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A molecular dynamics (MD) simulation was carried out for aqueous solutions of cellooligosaccharides to
investigate their interactive behavior. Single and double strands of cellotetraose, cellopentaose, and cellohexaose
were simulated in systems with TIP3P water. The cellotetraose double strand separated into two within 1 ns
calculation time. An aggregation state of a cellohexaose double strand is firmer than that of cellopentaose in
the simulation, supporting experimental results. The self-diffusional motion of solutes is approximately in
inverse proportion to their molecular surface areas without special interactive effects, while their atomic
positional fluctuations manifest the effect of sugar-sugar interaction. Sugar-sugar interaction restrains the
fluctuation inversely proportional to the degree of polymerization, as opposed to proportional promotion by
sugar-water interaction. The degree of polymerization is at a critical point in cellopentaose, as viewed from
the balance between sugar-sugar and sugar-water interaction. The occupancy of intramolecular hydrogen
bonds between the particular oxygen atoms, O3 and O5′, in adjacent residues is remarkably high in the double
strand of cellohexaose among the three cellooligosaccharides, which abundance means a stable state of a
twisted ribbon structure of the sugar chain. That leads to a higher occurrence of intermolecular hydrogen
bonds between sugar chains using the oxygen atom O6 in cellohexaose than in cellotetraose or cellopentaose.

1. Introduction

Cellulose, the main component of wood, is an attractive,
environmentally friendly, but hard-to-treat material for precise
processing due to its insolubility and lack of thermal plasticity.1-3

It is composed of bundles of sugar chains that aggregate tightly
with each other having both hydrophilic groups and relatively
hydrophobic flat faces.1 Figure 1a depicts the natural crystal
made up from metastable Cellulose I with all strands parallel.4

The crystal is constructed of sheets composed of sugar chains
that are hydrogen bonded with each other.1 The aggregation
can be considered to occur by hydrophobic interaction between
the sheets on which hydrocarbon groups lie, but its mechanism
is still not clearly understood from the molecular point of view.
Knowledge of interaction between the sugar chains is crucial
to understand the nature of cellulose and other saccharides.

Cellooligosaccharide is the oligosaccharide of cellulose that
barely dissolves when its degree of polymerization (DP) is
greater than five. This phenomenon is confirmed by the small
angle X-ray scattering (SAXS) method that can estimate the
state of aggregation on a nanoscale. We have obtained SAXS
profiles of cellopentaose, cellohexaose, maltopentaose, and
maltohexaose in aqueous solution, in which the former two are
penta- and hexaoligosaccharides of cellulose and the latter two
those of amylose, respectively, with a concentration of 10 mg/
mL at 298 K.5 Cellulose and amylose, both made ofD-
glucopyranoses, are different in the configuration of their
glycosidic linkages (R and â, respectively). The molecular
weights of penta- and hexaoligosaccharides are not so greatly

different as to have different scattering curves if their aggrega-
tion states are similar. However, we have observed that the
profile of cellohexaose has remarkably higher values with
steeper slope than those of the other three that have almost the
same gentle slope in the small angle area. This means that
cellohexaose aggregates are unlike the other three that are in
molecular dispersion. Some changes occur from cellopentaose
to cellohexaose in the molecular motion of sugar, the hydration
structure around it, sugar flexibility, or a balance between
hydrophilic and hydrophobic interactions. Analysis on an atomic
order is needed because the solubility of cellohexaose is
distinctly different from that of cellopentaose, even though the
DP increases only one from cellopentaose to cellohexaose.

When we consider the interaction between cellooligosaccha-
rides, one important aspect of cellulose is its flat ribbon surface
formed with particular intramolecular hydrogen bonds, which
surface has a hydrophobic characteristic.1 Tashiro et al. theoreti-
cally estimate that a particular sort of intramolecular hydrogen
bond plays the most essential part in the elasticity of cellulose
among all intra- and intermolecular hydrogen bonds; the elastic
constant of cellulose decreases at the highest rate when the
intramolecular hydrogen bond between O3-H3 and O5′ in
adjacent residues (symbols will be defined later) diminishes.6

Some experimental data confirm that the stability of crystalline
cellulose depends on the rigidity of the ribbon structure in
strands.7,8 In addition, Mattinen et al. report that the flat rigid
surface of crystalline cellulose makes a facile attachment
possible for aromatic residues in cellulases, based on their NMR
experiments.9 These results suggest that the ribbon structure of
cellulose or cellooligosaccharides is intrinsic to their aggregation
mechanism. Contrary to this, Tanaka et al. report a result from
MD simulation that cellulose chains in the aqueous environment
do not keep the folded-chain structure but make loose tangles
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that contain many water molecules among them.10 Although
their result has already stirred controversy with some doubts of
the calculation condition,11 the present study can be another test
of their result.

In this paper, we investigate from an atomic point of view
the interactive behavior of cellooligosaccharides in aqueous
solution particularly in order to understand different dissolving
properties between tetra- or penta- and hexasaccharides. We
focus on the relation between the ribbon structure and the
aggregation state of cellooligosaccharides. For this purpose, we
use the MD simulation method that allows us to decide the initial
coordinate between cellooligosaccharides and to obtain the
atomic information about the position and momentum of each
molecule. MD simulation applied to oligosaccharides can result
in good agreement with experimental data.12-15 MD simulations
offer the advantage of providing insights into the influence that
interaction between oligosaccharides has on the aggregation state
on an atomic order, supplementing statistical average informa-
tion obtained from experiment. We arrange two strands of

cellotetraose, cellopentaose, and cellohexaose so that one
relatively flat ribbon surface is parallel to the other to see the
interaction between the surfaces, and analyze their aggregation
states in water through 1 ns calculation time. We also calculate
single strand systems of the three cellooligosaccharides in water
for comparison to see the effects of sugar-sugar interaction on
dynamics and hydrogen bondings of the solutes. There are two
kinds of interaction concerning the solutes, sugar-sugar and
sugar-water interactions, and it has not been clear which is
the main factor in determining the aggregation state of cellulose
in water.10,11We analyze the dynamics of solutes from diffusion
and fluctuation from which we can obtain information about
the relationship between the two kinds of interactions. We then
examine intra- and intermolecular hydrogen bonds at each
hydroxyl group in solutes, which reflect the conformation and
arrangements of solutes in an adequate way. We also pay
attention to the relationship between the intramolecular hydrogen
bond, O3-O5′, and the interaction between cellooligosaccha-
rides.

2. Simulation Procedure

Six kinds of systems with cellotetraose, cellopentaose, or
cellohexaose and explicit water were simulated with particle
mesh Ewald16 for this study. Single strands of the three
cellooligosaccharides were simulated as solutes for comparison
in addition to their double strands. We performed all MD
calculations using the SANDER module in the AMBER 7
program.17 The Parm99 force-field parameters,18 augmented
with the GLYCAM parameters19 (version 2000a) for oligosac-
charides, were used throughout the MD calculations. The
conformation and atomic partial charges of the saccharide were
retrieved from the work by Woods et al. in which the charge is
ensemble averaged with the RESP algorithm.20,21 We set the
initial arrangement of double strands in the crystal structure of
cellulose I, in which each ring face is 6.506 Å apart in parallel.22

A cutoff of 16 Å was used for nonbonded interactions. MD
simulations were performed under isothermal-isobaric periodic
boundary conditions, in which the saccharides were immersed
in a theoretical box of 2000 and 5000 TIP3P23 waters for single
and double strands, respectively. The SHAKE24 algorithm was
applied to all bonds containing hydrogen atoms, consistent with
the use of TIP3P waters.

Initial conjugate-gradient energy minimization was performed
on all systems, using a 0.01 kcal‚mol-1‚Å convergence criterion
in the energy gradient. The energy minimizations were followed
by a period of annealing for water (30 ps), during which the
temperature of the system was increased and stabilized at 298
K. During the minimization and annealing, the solute was fixed
with a force constant of 200 kcal‚mol-1‚Å-2 and the initial
unfavorable contacts made by the solvent were removed. After
these preparations, the solute was released and production
dynamics were performed for 1 ns with 2 fs time steps at 298
K and a pressure of 1 atm. The calculation proceeded on the
PCI card MD Engine II (Fuji Xerox, Tokyo) designed exclu-
sively for the MD calculation.

Symbols for atomic numbering and direction of numbering
are in accordance with the recommendations of the IUPAC-
IUB Joint Commission on Biochemical Nomenclature (JCBN).25

The chain is numbered from the reducing glucose residue to
the nonreducing glycosyl group. Note that O4 involving a
glycosidic linkage is included in the residue close to the reducing
end. We herein call each residue a “ring” for simplicity (Figure
1b). For example, the reducing glucose residue is called “Ring

Figure 1. (a) The crystal structure of cellulose I. It has both
hydrophobic and hydrophilic faces. Hydrocarbon and hydroxyl groups
expose themselves on the hydrophobic and hydrophilic planes, respec-
tively. (b) Symbols for atomic and ring numbering in cellooligosac-
charides.
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1”, and the residue at the nonreducing end in cellohexaose is
called “Ring 6”.

3. Results and Discussion

3.1. Aggregation State. Figure 2 denotes the average
structure of the three double strands in the initial and last 100
ps, with that of the three single strands in the last 100 ps, in 1
ns calculation time. The conformations of the single strand of
cellotetraose, cellopentaose, and cellohexaose are the same in
their loose helix characteristics except for periods. We describe
their helical properties using the well-established parameters
n, the number of monomers per helix turn, andh, the advance
(in Å) along the helix axis per residue.26 A (+) or no sign and
a (-) sign of n mean right-handed and left-handed conforma-
tions, respectively (see details in ref 26). The chain becomes
closer to a flat, 2-fold screw axis conformation in cellulose as
the value ofn is closer to 2. The average values of the solutes
in the last 100 ps aren ) -2.61,-2.62,-2.65 andh ) 4.60,
4.89, 5.00, in the single strands of cellotetraose, cellopentaose,
and cellohexaose, respectively. The flat ribbon structure in
cellulose is twisted in cellooligosaccharides. The loose helical
conformation of cellooligosaccharides also has been found in
two-dimensional NMR spectra.27 The double strand of cello-
hexaose steadily aggregates, forming a loose helix withn )
-2.50 andh ) 5.09 (Figure 2i), while that of cellopentaose
has a separation at the side of Ring 1 (n ) -2.43 andh )
5.01, Figure 2f). That of cellotetraose separates into two single
strands being apart approximately 20 Å at the shortest distance
(n ) -2.60 andh ) 4.72, Figure 2c). It is interesting that the
conformation of chains in double strands is closer to that in
cellulose than in single strands. The double strands of cellotet-
raose, cellopentaose, and cellohexaose are in separation, half-
aggregation, and aggregation states, respectively. The ribbon
surfaces of the double strands are parallel to each other for Ring
3 to 5 of the cellopentaose and for Ring 1 to 6 of the
cellohexaose. This indicates the stability of the face-to-face
interactions in cellooligosaccharides.

These aggregation states continue through 1 ns except for
the initial 100 ps in double strand systems of cellopentaose and
cellohexaose. Figure 3 shows the time evolution of aggregation
states in each double strand system as the distance between the
center of mass of the atoms C1-5 in each corresponding ring.
The abbreviationsc4d, c5d, andc6d mean the double strand
systems of cellotetraose, cellopentaose, and cellohexaose,
respectively. The character “c”, the numbers from 4 to 6, and
the character “d” denote “cellooligosaccharide”, the DP, and
“double strand”, respectively. Distances between rings show a
phased increase and finally have values of more than 20 Å in
c4d. In c5d, the values are unstable especially at Ring 1, and
the baselines also fluctuate. In contrast to these two systems,
distances are small and stable inc6d after about 80 ps with
stable baselines at ca. 4.6 Å, except for those at Ring 6 that
sometimes have slightly larger values. The distances are
averaged over 100 to 1000 ps (Figure 4). The value of each
ring pair is around 4.6 Å in cellohexaose, while it deviates from
4.8 to 10 Å in cellopentaose. The distances for cellotetraose
are more than 11.8 Å at Ring 3. The reducing end of Ring 1 in
cellopentaose has the greatest value of 10 Å, which is ap-
proximately twice as great as that in cellohexaose. The ag-
gregation state is more stable and compact in cellohexaose than
in cellopentaose. Ends in every double strand have greater values
than the middle rings, denoting that water can attack and perturb
the former more than the latter part in strands. We cannot find
the cause of the specific separation from Ring 1 in cellopentaose
at present.

The double strand of cellopentaose does not entirely separate
through the 1 ns calculation time, although it is in molecular
dispersion in experiments.5 Separation can occur entirely in

Figure 2. The averaged structure of solutes through the initial or last
100 ps in 1 ns calculation time; single strands of (a) cellotetraose, (b)
cellopentaose, and (c) cellohexaose in the last 100 ps, double strands
of (d) cellotetraose, (e) cellopentaose, and (f) cellohexaose in the initial
100 ps, and double strands of (g) cellotetraose, (h) cellopentaose, and
(i) cellohexaose in the last 100 ps.
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cellopentaose like cellotetraose with changes of calculation
conditions such as temperature, pressure, calculation time, or
the initial arrangement between each strand. The choice of an
initial arrangement is particularly difficult because it is almost
infinite. One stable structure of cellulose, Cellulose I, was used
as the initial arrangement in this case, so the results for
cellotetraose, cellopentaose, and cellohexaose can be reasonably
compared. In this sense, the partly separated state of the
cellopentaose double strand in the calculation corresponds well
to the result from SAXS profiles.5

3.2. Diffusion and Fluctuation. Translational motions of
solutes are estimated by mean-square displacement of the center
of mass of all atoms in each sugar chain from 0 to 5 ps (Figure
5). We averaged the value at each MD calculation step from
100 to 1000 ps. In each double strand system, the result is
averaged over two solutes. All converge well to form straight
lines after about 0.5 ps. The steepest slope is that of the single
cellotetraose (c4s), and the gentlest slopes are those of the double
cellohexaose (c6d). The slopes of the single cellopentaose (c5s)
and cellohexaose (c6s) are approximately identical with those
of the double cellotetraose (c4d) and cellopentaose (c5d),
respectively. Diffusivity is quantitatively estimated by the self-

diffusion coefficientD calculated by using the Einstein relation

wheret is time andr i is the position of the center of mass in
each sugar chain. We can obtain the coefficient from the
inclination in Figure 5. As can be seen in Table 1, the values
of c5s and c6s are 1.1 and 1.2 times those ofc4s and c5s,
respectively. Those ofc5d andc6d are 1.2 and 1.4 times those
of c4d and c5d, respectively. Those ofc4s, c5s, andc6s are
1.1, 1.2, and 1.4 times those ofc4d, c5d, andc6d, respectively.
The values ofc4d and c5d approximately equal those ofc5s
andc6s, respectively.

The scale and order of the values are inversely proportional
to the size of solute surface areas under the following assump-
tion. We assume a cellooligosaccharide to be a long flat
rectangular parallelepiped with sides 4, 8, and 6 multipled by
DP plus 3 Å (Figure 6). The length of the end residue is assumed
as 1.5 Å longer than the internal one for a hydroxyl group.
Assuming that two rectangles are stacked in double strands, the
surface areas are estimated as 712, 856, 1000, 928, 1120, and
1312 Å2 for c4s, c5s, c6s, c4d, c5d, andc6d, respectively. The
surface area increases approximately 1.2 times as the DP
augments from 4 to 5 or from 5 to 6 in the single or double
strands. The area of the double strand is 1.3 times that of the
single in cellotetraose, cellopentaose, and cellohexaose. The rate
becomes closer to that ofD when we consider the difference in
the aggregation states of tetra-, penta-, and hexacellooligosac-
charides, i.e., almost completely separated, loose, and firm,
respectively. The area becomes larger in the calculatedc5d than
in our assumption. In the double strand system of cellotetraose,
each strand can move like a single in its separate state, resulting
in a greater value ofD as average. Therefore, the self-diffusive
characteristics of the sugar chains can be considered to roughly
follow the extent of their surface areas. This is consistent with

Figure 3. Time evolution of distances between two corresponding rings
in the double strand system of cellotetraose (c4d), cellopentaose (c5d),
and cellohexaose (c6d).

Figure 4. The average distance between two corresponding rings in
the double strands of cellotetraose, cellopentaose, and cellohexaose from
100 to 1000 ps.

Figure 5. Mean-square displacement of the center of mass of sugar
chains from 0 to 5 ps. The values of the double strand systems were
the average over each strand.

TABLE 1: Simulated Self-Diffusion Coefficients of
Cellotetraose, Cellopentaose, and Cellohexaosea

D (10-10m2 s-1)

single doubleb

cellotetraose (c4) 6.87 6.29
cellopentaose (c5) 6.35 5.31
cellohexaose (c6) 5.26 3.68

a The values are evaluated from 100 to 1000 ps in each calculation.
b The values are averaged over two solutes in each system.

D ) lim
tf∞

1
6t

〈|r i(t) - r i(0)|2〉 (1)
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the Einstein relation

wherekB is the Boltzmann constant,T is temperature, andê is
a coefficient of friction.28 It is natural to consider that friction
increases in proportion to surface area. We leave a detailed
discussion for another opportunity, but conclude that the
aggregation state of the sugar chain influences its self-diffusivity
primarily according to the change of surface areas, without any
special effect due to interaction between sugar chains or sugar
and water.

Atomic positional fluctuation is defined as the root-mean-
square displacement of an atom from its average position during
an interval. Advancing to the evaluation of fluctuations, we fit
every center of gravity of all atoms in solutes to the previous
one for removal of the translational and rotational motions of
solutes themselves. We used the PTRAJ module in AMBER 7
for this operation called the rms fitting. Figure 7 describes the
root-mean-square distance (rmsd) per sugar atom in each system
after the rms fitting. Deviation from the initial coordinate reaches
a plateau in the opening 100 ps in each system except forc4d,
meaning that ca. 100 ps is needed to stabilize the systems

sufficiently. The values after ca. 700 ps inc4d are truncated in
the figure because of their large size. Unremarkable small slopes
seen in the plateaus are due to the accumulation of errors while
fitting coordinates at each step to the previous, which errors
are removed when we fit each coordinate to the initial one. The
stable conformation is changed by sugar-sugar interactions
because values at the plateaus are larger in the double than in
the single strand systems of cellopentaose or cellohexaose, being
ca. 6 and 4 Å, respectively. Fluctuation within a 30-40-ps
interval is observed in each system with other fine fluctuations.
Among these short and long intervals, the double strand system
of cellopentaose has a unique ca. 100-ps interval of fluctuation.
This fluctuation is caused by a closing-separating movement
at the reducing end in the cellopentaose double strand.

On the basis of the rms fitted coordinates, we evaluated
atomic positional fluctuations per atom at two intervals, 5 and
40 ps, corresponding to the short and long ones seen in rmsd’s.
Table 2 denotes the average values in each system after the
opening 100 ps in calculation time during which the results are
meaningless. The values are inversely proportional to DP in
the single strand systems, while the opposite is true in the double
strand. The values at both short and long intervals are the highest
and lowest in the single and double strand systems of cello-
hexaose, respectively. The fluctuations inc5sandc6sare 1.06
and 1.07 times those inc4sandc5s, respectively, while those
in c4d andc5d are 1.14 and 1.06 times those inc5d andc6d,
respectively, at the 5-ps interval. The rate is greater than these
at the 40-ps interval in the same order. In the single strand
systems, the order and rate of fluctuations inversely correspond
to those of the self-diffusion coefficientD (Table 1), suggesting
that the fluctuation increases as the solute becomes hard to move.
In the double strand systems, however, this suggestion is
overturned with the same order in the value of fluctuations and
diffusion.

The above result can be explained as following. Let us assume
that the ratio of the number of interaction sites in cellooligosac-
charides is in proportion to DP. Note that the number of
interaction sites increases at almost the same rate with the
surface area in the single strands of cellooligosaccharide. In the
assumption, a solute fluctuation increases in proportion to the
number of interaction sites when a solute is in an isolated state,
while it decreases in inverse proportion to the number of sites
when it is in an aggregating state. In other words, sugar-water
interaction increases the atomic positional fluctuation, while
sugar-sugar interaction decreases it. A balance between these
two interactions determines the aggregation state of saccharides.
We call this scheme the “site balance model”. This model may
be too simple to apply to any saccharides in which there are
indeed various kinds of isomers and manner of linkage, but it
is roughly true at least in the case of the double strands of tetra-,
penta-, and hexacellooligosaccharides. More interaction sites
lead to greater fluctuation in an isolated state but conversely
confer an advantage over denser interaction between sugar
chains in an aggregating state with smaller fluctuation. At DP

Figure 6. Schematic description explaining the diffusion characteristics
with the extent of solute surface areas: (a) single strand and (b) double
strand.

Figure 7. The root-mean-square distance (rmsd) per atom in solutes
after rms fittings in each system.

D )
kBT

ê
(2)

TABLE 2: Averaged Atomic Positional Fluctuations per
Atom in Cellotetraose, Cellopentaose, and Cellohexaosea

Å/5 ps Å/40 ps

single doubleb single doubleb

cellotetraose (c4) 0.65 0.81 0.93 1.59
cellopentaose (c5) 0.69 0.71 1.04 1.14
cellohexaose (c6) 0.74 0.67 1.26 0.92

a The values are evaluated from 100 to 1000 ps in each calculation.
b The values are averaged over two solutes in each system.
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) 5 in cellooligosaccharide, there is considered to be a critical
point at which an increasing power of fluctuation from a sugar-
water interaction balances with a decreasing one from the
sugar-sugar interaction. It is possible that the shape of
cellooligosaccharide contributes to the validity of this model,
being rigid and stable (see the next section) and thereby offering
a constant number of interaction sites to others. More investiga-
tion will be needed to verify this model with regard to shape
and flexibility in other kinds of saccharides.

3.3. Intramolecular and Intermolecular Hydrogen Bonds.
Hydrogen bonding is one of the strongest factors determining
the interaction or the static and dynamic states of saccharide
chains. We have investigated intra- and intermolecular hydrogen
bonds in the saccharide according to the following definition.
A pair consisting of an oxygen atom and a hydroxyl group is
regarded as making a hydrogen bond when (1) the distance
between the two oxygen atoms is within 3.5 Å and also (2) the
angle between O-H‚‚‚O is from 90 to 180°. The distance and
angle can well depict the characteristics of hydrogen bonding
in aqueous saccharide solutions.29-31 We herein describe a
hydrogen bond Ox-Hx‚‚‚Oy or Ox‚‚‚Hy-Oy as Ox-Oy′, not
distinguishing the former from the latter.

Table 3 shows the averaged occupancy of intramolecular
hydrogen bonds in each sugar chain over from 100 to 1000 ps
of calculation time. Intraresidue and interactions involving O4
were not included in the evaluation. There are three kinds of
atom pairs, O2-O6′, O3-O6′, and O3-O5′, making hydrogen
bonds between adjacent residues in a molecule. A chain inc5d
has four other kinds of atom pairs (not shown) in addition to
the above three because it bends between Ring 2 and 3 (the left
chain in Figure 2h) unlike the other chains in each system. The
atom pair O3-O5′ has a high value around 80% in every system
except c5d, denoting that a flat ribbon surface in cellulose
already appears in its oligosaccharides although it is twisted.
As mentioned in Section 1, this sort of intramolecular hydrogen
bond is the main contributor among all intra- and intermolecular
hydrogen bonds to the firm structure of cellulose.6 A twisted
ribbon surface in cellohexaose is described schematically in
Figure 8 with the intramolecular hydrogen bond between O3-
O5′. The O3-O5′ pair has the highest value of 88.72% inc6d
among all six systems. The firm flat ribbon surface in cellulose
develops most in the double strand of cellohexaose although it
is twisted, as compared with the other five systems. The double
strand system of cellopentaose conversely has the lowest value
of 65.69% for the O3-O5′ atom pair because of the bend
mentioned above. The value of 81.12% inc4d is close to that
of 78.17% inc4s, denoting the separation state of the double
strand. It is hence possible that the balance between sugar-
water and sugar-sugar interactions is at a critical point leading
to instability in the ribbon surface in the cellopentaose double
strand.

The values of the O3-O6′ pair increase as the strand becomes
double from single in cellopentaose and cellohexaose, i.e., 1.41%

to 10.24% and 3.08% to 7.71%, respectively. The values of the
O2-O6′ pair also slightly increase as the strand changes from
single to double: 1.04% to 1.29% and 1.10% to 2.01% in the
cellopentaose and the cellohexaose, respectively. The O6
hydroxyl group can be attacked more by water molecules than
other oxygen atoms because it is located outside a ring. We
consider that the saccharide decreases its fluctuation by the
uptake of more O6 in intramolecular hydrogen bonds in its
aggregation states. From the molecular structure of cellooli-
gosaccharides (Figure 1b), the O3-O6′ pair is always ac-
companied by an O3-O5′ pair with thegt position of O6 while
the O2-O6′ pair depends on thetg conformation of O6.
However, the values of the O3-O6′ pair do not coincide with
those of the O3-O5′ in cellotetraose and cellopentaose. This
result supports the above idea that more O6 atoms are taken
into intramolecular hydrogen bonds in the aggregation states.
The values of the O2-O6′ pair are smaller than those of the
O3-O6′ in each system, although thetg conformation of O6 is
dominant in native cellulose.32,33There is a possibility that the
sugar-water interaction disturbs the O2-O6′ hydrogen bonds
of cellooligosaccharides in an aqueous environment unlike in
the crystalline form, resulting in a helical conformation.

In Table 4, we show properties related to the intermolecular
hydrogen bond between sugar chains in double strand systems.
Herein intermolecular hydrogen bonds between sugar and water
are not included. There are 77, 59, and 68 interaction sites of
intermolecular hydrogen bonds inc4d, c5d, andc6d, respec-
tively, in which a site means a position of the hydrogen bond
pair composed of Ox and Oy. We distinguish each oxygen atom
in sugar chains, for example, the pair O1-O6′ between Ring 1
and 2 is counted as a different site from the pair O1-O6′
between Ring 3 and 4. The ratio of 68 to 59 (1.15) is in good
agreement with that of DP, 6 to 5 (1.2), supporting our
conjecture in Section 3.2 that the number of interaction sites is
approximately proportional to DP. The highest value of 77 in
c4d is due to the unstable relative arrangement between the two
sugar chains. The average occupancies per site are 0.64%,

TABLE 3: Averaged Occupancy of the Intramolecular Hydrogen Bonds between Adjacent Residues in Cellotetraose,
Cellopentaose, and Cellohexaose over Calculation Timea

atom pair (%)
single

atom pair (%)
double

O2-O6′ O3-O6′ O3-O5′ O2-O6′ O3-O6′ O3-O5′
cellotetraose (c4) 1.45 4.92 78.17 1.47 3.73 81.12
cellopentaose (c5) 1.04 1.41 79.71 1.29 10.24 65.69
cellohexaose (c6) 1.10 3.08 77.79 2.01 7.71 88.72

a The range of the hydrogen bond angle O-H‚‚‚O is from 90° to 180°, and the distance O‚‚‚O is within 3.5 Å. The values are averaged over all
pairs in each type from 100 to 1000 ps.

Figure 8. Above: A twisted ribbon structure through the intra-
hydrogen bond, O3-O5′, described as the gray-scaled twisted rectangle.
Below: Intermolecular hydrogen bonds that frequently occur in the
cellohexaose double strand. The tickness of the broken lines corresponds
to the occupancy of atom pairs.
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2.93%, and 4.37%, and the standard deviations of occupancy
are 0.73%, 3.83%, and 6.29% inc4d, c5d, andc6d, respectively.
The total number of intermolecular hydrogen bonds per MD
calculation step inc6d is ca. 1.7 times that inc5d. These results
mean that there are more intermolecular hydrogen bonds with
more frequent occurrence per site in cellohexaose than in
cellopentaose or cellotetraose. In addition, we have noticed a
peculiarity of the oxygen atom, O6, in the interactive behavior
of the oligosaccharides. As seen in the bottom line in the table,
the percentage of the intermolecular hydrogen bond involving
O6 is 97.2% inc6d versus 84.1% or 59.0% inc5d or c4d,
respectively. Almost all intermolecular hydrogen bonds are made
utilizing O6 in cellohexaose in addition to the abundance of
intermolecular hydrogen bonds. This probably relates to the
lower occupancy of intramolecular hydrogen bond O3-O6′ in
c6d (7.71%) thanc5d (10.24%, Table 3). As seen in Table 5,
the percentage of the O3-O6′ among all kinds of intermolecular
hydrogen bonds is ca. 15% higher inc6d than in c5d. Each
strand of the cellohexaose double strand releases O6 from its
intramolecular O3-O6′ into intermolecular O3-O6′ hydrogen
bonds. We can summarize the above results that the stable
twisted ribbon surface leads to a stable interaction site using
O6 in the cellohexaose double strand (Figure 8).

Dynamics of the intermolecular hydrogen bonds between
sugar chains is denoted in Figure 9 as their total number.
Although the dynamics of each hydrogen bond shows no
tendency (not shown), in total they manifest vibrational
characteristics. Inc4d, the number is zero after ca. 700 ps. In
c5dandc6d, the period of vibration is approximately from 100
to 250 ps, which is quite long compared to the time range known
for pure water dynamics. A hydrogen bond diminishes in ca. 1
ps at 283 K in water.34 Intermittent collective molecular motions
occur in water by the rearrangement of the hydrogen bond
network on the order of 0.1-10 ps.35-37 Considering these facts,
the long-range vibration in intermolecular hydrogen bonding
belongs not only to the dynamics of a hydrogen bond but also

to the cooperative motion of sugar-sugar interaction. Moreover,
the vibration occurs not only in cellopentaose but also in
cellohexaose where rmsd shows no such long-range fluctuation
(Figure 7). The range is a little longer in cellohexaose than in
cellopentaose, showing the stable aggregation state of the former.
It is possible that this long-range vibration denotes some intrinsic
properties of sugar-sugar interaction that depend on the number
of hydroxyl groups, conformations, and relative arrangements
of the sugar chain. Elucidating the property will also broaden
the horizon of study in carbohydrate recognition in which
sugar-sugar interaction plays an essential role.

4. Conclusions

The difference in aggregation states among cellotetraose,
cellopentaose, and cellohexaose depends on the balance of
sugar-water and sugar-sugar interactions. Sugar-water in-
teraction promotes fluctuation of the saccharide chain in
proportion to the number of interaction sites, while sugar-sugar
interaction works in the opposite way. Cellopentaose is con-
sidered to be at a critical balance point between the two
interactions. The “site balance model” used in the analysis can
be adopted not only for cellooligosaccharide, but also for other
various kinds of sugar-sugar interaction, although we need
more precise investigation in other degrees of polymerization
of cellooligosaccharide and other kinds of saccharides. The
stability of a twisted ribbon surface composed of O3 and O5′
contributes to the stable aggregation state of the cellohexaose
double strand, increasing the interaction with the other chain
utilizing O6. This result is in contrast with another simulation
study by Tanaka et al.; their cellulose chains do not have ribbon
surfaces but loose tangles involving water molecules and do
not directly hydrogen bond with each other in aqueous environ-
ments.10 Considering that even cellohexaose is hardly soluble
in water, it is considered that their result is a peculiar case with
some peculiar conditions of calculation such as the high
temperature (500 K) and the force field38 that are different from
ours.
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TABLE 4: Properties Related to the Intermolecular
Hydrogen Bond between Sugar Chains in Cellotetraose,
Cellopentaose, and Cellohexaosea

cellotetraose
(c4d)

cellopentaose
(c5d)

cellohexaose
(c6d)

no. of interaction sites 77 59 68
av. occ. (%)b 0.64 2.93 4.37
dev. occ. (%)c 0.73 3.83 6.29
no./stepd 0.49 1.73 2.97
O6 (%)e 59.0 84.1 97.2

a The range of the hydrogen bond angle O-H‚‚‚O is from 90° to
180°, and the distance O‚‚‚O is within 3.5 Å. The values are evaluated
from 100 to 1000 ps.b Average occupancy over all intermolecular
hydrogen bond pairs.c Standard deviation of occupancy over all
intermolecular hydrogen bond pairs.d Number of intermolecular hy-
drogen bonds per MD calculation step.e The percentage of intermo-
lecular hydrogen bonds involving O6.

TABLE 5: Percentages of Each Kind of Intermolecular
Hydrogen Bonds between Sugar Chains in Cellotetraose,
Cellopentaose, and Cellohexaosea

atom pair (%)

O2-O6′ O3-O6′ O6-O6′ others

cellotetraose (c4d) 27.5 10.7 9.9 51.8
cellopentaose (c5d) 37.4 24.2 19.1 19.3
cellohexaose (c6d) 40.7 39.0 14.5 5.9

a The range of the hydrogen bond angle O-H‚‚‚O is from 90° to
180°, and the distance O‚‚‚O is within 3.5 Å. The values are evaluated
from 100 to 1000 ps.

Figure 9. Time evolution in the total number of intermolecular
hydrogen bonds between sugar chains in each double strand system
from 100 to 1000 ps of calculation time.
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