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Fig.1-1 The torsion-angle parameters and atom labels of primary interest to describe the
structural features of a cellulose chain. The torsion angles are defined by ¢ = O5-C1-04-C4,

y = C1-04-C4-C5, and o = O5-C5-C6-06
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Fig. 1-2 The conversion scheme among cellulose polymorphs.



Fig. 1-3 The conversion between the unit cells of native cellulose Ia and Ip allomorphs.
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Fig. 1-4 Packing arrangement of native cellulose projected along the a-axis. The typical

hydrogen-bonds are shown as a solid arrow.
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Fig. 1-5 The ab projection of the native cellulose crystal model.
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Cellulose Ip
parallel polarity -
up and down quarter —
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Cellulose I1I;
t parallel polarity

no chain staggering

Cellulose I 1.1 ‘ l

parallel polarity

one-way quarter staggering Cellulose 11

chain staggering antiparallel polarity
"""" (1/4c) . quarter staggering

Fig. 1-6 The ab projections and unit cell of the crystal structures of cellulose Io, I, II and III;.

The blue arrows show the packing of a cellulose molecule chain.
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Table 1-1 Lattice parameters of the crystal structures of cellulose polymorphs

lattice constants

Space  Chain

Allomorph 2 no.of densit?/ Ref
group packing g (nm) b(nm) c(nm) o (deg.) P (deg) v (deg.) chains (g/cm’) '
I P1 P’up”s  6.717 5962 10400 118.08 114.80 80.37 1 1.61 15
IB P2, P’up” 7.784  8.201 10.380  90.00 90.00 96.50 2 1.63 16
II P2 APP® 8.010 9.040 10.360  90.00 90.00 117.10 2 1.60 14
111 P2, P’up” 4450 7.850 10.310  90.00 90.00 105.10 1 1.54 17

aP’up” parallel up packing ( reducing end points toward ¢ direction )

b AP anti-parallel packing
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Fig. 1-8 The schematic view of each variable in the equation showing potential energy.
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Fig. 1-9 Unit cell definition using parallelepiped with lengths a, b, ¢ and angles

between the sides given by a, B, y.
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Fig. 1-10 The solvent box system of a cellulose crystal model.
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4chains X 8mer sheet

Fig. 1-11 The isolated chain sheet extracted from the cellulose crystal model.
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Fig. 1-12 The flow of the BSSE compensation by the counterpoise method.
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Table 2-1 Dimensions and number of molecules of crystal models

Label Base pl.ane No..of DP No. of
dimensions chains waters

A24-40 6 (010)x4 (1-10) 24 40 21197
B24-40 6 (010)x4 (100) 24 40 16 846
A48-40 8 (010)x6 (1-10) 48 40 41 373
B48-40 8 (010)x6 (100) 48 40 30 631
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Fig. 2-2 Trajectories of w, %2 and y angles, and intermolecular hydrogen bond geometries

observed for the core unit residues of the crystal model at 370 K.
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Fig. 2-4 Time dependence of the time occupied by cellulose-III-like O2-06 and
cellulose-I-like O3—06 intrasheet hydrogen-bond formation for the A48-40 and A24-40
(a), and B48-40 and B24-40 (b) crystal models. The occupation times of the whole crystal

models have been averaged at every 1 ns trajectory for the overall crystal model.
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Fig. 2-5 ab projections of the A48-40 and B48-40 crystal models after simulation for 50 ns.
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(1-10)

Fig. 2-6 Conversion scheme of the chain sheet from the cellulose II;- to I-type.
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Fig. 2-7 Formation patterns of cellulose-I-like O3—-06 hydrogen-bonds on the central (1-10)
chain sheet of the B48-40 crystal model. Each symbol represents the average time occupied by
hydrogen-bond formation for each bonding pair involved in the chain sheet. The occupation
times have been averaged from either the 9—10 ns, 19-20 ns, 29-30 ns, or 59-60 ns trajectory.

R, reducing terminal; NR, non-reducing terminal.
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Fig. 2-8 Formation patterns of time occupied by cellulose-1Il;-like O2—O6 hydrogen-bonds
observed for the surface (1-10) and (100) chain sheets of the A48-40 and B48-40 crystal
models, respectively. The occupation times have been averaged from the final 1 ns (49-50 ns)

trajectory. The color bar in Fig. 2-8 is applicable.
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cellulose I, cellulose Iy
(1-10) (100) (1 00) origin

Fig. 2-9 Superimposed structures of the initial (blue) and DFT-optimized (red)

3xcello-hexamers of the cellulose I1I; (1-10) and (100), and cellulose I (100) chain sheets.
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Table 2-2 Binding energies, AEvind, of the chain sheet models (kcal/mol per residue)

No. of II; (1 -1 0) I origin (1 0 0)
chains x DP sheet model® sheet model?

B3LYP/6-311G(d) single-point energies

2x4 —6.85 —-11.03
2x6 —6.62 —11.20
3 x4 —6.77 -11.10
3x6 —6.91 —11.18
4 x4 —7.33 —11.24
4x6 —7.00 —11.33

B3LYP/6-311G(d) single-point energies
2 x4 -6.74 -10.56

* B3LYP/6-31(d) optimized structures
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Table 3-1. Dimensions and number of molecules of the crystal models

No. of
Mool fcpl, LT oe
| [ - 6 (010)x6 (100) 36 40 28350
B - 6 (110)x6 (1-10) 36 40 36792
A36  6(010)x6 (1-10) 36 40 40116

. B36-1/-2 6 (110)x6 (1-10) 36 40 38125,38 571
A48  8(010)x6 (1-10) 48 40 41216
- B48 8 (010)x6 (100) 48 40 30492

“Number of chains (lattice plane)
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Fig. 3-1 Projections of the ab base-planes of the seven crystal models and lattice plane
labels. The “u’ and “d’ notations in the cellulose II B36-1 and -2 models denote the
“parallel up” and “parallel down” chain sheets composing the (010) and (020) lattice

planes running diagonally, respectively.
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+20
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+17

Fig. 3-2 Molecular chain sheet along with the residue position labeling. The chain
labeling is arbitrary among the chain sheets. Sheet-twisting torsion angles are
defined by the virtual bonds connecting the centers of gravity (G) of the residue(s):
0+20 = G(a,+20) — Gl(c,+20), (d,+20)] — Gl(c,~20), (d,~20)] — G(£,—20), 6-20 = G(a,—20) —
Gl(c,—20), (d,-20)] — Gl(c,+20), (d,+20)] — G(e,+20), and so on. The solid line in blue

represents the virtual bonds defining 6420, and that in red, 6-20.
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Fig. 3-3 Superimposed structures of the crystal (blue) and DFT-optimized (red)

4xcello-octamers of the cellulose chain sheet models.
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Fig. 3-4 Variations in sheet twist angle (0) of the B3LYP and CAM-B3LYP

DFT-optimized structures of the five 4 Xcello-hexamer chain sheet models with

residue position

respect to residue position.
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Fig. 3-5 Variations in sheet twist angle (0) of the CAM-B3LYP DFT-optimized

structures of the five 4 X cello-octamer chain sheet models with respect to residue

position.
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Table 3-2 DFT energies of the CAM B3LYP DFT-optimized 4 X cello-octamer chain

sheet models

DFT energies (kcal/mol per residue)

Chain sheet model

AV AEying AE et

To. (110) 0.01 ~12.93 ~12.92
I (100) 0.00 ~12.79 ~12.79
11 (010) 3.01 ~7.95 —4.94
11 (020) 0.49 ~6.67 ~6.17
I, (1-10) 0.91 ~8.31 ~7.40

 Relative to the Ip (100) model.
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Fig. 3-6 Variations in sheet twist angle (0) with respect to residue position and the
side view of the MD final frame of the representative crystal model. The 6 values

were averaged for the final 1 ns trajectories of the crystal models.
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Fig. 3-7 o angle populations (%) of the internal residues of crystal models extracted from the MD

trajectories from 15 to 20 ns. Each profile includes the ® angles obtained from the 320, 480 and 160

residues of the cellulose Iow and If3 , cellulose IlI;, and cellulose II (010) and (020) lattice planes,

respectively.
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Fig. 3-8. Schematic representation of the potential energy diagrams proposed for the cellulose
1B, II, and III; chain sheet models of the crystal (cryst. in blue) and DFT-optimized (opt. in red)
structures. F denotes the flat structure, and L. and R denote the left- and right-handed twisted

structures.
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Fig. 4-1 Cross-sectional (a) and side (b) views of the DFT-optimized nanotube structure
consisting of four cello-oligomers with DP=10. A schematic representation of the corresponding
nanotube with the four-fold, right-handed, parallel arrangement of the oligomers represented by

arrows (c). The same coloring patterns for the oligomers are used in the three representations.
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Table 3-1 Intermolecular energies “ (kcal/mol per residue) of the CeINT models

Oligomer number

No. of chains x DP

1 2 3 4
4x2mer -5.49 -8.75 -8.53 -5.22
4x4mer -6.85 -8.42 -8.20 -6.55
4x6mer -8.00 -8.37 -8.28 -7.82
4x8mer -8.14 -8.46 -8.56 -8.19
4x10mer -8.25 -8.50 -8.59 -8.29

¢ The intermolecular energy, AEwind, between adjacent oligomers is calculated using the
equation: AEbing = 1/2[Ewa-(E11+E>2)]/DP, where Eio is the DFT energies of the total model,
Eioa, and E; and E, are those of the oligomer defined by the number and the rest, respectively.

The basis set superposition error was estimated using the counterpoise method!? '3,
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Table 4-2 The principal rotation parameters of the CeINT model predicted by DFT calculation

No. of chains o (deg.)”
X ® (deg.)* Y (deg.)’

DP odd Even
Crystal® -92 -146 44 44
4x2mer -93 -158 56 64
4x4mer -90 -165 53 63
4x6mer -89 -166 51 63
4x8mer -89 -166 49 63
4x10mer -89 -166 48 63

¢ The conformation of the hydroxymethyl group is defined by o (O5-C5-C6-06). The
glycosidic torsion angles ®@ and ¥, which describe the relative orientation of adjacent glycosyl
residues in same chain, are defined by (O5-C1-04-C4) and (C1-04-C4-C5), respectively.

b Cellulose III; by high-resolution crystal structure analysis data®.
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Table 4-3 The hydrogen-bonds geometry of the CeINT model predicted by DFT calculations

No. of chains 06-H60---02 02-H20---05¢
X
DP distance (A) angle (deg.))  distance (A) angle (deg.)
Crystal 2.642 14.7 - -
4x2mer 2.857 19.3 2.683 20.0
4x4mer 2.781 26.5 2.773 23.6
4x6mer 2.770 28.1 2.806 26.3
4x8mer 2.777 28.3 2.804 28.0
4x10mer 2.774 28.6 2.808 28.3

4 The intermolecular hydrogen bonds O2-H20---O5 appears only the odd number residue.
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432 HRx IoHEGE CeINT &7 /v OMEE L EMERMN & & A T 3 7 Z268)

DFT TP S 72 CeINT 1357 8173 V/ARRHMER I T 72 Bl & 72 o TV 2 L 3 &
nEipole, Bm—AREERE TG ORIE LT 5 & o FBHBAREREIC X0 7
= AR L, TEREE 20 20 AL Cit, 2D biidE oo 78HAlE b 1/4 ik
MEEWI T Wb, RRIED1>THD 10T, —FHrca TNz hL
TWLS DKL, IBRITIX, ZRHEIZ FHEPRE S, 20 TR I T80 AT
IZ72 o TND 2 E NS TH DT, NEERTIX, PSR AICE®E S, W7
ITICZ o TV DR TR E il EOBNRH D, ZIHEREZ T, 3N 4n
THERL S L, FERE L ANHRD 5 WVITEEE LEARCL > T, S T#HThRS—F
MY 7 T DET AR, 0 FHHAED 2n THERR S, [BHERIFRIC K- T, 0 80
REWZEET 2ET AN TRIN, ENENE HRHLR EEFE LT, Zhbid, 18
BLIA 23 SEAT (P& D WIEIEAT (AP)IE Z B, BT Ve 6 fifEH & 725 (Fig. 4-2).

Fa—T AR LT DFT HECIIRE R a5 Z LIFFERFICH L, AT
MEnTe 6 HHEOET VICOWTHEAES D FHEZIRSETCEHRT L 2 LR
RECTd 2, 12k CeINT AIBAFFEIZ AT T, % 5 LIZRHE N EAITAYIC ATREZ2 MD £ T,
YA X%&PEHE L7z CelNT Z%t5 & LT, CeINT OREEZ EMESCIBEE T CoF A7
ANZDWTIRFET HIZE 572, MD R D2 DE T I, 7B )-SR -CeINT”
LEF L, DP BV a— AR 80 TENEI 6 FFHD CeINT 7 /L AMEEE L7z,
T VTR LW, 7 B m RV A BRI & LT ERIEFn MD #0584 S8 L 7=,

7 1 v RV AR MD FHEORER, AP-Hr-CeINT £7 /L & AP-Hi-CeINT D7 /L%
SIS R L, Y 4TOETIIUCTOWTIZT o — 7 & MR L2, MD #Ufo
& 1 ns IZDWT, CeINT ETF /D5y 1-#HMH BIEHAEN & WAE S 7= (Table 4-4),

CeINT &7 VD 5y -S4 MAR BEAEAMITIC S 72 o T, & 1 ns © MD 8D & R85y

F PR LT, BRI TR L,
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Fig. 4-2 The schematic representation of the six chain arrangement modes for the CeINT models

examined in the MD calculations.
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Table 4-4 Intermolecular and solvation free energies (kcal/mol per residue)

Chain Symmetry

. . AEZinta A Gsolvb A Gntc
polarity operation
Hr -3.04 -0.471 -1.93
Parallel Hp -2.48 -0.825 -1.61
R -2.42 -0.920 -1.66
Hg _d _d _d
Antiparallel Hp —d —d —d
R -3.24 0.439 -0.914

2 See the footnote a of Table 1 for the definition of intermolecular energy. The values were
averaged from both the all chain pairs and the MD trajectory of the final 1 ns.

b 3D-RISM solvation free energy change of a truncated CeINT model calculated from the
structure of the final time frame.

¢ Intermolecular free energy; AGint = AEht - TASnt + AAGsolvint *AEint + AGsolvint,
assuming ASint ~0, where difference in solvation free energy between the
neighboring oligomers, AAGsolyint, was calculated by the same definition of
intermolecular energy.

4 Not determined.
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Fig. 4-3. 4-4 |2 MD HcAKBEAE D CeINT 7 /WZOW T, Wi &l X Z2 = F s L
7o AT FHEELEICOWTIIIA B E b AR Z RO P-Hr-CeINT WL E T, 2F
TV DHFTIE AP-R-CeINT (35 F8H A AAEH = L =N 2 E TR 720 -3.24
keal/mol & 720 | Wi XKIZ DWW T HLDET /L L 0 RIS FMED BT 2 — T HgiE &
o TWe, Fa—T7HE% i L72 AP-Hr-CeINT & AP-Hi-CeINT {22 THiaf L T
L&, NP BEARFRICE > THFH A2 L AICELE L 7SS . MD GHE O
BTHFHOTNUNHR L, T a—T 2T 50 F#Hy — MEENREATWEZZ L %
e Lice —J, MDET/MTHOWTIE, B F8HFORRE LT, 1/4 #iEE B o
THERFFL, Ta—7HELHERFL T,

10 ns FERUCHIT D, MD #EEIZK LT, 7 m /L A5 T OB H B R ¥—
AGsol IZDUVNT | 3D-RISM BEERICEE DWW THRAE S o 7R k. P-Hr-CeINT T 1 A4 72
¥ -0.471 kecal/mol T, AP-R-CelMT T 1 F8A4 72V 0.439 keal/mol & 72 o7z, F7z, 701
HEMBEEAO HHZ 2L X =2 (AGnt=AEn— TASn+AA Gsovin) 1. E 31LZ 1L HE
472 1 -1.93 keal/mol, -0.91 kcal/mol & 720 | CeINT 7237 1 1 7R /L AR TR IR TE
WCHIET D EDRRINT, 7 aa iRV ARG L LTt N E 5 MO W T E
FROSRHNE SN TN D, Y], HBE LT CeNT £ 7 /LIZDOWTKHR TOREFT MD
HEEFERLIZE A, BT ) —RABRTOAZ v X 7N AET, CaNT OF 2 — 7
XY I LTz, Pl 2 B AMEEL R T 2 re—2 5 F8i%, =277 bV
THFMICE Rrd il Red o AFVENERE LMmIEfER s, 77X 7 v
MY T — R i 23t U 7o BOK YRR 2 DR RO WU & 20 TS 5, KAK
tru— 2GS TIE, S FEPIKEMEIC Lo THEE SN2 Y — 2L, &
HIC Y — N CBK AR AR B & 72 %, AR E T, IS, /78— b i
THERL SN DMBIER & 72 5, — 5, CeINT 1%, F=—7HREL WV ) Frucinz., 278

T— PPN ER T HOK R IO LR D,
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Fig. 4-3 Cross-sectional views of the P-Hr- (a) and AP-R-CeINT (b) models from the final frame of
the MD trajectory.
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Fig. 4-4 The side views of the all CeINT models from the final frames of the MD
trajectories for the Hr (a) , Hi. (b) and R (c) with parallel (top) and antiparallel (bottom)

chain polarity, consisting of 16 cellulose chains with DP = 80.
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Z DB D AR A A A o' L n — 2D F T2 A IR T RE &AL E

S ohd,E T MANREHRIEIECH D 7 aa RV AR S LTER~A L,
WIZ, MD RO Sns Db R o A FVHELAIC R 5 A 2 Bld & MD &
DBFE T, WIHHEED gt 10D gg =0 1g ~DORLEELEIMNAE U, 3 /3% — L ORIEEEL-
T, F72, FEHICHETT 5 &, P-Hr-CeINT €T /WZ DWW CITHLY 15 2 Bl < & —
Y THICIR S T REICHILL TWie, —J7, AP-R-CeINT 7 /Wi, £ 95 L7z
2 —NREZIT BT (Fig 4-5),

o 1 ns D5y FHHIKERE S EHERIZONT, HKTT70 %, IKWT 40 %, 10%E 7
STHEY, MWERERLRL TV L0 KB G/ F— 1306 BNEFRL TS Z
Enb, b Radx v A F LRl m & TR ERBAICHER S 5 LB 2 55 (Table
4-5),  WITHER D FEE DB OV TR 2T o712 L 25, 2 FHARDHERIZS
T, CeNTHEEDEN NS p oty —J7, o FHHBMEIEH =L X —I13FEH
IZ—E Lo TRV, T HAROEELZ T RN L E2MR LTz, & ORI
Z TN & ZERE L T KBRS BRFE DY — D £ 51270 | HER S
FHEKBREEEZTER LTz, 2O Z &3, 2 F#HBIHRIZH > T, CeINT O i 7+
= PR TICON T, B —AREEE TR O D KO R —EDKFERE
FERLDMEFNT S\ e E BE LT, BRI 16 23 TEHE T VT2V T, Fig 4-6 1SR &
DN, WERFRIE Z L ITKBERE A REZME L, Fig 46 DR OICFRLIZE A,
P-Hr-CeINT &7 /Vid, ®IEOKEREEARITL 5 LIRETRIZRKERE G TR & SO
L. KB OKRFEREED 0~30 %0 70~100 %D WNWT NN TH Y, —J7, AP-R-CeINT
BT, £ D LI RFTMZRKER-ATERITBE ST, PRED 56 R18—HIC0Th

LTWiz,
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Fig. 4-5 The ® angles populations (%) of the internal residues of crystal models extracted from

MD trajectory for 5 to 10 ns. Each profile includes the o angles obtained from the 640 residues

for the CeINT models.
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Table 4-5 The occupation times of intermolecular hydrogen-bonds of the CeINT models

from the final 1 ns trajectory

CeNT  NO-Of (5 02 02---03 02---06 03--06 06---06
chains
8 35.0 34.2 33.2 33.6 18.1
P-Hyg 12 33.2 324 410 386 15.8
16 14.7 129 729 441 8.0
8 27.4 33 28.6 72.3 13.1
AP-R 12 277 <10 345 79.5 9.1
16 234 <10 454 752 6.5
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times

Fig. 4-6 The formation patterns of intermolecular hydrogen-bonds of the CeINT models. Each
symbol represents the average time occupied by hydrogen-bond formation for each bonding pair
involved in the chain sheet. The occupation times have been averaged from either the 9-10

ns.R, reducing terminal; NR, non-reducing terminal.
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Fig. A-1 Formation patterns of cellulose-I-like O3—0O6 hydrogen-bonds on the 7th layer (1-10)
chain sheet of the B48-40 crystal model. Each symbol represents the average time occupied by
hydrogen-bond formation for each bonding pair involved in the chain sheet. The occupation
times have been averaged from either the 9—10 ns, 19-20 ns, 29-30 ns, or 59-60 ns trajectory.

R, reducing terminal; NR, non-reducing terminal.
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Fig. A-2 Formation patterns of cellulose-I-like O3—06 hydrogen-bonds on the 8th layer (1-10)
chain sheet of the B48-40 crystal model. Each symbol represents the average time occupied by
hydrogen-bond formation for each bonding pair involved in the chain sheet. The occupation
times have been averaged from either the 9—10 ns, 19-20 ns, 29-30 ns, or 59-60 ns trajectory.

R, reducing terminal; NR, non-reducing terminal.
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Fig. A-3 Formation patterns of cellulose-I-like O2—0O6 hydrogen-bonds on the 6th layer (1-10)
chain sheet of the B48-40 crystal model. Each symbol represents the average time occupied by
hydrogen-bond formation for each bonding pair involved in the chain sheet. The occupation

times have been averaged from either the 9—10 ns, 19-20 ns, 29-30 ns, or 59-60 ns trajectory.

R, reducing terminal; NR, non-reducing terminal.
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Fig. A-4 Formation patterns of cellulose-I-like O2—0O6 hydrogen-bonds on the 7th layer (1-10)
chain sheet of the B48-40 crystal model. Each symbol represents the average time occupied by
hydrogen-bond formation for each bonding pair involved in the chain sheet. The occupation
times have been averaged from either the 9—10 ns, 19-20 ns, 29-30 ns, or 59-60 ns trajectory.

R, reducing terminal; NR, non-reducing terminal.

119



Fig. A-5 Formation patterns of cellulose-I-like O2—0O6 hydrogen-bonds on the 8th layer (1-10)
chain sheet of the B48-40 crystal model. Each symbol represents the average time occupied by
hydrogen-bond formation for each bonding pair involved in the chain sheet. The occupation
times have been averaged from either the 9—10 ns, 19-20 ns, 29-30 ns, or 59-60 ns trajectory.

R, reducing terminal; NR, non-reducing terminal.
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Table A-1 Values of glycosidic ¢-y and hydroxymethyl group ® orientations of the

DFT-optimized 4x*cello-hexamer chain sheet models

Cellulose Ia chain sheet model

Positions? B3LYP CAM-B3LYP
Chain Residue ¢ v @ ¢ v @
(deg.) (deg.) (deg.) (deg.) (deg.) (deg.)
Obsd. -98.3 -139.0 166.8 -98.3 -139.0 166.8
+3 -90.8 -140.9 157.2 -90.5 -142.1 158.3
+2 -94.5 -140.8 162.6 -94.1 -141.4 163.2
+1 -92.2 -141.2 159.1 -91.9 -142.1 159.8
4 -1 -95.8 -141.6 162.6 -95.4 -142.2 163.1
-2 -92.0 -144.6 162.1 -92.0 -145.3 162.9
-3 - - 177.9 - - 178.7
+3 933 -140.9 162.2 -92.9 -141.8 162.8
+2 -94.0 -141.5 163.2 -93.8 -142.3 163.9
+1 -94.4 -142.0 163.4 -93.8 -142.6 164.0
5 -1 -95.0 -141.5 162.9 -94.4 -142.0 163.4
-2 -94.5 -143.5 164.4 -94.2 -144.1 165.2
-3 - - -179.7 - - -178.9
+3 -93.8 -142.0 163.9 -93.4 -142.7 164.5
+2 -94.5 -141.3 163.4 -94.0 -142.1 164.0
+1 943 -141.9 163.5 -93.8 -142.6 164.1
¢ -1 -95.6 -141.6 164.0 -95.0 -142.5 164.6
-2 952 -143.0 164.1 -943 -143.4 164.5
-3 - - -176.5 - - -176.3
+3 -95.5 -140.6 163.3 -94.8 -141.1 163.6
+2 -91.9 -141.2 158.9 -91.8 -142.2 160.0
+1 -94.8 -140.1 162.5 -94.4 -140.9 163.0
P -1 -90.6 -141.7 160.5 -90.6 -142.8 161.4
-2 934 -137.6 160.2 -93.1 -138.4 160.8
-3 - - -176.6 - - -175.5

@ See Fig. 3-2 for the definition of the position labeling. The chain labeling is arbitrary.
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Cellulose I chain sheet mode

Positions? B3LYP CAM-B3LYP
Chain Residue ¢ v @ ¢ v @
(deg)  (deg)  (deg)  (deg)  (deg)  (deg)
Obsd. -98.4 -142.4 169.4 -98.4 -142.4 169.4
+3 -90.8 -140.9 157.2 -90.4 -142.0 158.1
+2 -94.6 -140.8 162.6 -94.1 -141.4 163.2
+1 -92.1 -141.3 159.0 919 -142.1 159.7
4 -1 -95.7 -141.7 162.5 954 -142.2 163.0
-2 91.7 -144.5 161.2 91.6 -145.1 161.9
-3 - - -179.2 - - -178.5
+3 -93.3 -140.9 162.2 -92.8 -141.7 162.9
+2 -94.0 -141.5 163.2 -93.7 -142.3 163.9
+1 -94.5 -141.9 163.3 -93.8 -142.6 163.9
b -1 -95.1 -141.7 162.9 -94.4 -142.1 163.5
-2 -94.8 -143.5 164.8 -94.5 -144.2 165.6
-3 - - -179.7 - - -178.9
+3 -93.9 -141.9 163.8 -933 -142.8 164.5
+2 -94.4 -141.3 163.4 -94.0 -142.1 164.0
+1 -94.3 -141.9 163.5 -93.9 -142.6 164.1
¢ -1 -95.6 -141.6 164.0 -95.0 -142.5 164.7
-2 -95.1 -143.0 164.1 -94.4 -143.2 164.4
-3 - - -176.6 - - -176.3
+3 -95.5 -140.5 163.3 -94.8 -141.0 163.6
+2 -92.1 -141.1 158.9 919 -142.2 159.9
+1 -94.8 -140.1 162.5 -94.4 -140.9 163.1
P -1 -90.6 -141.7 160.5 -90.6 -142.8 161.5
-2 -93.4 -137.7 160.2 -93.2 -138.4 160.8
-3 - - -176.5 - - -175.5

“ See Fig. 3-2 for the definition of the position labeling. The chain labeling is arbitrary.
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Cellulose II (010) chain sheet model

Positions4 B3LYP CAM-B3LYP
Chain  Residue ¢ v @ ¢ v @
(deg.) (deg.) (deg.) (deg.) (deg) (deg)
Obsd. -96.8 -143.5 722 -96.8 -143.5 722
+3 -81.0 -122.0 66.9 -79.3 -141.7 67.7
+2 -88.9 -140.5 78.6 91.1 -146.9 59.1
+1 -85.3 -140.9 55.9 -85.5 -159.1 56.3
¢ -1 -89.4 -144.9 60.4 924 -145.1 58.8
2 -86.1 -137.8 55.7 -75.6 -134.4 55.1
-3 - - 58.6 - - 59.6
+3 -96.7 -134.8 85.8 -79.7 -125.6 163.2
+2 -81.1 -119.9 83.8 -92.1 -133.0 92.1
+1 -91.7 -140.9 74.1 -81.6 -132.2 67.6
b -1 -85.6 -134.1 61.2 -77.3 -128.1 60.5
2 -109.1 -142.4 634 -108.2 -138.2 584
-3 - - 63.0 - - 59.9
+3 -94.7 -134.9 99.2 -93.7 -145.4 82.8
+2 -84.1 -132.0 71.0 91.5 -136.4 158.4
+1 -93.0 -137.3 68.7 -90.5 -132.3 82.3
‘ -1 -84.2 -132.5 60.2 -76.2 -131.7 69.3
2 -98.6 -144.1 64.0 -96.5 -144.0 614
-3 - - 59.6 - - 573
+3 -87.9 -139.4 80.1 -90.4 -158.8 78.8
+2 -89.5 -146.8 55.7 -71.3 -133.7 574
+1 -90.2 -148.1 56.4 -87.7 -148.7 59.2
a -1 -89.7 -147.8 574 -88.9 -143.6 559
2 -94.4 -152.3 63.5 -94.5 -155.2 61.9
-3 - - 573 - - 56.7

% See Fig. 3-2 for the definition of the position labeling. The chain labeling is arbitrary.

123



Cellulose II (020) chain sheet model

Positions4 B3LYP CAM-B3LYP
Chain Residue ¢ v @ ¢ v @
(deg.) (deg.) (deg.) (deg.) (deg.) (deg)
Obsd. -93.6 -150.8 58.1 -93.6 -150.8 58.1
+3 -90.1 -163.1 65.2 -87.4 -157.0 77.1
+2 -88.6 -159.7 60.0 -86.5 -158.8 57.0
+1 -87.2 -161.5 524 -86.4 -162.1 51.5
¢ -1 -88.8 -160.1 59.0 -88.0 -160.6 58.2
2 -88.0 -162.8 53.0 -87.5 -164.4 53.0
-3 - - 58.5 - - 582
+3 -89.2 -167.6 88.7 -88.8 -161.3 79.7
+2 -88.5 -163.4 56.8 -86.9 -166.1 553
+1 -86.6 -163.9 53.0 -86.6 -164.4 54.5
’ -1 -87.4 -163.1 539 -87.1 -164.8 532
2 -86.7 -164.1 53.1 -86.4 -166.0 539
-3 - - 553 - - 554
+3 -89.9 -148.0 772 -89.7 -160.5 80.6
+2 -85.4 -163.6 53.8 -86.7 -167.7 56.1
+1 -86.9 -161.9 533 -86.9 -165.7 54.8
‘ -1 -87.0 -162.6 53.8 -87.0 -165.0 542
2 -86.5 -163.8 52.6 -86.3 -166.3 534
-3 - - 55.6 - - 55.7
+3 -91.9 -162.9 70.6 -89.2 -165.3 70.9
+2 -87.8 -166.0 56.3 -89.1 -166.6 57.8
+1 -88.8 -160.1 60.7 -88.0 -164.2 60.1
a -1 -87.7 -162.1 533 -87.8 -163.7 54.5
2 -85.6 -167.4 57.7 -85.1 -170.3 57.1
-3 - - 56.2 - - 56.9

“ See Fig. 3-2 for the definition of the position labeling. The chain labeling is arbitrary.
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Cellulose III; (1-10) chain sheet model

Positions4 B3LYP CAM-B3LYP
Chain Residue ¢ v @ ¢ v @
(deg)  (deg)  (deg)  (deg)  (deg)  (deg)
Obsd. -92.0 -146.5 442 -92.0 -146.5 442
+3 -88.9 -154.1 534 -88.3 -157.9 51.8
+2 -86.0 -152.5 63.6 -84.3 -152.7 62.3
+1 -89.9 -152.6 61.5 -89.2 -154.6 594
¢ -1 -86.2 -151.9 63.1 -84.9 -151.6 61.7
-2 -87.0 -157.8 59.7 -86.2 -161.7 572
-3 - - 62.0 - - 60.8
+3 -88.4 -150.4 53.5 -86.9 -151.4 51.8
+2 -87.8 -151.1 61.4 -87.0 -151.5 59.5
+1 -88.4 -150.7 61.6 -87.2 -151.7 59.8
’ -1 -89.5 -149.9 62.6 -88.6 -150.3 61.1
-2 -84.0 -156.5 58.5 -82.6 -157.1 56.2
-3 - - 61.8 - - 60.7
+3 -88.6 -150.0 539 -87.3 -151.6 52.1
+2 -87.9 -151.0 60.9 -86.9 -151.5 593
+1 -88.4 -151.1 62.0 -87.2 -152.3 60.4
‘ -1 -88.6 -149.6 62.0 -87.6 -150.0 60.3
-2 -83.8 -156.1 58.0 -82.4 -157.0 56.1
-3 - - 62.9 - - 61.4
+3 -86.4 -150.3 58.6 -84.7 -150.6 579
+2 -89.9 -153.5 60.8 -89.6 -155.6 58.9
+1 -86.4 -152.7 63.7 -84.4 -153.4 62.3
d -1 -90.7 -151.2 62.5 -90.4 -152.8 60.8
-2 -86.2 -155.3 63.7 -84.5 -155.9 62.2
-3 - - 62.1 - - 60.8

“ See Fig. 3-2 for the definition of the position labeling. The chain labeling is arbitrary.
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Table A-2 Values of glycosidic ¢-y and hydroxymethyl group ® orientations of the
CAM-B3LYP DFT-optimized 4xcello-octamer chain sheet models

Cellulose Ia chain sheet model

Positions?
Chain Residue ¢ (deg) v (deg) © (deg)

Obsd. 983 -139.0 166.8

4 91.1 1422 158.6

3 945 1424 163.8

2 92,0 1423 159.9

1 94,9 -142.0 163.8

¢ . 923 143.1 160.5
2 95.5 1421 1633

3 92.1 1454 163.0

4 ; i 178.9

4 932 1416 162.9

13 93.9 -142.8 1642

2 937 1423 163.7

1 941 1426 1643

b . 938 -142.9 1643
2 943 1422 163.6

3 94.1 1441 1653

4 ; i 11787

4 933 1424 164.0

3 93.6 1422 163.9

2 93.6 1423 163.9

1 93.9 [142.6 1642

¢ 1 93.6 [142.5 163.9
2 948 1431 165.0

3 94.1 1433 164.1

4 ; i 11763

4 945 -140.9 1633

3 91.8 1424 160.4

i) 948 -141.4 163.7

1 92,0 -142.6 160.8

d 1 94.6 -140.9 162.9
2 -90.4 1435 1617

3 928 -137.9 160.5

4 ; i 11755

% See Fig. 3-2 for the definition of the position labeling. The chain labeling is arbitrary.
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Cellulose I chain sheet mode

Positions?
Chain Residue ¢ (deg.) W (deg) o (deg)

Obsd. -98.4 -142.4 169 4

+4 94.6 -140.8 1633

+3 91.7 -142.4 160.3

+2 94.7 -141.3 163.6

+1 91.9 -142.7 160.7

‘ -1 94.5 -140.8 162.8
-2 -90.4 -143.5 161.7

-3 92.8 -138.0 160.8

4 - - -175.5

+4 -93.2 1424 164.0

+3 93.7 -142.3 163.9

+2 93.5 -142.2 163.7

+1 93.8 -142.6 164.2

’ -1 93.5 -142.2 163.6
-2 94.6 -143.3 164.9

-3 -94.4 -143.3 164.3

4 - - -176.1

+4 -93.1 -141.7 162.9

+3 -94.0 -142.8 1643

+2 -93.7 -142.3 163.6

+1 94.1 -142.7 164.4

‘ -1 93.8 -142.8 164.1
-2 94.1 -142.1 163.4

-3 942 -143.3 164.2

4 - - -178.8

+4 91.1 -142.2 158.5

+3 94.5 -142.5 163.9

+2 -92.0 -142.4 159.9

d *l -95.0 -142.0 163.8
-1 922 -142.9 160.3

-2 -94.8 -141.5 163.0

-3 -90.4 -142.6 161.4

4 - - 155.6

“ See Fig. 3-2 for the definition of the position labeling. The chain labeling is arbitrary.
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Cellulose II (010) chain sheet model

Positions?
Chain Residue ¢ (deg.) W (deg) o (deg)

Obsd. -96.8 -143.5 722

+4 -84.9 -144.8 68.2

+3 -90.8 -152.8 55.9

+2 -90.3 -155.7 578

1 -94.8 -147.9 60.3

‘ -1 -78.0 -135.5 572
-2 -90.9 -144.8 583

-3 -86.0 -140.1 56.3

4 - - 74.1

+4 -88.7 -136.9 159.3

+3 -86.6 -138.4 154.6

+2 -84.7 -134.9 66.8

b 1 -86.2 1332 707
-1 -89.3 -136.4 62.1

-2 -86.9 -135.9 597

-3 -101.4 -139.3 63.0

4 - - 64.0

+4 -86.3 -137.4 777

+3 -86.0 -149.1 64.9

+2 -88.3 -130.3 578

+1 91.4 -137.5 62.6

‘ -1 -90.2 -136.5 62.5
-2 92.1 -138.0 63.5

-3 -86.7 -135.1 595

4 - - 60.2

+4 -86.4 -143.9 74.0

+3 -87.4 -152.6 545

+2 -96.5 -150.4 60.0

d +1 -79.8 -137.2 580
-1 -94.5 -148.6 60.7

-2 -78.0 -135.8 572

-3 90.5 -147.0 58.7

4 - - 542

“ See Fig. 3-2 for the definition of the position labeling. The chain labeling is arbitrary.
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Cellulose II (020) chain sheet model

Positions?
Chain Residue ¢ (deg.) W (deg) o (deg)

Obsd. -93.6 -150.8 581

+4 -87.3 -157.1 772

+3 -86.1 -158.5 57.0

+2 -86.4 -160.6 509

1 -86.7 -161.7 573

‘ -1 -86.5 -162.7 528
-2 -87.7 -160.9 583

-3 -87.6 -168.1 533

4 - - 63.2

+4 -88.2 -161.4 795

+3 -86.4 -165.7 550

+2 -86.2 -163.3 54.0

b +1 -85.8 -164.8 52.9
-1 -85.4 -164.8 539

-2 -86.7 -164.3 529

-3 -86.0 -166.4 535

4 - - 55.5

+4 -88.7 -160.7 0.7

+3 -86.2 -167.2 56.0

+2 -86.2 -165.2 54.8

+1 -85.8 -164.6 53.6

‘ -1 -86.0 -165.6 534
-2 -86.2 -164.7 54.0

-3 -85.9 -165.7 52.6

4 - - 55.4

+4 -89.8 -163.9 711

+3 -89.0 -166.7 579

12 -86.9 -164.6 60.4

d *l -87.3 -162.1 53.6
-1 -87.3 -163.1 58.2

-2 -87.1 -162.7 540

-3 -85.0 -169.2 56.7

4 - - 56.8

“ See Fig. 3-2 for the definition of the position labeling. The chain labeling is arbitrary.
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Cellulose III; (1-10) chain sheet model

Positions?
Chain Residue ¢ (deg.) v (deg) © (deg.)

Obsd. 92,0 -146.5 442

4 -88.0 -157.1 51.9

43 853 -152.0 62.2

2 88.5 -154.7 59.7

1 85.8 -151.0 61.6

¢ 1 88.5 -155.4 60.0
2 -86.1 -150.3 61.5

3 863 -162.8 56.9

4 ] ] 61.0

4 87.1 1511 51.7

43 -88.0 -150.6 59.1

w -86.9 -151.9 60.3

, 1 88.5 -150.2 60.7
1 862 -152.8 60.0

2 -89.4 -149.4 60.8

3 825 1573 56.2

4 ] ] 60.8

4 87.5 1511 522

43 87.6 -150.8 58.9

w -86.6 1523 612

1 -88.6 -149.8 60.2

¢ 1 -86.3 11533 60.2
2 885 21492 60.3

3 82.8 -157.3 55.9

4 - - 61.7

14 84,5 -150.5 57.8

43 -89.8 -155.5 58.8

v 83.7 -153.2 62.3

1 290.1 -152.6 60.2

d 1 -83.9 -154.0 61.9
2 -90.4 1522 60.7

3 -84.6 41553 62.1

4 ] ] 60.6

“ See Fig. 3-2 for the definition of the position labeling. The chain labeling is arbitrary.
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Table A-3 Average values ¢ of glycosidic ¢-y orientations of the central chain sheet’ of the MD

crystal models
Allomorph Chain sheet model ¢ (deg.) v (deg.)
cellulose Ia (110) -9246.5 -14346.6
cellulose Ip (100) -91£5.5 -142+45.3
cellulose 11 (010) -88+6.0 -150+6.3
(020) -91+6.1 -15246.6
cellulose III;
(1-10) -97+5.8 -1434£5.8

“ The values were averaged form the final 5 ns trajectories.
b Comprising 80 residues extracted from the middle 20 residues of the fore inner chains

consisting of the central chain sheet.
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Table A-4 Average values a of the lattice parameters of the core unit cell of the MD crystal models.

Allomorph Crystal model a (nm) b (hm) ¢ (nm) a(deg.) S (deg.) y(deg.)
0.672 0.596 1.040 118.1 114.8 80.4
cellulose Ia obsd.
0.677+0.025 0.601+0.020 1.075+0.024 120.1+£3.1 112.7+3.0 81.1+£2.7
0.778 0.820 1.038 90.0 90.0 96.5
cellulose If3 obsd.
0.762+0.021 0.825+0.019 1.077+£0.018 90.5+1.8 90.3+2.1 97.6x£2.4
obsd. 0.810 0.903 1.031 90.0 90.0 117.1
Il I A36 0.840+0.023 0.883+0.021 1.074+0.018 90.5+2.0 89.7+£2.0 118.0+£2.6
cellulose
B36-1 0.849+0.022 0.879+0.021 1.072+0.018 89.8+2.0 90.1+£2.0 118.2+2.6
B36-2 0.847+0.023 0.878+0.021 1.074+0.018 89.6+1.9 89.8+2.0 118.4+2.7
obsd. 0.445 0.785 1.031 90.0 90.0 105.1
cellulose IIIx A48 0.446+0.016 0.754+0.025 1.074+0.018 90.0+1.9 89.9+2.2 93.6+3.3
B48 0.446+0.018 0.755+0.027 1.074+0.023 90.1+2.3 89.9+2.6 93.4+3.5

4 The values were averaged form the final 5 ns trajectories.

b The innermost unit cell in the crystal model.
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