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Abstract 13 

Periodic planewave and molecular cluster density functional theory (DFT) calculations were 14 
performed on three potential arrangements of 18 chain chain cellulose microfibrils (CMFs). To 15 
determine the most probable arrangement in plant cell walls, the molecular structure, 13C NMR 16 
chemical shifts and WAXS diffractograms resulting from the DFT model calculations were 17 
compared to experimental data. In addition, the relative potential energies of the 18-chain model 18 
CMFs were considered as evidence for the most likely arrangement. The preponderance of 19 
evidence for the CMF arrangement that is most probable in plant cell walls is a 6-layer CMF in an 20 
arrangement of 234432 glucan chains where each integer represents the number of chains in a 21 
given layer. An accurate model for the habit of the CMF in plant cell walls is necessary for further 22 
modeling of CMF interactions with other plant cell wall components and studies of cellulose 23 
degradation. 24 
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Introduction 29 

Plant cell walls are composed of cellulose, hemicellulose, pectin and glycoproteins. These 30 
components interact in complex ways to form an intricate 3-D architecture.  Cellulose is the most 31 
abundant component (except for water) in the plant cell wall, making up 20-30% of the wall’s dry 32 
weight. Cellulose is the focal point of interactions with other plant cell wall components. Previous 33 
studies have found that cellulose microfibril surfaces are in close contact with xyloglucan, pectin 34 
and xylan (Dick-Pérez et al. 2011; Hayashi 1989; Simmons et al. 2016; Wang et al. 2012). Due to 35 
the complex interactions between cellulose microfibrils (CMFs) and other wall components, and 36 
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between CMF and CMF, the specific characteristics of the plant cell wall architecture have long 37 
eluded scientists. For instance, xyloglucan was thought to bind to the hydrophobic surface of a 38 
CMF (Zhao et al. 2014). However, recently, xylan with a 2-fold screw axis conformation was 39 
found to bind potentially with the hydrophilic surfaces of CMF, (Pereira et al. 2017) and lignin 40 
with both surfaces (Besombes and Mazeau 2005). All interactions with CMF happened on its 41 
distinct hydrophobic and hydrophilic surfaces. Therefore, determining the shape of plant CMF is 42 
critical for understanding plant cell wall molecular architecture (Cosgrove 2018). For example, 43 
cellulose binding domains of cellulose enzymes are thought to act upon the hydrophobic surface 44 
of the CMF. Other plant cell wall components (e.g., pectin, hemicellulose, lignin, and water) will 45 
also prefer to interact via van der Waals or H-bonding interactions (Yang et al., 2018). The habit 46 
of the CMF will control the availability and molecular structure of all these interactions. 47 

Works from Nixon et al. (Nixon et al. 2016), Hill et al. (Hill et al. 2014) and Venu et al. (Vandavasi 48 
et al. 2016) have demonstrated that the cellulose synthase complex (CSC) rosette is most consistent 49 
with a hexamer of trimers. Because only one cellulose chain can be extruded from each of the 50 
CesA enzymes in the CSC, the elementary cellulose microfibril should be composed of 18 51 
cellulose chain chains rather than 36. In order to investigate the most probable arrangement of 18 52 
cellulose chains within a CMF, three arrangements of the 18 cellulose chains with all trans-gauche 53 
(tg) conformations have been created (Kubicki et al. 2018). Based on the energies calculated with 54 
DFT and predicted versus observed X-ray and NMR data, a microfibril based on 5 layers in a 55 
34443 arrangement (5 layers of cellulose chains arranged in a 3-4-4-4-3 pattern) was predicted to 56 
be the most probable arrangement. A habit based on a 234432 arrangement (6 layers of cellulose 57 
chains arranged in a 2-3-4-4-3-2 pattern) was slightly less favored, and a 6x3 arrangement (6 layers 58 
of cellulose chains arranged in a 3-3-3-3-3-3 pattern) was considered improbable.  59 

Kubicki et al. (Kubicki et al. 2018) did not consider rotations of surface hydroxymethyl groups 60 
nor the effects of surface H-bonding however. CMF is composed of β-1,4 linked glucose molecules, 61 
whose C6 exocyclic groups could have three different stable conformations, trans-gauche (tg), 62 
gauche-trans (gt) and gauche-gauche (gg), due to the trans- and gauche- status of the dihedral 63 
angles O5-C5-C6-O6 and C4-C5-C6-O6, as shown in supplementary Fig. S1 and Fig. S2. Different 64 
conformations of the C6 exocyclic group (tg, gt, and gg) have a great influence on the chemical 65 
shifts of C4 and C6 (Horii et al. 1983; Kubicki et al. 2013; Suzuki et al. 2009; Yang et al. 2018). 66 
Their distribution within the CMF had been elusive until high-resolution solid-state NMR 67 
spectroscopy complemented by DFT was applied to the study of CMF in plant cell walls (Phyo et 68 
al. 2018; Wang et al. 2016). Via a combination of high-resolution 2D ssNMR (at 296K) and DFT 69 
study, Wang et al. (Wang et al. 2016) found that the all hydroxymethyl groups on interior cellulose 70 
chains of CMF must be in the tg conformation.  Phyo et al. (Phyo et al. 2018) concluded that all 71 
hydroxymethyl groups on exterior chains must be in the gt conformation whether or not they 72 
pointed toward the exterior or interior of the fibril and that the fibril should be comprised of 24 73 
chains based on the ratio of surface to interior C4 NMR peaks via a 1H polarization transfer ssNMR 74 
study (at 298 K). 75 
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In order to more realistically model the possible surface structure of cellulose microfibrils, herein, 76 
cellulose 18 chain models with C6 exocyclic groups in different conformations on the surface were 77 
created. In each CMF, cellulose chains were arranged as 6x3, 234432, and 34443, as described in 78 
our previous study (Kubicki et al. 2018). The same DFT methodology that has been proven to 79 
successfully model cellulose molecular structure and spectroscopic properties had been adopted 80 
herein to predict the structure, energetics and the 13C NMR chemical shifts of the finite CMF 81 
structure. With an appropriate model of CMF habit and surface configurations developed, it will 82 
be possible to model CMF interactions with other plant cell wall components. 83 

Methods 84 

Two sets of cellulose 18 chain models (72 C6O5H10) with different hydroxymethyl 85 
conformations on the surface 86 

The C6 exocyclic group of each glucose residue could have three different stable conformations, 87 
trans-gauche (tg), gauche-trans (gt) and gauche-gauche (gg), due to the trans- and gauche- status 88 
of the dihedral angles O5-C5-C6-O6 and C4-C5-C6-O6, as shown in supplementary Fig. S1 and 89 
Fig. S2. Two sets of cellulose Iβ 18-chain models with C6 exocyclic group in different 90 
conformations (gt: C4–C5–C6–O6 (χ2) = 178.1o; tg: C4–C5–C6–O6 (χ2) = -74.3o (or 285.7 o)) 91 
(Yang et al. 2018) on the surface were created, as shown in Fig. 1. In set I, the exterior chains had 92 
all gt conformations. In set II, the exterior chains had a structure where only the external 93 
hydroxymethyl groups were in the gt conformation, the internal hydroxymethyl groups were in the 94 
tg conformation. In both sets of models, the interior chains had all tg conformations. The 95 
arrangements of both sets of models were created based on our previous study (Kubicki et al. 2018). 96 
The 6x3, 234432, and 34443 models were created for set II. Only the 234432 and 34443 models 97 
were created for set I, because a 6x3 arrangement was considered improbable in the all-tg models.  98 

In order to investigate the effect of H2O H-bonding on the CMF chemical shifts, in addition to the 99 
“dry” models aforementioned, two CMF + H2O models (234432 and 34443 models with a 100 
monolayer of H2O molecules) were also created. Initial atomic structures were based upon 101 
classical MD simulations (Oehme et al. 2018). The initial conformation of C6 exocyclic group of 102 
each glucose molecule in these two models was tg conformation, but these equilibrated during the 103 
MD simulation such that a selection of tg, gt and gg conformations were present (Oehme et al. 104 
2018). From the last step of the classical MD simulation, the 18 chain fibril plus all H2O molecules 105 
with 3 Angstroms of the fibril (i.e., a “monolayer” of hydration) were extracted for DFT energy 106 
minimizations. The CMF + H2O (72 C6O5H10 + 102 H2O) models were then energy-minimized 107 
using the same parameters as the “dry” model systems.  108 

 109 

Energy minimization on CMF models 110 
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Initial atomic structures were based upon the experimental model of Nishiyama et al.(Nishiyama 111 
et al. 2002) as supplied by Yoshi Nishiyama. The unit cell of cellulose was doubled to include 4 112 
glucose residues along the c-dimension, and 18 chain CMFs were constructed in Materials Studio 113 
2016. The simulation cell was expanded in the x- and y-dimensions to allow for space between the 114 
images of the CMFs in order to minimize any self-interactions. The model structures were 115 
converted into VASP input files (POSCAR) via a Perl script written by Andrei V. Bandura (Saint 116 
Petersburg State University, Russia). All atomic positions were relaxed during energy 117 
minimizations with periodic PBE-D2 calculations(Klimeš et al. 2009; Klimeš et al. 2011) using 118 
the VASP code (Kresse and Furthmüller 1996; Kresse et al. 1994; Kresse and Hafner 1993; Kresse 119 
and Hafner 1994). A single k-point (i.e., the Γ point) was generated using the Monkhorst-Pack 120 
mesh scheme embedded in VASP. A planewave cut-off energy (ENCUT in VASP) of 500 eV.   121 

The periodic planewave methodology employed herein has been proven to reproduce observed 122 
cellulose structural and spectroscopic data (see Marakem et al., 2019 and references therein). 123 
Furthermore, the VASP code20 has been computationally efficient for systems of hundreds of 124 
atoms12. Lastly, other methods that use atom-centered orbitals may require termination of the 125 
cellulose chains that could induce energy effects as artefacts when comparing the model and real 126 
CMFs. The simulation cell lattice parameters were also relaxed until the c-dimension converged 127 
to a stable state in order to the cellulose chains to stretch or contract. After convergence of the 128 
chain lengths, the lattice parameters were then held constant in order to prevent artificial 129 
aggregation of the CMFs with their periodic images (i.e., contraction of the a and b cell dimensions 130 
until the CMF would sense images of itself.) Energy minimizations are conducted at 0K, so thermal 131 
expansion of the CMF to room temperature is neglected. This will be a source of error in our results, 132 
but previous studies have shown this error to be relatively small12. Crystallographic results have 133 
also shown that the thermal expansion effect on the conformation of cellulose chains negligible 134 
when cellulose Iβ is cooled from 295 to 16K (Nishiyama et al. 2008). Comparisons of modeled 135 
and observed 13C NMR chemical shifts help to verify that the thermal expansion of CMFs from 0 136 
to 298K do not have a major effect on calculated structures. 137 

Supplementary Table S1 contains the lattice parameters from experiment (Nishiyama et al. 2008), 138 
previous 3-D periodic PBE-D2 calculation (Dri et al. 2013) for Iβ cellulose, and the present study 139 
for cellulose Iβ 18 chain models. Our calculated results are similar to the experiment and previous 140 
results. There are small (up to 2%) variations in lattice parameters b and c. However, comparing 141 
to the experiment result, our calculated results demonstrate a 5%-7% contraction in the lattice 142 
parameter a, which is probably due to our finite fibril models having surface effects included in 143 
order to take the different arrangements of cellulose chains into consideration.  144 

 145 

Potential energies of CMF models  146 



5 
 

Electronic structures energies were calculated for each CMF model to investigate the relative 147 
probability of forming each CMF (72C6O5H10) with different C6 exocyclic group conformations. 148 
Single-point energy calculations were also performed on the tetramer CMFs in Gaussian 09 (Frisch 149 
et al. 2009) using Perdew-Wang, (Perdew and Wang 1992) M05, (Zhao et al. 2006), B3LYP 150 
(Becke 1993; Lee et al. 1988) with D3 dispersion correction of Grimme et al. (Grimme et al. 2011) 151 
employed, along with the 6–31G(d) basis set (Rassolov et al. 2001) due to the large size of the 152 
system, in both vacuum and aqueous solution conditions (IEF-PCM).(Cancés et al., 1997) The 153 
zero-point vibrational energies (ZPVE) were not included due to the difficulties of geometry 154 
optimization and frequency calculations on CMF models containing more than 1500 atoms. The 155 
thermal correction from 0 to 298K can be significant (e.g., 27 kJ/molecular formula unit), but 156 
because each CMF model has the same stoichiometry and the similar arrangement, we assume the 157 
order of the stability will not considerably change if ZPVE correction is taken into consideration 158 
(i.e., the thermal correction to the energy will be similar in each case).   159 

SAXS and WAXS curves of CMF models 160 

Small- and Wide-Angle X-ray Scattering (SAXS and WAXS) curves of CMFs in aqueous solution 161 
were calculated based on explicit-solvent all-atom molecular dynamics (MD) simulations using 162 
WAXSiS (Chen and Hub 2014; Knight and Hub 2015). The 18-chain CMF structures were 163 
obtained based on the periodic energy minimizations conducted with VASP. Each chain contained 164 
18 glucose residues. Each CMF structure was solvated in a box of TIP3P water so that the CMF 165 
was surrounded in all directions by 20 Å. Short (50 ps) MD simulations were performed using 166 
AMBER (Case et al. 2014) and the Glycam06 carbohydrate force field (Kirschner et al. 2008) at 167 
300 K, at 1 bar, in the NPT ensemble, with 2 fs time step, 10 Å non-bonded interaction cutoff, and 168 
SHAKE-constrained hydrogen bonds. Herein, we are interested in the SAXS and WAXS curves 169 
of CMF models obtained based on the periodic energy minimizations conducted with VASP. 170 
Therefore, the positions of CMF were constrained using a force constant of 250 kcal/mol/Å2. 171 
Simulation frames were written every 0.5 ps so that the solvent configurations were uncorrelated 172 
(Knight and Hub 2015). From the MD trajectories, the theoretical scattering curves were then 173 
calculated using the WAXSiS webserver. The buffer intensity is reduced by the volume fraction v 174 
of the solute, I(q) = Isample(q) - (1-v) Ibuffer(q) (Knight and Hub 2015). 175 

13C NMR chemical shifts of solvated CMF models 176 

NMR calculations used the multi-standard method (Sarotti and Pellegrinet 2009) with 177 
tetramethylsilane (TMS) and methanol as the primary and secondary standards (Gottlieb et al. 178 
1997; Shklyaev et al. 2014; Watts et al. 2011; Watts et al. 2014) in order to increase accuracy in 179 
reproducing experimental values. The modified Perdue–Wang exchange–correlation functional 180 
mPW1PW91 (Adamo and Barone 1998) along with the 6–31G(d) basis set (Rassolov et al. 2001) 181 
were used in the calculation of isotropic chemical shieldings for all nuclei. The periodic models 182 
were converted into finite clusters of 18 chains 4 glucose residues long in the c-direction. 183 
Terminal methyl groups were added to satisfy broken bonds from the termination of periodicity. 184 
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The methyl groups were then relaxed in Gaussian 09 (Frisch et al. 2009) while all other atoms 185 
were fixed in the positions determined in the periodic energy minimizations performed with 186 
VASP. The 18-chain CMF structures were solvated in a box of TIP3P water (Jorgensen et al. 187 
1983) followed the protocol detailed out in previous work (Yang et al. 2018) using the Impact 188 
module of Maestro, (Banks et al. 2005; Schrödinger 2014) followed by 1000 steps of conjugate 189 
gradient minimization performed before 10 ps MD simulations at 298K with a 1 fs time step in 190 
the NVT ensemble using the OPLS_2005 force field (Banks et al. 2005) keeping the atomic 191 
positions of cellulose molecules fixed. Only H2O molecules within 3 Å of the cellulose clusters 192 
were included for NMR calculations as it was found that H2O molecules further than 3 Å from 193 
the clusters had negligible effects on the calculated δ13C. (Note that these models differ from the 194 
MD-derived structures24 in that the conformations of the hydroxymethyl groups had been 195 
previously initiated into specific conformations and then relaxed with DFT in VASP rather than 196 
determined by the force field during the MD simulation. This set of hydrated CMF models is 197 
necessary to test how well the DFT conforms to experimental 13C NMR spectra obtained at room 198 
temperature.) An empirical correction of 49.5 ppm (Gottlieb et al. 1997) was used for the 199 
difference between the δ13C in methanol and TMS commonly used as an experimental 13C NMR 200 
standard (Sarotti and Pellegrinet 2009). This gives an isotropic chemical shielding of 193.0 ppm. 201 
To compute the δ13C for any C nucleus i in cellulose, we used: δ13Ci = 193.0 ppm - δ13Ci. 202 

Results and Discussion 203 

 204 
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Fig. 1 Potential crystal habits of native cellulose microfibrils: 234432, 34443 and 6x3 models 205 
(viewing down the c-axis with C in light grey, H in red,  interior-chain O in blue and exterior-chain 206 
O in green) with different C6 exocyclic group conformations. A representative layer of set I and 207 
II models were shown in panel C, in which C6 exocyclic groups in the tg conformation were 208 
colored in blue, and those in gt conformation were colored in green. In both sets, the interior chains 209 
(grey shaded) had only tg conformations. Panel A, in set I, the exterior chains (not shaded) had all 210 
gt conformations, also named as (i)tg-(s)gt, where i stands for interior and s stands for exterior 211 
chains on the surface of CMF. In this set, two arrangements (234432, and 34443, from top to 212 
bottom) of 18 cellulose chains models were created. Panel B, in set II, the exterior chains (not 213 
shaded) had two different conformations. The external hydroxymethyl groups were in the gt 214 
conformation, whereas the internal hydroxymethyl groups were in the tg conformation. It is also 215 
named as (i)tg-(si)tg-(so)gt, where si stands for the internal hydroxymethyl groups on the surface, 216 
so stands for the external hydroxymethyl groups on the surface.  In this set, three arrangements 217 
(234432, 34443, and 333333 from top to bottom) of 18 cellulose chains models were created. 218 

 219 

Two sets of cellulose Iβ 18 chain models with C6 exocyclic group in different conformations on 220 
the surface were created in order to more realistically model the possible surface structure of 221 
cellulose microfibrils. As demonstrated in Fig. 1, the exterior chains either had all gt conformations 222 
(Set I, ((i)tg-(s)gt)) as suggested based on NMR spectroscopy (Phyo et al. 2018) or a structure 223 
where only the external hydroxymethyl groups were in the gt conformation (Set II, ((i)tg-(si)tg-224 
(so)gt)). The interior chains had all tg conformations. Atomic structures of 6x3, 234432, and 34443 225 
models for set II and 234432, and 34443 models for set I, were obtained via periodic DFT 226 
calculations in VASP, to compare against observed X-ray and neutron diffraction studies 227 
(Nishiyama et al. 2008; Nishiyama et al. 2002).  228 

After periodic DFT calculations, both Set I and Set II largely maintained the initial χ1(O5-C5-C6-229 
O6), χ2(C4-C5-C6-O6) configurations. As shown in Table 1, all the interior chains maintained the 230 
tg conformation with relatively small standard deviations ranging from 1.4 to 4.5 degrees.  The 231 
exterior chains of Set I and half of the exterior chain in Set II with external hydroxymethyl groups 232 
maintained the gt conformation. However, the standard deviations of those are relatively large, 233 
ranging from 5.0 to 10.8 degrees, indicating the hydroxymethyl groups of surface cellulose chains 234 
are more dynamic due to the absence of restriction from adjacent cellulose chains.  As shown in 235 
Table 1, the Φ (O5-C1-O4-C4) and Ψ (C1-O4-C4-C5) torsion angles calculated are in reasonable 236 
agreement with the experimental values (Nishiyama et al. 2008; Nishiyama et al. 2002). Among 237 
all the exterior cellulose chains, those in the 234432 model of Set II ((i)tg-(si)tg-(so)gt)) 238 
demonstrated smaller standard deviations in the Φ and Ψ torsion angles.  239 

  240 
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Table 1 Torsion angles in 6x3, 234432 and 34443 models 241 

 Origin Center 
 Φ Ψ χ1 χ2 Φ Ψ χ1 χ2 

Interior cellulose chains 
Expt.  -88.7 -147.1 158.0 -83.0 -98.5 -142.3 170.0 -70.0 

All-tg(Kubicki et al. 2018) 
333333 -93.3±1.3 -146.1±1.3 168.9±2.5 -73.4±2.3 -90.3±0.4 -144.1±1.2 175.2±2.4 -67.1±2.1 
34443 -93.2±0.3 -146.3±0.4 168.0±1.1 -74.2±1.1 -90.3±0.4 -144.1±0.5 176.2±2.2 -65.7±2.1 
234432 -93.4±0.2 -146.5±0.2 170.6±1.3 -71.6±1.2 -90.0±0.3 -143.7±0.3 176.5±1.1 -65.0±1.1 

(i)tg-(si)tg-(so)gt 
333333 -93.2±2.7 -146.2±6.4 171.1±4.1 -71.1±3.5 -89.2±5.8 -142.4±2.0 172.9±4.0 -69.5±3.6 
34443 -89.1±1.6 -143.2±2.9 173.2±4.4 -67.7±2.9 -90.5±2.3 -146.6±3.5 165.4±3.2 -77.0±2.3 
234432 -90.6±1.7 -145.3±8.2 171.2±2.1 -71.4±1.7 -93.4±4.8 -141.1±5.9 177.2±1.3 -65.4±1.4 

(i)tg-(s)gt 
34443 -91.1±6.6 -142.5±3.4 175.7±1.9 -65.2±3.0 -96.0±2.8 -145.1±4.2 170.1±5.1 -73.5±4.5 
234432 -92.6±2.9 -146.3±2.1 171.3±5.1 -69.3±4.0 -93.9±4.3 -141.5±3.8 177.6±4.3 -64.5±4.1 

Exterior cellulose chains 
(i)tg-(si)tg-(so)gt 

333333 -94.1±5.5 -144.7±6.0 52.2±8.9 170.5±8.7 -92.0±3.2 -147.3±2.5 53.9±6.1 173.4±6.6 
34443 -93.8±4.7 -145.7±4.9 55.3±6.2 174.2±7.0 -93.4±5.3 -145.5±4.0 52.9±7.2 172.1±7.1 
234432 -95.6±0.9 -145.9±1.1 64.4±6.6 182.9±7.2 -92.5±2.5 -148.3±2.4 53.0±8.5 172.4±9.5 

(i)tg-(s)gt 
34443 -95.0±8.8 -143.6±4.8 46.4±5.9 161.7±5.0 -91.2±7.8 -147.6±3.0 47.0±9.5 162.9±8.3 
234432 -94.0±4.5 -146.7±4.6 56.3±9.2 173.4±10.8 -92.2±6.3 -145.7±4.0 46.9±7.2 165.5±7.1 

Φ: O5C1O4C4, Ψ: C1O4C4C5, χ1: O5C5C6O6, χ2: C4C5C6O6. Crystallographic experiment values (at 16K) are from Nishiyama et al. 2008 and 242 
Nishiyama et al. 2002 243 

 244 

 245 

 246 

 247 
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Table 2 H-bonding distances (Å) and angles (O-H--O in degrees) in CMF models with different C6 conformation. 248 
   Inter-molecular Intra-molecular 
   O6-H --- O2 O6-H --- O3 O2-H --- O6 O3-H --- O5 
   d(H-A) d(D-A) <(DHA) d(H-A) d(D-A) <(DHA) d(H-A) d(D-A) <(DHA) d(H-A) d(D-A) <(DHA) 

Expt.  
O 2.5 3.2 125.0 1.8 2.7 157.0 1.9 2.9 165.0 1.8 2.7 162.0 
C 3.6 3.6 81.0 2.0 2.9 144.0 1.8 2.8 159.0 2.0 2.8 137.0 

Interior chains              

All-tg 

3x6 
O 2.8 3.4 122.8 1.7 2.7 162.0 1.8 2.8 174.9 1.8 2.7 161.2 
C 2.8 3.4 120.3 1.8 2.8 164.6 1.7 2.7 169.1 1.8 2.7 163.6 

34443 
O 2.8 3.4 121.4 1.7 2.7 163.3 1.8 2.8 173.7 1.8 2.7 160.5 
C 2.7 3.4 121.0 1.8 2.8 163.5 1.7 2.7 169.1 1.8 2.7 163.4 

234432 
O 2.8 3.4 122.0 1.7 2.7 162.9 1.8 2.8 174.6 1.8 2.7 161.9 
C 2.8 3.4 121.1 1.9 2.8 163.9 1.7 2.7 168.2 1.8 2.7 163.7 

(i)tg-
(si)tg-
(so)gt 

3x6 
O 2.7 3.4 123.5 2.0 2.9 160.4 1.7 2.7 169.9 1.8 2.8 160.6 
C 2.7 3.3 122.8 1.8 2.7 161.0 1.8 2.8 173.8 1.8 2.7 163.2 

34443 
O 2.7 3.4 122.5 1.8 2.8 160.3 1.9 2.9 173.0 1.8 2.7 162.7 
C 2.8 3.5 121.8 1.8 2.8 164.7 1.8 2.7 167.8 1.8 2.8 163.2 

234432 
O 2.8 3.4 122.0 1.9 2.8 161.4 1.7 2.7 169.4 1.8 2.8 160.6 
C 2.8 3.4 124.5 1.7 2.7 160.4 1.8 2.8 172.2 1.8 2.7 161.8 

(i)tg-
(s)gt 

34443 
O 2.8 3.4 120.7 1.7 2.7 166.9 1.8 2.8 171.7 1.8 2.8 161.8 
C 2.8 3.4 120.4 1.8 2.8 161.4 1.7 2.7 165.5 1.8 2.8 159.7 

234432 
O 2.8 3.4 120.2 1.9 2.8 162.7 1.7 2.7 164.9 1.8 2.7 161.8 
C 2.8 3.4 121.4 1.7 2.7 164.7 1.7 2.8 171.6 1.8 2.7 160.0 

Surface Chains              

(i)tg-
(si)tg-
(so)gt 

3x6 
O 1.8 2.7 147.7 3.0 3.8 142.6 4.0 4.9 153.6 2.0 2.9 149.4 
C 1.8 2.7 150.2 3.1 3.9 144.5 4.0 4.9 151.1 2.0 2.9 153.8 

34443 
O 1.7 2.6 151.2 3.0 3.7 138.5 3.9 4.9 161.4 2.0 2.9 154.3 
C 1.6 2.5 153.7 3.0 3.8 137.1 3.9 4.9 160.3 1.9 2.9 156.4 

234432 
O 1.7 2.6 154.0 3.1 3.9 140.1 4.0 4.9 149.0 2.0 2.9 153.9 
C 2.0 2.7 127.6 2.9 3.5 123.6 4.0 4.9 142.1 1.9 2.9 154.5 

(i)tg-
(s)gt 

34443 
O 1.5 2.4 156.5 3.0 3.7 131.7 4.1 5.0 158.9 1.9 2.9 154.9 
C 1.5 2.4 155.5 3.0 3.8 131.5 4.0 4.9 156.4 1.9 2.8 158.9 

234432 
O 1.4 2.4 158.6 3.1 3.8 131.7 4.1 5.0 158.6 1.9 2.8 157.1 
C 1.6 2.5 154.6 2.9 3.6 130.8 4.2 4.9 140.8 1.9 2.8 154.3 

O:Origin, C:Center Crystallographic experiment values (at 16K) are from Nishiyama et al. 2008 and Nishiyama et al. 2002 249 
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Comparing the model atomic structures with the parameters reported for Iβ cellulose by Nishiyama 250 
et al. (Nishiyama et al. 2002) as well as the model atomic structures with all tg conformations, 251 
(Kubicki et al. 2018) as shown in Table 2, we found that the interior chains of all CMF models 252 
accurately reproduced observed interatomic distances and angles with reasonable accuracy. As 253 
shown in the supplementary Table S2, the interior chains of all CMF models have much smaller 254 
percent errors of the interatomic distances and angles than the surface chains have, when 255 
comparing to the crystallographic experiment values. As noted before, (Kubicki et al. 2018) 256 
experimental values showed more dramatic difference between origin and center layers in both the 257 
H-bonding distances and angles as well as the torsion angles in CMF models. In all DFT models, 258 
the difference between origin and center are much less. The significant discrepancies between the 259 
model and the experimental-reported H-bond distances and angles were also noted before. It is 260 
most likely due to the difficulties to predict the H atom positions in cellulose. There also existed 261 
significant discrepancies for several hydrogen-bond distances on the surface of the CMF models, 262 
due to the C6 exocyclic group conformation changes. The inter-molecular O6H-O3 hydrogen-263 
bond and the intra-molecular O2H-O6 hydrogen-bond were disrupted, as the C6 exocyclic group 264 
was changed from the tg to the gt conformation. The D-A distances were increased from 2.7‒2.9 265 
Å (tg conformation) to ~3.6‒3.9 and ~5 Å respectively. At the same time, the inter-molecular O6H-266 
O2 hydrogen-bond was strengthened. The D-A distance was decreased from 3.4 Å (tg 267 
conformation) to around ~2.4‒2.7 Å. Two hydrogen-bonds (the inter-molecular O6H-O3 and the 268 
intra-molecular O2H-O6) were disrupted whereas only one (the inter-molecular O6H-O2) was 269 
strengthened, suggesting that the hydrogen-bond network was weakened on the CMF surface as 270 
the C6 exocyclic group was changed from the tg to the gt conformation. Our finding is consistent 271 
with the experimental finding of the dynamics of the surface chain via the 13C spin-lattice T1 272 
relaxation measurements (Vietor et al. 2002). 273 
 274 
There is no model that performs significantly better with respect to reproducing the experimental 275 
H-bonding structural parameters. Therefore, it echoed the conclusion from our previous study that 276 
the crystal habit has a minimal effect on these structural parameters. Different C6 exocyclic group 277 
conformations have no dramatic influence on the torsion angles of all CMF models, but their 278 
stabilities. We found that the exterior cellulose chains in 234432 model of Set II ((i)tg-(si)tg-(so)gt)) 279 
were the least likely to distort from the interior conformation.   280 
 281 



11 
 

 282 

Fig. 2 Relative potential energies of various Iβ CMF models with different C6 exocyclic group 283 
conformations. The 234432 and 34443 models from set I ((i)tg-(s)gt), the 6x3, 234432 and 34443 284 
models from set II ((i)tg-(si)tg-(so)gt), and the previously published 6x3, 234432 and 34443 285 
models with all-tg conformations. Single-point energy calculations were performed on the tetramer 286 
CMFs in Gaussian 09 using B3LYP with D3 dispersion correction employed, in both vacuum and 287 
water as approximated with IEF-PCM. Figure 2a shows that the 234432 (i)tg-(si)tg-(so)gt is the 288 
lowest in energy in vacuum, but the All-tg 34443 configuration has an equivalently low energy 289 
within error.  Figure 2b predicts that the All-tg 34443 configuration is lowest in energy with the 290 
234432 (i)tg-(si)tg-(so)gt and All-tg 234432 configurations only slightly higher. 291 

 292 

In order to investigate the relative probability of forming each CMF with different C6 exocyclic 293 
group conformations, potential energies were calculated for each CMF models. Shown in Fig. 2 294 
are relative energies (normalized on a per glucan basis) of various Iβ CMF models with different 295 
C6 exocyclic group conformations calculated at B3LYP (Becke 1993; Lee et al. 1988) level with 296 
D3 dispersion correction of Grimme et al. (Grimme et al. 2011) employed. Supplementary Table 297 
S3 lists the energies for each model and methods in both vacuum and aqueous solution conditions. 298 
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The 6x3 model was also predicted to have the highest potential energy for set II ((i)tg-(si)tg-(so)gt) 299 
as predicted previously12. In set II ((i)tg-(si)tg-(so)gt), the potential energy of 6x3 model is higher 300 
than those of 234432 and 34443 model by about 7 and 2 kJ/mol/glucan in vacuum and aqueous 301 
solution. Although one cannot expect CMFs formed in plant cell walls to necessarily be at 302 
thermodynamic equilibrium, our assumption is that it does not make biochemical sense for plants 303 
to produce a less thermodynamically stable form both in terms of assembly kinetics and in regards 304 
to ultimate strength and resistance to biodegradation. Therefore, we conclude that the 6x3 model 305 
would be the least probable habit that a CMF would form. However, all DFT calculated energies 306 
are particular to the methodology chosen. This study has employed two methods as a check, but 307 
more extensive testing of computational method on the results is warranted.  308 

The Set I models ((i)tg-(s)gt), where the exterior chains were all in the gt conformation, were 309 
predicted to have much higher potential energy than the set II and all-tg models. As shown in Fig. 310 
2 and supplementary Table S3, the potential energy of Set I models are higher than those of Set I 311 
and All-tg models by about 20 and 25 kJ/mol/glucan on average either in vacuum or aqueous 312 
solution phase. These results suggest that the set I model where the exterior chains are all in the gt 313 
conformation would be the least probable model for elementary cellulose microfibrils.  314 

As shown in Fig. 2, for the 18 chain models without H2O, the 234432 CMF with only externally-315 
oriented hydroxymethyl groups in the gt conformation was predicted to have the lowest potential 316 
energy, but this arrangement was only ~1 kJ/mol/glucan lower in energy than the 34443 317 
arrangement with all tg hydroxymethyl groups. When the fibril was solvated in water using the 318 
PCM continuum solvation model, the 34443 all-tg arrangement was lowest in energy followed 319 
closely (~2 kJ/mol/glucan) by the all-tg 234432 arrangement. If the results of the DFT potential 320 
energy minimizations are reliable, this indicates that the lack of intermolecular interactions 321 
(electrostatic and H-bonding interactions etc.) on the hydroxymethyl groups tends to 322 
thermodynamically favor rotation into the gt conformation and intermolecular interactions such as 323 
electrostatic and H-bonding interactions (whether from other cellulose chains or H2O) favors the 324 
tg conformation.  325 

Based on 1H polarization transfer ss-NMR studies on the cellulose microfibrils in Brachypodium 326 
and Arabidopsis cell walls, Phyo et al. (Phyo et al. 2018) found that all hydroxymethyl groups on 327 
exterior chains must be in the gt conformation whether or not they pointed toward the exterior or 328 
interior of the fibril. This is probably due to that CMF in Brachypodium and Arabidopsis cell walls 329 
are in a less crystalline form. The surface chain was not tightly packed with the interior cellulose 330 
chains, which resulted in partially losing some intermolecular interactions with the interior chains. 331 
Hydroxymethyl groups lacking intermolecular interactions with other glucan chains tend to 332 
thermodynamically favor rotation into the gt conformation, which may explain the finding of Phyo 333 
et al. that all hydroxymethyl groups on exterior chains must be in the gt conformation whether or 334 
not they pointed toward the exterior or interior of the fibril. 335 
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 336 

Fig. 3 Observed and calculated 13C NMR chemical shifts for interior cellulose chains 337 

 338 

 339 
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Fig. 4 Observed and calculated 13C NMR chemical shifts for surface cellulose chains. 340 

 341 

Solid-state 13C NMR spectra of highly crystalline cellulose from tunicate (Kono et al. 2003; Kono 342 
and Numata 2006) have been the reference for chemical shifts from interior cellulose chains for 343 
decades. High-resolution 13C NMR spectra of cellulose in vivo reported recently have identified 344 
two types of chemical shift from the surface chains, type F and G.(Wang et al. 2016) Type F was 345 
designated as the chemical shifts from glucan on the hydrophilic surface, whereas type G was 346 
designated as the chemical shifts from glucan on the hydrophobic surface.(Phyo et al. 2018) 347 
Following the same methodologies that have been approved to successfully model cellulose NMR 348 
spectroscopic properties, (Kubicki et al. 2018; Yang et al. 2018) we calculated the NMR chemical 349 
shifts for the Set I and II models.  350 

Fig. 3 and supplementary Table S4 compare observed and calculated values for all types of C 351 
atoms within the interior center and origin chains of the set I models (Fig. 3A) and of the set II 352 
models (Fig. 3B). For “interior” C atoms, all CMFs result in good agreement with observation (Fig. 353 
3, supplementary Table S4) with the 34443 model of set II ((i)tg-(si)tg-(so)gt) having a slightly 354 
better fit followed by the 234432 model of set II, based on the root-mean-squared (RMSE) and 355 
maximum errors (MaxE), as shown in supplementary Table S4. Comparing the observed and 356 
calculated values for all types of C atoms from the hydrophobic and hydrophilic surface of the set 357 
I models (Fig. 4A) and of the set II models (Fig. 4B), we found that all CMFs result in good 358 
agreement with observation with the 234432 model of set II having a slightly better fit based on 359 
the root-mean-squared (RMSE) and maximum errors (MaxE), as shown in supplementary Table 360 
S5. 361 

In order to investigate the effect of H2O H-bonding on the CMF chemical shifts, two CMF models, 362 
234432 and 34443, solvated with a monolayer of H2O molecules were created based on classical 363 
MD simulations.24 Geometry optimization calculations were conducted on both the CMF and H2O 364 
molecules in the water layer using the periodic DFT method. The calculated Φ and Ψ and χ1 and 365 
χ2 values were not significantly different from the experimental data as shown in supplementary 366 
Table S7 and S8.  H2O molecules were found forming H-bonding interactions with H of C4 and 367 
C1 on both hydrophobic surfaces (100/200) and the hydrophilic surfaces (110/1-10), as shown in 368 
supplementary Fig. S3. Supplementary Table S6 lists some representative H2O molecules H-369 
bonding interactions on CMF surfaces and the effects on the δ13C values.  370 

The NMR chemical shifts of the surface cellulose chains were calculated in three conditions, with 371 
H2O molecules, without H2O molecules, and replacing the explicit H2O molecules layer with the 372 
implicit solvation model (IEF-PCM). In both 34443 and 234432 models, the implicit solvation 373 
model would shift the δ13C1 and δ13C4 values upfield by up to ~1.5 ppm, compared to in vacuo. 374 
(Supplementary Table S7 and S8) However, in the condition of explicit H2O molecules layers, 375 
H2O molecules H-bonding with H of C4 and C1 on the surface could shift the δ13C1 and δ13C4 376 
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values upfield by up to ~5 and ~7 ppm, respectively, compared to in vacuum, as shown in 377 
supplementary Table S6.  This upfield shift upon H2O molecules H-bonding could be explained 378 
by the electron density changes induced by H-bonding to H2O molecules, which allows electron 379 
density to be transferred to the solvent exposed groups leading to extra shielding of the attached C 380 
atoms. Interestingly, as shown in supplementary Table S7 and S8, most of the relatively large shifts 381 
(>4 ppm) occur for C atoms on the hydrophobic surfaces. 382 

WAXS data have been helpful in investigating the original 36-chain CMF models, as well as 18-383 
chain CMF models with all-tg conformations in our previous study (Kubicki et al. 2018). The 384 
models in this study, the 234432, 34443 and 6x3 CMF models with different C6 exocyclic group 385 
conformations (Set I and II), were also used to generate theoretical WAXS diffractograms for 386 
direct comparison against previous experimental and theoretical results (Kubicki et al. 2018). As 387 
shown in supplementary Fig. S4, both set I and II models predict characteristic peaks near 10 to 388 
11 and ~16 nm-1 that are close to the widely accepted value for 200 of cellulose I (around 16 nm-389 
1) (Crawshaw et al. 2002; Fernandes et al. 2011; Gubitosi et al. 2017; Thomas et al. 2015). In our 390 
previous study, (Kubicki et al. 2018) the 34443 model was found distinct in not producing a WAXS 391 
peak near 4 nm-1. The peak, near 4 nm-1, was independent of the length of the CMF and the 392 
surrounding environment (water or vacuum). Similarly, in this study, as shown in supplementary 393 
Fig. S4, the 4 nm-1 peak was only produced by CMF models having cellulose chains arranged in 394 
six layers (such as 234432, and 6x3 models), but not 34443 models, suggesting that it could be 395 
applied as a possible way to differentiate CMF structures (Kubicki et al. 2018). More experiment 396 
and simulation work is necessary to explore the origin of the peak.  397 

In plants, cellulose microfibrils are synthesized by the plant cellulose synthesis complex (CSC) 398 
which is shaped as a six-lobed “rosette” (Guerriero et al. 2010; Haigler and Roberts 2019; Jarvis 399 
2013; Kimura et al. 1999). Each lobe contains multiple cellulose synthase catalytic subunits 400 
(CESA). Only recently, the work of Nixon et al., (Nixon et al. 2016) Hill et al.(Hill et al. 2014) 401 
and Venu et al.(Vandavasi et al. 2016) have demonstrated that the CSC rosette is most consistent 402 
with a hexamer of trimers, as shown in Fig. 5A. Because only one cellulose chain can be extruded 403 
from each of the CESA enzymes in the CSC, (Yang et al. 2019; Yang et al. 2015) the CMF should 404 
be made of 18 cellulose chain chains. Assuming cellulose chains from each CESA trimer will most 405 
likely stay together due to its hydrophobic nature and geometrically close to each other, it would 406 
make sense if the CMF is also composed of a hexamer of trimers. As shown in Fig. 5B, only the 407 
234432 arrangement met this criterion.  408 
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 409 

Fig. 5 CSC rosette is composed of a hexamer of trimers (A, adapted from ref (Hill et al. 2014)). 410 
The 234432 arrangement is the only habit also consisting of a hexamer of trimers. (B)  411 

 412 

Conclusion 413 

Cellulose Iβ 18 chain models with C6 exocyclic group in different conformations on the surface 414 
were created. Comparing the calculated NMR chemical shifts, the DFT-optimized atomic 415 
structures, and relative DFT potential energies, we found that 234432 arrangement is more 416 
probable. Comparing the potential energies of set I ((i)tg-(s)gt) and set II ((i)tg-(si)tg-(so)gt) 417 
models, we found that the external hydroxymethyl groups on the surface of CMF should have gt 418 
conformations, whereas its neighboring hydroxymethyl group on the same cellulose chain should 419 
have tg conformations.  This arrangement is also the lowest energy arrangement in water that has 420 
surface hydroxymethyl groups in the gt conformation as observed. It is also consistent with 421 
observed WAXS data. We note that this study does not include effects of other plant cell wall 422 
components such as xylans that may affect the energies and NMR chemical shifts of CMFs. This 423 
is of special importance when comparing model results to NMR data on intact PCWs because 424 
CMF-CMF and other interactions could affect the energies and NMR chemical shifts. Another 425 
neglected dimension is the dynamics of formation that may include H2O within the CMF (Agarwal 426 
et al. 2016). 427 
 428 
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