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In this paper we extend our previously reported parameterization of carbohydrates to an all-atom
AMBER-like force field suitable for modeling oligosaccharides. Parameters were developed from
ab initio calculations on small model systems having structures characteristic of 1,2-, 1,3-, and
1,4-glycosidic linkages and monosaccharides to give a complete parameter set for pyranose mono-
and oligosaccharides. The accuracy of the parameter set was assessed by free energy calculations
on various simple sugars and disaccharides. Solvent effects were included using the GB/SA
continuum model for water. The sampling problem was solved for these systems by the recently
described MC/SD and MC(JBW)/SD simulation methods that facilitate interconversion of confor-
mational states. MC(JBW)/SD simulations were used to calculate anomeric free energies for
tetrahydropyran derivatives and monosaccharides. All simulations rapidly converged to values in
good agreement with the experimental results. MC/SD simulations were used to study the
conformational free energies of selected disaccharides in water. In all cases, our free energy
simulations generally reproduced the known conformational features of these systems, namely,
the preference of the glycosidic angle (φ) for the exo-anomeric conformation and the aglyconic angle
(ψ) for the syn conformation. All of the disaccharides spent >98% of their time in a single
conformational energy well corresponding to the syn, exo-anomeric conformer, though the inter-
residue φ and ψ torsion angles fluctuated considerably in aqueous solution at rt. 3JC,H coupling
constants across the glycosidic and aglyconic linkages were calculated using a Karplus-like equation
with the distributions of the appropriate torsional angles and show reasonable agreement with
the experimental data. Experimental NOE data were also semiquantitatively reproduced. X-ray
structures of the disaccharides were found to correspond to populated regions of the simulated φ
and ψ angular distribution maps.

Introduction

Carbohydrates form an exceptionally important class
of molecules, and the development of computational
methods for modeling their properties has received
considerable attention in recent years. The need for a
special molecular mechanics treatment of carbohydrates
follows from their densely packed, highly polar function-
alities and the dependence of their conformational be-
havior on stereoelectronic effects (e.g., anomeric, exo-
anomeric, and gauche effects). These issues have long
been recognized and have resulted in the development
of several parameterization schemes and their subse-
quent application to the conformational analysis of simple
sugars and oligosaccharides, either by energy minimiza-
tion techniques or by dynamics and Monte Carlo
methods.1-9 While such parameter sets have been suc-
cessful in reproducing known carbohydrate structures,
there are so few examples of well-established carbohy-
drate conformational energies that it is difficult to assess

their energetic accuracy. Thus it is important that
carbohydrate force fields in particular be developed on
as firm a basis as possible. Like many others working
in force field parameterization, we use quantum mechan-
ics as this basis and here describe its use in developing
an all-atom parameter set for carbohydrates.
We recently reported a quantum mechanically based

carbohydrate parameter set for the united-atom AM-
BER* force field as implemented in MacroModel 5.0.10
In a united-atom force field, hydrogens bound to carbon
are not explicitly included. Instead, single superatoms
are used to represent methine, methylene, and methyl
groups. The AMBER* united-atom carbohydrate param-
eters were based on ab initio derived atomic partial
charges and conformational energies of small model
compounds having structures characteristic of simple
sugars. These parameters were subsequently used in a
series of MC(JBW)/SD free energy simulations to calcu-
late equilibrium anomeric ratios of tetrahydropyran
derivatives and monosaccharides in water. These ano-
meric ratios were found to be in generally good agreement
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with available experimental data. With disaccharides,
however, the united-atom force field performed more
poorly and predicted conformational populations that
differed significantly from experiment. The problem
appeared to lie in the united-atom approximationsan
approximation that is good when interacting nonbonded
atoms are widely separated but that is less realistic when
they are in close contact. Because the most-known
oligosaccharide conformations incorporate several short-
range nonbonded interactions involving sugar methine
or methylene groups, it appeared that explicit inclusion

of all hydrogens might be necessary to provide an
accurate model of such systems.
In this work we therefore extend our force field

treatment to oligosaccharides by developing an all-atom
parameter set for carbohydrates. We based the new
parameter set on our previously reported ab initio
calculations10 together with new data for relevant com-
pounds modeling the glycosidic and aglyconic linkages.
To validate our work, we calculated anomeric free ener-
gies of tetrahydropyran derivatives 1, 2 (Chart 1) and
monosaccharides 3-9 in water for which quantitative
experimental data are available. We then studied the

Chart 1
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conformational properties of several disaccharides 17-
21 whose preferred conformations in water have been
investigated experimentally.
AMBER* Parameterization of Pyranoses. Param-

eterization of the all-atom AMBER* force field for
carbohydrates followed the methodology described previ-
ously for producing our united-atom carbohydrate pa-
rameter set.10 Thus atomic partial charges were derived
from the ab initio wave functions of suitable model
compounds through electrostatic fitting using the
CHELPG procedure.11 Ab initio torsional energy profiles
were obtained by dihedral angle driving with relaxation
of all other degrees of freedom. Molecular mechanics
energy profiles were obtained in a similar manner using
the CHELPG-derived atomic partial charges and were
fitted to the ab initio ones by adjusting appropriate
torsional parameters. Except for O-C-O bond length
and angle parameters (O-C req ) 1.425 Å, Kr ) 350 kcal/
mol‚Å; O-C-O θeq ) 109.5°, Kθ ) 40 kcal/mol‚rad) and
the C-O-C glycosidic bond angle (θeq ) 114.3°, Kθ ) 60
kcal/mol‚rad; see below), all stretch and bend parameters
were taken from the native AMBER parameters for the
sugar portion of uracil.12
As before, we chose 2-hydroxytetrahydropyran (1) and

2-methoxytetrahydropyran (2) as model systems for
parameterization of the hemiacetal and acetal fragments
of sugars. For both systems, the global axial and equato-
rial minima are in the exo-anomeric conformation, the
axial anomers being energetically favored by 0.7 (1, HF/
6-311++G**//HF/6-31G**) and 0.9 (2, HF/6-311++G**/
/HF/6-31G*) kcal/mol. To provide accurate solvation
energies with the GB/SA water model,13 we obtained
atomic partial charges at the PS-GVB/6-31G**//HF//6-
31G** level of theory14 for both axial and equatorial
global minima of 1 and 2. We then added the partial
charges on alkyl hydrogens to the charges of attached
carbons and averaged the resulting united-atom charges
of both minima. Thus the charges on all alkyl hydrogens
were set to zero which provides alkyl hydrogens with
steric but not electrostatic properties. The only exception
to this charge treatment was the anomeric hydrogen
H(C1) that was assigned its conformationally averaged,
ab initio derived charge. All atomic partial charges and
other parameters developed here are given as Supporting
Information.
The rotational energetic profiles around the C1-O1

glycosidic bond of both axial and equatorial 1 were
calculated at 60° resolution at HF/6-311++G**//HF/6-
31G**. Those for 2 were available at 30° resolution at
the HF/6-311++G**//HF/6-31G* level from Tvaroska and
Carver.15 The molecular mechanics C5-O5-C1-O1 and
(C2,O5)-C1-O1-R (R ) H, Me) torsional parameters
were adjusted to reproduce the ab initio energy differ-
ences between the axial and equatorial anomeric minima

and the rotational energy profiles. A comparison of the
relative ab initio and AMBER* anomeric energies and
rotational profiles for 1 and 2 is presented in Table 1 and
indicates that the relative energies of these states are
well-reproduced by the new AMBER* force field. Though
ab initio and AMBER* disagree on the nature of the O5-
C1-O1-H trans conformation of axial 1 (ab initio finds
a very shallow energy minimum whereas AMBER* finds
an almost featureless plane), both agree that the area
around axial trans-1 is energetically quite flat and lies
3.6-3.9 kcal/mol above the global minimum gauche+-1.
A related situation exists for the high-energy gauche-

conformation of axial 2. The full rotational profiles are
shown in Figures 1 and 2 of the Supporting Information.
Next, we parameterized the primary and secondary

hydroxy groups. Since the hydroxyls in simple sugars
are closely related to those in nucleic acids, we used the
same stretch, bend, and atomic partial charge parameters
for nonanomeric hydroxyls as AMBER uses for uracil.12
For hydroxyl conformational energies and barriers, how-
ever, we used HF/6-31G*//HF/6-31G* calculations on
model compounds 2-methoxyethanol (for the C6 primary
alcohol) and 2-propanol (for the C2-C4 secondary alco-
hols). The ab initio profiles for the C-C-O-H torsional
rotations along with the corresponding all-atom AMBER*
results are shown in Figures 3 and 4 of the Supporting
Information.
For parameterizing the endocyclic C3-C2-C1-O1 and

C5-O5-C1-O1 torsions, we used the exo-anomeric
conformations of 2,4-dihydroxytetrahydropyran (C4 hy-
droxy equatorial), 2-hydroxy-6-(hydroxymethyl)tetrahy-
dropyran, and 2-methoxy-6-(hydroxymethyl)tetrahydro-
pyran as model compounds (in the last two systems the
O5-C5-C6-O6 and C5-C6-O6-H torsions were ini-
tially set to 60° and -60°, respectively). After torsional
parameterization, all-atom AMBER* calculations exactly
reproduced the ab initio energy differences of 1.3, 0.9,
and 1.1 kcal/mol (all in favor of the trans diastereomers)
for the three model systems respectively. Small adjust-
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Table 1. Relative Conformational Energies (kcal/mol) of
1 and 2 as Calculated Ab Initio and with the

Reparameterized AMBER* Force Field

conformer ab initioa AMBER*

1, axial
transb 3.63e 3.89e
gauche- c 3.85 3.66
gauche+ d 0.00 0.00

1, equatorial
transb 5.36 5.32
gauche- c 0.69 0.68
gauche+ d 1.46 1.35

2, axial
transb 3.68f 5.35f
gauche- c 10.11g 8.32g
gauche+ d 0.00 0.00

2, equatorial
transb 5.48f 6.19f
gauche- c 0.94 0.97
gauche+ d 3.93 4.00

a 1: HF/6-311++G**//HF/6-31G**. 2: HF/6-311++G**//HF/6-
31G*. b Trans: O5-C1-O1-H, C ∼ 180°. c Gauche+: O5-C1-
O1-H, C ∼ 60°. d Gauche-: O5-C1-O1-H, C ∼ -60°. e conform-
er is not a minimum on the AMBER* potential surface and only
a shallow one on the ab initio potential surface (see Figure 1 in
the Supporting Information). f Conformers are not minima on the
potential energy surface. g Conformer is not a minimum on the
ab initio potential surface and only a shallow, high-energy one on
the AMBER* potential surface.
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ments were also made in the C-O-C-C torsional
parameters to reproduce the HF/6-31G*//HF/6-31G* ro-
tational profile of methyl ethyl ether. For torsional
parameters associated with the C2 hydroxyls, we fit the
O2-C2-C1-O1 torsional parameters to HF/6-31G*//HF/
6-31G* conformational energies of hydroxy hemiacetal
10 and hydroxy acetal 11. The torsional parameters for
rotation around the carbohydrate C5-C6 exocyclic bond
were obtained by fitting HF/6-31G*//HF/6-31G* ab initio
rotational profiles for 2-methoxy-1-propanol (12) with the
equivalent C4-C5-O5-C1 (sugar nomenclature) torsion
constrained to 60° to maintain a pyranose-like geometry
and the hydroxy H initially set to be anti. The ab initio
and AMBER* results are shown in Figure 5 of the
Supporting Information. With all these model com-
pounds, the agreement between quantummechanics and
molecular mechanics was very good.
ForN-acetylglucosamine we used the same parameters

for theN-acetyl part that are used in AMBER for peptide
acetamides.12 The O1-C1-C2-N2 torsional parameters
were then adjusted to reproduce the HF/6-31G*//HF/6-
31G* energy difference between the two diagrammed
conformers of acetamido acetal 13 (ab initio and AM-
BER* calculations gave 0.19 and 0.22 kcal/mol in favor
of 13a), and the O1-C1-C2-C3, C3-C2-N2-C7, and
C1-C2-N2-C7 torsional parameters were adjusted to
reproduce HF/6-31G*//HF/6-31G* ab initio calculations
of cis- and trans-3eq-acetamido-2-hydroxytetrahydropyran
(14). (Ab initio: 14a, 0.0; 14b, 3.4; 14c, 7.6; 14d, 3.8 kcal/
mol. AMBER*: 14a, 0.0; 14b, 3.6; 14c, 9.1; 14d, 3.8 kcal/
mol.) Several torsional parameters for the N-acetyl part
were taken from the McDonald-Still peptide backbone
parameters (see Supporting Information).16

The final AMBER* parameter set was used to calculate
the energy difference between two particular conforma-
tions of R- and â-glucose in vacuo. The result, 1.28 kcal/
mol in favor of the former, is in good agreement with the
HF/6-31G*//HF/6-31G* estimate of 1.12 kcal/mol.
Finally, parameters for the glycosidic and aglyconic

linkages were developed from ab initio calculations on
pseudoaxial and pseudoequatorial acetals 15 and 16.
During the parameterization procedure, the C5-O5-
C1-C2 torsion was constrained to -60° to maintain a
pyranose-like geometry. As evident from the structures
of model compounds 15 and 16, the new parameters are
adequate for all types of disaccharides except 1,1- and
1,6-linked ones. For simplicity, we will use a notation
appropriate for a 1,4-linkage in the following. First, a
θ0 value for the C1-O1-C4′ bond angle and parameters
for the C5-O5-C1-O1 and C5-O5-C1-H(C1) torsions
were obtained by fitting the HF/6-31G*//HF/6-31G*
geometries and relative energies of the two model sys-
tems. The final reparameterized AMBER* results are
in good agreement with the ab initio ones. (Ab initio:
15 Erel ) 0.0 kcal/mol, C1-O1-C4′ ) 116.7°, 16 Erel )
1.90 kcal/mol, C1-O1-C4′ ) 117.4°. AMBER*: 15 Erel

) 0.0 kcal/mol, C1-O1-C4′ ) 117.0°, 16 Erel ) 1.94 kcal/
mol, C1-O1-C4′ ) 117.1°.) Next, torsional parameters
around the C1-O1 and O1-C4′ bonds were developed
by fitting the appropriate HF/6-31G*//HF/6-31G* rota-
tional profiles of 15 and 16. A comparison between ab
initio and AMBER* results is provided in Figures 1 and
2 and shows good agreement between the two methods.
Parameters for C-O-C-C-O-C sequences in disaccha-

rides were taken directly from Kollman et al.17 A
complete set of the new AMBER* parameters and partial
charges for all the systems described above is provided
as Supporting Information.
Anomeric Free Energies of Pyranoses. The strat-

egy for calculating anomeric free energies using the MC-
(JBW)/SD simulation technique18 has been described in
detail elsewhere and is discussed only briefly here.10 This
simulation method allows for rapid interconversion be-
tween anomeric and conformational isomers, and the
anomeric ratio is determined by counting the number of
structures that are R and the number that are â in the
ensemble of states generated. All the calculations were
performed with the above-described all-atom AMBER*
force field as implemented in MacroModel 5.5.19 Input
conformations were obtained from 5000 (tetrahydropyran
derivatives) and 30 000 (monosaccharides) step confor-
mational searches using the internal coordinate SUMM
method.20 For the tetrahydropyran derivatives, all con-
formations within ∼10 kcal/mol of the global minimum
were used as input for the MC(JBW)/SD algorithm. For

(16) McDonald, D. Q.; Still, W. C. Tetrahedron. Lett. 1992, 33, 7743.

(17) Billeter, M.; Howard, A. E.; Kuntz, I. D.; Kollman, P. A. J. Am.
Chem. Soc. 1988, 110, 8385.

(18) Senderowitz, H.; Guarnieri, F.; Still, W. C. J. Am. Chem. Soc.
1995, 117, 8211.

(19) Mohamadi, F.; Richards, N. G. J.; Guida, W. C.; Liskamp, R.;
Lipton, M.; Caufield, C.; Chang, G.; Hendrickson, T.; Still, W. C. J.
Comput. Chem. 1990, 11, 440.

(20) Goodman, J. M.; Still, W. C. J. Comput. Chem. 1991, 12, 1110.

Figure 1. Rotational profiles around the C1-O1 (glycosidic)
torsion in acetals 15 and 16 as calculated ab initio (HF/6-31G*/
/HF/6-31G*) and with the reparameterized AMBER* force
field.
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the more conformationally rich monosaccharides, only the
100 lowest energy structures were used (typically 2.4-
3.4 kcal/mol of the global minimum). MC(JBW)/SD
simulations were run each for 10 ns in vacuum and GB/
SA chloroform and/or GB/SA water as appropriate for the
system under study. In all cases, interconversions
between different conformers or anomers occurred at
least once every 0.6 ps on average, assuring good con-
vergence of the anomeric ratios. Free energy differences
were determined from the distribution of the C3-C2-
C1-O1 torsion for tetrahydropyran derivatives (-60 (
30° and 180 ( 30° for the axial and equatorial conform-
ers, respectively; see 1) and the improper torsion C2-
C1-O5-O1 for monosaccharides (-120 ( 30° and 120
( 30° for the R and â anomers respectively; see 3).
Convergence was assessed by monitoring these distribu-
tions in 1 ns blocks with standard deviations being
calculated by the method of block averages.
As before, we tested our new parameter set and

sampling methodology by anomeric free energy calcula-
tions on 2-hydroxytetrahydropyran (1) and 2-methoxy-
tetrahydropyran (2). Both molecules have been studied
extensively by experiment and calculation.21-23 The
conformational properties of these molecules are partly

governed by the anomeric and exo-anomeric effects.24
Both show preference for the axial conformation in the
gas phase and nonpolar solvents and for the equatorial
conformation in water. The results of our 10 ns MC-
(JBW)/SD simulations of 1 in vacuum and GB/SA water
and 2 in vacuum, GB/SA water, and GB/SA chloroform
are summarized in the first five entries of Table 2. In
all cases the free energies after 1 and 10 ns differ by no
more than 0.1 kcal/mol. The final results reproduce the
experimentally observed trend on going from nonpolar
to polar solvents and are in good agreement with avail-
able experimental data.
Several free energy calculations involving the anomeric

behavior of glucose are found in the literature. Merz et
al. used a reparameterized AMBER force field and SPC/E
water to obtain an R/â free energy difference of 3.03 (
0.04 kcal/mol,7c Karplus et al. used the CHARMM force
field and TIP3P water to calculate an R/â free energy
difference of 0.31 ( 0.43 kcal/mol,25a and Van Eijck et al.
used the GROMOS force field and SPC/E water to obtain
an R/â free energy difference of -0.86 ( 0.15 kcal/mol.25b
The two latter values are in reasonable agreement with
the experimental measurement of -0.34 kcal/mol (in
favor of â).26 Our previously reported estimate of this
energy difference using the united-atom AMBER* force
field and GB/SA water is -0.22 ( 0.02 kcal/mol.10
Our current simulation of all-atom glucose began with

a conformational search of the R and â anomers using
the new all-atom AMBER* force field and GB/SA water.
The lowest 100 structures spanned an energy window of
3.1 kcal/mol of the global minimum and were used as
input for a 10 ns MC(JBW)/SD free energy simulation.
The R/â ratios were obtained by monitoring the C2-C1-
O5-O1 torsion as noted above. The results of our
simulation (Table 2, entry 6) favor the â anomer by 0.12
kcal/mol, in good agreement with experiment.
The anomeric ratios in pyranoses are known to depend

on the substitution pattern at C2 of the pyranose ring.
Thus, the R/â free energy differences for glucose (3,
equatorial OH at C2), 2-deoxyglucose (4, no substituent
at C2), mannose (5, axial OH at C2), and N-acetylglu-
cosamine (6, equatorial acetamide at C2) have been
experimentally measured in water and found to be
-0.34,26 -0.05,27 0.34-0.45,26 and 0.5128 kcal/mol, re-
spectively. Our results, obtained from 10 ns MC(JBW)/
SD simulations in GB/SA water, are -0.12, -0.42, 0.24,
and 0.56 kcal/mol for the four systems, respectively, all
in reasonable agreement with experiment (Table 2,
entries 6-9).
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Figure 2. Rotational profiles around the O1-C4′ (aglyconic)
torsion in acetals 15 and 16 as calculated ab initio (HF/6-31G*/
/HF/6-31G*) and with the reparameterized AMBER* force
field.
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The experimental anomeric ratios for methyl glucoside
(7) and methyl mannoside (8) were measured in methanol
solution and found to favor the R anomer by 0.4129 and
1.7029 kcal/mol, respectively. Our 10 ns MC(JBW)/SD
simulations in GB/SA water gave 0.64 and 0.79 kcal/mol
in favor of the R anomer for these two systems. These
anomeric free energies are similar to, but not strictly
comparable with, the experimental ones because of the
differing solvents (Table 2, entries 10-11). Finally, the
anomeric free energy of galactose (9) is small and in
reasonable accord with experiment (0.3726 kcal/mol in
favor of the â anomer by experiment and 0.02 kcal/mol
in favor of the R anomer by calculation; Table 2, entry
12).
As the results in Table 2 indicate, for all the molecular

systems studied in this work, the calculated and experi-
mental free energies are in qualitative agreement with
an average unsigned error for all solvated systems
(excluding aqueous 2 for which the experimental value
is not well-defined) of 0.32 kcal/mol and a maximum error
of 0.91 kcal/mol. Furthermore, in all cases, the standard
deviations of our free energy results, as calculated by the
method of block averages, are equal to or less than 0.05
kcal/mol and convergence was obtained within ∼1 ns of
simulation time. Also given in Table 2 are the corre-
sponding R/â free energy differences calculated by simple
Boltzmann averaging of the steric energies of all minima
within 50 kJ/mol of the global minimum. The average
unsigned error for the solvated systems based on these
energies is somewhat larger, at 0.48 kcal/mol with a
maximum error of 1.06 kcal/mol.
Conformational Free Energies of Disaccharides.

Disaccharides are an important class of carbohydrates,
both from the standpoint of their chemical and biological
importance and also as the transition between mono- and
polysaccharides. Thus their conformations, defined by
the glycosidic (φ ) H1-C1-O1-C4′) and aglyconic (ψ )
C1-O1-C4′-H4′) torsions, have been studied exten-
sively by experimental and theoretical methods.30-32

Experimentally, solution conformations of disaccha-
rides are deduced primarily from NMR studies, in
particular by interglycosidic NOE and 3J13C,1H coupling
constant measurements. The derivation of interatomic
distances from NOE data is subject to many possible
sources of error and is also known to depend on experi-
mental conditions.33-35 Furthermore, due to the r-6

dependence of the NOE signals on interproton distances,
significant NOEs may appear between protons which
spend only a small fraction of the time in close proximity.
Thus, relative proton-proton distances from NOE ex-
periments are usually used as qualitative “molecular
rulers” to constrain molecular simulations to experimen-
tally accessible regions of the potential energy surface.
Quantitative (though not unambiguous) torsional infor-
mation can be obtained from measurements of time-
averaged 3JC,H coupling constants across the glycosidic
and aglyconic bonds. These have been assumed to obey
a Karplus-like equation and fitted to a set of X-ray
structures to obtain the appropriate coefficients.36-38

However, on the basis of the rather limited set of data
used in the fitting procedures and the large error bars,
the resulting equations appear accurate to only (1 Hz.36

Published computational work on disaccharides con-
sists mainly of molecular mechanics based calculations
both with and without consideration of solvent. The
energetic procedures typically include grid search/energy
minimization methods to generate nonrelaxed or relaxed

(29) Smirnyagin, V.; Bishop, C. T. Can. J. Chem. 1968, 46, 3085.

(30) Computer Modeling of Carbohydrate Molecules; French, A. D.,
Brady, J. W., Eds.; ACS Symposium Series 430; American Chemical
Society: Washington, DC, 1990.

(31) Homans, S. W. InMolecular Glycobiology; Fukuda, M., Hinds-
gaul, O., Eds.; Oxford University Press, Oxford, 1994.

(32) Lemieux, R. U.; Koto, S. Tetrahedron 1974, 30, 1933.
(33) Dabrowski, J.; Kozár, T.; Grosskurth, H.; Nifant’ev, N. E. J.

Am. Chem. Soc. 1995, 117, 5534.
(34) Cumming, D. A.; Carver, J. P. Biochemistry 1987, 26, 6664.
(35) Schirmer, R. E.; Noggle, J. H.; Davis, J. P.; Hart, P. A. J. Am.

Chem. Soc. 1970, 92, 3266.
(36) Mulloy, B.; Frenkiel, T. A.; Davies, D. B. Carbohydr. Res. 1988,

184, 39.
(37) Tvaroska, I.; Hricovini, M.; Pertáková, E. Carbohydr. Res. 1989,

189, 359.
(38) Hamer, G. K.; Balza, F.; Cyr, N.; Perlin, A. Can. J. Chem. 1978,

56, 3109.

Table 2. Calculated and Experimental Anomeric Free Energies (kcal/mol) for the r, â Equilibrium of the
Tetrahydropyran Derivatives and Monosaccharides (Positive Values Favor the r Conformer and Negative, the â

Conformer)

∆G (kcal/mol)

AMBER* calculated
system Boltzmannf MC(JBW)/SDg

experiment/
ab initio

1 (vacuum) 0.83 0.17 ( 0.02 -0.07,a 0.69b
1 (H2O) -0.92 -1.20 ( 0.05 -0.9523c
2 (vacuum) 0.99 0.73 ( 0.03 0.90,c 0.94d
2 (CHCl3) 0.47 0.24 ( 0.04 0.6424
2 (H2O) -0.50 -0.70 ( 0.03 0.1 -(-0.7)23a-d

glucose (H2O) 0.63 -0.12 ( 0.01 -0.3426
2-deoxyglucose (H2O) 0.03 -0.42 ( 0.01 -0.0527
mannose (H2O) 0.06 0.24 ( 0.01 0.34-0.4526
N-acetylglucosamine (H2O) 0.80 0.56 ( 0.01 0.5128
methyl glycoside (H2O) 0.90 0.64 ( 0.01 0.42 (MeOH)e
methyl mannoside (H2O) 0.76 0.79 ( 0.02 1.70 (MeOH)e
galactose (H2O) 0.69 0.02 ( 0.02 -0.3726

a In CCl4.23c b The energy difference between the lowest axial (C5-O5-C1-O1 ) 60°, O5-C1-O1-H ) 60°) and lowest equatorial
(C5-O5-C1-O1 ) 180°, O5-C1-O1-H ) -60°) conformations from HF/6-311++G**//HF/6-31G** ab initio calculations in this work.
c In CCl4.24 d The energy difference between the lowest axial (C5-O5-C1-O1 ) 60°, O5-C1-O1-Me ) 60°) and lowest equatorial
(C5-O5-C1-O1 ) 180°, O5-C1-O1-Me ) -60°) conformations from HF/6-311++G**//HF/6-31G* ab initio calculations in ref 15. e The
experimental value for equilibration in 1% methanolic HCl at 35 °C.29 f Results based on Boltzmann-weighted average of minimum
energy conformers and anomers using the new AMBER* force field. g Results based on 10 ns MC(JBW)/SD free energy simulation at 300
K using the new AMBER* force field. Values include statistical uncertainty (1σ) in the result and were computed from five block averages.
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potential energy surfaces and to a lesser extent molecular
dynamics or Monte Carlo simulations. Energy minimi-
zation techniques generate a static picture of the system
at low temperature and do not account for entropic
effects. Dynamic methods are much more suitable for
calculating ensemble-averaged properties, but flexible,
multiconformational systems such as oligosaccharides are
haunted by difficulties in crossing conformational energy
barriers. In spite of these difficulties, available experi-
mental and theoretical studies present the following
qualitative picture of disaccharide conformation.30-32,39

In solution, all pyranose rings are found in the chair
conformation. The glycosidic torsion prefers the exo-
anomeric conformation (φ(H1-C1-O1-C4′) ) -60° (
60° (R-D sugars), 60° ( 60° (â-D sugars)) while the
aglyconic torsion prefers a syn conformation (ψ(C1-O1-
C4′-H4′) ) 0° ( 90°), both with considerable conforma-
tional flexibility.
In this work, we carried out free energy simulations

for five selected disaccharides, 17-21. Conformational
freedom in these systems follows from rotations around
the glycosidic and aglyconic interresidue bonds and
around the primary and secondary hydroxyl groups.
These degrees of freedom give rise to a densely populated

conformational space that can be efficiently sampled by
simple Metropolis Monte Carlo methods. We have
therefore carried out a series of 10 ns MC/SD simula-
tions40 using our all-atom AMBER* force field described
above as implemented in MacroModel 5.5.19 Solvent was
modeled by GB/SA continuum water.13 The distribution
of the glycosidic (φ) and aglyconic (ψ) torsions were
monitored over 1 ns intervals. Structures sampled over
the course of the simulation (Figures 3-7) were used to
calculate averaged 3JC,H coupling constants across the
H1-C1-O1-C4′ (glycosidic) and C1-O1-C4′-H4′ (ag-
lyconic) sequences via the Karplus-like equation of
Mulloy et al.36 We did not attempt quantitative NOE
analyses of our simulation results, but we did monitor
distances (r) between protons for which significant NOE
signals were observed to see if a qualitative relationship
between proton-proton proximity and NOE signals could
be found. Thus we accumulated 1/r6 averages (〈r-6〉) for
relevant proton-proton pairs over the course of our
simulations for comparison with experimental relative
NOE intensities.
Methyl â-cellobioside (17) and methyl â-maltoside (18)

are important disaccharides and are also building blocks

(39) Wang, Y.; Goekjian, G.; Ryckman, D. M.; Miller, W. H.; Babirad,
S. A.; Kishi, Y. J. Org. Chem. 1992, 57, 482.

(40) Guarnieri, F.; Still, W. C. J. Comput. Chem. 1994, 15 1302.
(41) Melberg, S.; Rasmussen, K. Carbohydr. Res. 1979, 71, 25.
(42) Tvaroska, I. Biopolymers 1984, 23, 1951.

Figure 3. Distribution of the glycosidic (φ ) H1-C1-O1-C4′) and aglyconic (ψ ) C1-O1-C4′-H4′) torsions of methyl
â-cellobioside (17) at the end of a 10 ns MC/SD simulation. Arrows point to the positions of φ and ψ of selected X-ray structures
with the cellobiose core, retrieved from the Cambridge Structural Database. The following X-ray structures are included (φ and
ψ are given in parentheses): â-D-acetylcellobiose (50.6°, 21.4°);70a 6′-O-trityl-R-cellobiose heptaacetate (35.3°, 13.2°);70b â-cellobiose
(38.9°, -9.0°);70c â-cellobiose (44.4°, -11.8°);70d â-cellobiose (42.3°, -17.9°);70e methylhepta-O-nitro-â-cellobiose (67.2°, -3.7°);70f
methyl-6,6′-dinitrato-â-cellobiose (48.0°, -16.4°);70g methyl-â-cellobiose (24.7°, -47.7°; the CSD structure corresponds to L-sugars.
Thus, the values of φ and ψ of were inverted).70h

Figure 4. Distribution of the glycosidic (φ) H1-C1-O1-C4′) and aglyconic (ψ ) C1-O1-C4′-H4′) torsions of methyl â-maltoside
(18) at the end of a 10 ns MC/SD simulation. Arrows point to the positions of φ and ψ of selected X-ray structures with the
maltose core, retrieved from the Cambridge Structural Database. The following X-ray structures are included (φ and ψ are given
in parentheses): methyl R-maltotrioside tetrahydrate (-43.6°, -28.9°);70i erlose monohydrate trisaccharide (-9.5°, -12.9°);70j
erlose trihydrate (-68.8° and -50.3°, -42.4° and -32.3°);70k R,â-panose (-16.8°, -21.6°);70l â-maltose monohydrate (3.9°, 12.2°);70m
â-maltose monohydrate (neutron diffraction, 4.8°, 13.3°);70n R-maltose (-3.6°, 4.1°);70o methyl â-maltoside monohydrate (5.6°,
15.9°);70p phenyl R-maltoside (-7.6° and -8.1°, -15.8° and -25.5°);70q R-panose (-23.9°, -12.8°);70r â-maltose octaacetate (-28.6°,
-35.6°).70s
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for many naturally occurring glucosidic oligomers such
as amylose and the cylodextrins. Experimentally, the
solution conformations of cellobiose, maltose, and their
methyl glycosides have been studied by NMR tech-
niques38,43,50,54-56 as well as by optical rotation meth-

ods.57,58 While these studies generally agree that the
most populated solution structures and crystalline struc-
tures are closely related, the conformational picture of
disaccharides in solution is more complicated and is much
less clear than one would like. In particular, these (and

(43) (a) Lipkind, G. M.; Shashkov, A. S.; Kochetkov, N. K. Carbo-
hydr. Res. 1985, 141, 191. (b) Lipkind, G. M.; Verovsky, V. E.;
Kochetkov, N. K. Carbohydr. Res. 1984, 133, 1.

(44) (a) French, A. Carbohydr. Res. 1989, 188, 206. (b) French A.
Biopolymers 1988, 27, 1519.

(45) French, A. F.; Tran, V. H.; Perez, S. In Computer Modeling of
Carbohydrate Molecule; French, A. D., Brady, J. W., Eds.; ACS
Symposium Series 430; American Chemical Society: Washington, DC,
1990.

(46) Rees, D. A.; Smith, P. J. C. J. Chem. Soc., Perkin Trans. 2 1975,
836.

(47) Melberg, S.; Rasmussen, K. Carbohydr. Res. 1979, 69, 27.
(48) Tvaroska, I. Biopolymers 1982, 21, 1887.
(49) Perez, S.; Taravel, F.; Vergelati, C. Nouv. J. Chim. 1985, 9,

561.

(50) Shashkov, A. S.; Lipkind, G. M.; Kochetkov, N. K. Carbohydr.
Res. 1986, 147, 175.

(51) Dowd, M. K.; Zeng, J.; French, A. D.; Reilly, P. J. Carbohydr.
Res. 1992, 230, 223.

(52) (a) Brady, J. W.; Schmidt, R. K. J. Phys. Chem. 1993, 97, 958.
(b) Ha, S. N.; Madsen, L. J.; Brady, J. W. Biopolymers 1988, 27, 1927.

(53) Tran, V.; Buleon, A.; Imberty, A.; Perez, S. Biopolymers 1980,
28, 679.

(54) St.-Jacques, M.; Sundararajan, P. R.; Taylor, K. J.; Marches-
sault, R. H. J. Am. Chem. Soc. 1976, 98, 4386.

(55) Nardin, R.; Saint-Germain, J.; Vincendon, M.; Taravel, F.;
Vignon, M.; Nouv. J. Chim. 1984, 8, 305.

(56) Casu, B.; Reggiani, M.; Gallo, G. G.; Vigevani, A. Tetrahedron
1966, 22, 3061.

(57) Rees, D. A.; J. Chem. Soc. B 1970, 877.

Figure 5. Distribution of the glycosidic (φ ) H1-C1-O1-C3′) and aglyconic (ψ ) C1-O1-C3′-H3′) torsions of mannosyl-(R-
1,3)-mannose-â-OMe (19) at the end of a 10 ns MC/SD simulation. Arrows point to the positions of φ and ψ of selected X-ray
structures with the dimannose core, retrieved from the Cambridge Structural Database. The following X-ray structures are included
(φ and ψ are given in parentheses): O-R-D-mannopyranosyl-(1-3)-O-â-D-mannopyranosyl-(1-4)-2-acetamido-2-deoxy-R-D-glu-
copyranose (-57.6°, -19.4°).70t

Figure 6. Distribution of the glycosidic (φ ) H1-C1-O1-C4′) and aglyconic (ψ ) C1-O1-C4′-H4′) torsions of methyl
â-xylobioside (20) at the end of a 10 ns MC/SD simulation. Arrows point to the positions of φ and ψ of selected X-ray structures
with the xylobiose core, retrieved from the Cambridge Structural Database. The following X-ray structures are included (φ and
ψ are given in parentheses): O-(4-methyl-R-D-glucopyranosyluronic acid)-(1-2)-O-â-D-xylopyranosyl-(1-4)-D-xylopyranose trihydrate
(30.0°, 34.9°);70u â-D-(1-4)-xylobiose hexaacetate (22.5°, -30.4°).70v

Figure 7. Distribution of the glycosidic (φ ) H1-C1-O1-C4′) and aglyconic (ψ ) C1-O1-C4′-H4′) torsions of galactosyl-â-
(1-4)-glucose (21) at the end of a 10 ns MC/SD simulation. Arrows point to the positions of φ and ψ of selected X-ray structures
with the galactosyl-â-(1-4)-glucose core, retrieved from the Cambridge Structural Database. The following X-ray structures are
included (φ and ψ are given in parentheses): â-lactose (52.0°, -7.6°);70w lactose calcium bromide complex heptahydrate (47.8°,
-14.8°);70x lactose calcium chloride heptahydrate (44.2°, -18.7°);70y R-lactose (33.2°, -27.5°);70z R-lactose (26.4°, -27.5°).70aa
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other) disaccharides appear to be highly mobile in a
conformational sense, and the most diagnostic observ-
ables (NOEs and 3JC,H coupling constants) are conforma-
tionally averaged. This averaging makes it difficult to
define the populations of the various conformational
states unambiguously. Thus quantitative comparisons
between theory and experiment are problematic. These
difficulties notwithstanding, a number of theoretical
studies of cellobiose, maltose, and their glycosides have
been carried out. In theoretical work on cellobiose,
Rasmussen et al.41 identified six minima on the potential
energy surface, with predicted statistical weights of 60:
34:3:2:1:<1. The first conformer was found to agree well
with the X-ray structure of â-cellobiose. These minima
were latter used by Tvaroska42 as input for single-point
PCILO calculations using a dielectric continuum reaction
field to represent solvent. On the basis of the conforma-
tional molar fractions in water at rt, it was concluded
that the structures of â-cellobiose are similar in the
aqueous and crystalline states. Boltzmann-averaged
3JC,H coupling constants were found to be in reasonable
agreement with experiment. Lipkind et al.43 used the
nonbonded potential energy function of Scott and Scher-
aga, together with torsional contributions, to generate
the (φ, ψ) conformational map of methyl R-cellobioside.
Electrostatic, hydrogen-bonding, and exo-anomeric effects
were not utilized in the calculations which found four
minima with predicted statistical weights of 40:44:6:10.
Boltzmann-averaged observables (NOEs, Jφ, Jψ) calcu-
lated from this conformational distribution were found
to be in reasonable agreement with experiment. In
contrast, the single conformation obtained from HSEA
calculations could not account for the experimental
findings. Relaxed and nonrelaxed conformational maps
for cellobiose were also generated by French,44 by Perez
et al.,45 and by Kouwizjer et al.,8b using energy minimiza-
tion, and by Rees et al.,46 using Metropolis Monte Carlo
(MMC) simulations. These different force fields and
computational procedures generally led to similar con-
formational maps, and experimentally observed X-ray
and solution structures of related compounds were found
to cluster around their low-energy regions.
Using methods employed in their cellobiose studies,

Rasmussen et al.47 also studied the conformational
behavior of â-maltose. These studies found four minima
with predicted statistical weights of 59:19:15:7. The most
populated conformer was found to be structurally similar
to the X-ray structure of methyl â-maltoside. These
minima were again used by Tvaroska48 as input for
single-point PCILO calculations in continuum water.
Boltzmann-averaged 3JC,H coupling constants (also cal-
culated by Perez et al.)49 were found to be in good
agreement with experiment. Lipkind et al.50 extended
their computational approach, originally reported for
methyl R-cellobioside to methyl â-maltoside. These
workers found four minima on their potential surface
with predicted statistical weights of 40:45:12:3. Boltz-
mann-averaged NMR data (NOEs, Jφ, Jψ) were in rea-
sonable agreement with experiment, but no single con-
former adequately accounted for the experimental data.
Relaxed and nonrelaxed conformational maps for R- and/
or â-maltose were generated by Merz et al.7c (modified
AMBER), French44 (MM2), French et al.51 (MM3), Brady
et al.52 (CHARMM), Perez et al.53 (MM2CARB), Kouwizjer

et al.8b (CHEAT95), and Rees et al.46 (MMC simulations).
As in the cellobiose studies, these force fields produced
similar conformational maps whose low-energy regions
included X-ray structures of maltose derivatives. The
calculations of Brady et al.52 identified five minima for
â-maltose. These minima served as starting points for
several MD simulations in vacuo and in TIP3P water.
Interconversions between the different conformational
energy wells were not observed during the simulations.
In vacuum, maltose was found to adopt a conformation
having multiple intramolecular hydrogen bonds. In
water, conformational fluctuations were found to be
damped and most intramolecular hydrogen bonds were
replaced by hydrogen bonds to the solvent.
The results of our 10 ns, 27 °C MC/SD simulations of

aqueous methyl â-cellobioside (17) and methyl â-malto-
side (18) with our new AMBER* force field are sum-
marized in φ, ψ histogram plots (Figures 3 and 4) and in
the first two entries of Tables 3 and 4. In contrast with
energy minimization studies that yield discrete conform-
ers, our rt simulations find 17 and 18 to be highly flexible
and to exist in a continuum of conformational states that
merge into a single, but very broad conformational
wellsat least so far as the φ and ψ interresidue angles
are concerned. In both cases, the glycosidic torsion
angles (φ) are all in the exo-anomeric conformational well,
but the broad φ distributions indicate high conforma-
tional flexibility. Comparable flexibility is observed
around the aglyconic torsion angles (ψ) which cluster
around the syn conformation. There is also a small
population (∼1%) of the anti conformation for cellobioside
17, in accord with the results of Lipkind et al.43 The φ
and ψ angles taken from X-ray structures of several di-
and trisaccharides with cellobiose and maltose cores
(Cambridge Structural Database, CSD59) are also indi-
cated on the histogram plots. In all cases, their inter-

(58) Stevens, E. S.; Sathyanarayana, B. K. J. Am. Chem. Soc. 1989,
111, 4149.

Table 3. Experimental and Calculated 3JC,H Coupling
Constants (Hz) across the Glycosidic (JO )

H1-C1-O1-C4′) and Aglyconic (Jψ ) C1-O1-C′4-H4′)
Linkages for Selected Disaccharides

Jφ Jψ

exptl calcd exptl calcd

methyl â-cellobioside (17) 4.238 2.7 4.338 5.0
methyl â-maltoside (18) 3.550 3.6 3.950 4.1
methyl â-xylobioside (20) 4.768 2.7 5.168 4.4
â-lactose (21) 4.069 2.7 5.169 5.0

Table 4. Relative NOEs (%) (upon Irradiation of H1) and
r-6 Averaged H1-Hx distances (Å-6) for Disaccharide

Derivatives

relative NOE 〈r-6〉

R-Cellobiose 1-Phosphate43a
H3 + H5 7.5 0.0095 (0.0054 + 0.0041)a
H4′ 4.4 0.0057
H3′ + H6′ 2.1 0.0031 (0.0002 + 0.0016 + 0.0013)a
H5′ 1.0 0.0002

Methyl â-Maltoside (18)50
H2 7.9 0.0058
H4′ 5.9 0.0053
H3′ 1.0 0.0005

Mannosyl-(R-1,3)-mannose-â-OMe (19)62
H2′ 1.8 0.0008
H5 1.0 0.0004
H4′ 0.7 0.0003

a Values in parentheses are 〈r-6〉 averages for individual proton-
proton pairs.
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residue torsion angles are found in populated regions of
our φ, ψ histogram plots, though not always in the most
heavily populated conformational regions.
A comparison between the experimental and calculated

time-averaged 3JC,H coupling constants of 17 and 18 is
provided in Table 3. Since the Karplus-type equation
used to compute coupling constants from torsion angles
is accurate to only (1 Hz,36 the calculations of Jψ fall
within the expected error limits of the experimental
measurements. Similar agreement is found for Jφ of
methyl â-maltoside; however, Jφ for methyl â-cellobioside
is smaller than that from experiment by 1.5 Hz (i.e., 0.5
Hz outside the expected error limits). This overall level
of agreement between experimental and calculated in-
terresidue coupling constants is comparable with results
from the previous calculations described above. Table 4
shows a comparison of observed NOEs and calculated
proton-proton r-6 distance averages (〈r-6〉) involving the
anomeric hydrogen (H1) of cellobiose and maltose deriva-
tives. In the case of cellobiose, the experimental mea-
surements were made on R-1-phosphate while our simu-
lations were on the â-1-methyl glycoside (17). Never-
theless, we find a good correlation between the relative
strength of the NOEs and the 〈r-6〉 average for the
relevant hydrogens with both 17 and 18. In each case,
the hydrogen pairs having the strongest NOEs are found
by the simulation to have the largest 〈r-6〉.
Mannosyl-(R-1,3)-mannose-â-OMe (19) was taken as a

model for the mannosyl-(R-1,3)-mannose linkage. This
disaccharide and its R- and â-OMe analogs have been
studied extensively both experimentally and theoretically
due to the ubiquity of this system in glycoproteins.
Homans et al.60 used MNDO calculations to generate the
conformational map for the mannosyl-(R-1,3)-mannose
linkage. A single minimum was located at φ ) -50°; ψ
) 10°, in good agreement with the experimentally
deduced solution conformation of this moiety. Additional
conformational maps for mannosyl-(R-1,3)-mannose were
generated by Imberty et al.61 (MM2CARB), Homans5
(reparameterized AMBER), and Carver et al.62 (MM2-
85). Boltzmann-averaged NOEs were calculated either
directly from the resulting maps (MM2CARB,61 MM2-
8562) or from subsequent short MD simulations (AM-
BER,5 MM2-8562), leading to a reasonable agreement
with experiment. Peter et al.63 used MMC simulations
and the HSEA force field to calculate NOEs for mannosyl-
(R-1,3)-mannose-R-OMe. The results were compared
with those obtained from Boltzmann-averaged grid search/
energy minimization methods. As expected, the confor-
mationally averaged NOEs from either MMC simulations
or grid search/energy minimizations gave a better fit to
experiment than did corresponding data derived from any
single minimum energy conformation. Finally, Bernardi
et al.64 used Homans’ carbohydrate parameters, the GB/
SA continuum model for water, and the MC/SD simula-

tion technique in 2 ns simulations of mannosyl-(R-1,3)-
mannose-R-OMe and mannosyl-(R-1,3)-mannose-â-OMe.
Key proton-proton distances were monitored and used
to calculate relative NOEs which showed moderate
agreement with experiment. The experimental values
for the interresidue glycosidic and aglyconic torsion
angles of the mannosyl-(R-1,3)-mannose linkage in water
were estimated from NOE experiments on 19, its R-OMe
analog, and appropriate polysaccharides to be -45 ( 15°
and -15 ( 15°, respectively.65-67

The φ and ψ population histograms from our 10 ns, 27
°C MC/SD simulations of 19 are given in Figure 5. As
with 17 and 18, the conformational behavior of 19 can
be described as being defined by a single but broad energy
well with the interresidue φ and ψ distributions centered
around the exo-anomeric and syn geometries. Both the
solution conformation (φ ) -45 ( 15°, ψ ) -15 ( 15°)65
and the crystal conformation (φ ) -57.6°, ψ ) -19.4°)
of the mannosyl-(R-1,3)-mannose linkage are found in
highly populated regions on the corresponding simulation
histograms. Disaccharide 19 has also been studied by
NMR, and several conformationally diagnostic NOE
signals have been reported.62 Again, we find a good
correlation between the relative NOE intensities and the
〈r-6〉 averages from our simulations (see Table 4, third
entry).
The solution conformation of methyl â-xylobiose (20)

has been studied by NMR. Jφ and Jψ values were
measured, and their solvent and temperature depend-
encies were interpreted in term of high conformational
flexibility around the interresidue glycosidic and agly-
conic linkages.68 PCILO calculations were used to gener-
ate a two-dimensional conformational map for 20. Nine
minima were located and used as starting points for
energy minimization using PCILO, MM2, and MM2CARB.
Solvent effects were introduced by means of the con-
tinuum reaction field. All methods identified seven
minima with similar geometries though their relative
energies varied. The PCILO results were used to calcu-
late Boltzmann-averaged coupling constants which were
found to be in reasonable agreement with experiment.
The results of our 10 ns, 27 °C MC/SD simulation for 20
are summarized in Figure 6 and Table 3. A broad angle
distribution is again found for the glycosidic φ torsion
and an even broader one for the aglyconic ψ torsion. Only
two structures with the appropriate xylobiose core were
found in the CSD, both suffering from steric hindrance
which may have distorted their conformations relative
to the parent. Nevertheless, the φ and ψ angles of both
structures correspond to significantly populated regions
of our φ, ψ histograms. Our calculated coupling constants
are compared with the experimentally measured ones in
Table 3, entry 3. As in the case of cellobioside 17, Jψ is
well-reproduced by the simulation while Jφ is again too
small.
We also carried out related free energy simulations of

â-lactose (21).69 Its φ, ψ histograms are shown in Figure
7 and are similar to those of the other disaccharides we
studied. X-ray crystal structures of related oligosaccha-
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(61) Imberty, A.; Tran, V.; Perez, S. J. Comput. Chem. 1989, 11,
205.
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Society: Washington, DC, 1990.
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rides from the CSD are again found to occupy heavily
populated regions of our φ, ψ histograms. Finally, we
obtain roughly the same level of agreement between
experimental and calculated interresidue NMR coupling
constants as described above with the other disaccharides
(see Table 3, entry 4).
While our all-atom carbohydrate force field performs

well for both mono- and disaccharides, calculations with
it are slower than those with our previous united-atom
field by roughly a factor of 2. We therefore carried out
one additional study to investigate a mixed representa-
tion in which only those atoms having close contacts with
atoms in other residues were represented using the all-
atom model. For oligosaccharides having a 1,4-linkage,
the all-atom representation would thus be used for C1,
C2, C3′, C4′, C5′. For systems having a 1,3-linkage, the
all-atom model would be used for C1, C2, C2′, C3′, C4′.
Other carbon atoms, e.g., those remote from interresidue
linkages, would be included in the computationally more
efficient united-atom representation. To test such a
mixed representation, we carried out a 10 ns, 27 °C MC/
SD simulation of methyl â-maltoside (18) in GB/SA
water. The φ, ψ histograms generated by this simulation
are given in Figure 8. They compare well with the
corresponding all-atom histograms for the same molecule
given in Figure 4. The two representations of 18 also
predict similar interresidue coupling constants (Jφ(all-atom)
) 3.6 Hz, Jφ(mixed) ) 3.1 Hz; Jψ(all-atom) ) 4.1 Hz, Jψ(mixed)

) 4.5 Hz). Thus, both force fields yield similar results

with 18, but the mixed representation required ∼70% of
the time needed for the all-atom calculation. For larger
molecular systems, the speed advantage of the mixed
representation is expected to be more substantial.

Conclusion

The work described above shows that in vacuo, ab
initio quantum calculations can be used to produce a
molecular mechanics force field that, when coupled with
a solvation model for water and an efficient free energy
simulation algorithm, gives reasonable conformational
free energies and geometries for simple sugars and
oligosaccharides. The most significant difficulty we
encountered was validating the performance of the force
fieldsespecially with disaccharides. The problem is that
there is virtually no purely experimental measurement
of a conformational free energy difference with an oli-
gosaccharide. Thus there is little reliable data against
which to compare a calculation other than X-ray crystal
structures and conformationally averaged spectroscopic
data such as NMR coupling constants and NOE signals.
While conformational free energy information is con-
tained in available conformationally averaged spectro-
scopic data, many assumptions are necessary in order
to extract it. Furthermore, most disaccharides in aque-
ous solution appear to exist in single, but highly flexible,
conformational families without significant energetic
barriers between various contributing forms. Taken
together, these features make it difficult to obtain reliable
conformational energy differences experimentally. And
until such data is available, force field calculations on
carbohydrates must be considered to have only qualita-
tive accuracy.
Current experimental limitations notwithstanding,

what experimental data we have is well-reproduced by
our free energy simulations with the new force field. For
monosaccharides, anomeric free energies for nine sol-
vated systems were calculated with an average unsigned
error of 0.32 kcal/mol. For disaccharides, the distribution
histograms for the glycosidic and aglyconic torsion angles
showed the expected conformational preference and
flexibility. Furthermore, all relevant X-ray structures fell
within populated regions of these φ, ψ histograms, and
experimental and calculated NMR coupling constants
were in qualitative agreement. We also found a strong,
semiquantitative correlation between experimental rela-
tive NOE signals and r-6 averaged proton-proton dis-
tances computed from our simulations.
The conformational picture of 1,3- and 1,4-linked

disaccharides we have found suggests them to spend the
vast majority of their time oscillating around a single,
but broad, conformational energy well that corresponds
to a syn, exo-anomeric geometry in aqueous solution at
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Figure 8. Distribution of the glycosidic (φ) H1-C1-O1-C4′) and aglyconic (ψ ) C1-O1-C4′-H4′) torsions of methyl â-maltoside
(18) as calculated with the mixed united-atom/all-atom reparameterized AMBER* force fields.
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rt. Small populations of ψ anti conformers were observed
in a few of our simulations, but they correspond to free
energies greater than 2 kcal/mol above the more heavily
populated syn conformers with our force field. The
torsional φ, ψ oscillations in disaccharides are generally
greater than the C-C-C-C torsional variations of
simple saturated hydrocarbons such as n-butane and
cyclohexane at rt (cf. Figure 9). However, unlike our
disaccharides, these alkanes (and most other organic
molecules) exist in multiple, stable conformational states
(defined as conformers), and this property, the presence
of multiple, energy barrier separated conformers, has
been used traditionally to define molecular flexibility.
Thus while it would be wrong to describe oligosaccharides
as rigid, they do populate essentially a single energy well
and must therefore be regarded as less flexible than
typical organic molecules such as n-alkanes and peptides.
While quantitative experimental data on carbohydrate

conformational energies are sorely needed, we believe
that the parameters and methodologies described here
have been validated as well as possible with available
data and with a wide range of systems including five
disaccharides. In every system we studied, we found

good correlation between experiment and our free energy
simulation derived results. Thus these methods and the
force field described here should find useful applications
in semiquantitative modeling of carbohydrate-based mol-
ecules.
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Figure 9. Distribution of C-C-C-C torsion angles for n-butane and cyclohexane at rt on the MM3 potential surface.
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