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Abstract—Molecular dynamics simulation was carried out on xyloglucan with explicit water molecules to investigate the folding
mechanism of side chains onto a main chain in aqueous solution. The model xyloglucan was composed of 12 b-DD-glucopyranoses
as a main chain substituted with six galactoses and three xyloses as side chains. Two conditions were set for the ribbon-like main
chain; one is restricted to be �flat� and the other is without restriction. The free main chain of xyloglucan has a �twisted� conformation
as the major one. Conformational folding of side chains onto the main chain was analyzed with dihedral angles at each glycosidic
linkage. In a 5-ns calculation, the xyloglucan has a tendency to contract in both the restricted and the free systems, but the mode of
contraction is different. Side chains tend to stick onto the flat surface of the main chain in the restricted system, while they do not
tightly do so in the free one; instead the main chain takes a twisted and sometimes embowed conformation. This result indicates that
the main chain has greater attractive forces to bind side chains when it is flat, while it loses the ability as it is twisted.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Xyloglucan is a hemicellulosic polysaccharide that is
found in the primary cell walls of all higher plants.1,2 It
binds with a strong affinity to cellulosic cell walls, having
an important role in cell-wall enlargement.3,4 It consists
of a b-(1!4)-linked glycosyl main chain substituted at
O-6 with side chains composed of a-(1!6)-xyloses, b-
(1!2)-galactoses, and sometimes a-(1!2)-fucoses. The
main chain is identical to the cellulose chain, which has
ribbon-like conformation composed of each glycosidic
ring face. Although it has a cellulose backbone, it dis-
solves in water unlike cellulose. Dissolved xyloglucan in
aqueous solution can form a gel under certain conditions
such as addition of alcohols5,6 and undergoing enzymatic
degradation with b-galactosidase.7 This means that xylo-
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glucan has both hydrophobic and hydrophilic aspects,
one of which can be dominant depending on conditions.
Determination of the conformation of xyloglucan at

the atomic level is difficult because branched polysac-
charides are not easily crystallized. The experimental
data from X-ray fiber diffraction (Tamarindus indica8

and pea9 xyloglucan) have indicated a twofold helical
conformation for the main chain in the crystalline state,
which is similar to the �flat� ribbon-like conformation of
cellulose chains in the crystal. The main-chain confor-
mation in solution has not been experimentally deter-
mined except in a study by Picard et al.10 They
reported a twisted main-chain conformation of xyloglu-
can heptamer in aqueous solution from NMR and
molecular mechanics studies. Their study has revealed
that the twisted conformation is significantly populated
in solution, although the main chain includes only four
glucose residues. A twisted conformation of the main
chain is derived from the global minimum conformation
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of cellobiose.8,11,12 Sugiyama et al. also reported helical
conformations of cellulose oligomers in aqueous solu-
tion from an NMR study, although the helical pitches
are more moderate than the theoretical one of cello-
biose.13 The orientation of xyloglucan side chains in
aqueous solution has not been experimentally deduced
with the exception of the report mentioned by Picard
et al.10 The xyloglucan heptamer in their study has only
xylose side chains, while most xyloglucans in plants in-
clude not only xyloses, but also galactoses and fucoses.
Computer simulations such as molecular mechanics9,10

and Monte Carlo methods14,15 have been used to inves-
tigate the side-chain conformation, but without water.
In this work, we perform molecular dynamics (MD)

simulations for a xyloglucan oligomer immersed in
explicit water molecules to investigate the mechanism
of side-chain folding onto the main chain in aqueous
solution. Because there is no evidence for the main-chain
conformation in aqueous solution, we set two conditions
for it; one is restricted as �flat� like crystalline cellulose,
and the other is without restriction. The main purpose
of this work is to compare the difference of folding
mechanism between the two main-chain conditions.
Although Levy et al. also compared the folding mecha-
nism between flat and twisted main chains,14 their
Figure 1. Sequence of xyloglucan used in calculations with names and numberin
w, and x (below). U = H-1–C-1–O-40–C-40,W = C-1–O-40–C-40–H-40, / = H-1
research attention is on the folding side of one fucosy-
lated side chain on their flat and twisted main chains
that are restricted. Their model is composed of nine glu-
coses as a main chain and five xyloses and one fucosyl-
galactose as side chains. In addition, they performed the
calculation without water. We use a xyloglucan model
with 12 glucose residues as a main chain and six galac-
tose and three xylose residues as side chains. We carry
out MD calculations under the two conditions of the
main chain for 5 ns to obtain enough information about
position and momentum of each atom. We analyze the
conformational folding of side chains using dihedral an-
gles at each glycosidic linkage, which angles can accu-
rately describe saccharide conformations. Interactions
between the main and side chains are discussed with
analysis of intramolecular hydrogen bonds.
2. Experimental

2.1. Simulation procedures

The composition of xyloglucan oligomer used in this
study is shown in Figure 1 with names and numbering
of glycosidic linkages. The main chain is composed of
g of glycosidic linkages (above), and definition of dihedral anglesU,W,/,
–C-1–O-2 0–C-20, w = C-1–O-2 0–C-20–H-20, and x = O-5–C-5–C-6–O-6.
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Figure 2. Plots of the potential energies (PE) throughout the trajec-
tories. (a) The total PE of Sfree, (b) that of Sflat, and (c) the PE of the
xyloglucan and water molecules in close association with it in Sfree and
Sflat. The water molecules included for the calculation are 300 and 350
in Sfree and Sflat according to the average hydration number in each
system. Data are plotted per 10 ps in (c) due to limitations of the
calculation procedure.
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12 DD-glucopyranoses that are connected by b-(1!4)-
linkages with each other. The side chains are composed
of six galactoxylose and three xylose residues. Xyloses and
galactoses are attached to glucoses and xyloses by a-
(1!6)- and b-(1!2)-linkages, respectively. The position
and the ratio between glucose, xylose, and galactose res-
idues are determined based on previous reports about
xyloglucans found in T. indica.16–18 As described in Fig-
ure 1, dihedral angles are defined as U = H-1–C-1–O-4 0–
C-40, W = C-1–O-40–C-40–H-40, / = H-1–C-1–O-20–C-20,
w = C-1–O-2 0–C-2 0–H-2 0, and x = O-5–C-5–C-6–O-6.
Note that atoms with primed numbers belong to the
residue closer to the reducing end in the case of U or
W and the main chain in the case of / or w. All atoms
in the definition of x belong to the residue in the
main chain. The initial dihedral conformations are set
as U = 29�, W = �30�, / = 25�, w = �35�, and x =
�60�9,14 in which the main chain is �flat�.
We calculated three aqueous solution systems in

which the solute is a xyloglucan with the main chain re-
stricted as flat (Sflat), that without restriction (Sfree), and
a cellulose oligomer without restriction (Scell). In Sflat, we
have restricted only C-1–C-4, O-5, and O-4 at glycosidic
linkages in the main chain. The cellulose oligomer used
in the third system is identical to the main chain of xylo-
glucan. Cellulose oligomers are experimentally insoluble
in water when the degree of polymerization is greater
than five. This calculation is thus only for reference to
see the side-chain effect on the main chain in xyloglucan.
Solutes are immersed in theoretical boxes with 3000 or
6000 TIP3P19 water molecules in Sflat or Sfree and Scell,
respectively. We performed all MD calculations using
the SANDER module in the AMBER 7 program,20

with particle mesh Ewald21 under isothermal–isobaric
periodic boundary conditions. The force-field parameter
set used is the Parm9922 augmented with the GLY-
CAM0423–26 for the saccharide. Nonbonded interac-
tions are cut off at a distance of 16 Å. The SHAKE27

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 by 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 with 1 fs time steps for 30 ps, during which
the temperature of the system was increased and stabi-
lized at 298 K. The initial unfavorable contacts made
by the solvent were removed during the minimization
and annealing, where solutes were fixed with a force
constant of 200 kcal mol�1 Å�2. After these prepara-
tions, production dynamics were performed with 2 fs
time steps at 298 K and a pressure of 1 atm for 5 and
2 ns in the xyloglucan and cellulose oligomer systems,
respectively. The calculation proceeded on the PCI card
MD Engine II (Fuji Xerox, Tokyo) designed exclusively
for MD calculations.
We used the NSOL28 algorithm for calculation of the
solvent-accessible surface area (SASA). In this algo-
rithm, solvent is assumed as a sphere with radius Rsol =
1.4 Å similar to that of water, and solute atoms with
radius Rvdw�s that are 1.9 and 1.4 Å for carbon and oxy-
gen atoms, respectively. The solvent-accessible surface is
defined as the bunch of surface of a sphere centered at a
solute atom with Rvdw + Rsol, where the center of a
spherical solvent molecule can be placed in contact with
the atomic van der Waals sphere without penetrating
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other atoms. One solvent molecule has ca. 25 Å2 of
SASA in this assumption.
3. Results and discussion

3.1. Conformational changes

The potential energies (PE�s) of the systems are calcu-
lated throughout the trajectories to see the convergence
of the systems (Fig. 2). As seen in Figure 2a and b, the
total PE�s of the systems have steady standard values
after the initial declines for ca. 200 ps in both Sfree and
Sflat. The PE�s of the xyloglucan and water molecules
in close association with it are also steady in both Sfree
and Sflat (Fig. 2c), although some great peaks are seen
in the former until 2 ns from the beginning. It is obvious
that the initial unfavorable conformations of the sys-
tems are removed, and the xyloglucan is well stabilized
in water within the 5-ns calculation.
We calculated the root-mean-square displacement

(RMSd) of xyloglucan per atom (Fig. 3). In advance
to the RMSd calculation, we fit the center of mass of
xyloglucan at every step to the previous one to remove
translational or rotational motions of it. The RMSd
value thus depicts only the conformational changes in
xyloglucan. Each system has a rapid increase of the
value in the initial 200–300 ps where unfavorable con-
formations are removed. Scell and Sflat reach plateaus
after ca. 1 ns, although an amplitude is great in the for-
mer. Scell has a standard value of ca. 6 Å after 1 ns with
amplitude of ca. 4 Å. Sfree has a maximum at ca. 2 ns
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Figure 3. Root-mean-square displacement of xyloglucan per atom.
with much fluctuation, and converges to ca. 8 Å after
around 4 ns. When we elongate the time scale of Scell
twice as slowly as in Sfree, the profile becomes similar
to that in Sfree. For example, the RMSd has the greatest
value at ca. 1 and 2 ns in Scell and Sfree, respectively. The
fluctuation period is approximately twice longer in Sfree
than Scell, while the amplitude of fluctuation is similar.
These results suggest that the side chains of the xylo-
glucan slow the motions of the main chain. In Sflat, the
amplitude of fluctuation is much smaller than in the
other two because of the immobilized main chain.
The conformations of xyloglucan in Sflat and Sfree for

the 5-ns calculation are described in Figure 4. In the ini-
tial conformation, the side chains extend obliquely up-
and downward to the main-chain surface (Fig. 4a). After
the 5-ns calculation, the side chains in Sflat tend to fold
onto the main-chain surface to which the glycosidic ring
faces of galactoses in the side chains are parallel
(Fig. 4b). In Sfree, the main chain takes a twisted confor-
mation on which the side chains do not tightly fold
(Fig. 4c). These conformational changes are accompa-
nied with the xyloglucan movement of contracting and
swelling. Figure 5 denotes the SASA of xyloglucan
throughout the trajectory in Sflat and Sfree with the most
contracting conformation in the latter system. The value
reaches a plateau after ca. 3 ns in Sflat with small move-
ment of contracting and swelling. In Sfree, the xyloglucan
contracts most at ca. 2 ns and then turns to swell. As
seen in the most contracting conformation in the figure,
the contraction in Sfree is mainly due to the embowed
conformation of the main chain. In Sfree, it has to occur
entirely due to the side-chain folding, because the main
543
s)

 Sfree

 Scell

 Sflat



Figure 5. Solvent-accessible surface area (SASA) of xyloglucan per 5 ps in systems with the main chain restricted (solid line) and free (dashed line).
The most contracted conformation in the latter system is described together.

Figure 4. Xyloglucan conformation of (a) the initial, (b) average over the last 100 ps in 5-ns with the main chain restricted as flat, and (c) without
restriction of the main chain. Viewed from the reducing end (V), from the above (H) and the long side of the ribbon-like surface of main chain (HV).
The H and HV conformations in (c) are joined into one because the main chain is twisted.
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chain cannot be twisted or embowed. The average value
in the last 1 ns is slightly greater in Sfree (3898 Å2) than
Sflat (3802 Å2) over the last 100 ps; nevertheless, the
main chain is twisted in the former. This indicates that
the side chains fold onto the main chain more tightly
in Sflat than Sfree.

3.2. Dihedral angles

The deviations of dihedral angles, U, W, and x, from the
initial conformation can well depict the motions of
the main and side chains. Figure 6 denotes the sum of
the deviations of every U andW or x throughout the tra-
jectories. That of U and W in Sfree has a standard value
around 500� after ca. 200 ps, denoting that the initial con-
formation of the main chain is well stabilized in the 5-ns
calculation. The tendency of the total deviation is inver-
sely associated with the SASA in Sfree, denoting that the
contracting/swelling motion of the xyloglucan is accom-
panied with the conformational change of the main
chain. The total deviations of x also reach plateaus after
ca. 0.5 and 2 ns in Sfree and Sflat. The deviation is greater



Figure 6. The total deviations of every dihedral angle of (a) U andW in
Sfree, (b) x in Sfree, and (c) x in Sflat from the initial configuration
throughout the trajectories.
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in Sflat (ca. 350�) than Sfree (ca. 230�), denoting that the
side chains in the former system have to change their
initial conformations relative to the main chain because
the main chain is restricted to be flat. As seen in Figure
4b, it is obvious that the greater deviation of x is due
to the tight folding of the side chains onto the main chain.
The distribution map of the dihedral angle pair (U,W)

enables us to grasp the twisted conformation of the main
chain in Sfree (Fig. 7). Hereafter, we use coordinate data
after the initial 1 and 2 ns in cellulose and xyloglucan
oligomer systems, respectively, where the initial
unfavorable conformations are removed. Both the cellu-
lose chain and the xyloglucan main chain have a maxi-
mum point of distribution at around (U,W) =
(45�,�5�). This maximum is close to the global energy
minimum of cellobiose estimated in other theoretical
studies,8,11,12,14,29,30 which generates a left-handed heli-
cal conformation of cellulose backbone (Fig. 8a). We
call this point a �twisted� one. Cellobiose has another
local energy minimum at around (U,W) = (29�,�30�)
in which the energy is only slightly (12 kJ mol�1 in
Ref. 14) above the global one. This dihedral angle pair
generates a �flat,� ribbon-like conformation of the main
chain that is crystalline cellulose (Fig. 8b). We call this
point a �flat� one. As seen in Figure 7a, the cellulose
chain has another local maximum at around (U,W) =
(�25�, �30�) besides the twisted point on all glycosidic
linkages except M8. This dihedral angle pair contributes
to a reverse helical conformation, thus giving rise to the
embowed conformation of the chain. We call this point
an �embowed� one. On the other hand, the xyloglucan
main chain has only one maximum at the twisted point
on M2, M3, M6, M8, M10, and M11 (Fig. 7b). It has
another maximum at the embowed point on the other
five linkages, but it is quite low on M4 and similar to
those in cellulose on M7 and M9. On M1 and M5, the
percentage is higher at the embowed than at the twisted
point. These results mean that the xyloglucan main
chain is stabilized by the side chains with less embowed
conformation except on M1 and M5.
The dihedral angle x well depicts the side chain orien-

tation relative to the main chain (Fig. 9). The conforma-
tions are called gg (gauche–gauche) and gt (gauche–trans)
when x = �60� and 60�, respectively. As seen in Figure
9, a ring face of xylose extends vertically downward from
the main-chain surface in the gg conformation. The con-
formation is similar to the gg one when x = �90�, but
the ring face of xylose is closer to the main-chain surface.
On the other hand, the xylose face is located along a side
of the main-chain surface in the gt conformation.
The three and the two conformations of x described

in Figure 9 are major in Sflat and Sfree, respectively
(Fig. 10). Xylose side chains have similar distributions
in Sflat and Sfree; one and two of the three take the gt

and gg conformations, respectively, although the for-
mer one is X1 in Sflat while X3 in Sfree. A small peak
at �94� in X2 is seen only in Sflat. On the other hand,
distributions of galactose side chains show significant
differences between Sflat and Sfree. In Sfree, all galactose
side chains take the gg conformation with single-
peaked distributions, although the peaks shift toward
�80� at XG3 and XG4. In Sflat, however, the distribu-
tions at XG3, XG4, and XG6 bifurcate with peaks at
around �60� and �90�. This bifurcation means that



Figure 7. Distribution map of the dihedral angle pair (U,W) as percentage over population. (a) Cellulose and (b) xyloglucan oligomers without
restriction. The angle mesh unit is 5�, and the contour lines are spaced in 0.05% intervals.
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Figure 9. Side-chain orientations with x = �60�, �90�, and 60� to (a)
flat and (b) twisted main chains. Definitions of direction V, H, and HV
are the same in Figure 3. Conformations are called gg (gauche–gauche)
and gt (gauche–trans) when x = �60� and 60�, respectively.

Figure 8. Representative conformations of cellulose backbone with
(U,W) = (a) (45�,�5�) and (b) (29�,�30�).
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Figure 10. Distribution of the dihedral angle x in Sflat and Sfree. The
solid and dashed lines denote galactose and xylose side chains,
respectively.
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the gg conformation is less stable in Sflat than Sfree at
the galactose side chains. In addition, XG2 takes the
gt conformation in Sflat. This gt conformation is a
result of a different positioning of galactoxylose on
the main chain from the other galactoxylose side chains
as mentioned later (Fig. 12a, S2). These results denote
that the flat main-chain surface attracts galactose resi-
dues in a different way from the free one. It is possible
that the main chain, which is restricted to be flat,
attracts the side chains as close as possible to make
up its conformational disadvantage to contract com-
pared to the free one.
We show the distribution of the dihedral angle pair

(/,w) at galactose side chains S1–S6 in Figure 11. This
pair distributes more widely in Sfree than Sflat, denoting
that the side chains have less mobility in the latter than
in the former. There are at most two maxima in Sflat,
while there are only five in Sfree. Conformations around
(/,w) = (50�, 20�) and (50�,�20�) are abundant in both
systems. In addition to these two maxima, there is an-
other one around (/,w) = (15�,�50�) in Sfree. In Figure
12, we draw parts of the galactose side chains with at-
tached and adjacent glucose residues in the average
structure of xyloglucan over the last 100 ps in Sflat and
Sfree. As seen in Table 1, the dihedral angles x, /, and
w in the conformations are around the maximum points
in Figures 10 and 11, denoting that the conformations
are one of the major ones throughout the 5-ns calcula-
tion. We can see the ring face of galactose tends to par-
allel sticking onto the main-chain surface in Sflat



Figure 11. Distribution map of the dihedral angle pair (/,w) as a percentage over population in (a) Sflat and (b) Sfree. The angle mesh unit is 5� and
the contour lines are spaced in 0.05% intervals.
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(Fig. 12a). All galactose faces are below the main chain
except at XG2 where the angle x takes the gt conforma-
tion, unlike the others. It is considered that the galactose
side chain at XG2 in Sflat happens to be put in the re-
versed position by certain interactions with other resi-
dues and water, where it has to stay due to the strong
interaction between the galactose and the main-chain
surface. On the other hand, all galactose residues in Sfree
extend on the diagonal to the connecting glucose
(Fig. 12b). Their ring faces instead tend to be parallel
to that of an adjacent glucose that is close to the reduc-
ing end (right in Fig. 12b), although the binding is
moderate.
3.3. Intramolecular hydrogen bonds

The main chain of xyloglucan has a hydrophobic, rib-
bon-like surface and hydrophilic hydroxyl groups on
its sides. To know which site of the main chain mainly
interacts with the side chains, we have examined the
state of intramolecular hydrogen bonds. We define a
pair of an oxygen and a hydroxyl group as hydrogen
bonding when (1) the two oxygens are within 3.5 Å
and (2) the angle between O–H� � �O is from 120� to 180�.
The hydrophobic, ribbon-like surface of a cellulose

oligomer or a xyloglucan main chain includes the O-
5 0–O-3 interresidue hydrogen bond that is very sta-



Figure 12. Conformation of the side chains at S1–S6 relative to the main chain in the average structure over the last 100 ps in (a) Sflat and (b) Sfree.
Definitions of direction V, H, and HV are the same in Figure 3. Each structure is aligned as the attached glucose residue takes the same direction.

Table 1. Averages and standard deviations of dihedral angles x, /,
and w over the last 100 ps (�)

Sflat Av. Dev.

x / w x / w

S1 �53 49 26 6.1 9.0 10.7
S2 83 64 �24 6.8 8.8 9.4
S3 �82 46 �8 5.6 9.6 10.5
S4 �70 48 9 8.0 8.9 11.0
S5 �59 56 23 5.7 8.2 8.3
S6 �59 50 18 6.5 8.2 11.9

Sfree

S1 �64 �35 �23 7.6 10.0 10.4
S2 �66 57 19 8.9 11.5 10.0
S3 �62 �2 �49 8.6 13.4 8.5
S4 �71 53 12 11.3 11.1 15.5
S5 �62 45 8 8.2 7.4 14.7
S6 �67 39 5 8.1 10.6 10.6
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ble.31,32 The occupancy of this kind of hydrogen bond is
evaluated in Scell, Sflat, and Sfree (Table 2). It is natural
that the occupancies in Sflat are around 80%, which is
higher than the other two. In other words, the O-5 0–
O-3 hydrogen bond is broken when the main chain is
twisted. In the 2–5 ns calculation time, the averages
over M1–M11 are similar in Scell (44.2%) and Sfree
(48.8%), but the standard deviations are three times
greater in Sfree (17.5%) than in Scell (5.8%). This means
that the twisted state of the main chain of the xyloglucan
becomes inhomogeneous because the side chains stabi-
lize the state of the main chain, as analyzed in the previ-
ous section.
When the O-5 0–O-3 interresidue hydrogen bond is

broken in the twisted main chain, the released O-3 or
O-5 can interact with other oxygens or hydroxyl groups.
To investigate destinations of the released O-3 from the
O-5 0–O-3 interresidue hydrogen bond, we estimate the
occupancies of intramolecular hydrogen bonds at O-2,
O-3, and O-6 in the main chain with ether oxygens or
hydroxyl groups in side chains (Table 3). The values at
the ether oxygen atoms of O-4 and O-5 in the main



Table 2. Occupancy of the O-5 0–O-3 interresidue hydrogen bond in main chain (%)

Position Scell Sflat Sfree

1–2 ns 2–3 ns 3–4 ns 4–5 ns 2–5 ns 2–3 ns 3–4 ns 4–5 ns 2–5 ns

M1 38.4 94.6 96.8 96.6 96.0 78.8 17.7 10.5 35.7
M2 48.3 91.4 88.4 95.1 91.6 54.3 71.2 70.8 65.4
M3 37.0 98.0 98.5 98.6 98.3 41.0 41.1 52.3 44.8
M4 43.3 70.9 73.0 84.3 76.1 55.5 45.5 36.9 46.0
M5 42.5 83.3 57.1 81.2 73.9 11.4 1.4 20.0 10.9
M6 43.1 68.0 95.3 96.3 86.6 85.6 80.1 66.5 77.4
M7 57.4 75.7 73.0 80.9 76.5 57.1 23.1 66.9 49.1
M8 47.6 71.4 78.8 82.5 77.6 42.5 49.9 53.6 48.7
M9 37.9 84.0 87.0 90.2 87.0 27.5 62.0 76.6 55.4
M10 46.5 70.1 68.2 91.6 76.6 26.4 55.6 36.8 39.6
M11 44.4 57.1 67.4 59.8 61.4 49.6 58.8 83.3 63.9

Av. 44.2 78.6 80.3 87.0 82.0 48.2 46.0 52.2 48.8
Dev. 5.8 12.7 13.8 11.2 11.0 22.0 23.8 23.6 17.5

Averages (Av.) and standard deviations (Dev.) over M1–11.

Table 3. Occupancy of intramolecular hydrogen bonds at O-2, O-3, and O-6 of main chain with side chains (%)

Sflat O-2 O-3 O-6

Residue 2–3 ns 3–4 ns 4–5 ns 2–5 ns 2–3 ns 3–4 ns 4–5 ns 2–5 ns 2–3 ns 3–4 ns 4–5 ns 2–5 ns

1 2.9 4.5 4.6 4.0 0.2 0.4 0.1 0.3 0.0 0.0 0.0 0.0
2 0.0 0.0 0.0 0.0 14.3 16.8 13.4 14.8
3 41.9 55.1 52.8 49.9 27.0 18.3 3.0 16.1
4 21.7 19.6 11.8 17.7 0.0 0.0 0.0 0.0
5 0.8 1.8 0.6 1.1 0.7 0.5 1.4 0.9 0.0 0.0 0.2 0.1
6 1.5 4.0 4.9 3.8 1.3 6.3 0.3 2.6
7 0.9 1.6 1.5 1.3 42.2 8.0 0.5 16.9
8 1.0 0.3 0.0 0.4 0.0 0.0 0.0 0.0
9 35.1 104.8 9.0 49.7 19.4 24.5 0.2 14.7 0.0 0.0 0.0 0.0
10 17.0 1.0 4.2 7.4 0.7 0.1 0.0 0.3
11 27.1 2.4 0.3 9.9 1.0 12.2 0.2 4.5
12 2.4 1.1 0.0 1.2 0.0 0.0 0.0 0.0

Av. 12.8 16.3 7.5 12.2 8.9 7.3 1.6 5.9 0.0
Dev. 15.2 32.0 14.8 18.3 14.0 8.7 3.8 7.3 0.0

Sfree
Residue

1 57.7 0.0 10.0 22.6 28.5 49.3 5.6 27.8 0.0 8.3 0.9 3.1
2 45.2 47.4 61.4 51.3 44.4 32.7 31.0 36.0
3 0.1 0.2 0.0 0.1 2.0 5.8 1.1 3.0
4 0.6 1.8 0.1 0.8 0.0 0.0 0.0 0.0
5 2.5 0.9 17.4 6.9 0.0 2.1 32.8 11.6 8.3 3.3 2.6 4.7
6 11.1 2.9 7.8 7.3 41.4 39.1 38.8 39.8
7 2.9 3.6 3.3 3.3 13.5 3.4 22.3 13.1
8 0.1 3.1 0.0 1.1 0.0 0.0 0.0 0.0
9 5.3 31.9 68.7 35.3 12.5 51.9 19.2 27.9 12.3 1.6 0.5 4.8
10 23.9 26.1 18.1 22.7 69.6 33.9 69.3 57.6
11 0.3 16.5 17.5 11.4 9.8 42.5 8.8 20.4
12 12.0 0.1 0.0 4.0 0.0 0.0 0.0 0.0

Av. 13.5 11.2 17.0 13.9 18.5 21.7 19.1 19.8 4.2
Dev. 19.2 15.8 23.6 16.1 22.7 21.5 21.2 18.6 1.0

Averages (Av.) and standard deviations (Dev.) over all residues. Oxygens or hydroxyl groups in side chains are not distinguished from each other.
One hydroxyl group can form more than one hydrogen bond so the percentage can be more than 100%.
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chain are not described because all of them are 0%. As
seen in Table 3, the average occupancies at O-2 are sim-
ilar in Sflat (12.2%) and in Sfree (13.9%). On the other
hand, those at O-3 are more than three times higher in
Sfree (19.8%) than Sflat (5.9%). In Sfree, the released O-
3s from the interresidue hydrogen bond in the main
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chain take part in the hydrophilic interaction between
side chains instead. In addition, the occupancy of the
O-5 0–O-3 interresidue hydrogen bond in the main chain
is only ca. 1.7 times higher in Sflat than Sfree (Table 2).
This means that hydrophilic interactions between the
main and side chains are more abundant in Sfree than
Sflat because of not only the breaking of the O-5 0–O-3
interresidue hydrogen bond in the main chain, but also
in the twisted main chain. The occupancy at O-6 of
the main chain is also higher in Sfree while that in Sflat
is almost 0% at every period.
As seen in the previous section, the glycosidic ring

faces of galactoses in the side chains stick onto the
main-chain surface in Sflat. The analysis of intramolec-
ular hydrogen bonds reveals that this interaction is
somewhat hydrophobic, while the interaction between
the main and side chains in Sfree is relatively hydro-
philic. The folding mechanism of xyloglucan side chains
onto the main chain is different in Sflat and Sfree. In
other words, it is revealed that the xyloglucan can con-
trol the side-chain folding by the main-chain conforma-
tion. It is possible that this ability plays a role in the
gelation mechanism of a water–alcohol solution of
xyloglucans. In a single system of a xyloglucan, the flat
main chain attracts the side chains by intramolecular
hydrophobic interaction. In a multisystem of xyloglu-
cans, the attracting force of the flat main chain can
work on the side and main chains of the other xyloglu-
cans by intermolecular hydrophobic interaction, in
addition to their own side chains. When dissolving in
water, xyloglucans can lose their side-chain folding by
the relatively twisted conformation of main chains.
Hydrophilic interaction with water can have an influ-
ence on this loose folding because the interaction be-
tween the main and side chains of xyloglucan is
relatively hydrophilic when the main chain is twisted.
On the other hand, if for some reason the main chains
become flat, they can attract and bind the glycosidic
ring faces of other xyloglucans with hydrophobic inter-
actions. As a result, aggregation occurs in some parts of
the water–alcohol solution of xyloglucans. This may be
one of the processes in gel formation. This conforma-
tional folding of side chains may also work on the
cell-wall enlargement of plants because the interaction
with flat cellulosic cell walls is thought to render the
main chain of xyloglucan flat.
4. Conclusions

The folding mechanism of xyloglucan side chains onto
the main chain depends on the condition of the main
chain. When the main chain is restricted in the flat rib-
bon-like conformation, the glycosidic ring faces of
galactose in the galactoxylose side chains stick onto the
flat surface of the main chain by hydrophobic interac-
tions. When the main chain is not restricted, it has a
twisted conformation and loses the face-to-face folding
of galactose on it. The flat main chain attracts the galac-
tose side chains by a hydrophobic interaction stronger
than the free and twisted one. When the main chain is
not restricted, O-3s in the main chain is released from
the interresidue O-5 0–O-3 hydrogen bond and is able
to interact with ether oxygens or hydroxyl groups in side
chains with more relaxed binding.
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