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Abstract

We report molecular dynamics simulations of cyclohenicosakis-[(1�2)-b-D-gluco-henicosapyranosyl], termed
‘cyclosophohenicosamer’, a member of a class of cyclic (1�2)-b-D-glucans (‘cyclosophoraoses’). Our goals were to
provide insights into the conformational preferences of these cyclosophoraoses. Simulated annealing and constant-
temperature molecular dynamics calculations were performed on the DP 21 cyclosophohenicosamer. The radius of
gyration (RG) of the molecule and the conformation of glycosidic dihedral angles were used to analyze the result of
computational studies. Most glycosidic linkages were concentrated in the lowest-energy region of the f–c energy
map, and the values of radius of gyration from our simulations were consistent with the reported experimental value.
The simulations produced various types of compact and asymmetric conformations within reasonable ranges of the
glycosidic linkage conformation and radius of gyration. The results indicate the presence of a high degree of
molecular flexibility of cyclosophohenicosamer and suggest the uniqueness of inclusion complexation with other
molecules through this molecular flexibility. © 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Cyclic (1�2)-b-D-glucans (known as ‘cy-
closophoraoses’) are a class of unbranched
cyclic (1�2)-b-D-glucans produced by Gram-
negative bacteria of the genera Agrobacterium
and Rhizobium. These compounds vary in size
from 17 to 40 glucosyl units [1,2]. Cy-
closophoraoses are known to play an impor-
tant role in the regulation of osmotic pressure

[3,4] and are involved in the initial stage of
root-nodule formation of Rhizobium during
nitrogen fixation [2]. In this process, cy-
closophoraoses are suspected to be involved in
complexation with various plant flavonoids.

Since the first discovery of cyclo-
sophoraoses, much attention has been focused
on their biological functions [5,6], conforma-
tions [7,8], and potential ability to form inclu-
sion complexes with other molecules [9–11].
Although the significance of the cyclic struc-
ture of cyclosophoraoses is not clearly
understood, cyclosophoraoses present a
challenge in understanding the relationship
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between their conformations and physico-
chemical properties.

The conformation of cyclosophoraoses is
important to study biological functions and to
develop technological applications. Many ex-
perimental and theoretical attempts have been
tried to solve this problem. Palleschi and Cres-
cenzi [7] have proposed a symmetrical model
for cyclosophoraoses based on the idea of
triglucosyl repeat units with a large central
cavity. Other researchers have reported more
compact conformations of cyclosophoraoses
with repeating units [8] or without repeating
units [2].

In the present study, we performed molecu-
lar dynamics (MD) simulations on a member
of the class of cyclosophoraoses composed of
21 b-D-glucosyl units, namely cycloheni-
cosakis-[(1�2)-b-D-gluco-henicosapyranosyl]
(termed the ‘cyclosophohenicosamer’). We
have investigated overall conformational char-
acteristics and the patterns of glycosidic dihe-
dral angles of the compound.

2. Methods

Molecular models and force field.—Molecu-
lar modeling calculations were performed with
the InsightII/Discover program (version 97.0,
Molecular Simulations Inc. San Diego, USA).
We used the consistent valence force field
(CVFF) [12] with the following representation
of potential energy:

V(rN)= %
bonds

ki

2
(li− li,0)+ %

angles

ki

2
(ui−ui,0)

2

+ %
torsions

Vn

2
(1+cos(nv−g))

+ %
N

i=1

%
N

j= i+1

�
4o
��sij

rij

�12

−
�sij

rij

�6n
+

qi qj

4po0rij

�
(1)

The first three terms of Eq. (1) represent the
energy of deformation of bond length, the
bond angles, and the dihedral angles, respec-
tively. The final term accounts for the van der
Waals and electrostatic interactions.

As the three-dimensional structures of cy-
closophoraoses are not available, we used a

model proposed by Palleschi and Crescenzi [7]
for the initial conformation of our simula-
tions. Referring to this paper, a molecular
model of cyclosophohenicosamer was built us-
ing b-D-glucose from the standard sugar li-
brary of the biopolymer module of the
InsightII program. This molecule was chosen
because of the medium size among the family
of cyclosophoraoses [13]. The f and c glyco-
sidic dihedral angles were defined as f= (H-
1�C-1�O-1�C-2) and c= (C-1�O-1�C-2�H-2).

Generation of a disaccharide conformational
map of the (1�2)-b-D-glucan.—A disacchar-
ide conformational map was calculated to in-
vestigate the low-energy regions of the glyco-
sidic dihedral angles of cyclosophoraoses.
Conformations of b-sophorose (i.e., 2-O-b-D-
glucopyranosyl-b-D-glucopyranoside) were
generated by varying f and c dihedral angles
through a −180 and 180° grid using a 10°
grid step. At each point, energies were calcu-
lated after energy minimization with restraints
for these two angles, but while allowing the
other variables to relax [14].

Simulated annealing molecular dynamics.—
Conformational search of the cyclosophoheni-
cosamer was performed by simulated
annealing molecular dynamics (SA-MD) [15].
In SA-MD, the temperature was changed be-
tween 300 and 1000 K five times at intervals
of 50 K. At each temperature, MD simulation
was performed for 7.5 ps: 1.5 ps of equilibra-
tion phase and 6 ps of production phase. One
structure was saved at the end of each produc-
tion phase at 300 K. Total MD simulation
time was 1057.5 ps. No cut-off was imposed
on the calculation of non-bonded interactions.
Constant NVT MD calculations were per-
formed using the leap-frog algorithm with a 1
fs time step. The temperature was controlled
by velocity scaling in equilibration phases and
by the Berendsen algorithm [16] in production
phases with a coupling constant of 0.2 ps. The
dielectric constant was set to 1.

After the SA-MD, the five low-temperature
conformations were fully energy minimized;
100 iterations of steepest descent minimization
and conjugate gradient minimization until the
maximum derivative reached below 0.05 kcal/
mol A, .

Molecular dynamics in 6acuo.—To investi-
gate molecular motion of cyclosophoheni-
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cosamer at room temperature, molecular dy-
namics simulation of cyclosophohenicosamer
at 300 K was performed in vacuo. The system
was equilibrated for 100 ps and a production
run was carried out for 1000 ps. Intermediate
structures were saved every 0.25 ps for analy-
sis. Other MD procedures were same as the
SA-MD.

Molecular dynamics in water en6ironment.—
Cyclosophohenicosamer was solvated with a
sphere of 20 A, radius of SPC [17] water
molecules (�920 water molecules). The sol-

vated cyclosophohenicosamer was energy min-
imized and a preliminary MD simulation was
performed with position restraining on the
cyclosophoraose for 50 ps to allow further
relaxation of the solvent molecules. Subse-
quently, the production MD simulation was
done for 1000 ps. The MD calculations were
performed using the Velocity Verlet algorithm
[18] at constant volume at 300 K. Non-
bonded interactions were calculated by the
fast multipole method [19] implemented in the
DISCOVERY program. By constraining bond
lengths (rattle algorithm) [20], a time step of 2
fs could be used. The temperature was con-
trolled using weak coupling to a bath of con-
stant temperature (T=300 K, t=0.1443 ps).
The dielectric constant was set to 1. Interme-
diate structures were saved every 0.25 ps for
analysis.

3. Results

Potential-energy map of b-sophorose.—In
Fig. 1, the f–c potential-energy map of b-
sophorose is shown. This energy contour
shows three major low-energy regions, having
a centroid at (f, c) values of approximately
(60°, 10°) for the A-type conformational re-
gion, (40°, −170°) for the B-type conforma-
tional region, and (−170°, 10°) for the C-type
conformational region. The A-type region has
the lowest potential energy, and the B- and
C-type regions have approximately 8 kcal/mol
higher energies than the A-type region.

Simulated annealing molecular dynamics.—
Fig. 2 shows the models of cyclosophoheni-
cosamer proposed by Palleschi and Crescenzi
[7] and York et al. [8], and Fig. 3 shows the
five low-temperature conformers from SA-
MD. The overall conformations look quite
dissimilar. The root-mean-square displace-
ment (RMSD) between the conformers is ap-
proximately in the range of �6–8 A, ,
indicating that large conformational space was
covered during the SA-MD.

The radius of gyration (RG) of cyclosopho-
henicosamer is a good indicator for the evalu-
ation of simulations. The RG of the five
conformers ranged from 8.2 to 9.2 A, with an
average value of 8.7 A, , which is close to the

Fig. 1. The f–c potential-energy map of b-sophorose dimer.
The low-energy regions are specified A, B, and C regions. The
contour line corresponds to 2 kcal/mol.

Fig. 2. Stereoview of proposed conformations of cyclosopho-
henicosamer: (a) proposed by Palleschi and Crescenzi [7]; (b)
proposed by York et al. [8]
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Fig. 3. Stereoview of five low-temperature conformers from
SA-MD. Each conformation was saved from each production
phase at 300 K.

reported value of 8.6 A, , measured by small-
angle X-ray scattering (SAXS) [21].

In Fig. 4, in order to explore the conforma-
tional patterns, a Ramachandran-like confor-
mational map of glycosidic dihedral angles, f
and c, was generated for all the glycosidic
dihedral angles of the five conformers. The
Ramachandran map shows that most of the
glycosidic dihedral angles adopt the A-type
conformation, which was positioned in the
lowest-energy region of the potential-energy
map.

In Table 1, the overall conformation of
each conformer from SA-MD was expressed
in terms of the type of glycosidic dihedral
angles. For each conformer, most of the gly-
cosidic conformations adopted the most stable
A-type conformation, and one or two dihedral
conformations per conformer adopted the less
stable B- or C-type conformations.

Molecular dynamics at 300 K in 6acuo.—
The time change of RG during the production
phase of MD simulation in vacuo is shown in
Fig. 5. The 100 ps equilibration phase is not
shown. The value of RG fluctuated around an
average value of 8.3 A, , which was similar to
the experimental value of 8.6 A, . This value of
RG indicates compact conformations during
the MD simulation at 300 K as in SA-MD.

We constructed a population density map
as a function of dihedral angles (f, c) by
counting occurrence in a 10×10° angular
space for each glycosidic linkage. Fig. 6 shows
the two-dimensional (f, c) population density
map of the glycosidic dihedral angles. The
conformations of glycosidic linkages were
concentrated in the low-energy regions. The
most prevalent glycosidic linkage was the A-
type conformation, and relatively small num-
bers of linkages adopted the B and C
conformations, as expected. In Table 1, the
general conformation of the cyclosophoheni-
cosamer in this MD simulation was repre-
sented in terms of A-, B-, and C-type
conformations. A representative conformation
from this MD simulation is shown in Fig. 7,
and other conformers in this MD simulation
were not significantly different from it.

The RMSD between the conformations for
the non-hydrogen atoms in this simulation
was of order of 2 A, , indicating that limited

Fig. 4. Ramachandran-like conformational map of f–c gly-
cosidic dihedral angles, generated for all the glycosidic dihe-
dral angles of the five conformers from SA-MD.



Y.-H. Choi et al. / Carbohydrate Research 326 (2000) 227–234 231

conformational space was searched at 300 K
and nanosecond time scale. Nevertheless, the
conformations obtained here are reasonable
on the basis of RG and the patterns of glyco-
sidic dihedral linkages.

Molecular dynamics at 300 K in a water
en6ironment.—The time change of the RG

during the MD simulation of cyclosophoraose
in water environment is shown in Fig. 8. RG

decreased during the initial 200 ps, which we
regarded as equilibration and thus discarded.
During the last 800 ps, which we have used
for the analysis reported below, RG settled
into oscillation around an average value of 8.5
A, , which is very similar to the experimental
value of 8.6 A, . The presence of water
molecules would help to reproduce a more

Fig. 6. The f–c population density map of the glycosidic
dihedral angles from the MD simulation in vacuo.

Table 1
Conformation of each conformer from SA-MD, MD in vacuo
and in water environment, expressed in terms of the type of
glycosidic dihedral angles

Distribution of A, B and C-typeConformation

AAACBAAAAAAAAAAAAAAAASA-MD 1
AAAAAAAAAAACAAAAAAAAASA-MD 2
BAAAAAAAAAAAAAAAAAAAASA-MD 3
AAAAAAAAAAAAAAAAAAAAASA-MD 4
AAAAAAACAAAAAAAAAAAAASA-MD 5

MD in vacuo AAAAAAAAAAAAAAAAAACCA
MD in aq AAAAAABAAAAAAAAAAAAAC

environment

Fig. 7. Stereoview of a representative conformation from the
MD simulation in vacuo.

Fig. 8. Time change of RG during the production phase of the
MD simulation in an aqueous environment.

Fig. 5. Time change of RG during the production phase of the
MD simulation in vacuo.

accurate value of RG compared with simula-
tions in vacuo. The contraction of cyclosopho-
henicosamer during the MD simulation,
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represented by a decrease in RG, indicates
compact conformations during the simulation
as in SA-MD and MD at 300 K in vacuo.

A population density map was constructed
as above. Fig. 9 shows the two-dimensional
(f, c) population density map of the glyco-
sidic dihedral angles. The general shape of the
map was similar with that of the MD simula-
tions in vacuo. The A-type conformations oc-
cupied 91.1%, the B-type conformations
occupied 4.8%, and the C-type conformations
occupied 4.1% of the population. In Table 1,
the overall conformation of the cyclosopho-
henicosamer in the MD simulation was repre-
sented in terms of the A-, B-, and C-type
conformations of glycosidic linkages. A repre-
sentative conformation from this MD simula-
tion is shown in Fig. 10, and other conformers
in this simulation were not much different
from it.

The RMSD between the conformations for
the non-hydrogen atoms in this simulation
was of order of 2 A, . The position of confor-
mation B and C did not change along the
backbone. This indicates that limited confor-
mational space was searched at 300 K and
nanosecond time scale in an aqueous environ-
ment as in vacuo. Nevertheless, the conforma-
tions obtained here were reasonable on the
basis of RG and the patterns of the glycosidic
dihedral linkages.

4. Discussion

The f–c potential energy map and popula-
tion density map of glycosidic dihedral angles
showed favored conformational regions simi-
lar to that reported by Mimura et al. [21] and
York et al. [8] for sophorose from the rigid-
residue Monte Carlo sampling analysis. The
map is comparable with the relaxed-residue
sophorose model by Dowd et al. [22], who
used an MM3 potential function. Also, the
lowest-energy A-type conformation is consis-
tent with the conformation of the crystalline
form of sophorose hydrate [23]. Throughout
the simulations, the 4C1 ring form predomi-
nated for glucosyl moieties, as expected [23].

The molecular model of cyclosophoheni-
cosamer of Palleschi and Crescenzi [7] was
chosen as the initial conformation of our sim-
ulations. We did several trial MD runs and
found that this model could produce many
different avenues for various conformers, and
thus would be adequate for the starting point
of conformational searches.

We compared representative conformations
from our simulation with structures similar to
those reported by Palleschi and Crescenzi [7]
and York et al. [8]. The conformations from
our simulations were generally more compact
than those of Palleschi and Crescenzi and
York et al., as indicated by the RG values. The
values of RG from our simulations were close
to the reported value of RG measured by
SAXS in aqueous solution [21], thus validat-
ing our results. Table 2 shows the values of
RG and energies after minimization of the
conformers of cyclosophohenicosamer.

The conformations from our simulations
were generally irregular, as reported by

Fig. 9. The f–c population density map of the glycosidic
dihedral angles from the MD simulation in aqueous environ-
ment.

Fig. 10. A representative conformation from the MD simula-
tion in an aqueous environment.
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Table 2
Values of RG and potential energies after minimization of the
conformers of cyclosophohenicosamer a

RGConformation Epot in CVFF after
minimization (kcal/mol)(A, )

9.2SA-MD 1 405.7
8.3SA-MD 2 386.7

412.69.1SA-MD 3
SA-MD 4 8.2 371.0

437.28.7SA-MD 5

MD in vacuo 8.3
437.98.5MD in aq environment

10.2Palleschi and Crescenzi a

9.0York et al. b

SAXS data 8.6

a Ref. [7].
b Ref. [8].

vacuo. Considering the value of RG and the
limitations of force field based simulations, we
propose that the conformation of the cy-
closophohenicosamer is irregular and takes
various forms.

Our simulations produced compact confor-
mations with a very small central cavity.
Mimura et al. [21], who also reported compact
conformations of cyclosophoraoses, suggested
that the cavity in a cyclosophoraose might be
too small to form an inclusion complex with
relatively large molecules. But we have a differ-
ent opinion. We propose that cyclosophoraoses
are very flexible molecules, as shown by rela-
tively large RMSD between conformers from
SA-MD and the multiformity of conforma-
tions from our simulations. We suggest that cy-
closophoraoses can accommodate hydro-
phobic molecules inside the ring by an ‘in-
duced-fit’ mechanism, not by a ‘lock-and-key’
mechanism, as many enzyme–substrate bind-
ing mechanisms. Some experimental evidence
for the ability of cyclosophoraoses to form in-
clusion complexes with other molecules was
also reported [9,13].

In this study, MD simulations were exploited
to provide insight on the conformational fea-
tures of the 21-unit cyclosophohenicosamer.
This approach produced various types of com-
pact and irregular conformations. We suggest
that the cyclosophohenicosamer is a highly
flexible molecule with no single dominant con-
formation. Nonetheless, all the conformations
from our simulations had a reasonable range of
RG values compared with that of the SAXS ex-
periment. Also, most glycosidic linkages
adopted the most stable A-type conformations,
as pointed out by other researchers. We suggest
that this high molecular flexibility of cy-
closophohenicosamer could provide the unique
ability for the molecule to form inclusion com-
plexes with other molecules.
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