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Conformational and Dynamical Properties of Disaccharides in Water:
a Molecular Dynamics Study
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and Philippe H. Hinenberger
Laboratory of Physical Chemistry, ETH-Honggerberg, Zirich, Switzerland

ABSTRACT Explicit-solvent molecular dynamics simulations (50 ns, 300 K) of the eight reducing glucose disaccharides
(kojibiose, sophorose, nigerose, laminarabiose, maltose, cellobiose, isomaltose, and gentiobiose) have been carried out using the
GROMOS 45A4 force field (including a recently reoptimized carbohydrate parameter set), to investigate and compare their
conformational preferences, intramolecular hydrogen-bonding patterns, torsional dynamics, and configurational entropies. The
calculated average values of the glycosidic torsional angles agree well with available experimental data, providing validation for the
force field and simulation methodology employed in this study. These simulations show in particular that: 1) (1 — 6)-linked
disaccharides are characterized by an increased flexibility, the absence of any persistent intramolecular hydrogen bond and a
significantly higher configurational entropy (compared to the other disaccharides); 2) cellobiose presents a highly persistent
interresidue hydrogen bond and a significantly lower configurational entropy (compared to the other disaccharides); 3) persistent
hydrogen bonds are observed for all disaccharides (except (1 — 6)-linked) and typically involve a hydrogen donor in the reducing
residue and an acceptor in the nonreducing one; 4) the probability distributions associated with the glycosidic dihedral angles ¢
and ¢ are essentially unimodal for all disaccharides, and full rotation around these angles occurs at most once or twice for ¢ (never
for ) on the 50-ns timescale; and 5) the timescales associated with torsional transitions (except around ¢ and ) range from ~30
ps (rotation of hydroxyl groups) to the nanosecond range (rotation of the lactol and hydroxymethyl groups, and around the

w-glycosidic dihedral angle in (1 — 6)-linked disaccharides).

INTRODUCTION

Carbohydrates play a key role in the molecular logic of life.
Present in nearly all biological systems on earth, this class of
molecules accounts for most of the organic matter in the bio-
sphere, predominantly in the form of cellulose. The complex
functions of carbohydrates in biology may be related to the
high density of functional (predominantly hydroxyl) groups
present in these compounds, in a virtually infinite variety of
possible stereoisomers (1). Due to the ability to encode com-
plex stereochemical information, saccharides are considered
key elements in a biochemical alphabet that plays a funda-
mental (yet not completely understood) role in intra- and in-
tercellular recognition processes (2).

Disaccharides are the simplest molecules presenting all the
rotational degrees of freedom determining the conformation
and flexibility of more complex oligo- and polysaccharides.
For this reason, the investigation of the conformational pref-
erences of disaccharides is not only interesting on its own,
but also an important first step toward the understanding of
the conformation and dynamics of polysaccharides. From the
point of view of computer simulation, they also represent the
simplest test systems to validate force fields that ultimately
aim at the simulation of more complex saccharides.

In the present work, explicit-solvent molecular dynamics
(MD) simulations are used to investigate the behavior of
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disaccharides of D-glucopyranose (Glc) in water. The eight
reducing disaccharides (B-anomeric configuration in the
reducing residue) presenting all possible glycosidic linkages
considered are (Fig. 1): kojibiose (K), sophorose (S), nigerose
(N), laminarabiose (L), maltose (M), cellobiose (C), isomalt-
ose (I), and gentiobiose (G).

All of these disaccharides are found in honey (3) and most
of them have been the scope of numerous experimental
studies. Those constituting the building blocks of naturally
abundant polysaccharides like amylose (M) or cellulose (C)
have received most attention in the literature (4-21), while
those carrying a less common glycosidic linkage (e.g., 1 —2)
have received more limited consideration (4,5,22,23). Most
of these disaccharides have been characterized experimen-
tally using x-ray crystallography (24) or nuclear magnetic
resonance (NMR) spectroscopy (7,8,14,15,23) and investigated
theoretically using MD simulations (9—17,23,27), molecular
mechanics (MM) calculations (4-6,22,28,29) (typically MM3
(30,31)) or quantum mechanics calculations (18-21).

The conformation of disaccharides is mainly determined
by the populations of rotamers around the glycosidic linkage.
Although the pyranose ring exhibits a certain degree of flex-
ibility, the effect of this flexibility on the overall conforma-
tion of oligo- and polysaccharides is limited. Therefore,
studies on the conformation of disaccharides mainly focus
on the glycosidic torsional angles ¢ (O5-C1-O;-C,") and
(C;-04-C,'-C,_") around a (1 — n)-linkage (24) (with n =
2,3, 4, 6), in addition to the torsional angle @' (O5'-C5'-Cq¢'-
O¢', where Og' = O)) in the case of a (1 — 6)-linkage (see
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The eight reducing disaccharides (8 anomeric configuration in the reducing residue) formed by the linkage of two D-Glc units: kojibiose (K;

Glca(1 —2)Glcp), sophorose (S; GlcB(1 —2)GlcB), nigerose (N; Glca(1 — 3)Glcf), laminarabiose (L; Glc(1 — 3)Glcf), maltose (M; Glca(1 —4)Glcf),
cellobiose (C; GlcB(1 —4)Glcp), isomaltose (I; Glca(1 — 6)Glcf), and gentiobiose (G; Glc3(1 — 6)Glcp). The conformations around the glycosidic linkage
are arbitrary. The standard atom labeling is illustrated for K. The definitions of the dihedral angles ¢ (Os-C,-0,-C,,"), ¢ (C,-0,-C,'-C,,_"), ®(Os5-Cs-Cs-Op),
and @' (05'-Cs'-C¢'-Og’', where Og" = O, for a (1 — 6)-linkage), are illustrated for I. The H-bonds listed in Table 2 are also indicated along with their

occurences during the corresponding simulations.

Fig. 1). The conformation of unsubstituted hydroxymethyl
groups in either of the two residues is described similarly
through the dihedral angles @' (Os5'-Cs'-Cg'-Og") and @ (Os-
CS'CG'OG)'

This work focuses on the study of the flexibility and dynamics
of disaccharides in water by: 1) analyzing the distribution of
glycosidic torsional angles; 2) analyzing the occurrence of
intramolecular hydrogen bonds; 3) evaluating the dynamics
of the various torsional angles; and 4) estimating the con-
figurational entropies of the saccharides. These analyses are
based on long (50 ns) MD simulations of the eight disaccha-
rides in explicit water based on the most recent version (45A4)
of the GROMOS carbohydrate force field (32). The results
contribute to the validation of the force field and provide
valuable insight into (thermodynamical and dynamical) pro-
perties not directly accessible from experimental measurements.

METHODS

All MD simulations were performed using the GROMOS96 program (33)
together with the GROMOS 45A4 force field (including a parameter set
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recently developed for carbohydrates (32)), and the SPC water model (34).
Newton’s equations of motion were integrated using the leap-frog algorithm
(35) with a 2-fs timestep. The SHAKE algorithm (36) was applied to constrain
all bond lengths with a relative geometric tolerance of 10~*. The simulations
were carried out in the isothermal-isobaric ensemble (at a temperature of 300 K
and a pressure of 1 atm), by separately coupling the temperature of solute and
solvent degrees of freedom to a heat bath (37) (relaxation time 0.1 ps) and by
coupling the system pressure to a pressure bath via isotropic coordinate scaling
(37) (relaxation time 0.5 ps; isothermal compressibility 0.46 X 107> - kJ ™!
mol - nm®). Nonbonded interactions were truncated at a distance of 1.4 nm,
reevaluated every timestep in the range 0.0-0.8 nm, and evaluated every five
timesteps in the range 0.8—1.4 nm (twin-range cutoff scheme (38)). A reaction-
field correction (39) was applied to account for the mean effect of neglected
interactions beyond 1.4 nm, using a relative dielectric permittivity of 66 for the
SPC water model. All simulated systems were composed of one disaccharide
molecule surrounded by ~ 1000 water molecules (K: 1012; S: 988; N: 972; L:
1109; M: 1002; C: 1048; I: 924; G: 1070) in a truncated-octahedron box
simulated under periodic boundary conditions. The initial configurations for the
disaccharides S, L, M, C, and G, were taken from the Cambridge Structural
Database (CSD) (this database is available from Cambridge Crystallographic
Data Centre, http://www.ccdc.cam.ac.uk/products/csd/. For the disaccharides
K, N, and I, crystallographic structures were not directly available in the CSD
and the structures of similar compounds (methyl-2-O-a-D-mannopyranosyl-3-
D-glucopyranoside, methyl-3-O-D-glucopyranosyl-a-D-glucopyranoside and
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6-O-a-D-galactopyranosyl-a-D-glucopyranoside, respectively) were used as a
basis to model the corresponding disaccharide (using the modeling program
XCHemEdit (40)). The CSD reference codes of the structures used in this study
are: RESMOR (K), SOPHROS (S), MOGLPR (N), LAMBIO (L), MALTOS
(M), CELLOB (C), MELIBM (I), and GENTBS (G)). All simulations were
carried out for 50 ns after an equilibration period of 0.1 ns. Atomic coordinates
were saved every 0.5 ps for analysis.

Solute (absolute) configurational entropies were estimated for all sim-
ulations based on a quasi-harmonic analysis ((41), R. Baron, W. F. van
Gunsteren, and P. H. Hiinenberger, to be submitted), by calculating the
solute all-atom mass-weighted covariance matrix in Cartesian coordinates,
after least-square fit superposition (42) of the successive trajectory
configurations onto the corresponding initial structure (so as to eliminate
overall translational and rotational motions (43)). The quasi-harmonic
entropy estimate (ng) was then evaluated as the entropy of a multidimen-
sional quantum-mechanical harmonic oscillator with the same mass-
weighted covariance matrix. The six (nearly zero) eigenvalues correspond-
ing to the suppressed rigid-body motion were left out of the analysis. The
convergence of the estimated entropies with time was assessed by repeating
the analysis for increasingly long time-periods along the simulations
(differing in length by 0.5 ns). Entropy corrections for anharmonicities in the
quasi-harmonic modes (AS%) and for (supralinear) pairwise correlations
among the modes (ASS]C ) were evaluated at the classical level as detailed
elsewhere (R. Baron, W. F. van Gunsteren, and P. H. Hiinenberger, to be
submitted). The anharmonicity correction AS¥ was calculated by summing
the corresponding per-mode contributions up to eigenvector 50 (i.e., in the
domain of validity of the classical approximation and for the modes where
anharmonicity effects are significant. The pairwise (supralinear) correlation
correction ASY’ was calculated by summing the corresponding contributions
over all (unique) pairs of modes. Additional information on the underlying
theory, assumptions, approximations and practical implementation can be
found (R. Baron, W. F. van Gunsteren, and P. H. Hiinenberger, to be
submitted).
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RESULTS AND DISCUSSIONS

The average values of the ¢- and ¢-dihedral angles, together
with the conformer populations around the @’-dihedral angle
of the reducing residue (i.e., the free hydroxymethyl group in
K, S, N, L, M, and C, or the third glycosidic dihedral angle
in I and G), are reported in Table 1 for all disaccharides
considered. The simulation results are presented along with
available experimental (solution NMR (14,23,26) and solid-
state x-ray (24)) and theoretical (MM (4,5,28) and MD
(10,11,13-15,27)) data from the literature. The correspond-
ing normalized probability distributions for the glycosidic
dihedral angles ¢, i, and @' (reducing residue) are also
displayed in Fig. 2. In general, the simulation results of this
work are in good qualitative agreement with experimental
and theoretical data from the literature (Table 1). The best
agreement is met for the average values of the ¢-glycosidic
dihedral angle, the preferences around which are largely
dictated by the exo-anomeric effect that causes polar sub-
stituents to be oriented away from the ring (24). For a-linked
disaccharides (K, N, M, I) this average angle is in the range
[70°; 100°] for all entries of Table 1, while for B-linked
disaccharides (S, L, C, G) it is typically in the range [—60°;
—90°] (except L with MD (27), —58.6°; G with x-ray (24),
—58.3°). The corresponding probability distributions from
the present simulations (Fig. 2 a) for the 3-linked disaccha-
rides and (to a lesser extent) the a-linked disaccharides are
indeed very similar for all linkages considered. The variability

TABLE 1 Average values of the ¢- and ys-glycosidic dihedral angles (first line of each entry) and population around the &' dihedral
angle of the reducing residue (second line of each entry), calculated from the simulations and compared with available
experimental (NMR (14,23,26), x-ray (24)), and theoretical (MM (4,5,28), MD (10,11,13-15,27)) results

(¢) [deg] (SD), (¥) [deg] (SD), Pi/Pye/Py: for &' [%]

Sugar This work NMR X-ray MM MD

K 95.8 (17.0), 114.7 (15.9) — — 80.6, 78.8° —
0.0/54.8/45.2 — — — —

S —83.8 (44.7), 119.8 (14.1) — —81.2, 128.5 (24) —71.2, 111.7* —
0.0/59.2/40.8 0.0/58.0/42.0 (23) — —

N 95.7 (15.6), —119.4 (15.0) 81.2, —142.6 (14) 99.9, —135.8 (24) 852, —=72.6° 84.4, —129.6 (14)
0.1/60.9/39.1 — — — —

L —72.6 (14.5), —114.2 (13.6) —85.8, —143.8 (14) —69.1, —109.1 (24) —85.0, —162.3* —58.6, —94.5 (27)
0.0/57.0/43.00 — — — —

M 87.2 (17.1), 100.5 (15.5) 88.5,95.5 (14) 96.8, 105.2 (24) 97.3, 98.3° 94.7, 106.1 (14)
0.0/65.2/34.7 — — — 5.0/ 71.0/ 24.0 (13)

C =77.5 (31.8), 111.4 (10.2) —87.8, 98.9 (14) —75.6, 108.2 (24) —84.0, 73.8* —75.9, 119.8 (14)
0.0/68.8/31.2 — — — 12.0/35.0/53.0 (10,11)

I 82.7 (15.4), 167.5 (31.4) — 75.9, —174.2 (24) 78.7, —173.6 (28) 80.0, 180.0 (15)
0.0/43.9/56.1 — — — —

G —81.6 (29.3), 173.1 (29.4) —71.4, —129.0 (14) —58.3, —156.3 (24) —77.5, 178.4 (28) —60.8, —177.0 (27)

0.0/46.3/53.8

0.0/34.0/66.0 (26)

2.0/36.0/62.0 (27)

Note that ¢ = 05-C,-0,-C,’, y = C;-0,-C,,'-C,_,’, and @' = O5'-Cs'-C4'-Og’, with O’ = O for a (1 — 6)-linkage (I, G); tg, @' = 180°; gg, @' = 60°; and
gt, ® = —60°. Standard deviations (SD) are reported between parentheses. Data from the literature reported in terms of the dihedral angles ¢y (HC;-C;-O;-
C,") and ¢y (C-0,-C,,'-HC,"), were transformed to ¢- and i-values (used in this study) so as to permit a direct comparison. The following transformations
were applied (24): ¢ = ¢y = 120°, where the plus symbol applies to the a-linked disaccharides (K, N, M, I), and the minus symbol applies to the 3-linked
disaccharides (S, L, C, G); and ¢ = ¢y £ 120°, where the plus symbol applies to the disaccharides with an R-configuration at C,’ (K, S, M, C) and the

minus symbol applies to those with an S configuration at the C,," (N, L)). The codes used for the disaccharides refer to Fig. 1.
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is more important for the average values of the iy-dihedral
angle (Table 1). Considering all entries of Table 1,
disaccharides with a R configuration at C;, (K, S, M, C)
present values in the range [90°; 120°] (except K with MM
(5), 78.8°; S with x-ray (31), 128.5°; C with MM (4), 73.8).
Disaccharides with an S configuration at C;, (N, L) present
values in the range [—150°; —110°] (except N with MM (5),
—72.6°% L with x-ray (24), —109.1°, MM (4), —162.3° and
MD, —94.5°), and (1 — 6)-linked disaccharides (I, G) values
in the range [160°; 180°] (except G with NMR (14), —129.0°
and x-ray (24), —156.3°). These differences are clearly
reflected in the corresponding probability distributions from
the simulations (Fig. 2 b). The corresponding maxima are
found at ~110° (K, S), —120° (N, L), 100° (M, C), and 180°
(I, G). Note also the significantly broader distribution in the
case of (1—6)-linked disaccharides (I, G). Finally, the
conformational distributions around the dihedral angle ®" of
the reducing residue (Table 1 and Fig. 2 ¢) show comparable
populations for the gt (@' —60°) and gg (@' = 60°)
conformers (the latter being marginally more populated for
free hydroxymethyl groups, the opposite being true for
hydroxymethyl groups within a (1 — 6)-linkage), whereas
the tg (@' = 180°) conformer is never significantly pop-
ulated. The analysis of the corresponding distributions for
the free hydroxymethyl group in the nonreducing ring of
all disaccharides reveals nearly identical features (data not
shown). The rotamer populations from the present simula-
tions are in reasonable qualitative agreement with data from
NMR measurements (23,26) and other MD simulations
(10,11,13,15,27) whenever available (the largest deviations
being observed for C). Two-dimensional ¢-i maps of prob-
ability distributions were also generated from the present
simulations and found to present very good agreement with
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corresponding MM3 adiabatic maps for the eight disaccha-
rides (4-6,22,28,29) (data not shown).

The data reported in Table 1 represent an extensive vali-
dation of the new carbohydrate parameter set recently de-
veloped for the GROMOS (45A4) force field (32) and tested
up to now only for a limited set of compounds (32,44,45).

The occurrences of intramolecular hydrogen bonds
(H-bonds) during the simulations are reported in Table 2
(only H-bonds with occurrences larger than 5% are indi-
cated) and Fig. 1. Significantly-populated intramolecular
H-bonds are observed in all simulations, except for the
two (1 — 6)-linked disaccharides (I, G), and all of them are
interresidue H-bonds. The complete absence of intraresidue

TABLE 2 Occurrences of intramolecular H-bonds evaluated
from the present simulations

Sugar Donor H Acceptor O Distance [nm] Occurrence %
K HO;' Os 0.206 14.9
K HO,’ 0O, 0.191 48.2
S HO,’ Os 0.194 38.7
N HO,’ (O 0.194 49.5
N HO,’ Os 0.208 21.8
L HO,' Os 0.192 42.1
M HO, (02% 0.189 9.8
M HO;’ 0O, 0.191 32.3
C HO5' Os 0.184 69.7
I _ _ _ —
G _ _ _ _

Only H-bonds with occurrences >5% are reported. An H-bond is assumed
to be present in a specific configuration if the hydrogen-acceptor distance is
shorter than 0.25 nm (the corresponding distance averaged over all config-
urations is indicated) and the donor-hydrogen-acceptor angle is larger than
135°. These H-bonds are also reported graphically in Fig. 1. The codes used
for the disaccharides refer to Fig. 1.
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H-bonds is probably related to the rather restrictive geomet-
rical criterion used here to define the presence of an H-bond,
namely a hydrogen-acceptor distance shorter than 0.25 nm
and donor-hydrogen-acceptor angle larger than 135°. MD
simulations of B-D-glucose in solution show that when the
angle criterion is relaxed (135° — 100°), intraresidue
H-bonds become observable (data not shown). Interestingly,
all but one of the nine persistent H-bonds observed involve a
hydrogen donor from the reducing ring and an acceptor
from the nonreducing one. The absence of H-bonds in I and
G is probably due to the larger spacing between the rings
and the increased flexibility caused by an additional bond
within the glycosidic linkage. The absence of intramolecular
H-bonds in I and the presence of interresidue H-bonds
between the hydroxyl groups at positions 2 and 3’ in M were
previously suggested by a combined NMR/MD study (15).
The H-bonds present in K and S were also observed in the
corresponding global minima found in MM3 calculations
(22). Finally, the H-bond observed for C was reported in a
number of previous experimental and theoretical studies
(6,10,11,20,21,46). In these simulations, this specific H-
bond is the one with the highest occurrence (nearly 70%). It
is known to persist in the polysaccharide chains (cellulose)
formed by this disaccharide in the crystalline state (47,48),
and to be an important determinant of the physico-chemical
and mechanical properties of this material (stability, rigidity,
and insolubility in water (49)).

The timescales associated with dihedral-angle transitions
occurring around @& (nonreducing residue), @' (reducing
residue), and the different y, (n = 2,3,4,6; nonreducing
residue) and y," (n = 1,2,3,4,6; reducing residue) dihedral
angles defining the orientation of the hydroxyl groups in the
two rings (defined as C,_;-C,-O,-HO, and C,_,'-C,"-O,'-
HO,', respectively) are reported in Table 3. These timescales
were evaluated by considering transitions between the three
dihedral-angle wells centered at staggered conformations.
The probability distributions associated with the glycosidic
dihedral angles ¢ and ¢ (Fig. 2, a and b) are essentially
unimodal for all disaccharides considered (except for minor
peaks at ¢ = 60° in the case of S, C, and G). During the
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50-ns simulations, full rotation around these angles occurs at
most once or twice for ¢ (in S, C, and G only) and never for
. The timescale associated with the rotation of free
hydroxymethyl groups and with transitions around @' in
(1 — 6)-linked disaccharides is in the range 0.5—-1.5 ns. The
typical timescales associated with the rotation of hydroxyl
groups are 30-40 ps (x2, x2'» X3» X3's Xe&> Xs')> 80100 ps
(x4» x4'), and 0.5-1.2 ns (x;’, with a dominant trans
conformation). However, deviations to larger timescales are
observed for specific hydroxyl groups in the reducing residue,
typically for those involved in interresidue H-bonds (e.g., x3’
inC, y4/inNand L, and ;' in S).

The convergence properties of the estimated configura-
tional (quasi-harmonic) entropy ng as a function of the
sampling time are illustrated in Fig. 3 a for the eight
disaccharides. These entropy values are directly comparable
because all molecules contain an identical number of atoms
(31 atoms). The curves show a stepwise buildup in the first
15-20 ns of the simulations, which suggests that simulations
of at least this length are required for a disaccharide in water
to sample a significant fraction of its accessible configura-
tional space. After this time-period, the curves are character-
ized by long plateaus and convergence appears to be essentially
reached after ~30—40 ns. The numerical error on the final
ng estimates (evaluated based on block averaging of five
10-ns subensembles of structures) is ~7 J X K~! X mol ™!
(average value over all disaccharides, with a maximum of 16
J X K™' X mol ! for I). The contributions s& (m) of the
successive quasi-harmonic modes to the total configurational
entropy ng (evaluated from the full 50-ns simulations) are
displayed in Fig. 3 b as a function of the eigenvector index m
(arranged in order of increasing frequency) for all disaccha-
rides considered. For all systems, the single-mode contribu-
tion from the first eigenvector (which dominantly accounts
for the relative rotation of the two rings) is markedly higher
than that from all the following eigenvectors. The single-
mode contributions also show a noticeable decrease after ei-
genvector 20. The corresponding cumulative estimates of the
entropy upon summing the successive per-mode contribu-
tions are also displayed in Fig. 3 b. A significant number of

TABLE 3 Timescale (in nanoseconds) associated with transitions occurring around the dihedral angles @, ®’, and the

different g, and y,’

~ ~

’ ’ ’ ' ’

Sugar o @ X2 X3 Xa Xo X1 X2 X3 Xa Xs
K 0.82 0.83 0.04 0.03 0.08 0.04 0.86 — 0.04 0.11 0.03
S 0.88 0.70 0.04 0.03 0.08 0.04 2.94 — 0.04 0.09 0.03
N 0.89 0.89 0.03 0.03 0.08 0.03 0.82 0.03 — 0.16 0.03
L 0.83 0.64 0.04 0.03 0.09 0.04 0.68 0.03 — 0.25 0.03
M 1.14 0.68 0.03 0.03 0.08 0.04 1.22 0.03 0.04 — 0.04
C 1.43 0.53 0.04 0.03 0.09 0.04 1.22 0.03 0.17 — 0.04
I 1.35 0.86 0.03 0.03 0.09 0.03 0.88 0.03 0.03 0.11 —
G 1.00 0.61 0.04 0.03 0.10 0.03 0.55 0.02 0.03 0.09 —

Note that @ = O5-C5-C4-Og and @' = Os5'-C5’'-C¢'-O¢’, with Og" = O, for a (1 — 6)-linkage (I, G); x,, = C,_1-C,-0,-HO,, (n = 2,3,4,6; nonreducing residue)
and y," = C,_,'-C,'-0,'-HO," (n = 1,2,3,4,6; reducing residue). The timescales represent the average time spent in the different dihedral-angle wells
centered at staggered conformations (intervals [—120°; 0°], [0°; 120°], and [120°; —120°]). Changes of well occurring for <5 ps (allowed excursion time) are

not counted as transitions. The codes used for the disaccharides refer to Fig. 1.
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