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Molecular dynamics simulations of cellulose triacetate (CTA) were performed with explicit DMSO molecules in
order to investigate the solvent structuring of DMSO around the CTA polymer.  A hexamer unit of CTA was used as a
model instead of polymer CTA.  The molecular dynamics trajectory was started from a minimum conformation, which
was found from an analysis of the adiabatic potential-energy surface obtained for glycosidic dihedral angles of 

 

φ

 

 and 

 

ψ

 

.
It showed that most of the time the trajectory stayed in their initial conformation in DMSO solvent.  A distance analysis
between the acetyl methyl residues of CTA showed that they are in good accordance with the NMR-NOESY data ob-
tained by Tezuka.

 

1

 

  In order to elucidate the solvation structure of DMSO around the solute molecules, the site-specified
radial distribution function, the orientation and the time courses of the DMSO movement were analyzed precisely.  The
results showed that some DMSO molecules strongly interact with CTA at specific sites, such as acetyl methyl residues
and H1 ring protons.  Moreover, it was found that those DMSO molecules frequently interact to CTA, not with one site,
but with two or more sites simultaneously.  These DMSO molecules would play an important role in the conformation of
CTA in this solvent.

 

Cellulose is a polysaccharide which consists of 1–4 linked

 

β

 

-

 

D

 

-glucopyranoses.  It is the most popular and the most abun-
dant material in the world, and has a close relation to human
life as paper, textile, and housing materials.  From many years
ago, much effort has been continued to improve the properties
of cellulose in order to add new functions to it.

 

2

 

  One such ef-
fort is to develop cellulose derivatives.  Cellulose triacetate
(CTA) is produced by acetylating three hydroxy residues at the
2, 3, and 6 positions on cellulose, and has been used as photo-
graph film and cigarette filter for many years.

 

3

 

  Although it is
an old material, it again recently begun to attract attention
through such applications as medical polymers and functional
materials.

 

4–6

 

  However, its use in these fields needs more un-
derstanding concerning the basic properties of the solution,
such as the solubility, film properties, and micro-structure in
solution in order to improve and control the product quality.
Although many studies have been performed on the macro-
scopic properties of CTA, that from a microscopic aspect, such
as the conformation, dynamics, and molecular details concern-
ing the solvation of CTA in solution, has still quite few in num-
ber.

 

1,7,8

 

In the solid state, the conformation of CTA has already well
investigated, and X-ray and electron diffraction analyses have
indicated that there are two morphologies of CTA 

 

Ⅰ

 

 and 

 

Ⅱ

 

,
which correspond to cellulose 

 

Ⅰ

 

 and 

 

Ⅱ

 

, respectively.

 

9–13

 

  Al-
though the main-chain conformations are a 2/1 helix in both
cases, they are different in the chain orientation.  The chains
align in parallel in the CTA 

 

Ⅰ

 

 structure, while they align anti-
parallel in CTA 

 

Ⅱ

 

.  On the other hand, the conformation of
CTA in solution is still ambiguous.  Buchanan et al.

 

8

 

 measured
the NMR signals of CTA in solvents and observed an unusual

response to the temperature and concentration.  From an analy-
sis of NOESY signals, they proposed that CTA takes a 5/4 he-
lix in chloroform.  Tezuka

 

1

 

 measured the NOESY-NMR spec-
tra of CTA in DMSO and observed that there were two strong
NOE signals, one between the 2 and 6 positions and the other
is between the 3 and 6 positions of acetyl residues.  On the oth-
er hand, in a chloroform solution, he observed only one NOE
signal between the 3 and 6 positions of acetyl residues.  This
indicated that CTA has a possibility to exist in different confor-
mations between the solvents.

The molecular dynamics simulation is one of the most pow-
erful methods to investigate the molecular conformation when
used in combination with the NMR information.  This is well
established, especially in the field of protein analysis.

 

14

 

  How-
ever, it seems that until now, no investigation of the conforma-
tion of CTA in solution using a molecular dynamics simulation
has been performed.  In an attempt to obtain information about
the relationship between the solvent and the conformation of
CTA, we planned to make a series of studies by using molecu-
lar dynamics simulations.  In this work, a molecular dynamics
simulation was performed in DMSO solvent using hexamer
CTA as a model of CTA polymer.  From the time courses of
the simulation, the solvated structure of DMSO molecules to
CTA, the conformation of CTA, and their dynamics were in-
vestigated precisely.  The results indicated that the DMSO
molecules take specific solvated coordinations to acetyl resi-
dues of CTA.  The specific orientation of DMSO solvent would
seem to be an important factor on the acetyl residue orientation
and the main chain conformation of CTA in this solvent.

In an application field, like optical use, information con-
cerning the microscopic conformation directly relates to the
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control of such functions as the refractive indices.  The mo-
lecular level information will be expected to become more im-
portant in the future for the development of new materials with
controlled three-dimensional structures and with designed
nano-structures.

 

Methods

Nomenclature.    

 

The structure and the nomenclature of the
CTA hexamer used in this paper are shown in Fig. 1.  The
monomers are numbered sequentially from the non-reducing
end.  If needed, the atom names are expressed along with their
residue number, which was attached before each atom name.
The reducing and non-reducing ends are hydroxy groups in our
model.  The dihedral angles (

 

φ

 

, 

 

ψ

 

) of the glycosidic bonds are
defined as 

 

φ

 

: 

 

n

 

C2–

 

n

 

C1–

 

n

 

O1–(

 

n

 

 

 

+

 

 1)C4 and 

 

ψ

 

: 

 

n

 

C1–

 

n

 

O1–
(

 

n

 

 

 

+

 

 1)C4–(

 

n

 

 

 

+

 

 1)C3, 

 

n

 

 

 

=

 

 1–5, respectively.  The dihedral an-
gles of acetyl residue are defined as 

 

χ

 

21: 

 

n

 

H2–

 

n

 

C2–

 

n

 

O2–

 

n

 

CAc2, 

 

χ

 

22: 

 

n

 

C2–

 

n

 

O2–

 

n

 

CAc2–OAc2, 

 

χ

 

31: 

 

n

 

H3–

 

n

 

C3–

 

n

 

O3–

 

n

 

CAc3, 

 

χ

 

32: 

 

n

 

C3–

 

n

 

O3–

 

n

 

CAc3–OAc3, 

 

χ

 

61: 

 

n

 

O5–

 

n

 

C5–

 

n

 

C6–

 

n

 

O6, 

 

χ

 

62: 

 

n

 

C5–

 

n

 

C6–

 

n

 

O6–

 

n

 

CAc6, 

 

χ

 

63: 

 

n

 

C6–

 

n

 

O6–

 

n

 

CAc6–

 

n

 

OAc6, respectively.

 

Parameterization.    

 

Molecular mechanics and molecular
dynamics calculations were performed using the CHARMM25
program.

 

15

 

  Ha’s force field parameter set for sugar

 

16

 

 was used
in this calculation.  Since the parameters for the acetyl residue

are not included in Ha’s set, those parameters were derived in
this study by fitting CHARMM force field functions to the en-
ergy curves obtained by ab initio SCF calculations by using a
nonlinear least-squares method.  The formula of the force field
functions for CHARMM25 are shown in Eq.1 of a reference.

 

15

 

Because the force constants of the bonds and angles were gen-
erally insensitive to the conformation at ambient temperature,
only the dihedral parameters were determined in this work,
and other parameters for bonds and angles were taken from
similar atom types in CHARMM25.  Isopropyl acetate was
used as a model molecule to make the force field parameter for
the acetyl residue.  In order to obtain the parameters of the di-
hedral angles of H–C–O–CAc and CA–C–O–CAc, the dihe-
dral angle of H–C–O–CAc for isopropyl acetate was rotated
from 0° at the 

 

cis

 

 position to 180° with a 30° interval incre-
ment.  At each position, the potential energy of this molecule
was obtained by ab initio optimization.  In the above calcula-
tion, all of the dihedral angles, except for the dihedrals corre-
sponding to the rotation around the C–O bond, were fixed at
their optimized positions.  Ab initio optimizations were per-
formed using Gaussian94 with an RHF 6-31G

 

*

 

 basis set.

 

17

 

Fig. 1.   Schematic structure of cellulose triacetate hexamer
and the nomenclature of its monomer unit.  The definitions
of the dihedral angles are also shown in the figure.

 

Fig. 2.   Comparison of the CHARMM (

 

�

 

) and ab initio (

 

�

 

)
potential energy curves for the rotation around C–O bond
(a) and O–CAc bond (b) for the isopropyl acetate.  The ab-
scissa were plotted by using the dihedral angles of H–C–
O–CAc (a) and C–O–CAc–OAc (b), respectively.
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The calculated ab initio potential-energy curve and the fitted
one with the obtained CHARMM function are shown in Fig. 2
(a).  In this case, as a result, it was found that no dihedral forc-
es were needed to reproduce the energy profile around the rota-
tion of the C–O bond, which was obtained by an ab initio cal-
culation.  In a similar manner, the parameters of the dihedral
angles of C–O–CAc–OAc and C–O–CAc–CM were deter-
mined, the results are shown in Fig. 2 (b) in terms of dihedral
rotation around the O–CAc bond.  Although there are some
discrepancies in the high-energy regions, it can be seen that the
fitted CHARMM function well reproduced the potential-ener-
gy profile of the ab initio calculation, especially in the low-en-
ergy region, where the energy profile is important at ambient
temperature.  The obtained parameters are listed in Table 1.

The partial atomic charges of the acetyl residue were calcu-
lated by the following procedure using the optimized monomer
unit of CTA. There are various conformers according to the
rotation of three acetyl residues on the monomer unit of CTA.
Therefore, the initial structures of the monomer unit were con-
structed by considering all of the combination of dihedral val-
ues of 60°, 180°, 300° for every 

 

χ

 

21, 

 

χ

 

31, 

 

χ

 

61, and 

 

χ

 

62 dihe-
drals.  Each initial conformation of the monomer unit was first
optimized by MOPAC PM3,

 

18

 

 and the lowest energy confor-
mation was obtained.  This structure was further optimized by
using the Gaussian94 program with the 6-31G

 

*

 

 base set, and
the fully optimized lowest energy conformation and partial
charges for this monomer molecule were obtained.  The Merz-
Singh-Kollman method was used to calculate the partial elec-
tric charge.

 

19,20

 

  Based on the partial charges obtained above,
the atomic charges for the glucose ring atoms were redistribut-
ed to give a priority to the Ha’s existing value.  On the other
hand, the partial atomic charges for the acetyl residue were de-
termined with priority given to the values of an ab initio calcu-
lation of the monomer unit of CTA.  The resulting partial
charges are given in Table 2.

The dihedral angles of the obtained energy minimum con-
formation of the monomer unit are listed in Table 3.  The dihe-
dral angles of 

 

χ

 

21 and 

 

χ

 

31 were twisted by about 30° from the

 

cis

 

 position, and 

 

χ

 

61 was 68°.  As the staggered conformation
of the hydroxymethyl group, 

 

χ

 

61, is defined by using two di-
hedral angles of O5–C5–C6–O6 and C4–C5–C6–O6 as

 

gauche

 

-

 

gauche

 

 (

 

gg

 

) 

 

gauche

 

-

 

trans

 

 (

 

gt

 

) and 

 

trans

 

-

 

gauche

 

 (

 

tg

 

),
the above values of 

 

χ

 

61 correspond to the 

 

gt

 

-type conforma-
tion.  Other dihedral angles of 

 

χ

 

22, χ32, and χ63 showed near-
ly perfect cis positions and χ62 showed a trans position, re-
spectively.  Although the global minimum conformation of
χ61 is the gt conformation, the energy difference of the other
staggered conformations of gg and tg were examined by rotat-
ing only the χ61 dihedral from the global minimum gt confor-
mation.  The results showed that the energies of both the gg

and tg conformations are within 1 kcal/mol from the global
minimum.  This indicates that all of the staggered conforma-
tions have almost the same energies in the monomer unit.

As far as we know, all of the available parameters for
DMSO molecules in the literature treat the methyl group as a
united atom, as summarized by Skaf.21  However, our parame-
ter of CTA is an all-atom type force field.  This parameter takes
into account the polar property of the methyl group of CTA be-
cause of their partial charges.  Therefore, the choice of the
model for DMSO should also take into account the polar effect
of the methyl groups in order to balance the parameters be-
tween CTA and DMSO.  In this study, we chose the force-field
parameter for DMSO developed by Liu et al,22 because this
was designed to reproduce the polar effect of methyl groups
within a united atom model by adjusting the length of the C–S
bond.  This model treats DMSO as a rigid molecule with S, O,

Table 1.   Force Field Parameters for Acetyl Residue

Dihedral type Kθ /kcal mol−1 n Phase

C–O–CAc–OAc 0.38 1 180
C–O–CAc–OAc 2.27 2 180
C–O–CAc–CM 2.27 2 180
H–C–O–CAc 0.0 3 0

CA–C–O–CAc 0.0 3 0

Table 2.   Partial Atomic Charges of CTA Used in Charmm
Calculation.  The Values Obtained from Ab Initio Calcula-
tion Were Also Shown as a Comparison

Atom Charmm Gaussian 6-31 g*

H2 0.10 0.13
C2 0.15 0.13
O2 −0.56 −0.57

CAc2 1.00 1.02
OAc2 −0.60 −0.62
CM2 −0.60 −0.59

HM21 0.17 0.19
HM22 0.17 0.15
HM23 0.17 0.17

H3 0.10 0.07
C3 0.15 0.32
O3 −0.56 −0.56

CAc3 1.00 0.93
OAc3 −0.60 −0.65
CM3 −0.60 −0.63

HM31 0.17 0.17
HM32 0.17 0.19
HM33 0.17 0.16

C6 0.15 0.32
O6 −0.56 −0.57

CAc6 1.00 1.02
OAc6 −0.60 −0.65
CM6 −0.60 −0.61

HM61 0.17 0.17
HM62 0.17 0.18
HM63 0.17 0.16
H61 0.05 0.06
H62 0.05 0.05

H5 0.10 0.02
C5 0.30 0.40
C1 0.40 0.54
H1 0.10 −0.01
C4 0.15 −0.02
O4 −0.65 −0.70
H4 0.10 0.08
O5 −0.60 −0.58



532 Bull. Chem. Soc. Jpn., 76, No. 3 (2003) Computer Modeling of Cellulose Triacetate in DMSO

[BULLETIN 2003/02/19 14:09] 02231

and the two CH3 (united atoms), which are named SDM,
ODM , CD1, and CD2 in this study, respectively.

Calculation Procedures.    An adiabatic potential-energy
map for the glycosidic dihedral angles of φ and ψ was calculat-
ed using the dimer unit of CTA according to the same method
described in previous papers.23–25  This method is briefly de-
scribed as follows.  The dihedral angles of φ and ψ were sepa-
rately rotated with an increment of 20°, and an energy minimi-
zation was performed at each set of φ and ψ.  In the above min-
imization, the combination of all staggered conformations of
acetyl residues were taken into account to search for the lowest
energy conformation at each φ and ψ.  In the calculation of
map, a dielectric constant of 4 was used to approximate the
electrostatic screening of the surrounding media in a conven-
tional manner.26

A molecular dynamics simulation of hexamer CTA in
DMSO was performed as follows.  The CTA hexamer was put
at the center of a 55 Å × 55 Å × 80 Å box filled with pre-
equilibrated DMSO molecules, and then these DMSO mole-
cules which overlapped with the CTA hexamer were eliminat-
ed.  To relax the solvent molecules around the solute CTA, sev-
eral steps of energy minimization were performed with the
conjugate gradient minimization method.  The resulted confor-
mation was used as a starting structure of the simulation.  Peri-
odic boundary conditions were assigned to the box.  Since an
accurate solution density of CTA hexamer was not found in the
literature, it was adjusted to the pure DMSO solvent of
1.095 g/cm3.  The final box size was 55 Å × 55 Å × 80 Å,
which included 2020 DMSO molecules around the CTA hex-
amer.  The trajectories were integrated using the Verlet method
with a time step of 1 fs by a NVE ensemble.  The electrostatic
interaction was calculated using the Ewald method.27  After the
system was equilibrated at 300 K for the first 20 ps by restrain-

ing all glycosidic angles of φ and ψ, a free simulation of 1000
ps was performed for an analysis.

Results and Discussion

Conformational Energy Map of CTA Dimer.    The con-
formation of CTA is mainly determined by the glycosidic dihe-
dral angles between adjoining glucose rings.  Therefore, we
first prepared an adiabatic potential energy map for the rotation
of the φ and ψ dihedral angles using the dimer unit of CTA.
Figure 3 shows the obtained potential-energy map for this
dimer.  This map indicates the existence of four potential-ener-
gy minima in the map from the A well to the D well.  The dihe-
dral values and the potential energy at each minimum point are
given in Table 3 along with its acetyl residues conformation.

The small filled circles (X1–X5) on the map summarized
the previously reported values of φ and ψ obtained from X-ray
diffraction experiments of crystalline CTA by several research-
ers.  The point at X1 was the value of β-D-acetyl cellobiose28

and point X2 was the value between the reducing and middle
residues of β-Cellotriose undecaacetate,29 respectively.  Both
of these values locate close to the A well.  On the other hand,
the other dihedral of β-Cellotriose undecaacetate between non-
reducing and middle residues located on the saddle point be-
tween the A and B wells, as shown by X3.  Furthermore, the
values obtained for polymer CTA Ⅱ (X4)13 and CTA Ⅰ (X5)9

are also located in a similar saddle area.  Polymer effects and/
or inter-chain interactions in the crystalline state may shift the
conformation.  A similar behavior was observed for the case of
cellulose, whose crystal structure is located on the saddle point
between the minima in the potential map calculated by Hardy
and Sarko.30

Table 3 shows that the acetyl residue conformations at χ61
differ from one another in the wells and in residues.  As we al-

Table 3.   Summary of the Dihedral Angles of the Monomer Unit for CTA Obtained by Ab
Initio Calculation and the Characteristic Features of the Local Energy Minimum Struc-
tures Obtained from Adiabatic Potential Energy Surface for Dimer Unit of Cellulose Tri-
acetate

Potential minimum wells

Dihedrals Monomer A B C D
φ/degrees 182 124 258 182
ψ/degrees 121 77 123 310
Energy/kcal mol−1 0.0 1.45 3.12 0.55

Dihedral 
angles of 
acetyl       / degrees
residue 
at CTA1

χ21 25 3 25 16 5
χ22 3 1 2 5 1
χ31 30 26 24 20 19
χ32 −4 1 0 −1 −1
χ61 68 (gt) 66 (gt) 72 (gt) −61 (gg) 59 (gt)
χ62 177 −111 −125 90 −113
χ63 0 0 0 2 2

Dihedral 
angles of 
acetyl       / degrees
residue 
at CTA2

χ21 2 8 23 17
χ22 −1 2 3 1
χ31 −15 21 180 4
χ32 2 4 3 −1
χ61 145 (tg) 153 (tg) 153 (tg) 166 (tg)
χ62 133 165 129 119
χ63 −4 2 0 3
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ready discussed in the analysis of the CTA monomer confor-
mation, three staggered conformations at χ61 take almost the
same energies.  This agrees with the above results that the di-
hedrals of χ61 take various conformations according to the en-
vironment surrounding the residues.  Stipanovic and Sarko9 as
well as Roche et al.13 measured the X-ray diffraction of CTA Ⅰ
and CTA Ⅱ crystals respectively, and they estimated that the di-
hedral of χ61 takes the gg conformation in both samples.
However, Leung et al.28 obtained that χ61 of per acetylated
cellobiose takes both gg and gt conformations.  Moreover,
Perez and Brisse29 also indicated that χ61 of a reduced residue
for per acetylated cellotriose takes the gt conformation, al-
though χ61 of other residues take gg.  In addition, Rao et al.31

showed that χ61 takes the gt type to the same extent as gg by
measuring the 1H NMR of CTA in a solvent and an MM calcu-
lation of a CTA monomer.  These lines of evidence also sup-
port our calculations that the staggered conformations of χ61
have almost the same energies, and that it easily changes the
conformation according to the environments.

On the other hand, most of the dihedral angles of the acetyl
residues at the 2 and 3 positions take the cis conformation, as
shown in Table 3.  That is, χ21, χ22, χ31, and χ32 were all
close to 0°.  Those conformations can essentially be consid-
ered to prefer the cis position, while the acetyl residue at the 6
position can rather freely rotate.

Molecular Dynamics of CTA Hexamer.    In order to in-
vestigate the solvent structuring of DMSO around the CTA

polymer, a molecular dynamics simulation was performed us-
ing a CTA hexamer as a model molecule.  As the starting struc-
ture of the simulation, the glycosidic dihedral angles of the
CTA hexamer were all set at the value of the “A” well, which is
the lowest energy structure for the CTA dimer.  However, two
acetyl residues of the dimer at the 6 positions had different ori-
entations of gt and tg in the A well.  As discussed concerning
the monomer conformation, there is almost no energy differ-
ence among three staggered conformations of the acetyl resi-
due at the 6 position.  This is still the same as in the case of the
oligomer CTA.  Actually, the potential energies were found to
be almost the same when we compared the CTA hexamer with
two types of acetyl residue orientations at the 6 position; one
has gt in all residues, and the other has a repetition of gt and tg.
Therefore, the acetyl side-chain conformations were all set to
the energy minimum structure of the CTA monomer optimized
by an ab initio calculation as our starting structure; that is, the
conformations of acetyl residues at the 6 position were all set
at gt. The resulting initial structure of the CTA hexamer is
shown in Fig. 4.  In order to clarify the figure, the position of
CM2 in each CTA residue is indicated.  The top view of the
CTA well indicates that it is a helix with a rotation of 60° per
monomer turn.  A molecular dynamics simulation was per-
formed for 1 ns on this hexamer with the surrounding 2020
DMSO molecules.

The trajectories of the glycosidic dihedral angles of (φ, ψ)

Fig. 3.   The (φ, ψ) adiabatic potential energy surface for cel-
lulose triacetate dimer.  Contours are in 2 kcal/mol inter-
vals.  The local minima are indicated by capital letters
from A to D.  The experimentally obtained values of the di-
hedral angles for the crystal structures are indicated by (�)
from X1 to X5.  Those are X1 (φ = 165°, ψ = 134°) for β-
D-acetyl cellobiose, X2 (φ = 169°, ψ = 134°) for β-Cellot-
riose undecaacetate between the reducing and middle resi-
dues, X3 (φ = 146°, ψ = 102°) for β-Cellotriose unde-
caacetate between the non-reducing and middle residues,
X4 (φ = 135°, ψ = 98°) for CTA Ⅱ polymer, and X5 (φ =
144°, ψ = 72°) for CTA Ⅰ polymer, respectively.

Fig. 4.   Top (a) and side view (b) of the initial structure of the
hexamer CTA.  The dihedral angles of φ and ψ are all set at
the global minimum value at A well.  The acetyl methyl
carbon at 2 position for each residue is shown.
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were analyzed and the results were superimposed upon the
adiabatic potential-energy map, as shown in Fig. 5.  Although
there is an exception (e) as an end effect and short excursion
toward the C well in (c), all other trajectories were found to re-
main at their original position of A.  In order to evaluate the ex-
tent of the fluctuation on φ and ψ, the dihedral angles of φ and
ψ are plotted against time in Fig. 6.  In this figure, only the
time courses of φ and ψ between the residues of CTA2 and
CTA3 are plotted as an example.  It can be seen that the glyco-
sidic dihedrals are swinging around the average values with a
range of 30°.  The fluctuation of φ may be slightly larger than
ψ.  This tendency is almost the same regarding all other glyco-
sidic dihedral angles.  The above results indicate that CTA ex-
ists in DMSO as a stable conformation during the time investi-
gated.  Therefore, all of the time lengths of the trajectories can
be used to analyze of the solvent structure around the CTA
molecule in the following section.  Before discussing the sol-
vent analysis, we examine the whole structure of this oligosac-
charide in slightly more detail.  For this purpose, it is conve-

nient to use the virtual angle θ,8 rather than φ and ψ.  This vir-
tual dihedral angle is defined as nH1–nC1–(n + 1)C4–
(n + 1)H4.  In this definition, the carbon atoms of nC1 and
(n + 1)C4 are linked virtually with each other.  By using this
definition, the relative orientation between the adjacent pyra-
nose rings can be evaluated.  For example, when the virtual an-
gle θ is 0°, the conformation becomes a 2/1 helix.  Figure 7
shows the time courses of the virtual angle θ for all glycosidic
linkages.  Figure 7(e) again shows that the end residue effect
and the virtual angle are shifted from 60° to 120°.  However,
all other virtual angles keep their average value at around 60°.
This indicates that the structure is twisted by 60 degrees at ev-
ery adjacent glucose ring, that is, CTA keeps a 3/2 helix in our
simulation.

Based on the NOESY NMR experiment of CTA in DMSO,
Tezuka1 showed that there are strong cross peaks of through-
space interactions between the acetyl methyl protons at the 3, 6
and 2,6 positions, respectively.  Based on their results, we ex-
amined the distances of these protons from our stored coordi-
nate sets.  Since there are three hydrogen atoms on an acetyl
methyl residue, the NMR signal should be the average from
these protons.  Thus, in our analysis, the distances between the
acetyl methyl carbons were analyzed instead of taking an aver-
age of these protons.  Some of the results of the distance be-
tween the acetyl methyl carbons at the 2 and 6 positions and
between the 3 and 6 positions are shown in Fig. 8.  Because the
distances between these carbons in the same glucose residue
are large and do not satisfy the NMR results, typical cases of
the inter-residue distances between CTA2 and CTA3 and be-
tween CTA4 and CTA5 are shown in the figure.  To avoid the

Fig. 5.   Trajectories of the φ and ψ glycosidic dihedral angles
of the hexamer CTA in DMSO started from the global min-
imum well of A, which were superimposed on the adiabat-
ic energy map.  The (φ, ψ) trajectories are between the
linkages of CTA1 and CTA2; (a), CTA2 and CTA3; (b),
CTA3 and CTA4; (c), CTA4 and CTA5; (d), CTA5 and
CTA6; (e), respectively.

Fig. 6.   Time histories for the glycosidic dihedral angles of φ;
(a) and ψ ; (b) between CTA2 and CTA3 residues of the
hexamer CTA in DMSO.
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end effect, the end residues were not included in the analysis.
It can be seen that most of the distances existed at around 5 Å
in all time courses.  When the distance between the methyl car-
bons was shorter than 5 Å, the distance between their acetyl
methyl protons should also be less than that.  This is in accord
with the results of the NOESY signals.  It indicates that the

acetyl residue conformation was also well-reproduced in our
simulation.  It should be mentioned that the time scale of the
simulation was apparently shorter than that of NOESY experi-
ment.  This is important when a molecule takes various kinds
of conformations.  In this case, the simulation results should be
averaged over all conformations to mimic the long time aver-
ages of the NMR.  However, in our simulation, the molecule
remained in only one conformation.  Therefore, we did not
consider the difference in the time scale in this study.

Analysis of the Solvation.    Solvation is considered to
have a great influence on the main chain and the side-chain
conformations of CTA in DMSO.  In order to investigate the
solvation concerning how the DMSO molecules are spatially
oriented around CTA, the radial distribution functions (RDF)
of DMSO molecules were analyzed around some selected
atom sites of CTA.  After considering various types of combi-
nation of atoms, one was selected from atoms in CTA for the
center of the RDF analysis, and the other was an atom in DM-
SO; the largest first peak of the radial distribution function was
obtained between the oxygen atoms of DMSO (ODM) and the
acetyl methyl carbon atoms of CTA.  The results are shown in
Fig. 9 (a).  In the figure, the data of RDF obtained from all sites
of acetyl methyl carbons in CTA2 to CTA5 (to avoid the end
effect, the end residues were not included in these RDF analy-
sis.) were simply superimposed.  This is because the RDF first
peak heights of the acetyl methyl carbons did not strongly de-
pend on the difference in the position of acetylation.  Actually,
although the average peak height in Fig. 9 (a) was 2.68 at the 2
and 3 positions, and 3.18 at the 6 positions, their values at ev-
ery site are scattered from 2.30 to 3.58.  Therefore, the differ-
ence in the position of acetylation was not considered in this

Fig. 7.   Time histories for the virtual angle θ between the
linkages of CTA1 and CTA2; (a), CTA2 and CTA3; (b),
CTA3 and CTA4; (c), CTA4 and CTA5; (d), CTA5 and
CTA6; (e) residues of hexamer CTA in DMSO.

Fig. 8.   Time histories of the distance between acetyl methyl
carbons of hexamer CTA in DMSO.  The distances are be-
tween 2CM2 and 3CM6; (a), 2CM6 and 3CM3; (b), 4CM2
and 5CM6; (c), and 4CM6 and 5CM3; (d), respectively.

Fig. 9.   Pair distribution functions for oxygen atoms of
DMSO as a function of the distance from acetyl methyl
carbons; (a), ring protons H1; (b), acetyl carbonyl carbons;
(c) of hexamer CTA.  The results of the pair distribution
function for methyl residues of DMSO as a function of the
distance from acetyl carbonyl oxygens of hexamer CTA
are shown in (d).  The lines indicated the results calculated
from all sites from CTA2 to CTA5 which are simply super-
imposed without any distinction of the acetyl position and
the residues. ( The end residues were not included to avoid
end effect.)
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analysis.  From the present results, it appears that the DMSO
molecule most strongly solvated to the acetyl methyl carbons
of CTA in order to face the DMSO oxygen towards them.  Be-
cause the signs of both partial atom charges of the acetyl meth-
yl carbon and the oxygen atom of DMSO are minus, these at-
oms should attract each other through the positively charged
acetyl methyl hydrogen atom.  Apparently, this suggests the
existence of a C–H≥O type interaction.  A similar interaction
was also found in the RDF between the CH proton at the 1 po-
sition of a glucose ring and the DMSO oxygen, as shown in
Fig. 9 (b).  Vaisman and Berkowitz32 performed a molecular
dynamics simulation on a DMSO–water binary system, and
suggested that the C–H≥O type hydrogen-bond interaction
exists between the methyl hydrogen and the oxygen atom in
different DMSO molecules.  Recently, a growing amount of
evidence, coming mostly from neutron-diffraction data on
small molecules, show that C–H≥O has a significant influence
on structural chemistry.33  The C–H≥O type hydrogen bonds
have also been suggested to participate in the stabilization of
biopolymers, like nucleotides.34  Auffinger et al.35 performed
molecular dynamics simulations of the anticodon hairpin of
tRNAAsp, and showed structuring effects of the C–H≥O hy-
drogen bonds.  In addition, Taylor and Kennard36 showed that
the C–H≥O bonds occur for C≥O distances of between 3.0 Å
and 4.0 Å.  These lines of evidence suggest that similar C–
H≥O type hydrogen bonding would occur between the acetyl
methyl residues or the ring CH of CTA and the DMSO oxygen.

Other characteristic interactions found in the analysis of the
radial distribution function are as follows.  Figure 9 (c) shows
the radial distribution function of the DMSO oxygen (ODM)
around the acetyl carbonyl carbon atoms of CTA.  Similarly,
Fig. 9 (d) shows the radial distribution function of methyl resi-
dues of DMSO (united atom CD1) around the acetyl carbonyl
oxygen of CTA.  However, these signals were weak compared
to the interactions mentioned above.  The dependence of these
interactions on the position of acetylation was again not seen
in these cases.  Although the dipole-dipole interaction between
carbonyl groups of CTA and DMSO S–O groups is generally
expected to be the largest, the result of our simulation indicat-
ed that it is not.  We think that this is because of a steric hin-
drance around the carbonyl group of CTA.  DMSO molecules
may more easily approach outer methyl residues than the inner
carbonyl groups.  The values of the peak intensity and the dis-
tance at the first peak of each RDF were averaged, and are

summarized in Table 4 along with the values of the coordina-
tion number of atoms calculated within the first peak.  Kamide
et al.37 measured the chemical shift of the acetyl methyl proton
and carbonyl carbon atoms of CTA (DS = 2.92) in various sol-
vents using pulse-Fourier 1H and 13C NMR.  From these chem-
ical shifts, they speculated that the DMSO oxygen would coor-
dinate to the acetyl methyl proton and the acetyl carbonyl car-
bon of CTA.  They also did not observe the difference in the
coordination based on the positions of the acetyl residues.
These results were similar to those found in our simulation.

The radial distribution function is a convenient tool to know
how DMSO is oriented around the CTA molecules.  However,
it is insufficient to know the dynamic behavior of individual
DMSO molecules, namely to know how, when, and which
DMSO molecule coordinates to CTA, since the radial distribu-
tion function gives only their average values.  Subsequently,
we analyzed the behavior of each individual DMSO molecule,
which closely approaches to CTA, in detail.  Typical cases are
shown in Fig. 10.  This figure shows the time histories of
DMSO atoms when they closely approach to one of two, or
both, selected acetyl residues.  A typical example of this analy-
sis is shown in this figure.  Here, two selected acetyl residues
are at the 6 position of CTA4 and its adjacent residue at the po-
sition of CTA5.  The analysis was performed on the last 500 ps
time steps of the simulation where the conformation reached a
steady state, as shown in Fig. 7.  In the figure, the red lines
show the time steps of DMSO oxygen atoms (ODM) when
they approached less than 4 Å from the acetyl methyl carbon
atom of CTA4 at the 6 position (4CM6).  A distance of 4 Å was
taken from the average value of the RDF first minimum.  Simi-
larly, the blue lines show the time steps of the same oxygen at-
oms (ODM) which approached less than 4 Å from the acetyl
methyl carbon atom of CTA5 at the 3 position (5CM3).  The
vertical axis indicates the sequential number of 8080 atoms,
which consists of 2020 DMSO molecules in our simulation.
Therefore, the horizontal lines will overlap on the figure when
the same DMSO oxygen atom (ODM) approaches simulta-
neously to two acetyl methyl carbons of 4CM6 and 5CM3.
Actually, we can see typical examples of the overlapping of the
lines in Fig. 10, such as, the DMSO oxygen atoms of No. 7445
and No. 6561 and so on.  Moreover, once they are trapped by
acetyl methyl residues, they tend to keep approaching for a
while.  This result indicates the possibility that the oxygen
atom of a DMSO molecule interacts not only with one acetyl

Table 4.   Averaged Characteristic Feature of the First Solvation Shell Obtained by Radial 
Distribution Function between the Selected CTA Atom Sites and DMSO Atoms

Type of atom pair Average 
distance of 
first peak, 

r

Average 
value of 

first peak, 
g(r)

Average 
number of 

atoms within 
the first peak, 

n

Atoms of CTA Site–Atoms of Solvent Å
Acetyl methyl C–ODM 3.0 2.8 2.1
Ring proton H1–ODM 2.3 2.5 1.2

Acetyl carbonyl C–ODM 3.5 1.1 1.9
Acetyl carbonyl O–CD1 3.1 1.6 1.9
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methyl residue, but also with two neighboring acetyl methyl
residues simultaneously.  These DMSO molecules may be con-
sidered to form a bridge between two acetyl residues.

On the other hand, the thin green lines in the figure indicate
that one of the united atoms of methyl residues (CD1, CD2) in
DMSO exists within less than 4 Å from the carbonyl oxygen
atoms either at the 6 position of CTA4 (4OAc6) or the 3 posi-
tion of CTA5 (5OAc3).  Because the number was added se-
quentially, the atoms belonging to the same DMSO molecule
show their lines at almost the same positions on the vertical
axis in Fig. 10 (for example, the atoms in a certain DMSO
molecule were numbered as SDM = 2000, ODM = 2001, CD
1 = 2002, and CD 2 = 2003).  Especially, at the points indicat-
ed as (A) and (B) in the figure, it can be observed that the three
different lines overlap each other.  Therefore, in this region, it
can be considered that a DMSO molecule interacts with CTA,
not only through the formation of a bridge with two acetyl res-
idues via a DMSO oxygen, but also through an interaction be-
tween the methyl residues of DMSO (CD1,CD2) and the car-
bonyl oxygen of the acetyl residue.

A snapshot of the solvated structure between DMSO and

CTA at a time of 840 ps in (A) is shown in Fig. 11 (a).  It can
be seen that the oxygen atom of DMSO approaches two acetyl
methyl residues at the 6 position of CTA4 and the 3 position of
CTA5 simultaneously and, at the same time, a methyl residue
of DMSO (CD1 or CD2) approaches to carbonyl oxygen atom
at 3 position of CTA5 (5OAc3).  Similarly, a snapshot at a time
of 800 ps in (B) is shown in Fig. 11 (b).  It can also be seen that
the oxygen atom of DMSO interacts with acetyl methyl resi-
dues at the 6 position of CTA4 and the 3 position of CTA5 si-
multaneously.  However, the methyl residue of DMSO inter-
acts with the acetyl carbonyl oxygen not at the 3 position of
CTA5 (5OAc3), but to another one at the 6 position of CTA4
(4OAc6) instead.  These interactions are indicated in the figure
as types Ⅰ, Ⅱ and Ⅲ, respectively, for the convenience of the
following discussion.

As a result of examining various possibilities concerning the
formation of different kinds of bridges, the coordination types
shown in Fig. 11 were confirmed to be the ones that most typi-
cally occurred in the cases of our simulation.  Thus, further in-
vestigations were made on types Ⅰ, Ⅱ, and Ⅲ, quantitatively.
Table 5 shows the total time of formation for each type of
bridge and its average number in each time step during the last
500 ps simulation.  It can be seen that types Ⅰ and Ⅱ formed 2.5

Fig. 10.   DMSO atoms within 4 Å from selected atom sites
on hexamer CTA were shown.  The ordinate is the sequen-
tial serial number of DMSO atoms defined in this work.
The red lines indicate the time when the DMSO oxygen at-
oms (ODM) exist within 4 Å from 4CM6.  Similarly, the
blue lines indicate the time of the ODM exists within 4 Å
from 5CM3.  The green lines indicate one of the methyl
residues (CD1, CD2) in DMSO exist within 4 Å from car-
bonyl oxygen either at 4O61 or 5O31.

Fig. 11.   Two snapshot figures at 840 ps in (A) region; (a),
and at 800 ps in (B) region; (b), were shown.  The regions
(A) and (B) are shown in Fig. 10.  In the figure, only the
residues of CTA4 and CTA5 are depicted, and most of the
acetyl side chains were omitted except the interaction
parts, for simplification.
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and 1.7 times per each time step on the average, respectively.
These cases where types Ⅰ and Ⅱ occurred simultaneously were
also examined, and are summarized in the same table as case
(c).  Such an orientation exists 0.9 times in each time step,
which corresponds to 36% of the occurrence of type Ⅰ.  Fur-
thermore, the conformation where all three types (Ⅰ, Ⅱ, and Ⅲ)
exist simultaneously was classified as case (d), which corre-
sponds to the cases shown in Fig. 11.  This formation exists 0.4
times in each time step, which corresponds to 14% of the oc-
currence of type Ⅰ.  The occurrence of this position would
strengthen the stability of bridge formation.  As a summary of
these results, it became clear that two or more DMSO oxygen
atoms always approach closely to acetyl methyl residues of
CTA4, and 36% of those DMSO also approach to the other ad-
joining acetyl methyl residue simultaneously, which forms a
solvation bridge through the DMSO molecule.  A molecule of
DMSO, which forms such an arrangement, can be considered
to always exist (0.9 times) at each time step.  Furthermore, an
additional interaction, where the methyl residue of DMSO ap-
proaches to the acetyl carbonyl oxygen of CTA, also exists
with an average of 0.4 per each time step.  In the above analy-
sis, we focused on the acetyl methyl carbon of 4CM6.  Howev-
er, it should be noted again that the same tendency was gener-
ally observed in other acetyl methyl carbons on different CTA
residues.  The interaction between DMSO and CTA through
the formation of a solvation bridge would contribute to the sta-
bility of the whole conformation of CTA in the solvent.

Conclusions

In the simulation of this research, CTA kept a stable struc-
ture close to that of the 3/2 helix in DMSO solvent; also the
distances between the acetyl methyl protons were in good
agreement with the results obtained by the NOESY NMR ex-
periment.1  According to an analysis of the radial distribution
function, DMSO molecules strongly solvated to CTA, espe-
cially to their acetyl methyl residues and ring protons.  A fur-
ther investigation on the coordination structure of the DMSO
to CTA indicated that a bridged structure forms between the
acetyl residues of adjacent monomers through a DMSO mole-
cule.  It would be a factor to stabilize the conformation of
CTA.  These lines of evidence can be considered as if CTA is
tightly surrounded by DMSO molecules, and they would re-
strict the conformational motion of CTA and its side-chain
acetyl residues.

Additionally, a neutron-diffraction analysis for pure liquid
DMSO38 indicated that the DMSO molecules have an ordered
chain-like orientation with their dipole moment parallel, which

is close to the crystal structure of DMSO.  Moreover, adjacent
DMSO molecules in neighboring chains are oriented with their
dipole moment anti-parallel.  Furthermore, Vaisman and
Berkovitz32 suggested the possibility of the existence of the
CH≥O type interaction between DMSO solvents.  These inter-
actions may form like a network structure of DMSO solvents
around the whole CTA molecule.  The above consideration
also supports the picture of our speculation that CTA is tightly
surrounded by DMSO molecules, which would restrict the
conformational motion of CTA.  We want to conduct a further
analysis on these network structures around the CTA molecule.

This work suggests that the DMSO solvent would play an
important role in the conformational stability of CTA in solu-
tion.  These specific interactions between the CTA and the sol-
vent should of course depend on the nature of the solvent.  Es-
pecially, the properties of CTA in chroloform is important to
investigate, as was suggested by Buchanan et al,8 and Tezuka.1

The modeling work of CTA concerning this solvent will be
discussed in the near future.  A detailed investigation of the re-
lation between the nature of the various solvents and the con-
formation would provide important information on the control
of the solution properties.

The authors thank Daicel Chemical Co., Ltd. for financial
support.
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