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Abstract

Carbohydrates are thought to be especially difficult to model because of their highly polar functionality, their
flexibility, and their differences in electronic arrangements that occur during conformational and configurational
changes, such as the anomeric, exo-anomeric and gauche effects. These issues have been addressed in recent years,
yielding several contributions to set up some relevant parameterizations that would account for these specific features
of carbohydrates. Within the framework of a workshop involving the participation of 11 research groups active in
the field, several commonly used molecular mechanics force fields and special carbohydrate parameter sets have been
considered. The application of 20 force fields and/or sets of parameters to a series of seven test cases provided a fairly
general picture of the potentiality of these parameter sets for giving a consistent image of structure and energy of
carbohydrate molecules. The results derived from a chemometric analysis (principal component analysis, PCA) give
a global view of the performances of the force fields and parameter sets for carbohydrates. The present analysis (i)
provides an identification of the parameter sets which differ from the bulk, (ii) helps to establish the relationship that

� The workshop was organized in the framework of the 9th European Carbohydrate Symposium, Utrecht, Netherlands, 6–11
July, 1997.
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exists between the different parameter sets, (iii) provides indications for selecting different parameter sets to explore
the force field dependency (or the lack of thereof) of a given molecular modeling study. Through the PCA, we have
created a force field landscape on which the different force fields are related to each other on a relative scale. New
carbohydrate force fields can easily be inserted into this landscape (PCA model) and related to the performance of
existing force fields. © 1998 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The molecular mechanics method is becom-
ing a standard tool for chemists and biologists.
This method is a foundation for the plethora of
molecular modeling software that is now avail-
able for a wide range of computers, including
inexpensive desktop computers. The applica-
tion of molecular mechanics to biological
molecules and macromolecules has been more
focused on solving problems related to the field
of nucleic acids and peptides than to carbohy-
drates. The need for special treatment of carbo-
hydrates follows from their densely packed,
highly polar functionality, the dependence of
their conformational behavior on stereoelec-
tronic effects (anomeric, exo-anomeric and
gauche effects) along with an enhanced confor-
mational flexibility. These issues have been
addressed in recent years, and several contribu-
tions have been made to set up some relevant
parameterizations that would account for these
specific features of carbohydrates.

The actual question in routine work in glyco-
science is not so much how to perform the
calculation, as what force field and/or parame-
terization to use. If you cannot solve your
modeling problem with a simple plastic model,
then the choice of the force field is important.
Within the framework of a workshop involving
the participation of 11 research groups active in
the field, several commonly used molecular
mechanics force fields and special carbohydrate
parameter sets have been considered. Pur-
posely, this exercise has been conducted with a
fairly naive approach, trying to provide an-
swers to fairly basic questions that a dedicated
carbohydrate chemist or biologist would like to
address without being a professional molecular
modeler. To this end, the molecules in the test
were chosen to reflect several levels of increas-
ing complexity usually found in conforma-
tional analysis of carbohydrates. The desired

molecular properties were held to simple static
energetic and geometrical features which all
modeling programs should be able to perform.
A particular protocol was set up in order to
minimize the bias resulting from environment
and conformational search methods.

From the selection of test cases, i.e.,
molecules and molecular properties, and in the
context of conditions of applications of the
workshop, it is practically impossible to give an
objective appreciation of the suitability and
quality of the force fields. Theoretically, the
experiment would be the golden standard for
the comparison with the computational results.
However, the lack of trusted experimental data
with errors less than the differences between
the simulated data is a major obstacle. Instead
we have decided to cluster the force field
performances on a completely objective but
relative ground using a chemometric approach.
It provides a wide assessment of the self-consis-
tency (or the lack thereof) for the structures
and energetics of carbohydrates derived from
the application of molecular mechanics calcu-
lations. The present paper describes a force
field landscape on which the different force
fields are related to each other on a relative
scale. New carbohydrate force fields can easily
be inserted into this landscape and related to
the performance of existing force fields and
carbohydrate parameterizations.

2. Methods

Strategy.—Molecular mechanics corre-
spond to a set of empirical methods for calcu-
lation of molecular structures and properties
using atoms as the elementary constituents. It
involves the development of a force field in
which molecular systems can be fully relaxed
(energy minimization or geometry optimiza-
tion) or in which they can move according to
classical motional equations (molecular dy-
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namics). Two choices have to be made when
developing a molecular mechanics force field:
(1) what should be the functional form of the
potential energy functions (e.g., the use of
either a Morse potential or a simple harmonic
term for bonded interactions); (2) what should
be the numerical values of functional parame-
ters in the potential energy functions (e.g., the
magnitude of the force constant of the har-
monic term for bonded interactions). The
choice of the functional form of the potential
energy functions is a qualitative choice which
may strongly affect both the precision and
efficiency of the designed force field. The
choice of numerical values of functional
parameters is a quantitative one, which will
mainly affect the precision of the force field,
although convergence behavior during energy
minimizations may change quite drastically.
The latter quantitative choice can either be
made by estimating the parameters from the
literature or by optimizing them in a system-
atic manner, e.g., in the least-squares sense by
comparison with experimental data and/or
those derived from ab initio calculations on
relevant model compounds.

Although we will mention pertinent experi-
mental results along the way, we wish to
retain our focus on the main question of this
report: is the selection of force field an impor-
tant choice in a modeling study? Therefore, we
will mostly compare the results among them-
selves. The experimental evidence available for
the atomic structures and energies of carbohy-
drates is primarily geometries and crystal
packing in solid phase, anomeric equilibria in
solution, translational and rotational diffusion
in solution, and molecular vibrations in con-
densed phase. All of these experimental prop-
erties can be modeled, but they require
consideration of a number of choices for mod-
eling the environment and for sampling statis-
tically representative ensembles of conformers
contributing to the experimental evidence.
Not all modeling software offers the same
approaches for consideration of the environ-
ment or statistical sampling, and the influence
of the choices will remain unknown. For ex-
ample, what is the influence of using Ewald
summation instead of simply constructing a
mini-crystal when simulating solid phase?

A common confusion in the application of
molecular mechanics methods regards the var-
ious types of energies. The vast majority of
experimental determinations of energy differ-
ences yield Gibbs free energies. On the other
hand, the potential energies calculated by a
molecular mechanics program are most com-
parable with enthalpy. Some modeling soft-
ware can calculate free energies, either by a
normal mode analysis or from extended
molecular dynamics simulations. All of these
methods require a complete description of the
potential energy hypersurface besides the reli-
able values of the steric energies for local
minima that are reported herein.

Therefore, we have decided to investigate
the performances of the force fields on an
objective but relative basis. The only program
effect we had to accept is the different imple-
mentations of energy minimization algorithms
and convergence criteria. Although we are
aware that not all software packages encour-
age the use of gradient-based convergence
criterion, we judged these effects to be minor.
Apart from this, the only bias in the compari-
son is in the selection of molecules and molec-
ular properties.

Descriptions of selected molecules.—As the
modeling of environment and conformational
search methods differ from computer program
to computer program, we wanted to avoid this
bias and supplied each contributor with Carte-
sian coordinates of all the molecular test sys-
tems to which the contributors only had to
apply their preferred carbohydrate force field
for energy minimization and calculation of the
desired molecular properties.

A set of seven molecules has been selected
for this study. The choice was based on the
conformational properties of each molecule.
Fig. 1 gathers graphical representations of
most of the molecules investigated here.

Methyl 5-deoxy-b-D-xylofuranoside. Two
conformations corresponding to opposite
pucker on the pseudorotational wheel, i.e., the
envelope shape 3E for the North pseudoro-
tamer (Fig. 1A) and 3E for the South one (Fig.
1B), were constructed.

Methyl b- and a-D-glucopyranosides. The
two anomers of methyl glucopyranoside (Fig.
1C and D) were generated in the 4C1 ring
conformation.
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Methyl a-D-glucopyranoside and a-D-galac-
topyranoside (Fig. 1E). The three staggered
conformations of the hydroxymethyl group
were generated for the two epimers in the
4C1 ring conformation. These three orienta-
tions are referred as to gauche–gauche (gg),
gauche–trans (gt) and trans–gauche (tg) val-
ues of −60, +60 and 180° for the O-5–C-5–
C-6–O-6 torsion angles, respectively [1].

a-D-Glucopyranose ·H2O. The three-dimen-
sional structure of glucose monohydrate (Fig.
1F) as found in the crystal structure [2] was
provided together with the same molecule
with the water molecule 50 Å away.

Disaccharides. Three low energy conforma-
tions of the a-D-Man-(1�3)-b-D-Man disac-
charide arising from different orientations of
the two torsion angles of the glycosidic link-
age were constructed: (F=75°, C=180°),
(F=70°, C=100°) and (F=80°, C= -50°)
with F and C defined as the dihedral angles
O-5%–C-1%–O-1%–C-3 and C-1%–O-1%–C-3–C-
4, respectively. The same procedure was
applied for two conformations of the b-D-Glc-
NAc-(1�2)-b-D-Man disaccharide, (F=
−70°, C=150°) and (F=90°, C=160°), and
three conformations of the Fuc(a1–2)Galb
disaccharide, (F= −80°, C=180°), (F=
−70°, C= −120°) and (F= −90°, C=
50°). For these two disaccharides, F and C
were defined as O-5%–C-1%–O-1%–C-2 and C-
1%–O-1%–C-2–C-3, respectively.

Force fields included in the test.—Ten differ-
ent software packages were considered in the
present investigation. For some of them, dif-
ferent implementations (i.e., AMBER and
AMBER*), different sets of parameters or
different solvation models were used, leading
to 20 different force fields. The list of these 20
combinations is given in Table 1.

AMBER. The 94s force field [3] of the AM-
BER molecular modeling program [4] was
given the code number FF-12. This force field
was augmented for carbohydrates by several
authors. One parameter set was designed by
Homans [5]. This parameterization adds the
CHARMm-like molecular mechanics poten-
tial for carbohydrates developed by Ha et al.
[6] to include the glycosidic linkage based on
crystallographic data of pyranose systems and
ab initio calculations on dimethoxymethane.
We assigned this force field the code number
FF-10 and ran it with a dielectric constant of
4.0. Glennon et al. [7] presented an AMBER-
based force field especially for monosaccha-
rides and (1�4)-linked polysaccharides
(FF-8). Woods et al. [8] developed the GLY-
CAM parameter set for molecular dynamics
simulations of glycoproteins and oligosaccha-
rides (FF-1). FF-1 and FF-8 were run with a
dielectric constant of 4. The AMBER* version
of MacroModel 5.5 [9] was used together with
the all-atom pyranose force field [10]. Calcula-
tions were run in vacuum (FF6), but also
using the GB/SA water solvation model [11]
(FF14).

Fig. 1. 3D stereodrawings of some of the molecules used in
the present study.
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Table 1
List of force fields and parameterization

Force Field Ref.Internet adress

[8]http://www.amber.ucsf.edu/amber/ff94–glycam.htmlFF1 AMBER-GLYCAM 4.1
CHARMM-22 http://yuri.harvard.edu/charmm/charmm.htmlFF2 [13]
TRIPOS-PIM http://www.tripos.com/ and imberty@cermav.cnrs.frFF3 [17]a

vergoten@choia.univ-lille1.fr [12]SPACIBAFF4
MM3(94)/(96) http://www.tripos.com/products/mm3.htmlFF5 a

http://www.columbia.edu/cu/chemistry/mmod/mmod.html bFF6 AMBER* (vacuum)
CHEAT-95 http://www.msi.com/support/quanta/cheat95.htmlFF7 [14]
AMBER-GlennonFF8 [7]
MM3(92)FF9 [19,20]

[5]FF10 AMBER-Homans
GROMOS-87 http://igc.ethz.ch/gromos/ (for GROMOS 96 only)FF11 [16]
AMBER-94 http://www.amber.ucsf.edu/amber/ff94.htmlFF12 [3]

cFF13 Biosym CVFF-92
http://www.columbia.edu/cu/chemistry/mmod/mmod.html bFF14 AMBER* (GB/SA water)
http://www.columbia.edu/cu/chemistry/mmod/mmod.html bFF15 MM3* (o=1)

MM3* (o=80) http://www.columbia.edu/cu/chemistry/mmod/mmod.htmlFF16 b

CFF/PEF95SAC http://struktur.kemi.dtu.dk/cff/cffhome.htmlFF17 [21]
Biosym CVFF–95–01.01FF18 b

bhttp://www.msi.com/solution/products/InsightII/index.htmlFF19 Biosym CFF
Cerius-Dreiding http://www.msi.com/solution/products/Cerius2/index.htmlFF20 [24]

a Tripos Associates.
b Biosym Technologies/MSI software.
c The Macromodel package.

SPACIBA. This program has been devel-
oped as a vibrational molecular force field
with a particular emphasis on monosaccha-
rides and oligosaccharides [12]. The potential
energy functions use a modified Urey–Bra-
dley–Shimanouchi force field. In the present
investigation a dielectric constant of 1 was
used. This force field was assigned the code
number FF-4.

CHARMm. The general-purpose force field
[13] CHARMm-22 has been given the code
number FF-2. CHEAT95 [14] is a
CHARMm-based force field in which the car-
bohydrate hydroxyl groups are represented by
extended atoms. This hydroxyl atom type is
parameterized in such a way that a simulation
of an isolated molecule mimicks the molecule
in the aqueous solution. Therefore, in the
present study, this force field, which has been
given code number FF-7, was not used for
modeling either for O-methyl groups, or for
energy evaluation when water molecules are
explicitly present. As for disaccharides, the
methyl group attached to the anomeric oxy-
gen in the selected molecules was removed.

GROMOS. The present investigation uses
the GROMOS-87 [15] force field [16], which
was assigned the code number FF-11. GRO-
MOS was developed for MD simulations of
solutions rather than for energy minimization
of isolated molecules. Some parameters, espe-
cially charges, were not present in the original
formulation and had to be estimated. It
should be noted that a more recent version of
the program (GROMOS-96) has not been
tested in the present investigation.

TRIPOS. The original Tripos 5.3 (Tripos
Associates) force field [17] has been comple-
mented with a set of parameters (Tripos-PIM)
for modeling carbohydrates and protein–car-
bohydrate interactions [18]. This parameteri-
zation was assigned the code number FF-3.

MM3. The MM3(92) force field (code num-
ber FF-9) represents a highly detailed type of
force field notably including anomeric and
exo-anomeric effects [19,20]. Two updated
versions of MM3 appeared in 1994 and 1996
(Tripos Associates). The most recent one was
given code number FF-5 in the present study.
Both MM3(92) and MM3(96) programs were
run using a dielectric constant of 4. The
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MacroModel package contains the MM3*
force field, which is described as a modifica-
tion of the original MM3 force field available
in the public domain. This force field has been
used in the present study together with a
dielectric constant of 1 (FF-15) and 80 (FF-
16).

CFF/PEF95SAC. This force field (code
number FF-17) is a standard type of molecu-
lar mechanics force field which uses the Morse
potential to model covalent bonds, and in-
cludes an anomeric carbon atom type. CFF/
PEF95SAC [21] has been developed based on
the consistent force field approach (CFF)
[22,23] using least-squares fitting of potential
energy parameters on experimental data like
internal coordinates, nonbonded distances,
dipole moments, lattice energies, unit cell di-
mensions, and vibrational frequencies. Envi-
ronmental variables have been explicitly taken
into account using Ewald summation during
the development of this force field.

CVFF and CFF. These two force fields are
available within the INSIGHT/DISCOVER
software (Biosym Technologies). CVFF uses a
Morse function for bond stretching, and cross
terms are included in the potential functions.
Two versions were used, respectively, CFFV-
92 (code number FF-13) and CVFF-95–0–
1.01 (code number FF-18). CFF has been
developed as a highly non-diagonal force field
(code number FF-19). These two force fields
share the ability to use general parameters
when no explicit parameters are available.
Therefore, no particular attention is given to
carbohydrate molecules.

DREIDING. Under the code FF-20, we
used the DREIDING 2.21 force field [24]
available in Cerius2 (Molecular Simulations).
DREIDING 2 is meant to be used for general
organic and main group compounds, and no
special parameterization is available for
carbohydrates.

Comparison protocol.—The force field com-
parison protocol was designed as follows:
� The test cases should cover a wide range of

structural and energetic features that
molecular modeling should be able to
simulate.

� The test cases were converted into test
molecules. All calculations were run on the

same files of coordinates. They were gener-
ated at CERMAV (Grenoble, France) and
stored in an anonymous ftp directory with
free reading access.

� The geometry of each structure was fully
optimized by energy minimization with all
20 force fields. The optimizations were car-
ried out without any explicit conforma-
tional searching.

� A spreadsheet file (Excel, Microsoft, USA)
was also made available with the final re-
sults (energy, bond distances, valence an-
gles, dihedral angles, etc.) to be inserted.
Principal component analysis.—The PCA

method [25] offers a simple and efficient way
of describing the systematic variations in a
complex data structure. It uses a two-dimen-
sional data evaluation strategy in which many
variables are registered (molecular geometry
and energetics, in the present case) on the
same objects (force fields, in the present
study). The multidimensional data set is re-
solved into orthogonal components whose lin-
ear combinations approximate the original
data set in a least-squares sense (systematic
part) (Fig. 2). PCA gives a representation, on
a graphic interface, of the main variance of
the complex data structure (including missing
data) by projecting the data onto a few or-
thogonal directions (principal components).
This provides a way to analyze the perfor-
mances of the force fields as a whole, initially
with the sacrifice of understanding on a more
detailed level but with the capability of
providing interesting global information
which later feeds back into low-level knowl-
edge.

In PCA, the original data matrix (X) ( ff×
6) (number of force fields times number of
variables/calculated observables) is decom-
posed into a score matrix (T) ( ff×pc) (num-
ber of force fields times number of principal
components) and a loading matrix (P) (pc×
6), and the residuals are collected in a matrix
(E) ( ff×6): X=TPT+E. Only a limited
number of principal components (PCs) are in
most cases relevant in describing the system-
atic information in X. The loading vectors for
the principal components can be considered as
hidden data structures that are common to all
the objects. What makes the original data
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Fig. 2. Schematic PCA figure. (Top) The resolving of the original data set (X) into a systematic varying part described as score
vectors (T) and loading vectors (P) and a residual noise matrix (E). (Bottom) The score vectors that describe the individual
variation of the objects to be analysed can then be plotted against each other in scatter plots describing the main variation in the
data set (X).

structures different is the amount (scores) of
hidden data structures. The scores contain
information about the objects and the load-
ings about the variables.

Prior to PCA, the data in the spreadsheet
were pre-PCA transformed in two different
steps: (i) all dihedral angles with mean value
in the range −120 to −180° or in the range
120–180° were standardized; i.e., if a given
dihedral variable in most force fields was cal-
culated in the range 120–180°, then the few
dihedral angles lying in the range −120 to
−180° were converted to lie in the range
180–240° to avoid nonquantitative disconti-
nuities in the data set; and (ii) all variables
were divided by the standard deviation and
the mean value subtracted in order to keep the
variables and their variations in the same
range. All PCA calculations were made by the
program Unscrambler version 6.11b (CAMO
ASA, Trondheim, Norway).

Cluster analysis.—Cluster analysis (see [26])

is generally used to classify a set of objects
(e.g., force fields) into groups with similar
properties (e.g., calculates molecular features);
for example, if we desire the entire data set to
be separated into the most possible homoge-
neous subsets (clusters). The basis for the
cluster algorithm is a similarity/dissimilarity
measure between the objects which can be
considered as a generalized distance measure.
In this work a hierarchical k-mean method
based on Euclidian distances is used. In that
method, the object pairs that are most similar
are first linked together and in subsequent
calculations replaced by their centroid. These
linked objects are then successively extended
to larger object groups by inclusion of new
objects which have the highest similarity with
the already selected objects. The end product
is a tree structure (dendrogram) that reflects
the similarity (heritage) between more and
more homogeneous clusters. In contrast to
PCA, the inclusion of a new object in the
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Fig. 3. Dispersion in the Cremer–Pople parameter space for methyl 5-deoxy-b-D-xylofuranoside. The puckering parameters
observed after optimization by each force field (see label) are superimposed on the isoenergy map calculated using the MM3
software.

cluster analysis will require a complete recalcu-
lation.

Cluster analysis calculations were performed
using Matlab ver. 5.1 (The Mathworks, Natick,
MA) installed with the PLS–Toolbox ver.
1.53b (Eigenvector Research, Manson, WA).

3. Results and discussion

The present analysis is based on the assump-
tions that all participants have used the pro-
grams and concomitant force fields correctly
and subsequently inserted the calculated num-
ber correctly in the spreadsheet. The analysis is
furthermore based on the assumption that the
20 different force fields can be evaluated on the
basis of 78 molecular quantities (12 energies, 4
bond lengths, 12 valence angles, 4 puckering
parameters and 46 dihedral angles) contribut-
ing with equal weight.

Description of conformations and energies.—

Many energetic and geometrical data have been
collected after energy minimization of all tested
molecules. All the data have been gathered in
a table, which is available as supplementary
material from the Corresponding Author. A
short description of the data together with an
evaluation of the differences as a function of the
force field is given here.

Puckering parameters and energy difference
between the North and South conformers of the
methyl 5-deoxy-b-D-xylofuranoside. The first
objective was to address the possibility of
assessing the location and the relative energy of
the two most stable conformers of a simple
furanose. General-purpose force fields such as
MM3, AMBER or CHARMM should, in the-
ory, handle five-membered rings. On the other
hand, none of the force field add-ons for
carbohydrates were designed to handle fura-
nose rings. In Fig. 3, the Cremer and Pople
puckering parameters [27] of the optimized
conformers have been reported on the pseu-
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Fig. 4. Energy differences between methyl a- and b-D-glucopyranoside.

dorotational wheel, and these are superim-
posed on an MM3 energy map (Gruza and
Imberty, unpublished results) using a proce-
dure previously developed for conformational
analysis of furanose rings [28]. In general, the
refined conformers remained in the low-energy
regions corresponding to the North and South
minima, with the exception of the North con-
former that converged to the South region
when minimized using Dreiding (FF-20) or
AMBER-Glennon (FF-8). It has been demon-
strated recently that AMBER-native gives
very low-energy barriers along the pseudoro-
tational wheel of ribofuranoside [29], whereas
the carbohydrate-modified parameters gave
deeper minima. From NMR experiments
(Gruza et al., personal communication) it is
indicated that the Gibbs free energy difference
should be small between the two populations,
with a slight preference for the North con-
former. Very scattered values are obtained in
the present study, ranging from 4.0 kcal/mol
preference for the North conformer by FF-2
(CHARM22) to 1.4 kcal/mol preference for
the South one by FF-3 (Tripos-PIM).

Energy differences between the two anomers
of methyl D-glucopyranoside as well as dis-
tances and 6alence and torsion angles close to
the anomeric centers. The calculation of the
geometry, conformation, and energy occurring
as a function of the anomeric configuration of
methyl glucopyranoside is obviously a key
question of interest to any carbohydrate

chemist. The experimental anomeric ratio of
methyl glucopyranoside was determined by
equilibrating the system in methanol using
catalytic acid at 35 °C; it corresponds to a
preference for the a anomer by 0.42 kcal/mol
[30]. Fig. 4 depicts the energy preference be-
tween the two anomers of methyl glucoside as
a function of the force field used for the
calculations. In general, the force fields con-
sidered here fail to predict this anomeric ef-
fect, since most of them give a small energy
preference for the b anomer. Two force fields
gave unreasonably high preference for the a
anomer, and only CHARM-22 (FF-2) and
both AMBER versions for MacroModel (FF-
6 and FF-14) yield energy differences close to
the experimental value. AMBER*, together
with the GB/SA solvation model (FF-14),
gives the best fit with the experimental result.
This pyranose parameterization has already
been shown to reproduce anomeric free ener-
gies [10]. The structural aspect of the anomeric
effect, i.e., the shorter C-1–O-1 bond length
and smaller O-5–C-1–O-1 valence angle, ob-
served for the b anomer (mean experimental
values 1.385 Å and 107.6° for an equatorial
anomeric group) when compared with the a
anomer (1.398 Å and 111.9° for an axial
anomeric group) [31], is better reproduced by
force fields specially parameterized for carbo-
hydrates such as FF-1 and FF-3, whereas the
general DREIDING force field (FF-20) gives
quite high values for the glycosidic bond
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Fig. 5. Variations of the valence angle at the anomeric oxygen for methyl a- and b-D-glucopyranoside.

lengths in both anomers (1.45 Å). Variations
of the glycosidic valence angles are displayed
in Fig. 5. When compared with the mean
experimental values of 113.8° for an axial
linkage and 113.1° for an equatorial linkage
[31], most of the force fields are in close
agreement. However, some strong deviations
are observed. In particular, GROMOS (FF-
11) yields valence angles that are too small
and CFF/PEF95SAC gives valence angles that
are too large.

Energy difference and torsion angle for the
three rotamers for the hydroxymethyl group of
methyl a-D-glucopyranoside and methyl a-D-
galactopyranoside. The population ratio of the
rotational conformers around the C-5–C-6
torsion is an important issue, as it may govern
some intermolecular interactions. From NMR
experiments in water, the rotamer population
was estimated to present a gg:gt:tg ratio of
57:38:5 for methyl a-D-glucopyranoside and
14:47:39 for methyl a-D-galactopyranoside
[32]; however, there are a number of approxi-

mations in the analysis of the NMR data. The
conformational preference of the hydroxy-
methyl group was evaluated for both the
methyl a-D-glucopyranoside and methyl a-D-
galactopyranoside. The results are in very
poor agreement with the experimental data:
for Me a-D-Glc, none of the calculations
could reproduce the observed range of popu-
lation, namely, gg\gt\ tg. In fact, the order
is generally reversed, with the gg rotamer dis-
playing the highest energy. Only the CFF-
based force fields (FF-17 and FF-19) are able
to predict the gg rotamer as the preferred one.
The agreement is not better when looking at
Me a-D-Gal. In this latter case, only TRIPOS-
PIM and CHEAT-95 predicted the correct
gt\ tg\gg population ranking. Such a poor
agreement is not surprising and should not be
considered as a drawback of the parameteriza-
tion, since it has been demonstrated that the
hydroxymethyl conformational behavior is
very dependent on the solvation model
[33].
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Fig. 6. Interaction energy of a-D-glucopyranose with one water molecule.

Interaction energy of glucose with one water
molecule. Assessing the energy of hydration of
a simple monosaccharide such as a-D-glucopy-
ranose may appear to be a trivial question.
Therefore, the monohydrate adduct of a-D-
glucopyranose was extracted from the X-ray
crystal structure [2]. As shown in Fig. 1, the
presence of the water molecule allows the
establishment of a three-centered hydrogen-
bonding scheme. The energies calculated for
this interaction are displayed in Fig. 6. They
range from 0.85 (MM3* with o=80) to 13.7
kcal/mol (SPACIBA). It may be noted that, as
expected, inclusion of the CB/SA water solva-
tion model in the AMBER* calculations re-
sults in a decrease of the calculated interaction
energy, even though its value is still above the
one calculated by all the other AMBER-based
force fields (FF-1, FF-8, FF-10 and FF-12).
The same effect, but a lot more dramatic, is
obtained in the MM3* calculations by increas-
ing the dielectric constant from 1 (FF-15) to
80 (FF-16).

Relati6e energies and glycosidic torsion an-
gles for se6eral conformations of the a-D-Man-
(1�3)-D-Man, b-D-GlcNAc-(1�2)-D-Man,
and a-L-Fuc-(1�2)-D-Glc disaccharides. One
would also like to estimate the low-energy
conformers of disaccharides for which the
global shape depends mainly on rotations

about the glycosidic linkages, because the flex-
ibility of the pyranose ring is rather limited
and the different orientations of the pendent
groups usually have a limited influence on the
conformational space of the disaccharide. The
a-D-Man-(1�3)-b-D-Man and b-D-Glc-(1�
2)-b-D-Man disaccharides are part of the N-
glycan moiety of glycoproteins. They have
been the subject of many theoretical and ex-
perimental conformational studies. N-glycan
oligosaccharides have been successfully co-
crystallized with lectins, so several conforma-
tions of these oligosaccharides have been
observed in the solid state [34]. It has there-
fore been demonstrated that the a-D-Man-
(1�3)-b-D-Man disaccharide can adopt three
different conformations, displaying large dif-
ferences in the C angle, whereas the b-D-Glc-
(1�2)-b-D-Man disaccharide can adopt two
different conformations, with 120° difference
in F. All these conformations have been con-
sidered in the present investigation. The a-L-
Fuc-(1�2)-D-Gal disaccharide was also
proposed in order to evaluate the capacity of
the force fields for handling L-sugars. The
results of the energy minimizations are pre-
sented in Fig. 7, superimposed on the MM3
energy maps that have been demonstrated to
be able to predict the conformations observed
in the crystal structures for these two disac-
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Fig. 7. Repartititon in the F and C space for a-D-Man(1�3)-b-D-Man (left) and b-D-Glc-(1�2)-b-D-Man (right) disaccharides.
The conformations optimized by each force field (see labels) are superimposed on the energy map calculated with the MM3
software.

charides [34]. In general, the conformers re-
main in their energy wells, except for the
a-D-Man-(1�3)-b-D-Man disaccharide where
a large conformational plateau joins two of
the considered conformations. In several cases
one conformer converged to the other one. In
general, the main energy well was predicted to
have the lowest energy. For the b-D-Glc-(1�
2)-b-D-Man disaccharide, all the conformers
stayed in their energy wells and the minimum
governed by exo-anomeric effect (F about
−80°) contained in all cases the conformers
with lowest energy. The discrepancies appear
in the energy difference between the two con-
formers, which ranges from 1.2 kcal/mol in
AMBER-Glennon to 14 kcal/mol in AM-
BER*.

Global PCA.—To find and investigate the
main directions of variations in our force field
spreadsheet, a PCA was performed on all the
data. The score plot in Fig. 8a displays the
main dispersion of the force field perfor-
mances as a function of PC1 and PC2. The
plot has only projected down 30% of the total
variation in the data, but it sums up the most
important features. The plot indicates that
FF-11 and FF-13 are extreme force fields
which differ in each of the two main variation
directions from the bulk of the force fields.
Their positions are a reflection of the fact that

the two force fields have the largest variations
from the mean values of the variables and
indicate that especially FF-11 is a quite differ-
ent force field, as it deviates strongly from the
other force fields in the main variation direc-
tion (PC1). It is also apparent from the score
plot that the two different versions of MM3
(FF-5 and FF-9) perform practically in an
identical manner (they are completely super-
imposed in the score plot, Fig. 8a). More
interestingly, the score plot reveals that the
Macromodel parameterization of MM3 la-
beled MM3* (FF-15 and FF-16), where the
original bond dipoles have been changed to
atomic charges, is changing the force field
performances significantly from that of the
original MM3 force field. This is indicated by
the large gap between FF-5/FF-9 and FF-15/
FF-16. Finally, the score plot reveals that all
the AMBER-based force fields (FF-1/FF-6/
FF-8/FF-10/FF-12 and FF-14) are grouping
together near the PCA model center. This is
further evidenced in Fig. 8b, which displays
the main dispersion of the force field perfor-
mances as a function of PC2 and PC3. In this
plot all the AMBER-inherited force fields
(plus FF-4 which is also AMBER based) clus-
ter in a group indicated by an ellipse. Such
clustering indicates that re-parameterization
with special emphasis on carbohydrates does
not move the force field’s performance far
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Fig. 8. PCA score plots. AMBER force fields are indicated in italic, MM3 force fields are indicated in bold, and all others are
indicated with normal characters. (a) PCA on all data (78 variables). This score plot (PC1 vs. PC2) only contains (18+12%) 30%
of the entire variation. (b) PCA on all data (78 variables). The score plot (PC2 vs. PC3) contains 12+11% of the entire variation.
(c) PCA on energetic data (12 variables). The score plot (PC1 vs. PC2) contains 27+20% of the entire variation. (d) PCA on
geometrical data minus torsional angles (18 variables). The score plot (PC1 vs. PC2) contains 46+18% of the entire variation.

from its heritage. Whether this is due to the
potential energy functional form, its basic
parameterization (e.g., van der Waals parame-
ters of hydrogen and carbon), or to the use of
the same type of energy minimization (al-
gorithm and convergence criterion), is an in-
teresting question which should be
investigated further. In Fig. 8b we again find
FF-13 as an extreme force field in the PC2
direction; this is not surprising if we compare
with Fig. 8a, and, furthermore, we find that
the MM3-based force fields are located in the
same region, despite their relative strong dif-
ferences along PC1.

The above-mentioned PCA was performed
on all 78 variables in the test which con-
tributed with equal weight, giving a relatively
high influence of dihedral performance (46 out
of 78 features). If we instead run a PCA on
only the energetic information (12 out of 78
features), we obtain the score plot shown in
Fig. 8c. We observe that FF-2, FF-4, and
FF-11 are the extreme force fields spanning

the force field variations. Moreover, we note
that the Macromodel AMBER* parameteriza-
tions both with (FF-14) and without (FF-6)
inclusion of GB/SA water solvation are sepa-
rating rather significantly from the rest of the
AMBER family (FF-1/FF-8/FF-10 and FF-
12), which has clustered very tightly and in-
cluded FF-3. Furthermore, we observe that
the MM3 force fields FF-5 and FF-9, energet-
ically speaking (in contrast to geometrically
speaking), are very close to the Macromodel
MM3* parameterization with a dielectric con-
stant of 80 (FF-16), while the same force field
with a dielectric constant of 1 (FF-15) behaves
very differently.

Finally, we also ran a PCA on all geometric
variables that were not dihedral angles (20 out
of 78 features). The resulting score plot con-
taining almost 60% of the total variation, Fig.
8d, displays an interesting division of the force
fields. On one side of the line we find a very
tight cluster containing the force fields FF-1,
FF-2, FF-4, FF-7, FF-10, and FF-17; on the
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Fig. 9. Cluster analysis of the PCA score data. Dendrogram
based on the distance to k-means nearest group.

to the test problems (globally speaking) which
are not in the same family as the answers from
any of the other force fields.

4. Conclusions

The interest in carbohydrate modeling has
led to the development of several sets of car-
bohydrate parameters that were intended to
accommodate the special effects encountered
in this family of molecules. The application of
20 of these force fields and/or sets of parame-
ters to a series of seven test cases provides a
fairly nonuniform picture of the potentiality
of these parameter sets for giving a consistent
image of structure and energy of carbohydrate
molecules. Actually, the only agreement ap-
pears at the disaccharide level, when it comes
to assessing the occurrence of the low-energy
conformers. At this level of structural com-
plexity, van der Waals interactions become the
predominant forces for which proper parame-
terizations exist. However, the relative energy
of these conformers varies greatly according
to the parameter sets used. Therefore, the
consideration of these relative energies in fur-
ther calculations is a highly risky exercise.

When confronted with the task of selecting
a force field, the inexperienced user should be
aware that most molecular mechanics force
fields have been developed to reproduce a
given set of molecular features in a given
environment for a given set of molecules with
the aim of predicting molecular properties of
related molecular systems for which detailed
experimental data are not available. There-
fore, particular care should be taken as to
what level of extrapolation can be expected to
be successful. Evidently, the high level of self-
consistency of each development precludes the
use of sets of parameters from different
origins and/or the combination of force fields.

It is certainly true that there is a lack of
suitable experimental data to use as bench-
marks in testing of the force fields for carbo-
hydrate modeling. The successful application
of solvation with explicit solvent molecules
may provide insight into the underlying physi-
cal properties of carbohydrates. Nevertheless,
other basic features remain to be considered

other side of the line we find a stretched
grouping containing all MM3-based force
fields, plus FF-6, FF-14, and FF-18. The main
reason for this grouping has to do with differ-
ent modeling of b anomeric bonds and angles,
but we have not investigated this special
grouping in more detail.

As a final global analysis, we performed a
cluster analysis of the score vectors from the
PCA on the entire data set. The result in the
form of a dendrogram is displayed in Fig. 9.
The cluster analysis was performed on the 12
first-score vectors, which was the (leave one
out validated) number of significant principal
components in the PCA. The figure clearly
demonstrates that the two MM3 force fields,
FF-5 and FF-9, are by far the two most
closely related. FF-1 and FF-12 and FF-6 and
FF-14 are closely related; they are all AM-
BER-based force fields. Apparently, the GLY-
CAM parameterization (FF-1) is the one
which is the closest to the native AMBER
performance (FF-12), while the two Macro-
models AMBER* behave similarly with (FF-
14) or without (FF-6) GB/SA water solvation.
Furthermore, we observe that FF-1 and FF-
12 also cluster relatively closely with FF-8 and
FF-10, which are the Glennon and Homans
parameterizations of AMBER, respectively.
Finally, we observe that the force fields FF-
19, FF-2, FF-18, FF-17, FF-4, FF-13, and
FF-11 all contribute with individual answers
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such as (i) how can one explore conforma-
tional hyperspace in an efficient way and (ii)
which is the appropriate model to be used in
simulating the observed spectroscopic proper-
ties? This means that validation of computer
predictions requires a close interplay between
experimentalists and theoreticians.

The result derived from the chemometric
analysis provides a global view of the perfor-
mances of the force fields and parameter sets
for carbohydrates. Among the many conclu-
sions that can be reached, the present analysis
(i) provides an identification of the parameter
sets that differ from the bulk, (ii) helps to
establish the relationship that exists between
the different parameter sets, (iii) provides indi-
cations for selecting different parameter sets
to explore the force field dependency (or the
lack thereof) of a given molecular modeling
study.

Through the PCA we have created a force-
field landscape on which the different force
fields are related to each other on a relative
scale. New carbohydrate force fields can easily
be inserted into this landscape (PCA model)
and related to the performance of existing
force fields. If a scientist has a hypothesis on
how a force field should perform on the pro-
posed test systems, this hypothesis can with
equal ease be inserted into the model as a
reference center. And even better, we may one
day be able to provide the true solution for
the proposed test systems and, by inserting
this in the model, be able to calculate the force
field error as the distance to the true solution.
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