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Abstract Alternative hydrogen-bond structures
were found for cellulose II and III; based on molecular
dynamics simulations using four force fields and
energy optimization based on density functional
theory. All the modeling results were in support to
the new hydrogen-bonding network. The revised
structures of cellulose II and III; differ with the fiber
diffraction models mainly in the orientation of two
hydroxyl groups, namely, OH2 and OH6 forming
hydrogen-bond chains perpendicular to the cellulose
molecule. In the alternative structures, the sense of
hydrogen bond is inversed but little difference can be
seen in hydrogen bond geometries. The preference of
these alternative hydrogen bond structures comes from
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the local stabilization of hydroxyl groups with respect
to the B carbon. On the other hand when simulated
fiber diffraction patterns were compared with ex-
perimental ones, the current structure of cellulose II
with higher energy and the alternative structure of
cellulose III; with lower energy were in better
agreement.
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Introduction

Hydrogen bonding (HB) is considered to be important
for the structural stability of cellulose and other
polysaccharides. However, due to the small X-ray
scattering power of hydrogen, the hydrogen positions
in a crystalline structure are difficult to determine.
Furthermore, hydrogen can be disordered in the
structure even when heavier atoms are ordered as can
be seen in hexagonal water (Peterson and Levy 1957)
or cyclodextrins (Saenger et al. 1982). Neutron scat-
tering is adapted to probe hydrogen positions due to the
strong scattering amplitudes of hydrogen and deuteri-
um atoms as well as the high scattering length contrast
between hydrogen and deuterium but suffers from
relatively small flux and thus poor counting statistics.

During the last decade, the atomic coordinates of a
series of cellulose allomorphs [I, (Nishiyama et al.
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2003), Ig (Nishiyama et al. 2002), II (Langan et al.
1999, 2001), III; (Wada et al. 2004)] including the
hydroxyl groups’ hydrogen positions have been pro-
posed based on X-ray and neutron fiber diffraction
data of highly crystalline samples. So far, the proposed
structural details have not encountered any contradic-
tion with experimental data, and are used as reference
structures. Modeling studies are often based on these
X-ray/neutron structures that are currently the most
reliable models. Nevertheless, some structures contain
apparent hydrogen bond disorder and the exact
positions of hydrogen atoms remains less established
compared to those of the carbon and oxygen atoms that
are less mobile and for which X-ray data can give
reliable positions.

While studying the thermal behavior of cellulose II
by molecular dynamics (MD) simulation, we observed
an irreversible flipping of the donor—acceptor hydrox-
yl groups in the hydrogen bond pattern without any
significant change of the carbon and oxygen positions
in the structure. We further confirmed this behavior
with a series of MD simulations using different force
fields and by energy minimization using a more
universal density functional theory with dispersion
corrected potentials. We also examined the agreement
with reported neutron diffraction intensity and propose
a new structure as a viable alternative to the current
cellulose II model. Similar approach was applied on
cellulose III; for which a similar alternative could be
found.

Computational details

The X-ray/neutron structure coordinates of cellulose II
by Langan et al. (1999, 2001) and III; by Wada et al.
(2004) were used to as starting models. P1 super cells
with 40-chains (5 x 8) for cellulose II and 24-chains
(4 x 6) for cellulose IIl; and 8 glucose-per-chain
(Fig. 1), with periodic boundary parallelto0 10,1 —1
0,001 plane of Tand 100,010, 00 1 plane of III;
were constructed by symmetry operations. The end of
each chain was covalently bonded with the other end
of the periodic image of the same molecule.

All MD simulations were carried out using the
GROMACS 4.5.5 package (Hess et al. 2008). Four
carbohydrate force fields, namely GROMOS 56Acar-
bo (Hansen and Hiinenberger 2011) with modifica-
tions in Lennard-Jones parameters (GROMOS
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Fig. 1 Projections perpendicular to the chain direction of the
super cells of cellulose II and cellulose I1I; used for molecular
dynamics simulations

r56Acarbo (Chen et al. 2014a), GLYCAM 06
(Kirschner et al. 2008), OPLS-AA (Damm et al.
1997) and CHARMM C36 (Guvench et al. 2009) were
employed using our standard computational condi-
tions (Chen et al. 2012, 2014b). The cutoff for
coulomb and Lennard-Jones interactions was set to
0.9 nm. The MD simulations were carried out after
optimization by steepest-descent followed by conju-
gate gradient method. System was heated up from 0 to
300 K in 6 ns in a stepwise manner with a heating rate
of 10 K/100 ps and 100 ps equilibration every 10 ps.
Between 300 and 500 K the heating/cooling rate and
equilibration time was 10 K/200 ps and 200 ps re-
spectively. Production runs of 10-24 ns were carried
out at 300 and 500 K.

Periodic DFT calculations were performed by using
the Quantum ESPRESSO 5.0 package (Giannozzi
et al. 2009). We used the ultrasoft pseudopotentials
and plane wave basis sets with a kinetic energy cutoff
of Ecut = 70 Ry. A Monkhorst—Pack k-point grid
with 2 x 2 x 2 points was used for sampling the
Brillouin zone. The exchange correlation functional
was described by the PBE generalized gradient
approximation (Perdew et al. 1996; Grimme 2006).
To take into account of the London dispersion
correction in the calculation the DFT-D2 approach
was used (Grimme2006). Two structures, the ex-
perimental coordinates and the coordinates after
annealing using GROMOS r56Acarbo force field
were taken as starting models. The structure optimiza-
tion was carried out with the cell parameters relaxed.

A fiber diffraction diagram was simulated from
calculated diffraction intensities for each model. The
thermal parameters were set to be uniform and
isotropic with U = 0.05 A? for all non-hydrogen
(deuterium) atoms and U = 0.07 A® for hydrogen
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and deuterium. The diffraction patterns were convo- the basic conformational parameters remained
luted with Gaussian functions in the directions unchanged.

perpendicular and along the chain axis to account for
the limited crystal sizes and instrument broadening.
The c-axis of the crystals was supposed to follow
Gaussian distribution centered at fiber axis while a-
and b-axis were randomly distributed around the
c-axis using a procedure described previously
(Nishiyama et al. 2012). Under such conditions, the
simulated patterns are directly comparable to ex-
perimental data.

Entropy differences between structures with HB
pattern A and B of cellulose II and III; were estimated
using a quantum harmonic oscillator approximation of
their vibrational density of state (Berens et al. 1983).
MD simulations for entropy calculations were per-
formed for 100 ps in double precision for each force
field starting from the equilibrated structures of
cellulose II and III; with HB pattern A and B. The
time step was 0.5 fs and velocities were recorded
every 1.5 fs. The vibrational density of state was
calculated with the g_dos (Caleman et al. 2012)
program of GROMACS.

Results and discussion
Cellulose 11
Using GROMOS r56Acarbo force field, the root of

mean square deviation with respect to the experimen-
tal structure of each residue was <0.3 A at 300 K, and

Cellulose II has two non-equivalent chains in the
unit cell. The one with its reducing end running in the
direction of the c-axis (origin chain in Langan et al.
1999, 2001) is characterized by a smaller ring puck-
ering polar angle. This parameter was found to be in the
range of ® = 4°-8° in the simulations whereas the
other one, running in the opposite direction (center
chain), was measured to be @ = 12°-16°. In the latest
X-ray structure (Langan et al. 2001), these angles are
5.0° and 10.2° respectively.

When heated up to 500 K, a remarkable disconti-
nuity was seen between 350 and 400 K on different
monitored structural parameters, such as unit cell
parameters (Fig. 2) or torsion angle distributions of
hydroxyl groups 12 and 16 corresponding to C1-C2—
02-H and C5-C6-06-H (Fig. 3). The hydroxymethyl
group torsion angle ® was 100 % in gt conformation
(dihedral angle of around 60°) at 300 K, although
alternative conformations appeared early in the heat-
ing stage with a non-monotonical variation upon
heating.

When cooled down to 300 K, the unit cell pa-
rameters did not show any transition and reached
values only slightly different from the starting struc-
ture (Fig. 2). The values of 12 and 16 also remained
essentially the same as at 500 K (Fig. 3). On the other
hand, the hydroxymethyl groups went back to 100 %
gt conformation when cooled to 300 K (Fig. 3). The
torsion angle t3 showed little variation during both
heating and cooling.

@ Springer
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A glimpse at simulation snapshots of the two
structures before and after annealing (Fig. 4) clarifies
that they are similar although not identical. The infinite
hydrogen-bonding chains in the direction perpen-
dicular to the pyranose plane, engaging hydroxyl
groups in 2 and 6 positions in the sequence of
...(020...02c...06c...060...) were present before
and after the change. Here, the suffix ‘o’ and ‘¢’
represents the origin and center chain respectively. The
difference between the two structures before and after
annealing is primarily characterized by the hydrogen
bonds: (HO20-020...HO2¢c—02c¢...HO6¢c-O6c¢...
HO60-060...) in the structure before and (O2o0-
HO2o0...02c-HO2c...06cHO6c...060HO6o0...) after
annealing. We name the former hydrogen bond pattern
A and the latter pattern B (Fig. 4). In terms of
conformation, the HO2 atom (hydroxyl hydrogen at
position 2) is in the trans position with respect to the
aliphatic hydrogen H, in pattern A whereas during the
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annealing it rotated to nearly eclipse position (pattern
B). This hydrogen pattern was maintained during the
cooling process. The total potential energy of the
annealed structure at 300 K was about 5.7 kJ/mol per
glucosyl unit (Table 1) lower than the total potential
energy of the structure in the heating process at the
same temperature.

Interestingly, simulations with the force-fields
GLYCAM 06 and CHARMM C36 resulted in a
similar flip transition of HO2 and HOG6 although at a
lower temperature around 300 K. The OPLS-AA
force-field also gave a similar transition between 300
and 430 K (figure S1). The total potential energies
(AE,,) at either 100 K or 300 K before and after
annealing are listed in Table 1. The energy difference
between pattern A and B was even larger with these
three force fields. The entropy contribution for the
stabilization of structures was almost negligible (sup-
plementary files Table S1). Thus the enthalpy
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Fig. 4 Typical hydrogen bond pattern before (pattern A) and
after (pattern B) annealing of cellulose II

Table 1 Potential energy differences (kJ/mol per glucosyl
unit) of cellulose II between pattern A and pattern B (B-A) and
their major components

AEpol AEcnul-l—él,S AEcoul AEvdW
GROMOS? —5.7 —16.6 -1.0 —3.30
CHARMM® —12.8 —42 —-7.80 —1.50
Glycam06” —17.2 —21.1 —16.40 0.10
OPLS® -89 —46 —6.90 1.50
DFT(PBE-D) —8.14
* At 300 K

® At 100 K, coul-1-4,5, the 1—4 pairs and 1-5 pairs coulomb
terms, coul, the total coulomb interaction, vdW the total LJ
interaction

difference, which equals to the energy difference here,
can be regarded as the scale of free energy and is
corroborated with the transition temperature.

The energy minimization process using density
functional theory conserved the hydrogen bond pat-
terns. The energy after optimization of pattern A was
8.14 kJ/mol per glucosyl unit higher than that of

pattern B. The structures optimized by DFT followed
the P2, symmetry within 0.01 A accuracy (Table S4)
and thus the fractional coordinates of the asymmetric
unit are given as cif files in supplementary files.

Cellulose III;

Simulations of the allomorph cellulose III; showed
similar behavior. In contrast to cellulose II, the unit
cell of cellulose IIl; contains only one chain, and the
infinite hydrogen bond chain (O2...06...), perpen-
dicular to the chain direction, is present in the
crystallographic model. In the current crystallographic
model, the HO2 is in trans configuration with respect
to H2, while the alternative hydrogen bonding scheme,
corresponding to pattern B, was also considered
during the refinement.

Cellulose III; is characterized by having its hy-
droxymethyl groups in gf and a non-staggered chain
arrangement. At 300 K, these features were un-
changed with GROMOS, OPLS and CHARMM. On
the other hand, the GLYCAMOG6 force-field caused
chain sliding that led to a staggered arrangement
similar to cellulose I, while simultaneously maintain-
ing the gt conformation of the hydroxymethyl group.
When heated to 500 K, similar chain sliding was
observed between 400 and 450 K even with the
GROMOS and CHARMM force-fields. One could
relate this phenomenon to the experimental observa-
tion that cellulose III; converts to cellulose I by
hydrothermal treatment (Chanzy et al. 1987). How-
ever, spontaneous flip-flop from pattern A to pattern B
could not be observed. With OPLS the basic structure
remained stable at 600 K and a flip from pattern A to
pattern B occurred at around 570 K. When pattern B
was used as initial structure, only CHARMM and
OPLS gave basic features of cellulose III; at 300 K
described above.

Since the structures with pattern A or pattern B
departed too far from the experimental structure
during MD simulation, the energy components using
GLYCAM and GROMOS force fields were compared
only from energy minimization (EM) (Table 2). In
cellulose III; again, the energy of pattern B was lower
than the energy of pattern A. However, the energy
difference was not as significant as the difference for
cellulose II. From DFT, the structure with pattern B
was 2.95 kJ/mol per residue lower than that with
pattern A, close to kgT at 300 K.
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Table 2 Potential energy differences (kJ/mol per glucosyl
unit) of cellulose III; between pattern A and pattern B (B-A)
and their major components

AE, o AEou145 AEcow  AEyaw
GROMOS_EM* —0.3 —17.7 1.7 —4.6
CHARMM_EM* —-10.7 —-3.5 -9.7 2.2
GLYCAM_EM? —12.2 —-21.6 —13.2 3.7
OPLS_EM* —13.8 —7.6 —6.0 —4.7
CHARMM_MD® —8.4 —15.5 —0.7 —-94
OPLS_MD® —4.6 —11.4 99 —10.1

DFT(PBE-D) —2.95

4 EM energy minimization

> MD molecular dynamics, coul-1-4,5, the 1-4 pairs and 1-5
pairs coulomb terms, coul, the total coulomb interaction, vdW
the total LJ interaction

Effect of local geometry

To identify the factors favoring pattern B over A the
different potential energy contributions were com-
pared. The four force fields employed here agree that
the 1-4, 1-5 Coulomb interaction favors pattern B
(Table 1). The smaller difference of Coulomb 1-4
energy with CHARMM and OPLS force field can be
partially explained by the positive charge (0.09 e in
CHARMM and 0.06 e in OPLS) attributed to H2
causing Coulomb repulsion with HO2 in cis con-
figuration. Since aliphatic hydrogen atoms have zero
charge in GLYCAM, and GROMOS does not even
have explicit aliphatic hydrogen, the difference in 1-4,
1-5 Coulomb interaction in those force-fields

Fig. 5 Polar histograms of
H-C-O-H dihedral angles
of secondary alcohol (left)
and C—C-O-H dihedral
angles of primary alcohol
(right) found in cambridge
structural database (Allen
2002; Bruno et al. 2004).
The solid lines are the
dihedral angles in cellulose
II structures and dashed
lines in cellulose III;
structures after DFT
optimization

@ Springer

probably originates from the repulsion between carbon
and hydroxyl hydrogen. The contribution of short-
range Coulomb interaction that involves hydrogen
bond energy was either positive or negative depending
on the force field and the hydrogen bonding geometry
within the two structures were not very different
(supplementary Table S2 and S3).

The effect of local geometry can be further found in
analogue structures found in a crystallographic
database (Fig. 5). The hydroxyl hydrogen is found in
three staggered positions but has a strong tendency to
avoid the side of the aliphatic carbon. Especially the
secondary hydroxyl groups have small narrow distri-
bution when the hydroxyl atom is on the aliphatic
carbons side. The pattern A corresponds to the
situation where the secondary hydroxyl groups are
on the aliphatic carbon while they are in the opposite
side in pattern B.

The flipping of hydrogen bond from pattern A to B
implies a movement of nearly 1.7 A, but the distance
to the tautomer hydrogen falls between 0.7 and 0.77 A
for cellulose II and 0.51-0.57 A for cellulose 111,

Given the limited resolution and uncertainty of the
carbon and oxygen atomic positions, and given the
fact that neutrons themselves do not distinguish the
chemical bonds, it is difficult to conclude between the
two competing models based on the current ex-
perimental data only. Indeed, close inspection of the
structural models of B-D-cellotetraose hemihydrate
based on single crystal X-ray diffraction studies that
were independently published by two groups almost
simultaneously, we find discrepancy corresponding to

pattern A E < ?‘g%/
| < o
pattern B R < 15%



Cellulose (2015) 22:1485-1493 1491
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the difference between pattern A and B. Gessler and
coworkers could locate 12 of the hydroxyl hydrogen
atoms directly on the Fourier map (Gessler et al.
1995), the orientations of HO2 and HO6 are similar to
our pattern B. On the other hand, Raymond and his co-
workers placed the hydrogen atoms at the position of
maximum electron density on a circle of standard bond
angle and bond length (Raymond et al. 1995),

resulting in the orientation of HO2 and HO6 similar
to the pattern A here.

The simulated neutron fiber diffraction data of the
DFT-optimized structure of cellulose II with pattern A
and pattern B is shown in Fig. 6 together with the
experimental data. In the simulated diffraction pat-
terns, remarkable differences can be found close to the
meridian where the relative intensities of 004 and 0 0

@ Springer
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6 were really strong in pattern A compared to pattern
B, both in the hydrogenated and the deuterated
version. In the experimental data 0 0 4 and 0 0 6 are
stronger than other layer line spots which supports
pattern A, contrary to the energetic considerations
based on force fields or DFT optimization. The
cellulose II samples used to record fiber diffraction
have limited crystallite size and crystallinity as is
obvious from the line broadening and the limited
resolution of the diffraction pattern. The structure is
thus probably not attaining the organization of lowest
energy due to the kinetics of regeneration process. The
strong meridian in the experimental data can also arise
from domains with poor lateral order but with a rather
strict P2, symmetry within each individual chain as
indicated by the absence of odd-order meridian
reflections. A quarter stagger between two adjacent
chains would also give relatively strong 0 0 4.

The statistical test on neutron data had not ruled out
the co-existence or existence of the pattern B, and our
DFT result suggests that it is highly probable that
pattern B at least should co-exist in the structure.

The simulated diffraction pattern A and B of
cellulose III; were similar. However, some differences
can be visually pointed as in the circled region of
Fig. 7. In the neutron fiber diffraction data, due to the
relatively low signal-to-noise ratio, imperfect absorp-
tion corrections and the change of sample volumes in
the beam, it is difficult to evaluate with precision the
relative intensities of distant spots. However, if the
intensity ratio of neighboring spots were inversed as
indicated in the circle, a good counting statistics would
discriminate the two situations. For example, in the
hydrogenated version of cellulose IIIj, different peak
appear in the circle between pattern A and pattern B.
Visual inspection of the experimental data suggests
that the pattern B is more likely.

Conclusion

A new plausible hydrogen bonding structure that was
earlier omitted during the refinement process of
cellulose II and III; is here suggested from MD
simulations using various force fields. The density
functional theory with dispersion correction further
supported this optional model. The preference for the
alternative hydrogen-bonding scheme was found to be
due to the local geometry dictated by second

@ Springer

neighboring atoms. The simulated neutron fiber
diffraction pattern of cellulose III; supported the new
structure while that of cellulose II showed discrepan-
cies with the reported experimental diffraction pattern.
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