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Swelling behaviors of cellulosg land Il crystals have been studied using molecular dynamics simulations of
the solvated finite-crystal models. The typical crystal models consisted ef #8-mer chains. For the cellulose

I, crystal, models consisting of different numbers of chains and chain lengths were also studied. The structural
features of the swollen crystal models, including the cellulgseyistal model reported previously, were compared.

A distinct right-handed twist was observed for models of the native cellulose crystals (cellukmseé k), with

a greater amount of twisting observed for thectystal model. Although the amount of twist decreased with
increasing dimensions of the cellulogectystal model, the relative changes in twist angle suggest that considerable
twist would arise in a crystal model of the actual dimensions. In contrast to the swelling behavior of crystal
models of the native cellulose, the cellulosg diystal model exhibited local, gradual disordering at the corner

of the reducing end. Comparison of the lattice energies indicated that the cellulose chains;afryis¢al were

packed in the most stable fashion, whereas those ofitlaad Il crystals were in a metastable state, which is
consistent with the crystallization behaviors observed. Upon heating of the native cellulose crystal models, the
chain sheets of thg Imodel showed a continuous increase in twist angle, suggesting weaker intersheet interactions
in this model. The swollen crystal models of cellulogeahd Il reproduce well the representative structural
features observed in the corresponding crystal structures. The crystal model twist thus characterizes the swelling
behavior of the native cellulose crystal models, which seems to be related to the insolubility of the crystals.

Introduction (previously regarded as cellulose 1) and cellulos¢divere
) _ ) ) carried out using a combination of conventional X-ray diffrac-
Cellulose is a linear polysaccharide §#(1 — 4)-linked tion and stereochemical model refinement techniques to reveal

p-glucan units and is the most abundant bioresource on Earth.the atomic positions. While these crystal structure analyses
Cellulose is biosynthesized in a highly crystalline form, consist- g ,ccessfully proposed the fundamental structural features, such
ing of crystalline microfibrils. Early X-ray diffraction studies  4q chain-packing arrangements and the orientation of hydroxym-
suggested that cellulose chains conform to a typical 2-fold ethyl groups, the positions of the hydroxyl hydrogen atoms
helical structure in the cr'ystalline stdtdhe natiye cellulose required the definition of a precise hydrogen-bonding scheme
crystal was originally defined as a pure crystalline phase and (incjyding the donoracceptor direction) that remained unclear
designated the now redundant name, cellulosd. cross- 6 15 weak scattering of the X-rays and limited diffraction data,
pole;rézanor.l magic-angle-spinning NMRand electron diffrac-  ising from the physical properties of the hydrogen atoms and
tior> studies revealed that the native fc_)rm _conS|sted of wo the polycrystalline nature of the fiber samples, respectively.
aIIomor_phs,_(L anql b Whe_rea_s _th_e chams in the bhase Recently, a series of landmark studies on cellulose crystal
crystallize with a single-chain triclinic unit cell &1 symmetry, structures have been reported, in which highly oriented samples

Lhn?tkg?ggtasl Crgrrggflr?:?ral\éolincdregtearll?Srlltn((:)':/\%ntso 'E: mgqg;ls'?'c of the pure crystalline phase were subjected to synchrotron X-ray
1Sy ' y diffraction measurement, producing approximately £800

stha;;((: ?sfirtr?el tv‘éo arlllgg:i?g gfét?ggl I fk?en z%gtorr];lerr;esirt:t) ft?vil reflection spotd3-18 Neutron diffraction data were also collected
P Py by ’ y P for deuterated samples to reveal reliable hydrogen atom posi-

feature of the native cellulose crystals is that the chains are o .

; : o= L tions. These results indicated that for the two native crystals,
aligned along the fiber axis with the same direction, or parallel cellulose 413 and ;2. the chains were interconnected by-8-
polarity. Since the parallel-chain structures correspond to a ~-O-tvoe hvdro ebn bonds to form flat chain sheets w?;h weak
typical metastable form, the diverse crystalline allomorphs, C—HYBO hyd 9 bonds between th As had b ted
including a series of cellulose Il crystals of an antiparallel-chain by th yltrogfetrrl‘ onds be elent emd_ffs ‘? eetznds_uggese
structure, have been derived from native cellulose crystals via K ne res; S ot et preV|o?ihe etc ron ,: rac IC:In IS udiess tal
appropriate chemical and physical treatments. Celluloséslll g_f?m-za_c 'Eg S lrug ur(ej_s OI € wo r]la I';'e ce :,IOSG hcrysha_s
also derived from cellulose | samples by treatment with liquid d/ffered in the relative displacement of sheets along the chain

axis. As a result, it was considered that the two crystal structures

ammonia or a number of suitable amirfésCellulose I} is hared \ identical N B b |
essentially a single-chain structure and therefore parallel-chainShared a nearly identical appearance in ase-plane

by default, based on the monoclinic unit cell aR@, space projection. However, in the cellulose |lktructure, itsab

group? Earlier molecular and crystal studies of cellulog@tt ~ Projections revealed that the pyranose planes were slightly
staggered in relation to each other about the helix axis, which
* Author to whom correspondence should be addressed. PhoBa: resulted in corrugated chain sheet formation along both the

985-58-7319. Fax+81-985-58-7323. E-mail: tyui@cc.miyazaki-u.ac.jp. [0,1,0] and [1;-1,0] crystal planes, both involving interchain
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Figure 1. Torsion-angle parameters of cellulose. The torsion angles
are defined by ® = O5—-C1-04—C4, ¥ = C1-04—C4-C5, and Q
= 05—-C5—-C6—-06.

hydrogen bond& It should be noted that the cellulose Il
structuré>1%exhibited a similaab projection to that of cellulose
11,,18 although the former displayed one chain oriented in the ®)
opposite direction to the other. Another distinguishing difference
between the native cellulose crystals and cellulosedhcerns
the orientation of the hydroxymethyl groups; while the native
forms involve a rare tg conformatidi;}4 the cellulose IIj*8
and 11516 crystals, together with the related cellotetraose
crystals!®20 all adopt a gt conformation.

Crystal modeling studies based on theoretical calculations
proved useful in examining various carbohydrate crystals.
French and co-workers modeled cellulogeaind cellulose 112
crystals using a combination of MM3 force field calculations Figure 2. Projections of the ab base plane of the cellulose (a) lq
for construction of their small finite model crystals, designated and Is and (b) lll; crystal models. The crystal planes making up the
as miniature crystals, or “minicrystals” for short. We adopted base-plane edges are labeled with the Miller indices. The complex
the minicrystal modeling method to supplement the polysac- '2b€ling in part a is presented as [index of lo}/[index of Iy].
charide crystal structures previously determined using the X-ray
fiber diffraction method3-2> Recently, Matthews et &f.and
our own group’ independently reported crystal modeling studies
on finite but fairly large cellulose crystal models, in which the b
solvated celluloseslsystems were examined using molecular < I

.

dynamics (MD) calculations. The most remarkable result

observed in these calculations was an overall deformation of

the solvated crystal models; these models were quickly and

significantly twisted into the right-handed form as soon as the

MD calculations were implemented, and these twisted structures

persisted during the rest of the simulation time. Since the overall

twist was able to decompose into a twisted shape for individual

chain sheets, the chain sheets of cellulgserystal models

appeared to involve a particular internal stress. These calcula-

tions seemed to reproduce the morphology of real microfibrils

showing similar right-handed twist§2°prompting an evaluation

of the mechanical state of the crystals of interest. The present base

paper reports on results obtained from similar MD calculations _. i ) . o

for solvated crystal models of cellulosednd Ill,. Some of the Figure 3. Relatl_ve chain _staggermg positions of a c_rystal model of
) cellulose I,. Chain sheets in green advance to those in red along the

previous results on the cellulosg ¢rystal model’ are also c-axis by a half-helical pitch. Additional translational operations along

presented to compare swelling behaviors among the threethe c-axis are also shown.

parallel-chain crystals.

+c +2¢ +3¢

the origin and center chaii$,the cellulose lll crystal model was
Computational Methods generated using a single chain. Such a process of safyttanslations
of an independent chain was not applicable to modeling of the cellulose
Crystal Model Building. Figure 1 shows the torsion-angle param- |, crystal because the resulting crystal model had wedge-shaped termini,
eters of primary interest in defining the cellulose conformation. The reflecting the triclinic symmetry of the unit cell. The wedge-shaped
torsion angleQ2, defines the orientation of the hydroxymethyl group  termini, which are more exposed to solvent than the monoclinic- or
of which representative conformers are designated as gg, gt, or tg with orthorhombic-symmetry-based termini, emphasize the terminal effect
typical Q angles of—60°, 60°, or 1807, respectively. in a finite-crystal model. Thus, additional operations were introduced
Figure 2 depicts thab base-plane projections of the representative for construction of the cellulose, Imodel (Figure 3). Two types of
finite-crystal models examined in the present study. Here, 48 cellulose cellulose chains were defined, which are crystallographically identical
chains are aligned according to the published atomic coordinates andbut differ in thec-axis by a half-helical pitch stagger. Each chain sheet
lattice parameters of each corresponding crystalline féih'® The consisted of either of the two chain types, and pairs of these sheets
shapes of the base plane have been designed such that the hydrophilierere placed alternately along the [1,1,0] direction. An additional
faces are mostly exposed to the surrounding solvent environment, with operation of one unit translation along the fiber axis was performed
the chain sheets running diagonally along the base plane. Constituentfor every other pair of sheets. These operations afforded crystal models
chains were primarily generated by combined translations of an with the corresponding base planes at nearly right angles to the fiber
independent chain from the origin along theand/orb-axes. While axis. The crystal models were then placed in a rectangular periodic
the cellulose J crystal model required two independent chains, i.e., box filled with TIP3P water modef®.The buffer size between the edg&%\/



MD Simulations of Crystals Models of Cellulose

Table 1. Dimensions and Number of Molecules in the Crystal
Model Systems

base-plane dimensions? no. of molecules

label no. of chains [lattice planes] DP residue water
cellulose Iq
Al-20 4[1,0,0] x 1[1,1,0] x 6[0,1,0] 20 480 34448
A2-20 6[1,0,0] x 1[1,1,0] x 4[0,1,0] 20 480 33781
B1-20 6[1,0,0] x 1[1,1,0] x 8[0,1,0] 20 960 43748
B2-20 8[1,0,0] x 1[1,1,0] x 6[0,1,0] 20 960 43658
C-10 6[1,0,0] x 1[1,1,0] x 6[0,1,0] 10 360 16195
C-20 6[1,0,0] x 1[1,1,0] x 6[0,1,0] 20 720 39199
C-30 6[1,0,0] x 1[1,1,0] x 6[0,1,0] 30 1080 77 545
cellulose Iz 6[1,—1,0] x 1[1,0,0] x 8[1,1,0] 20 960 24196
(D)27
cellulose IIl; 6[1,0,0] x 8[0,1,0] 20 960 13476

2The sides in the crystal model are given. The sides listed are the
minimum set required to describe the base-plane dimensions of each
crystal.

of the crystal model and the periodic box was set to 12 A. Table 1

describes the components of the crystal models examined in the present

study, including the dimensions and the number of molecules and the
labels assigned to the models. Among the cellulgsaystal models,
A1-20, A2-20, B1-20, andB2-20 involve a rectangular chain arrange-
ment on the base plane. Td-20 and A2-20 models exchange the
crystal phases assigned to the model sides with each other, as do th
B1-20 andB2-20 models. A series o€ models shares a square<66
chain arrangement, each differing in chain length. As shown in Figure
2, theB2 model possesses similar projection of the base plane to that
of the cellulose crystal model that was designat®dn our previous
report?” The cellulose Il model also consists of 48 20-mer chains

and is similar to the cellulosg [B-type) and } models with respect to
crystal model dimensions.

The deformation or twisting of crystal models during dynamics
simulations are evaluated by the degree of deviation from the planarity
of the central chain sheet passing diagonally toward the base plane
As shown in Figure 4, the virtual bonds connecting the gravity centers
of the residues define the torsion ang®, representing the twisting
angle of the chain sheet along the fiber axis. Obviously, a proportion
of ® depends on the residue position along the fiber axis; the largest
© value would be expected at either the terminal effdls;{ or © ),
where the angles decrease to nearlyod approaching the middle
position, or®.; if an overall uniform twist occurs. When a chain sheet
twists in the clockwise direction to give a right-handed twist, @e
value is defined as being positive.

MD Simulations. Similar procedures to those described in our
previous repoff were adopted to perform the minimization and
dynamics calculations for the crystal models. Briefly, the water
configurations were first optimized by constraining the atomic positions
of the crystal models with a force of 500 kcal/(mobAfollowed by
full optimization of the whole system. Constant volume dynamics was
carried out for 100 ps while gradually increasing the temperature from
20 to 300 K. This was immediately followed by the 500 ps NTP
dynamics with 1 bar and 300 K for equilibration. Throughout the initial
600 ps dynamics, the motions of the crystal models were fixed by
imposing positional constraints on the heavy atoms with a constrained
force of 10 kcal/(mol &). The production runs for NTP dynamics were
then implemented for 1 ns without any constrait fs time step for
integration was combined with the SHAKE optfrio constrain the
motions of hydrogen atoms, while the particle mesh Ewald méthod

was adopted for long-range, nonbonded interactions. Dynamics at a

controlled heating rate were also performed for Biecrystal model,
for which the procedure for the previous cellulogemodel study”
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Figure 4. Scheme highlighting the twisting angle (®) in the central

ghain sheet. The ®© angle is defined by the torsion angle consisting

of the virtual bonds connecting the centers of gravity of the residues
(G), as follows: ©410 = G(a;+10) — G(b,c;+10) — G(b,c;—10) —
G(d;—10), ©+9 = G(a+9) — G(b,c;t+9) — G(b,c;—9) — G(d,—9),
...0-10 = G(a,—10) — G(b,c;—10) — G(b,c;+10) — G(d,+10).

The crystal lattice energy\Eiuice, In the gas phase was calculated
based on the optimized geometries and the MD trajectories using the
following definition

AEIattice: Etotal - (Einner+ Eoutel) (1)

whereEwta), Einner, aNdEquter represent the AMBER steric energies of

the whole crystal model, the central chain, and the remaining chains,
respectively. A combination of the generalized Born appréfe€land

the surface aré&option was adopted to introduce a solvent effect with
a default surface tension of 0.005 kcal/(md) Agiving the free energy
AGiuatice In the solution state

AGlattice = AElattice — TAS+ AGGB/SA,totaI_
(AGGB/SA,inner+ AC"'GB/SA,oute) (2)

whereT is the temperaturehSis the entropy change upon formation
of the whole model, and\Ggg/sa is the solvation free energy for each
component. Assuming a constah§ contribution for all time steps,
we evaluateAGl, .. = AGiatice T TAStO assess the lattice free energy
of a crystal model in the solution state.

The present MD calculations were performed with the SANDER
module of the AMBER 8 packaggusing the GLYCAM 04 carbohy-
drate paramete$3° VMD 1.8.3 softwaré® was used for molecular
visualization and animation of the trajectory data.

Results and Discussion

Crystal Model Twist and Thermodynamics FeaturesAs
the constraints were released in the MD run, the cellulgse |
crystal models immediately developed an overall twist within

was again adopted. The heating run started at the 600 ps trajectory ofthe initial 20 ps, and these twisted structures persisted throughout
the preceding constant-temperature run and was continued for a furthetthe rest of the simulation time. This was similar behavior to

500 ps. The heating rate was adjusted to 0.25 K/ps, resulting in a final
temperature of 425 K.

that observed for the cellulosg model studies®?” Figure 5
compares the root-mean-square deviations (rmsd’s) for at&rBi\c/
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Figure 7. Variations in sheet twist angle, ©, of the central chain sheet

with respect to the chain position for cellulose I, crystal models (O)
C-10, (O) C-20, and (a) C-30.

(I A
UU 200 400 600 800 1000

time / ps 6 compare® plots for cellulose( crystal models with various
Figure 5. Root-mean-square deviation trajectories of the atomic base-plane sizes, along with the previous results for the cellulose
coordinates calculated for the crystal models. Iz model?” The © curves increase more steeply for models

consisting of fewer chains, suggesting that lateral expansion of

coordinates calculated from the trajectories of the cellulgse | the base-plane dimensions, namely, extension of the central
and lll; crystal models. While most of the crystal models chain sheet, suppressed twist in the crystal model. This tendency
appeared to reach equilibrium values withid00—300 ps, the was also observed for the twisting behavior of cellulgsarystal
trajectories of theC-10 modet—the smallest crystal model models of various size%. The terminal® value at the+10
and the cellulose lJimodel continued to increase gradually. position of the 36-chai-20 model was 31.3 which is closer
As had been already observed in the previous cellulgse | to those for the 48-chaiB-type models (26.4for B1-20 and
calculationg? crystal models with a larger base plane gave 22.9 for B2-20) than those for the 24-chaiA-type models
smaller rmsd values at equilibrium. Tha-type models, (44.7 for A1-20 and 47.2 for A2-20). This implies that a
therefore, exhibited larger rmsd values than those oBtitgpe comparable amount of twist would occur even in a larger crystal
models. When comparing models with the same base-planemodel. However, the similarity d® variations between the two
dimensions, i.e.A1-20 and A2-20, or B1-20 and B2-20, the A-type models indicates that the length of the central chain sheet
rmsd trajectories were similar to each other. When comparing is a primary factor that determines tBevalue. The same results
the trajectories of th€-type models, those consisting of longer were also observed for the twisting behavior of the Bvtype
chains resulted in larger rmsd values along with larger variations. models. Comparison o® curves for theB1-20 model of
While the average rmsd value for the cellulogarlodel was cellulose ), and the cellulosesimodel, both of which essentially
reported to be approximately 1.6%Aits cellulose }, counterpart, shared the same base-plane structure, show&klat the B1-
theB1-20 model, showed increasing deformation with swelling, 20 model increases more steeply than that for the cellulgse |
giving an average rmsd of approximately 2 A. crystal model, resulting in a smaller terminal anglemf;o =

Figures 6 and 7 show variations in the sheet twisting angle, 19.5 for the latter. As discussed in our previous regéthese
O, calculated from the final 500 ps trajectories with respect to twisting motions of the chain sheets occurred spontaneously,
the residue positions. All of th® values are averages of those as if the crystal models were located in relatively shallow
observed between the positive and negative residue positionsenergy-minimum wells. In comparison with the twisting angles
It should be noted that positive positions tended to give larger for the cellulose J model, the § model may involve either
O values than negative positions and that the differences becamegreater internal stress or weaker intersheet interactions between
more obvious for chain sheets with smaller degrees of polym- the chain sheets. The latter seems to be more likely, considering
erization (DP) and as the positions reached the termini. Figurethe similarity of the chain sheet structure of the two nat&/BV
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crystals. In fact, on the basis of inspection of the hydrogen bond Table 2. GB/SA Lattice Energies (kcal/mol per residue) of the
geometries, Nishiyama et al. pointed out that more enhancedMinimized (?rystql Models and Average Energies Calculated from
C—H-+O interactions existed between the neighboring sheets & MD Trajectories

of cellulose } compared to cellulose, 3 crystal and chain types minimized structure  MD trajectory?
Figure 7 describes chain-length dependence of crystal model I« (B1-20) -31.3 —27.3+£2.00
twist observed for th€-type models. Elongation of cellulose  15° origin —35.1 —29.8+22
chains suppressed the amount of twist. Only @eurve for center —34.3 —29.7+23
the C-10 model displays damping behavior at the terminal !l —31.3 —276+21

values, WhICh Was.reflected by extra disorder .Or nonuniform 2 Average values from the final 500 ps trajectories. ? Root-mean-square

deformation occurring at the edges of the chain sheets. AS adeviation value. ¢ These values were derived from the trajectories of the

rough approximation, an increment®fper 2-fold helical pitch previous calculations.?’

was estimated to be 2.99itch based on th®. 5 value for

the C-30 model of 44.9. (Note that advancement by one chain

position in the plots implies moving along the chain in both I_
20

e 440

the positive and negative directions, i.e., one helical pitch. See 40

Figure 4.) Similar estimations gave 3°If@tch for the C-20
model and 4.13pitch for theC-10 model, where the latter value
refers to the® 4 value of 16.8 instead of thed_s value. These
O plots suggest that the slope is likely to converge to a certain -
value for a crystal model with infinite fiber length. Needless to
say, the present models were based on a very limited length
from the viewpoint of a real microfibril, since it is clearly -
unrealistic to handle a model with an actual fiber length using L
currently available computer resources. Although a periodic box
system with respect to the fiber axis can define an infinite
microcrystal model, it is still unrealistic to construct a periodic i
box with the side lengths of approximatelyuin to allow the f lomperatre 200
crystal model twist. Therefore, it is encouraging that the results 0 100 200 300 400 500
in Figure 7 seem to confirm the suitability of the present strategy time / ps
based on crystal models of finite length. Figure 8. Terminal © trajectories at the +10 and —10 positions
In contrast to the swelling behaviors of the native cellulose °Pbtained from heating dynamics for the cellulose I, (81-20) and I
crystal models, no distinct overall deformation was observed giﬂilshrzcafgzwgygs were calculated from the heating trajectories
in the cellulose Il crystal model in the swollen state. This was

not une>_(pected in light of the relatively isotropic nature of the may reside within a slightly more stable environment in the
interchain hydrogen bond network. The crystal model developed cg|yjose J crystal than the center chain. In addition, the lattice
local disorder such_that the [1,0,0] s!de was peeled oﬁ_ from a energies calculated for the cellulose Hind | crystal models
corner of the reducing end. Meanwhile, the central chain sheet,yere very similar. Although the average energies derived from
maintained its original flat shape, except at the disordered corner.the MD trajectories of the three crystal models increased with
Visual inspection of the MD trajectory animation revealed that yegpect to those for the minimized structures, the same order of
this disordered region developed very slowly as the simulation i crease as for the minimized energies was observed. Such var-
proceeded. A much longer simulation, therefore, would finally ‘jations in the lattice energy appear to be in reasonable agreement
result in a crystal model in a noncrystalline state. This should \ith the crystallizing relationship of the corresponding cellulose
be a fairly reasonable event because, as evident from Figure 2q|omorphs; irreversible transformation from theté I; form
the chains making up the [1,0,0] lattice plane were more exposedcqy|d be explained by an exothermic process, as indicated by
to surrounding water molecules than chains making up the |owering of the lattice energy. Previous modeling studies also
[0,1,0] plane and than any plane of the native cellulose crystal support the present resu¥s?2In addition, an a priori prediction
models. Matthews et al. studied a cellulogectystal model ot the native cellulose crystals proposed two candidate struc-
that involved the [1,0,0] and [2,0,0] lattice planes as a primary tres, i.e., one-chain triclinic and two-chain monoclinic crystals,
surface, designated the rectangular ma@élélthough the chains  \yith the former proposed as being less stdbli.is known
on these planes were even more exposed to solvent than thgnat the | form is reversibly transformed to cellulose lirough
present cellulose lichains on the [1,0,0] plane, the rectangular 5 noncrystalline state. Wada et al. suggested that the cellulose
model developed a twisted structure similar to those of the other ||| crystal is metastable based on comparison of the calculated
native cellulose crystal models. This again emphasizes thecyystal densities (1.57 for cellulose |IL.61 for cellulose J,
distinct intermolecular interactions involved in forming the chain  gnd 1.63 for celluloses) and inspection of their detailed chain-
sheets in native cellulose crystals, which may be enhanced inpacking feature& Although the crystal density indicated a less
an aqueous evironenment. effective packing of chains for the cellulose, Itirystal, more
Table 2 lists the GB/SA lattice energieAG .. for the extensive interchain hydrogen bonds should contribute to three-
minimized crystal models and those calculated from the final dimensional stabilization of the crystal, resulting in a comparable
500 ps MD trajectories. The cellulosg trystal model was lattice energy to that of cellulosg.!
represented by thB1-20 model, which corresponds to the 48 Thermodynamics features of the two native cellulose crystals
x 20-mer chain system and is similar to the two other crystal were also examined by heating the crystal models. Figure 8
models. Assuming that the steric energy of the chain is relatively compares variations of the termir@lvalues for the two native
constant, the cellulosg trystal is expected to exist in a more cellulose crystal models upon heating. T®evalues for the
stable state than the celluloggctystal, whereas the origin chain  cellulose  model were derived from the previous MD calcugbv
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(a8 Table 3. Average Length and Occupation Time for Hydrogen
Bonds in the Core Unit of the Crystal Models?
167(16) | 41(46) | 60(13) |159(11) | 167(14) | 60(11) | 59(14) | 55(12) bond type? _ observedi3® calculated®
165(13) | 164(13) | 166(17) | 164(15) | 165(13) | 164(13) | 170228) | 174(48) atom atom  length (&) length (rmsd) (&) occupation time (%)
22(50) | 165(13) | 163(13) | 164(12) | 164(9) | 164(12) | 164(13) | 168(23)
cellulose I, (B1-20) model
46(25) |163(11) | 164(12) | 164(14) | 164(10) | 163(9) | 164(13) | 56(12) Intrachain Bonds
78(11) | 163(9) | 163(16) | 162(13) | 163(15) | 164(10) | 164(19) | 57(12) 06 H—-02 2.480 2.863 (0.15) 100.00
06 H—-02 2.465 2.773 (0.11) 100.00
-33(47) | 56(13) | 169(18) [ 165(11) | -47(8) | 58(22) |[171(13) | -87(53) 06 H—02 2.480 2.858 (0.15) 99.40
b 0O3—-H 05 2.918 2.783 (0.10) 99.20
0O3—H 05 2.868 2.759 (0.10) 100.0
56(10) | 528) | 50(9) | 521) | 518 | 5009 | 519 | 42010) 03—-H 05 2.918 2.786 (0.10) 99.60
Interchain Bonds along the [1,1,0] Plane
55(10; 50(8, 50(8 50(9 49(8; 51(9 49(8 9
a9 ® ® & © @ ® “o 03 H—-06 2.821 2.812 (0.11) 99.60
55(10) | 50(9) | 50(8) | 50(8) | 50(9) | 50(8) | 48(9) | 45(9) 0O6—H 03 2.770 2.817 (0.11) 98.40
03 H—06 2.821 2.807 (0.11) 99.60
S69) | S0® | S0®) | 500) | 499) | S0®) | 508) | 4410) 06-H 03 2.770 2.824 (0.11) 98.40
p | 5500 | 509 | 509) | 509 | 50®) | 49®) | 49®) | 44O 02 H-06 3.606 3.308 (0.15) 33.00
32(46) | 1962) | 55(12) | -12(53) | -25(a7) | 23(52) | 53(11) | 55(16) 06—H 02 3.641 3.288 (0.14) 53.80
02 H—06 3.606 3.320 (0.15) 32.20
a 0O6—H 02 3.641 3.288 (0.14) 58.20
Figure 9. Average Q (rmsd) values for the base-plane residues of cellulose Ill; model
the +1 positiqn Iayer of cellulose (a) I, (B1-20) and (b) !II| models. Intrachain Bonds
The values (given in degrees) were calculated from the final 500 ps 03—-H 05 2.866 2.911 (0.12) 99.00
trajectories for the respective crystal models. 05 H—03 2.866 2.909 (0.12) 99.00
0O3—-H 05 2.866 2.914 (0.12) 97.60
tions?’ Crystal twist gradually developed in the cellulose |  03-H 06 3.021 3.288(0.13) 65.20
model B1-20) as the temperature increased from 300 to 400 96 H-03 3.021 3.297 (0.12) 59.60
. 0O3—H 06 3.021 3.295 (0.13) 61.00
K. The © values for cellulose 4l showed fluctuations of _
considerable amplitude around constant values. This difference Hop '”tgrggg'” along ;hggg'(sll'gg Plane 100.00
in® yariqtion may be interpreted as the difference in the relati.ve 02—-H 06 2,619 2.715 (0.10) 100.00
contributions of intersheet interactions between the two native 06 H-02 2.619 2.706 (0.10) 100.00
crystals. The intersheet interactions involved in the cellulgse | ©2-H 06 2.619 2.710(0.10) 100.00
crystal, which are initially weaker, are more quickly dissipated Interchain along the [0,1,0] Plane
as a result of increases in thermal motion of the sheets, allowing 35H 22 . 2892 o Egﬁg ey
intrasheet stress to predominate at elevated temperatures. Thigg_y o2 2 642 2.756 (0.12) 09.80
is not the case for cellulosg krystals, in which intersheet 02 H—06 2.642 2.755 (0.12) 99.60

interactions continue to make a significant contribution through- — Hydrogen bonds with Significant occupation fimes (= 10%) are isted
out the heating. It should be noted that the force field parameters, aioms are listed in order of position (+2, +1, —1, and ~2) of the residues
have generally been developed to reproduce molecular behavioko which the atoms belong. For the atom pairs of interchain bonds, the
at room temperature and that the AMBER force field functions, atoms of the center chain are given in the left-hand column. ¢ Values are
similar to other molecular mechanics functions, involve no 2verages for the final 500 ps trajectories.
temperature term. The results presented for the intermolecularcrystal plane. Variations i for the cellulose crystal model
interactions from heating dynamics are thus of a more qualitative displayed slightly larger rmsd values than those for the cellulose
nature. [Il} model, which is possibly correlated to twisting motions
Structural Features of the Swollen Crystal ModelsThe occurring in the former. These rotational patterns of the
present section compares structural features between the celhydroxymethyl groups occurred in the remaining base-plane
lulose L (B1-20) and Il models in the swollen state as layers. Similarly, the hydroxyl groups located inside the models
represented by the average parameters calculated from the finalvere mostly oriented into crystal conformations. As a conse-
500 ps trajectories. Figure 9 depicts the average and rmsd valuegjuence of retaining these crystal conformations, the substitutent
for the hydroxymethyl conformation€?, of the 48 residues  groups participated in the original hydrogen bond networks.
making up the base plane at tRel position. None of the Table 3 well describes the reproduction of the hydrogen bond
hydroxymethy! orientations deviated significantly from the geometries inthe swollen state. Here, we have defined “the core
original staggered positions of t§2(~ 18C) for cellulose |}, unit” of the crystal models as a representative part of the crystal
and gt Q ~ 60°) for cellulose Il}, except those present on the structure, which involves tetrasaccharide units, consisting of the
surface of the model. The tg conformations, featuring the native +2 to —2 position residues, within either the ¢ ¢hodel) or b
cellulose crystal structures, also prevailed in the swollen crystal (Ill; model) chain belonging to the central chain sheet (Figure
models of cellulosesl?” In the cellulose d model, some of the  4). The core unit comprised a few neighboring chains if
surface hydroxymethyl groups were rotated into approximate necessary. For both crystal models, all of the important hydrogen
gt conformations, and the fiv& values involved additional bonds, with original length ranging from 2.5 to 2.9 A, were
conformational transitions, as indicated by the relatively large reproduced as a stable interaction with nearly 100% occupation
rmsd values. Since the gt conformation is most favored for time. Weak hydrogen bonds of3.0 A in length were also
glucopyranose residués;*> the cellulose lll crystal model detected with an occupation time of-360%. Nishiyama et al.
apparently exhibited crystal conformations for most of the proposed the second type of hydrogen bond pattern based on
surface residues as well as the interior residues. Conformationthe minor deuterium positions 6D and O6-D in their
changes took place at the five residues located on the [0,1,0]cellulose }, crystal structuré® Our present MD calculation%DV
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however, only predicted the major schemes. In other words,

crystal twist may have been driven by further stabilizing the
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effect should be taken into account in discussions. From the
plots shown in Figure 7, th® value per 2-fold helical pitch

major hydrogen-bonding scheme. It should be noted that the was estimated to be 2.Ggitch for theB1-20 model and 1.97
lengths predicted for all bonds, including those having nearly pitch for the cellulose g model. Elongation of these models

100% occupation time, in the cellulose, lthodel were longer

using the®/pitch values and the helical pitch length of cellulose

than those observed. When the unit cell parameters of the corechains generates microfibrils with complete twist that are 142
unit region were averaged using the final 500 ps trajectories, it nm long for the | (B1-20) model and 190 nm long for the |

was found that ther angle decreased to 9fom the observed
value of 105.1,'® accompanied by slight shortening along the
b-axis from 7.85 to 7.4 A. This probably resulted from chain

model. The complete twist length required for eype model
is estimated to be approximately 125 nm based®or 2.99/
pitch. Since the twisting pitch observed for real cellulose

sheet sliding along the [1,1,0] crystal plane, accompanied by microfibrils was reported to be 600 nm togIn for bacterial

very slight stretching of the hydrogen bonds. However, the
average unit cell parameters of the cellulogeystal model

cellulosé® and 700 nm for algal cellulosé the present values
of the crystal twist angles are clearly overestimated. Considering

are fairly consistent with the values observed, indicating that the size dependence of the twist angle, therefore, additional
the local chain arrangement was not significantly affected by expansion of the base-plane size for the crystal models and an

crystal twist in the model. When inspecting the glycosidic
linkage conformations®—W, in the core unit, the largest
deviation was detected fa&P angles of the cellulose lichain,
which slightly rotated to betweer101° and—102 from the
observed value 0f-92°.18 The remainingd—W¥ angles only
deviated by 2-5° from those of the crystal structures and the
rmsd values were approximately fr all the angles. Clearly,
the original 2-fold helical structures were conserved in the
twisted models.

Conclusions

increase in chain length may improve the twisting pitch to values
comparable to those observed. In fact, algal microfibrils giving
a twisted shape exhibited base-plane dimensionso86 nm?28

In addition to the size factor discussed above, it seems
worthwhile discussing other possible interpretations for the
excessive twist of the crystal models. It should be noted that
the variations ir® shown in Figures 6 and 7 appear to behave
nonlinearly; for most of the plots, the slope increases on
approaching the terminal positions. The present estimation of
®/pitch based on the termin@ values may not have provided
an appropriate approximation. A theoretical treatment based on
an appropriate mechanical model would allow us to reasonably
extrapolate®/pitch to an infinite model. As a tentative evalu-

The present study assessed the swelling behaviors of crystabﬁon’ however@/pitch using the®.1 — ©.s values for the

models of cellulose,and Ill; allomorphs and compared these
with results obtained from a similar crystal model study of
cellulose }, in particular in terms of the crystal model twist
and lattice energy. Both of the native cellulose crystalsnd

C-30 plot only results in a trivial improvement, giving 2.25
pitch. Another very undesirable possible cause of the excessive
twist could be force field inaccuracies. Although the GLYCAM
parameters adopted in the present study have been carefully

|5, are characterized by the presence of considerable stress withiye\eloped and tested against experimental data, application to
the chain sheets, as inferred from spontaneous crystal twist. The; ~ondensed crystalline phase may be outside the scope of this

well-known metastable character of the cellulogetystal is

described by a larger amount of twist and lower lattice energy.

The former feature is likely to arise from weaker intersheet
interactions, which were supported by results for heating MD
calculations. Whereas the lattice energy of the cellulose IlI
crystal model was similar to that of the cellulogeriodel, their

swelling behaviors were essentially different. In the swollen
state, instead of showing distinct crystal twist, the cellulose IlI

model displayed a slight rearrangement of the chain packing,

so they angle decreased by approximately’,18ccompanied

approach. In this respect, it should be pointed out that Matthews
et al. proposed values of 2:8.2° corresponding to the present
©/pitch for a cellulose crystal model with dimensions of 36

x 14-mer?® Their MD calculations were carried out using the
CHARMM force field, and the resulting crystal model twist
was in fairly good agreement with our predictions. This
consistency among different force fields confirms the present
results. Finally, it is known that cellulose microfibrils consist
of both |, and | phases in variable proportions, depending on
the source. Such microfibrils with composite phases should

by appreciable stretching of interchain hydrogen bonds. In gypinit different mechanical properties from our present models
contrast to this isotropic deformation, the crystal twist observed s pure crystalline phases, such as suppression of the twist angle.

in the native cellulose crystal models may reflect their develop-

ment of resistance to dissolution.

Although the present study examined several types of

cellulose }, crystal models differing in base-plane dimensions,

This is a very interesting topic, ang/ls crystal modeling will
be our next challenge.
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issue. The diameter of cellulose microfibrils ranges from 2 to
20 nm, depending on the origins. Cellulose microfibrils of the
cell wall of the freshwater alg&laucocystisonsist of almost
pure L phase® for which the diameter was reported to be
approximately 10 nd¥ or no more than 20 ni# Electron
diffraction data suggested that the microfibrils comprised [1,0,0]
and [0,1,0] lattice plane¥.All of the present cellulose, Icrystal

models were constructed with the same lattice planes according

to these Glaucocystis microfibrils. As for the base-plane

dimensions, th&-type models, for example, measure 5 nm in
diameter, which is no more than half of the size of the
Glaucocystisnicrofibrils. As discussed in the preceding section,

the amount of twist depends on the base-plane size. The size
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