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Abstract: Molecular dynamics simulations have been u

sed to model the aqueous solvation of the nonreducing sugar

o,a-trehalose. The anisotropic structuring of water around the trehalose molecule was calculated in a Cartesian
coordinate frame fixed with respect to the sugar molecule by averaging water positions over the trajectories and was

plotted in two and three dimensions relative to the sugar.

and compared to other sugar solutes. Hydration was
the exchange of an internal hydrogen bond for similar

The hydrogen bonding of this sugar to solvent was calculated
required to produce the experimental conformation, through
bonds to solvent. This equilibrium conformation was found

to impose extensive structuring on the adjacent solvent, with structuring extending out to at least the third “solvation
shell”, while pure liquid water exhibits such structure only in its nearest neighbors. The details of the structuring
are determined by both the specific stereochemical topology of the molecule and its conformation, with considerable

interplay between conformation and solvent structure
solvent density mapping technique was also examined
by the solute suggests why the sugars in general are

. The effect of solute flexibility on the application of this
. While the extensive solvent structural perturbation induced
useful antidessicants and cryoprotectants, trehalose does not

appear from these results to be unique in its solvation properties. In addition, the results are consistent with the

suggestion that much of the effectiveness of trehalose

could result from its direct binding to biological membranes

and proteins rather than from unique solution properties.

I. Introduction

With their large number of hydrogen-bonding hydroxyl

how molecular structures affect solution properties would be
of general utility in understanding biopolymer systems and could
have practical applications, as in the design of novel cryo-

groups, carbohydrates might be expected to interact Stronglyprotectants.

with water. In general, the solvation properties of the carbo-

hydrates are a function of the specific stereochemical arrange-
ment of the hydroxyl groups of each molecule, and each sugar

solution will have distinct propertieseven for stereoisomers

The trehaloses are a family of nonreducing disaccharides that
result from the combination of twn-glucopyranose molecules
through (=1) glycosidic linkages. Three such dimers are
possiblep,a, a3, andg,B, indicating the linkage configurations.

differing in structure at only one asymmetric carbon. The a4 o trehalose dimer (Figure 1a), which hereafter will simply

structural details of a carbohydrate can determine how it interacts o raferred to as “

with solvent water molecules in ways which are not yet

completely understood. Sugars are generally thought of as ne

“structure-makers? meaning that they impose a collective
structure on the adjacent solvent different from that which it
would otherwise adopt. While it is sometimes possible to
characterize such solvent structuring from diffraction studies
of hydrated crystals of biological moleculsit has been much
more difficult to determine the details of solvent structure in
dilute liquid solutions, particularly for non-spherically-symmetric
molecular solute®. The consequences of such structuring,
however, are quite important in determining a number of
physical properties of carbohydrate solutions. Organisms exploi

the water-structuring characteristics of the different sugars in a

variety of ways, such as to modify the viscosity of cellular fluids
and to protect against freezing or dehydratidnDetermining
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trehalose”, occurs in significant amounts in
certain plants, seeds, and invertebrates adapted to endure
tdroughtf}v9 and it has been shown that this disaccharide is able
to stabilize proteins and lipid bilayeis vitro during dehydra-
tion. Several mechanisms for the antidessicant properties of
trehalose have been advanced. Trehalose solutions have the
highest glass transition temperature of any of the disaccha-
rides/®10 suggesting that the ability of trehalose to stabilize
biological systems is related to its ability to control water
mobility by forming a glassy state. It has also been proposed
that the stabilizing effect may result from direct interactions of
the disaccharide with proteins and phospholipid head gréups,
perhaps replacing hydrogen-bonded solvent molecules.

In part because of its potential practical applications in
cryobiology, trehalose has been studied extensi%éh?,; 17 but
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Figure 1. (a) A schematic representation @fo-trehalose indicating the atomic numbering. (b) The crystal structuegcefrehalose dihydraté.

some uncertainty remains about its properties in aqueouscarbohydrate$30 Recently, Donnamaria et &lreported MD
solution. Unfortunately, the conformations of disaccharides in simulations of trehalose in aqueous solution using the GROMOS
solution have in general been difficult to characterize experi- molecular dynamics progra#3and the SPC/E water mod#l.
mentally. NMR approaches are somewhat limited since there From atomic pair correlation functions, hydrogen bond patterns,
are no protor-proton couplings across the glycosidic linkage, and diffusion coefficients, these authors concluded that trehalose
%Jcu heteronuclear couplings are often weak and difficult to does not significantly modify the properties of its aqueous
interpret, and there are generally too few NOEs across thesolvent. However, these results are at variance with other
glycosidic linkage to uniquely specify disaccharide conforma- simulations of carbohydrates, which have found that not only
tions. The application of NMR to trehalose is further hampered do the sugars impose extensive structure on the adjacent water,
by the symmetry of the nonisotopically-labeled molecule, with byt that this structuring is important to the observed properties
only one set of resonances for the equivalent glucose #hgs. of the solutior®35 To further examine this question, this paper
Recently, Batta et df. have reported NOE and coupling constant reports the calculation of an adiabatic, Ramachandran-like
data for a,a-trehalose asymmetrically*C-labeled at the C1  conformational energy map for trehalose and the results of new
position, and their reported solution conformation is consistent \ip simulations of trehalose in vacuum and water. A procedure
with previous experimental estimates.* for mapping the average three-dimensional distribution of water
Because of the experimental difficulties, molecular mechanics molecules around the solute is described and used to examine
calculations have often been used to model disaccharideiye anisotropic structuring imposed on the solvent by trehalose.
conformations?~2% as a supplement to experimental informa-  The results of the solution trajectories and the solvent density

tion, and such calculations have been applied to treh&lgSe.  \50ing are used to interpret the effects of hydration on the
In addltlor_l to the difficulties encountered in determlnmg_the conformation of the disaccharide.
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Il. Simulation Methods

In the series of calculations reported here, a variety of molecular
dynamics simulations and conformational energy minimizations were
performed foro,o-trehalose by using the molecular mechanics program
CHARMM.3¢ The intramolecular energy of the solute was represented
by a CHARMM-type force field designed for carbohydrates which has
been used in a number of previously reported simulations of mono-
and disaccharide. In this all-atom potential function hydrogen bonds
were modeled implicitly by appropriate choices for atomic partial

charges and van der Waals parameters for hydrogen bond donor an

acceptor atom® This approach is consistent with the way in which
hydrogen bonding is represented in most empirical water force fields,
including the TIP3P model used heéfe The charge of the glycosidic
oxygen atom was taken to be0.4e, and the C1 and C5 charges were

all adjusted to be 0.2e; the H1 and H5 charges retained the values of™" :
dW|th oxygen atoms that overlapped with any of the solute heavy atoms

0.1e used for aliphatic protons in the monosaccharides. As require

by both the water model employed and the original assumptions made
in the development of the solute energy parameters, the dielectric

constant in all of the calculations reported here was 1.0. The
carbohydrate force field contains no term to explicitly represent the

anomeric or exo-anomeric effects, although such revisions have been

previously suggestel. The importance of exo-anomeric effects for
disaccharide conformations has long been delfatétiand these should
be most important in (1) disaccharides such as trehalose with
overlapping anomeric effectd. The crystal structuré$*®do indeed

have torsion angles which place both C1 atoms gauche to the O5 atom

of the other ring, consistent with expectations from models of the exo-
anomeric energy. In this context, however, it is interesting that in
chiroptical studies of a synthetic analog&f-trehalose in which the

J. Am. Chem. Soc., Vol. 119, No. 33, 195853

were calculated, one starting from the global minimum-energy con-
formation identified from the construction of the adiabatic energy map
and one starting from the conformation seen in the dihydrate crystal
structure. Two solution simulations were also carried out, again starting
from the global minimum-energy geometry and from the X-ray crystal
structure. The crystal structure afa-trehalose dihydraté*®has one
exocyclic primary alcohol group in the GT orientation, meargagche

to O5 andtransto C4%° and one in the GG orientatiogguchewith
respect to both atoms), as seen in Figure 1b, breaking the pseudo-

Fymmetry of the molecule (because of crystal contacts, the orientations

of the various hydroxyl groups also differ between the two rings). The
two crystallographically-resolved waters were not specifically included
in the solution trajectory setup. The simulations were initiated by

placing the trehalose molecule in the center of an equilibrated cubic

box containing 512 TIP3P water molecufé8! Those water molecules

were eliminated, leaving 488 solvent molecules for both simulations.
The box length was then adjusted to 24.6433 A, resulting in a density
of 1.013 g/cm. The solvated system was subjected to simple cubic,
minimum-image periodic boundary conditions, and long-range interac-
tions were adjusted to smoothly approach zero by using a switching
functiorf® applied on a group-by-group basis between 10.0 and 12.0
.52 The groups consist of entire water molecules or electrically neutral
collections of adjacent atoms in the solute. Initial velocities for all
atoms were selected at random from a Boltzmann distribution at 300

§<. The equations of motion were then integrated as a microcanonical

ensemble by using a Verlet integra&fowith a step size of 1 fs. All
chemical bonds to hydrogen atoms were kept fixed by using the SHAKE
constraint algorithni* The simulation starting in the crystal conforma-

glycosidic oxygen is replaced by a carbon atom, no evidence was foundtion had a 20-ps equilibration sequence followed by 130 ps of dynamics

for any exo-anomeric effecét.

To assist in the interpretation of the calculated dynamics of the
disaccharide, a relaxed, or adiabatic, Ramachandran-type conformation
potential energy map for trehalosein vacuo was prepared. The
glycosidic torsion angleg andy describing this two-dimensional space
were defined as H1C1-01-C1 and C+-O1-C1—H21'. In this map,
any strains in the internal geometry for each valuesaind y were
relaxed by energy minimization to give the lowest energy for that point
in the two-dimensional conformational space. All of the primary
alcohol conformations of both rings, combined with the clockwise
(designated “C") and counterclockwise, or reverse-clockwise (desig-
nated “R") hydrogen-bonded ring arrangements of the hydroxyl gféups
were used as starting structures for energy minimizations for eggh (

point. These multiple starting geometires were used to overcome the

multiple-minimum limitation inherent in energy minimizatidfsnd
to identify the lowest possible energy for each particular glycosidic
conformation. Only*C, conformations of the ring were considered,
and no transitions to other ring conformations occurred during any of
the minimizations. The energy surface was sampled on°ax220°
grid over the entire4+180°,18C°] range of bothp andy and a contour
map was prepared of the results.

Molecular dynamics simulations of,a-trehalose in vacuum and in

used for data collection and averaging. The solution simulation initiated
in the vacuum global minimum-energy conformation had a 30-ps

anuiIibration period, after which it was integrated for an additional 300

ps without further interference. During the equilibration periods the
velocities were appropriately rescaled if the average temperature in a
2-ps interval deviated from 300 K by more than 3 K. Coordinate sets
were saved every 10 fs for subsequent analysis. As a control, a 130-
ps simulation of pure water was also conducted on a box of
approximately the same size containing 512 water molecules at the
same temperature and with similar startup protocols. During the
production dynamics sequence, the total energy was well-conserved
and the average temperature was stable at=80K.

In the crystal structure for trehalose both sugar rings are ifGhe
conformatior?> and none of the MD trajectories exhibited any
transitions to other ring conformations, since the rings are relatively
rigid and are stabilized to transitions by high energy barriers. One
consequence of this rigidity is that while the rings flex and breathe,
and bonds stretch and bend, the various hydroxyl groups and aliphatic
protons nonetheless remain on average at approximately fixed relative
positions around the ring. As a result, the majority of the flexibility
of the trehalose disaccharide comes from small torsional fluctuations
about the glycosidic linkage bonds. Exploiting this rigidity, it is

aqueous solution were also performed. Two 250-ps vacuum trajectoriespossible to identify the appropriate coordinate transformation that will
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map the instantaneous position and orientation of the ring onto its initial
position. By using this coordinate transformation to remove the
translational and rotational diffusion of the molecule, the position of
every water molecule can be plotted relative to the functional groups
on the ring, and an average solvent density at any point around the
sugar can be calculated by averaging over the trajeétdhS This
approach is similar to the analysis of the anisotropic distribution of
water molecules around amino acid groups constructed by Thanki et
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The box inside which
the averaging is made

Coordinate snapshot
Starting orientation at a later time with the
o
sugar rotated by 45

The sugar is aligned
with its starting orientation

Figure 2. A schematic illustration of the effects of the rotational coordinate transformation on the density averaging. The sugar is represented by
an arrow in this drawing and specific water molecules and their periodic images by open and filled circles. The box inside which the averaging is
made, which is not periodic and does not rotate, is indicated by heavy lines.

al. by averaging over protein structures reported in the crystallographic all regions with density values above or below the desired value, using
data basé&’ Similar methods have been used to extract the anisotropic a spline function to fit a continuous, smooth contour to the surface.
structure of pure liquids from simulatioris®® and to place water Various two-dimensional cross sections of this three-dimensional density
molecules in protein crystal structuré$? were also calculated.

We have used such an approach in the present simulations to As indicated above, the simulations were performed in a cubic box
calculate the full three-dimensional, anisotropic distribution of solvent with periodic boundary conditions. The corners of the box are further
water molecules around the trehalose solute. For every saved coordinateaway from the solute than the centers of the sides of the box, and could
frame of the trajectory the CHARMM program was used to calculate in principle be discarded through the application of truncated octahedral
the best least-squares overlap of the instantaneous positions of theboundary conditions to save computation tiffi€® However, their
reference atoms with their initial positions, and this transformation was presence improves the physical approximation since they represent part
applied to every atom of the system, including the water atoms. The of a “solvation shell” for the trehalose that is at a greater distance from
primary box was then partitioned into small cubes 0.342 A on a side, the solute than the majority of the waters in the box, and thus help
and the density of solvent oxygen atoms in each cube was averagedconstitute a region of more bulk-like water less influenced by the sugar.
over the trajectory. The averaging could be accomplished by a direct Unfortunately, in the calculation of the average solvent densities around
count average, but because we intend to apply this procedure to thethe solute, it is not possible to construct useful average densities for
calculation of electron densities in crystals for comparison with these corners of the original box. Figure 2 illustrates the reason for
diffraction experiments, we chose to assign a normalized Gaussianthis problem. Consider the case of a trajectory “snapshot” at some
distribution function to each water oxygen atom and to average the arbitrary timet at which the molecule has rotated°4bith respect to
values of these density functions. This Gaussian function could be its original orientation (effects of translation are removed through the
scaled to approximate the expected electron distribution around suchappropriate translation of the center of mass to its starting position). In
an atom, providing an estimate of the electron density in each cubic rotating the frame onto the original orientation, the solvent molecule
box. In such a case, of course, it would also be necessary to placeindicated by the black circle would appear in the averaging in the
similar distributions around each of the sugar atoms and the water original cubic box twice, once in its actual location near the head of
protons. In the present application, where we are interested in the the schematic arrow, and once, as its image (from the application of
number density of water oxygen atoms in each box, this procedure the periodic boundary conditions), in the corner. However, the water
will lead to some smearing out of the solvent densities, since the molecule represented by the open circle and its images, in the corner
Gaussian distribution function will result in some density for a particular of the unrotated box at time would not appear in the averaging at
water oxygen being counted in the boxes adjacent to the one in which all, and thus its contribution to the average solvent density in the primary
it actually is located. This is not entirely undesirable, since it will box would be lost. The net effect of this procedure is that the resulting
have the effect of smoothing out the inevitable fluctuations due to noise population densities are not a periodic function, and the values are only
in the populations of each box. In the present analysis, a narrow reliable inside a sphere with its origin at the center of the box and with
Gaussian function was used with the half-maximum falling at the van a radius of one half the box length.
der Waals radius of the oxygen atom. No functions were placed on  For a monosaccharide, this averaging procedure has been found to
any of the atoms other than the water oxygens. work quite well in delimiting the regions of solvent concentratién,

The solvent densities averaged over the simulation can be contouredbut an additional problem arises when the molecule is more flexible,
in three dimensions in the same way that electron density maps aresince location of the reference frame on one of the rings of the
contoured in crystal diffraction studies. In the present analysis we have disaccharide, for example, has the effect of making all of the flexibility
used the CHAIN prografito accomplish and display this contouring.  about the glycosidic linkage appear as a larger oscillation of the second
The average bulk water oxygen density was evaluated from the ring relative to the first, thus greatly smearing out the distributions
simulations, and the solvent densities, which can be either greater thanrelative to the second ring, and losing much to the structuring detail.
or less than the average bulk density, were contoured in terms of the For this reason, these methods would not be applicable to a very flexible
percentage deviation above or below the average bulk value. Themolecule, or even to a long polymer that had fairly rigid individual
CHAIN program uses a line-mesh to represent the surface that enclosesinkages, but where the large number of monomers resulted in a large
cumulative motion of one end of the chain relative to the other. Inthe
present case, the torsional fluctuations about the glycosidic linkage were

(57) Thanki, N.; Thornton, J. M.; Goodfellow, J. Nl. Mol. Biol. 1988
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3058. B o ' ' coordinate frame could also be placed on the three atoms of the linkage
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are each stabilized by one intramolecular hydrogen bond, either
between O2 and O®r between O2and O6. Two small peaks
are also located on the diagonal line, around°®22) and
(—18°,—18).
This map shares a number of qualitative features with the
MM3 map previously prepared by Dowd et Zhut also differs
in several important respects. One of these differences is that
while generally relatively rigid, the trehalose molecule in the
present study was found to be considerably more flexible in
vacuum than with the MM3 force field. The global minima on
the two surfaces are different as well. The global minimum on
the present map is not a low-energy conformation on the MM3
surface. Part of the reason is that the former map was calculated
3 by using a dielectric constant of 4.0, which would have the effect
_160 b (\m\ of screening electrostatic interactions so strongly as to almost
SR ITYRVRN FORTIRSUINL N ANTEUY O YOOU PN FAT IO P P IR A VY- eliminate hydrogen bonding. Since the global minimum on the
4160 -120 -80 40 0 40 80 120 160 present map is stabilized by an intramolecular hydrogen bond,
o the dielectric screening in the MM3 calculation would contribute

Figure 3. The calculated vacuum adiabatic conformational energy map to making this conformation less favored. In addition, in the
for a,a-trehalose. Contours are indicated in 2-kcal/mol intervals above present mapping, the severe crowding in the global minimum-

the global minimum, indicated by a crossed box. The contours at 2 €N€rgy structure significantly distorts the €01-C1' bond

and 4 kcal/mol are drawn with dashed lines to better distinguish the @ngle to 119, which would be more energetically costly with
off-diagonal minima from the two low maxima on the diagonal line. the “stiffer” MM3 parameters. The subsidiary off-diagonal
The crystal structure is indicated by the symbel” and the local minima in the present map at-83°,41°) and (42,—33)
minimum nearest to the crystal structure is indicated by a triangle.  correspond to the MM3 minima at-@9°,25°) and (25,—29°),
Table 1. The Locations and Energies (in kcal/mol, relative to the but on the MM3 map these positions are 4.7 kcal/mol higher in
global minimum) of the Minima Identified in the Adiabatic energy than the conformer at45°,~45"), while on the present
Mapping of a,a-Trehalose map these subsidiary minima are only 0.29 kcal/mol above the
experimental minimum, since they are also stabilized by
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minimum ¢ (deg) ¥ (deg) energy (kcal/mol) hydrogen bonds. The local minimum on the present map at
1 61 64 0.00 (—44°,—A44) corresponds well with the global minimum on the
g _ﬁ :gg ggg MM3 surface at £45°,—45°).
4 —33 a1 3.65 The lowest-energy structure in the global minimum well had
5 —40 140 5.60 the TGTG,RC conformatioff,while the lowest-energy structure
6 140 —40 5.60 in the experimental well has the TGTG,CC conformation. The

crystal structure has the GTGG conformation for the primary

detail for each ring, but allowing a general mapping of the solvent alcohols; because of hydroxyl group hydrogen bonds to the two

density around both rings simultaneously (see below). incluo!ed water molecules, the<R scheme .does. not stric_tly
describe the crystal structure, although the ring with the primary
Ill. Results and Discussion alcohol in the GG conformation is approximately reverse, or

counterclockwise (R). No TG conformations for the exocyclic
primary alcohol groups were considered in the MM3 study, but
probably would not have had a low energy with that force field
since this conformation is stabilized in the present study by an
internal hydrogen bond between O4 and O6 of the same ring.
The TG conformation for primary alcohols is rarely seen
experimentally in glucosic carbohydrates, and appears in
simulations with the present force field because Coulombic
repulsions between the O6 and O5 atoms destabilize the gauche
conformations more than is appropriate from quantum mechan-
ics 87 allowing the internal hydrogen bond of the TG conforma-
ion to dominate the rotameric equilibrium.

Although disaccharide conformations are often interpreted in
terms of vacuum energy surfaces of the type presented here, in
real systems carbohydrates are typically found in an aqueous
environment, and solvent water is expected to have significant
effects on the conformational structure. The force field used
here was designed for condensed-phase simulations, in which
the environment is included explicitly, and it has previously
been observed that simulations without this solvent can lead to
artificial behavior”-68 Since dimer conformations are actually
determined by the system free energy rather than the simple

Figure 3 presents the calculated vacuum adiabatic confor-
mational energy map far,a-trehalose. The diagonal symmetry
of the map is a consequence of the structural symmetry of the
molecule. The surface has six principal minima (Table 1), two
located on the diagonal line of symmetry and four occurring as
two symmetrically-located, off-diagonal pairs. The global
minimum is located at (6164°). This conformation is stabilized
by an intramolecular hydrogen bond between the O2 hydroxyl
groups of the two rings (see Figure 4). The position of the
minimum lies slightly off the diagonal line of symmetry on the
map, perhaps because the presence of the hydrogen bond, whic
has a donoracceptor directionality, introduces a small asym-
metry into the structure; however, a symmetrically located
companion minimum lies at (6461°) due to the overall
pseudosymmetry of the molecule. A broad secondary minimum
3.36 kcal/mol higher in energy than the global minimum-energy
conformation is centered around-44°,—44°). This local
minimum-energy well contains the experimentally-determined
crystal structuré? indicated by an %” in Figure 3 and located
approximately at £60°,—43°), as well as the conformations
estimated from NMR and chiroptical experimeftst*1” Two
symmetrically-placed, off-diagonal local minima were found at
(—33,47°) and (4%,—33), approximately 3.65 kcal/mol above (67) Murcko, M. A DiPaola, R. AJ. Am. Chem. Socl992 114
the global minimum, but only 0.29 kcal/mol above the experi- 1p9016-10018. T ' ’
mental local minimum at{44°,—44°). These conformations (68) Ueda, K.; Brady, J. WBiopolymers1996 38, 461—469.
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Figure 5. Superposition of vacuum molecular dynamics trajectories
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Figure 6. Superposition of the solution trajectory that started from
the vacuum global minimum-energy geometry onto the vacuum
adiabatic energy map.

be an example of a disaccharide whose conformation is strongly
affected by hydration. Vacuum MD simulations at 300 K
initiated from the global minimum energy structure and the
crystal structure tended to remain contained within the 4-kcal/
mol contour &6 KT) above the local energy well in which they
began (Figure 5). However, in the vacuum global minimum-
energy geometry identified from the present relaxed mapping,
there is a direct hydrogen bond between the O2 and 02
hydroxyl groups, which apparently causes this conformation to
have the lowest potential energy. In aqueous solution, it should
be possible for this internal hydrogen bond to exchange for
hydrogen bonds to solvent water molecules. Such an exchange
of an intramolecular hydrogen bond for alternate hydrogen bonds
to solvent has been observed in previous simulations of si#rose
and neocarrabios8,and was also found to occur in the present
simulations of trehalose. As can be seen from Figures 6 and 7,
the solution trajectory which started from the global minimum-

in (¢,y)-space upon the vacuum adiabatic energy map: (a) trajectory €Nergy geometry quickly began to shift toward the experimental
starting from the global minimum-energy structure; (b) trajectory geometry, first dividing its time between the two symmetrically

starting from the crystal structure.

mechanical potential energy, a map of the conformational
potential of mean force, including the average contribution of

related conformers around-83°,41°) and (4%,—33°), before
making a final transition to the well containing the crystal

(69) Engelsen, S. B.; Herve du Penhoat, C.; Pered, hys. Chem.

the solvent, would be more appropriate. Trehalose appears t01995 99, 13334-13351.
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Figure 7. Individual histories of the torsional anglgsandsy for the solution trajectory that began in the vacuum global minimum energy conformation
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) Figure 9. The pair distribution function for water oxygen atoms around

one of the O3 atoms of trehalose as calculated from the MD simulation
in the experimental conformation. This distribution is typical of those
for the other hydroxyl groups.

Figure 8. Superposition of the solution trajectory that started from
the crystal structure onto the vacuum adiabatic energy map.

conformation around 240 ps. This final conformation appears although the exocyclic groups spent the majority of their time

to be indefinitely stable. o _in the GT conformation. The hydroxyl groups made frequent
The separate trajectory that started in this secondary, experi-igiational transitions during the simulation.

mental well remained in this conformation throughout the
simulation (Figure 8), which in conjunction with the first
trajectory that made a spontaneous transition to this geometry,
suggests that this structure is the global minimum free energy
conformation in solution. Various average properties for
trehalose in solution were computed from this 130-ps simulation.
From the simulation, the average values of the linkage angles
were (—54°,—54°), close to the local minimum-energy structure
and in reasonable agreement with the NMR and chiroptical
estimate$*17 However, the presence of the solvent seems to
have induced a slight shift in the conformation of about ttD
larger angles. The root-mean-square fluctuations in these angle
during the simulation were 13.@&nd 12.9, about the same as
found in the simulation by Donnamaria et &l.indicating a
relatively rigid equilibrium structure. These fluctuations were

These hydroxyl groups of the sugar molecule were extensively
hydrogen bonded to solvent in the stable equilibrium conforma-
tion. Figure 9 presents an example of a hydroxyl oxygen
water oxygen pair correlation function. This distribution
exhibits a sharp, narrow first peak at 2.8 A, with a prominent
first minimum at 3.4 A, as is typical for hydrogen bonds to
water2%27.70 For counting purposes solutsolvent hydrogen
bonds were defined as interactions having oxygexygen
distances less than 3.4 A and donproton—acceptor angles
of 120° or greate’® The average number of such hydrogen
bonds made by each hydroxyl group is listed in Table 2. The
Yotal number of hydrogen bonds to solvent made by the trehalose
solute, averaged over the simulation, was 22.5, which does not
differ substantially from the 22.7 observed for malté%e.
roughly comparable to, but slightly larger than, those seen for However, previous MD simulations of sugars have dem_onstrated

y ' that even such a small difference as this can result in a large

mal in solutioR® It is interesting that n ial exo- . . , . .
altose In solutio LIS Interesting that no special exo .difference in solute-solvent interaction energy. This number
anomeric energy terms were needed to reproduce the experi-

mental conformational behavior, as was also found in previous is somewhat reduced from the approximately 24 solvent
simulations with this force fiel@ During the course of this hydrogen bonds thatin principle could be possible for the eight

simulation, the two primary alcohol groups underwent a number ~ 70y Rossky, P. J.; Karplus, M. Am. Chem. Sod.979 101, 1913
of transitions. Both groups sampled all three conformations, 1937.
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Table 2. Trajectory-Averaged Number of Hydrogen Bonds to Unlike the maltose case, a number of hydrogen bonds were

Solvent Made by Each Oxygen Atom of the Sugar observed for water molecules bridging between hydroxyl groups
atom residue 1 residue 2 on different rings. Some of these water bridges were very much
o1 0.57 like those observed in the crystal structure of the dihydrate,
02 2.68 2.79 where there are two water molecules hydrogen bonded to
03 2.58 2.50 hydroxyl groups on different rings of the disaccharide, bridging
04 2.23 2.37 between the 04 and O2nd O2 and 06 hydroxyl pairg4°
82 g-;g (2)';?1 (see Figure 1b). In the MD simulation both of these crystal-
total 1133 1118 lographic positions were occupied by water molecules during

the majority of the trajectory, which were often engaged in such
Table 3. Hydroxyl Groups on Different Rings Found To Be simultaneous bridging hydrpgen bonds. .It would appear that
Bridged by Hydrogen Bonds to a Common Water Molecule, and the these hydrogen bonds stabilize the experimental conformation

Frequency with Which Each Was Observed during the Simufation ~ in solution relative to the global vacuum minimum energy
conformation, since they replace the intramolecular hydrogen

% of trajctory time during

hydroxy! pair which water bridging was obsd bond between the two O2 hydroxyl groups in that structure (see
07—02 6.7 a.bove).. A very similar situation has been observed in an MD
02-04 21"4 simulation of neocarrabiose in aqueous solution, where an
02-06 23 intramolecular hydrogen bond in vacuum is replaced in solution
04-02 115 by a bridging water molecule that produces a shift to the
82—83' g-g experimentally observed conformati®h. In the trehalose

simulation, bridging hydrogen bonds are present 48% of the
trajectory time, with a water bridging between the O4 group
aTransient bridges observed in less than 1% of the trajectory time on one ring and the O2 group of the other being the most
are omitted. For the purposes of this enumeration, a hyAdrogen bondcommon type. Bridges between O2 and @5 and O5(with
was defined as both -©0 distances being less than 3.5 A and both : ! .
donorproton—acceptor distances being greater than°120 the water serving as a double donor), a_nd ag 0.6’ as I.n the
crystal, also occurred frequently. During the simulation, the

hydroxyl groups of trehalose (30 counting the two ring oxygens distances between the two ©26 atom pairs from opposite
and the glycosidic oxygen atom), since each hydroxyl could "ngs were 6.3 and 5.7 A, with root-mean-square fluctua_ltl_ons
form up to three such hydrogen bonds, one as a donor and twgof only 0.7 and 0.8 A. These distances, while permitting
as an acceptor (to its two lone pairs). As can be seen from thePridging interactions by hydrogen-bonded water molecules, are
table, none of the hydroxyl groups actually makes this ideal 0O great to allow direct hydrogen' bond[ng between these two
number of bonds, much as was seen for other sti§&fand groups as was observed in the simulations by Donnamaria et
each of the ether oxygen atoms makes less than one bond orfl-
average. However, this total number of hydrogen bonds to It has been suggested that water molecules bridging between
solvent is nearly twice that reported by Donnamaria eflal., W0 groups capable of hydrogen bonding, such as hydroxyls,
who estimated that their observed slight decrease in water can contribute a considerable free energy of stabilization to
water hydrogen bonds could be explained if the disaccharide relative positions of the two groups which do not allow direct
made 10 hydrogen bonds to the solvent. In that simulation, hydrogen bonding between them. Ben-Naim has estimated that
the majority of the energy parameters used were taken from this stabilization energy can be as important in determining
the GROMOS force field, but the atomic partial charges were biopolymer conformations as hydrophobic associatioff, ®
taken without scaling from a separate AM1 calculation, a although Sun and Kollman have recently argued that the
procedure known to give values too small to be used in explicit magnitude of this effect is much smalér.It is possible that
solvent calculationd! The lower charges used for the sugar such hydrophilic interactions are stabilizing the experimental
hydroxyl oxygen and hydrogen atoms substantially reduced the conformation in the present simulations, but it is not possible
hydrogen-bonding character of these groups, as can be seen frorffom these calculations to make a quantitative estimate of the
their reported pair distribution functions. In that earlier study mMagnitude of any such contribution. However, in the present
these functions have their broad first peaks centered around 3.5ase, it seems likely that the experimental geometry would be
A, with a much lower peak height, and have their first minima the favored solution structure even without any such contribu-
around 4.5-5.0 A, thus more closely resembling hydrophobic tion. The solution conformation is a local minimum on the
hydratiorf2-74 than hydrogen bonding with its characteristic vVacuum surface, and only the presence of the intramolecular
sharp first peak7-75as in Figure 9. In the present simulation, hydrogen bond makes the-1°,+64°) conformation the global
as in the maltose case, nearly one third (32.2%) of the hydrogenMinimum. In the presence of the solvent, there is no energy
bonds made to the solvent by the sugar were of the type in Penalty to breaking this internal hydrogen bond, and the inherent
which the water molecule made two hydrogen bonds to the Preference for the experimental conformation would then
solute, to two adjacent hydroxyl groups. Many of these second dominate the equilibrium without any additional stabilization
hydrogen bonds had significantly distorted bond angles due to needed. This possibility would be consistent with the observa-
the constraints imposed by the relative positions of the hydroxyl tion that 52% of the trajectory time these water molecule bridges
groups in the structure of the sugar molecule. are not present.
The hydration requirements of the complex disaccharide,

(72) Broadben, B, D. Nefson, G. W Chem. Phys1994 100 7543 810nG with the shared hydrogen bonding, imposed significant

7547. anisotropic structuring on the solvent adjacent to the sugar, with

(73) Swaminathan, S.; Harrison, S. W.; Beveridge, DJLAm. Chem. water molecules preferentially occupying specific sites relative
Soc.1978 100, 5705-5712.

06-05 2.9

(74) Geiger, A.; Rahman, A,; Stillinger, F. H. Chem. Physl979 70, (76) Ben-Naim, AJ. Chem. Physl989 90, 7412-7425.
263-276. (77) Mezei, M.; Ben-Naim, AJ. Chem. Phys199Q 92, 1359-1361.
(75) Ferrario, M.; Haughney, M.; McDonald, I. R.; Klein, M. I. Chem. (78) Ben-Naim, A.J. Chem. Phys199Q 93, 8196-8210.

Phys.199Q 93, 5156-5166. (79) Sun, Y.; Kollman, PJ. Phys. Chem1996 100, 6760-6763.
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Figure 10. Contours of solvent density around th@:-trehalose molecule as calculated from the MD simulation by using a reference frame fixed
on the glycosidic linkage. The solid contour grid encloses those regions with a density 50% greater than the bulk density, and the dashed contour
grid encloses negative deviations 20% less than the bulk density. Two different orientations are illustrated for clarity, rotated by approXimately 90

Figure 11. The contours of positive density deviations displayed in Figure 10, with 130 instantaneous solute conformations spaced at 1-ps intervals,
oriented such that their C401—-C1' atoms overlapped as much as possible, illustrating the range of the relative motions in the rings caused by the
glycosidic angle fluctuations. This view has been rotated by approximateR/fi@®d that of Figure 10a.

to the carbohydrate functional groups. Figure 10 displays the seen, the area swept out even by these relatively small
anisotropic solvent density averaged over the 130-ps simulationfluctuations is extensive enough to obscure the solvent structur-
in the experimental conformational energy well, calculated by ing around the far edges of the rings in this reference frame.
mapping the instantaneous conformation onto the initiatC1 Figure 12 displays a contouring of the solvent densities
O1-CY positions (see Methods). The long tube-shaped cloud calculated from the same trajectory, but using a reference frame
of density wrapped around the center of the molecule containsfixed with respect to one of the rings, so that this ring is rotated
all those water positions which can make bridging hydrogen onto its original position for every frame of the simulation.
bonds between hydroxyl groups on different rings. In particular, Applying this transformation to all of the coordinates has the
both of the positions occupied by the crystallographic water effect of making all of the relative motion of the two rings
molecules in the dihydrate crysta(Figure 1b) fall within this appear as motion of the second ring, thus increasing the extent
long, tube-shaped cloud, indicating that these solvent sites areto which its structured solvent density is smeared out, but
favored in solution as well. The open end of this U-shaped providing a much clearer picture of the detailed structuring
tube is occupied by a small discrete cloud that corresponds toimposed by the first ring. As in the previous case, 130
the water molecules hydrogen bonded to the O5 atoms. Inindividual sugar structures are overlain in this figure to illustrate
general, it can be seen from this figure that the structuring the range of the conformational fluctuations. In this special
imposed on the water by trehalose is quite complex. case, the artifactual focus on the structure around just one of
Although the conformational fluctuations of the trehalose are the rings is less important because of the symmetry of the
relatively small, the apparent degree of solvent structuring molecule and its structured solvent. The calculated distributions
exhibited in Figure 10 is actually substantially reduced by these are very similar regardless of which ring is used for the reference
fluctuations since their effect is to “smear out” the density as frame.
the rings move relative to the three atoms of the glycosidic By using a ring-centered reference frame, it can be seen that
linkage. This is why the densities seen in Figure 10 are smallestthe nature of the structuring around the individual rings is very
at the far ends of the rings, where the arc swept out by thesesimilar to that observed in our previous simulations of mono-
small fluctuations is the greatest. Figure 11 superimposes 130saccharide®:358° In particular, water molecules tend to be
instantaneous conformations of the disaccharide selected at 1-p$ocalized between adjacent hydroxyl groups where they can
intervals, all rotated such that their EO1-C1 atoms overlap
as closely as possible to illustrate this flexibility. As can be (80) Liu, Q.; Brady, J. WJ. Phys. Chem1997 B101, 1317-1321.
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Figure 12. Contours of positive solvent density around the-trehalose molecule as calculated from the MD simulation by using a reference
frame fixed on one of the sugar rings. As in Figure 11, 130 instantaneous conformations of the carbohydrate from the trajectory are displayed to
illustrate the wide region traversed by the second ring, relative to the first, causing the solvent density to be smeared out.

has described a procedure for estimating this structuring in liquid
water by constructing the intermolecular orientational correlation
function from measured patrtial structure factors using a spherical
harmonic expansiohand Kusalik and Svishch&/have cal-
culated the structuring from MD simulations using three
empirical models of water, including the SPE1&nd TIP4P°
energy functions. Although some differences were found
between the different water models, all exhibited similar
qualitative features and were in good agreement with the
experimental estimate. Figure 14 displays the three-dimensional
contouring of this density for one of the water molecules from
the present control simulation of pure TIP3P water. Far better
statistical convergence for this density could be obtained by
averaging together this structuring around each of the equivalent
water molecules in this simulation, but by considering the
density around only one molecule treated as a single, separate
2.0 — solute, the statistical fluctuations in the distribution will be of
12.0 -8.0 -4.0 0.0 4.0 8.0 12.0 the same order as those in the sugar solution, thus facilitating
r (A) comparison. As can be seen, the distribution of nearest-
Figure 13. Two-dimensional cross section of the solvent density ina Neighbors is quasitetrahedral, and qualitatively similar to those
plane through the C1, O1, and ‘Gitoms. Density contours are at 10, reported previously for the other water models. As was found
20, 50, and 90% above bulk density (solid contours) and 10 and 90% in the previous studies, the ellipsoidal clouds adjacent to the
below bulk density (dashed contours). In this figure, the circle indicates two protons are more intense and spatially localized than the
_the region _in Which_the de_nsitie_s are statistically meaningful; sampl_ing broader band of density in the direction of the lone pdits
in the region outside this radius is affected by the transformation (which, of course, are not explicitly present in TIP3P water).
problems discussed above. The density band for donor neighbors has higher densities in
simultaneously make hydrogen bonds to both solute groups.the tetrahedral directions as the result of packing constraints;
Other clouds of density above and below the rings correspondthis character is emphasized by Figure 14b, where the density
to the water molecules hydrating the hydrophobic surfaces is contoured at a higher level. However, when contoured at a
consisting of aliphatic protons. The tube of density wrapped lower level, as in Figure 14a, these two clouds merge into a
around the center of the molecule in Figure 10 breaks up in to continuous donor density band, with positions directly in
more localized positions in this reference frame, generally between the tetrahedral directions being possible. This geometry
centered in positions to make optimum hydrogen bonds to the would correspond to only one donor neighbor, and an overall
hydroxyl on the reference ring. Figure 13 displays a two- coordination number of three, as suggested by Sogef more
dimensional cross section of the solvent density in a plane importance for the present discussion, however, is the complete
through the C+01—C1' atoms. The well-defined second-shell absence of significant structuring beyond the first solvation shell.
peaks, in one case quite intense, make clear the extensive-rom the two-dimensional cross section of the anisotropic
structuring imposed on the solvent. The highest intensity region density around this water molecule, shown in Figure 15, it can
of Figure 13 is “below” and between the two rings where the be seen that there is virtually no statistically significant structure
plane intersects the long density tube that runs around the centebeyond the first shell (the asymmetry of the very few other small
of the molecule. peaks indicates that they are noise). This feature is in sharp
The extensive range of the structuring imposed on water by contrast to the case for the trehalose solution with the same
sugars such as trehalose is further revealed by comparison tovater model (Figure 13), as well as for the various pentose
the amount of inherent structure found in pure water. Liquid sugars previously studi€d3>where a distinct second shell is
water retains a considerable degree of the local tetrahedralseen, with significant structuring even at much greater distances.
structure characteristic of the solid phase, although this structur-From this comparison, it is apparent that the sugars impose very
ing does not extend far out into the bulk liquid around any extensive, long-range collective structure on the solvent mol-
particular molecule as it would in the regular lattice of ice. Soper ecules. There does not appear to be any evidence that this
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those regions with a density 27% greater than the bulk density. (b) The same data as in part a, but with the solid contour enclosing regions with
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a density 35% greater than bulk. In both parts the dashed contour encloses regions of density 10% below the bulk value.
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pure TIP3P water is approximately twice the experimental
number, probably because of the less extensive structuring in
liquid water with this model, and is somewhat larger than that
found in a previous study of this water modei.6 x 10-°

cn¥? s71, apparently due to the shorter simulation time available
in our earlier simulation&8* The lower value of the water
self-diffusion coefficient found for the solution case would be
consistent with the significant solvent structuring found in the
structural analysis. The diffusion coefficient for the trehalose
solute in TIP3P water was estimated to be approximately 0.9
x 107 cn? s71, essentially the same as was previously
estimated for maltose from MD simulatiofs.Because there

is only one solute molecule, the statistical error in the solute
mean-square displacement data is much greater than for the
solvent, and the numbers for both of these sugars must be
considered to be rough estimates only.

IV. Conclusions

From the application of the present anisotropic density

Figure 15. Two-dimensional cross section of the water density around mapping procedures to the MD simulations of trehalose, it can
a single water molecule in a control simulation of pure water. Density be seen that this approach can be quite useful in mapping out
contours are at 10, 20, 50, and 90% above bulk density (solid contours) the anisotropic structure imposed on solvent water by complex
and 10 and 90% below bulk density (dashed contours). solutes. However, the procedure works best for relatively rigid
structure is that of some underlying liquid lattice, as was Solutes, and considerable information is lost when there is
suggested in early models of sugar hydrafibf internal confo_rmatlonal flexibility. The procedu_re would ap-
The water self-diffusion coefficient was estimated for both Parently be difficult to apply to large solutes, since even the
the solution and pure water simulations from the slope of the small conformational fluctuations of the fairly rigid trehalose

mean-square displacement as a function,@valuated in the resulted in the loss of considerable information. However, by
diffusive limit by taking the tangent at 65 ps. In the solution judicious placement of the internal reference coordinate system,

simulation, the self-diffusion coefficient for all of the water It iS possible to map out the local solvent structuring around a

molecules averaged together, 421075 c? s, was 20% particular portion of a larger oligomer or polymer, such as a
lower than that for pure TIP3P water, 521075 c?s%, in a single residue, as has been done for crystallographic data for

box of the same size in the control simulation. This value for @Mino acid side chains in different protein environmétts.

(81) Tait, M. J.; Suggett, A.; Franks, F.; Ablett, S.; Quickenden, P. A. (83) Sciortino, F.; Geiger, A.; Stanley, H. Bature 1991, 354, 218—
J. Solution Chem1972 1, 131—-151. 221.

(82) Mashimo, S.; Miura, N.; Umehara, 7. Chem. Phys1992 97, (84) Sciortino, F.; Geiger, A.; Stanley, H. B. Chem. Phys1992 96,
6759-6765. 3857-3865.
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Protein side chains with multiple possible conformations and observed in the present simulations does not differ dramatically
loops with alternate positions will make it difficult to map out from that of maltose or sucrose. It is possible that the small
their solvation shells with any precision. One possible approach differences found in the simulations of these sugars are sufficient
to dealing with the problem of solute flexibility would be to to account for their differing antidesiccant properties, but the
keep the solute rigid in the simulation. This approximation mechanism remains unclear. It is also possible that the close
might be acceptable for processes which are slow relative tosimilarity of the crystal hydrate structure to that in the
the time required for solvent diffusion and reorganization, simulations, with solvent water molecules preferentially oc-
particularly in cases such as when the solute has more than ongupying the same positions as the crystallographic water
conformational state, spending the majority of its time in one molecules, indicates that trehalose has a greater effect on its
or the other of the stable states and relatively little time solvent. It could also be that the rather similar hydration
converting between them. This situation might well apply to pehavior of these disaccharides is only indirectly relevant to
many of the cases of alternate side chain or loop positions.  their antidesiccant properties, as might be the case if the majority
In the application of these techniques to trehalose, it was of the effect comes from direct binding of trehalose to membrane
found that trehalose imposes considerable structure on thepeaq groups, as has been sugge%tétkrhaps the matter can
adjacent water molecules. This structure is much more exten-pe resolved through additional simulations, possibly including
sive than that found in pure liquid water, as in the cases of the sydies of sugars with only one full solvation shell or less, to
monosaccharides previously studied. Also as was found with gxamine the effects of lyophilization. It would also be quite
other sugars, this solvent structure appears to be a specifiCinteresting to perform simulations near or below the freezing
function of the chemical structure of the solute. A particularly point to determine if there is a significant restructuring of the

interesting feature of the hydration of trehalose is the band of ¢\ ent in that temperature regime as has been suggested by
solvent density running around the middle of the molecule, gait4 et a7

centered on the glycosidic linkage and made up of water
molecules interacting with both rings. However, none of the
present results suggest a clear-cut reason why this sugar shoul%
be more effective in controlling adjacent water molecules than
other sugars. In particular, the general hydration behavior JA970798V
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