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To resolve controversies over the intrinsic shape of the disaccharidérehalose and the magnitude of
solvent effects, energy surfaces have been computed at different levels of molecular orbital and density
functional theory. All quantum mechanical (QM) levels agree that the gauche linkage conformations observed
by experimental crystallographic and solution studies aré kcal/mol lower in energy than that of the trans
shape. This is quite different than the findings of the two most recent classical force field studies. In those
projects, the trans shape was preferred by 3.3 kcal/mol, and it was inferred that a strong solvent effect was
responsible for the gauche experimental conformations. In the QM work, a strong solvent effect is not needed
to explain the preference for the gauche form because the trans shapes already have higher energy. A QM
continuum model of aqueous solvation has only small effects on the torsional energy surface. The best
rationalization of 24 values of the linkage torsion angles from small-molecule crystal structures is provided
by HF/6-31H1+G**//B3LYP/6-31G* theory, a level that under-predicts the strength of hydrogen bonds.

Introduction on Nomenclature in Methods, Table 1, and Figuré3* The
lowest value of eithey or ¢' in crystalline trehalose moieties
is 45, in a salt complex of allo-trehalogeThe highest is 91

in a heavily derivatized exampté.A crystalline complex of
trehalose with maltopori, a cell-wall protein, is an exception,
with reported¢ and ¢’ values of about 123 Estimates have
also been made by NMRand optical rotatioR’ Those solution-
phase results are consistent with the small-molecule crystal
structure results. Except for the protein complex, all of the
observedy and ¢’ values are consistent with ordinary exo-
anomeric effects. Interestingly, the geometries from small

The chemically symmetric disaccharidgo-trehalose d-p-
glucopyranosyl-(1,1}-b-glucopyranoside, Figure 1), is one of
three trehalose isomers. Thea-isomer, being dominant, is
often simply called trehalose. It is the primary energy storage
for some insecfsand is found in the “honeydew” produced by
insects such as aphids and white flies. While honeydew is a
cause of “sticky cotton” that disrupts the spinning of cotton
yarns, trehalose is often thought of in a positive way, being a
natural protector against freezing and drought sfré€xiginally
called mushroom sugar, or mycose, it has been exploited for L . .
testing theories about sweetndsk. is also of fundamental molecule crystals do not permit interresidue, mtramolecqlar
theoretical interest, having seven alternating carbon and oxygenh_ydrogen. bonds that are often found for other crystalline
atoms in the sequence of atoms that contains the inter-ring, disaccharides.
g|ycosidic |inkage bonds. In that sequence, there are four Theoretical calculations have also been employed. Because
different torsion angles to which the general anomeric effect biological tissues that contain water benefit from the cryopro-
should app]y Because five of the seven atoms are involved in tective and antidesiccative properties of trehalose, three different
more than one EO—C—O torsion angle there is some interest groups have used solvated molecular dynamics to learn how
regarding the ideal values of these torsion angles and theirtrehalose interacts with surrounding wet@f?%° The first
conformational energy profil€ss molecular dynamics studies, by Donnamaria et al., had most

Trehalose has been studied previously with several methods.frequent¢ and ¢ values of 93. Even though they did not
There is agreement on its conformation in small-molecule contrast their solution phase results with a vacuum-phase
crystals. All of the 24 available linkages in such crystals of analysis, they conjectured that the water lattice might be
trehalose itself, its complexes, derivatives and variants have responsible for the simulated and observed trehalose conforma-
gauche (roughly 60 values of thep and¢' torsion angles O-5 tions.

C-1-0-1-C-1' and O-5—C-1'—0-1—-C-1. (See the paragraph Two more recent studié®®® did include analyses of the
vacuum phase. Unlike the gauche conformations,(66°,2°
*To whom correspondence should be addressed. Southern Regionalgnd 56, 65°30) found in their solvated dynamics studies, a trans
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Figure 1. Drawings of various conformations discussed in the text, optimized by B3LYP/6-31G* theory at the cited grid points. The intra- and
interresidue hydrogen bonds are shown as gray and heavy black dashed lines, respectiveiH-AlDCangles exceed 90Also shown are the

glycosidic angles. (a) The TGRTGC structuregaty’ = 180°, 180, proposed to be the global minimum by Liu et?&land by Engelsen and

Peez3° Carbon atoms and some oxygen atoms are labeled. The-eaoceptor chain of hydrogen bonds is of particular interest. (b) The GTXGTX
structure in thep, ¢' = 60°, 60° shape, near the global minimum for several maps. The oxygen atoms are labeled. (c) The GTXGTX structure in
the 120, 12C¢° shape. The proposed long range-hydrogen bonds are indicated by the heavy dashed lines. The oxygen atoms are labeled. (d) The
GTXGTX, 80, 160 structure that gave the lowest B3LYP/6-31G* energy for any gridpoint. The-@42-0-5 distance (3.59 A) is lengthened

by the torsional rotations from the 120120 structure. That longer distance is shown by the thin black dashed line, while its counterpart O-2-
H---O-5 distance, 1.71 A, is indicated by a thick black dashed line.

that there is a large effect of water on the conformation of surface, the trans structure was predicted to be higher in energy
trehalose, i.e., that the intermolecular hydrogen bond of the transby more than 10 kcal/mol, a result that is remarkably different
form would be broken if the molecule were put into water from from the newet®3° predictions. Although solvent was not
the gas phase, and the molecule would then assume the gauchexplicitly included in our work, a dielectric constant of 4.0 had
shape. With alternative intermolecular hydrogen bonding op- been used to approximate the effects of a condensed-phase
portunities in solution, there would be no energy penalty for environment, instead of a vacuum. That dielectric constant,
breaking the O-20-2 hydrogen bond, the major stabilizing instead of the value of 1.5 used for vacuum studies with M3,
factor for the trans structure. In fact, because the 3.3 kcal/mol reduced the strength of a hydrogen bond to about 2 kcal/mol.
of stabilization for the trans shape is less than that provided by This has been useful for predictions of condensed phase
an intramolecular hydrogen bond, there would be some degreeconformations when isolated molecules are the basis for
of strain that would be relieved by a transition to the gauche calculations®® Another difference between our prior work and
form once the hydrogen bond was broken. the two most recent studies was that we did not consider the
The inferred solvent effect was supported by analysis of the “forbidden™*tg (trans to O-5, gauche to C-4) conformation of
solvated dynamics trajectories, where a water molecule wasthe primary alcohol group. That orientation allows O-6 to be a
bridging and further stabilizing the two residues of the disac- distant part of the hydrogen bonding network that stabilizes the
charide in the gauche form 48% of the tiffén some instances,  trans linkage conformation.
the bridging water was positioned similarly to the arrangement  These issues of O-6 orientation and dielectric constant are
in crystalline trehalose dihydraté.One way for the gauche  not insignificant, but more of the discrepancy between the
torsion angles to occur in crystals of even anhydrous trehlose studies resulted because different empirical potential functions
would be for chaperone water molecules to deliver the trehalosewere used. Liu et al., and"Re and Engelsen, used the all-
to the crystal surface in the gauche conformation, leading to atom CHARMM-type potential for carbohydrates of Ha e®all.,
crystal growth in the conformation of the otherwise secondary our previous work used Allinger’s (all-atom) MM3 potential,

energy well. and Donnamaria et al. used the united-atom GROMOS force
A decade ago, our classical modeling studfigmd given a  field.36 Unlike the other workers, Donnamaria et al. kept the
global minimum for trehalose withh and¢’ values of 73, i.e., pyranose rings rigid and used no potential terms forgitaand

in the midst of the observed gauche shapes. On that energyy’ torsions. The Ha et al. potential uses the same torsional
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TABLE 1: Crystal Structure Results for Trehalose

refcode ref ¢ ¢ compd
ALTRCA 7 45.1 57.1  a-bp-Allopyranosyla-p-allopyranoside calcium chloride pentahydrate
BABHUH 8 62.7 85.9 60-Acetyl-2-azido-3,4-di©-benzyl-2-deoxye-D-glucopyranosyl-2,3,4,6-teti@-acetyl-a-p-
mannopyranoside
DBTRHA 9 77.4 80.6 6,6Dibromo-6,6-dideoxy«,o-trehalose-hexa-acetate chloroform solvate
DBTRHA 79.5 73.7
DEKYEX 10 60.1 60.8 o,0-Trehalose
DUHXEJ 11 73.7 79.5 a,0-(2,3,4-Tri-O-methyl-6-methanesulfonyl)-glucopyranosylt(2',3,4'-
DUHXEJ 80.0 91.4 Trio-methyl-6-methanesulfonyl)-glucopyranose
HIDRIV 12 72.6 72.6 3,34,4-TetraO-benzoyl-2,2,6,6-tetradeoxye,a-ribotrehalose
HIVSEK 13 76.0 63.8 6,6Ditosyl-a,a-trehalose methanol solvate monohydrate
HIVSEK 77.3 67.0
LESZAK 14 83.0 89.1 2,23,3-TetraO-acetyl-4,4,6,6-tetradeoxye.,a-xylotrehalose
LETTEJ 4 64.5 75.6 3,3Dideoxy-a,a-arabino-trehalose monohydrate
LINNUR 15 64.9 57.3 3-G-Benzoyl-4,6:4,6'-di-O-benzylidene-2,2dideoxy-a,a-ribotrehalose
LINPAZ 16 81.3 84.4 2,23,3-TetraO-benzoyl-6,6-dideoxy-4,4-di-O-mesyl-6,6-dithiocyanatoe,a-trehalose
TRECAB 17 77.0 77.0 a,a-p-Trehalose-calcium bromide monohydrate
TREHALO1 18 61.8 74.9 a,a-Trehalose dihydrate
WERPEO 19 77.2 81.7 22 3-TetraO-acetyl-6,6-dichloro-4,4,6,6 -tetradeoxyet,a-trehalose
WERPEO 73.6 83.3
YODSOZz 20 77.3 77.3 4.4,68-Tetrachloro-4,46,6-tetradeoxye,c-galacto-trehalose
YOXFOG 21 74.7 75.5 a,a-Allo-trehalose trihydrate
YOXFOG 73.1 74.8
YOXFUM 22 66.3 62.4  o,0-Galacto-trehalose
8ACEAC? 23 79.5 77.7 Trehalose octaacetate ethyl acetate solvate
8ACETOH 24 76.4 80.2 Trehalose octaacetate ethanol solvate

protein complex

IMPQ 25 122.0 124.0 o,0-Trehalose in complex with maltoporin

aRefcodes for these compounds were not available.

parameters for all €0 single bonds, whereas MM3 uses as described in the Introduction, and the other sugars mentioned,
distinct torsional parameters for—-@ bonds in anomeric  occur naturally with their pyranosyl residues in the&onfig-
sequences. uration. However, the results for comparable analyses in a
The purpose of the present paper is to shed further light on parallelL-universe would be identical except for changes in sign
the conformation of the global minimum structure for the of the torsion angles, so the specific configurations are not
isolated trehalose molecule and thus on whether the experi-mentioned repeatedly.
mentally observed shape results from a large solvent effect. To  Calculations. It has previously been noted that there is a
accomplish this, we have resorted to ab initio and density sypstantial dependence of relative conformational energies on
functional quantum mechanical (QM) levels of theory. Until the |evel of theory employed in QM calculations on glucése.
now, these time-consuming methods have not been used toyjj Ma, and Allinger proposed that, when selecting a QM level
construct energy surfaces for disaccharides. Earlier, we hadof theory for monosaccharides, an important criterion is the
studied an analogue of trehalose based on the tetrahydropyraorrect reproduction of the energy of hydrogen bonding for the
rings of the disaccharide (THFO—THP) 3" Atthe HF/6-31G* water dimer® They found that geometry optimization with
level, its trans conformation was disfavored by about 9 kcal/ B3| yp/6-31G* theory gives reasonably good structures, but it
mol. That agreed with earlier PCILO semiempirical QM results gyerestimates the hydrogen bond stabilization. Enthalpies of
for the same molecule by Tvaiasand Valavik.° Thus, adding  water dimer formation were 7.7 kcal/mol, some 50% larger than
the exo-cyclic groups to the backbone would have to lower the 5 reasonable value. With diffuse functions and a larger basis
energy of the trans structure by about 12 kcal/mol relative to get e g., the B3LYP/6-3H1+G** level, most of the basis set
the energy of the gauche form to give a surface comparable t0gyperposition that causes this error is avofddalit energy
the vacuum surfaces based on the Ha et al. potefiidSome  minimization is very time-consuming. Therefore, we first
of our other prior work showed that the changes to the torsional optimized the geometry with B3LYP/6-31G* theory, holding
energy surface were minimal when the contributions from the oy ¢ and ¢' constant. We then carried out a single-point
exo-cyclic groups were added by means of a hybrid QM/MM - caiclation of the B3LYP/6-31t+G** energy, a method that
method:? However, none of the prior studies used purely QM gjyes a water dimerization energy of 5.0 kcalimol. Lii, Ma and
models to address the intrinsic conformation of trehalose with ajjinger showed that such B3LYP/6-3%HG**//B3LYP/6-

all its exo-cyclic groups. Here, we use QM levels of theory 10 31Gx energies for monosaccharides were reasonably similar to
make energy surfaces for functionally complete trehalose. the fully optimized B3LYP/6-314+G** values. Momany and
Willett also found that geometric differences were generally very
Methods small between the structures of the disacchamidraltose that
Nomenclature. Carbohydrate nomenclatdfds used, with were optimized at the B3LYP/6-31G* and B3LYP/6-31:+G**
the anomeric centers being labeled C-1 and Gespectively levels of theory*? To test our prior observations that reduced
and the ring heteroatoms labeled as O-5 and .QA\Bo, as is hydrogen bonding strength in gas-phase calculations is useful
common in structural descriptions of carbohydrates, gauche andfor predicting condensed phase structi¥esere we also apply
trans are used instead of syn and anti, respectively. Trehalosea level of theory that predicts hydrogen bonding to be somewhat
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too weak. HF/6-311++G** calculations give an energy of water  the resulting surface is symmetric. This combined surface is
dimerization of 3.5 kcal/mol for the B3LYP/6-31G* geometry. one that we discuss below.
The QM calculations were done with Jagdarusing the Another starting arrangement of the exo-cyclic groups (Figure
standard termination criteria. The torsional potential energy 1b) was chosen based on observations of glucose nfédeis
surfaces were generated from the individual points using the crystal structures. Both glucose residues in this second set of
contouring program, SURFER. structures have the same arrangement of the exo-cyclic groups,
Starting Structures. Two characteristics of trehalose reduce with O-4—H and O-3-H oriented to point reverse-clockwise.
the number of initial structures that must be evaluated by QM However, the O-2H groups are oriented trans to C-H,
calculations to obtain a representatwand¢’ energy surface. allowing donation of the O-2H proton to the glycosidic oxygen
The first trait is the small size of its accessible conformational atom, as well as reception of the proton from O-3. We call this
space according to our earlier work. Therefore, we only ysed the “X” arrangement of the hydroxyl groups. Of the crystal
and¢’ values from 20 to 20C°. With 20° increments, there are  structures in Table 1, trans values of the &2—0-2—H torsion
100 points to be calculated, about 30% of what is required for angle occur for nine of the 16 equatorial G- groups. The
most disaccharides. primary alcohol groups are positioned gauche to O-5 and trans
The second expediting trait of trehalose is its internal C to C-4 (the gt orientation), and the O6 hydroxyl hydrogen is
molecular symmetry which reduces the number of unique Pointed toward the ring oxygen atom. O-6 is frequently found
structures that must be studied. Large differences in the in the gt conformation by experiment. After minimization of
calculated energy can result from changing the orientations of this structure (denoted GTXGTX) and the TGCTGR structure
the rotatable groups, which may or may not indulge in various at the B3LYP/6-31G* level, each glucose residue was rigidly
intramolecular hydrogen bond%46 Trehalose has 10 rotatable rotated in 20 increments to every one of th¢ and ¢’
groups, so finding the lowest-energy arrangement is a challenge conformations between 2@&nd 200.%¢ These structures then
especially so because different arrangements of the exo-cyclicserved as the starting geometries used for the maps shown in
groups are optimal for different and¢' points. Brute force ~ Figures 2 and 3, below.
examination of all possibilities at the QM level is currently Six more sets of starting geometries were used. In two sets,
impossible, and some shortcuts are needed to make a reasonabtée difference from the TGRTGC and GTXGTX sets above was
approximation to the adiabatic surface. By exploiting the that the geometry at eaghand¢' point was optimized with
symmetry, the impact of the shortcuts can be diminished in two AMBER* 4° in MacroModel’s batchmin 7.1 progratbefore

ways. carrying out the QM calculations. The remaining four sets were
If starting geometries of both individual monosaccharide rings based on searches with MM3 calculati®hand others using

are identical, then for example, the energy o= 80° and¢’ the AMBER* potential energy function in MacroModel. Similar

= 160, will be identical to the energy fap = 160° and¢’ = methods to select structures for subsequent QM calculations

80°. Thus, it is only necessary to calculate the energy for one have been used by McCarren et al., for monosacchatfdes]
member of such pairs, plus the structures wt ¢'. For our by Csonka and Sosa who did some HF/6-31G* calculations on
100 point surface, only 55 calculations suffice. Alternatively, trisaccharide$® However, the use of these techniques at each
if the two monosaccharide residues have different rotating group Point on a¢, ¢' map for a disaccharide is apparently novel.
orientations, then all 100 points must be calculated because the These four searches used models with initial glycosidic bond
resulting energy surface will be asymmetric. In this case, the angles of 150. One set was derived by combined low-mode
benefit of symmetry is that another surface can be generatedand Monte Carlo multiple minimum conformational searching
by just interchanging the values ¢fand¢'. Given the limited (LMCS and MCMS) in a vacuum using MacroModel and the
conformational space and the symmetry, a study,eftrehalose AMBER* potential and a dielectric constant of 1.0. The
requires about one-sixth of the calculations needed for most structures chosen for QM calculations had the lowest AMBER*
other disaccharides of glucose. energy after searches at each of the 55 unifgye points. Three

To determine whether the gauche or trans form is at the global Other sets of 55 structures were taken from geometries supplied
minimum in energy with a limited number of starting structures, by the rules-based conformational generator in ChePi-X.
it is essential to include the one that best stabilizes the transEnergies for 83 different geometries were calculated with MM3
conformation in the work of Liu et & and by Engelsen and  at dielectric constants of 1.5, 3.5 and 7.5, and the structures
Paez3 That structure (Figure 1a) has its primary alcohol groups having the lowest minimized energy at thiatg' point at each
in tg orientations and the secondary hydroxyl groups on the dielectric constant were then used as input for the QM
left residue in the reverse-clockwise (“R”) direction, making a calculations. These six individual maps are not shown as they
crown of hydrogen bonds around that glucose ring. Thus, are roughly similar to those from the first two starting structures.
0O-4—H points to O-3, and O-3H points to O-2, whereas The final energy surfaces (Figures 4 and 5, below) are based
0-2—H points at O-20n the other residue whemand¢' are on the lowest energy at eagh ¢' point fromany surface, i.e.,
trans. (This definition of reverse-clockwise depends on the after consideration of the eight calculated values. Each set of
glucose ring being in the standard viewing orientation with the starting models contributed to one or more of the final maps,
C-5—0-5 bond at the back, and C-1 on the right.) The hydroxyl except for the structures selected by MM3 at a dielectric constant
groups on the other residue are oriented clockwise (“C"), of 7.5.
forming the alternative crown. This Starting structure is denoted Energies for the THPO—THP ana|ogues were also calcu-
below as TGRTGC. In this model, a doreacceptor chain of  |ated at the same levels of theory. These surfaces (hot shown)
hydrogen bonds spans the entire molecule from one primary were all very similar to those from our HF/6-31G* calcula-
alcohol group to the other. tions3” with discrepancies in their low-energy areas limited to
The symmetry-related surface for the asymmetric TGRTGC about 0.5 kcal/mol. Solvation energies calculated with the
structure is for a TGCTGR structure. When the lowest energy SM5.42R modéP were evaluated at the HF/MIDH level of
for each¢ and ¢' value is taken, regardless of whether the theory. The surface for the relative energy of solvation for the
TGCTGR or the TGRTGC structure furnished the energy value, TGRTGC/TGCTGR structures is shown below in Figure 6.
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Results and Discussion

The B3LYP/6-31G* energy surface for the TGRTGC/
TGCTGR starting models is shown in Figure 2a. The trans
structure is higher in energy than the gauche conformation by
about 2.2 kcal/mol. This is in contrast to the previously reported
CHARMM conformational energies, where the value for trans
was lower than for gauche by 3.3 kcal/m®F°B3LYP/6-31G*
theory exaggerates hydrogen bonding energy. As the hydrogen
bonding strength decreases (Figure 2b and 2c) the relative energy
of the trans form increases, and it is about 4.8 kcal/mol above
the global minimum on the HF/6-3%#HG** surface (Figure
2c.) Therefore, at least with these three levels of theory and the
TGRTGC and TGCTGR starting geometries, the proposed trans
conformation is not the global minimum. Instead, the region
(80, 8¢, a gauche conformation) of the experimental structures
has the lowest energy.

On Figure 2a, the additional minima at about 1490° and
90°, 140 result from interresidue hydrogen bonds from O-2 to
O-5 or O-2 to O-5. As the strength of the hydrogen bonds
decreases (Figure 2b and 2c), these minima also take on higher
relative energies and become less important relative to structures
such as the gauche forms that have no hydrogen bonding.

The maps for the GTXGTX exo-cyclic arrangement (Figure
3) give much higher relative energies for the trans structure,
about 18 kcal/mol above the global minimum. The optimized
trans GTXGTX structure has an interaction that looks like a
cyclic hydrogen bond between O-2 and Q-But the H--O
distances are long (2.49 A). This particular, artifactual, inter-
action may have prevented relief of stress during energy
minimization. The very large glycosidic bond angle, 128i8
consistent with severe stress. Other models at thé&, 1R
point had smaller, although still distorted, glycosidic angles of
about 128, and the THP-O—THP analogue had a glycosidic
angle for the same conformation of 119.1

Unlike the TGRTGC/TGCTGR surfaces in Figure 2, there
are two regions on Figure 3 that have minima of less than
1 kcal/mol for all three levels of calculation. One is the gauche
region with ¢, ¢’ values centered, in this case, at about, 70
70°. The other is a previously undiscussed minimum, centered
at about 115 115. That new region is preferred on Figures
3a and 3b, which are based on the levels of theory that give
higher-strength hydrogen bonding. At the 12020 point
(Figure 1c), the O-2H---O-5 distances are 2.64 A, and the
O—H---O angles are 1£0Both O-6 atoms are also oriented to
be acceptors for O-2H, although the O-2H---O-6 distances
are even longer, 2.96 A. Although such-HD distances are
longer than those usually considered to correspond to hydrogen
bonds, these four interactions apparently stabilize thé, 120¢
structures in the QM calculations. This extended reach of the

<'>'C1—O1—C1'—O5'

C1-01-C1-05"

hydrogen bonding forces in that conformation was surprising,

but corroborates a conclusion from analysis of cellobiose crystal
structures’ In that analysis, the 0-30-5 hydrogen bonds
were always accompanied by the gt orientation of ' Ofat
conformation allows an additional, bifurcated ©-8-6 liaison

for many cellobiose structures, even though the distances
involved are often quite long.

It is instructive to compare the TGRTGC/TGCTGR and
GTXGTX surfaces in the 1T5 115 region. The 1 kcal/mol
contour surrounding the 115115 conformation in Figure 3a
is very extended. On the other hand, minima at°140° and
90°, 140 are the only fragments of that region on Figure 2a.
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Figure 2. Energy surfaces for the TGCTGR/TGRTGC structures with

The 120, 120 points in Figure 2 have relative energies of about  coniours at intervals of 1 kcal/mol. Calculated at (a) B3LYP/6-31G*
4 kcal/mol, regardless of the QM method. This is similar to the theory, (b) B3LYP/6-31%+G**//B3LYP/6-31G* theory, and (c) HF/

values of about 4.5 kcal at the 12027 point on the surfaces

6-311++G**//B3LYP/6-31G* theory.
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Figure 3. Energy surfaces from using the GTXGTX starting structure
with contours at intervals of 1 kcal/mol. Calculated at a) B3LYP/6-
31G* theory, b) B3LYP/6-311+G**//B3LYP/6-31G* theory, and c)
HF/6-31H-+G**//B3LYP/6-31G* theory.
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for the THP-O—THP analogues, which have no hydrogen
bonding abilities. The “R” orientations of the O-# groups
in the TGRTGC/TGCTGR models do not permit formation of
a hydrogen bond to O-5 atoms in the other residue. If-€H2
rotated during minimization to be trans to the methine hydrogen
on C-2, converting to the “X” arrangement, then it could make
a hydrogen bond as found in the GTXGTX structures at’120
12C¢°. Energy minimization does not cause that rotation to
spontaneously occur at the £2A2C point, but it does occur
at 140, 10C°, giving the ear-like shapes in Figure 2a. The
formation of the second O-2-0O-5 bond, as found in the 120
120° GTXGTX models, would require the unlikely disruption
of the clockwise hydroxyl arrangement on the other residue.
Neither of the O-2-0-6 interactions is possible when O-6 is
in the tg position.

Some stress within the 120120° conformation is indicated
by the moderately large glycosidic bond angles of 11%a2
the GTXGTX disaccharide, 119 4or the TGRTGC model,
and 118.8 for the THP-O—THP analogue. In contrast, the
glycosidic angle is only 115?Ifor both the GTXGTX disac-
charide (Figure 1b) and the analogue in thé &0° conforma-
tion. Not all of the variation in glycosidic angle is necessarily
due to simple steric stress. Some conformation-dependent
variation in the glycosidic bond angle may result from stereo-
electronic effects. However, a large glycosidic angle for the trans
structures was noted earlier based on the empirical force field
calculationg®30

Near the extremes of the new region on Figure 3a, e.g., with
¢, ¢' = 160°, 80°, an improved O-2-0O-5 hydrogen bond is
formed. This occurs at the expense of its counterpart-©c25
liaison, as shown in Figure 1d. In these asymmetric conforma-
tions, the O-6 or O-Batoms are also secondary acceptors with
shorter O-2--O-6' distances than in the 120120 conforma-
tion. The ¢, ¢' = 160°, 80° conformations from Figure 3a
(similar to the conformations of the “ears” in Figure 2a) benefit
from additional interactions provided by the gt O-6 orientation.
A third interresidue hydrogen bond, O-3-HD-6, is also
allowed with good geometry. We note that the grid points with
the lowest calculated B3LYP/6-31G* energy (by 0.05 kcal/mol)
were 160, 80° and 80, 160 (Figure 1d). The lower energies
for the 70, 70° and 118, 115 minima result from interpolation
during gridding of the dat# Areas encompassed by the 1 kcal/
mol contours that surround the minima at about °11BL5
decrease dramatically as the given level of theory makes
hydrogen bonding less important (Figure 3).

Composite maps based on the lowest energy regardless of
starting structure are shown in Figure 4, which also shows the
¢ and¢' values for the crystal structures in Table 1. Additional
contours of 0.5 and 1.5 kcal/mol have been added. The
additional starting geometries have affected the surfaces, with
asymmetric structures being more important for the levels of
theory with stronger hydrogen bonds. For example, in Figure
4a, the global minimum is for a 80 100 structure with
GTRGTX geometry that makes a good ©-©-6 hydrogen
bond. The trans structure is disfavored by 6.2 kcal/mol. The
new minimum found on Figure 3 for the GTXGTX structures
has corresponding graphical minima on Figure 4a with relative
energies of 0.3 kcal/mol at about 0A.2C and 120, 10C.

The crystal structures are not well-predicted by this surface
because they all have corresponding energies greater than 0.5
kcal/mol.

The B3LYP/6-31#+G** map in Figure 4b has a very broad
region enclosed by the 1-kcal/mol contour. The lowest-energy
grid point was furnished by the GTRGTX §0LOC structure,
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Figure 4. Energy surfaces at the various levels of theory, based on the lowest energy &t gagoint from eight sets of starting geometries.
Besides the contours at 1 kcal/mol intervals, contours at 0.5 and 1.5 kcal/mol are shown. The crystalline conformations from Table 1 are indicated
by @. The arbitrary choice of which torsion angle wasind which would bep' was made to keep the drawing as uncluttered as possible. The
ALTRCA” and 1MP@® structures are indicated. The identities of the other points are shown in Figure 5. Calculated at (a) B3LYP/6-31G* theory,
(b) B3LYP/6-311+G**//B3LYP/6-31G* theory, and (c) HF/6-3tt+G**//B3LYP/6-31G* theory.

as in Figure 4a. However, there is a slightly lower graphical surface than on Figure 4a, but there is substantial area inside
minimum close to the 60 8C° grid point that gave an energy the 0.5 kcal/mol contours that is unoccupied by observed
of 0.10 kcal/mol. It started with a TGRTGC model that was geometries.

minimized with AMBER* and then B3LYP/6-31G*. During The gauche region dominates on the composite map based
these minimizations, the rest of the structure was stable but theon HF/6-311+G**//B3LYP/6-31G* theory (Figure 4c.) The
O-2 hydroxyl group rotated to give anHC-2—0-2—H torsion trans region is higher than the global minimum by 7 kcal/mol,
of —166°. That rotation to the “X" conformation allows and it no longer corresponds to a local minimum but only to a
hydrogen-bonding donation to O-1 and lowers the energy, evenplateau. The lowest energy grid point,°’880°, was found by
though no interresidue hydrogen bonds are formed. The the MM3e =1.5 search, with TGCTGC internal geometry and
TGRTGC starting structure without the initial AMBER* no interresidue hydrogen bonds. The 680° and 80, 60° grid
minimization, with a final H-C-2—0-2—H torsion of —46°, points described in the preceding paragraph were only 0.05 kcal/
had a much higher relative energy, 3.2 kcal/mol. In that mol higher in energy on this surface. At the°660° location,
structure, O-2H is not donated to any oxygen. The trans the only other grid point inside the 1 kcal/mol contour, the
structure is 5.7 kcal/mol above the global minimum on Figure GTXGTX structure had the lowest energy.

4b. The preferred structures at 28280 were found by both If the intrinsic conformation is best indicated by the surface
the MM3 e =1.5 and AMBER* searches. They had TGCGTR at the B3LYP/6-31++G** level (the one that calculates the
conformations, slightly different from the TGRTGC structure experimental enthalpy for the water dimer) then the isolated
proposed in the studies of Liu et al. and Engelsen améZ?e  trehalose molecule would have substantial flexibility. Hydrogen-
The crystal structures have lower corresponding energies on thisbonded structures near 1’1415 would have almost the same
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energy as the gauche structures stabilized by the exo-anomeric %

effect, and the barrier between them is estimated to be less than DUHXE o

0.75 kcal/mol. According to Figure 4b, the range of motion %1 8 o © LESZAK
would easily include both minima. Hydrogen-bonded structures BABHUH * /_\o

near 60, 100° would also be visited often. In contrast to the 7 WERpEQ & LTNPAZO R
large area surrounded by the 1 kcal/mol contour, the distribution BACETOH QHERPEQ

of the experimental crystal structures is quite compact. There- 1 DUHXEJ%DS%Z

fore, the impact of placing the molecule in a condensed phase LETTE)  YOXFOG ?RE‘ZEQCEAC
would be a substantial contraction of the range of conformations 1 S rpethier TOXFOGe & DBTRHA

. . . HIDRIV
that were readily accessible to the isolated molecule. [DRIVe

The 115, 115 and 60, 100 structures that broaden the
1-kcal/mol region in Figure 4b rely on interresidue hydrogen

70 4

b'c1-01-cr-os
0.5

AHIVSEK
65 <

bonding. Such structures might have lower entropy and higher evoxryuy  AHTVSEK

free energy than found for the gauche forms. Therefore, the
structures favored intrinsically on a free energy basis might
instead be represented better by a surface with reduced hydrogen 55
bonding strength, such as Figure 4c. That surface has a small

area inside the 1-kcal/mol contour. Even so, all but two of the 50
crystal-structure conformations are found within the 1-kcal/mol A
contour and the majority are at 0.5 kcal/mol or less. Further, Pos-cr-or-cr

there are nounoccupiedregions with energies of less than Figure 5. Lowest energy region of the HF/6-333%G**//B3LYP/6-

1 kcal/mol. Thus, prediction of condensed phase structures is31G* energy surface with all of the crystal structure conformations
substantially improved by calculations that reduce the strength €x¢ept ALTRCA and IMPQ which are shown in Figure 4. Unsubsti-
of hydrogen bonds. This is in line with our practice of using an tuteéd molecules that are excellent analoguesLaf-trehalose (allo-

. - trehalose, galacto-trehalose, and trehalose itself) are indicat® by
eIeva_ted _d'elecmc ConStan_t to reduce_ the strength of hyC”Og(':'nthose with minor differences such as complexation with salt or
bonding in MM3 and hybrid calculations, although we have sypstitution at the 6-position are indicated by and those with
been using even smaller values of the hydrogen bonding strengthsubstitution or changes in configuration at C-2 are indicatee.by
in those calculation®

The two conformations that fall outside the 1 kcal/mol contour
in Figure 4c are from the allo-trehalose calcium salt complex
(ALTRCA)” and trehalose in the maltoporin complex (IMPQ),
both near the 2 kcal/mol contour. The distortion of ALTRCA 1604
can be attributed to the interaction of five of its oxygen atoms
with a C&" ion. Not only are two hydroxyl oxygen atoms on 140
each monosaccharide residue involved with the same ion, which
could put a twist into the geometry, but so is the glycosidic
oxygen atom. That could affect tlgand ¢' torsional poten-
tials8° The 1MPQ structuré® from a 3.0 A-resolution study
with R=0.218, may not be precisely defined. In any case this 2
is not a particularly high-energy distorti6hand it is near the 80
previously unreported minimum.

The lowest-energy region that contains all other structures is
magnified in Figure 5. Although ALTRCA (Figure 4) is
somewhat of an outlier, another allo-trehalose structure
(YOXFOG)2! the trinydrate with two disaccharides per asym-
metric unit, hasp and¢' values that are very close to both the
calculated global minimum and to the center of the range of $os-ct-o1-cr
eXperimental conformations. Despite their hydration, YOXFOG Figure 6. Difference in energy between the HF/MIDIY/SM5.42R

molecules have almost equal valuespodnd¢'. We consider solvent model relative energies and the HF/MIDI! relative energies for
the allo-trehalose molecule to be a very good analogue of the TGRTGC/TGCTGR structures. Contours are drawn at increments

trehalose. It differs from trehalose only because of its axial Of 0.05 kcal/mol, and show how much lower the relative energy is
hydroxyl groups at the 3 and’ Jositions. An even better because of solvation. Surfaces based on the GTXGTX structure vary

oo by a similar amount, but the pattern of variation is quite dissimilar.
analogue, galacto-trehalose (YOXFURNRliffers from trehalose

by having axial hydroxyls at its C-4 positions. Its conformation molecules, about%in one torsion angle and 11n the other.

is close to that of the anhydrous trehalose structure DEKYEX,  The total separation i, ¢' space for trehalose and its dihydrate,
on Figure 5. Although allo-trehalose was distorted in thé"Ca  DEKYEX and TREHALO118 is similar, about 1%
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complex, a C& complex of trehalose itself (TRECAB)is Despite the finding that a solvent effect is not needed to
reasonably close to the center of the distribution of observed explain the observed gauche conformations for trehalose, it is
structures. of interest to see the effect of a continuum solvation model on

More trehalose-type crystal structures have two molecules the conformational energies of trehalose. Figure 6 shows the
per asymmetric unit than have been found for other disaccha-difference between the relative solvated energies and the relative
rides. The degree of difference in the conformations of identical energies for isolated TGRTGC and TGCTGR trehalose mol-
molecules in identical environments is instructive. The largest ecules. The largest discrepancy is about 0.55 kcal/mol, a small
difference is found for the heavily substituted DUHXEJ  effect and continuum solvation stabilizes the trans structure
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relative to the gauche form by about 0.45 kcal/mol. Relative
solvation energies were also small for the THB—THP
analogues calculated earlfer.

Conclusions

French et al.

(26) Batta, G. J.; Keér, K. E.; Gervay, J.; Horny{lg M.; Roberts, G.
M. J. Am. Chem. S0d.997, 119, 1336-1345.

(27) Duda, C. A,; Stevens, E. 3. Am. Chem. S0d.99Q 112 7406-
7407.

(28) Donnamaria, M. C.; Howard, E. I.; Grigera, J. R.Chem. Soc.,
Faraday Trans 1994 90, 2731-2735.

(29) Liu, Q.; Schmidt, R. K.; Teo, B.; Karplus, P. A.; Brady, J. W.

Trehalose was especially suitable for the initial conformational Am. Chem. Sod997, 119, 7851-7862.

mapping studies of a disaccharide by QM for several reasons.
It has broad importance, and a better understanding of its shap

(30) Engelsen, S. B.; IPez, S.J. Phys. Chem. R00Q 104, 9301~

(Si) Dowd, M. K.; Reilly, P. J.; French, A. 0. Comput. Cheml992

should be useful in understanding its various roles. From a 13 102-114.

practical perspective, the computational burden is lower. Lastly,
e 112,8293-3807.

previously reported relative empirical energy values had larg

(32) Allinger, N. L.; Rahman, M.; Lii, J.-HJ. Am. Chem. Sod 990

(33) French, A. D.; Kelterer, A.-M.; Johnson, G. P.; Dowd, M. K;

differences. Those differences led to a controversy as to whethercamer, . 33, Mol. Graphics Mol. Modelling200q 18, 95-107. The
aqueous solution was causing the molecule to take a significantlytrehalose surfaces were not published in this work, but the average energies

different shape than it would if only internal forces were
determining the conformation. Given the low volatility of
trehalose, and consequently a great difficulty in obtaining

isolated molecules experimentally, QM would be the method

of the crystalline conformations were tabulated.
(34) Marchessault, R. H.; Perez,Bopolymersl979 18, 2369-2374.
(35) Ha, S. N.; Giammons, A,; Field, M.; Brady, J. Warbohydr. Res
1988 180, 207—221.
(36) van Gunsteren, W. EROMOS, Groningen Molecular Simulation

of choice to determine the relative energies of the isolated Package University of Groningen, The Netherlands, 1987.

(37) French, A. D.; Kelterer, A.-M.; Johnson, G. P.; Dowd, M. K;

disaccharide conformations. Our QM results argue strongly that ¢ 3mer, ¢ 3. Comput. Chen2001, 22, 65-78.
the proposed solvent-mediated trans-to-gauche transformation (38) Adv. Carbohydr. Chem. Biocheri997, 52, 43—177; Carbohydr.
does not occur. Depending on the level of theory, the experi- Res, 1997 297, 1-90; J. Carbohydr. Cheml997 16, 1191-1280;Pure

mentally observed gauche conformations (and the’, 1155
shapes) are favored by 5 to 7 kcal/mol over trans structures.
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