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Abstract The doublet C4 peaks at ~ 85 and
~ 89 ppm in solid-state '*C NMR spectra of native
cellulose have been attributed to signals of C4 atoms
on the surface (solvent-exposed) and in the interior of
microfibrils, designated as sC4 and iC4, respectively.
The relative intensity ratios of sC4 and iC4 observed in
NMR spectra of cellulose have been used to estimate
the degree of crystallinity of cellulose and the number
of glucan chains in cellulose microfibrils. However,
the molecular structures of cellulose responsible for
the specific surface and interior C4 peaks have not
been positively confirmed. Using density functional
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theory (DFT) methods and structures produced from
classical molecular dynamics simulations, we inves-
tigated how the following four factors affect '*C NMR
chemical shifts in cellulose: conformations of exo-
cyclic groups at C6 (rg, gt and gg), H,O molecules
H-bonded on the surface of the microfibril, glycosidic
bond angles (@, W) and the distances between H4 and
HO3 atoms. We focus on changes in the §'°C4 value
because it is the most significant observable for the
same C atom within the cellulose structure. DFT
results indicate that different conformations of the
exocyclic groups at C6 have the greatest influence on
8'°C4 peak separation, while the other three factors
have secondary effects that increase the spread of the
calculated C4 interior and surface peaks.
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Introduction

Plant cell walls (PCWs) are the most abundant
renewable source of carbohydrates on Earth (Duch-
esne and Larson 1989). PCWs are sophisticated
assemblies of cellulose, hemicellulose, pectin and
glycoproteins. Even though the components of PCW's
have been well studied, there is still limited under-
standing of the 3D architecture (Cosgrove 2001, 2014;
Wang and Hong 2016). This lack of understanding is
largely attributed to the complex nature of the
interactions between cellulose and other PCW com-
ponents. Since the first two high-resolution solid-state
NMR studies of cellulose were published in 1980
(Atalla et al. 1980; Earl and VanderHart 1980), solid-
state NMR spectroscopy has been an important tool in
the study of the 3D architecture of PCWs. Solid-state
NMR spectroscopy not only revealed the polymorphic
structure of cellulose but also detailed the interactions
between cellulose and other macromolecules in intact
plant cell walls (Dick-Pérez et al. 2011; Earl and
VanderHart 1981; Larsson et al. 1999; Newman and
Hemmingson 1995; Wang and Hong 2016; Wang et al.
2016a).

Solid-state NMR spectroscopy of cellulose pro-
duces doublet 8'°C4 peaks that have been used to
estimate the degree of crystallinity of cellulose as well
as the number of glucan chains in elementary cellulose
microfibrils (Kennedy et al. 2007; Newman et al.
1994, 1996; Park et al. 2009; Teeddr et al. 1987; Wang
et al. 2015). Two 5'3c4 peaks, centered at ~ 89
and ~ 85 ppm, have been assigned to ordered (crys-
talline) and disordered (amorphous) regions, respec-
tively (Atalla et al. 1980; Earl and VanderHart 1980).
This assignment was based on the dominance of
89-ppm signals in highly crystalline cellulose and was
tested by ball-milling microcrystalline cellulose sam-
ple which led to increased intensity of the 85 ppm
peak and a simultaneous decrease in the intensity of
the 89 ppm peak (Maciel et al. 1982). The two peaks
have also been assigned as the signals from solvent-
exposed and interior chains, respectively (Ha et al.
1998; Newman 1998). The intensity ratio between
these two peaks gives information about the number of

@ Springer

chains in the microfibril, which is consistent with the
results obtained from diffraction methods and absorp-
tion spectroscopy, which collectively constrain the
cross-sectional dimension of cellulose microfibrils
(Fernandes et al. 2011). However, the molecular
structures of cellulose responsible for the specific
surface and interior C4 peaks have not been positively
confirmed.

This study examines the role that structural factors
could play in changing 8'°C4 values using Density
Functional Theory (DFT) and structures produced via
classical MD simulations. Suzuki et al. (2009) have
applied DFT calculations on monosaccharide and
disaccharide models in vacuum to demonstrate that
3C4 NMR chemical shifts can be influenced by
conformations of exocyclic groups at C6 (tg, gt and
g8), glycosidic bond angles (®, V) as well as the H
atom at the y-C OH position (C3). However,
monosaccharide and disaccharide models differ
greatly from a cellulose microfibril and as a result
there were significant differences (~ 10 ppm)
between the calculated and observed 3'°C values.
For example, compared to the cellulose experimental
3'°C4 values of 79-93 ppm (Park et al. 2009),
their calculated &8'°C4 were Dbetween ~ 65
and ~ 75 ppm. To improve the agreement between
observation and calculation, in the work presented
here, we utilized an I cellulose model system
containing 12 cellotetraose chains with three different
conformations of the C6 exocyclic group (g, gt and
gg) as shown in Fig. 1 (Wang et al. 2016b; Watts et al.
2014). The atomic positions of these models had
previously been energy-minimized using DFT under
periodic boundary conditions (Kubicki et al. 2013).
The cellulose model used here is merely a minimal
structure that contains both interior (two) and surface
(ten) cellulose chains and is of a size that is compu-
tationally practical for DFT calculations. It is not
intended to suggest that a cellulose microfibril
contains only twelve chains. In our previous work,
by using If (110) and If (100) surface models, we
demonstrated that H,O molecules affected the calcu-
lated 5'°C4 values of glucose residues with rg
conformation (Kubicki et al. 2014). In this paper,
using both DFT and classical structures, we investi-
gated how the following four factors affect C4 NMR
chemical shifts: conformations of exocyclic groups at
C6 (tg, gt and gg), H,O molecules H-bonded to the
surface, glycosidic bond angles (®, ¥) and the
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IB Cellulose Models:

Monomers: Ha

H6a
05 Cy
Heb a
oH
Hs

trans-gauche (tg)

Fig. 1 Solvated cellulose If models with three different
conformations of the C6 exocyclic group (fg, gt and gg,
respectively). Each model was produced to be three chains wide,
four layers high and four monomer units in length, and was
solvated with explicit H,O molecules. The middle two glucan
units in the shaded regions represent the cellulose interior while
all other glucan units are either surface or terminal. Only H,O

position of the proton (HO3) of the OH group
connected to the adjacent carbon C3. The effect of
each factor on &'°C4 was quantified using the
computational protocol from our previous work (Ku-
bicki et al. 2013).

Method

As shown in Fig. 1, cellulose I models with three
different conformations of the C6 exocyclic group (g,
gt and gg) were created based on X-ray and neutron
diffraction structures of cellulose (Nishiyama et al.
2002). The atomic positions of these models have been
previously energy minimized with periodic DFT-D2
calculations (Kubicki et al. 2013, 2014; Watts et al.
2014). As described previously, clusters were produced
to be three chains wide, four layers high and four
monomer units in length (Wang et al. 2016b), desig-
nated as the 4 x 3 x 4 cluster hereafter. This allows
for four glucan monomers to have at least one other unit
next to them in all three dimensions to represent the
atomic environment within cellulose. The middle two
glucan units in each chain were used to represent
interior '>C NMR chemical shifts. The O4 at the non-
reducing end and Cl at the reducing end were

Heb
.S g C4 .5 a C4
H
6a H6a H
H.6 6b
Hs

gauche-trans (gt)

Ha Ha

Hs
gauche-gauche (gg)

within 3 A of the cellulose cluster (as shown in blue) were
included in the following NMR shielding tensor calculations.
Bottom: the rg, gt and gg conformers refer to the trans- and
gauche states of the dihedral angle O5-C5-C6-06 and C4-C5-
C6-06, O5 06 were colored in red and C4 was colored in grey.
(Color figure online)

terminated with —CH3 and —OCHj; groups, respectively,
to satisfy the bonding of the terminal atoms.

Using the Impact module of Maestro (Schrodinger
2014), we solvated the cellulose clusters with TIP3P
water (Jorgensen et al. 1983) in a 50 x 50 x 40 A3
box containing about 3000 H,O molecules. Energy
minimizations and molecular dynamics simulations
were performed using the OPLS_2005 force field
(Banks et al. 2005) keeping the atomic positions of
cellulose molecules fixed. 1000 steps of conjugate
gradient minimization were performed before 10 ps
molecular dynamics simulations at 298 K with a 1 fs
time step in the NVT ensemble. In addition to the 4 x
3 x 4 cellulose clusters, H,O molecules were included
in the NMR shielding tensor calculations. Only H,O
molecules within 3 A of the cellulose clusters were
included as it was found that H,O molecules further
than 3 A from the clusters had negligible effects on the
calculated 3'°C.

Larger models were impractical due to the total
memory usage limit (256 GB) on the computing
server. In order to test the sensitivity of the calculated
NMR chemical to the size of the cellulose models,
relatively smaller 3-layer cellulose models were
generated, as shown in supplementary Fig. S1. NMR
chemical shifts calculated from 3-layer and 4-layer
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models are highly consistent to each other, as shown in
supplementary Table S1, indicating that the size of our
cellulose model (4 x 3 x 4 cellulose clusters) will not
affect the quality of the cellulose '>*C NMR predic-
tions. Hence, 4 x 3 x 4 cellulose clusters were deemed
suitable to study the effects of the aforementioned
structural factors on the NMR chemical shifts of
cellulose. However, comparing to native cellulose
microfibrils from primary cell walls, there are still
many other factors that could potentially influence '*>C
NMR that this current cellulose model (4 x 3 x 4
cellulose clusters) cannot account for, such as cellu-
lose microfibril bundling, and interactions with other
matrix polymers.

Rotating glycosidic bonds and torsion angle %3
(C2-C3-03-HO03)

To assess the effect of different glycosidic bond angles
(®: 05-C1'-0-C4, ¥: C1'-O-C4-C5) on the °C
NMR chemical shifts, a rigid potential energy surface
(PES) scan was performed in ®/¥ space ona 7 x 7
grid with a step size of 10°, where — 1232 < ® <
—63.2and — 183.2 < ¥ < — 123.2, using M06-2X/6-
31G(d) method (Rassolov et al. 2001; Zhao and Truhlar
2008) in Gaussian 09 (Frisch et al. 2010), a reliable
method that has been applied constantly to obtain
reasonable molecular structures for organic molecules
(Fradon et al. 2017; Khansari et al. 2017; Zhao and
Truhlar 2008; Zhou et al. 2017). Forty-nine cellulose
tetramer chain conformations with different ®/'F’ angles
were generated for each C6 conformers (gg: C4-C5—
C6-06 = 57.2°; gt: C4-C5-C6-06 = 178.1°; 1g: C4—
C5-C6-06 = 285.7°). Those conformations were then
subjected to NMR shielding tensor calculations.

To assess the effect of the position of HO3 on
3'°C4, arigid PES scan was also performed on torsion
angle %3 (C2-C3-03-HO3) of a cellulose tetramer
chain with three different conformations of the C6
exocyclic group (gg: C4-C5-C6-06 = 57.2°; gt: C4—
C5-C6-06 = 178.1°; tg: C4-C5-C6-06 = 285.7°)
from models being energy minimized previously with
periodic DFT-D2 calculations. Torsion angle %3 was
rotated through 360° with a step of 10° using the M06-
2X/6-31G(d) method in Gaussian 09. Cellulose
tetramer chain conformations generated with different
torsion angle x3 values were then subjected to NMR
shielding tensor calculations.
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NMR shielding tensor calculations

NMR shielding tensors were calculated as described
previously (Kubicki et al. 2013). This protocol has
been shown to achieve an RMS error of better than
3 ppm for cellulose Ip and Io (Kubicki et al. 2013;
Toukach and Ananikov 2013; Wang et al. 2016b). The
modified Perdue-Wang exchange—correlation func-
tional mPW1PW91 (Adamo and Barone 1998) with
the 6-31G(d) basis set (Rassolov et al. 2001) and
gauge-independent atomic orbitals (GIAO) (Biihl
et al. 1999; Cheeseman et al. 1996; Karadakov 2006;
Lodewyk et al. 2011; Schreckenbach and Ziegler
1995; Wiitala et al. 2006; Wolinski et al. 1990)
method in Gaussian 09 were used. Chemical shifts
were calculated using the multi-reference method.
Methanol was the secondary standard to calculate the
13C chemical shift, because it produces 3'>C in better
agreement with experiment (Kubicki et al. 2013, 2014;
Sarotti and Pellegrinet 2009; Watts et al. 2011, 2014).
An empirical correction of 49.5 ppm (Gottlieb et al.
1997) was used for the difference between the 313Cin
methanol and TMS commonly used as an experimen-
tal '>*C NMR standard (Sarotti and Pellegrinet 2009).

ol 3Ccal(:.,MeOH + ! 3Cexp,MeOH

This gives an isotropic chemical shielding of
193.0 ppm. To compute the 8'*C for any C nucleus i
in cellulose, we used:

013C; = 193.0 ppm — 13C;

Results and Discussion

Different conformations of exocyclic groups at C6
(rg, gt and gg)

The interior cellulose chains were used to assess the
effects that different conformations of exocyclic
groups at C6 (zg, gt and gg conformation) had on the
8'3C in cellulose Ip. Average calculated chemical
shifts for each conformation of exocyclic groups at C6
are presented in Table 1. The largest effect was
observed on the §'°C4 (Table 1), where, compared to
the rg conformation, gt and gg conformations shifted
3'3C4 upfield by ~ 1.4, and ~ 6.9 ppm, respec-
tively. Given the moderate standard deviations, the
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C4 peaks from tg and gt conformations would be
indistinguishable within computational error whereas
those from gg are outside expected model uncertain-
ties. Consistent with previous results, the gf and gg
conformations of C6 shifted the 5'°C6 by relatively
large values upfield compared to the ¢g conformation
(3 and 3.8 ppm, respectively). This is in good
agreement with the CP-MAS NMR experimental
finding by Horri et al. (1983) that gg, gr and gt
conformations have incremental 3'°C6 values of
60-62.6, 62.5-64.5, 65.5-66.5 ppm, respectively.
Considering the relatively small standard deviations
(0.6 and 0.8 ppm, respectively), these signals are
distinguishable from the tg conformer, yet it would be
difficult to discern the gt from the gg signal (as
observed experimentally where these two peaks are
merged).

8'3C1 for the gt and gg conformations were upfield
shifted by ~ 2 ppm compared to the 7g conformation,
however, the standard deviations were of a higher
magnitude and therefore, it was not possible to
distinguish between &'*C1 with different C6 confor-
mations. This could explain why the peak separation at
the C1 region of >C NMR spectrum only happens
within a small chemical shift range of 2 ppm (Jor-
gensen et al. 1983; Wang et al. 2016b). Similarly, the
BC2 and 'C5 chemical shifts were shifted
by ~ 2 ppm for gt and gg conformations, compared
to the tg conformation, though downfield. Despite the
standard deviations being reduced compared to the
"*C1 chemical shifts, it would be difficult to distin-
guish the peaks resulting from the different C6
conformations, and also from each other. Interest-
ingly, the changing C6 conformations had a negligible
effect on the '*C3 chemical shifts, and these peaks
would also merge with the '*C2 and '*C5 chemical
shifts in an experimental spectrum.

Effects of H,O H-bonding on the surface

Two sets of NMR calculations were conducted on
each 4 x 3 x 4 clusters with three different
conformations of the C6 exocyclic group (tg, gt and
gg) to investigate the effect of changing C6 confor-
mation for surface chains, and of H,O H-bonding. One
set of NMR calculation was conducted with H,O
molecules to mimic the cellulose microfibril in contact
with water while the other set was conducted without
any solvent molecules (in vacuum/gas state), to
represent the cellulose microfibril in a dried state. In
order to compare how these two conditions would
affect '>sC NMR chemical shifts (sC: C on the
surface), we averaged the calculated chemical shifts at
surface chains for each conformation of exocyclic
groups at C6, as shown in supplementary Tables S2
and S3. We found that surface chains in a vacuum
environment/dried state had downfield shifted §'?sC4
(by ~ 1-2 ppm), compared to interior chains. On the
contrary, H,O molecules cause an upfield shift
(1 £ 1 ppm) in all "*sC NMR chemical shifts except
for 3'*sC4. For different C6 conformations §'*sC4
values could be shifted either upfield or downfield
depending on hydration (Table 2). We emphasize that
the standard deviations in these averages are signif-
icant which means that the individual 5'*sC4 values
could differ by 3—4 ppm from the §'*sC4 values (e.g.,
tg(s) — tg(i) 1.5 £ 1.7 = 3.2 ppm). Consequently,
dehydration of cellulose could mimic #g to gf rotations
as far as the 8'%sC4 is concerned.

Focusing on the surface chains, the two adjacent
surface C4 atoms have similar chemical environment
(Oehme et al. 2015), however the C4-H4 group of
adjacent glucose units point in opposite directions
(Fig. 2). One points towards the solvent environment
(designated as C4yy.ou), Whereas the other points

Table 1 Calculated average 5'°C and standard deviations for interior cellulose (ppm). Differences from the g conformation are

listed as “gt-tg” and “gg—tg”

C1 2 C3 c4 Cs c6
8'°C (tg) 104.0 £ 1.2 69.6 £ 0.1 722 £ 05 857 £ 0.5 70.9 + 0.9 64.3 £ 0.1
8'3C (g1) 102.1 £ 3.8 721 £ 15 72.0 £ 0.1 842 + 1.1 71.8 £ 0.9 61.3 £ 0.7
3'3C (gg) 1019 £ 1.2 72.1 £ 0.9 717 £ 1.1 78.8 £ 1.1 727 +£13 60.6 £ 0.9
313C (g-8"3C (tg) —19+48 25+ 15 — 02405 — 14416 1.0£18 — 30406
313C (g9)-8"C (1g) — 22424 24+ 1.0 —05+15 — 69+ 1.6 1.9+£22 — 38408
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Table 2 Effect of water or vacuum/dried state on the calculated 5'*C4 of glucose units on the surface (ppm)

With water Vacuum/dried state Difference®
3"3sC4 AS"3sC4? 3"3sC4 A3"3sC4 3"3sC4
tg H4-in 86.6 = 1.6 09 + 1.6 86.5 + 1.2 08+13 0.1
H4-out 85.1 %14 —06+13 879 + 1.8 22+19 - 2.8
gt H4-in 84.4 £23 —-01+19 84.1 £ 2.8 —02+22 0.3
H4-out 829+ 13 —13+19 86.7 + 2.2 254+26 - 38
g8 H4-in 797 £ 14 09+ 14 787 £ 1.3 — 0.1+ 1.1 1.0
H4-out 769 + 14 —-20+13 795+ 14 0.7 +12 — 2.6

AA8'3sC4 = 1g/gi/gg at surface — tg/gi/gg at interior

"Difference = A3'*sC4 with water — A8'sC4 at dried state. The H4-out residues showing significant chemical shift perturbation by

water are highlighted in bold

away from the solvent environment to the interior
cellulose microfibril (designated as C4pqi,). We
found that hydration had relative large effects on
3"3sCl 14 ous yet negligible effects on 313sCl i in.
Water molecules upfield shifted 8"3sC4134 oue Of g8
and gt conformers by ~ 2 and ~ 1.3 ppm, respec-
tively. On the contrary, 8'°sC4yin values of gg
and gr conformers were either downfield shifted
by ~ 0.9 ppm or upfield shifted by only ~ 0.1 ppm
respectively. A vacuum environment had the opposite
effects on '>sC NMR chemical shifts of Clug ou
moving them downfield, whereas C4p4i,, Wwas
affected in a similar manner to water-solvated chains.
Directly comparing the 5'*sC4 with or without water
solvent (last column of Table 2), we found that H4-out
residues demonstrated much more significant chemi-
cal shift perturbation than H4-in residues did. This

H4-in H4-out
[

W Center

~ 3 -

%\WW
AR IR

H4-in H4-out

Fig. 2 C4-H4 groups of adjacent glucan units point to opposite
directions in cellobiose-like units. C4-H4 pointing to the
interior of the cluster is designated as H4-in, whereas C4-H4
pointing to the environment of the cluster is designated as H4-
out
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indicates that two adjacent C4 on the surface have
different chemical environment with the C4 having its
H4 pointing into the interior behaving like an interior
C4, and only every other glucose 8'*sC4 is effected by
H-bonding to water.

Averaging chemical shifts over all C atoms has the
effect of ignoring key contributions that could be made
by individual carbons. Previous work has shown that
H-bonding from H,O molecules to C4 had a signif-
icant effect (Kubicki et al. 2014). By examining
individual glucose residues, we found that several
3'C4 on the surface were downfield shifted
by ~ 4-5 ppm due to the absence of H-bonding (H-
0 < 2.5 A and O-H-O > 90°) (Kubicki et al. 2014) to
H,0 molecules. This is comparable to the findings in
Kubicki et al. (2014) and also explained the relative
large standard deviations observed when the 5'°C4 are
averaged.

Glycosidic bond angles (® V)

Other factors that have been suggested to affect 5'°C4
are the ® and W dihedral angles (®: O5'-C1'-0-C4;
¥: C1'-0O-C4-C5; SI Fig. 1). The @ and W angles in
the 4x3x4 clusters represent the glycosidic bond
angles at the region of conformational minimum
(Wang et al. 2016b), because the clusters were
generated based on the X-ray and neutron diffraction
structures of cellulose and energy minimized with
periodic DFT-D2 calculations (Kubicki et al.
2013, 2014). However, it is unrealistic to think that
all the ® and ¥ angles in a biological sample would be
at the conformational minimum. To obtain a more
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realistic distribution of ® and ¥ angles in a cellu-
lose microfibril, the final structure from a MD
simulation on an 18-chain If cellulose microfibril
model, published by Oehme et al. 2015, has also been
utilized. To assess the dependence of 8'*C4 on the
glycosidic dihedral angles (¥, ®), a rigid potential
energy surface scan was conducted on ® and ¥, where
— 1232°<® < — 632° and — 1832° < V¥ < —
123.2°. The relative energies of the rigid PES scan and
the distribution of ® and ¥ angles obtained from MD
simulations were plotted together in Fig. 3a. There
was good agreement between allowed ®/W¥ angles
observed from MD simulations and the relative
energies obtained from the rigid PES scan. As shown
in Fig. 3a, almost all the allowed ®/Y angles observed
from the MD simulation were clustered into the low-
energy zone, with relative potential energies no more
than 20 kJ/mol above the minimum. The ®/¥ angles
at the minimum were consistent with those angles in
the 4 x 3 x 4 clusters as well as those angles in the
X-ray crystal structure of cellulose 1P, as shown in
Fig. 3b.

The allowed ®/Y angles observed from the MD
simulation (— 163° < W < — 133° and — 113° <
® < — 83°) were plotted overlapped with the calcu-
lated relative 8'3C4 values, as shown in Fig. 3b, to
estimate the effect of the allowed the ®/¥ angles on
3'3C4. Using the DFT minimized tg conformation as a
reference, the allowed @/ angles observed from MD
simulations caused an upfield shift in 3'°C4 by up to
1.3 ppm in interior chains, and a more diverse shift of
up to 5.7 ppm in surface chains.

In addition, when the C6 was in the gf or gg
conformation, rotation about the glycosidic bond had a
similar effect on 5'°C4. As shown in Supplementary
Table S4 and S5, the allowed ®/¥ angles observed
from MD simulations caused an upfield shift in 5'*C4
by up to 1.6 ppm (gg) and 1.4 ppm (gf) in interior
chains, and a more diverse shift of up to 6.0 ppm (gg)
and 6.4 ppm (gt) in surface chains.

3'3C for the adjacent glucose units connected by the
glycosidic bond of interest were also calculated, as
shown in the supplementary materials (Supplementary
Table S6). In addition to &'C4, only &'Cl1

A Y(©) B ¥()

-183 -173 -163 -153 -143 -133 -123

-63
-73

]

I

- -83

: A /o-\

T A N7

N =

‘I Ay -93

A

: A ASurface

E 103 Olnterier

: ®40.0-50.0

1 m 30.0-40.0
113 4200300

®10.0-20.0

123 ® 0.0-10.0

Fig. 3 a Overlapping the energy contour map of relative
energies of cellotetramer (with C6 exocyclic groups at tg
conformation) when rotating the glycosidic linkage dihedral
angles ® and W with the observed dihedral angles ® and ‘¥ from
MD simulation, white triangles represent ®/'Y from surface
chains in MD simulation, yellow squares represent ®/¥ from
surface chains in MD simulation; b overlay of the contour map
with the table of calculated relative 5'*C4 values for different
dihedral angles ® and ¥. The regions where dihedral angles ®©

-183  -173  -163  -153 -143  -133  -123

oo [
N w e

and ¥ are observed in MD simulations are in grey dashed line
square. The yellow dashed line square represented the crys-
talline conformational minimum (when ¥ = — 143° £+ 10° and
® = — 93° £ 10°). The three black dots represent the ®/'Y
angles in the 4 x 3 x 4 clusters, — 85°/— 155°, — 92°/— 150°
and — 94°/— 145° for gg, gt and tg, respectively. The two black
triangles represent the /'Y angles from the X-ray structure of
cellulose I by Nishiyama et al. (2003). (Color figure online)
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and 8'3C2 are appreciably influenced by the rotation
about the glycosidic bond. As shown in Supplemen-
tary Table S6, using the DFT minimized fg confor-
mation as the reference, 8'°C1 and 8'*C2 can be
upfield shifted by up to ~ 3.8 ppm or downfield
shifted by up to ~ 1.3 ppm. The rotation about the
glycosidic bond had negligible effect on 3'C6.
Applying DFT calculations on a cellobiose model,
Suzuki et al. (2009) studied the dependence of 8'*C4 on
the glycosidic @ or ¥ angles separately. In their study,
either @ or W was rotated in steps of 30° for a full 360°
while keeping the other angle fixed. They found that in
the region of the crystalline conformational minimum,
3'C4 was dependent on both ®/¥ angles, but only
313C1 and 8'3C2 were dependent on V. However, MD
simulations demonstrated that both @ and ¥ angles have
the potential to rotate in a cellulose microfibril (Oehme
etal. 2015). In this study, together with the allowed ®/'¥
angles values provided via MD simulations on the
18-chain cellulose microfibril models, our study pro-
vided more detailed information of the dependence '*C4
NMR chemical shifts on both ®/F angles. The effect
that rotation about the glycosidic bond had on §'°C4 was
independent of the conformation at C6 (g7, gg, tg). In the
region of the crystalline conformational minimum
(when ¥ = — 143° £ 10° and ® = — 93° + 10°),
where 100% of the ®/¥ angles for interior chains
and ~ 60% of them for surface chains in MD simula-
tions were sampled, 3'*C4 exhibit limited changes due
to the limited variation of ®/¥ angles, with at most an
upfield shift of ~ 2 ppm, consistent with our previous
study (Kubicki et al. 2013). 8'3C4 were more sensitive
to changes of the /¥ angles sampled by surface chains
in MD simulations; the chemical shifts associated with
these angles are upfield shifted by up to ~ 6 ppm.

Effect of adjacent HO3 group

The position of the proton (HO3) of the OH group
connected to C3 has also been proposed to influence
the '>C4 NMR chemical shift (Suzuki et al. 2009). In
order to investigate the relationship between HO3 and
the '3C4 NMR chemical shift, a PES, the distance
between H4 and HO3, and the 13C4 NMR chemical
shift were all calculated for each C6 conformation and
are plotted with respect to the HO3-03/C4-H4
dihedral angle. From the PES, for all C6 conforma-
tions there is a global minimum when the HO3-03/
C4-H4 torsion angle is around 100°, which
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corresponds to a strong inter-residue H-bond forming
between O3 and O5 (OS5 of the adjacent glucose unit)
(Fig. 4, conformation B). Inter-residue H-bond
between O3 and OS5 has been reported for both Ia
and IP allomorphs, thus is common to native cellulose
(Nishiyama et al. 2002, 2003). All the HO3 protons in
the DFT energy minimized 4x3x4 clusters were also
found to have the similar position as shown in the
conformation B. Additionally, O3 can form a relative
weak intra-residue H-bond with O2, which corre-
sponds to a local minimum, when the HO3-0O3/C4-
H4 torsion angle was around 260° (Fig. 4). However,
this minimum is not found for the gg conformation. As
shown in supplementary Fig. S3, the gg conformations
at C6 causes HO2 to be re-positioned, so the H-bond
between O3 and O2 does not form.

3C4 NMR chemical shifts were found to be
influenced by the distance between H4 and HO3
(Fig. 4). As the distance between H4 and HO3
increased, s13c4 decreased, except when the HO3-
03/C4-H4 torsion angle was between 60° and 120°.
Here, the 5'°C4 plot formed a plateau at around 88, 87
and 80 ppm for rg, gt and gt conformations, respec-
tively, even though the distance between H4 and HO3
increased from about 2.5 to 3.1 A. This was probably
due to strong inter-residue H-bonding between O3—
HO3 and O5' (Fig. 4). When the distance between H4
and HO3 was at a maximum (~ 3.6 A) with the
torsion angle of HO3-03/C4-H4 at ~ 203°, §'3C4
reached a minimum, upfield shifted by ~ 2 ppm from
the plateau. When the distance between H4 and HO3
was at a minimum (~ 2.1 4&) with the torsion angle of
HO3-03/C4-H4 at ~ 200°, 3"°C4 reached a maxi-
mum, downfield shifted by ~ 3 ppm from the
plateau. A similar relationship between 8'°C1’ and
the torsion angle 022-HO22/C12-H12 was also
observed when rotating ¥2 (C12C22022H022), as
shown in supplementary Fig. S4.

Applying DFT calculations on a single glucose
(with C6 at gr conformation) model Suzuki et al.
(2009) found that '>*C4 NMR chemical shift could be
influenced by the position of the H (HO3) of the OH
group connected to the adjacent carbon C3. They
explained this qualitatively as resulting from the yy-
gauche effect and intra-residue H-bonds. They found
that 8'3C4 was higher (75.1 and 77.2 ppm) when HO3
was at gauche position (when torsion angle of C2—-C3—
03-HO3 was at 60° or 180°) compared to the §'°C4
value (70.3 ppm) when HO3 was in a trans position
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Fig. 4 Top row, relative potential energies of cellotetramers
with respect to different torsion angle HO3-03/C4-H4 when
the exocyclic group at C6 taking tg, gt and gg conformations,
respectively; Middle row, distances between H4 and HO3
(shown as circle, primary y-axis) and C4 NMR chemical shifts

(when the torsion angle of C2-C3-03-HO3 was at
300°). Consistently, we found that 8'°C4 was higher
(~ 89 and ~ 88 ppm) when HO3 was in the gauche
position (C2-C3-03-HO3 = 60° or 180°), whereas
when HO3 was at trans position (C2-C3-0O3—
HO3 = 300°), 8'3C4 was ~ 85 ppm. However, the
gauche or trans positions cannot be correlated
precisely to the maximum or minimum 8'°C4 (when
torsion angle of C2-C3-O3-HO3 was at ~ 83°
or ~ 282°, respectively), which suggested that this
vu-gauche effect provided by Suzuki and co-authors

(shown as black dots, secondary y-axis) in relation to torsion
angle HO3-03/C4-H4.; Bottom row, representative structures
of cellulose tetramer of zg conformation at the max 5134
(conformation A), plateau/energy minimum (conformation B),
and min 5'3C4 (conformation C)

cannot fully account for the effect of HO3 position on
8"ca.

In this study, we found that 13C4 NMR chemical
shift had an inverse relationship with the distance
between H4 and HO3. The 3'*C4 reached a maximum
when the distance between H4 and HO3 was shortest
and a minimum when furthest apart. Also, the inter-
residue H-bond between O3—-HO3 and O52 was shown
to affect the 1>*C4 NMR chemical shift, which was not
identified in the previous study due to the small size of
the model. Our calculated 8'°C4 values were in good
agreement with the experiment values (79-93 ppm)
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(Park et al. 2009), which varied from 77 to 90 ppm.
Due to the small size of the model from the previous
work, their calculated 5!3C4 varied from 70 to
75 ppm, ~ 10 ppm lower than the experiment
values.

Implications for interpreting observed solid-state
13C NMR spectra of native cellulose in intact cell
walls

As shown in Fig. 5, our calculated '*C NMR chemical
shifts have a reasonably good agreement with the
observed ssSNMR spectra of native cellulose inside the
intact and native Arabidopsis primary cell wall (Wang
and Hong 2016). Since the 8'°C4 value is the most
significant observable for the same C atom within the
cellulose structure, our analysis was focused on
changes in the 8'°C4 value.

As shown in Fig. 6, considering the effects of
different conformation of exocyclic groups at C6,
water and vacuum environments on '°C NMR chem-
ical shifts, our calculated 8'°C4 were separated into
two ‘peaks’, centered at ~ 79 and ~ 86 ppm,
respectively. One ‘peak’ at upfield (~ 79 ppm) was

C1 ca C2,3,5 C6
[— [ — [ [ —
'S o @ S g9
3 3 o 23 gt
. . e o tg

110 105 100 95 90 85 80 75 70 65 60 55 50
13C chemical shift (ppm)

€235
[
a
e c6
ca _c6
1‘10 ‘ 160 ' 9’0 ' 8‘0 ‘ %O ' 6’0 ' SIO

13C chemical shift (ppm)

Fig. 5 Different conformations of the exocyclic groups at C6
have the greatest influence on 813C. a Calculated average
313C1-6 for gg gt and rg conformations by using the three
models shown in Fig. 1; b 1D 13C cross polarization (CP) solid-
state NMR spectrum of Arabidopsis primary cell wall measured
on an 800 MHz spectrometer (Wang et al. 2016b). The
cellulose-dominant peaks are labeled in the spectrum
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dominated by gg conformers, whereas the other one at
downfield (~ 86 ppm) was dominated by rg and gt
conformers. Although the effect of H,O molecules
H-bonding was to shift the gf and zg conformers on the
surface upfield, our calculations indicate that these
upfield shifts (gr: — 0.6 = 1.9 ppm, g: 0.1 £ 1.6
ppm) were not large enough to explain the ‘gap’ in C4
doublet peak (~ 5.5 ppm). In addition to different
conformations at C6 and H,O molecules at the surface,
8'°C4 were shown to be affected by rotation about the
glycosidic bond, and the position of HO3 (the proton
of —OH group connected to the adjacent C3). Variation
in dihedral angles about the glycosidic bond always
caused an upfield shift in the 8'°C4. Combining DFT
calculations and structures from classical MD simu-
lations, we found that 8'>C4 were relatively insensi-
tive (varied by up to ~ 2 ppm) to changes in the ®/'¥
angles of interior cellulose chains, due to their small
variation in the region of crystalline conformational
minimum (¥ = — 143 4+ 10° and ® = — 93 £ 10°)
as sampled by MD. In comparison, changes of ®/¥
angles of surface cellulose chains could upfield shift
3'C4 by up to around 4.3 ppm. There was an inverse
relationship between 8'°C4 and the distance between
H4 and HO3. When the distance between H4 and HO3
was at a maximum (~ 3.6 A), 3!3C4 reached a
minimum (~ 2 ppm upfield shift) while when at a
minimum (~ 2.1 /QX), 8'°C4 reached a maximum,
(~ 3 ppm downfield shift). Interestingly, the inter-
residue H-bonds between O3-HO3 and OS5 or O2
were able to stabilize '*C4 NMR chemical shift, even
with the H4-HO3 distance increasing. Therefore, our
study indicated that the C4 peak separation was due to
a combination of the above four factors, the different
conformation at C6, water/gas environment, ® and ¥
angles, and the position of HO3. However, different
conformations of the exocyclic groups at C6 have the
greatest influence on 8'°C4 peak separation. The other
three factors have secondary effects that increase the
spread of the calculated C4 interior and surface peaks.

This study was an attempt to interpret solid-state
NMR spectra from a structural point of view. The iC4
peak (~ 89 ppm) was found to be dominated by the 7g
conformation, consistent with the previous finding
from Wang et al. 2016a, b using a non-solvated
cellulose model, though the gt conformation may also
contribute to iC4 peak. For the sC4 peak (~ 85 ppm),
two possible substructures could be contributing to the
presence of this peak. It is either dominated by the gr
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Fig. 6 Summary of the effects of different conformation of
exocyclic groups at C6 [rg(i), gt(i) and gg(i)], solvent
environment (water or gas/vacuum), glycosidic bond angles
(®/¥), and position of HO3 atoms on 31°C4. (i) represents the
signals from interior cellulose whereas (s) represents signals
from glucose on the surface of cellulose microfibril model. The
horizontal error bars are the standard error except for effect of @/

conformation, as shown in Fig. 6, when it is further
upfield shifted due to rotation about the glycosidic
bond and the position of HO3, or it could be dominated
by the gg conformation. The gg C4 chemical shift was
centered at ~ 79 ppm, which is out of the NMR C4
chemical shift range of 89-84 ppm. Our method
cannot totally exclude the possibility that part of sC4
peak is dominated by gg C4, because the protocol we
applied here has the RMS error of ~ 3 ppm for
cellulose IP and Io (Kubicki et al. 2013; Toukach and
Ananikov 2013). However, based on these calcula-
tions and analysis, we believe that the gg conformation
is the least probable. This may not change the current
predominant interpretation of the surface and interior
nature of cellulose signals, however it is possible that a
portion of cellulose may violate the surface-interior
assignment. Therefore interior and surface percent-
ages and crystallinity determined using the doublet
3'3C4 peaks may have limited accuracy. Our results
still suggest that there is a link between the two peaks
and that they can be classified as crystalline or
amorphous as it would be expected that amorphous
chains would have gg or gt conformation and
crystalline will be tg. However, the calculations do
suggest that not all amorphous chains will be

Y and HO3. The horizontal error bars in the effect of ®/'¥
represented that changes of ®/¥ angles of surface cellulose
chains could upfield shift 8'3C4 by 5.7 (zg), 6.0 (¢7) and 6.4(gg)
ppm. The horizontal error bars in the effect of HO3 represented
the 3 ppm upfield shift or 2 ppm downfield shift due to the
distance changing between H4 and HO3

represented by the upfield peak (~ 85 ppm), and part
of the signals from amorphous chains could reside in
the downfield peak (~ 89 ppm).

In addition to 8'3C4, we also found that §'3C6
values were sensitive to the first two factors, the
conformations at C6 and the H,O molecules on the
surface. As shown in Fig. 7, the calculated 3'3C6 were
also separated into two ‘peaks’, centered at ~ 61
and ~ 64 ppm, respectively. The ‘upfield peak’ was
dominated by gg and gt conformers, whereas the
‘downfield peak’ was dominated by zg conformers.
The calculated results are in good agreement with
the observed C6 peaks (centered at ~ 62 and ~
65 ppm) in solid-state NMR spectra. This confirmed
that the percentage of residues with gr and gg
conformations can be estimated by calculating the
size of the upfield C6 peak, whereas the percentage of
residues with #g conformations can be estimated by the
size of the downfield C6 peak (Horii et al. 1983;
Oehme et al. 2015). In addition, microfibril bundling
and intermolecular interactions with matrix polysac-
charides, two factors crucial to wall mechanics, may
also perturb the NMR chemical shifts of cellulose, thus
are of high interest for future studies (Cosgrove
20164, b).
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Fig. 7 Summary of the
effects of different
conformation of exocyclic
groups at C6 [tg(i), gt(i) and
gg(i)], solvent environment
(water or gas/vacuum) on
3'3C6. (i) represents the
signals from interior
cellulose whereas
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the standard error 6I7 6I6 6I5 6I4
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Conclusion

In this paper, we have studied the structural factors
that influence '*C NMR chemical shifts in cellulose
using DFT methods. We found that different confor-
mations of the exocyclic groups at C6 (gg, gt and rg
conformations) have the greatest influence on 5'°C4
peak separation, while other structural factors, such as
H>O molecules H-bonded on the surface of the
microfibril, glycosidic bond angles (®, W) and the
distances between H4 and HO3 atoms, have secondary
effects that increase the spread of the calculated C4
interior and surface peaks. We concluded that iC4
peak (~ 89 ppm) was dominated by the tg confor-
mation, while sC4 (~ 85 ppm) peak was dominated
by either gg or gf conformations. Hence, even though
the conventional assignment of two C4 peaks observed
by '>C NMR to surface and interior regions may not be
accurate; it is still possible that there is a link between
the two peaks and that they can be classified as
interior/crystalline or surface/amorphous regions.
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