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Abstract—The present article reports long timescale (200 ns) simulations of four b-DD-hexopyranoses (b-DD-glucose, b-DD-mannose, b-
DD-galactose and b-DD-talose) using explicit-solvent (water) molecular dynamics and vacuum stochastic dynamics simulations together
with the GROMOSGROMOS 45A4 force field. Free-energy and solvation free-energy differences between the four compounds are also calculated
using thermodynamic integration. Along with previous experimental findings, the present results suggest that the formation of intra-
molecular hydrogen-bonds in water is an ‘opportunistic’ consequence of the close proximity of hydrogen-bonding groups, rather
than a major conformational driving force promoting this proximity. In particular, the conformational preferences of the hydroxy-
methyl group in aqueous environment appear to be dominated by 1,3-syn-diaxial repulsion, with gauche and solvation effects being
secondary, and intramolecular hydrogen-bonding essentially negligible. The rotational dynamics of the exocyclic hydroxyl groups,
which cannot be probed experimentally, is found to be rapid (10–100 ps timescale) and correlated (flip-flop hydrogen-bonds inter-
converting preferentially through an asynchronous disrotatory pathway). Structured solvent environments are observed between the
ring and lactol oxygen atoms, as well as between the 4-OH and hydroxymethyl groups. The calculated stability differences between
the four compounds are dominated by intramolecular effects, while the corresponding differences in solvation free energies are small.
An inversion of the stereochemistry at either C2 or C4 from equatorial to axial is associated with a raise in free energy. Finally, the
particularly low hydrophilicity of b-DD-talose appears to be caused by the formation of a high-occurrence hydrogen-bonded bridge
between the 1,3-syn-diaxial 2-OH and 4-OH groups. Overall, good agreement is found with available experimental and theoretical
data on the structural, dynamical, solvation and energetic properties of these compounds. However, this detailed comparison also
reveals some discrepancies, suggesting the need (and providing a solid basis) for further refinement.
� 2007 Elsevier Ltd. All rights reserved.

Keywords: Glucose; Mannose; Galactose; Talose; Conformation; Dynamics; Solvation; Stability; Computer simulation; Molecular dynamics
1. Introduction

In the past few years, the scientific community has
shown a renewed interest for carbohydrates,1,2 due to
the key role they play in numerous biochemical and
technological processes,3–15 as well as their potential
for the design of new materials.16 However, while exper-
imental data on oligo- and polysaccharides (both in the
solid state and in solution) are relatively abundant, the
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present knowledge concerning their monosaccharide
building blocks remains surprisingly fragmentary (and
widely scattered across the scientific literature). This is
mainly because a complete understanding of monosac-
charide structure and dynamics in solution requires to
deal simultaneously with three difficult problems:
(i) the large number of possible isomers and conformers
at equilibrium for a given monosaccharide stereochemis-
try (constitutional isomers, anomers, ring conformers,
hydroxymethyl rotamers and hydroxyl rotamers);
(ii) the complex interplay between the different driving
forces (steric, stereoelectronic, electrostatic and solva-
tion effects) affecting the corresponding populations at
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equilibrium; (iii) the difficulty of extracting unambigu-
ous information on these systems based on experimental
measurements, in particular in aqueous solution (multi-
plicity of isomers and conformers, similitude of spectro-
scopic properties between the different hydroxyl groups
as well as between these and water, fast chemical
exchange of the hydroxyl protons).

A brief summary of the isomeric and conformational
equilibria that must be considered for an accurate
description of solvated monosaccharides is provided
below (with a focus on aldohexopyranoses in aqueous
solution), together with a few key conclusions resulting
from experimental investigations.

Constitution: At least six distinct constitutional iso-
mers may be present at equilibrium in solution,
namely17–25 the a- and b-pyranose forms (six-membered
rings), the a- and b-furanose forms (five-membered
rings), and the (free or hydrated) acyclic forms (free car-
bonyl and hydrate). Septanose forms26–28 (seven-mem-
bered rings) are not observed for aldohexoses in
water.28–30 Constitutional changes (mutarotations) are
typically associated with timescales17,25,31–36 of the order
of 103 s, and the relative populations of the correspond-
ing species may be readily determined via nuclear
magnetic resonance18,19,21,22,24,37 (NMR) or complexa-
tion38,39 studies. For aldohexoses in aqueous solution,
the a- and b-pyranose forms (mixture) are the leading
constitutional isomers. The contribution of the furanose
forms is below 10% for all aldohexoses24 except altrose,
idose and talose (about 30%), while that of acyclic iso-
mers is below 0.1% in all cases21,22,24,40 except for idose
(about 1%).

Ring conformation: Pyranose systems may present at
least eight relevant conformers in solution1,2,18,20,41–44

(which are most easily distinguished geometrically by
means of appropriate pseudorotation variables20,45–53),
namely two chair forms (originally labelled C1 and 1C
or, more recently, 4C1 and 1C4) and six boat forms
(labelled 1,4B, 2,5B, 3,0B, B1,4, B2,5 and B3,0). Skew-
boat forms may also be of relevance for some sys-
tems.48,54–65 For a given monosaccharide stereochemis-
try, the relative free energies of the different pyranose
ring conformations in aqueous solution may be esti-
mated using empirical additive schemes (e.g., Hassel-
Ottar,66 Reeves-Kelly,38,41 Angyal18,67 and Corey-
Feiner68,69 schemes). These schemes were derived from
experimental complexation38,39,41,70,71 and NMR18,67,72

measurements on model six-membered ring compounds.
Other estimates have been provided by molecular-
mechanical49,50,73–77 or quantum-mechanical78–81 analy-
ses. For nearly all aldohexopyranoses of the DD-series, the
4C1 chair conformation appears to be the only signifi-
cantly populated ring conformer in aqueous solution.41,82

Exceptions are generally characterized by the presence (or
dominance) of a 1C4 conformation18,19,21,22,30,41,49,67,83–85

(for DD-altrose, DD-idose and, possibly, DD-gulose; more pop-
ulated for the a- compared to the b-anomers). For aldoh-
exopyranoses of the LL-series, this behavior is inverted
(e.g., the 1C4 conformation of a b-LL-hexopyranose is the
mirror image of the 4C1 conformation of the correspond-
ing b-DD-hexopyranose). Ultrasonic-relaxation spectros-
copy36,86–88 and NMR89 measurements suggest that
chair–chair interconversion in aldohexopyranoses takes
place on the ls timescale (it may occur on the 100 ns time-
scale if a boat or skew-boat intermediate is thermally
accessible). Another study placed the interconversion be-
tween the two chair forms of the penta-acetylated idopyr-
anose ring on the 50 ns timescale.61

Conformation of the exocyclic hydroxymethyl group:
The conformational properties of the exocyclic hydroxy-
methyl dihedral angle x (C4–C5–C6–O6) in aldohexopyr-
anoses may be investigated based on NMR coupling
constants together with appropriate Karplus-type
equations.90–98 The reported conformer populations
around x (to our knowledge only available for
glucose,93,95,96,98–104 mannose105 and galact-
ose,93,95,96,100,102,104 either free or O1-methylated) show
significant variations between different literature
sources. However, all studies evidence a clear predomi-
nance of the g+ and t rotamers (with comparable popu-
lations, g� being nearly absent) for glucose and
mannose. For galactose, one set of studies93,100,102,104

suggests that the three rotamers are significantly popu-
lated, while the two most recent determinations95,96

support a predominance of the t and g� rotamers (with
a higher population for t, g+ being nearly absent). Ultra-
sonic-relaxation spectroscopy36,87,106 and NMR89,107,108

measurements suggest that the hydroxymethyl group
rotation takes place on the ns timescale.

Conformation of the exocyclic hydroxyl groups: Experi-
mentally, little is known about the orientational prefer-
ences and the torsional dynamics of the exocyclic hydro-
xyl groups in aqueous solution. This is mainly because
(i) hydroxyl protons are difficult to detect via NMR
spectroscopy37,109–112 (chemical exchange, mutual over-
lap, overlap with solvent signal); (ii) hydroxyl group
vibrations are difficult to characterize via infrared (IR)
spectroscopy110,113–115 (dual hydrogen-bond donor–
acceptor character, mutual overlap, overlap with solvent
bands). Furthermore, X-ray crystallography provides
limited reference information in the solid state, because
the hydroxyl protons are invisible in these experiments
(weak diffraction centers, orientational averaging).
However, detailed (although model-dependent) infor-
mation concerning rotamer distributions and intra-
molecular hydrogen-bonding, as well as the associated
timescales, may be obtained from atomistic simulations
(see below).

For a given monosaccharide stereochemistry, the rel-
ative stabilities (and, thus, the associated equilibrium
populations) of the different constitutional isomers, ano-
mers, ring conformers, hydroxymethyl rotamers and
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hydroxyl rotamers result from a delicate balance be-
tween many effects (often of comparable magnitudes).
A brief summary of these effects is provided below (with
a focus on aldohexopyranoses in aqueous solution), to-
gether with a few key conclusions resulting from exper-
imental investigations.

Steric effects: Steric effects result from the (closed-
shell) nonbonded repulsion between pairs of substitu-
ents in close spatial proximity, and should in principle
be solvent insensitive. In the context of aldoh-
exopyranoses, these include (i) the Hassel-Ottar
effect18,23,41,66,67,71,72,83,116 and other 1,3-syn-diax-
ial repulsions;18,41,50,67–69,71,72,102,116–127 (ii) the D2
effect23,41,128,129 and other vicinal-gauche repul-
sions.18,23,50,67,69,71,72,128,129 Note, however, that the
above effects may not be entirely steric in nature, that
is, they may also involve a significant dipolar126,130,131

(electrostatic) or hyperconjugative124,132–135 (stereoelec-
tronic) component. For example, recent articles have
questioned the steric nature, magnitude, and even repul-
siveness 133 of 1,3-syn-diaxial interactions involving ali-
phatic hydrogen atoms and axial substituents,
suggesting that the general equatorial preference in
substituted six-membered rings42,136 is rather of pre-
dominantly hyperconjugative origin.124,132,133,135,137

Electrostatic effects: Electrostatic effects, mainly intra-
molecular hydrogen-bonding, are strongly sensitive to
the nature and polarity of the solvent. Experimentally,
intramolecular hydrogen-bonds in an aqueous environ-
ment can be detected only indirectly, for example, via
NMR37,109–112,115,124–126,138–149 or IR110,113–115,144,149–153

spectroscopy. However, most studies to date have
investigated model compounds (e.g., monosaccharide
analogs) and only provided qualitative information on
the existence or absence of a hydrogen-bond. Based
on these studies, it appears that intramolecular hydro-
gen-bonds in aldohexopyranoses can be broadly
classified into three groups in order of decreas-
ing strength:110,113,115,154 (i) six-membered hydrogen-
bonded ‘rings’ between 1,3-syn-diaxial hydroxyl
groups;101,102,110,114,121,122,125,126,141,144–148,150,155,156 (ii)
five-membered hydrogen-bonded ‘rings’ between cis-vic-
inal (axial–equatorial) hydroxyl groups;121,150 and (iii)
five-membered hydrogen-bonded ‘rings’ between trans-
vicinal (diequatorial) hydroxyl groups.121,150 Hydro-
gen-bonding interactions are strong in vacuum or in
solvents of low polarity,121,122,125,126,144,149,155 but prob-
ably represent rather weak conformational driving
forces in aqueous environment.84,142,146,150,157 For
example, although hydrogen-bonds between 1,3-syn-
diaxial hydroxyl groups in fixed orientations are always
observed in water,110,114,141,148,156 they are not always
present when this orientation is conformer-dependent
(e.g., when the ‘ring’ involves one rotatable C–C

bond101,102,144,150 or can only be formed in one chair
conformation of a flexible six-membered ring sys-
tem121,122,125,126,149,155). However, although sometimes
questioned,143 the existence of stable intramolecular
hydrogen-bonds for monosaccharide analogs in aqueous
solution has been unambiguously evidenced by NMR
and IR techniques.110,113–115,144,148 It is also supported
by the results of numerous atomistic simulations of car-
bohydrate systems (see below). Finally, a number of
studies have also underlined the importance of coopera-
tivity effects in intramolecular hydrogen-bonding for
this class of compounds.110,115,130,154,156,158–164

Stereoelectronic effects: Stereoelectronic effects
result from the particular electronic properties associ-
ated with specific molecular fragments in specific
geometries. These effects may also involve a dipolar
component165 and thus be somewhat solvent sensi-
tive,166,167 but this dependence should be limited
compared to that of electrostatic effects. Stereoelectronic
effects of relevance for aldohexopyranoses include (i)
the endo-anomeric effect;18,67,120,127,129,132,165–177 (ii) the
exo-anomeric effect;166,171–173,175,176,178–180 (iii) the
gauche effect;119,172,181–188 and (iv) other
effects.124,132,135,137,184,189–191

Solvation effects: Solvation effects influence the confor-
mational properties of carbohydrates in a very complex
way.192,193 In the context of aldohexopyranoses, they con-
sist of a combination of the following phenomena: (i)
dielectric screening of the intramolecular (mainly electro-
static, i.e., hydrogen-bonding) interactions (evidenced by
numerous investigations in solvents of various polari-
ties84,101,102,121,122,125,126,142,144,146,148,149,151,152,155,189,190,194);
(ii) competition between intramolecular and solute–sol-
vent hydrogen-bonds155,195,196 (in hydrogen-bonding
solvents); (iii) preferential solvation of sterically more
accessible hydroxyl groups;117,155,176,197 and (iv) specific
interactions between solute hydroxyl groups and
tightly bound solvent molecules or solvent
bridges.142,151,166,167,198–200 These observations
have led to the proposal of several models for mono-
saccharide hydration: (i) the ‘axial–equatorial’
model116,164,197,201–206 suggests that equatorial hydroxyl
groups are more strongly hydrated compared to axial
ones, because they are sterically more accessible and less
likely to be involved in strong intramolecular hydrogen-
bonds (see above); (ii) the ‘nonspecific’ hydration mod-
el164,167 attempts to correlate the extent of hydration
of the monosaccharide (hydrophilicity) with some mea-
sure of its polar solvent-accessible surface area; (iii) the
‘specific’ hydration model117,192,193,198,207–216 attempts to
correlate this hydrophilicity with the extent of distur-
bance imposed by the monosaccharide hydroxyl group
geometry onto the pre-existing hydrogen-bond network
of water. Although these models (as well as the four
phenomena listed above) certainly capture important
aspects of monosaccharide hydration, none of them
seem to be currently able to account for the entire range
of experimental observations.
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Figure 1. Chemical structures of the four b-DD-aldohexopyranoses
considered in the present study: b-DD-glucose (Glc; including the carbon
numbering scheme); b-DD-mannose (Man); b-DD-galactose (Gal); b-DD-
talose (Tal).
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Theoretical methods (including conformational analy-
sis,8,47,217–222 analysis of protein–carbohydrate interac-
tions223,224 and multiscale modelling approaches225,226)
play an increasingly important role in glycobiology.
Due to their remarkable spatial (individual atoms) and
temporal (femtosecond) resolution, as well as their firm
basis in the laws of (classical) microscopic physics, expli-
cit-solvent molecular dynamics (MD) simulations repre-
sent a key component in many theoretical approaches.
A number of force fields have been developed to repre-
sent interatomic interactions in such simulations, which
can be broadly classified into three categories: (i) force
fields with the primary goal of reproducing properties
in vacuum or together with an implicit representation
of the solvent, for example, HSEA,179

MMMM2,227

MMMM3,228–230
MMMM4,128,129,177,231 CFF (PEF232), QMFF,233

CHARMM (QUANTA,234 CHEAT235,236) and
AMBER (AMBER*237,238); (ii) force fields with the pri-
mary goal of reproducing properties in solution together
with an explicit representation of the solvent molecules,
for example, CHARMM (HGFB,239 PHLB,240

CSFF,241 Reiling242 and PARM22-SU01243), AMBER
(Homans,244 Glennon,245,246 Gregurick,247 SPAS-
IBA,153 GLYCAM,248–251 AMB99C252,253 and Simmer-
ling254), OPLS (AA255 and AA-SEI256,257) and GROMOSGROMOS

(43A1,258,259 Kouwijzer,260,261 Ott,262 Spieser,263 Gal-
ema214,264 and 45A4265,266); (iii) coarse-grained force
fields with the primary goal of performing low-resolu-
tion simulations of large-scale systems or long timescale
processes, for example, M3B.267,268 For completeness, it
should be mentioned that ab initio MD simulations of
carbohydrates have also been performed.98,269,270 The
most commonly used force fields have been discussed
in recent reviews,217,219,271,272 and a number of more
or less extensive force field comparisons (against vac-
uum,233,273,274 solid state275,276 or solution273,277,278

data) have also been undertaken.
Previous simulation studies of mono- and disaccha-

rides were carried out in vacuum or with implicit
solvation,153,237,238,252,262,270,279–282 in crystals,260,275,283

or in water with explicit solvation, either in the
finite-concentration267,268,284–292 or in the dilute
regimes. The latter explicit-solvent simulations in the
dilute regime were mostly concerned with (i) the valida-
tion and refinement of carbohydrate force field para-
meters;239,243,245–247,253–257,261–263,265,266 (ii) the investi-
gation and rationalization of conformational proper-
ties98,161,164,195,199,200,214–216,239,241,243,245–247,251,253–257,261–

266,269,277,278,293–306 (e.g., intramolecular hydrogen-bond-
ing,161,164,195,216,277,299 rotameric populations of the
hydroxymethyl group98,241,251,293,294,305 and vibration
frequencies98,153,239,241,245–247); (iii) the evaluation of
relative free energies (between e.g., ano-
mers,237,238,245,254,295,296 epimers, 245,246 ring conform-
ers262,263,304 or hydroxymethyl rotamers261) or
conformational entropies;266 (iv) the investigation of car-
bohydrate solvation and diffusion.98,161,164,195,199,200,214–

216,245–247,264,269,277,278,296–298,300,301,303,306

In the present study, a series of long timescale (200 ns)
molecular simulations are performed, with the goal of
providing a complete and detailed atomistic picture of
the conformation, dynamics, solvation, and relative sta-
bilities of the four aldohexopyranoses corresponding to
the two possible stereochemistries at the C2 and C4 cen-
ters (Fig. 1): b-DD-glucose (Glc), b-DD-mannose (Man),
b-DD-galactose (Gal), and b-DD-talose (Tal). This is done
by comparing the results of simulations of these mono-
saccharides both in water and in the gas-phase. In addi-
tion, the detailed comparison of the reported results
against available experimental and quantum-mechanical
data also provides a critical test for the recently devel-
oped GROMOSGROMOS 45A4 carbohydrate force field used in this
study265,266 (and a basis for further refinement).

Note that the literature references quoted in the pres-
ent article are also listed with full titles in the Supple-
mentary data.
2. Computational details

2.1. Molecular and stochastic dynamics simulations

All simulations were carried out using the GRO-GRO-

MOSMOS96258,259 package together with the GROMOSGROMOS 45A4
united-atom force field for polypeptides, nucleic acids,307

lipids308,309 and carbohydrates.265,266 The four aldohexo-
pyranoses considered were b-DD-glucose (Glc), b-DD-man-
nose (Man), b-DD-galactose (Gal) and b-DD-talose (Tal),
see Figure 1. Throughout the article, these three-letter
codes are used to refer specifically to the b-anomers.
The four compounds were simulated exclusively in their
pyranose ring conformation (experimentally accounting
for 99.6%, 99.1%, 94.0% and 70.9%, respectively, of the
corresponding total populations of constitutional iso-
mers at equilibrium in water24) and in the b-anomeric
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form (experimentally accounting for 62.2%, 33.2%,
66.8% and 40.5%, respectively, of the corresponding total
pyranose populations24). The equations of motion were
integrated using the leapfrog scheme with a timestep of
2 fs. All bond lengths were constrained by application
of the SHAKE algorithm310 with a relative geometric tol-
erance of 10�4. Two sets of simulations were undertaken:
(i) explicit-solvent molecular dynamics simulations258

(MD; integrating Newton’s equation of motion) in water,
carried out under periodic boundary conditions; (ii) sto-
chastic dynamics simulations258,311 (SD; integrating
Langevin’s equations of motion) in vacuum.

The MD simulations employed the simple-point-
charge (SPC) water model.312 The nonbonded interac-
tions were handled using a twin-range cutoff scheme258

with short- and long-range cutoff radii of 0.8 and
1.4 nm, respectively, and an update frequency of 5 time-
steps for the short-range pairlist and intermediate-range
interactions. The mean effect of the omitted electrostatic
interactions beyond the long-range cutoff distance was
introduced by means of a reaction-field correction313,314

to the short- and intermediate-range interactions based
on a relative dielectric permittivity of 60, as appropriate
for the SPC water model.315,316 Solute and solvent
degrees of freedom were independently coupled to a
heat bath317 at 300 K, with a relaxation time of 0.1 ps.
The box dimensions were isotropically coupled to a
pressure bath317 at 1 atm, with a relaxation time of
0.5 ps and an isothermal compressibility of 45.75 ·
10�5 kJ�1 mol nm3. The center of mass motion was
removed every 2 ps. For each of the four hexopyranoses
considered, the solute was placed in a truncated-octahe-
dron box with a minimum solute-to-wall distance of
1.6 nm, and hydrated by 970 (Glc), 963 (Man), 976
(Gal) or 976 (Tal) water molecules. To relax the system,
a steepest-descent energy minimization was performed
with positionally constrained ring atoms, followed by
100 ps MD equilibration prior to production.

The SD simulations in vacuum relied on a friction coef-
ficient of 91 ps�1 (the value appropriate for water258,311)
and a reference temperature of 300 K. These simulations
are meant to mimic the physical situation of hexopyra-
noses in vacuum, but do so only approximately, because
(i) the solute model parameters remain effective parame-
ters calibrated to appropriately reproduce experimental
properties in an aqueous environment279,280,293 (enhanced
partial atomic charges); (ii) the dynamical properties will
be incorrect due to the application of SD (stochastic and
frictional forces) rather than MD. The use of SD is se-
lected here as a means to enhance the conformational
sampling and thermostatize the system. For each of the
four hexopyranoses considered, the solute was relaxed
by 100 ps SD equilibration prior to production.

For both MD and SD simulations, production was
carried out for a duration of 200 ns, saving trajectory
frames every 0.5 ps for analysis.
2.2. Free-energy calculations

In addition to the straightforward MD (aqueous envi-
ronment) and SD (vacuum) simulations (Section 2.1),
free-energy calculations were performed to evaluate
the relative stabilities of the four hexopyranoses in the
two environments. To this purpose, a (redundant) set
of six ‘alchemical’ epimerization processes was consid-
ered. These were carried out by inverting the signs of
the improper-dihedral angles n controlling the stereo-
chemistry of the centers to be inverted (C2, C4, or both)
upon going from one hexopyranose to another one. To
avoid excessive bond angle strain at the midpoint of the
inversion (planar trigonal geometry at the inverting cen-
ter), this change was performed in two successive steps.
The first step took the center in its initial stereochemistry
to an intermediate planar trigonal geometry (n = 0) with
adapted reference bond angles (109.5!120�), while the
second step took the trigonal intermediate to its final
(inverted) stereochemistry with normal reference bond
angles (120!109.5�). The corresponding changes in ref-
erence values for improper-dihedral and bond angle
force field terms were performed using a linear or half-
linear dependence, respectively, on a coupling parameter
k evolving from 0 (initial stereochemistry) to 1 (final
stereochemistry).

The corresponding free-energy difference DGepi was
evaluated via thermodynamic integration318–320 as
DGepi ¼
Z 1

0

dk
oV ðr; k0Þ

ok0

� �
k

ð1Þ
where V(r,k 0) is the potential energy in configuration r

given a value k 0 of the coupling parameter, and
hoV ðr;k0Þ

ok0 ik denotes ensemble (trajectory) averaging over
equilibrium configurations r generated using a given
(fixed) k-value. In practice, the integral was replaced
by a discretized version (trapezoidal rule) based on sim-
ulations at 11 equally spaced k-points (5 ns simulation
per point). Error bars were calculated using a block-
average extrapolation scheme.321
2.3. Analysis

The analysis of the simulations was performed in terms
of conformational properties (ring conformation, prob-
ability distributions of the exocyclic dihedral angles,
pairwise correlations among these distributions), hydro-
gen-bonding (intramolecular and solute–solvent),
dynamics (exocyclic dihedral transitions), solvation
(spatially resolved solvent density), and relative stabili-
ties (free-energy calculations).

The ring conformation associated with a given solute
configuration along a trajectory was determined by
assigning each of the six dihedral angles formed by suc-
cessive ring atoms to one of three wells [0;120�],
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[120;�120�], [�120;0�]. Based on this assignment, the
conformation was classified2 as chair (4C1 or 1C4), boat
(1,4B, 2,5B, 3,0B, B1,4, B2,5, B3,0), or other.

To investigate the conformational properties of exo-
cyclic dihedral angles, the following definitions were
used: /(O5–C1–O1–H1); vn(Cn�1–Cn–On–Hn with n =
2,3,4,6); x(C4–C5–C6–O6). Dihedral angles in the
ranges [0�; 120�], [120�;�120�] and [�120�; 0�] are
described as gauche+ (g+), trans (t) and gauche� (g�),
respectively. These ranges appropriately encompass dis-
tinct population peaks (centered at staggered conforma-
tions) for all dihedral angles analyzed (Fig. 2). The
conformation of the hydroxymethyl group is often also
described in terms of the ranges to which the dihedral
angles O5–C5–C6–O6 and C4–C5–C6–O6 (x) belong, with
Figure 2. Normalized probability distributions associated with the six exocy
simulations of Glc, Man, Gal and Tal (Fig. 1) in vacuum (SD; left) or in wat
staggered rotamers are reported in Table 2.
the following correspondences: gauche–gauche (gg) M x
in g+; trans–gauche (tg) M x in g�; gauche–trans
(gt) M x in t.

Both intramolecular and solute–solvent hydrogen-
bonds were monitored along the trajectories. A hydro-
gen-bond is assumed to be present when the distance
between the hydrogen and acceptor atoms is below
0.25 nm, and the angle between the donor, hydrogen
and acceptor atoms is above 100�. This somewhat
relaxed criterion (a minimum angle of 135� is typically
used instead258) was necessary to encompass hydrogen-
bonds between vicinal hydroxyl groups (forming five-
membered ‘rings’). This change in the minimum angle
criterion had no appreciable effect on the occurrence
of nonvicinal hydrogen-bonds (forming six- or higher-
clic dihedral angles /, vn (n = 2,3,4,6) and x as obtained from 200 ns
er (MD; right). The corresponding integrated populations for the three
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membered ‘rings’; data not shown). For intramolecular
hydrogen-bonds, average lifetimes were also estimated
using an allowed excursion time of 1 ps (required delay
before considering a given hydrogen-bond to be
broken).

The dynamics of exocyclic dihedral angles was inves-
tigated by monitoring transitions between the g+, t

and g� wells with an allowed excursion time of 1 ps
(i.e., a transition between two wells is recorded if the
dihedral angle spent at least 1 ps in the first well fol-
lowed by at least 1 ps in the second well).

The solvation structure was analyzed by calculating
time-averaged and spatially resolved atom number den-
sities.195,277,296–298,300,301,306 These were obtained by
placing the solute in its initial configuration at the center
of a cube of edge length 1.5 nm spanned by a three-
dimensional cubic grid with 100 grid points along each
dimension. Successive configurations along the trajec-
tory were superimposed onto this initial configuration
by means of a roto-translational least-squares fit322

based on the sugar heavy atoms (excluding O6). The
number of occurrences of each atom type (solute and
solvent) in each grid cell was then averaged over time
and visualized in the form of number density isosurfaces
using the program PYMOLPYMOL.323

All analysis programs were implemented in Jython
and Mathematica as extensions to the open-source
molecular mechanics analysis package ESRAESRA.324
3. Results and discussion

3.1. Ring conformation

In water, three of the four hexopyranoses considered,
Glc being the exception, remained in the 4C1 chair con-
formation during more than 99.9% of the simulation
time. The 4C4 chair conformation was not observed in
any simulation. For Glc, alternative ring conformations
were encountered in about 0.7% of the sampled config-
urations, including 0.2% of a 3,0B boat (the remaining
0.5% are twisted conformations, neither chair nor boat).
The 3,0B conformation appeared in 16 distinct events
along the 200 ns simulation, with lifetimes comprised be-
tween 10 and 100 ps. For hexopyranoses with an equa-
torial 3-OH group in the 4C1 conformation (all
compounds considered here), this 3,0B conformation
may be stabilized by intramolecular hydrogen-bonding
between this group and the ring oxygen. A similar
behavior was found in vacuum, where Man, Gal and
Tal remained in the 4C1 chair conformation during more
than 99.9% of the simulation time, while the 3,0B boat
conformation presented an occurrence of 0.4% for Glc.

Experimentally, the aldohexopyranoses of the DD-series
are known to predominantly adopt the 4C1 chair confor-
mation (Section 1). However, a 1C4 conformation
appears to be significantly populated for the a- and (to
a lesser extent) b-anomers of DD-idose (populations
�80% and �25% for the a- and b-anomers, respec-
tively30), as well as DD-altrose and (possibly) DD-gulose
(population ratios unknown). This alternative chair con-
formation may become dominant for some DD-monosac-
charide derivatives (e.g., of glucose,194,325 idose,59,83,326

xylose327 and iduronates48,51,54,57,58,60,328).
Most (empirical or theoretical) estimates suggest a

stability difference comprised between 25 and
45 kJ mol�1 between the two chair conformations of
Glc in the gas-phase.18,49,50,77–81 Recent quantum-
mechanical calculations also indicate the existence of
boat and skew-boat conformers within 17–40 kJ mol�1

of the 4C1 conformation, with an estimate of
27 kJ mol�1 for the lowest boat conformer.81

Experimentally, boat conformations have been ob-
served in Glc derivatives (both in the solid state329 and
in solution53,63,330), and are probably involved in sin-
gle-molecule force spectroscopy experiments on amy-
lose.331 Their transient formation in aqueous solution
has been suggested by ultrasonic-relaxation spectros-
copy measurements36,86–88 to occur with characteristic
timescales of the order of 50–150 ns. The timescale of
about 10 ns associated with chair–boat interconversions
in the present simulation of Glc is thus of a reasonable
order of magnitude.

Even if the relatively large energy differences esti-
mated by quantum-mechanical calculations in vacuum
are somewhat attenuated by solvation effects, it seems
unlikely that alternative chair or boat conformers are
significantly populated in aqueous solutions of Glc,
where they could in principle be detected by NMR
methods with a sensitivity of at least a fraction of a per-
cent.24 However, to our knowledge, only one study82

explicitly reported the absence of the 1C4 chair confor-
mation for aqueous Glc (with a quoted uncertainty of
about 2%), while no experimental work to date has di-
rectly aimed at measuring the equilibrium populations
of boat conformers. Therefore, the observation of such
conformers in the simulations is not strictly incompati-
ble with experimental data, the presently observed
occurrence of 0.2% for the 3,0B conformation of Glc cor-
responding to a free-energy of about 15.5 kJ mol�1 rela-
tive to the 4C1 conformation (the corresponding
intramolecular energy difference has been previously
estimated265 to 20.4 kJ mol�1).

Nevertheless, the appearance of boat conformers dur-
ing the simulations (as well as the distinct flexibility of
Glc compared to the three other hexopyranoses) may
also result from a minor deficiency of the force field265

employed in terms of ring torsional potentials. Although
some authors have solved this ‘problem’ by artificially
locking the conformation of the ring in 4C1 using addi-
tional ‘unphysical’ force field terms,264,284,285 this does
not represent a generally applicable strategy for an
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all-purpose carbohydrate force field, and a reoptimiza-
tion of the ring torsional potentials used in GROMOSGROMOS

45A4 is currently in progress.

3.2. Intramolecular hydrogen-bonding

The occurrences of intramolecular hydrogen-bonds dur-
ing the simulations of the four hexopyranoses, both in
vacuum and in water, are reported in Table 1. Note that
within the GROMOSGROMOS force field,258,259 hydrogen-bonding
interactions only result from attractive electrostatic
interactions between point charges on the donor, hydro-
gen and acceptor atoms, balanced by van der Waals
(Lennard-Jones) repulsion between the donor and
acceptor atoms. No specific hydrogen-bonding force
field term is applied, but a special set of repulsive Len-
nard-Jones parameters is selected for potentially hydro-
gen-bonding donor–acceptor pairs.
Table 1. Occurrences of intramolecular hydrogen-bonds as obtained from 20
or in water (MD; right)

H O Vacuum

hdi (nm) hai (�) Occ. (%) s (

Glc
1 2
2 1 0.23 110 48
2 3
3 2 0.23 112 71
3 4
4 3 0.23 111 69
6 5 0.23 108 20

Man
2 1 0.23 112 53
3 2 0.23 113 71
3 4
4 3 0.23 111 74
6 5 0.23 108 22

Gal
1 2 0.23 111 7
2 1 0.23 110 38
2 3 0.23 111 6
3 2 0.23 112 61
3 4 0.22 112 8 1
4 3 0.23 110 53
4 6 0.20 137 11 1
6 4 0.20 136 47 1

Tal
1 2 0.23 111 10
2 1 0.23 111 41
2 4 0.20 138 16 6
3 2 0.24 109 11 <
3 4 0.24 108 11 <
4 2 0.19 140 82 27
4 6 0.20 133 13 4
6 4 0.21 133 36

The corresponding donor hydrogen (H), acceptor oxygen (O), average hydr
(hai), occurrence along the trajectory (occ.), and average lifetime (s) are listed.
reported. The lifetimes are calculated using an allowed excursion time of 1 ps.
along the trajectories) cannot be quantified (<0.5 ps). Hydrogen-bonding c
donor–hydrogen–acceptor angle of 100�.
In the context of the four aldohexopyranoses consid-
ered in the present study (b-anomers), one can distin-
guish four types of hydrogen-bonds (in order of
decreasing expected strength; Section 1): (i) six-mem-
bered hydrogen-bonded ‘rings’ involving the 1,3-syn-
diaxial 2-OH and 4-OH groups of Tal (either H2!O4

or H4!O2), or the 6-OH (hydroxymethyl) and 4-OH
groups in the four compounds (either H4!O6 or
H6!O4; possible with x in g� for Glc and Man, or in
g+ for Gal and Tal); (ii) five-membered hydrogen-
bonded ‘rings’ between cis-vicinal (axial–equatorial) hy-
droxyl groups (i.e., involving the 2-OH group of Man
and Tal, or the 4-OH group of Gal and Tal); (iii) five-
membered hydrogen-bonded ‘rings’ between trans-vici-
nal (diequatorial) hydroxyl groups; and (iv) five-mem-
bered hydrogen-bonded ‘rings’ involving the 6-OH
(hydroxymethyl) group and the ring oxygen (H6!O5;
possible with x in g+ or t). Hydrogen-bonds of the three
0 ns simulations of Glc, Man, Gal and Tal (Fig. 1) in vacuum (SD; left)

Water

ps) hdi (nm) hai (�) Occ. (%) s (ps)

0.24 107 15 <0.5
1.8

0.24 108 11 0.6
7.0 0.23 108 13 0.6

0.23 107 6 0.6
5.5 0.23 108 29 1.0
0.5

2.9 0.24 109 12 <0.5
7.7 0.23 110 10 0.6

0.23 108 8 0.9
8.8 0.23 109 28 1.0
0.6

3.3 0.24 107 14 <0.5
1.4
2.6 0.24 109 9 0.5
5.4 0.24 109 12 0.6
1.5
4.2 0.24 108 12 <0.5
0.5 0.20 135 8 3.6
1.2 0.21 131 5 2.5

2.7
2.2 0.24 109 10 <0.5
6.0 0.21 133 21 3.2
0.5 0.24 109 5 <0.5
0.5
5.8 0.20 137 40 9.0
0.9 0.20 134 6 2.8
7.9 0.21 130 5 2.5

ogen–acceptor distance (hdi), average donor–hydrogen–acceptor angle
Only hydrogen-bonds occurring in at least 5% of the configurations are
Values below 0.5 ps (writing frequency of the successive configurations

riterion: maximum hydrogen–acceptor distance of 0.25 nm, minimum
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latter types are characterized in the simulations by aver-
age donor–hydrogen–acceptor angles close to 110�
(Table 1), and should probably rather be viewed as
favorable hydrogen–oxygen electrostatic interactions.
The term hydrogen-bond will nevertheless be retained
here in a loose sense.

In the gas-phase simulations, a persistent counter-
clockwise (as viewed from the b-side of the ring) hydro-
gen-bond network is found for all hexopyranoses
considered (pattern 4!3!2!1 for Glc, Man and Gal;
pattern 4!2!1 for Tal). These hydrogen-bonds have
occurrences of 38–82%. Additionally, when the 4-OH
group is equatorial (Glc, Man), a H6!O5 hydrogen-
bond is observed (occurrence about 20%). When this
group is axial (Gal, Tal), a H6!O4 hydrogen-bond is
observed instead (occurrence about 40%; together with
a minor contribution of H4!O6). No systematic differ-
ences can be observed between the occurrences of hydro-
gen-bonds involving cis- and trans-vicinal hydroxyl
groups.

For Glc, a counterclockwise 4!3!2!1 network
along with a clockwise H6!O5 hydrogen-bond was also
found in the lowest-energy conformer by most quan-
tum-mechanical studies of Glc or its O1-methylated
derivative in vacuum79–81,104,255,332–340 (although some
studies23,341 suggested a H6!O4 hydrogen-bond in-
stead). This observation also agrees with the results of
IR ion-dip experiments on phenyl-b-DD-glucopyranoside
in the gas phase.162,163,338 For Man the available quan-
tum-mechanical results255,337,342 also suggest a counter-
clockwise network in the lowest-energy conformer, but
along with a H6!O4 hydrogen-bond. The same counter-
clockwise network was also found in previous quantum-
mechanical calculations on Gal or its O1-methylated
derivative in vacuum,104,162,163,255,337,340,343–346 although
most of these calculations (see, however104,343) as well as
Table 2. Relative populations of the three staggered conformers of the six
200 ns simulations of Glc, Man, Gal and Tal (Fig. 1) in vacuum (SD) or in

(%) Vacuum Water

g+ t g� g+ t g�

Glc

/ 5 4 91 1 98 2
v2 97 3 0 33 52 14
v3 0 3 97 14 27 59
v4 97 3 0 89 6 5
x 63 35 2 57 43 0
v6 49 21 30 30 50 20

Gal

/ 16 12 72 1 98 1
v2 88 12 0 31 53 16
v3 11 0 88 29 17 54
v4 0 11 88 8 17 75
x 57 17 25 33 41 26
v6 21 20 59 20 54 26

The corresponding probability distributions are displayed in Figure 2.
IR ion-dip experiments on phenyl-b-DD-galactopyrano-
side in the gas-phase162,163,344 suggested the presence
of a H6!O5 hydrogen-bond (as in Glc) rather than a
H6!O4 hydrogen-bond (present simulation) in the
lowest-energy conformer. Finally, for Tal, the only
quantum-mechanical study available to our knowledge
also supports the presence of a H6!O5 hydrogen-
bond.337

The stability of a hydrogen-bond network (over indi-
vidual uncorrelated hydrogen-bonds) is certainly a con-
sequence of cooperativity effects (Section 1). The
observed preference for a counterclockwise orientation
in the four compounds considered (which may not be
generalizable to the corresponding a-anomers as well
as to other hexopyranoses162,255,340,345) is probably
related to its compatibility with the g� preference of /
for b-anomers in the gas-phase (exo-anomeric effect;
Section 3.3 and Table 2).

In the gas-phase simulations, a hydrogen-bond
between the 1,3-syn-diaxial 2-OH and 4-OH groups of
Tal is present (in one direction or the other, with a
strong predominance of H4!O2) during 98% of the sim-
ulation time. This agrees with the expected high strength
of six-membered hydrogen-bonded ‘rings’ involving 1,3-
syn-diaxial hydroxyl groups in fixed relative orienta-
tions,110,114,141,148,156 which has been clearly evidenced
in model compounds by quantum-mechanical calcula-
tions in vacuum154 and by NMR122,146 and IR150 spec-
troscopy experiments in nonpolar solvents. The same
hydrogen-bond is also found in the crystallographic
structure of a-DD-talopyranose.347

A similar six-membered ‘ring’ hydrogen-bond is also
possible between the 6-OH (hydroxymethyl) and 4-OH
groups. However, these two groups are not in fixed rel-
ative orientations and hydrogen-bonding requires the
freezing of one rotatable C–C bond (C5–C6), namely x
exocyclic dihedral angles /, vn (n = 2,3,4,6) and x, as obtained from
water (MD)

Vacuum Water

g+ t g� g+ t g�

Man

4 2 94 2 96 3
2 2 96 12 27 61

95 2 3 42 27 31
98 2 0 88 6 6
28 67 5 52 48 0
30 18 52 30 48 22

Tal

18 2 80 2 96 2
16 1 83 34 18 48
98 1 1 56 17 28
83 15 2 47 12 41
49 26 25 39 39 22
23 23 54 22 53 26
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in g� for Glc and Man, or in g+ for Gal and Tal.
Restricting the analysis to configurations involving these
specific x-rotamers, the hydrogen-bond is found to be
formed nearly systematically (data not shown). How-
ever, the occurrences of these rotamers are very small
(65%) for Glc and Man, and are limited (50–60%) for
Gal and Tal (Section 3.3 and Table 2). Therefore, it
appears that even in vacuum, the formation of a (six-
membered ‘ring’, i.e., relatively strong) hydrogen-bond
between the 6-OH and 4-OH groups represents a limited
conformational driving force in determining the
hydroxymethyl group orientation. Similar consider-
ations apply to the (five-membered ‘ring’, that is, com-
paratively weaker) hydrogen-bond involving the 6-OH
group and the ring oxygen. However, in this case, the
occurrence of the hydrogen-bond remains low (625%),
even when restricing the hydrogen-bond analysis to the
g+ and t rotamers of x (data not shown).

Most of the hydrogen-bonds encountered in these gas-
phase simulations have lifetimes of the order of 0.5-10 ps
or below. However, the H4!O2, H2!O4 and H4!O6

hydrogen-bonds in Tal have significantly longer
lifetimes.

In the water simulations, intramolecular hydrogen-
bonds are frequent, but their occurrences never exceed
40% (or 29% if one excepts H4!O2 in Tal). This reduc-
tion in their occurrences may be dominantly attributed
to the solvent-induced dielectric screening of intramolec-
ular electrostatic interactions (Section 1). The oriented
hydrogen-bond networks encountered in vacuum partly
persist in solution, in the form of (weak) preferences.
However, there are two notable differences: (i) the
hydroxymethyl group is no longer involved in any sig-
nificant intramolecular hydrogen-bonding (H6!O4

and H4!O6 hydrogen-bonds are present in Gal and
Tal, but with occurrences of at most 8%); (ii) H2!O1

hydrogen-bonds are no longer encountered when the
2-OH group is equatorial (Glc, Gal), in which case
H1!O2 hydrogen-bonds occur instead. A high-occur-
rence hydrogen-bond persists between the 1,3-syn-diax-
ial 2-OH and 4-OH groups in Tal (in one direction or
the other, with a predominance of H4!O2, during
61% of the simulation time). As was the case in vacuum,
no systematic differences can be observed between the
occurrences of hydrogen-bonds involving cis- and
trans-vicinal hydroxyl groups.

Most of the observed hydrogen-bonds are quite labile,
with an average lifetime of the order of 0.5–1.0 ps or
below. However, the (low-occurrence) hydrogen-bonds
involving the hydroxymethyl group in Gal and Tal have
slightly longer lifetimes of about 3 ps, while the H4!O2

and H2!O4 hydrogen-bonds in Tal have lifetimes of 9.0
and 3.2 ps, respectively. Note that the present lifetimes,
defined on the basis of a simple geometrical hydrogen-
bonding criterion, should probably be viewed as lower
bounds.299
Experimentally, NMR measurements of isotope ef-
fects on a series of monosaccharides in aqueous solution
revealed a peculiar behavior for Tal, which was attrib-
uted to the presence of a hydrogen-bond between the
2-OH and 4-OH groups.141 The observations were com-
patible with a hydrogen-bond of fixed directionality or
in rapid flip-flop between the two possible orientations
(similar observations were also made for a closely re-
lated inositol derivative in DMSO146). The present sim-
ulations support the second hypothesis, with a flip-flop
on the 1–10 ps timescale.

3.3. Conformation of the exocyclic dihedral angles

The probability distributions associated with the six
exocyclic dihedral angles /, vn (n = 2,3,4,6) and x dur-
ing the simulations of the four hexopyranoses in vacuum
as well as in water (Fig. 2) only display population peaks
in the ranges corresponding to staggered conformations.
The populations of eclipsed conformations at �120�, 0�
and 120� are in all cases essentially negligible, so that it
is sufficient for most purposes to consider the integrated
populations of the three staggered rotamers (Table 2).

In the gas-phase simulations, the dihedral angle / is
nearly always found in the g� conformation, a behavior
consistent with the exo-anomeric effect (Section 1) for b-
anomers, and explicitly accounted for by the torsional
parameters of the carbohydrate force field used in the
present study.265 This effect results (in b-hexopyranoses)
from (i) a favorable dipole–dipole interaction (the inter-
action between the bond dipoles of the C1–O5 and O1–
H1 bonds is most favorable in the g+ and g� conforma-
tions); (ii) a hyperconjugative effect (the overlap between
the nonbonding n-orbitals on O1 and the antibonding
r*-orbital of the C1–O5 bond is largest in the g+ and
g� conformations); and (iii) a steric effect (repulsion
between the substituent at O1, here H1, and the substitu-
ents of the C2 carbon, destabilizing the t and g+

conformations).
In the water simulations, however, this dihedral angle

is nearly always found in the t conformation (compati-
ble with the occurrence of a H1!O2 hydrogen-bond
during the simulations of Glc and Gal in water; Section
3.2). This observation contrasts with the vacuum results,
but also with the preferred g� orientation found in water
and in crystals (both experimentally and in simulations)
for b-linked disaccharides,257,265,266,302 as well as for
methyl-b-DD-glucopyranoside (10 ns simulation with the
present force field; data not shown). This apparent dis-
crepancy can tentatively be rationalized by (i) a general
weakening of the exo-anomeric effect upon going from
vacuum to aqueous environment (solvent-induced
dielectric screening); (ii) a specific weakening of the ste-
ric contribution to this effect in the presence of an
unfunctionalized lactol group; (iii) a peculiar solvent
structuring pattern involving the ring oxygen, the
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unfunctionalized lactol group and at least two water
molecules (Section 3.6). A weakening of the exo-ano-
meric preference in aqueous environment for an unfunc-
tionalized lactol group was also observed in previous
quantum-mechanical calculations using implicit-solvent
models.176,333 However, the observed inversion in rota-
meric stability is still to be taken with some caution, be-
cause (i) it has not been reported in previous MD
simulations of b-hexopyranoses; (ii) the torsional poten-
tial used for / in the present force field has been opti-
mized for O1-methylated compounds265 rather than
reducing hexopyranoses.

In the gas-phase simulations, the exocyclic dihedral
angles v2, v3 and v4 almost exclusively adopt one of
the two gauche conformations. These preferences de-
pend on the hexopyranose considered, and correspond
to the orientations compatible with the (strong) hydro-
gen-bond networks discussed previously (Section 3.2).

In the water simulations, hydrogen-bonding interac-
tions are substantially weakened and the dihedral angles
v2 and v3 present significant populations (>10%) in all
three conformers. These two dihedral angles show a
slight preference for t and g�, respectively, when the 2-
OH group is equatorial (Glc, Gal), and for g� and g+,
respectively, when this group is axial (Man, Tal). These
preferences are in line with the vacuum preferences
except for v2 in Glc and Gal, where the leading conformer
is g+ in vacuum (compatible with a H2!O1 hydrogen-
bond; Table 1) but t in water (compatible with H1!O2).

The orientational preferences around v4 are more pro-
nounced. When the 4-OH group is equatorial (Glc,
Man), v4 is almost exclusively found in the g+ conforma-
tion (as in vacuum). When this group is axial (Gal, Tal),
the distribution depends on the configuration of the 2-
OH group. In Gal, where the latter group is equatorial,
the g� configuration is dominant (as in vacuum). In Tal,
where this group is also axial, the three wells are popu-
lated, with a clear preference for g+ (dominant in vac-
uum) and g�. The g+ conformation of v4 together with
a g� conformation of v2 is required for the formation
of an intramolecular H4!O2 hydrogen-bond (82% and
40% occurrences in vacuum and water, respectively;
Table 1). The formation of a H2!O4 hydrogen-bond
(16% and 21% occurrences, respectively) requires v4 in
t and v2 in g+, which is less frequent.

In the gas-phase simulations, the dihedral angle x
shows preferences g+ > t for Glc and t > g+ for Man,
with nearly zero population for the g� conformer. The
absence of the g� rotamer is probably in part due to
the gauche-effect (Section 1), explicitly accounted for
by the torsional parameters of the carbohydrate force
field used in the present study.265 In addition, the lead-
ing g+ and t conformations correspond to two alterna-
tive ways of forming a H6!O5 hydrogen-bond (Table
1), from either above (g+; with v6 in g+) or below (t; with
v6 in g�) the ring plane. However, this (weak) hydrogen-
bond only has an occurrence of about 20% for the two
compounds. Although the g� conformer could in princi-
ple also form 1,3-syn-diaxial H6!O4 or H4!O6 hydro-
gen-bonds with the equatorial 4-OH group, neither these
hydrogen-bonds nor the g� conformer are significantly
populated. These observations suggest again that hydro-
gen-bonding is not a major conformational driving force
in determining the orientation of the hydroxymethyl
group, even in vacuum (Section 3.2).

For Glc, the above conformational preferences
agree well with the results of most quantum-
mechanical calculations on Glc or its O1-methylated
derivative in vacuum, suggesting a stability rank-
ing g+ > t > g�

79–81,104,162,163,255,334–336,338 (see, how-
ever23,332,333,337,339–341). The present observations are
also compatible with the results of IR ion-dip experi-
ments on phenyl-b-DD-glucopyranoside in the gas-
phase,162,163,338 suggesting a population ratio g+/t/g�
of 25:68:7 (the inversion between g+ and t may be
related to the presence of the phenyl substitu-
ent162,163,338,348), as well as with Raman optical activity
measurements on methyl-b-DD-glucopyranoside in vac-
uum,340 suggesting a corresponding approximate popu-
lation ratio of 50:50:0. For Man, the few quantum-
mechanical studies available suggest a ranking
g� > t > g+.255,337,342 However, such an inversion of rel-
ative rotamer stabilities compared to Glc (not observed
in the present simulations) seems quite unlikely consid-
ering that the 2-OH and hydroxymethyl groups are sit-
uated at opposite sides of the ring and that the latter
group is always equatorial.

The orientational preferences of x for Gal and Tal as
observed in the vacuum simulations are g+ > t � g�.
The leading g+ conformation permits the formation of
a H6!O4 (with v4 in g� and v6 in g�) or a H4!O6 (with
v4 in t and v6 in t) hydrogen-bond with the axial 4-OH
group (Table 1). The preferences of v4 and v6 in Gal
agree with the presence of a dominant H6!O4 hydro-
gen-bond for this compound. The same hydrogen-bond
is found with a slightly lower occurrence in Tal,
although v4 is predominantly g+ (due to the formation
of the leading H4!O2 hydrogen-bond) in this case
(but with an average angle of about 45�; Fig. 2).

For Gal, the above preferences are at odds with the
results of most quantum-mechanical calculations on
Gal or its O1-methylated derivative, suggesting a stabil-
ity ranking t� g� > g+

162,163,255,337,340,344–346 (see how-
ever104,343), with experimental IR ion-dip studies on
phenyl-b-DD-galactopyranoside in the gas phase,162,163,344

suggesting a population ratio g+/t/g� of 0:90:10, and
with Raman optical activity measurements on methyl-
b-DD-galactopyranoside in vacuum,340 suggesting a corre-
sponding approximate population ratio of 30:50:20. For
Tal, the only quantum-mechanical study available to
our knowledge suggests a ranking t > g� � g+.337 The
discrepancy between the vacuum simulation results



Table 3. Relative populations of the three staggered conformers of the
hydroxymethyl group (dihedral angle x), as obtained from 200 ns MD
simulations of Glc, Man, Gal and Tal (Fig. 1) in water (sim) and as
determined experimentally (Glc, Man and Gal only)

(%) Ref. g+ (gg) t (gt) g� (tg)

Glc sim. 57 43 0
a 53 45 2
a (Me) 50 47 3
c 49 49 2
c (Me) 55 45 1
c (Me) 48 50 2
d 15 88 �3
d (Me) 7 88 5
e 45 62 �7
f (Me) 50 62 �13
g(Me) 41 52 7
h (Me) 31 61 8
i 31 59 10

Man sim. 52 48 0
b 48 49 3
b (Me) 46 51 3

Gal sim. 33 41 26
a 22 53 25
a (Me) 22 55 23
c (Me) 17 59 24
d 17 66 17
f (Me) 29 53 18
g(Me) 3 67 30
h (Me) 3 72 25

Tal sim. 39 39 22

The experimental data (listed from the earliest to the most recent
study) are derived from NMR experiments by (a) Nishida et al.,99,100

(b) Hori et al.,105 (c) Abraham et al.,101,102 (d) Tvaroška and Gajdoš,93

(e) Brochier-Salon and Morin,103 (f) Tvaroška et al.,104 (g) Stenutz
et al.,95 (h) Thibaudeau et al.96 and (i) Suzuki et al.98 The reported data
refer to the b-anomers only, and correspond to either the unfunc-
tionalized compound or the corresponding O1-methylated derivative
(Me). The corresponding probability distributions from the MD sim-
ulations are displayed in Figure 2.
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and the available quantum-mechanical and experimen-
tal data for Gal and Tal suggests the presence of a defi-
ciency in the present force field265 with respect to the
torsional parameters for the x dihedral angle in hexo-
pyranoses with an axial 4-OH group (see below).

In the water simulations, the g� conformer of x is not
populated when the 4-OH group is equatorial (Glc,
Man), as was the case in vacuum, while the g+ and t con-
formations now have nearly equal populations. These
preferences are not significantly influenced by intramo-
lecular hydrogen-bonding (the H6!O5 hydrogen-bond
is absent in water, and the H6!O4 or H4!O6 hydro-
gen-bonds do not even occur in vacuum; Table 1). When
the 4-OH group is axial (Gal, Tal), the three conformers
of x are almost equally populated (with a slight prefer-
ence for g+ and t). The decrease in the g+ population
compared to the vacuum simulations is probably caused
by the solvent-induced weakening of the H6!O4 and
H4!O6 hydrogen-bonds, which become nearly inexis-
tent in water (Table 1). However, the limited magnitude
of this decrease (24% and 10% for Gal and Tal, respec-
tively) and the low-occurrence of these hydrogen-bonds
in water hint again toward a quasi-negligible influence
of hydrogen-bonding in determining the conformational
preferences around x in aqueous solution. For all hexo-
pyranoses considered, the dihedral angle v6 presents sig-
nificant populations (>20%) in all three conformers,
with a systematic preference for t (6-OH group pointing
away from the ring cycle).

The above observations can be compared with exper-
imental data from NMR measurements on Glc, Man,
Gal and their O1-methylated derivatives in water
(Table 3). For Glc and Man, all the available experimen-
tal data sets93,95,96,98–104 support the quasi-absence of
the g� conformer for x and suggest a population ratio
g+/t/g� of about 50:50:0 (see, however93), in good agree-
ment with the present simulation results (57:43:0 for Glc
and 52:48:0 for Man). This ratio is also compatible with
vacuum-ultra-violet circular dichroism (VUVCD) data
for Glc and Man,349 and with the corresponding statis-
tical preferences in the solid state for monosaccharide
derivatives presenting the gluco configuration130,350

(60:40:0). For Gal, the two most recent NMR stud-
ies95,96 suggest a population ratio of about 5:70:25, while
earlier measurements93,100,102,104 support a ratio of
about 20:55:25 (the differences arising mainly from the
use of different Karplus equations). The present simula-
tion results (33:41:26) are in better agreement with the
latter set, as well as with VUVCD data for Gal.349 How-
ever, the corresponding statistical preferences in the
solid state for monosaccharide derivatives presenting
the galacto configuration130,350 (8:58:34) rather support
the absence of the g+ conformer. Thus, although the
simulation results can be considered to agree well with
the available experimental data for Glc and Man, the
large uncertainty in the literature values for Gal renders
the comparison difficult (beyond the observation that t

is in all cases the leading conformer).
Only two NMR studies report estimates for the con-

formational distribution of the v6 dihedral angle.95,96

This distribution appears to be only weakly correlated
with that of the x dihedral angle,96 again providing a
hint toward the limited conformational influence of
intramolecular hydrogen-bonding in water. The first
study95 estimates the population of the t conformer of
v6 to 11% and 28% in Glc and Gal, respectively. The sec-
ond one96 reports corresponding g+/t/g� population
ratios of 21:20:59 and 23:38:39, respectively. The simula-
tion results agree qualitatively with these estimates in the
sense that the three conformers are significantly popu-
lated. However, the dominance of the t conformer
observed in the simulations is not found in the above
experiments.

Different authors attribute the main driving force
for the conformational preferences of the hydroxy-
methyl group dihedral angle x in water (and other
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polar solvents) to different effects: (i) the gauche

effect,102,131,189,190,351 stabilizing the t and g+ conforma-
tions; (ii) the formation of a H6!O5 hydrogen-
bond,102,104,352 also stabilizing the t and g+ conforma-
tions; (iii) the presence of 1,3-syn-diaxial repulsion
between the 4-OH and 6-OH groups102,131,189 (destabi-
lizing g� for Glc and g+ for Gal); and (iv) specific
solvent effects.104,241,251,293–295,333,353 On the other hand,
the limited impact of intramolecular hydrogen-bonding
between the 4-OH and 6-OH groups in water on this
conformational distribution has been clearly evi-
denced experimentally by (i) examining the influence
of the solvent polarity on this distribu-
tion;101,102,131,152,157,180,189,190,305,351 (ii) analyzing the
correlation between the rotamer populations of the x
and v6 dihedral angles96 (see above); and (ii) investigat-
ing hexopyranose analogs and model compounds
lacking specific potential hydrogen-bonding
groups.92,101,102,104,131,144,152,189,190,305,351,354–357 Many
of these studies also hint toward a negligible effect of
H6!O5 hydrogen-bonding.

The different points mentioned above lead us to think
that 1,3-syn-diaxial repulsion may be the key to under-
standing the conformational properties of the hydroxy-
methyl group in water (with gauche and solvation effects
being secondary, and intramolecular hydrogen-bonding
essentially negligible): (i) the g� conformation in Glc and
the g+ conformation in Gal appear to be the least stable
in vacuum (quantum-mechanical calculations and experi-
ment); (ii) these conformations are essentially forbidden in
the solid state;130,350 and (iii) these conformations are
nearly absent in aqueous solution (NMR measurements;
accepting the result of the two most recent experimental
determinations for Gal95,96 as the correct one).

If this interpretation is correct, the present force
field265 appears to provide an accurate description for
Glc (both in vacuum and in water; besides a possible
marginal overstabilization of g+ over t compared to
the most recent experimental determinations for
Glc95,96,98,103,104), but tends to significantly overstabilize
the g+ conformer (at the expense of the t conformer) for
Gal (both in vacuum and in water). A reoptimization of
the torsional parameters used in GROMOSGROMOS 45A4 for the x
dihedral angle (at least in hexopyranoses with an axial 4-
OH group) seems therefore to be required (work in pro-
gress). For comparison, the population ratios g+/t/g�
for Glc and Gal obtained with other commonly used
force fields (see also98,272) are 66:33:1 and 4:75:21
(CHARMM/CSFF241), 49:45:6 and 11:62:27 (AM-
BER/GLYCAM251), 69:27:4 and 9:53:38 (OPLS-AA-
SEI256), and 48:47:5 and 5:70:25 (GROMOSGROMOS/Spieser263).

3.4. Correlation between the exocyclic dihedral angles

The correlations between the probability distributions
associated with selected dihedral angle pairs during the
simulations of the four hexopyranoses in water are
shown in Figure 3. The graphs display the excess two-
dimensional probability for the specific pair, relative to
the ideal situation of an uncorrelated distribution (prod-
uct of one-dimensional probability distributions for the
two individual dihedral angles). Figure 3 summarizes the
key results of a more detailed and systematic analysis
(two-dimensional probability distributions and correla-
tions for all dihedral angle pairs, for both the simula-
tions in water and in the gas-phase; Supplementary
data, Figs. S.1–S.16).

In water, significant correlations are exclusively found
for the pairs v2–v3, v3–v4, v2–v4, v4–x and x–v6 (Fig. 3),
as well as /–v2 (Supplementary data, Figs. S.10, S.12,
S.14 and S.16). Additional (weaker) correlations are
seen for v3–x and v4–v6 in Gal and Tal (Supplementary
data, Figs. S.14 and S.16), as well as for /–v4 and v2–x
in Tal (Supplementary data, Fig. S.16). In all cases, the
areas of the two-dimensional maps indicating large posi-
tive correlations correspond to a subset of the areas with
high probabilities (i.e., to well populated conformers;
Supplementary data, Figs. S.9, S.11, S.13 and S.15).
This is not surprising (but not trivial either) since a po-
sitive correlation between two hydroxyl groups in a gi-
ven conformation is indicative of a favorable (e.g.,
hydrogen-bonding or dipole–dipole) interaction, which
also acts to stabilize this specific conformation. Con-
versely, regions with large negative correlations usually
(but not always) correspond to poorly populated
conformers.

The correlation maps for v2–v3 in hexopyranoses
where the 2-OH group is equatorial (Glc, Man) show
positive correlations in the hydrogen-bonding confor-
mations g+–g� (H3!O2) and t–t (H2!O3), in agree-
ment with the hydrogen-bond analysis (Table 1), while
they show a negative correlation in the t–g� conforma-
tion (where the two hydroxyl groups point toward each
other). These maps also reveal two interesting features
about the interconversion between the two hydrogen-
bonding conformers. First, among the four possible
pathways for this interconversion (two conrotatory
and two disrotatory), one appears to be clearly pre-
ferred. It is the disrotatory pathway involving a 60�
change in the two dihedral angles. This pathway is prob-
ably favored over the three other ones because it is the
shortest (in terms of dihedral angle variations) and ben-
efits from favorable interactions between the antiparallel
hydroxyl bond dipoles. Second, the rotations of v2 and
v3 along this pathway are asynchronous. Close to g+–
g� (H3!O2), v2 changes more rapidly than v3, while
close to t–t (H2!O3), it is v3 that changes more rapidly.
This feature is easily explained by the observation that
hydrogen-bonding interactions impose more important
orientational constraints on the donor hydroxyl group
than on the acceptor one. The corresponding v2–v3

maps for hexopyranoses where the 2-OH group is axial



Figure 3. Correlation between the probability distributions associated with selected dihedral angle pairs a, b among /, vn (n = 2,3,4,6), and x, as
obtained from 200 ns simulations of Glc, Man, Gal and Tal (Fig. 1) in water (MD). The correlation is measured by the excess probability
p(a,b) � p(a)p(b), where p(a,b) is the two-dimensional (normalized) probability distribution of the dihedral angle pair a,b, while p(a) and p(b) are the
corresponding one-dimensional (normalized) probability distributions for the two individual angles a and b. A more complete analysis of the two-
dimensional probability distributions and corresponding correlations for both vacuum (SD) and water (MD) simulations is provided in
Supplementary data, Figures S.1–S.16.
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(Man, Tal) only show significant correlation for the
hydrogen-bonding conformation g�–g+ (H3!O2) while
the alternative hydrogen-bonding conformation t–t

(H2!O3) is not significantly populated (Supplementary
data, Figs. S.11 and S.15), in agreement with the hydro-
gen-bond analysis (Table 1).

Similar considerations apply to the v3–v4 maps, with
positive correlations at g�–g+ (H4!O3) and t–t

(H3!O4) for hexopyranoses where the 4-OH group is
equatorial (Glc, Man), or g�–g� (H4!O3) and g+–t

(H3!O4) for hexopyranoses where this group is axial
(Gal, Tal), and asynchronous disrotatory interconver-
sion pathways between the two hydrogen-bonding
conformers.

A significant correlation in the v2–v4 map is only
found for Tal, where the axial configuration of the 2-
OH and 4-OH groups permits the formation of a strong
hydrogen-bond between the two groups (Section 3.2).
Positive correlations are found for g�–g+ (H4!O2),
g+–g� (only weakly hydrogen-bonding) and g+–t
(H2!O4), while a negative correlation is seen for g+–
g+ (hydrogen atoms pointing at each other) and, to a
lesser extent, g�–g� (hydrogen atoms pointing away
from each other).

The v4–x maps only show significant correlations for
hexopyranoses where the 4-OH group is in axial orienta-
tion (Gal, Tal). Positive correlations are found for t–g+

(H4!O6, if v6 in t) and g�–t (non hydrogen-bonding),
and negative ones for g�–g+ (H6!O4, if v6 in g�). For
t–g+, we note that x in g+ correlates positively with v6

in g+ rather than t (Fig. 3), suggesting that the
H4!O6 hydrogen-bond is weak. For g�–t, it is also seen
that v4 in g� and x in t both correlate positively with v6

in g�, offering the possibility of a H6!O5 hydrogen-
bond from below the ring plane (Supplementary data,
Figs. S.14 and S.16). However, this hydrogen-bond is
not present with a significant occurrence in the water
simulations (Table 1). Finally, for g�–g+, the conforma-



Table 4. Characteristic times s associated with transitions of the six
exocyclic dihedral angles /, vn (n = 2,3,4,6) and x as obtained from
200 ns simulations of Glc, Man, Gal and Tal (Fig. 1), in vacuum (SD)
or in water (MD)

s (ps) / v2 v3 v4 x v6

Vacuum

Glc 17 189 275 242 649 7
Man 40 42 31 146 647 8
Gal 6 388 226 215 122 8
Tal 28 108 70 101 107 6

Water

Glc 85 11 13 24 813 17
Man 50 14 15 22 787 17
Gal 96 11 14 20 175 17
Tal 55 14 19 16 183 16

The characteristic times are obtained by dividing the total simulation
time by the number of transitions between wells (g�,g+, t) observed for
the dihedral angle during the simulation (with an allowed excursion
time of 1 ps). A more complete analysis of well-to-well transition
timescales is provided in Supplementary data, Tables S.I and S.II.
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tion is well populated (Supplementary data, Figs. S.13
and S.15), although the correlation is negative. In this
case, v4 in g� correlates with v6 in g� but x in g+ corre-
lates with v6 in g+, suggesting that the H6!O4 hydro-
gen-bond is also weak. For hexopyranoses where the
4-OH group is equatorial (Glc, Man), no significant cor-
relations are seen on the v4–x map.

The /–v2 maps for the hexopyranoses where the 2-OH
group is equatorial (Glc, Gal) show positive correlations
for t–t (H1!O2) and t–g+. The appearance of the latter
conformation seems surprising at first sight, because the
two hydrogen atoms point in the same direction. This
particular conformation is actually stabilized by hydro-
gen-bonding to a common water molecule (Section 3.6).
For hexopyranoses where the 2-OH group is axial (Man,
Tal) positive correlations are found for t–g� (H2!O1)
and, to a lesser extent, for t–t and t–g+. The two latter
conformations do not allow for hydrogen-bonding,
and the correlations are probably largely influenced by
specific interactions with nearby solvent molecules.

For all hexopyranoses, the x–v6 maps show positive
correlations at t–g� (H6!O5 hydrogen-bond from
below the ring plane) and g+–g+ (H6!O5 hydrogen-
bond from above the ring plane). For Gal and Tal, po-
sitive correlations are also seen for g�–t (non hydrogen-
bonding). For Glc and Man, negative correlations are
seen for g+–g� (non hydrogen-bonding). The two latter
observations are related to specific interactions with
nearby solvent molecules (Section 3.6).

Such a correlation analysis has (to our knowledge)
never been performed based on simulations of hexopyr-
anoses. However, two-dimensional free-energy maps
have been reported for the rotations around the analogs
of /–v2 and x–v6 in model compounds, based on semi-
empirical calculations with continuum solvation,358

leading to results in good qualitative agreement with
the present observations. Experimentally, although it
has been shown that coupling constants between isoto-
pically labelled adjacent ring carbon atoms are sensitive
to the orientations of the two attached (vicinal) hydroxyl
groups,359 this observation has (to our knowledge) never
been further exploited to gain information about hydro-
xyl group conformations and their correlations in solu-
tion. There is, however, an NMR study indicating that
the correlation between the x and v6 dihedral angles
in Glc and Gal is weak,96 thereby suggesting that the
hydroxymethyl group is not involved in strong hydro-
gen-bonding interactions (neither with the 4-OH group
nor with the ring oxygen; Sections 3.2 and 3.3).

3.5. Dynamics of the exocyclic dihedral angles

The timescales associated with the rotation around the
various exocyclic dihedral angles during the simulations
of the four hexopyranoses, both in vacuum and in water,
are reported in Table 4. A more detailed analysis of the
isomerization timescales associated with specific source
and destination wells was also undertaken (Supplemen-
tary data, Tables S.I and S.II).

In vacuum, four main timescales can be distinguished
for rotational isomerization: 6–8 ps for v6, 6–40 ps for /,
31–388 ps for vn (n = 2,3,4) and x in Gal and Tal, and
647–649 ps for x in Glc and Man. These times should
probably be regarded as lower bound estimates, due to
enhanced sampling by application of SD rather than
MD.

In water, four main timescales can be distinguished
for rotational isomerization: 11–24 ps for vn

(n = 2,3,4,6), 50–96 ps for /, 175–183 ps for x in Gal
and Tal, and 787–813 ps for x in Glc or Man. The
slower timescale for rotation around / compared to vac-
uum suggests that, just like the conformational prefer-
ences (Section 3.3), the dynamics of this dihedral angle
in water is largely influenced by solvent effects (Section
3.6). The rotation around the vn dihedral angles is signif-
icantly faster than in vacuum (except for v6, where the
change is limited), the corresponding timescales becom-
ing very similar for all hydroxyl groups in the aqueous
environment. This is certainly related to the weakening
of hydrogen-bonding interactions by the solvent (Sec-
tion 3.2), largely releasing the exocyclic hydroxyl groups
from orientational constraints. The timescales for rota-
tion around x are comparable (only slightly longer) to
the vacuum results, suggesting that the corresponding
rotational barriers are dominated by intramolecular ste-
ric and stereoelectronic effects (included in the dihedral
angle potential energy terms of the force field), and only
weakly affected by intramolecular hydrogen-bonding
and solvation.

The observation of a significantly (fourfold) slower
relaxation for x in Glc and Man (compared to Gal
and Tal), and of a slightly faster relaxation for Man
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(compared to Glc), is consistent with experimental
trends from ultrasonic-relaxation spectroscopy measure-
ments.36,87,106 However, the corresponding experimental
values (1.9, 1.7 and 0.6 ns for Glc, Man and Gal, respec-
tively) are systematically higher by a factor of about 2.5
compared to the estimates of Table 4, which may be re-
lated to the overestimated diffusivity (underestimated
viscosity) of the SPC water model employed in the pres-
ent work.315 Measurements of NMR relaxation times
for lactose in DMSO also support a slower (factor about
two) rotational diffusion of the hydroxymethyl group in
the Glc compared to the Gal monomer.360 The slower
transition timescales for Glc and Man may be related
to the quasi-absence of the g� conformer of x in these
compounds, implying that four out of the six theoreti-
cally possible types of well-to-well transitions are essen-
tially forbidden. However, even transitions between the t

and g+ wells are slowed down by about a factor of two
compared to Gal and Tal (Supplementary data, Table
S.II), suggesting that this difference in the dynamics is
also due to intramolecular steric and stereoelectronic
effects (included in the dihedral angle potential energy
terms of the force field).
3.6. Solvation

The average numbers of solute–solvent hydrogen-bonds
(per configuration) during the simulations of the four
hexopyranoses in water are reported in Table 5. Each
sugar molecule is involved in an average of 8.66–9.15
Table 5. Average numbers of solute–water hydrogen-bonds (per
configuration) as obtained from 200 ns simulations of Glc, Man, Gal
and Tal (Fig. 1) in water (MD)

Glc Man Gal Tal

HO1 0.66 0.68 0.70 0.70
HO2 0.70 0.69 0.75 0.64
HO3 0.78 0.78 0.77 0.78
HO4 0.84 0.85 0.83 0.59
HO6 0.74 0.74 0.75 0.72

Subtotal 3.72 3.74 3.80 3.43

O1 0.96 0.89 1.05 0.96
O2 0.76 0.92 0.80 0.83
O3 0.84 0.90 0.90 0.93
O4 0.85 0.85 0.89 0.83
O5 0.62 0.63 0.72 0.68
O6 1.03 1.06 0.99 1.00

Subtotal 5.06 5.25 5.35 5.23

Total 8.78 8.99 9.15 8.66

The data are reported separately for hydrogen-bonds involving a sol-
ute hydroxyl group as donor (top; subtotal indicated) or a solute
oxygen atom as acceptor (bottom; subtotal indicated). The overall
total is also reported for each compound. Hydrogen-bonding criterion:
maximum hydrogen–acceptor distance of 0.25 nm, minimum donor–
hydrogen–acceptor angle of 100�.
solute–solvent hydrogen-bonds. The hexopyranoses
Glc, Man and Gal donate an average of 3.72, 3.74 and
3.80 hydrogen-bonds to water, while Tal donates only
3.43. The hexopyranoses Man, Gal and Tal accept an
average of 5.25, 5.35 and 5.23 hydrogen-bonds from
water, while Glc accepts only 5.06. As a result, Glc
and Tal are involved in fewer solute–solvent hydrogen-
bonds compared to Man and Gal. The above numbers
may be compared to the corresponding averages of
0.73, 0.57, 0.54 and 0.83 for Glc, Man, Gal and Tal,
respectively, for intramolecular hydrogen-bonds. As
expected, hexopyranoses which form intramolecular
hydrogen-bonds with higher-occurrences are found to
form on average fewer solute–solvent hydrogen-
bonds.155,196 Considering all compounds, each hydroxyl
group donates on average 0.73 hydrogen-bonds to
water, and each oxygen atom (hydroxyl groups and
O5) accepts on average 0.87 hydrogen-bonds from
water.

The present estimates of about nine water molecules
hydrogen-bonded to a hexopyranose agree qualitatively
well with hydration numbers inferred from compress-
ibility data211 (8.4, 8.1, 8.7 and 7.7 for Glc, Man, Gal
and Tal, respectively), and with NMR measurements
on the hydroxyl protons, suggesting that each hydroxyl
group is hydrogen-bonded to an average of two water
molecules.138,139 Note, however, that hydration numbers
can be defined in many different ways138,139,204,207,209,211

(probing distinct physical aspects of the solute–solvent
interactions), leading to very different numerical values.

Based on the present simulation results (Table 5), the
different hydroxyl groups can be approximately ranked
in terms of donating propensity toward water as
HO4 > HO3 > HO6 > HO2 > HO1 and the different
oxygen atoms in terms of accepting propensity as
O6 > O1 > O3 > O4 > O2 > O5. These trends are essen-
tially respected for all compounds, with the notable
exception of the 4-OH group in Tal, the donating capac-
ity of which is largely reduced by its involvement in a
high-occurrence intramolecular hydrogen-bond
(H4!O2, 40% occurrence; Table 1). The hydrogen-bond-
ing propensities of the 2-OH and 4-OH groups are not
obviously correlated with the equatorial vs axial orienta-
tion of the corresponding group (except for Tal), and no
obvious preferential solvation of equatorial groups (as
suggested by the axial–equatorial solvation model;
Section 1) can be detected in the present simulations.

The weak accepting propensity of the ring oxygen is in
line with the results of a survey of the Cambridge struc-
ture database, that failed to identify any crystallo-
graphic structure involving a hydrogen-bond between
the ring oxygen and a water molecule.361 On the other
hand, the weak donating propensity of the lactol group
is at odds with analyses of crystal structures and theoret-
ical calculations suggesting that this group is a better
hydrogen-bond donor and a poorer acceptor compared



Table 6. Occurrence of bridging water molecules as obtained from
200 ns simulations of Glc, Man, Gal and Tal (Fig. 1) in water (MD)

Bridge Occ. (%)

Glc
HO1;O;HO2 8
HO2;O;HO3 7
HO3;O;HO4 7
O3;HO;HO4 6
O1;H;O5 36

Man
HO3;O;HO4 6
O3;HO;HO4 5
O1;H;O5 32

Gal
HO3;O;HO4 5
O1;H;O5 42

Tal
HO3;O;HO4 5
O1;H;O5 35

Only bridges occurring for at least 5% of the configurations are
reported. Hydrogen-bonding criterion: maximum hydrogen–acceptor
distance of 0.25 nm, minimum donor–hydrogen–acceptor angle of
100�.
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to the other hydroxyl groups,130,158–160,166,197 probably
due to its increased acidity.

The possible presence of water molecules simulta-
neously hydrogen-bonded to two solute groups was also
investigated in the simulations (Table 6). The most inter-
esting observation is that a water molecule bridges the
lactol (O1) and ring (O5) oxygen atoms for all hexopyr-
anoses considered during 32–42% of the simulation
time. The presence of this bridge probably explains at
least in part the stability of the conformation with /
in t in the context of O1-unsubstituted hexopyranoses
(Section 3.3). As previously discussed, this conformation
is disfavored by the exo-anomeric effect and essentially
absent for O1-substituted hexopyranoses (probably due
to the steric repulsion between the O1- and C2-substitu-
ents). Other bridges are also observed, with significantly
lower occurrences (68%). The bridge between H1 and
H2 in Glc may also explain the positive correlation
observed for t–g+ in the /–v2 map (Section 3.3).

The structuring effect of the four hexopyranoses con-
sidered on the solvent is illustrated in Figure 4 in terms
of three-dimensional density distributions for the differ-
ent (solute and solvent) atoms in the system. All com-
pounds exhibit similar features with respect to the
solvation of the lactol group. A water molecule tends
to bridge the ring (O5) and lactol (O1) oxygen atoms
via a single hydrogen atom, while the lactol group (with
/ almost exclusively in the t conformation) donates a
hydrogen-bond to a tightly bound water molecule.
Tightly bound water molecules are also found close to
the 4-OH group for all hexopyranoses except Tal. For
Glc and Man (4-OH group equatorial), the following
observations apply: (i) O4 tightly binds a water hydro-
gen atom located between O4 and C6; (ii) v4 is preferen-
tially in g+ (Table 2); (iii) H4 tightly binds a water
oxygen atom. It seems reasonable to suggest that the ste-
ric demands of C6 effectively expel bulky water oxygen
atoms from the region between C6 and O4, while a water
hydrogen atom still fits in. The presence of this water
hydrogen atom may in turn contribute to the observed
conformational preference for v4 and the tight binding
of a water molecule by H4. The situation for Gal (4-
OH group axial) is comparable to that encountered for
Glc and Man (water hydrogen atom between O4 and
C6, and water oxygen atom tightly bound to H4),
although v4 is here predominantly in the g� conforma-
tion (Table 2) and the details of the coordination pattern
differ somewhat. This coordination pattern is drastically
weaker in Tal, probably due to the formation of the
high-occurrence intramolecular H4!O2 hydrogen-bond
in this compound (Section 3.2).

Interestingly, the two hydration sites mentioned
above actually correspond to preferred water binding
sites in the gas-phase monohydrates of phenyl-b-hexo-
pyranosides as probed by IR ion-dip experiments.162,348

A recent quantum-mechanical study of Glc monohy-
drates in vacuum361 also suggested that the best water
binding sites for Glc involved interactions with the O5

and O1 atoms, the 1-OH group systematically acting
as donor for a strong sugar–water hydrogen-bond.
The lowest-energy conformer not involving a direct
interaction of the water molecule with the lactol group
presented hydrogen-bonding interaction with the 4-OH
group.

3.7. Relative stabilities

The free energies calculated for the six possible epimer-
ization processes interconverting any two of the four
hexopyranoses considered, both in vacuum (DGSD)
and in water (DGMD), are reported in Table 7, together
with the corresponding estimated changes in solvation
free-energy (DGslv = DGMD � DGSD). Error bars are
provided for these three quantities. Three sets of empir-
ical estimates for the corresponding free-energy changes
in aqueous solution are also reported (to be compared
with DGMD), as obtained through the Angyal scheme
18,21,67 (DGA), or from molecular-mechanical calcula-
tions by Rao et al.2,75 (DGR) or using MMMM349 (DGM).

The individual quantities DGMD and DGSD should be
taken with some caution. Unlike some other classical
force fields,128,129,177,227–233 the GROMOSGROMOS force field258,265

has not been calibrated to reproduce molecular heats of
formation (from either calorimetric measurements or
quantum-mechanical calculations), because its main
purpose is the description of (bio)physical processes
(including solvation effects) rather than (bio)chemical
ones. For this reason, its use is in general inappropriate
for calculating overall free-energy changes involving a



Figure 4. Number density isosurfaces of the solute (white), water oxygen (red) and the water hydrogen (blue) atoms, as obtained from 200 ns
simulations of Glc, Man, Gal and Tal (Fig. 1) in water (MD). The sugar substructure (heavy atoms except O6) used for the least-squares fitting of
successive configurations is also drawn (sticks). Densities were calculated using a cubic volume of edge length 1.5 nm around the solute, spanned by a
three-dimensional cubic grid with 100 grid points along each dimension. For each density, two isosurfaces are displayed: high density qh (opaque)
and low density q1 = 0.7qh (transparent), expressed in terms of the average number densities �q of the corresponding atoms in the system, with
qh ¼ 600�q (solute atoms), or qh ¼ 15�q (solvent atoms). Covalent bonds between high density spots are indicated with solid black lines (whenever
identifiable). Hydrogen-bonds are indicated with dashed black lines (whenever identifiable; intra-solute hydrogen-bonds are omitted for clarity). Left:
‘top’ view, right: ‘front’ view.
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change in the covalent structure of molecules. However,
in the present case, all molecules considered share the
same atom connectivity, the same nearest-neighbor non-
bonded exclusion scheme, and nearly identical force
field terms. The only differences265 are changes in the
signs of the reference improper-dihedral angles control-
ling the stereochemistries at C2 and C4, and a change in
the form of the torsional potential associated with dihe-
dral angle x upon inversion of the stereochemistry at
C4. Due to this close similarity between the four com-



Table 7. Relative free energies of Glc, Man, Gal and Tal (Fig. 1) at 300 K as obtained from free-energy calculations in vacuum (SD) or in water
(MD)

Transition DGA (kJ mol�1) DGR (kJ mol�1) DGM (kJ mol�1) DGMD (kJ mol�1) DGSD (kJ mol�1) DGslv (kJ mol�1)

Glc!Man 3.77 4.94 6.36 1.8 (1.8) ± 0.4 2.8 (2.6) ± 0.2 �1.1 (�0.8) ± 0.5
Glc!Gal 1.88 3.01 2.68 2.5 (2.5) ± 0.3 3.6 (3.7) ± 0.4 �1.2 (�1.2) ± 0.7
Glc!Tal 8.15 11.17 7.66 5.4 (5.2) ± 0.5 5.2 (5.4) ± 0.6 0.2 (�0.2) ± 1.1
Man!Gal �1.88 �1.92 �3.68 0.6 (0.7) ± 0.5 1.1 (1.1) ± 0.4 �0.5 (�0.4) ± 0.9
Man!Tal 4.39 6.23 1.30 3.5 (3.4) ± 0.3 3.0 (2.8) ± 0.4 0.5 (0.6) ± 0.8
Gal!Tal 6.28 8.16 4.98 2.6 (2.7) ± 0.3 1.6 (1.7) ± 0.3 1.1 (1.0) ± 0.6

Cycle Hysteresis (kJ mol�1)

Glc!Man!Gal!Glc 0.1 0.3 0.3
Glc!Man!Tal!Glc �0.1 0.6 0.8
Glc!Gal!Tal!Glc 0.4 �0.1 0.3
Man!Gal!Tal!Man �0.3 �0.3 0.1

Top: free-energy changes upon epimerization calculated from MD simulations in water (DGMD) and from SD simulations in vacuum (DGSD),
together with corresponding changes in the solvation free-energy (DGslv = DGMD � DGSD). Error bars based on block-averaging extrapolation321 are
also reported. The values in parentheses indicate free energies including minimal (least-squares-sum) corrections proportional to the estimated error
and enforcing closure of all thermodynamic cycles. Three empirical estimates of the corresponding free-energy changes in aqueous solution are also
provided (to be compared with DGMD), as obtained for the b-anomer in the 4C1 conformation according to the Angyal scheme18,21,67 (DGA), or from
molecular-mechanical calculations by Rao et al.2,75 (DGR) or using MMMM349 (DGM). Bottom: hysteresis of the thermodynamic cycles defined by
combinations of the (uncorrected) free energies associated with the six epimerization processes (one of the four cycles is redundant).
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pounds, the quantity DGMD can probably be considered
to be meaningful in the present context. The quantity
DGSD, however, may still fail to compare to the physical
situation of hexopyranoses in vacuum, due to the use of
effective force field parameters calibrated to reproduce
properties in an aqueous environment (enhanced partial
atomic charges). Note that these two issues only affect
the individual quantities DGMD and DGSD but not their
difference DGslv, the accuracy of which is only limited by
that of the interatomic forces within the force field em-
ployed (and the finite sampling).

The six epimerization free energies probe the relative
stabilities of three hexopyranoses relative to a reference
one and therefore contain redundant information. Thus,
it is possible to check their internal consistency by
assessing the closure of three thermodynamic cycles.
The corresponding values are also reported in Table 7
(four cycles are selected for symmetry reasons, but each
one is a linear combination of the three others). Both the
error bars and the cycle-closure analysis suggest that the
calculated free energies are remarkably precise (within
the approximate molecular model employed), with
uncertainties no larger than about 1 kJ mol�1. By appli-
cation of minimal (least-square-sum) corrections pro-
portional to the corresponding estimated errors, cycle-
closure can be enforced in the calculated epimerization
free energies. The corresponding corrected values are
indicated between parentheses in Table 7 (these will be
considered as the best estimates of the present study
and used as reference for the following discussion).

The results for DGMD based on the simulations in
water suggest a ranking Glc�Man > Gal� Tal in or-
der of decreasing stability in aqueous solution, while the
estimates from the three empirical schemes considered
(DGA, DGR and DGM) support a ranking
Glc� Gal�Man� Tal. The free-energy differences
calculated using these empirical schemes are also gener-
ally of larger magnitudes compared to those estimated
from the present simulations. Based on both the simula-
tion results and on the empirical schemes, the inversion
of the stereochemistry at either the C2 or the C4 carbon
atom from equatorial to axial is associated with a raise
in free-energy. In the case of the 2-OH group, this prob-
ably dominantly results from the introduction of a (ste-
ric) D2 repulsion (Section 1). The inversion in the
relative stabilities of Man and Gal when comparing
the results of the simulations and the three empirical
schemes may be related to a possible deficiency in the
description of compounds with an axial 4-OH group
in the present force field (Section 3.3).

The above estimates of stability differences between
epimers can be compared with a limited set of direct
experimental results based on equilibrium epimer distri-
butions. Enzyme-catalyzed epimerizations (through
epimerases) almost exclusively involve phosphorylated
sugars.20,362 However, data exist for the enzymatic
Glc!Man epimerization363 (via fructose), with an esti-
mated free-energy difference of 3.07 kJ mol�1. Metal
complexes can also catalyze epimerization at the C2 car-
bon.364–367 Focusing on studies where the obtension of
an equilibrium C2-epimer mixture was assessed, the free
energies associated with the metal-catalyzed Glc!Man
and Gal!Tal epimerization processes in water are
estimated to be364,365,367,368 2.3–2.7 and365,367,369 3.0–
3.4 kJ mol�1, respectively. The present simulation esti-
mates (DGMD) of 1.8 and 2.7 kJ mol�1, respectively,
are in reasonable agreement with these numbers
(although somewhat lower), while the values estimated



2116 V. Kräutler et al. / Carbohydrate Research 342 (2007) 2097–2124
from the three other schemes tend to be significantly lar-
ger in magnitude. This comparison is of course only
qualitative because (i) the epimerization experiments
and the simulations are carried out under slightly differ-
ent conditions (temperature, concentration, pH); (ii) the
simulations only probe the epimerization free-energy for
the b-anomers (rather than for the corresponding ano-
meric mixtures).

The results for DGSD based on the simulations in vac-
uum lead to the same ranking of the four compounds as
in water in terms of relative free energies, with values
that are within at most 1.2 kJ mol�1 of DGMD. This sug-
gests that the leading contribution determining the rela-
tive stabilities of the different epimers is intramolecular
in nature (primarily steric and stereoelectronic).

Although the impact of solvation on the relative free
energies appears to be limited, it is nonnegligible. The
trends in DGslv suggest that the two hexopyranoses with
equatorial–equatorial or axial–axial hydroxyl groups at
C2 and C4 (Glc, Tal) are slightly less solvated (by about
1 kJ mol�1) compared to the two hexopyranoses with
axial–equatorial or equatorial–axial substitution (Man,
Gal), with a ranking Gal > Man > Tal � Glc in terms
of decreasing magnitude of the solvation free-energy.
The observed differences are at the limit of the precision
reached in the present free-energy calculations and
should be taken with some caution. However they are
in line with the analysis of solute–solvent hydrogen-
bonds, suggesting that Glc is a poorer hydrogen-bond
acceptor and Tal a poorer hydrogen-bond donor rela-
tive to the solvent (Section 3.6).

The above observations do not support the axial–
equatorial hydration model (Section 1), which would
suggest a ranking164,197,201–206 Glc > Gal �Man > Tal
in terms of solvation. Neither are they in line with the
nonspecific hydration model (Section 1), which predicts
a similar ranking164,167 Glc� Gal > Man� Tal (this
ranking is supported experimentally by the analysis of
a number of thermodynamic167,201,370,371 and dynami-
cal201,203–205,207 solvation parameters), nor are they in
line with the specific hydration model (Section 1), which
predicts a ranking210–215 Gal� Glc �Man� Tal (this
ranking is supported experimentally by the analysis of
other thermodynamic solvation parameters,198,211,213 of
kinetic medium effects on hydrolysis reactions,210,212

and by measurements of reverse-phase HPLC retension
times using pure water as eluent215). Note finally that
differential affinity to polystyrene matrices and partition
coefficients between water and 1-butanol suggests yet a
different ranking (Gal > Glc > Man) in terms of decreas-
ing hydrophilicity.372

Although there remains considerable uncertainty in
the conclusions that should be drawn from the available
experimental data about the relative extents of solvation
of the four compounds, the reduced hydrophilicity of
Tal has been clearly evidenced by (i) deuteration-
induced isotope effects on NMR properties;141 (ii) the
particular aggregation properties of Tal-derived amphi-
philes;373 and (iii) the analysis of reverse-phase HPLC
experiments using pure water as eluent.215 In the latter
experiments, the retention times of methyl-b-DD-galacto-
pyranoside and methyl-b-DD-talopyranoside relative to
methyl-b-DD-glucopyranoside (reference value 1) were
found to be 0.78 and 1.11, suggesting a ranking
Gal� Glc > Tal in terms of hydrophilicity. This low
hydrophilicity of Tal may probably be attributed to
the presence of the high-occurrence hydrogen-bond be-
tween the 1,3-syn-diaxial 2-OH and 4-OH group (Sec-
tion 3.2) and the resulting reduction of interactions
with water (Section 3.6), as already evidenced by previ-
ous MD simulations.214,215 In the specific hydration
model, the reduced solvation of Tal is attributed to its
good compatibility (i.e., limited disturbance; as
compared to Glc, Man and Gal) with the pre-existing
hydrogen-bond network of water (camouflage
effect211,212,214–216), which makes it be recognized as a
‘hydrophobic’ solute. It should be kept in mind, however,
that Tal also differs from the three other hexopyranoses
in that it has a more significant furanose component at
equilibrium24 (about 29.1%, as opposed to 0.4%, 0.9%
and 6.0% for Glc, Man and Gal), which could also affect
the properties monitored experimentally.

In contrast, the equally low hydrophilicity found for
Glc in the present simulations appears quite surprising.
Although the reason for this behavior is still unclear
(namely why Glc forms higher-occurrence intramolecu-
lar hydrogen-bonds and is a poorer hydrogen-
bond acceptor relative to the solvent, compared to
Man and Gal; Section 3.6), it is not impossible that this
observation is related to the distinct flexibility of the
Glc pyranose ring within the present force field265

(Section 3.1).
4. Conclusion

The present article reports a comparative study of four
b-DD-hexopyranoses (Glc, Man, Gal and Tal; Fig. 1)
using explicit-solvent (water) molecular dynamics
(MD) and vacuum stochastic dynamics (SD) simula-
tions. The main purposes of this study were to (i) pro-
vide a detailed and coherent picture of the
conformation, dynamics, solvation and relative stabili-
ties of the four hexopyranoses; (ii) investigate the influ-
ence of the stereochemistry at two carbon centers (C2

and C4) on these properties; (iii) validate the recently
developed GROMOSGROMOS 45A4 carbohydrate force field265,266

(and provide a solid basis for possible further refine-
ment), by critically comparing simulation results with
available experimental and theoretical data on the struc-
tural, dynamical, energetic, and solvation properties of
the investigated compounds.
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The major conclusions of this work can be summa-
rized as follows:

A. In contrast to hexopyranoses in the gas-phase and
hexopyranosides (including disaccharides) in solution or
in crystals, the dihedral angle / controlling the orien-
tation of the unfunctionalized lactol group in b-hexo-
pyranoses is suggested to preferentially adopt a t

conformation in aqueous solution, in violation of the
exo-anomeric effect (g� preference for b-anomers). This
behavior may be related to the comparative weakness of
the steric repulsion between the lactol hydrogen and the
substituents at C2 as well as to specific solvation effects.
However, although aqueous solvation appears to weak-
en the exo-anomeric effect,176,333 the observation of such
an inversion is to be taken with some caution since the
torsional potential used for / in the present force field
has been optimized for O1-methylated compounds265

rather than reducing hexopyranoses.
B. The formation of intramolecular hydrogen-bonds

in aqueous environment appears to be an ‘opportunistic’
consequence of the close proximity of hydrogen-bonding
groups, rather than a major conformational driving force
promoting this proximity. In particular, hydrogen-bond-
ing seems to have a very limited influence on the confor-
mational properties of the hydroxymethyl group in
water92,96,101,102,104,131,144,152,157,180,189,190,305,351,354–357

Experimental evidence121,122,125,126,148,149,155 suggests
that this principle also applies to the high-occurrence
1,3-syn-diaxial hydrogen-bond between the 2-OH and
4-OH groups in Tal (i.e., this hydrogen-bond occurs be-
cause the two groups are ‘locked’ in l,3-syn-diaxial orien-
tation in the most stable 4C1 ring conformer, but does
not in itself contribute to the stability of this conformer).
In fact, in water, the cumulative effect of steric repulsion
and hydrogen-bonding between two 1,3-syn-diaxial hy-
droxyl groups probably represents an overall destabiliz-
ing factor for a given molecular conformation.

C. The conformational preferences of the dihedral an-
gle x controlling the orientation of the hydroxymethyl
group in water appear to be dominated by 1,3-syn-diax-
ial repulsion (essentially forbidding the occurrence of g�
when the 4-OH is equatorial, or g+ when this group is
axial), with gauche and solvation effects being second-
ary, and intramolecular hydrogen-bonding essentially
negligible.

D. The simulations provide detailed information
about the rotational dynamics of the exocyclic hydroxyl
groups in water, which is essentially inaccessible to
experiment. The present results suggest that these rota-
tions are rapid (10–100 ps timescale) and weakly (but
noticeably) correlated, the interconversion between
transient hydrogen-bonds of opposite directions involv-
ing vicinal or 1,3-syn-diaxial hydroxyl groups (flip-flop)
following an asynchronous disrotatory pathway. This
pathway is probably preferred because it involves (i)
minimal dihedral angle changes; (ii) a favorable interac-
tion between the hydroxyl bond dipoles; (iii) a higher
orientational freedom for the acceptor group compared
to the donor group.

E. The conformational preferences in aqueous envi-
ronment may be described as a ‘weakened’ (due to the
dielectric screening of intramolecular hydrogen-bonds)
form of the vacuum preferences, slightly altered by the
presence of specific solvation effects. The latter effects
appear in the form of structured solvent environments
between the ring and lactol oxygen atoms (contributing
to the shift of the / dihedral angle from g� to t), as well
as between the 4-OH and hydroxymethyl groups (influ-
encing the relative rotameric populations of this group).
These two sites have actually been suggested to repre-
sent ‘weak spots’, where the insertion of a water mole-
cule provides an important cooperativity enhancement
to the intramolecular hydrogen-bond network,162 and
may thus correspond to key sites for carbohydrate rec-
ognition processes in biochemistry.361

F. The calculated epimerization free energies suggest a
ranking Glc�Man > Gal� Tal in order of decreasing
stability in aqueous solution. Besides an inversion in the
relative free energies of Man and Gal, this ranking is
identical to that based on three established empirical
schemes.2,18,21,49,67,75 The calculated differences for the
C2 epimerization processes also agree well (arguably bet-
ter) with direct experimental data. Based on all four esti-
mates, an inversion of the stereochemistry at either C2 or
C4 from equatorial to axial is associated with a raise in
free-energy.

G. The stability differences between the four com-
pounds are dominated by intramolecular effects, while
the corresponding differences in solvation free energies
are re markably small (at most 1.2 kJ mol�1).

H. The hydrophilicity of a hexopyranose (magnitude
of the solvation free-energy) is correlated with the aver-
age number of solute–solvent hydrogen-bonds, itself
negatively correlated with the average number of intra-
molecular hydrogen-bonds.

I. The particularly low hydrophilicity of Tal appears
related to the formation of a high-occurrence (61%)
flip-fop (timescale 1–10 ps; dominantly in the H4!O2

direction) hydrogen-bonded bridge between the 1,3-
syn-diaxial 2-OH and 4-OH groups.

Since the early work of Brady,279,280,293 it is generally
accepted that force fields developed for condensed-phase
simulations should not be expected to provide a realistic
description of sugars in vacuum (e.g., detailed geo-
metries, rotamer populations, vibrational frequencies).
However, the results of the present simulations in vac-
uum appear qualitatively reasonable when compared
to available quantum-mechanical and experimental data
on hexopyranoses in the gas-phase (counterclockwise
hydrogen-bond network, exo-anomeric g� preference
for / and hydroxymethyl rotamer preferences for Glc
and Man; see below for the discrepancies in the case
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of Gal and Tal). Based on this observation, together
with points E and G above, it seems unlikely that a force
field may perform very well in solution and give com-
pletely absurd results in vacuum. For this reason, there
is probably still much to learn about force field accuracy
and solvation effects (at least in a qualitative sense) from
a detailed comparison between simulations in vacuum
and in solution.

The GROMOSGROMOS 45A4 force field265 used in the present
study gives overall reasonable agreement with experi-
mental and quantum-mechanical data (taking into
account the large uncertainty often associated with these
data in the context of carbohydrates) in terms of confor-
mational preferences (ring conformation, hydroxy-
methyl rotamer populations), dynamical timescales
(hydroxymethyl rotation), and relative stabilities of the
four hexopyranoses.

However, the detailed comparison between simulated
and experimental results also reveals some deficiencies in
this force field: (i) the occurrence of boat conformers
(although in very limited amounts) during the simula-
tions, and the specific flexibility of Glc; (ii) the oversta-
bilization of the g+ rotamer of x (at the expense of t) in
compounds with an axial 4-OH group (Gal, Tal); (iii) a
possible overstabilization of the t rotamer of / (at the
expense of g�; point A above); and (iv) a possibly incor-
rect description of Glc intramolecular hydrogen-bond-
ing and hydration (unexpectedly low hydrophilicity).
Further refinement of the force field so as to remedy
these deficiencies is currently in progress.
Acknowledgements

Financial support from the Swiss National Foundation,
Grant No. 21-105397, is gratefully acknowledged. Many
thanks to Zrinka Gattin for numerous discussions and
her help in the literature search.
Supplementary data

Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/j.carres.
2007.05.011.
References

1. Lehmann, J. Carbohydrates Structure and Biology; Georg
Thieme: Stuttgart, Germany, 1998.

2. Rao, V. S. R.; Qasba, P. K.; Balaji, P. V.; Chandrasek-
aran, R. Conformation of Carbohydrates; Harwood
Academic: Amsterdam, The Netherlands, 1998.

3. Dwek, R. A.; Edge, C. J.; Harvey, D. J.; Wormald, M. R.
Annu. Rev. Biochem. 1993, 62, 65–100.
4. Rice, K. G.; Wu, P.; Brand, L.; Lee, Y. C. Curr. Opin.
Struct. Biol. 1993, 3, 669–674.

5. Dwek, R. A. Chem. Rev. 1996, 96, 683–720.
6. Davis, A. P.; Wareham, R. S. Angew. Chem., Int. Ed.

1999, 38, 2978–2996.
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43. Mäler, L.; Widmalm, G.; Kowalewski, J. J. Phys. Chem.

1996, 100, 17103–17110.
44. Kleinpeter, E. Adv. Heterocycl. Chem. 2004, 86, 41–127.
45. Pickett, H. M.; Strauss, H. L. J. Am. Chem. Soc. 1970,

92, 7281–7290.
46. Cremer, D.; Pople, J. A. J. Am. Chem. Soc. 1975, 97,

1354–1358.
47. French, A. D.; Brady, J. W. ACS Symp. Ser. 1990, 430,

1–19.
48. Forster, M. J.; Mulloy, B. Biopolymers 1993, 33, 575–

588.
49. Dowd, M. K.; French, A. D.; Reilly, P. J. Carbohydr.

Res. 1994, 264, 1–19.
50. Dowd, M. K.; French, A. D.; Reilly, P. J. Aust. J. Chem.

1996, 49, 327–335.
51. Ernst, S.; Venkataraman, G.; Sasisekharan, V.; Langer,

R.; Cooney, C. L.; Sasisekharan, R. J. Am. Chem. Soc.
1998, 120, 2099–2107.

52. Dowd, M. K.; Rockey, W. M.; French, A. D.; Reilly, P.
J. J. Carbohydr. Chem. 2002, 21, 11–25.

53. Navarro, D.; Stortz, C. A. Carbohydr. Res. 2005, 340,
2030–2038.

54. Sanderson, P. N.; Huckerby, T. N.; Nieduszynski, I. A.
Glycoconjugate J. 1985, 2, 109–120.

55. Cano, F. H.; Foces-Foces, C.; Jimenez-Barbero, J.;
Bernabe, M.; Martin-Lomas, M. Carbohydr. Res. 1987,
145, 319–327.

56. Ragazzi, M.; Ferro, D. R.; Provasoli, A. J. Comput.
Chem. 1986, 7, 105–112.

57. Ferro, D. R.; Provasoli, A.; Ragazzi, M.; Torri, G.;
Casu, B.; Gatti, G.; Jacquinet, J.-C.; Sinay, P.; Petitou,
M.; Choay, J. J. Am. Chem. Soc. 1986, 108, 6773–6778.

58. Sanderson, P. N.; Huckerby, T. N.; Nieduszynski, I. A.
Biochem. J. 1987, 243, 175–181.

59. Giuliano, R. M.; Bryan, R. F.; Hartley, P.; Peckler, S.;
Woode, M. K. Carbohydr. Res. 1989, 191, 1–11.

60. Ferro, D. R.; Provasoli, A.; Ragazzi, M.; Casu, B.; Torri,
G.; Bossenec, V.; Perly, B.; Sinay, P.; Petitou, M.; Choay,
J. Carbohydr. Res. 1990, 195, 157–167.

61. Horita, D. A.; Hadjuk, P. J.; Lerner, L. E. Glycoconju-
gate J. 1997, 14, 691–696.

62. Coxon, B.; Reynolds, R. C. Carbohydr. Res. 2001, 331,
461–467.

63. Uccello-Barretta, G.; Sicoli, G.; Balzano, F.; Salvadori,
P. Carbohydr. Res. 2003, 338, 1103–1107.

64. Roslund, M. U.; Klika, K. D.; Lehtilä, R. L.; Tähtinen,
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83. Augé, J.; David, S. Tetrahedron 1984, 40, 2101–2106.
84. Reuben, J. J. Am. Chem. Soc. 1985, 107, 5867–5870.
85. Kurihara, Y.; Ueda, K. Carbohydr. Res. 2006, 341, 2565–

2574.
86. Polacek, R.; Stenger, J.; Kaatze, U. J. Chem. Phys. 2002,

116, 2973–2982.
87. Stenger, J.; Cowman, M. K.; Eggers, F.; Eyring, E. M.;

Kaatze, U.; Petrucci, S. J. Phys. Chem. B 2000, 104,
4782–4790.

88. Hagen, R.; Kaatze, U. J. Chem. Phys. 2004, 120, 9656–
9664.

89. Hajduk, P. J.; Horita, D. A.; Lerner, L. E. J. Am. Chem.
Soc. 1993, 115, 9196–9201.

90. Haasnoot, C. A. G.; De Leeuw, F. A. A. M.; Altona, C.
Tetrahedron 1980, 36, 2783–2792.
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273. Pérez, S.; Imberty, A.; Engelsen, S. B.; Gruza, J.;
Mazeau, K.; Jimenez-Barbero, J.; Poveda, A.; Espinosa,
J.-F.; van Eyck, B. P.; Johnson, G.; French, A. D.;
Kouwijzer, M. L. C. E.; Grootenuis, P. D. J.; Bernardi,
A.; Raimondi, L.; Senderowitz, H.; Durier, V.; Vergoten,
G.; Rasmussen, K. Carbohydr. Chem. 1998, 314, 141–
155.

274. Hemmingsen, L.; Madsen, D. E.; Esbensen, A. L.; Olsen,
L.; Engelsen, S. B. Carbohydr. Res. 2004, 339, 937–948.

275. Kouwijzer, M. L. C. E.; van Eijck, B. P.; Kroon, J. J.
Comput. Chem. 1993, 14, 1281–1289.

276. van Eijck, B. P.; Kroon, E. J. J. Comput. Chem. 1999, 20,
799–812.

277. Behler, J.; Price, D. W.; Drew, M. G. B. Phys. Chem.
Chem. Phys. 2001, 3, 588–601.

278. Corzana, F.; Motawia, M. S.; Hervé du Penhoat, C.;
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286. Höchtl, P.; Boresch, S.; Steinhauser, O. J. Chem. Phys.

2000, 112, 9810–9821.
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