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Abstract—Molecular dynamics simulations were performed to explain the conformational effect of an a-(1!6)-glycosidic linkage
upon the cyclic osmoregulated periplasmic glucan (OPG) produced by Xanthomonas campestris pv. citri. We suggest that a single
a-(1!6)-glycosidic linkage in cyclic OPG functions as a novel entropic regulator, which reduces the conformational entropy of cyc-
lic OPG and increases the motional entropy of solvent water molecules.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Molecular order–disordering or conformational entropy
is an essential determinant in the physiochemical prop-
erties of macromolecules. Protein engineers use an
entropic regulation technique with proline insertion at
the second site of b-turns or at the �N-cap� position of
a a-helix to increase protein thermostability by reducing
the conformational entropy of unfolding.1 In lipid mole-
cules, conformational entropy is regulated by the
degree of chain unsaturation or the introduction of a
macrocyclic ring structure.2 However, the study of car-
bohydrates with regard to their folding structure and
conformational properties has not been well
investigated.

In this paper, we investigated the a-(1!6)-glycosidic
linkage as a conformational entropic regulator in a
microbial cyclooligosaccharide, which is a type of cell-
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associated osmoregulated periplasmic glucan (OPG).
OPGs are known to be involved in microbe–plant inter-
actions in both pathogenesis and symbiosis.3 The con-
formational analysis of cyclic OPGs is a challenging
problem due to the high flexibility of the glycosidic link-
ages.4 The rapid conformational interconversion and the
resulting magnetic equivalence of the glucosidic residues
of the OPGs make it experimentally difficult to distin-
guish the interactions of individual residues. Recent
studies on OPG revealed that Xanthomonas campestris
pv. citri synthesizes a neutral cyclic OPG (a-cycloso-
phorohexadecaose) containing 16 glucose residues linked
by b-(1!2)-glycosidic bonds and one a-(1!6)-glyco-
sidic bond.5 The presence of a single a-(1!6) linkage
was known to make ring closure feasible and induce
structural constraints in the cyclic OPG. Such con-
straints may significantly simplify the conformational
analysis of this cyclic OPG and may also endow them
with unique physical properties.6 However, the effect
of the a-(1!6)-glycosidic bond upon the conformation
or the solvation of the cyclic OPG has not been investi-
gated in detail.
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In this study, we conducted comparative molecular
modeling studies to elucidate the effect of structural con-
straints induced by the presence of one a-(1!6)-glyco-
sidic bond in a-cyclosophorohexadecaose (XAN16).
We also carried out a similar study on a hypothetical
cyclic OPG (CYS16) containing DD-glucopyranose resi-
dues, which has the same molecular weight as XAN16,
but in which all of the linkages are b-(1!2). We per-
formed molecular dynamics (MD) simulations on the
aforementioned two cyclic OPGs. Our goals were to
determine, through the use of MD simulations, if a spe-
cific linkage pattern can serve as an entropic regulator in
carbohydrate folding and to clarify the relationship be-
tween the conformational entropy of the carbohydrate
molecules and biological function at an atomic level.
2. Computational methods

Molecular models for XAN16 and CYS16 were built
with the InsightII/Biopolymer program (version 2000,
Accelrys Inc. San Diego, USA). The b-(1!2) glycosidic
linkage in both cyclic OPGs is described by two dihedral
angles: U = H-1–C-1–O-1–C-2 0 and W = C-1–O-1–C-2 0–
H-2 0, while the a-(1!6) linkage in XAN16 is described
by three dihedral angles: U 0 = H-1–C-1–O-1–C-6 0,
W 0 = C-1–O-1–C-6 0–C-5 0 and X = O-1–C-6 0–C-5 0–H-5 0

(Fig. 1).
The initial coordinates of XAN16 and CYS16 were

determined using simulated annealing molecular dynam-
ics (SA-MD), because their three-dimensional structures
have not been identified. SA-MD simulations were per-
formed using the CHARMM 28b2 program7 with the
parm22 sugar parameter set. In these simulations, the
Figure 1. Schematic diagrams of the glycosidic linkage of a-(1!6)
linked glucan (A) and b-(1!2) linked glucan (B) including atomic
labels. Each glycosidic dihedral angle is marked with arrows. An a-
(1!6) linkage has additional glycosidic dihedral angle compared to a
b-(1!2) linkage.
temperature was varied between 300 and 1000 K 60
times. The total time for SA-MD simulation was 30 ns.
Ten structures were saved and fully energy minimized
at the end of each production phase at 300 K, and the
lowest-energy conformation among the 10 structures
was selected for the initial structure of the subsequent
SA-MD cycle. Stereodiagrams of the SA-MD conforma-
tions of XAN16 and CYS16 with the lowest energy,
which are similar to each other, are shown in Figure 2.
The starting configurations of each cyclic OPG for the
MD simulations in water were taken from the SA-MD
conformations with the lowest-energy value. The geome-
tries of these molecular models were fully optimized be-
fore each MD run. A TIP3P three-site rigid water8

model was used to solvate XAN16 and CYS16. Water
molecules were removed if they were closer than 2.6 Å
to any heavy atoms of the cyclic OPG. Each system
was constructed using periodic boundary conditions in
a 40 Å · 40 Å · 40 Å box, consisting of XAN16 and
1607 water orCYS16 and 1605 water molecules. The sys-
tem was minimized by 1000 steps of conjugate gradient,
followed by Adopted Basis Newton–Raphson minimiza-
tion until the root-mean-square gradient was less than
0.001 kcal/mol. The MD simulations were performed
using the CHARMM 28b2 program in the isothermal–
isobaric ensemble (P = 1 bar, T = 298 K). The particle
mesh Ewald (PME) summation method9 was used to
Figure 2. Stereoview of the lowest energy structure computed by SA-
MD simulations for the XAN16 (A) and CYS16 (B) conformations.
An arrow indicates the a-(1!6)-linked glycosidic bond in XAN16.
Hydrogen atoms are omitted for clarity.
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treat long-range electrostatic interactions. The bond
lengths of water molecules were constrained with the
SHAKE algorithm.10 The time step was 1.0 fs and the
non-bonded pair list was updated every 50 steps.
Short-range non-bonded interactions were truncated
with a 13 Å cutoff. The temperature and pressure of
the system was regulated using the Langevin piston
method in conjunction with Hoover�s thermostat.11

The system was gradually heated to 298 K for 20 ps
and equilibrated for 100 ps at this temperature. The pro-
duced MD trajectory with one snapshot per 1.0 ps was
collected for 1 ns. The vibrational entropies for confor-
mational changes of theXAN16 orCYS16were analyzed
using the normal modes analysis facility (Vibran module)
of the CHARMM program.
Figure 3. Average RMS fluctuations for the each glucopyranose ring
of XAN16 (d) and CYS16 (s) during the MD simulations.
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Figure 4. The conformational properties of XAN16 (d) and CYS16
(s). (A) Average U dihedral fluctuation for each glycosidic linkage
during the MD simulations. (B) Average W dihedral fluctuation for the
each glycosidic linkage during the MD simulations.
3. Results and discussion

3.1. Conformational and hydrational properties of the

cyclic OPGs

The stable solution conformations for XAN16 and
CYS16 were traced with 1 ns molecular dynamics simu-
lations using the CHARMM program. The 1 ns MD
simulations with PME electrostatics were long enough
for estimation of thermodynamic properties or mole-
cular conformation.12 Comparison of the individual
simulations provide insight into aspects of the confor-
mational differences between XAN16 and CYS16. Be-
cause the X-ray crystallographic structure for XAN16
has not been reported, we estimated the interglycosidic
proton–proton distances by comparing our computa-
tional model with York�s observations6a obtained from
NMR spectroscopy. In these studies, strong H-1–H-2 0

NOE interactions were observed for every b-(1!2) gly-
cosidic bond of XAN16 while H-1–H-1 0 or H-2–H-2 0

cross-peaks did not appear.6a In our MD simulations,
XAN16 showed a closer interproton distance for H-1–
H-2 0 (2.3 Å) than the average distances of H-1–H-1 0

(4.1 Å) or H-2–H-2 0 (4.3 Å), in agreement with York�s
NMR investigations (Table 1).

To gain further insight into the differences between
XAN16 and CYS16, we analyzed their conformational
changes during the MD simulations. All glycosidic dihe-
dral angles (U,W) of XAN16 and CYS16 were populated
in the �70� to +70� region, with average values of
U = 26.2�, W = 3.1� (XAN16) and U = 25.8�, W = 2.8�
(CYS16). These values are in close agreement with
previous reports on the conformational analysis of
b-sophorose,13 a b-(1!2)-linked disaccharide. Distinct
differences in glycosidic dihedral angles between
XAN16 and CYS16 were not observed. We computed
root-mean-square fluctuation (RMSF) values for the
atomic coordinates of each glucopyranose residue of
cyclic OPG during the MD simulations. The calculated
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Figure 5. Solvent-accessible surface area changes of each cyclic glucan
during the MD simulations. The XAN16 (solid line) shows compact
and stiff conformational characteristics compared to CYS16 (dashed
line).
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average RMSF values were 0.558 for XAN16 and 0.577
for CYS16 (Fig. 3), demonstrating that each residue of
CYS16 was more fluxional during the MD simulations
compared with those in XAN16. A distinct difference be-
tween XAN16 and CYS16 was observed with regard to
dihedral angle fluctuations (Fig. 4) as a function of the
glycosidic bond position relative to the a-(1!6)-linkage.
Rotational motions about dihedral angles affect the
chemical shift and the vicinal coupling constants in
NMR spectrum.14 The alternating pattern of dihedral
angle fluctuations observed in Figure 4 is consistent with
a previous study of NMR experiments6 for a cyclic OPG
containing an a-(1!6)-linkage. A large change in U and
a smaller change in W indicate that cyclic OPG are con-
strained by the exo-anomeric effect.15 These results indi-
cate that our solution conformation model for XAN16 is
reasonable in comparison with that determined by
NMR spectroscopy. This good agreement suggests that
the force field and the computational methods employed
here are adequate for the molecular dynamics studies of
XAN16 and CYS16.

The overall average value of U dihedral fluctuation is
8.79 for XAN16 and 10.36 for CYS16, while for W the
average dihedral fluctuation is 8.39 for XAN16 and
9.70 for CYS16. This means that the individual anomeric
proton resonances in NMR spectrum of XAN16 can be
distinguished due to small fluctuations and slow inter-
conversions of glycosidic bonds in XAN16. The confor-
mational rigidity of XAN16 was also confirmed by the
solvent-accessible surface area16 (SASA) changes during
MD simulations (Fig. 5). XAN16 showed stable SASA
changes with small fluctuations. In contrast, the fluctua-
tion for the SASA of CYS16 was quite large during the
MD simulations. Overall, the results of the MD simula-
tions showed the enhanced rigidity of the cyclic OPG
containing an a-(1!6)-glycosidic linkage.
Table 1. Inter-proton distances between glycosidic bonds of each cyclic OPG

Glycosidic bond XAN16

H1–H10 H1–H20 H2

1 4.468 2.225 4.4
2 4.349 2.035 4.3
3 4.503 2.144 4.3
4 4.574 2.793 4.2
5 3.742 2.172 3.8
6 4.447 2.069 4.4
7 4.562 2.386 4.3
8 3.707 2.117 4.0
9 4.552 2.314 4.3
10 4.040 2.006 4.2
11 4.491 2.123 4.3
12 2.111 3.657 4.5
13 4.579 2.352 4.3
14 4.552 2.479 4.3
15 2.330 2.225 3.7

Average 4.067 2.340 4.2
We investigated solute–solvent interactions to estab-
lish the origin of the low dihedral and SASA fluctua-
tions observed in XAN16 (Table 2). Water has a
strong influence on both the structure and dynamics of
carbohydrates in solution, particularly through hydro-
gen bonding to the hydroxyl groups of the solute. The
average number of hydrogen bonds with water was
72.3 for XAN16 and 77.8 for CYS16 during MD simu-
lations and the average number of inter-residue hydro-
gen bonds between the glucopyranose residues was
55.3 for XAN16 and 51.6 for CYS16, respectively. The
conformations of both cyclic OPGs were stabilized by
hydrogen bonds between the hydrogen of the C-3–OH
group and the glycosidic O-1 of the preceding b-DD-gluco-
pyranose unit with an inter-atomic distance d [H� � �O] of
2.74 Å for XAN16 and 2.80 Å for CYS16, respectively.
CYS16

–H2 0 H1–H10 H1–H2 0 H2–H20

07 4.038 2.017 4.257
56 4.520 2.766 4.337
95 3.517 2.416 3.540
32 4.510 2.202 4.421
06 4.220 2.027 4.313
34 4.479 2.253 4.406
37 4.533 2.379 4.387
41 3.621 2.268 3.845
89 4.544 2.305 4.396
30 4.124 2.021 4.252
96 4.484 2.118 4.400
22 2.107 3.648 4.533
14 4.545 2.357 4.334
77 4.483 2.196 4.411
71 4.538 2.703 4.269

67 4.151 2.378 4.273



Table 2. Summarized physiochemical properties of cyclic OPG based
on results of the MD simulations

Property XAN16 CYS16

Ninter_hbond
a 72.3 77.8

Nintra_hbond
b 55.3 51.6

d[O1� � �HO30 ]
c 2.74 2.80

RMSglucopyranose
d 0.558 0.577

NHD
e 2.558 2.748

D (cm2/s)f 0.50 · 10�5 0.32 · 10�5

Surface area (Å2) 1984 2062
Radius of gyration (RG) 7.92 8.09

a Number of hydrogen bonds between cyclic glucan and solvent water
molecules.

b Number of intramolecular hydrogen bonds of each cyclic glucan.
c Average atomic distance of intramolecular hydrogen bond between
O-1 and OH-3.

d Average root-mean-square fluctuation values for the glucopyranose
ring of cyclic glucans.

e Average hydration number for a glucopyranose ring of each cyclic
glucan.

f Diffusion coefficient of solvent water calculated from the mean-square
displacement values within a first solvation shell.

Figure 6. (A) Schematic representations of molecular structure of
XAN16 and CYS16. (B) Distributions of asphericity parameter and
calculated vibrational entropy for the XAN16 (d) and CYS16 (s).
Inset pictures are superimposed drawings of XAN16 and CYS16

backbones as a series of snapshots at 100-ps intervals in a 1000-ps MD
simulations. The calculated entropy change of CYS16 to XAN16 is
�19.92 kJ mol�1 at 298 K; Asphericity parameter g = A3/36pV2.
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These results indicate that XAN16 prefers making inter-
residue hydrogen bonds over the formation of hydrogen
bonds with solvent water. Such strong intramolecular
hydrogen bonds result in a more constrained three-
dimensional structure in XAN16 compared with the
structure of CYS16. We also estimated the hydration
numbers of the two cyclic OPGs as given by the average
number of water molecules in strong interaction with the
solute (less than 4.0 Å from the solute oxygens). The dy-
namic hydration number is an important physical quan-
tity, which describes the hydration characteristics of a
solute. The average hydration number per glucopyra-
nose residue is 2.558 for XAN16 and 2.748 for CYS16,
respectively.

3.2. Conformational entropy of the cyclic OPGs

The conformational states of XAN16 and CYS16 can be
described by using the asphericity parameter,17 which is
defined as g = A3/36pV2, where A is the surface area and
V is the volume for each of XAN16 and CYS16. A per-
fect sphere takes a value of 1 by definition (because
A = 4pr2, V = 4/3pr3), while a cube has g = 1.91 and
ice has g = 2.25. This value is apt to decrease when the
molecule forms an isotropic shape. The asphericity
parameter can give information on molecular shape
and conformational degrees of freedom of the cyclic
OPGs. The calculated asphericity parameters for the
MD trajectories of both XAN16 and CYS16 show a
Gaussian distribution (Fig. 6). The CYS16 showed a
broad distribution of the asphericity parameter while
XAN16 showed a relatively sharp distribution. That
means the CYS16 has a larger degree of conformational
freedom compared to XAN16. The calculated vibra-
tional entropy (Svib) from normal mode analysis for
XAN16 was 2.88 kJ/K mol and for CYS16 was
2.92 kJ/K mol. The TDSvib was calculated to be reduced
by 11.92 kJ/mol if CYS16 is changed to XAN16 at
298 K. Overall, these results indicate that CYS16 has
various conformational ensembles and therefore higher
conformational entropy while XAN16 is more conform-
ationally restricted and thus lower conformational
entropy.

3.3. Rotational motions of the water around cyclic OPGs

The relationship between the conformational entropy
of cyclic OPG and rotational motion of water mole-
cules was characterized by radial pair distribution func-
tions (RDF) and the rotational correlation time of
water molecules (Fig. 7). The RDF g(r) of XAN16
has a well-defined first solvation shell with a density
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peak at 2.8 Å and a peak density of about 1.41. Simi-
larly, the RDF calculated for CYS16 displays a density
peak at 2.8 Å and a peak density of about 1.51. Be-
cause the radial pair distribution function reflects the
interaction with the solvent water molecules, it indi-
cates that during the MD simulations each cyclic
OPG was solvated by water at a similar level. To char-
acterize the water structures and to follow the dynam-
ics of solutes involving water, it is necessary to examine
the motions of the solvent in detail. Hence, we calcu-
lated the rotational correlation times18 of water mole-
cules for three rotational motions, wagging, twisting,
and rocking (swag, stwist, srock) from the MD trajectory
files. Each rotational correlation time for three motions
are plotted in Figure 8. The rotational correlation time
was calculated by fitting the exponential decay compo-
nent of the corresponding time correlation function
C(t) to an exponential function of the form C(t) =
Ae�t/s, where s is the correlation time. The value of
each swag, stwist, and srock within the first solvation shell
was 1.886, 2.578, and 1.487 ps for XAN16 and 1.913,
2.634, and 1.546 ps for CYS16. The average values of
the three motions of s for XAN16 were smaller than
those of CYS16 in any distance range of solute-solvent
(Fig. 8). The smaller s value of water for XAN16 indi-
cates that the water around XAN16 rotates more freely
compared to CYS16. The RDF and rotational correla-
tion time data suggest that water molecules around the
cyclic OPG were positionally restricted but orientation-
ally free to form hydrogen bonds in all directions.
These differences in the solvent interaction between
XAN16 and CYS16 can be explained in terms of
molecular curvature. XAN16 showed higher curvature
than CYS16 as determined by the asphericity parame-
ter values. As the curvature of the solute�s surface
decreases, water molecules are forced to adopt more
restricted orientations to form the maximum number
of hydrogen bonds.19 These results indicate that the
greater restricted conformational freedom of XAN16
enforces a decrease of motional entropy of XAN16
itself and promotes an increase of rotational entropy
of solvent water molecules.
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4. Molecular motion of cyclic OPGs and water interaction

The free rotation of water around XAN16 may be re-
lated to the restriction of the global motion of XAN16.
The global motions of the cyclic glucans were estimated
using time correlation functions for the vectorial motion
of XAN16 and CYS16 (Fig. 9). A molecular vector is de-
fined as a virtual vector that is created by the positions
between the glycosidic oxygens of residue 1 and residue
8. The time correlation function of the motion is defined
by the following formula Q(t) = X1(t) � X2(t), where
X(t) is the time function of the atomic position of glyco-
sidic oxygen of residue 1 (X1) or residue 8 (X2). The cor-
relation function provides a measure of the long-time
scale motions of overall glucopyranose residues in the
cyclic OPGs. The calculated results suggest that
XAN16 has slower motional properties compared with
CYS16.

Computation of the conformational and hydrational
properties of two cyclic OPGs, XAN16 and CYS16, give
a picture of the effect of an a-(1!6)-glycosidic linkage
upon b-(1!2)-linked cyclic OPG. Dihedral angle fluctu-
ation and solvent-accessible surface area changes were
distinct for XAN16 and CYS16. The conformational
constraint of XAN16 was evidenced by the differences
in asphericity parameter and vibrational entropy for
the XAN16 and CYS16. The conformational character-
istics of the cyclic OPGs were correlated with distinct
hydration patterns between XAN16 and CYS16. Water
molecules are known to play an important role in the
regulation of biological processes or reactivity associ-
ated with solvation/desolvation energies of macromole-
cules.20 The reaction equilibrium is affected by changes
in the bathing water activity in proportion to the differ-
ential hydration between products and reactants.21 We
suggest that a single a-(1!6)-glycosidic linkage in
XAN16 functions as a novel entropic regulator, which
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Figure 9. Solvent effects on global solute motion. The normalized
autocorrelation functions for vectorial motions are plotted versus time
for XAN16 (solid line) and CYS16 (dashed line). The vector connected
by two glycosidic oxygens between residue 1 and 8 was used in this
calculation.
reduces the conformational entropy of XAN16 and in-
creases the motional entropy of solvent water molecules.
Our findings provide a molecular interpretation of the
hypothesis that symbiotic bacteria regulate water activ-
ity using the cyclic OPG to alter the rotational entropy
of water molecules. The theoretical finding on a novel
entropic regulator described herein could be extended
to various other glycosidic linkages in the field of carbo-
hydrate engineering and could also be applied to the
area for osmo-regulation of carbohydrates with various
linkage patterns.
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