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Abstract—Systematic computational work for a series of 13 disaccharides was performed to provide an atomic-level insight of
unique biochemical role of the a,0-(1—1)-linked glucopyranoside dimer over the other glycosidically linked sugars. Superior osmo-
tic and cryoprotective abilities of trehalose were explained on the basis of conformational and hydration characteristics of the tre-
halose molecule. Analyses of the hydration number and radial distribution function of solvent water molecules showed that there
was very little hydration adjacent to the glycosidic oxygen of trehalose and that the dynamic conformation of trehalose was less
flexible than any of the other sugars due to this anisotropic hydration. The remarkable conformational rigidity that allowed treha-
lose to act as a sugar template was required for stable interactions with hydrogen-bonded water molecules. Trehalose made an aver-
age of 2.8 long-lived hydrogen bonds per each MD step, which was much larger than the average of 2.1 for the other sugars. The
stable hydrogen-bond network is derived from the formation of long-lived water bridges at the expense of decreasing the dynamics
of the water molecules. Evidence for this dynamic reduction of water by trehalose was also established based on each of the lowest
translational diffusion coefficients and the lowest intermolecular coulombic energy of the water molecules around trehalose. Overall
results indicate that trehalose functions as a ‘dynamic reducer’ for solvent water molecules based on its anisotropic hydration and
conformational rigidity, suggesting that macroscopic solvent properties could be modulated by changes in the type of glycosidic
linkages in sugar molecules.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction protector for living organisms against environmental

stresses including extreme dehydration, freezing, oxida-

Trehalose  (a-D-glucopyranosyl-(1—1)-o-D-glucopyr-
anoside) is a fully symmetrical disaccharide of glucose
linked through an o,0-(1—1)-glycosidic bond. It is one
of the most chemically stable sugars in nature and has
many useful biological applications.' It serves as a bio-
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tion, and hyperosmotic pressure.” The biosynthesis of
trehalose is a highly energy-consuming process that in-
volves the transfer of glucose from UDP glucose to glu-
cose-6-phosphate to produce trehalose-6-phosphate.’
An alternative pathway that has been recently reported
in some bacteria converts an a,o~(1—4)-linked glucose
polymer (i.e., starch) to the a,0-(1—1)-glycosidic linkage
of trehalose.* Trehalose, in particular, is also known to
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be a compatible solute found in various Gram-negative
rhizosphere bacteria such as those of the Rhizobium,
Azospirillum, and Pseudomonas genera.’ Bacterial cells
respond to extracellular osmotic pressure by modulating
their cytoplasmic water activity upon a synthesis of
compatible solutes. Trehalose effectively prevents water
flows across cellular membranes caused by gradients of
water activity.

Such important biological roles of trehalose have been
found in a variety of bacterial strains by many research
groups. But theoretical studies on the main factor in
determining the osmo- or cryoprotective activity of tre-
halose have not yet been fully carried out. Several
researchers have pointed out that the highest glass-tran-
sition temperature of trehalose may contribute to the
preservation of biological molecules through the control
of water mobility.® The direct interaction of trehalose
with lipid head groups by ‘water replacement’ has also
suggested this as a protection mechanism for biomem-
brane stabilization.” The order of glass-transition
temperatures by Green et al.,® trehalose > maltose >
sucrose > glycerol, coincides with the order found by
Crowe et al.® for the efficiency of membrane preserva-
tion upon dehydration at low water activity.

Recent computational work on the conformation of
trehalose indicated that the less flexible o,0-(1—1)-gly-
cosidic linkage of trehalose could be an important clue
to explain its biological functions.’ Liu et al.'® found
from their molecular dynamics results that the aniso-
tropic hydration of trehalose with its rigid conformation
may be related to the specific biological role of trehalose
in the aqueous environment. However, they could not
give a clear reason as to why trehalose can be more effec-
tive in controlling neighboring water molecules than
other sugars.

There have been a number of efforts to find interrela-
tionships between water of hydration and biomolecular
conformation, including carbohydrates. X-ray, neutron
scattering, and NMR dispersion techniques are the rep-
resentative experimental methods that satisfy such pur-
poses.!! Magazt and co-workers have studied the
transport properties of trehalose, maltose, and sucrose
in D,O solution.'? They obtained the self-diffusion coef-
ficient of disaccharide (D) and the apparent diffusion
coefficient (D,,,) by means of "H pulse-gradient-spin-
echo NMR (PGSE-NMR) and quasi-elastic light-
scattering (QELS) techniques. The interpretation of
the concentration dependence of D and D,,, by means
of a rigid spheres model has been successfully tested
on trehalose and sucrose solutions. Kawai et al.'* and
Magazu et al.'* showed by NMR and ultrasonic mea-
surements that trehalose has a very high ability to bind
water. These authors found also that at high concentra-
tions the two rings of the disaccharide should somehow
overfold, forming intermolecular hydrogen-bridged
bonds, a fact that was confirmed by Elias and Elias.'”

However, it is impossible to enumerate the number of
hydration waters or to define specific hydration sites
of the sugar or biomolecules.'® Furthermore, a study of
water dynamics near the sugar molecules is limited by
highly averaged information obtained over an inhomo-
geneous sugar surface in various conformational states.
Thus, it is highly desirable to investigate the hydrational
water dynamics of the solvated sugar system using a
computer-aided simulation method. Pérez and co-work-
ers studied the hydrational pattern of trehalose solution
with the cHaARMM force field.!” Pablo’s group estimated
the diffusion coefficient of a sugar solution with the
OPLS force field.'"® In the present work, systematic
molecular dynamics (MD) simulations have been per-
formed to find a theoretical reason as to why nature
selected trehalose as a bioprotectant over a series of
other disaccharides. A total of 13 different homodisac-
charides of gluco-(Glcp), galacto-(Galp), or mannopyra-
nose (Manp) with different glycosidic linkages were
examined as in the flowing: a-p-Glcp-(1—1)-a-D-Glep
(1, trehalose), B-b-Glcp-(1—1)-B-D-Glcp (2, isotreha-
lose), a-D-Glcp-(1—1)-B-p-Glep (3, neotrehalose), o-D-
Glcp-(1—2)-a-p-Glcp (4, kojibiose), a-D-Glcp-(1—3)-
o-D-Glcp (5, nigerose), o-D-Glep-(1—4)-a-D-Glcp (6,
maltose), o-D-Glcp-(1—6)-0-D-Glcp (7, isomaltose),
B-p-Glcp-(1—2)-B-p-Glcp (8, sophorose), B-p-Glcp-
(1—3)-B-p-Glcp (9, larminarabiose), B-pD-Glcp-(1—4)-
B-p-Glcp (10, cellobiose), B-p-Glcp-(1—6)-B-D-Glep
(11, gentiobiose), a-p-Galp-(1—1)-a-D-Galp (12), and
o-D-Manp-(1—1)-a-pD-Manp (13). The stable solution
conformations for each disaccharide were traced with
10-ns molecular dynamics simulations using the
cHARMM '’ program with revised carbohydrate force
field®° for aqueous MD simulations. We found that the
long-lived hydrogen bonds with water and conforma-
tional rigidity caused by anisotropic hydration of treha-
lose were responsible for a ‘dynamic reducer’ function of
trehalose on the solvent water molecules over the effects
seen for other sugars. Our goal is to clarify the relation-
ship between the hydration pattern of carbohydrates and
the biological function at an atomic level throughout
molecular dynamics simulations.

2. Computational methods

Molecular models for each disaccharide were built with
the InsightIl/Biopolymer program (version 2000, Accel-
rys Inc. San Diego, USA). The glycosidic linkage
-(1—X)- in every sugar is described by two dihedral
angles: ¢ = H-1-C-1-O-1-C-X and y = C-1-0-1-C-X-
H-X. Their two-dimensional molecular schemes are pre-
sented in Figure 1.

The initial coordinates of each disaccharide were
obtained from the GlycoSciences Database (http://www.
glycosciences.de/). The geometries of these molecular
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Figure 1. Schematic diagrams of the glycosidic linkage model of the sugars studied in this work.

models were fully optimized before MD runs. A
TIP3P three-site rigid water’' model was used to solvate
each sugar. Water molecules were removed if they were
closer than 2.8 A to any heavy atoms of the sugars. In
summary, each system was constructed using periodic
boundary conditions with a cubic box of dimensions
25 A x25 A x25A, consisting of the sugar-water mole-
cules. Final concentrations of each sugar solution were
approximately 4% (w/w). The system was minimized
by 1000 steps of conjugate gradient, followed by
Adopted Basis Newton—Raphson until the root-mean-
square gradient was less than 0.001 kcal/mol. The MD
simulations were performed using the CHARMM 28B2 pro-

gram in the isothermal-isobaric ensemble (P = 1 bar,
T =298 K). The particle mesh Ewald summation meth-
0d*? was used to treat the long-range electrostatic inter-
actions. The bond lengths of water and each of the sugar
molecules were constrained with the SHAKE algo-
rithm.>* The time step was 2.0 fs, and the non-bonded
pair list was updated every 50 steps. The short-range
non-bonded interactions were truncated with a 13 A cut-
off. The temperature and pressure of the system was reg-
ulated using the Langevin piston method in conjunction
with Hoover’s thermostat.”* The system was gradually
heated to 298 K for 40 ps and equilibrated for 400 ps
at this temperature. The production MD trajectory with
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one snapshot per 10 ps was collected for 10 ns. The
hydrogen bonding and correlation functions were com-
puted using the analysis facility (Corman and Correl
modules) of the cHARMM program. The hydrogen bond
was defined based on the geometric criteria of 3 A dis-
tance and 120° angle. We used the IHYD command in
the CORMAN module of cHARMM to calculate the
hydration number of each of the sugar molecules. This
method counts the number of solvent molecules within
a predefined radius and includes normalization for the
number of site atoms and time frames. Hydration num-
ber calculation was invoked by specifying a 3-A hydra-
tion radius value to the cHARMM command.

All the dynamic simulations and trajectory analyses
were performed on a computational Grid system, called
MGrid (http://www.mgrid.or .kr), in order to process a
large number of force-field calculations simultaneously.
The MGrid system was designed to support remote exe-
cution, file transfers, and standard interface to legacy
MPI (Message Passing Interface) applications to run
successful MD simulations.

3. Results and discussion

3.1. Conformational and hydrational properties of
trehalose

Figure 2 represents the calculated population density
map for the dihedral angle distributions of trehalose.
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Figure 2. Population density map for the dihedral angle distributions
of trehalose. The most populated ¢,y space is located at (—44°, —44°),
which correlates well with the experimental results from the NMR
solution conformation. Trehalose showed its less-flexible conformation
without any dihedral transition during 10-ns MD simulations.

The diagonal symmetry of the map is a consequence
of the conformational symmetry of this sugar. Trehalose
showed its less-flexible conformation without any dihe-
dral transition during 10-ns MD simulations. The most
populated region lies on the line of symmetry at ¢,
values around (—44°, —44°), which are exactly corre-
lated with the result from the experimental data on
NMR solution conformation® (—44°, —44°) of treha-
lose. These suggest that the force fields and the compu-
tational methods employed are adequate to study the
dynamic and hydrational aspects of the sugar.

The hydrational status of each disaccharide was char-
acterized by radial-pair distribution functions (RDF) of
water (Fig. 3). The RDFs around the oxygen atoms of
each of the sugars were obtained with a well-defined first
solvation shell with a density peak at 2.8 A and a peak
density of about 1.64 without significant differences
between sugars (Fig. 3A). Since the RDF reflects the
interaction with the solvent water molecules, each disac-
charide was solvated by water with a similar quantity
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Figure 3. The radial distribution function (RDF) of water molecules
around disaccharides. (A) RDF around all oxygen atoms of each
disaccharide (B) RDF around glycosidic oxygen of 1, 2, 3, 8, 9, 10, and
11. The RDF around the glycosidic oxygen of trehalose shows a clear
outward shift of the first solvation peak compared to the other sugars.
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during the MD simulations. However, water distribu-
tion patterns around the glycosidic oxygen are quite dis-
similar to the patterns around all other oxygens
(Fig. 3B). In particular, the RDF around the glycosidic
oxygen of trehalose showed limited distribution of water
over that of the other sugars. The RDFs of water for the
glycosidic oxygen of three (1—1)-linked disaccharides
were calculated. In all throee cases, each characteristic
first solvation peak at 2.8 A was not observed. Instead,
the RDF of each a-p-Glcp-(1—1)-0-pD-Glcp, B-D-Glep-
(1—1)-B-p-Glep, o-p-Glep-(1—1)-B-p-Glep (1, 2 and
3) was found at 3.5, 3.3, and 3.2 A with a peak density
of 0.34, 0.60, and 0.47, respectively. This indicates that
the glycosidic oxygens of the (1—1)-linked sugars, par-
ticularly trehalose, were not easily hydrated compared
with the other oxygen atoms. Similarly, the RDFs of
water around glycosidic oxygen of each a- or B-(1—2)-,
(1—=3)-, (1—4)-, (1—6)-linked disaccharide during
MD simulations were analyzed. Peaks at 3.1, 3.2, 3.1,
and 3.1 A with a peak density of 0.43, 0.31, 0.22, and
0.41 were represented for the o-(1—2)-, (1—3)-,
(1—4)-, (1—6)-linked Glcp (4, 5, 6, and 7), respectively.
In similar, each of the peaks at 3.1, 3.3, 3.2, and 3.1 A
with a peak density of 0.45, 0.44, 0.35, and 0.52 was
for the B-(1—2)-, (1-3)-, (1—4)-, (1—06)-linked Glcp
(8,9, 10, and 11), respectively (Fig. 3B). In all cases,
the RDF peak of water around the glycosidic oxygen
of trehalose showed the highest outward shift compared
with that for the other sugars. Such an exclusive water
distribution around the glycosidic oxygen was also con-
firmed by hydration number calculation (Table 1). The
hydration number within first solvation shell from
the RDF peak gives the quantitative information on
the water distribution around each oxygen atom of the
sugars. The average 0.153 of hydration numbers for
the glycosidic oxygens are lower than those for the other

Table 1. Hydration number around each oxygen atom of the
disaccharides

Disaccharide Oxygen atoms

o-1*  0-=2 0-3 0-4 0-5 0-6

1 0.028 1.662 1.561 1.535 0.239 1.810
2 0.252  1.600 1.601 1.508 0.234 1.840
3 0.154 1.652 1.525 1.499 0246 1.707
4 0.254 1713 1.585 1464 0.281 1.789
5 0.125 1.505 1.509 1401 0.275 1.746
6 0.096 1.579 1.419 1.546 0.280 1.660
7 0.204 1.673 1.563 1.453 0.238 1.809
8 0.245 1562 1.522 1456 0.333  1.792
9 0.180 1.537 1.610 1.368 0.278 1.760
10 0.119 1.570 1.427 1484 0.255 1.700
11 0.306 1.612 1.561 1.428 0.339 1.829
12 0.028 1.651 1.533 1.327 0.278 1.827
13 0.002 1.441 1.587 1.508 0.289 1.805
Average 0.153  1.597 1.539 1460 0.274 1.775

2All the o,0-(1—1)-linked disaccharides showed lower hydration
numbers around glycosidic oxygen O-1.

oxygen atoms in all the disaccharides. In particular, the
value of the glycosidic oxygen hydration for the treha-
lose was 0.028, which is much lower than all the other
sugars except galactose and the mannose dimer.

These results mean that water molecules cannot be
positioned in the vicinity of the glycosidic oxygen of
(1—1)-linked disaccharides, particularly trehalose. This
anisotropic distribution of water molecules nearby
trehalose may determine unique biological property of
trehalose. The (1—2)-, (1—3)-, (1—4)-, (1—6)-linked
disaccharide was fully wrapped up in nearby water mole-
cules less than 2.8 A from the oxygen atoms of each
sugar. But, water around trehalose was not distributed
over all the sites of trehalose molecule. Figure 4 is the
water distribution around each a-linked Glcp disaccha-
ride for the most populated conformations during
10-ns MD simulations. The innermost water molecules
were populated mainly around the 2-, 3-, and 4-OH of
trehalose and not around other oxygen atoms. Treha-
lose is assumed to be laid on a relatively flat-shaped
water shell and not on a round-shaped one. The disac-
charide 4, 5, or 6 was fully wrapped up in nearby water
molecules less than 2.8 A from the heavy atoms of each
sugar. Trehalose may replace the water molecules on a
biological membrane through the direct interaction of
an apolar face with the membrane head group,’® while
the polar face makes contact with the expelled water
molecules via hydrogen bonding. We think this aniso-
tropic distribution of water molecules around the sugar

Figure 4. Schematic representations of water structure around the o-
linked disaccharides, 1 (A), 4 (B), 5 (C), and 6 (D). The solvent-
accessible surface area of water molecules less than 2.8 A from the
heavy atoms of each disaccharide was rendered as a Connolly surface
in red color. Only o,0-(1—1)-linked trehalose showed anisotropic
water distribution among the other (1—2)-, (1—3)-, or (1—4)-linked
sugars.
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is the decisive factor in determining the conformation
and hence the biological function of trehalose compared
with the other sugars. To discuss the quantitative effect
of anisotropic hydration on the conformation of treha-
lose, we analyzed the collected motions and the hydro-
gen-bonding patterns of each glycosidic linkage.

3.2. Molecular motion of the sugars and water interaction

Figure 5 shows the time-correlation functions of col-
lected motions for the glycosidic linkage of each sugar.
The time-correlation function of the motion is defined
by the following formula Q(zr) = Xi(¢) — X»(¢), where
X(1) is the time function of the atomic position of carbon
atoms linked to the glycosidic oxygen of residue 1 (X)
and residue 2 (X3) of each disaccharide. The correlation
function provides a measure of the long-lived scale tum-
bling motions of the sugars overall. One can obtain
valuable information on the dynamic properties of
molecules from the decay pattern of the correlation
functions.’® In the series of o-linked disaccharides,
trehalose showed the lowest motional changes of the
glycosidic linkage during MD simulations. The lifetimes
for the internal motions of each glycosidic linkage were
4.74 ns for 1, 3.13 ns for 2, 3.16 ns for 3, 3.00 ns for 4,
1.75 ns for 5, 2.89 ns for 6, and 2.61 ns for 7. Therefore,
the dynamic motion about the glycosidic linkage occurs
much more slowly in trehalose than in the other sugars
in aqueous solution. The dynamic conformation of the
carbohydrate is readily affected by the solvent interac-
tion.?” Thus, the reason for such a conformational
behavior of trehalose can be established based on the
interaction with water molecules.

Interestingly, we discovered that the glycosidic oxy-
gens of three o,0-(1—1)-linked disaccharides (1, 12 and
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Figure 5. Autocorrelation of the existence function for the collected
motion of each glycosidic linkage. The motion was defined as any
atomic displacement of glycosidic linkage vector, C-1-O-1-C-X pair,
for the x-,y-, and z-directions during MD simulations.

13) were practically not hydrated by water molecules
compared with the other sugars. However, the hydra-
tion numbers around all the other oxygen atoms of the
various disaccharides were not much different. The gly-
cosidic linkage is the most important factor to change
the whole molecular conformation. The hydration num-
ber, 0.028, for the glycosidic oxygen of trehalose was
just 11% of the number of the a,a-(1—2)-linked glucose
dimer (0.254) and 18% of the average value (0.153) for
the other disaccharides (Table 1). That means that water
molecules cannot dynamically perturb the glycosidic
oxygen of o,o-(1—1)-linked sugars unlike any other
(1-=2)-, (1—-3)-, (1—4)-, (1—6)-glycosidic linkage. For
that reason, the trehalose molecule is able to maintain
its rigid conformation in contrast to the other linkage-
typed sugars even in a water environment.

3.3. Rotational and translational motions of water around
sugars

The relationship between the conformational rigidity of
trehalose and the vibrational motion of water molecules
was characterized by the rotational correlation times
(Fig. 6) and translational diffusion coefficients of water
molecules (Table 2). To characterize water structures
and to follow the dynamics of solutes involving water,
it is necessary to examine the motions of the solvents
in detail. Hence we calculated from the MD trajectory
files the rotational correlation times***?® of water mole-
cules for three rotational motions: wagging, twisting,
and rocking (Twag, Tiwist> Trock). 1he rotational correla-
tion time was calculated by fitting the exponentional

0.40
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=
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Figure 6. Rotational correlation times for TIP3P water in the vicinity
of a a-p-Glep-(1—1)-0-p-Glep, B-p-Glep-(1—1)-B-p-Glep, and o-p-
Glep-(1—1)-B-p-Glcp. The average rotational correlation time of the
three motions of t for authentic trehalose was larger than those of f-b-
Glep-(1—1)-B-p-Glep or a-D-Glcp-(1—1)-B-D-Glep. These results
indicate that trehalose enforces the lowest rotational degree of freedom
on the nearby water molecules than do the other two sugars.
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Table 2. Translational diffusion coefficients of water around 3 A
distance of oxygen atoms of each disaccharide®

Disaccharides Diffusion coefficients (cmz/s)
1 (0.59 +0.008) x 1073
2 (0.71 £ 0.009) x 1073
3 (0.67 +0.007) x 1073
4 (0.61 +0.008) x 1073
5 (0.75 £ 0.008) x 107>
6 (0.61 £ 0.009) x 1073
7 (0.71 +0.008) x 1073
8 (0.75 + 0.009) x 1073
9 (0.67 +0.010) x 1073

10 (0.63 £0.010)x 1073

1 (0.68 & 0.008) x 107>

12 (1.96 £ 0.010) x 1073

13 (1.82 £ 0.020) x 107>

#The lowest value of water around trehalose means that trehalose is
most effectively decreasing the mobility of the neighboring water
molecules in comparison with the other sugars.

decay component of the corresponding time correlation
function C(#) to an exponentional function of the form
(1) = A-e~% where 1 is the correlation time. The aver-
aged value of Ty,g, Tiwist, and Trocx Within the first solva-
tion shell was 0.38 ps for o-D-Glcp-(1—1)-a-D-Glcp,
0.31 ps for B-p-Glcp-(1—1)-B-p-Glep, and 0.32 ps for
o-D-Glep-(1—1)-B-p-Glcp, respectively. The average
values of the three motions of t for trehalose were larger
than those of other (1—1)-linked glucose dimers in any
distance range of solute-solvent (Fig. 6). The larger ¢
value of water for trehalose indicates that water around
trehalose rotates less freely compared to the cases of the
other sugars. This observation is well correlated with the
translational diffusion of water around each sugar
(Table 2). The coefficient around trehalose was 0.59 x
103 em?/s, which is much lower than the average value
of 0.86x 107> cm?/s for the 13 different sugars. The
translational diffusion of trehalose solution has recently
been determined experimentally as ~0.3 x 107> cm?/s by
Magazi et al.>” and ~0.4 x 107> cm?/s by Rampp et al.*
for a 10% (w/w) solution. The calculated translational
diffusion from the MD simulations determined by other
groups at ~0.51 x 107> cm?/s is also very similar to that
of our value of 0.59 x 107> cm?/s. Engelsen and Pérez'®
discovered that the calculated translational diffusion of
trehalose was very similar to that of sucrose, while the
calculated rotational diffusion is much slower. Pablo
and co-workers'” also found that the hydration number
of the trehalose solution was much larger than that of
the sucrose solution. These results are finely correlated
with our computational results. Our findings indicate
that trehalose restricted the dynamics of water molecules
by strong hydrogen bonding to water. The translational
and rotational time data suggest that water molecules
around the trehalose were positionally and orientation-
ally restricted to form stable hydrogen bonds in all
directions.

3.4. Hydrogen-bond network of the sugars with water
molecules

The anisotropic hydration and the less-flexible confor-
mation of trehalose are expected to result in a stable
solvent interaction via formation of long-lived hydro-
gen bonds. The averaged number of hydrogen bonds
between each disaccharide and water molecules was,
for example, 8.7 for trehalose, 8.5 for maltose, and
8.7 for the mannose dimer. Other disaccharides also
formed the same hydrogen bonds with water as those
of trehalose. Although the hydrogen bond number gave
an average view on the accessibility of sugar molecules
to water, it could not be considered as a valid measure
of the residence dynamics of water molecules in specific
hydration sites of the sugars. However, the long-lived
hydrogen bond formation for the disaccharides with
water was a good index reflecting the strength of the
sugar-water interactions. We defined the long-lived
hydrogen bond as a hydrogen bond with a lifetime
longer than 20 ps, because the lifetime of pure water
was known to be in the 1-10 ps range.’' Trehalose
made an average of 2.8 of long-lived hydrogen bonds
with water, which is a much larger number than the
average number of hydrogen bonds for the other 12
sugars. However, the long-lived hydrogen bonds of
a-D-Galp-(1—1)-a-pD-Galp or o-bD-Manp-(1—1)-o-D-
Manp were much lower than the average though their
anisotropic hydration as in trehalose. Thus axial hydr-
oxyl groups on the galactose (4-OH) and mannose (2-
OH) seem to disturb the formation of stable hydrogen
bonds with water. The axial groups in general have
lower accessible surfaces than equatorial groups, and
they are closer to the molecular center of mass, giving
less opportunity for forming hydrogen bonds in crystal
structures.’> The number of long-lived water bridges
were also highest in the case of trehalose. Water
bridges are recurrent motifs in macromolecular hydra-
tion. Trehalose made 50 long-lived water bridges dur-
ing 10-ns MD simulations, which were 1.7-fold higher
than the average value of the other sugars. This strong
rearrangement of water caused by trehalose was con-
firmed in terms of nonbonding interactions between
water molecules. The columbic interaction energy be-
tween water molecules within the first solvation shell
of trehalose was —13.16 kcal/mol, which is much lower
than the average value of —11.52 kcal/mol for all the
other sugars. It is highly noticeable because the inter-
molecular energy between bulk water was not different
in any sugar type (data not shown). That means that
the water motion around trehalose was lowered as a
result of the extensive hydrogen-bond network rear-
rangement dynamics.>® The hydration number, hydro-
gen-bonding patterns, and intermolecular coulombic
energy of water for each disaccharide are summarized
in Table 3.
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Table 3. Hydrational characteristics of 13 different disaccharides

DisaCCharide NHD?Ola A}VHBb ]VHBiLongc Nbridgcd AEwalcr7 shclle Nwalcrfshcllt Nwatcrflolalg
1 0.028 8.7 2.8 50 —13.16 12.79 534
2 0.252 8.8 2.2 36 —11.64 12.64 536
3 0.154 8.6 2.2 28 —10.30 12.18 536
4 0.254 8.2 1.8 41 —12.18 12.51 538
5 0.125 8.4 2.5 30 —11.26 12.03 535
6 0.096 8.5 2.3 35 —11.08 12.03 533
7 0.204 8.8 2.1 30 —11.96 12.43 537
8 0.245 8.6 23 38 —11.54 12.52 536
9 0.180 8.5 2.2 30 —11.92 12.31 537

10 0.119 8.3 2.1 39 —11.27 12.31 534

11 0.306 8.9 2.5 26 —11.48 12.60 537

12 0.028 8.4 1.4 2 —10.96 12.12 540

13 0.002 8.7 1.2 3 —10.99 12.31 537

Average 0.153 8.6 2.1 30 —11.52 12.37 536.2

# Nup o1 Hydration number around the glycosidic oxygen.

Nyup Averaged number of hydrogen bonds between each disaccharide and water molecules.
“ Nup_rong Averaged number of long-lived hydrogen bonds between each disaccharide and water molecules.

d Nprigge Total number of long-lived water bridges.

¢ AEater_shent Coulombic intermolecular energy (kJ/mol) between water molecules within the first solvation shell. The first solvation shell is defined as

 the range of 3 A distance of oxygen atoms of each disaccharide.

tNWmuhcu Averaged number of water molecules within the first solvation shell.

€ Nwater_total TOtal number of water molecules in each simulation system.

4. Conclusions

The overall results indicate that water readily interacts
with sugars through instant hydrogen-bonding exchange
without any specificity. However, at the same time, water
molecules are able to form long-lived interactions with
the sugars, depending on the anisotropic distribution
around the sugar geometry. Water molecules are known
to play an important role in the regulation of biological
processes or reactivities.** Osmotic pressure or hydra-
tional equilibrium is affected by changes in the activity
of the surrounding water. Our findings provide a mole-
cular interpretation of the hypothesis that o-p-Glcp-
(1—1)-0-p-Glcp (trehalose) can regulate and protect the
organism from osmotic pressure changes, freezing, or ex-
treme desiccation through the control of water activity by
the formation of long-lived hydrogen bonds. MD simula-
tion results showed that such a stable solvent interaction
of trehalose was due to rigid glycosidic linkage motion by
anisotropic water distribution. This theoretical finding on
the solvent interaction of sugars described herein could be
extended to various other glycosidic linkages in the field
of carbohydrate engineering and could also be applied
to the molecular design of novel osmo- or cryoprotectants
using carbohydrates. We suggest that organic synthesis of
sugar-type ‘dynamic enhancers’ or ‘dynamic reducers’ for
the solvent is highly desirable with modification of the
glycosidic linkage or hydroxyl groups.
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