
ORIGINAL PAPER

Coarse-grained simulation of cellulose Ib with application
to long fibrils

Bingxin Fan • Janna K. Maranas

Received: 26 June 2014 / Accepted: 18 October 2014 / Published online: 30 October 2014

� Springer Science+Business Media Dordrecht 2014

Abstract Cellulose microfibrils are recalcitrant

toward dissolution, thus it is difficult to extract and

characterize them without modifying their native

state. To study the molecular level behavior of

microfibrils over 100 sugar residues, we construct a

coarse-grained model of solvated cellulose Ib micro-

fibril using one bead per sugar residue. We derive the

coarse-grained force field from atomistic simulation of

a 36 chain, 40-residue microfibril by requiring

consistency between the chain configuration, inter-

molecular packing and hydrogen bonding of the two

levels of modeling. Coarse-grained force sites are

placed at the geometric center of each glucose ring.

Intermolecular van der Waals and hydrogen bonding

interactions are added sequentially until the microfi-

bril crystal structure in the atomistic simulation is

achieved. This requires hydrogen bond potentials for

pairs that hydrogen bond in cellulose Ib, as well as

those that can hydrogen bond in other structures, but

not in cellulose Ib. Microfibrils longer than 100 nm

form kinks along their longitudinal direction, with an

average periodicity of 70 nm. The behavior of kinked

regions is similar with a bending angle of approxi-

mately 20�. These kinked regions might be linked to

observations of periodic disorder from small angle

neutron scattering and acid hydrolysis.
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Introduction

Cellulose is an unbranched polysaccharide of contig-

uous b-(1,4)-linked D-glucopyranose residues, and is

the primary structural component in plant cell walls.

As the most abundant biological material on earth,

cellulose has gained increasing attention due to its

potential for conversion to useful products including

biofuels and direct energy (Ragauskas et al. 2006).

Cellulose chains in native plants tend to organize into

microfibrils, which sometimes bundle into macrofi-

brils and larger organized structures. Microfibrils in

higher plants have diameters between 2 and 8 nm

(Newman 1999), while larger microfibrils occur in

cellulosic algae (Koyama et al. 1997). Although no

direct proof is available, and smaller numbers of

chains have been suggested (Fernandes et al. 2011;

McCann et al. 1990; Thomas et al. 2013), it is widely

accepted that the cellulose microfibril in plants

contains 36 chains. Cellulose has been studied for

more than 16 decades, yet we lack agreement on some

microfibril properties. Direct imaging suggests that

native cellulose microfibrils have some flexibility:

they contain bends and turns along the extending

direction (Kennedy et al. 2007). Their cause is still

unclear: both the fibril–fibril interaction and the
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interaction between cellulose and other components

can contribute to this behavior. Another area of

contention is the presence of disorder in the microfi-

bril. The existence of disordered regions is clear from

X-ray scattering, which does not reveal its location.

Two possibilities have been proposed. The disordered

regions may be located on the surface of the micro-

fibril, as supported by the correlation between surface

hydroxyl group percentage and cellulose crystallinity

(O’Sullivan 1997), or they may be periodic, as

demonstrated combining small-angle neutron scatter-

ing and acid hydrolysis on ramie cellulose (Nishiyama

et al. 2003), and suggested by the 50–400 nm nano-

whiskers that result from acid hydrolysis on native

cellulose (Araki et al. 1998; Bondeson et al. 2006;

Nelson and Tripp 1953; Nickerson and Habrle 1947).

In order to progress further on these issues, molecular

level information is advantageous.

The insolubility of cellulose makes it difficult to

extract from cell walls for experimental characteriza-

tion of structure. Removing other cell wall compo-

nents requires chemical treatments (such as strong

alkali and heating), which may alter the properties of

the extracted cellulose (Albersheim et al. 2010; Moran

et al. 2008). Molecular dynamics (MD) simulation

offers an alternative to chemical extraction, but is

subject to a force field that is simultaneously accurate

and computationally efficient. Simulation of cellulose

microfibrils is often accomplished using atomistic

force fields, such as CHARMM35 (Guvench et al.

2008, 2009; Matthews et al. 2006, 2011, 2012),

GLYCAM06 (Kirschner et al. 2008; Matthews et al.

2011, 2012), GROMOS96 45A4 (Bergenstrahle et al.

2007, 2009; Bergenstråhle et al. 2008; Matthews et al.

2012; Lins and Hunenberger 2005), OPLS (Damm

et al. 1997; Kony et al. 2002; Paavilainen et al. 2011),

and PCFF (Hanus and Mazeau 2006; Mazeau and

Heux 2003; Mazeau 2005; Mazeau and Rivet 2008).

Cellulose in primary cell walls has been reported in

two molecular weight fractions: 500–1,000 and

5,000–8,000 glucopyranose residues (Albersheim

et al. 2010; Blaschek et al. 1982). The length of

cellulose in secondary cell walls is even higher

(Albersheim et al. 2010; Blaschek et al. 1982). In

contrast, computational requirements limit atomistic

simulations to a single, 36-chains microfibril, in most

cases with 40 residues. Thus, methods with lower

computational cost are required to simulate microfi-

brils of native lengths.

In this paper, we report a coarse-grained (CG) force

field that is used to simulate 36 chain microfibrils of up

to 400 residues. A CG model is a mesoscopic model in

which force sites contain multiple atoms. Each force

site is treated as one particle, and the interactions are

only defined between the CG force sites (Girard and

Muller-Plathe 2004). This significantly reduces the

number of force and the computational cost. CG

simulation has been widely applied to simulate

biomolecular systems, including lipids (Ayton et al.

2007; Izvekov and Voth 2005; Marrink et al. 2004,

2007; Shelley et al. 2001; Stevens 2004), proteins

(Ayton et al. 2007; Bahar and Rader 2005; Bond et al.

2007; Doruker et al. 2002; Monticelli et al. 2008;

Tozzini 2005; Shih et al. 2006), carbohydrates (Ayton

et al. 2007; Lopez et al. 2009; Liu et al. 2007; Molinero

and Goddard 2004), and polymers (Depa et al. 2011).

Coarse-grained models of cellulose have been devel-

oped and used to study processes (such as the

enzymatic pathways of degradation process) or sys-

tems (such as microfibrils with disordered regions)

involving long microfibrils (Bu et al. 2009; Glass et al.

2012; Hynninen et al. 2011; Srinivas et al. 2011;

Queyroy et al. 2004; Wohlert and Berglund 2011).

Two levels of coarse-graining are reported: three

beads per residue (Bu et al. 2009; Hynninen et al.

2011; Wohlert and Berglund 2011) and one bead per

residue (Glass et al. 2012; Srinivas et al. 2011;

Queyroy et al. 2004). In the three-bead models, force

sites were assigned based on the MARTINI coarse-

grained force field (Lopez et al. 2009) (each site

contains two carbon atoms with oxygen and hydrogen

atoms adjacent to them) or the M3B model (Molinero

and Goddard 2004) (force sites are placed on C1, C4,

and C6 atoms). The coarse-grained models used

atomistic simulation of a solvated Ib microfibril as

the target system. Several of these models (Bu et al.

2009; Wohlert and Berglund 2011) were applied to

study the interaction between the carbohydrate-bind-

ing domain and cellulose surfaces.

The first single-bead cellulose CG model was

developed based on an atomistic simulation of octa-

ose, the 8-ring oligomer of cellulose (Queyroy et al.

2004). The authors placed CG force sites on the

glycosidic oxygen atoms, and the model was used to

prepare a relaxed system of bulk amorphous cellulose.

More recently, a solvent-free single-bead CG model

was used to study the transition of cellulose fibrils

from crystalline to amorphous structures (Srinivas
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et al. 2011), and the residue-scale REACH (Realistic

Extension Algorithm via Covariance Hessian) coarse-

grained force field was used to calculate mechanical

properties such as Young’s modulus and persistence

length (Glass et al. 2012).

Compared to single-bead models, three-bead mod-

els have more molecular detail. For example, each

bead in a three-bead model contains one hydroxyl

group, which dictates the directionality of hydrogen

bonds (Bu et al. 2009; Wohlert and Berglund 2011).

Single-bead models lose this directionality, but are

required to study larger systems. In this report, we

present a solvated single-bead model for cellulose.

The bonded potentials are obtained using the iterative

Boltzmann Inversion method (Reith et al. 2003), and

the van der Waals potential is assigned from the pair

distribution function of amorphous cellulose chains.

We solve the directionality problem by including

bonded potentials between pairs of CG beads that

either do or can form a hydrogen bond. We use the

model to simulate fibrils with 100–400 residues. For

fibrils longer than 100 nm, we observe bends along the

longitudinal direction. In the longest fibril we tested

(400 residues), multiple bends are present. This

behavior has not been previously reported, and may

provide insights about the periodicity and the behavior

of the disordered regions in cellulose microfibrils in

future studies.

Methodology

Simulation details

We used an atomistic target simulation provided by

collaborators (Zhao et al. 2013) in which they used the

CHARMM (Brooks et al. 1983) simulation package

with a 36 chain 40-residue microfibril (Fig. 1) in a

TIP3P (Jorgensen et al. 1983) water box. A solvation

shell (minimum of 10-Å) prevents the microfibril from

interacting with its periodic images. The carbohy-

drates are represented with the C35 force field

(Guvench et al. 2008, 2009), and long-range electro-

statics are handled using the particle-mesh Ewald

algorithm (Darden et al. 1993) with a 1-Å charge grid

size. Non-bonded interactions are truncated at 10 Å.

The SHAKE algorithm (Ryckaert et al. 1977) main-

tains constant lengths for bonds involving hydrogen

atoms. After performing minimization, the system

undergoes stepwise heating of 10 ns at 100, 200 and

300 K. A 20-ps equilibration is performed at 300 K.

The 9-ns production run was performed in the NVE

ensemble using a 1 fs time step. Atomic coordinates

form the last 3-ns production were output every 0.5 ps

for later analysis.

We use the LAMMPS (Plimpton 1995) package to

perform the CG simulations. The initial system

contains a microfibril solvated in a 10 Å water shell.

In order to more accurately describe interactions

between the microfibril and water in the first solvation

shell, we describe water molecules using a coarse-

grained explicit force field instead of using an implicit

solvent model. A maximum of 3,000 iterations of

conjugate gradient minimization is performed to

relieve large strains. All CG simulations are performed

in the NVT ensemble using a 1 fs time step. Here we

require a 1 fs as our time step because some of the

potentials are sharp. For example, the bond potential

of the coarse-grained beads (Table 1) and that of the

atomistic bond potentials reported in C35 force field

have the same order of magnitude. In this case, using a

small time step will prevent forces from becoming too

high during the simulation. The temperature is main-

tained at 300 K using a Nose–Hoover thermostat. We

allow the system to equilibrate for at least 5 ns before

collecting the production trajectories. The cut-off

distances for all non-bonded interactions are set to

15 Å.

Coarse-grained force field development

We derive the CG force field based on the atomistic

simulation described above. The objectives in deriving

this force field are to realize the largest computational

gain while maintaining microfibril structure, and to

keep the force field general enough that branches may

be easily added for simulation of xyloglucan or other

polysaccharides. We choose one force site per residue

and compensate for the loss of directional hydrogen

bonds by introducing interactions for pairs that can or

do form hydrogen bonds. These interactions resemble

bonded interactions that occur between specific pairs,

but are allowed to break and reform during the

simulation. We refer to these potentials as hydrogen

bonds, although it is important to note that only one of

them corresponds to an actual hydrogen bond in the

native cellulose Ib crystal structure. The others are

required to reproduce the glucose residue packing
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pattern. Atomistic simulations suggest that some do

form hydrogen bonds at high temperature (Matthews

et al. 2011). It is not problematic to enforce a specific

separation between pairs that do not hydrogen bond, as

the atomistic simulations clearly show a preferred

separation distance without such bonding. To achieve

generality for later simulation of branched polysac-

charides, we develop our force field starting with CG

bond stretching, angle, and torsional potentials, and

non-bonded pair interactions. The hydrogen bonds are

added consecutively, and their impact on the micro-

fibril structure is noted at each addition.

The force field parameters are obtained by Boltz-

mann inversion of the corresponding intramolecular and

intermolecular probability distributions. In order to

obtain the distributions, we first determine the location

of the force sites. Two potential placements of the CG

bead center are the glycosidic oxygen (O4 model) or the

center of the D-glucose rings (ring center model) (Fig. 2)

(Queyroy et al. 2004). To determine the best choice, we

consider the probability distributions of intramolecular

bonding (bond lengths, bending angles, and torsional

angles) and intermolecular pair interactions (intermo-

lecular pair distribution function) (Fig. 3a–c) to look for

obvious difficulties in using them as CG potential

targets. The two models have similar bond length and

bending angle distributions, but the torsional angle

distribution is much softer in the ring center model.

Choosing a softer torsion potential minimizes the risk of

artificially reducing conformational freedom of the

glucan chains. More importantly, the pair distribution

function of the ring center model (Fig. 3e) is less

structured than the O4 model (Fig. 3d), so that we can

decompose the pair distribution function into individual

hydrogen bonds and more accurately describe the

preferred separations with intermolecular potentials.

Therefore, we place the force site at the D-glucose ring

center, which benefits computational cost and accuracy.

The CG force field incorporates bonded and non-

bonded potentials. Bonded potentials include bond

stretching, bending, and torsional transitions. The

target intramolecular distributions (Fig. 3a–c) are

Gaussian, and thus we represent the CG bonded

potentials by harmonic springs:

Fig. 1 Cellulose microfibril at the atomistic level. In this paper,

the dimension of microfibrils is denoted by the number of chains

on each side surface and the number of glucose units along the

longitudinal direction. In case of atomistic simulation, the

microfibril has a diamond shape cross-section consisting of 36

chains with 6 chains on each surface, and each chain contains 40

glucose units. This is referred as the 6 9 6 9 40 microfibril

Table 1 Cellulose Ib
coarse-grained force field

potential parameters

Intrachain bonds 12-6 Lennard-Jones

Type x0 k0 Type r (Å) e (kcal/mol)

Stretching 5.237 Å 89.86 kcal mol-1 Å-2 Sugar sites 5.4 0.10

Bending 175.6� 106 kcal mol-1 degree-2 Water sites 3.779 1.118

Torsion 180� 0.3 kcal mol-1 degree-2

Interchains bonds

Location Ro (Å) Do (kcal/mol) a (Å-1)

(100) 8.32 5.0 2.0

(110) 6.68 5.0 1.0

(11-0) 5.90 5.0 0.84

(010) 7.69 5.0 0.9
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Uintra xð Þ ¼ k0 x� x0ð Þ2 ð1Þ

where x is the bond length, bending angle, or torsional

angle. We obtain the parameters xo and ko from

atomistic intramolecular distributions (Fig. 3a–c)

using iterative Boltzmann inversion.

The intermolecular potential must describe van der

Waals interactions and hydrogen bonding. Because

the coarse-grained beads are neutral, electrostatic

interactions are not considered. We represent the van

der Waals interactions with a 6-12 Lennard-Jones

potential:

ULJ rð Þ ¼ 4e
r
r

� �12

� r
r

� �6
� �

ð2Þ

where r represents the separation distance. To obtain

the preferred separation distance r and the potential

well depth e, we extract the data near the first peak of a

published amorphous cellulose pair distribution func-

tion (Srinivas et al. 2011), apply Boltzmann Inversion,

and fit inverted data points with Eq. (2). Based on the

fitting, we assign r as 5.4 Å and e as 0.10 kcal/mol.

As with the atomistic simulation, the coarse-

grained microfibril is solvated with water, which we

also represent in CG form. He et al. (2010) reported a

series of CG water models with different levels of

coarse-graining, functional forms of the potential

energy, and cut-off distances for the non-bonded

interactions. We selected a CG water bead that

represents two water molecules with a 12-6 Lennard-

Jones potential (r = 3.779 Å, and e = 1.118 kcal/

mol).

Our approach is to add specific intermolecular

potentials sequentially, thus we performed an initial

simulation of the cellulose microfibril with only the

bonded and van der Waals potentials. As expected, the

structure disorders from the original crystalline form,

and water penetrates the microfibril and disturbs the

packing (Fig. 4). This is reflected in the intermolecular

pair distribution function (Fig. 5), which is far from

the atomistic level target. We thus must add specific

intermolecular potentials to represent preferential

interchain interactions, including hydrogen bonds.

To accomplish this, we first associate the peaks in the

Fig. 2 Coarse-grained

mapping of cellulose chains

with beads centered on a O4

(the glycosidic oxygen) or

b ring center

Fig. 3 Intramolecular probability distributions of O4 (dashed line) and ring center (solid line) models: a bond length, b bending angle,

c torsional angle. Intermolecular pair distribution functions of d O4 model and e ring center model
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target pair distribution function with specific features

in the cellulose microfibril structure. As shown in

Fig. 6, the first four peaks correspond to adjacent bead

preferred separation distances in the (11-0), (110),

(010), and (100) planes respectively. We anticipate

that the remaining peaks are secondary repeats of these

distances, as they occur at roughly twice the distances

of the first four. The atomistic and CG representation

of the microfibril cross section are shown in Fig. 6e, in

which the chains are extended into the paper. Miller

indices were used to describe the planes and directions

in the structure: the side surfaces of the diamond shape

cross section are labeled as (11-0) and (110) planes;

the layers of glucan units are aligned parallel to the

unit cell axis b in (100) plane; the vertical stacking

direction is the unit cell axis a, which is in the (010)

plane. The equilibrium values of the directional

intermolecular distance distributions (Fig. 6a–d)

correspond to the pair distribution peak locations

(Fig. 6f). The consistency of the distances suggests the

origins of the structurally significant peaks. Because

features in the pair distribution function peaks at

separation distances above 9 Å most likely originate

from the closer interactions, adding the four new

potentials may be sufficient to reproduce long range

features.

Boltzmann Inversion can be used on the intermo-

lecular distance distribution curves (Fig. 6a–d) to

obtain a harmonic representation of these bonds, but

such bonds are unbreakable and unrealistic. To

represent the intermolecular constrains more realisti-

cally, we use Morse potentials, which weaken as

distance between beads increases.

Unb ¼ D0 1� e�aðr�r0Þ
h i2

ð3Þ

Here Do determines the depth of the energy well, ro

is the distance of minimum energy, and the stiffness

parameter a determines the curvature of the

potential around ro. As the intermolecular bonds in

(100) planes is a hydrogen bond, and the others are

similar in strength, we assign Do in the Morse

potential as 5.0 kcal/mol, which is representative of

the O–H_O hydrogen bond energy strength (Stei-

ner 2002). We determine a by requiring that the

Morse potential retain the same curvature as the

harmonic potential around ro. The difference

between harmonic and Morse potentials should not

be significant when simulating a 40-residue micro-

fibril, but this choice may be crucial when simulat-

ing longer fibrils, in which intermolecular bonds

may break and the formation of disordered regions

may occur.

Fig. 4 Snapshot of the position of cellulose CG beads after 15 ns. Only van der Waals potential is considered in the nonbonded

potential term

Fig. 5 Comparison of pair distribution functions obtained from

CG simulation with van der Waals interaction only (dashed line)

and the target from atomistic simulation trajectories (solid line)
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Fig. 6 The target pair

distribution function

decomposed into specific

structural features.

a Interlayer separation

distance distribution in

(110) planes; b interlayer

separation distance

distribution in (11-0) planes;

c intralayer separation

distance distribution in

(100) planes; d interlayer

separation distance

distribution in (010) planes;

e CG mapping of the cross

section view of the

microfibril, in which the

structurally significant

separation distances are

shown; (in the atomistic

cross-sectional view, a and

b unit cell axes are

highlighted in solid lines,

and Miller indices of the

crystal planes are

highlighted in dashed lines),

f target pair distribution

function, in which the

structurally significant

peaks are labeled as their

corresponding planes
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Result and discussion

Force field parameters and cellulose crystal

structure

We add pseudo-bonds representing interchain inter-

actions sequentially based on their physical meaning

and significance. A glucose residue in the microfibril

cross-section forms two intra-layer and six inter-

layer bonds, where a layer [(100) plane, see Fig. 6e]

contains parallel, hydrogen bonded glucose rings. It

has been reported that the intralayer hydrogen bonds

are the dominant intermolecular interaction in native

cellulose microfibrils (Bu et al. 2009), and thus we

add this interchain potential first. At higher temper-

atures (500 K), intralayer hydrogen bonds are weak-

ened, and this enables formation of interlayer bonds

(Matthews et al. 2011). We next add interlayer bonds

between adjacent glucose residues in the (110) and

(11-0) planes. As shown in Fig. 7, each addition

brings the pair distribution function closer to the

atomistic target, but the third peak at 7.7 Å is not

captured. This is also an interlayer bond between

glucose residues in the (010) plane. To model this,

we add a potential between adjacent beads in this

plane in order to fully reproduce the accurate crystal

structure of cellulose microfibril.

Following addition of interchain bonds (morse

potentials), the intrachain bonds (harmonic potentials)

required refinement. We present the full force field in

Table 1. As mentioned in the methodology section,

the reason that we choose the ring center model is that

it introduces softer torsion that minimizes the reduc-

tion in conformational freedom. This enables us to

more accurately decompose the pair distribution

function to individual type of intermolecular interac-

tions. Based on the refined potential parameters

(Table 1), the torsional potential is more than 30

times softer than the bending angle potential, which is

consistent with our strategy of bead location selection.

Additionally, the strength of interchain bonds can be

evaluated by a, from which we note that the potential

in the intralayer direction [i.e. (100)] is at least two

times sharper than the interchain interactions. This

agrees with the structure of cellulose microfibril, as the

intralayer interaction is contributed mostly by hydro-

gen bonds, and the interlayer interactions are contrib-

uted mostly by packing and Ib crystal structure. This

force field maintains the target interchain and intra-

chain distributions (Fig. 8) when used in a 20 ns

simulation of a 6 9 6940 microfibril.

Simulation with the CG force field does not disrupt

the cellulose Ib crystal structure: after 20 ns of CG

simulation time, the structure is highly ordered with

unit cell parameters within 2 % of X-ray diffraction

results (Nishiyama et al. 2002). A snapshot of the final

structure of the 6 9 6 9 40 simulation is shown in

Fig. 9, and lattice parameters are presented in Table 2.

Note that parameters a and b (Fig. 6e) are enforced

directly by the Morse potentials. The 40-residue fibril

twists with a helical angle of 1.6�/nm, similar to the

atomistic simulation (1.4�/nm).

Fig. 7 Demonstration of

potentials required to

reproduce the pair

distribution function peaks.

The intermolecular

interactions of simulation

above are van der Waals

interaction and a intralayer

bonds in (100), b intralayer

bonds in (100) and interlayer

bonds in (110), c intralayer

bonds in (100) and interlayer

bonds in both (110) and (11-

0), d intralayer bonds in

(100) and interlayer bonds in

(110), (11-0) and (010).

Potentials are not yet tuned

38 Cellulose (2015) 22:31–44

123



Applying the CG force field to longer fibrils

Using the same force field, we simulated microfibrils

between 100 and 400 glucose residues. The initial

structures of the microfibrils are built based on

experimentally determined cellulose Ib lattice param-

eters. Each microfibril was placed in a 10-Å solvation

shell, and the same minimization strategy was

employed. We used 5 ns production runs. As shown

in Fig. 10, microfibrils longer than 100 nm form kinks

comprised of two bends. The kinked regions are 15–20

residues (7–10 nm) long, and the bending angles are

20�. Multiple kinks form in the 400-residue microfi-

bril, with spacings of 50 and 100 nm. This is a unique

observation, made possible by simulating microfibrils

longer than 100 residues. We believe that kinks are a

reproducible feature in fibrils longer than 100 nm, as

this feature is observed in all the long fibril simulations

we performed. It is interesting in light of reports of

periodic disorder, both directly using SANS on ramie

fibers (Nishiyama et al. 2003), and indirectly through

acid hydrolysis (Araki et al. 1998; Bondeson et al.

2006; Nelson and Tripp 1953; Nickerson and Habrle

1947). The SANS study estimates that disordered

regions are 2–3 nm, and the periodicity based on both

methods is 50–150 nm. Thus, it is reasonable to

conclude that the kinks are linked to the periodic

disorder. Multiple simulations on long fibrils are

required to generate adequate statistics on periodicity.

Interestingly, the kinks appear to relieve twist.

Compared to the 40-residue fibril simulation, the

extent of twist in the longer fibrils is significantly

weaker. The 40-residue fibril twists uniformly along

Fig. 8 Comparison of CG

simulation with atomistic

targets: a bond length,

b bending angle, c torsional

angle distribution, and d pair

distribution functions.

Dashed curves distributions

following simulation with

the CG force field for 5 ns.

Solid curves atomistic target

distributions

Fig. 9 Cross sectional and longitudinal view of the coarse-grained cellulose microfibril (MD simulation snapshot)

Table 2 Comparison of unit cell parameters reported in

experimental measurements (Nishiyama et al. 2002) and CG

simulation

Lattice parameter XRD result Coarse-grained model

a (Å) 7.785 7.68

b (Å) 8.202 8.33

c (Å) 10.38 10.45

c (�) 96.5 98.0
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the longitudinal direction, whereas the longer fibrils do

not twist with the exception of one end of the 300

residue fibril. This suggests that kinks may occur to

relive the twist which leads to the formation of

periodic disorder.

If kinks occur spontaneously, they must be ener-

getically favorable. In Fig. 11, we compare the

potential energy of 200-residue kinked and straight

microfibrils. The straight configuration is obtained by

fixing the positions of beads in the center interior

chain, thus forcing the microfibril to remain straight

and eliminating twist. As expected, the potential

energy of the straight microfibril is higher than that

of the kinked microfibril throughout the simulation.

This strengthens the previous conclusion that kinks are

a reproducible feature of long microfibrils. The

difference per bead is 0.4 kcal/mol, about twice the

energy of a trans-gauche rotation. As shown in

Fig. 12, the energy difference is not distributed evenly

among residues, but is concentrated at the kink

location. In addition to the variation with residue

position, we investigated the potentials that stabilize

kinks. Energies for the eight different potentials are

plotted in Fig. 12. It is observed that kinks cause

energy penalty in the bonded potential, (010) poten-

tial, and (100) potential in the residues in the kinked

region. (Fig. 12a, e, h) This suggests that the forma-

tion of kinks disturbs the crystal packing in that region,

while the regions of the fibril away from kinks retain

their unit cell structure. Because the formation of

kinks disturbs crystal packing, intra-chain bond

stretching/bending, and interchain interactions in the

unit cell axis directions a and b (Fig. 6e) resists

bending. In these potentials, the energetic cost is

localized in the 10–20 residues directly involved in the

kink. Interestingly, torsional and van der Waals

potentials (Fig. 12c, d) provide the driving force for

kink formation, as they decrease energy in kinked

regions. Compared to the 10–20 residues affected in

the unit cell potentials, torsional and van der Waals

potentials are affected over a wider range: 40 (torsion)

and 50 (van der Waals) residues. These potentials

involve more force sites per bead (four for torsion and

more than 20 for van der Waals) and thus it appears

that these interactions initiate kinks, only later

disrupting the unit cell structure.

Fig. 10 CG simulation

snapshot of microfibril 100

and 400 glucose units long

Fig. 11 Comparison of bended (lower black points) and non-

bended (upper grey points) 200 residue microfibril potential

energy
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Conclusions

We have reported a solvated single-bead coarse-

grained force field for the cellulose Ib microfibril

based on atomistic simulation. The force field is

constructed such that chain configuration, intermolec-

ular packing and hydrogen bonding of the CG system

are consistent with that of the atomistic system, and

then used to simulate long (100–400 residues in

length) fibrils. The most important feature of these

long fibril simulations is the appearance of kinks in the

longitudinal direction. The kinks are spaced by

50–150 nm, and appear to relieve twist. Microfibril

simulations with more than 200 residues do not twist

with the exception of one end in the 300-residue case.

The periodicity and kink size are on the same order of

magnitude as reported for fibrils with periodic disorder

(Nishiyama et al. 2003). Based on the above observa-

tions, we conclude that twist may be an end effect,

which can be relieved by increasing the fibril length.

Torsion and van der Waals interactions are favored in

kink formation, and are responsible for initiating

kinks. A primary cell wall model suggested recently

that load-bearing structure in primary walls is dom-

inated by biomechanical ‘‘hot spots’’ (\2 % of the

total xyloglucan) in which xyloglucan and cellulose

microfibrils are in close proximity (Park and Cosgrove

2012). It is not possible to have short stretches of

microfibrils in close contact without bending. We

suggest that kinks provide preferred locations to form

Fig. 12 Various potentials

against residue number for

bended 200-residue

microfibril. The type of

potential is indicated in the

y-axis, and residue number

is shown in x-axis. a–c The

intramolecular potential

variation along the fibril.

d–h The intermolecular

potential variation. a, e,

h contain a peak at kinked

region, indicating those

interactions are unfavor of

the kink. Interestingly, these

directions correspond to the

principle axis of the

cellulose microfibril crystal

structure. This implies that

the formation of the kink

disturbs the local crystal

structure of the microfibril.

c, d form a well at kinked

region, indicating that the

long range interactions

involving multiple beads are

in favor of the kink

formation
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‘‘hot spots’’ while retaining the interfibril spacing. 13C

NMR spectra show that both cellulose Ia (triclinic)

and Ib (monoclinic) exist in higher plants (Atalla and

Vanderhart 1984; Newman et al. 1994). It has been

shown that bending can cause the interconversion

between the two allomorphs, and that the Ia:Ib ratio is

sensitive to the bending angle (Jarvis 2000). Our force

field is designed to simulate cellulose Ib, and the

extent of bending is not sufficient to allow the

microfibril to fully convert to Ia (which requires

bending of 39�) (Jarvis 2000). It is likely that bends

like those observed here initiate this interconversion.

The coarse-grained force field is developed based on

Ib allomorph. Thus, its ability to study cellulose Ia
structure and interconversion is limited. However, the

natural occurrence of kinks implies that microfibrils

can interconvert spontaneously.
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