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Abstract—We present calculated potential of mean force surfaces for rotation about ¢, i dihedral angles of the o(1«>1)a-glycosidic
linkage in the disaccharide trehalose (a-D-Glc-(11)-0-D-Glc) in both vacuum and aqueous solution. The effects of aqueous solvation
upon the o1 1)a-glycosidic linkage are investigated through comparison of the vacuum and aqueous solution free-energy surfaces.
These surfaces reveal that trehalose is restricted to a single minimum-energy conformation in both vacuum and solution. The excep-
tional rigidity of this disaccharide in solution may provide a molecular rationale for the antidesiccant properties of trehalose glasses.
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1. Introduction

The non-reducing disaccharide a,a-trehalose (a-p-Glcp-
(11)-0-p-Glcp) is of interest principally because it is
the most potently active cryoprotective and antidesic-
cant disaccharide known. It is the major blood sugar
in most insects and is found in large concentrations in
a variety of organisms adapted to periods of cold and
drought, such as Baker’s yeast.

The a,0-trehalose disaccharide is naturally far more
abundant than its o,p-trehalose and B,B-trehalose iso-
mers and will be referred to here simply as trehalose.
The glycosidic linkage conformation in trehalose is de-
scribed by the ¢ and  dihedral angles, though in this
case the two angles are symmetrically equivalent. This
disaccharide is relatively rigid, as the combination of
two axial bonds together with the close proximity of
the hydroxymethyl groups drastically reduces the con-
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formational space available to its glycosidic linkage.
Further, o,a-trehalose has a significantly higher glass-
transition temperature at all water contents than other
disaccharide-water systems.! Crystal structures™® and
solution experiments*® have shown trehalose to adopt
a single conformation. This is supported by several com-
putational studies, particularly Molecular Modelling
adiabatic map calculations’ '° and Molecular Dynamics
simulations of trehalose in aqueous solution.” '* Experi-
ment and computer simulations have shown trehalose
to affect the hydrogen-bonding network of the sur-
rounding water molecules.”!> A study by Englesen
et al. found that the hydration states of trehalose in
the solid and liquid state were similar.'® The molecular
mechanism behind the antidesiccant properties of treha-
lose has still to be established, though a recent hypoth-
esis on the basis of the available experimental evidence
suggests a gradual formation of dihydrate trehalose
crystals followed by final dehydration.'®

Theoretical calculations in the form of Ramachan-
dran, or adiabatic, contour maps of the conformational
energy as a function of the glycosidic torsion angles, ¢
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and y, are often used to assess the conformational space
of disaccharides'” ' and have been shown to be use-
ful for estimating polysaccharide conformation.*'®
Though adiabatic maps are useful in this regard, ulti-
mately an investigation of the effect of solution on the
glycosidic linkage is required. Potential of mean force
(PMF) calculations for a glycosidic linkage provide a
complete description of the preferred conformation
and the structural fluctuations that a disaccharide is
likely to undergo. If glycosidic linkages are assumed to
operate independently of each other, a 2D PMF for
the glycosidic linkage in a disaccharide will also provide
all the information required to determine the average
chain conformation of a homopolysaccharide, as well
as the dynamic behaviour of the chain.!” In addition,
if performed in solution, PMF calculations reveal the ef-
fect of solvent on the properties of the linkage (Fig. 1).

Though valuable, PMF calculations in solution are
rarely undertaken because of their computational com-
plexity and the time required to average over all solvent
and solute configurations. We have recently developed
an adaptive umbrella sampling protocol for calculating
free-energy surfaces for dihedral rotations.”! Here we
use this method to calculate two-dimensional ¢, Y po-
tential of mean force energy surfaces for the trehalose
in both vacuum and solution. In addition, novel one-
dimensional free-energy surfaces for rotation about the
o(l—1)a glycosidic linkage were calculated from the
2D ¢, Y PMFs. Free-energy surfaces for the glycosidic
linkage in trehalose establish the minimum energy con-
formation and the entire range of mobility of this dis-
accharide in solution, and hence may facilitate
understanding of the molecular and thermodynamic ori-
gins of its cryoprotective properties.

Figure 1. A minimised three-dimensional structure of the a,a-trehalose
disaccharide, showing the atomic naming scheme.

2. Computational methods

The principal degrees of freedom for trehalose are the
symmetrically equivalent torsion angles, ¢ = H-1-C-1-
0-1-C-1’ and ¢ = C-1-O-1-C-1'-H-1’. These defini-
tions for ¢ and i are analogous to ¢y and Yy in
TUPAC convention. In this work, a further dihedral, t,
is defined as: T = H-1-C-1-C-1'-H-1". This non-IUPAC
dihedral angle describes rotation about a virtual C-1-C-
1 bond. The value of 7 is simply the sum of ¢ and ¥ and
it is thus a one-dimensional measure of the relative ori-
entation of the glucose subunits involved in the glyco-
sidic linkage.

The 2D ¢,  PMF for trehalose in vacuum and solu-
tion was calculated using an iterative adaptive umbrella
sampling method.?! The 360° x 360° umbrella potential
surface for the two glycosidic linkage dihedral angles
was represented as a two-dimensional grid of points,
with a grid separation of 2.5°. At each integration step
of a simulation, the biasing potential energy to be applied
to the current ¢, Y position was calculated from a cubic
spline of the umbrella energy surface. After each simula-
tion, a two-dimensional ¢, { distribution histogram was
calculated by summing the number of configur-
ations in each 2.5°x2.5° bin over the production
phase of the trajectory. The Weighted Histogram Analy-
sis Method (WHAM) was then applied, using a tolerance
value of 0.001, to obtain an optimum combination of the
all the simulations distributions and thus the next esti-
mate of the PMF. This PMF surface was extrapolated
into unexplored regions by setting unsampled bins to
the maximum value of the sampled bins. The resultant
PMF surface was smoothed three times. Subsequently,
regions in the 2D ¢, y PMF associated with high-energy
steric clashes of the atoms were removed. This was done
by setting any bin in the PMF with an energy value great-
er than a predetermined cut-off of 20 kcal/mol to the cut-
off value. The umbrella potential for the next simulation
was set to the negative of this PMF estimate.

Each umbrella simulation began with an equilibrium
phase of 500 ps, followed by a production phase ranging
from 2 to 20 ns in length. Only the production phase was
used to calculate the simulation distribution. Successive
simulations in a series were gradually run for longer
periods as the PMF estimates improved and more of
the phase space was explored. The first simulation in
each series was started from a minimised and equili-
brated coordinate set and performed with a flat umbrel-
la potential surface. Subsequent simulations were begun
from the final conformation of the previous simulation,
to facilitate gradual exploration of the whole of conform-
ational space. After every eight simulations, the next
simulation was begun from the original equilibrated
starting configuration. Convergence of the whole adap-
tive umbrella sampling procedure was defined to occur
when, for a single simulation, every bin k in #;; in the
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¢, ¥ range of interest was occupied at least once. Up to
200 simulations were used to obtain the final PMF, but
at any time not more than the latest 50 distributions
were used to estimate the next PMF; earlier simulations
were gradually discarded as new, more extensive distri-
butions were produced. A total of approximately
500 ns of simulation time was required to produce each
of the final PMF surfaces. The 1D t PMF for trehalose
was calculated by summing all the contributing ¢,  pair
populations (obtained from the 2D ¢, y PMFs) for each
7 value. The © PMF was then calculated from the
normalised 7 population distribution.

2.1. Simulation conditions

Molecular dynamics simulations were performed using
the program CHARMM? (version 27b1), with modifi-
cations incorporated into the USERE module in order
to implement both the two-dimensional adaptive
umbrella sampling PMF calculations and the stretching
simulations. The CSFF carbohydrate parameter set’!
for the CHARMM force field was used to represent
the carbohydrate molecules in all the simulations. The
TIP3P model was used to represent water.

For the solution simulations, the trehalose disaccha-
ride was placed in a previously equilibrated cube of
512 TIP3P waters. Solvent water molecules that over-
lapped with the solute molecule were removed and the
system was equilibrated for 500 ps. The solution simula-
tion surrounded the trehalose disaccharide with 489
TIP3P water molecules® in a cube of length 24.64 A.
This gives a density of 1.013 g/lem®. The cube was sub-
jected to minimum image periodic boundary conditions
to eliminate edge effects.

Initial velocities for the atoms were selected at ran-
dom from a Boltzmann distribution at 300 K. All simu-
lations were performed in the canonical ensemble
(constant n, V, T), using stochastic Langevin dynamics
with a frictional coefficient of 62.5 to maintain a con-
stant temperature of 300 K. The equations of motion
were integrated using a Leap-Frog Verlet integrator”
with a step size of 1fs. The SHAKE algorithm® was
used to fix the length of bonds involving hydrogen
atoms and the water molecule geometry throughout
each simulation. Non-bonded interactions were trun-
cated using a switching function applied on a neutral
group basis between 10.0 and 12.0 A. The groups corre-
sponded to electrically neutral collections of atoms in
the carbohydrate molecules and entire water molecules
for the solvent.

3. Results and discussion

The vacuum PMF for trehalose, shown in Figure 2a, has
a symmetrical shape similar to published adiabatic maps,
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Figure 2. Contoured ¢, y free-energy surfaces for trehalose (a) in
vacuum and (b) TIP3P water solution. In each case, contours appear at
1 kcal/mol intervals above the global energy minimum, to a maximum
of 12 kcal/mol. Contours higher than this are not shown. The 1 kcal/
mol contour is shown as a dashed line.

the diagonal symmetry of the map being a consequence
of the molecular symmetry. The global energy minimum
is a gauche conformation situated at ¢, = —40.0°,
—42.5° on the vacuum map and ¢, Yy = —45.0°, —45.0°
on the solution map. Crystal structures of trehalose show
an asymmetric extended gauche conformation with ¢,
Y = —58°, —45° which is stabilised by an 0-6-0-2'
hydrogen bond with the primary alcohols in gz confor-
mations.”® Experiments in solution have revealed similar
gauche conformations: optical rotation experiments
show ¢, Y = —60°, —60° + 5°*° and NMR proton—carbon
coupling measurements have ¢, y = —41°, —41° +5°°
Therefore, the global minima for both the vacuum and
solution PMFs are in the region of the crystal and solu-
tion structures. Adiabatic maps calculated for trehalose
using the MM3® and MM2CARB’ force fields as well
as quantum mechanical methods*® have also identified
this region as the global energy minimum.

However, both of the previously published adiabatic
map calculations using CHARMM force fields™'° con-
tradict experimental data in identifying a trans global
minimum-energy configuration near ¢, y = 60°, 60°. In
particular, the minimum energy structure identified
using the HGFB force field had the primary alcohols
in the trans zg conformation.’ As the HGFB force field
has been shown to favour the rg conformation,®' this
suggests that accurate parameterisation of the primary
alcohol is necessary for identification of the correct glo-
bal energy minimum in trehalose. The quantum
mechanical study by French et al. calculated the energy
difference between the gauche and trans conformations
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Figure 3. PMF surfaces for the o,a-trehalose t dihedral in vacuum
(dotted line) and solution (solid line) obtained from the ¢, ¥
populations. The graphs are shown relative to their global energy
minima, with the energy in kcal/mol.

to be 5-7 kcal/mol.?® This is in agreement with the vac-
uum PMF surface shown here, which has a gauche—trans
energy difference of 7 kcal/mol. However, the valley at
approximately ¢, ¥ =0°, 0° is 8 kcal/mol higher than
in the French et al. study.

The solution and vacuum PMFs calculated here for
trehalose are remarkably similar. The glycosidic linkage
conformation of trehalose is largely unaffected by the
surrounding water molecules. This is in contrast to the
(1—4)-linkage in the maltose (4-O-a-D-glucopyranosyl-
D-glucopyranose) and dixylose disaccharides (4-O-o-D-
xylopyranosyl-a-p-xylopyranose).>” ! In fact, the water
solvent actually favours this conformation, as can be
easily seen in a comparison of the 1D © PMFs for solu-
tion and vacuum shown in Figure 3. Solvation increases
the preference for the central energy region by raising
the energy of the high valleys at ¢, ¥ = 30°, 30° and ¢,
Y = 65°, 65°. These more compact conformations are
sterically strained and their stabilising interresidue
hydrogen bonds are disrupted by the aqueous solution.
Trehalose is thus quite rigid in water. This results in
the location of the oxygen atoms being essentially fixed
in relation to one another, which may result in the struc-
ture that MD simulations have shown trehalose to
impose on the surrounding water solution.’

4. Conclusions

We have presented complete free-energy surfaces for
rotation about the trehalose a(l<1)a linkage in both
vacuum and aqueous solution. These reveal that global
energy minimum found for the trehalose disaccharide
has the same location in vacuum as in solution. Encour-
aging support for the correct parameterisation of the
hydroxymethyl dihedral angles is given by the fact that
this is the first CHARMM force field to produce a mini-
mum-energy conformation in agreement with crystal
structures and NMR solution experiments. Trehalose
is shown to have a very limited range of motion about
the minimum-energy conformation in both vacuum
and solution. Comparison of the solution and vacuum
PMFs showed that aqueous solution restricts the low-

energy conformations for trehalose. This rigidity in solu-
tion may result in the high glass-transition temperature
and marked antidesiccant properties of trehalose.
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