch in areas spanning from bread
baking to material science, the structure and hy-
dration of maltose has received much attention in
the literature.

Conformational flexibility around the glycosidic
linkage bonds is described by the two torsional
angles: ® and ¥ (Fig. 1). The conformations of
the two hydroxymethyl groups are described by
the torsional angles: o = O-5-C-5-C-6—0-6,
o' =0-5"-C-5'-C-6'-0-6" and for the second
hydroxymethyl group on the fructofuranose ring
in sucrose: xf=0-5-C-2'-C-1'-O-1'. The three
staggered orientations of the primary hydroxyl
groups are also referred to as either gauche—
gauche (GG), gauche—trans (GT) or trans—gauche
(TG), depending on whether the values of the
above torsion angles are closest to —60°, 60° or
180°, respectively. The sign of the torsion angles
is defined in agreement with the IUPAC Commis-
sion of Biochemical Nomenclature [21].

A prerequisite to understanding the biochemi-
cal functions is a detailed description of the con-
stitution, the configuration and the conformation
of solutes in the solid state. Two of the three
model disaccharides, sucrose [22] and B-maltose
[23], have been investigated by single crystal neu-
tron diffraction. «,a-Trehalose has been studied
by single crystal X-ray diffraction in its dihydrate
form [24,25] as well as in its low temperature
anhydrous form [26]. In addition, the a-anomer of
maltose has been studied with single crystal X-ray
diffraction [27].

3. Molecular dynamics
3.1. Background

In addition to rotational and vibrational mo-
tions, atoms also exhibit thermal motions. The
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most distinguished task of molecular dynamics is
to analyse thermal motions of molecules driven
by intramolecular as well as by intermolecular
collisions. Thermal motion is not oscillatory, which
implies that in principle we have to calculate the
equations of motion over an indefinite period of
time in order to sample all possible geometries.
However, in practice it is possible to explore a
potential-energy-well in a finite time period.

The molecular dynamics method concept in-
volves calculating the displacement co-ordinates
in time (a trajectory) of a molecular system at a
given temperature. Finding positions and veloci-
ties of a set of particles as a function of time is
done classically by integrating Newton’s equations
of motion in time. Molecular dynamics simula-
tions are usually carried out as a micro-canonical
(constant-NVE) or canonical (constant-NVT) en-
semble, thus all other thermodynamic quantities
must be determined by ensemble averaging. In a
classical system, Newton’s equations of motion
conserve energy and thus provide a suitable
scheme for calculating a micro-canonical ensem-
ble. However, canonical ensemble can readily be
performed by coupling the molecular system to a
constant-temperature bath, which rescales the
atomic velocities according to the desired temper-
ature. In a similar manner, constant pressure
simulations can be performed by scaling through
coupling to a constant-pressure piston, as the
pressure can be calculated from the virial theo-
rem. The first simulations on hard-sphere liquids
were performed by Alder and Wainwright in the
late 1950s [28] where the particles were only
allowed to move with constant velocity between
perfect elastic collisions. It was only when Still-
inger and Rahman [29] published their classic
study of liquid water in 1974 that molecular dy-
namics became an established theoretical method
for studying thermodynamic properties and
molecular motions. While many of the early
molecular dynamics studies were made in the
liquid field, interest soon focused on modelling
motions in biomolecules. Modelling biomolecules
differs from the liquid simulations in that, until
recently, it has only involved one molecule’s tra-
jectory, and in that the system (particle) has a
large number of (internal) covalent bonds. In the

field of biomolecules, the study of the small pro-
tein Bovine Pancreatic Trypsin Inhibitor (BPTI,
454 extended atoms) has served as a model
[30-32]. Using a step size in the femtosecond
regime has some very important implications when
studying atomic motions, as the calculation of a
single trajectory in one microsecond involves 1
billion evaluations of the potential energy func-
tions using the Verlet algorithm. For this reason
one cannot overestimate the importance of op-
timising the function evaluation. Combined
atomic motions such as side chain motions can
open pathways for ligands to enter, exit and close
active sites, all very important motions determin-
ing biological activities and within the range of
molecular dynamics (time scale of 107° s to 10~
s — for unconstrained condensed-phase simula-
tions as discussed in this paper the upper limit is
approx. 107° s). As such, the molecular dynamics
method is unique, in that it offers the possibility
to verify theories about many important biologi-
cal activities.

3.2. Molecular dynamics and carbohydrates

A prerequisite to carry out realistic molecular
dynamics simulations is to have reasonable force
fields for both the carbohydrate solute and for
water at hand. With respect to the carbohydrate
solute, a number of modified force fields are
available for most established modelling packages
[33]. When it comes to appropriate force fields for
representing water, the choice is limited, but also
more reliable. Basically, there is the choice
between three-site models and five-site models
including the lone-pair positions, however, for
simulations of carbohydrate—water interactions
the three-site water potentials have mainly been
used. In general, the performance of the three-site
water potentials offers a good compromise
between performance and accuracy [34], and the
choice of water model should therefore be guided
by the interplay between the solute potentials and
the water potentials. In this work we will focus on
two molecular dynamics simulations of sucrose
and trehalose, respectively, which are unique in
that they have been recorded in the same car-
bohydrate force field [35] using the same water
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potential, TIP3P [34], at almost the same concen-
tration of approximately 4% (w/w).

4. Carbohydrate solvation

When analysing molecular dynamics simula-
tions of, e.g. carbohydrates in solution, two press-
ing questions seek to be answered: (i) did any
intra-molecular hydrogen bonds persist in aqueous
solution? and (ii) did the solute structure change
significantly from its solid state structure? Obvi-
ously, the two questions are interrelated but the
first one is easier to answer. The classical tech-
nique for solving this question is to record hydro-
gen bond time series of the (realistic)
C-0O-H...O-C distances.

4.1. Intra-molecular hydrogen bonds

In the case of sucrose, X-ray studies indicate an
almost spherical molecule stabilised by two intra-
molecular hydrogen bonds: O-1f—H...O-2 and O-
6f—H...O-5g. Of all possible intramolecular hydro-
gen bonds the distance time series between O-
1f-H and O-2g displayed in Fig. 2 was the most
populated and yet below 5% of the entire trajec-
tory time of the molecular dynamic simulation
[14]. Apparently the intramolecular hydrogen
bonds are supplanted by hydrogen bonds to the
more mobile water molecules due to entropic
considerations even when intramolecular donor-
acceptor geometry is favourable. In the case of
trehalose, intramolecular hydrogen bonds were
not observed in the solid state and indeed no
intramolecular hydrogen bonds were observed in
the molecular dynamics trajectory. In the case of
maltose, the situation concerning the crystallo-
graphic O-2...H-0O-3' hydrogen bond is more
problematic, as one study has indicated that it
prevails [7], whereas another study has shown that
it is only weakly populated [8]. These disaccharide
molecular dynamics studies collectively suggest
that intramolecular hydrogen bonds in aqueous
solution must represent sterically restricted situa-
tions where the increased entropy from water
interactions cannot come into play. Unfortu-
nately, NMR has not been very helpful in unrav-

0 100 200 300 400 500
ps

Fig. 2. Time series from the sucrose trajectory monitoring the
0O-2g...HO-1f hydrogen-bonding distance as derived from
molecular dynamic simulations.

elling these points about intramolecular hydrogen
bonds, mainly because the hydroxyl protons un-
dergo chemical exchange and therefore are invisi-
ble in most NMR experiments. However, it is
possible to measure hydroxyl proton signals in
super-cooled solutions, but the realism of such
experiments is difficult to judge. In the case of
sucrose, the existence of ‘a weak and at least
transiently existing’ O-2g...O-1f intramolecular
hydrogen bond was reported from ROESY (two-
dimensional rotating-frame exchange NMR spec-
troscopy) experiments in super-cooled solutions
[36].

4.2. Solvation of the glycosidic linkage

Only limited response can be given to the sec-
ond pressing question concerning any overall
change in solute conformation. Indeed, when dis-
accharides and oligosaccharides have been stud-
ied the focus has been on the major conformatio-
nal feature namely the glycosidic linkage. Changes
in this conformational parameter are bound to
give rise to profound changes in the experimental
data when, e.g. comparing solid-state information
with aqueous solution. Analogous to the hydro-
gen bond distance time series displayed in Fig. 2,
it is common practice to calculate time series of
the two main glycosidic parameters & and W [16],
but in this case they are more illustratively added
as a scatter plot on top of an energy (adiabatic)
map [17]. Alternatively, the information can be
displayed as a population density map (® and ¥
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for each trajectory point is calculated and added
to the relevant bin) as a function of the two main
glycosidic parameters ® and W. This plot indi-
cates the probability of finding the molecule with
a glycosidic linkage in a given geometry. In the
case of sucrose, the population density is depicted
in Fig. 3 along with the adiabatic energy map
computed in vacuum. From the figure it is evident
that the preferred glycosidic conformation of su-
crose is maintained in vacuum, in solid state and
in aqueous solution. As early NMR evidence
strongly suggested that sucrose remained in this
potential-energy-well, sucrose was labelled a ‘con-
formationally’ rigid molecule and this conforma-
tion was thought to be the bio-active conforma-
tion. However, molecular dynamics simulations
suggest that the mean potential acting on the
solute is softened upon aqueous solvation due to
the absence of prevailing intramolecular hydro-
gen bonds. This is demonstrated by an increase in
root mean square fluctuations of the important
glycosidic dihedrals and by the fact that the crys-
tal conformation of the sucrose moiety in raffi-
nose (additional o(1 — 6) linked D-galactose
residue) also appears in a highly populated area
in contrast to the in vacuo adiabatic map where
the crystal conformation was placed in a saddle-
point region. In this case the aqueous solvation
evidently induces the conformational flexibility
(shift) necessary for the creation of the crystal
nucleus that is able to propagate. In the case of
trehalose, Fig. 4, the global energy minimum in
vacuo (arrow) is shown to be far from the confor-
mation found in crystalline state and by molecu-
lar dynamics in aqueous solvation. From the fig-
ure we observe that the presence of water is
modifying the mean potential acting on the tre-
halose solute and that the population contours
have become almost ellipsoid in contrast to the
‘mouth-shaped’ well on the adiabatic map (Fig. 4,
left). Again it would appear that we observe a
weak softening of the potential and a slight but
significant asymmetry in the dihedral conforma-
tion of the trehalose solute induced by the pres-
ence of water.

While NMR was not able to settle, in a con-
vincing manner, the intramolecular hydrogen
bond issue, it can nevertheless help to assess the
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Fig. 3. (a) The in vacuo potential energy surface in the ®,¥-
space of sucrose recorded in a modified CHARMM force field
(kcal /mol scale) and (b) the population density recorded from
a molecular dynamics trajectory in aqueous solution (exponen-
tial population scale). The labels correspond to the positions
of crystal structures of sucrose, raffinose. Adapted from En-
gelsen et al. [14].

motional averaged glycosidic geometry. Through
heteronuclear coupling constants across the gly-
cosidic linkage and an appropriate parametrisa-
tion of the Karplus equation [37] we can obtain a
robust mutual connection between the ensemble
averaged molecular dynamics simulation and the
NMR experiment. In the sucrose case, the ensem-
ble-averaged glycosidic heteronuclear coupling
constant 3JH-1,C—2’ for sucrose was calculated to
4.1 Hz from the solution trajectory, in excellent
agreement with the experimentally measured 4.2
Hz value. The good agreement contrasts with the
population-averaged value of 5.4 Hz derived from
the in vacuo simulations, being dominated by the
influence of the O-2g...H-O-1f internal hydrogen
bond [14]. In the case of trehalose, the heteronu-
clear coupling over the dihedral linkage was cal-
culated to 1.5 Hz in vacuo and to 2.2 Hz in the
molecular dynamics simulation, which has to be
compared with experimental values in the range
of 2.5-3.3 Hz [38,39]. These results strongly sug-
gest that water has to be taken into account in
order to reliably model carbohydrate structure in
aqueous solutions.
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Fig. 4. (a) The in vacuo potential energy surface in ®,¥-space of trehalose recorded in a modified CHARMM force field (kcal /mol
scale) and (b) the population density recorded from a 1-ns molecular dynamics trajectory in aqueous solution (exponential
population scale). The labels correspond to the positions of crystal structures of the dihydrate (asymmetric, hence two points) and

the anhydrous structures. Adapted from Engelsen and Pérez [18].

5. Carbohydrate—water interactions
5.1. Radial hydration

Molecular dynamics simulations of solutes in
water provide a unique possibility for detailed
examination of water—solute interactions. How-
ever, when such simulations are performed, the
question arises: How does one characterise water
solvating a complex solute? [40]. The large number
of water molecules, the complexity of the solute
and the high degree of mobility in such simula-
tions require a statistical approach to describe the
hydration. The statistical approach most com-
monly employed to examine water—water and wa-
ter—solute interactions is radial pair distribution
function, rdf, that calculates the probability of
finding a pair of atoms a distance r apart, relative
to the probability expected for a random distribu-
tion at the same density. Within a crystalline
arrangement the rdf will consist of spikes reflect-
ing the structure of the lattice structure, while the
rdf for an ideal gas would be a horizontal line
reflecting an even distribution. For pure liquid
systems such as water the rdf have an experimen-
tal background, as the oxygen—oxygen rdf can be
measured from X-ray scattering experiments, as-

suming that the X-ray intensities are dominated
by spherical scattering centred at the oxygens
[29]. In more complex aqueous simulations, rdf of
specific solute nuclei and the oxygen nuclei in
water have been used in the literature to describe
the large differences in the first and second hy-
dration shells of different types of solute atoms.
This is particularly suited for carbon in methyl
and methylene groups, which display a typical
hydrophobic behaviour, and around oxygen in
hydroxyl groups, which display a typical hy-
drophilic behaviour [41]. Fig. 5 displays typical rdf
for the atoms at the secondary hydroxyl group
OH-2g (sucrose) with respect to the water oxygen
atoms (Ow). The first sphere of nearest neigh-
bours is indicated by a peak in rdf and limited by
a minimum in rdf; it is referred to as the first
hydration shell. This shell-type liquid structure is
induced by the carbohydrate solute and it de-
creases in order with the distance. This is due to
optimal average arrangements of the water hy-
drogen bonds. The first hydration shell around
the HO-2 hydrogen (hydrogen bond donor) has a
peak at approx. 1.9 A with a density of 1.5 times
the bulk density (Fig. 5). The first hydration shell
is limited by the minimum density of less than 0.5
times the bulk density at approximately 2.2 A.
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Fig. 5. Radial pair distribution functions calculated from a
molecular dynamics trajectory of sucrose: (a) HO-2g...Ow
(light grey), (b) O-2g...Ow (black) and (c) C-2g...Ow (dark
grey).

The hydration shell around the O-2 oxygen (donor
and acceptor) has a peak at 2.8 A with a _density
of 2.2 and is limited at approximately 3.5 A by the
minimum density of approximately 0.5. While both
the hydrogen and the oxygen pair distributions
exhibit a pronounced secondary hydration shell,
the long-range order in the hydration around the
less exposed C-2 is more complex, but it still
possesses a clear first hydration shell. In carbohy-
drate simulations attempts have been made to
use radial pair distribution functions to scrutinise
the detailed hydration pattern around solute
atoms [4,5,13]. However, due to complicated dy-
namic and steric effects, the lack of ubiquitous
discriminating functional forms of similar types of
g(rps,roy) introduced below and lack of experi-
mental evidence, the results of such efforts are
generally not convincing.

This information may in principle be improved
by using orientational pair distribution functions
[6] which are applied to characterise the orienta-
tional preferences of local (first hydration shell)
water molecules around solute atoms (X...H-
Ow), but can also be used to examine the orienta-
tional preferences of water density with respect to
a given solute vector, e.g. C-O...Ow [13]. How-
ever, much like in the case of the radial pair

distributions, orientational pair distributions
rarely bring new insight, when applied to carbohy-
drates due to their complex nature. While the rdf
is generally not very informative, it introduces a
very useful concept, namely, the first hydration
shell. The close proximity of the eight hydroxylic
and three acetalic oxygens leads to many shared
water molecules among different solute oxygens,
and obvious questions arise, such as: what is the
total number of water molecules inside the first
hydration shell of all solute oxygens? and are shared
water molecules a dominant feature of the solute
structure?

The hydration number is a fuzzy parameter to
describe hydration of carbohydrates, as is re-
flected by the range of the experimental determi-
nations of this parameter for sucrose: from 4 = 21
(near infrared spectroscopy) to & =1.8 (NMR),
depending on the experimental technique applied
[42]. Molecular dynamics simulations provide a
simple definition of this hydration parameter
which can easily be calculated and compared to
the experimental disorder: from the trajectory the
number of water molecules in the first hydration
shell (less than 3.5 A) associated with the solute
oxygens is counted in each phase point and an
average is obtained. Much in line with the results
derived from the radial pair distribution functions
the calculated hydration numbers for sucrose and
trehalose are identical: & = 27.5 first hydration
shell water molecules per solute molecule. If in-
stead of using the entire first hydration shell, the
hydration criterion is restricted only to include
distances less than 2.8 A where the hydration of
hydroxylic oxygens reaches maximum density, a
value of & = 7.8 is obtained. However, the simula-
tion is not able to contrast the hydration numbers
of sucrose and trehalose. Two experimental stud-
ies include both the hydration number for sucrose
(h = 6.8 [43]; h = 6.33 [44]) and trehalose (2 = 8.0
[43]; h = 7.95 [44]), respectively.

5.2. Water density anisotropy

To quantify and visualise shared water densi-
ties amongst solute oxygens it is possible to calcu-
late and contour three-dimensional water densi-
ties in a fixed frame defined by the solute [40,45].
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However, this approach has two major disadvan-
tages, namely, the difficulties in visualising the
densities in three dimensions, and the fact that it
is only useful for rigid molecules or rigid molecu-
lar segments. The hydration around monosaccha-
rides and other relatively rigid molecules can be
very well described by static water densities or
radial pair distributions with only one reference
point. However, the presence of the glycosidic
linkage in oligosaccharides introduces such a high
degree of flexibility that another approach for
describing the hydration pattern is desirable. The
normalised two-dimensional radial pair distribu-
tion function [46] is one such tool for analysing
the solute surroundings for localised water densi-
ties around highly flexible molecules such as
bridging water molecules between two sugar rings
in carbohydrates.

The two-dimensional radial pair distribution
function g(r,, r,) calculates the probability of
finding an atom (e.g. water oxygen) at a distance
r, and r, from two selected solute atoms, relative
to the probability expected for arandom distribu-
tion [46]:

N(ry,ry)
X I/mtersect(rI’FZ)

(1

gryry) =

The calculation of two-dimensional radial pair
distribution functions is analogous to one-dimen-
sional radial pair distribution, except that the
histogram is now two-dimensional, referring to
two reference points (nuclei) instead of one, and
the normalisation is more complicated. The two-
dimensional radial pair distribution functions have
to be normalised using the intersection volume of
the two sphere shells, V. .. (Fig. 6) in order to
be relative to bulk density (equal to 1).

Fig. 7 (upper) displays the contour plot of an
intra-ring normalised two-dimensional rdf of wa-
ter in which the solute atoms O-2g and O-3g of
sucrose are the reference sites. Such plots share
some features with the potential energy plot com-
monly employed to study simple reaction colli-
sions, except that the two-dimensional rdf usually
has a minimum energy (maximum probability)
with build-up of shared water density and not a
transition. If scatter trajectories of water

Fig. 6. Illustration of the intersection volume formed by the
two sphere shells surrounding the two solute oxygen atoms: A
and B.

molecules are superimposed, it would be possible
to study successful and unsuccessful encounters
(attack) with the specified water pocket. The max-
imum shared water density of 5.6 times the bulk
density (1.0) is found in the lower left corner (2.8
A 28 A) and is a result of an advantageous
position of the water in the centre of the first
hydration shell of the two solute oxygen’s. This
shared maximum density is stronger than the
average one-dimensional rdf peak density (ap-
prox. 2.2) of the first hydration shell, indicating a
substantial anisotropy of the latter. At longer
distances from the two solute oxygens we find less
structured water (in the given reference) and
observe that the shared water density approaches
1.0, corresponding to the bulk density. The steep
decline of shared water densities to zero at ap-
pr0x1mately 6 A is simply explained by the fact
that it is an impossible situation, as the two
sphere shells do not intersect (see Fig. 6). In the
trajectory the average O-2...0-3 distance was
2.88 A, ranging from 2.55 to 3.27 A, allowing also
for a direct but geometrically restricted hydrogen
bond. When applying two-dimensional rdf to hy-
droxylic oxygens placed on opposite sucrosyl rings,
we found two very strong shared water densities.
Fig. 7 (lower) displays the two-dimensional rdf
between O-2 and O-3’ from which we observe a
very sharp and strong shared water density with a
peak density of approx. 4.6 times bulk water den-
sity. In the case of the O-2...0-3’ distance, the
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Fig. 7. Two-dimensional radial pair distribution functions for
sucrose. Upper: neighbouring intra-ring water density O-
2g...Ow...0-3g. Lower: inter-ring bridging water density

between O-2g...Ow...O-3f. Adapted from Andersson and
Engelsen [46].

trajectory average was 5.08 A, ranging from 4.07
to 6.10 A, indicating a rather flexible situation for
the two reference atoms across the glycosidic
linkage and accordingly, the bridging water situa-
tion was only found to populate 40% of the
trajectory time.

In most cases only the two-dimensional rdf

peak density will be of interest [47] and Fig. 8
displays all possible peak two-dimensional rdf
densities around sucrose. The fact that these peak
densities do not exactly correspond to the peak
densities given above is due to the relatively sparse
statistical sampling as well as to very sharp den-
sity build-ups which have been averaged
(smoothed) by too coarse a grid size of 0.2 0.2
A during contouring. Most interestingly we
observe an extremely strong and sharp shared
water density with a peak maximum of approx. 9
times the bulk density between O-2g and O-1f.
This is an extreme situation, being more popu-
lated than a shared water between two neighbour-
ing pyranose hydroxyl groups (Fig. 7). This is thus
far the best example of a localised or ‘pocket’
water molecule that has been detected in a con-
densed phase molecular dynamics simulation of
small carbohydrates. In the case of trehalose the
maximum two-dimensional rdf density of an in-
ter-ring shared water was calculated for O2...04’
to be 2.4. This is a rather low value when com-
pared to the maximum shared inter-ring water
density of sucrose, and comparable in level to the
maximum water density in the one-dimensional
rdf, i.e. isotropically hydrated. Rather than dis-
playing unique hydration features, trehalose sol-
vation displays a remarkable resemblance to the
crystalline-state hydration in the dihydrate poly-
morph [18]. Sucrose solvation, however, displays
unique features and, although the representation
of sucrose in Fig. 8 is schematic, it appears that
the hydration needs for the sucrose structure are
primarily optimised to satisfy the hydration along
one side, defined by the oxygens O-4g...O-
3g...0-2g...0-1g...O-1f...O3f. On the other
side of the molecule, the shared water densities
are either weak, comparable with the expected
densities in a first hydration shell (2.2), or absent,
as in the central region around the ring oxygens.
To investigate the inter-ring bridging waters in
more detail, the occurrence for each water
molecule of staying in either the shared first
hydration shell between O-2g and O-1f or between
0-2g and O-3f (less than 3.5 A) is plotted as a
function of the trajectory frame (Fig. 9). From the
figure we observe that the encounters last up to
approximately 50 picoseconds (ps) and that there
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appears to be significant co-operative effects
between the two sites. However, due to the prox-
imity of the two sites, it is perhaps not surprising
to see significant co-operative effects, especially
during the longer encounters. In Fig. 10 the tra-
jectory of the water molecule [47] (number 288),
which stays from approximately 130 to 200 ps in
the inter-ring hydration site, is superimposed on a
van der Waals surface of sucrose. The figure
shows how the water molecule explores the ob-
long cavity defined by O-2g on one side and O-1f
and O-3f on the other side for almost 80 ps. It
helps to illustrate the concerted action of this
hydration site that starts by a ‘capture’ via the
O-3f group. Given the high probability of finding
a water molecule in this cavity and the very good
agreement with experimental descriptors pro-
vided by the molecular dynamics simulation
[13,14], it is very tempting to propose that this
hydration characteristic is of prime importance to
the sucrose functionalities. That this water cavity
in sucrose hydration is an important phenomenon
is underlined by a more recent crystal structure
determination of a lentil lectin [48] in which two
partially hydrated sucrose molecules were buried
in the binding site. Both of these sucrose struc-
tures were observed to be hydrated with an inter-
ring bridging water molecule (oxygen) between
O-2g and O-3f. One of the two partially hydrated
sucrose molecules is displayed in Fig. 11 along
with the water molecules in close proximity. The
hydration waters display a striking but possibly
random resemblance to the water trajectory dis-
played in Fig. 10.

5.3. Residential behaviour of water molecules

Before discussing how NMR can detect such
complex hydration phenomena as described
above, it is of prime importance to establish the
time scales of such carbohydrate—water interac-
tions. As also indicated by Fig. 10 a dynamic
exchange of water molecules in the first hydration
shell occurs and obviously the average time spent
strongly associated with the solute is a hydration
parameter of great interest. We have previously
reported longer [13] residence times of water
molecules around sucrose, as derived from an

Fig. 8. Maximum shared water densities amongst sucrose oxy-
gen atoms as calculated by normalised two-dimensional pair
distribution functions at Os...Ow distances equal to 2.8 A
Densities crossing the glycosidic linkage are indicated with
dotted lines. Adapted from Engelsen [47].

analysis that only took into account one water
molecule at a time (frame). The residence time
distributions as a function of time was expected
to afford a more thorough description of the
residence characteristics. An example of one such
distribution is displayed in Fig. 11, which clearly
shows exponential decay curvature, i.e. the longer
the residence times, the fewer number of cases
are detected.

In order to assess the dynamic aspect of the
first hydration shell, maximum and average resi-
dence times, Tr, for all water molecules in the
first hydration shell (R < 3.5 A) around specified
solute atoms can be calculated. The results listed
in Table 1 reveal differences in the average resi-
dence times ranging from 0.32 ps around O-1’
(sucrose) to 0.69 ps around O-2 and O-2' (treha-
lose) and around O-3f (sucrose). The estimated
standard deviations for the average residence
times are approximately 0.002 ps. In the average
calculation, the acetal and hydroxyl oxygens
clearly display different hydration dynamics, but
the left side and the right side hydroxyl groups
(Fig. 8) in sucrose also display significantly dif-
ferent hydration dynamics consistent with the hy-
dration densities. On the ‘right side’ of sucrose
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Fig. 9. Intersection events for the various water molecules. The event of being in the first hydration shell intersection of O-2g and
O-1f (blue) and the event of being in the first hydration shell intersection of O-2g and O-3f (red) for a water molecule (oxygen)

recorded as a function of trajectory time (107! s).

(Fig. 8), the residence times are comparable to
those in pure water. However, the short average
residence times indicate that it is not the large
flux through the more voluminous outer parts of
the first hydration shell that is the dominant
hydration feature. The variations in the maximum
residence times reflect the same trend with O-2 in
sucrose as a notable exception. Water—water in-
teractions exhibit slightly longer residence times
in the trehalose trajectory: 0.552(2) ps compared
with 0.544(2) ps for the sucrose trajectory. They
also appear to reflect a lower water mobility in
trehalose solutions (vide supra; Table 4). From
Table 1 it is evident that the very long residence
times at approximately O-2 and O-2' is a signifi-
cant feature of trehalose hydration, while for
sucrose long residence times are observed in the
vicinity of O-3’ and O-2. In reality, the number of
occurrences of a water molecule residing as a

function of residence time, 77, is an exponentially
decreasing population. In our analysis this expo-
nential decay displays clear bi-exponential be-
haviour (Fig. 12): (i) a large population (93-99%)
of a very rapidly decaying component with a char-
acteristic residence time, 771, of 0.5-0.6 ps, much
in line with bulk water dynamics; and (ii) a small
population (1-7%) of a more slowly decaying
component, 7r2, with a characteristic residence
time in the range of 1.3-3.1 ps. Again for tre-
halose we observe that O-2 and O-2' have the
longest residence times, 2.7 and 3.0 ps, respec-
tively, while sucrose O-2g and O-1f has the longest
residence time (the TrI for O-5’ does not appear
to be a robust estimate in this analysis). In con-
clusion, residence times appear not to provide
convincing evidence for identification of special
hydration sites. Calculation of (hindered) rotatio-
nal diffusion for the first hydration shell waters
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Fig. 10. Eighty-picosecond trajectory of water molecule (black)
superimposed on the heavy-atom van der Waals surface of
sucrose. Adapted from Engelsen [47].

would appear to be a better indicator, but much
longer trajectory times would be required to ob-
tain acceptable statistics.

5.4. Diffusion

When water is added to a molecular dynamics

Table 1

S.B. Engelsen et al. / Biophysical Chemistry 93 (2001) 103-127

Fig. 11. The hydration of one sucrose molecule in the binding
site of a lentil lectin possessing an inter-ring water bridge
between O-2g and O-3f. Note the similarity to Fig. 10. Adapted
from Engelsen [47].

trajectory it adds new properties to the solute
namely rotational diffusion and translational dif-
fusion. The self-diffusion of the solute can be ob-
tained via the Einstein relation by calculating the
centre of mass mean square displacement auto-
correlation: D(Ar) = (it + At) — ?(t)|2>/6At
which becomes valid for long At. Using this equa-
tion a diffusion coefficient of 5.0-5.5 107° cm?

Average (T,,) and maximum (7, ) residence times (in picoseconds) for water molecules in the first hydration shell around solute

oxygens (R < 3.5 A)

Atom Sucrose Trehalose
TV max Tr,, Tr, Tr, Trmax Tr,, Tr, Tr,

0-1g/0-1 9.4 0.41 0.46 2.003) 17.26 0.32 0.50 2.2(1)
0-2g/0-2 15.0 0.68 0.56 3.003) 27.20 0.69 0.53 2.7(4)
0-3g/0-3 18.2 0.64 0.56 2.3(6) 19.28 0.64 0.56 2.5(5)
0O-4g/0-4 18.1 0.64 0.57 2.7(4) 17.54 0.61 0.56 2.2(5)
0-5g/0-5 13.3 0.46 0.52 2.6 (2) 10.18 0.37 0.46 1.5(5)
0-6g/0-6 17.2 0.60 0.61 2.2(5) 18.54 0.61 0.58 2.5(4)
0-1f/0-2' 20.2 0.63 0.58 2.8(3) 23.02 0.69 0.53 3.003)
0-3f/0-3' 30.6 0.69 0.53 2505 16.60 0.66 0.56 2.5(5)
O-4f/0-4' 12.6 0.58 0.55 2.0(5) 16.82 0.62 0.56 2.3(5)
0-5/0-5' 11.7 0.39 0.58 3.1 (D) 8.02 0.36 0.49 1.3(7)
0-6f/0-6’ 15.7 0.58 0.47 1.7 (1) 22.40 0.61 0.60 2.4(5)
Ow...Ow 24.8 0.54 29.38 0.55
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Fig. 12. Water residence time distribution profile (O-3f su-
crose). It is clear that the profile contains two populations:
one quickly repulsed population and a more resident popula-
tion (approx. 5%) with a characteristic decay time of 2.5 ps.
The red curve is the population curve and the blue curve is
the exponential fit curve.

s~! for sucrose in water can be deduced, in good
agreement with the experimental determination
listed to be 5.21x107% cm? s™! for a 0.38%
(w/w) solution at 298 K (52nd edition of the
Handbook of Chemistry and Physics). The calcu-
lated translational diffusion of trehalose from
molecular dynamics simulation was approximately
5.0-52x107% cm? s~! and thus similar to that
of sucrose which is in good agreement with the
fact that at low concentrations the translational
diffusion of the four non-reducing disaccharides:
sucrose, allosucrose, leucrose and o,a-trehalose
are quite similar [49]. Analogous calculations on
maltose [7] have been performed, yielding some-
what less convincing results, in part due to much
shorter trajectories.

The rotational diffusion, or overall tumbling,
can be assessed in an analogous manner to the
translational diffusion. In this case, a descriptive
molecular vector is needed, e.g. the dipole mo-
ment [4]. The overall molecular tumbling time for
the solute can then be estimated from the angular
evolution of the solute dipole moment, as ex-
pressed by the autocorrelation function for the
angular displacement of the dipole moment vec-

tor. In the sucrose case the angular information is
uncorrelated after approximately 110—140 ps, in
good agreement with the experimental value of
120 ps [14]. In contrast, the rotational diffusion of
trehalose as calculated from molecular dynamics
simulations appears to be significantly slower than
for sucrose. The latter feature appears to be in
good accordance with the experimental differ-
ences where the overall correlation time as de-
rived from NMR experiments by Batta et al. [39]
was estimated in the range of 400-500 ps.

6. NMR and carbohydrate hydration
6.1. Background on NMR hydration studies

NMR investigations of the hydration water
molecules interacting with a biological macro-
molecule have been based on three types of data
[50,51]: (i) the longitudinal and transverse relax-
ation of water molecules; (ii) '’O-NMR shielding
constants that are very sensitive to hydrogen
bonding interactions; and (iii) intermolecular
NOE:s stemming from specific solute—solvent in-
teractions. In the case of proteins, at least three
broad classes of water molecules have been dis-
tinguished on 7 criteria and the corresponding
rotational correlation times: (i) bulk water (1. =
10 ps or less); (ii) ‘translationally-hindered water’
(¢ in the nanosecond range); and (iii) irrotatio-
nally bound water (the same 7. as that of the
macromolecules, 10 ws to 10 ns or less). In the
most successful model for describing NOE-de-
fined hydration interactions (‘the translational
diffusion model’) [52], random and independent
translation and rotation of both the macro-
molecule and the water molecules were con-
sidered. The diffusion coefficients were translated
into residence times of the hydration water
molecules using the relation (1 =x?/D,) derived
from the Einstein—Smoluchowski equation. The
size of intermolecular NOEs and ROEs between
water and the macromolecules and, more impor-
tantly, their sign were shown to be sensitive to
residence times in the nanosecond range. The
lower limit for probing water residence times with
intermolecular NOEs and ROEs can be esti-
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mated to be approximately 10 ps, as for shorter
values the dipolar contribution to relaxation is
too small to be detected.

In the case of dilute solutions of carbohydrates,
the very low sensitivity (due to an unfavourable
magnetogyric ratio as well as low natural abun-
dance) of YO-NMR in the absence of isotope
labelled compounds precludes widespread use in
hydration studies. Although low temperature
studies of carbohydrates in water have been de-
veloped in Kenne’s group [53] to take advantage
of hydroxyl proton interactions, to date, they have
not been able to detect intermolecular NOEs
between sugar methine protons and the solvent
(personal communication), possibly owing to very
short residence times that are revealed by molec-
ular dynamics trajectories. As a result, the most
promising NMR approach to the hydration of
carbohydrates resides in systematic studies of ro-
tational (obtained from relaxation data) [54] and
translational (extracted from pulsed-field gradient
spin-echo experiments, PFGSE) [55] diffusion of
both sugars and water as a function of both
temperature and concentration but few investiga-
tions of dilute solutions have been reported. The
problems associated with hydrodynamic studies of
carbohydrates and with the NMR approaches will
be briefly reviewed before considering prelimi-
nary results in this area.

6.2. Hydrodynamic theory of rotational and
translational diffusion

Hydrodynamic modelling of biological macro-
molecules has been a fruitful field of research
and formalisms are available for expressing both
the rotational and translational diffusion of
molecules with various distinctive molecular
shapes [56—58]. Conversely, for rigid molecules of
known shape, molecular dimensions can be es-
tablished from experimental D, or D, coeffi-
cients. This approach has not been widely used in
studies of medium-sized molecules due to the
need of ambiguous empirical microviscosity cor-
rection factors, f [59,60]. Indeed, when the target
molecule is approximately the same size as the
solvent molecules (slip regime), f can vary over
more than an order of magnitude (0 <f< 1) and

depends on both molecular size and shape. A
recent systematic study of the translational diffu-
sion of dilute solutions of carbohydrates as a
function of size has shown that classical Stokes
behaviour (stick regime where the solvent can be
treated as a continuum described by bulk vis-
cosity) prevails for oligosaccharides the size of a
tetrasaccharide or larger [61]. This conclusion was
based on comparison of the molecular dimensions
of theoretical models of the carbohydrates (ex-
haustive molecular modelling investigations had
been reported for all of the sugars described in
this work) with those established from translatio-
nal diffusion coefficients, D,, using hydrodynamic
theory. Thus, the behaviour of dilute solutions of
disaccharides cannot be probed in a quantitative
manner, as the microviscosity correction factor is
in the 0.75-0.80 range. This conclusion is in
agreement with pioneering optical studies on the
hydrodynamic properties of carbohydrates that
focused on the influence of concentration and
temperature on the translational diffusion coef-
ficients (D,) of aqueous solutions of mono- and
disaccharides [62—65]. Deviations from Stokes—
Einstein behaviour were interpreted in terms of
disruption of local water structure around the
sugars, and an empirical relationship to the num-
ber of equatorial hydroxyl groups was proposed
[66—68].

The other fundamental problem associated with
quantitative analysis of hydrodynamic data is
molecular flexibility and this obstacle is particu-
larly important in the case of carbohydrates. In
the aforementioned systematic study of carbohy-
drate D, data as a function of molecular size, all
of the major conformational families from the
theoretical investigations were considered when
establishing the molecular dimensions from the
ensembles of privileged geometries. Ideally, ei-
ther molecular volume or the diffusion tensors
themselves should be averaged over all conforma-
tional space and this leads to a very debatable
point concerning the precise definition of hydro-
dynamic volume. In other words, what should the
distance between the extremity of the van der
Waals radii of peripheral hydroxyl hydrogens
(usually the outermost atoms) with respect to
water molecules really be in the case of sugars?
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Fig. 13. The hydrodynamic model for sucrose.

The definition used in the PFGSE study of car-
bohydrates, [61] based on radial pair distributions
calculated for molecular dynamics trajectories of
disaccharides in explicit solvent, is illustrated in
Fig. 13, but theoretical developments in this area
would obviously be timely.

6.3. PFGSE-defined D, data of carbohydrates

Drug design has motivated the development of
diffusion-edited NMR spectroscopy [69] that
permits the screening of compound libraries based
on the differences in observed translational dif-
fusion coefficients, D,, between binding and non-
binding components [69-74]. These experiments
rely on the accurate measurement of the self-dif-
fusion coefficients of small molecules with spin-
echo sequences using pulsed field gradients
(PFGSE) [55]. Indeed, with the advent of modern
NMR spectrometers equipped with units that
produce well-defined pulsed-field gradients (PFG),
D, can be measured very rapidly. The underlying

principle behind PFGSE experiments is very sim-
ple: transverse magnetisation is created with a 90°
hard pulse, a first pulsed field gradient across the
sample induces macroscopic dephasing of this
transverse magnetisation, and it is subsequently
rephased with a second pulsed field gradient. In
the absence of translational diffusion these se-
quences work like classical spin-echo sequences
rephasing (instead of refocusing) transverse mag-
netisation. Translational diffusion of the target
molecule results in incomplete rephasing and the
resulting echo attenuation is proportional to the
field gradient G (gauss/cm), its duration, the
magnetogyric ratio of the detected nucleus, v, its
D, coefficient and certain experimental parame-
ters (delays in the pulse sequence), if the relax-
ation contribution is ignored. The technical as-
pects regarding these experiments have been re-
viewed elsewhere but in the case of carbohydrates
two points should be emphasised. It is necessary
to take transverse relaxation into account in the
fitting of data to the Stejskal-Tanner equation
and it is desirable to calibrate the strength of the
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gradient field with respect to several compounds
with known D, coefficients (pure water for exam-
ple) as opposed to calibration through bandwidth
analysis in a steady field gradient. Molecular
volumes estimated from PFGSE-determined D,
coefficients are generally overestimated due to
overattenuation of the echo signal (resulting from
eddy currents, convection currents, non-linearity
of the gradient across the sample, etc.).

To date, D, coefficients of carbohydrates es-
tablished with the PFGSE approach [49,74-79]
have been undertaken: (i) to validate the theoreti-
cal self-diffusion coefficients calculated from MD
trajectories [76,78]; (ii) to demonstrate the com-
plexation of lanthanide cations by sugars [74]; (iii)
to probe the geometry of a molecular capsule
formed by electrostatic interactions between op-
positely-charged B-cyclodextrins [77]; (iv) to study
the influence of concentration and temperature
dependence on the hydrodynamic properties of
disaccharides [49]; and (v) to discriminate between
extended and folded conformations of nucleotide-
sugars [79].

6.4. NMR-defined rotational diffusion

Rotational diffusion, D,, can be probed by a
variety of NMR experiments, as this mode of
Brownian motion modulates relaxation processes.
In most cases theoretical spectral densities (ex-
pressed in terms of the rotational correlation
time, 7o, with D, =1/67.) that correspond to
various motional models are fitted to experimen-
tal data (heteronuclear T;, T, and NOE [54],
CSA /DD cross-correlation [39], off-resonance ex-
periments [80], etc.) while considering the
parameters of the motional model as adjustable
parameters. The most popular motional model
for oligosaccharides relies on Lipari and Szabo’s
model-free spectral densities [81] for either
isotropic or axially symmetric anisotropic overall
motion. Formalisms that allow one (fast) or two
(both fast and slow internal motion) modes for
internal fluctuations have been proposed [82]. The
amplitude of internal motion is characterised by
the angular order parameter that varies from 1.0

for a totally rigid molecule to 0.0 for a totally
flexible molecule. In the case of heteronuclear
relaxation data for methine carbons where the
carbon—proton distance can be considered to be
fixed (ro; values between 1.09 and 1.12 A are
widely used [83], but this Ary corresponds to a
At of approx. 10%) the fitting of multi-field data
does not provide a unique solution, but rather a
continuum of models (during fitting an increase
in the amplitude of the internal motion is com-
pensated by a concomitant increase in the corre-
lation times for the overall motion).

Similarly, a superposition of factors (geometry
and chemical shift anisotropy) is obtained with
the recently proposed measurement of chemical
shift anisotropy from the DD /CSA cross-corre-
lated spectral densities, and an independent esti-
mation of molecular tumbling was obtained with
a ‘trouble-free’ variable temperature approach
[39]. In contrast, off-resonance experiments [80]
afford a unique solution for the motional be-
haviour of a given pair of spins, but these experi-
ments are time-consuming and the information
must ultimately be translated into a motional
model to be meaningful. Alternatively, either the
angular order parameters [84] or the time correla-
tion functions (TCFs) themselves can be calcu-
lated directly from the MD trajectories [85] and
then used to establish theoretical data that are
compared with experimental ones. The approxi-
mations inherent in these approaches concern the
averaging methods that have supposed that all of
the pertinent time-scales are well-separated and
that the angular and radial contributions to the
internal motion can be separated.

In spite of the aforementioned approximations,
rotational motional models for simple carbohy-
drates converge to give a fairly small range of
order parameters and correlation times. In the
following preliminary NMR probe of hydration,
the hydrodynamic behaviour of three model dis-
accharides that have been extensively studied with
MD simulations in dilute aqueous solution has
been evaluated through D, and D, data. Average
values for the D, coefficients of the solvent have
been determined and interpreted in terms of a
simplified view of hydration.



S.B. Engelsen et al. / Biophysical Chemistry 93 (2001) 103-127

Table 2
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Carbon 7T, (125 MHz) values of maltose and trehalose in dilute (4% w/w) aqueous solutions at 298 K and heteronuclear NOE
factors (100 MHz), v of the aforementioned sample of trehalose

Carbohydrate Relaxation C-1 C-2 C-3 C-4 C-5 C-6 Average

residue parameter value

a-Maltose

a-Glep-(1—4) T, 0.56 0.54 0.54 0.52 0.54 0.31 0.54
(£0.02) (£0.02) (£0.01) (£0.02) (£0.01) (£0.02)

a-Gle p-OH T, 0.51 0.62 0.61 0.57 0.61 0.31 0.58
(£0.02) (£0.01) (£0.02) (£0.02) (£0.02) (£0.02)

B-Maltose

a-Glep-(1 —4) T, 0.52 0.51 0.52 0.52 0.51 0.32 0.52
(£0.01) (£0.008)  (£0.01) (£0.01) (£0.03) (£0.01)

B-Glcp-OH T, 0.66 0.63 0.62 0.58 0.62 0.29 0.62
(£0.01) (£0.01) (£0.01) (£0.01) (£0.0D) (£0.01)

a-Trehalose T, 0.483 0.479 0.490 0.495 0.499 0.294 0.489
(£0.003)  (£0.003)  (£0.005  (£0.005)  (£0.004)  (£0.004)

n 1.13 1.08 1.04 1.09 0.97 1.204

6.5. Experimental D, and D, coefficients for 4%
w /w aqueous solutions of three disaccharides

The 125 MHz carbon T, data for 4% w/w
aqueous solutions of maltose and «o,a-trehalose
at 298 K are compiled in Table 2. Extensive
carbon relaxation data have been reported for
sucrose [14,83] but for comparative purposes the
T, data acquired under the most analogous con-
ditions (296 K, 4% w/w) [14] were used to es-
tablish the correlation time for rotational diffu-
sion, 7. In the earlier study [14], a 120-ps corre-

Table 3

lation time (instead of the 200-270-ps range indi-
cated in Table 3) was reported and this was the
result of fitting the relaxation data with both a
shorter ry; value and a different motional model.
Similarly, Batta et al. reported a very short 7.-
value for an infinitely dilute solution of o,a-
trehalose (100 ps) but again for comparative pur-
poses (i.e. both identical experimental and simu-
lation conditions) the parameter range indicated
in Table 3 will be retained for discussion. It
should be remarked that fairly small spreads in
T,-values and in carbon NOE factors for the

Rotational (7, defined) and translational (PFGSE) diffusion coefficients of carbohydrates in dilute solutions of carbohydrates in

D,0* at 298 K

Carbohydrate Rotational diffusion Translational diffusion
Model A Model B D, Sphere
T Sphere T Sphere (10" %em®s™ (tA)
(ps) @A) (ps) @A)
a-Maltose 190 5.5 250 6.1 4.04 +0.01 5.0
Sucrose 200 5.6 270 6.2 4.30 £+ 0.05 4.7
Trehalose 240° 6.0 350¢ 6.8 3.93 +0.07 5.1

Key: rigid rotor, Model A (order parameter 0.9, 7, 50 ps); flexible rotor, Model B (order parameter 0.7, 7, 50 ps).

*Viscosity ratio mp,o/Mpu,0 = 1.23.
°Simulation of 7 with Model A gives a 7c-value of 285 ps.
“Simulation of m with Model B gives a 1c-value of 290 ps.
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various methine carbons of these three carbohy-
drates indicate that overall tumbling is almost
isotropic. This justifies the use of isotropic spec-
tral density functions to establish the correlation
times for rotational diffusion, 7o, from the T,
data that are given in Table 2. Similar 7.-values
were obtained for trehalose when the carbon
NOE factors were simulated with isotropic spec-
tral densities and these parameters are less sensi-
tive to internal dynamics for small molecules like
disaccharides (see footnote to Table 3).

The translational diffusion of 4% w/w aqueous
solutions of these three disaccharides have been
measured with the STE pulse sequence [86] and
the D, coefficients are also compiled in Table 3.
It is to be noted that the gradient field was
initially calibrated with respect to the bandwidth
of the water signal in a steady gradient and there-
fore all the D, coefficients were divided by 0.82 to
achieve calibration with respect to the known
diffusion coefficient of water in D,O (a value of
15.3 instead of 18.7Xx 107% cm? s~' was mea-
sured on the 400-MHz spectrometer). Using this
latter calibration protocol leads to almost identi-
cal D, coefficients for sucrose and maltose as
those reported by Uedaira and Uedaira [66—68]
based on optical measurements.

The radii of the spheres encasing the three
disaccharides have been established from both
the rotational and translational data using the
Debye and Stokes—Einstein relation, respectively
[Egs. (2) and (3) where k is Boltzmann’s constant,
T the temperature in K, and r is the viscosity of
the solvent]. Kinematic viscosity measurements of
the 4% w/w aqueous sugar solutions at 298 K
revealed flow almost identical to that of pure
water, so that the viscosity of water (D,0) [87]
was used in the preceding equations without cor-
rection. It can be seen that the motional model
used for interpreting the rotational diffusion in-
fluences the ‘experimental’ molecular radii (Ar~
0.6-0.8 A for Models A and B in Table 3). Al-
though the molecular radii obtained from rotatio-
nal (Model A) and translational diffusion appear
to agree reasonably well (Ar < 1 A), this parame-
ter is clearly not determined with sufficient accu-
racy to ‘see’ an irrotationally-bound water
molecule.

The average atom-to-atom molecular radii es-
tablished from the atom-to-atom dimensions of
the preferred conformers (average value for the
various minimum-energy geomoetries) of the three
sugars are 5.2, 4.7 and 4.6 A, respectively, for
o-maltose, sucrose and o,a-trehalose. These va!)—
ues should be increased by between 0.9 and 1.4 A
to prevent inter-penetration of the van der Waals
radii of the solvent and sugar atoms (see Fig. 13)
based on the Ow/Os radial pair distribution
functions established from MD trajectories
(doy, /05 ™ 2.8 A). This definition of the hydrody-
namic radius that excludes the first water shell
around the sugars corroborates the need for a
microviscosity correction factor of approximately
0.75-0.80 in Eq. (3) to obtain reasonable agree-
ment between molecular model-based molecular
dimensions and the NMR-derived dimensions in
Table 3.

Tc=4mrm,/3kT (2

D,=kT/67rm, 3)

In Table 4 we have collected the translational
diffusion coefficients of water for the 4% w/w
solutions of maltose, sucrose and trehalose in
H,O (the data have been scaled up so that the D,
coefficients of pure water at both magnetic fields
are 23 X 107% cm? s™!). As regards the 4% w/w
samples (489 water molecules per sugar molecule
as was the case in the MD trajectories), it can be
seen that the experimental precision of the D,
coefficients is undoubtedly sufficient (all three D,
coefficients for the water in the 4% w/w solu-
tions were measured at least twice) to show that
the water molecules in the first hydration shell
(roughly 30 out of the 489 molecules present) are
not irrotationally bound to the sugar molecules
(for example, the observed D, coefficients of the
water in the sucrose solution is identical to that
of bulk water rather than the value of 21.9 X 10~°
cm? s~ ! expected with the following calculation).

{(489 — 30) * D (bulk water)
+(30) * D (first hydration
shell)} /489 = D, (observed)
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Table 4

Translational diffusion coefficients of water in dilute solutions
of carbohydrates at 298 K measured at 400% or 500° MHz
with the pulsed field gradient spin echo technique

Carbohydrate [C] Global D,
(w/w%) 10 % cm?s™!
Maltose 4 23.1+0.01°
10 21.8 + 0.05"
Sucrose 4 24.1 4 0.05°
10 22.2 + 0.05"
Trehalose 4 24.7 + 0.06
10 21.4+0.01°
H,0 Pure 23.0 + 0.02°
23.0 £ 0.06°

As stated previously, viscosities of the 4% w/w
samples were measured and are almost identical
to that of pure water. Concerning the 10% w/w
samples, the decrease in the observed D, coeffi-
cients of the water reflect both an increase in
viscosity and structuring of water around the sugar
molecules. Thus, in the case of very dilute solu-
tions analysis of water translational diffusion cor-
roborates the hydrodynamic radius of the sugar
molecule proposed in Fig. 13 (i.e. r, does not
include the first shell of water molecules).

7. Conclusions

The dilute hydration of carbohydrate model
substances shows remarkable differences. Of two
molecules thoroughly investigated by comparative
molecular dynamics techniques and high resolu-
tion NMR techniques sucrose and trehalose are
found to display significant changes upon solva-
tion in very good agreement with NMR measures.
However, their detailed hydration is found to be
very different. A localised very strong hydration
site is found to be a major feature of sucrose
hydration, and this is accompanied by a distribu-
tion of solvent molecules that display a high de-
gree of anisotropy. Other cases of solvent
anisotropy have been reported [88] for monosac-
charides, explaining that B-anomers of D-xylo-
pyranose and D-glucopyranose predominate in

aqueous solution in spite of quantum mechanics
prediction that the o-anomer should be pre-
ferred. Trehalose does not display a strong lo-
calised hydration site, but the comparison between
dilute solution and solid-state reveals trehalose to
be almost perfectly hydrated in the crystalline
dihydrate environment. It is, however, important
to stress that molecular simulations without ex-
plicit water molecules would not have detected
the oblong water cavity of prime importance to
sucrose hydration, nor would the trehalose
asymmetry have been observed. To obtain a bet-
ter understanding of the dynamic and static inter-
actions between carbohydrates and water, one of
the only feasible routes is by performing molecu-
lar dynamics simulations with explicitly present
water molecules.

Complementary to the computational tools, this
review offers a clear presentation of our current
state of knowledge of using NMR-derived data to
decipher key structural and dynamical features of
carbohydrates by which we can distinguish
between three classes of water molecules depend-
ing on their rotational correlation times. These
provide conceptual framework to further charac-
terise key hydration of carbohydrates in conjunc-
tion with indications derived from MD simula-
tions. Our preliminary reports on the variations
of hydration characteristics as a function of con-
centration certainly open pathways toward more
experimental studies that are required in conjunc-
tion with parallel computational work performed
under similar conditions.

We believe that all the analytical tools that
have been developed to extract significant de-
scriptors for the hydration can be used in a much
more general characterisation of the hydration
features occurring both at the solute level and the
solvent level. These tools can be made available
for any detailed MD investigations of other car-
bohydrate molecules, providing that simulation,
long enough in time to be statistically meaningful,
is carried out.

Obviously the number of well-documented
studies, both from the simulation point of view
and the experimental one, is far from sufficient to
render a definite understanding of the hydration
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of carbohydrate molecules. There is absolutely no
reason to expect to achieve a thorough under-
standing of the hydration features of carbohy-
drates from only two documented examples. We
can only hypothesise that a myriad of different
situations could be occurring as the majority of
direct hydrogen bonding interactions between
carbohydrates and aqueous solvent are through
hydroxyl groups. These moieties behave very much
like the water molecules themselves in their hy-
drogen bonding, but the numerous configuratio-
nal states that carbohydrate molecules offer are
likely to generate a plethora of structural and
dynamical states that will result in subtle or dras-
tic perturbations of the surrounding water
medium and subsequently induce functionality.

It has not escaped our attention that the rele-
vance of this endeavour to explain functional
properties of carbohydrates may also involve the
understanding of their hydration features in a
more concentrated state. While we can maintain
that a reasonable understanding is being achieved
for either the extremely dilute state or the highly
ordered condensed state as found in the crys-
talline state, the intermediate cases are more
likely to be relevant for explaining either functio-
nal properties or biological roles.

8. Experimental section
8.1. NMR

'H-NMR pulsed-gradient spin-echo experi-
ments (PGSE) were conducted on either a Bruker
DRX 400 or a Bruker DRX 500 spectrometer at
298 K. The stimulated spin-echo sequence [86]
was used to measure the translational self-diffu-
sion coefficients. The gradient duration (8) was
varied from 1 to 20 ms while keeping its strength
fixed at 9.15 (9.9) G/cm for the 400 (500) MHz
experiments. The intergradient delay (A) was
chosen to be as short as possible while affording
the maximum signal intensity for the shortest
7-value. The translational self-diffusion coeffi-
cients have been obtained by fitting the intensi-
ties of a selected proton signal in spectra ac-
quired with various lengths of the gradient pulses

(8—15 data points) to the Stejskal-Tanner equa-
tion with in-house software:

1
M = 5 Myexp{ = (1, = 7,) /T, = 27, /T,

~((r,GV*Di(r, = (,/3)) )

Several proton signals were monitored in sepa-
rate experiments to estimate the experimental
error in the estimation of D, and all experiments
were run at least twice.

Proton and carbon spin-lattice relaxation times
were measured with the inversion-recovery se-
quence. The recycle time was greater than 6 X T
and data were collected for 10-20 7 values which
varied from 5 ms to 2 X T,. Proton spin—spin
relaxation times were obtained with the
Carr—Purcell-Meiboom—Gill sequence and data
were collected for roughly 20 spectra with various
numbers of echoes (2 ms to 1 s). Carbon nuclear
Overhauser factors, m, were obtained by quantify-
ing the carbon integrals in both composite-pulse
decoupled and inverse-gated spectra. The inte-
grals of the peaks were fitted to a three- (T,) or
two- (T,) parameter exponential function using
both spectrometer system software and in-house
software and all experiments were run at least
twice.
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