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Abstract The interaction of xylan, an abundant

plant polysaccharide, with cellulose microfibrils is

essential for secondary cell wall strength. A deeper

understanding of these interactions is crucial both to

improve our understanding of plant cell wall archi-

tecture and to design alternate strategies to overcome

cellulose recalcitrance for the production of biofuels

and sustainable biomaterials. Naturally occurring

acetate or glucuronic acid substitutions on xylan have

been shown to influence xylan-cellulose interactions.

Here, we use unrestrained molecular dynamics

simulations to determine the interactions with the

(110) hydrophilic face of cellulose fibers of four

different xylans. In the absence of cellulose, all xylans,

independent of the substitution pattern, adopt a highly

flexible threefold helical screw conformation. How-

ever, when xylan is spatially close to a cellulose

surface 1,2 linked acetyl xylans (2AcX) adopt rigid

twofold helical screw conformations. The 2AcX

conformations are primarily stabilized by interactions

between the acetylated oxygen and the glycosidic

linkage with C-O6 of cellulose. In contrast, the

glycosidic oxygens and acetyl decorations for 1,3

linked acetyl groups (3AcX) are oriented away from

the cellulose surface and the 3AcX xylans maintain

threefold helical screw conformations on the cellulose

surface. Our results show that evenly spaced chemical

functionalization (with acetyl groups) and the position

of substitution (1,2) on xylan backbone play key roles

in tuning the xylan-cellulose interactions to stabilize

the twofold helical screw conformations of xylan on

the cellulose surface. A comparison with previous

experimental findings further suggests that 1,2 substi-

tutions induce twofold helical screw conformations of

xylan on the cellulose surface irrespective of the

chemical nature of the substituent, while 1,3 substi-

tutions primarily bind lignin in threefold helical screw

conformations rather than cellulose in plant cell walls.
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Introduction

Plant cell walls are complex composite biomaterials

mostly comprising cellulose, hemicellulose, lignin,

and pectins. These renewable biopolymers are abun-

dant and promising resources for the sustainable

production of green biomaterials and biofuels (Pauly

and Keegstra 2010; Rijn et al. 2018). The structural

and mechanical properties of plant cell walls are

governed at the molecular level primarily by the

interactions of hemicellulose, lignin and cellulose.

Hemicelluloses interact with both cellulose and lignin

to form a strong composite material (Tarasov et al.

2018). In particular, the interactions between hemi-

cellulose and cellulose affect the strength and rigidity

of the cell walls while also impeding cellulose

conversion to biofuels (Cosgrove and Jarvis 2012;

Kumar et al. 2018). To fully realize the potential of

biomass as a renewable resource and to refine the

existing models of the architecture of cell walls, an

improved understanding of these molecular level

interactions is essential (Himmel et al. 2007; Carroll

and Somerville 2009; Pauly and Keegstra 2010;

Chundawat et al. 2011; Meng and Ragauskas 2014).

In plants, celluloses are found in the form of

partially crystalline microfibrils that are composed of

18 glucan chains (Kubicki et al. 2018; Song et al.

2020), which interact via lateral hydrogen bonding and

adopt twofold helical screw conformations (one 360�
twist per two glycosidic bonds) (French and Johnson

2009). This arrangement is driven by a complex

network of intra- and inter-molecular hydrogen bonds

(Nishiyama et al. 2002). Xylan is a prominent type of

hemicellulose that is found in hardwood, grass cell

walls, eudicot secondary cell walls, and conifer walls

(Ebringerova and Heinze 2000; Scheller and Ulvskov

2010). It is a linear polymer of b-1,4-linked D-xylosyl
units. The xylan backbone is ubiquitously decorated

by different side-chain substitutions in plants. Some of

the common substitutions are a-1,2-(4-O-methyl)

D-glucuronic acid (MeGlcA), a-1,2 or a-1,3-L-arabi-
nofuranosyl (Ara) and acetyl (Ac) side chains

(Ebringerova and Heinze 2000; de Carvalho et al.

2019; Lunin et al. 2020). These substitutions facilitate

cellulose-xylan interactions and are essential in main-

taining the function and solubility of xylan chains as

well as preventing enzymatic digestion by microbes

and parasitic attacks (Biely and Mackenzie 1986;

Mortimer et al. 2010; Xiong et al. 2013, 2015;

Mikkelsen et al. 2015). In addition to xylan type, pH

and temperature also affect xylan-cellulose interac-

tions (Westbye et al. 2006; Busse-Wicher et al. 2014;

Kumar et al. 2018).

The substitutions on the xylan backbone are not

random but follow a pattern where usually every even

xylosyl residue is substituted (Bromley et al. 2013;

Busse-Wicher et al. 2014, 2016; Martı́nez-Abad et al.

2017). Solid-state nuclear magnetic resonance

(ssNMR) shows that even substitutions are essential

for normal interaction with cellulose microfibrils and

are a highly conserved feature in all vascular plants

(Busse-Wicher et al. 2016; Grantham et al. 2017). The

pattern of substitution and the chemical nature of the

substituents vary depending on the plant taxonomic

family and type of cell wall (Ebringerova and Heinze

2000; Scheller and Ulvskov 2010; Koutaniemi et al.

2012). Xylan is usually decorated with Ara and

MeGlcA in gymnosperms, while Ac substitutions are

found in gnetophytes, monocots, eudicots, and early

diverging angiosperms like magnolia (Ebringerova

and Heinze 2000; Busse-Wicher et al. 2016). The

presence of Ac groups is essential to maintain

solubility of the xylan chain and prevent it from

precipitation (Mortimer et al. 2010). The degree of

acetylation as well as the position of these substitu-

tions play a key role in determining the hydrophobic-

ity, and hence the rigidity, of the plant cell wall which

is vital for the xylan function (Teleman et al. 2002;

Qaseem and Wu 2020). The exact degree of acetyla-

tion is not yet known but previous studies have shown

that it can be as high as 0.7 in hardwood xylans (Pawar

et al. 2013) with an average of 0.06 in Poplar (Johnson

et al. 2017). In eudicots such as Arabidopsis, about

50% of the xylosyl residues are acetylated with every

even residue bearing the acetylation at O-2 or O-3 or

both positions (Evtuguin et al. 2003; Xiong et al. 2013;

Busse-Wicher et al. 2014). Substitution also affects

xylan adsorption onto cellulose (Mortimer et al. 2010;

Xiong et al. 2013, 2015; Falcoz-Vigne et al. 2017;

Jaafar et al. 2019) with a-1,2 GlcA decorated xylan in

Arabidopsis being more difficult to extract than the

xylan without a-1,2 GlcA, suggesting altered
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interactions with other cell wall polymers (Mortimer

et al. 2010). Strong reduction in xylan acetylation

results in structural abnormalities, dwarfism, and

reduced mechanical strength of plant cell walls

(Bischoff et al. 2010; Xiong et al. 2013; Gao et al.

2017; Zhang et al. 2017), thus emphasizing the

importance of acetylation in the plant cell walls.

In the absence of cellulose, xylan is flexible and

forms threefold helical screw conformations (one 360�
twist per three glycosidic bonds) in water (Nieduszyn-

ski and Marchessault 1972; Almond and Sheenan

2003; Busse-Wicher et al. 2014; Falcoz-Vigne et al.

2017). ssNMR studies of Arabidopsis stems (Simmons

et al. 2016) and birch pulp (Falcoz-Vigne et al. 2017)

along with molecular dynamics (MD) simulations

(Busse-Wicher et al. 2014, 2016) found that xylan

flattens into a ribbon-like twofold helical screw when

interacting with the cellulose surface, with the twofold

screw xylan having similar rigidity to cellulose

microfibrils (Simmons et al. 2016). A combination

of quartz crystal microbalance with dissipation (QCM-

D) and MD studies has been used to establish that the

change in xylan conformation is influenced by its

interactions with cellulose and that Ac substitutions

play a key role in mediating cellulose-xylan interac-

tions (Jaafar et al. 2019). Per-acetylated xylan at both

O-2 and O-3 positions adopt twofold conformations on

(110), (1–10) and (100) cellulose surfaces, while for

deacetylated xylan, these conformations are retained

only by the xylan chain which was in direct contact

with the cellulose surface. Re-adsorption studies

further showed that only the xylan chain which is in

direct contact with the cellulose surface adopts

twofold conformations, while subsequent layers of

xylan are mostly present in threefold conformations

(Falcoz-Vigne et al. 2017). The unsubstituted face of

the xylan backbone forms hydrogen bonds with the

cellulose surface while the substituted residues point

away from the cellulose surface (Busse-Wicher et al.

2014, 2016).

Recently, ssNMR studies of maize cell walls

suggested that xylan has a dual function, with one-

third of xylan conformations being threefold and

binding lignin via xylan-aromatic interactions, while

the twofold xylan conformations bind cellulose (Kang

et al. 2019). The energy difference between the

threefold and twofold helical screw conformations of

xylan is relatively low and thus, these structures can

interconvert depending on the absence or presence of

cellulose (Berglund et al. 2016; Ling et al. 2020).

Xylans therefore play a significant role in bridging

cellulose and lignin in plant cell walls by adopting

diverse conformational structures.

In contrast to xylans, cellulose maintains a rigid

twofold helical screw conformation. The major dif-

ference between xylan and cellulose is the presence of

an exocyclic CH2OH group in cellulose. Recent DFT

studies on the disaccharides of cellulose and xylan

(cellobiose and xylobiose, respectively) highlight the

importance of the C6 moiety in stabilizing the two-

fold helical screw conformations in cellulose (Ling

et al. 2020). These studies showed that the presence of

the C6 moiety in cellulose restricts the glycosidic

dihedral angles in regions where the intra-molecular

hydrogen bonds are more likely. In contrast, the

glycosidic dihedral angles in xylan occupy broader

conformational space and lack intra-molecular hydro-

gen bonds, rendering it more flexible. Thus, the

presence of the C6 group has a considerable influence

on the formation of twofold helical screw conforma-

tions in cellulose, as was also shown in a previous MD

study (Pereira et al. 2017).

a-1,2 (or O-2) substitutions by Ara/MeGlcA groups

in Arabidopsis reduce the conformational fluctuations

of the xylan backbone, promoting interactions with the

hydrophilic face of cellulose (Pereira et al. 2017;

Shrestha et al. 2019). In contrast, a-1,3 (or O-3) Ara

substitutions are involved in other functions in plant

cell walls rather than stabilizing xylan-cellulose

interactions (Pereira et al. 2017). These studies show

that a-1,2 and a-1,3 Ara/GlcA substitutions influence

cellulose-xylan interactions. However, the roles of

other common xylan substituents, such as Ac groups,

have not been yet fully investigated. Another recent

study has shown that mannans are more flexible when

acetylated at O-3, while acetylation at O-2 positions

restricts the glycosidic dihedral angles due to steric

hindrance of axial positions resulting in the formation

of more rigid twofold helical screw conformations on

the cellulose surface (Berglund et al. 2020).

To understand the effects of Ac and MeGlcA xylan

decorations on its association with cellulose and to

reveal the interactions that stabilize the twofold helical

screw xylan conformations, we performed unre-

strained MD simulations of four solvated xylans both

in the absence and presence of cellulose (Fig. 1). We

constructed O-2 and O-3 decorated xylan models

(Fig. 2) with degree of polymerization DP = 11,
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denoted as 2AcX and 3AcX, respectively. In 2AcX

and 3AcX, every alternate residue on the xylan

backbone is substituted to match the even pattern of

substitutions on xylan in experimental findings

(Brown et al. 2007; Bromley et al. 2013; Busse-

Wicher et al. 2014, 2016). There has been substantial

evidence about the presence of MeGlcA substitution

on every 8th residue in the cell walls of Arabidopsis

stems (Brown et al. 2007). To take this into account,

the Ac substitutions were performed on residues 2, 4,

6, and 10 and MeGlcA substitution on residue 8. As

controls, we also constructed a xylan backbone with

only one substitution by MeGlcA group on the 8th

residue, denoted as MeGlcAX, and a bare xylan

backbone which has no substitutions at all and is

denoted as UnX. The binding of xylan on the

hydrophobic cellulose surface is influenced by

hydrophobic interactions whereas hydrogen bonding

interactions dominate on the hydrophilic cellulose

surface (Busse-Wicher et al. 2014, 2016; Falcoz-

Fig. 1 Representative snapshots of xylan decorations in (a-
d) water, and (e–h) presence of cellulose. The xylan backbone is
shown in red, while MeGlcA and Ac decorations are shown in

purple and blue, respectively. Cellulose is shown in green. The

xylans are placed on (110) hydrophilic face of cellulose
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Vigne et al. 2017; Martı́nez-Abad et al. 2017). These

studies also showed that the presence of substitutions

plays a particularly important role in stabilizing

cellulose-xylan interactions on the hydrophilic cellu-

lose surface. Thus, the choice of the cellulose surface

influences the interactions between the xylan back-

bone and cellulose microfibrils. Previous MD studies

support the stable binding of twofold helical screw

conformations of xylan decorations on the more

exposed (110) hydrophilic face of cellulose (Busse-

Wicher et al. 2016) despite the lack of grooves on this

surface and have examined the effect of a-1,2 and a-
1,3 Ara and GlcA xylan substitutions on this surface

(Pereira et al. 2017). Thus, we choose the (110)

hydrophilic surface for our simulations (Cosgrove

2014) to allow direct comparison with the previous

MD work (Busse-Wicher et al. 2016; Pereira et al.

2017). NMR studies also support the strong binding of

xylan to (110) hydrophilic surface rather than (1–10)

surface (Larsson et al. 1999; Larsson 2003; Bergen-

stråhle et al. 2008).

The exact native compositions of cell walls are not

known. Recent studies have shown that about 10% of

the xylose units carry a MeGlcA unit in the O-2

position and are also acetylated at O-3 position in

Arabidopsis while B 6% of the xylose residues carry

double acetylation at O-2 and O-3 positions (Busse-

Wicher et al. 2014; Chong et al. 2014; Grantham et al.

2017). The simultaneous presence of MeGlcA at O-2

and Ac at O-3 is also seen for birch chips (Martı́nez-

abad and Jiménez-quero 2020). Since only a small

percentage of residues bear this double substitution by

Ac or MeGlcA groups, we limit this study to consider

only single substitutions on xylosyl residues. More-

over, it is not feasible to perform an Ac substitution for

both 2AcX and 3AcX models at the MeGlcA substi-

tuted residue as the O-2 position is occupied by

MeGlcA. The goal of this study is to investigate the

importance of acetyl substitutions at O-2 and O-3

positions on xylan-cellulose interactions. Thus, we

examine simplified mono-substituted xylosyl residues

so as to not obscure any other effects and to maintain

the total number of substitutions performed on the

xylan backbone in 2AcX and 3AcX models.

We monitored which xylan decorations lead to a

transition from a threefold to a twofold helical screw

(Figs. 2e-f) when interacting with the (110) hydro-

philic cellulose surface (Cosgrove 2014; Busse-

Wicher et al. 2016). 2-Ac substitutions make hydrogen

bonds with the cellulose, triggering the transition from

a flexible threefold to rigid twofold helical screw

conformation. The residues around the single MeGlcA

substitution adopt threefold conformations, even for

O-2 Ac decorated xylan, which suggests that MeGlcA

does not promote xylan-cellulose binding. In contrast

to 2-Ac substituted xylan, 3-Ac substitutions show

similar qualitative behavior with bare xylan, main-

taining a threefold conformation and interacting

weakly with cellulose. Our results are consistent with

previous simulations, in which a-1,2 GlcA and Ara

decorations on xylan enhanced the binding stability of

single xylan chain with cellulose surface unlike a-1,3
substitutions (Pereira et al. 2017). However, the

previously reported simulations for xylan in contact

with the hydrophilic (010, 110) or the hydrophobic

surface (200) surfaces were either partially restrained

or docked to the cellulose surface in a twofold helical

screw conformation (Busse-Wicher et al. 2014;

Martı́nez-Abad et al. 2017; Pereira et al. 2017) and

thus the interactions of xylan backbone with the

cellulose surface could not be correlated to the

changes in the helical screw of the conformations on

the cellulose surface. (Fig. 3, 4, 5, 6, 7, 8).

Methods

Models. We constructed O-2 and O-3 Ac decorated

xylan models with degree of polymerization DP = 11,

denoted as 2AcX and 3AcX, respectively, with

alternate backbone residues substituted to match

experimental findings (Brown et al. 2007; Bromley

et al. 2013; Busse-Wicher et al. 2014, 2016): Ac

substitutions on residues 2, 4, 6, and 10 and MeGlcA

substitution on residue 8. We also constructed a xylan

backbone with only one substitution by MeGlcA

group on the 8th residue, denoted as MeGlcAX, and a

bare xylan backbone which has no substitutions at all

and is denoted as UnX. The initial structures for UnX,

MeGlcAX, 2AcX and 3AcX were built in CHARM-

GUI (Jo et al. 2008, 2011; Park et al. 2017, 2019). The

cellulose microfibril was modeled as half of a hexag-

onal 36-chain elementary fibril that was obtained

using cellulose-builder (Gomes and Skaf 2012) using

the Ib polymorph (Nishiyama et al. 2002) with DP of

20. This model has both the (110) hydrophilic and

(100) hydrophobic surfaces exposed (Thomas et al.

2013; Zhao et al. 2014). For this study, we use the
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(110) hydrophilic surface of cellulose. Previous MD

studies have been performed using xylan backbones of

DPs ranging from 6–14 (Busse-Wicher et al.

2014, 2016; Falcoz-Vigne et al. 2017; Martı́nez-Abad

et al. 2017; Pereira et al. 2017; Jaafar et al. 2019).

These small xylan models (DP\ 14) form good test

systems for understanding the local conformations of

xylan, such as the xylan folds studied here, particularly

away from chain ends. However, the size of xylan

chain may influence its interactions with the cellulose

surface, since in general polymer solubility tends to

decrease with DP.

MD simulations. Simulations were performed for

the 4 xylan systems in the presence or in the absence of

cellulose. All the systems were solvated with TIP3P

water (Jorgensen et al. 1983) and the CHARMM force

field for carbohydrates was used for all the simulations

(Guvench et al. 2009). An ionic strength of 0.15 M

was maintained using KCl. All-atom MD simulations

were performed with GROMACS (Abraham et al.

2015). All systems were first energy minimized

followed by equilibration in the canonical NVT

ensemble for 10 ns and 4 ns in the absence and

presence of cellulose, respectively. Then isothermal-

isobaric NPT equilibration was conducted for 50 ns

and 4 ns in the absence and presence of cellulose,

respectively. Position restraints were applied to non-

hydrogen atoms of cellulose and xylan chains with a

force constant of 1000 kcal mol-1 Å-2 during the

equilibration runs. The temperature of 300 K was

maintained during the simulations using the v-Rescale

thermostat using a time constant of 1 ps (Bussi et al.

2007). The Parrinello-Rahman barostat (Parrinello

and Rahman 1981) was used to maintain a pressure of

Fig. 2 (a–d) Chemical structures for different model systems.

Representative snapshots for (e) threefold and (f) twofold

helical screw conformations of xylan. The xylan backbone is

shown in red, while MeGlcA and Ac decorations are shown in

purple and blue colors, respectively. Cellulose is shown in green

color
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1 bar in NPT simulations with a relaxation time of

2 ps and an isothermal compressibility of

4.5 9 10–5 bar-1. The cut-off used for van der Waals

interactions was 12 Å with a switch distance of 10 Å.

The electrostatic interactions were treated with the

Particle Mesh Ewald (PME) method (Darden et al.

1993). The LINCS algorithm was used to constrain all

bond lengths involving hydrogen atoms (Hess et al.

1997; Hess 2008). The leapfrog algorithm as imple-

mented in GROMACS was used to integrate the

equations of motion using an integration time step of

2 fs for all the simulations. The data were dumped

every 50 ps.

For all four systems, sets of four independent

simulations were performed. The initial configuration

was used to perform four sets of minimization and

equilibration runs independently, followed by unre-

strained production runs, starting from different

velocity distributions. In the absence of cellulose, the

production runs were 300 ns each (1200 ns cumula-

tive for each system), while in the presence of

cellulose each production run was 600 ns (2400 ns

cumulative for each system).

Analysis. The residues at the ends of the xylans

were excluded from all the analyses. Data were

averaged over four simulations for each system except

Fig. 3 Radius of gyration (Rg) as a function of time for xylan

molecules in the (a) absence of cellulose, and (b) presence of

cellulose. (c) Root mean square deviations (RMSD) of cellulose

with respect to equilibrated restrained conformation. The data

are averaged over four independent simulations for each system.

(d) Percentage of xylan conformations bound to (110)

hydrophilic cellulose surface from a representative simulation

run. Snapshots for desorbed xylan conformation for (e) 3AcX,
and (f) UnX (color scheme same as Fig. 1
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for Figs. 9, 10, 11 that use individual simulations to

determine the time regime at which xylan switches

from threefold to twofold helical. The following

residues of a particular system show similar qualita-

tive behavior, and we only plot data for one of those

residues: (a) residues 2–10 of UnX, (b) the

unsubstituted residues 2–6 of MeGlcAX, (c) Ac

substituted residues 2, 4 and 6 of 2AcX and 3AcX,

(d) unsubstituted residues 3 and 5 of 2AcX and 3AcX.

The radius of gyration and root mean square

deviations (RMSD) were computed using VMD

(Humphrey et al. 1996), while all the other

Fig. 4 a Representation of glycosidic dihedral angles. Distribution of glycosidic dihedral angles for xylans in b–e absence, and (f-
i) presence of cellulose. The data is averaged over four independent simulations for each system

Fig. 5 Histograms for xylan conformations in the absence of

cellulose. The black and red lines represent the sum of dihedral

angles for twofold and threefold helical screw conformations,

respectively. The data are averaged over all the residues in each

of the four independent simulations for respective systems

123

3334 Cellulose (2021) 28:3327–3345



calculations were performed using GROMACS anal-

ysis tools (Abraham et al. 2015). A contact (Ncontacts)

is defined as formed when the distance of any atom of

xylan to any atom of cellulose is B 3.5 Å. A xylan

conformation is defined as bound when each xylosyl

residue form at least 15 contacts with the cellulose

surface within a distance of 3.5 Å. A geometric

definition of a hydrogen bond was used, with a donor–

acceptor distance cut-off of 3.5 Å and H-donor–

acceptor angle cutoff of 30�. We note that donor–

acceptor distances are commonly employed to empir-

ically define hydrogen bonds (Luzar 2000; Torshin

et al. 2002). The averages and standard errors in

different quantities are computed using the gmx

Fig. 6 Histograms for xylan conformations in the presence of

cellulose for (a) UnX, (b–d) MeGlcAX, (e–l) 2AcX, and (m–

t) 3AcX. The black and red lines represent the sum of dihedral

angles for twofold and threefold helical screw conformations,

respectively. The data are averaged over four independent

simulations for respective systems
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analyze tool which uses the standard error formula to

calculate the standard errors in computed quantities.

The standard error was computed from the time-

averaged data over four independent simulations for

each system.

Results and discussion

Xylan molecules were placed on top of the hydrophilic

face (110) of cellulose, according to the crystalline

arrangement (Fig. 1), and their 3D structure was

compared to their unbound counterparts. This initial

orientation of xylan on the surface of cellulose is one

of many possibilities and a full exploration of multiple

binding sites is beyond the scope of this work. In the

absence of cellulose, the radius of gyration (Rg) of

xylan shows similar fluctuations for all the four xylan

systems both when xylan is unbound and when it is

bound to the hydrophilic face of cellulose (Figs. 3a,

3b). Similarly, the root mean square fluctuations

(RMSF) of the xylan show comparable behavior in

the absence and presence of cellulose (Table 1).

Despite a slight twist of the cellulose fiber (Busse-

Wicher et al. 2014; Pereira et al. 2017), the cellulose

RMSD is low (RMSD\ 2.6 Å) for all systems

(Fig. 3c), indicating interactions with xylan do not

distort the fiber. Interestingly, 2AcX and MeGlcAX

remain bound to cellulose surface in all the four

simulations. In one of the four simulations, UnX and

3AcX occasionally detach from the cellulose surface

and diffuse into bulk (Fig. 3d). These detachment

events suggest the importance of O-2 in stabilizing

cellulose-xylan interactions in contrast to O-3 substi-

tuted xylan which shows similar behavior as that of

bare xylan (Figs. 3e-f).

The glycosidic linkage dihedral angles, / = C4(i)-

O4(i)-C1(i ? 1)-O5(i ? 1), and W = C5(i)-C4(i)-

O4(i)-C1(i ? 1) between the ith and (i ? 1)th residues

characterize the local flexibility of the xylan backbone

(Fig. 4a). In the absence of cellulose, UnX, 2AcX, and

3AcX show similar allowed values of dihedral angles,

while the allowed dihedral range is more diverse for

MeGlcAX (Fig. 4). In the presence of cellulose, the

distributions of the dihedral angles for UnX and 3AcX

are qualitatively similar to those in the cellulose-

deficient environment and MeGlcAX has a slightly

reduced dihedral range. 2AcX in the presence of

cellulose shows a significant change, where the region

/[ 0�, W\ 0� is not occupied at all by the 2AcX

conformations in contrast to UX,MeGlcAX and 3AcX

conformations (Figs. 4f-i). Thus, 2AcX has the most

Fig. 7 Scatter plots showing distribution of glycosidic dihedral

angles of xylan residues and their minimum distances from

cellulose surface for (a–b) 2AcX, and (c–d) 3AcX. The black

and red lines represent the sum of dihedral angles for twofold

and threefold helical screw conformations, respectively
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restricted dihedral angles and is conformationally

more rigid in the presence of cellulose than the other

xylans. These findings are consistent with previous

simulations showing that steric interactions between

a-1,2 GlcA or a-1,2 Ara substitutions with xylan

backbone restrict the allowed range of glycosidic

bonds on the cellulose surface, while a-1,3 GlcA and

a-1,3 Ara do not (Martı́nez-Abad et al. 2017; Pereira

et al. 2017). Regioselectivity of the acetyl substitu-

tions at O-2 and O-3 has been shown to influence the

backbone flexibility of xylans in aqueous solution

(Berglund et al. 2020). It can thus be concluded that

O-2 substitutions in the xylan backbone result in more

rigid twofold xylan conformation in the presence of

cellulose, irrespective of the nature the substituent

(Ara/GlcA/Ac).

The xylan conformations can be distinguished as

twofold or threefold helical screw by computing the

sum of dihedral angles, / ? W, at a particular

glycosidic oxygen (Mazeau et al. 2005; French and

Johnson 2009). A value of / ? W = 120� indicates a
twofold helical screw conformation, whereas /
? W = 190� represent a left-handed threefold

(Mazeau et al. 2005; French and Johnson 2009).

Right-handed threefold conformations (/
? W = 50�) do not exist in nature. In the absence of

Fig. 8 a Percentage of xylan conformations forming different

numbers of xylan-cellulose hydrogen bonds. b Snapshot of

different atoms involved in hydrogen bonding interactions in

xylan and cellulose, both X-O3 and C-O6 can act as both donors

and acceptors. c Stacking interactions between X-O5 and C-O4.
X-O5 and C-O4 are depicted in blue and green colors,

respectively
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cellulose, the histograms for the sum of dihedral

angles (/ ? W), averaged over all residues, show an

even distribution centered around / ? W = 190�
(Fig. 5), indicating that all four xylans predominantly

adopt threefold helical screw conformations in the

absence of cellulose. The time-evolution plots show

that the threefold helical screw conformation is

stable throughout the entire trajectories (Fig. S1).

Thus, xylan maintains threefold helical screw confor-

mations in a cellulose-deficient environment indepen-

dent of the chemical nature and position of the

substitution.

Fig. 9 Distance of glycosidic O4 of xylosyl residues (X-O4)

from cellulose surface for (a–b) 2AcX, and (c–d) 3AcX

conformations. These plots show the cumulative average of

these distances as a function of time. The black line represents

the sum of dihedral conformations as denoted on y2 axis

Fig. 10 Distance of glycosidic O5 of xylosyl residues (X-O5)

from cellulose surface for (a–b) 2AcX, and (c–d) 3AcX

conformations. These plots show the cumulative average of

these distances as a function of time. The black line represents

the sum of dihedral conformations as denoted on y2 axis
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In the presence of cellulose, all residues of UnX

continue to maintain a threefold helical screw confor-

mation (Figs. 6a and S2a). Similar to UnX, the

unsubstituted residues 2 to 6 of MeGlcAX also

maintain a threefold helical screw conformation

(Figs. 6b and S2b). This is consistent with previous

MD studies (Falcoz-Vigne et al. 2017) where bare

xylan in the absence of any restraints adsorbs in

threefold helical screw conformations on the cellulose

surface. Interestingly, the histograms around the

MeGlcA substituted residue 8 show a major peak at

/ ? W = 190� and a minor peak at /
? W = 85� - 95� (Figs. 6c–d, S2c–d), indicating that
the majority of the residues maintain threefold helical

screw conformations while sometimes adopting two-

fold helical conformations. It can thus be surmised that

oneMeGlcA substitution per 11 residues is not enough

to preserve the twofold helical conformations.

For 2AcX, the histograms for / ? W for residues 2

to 6 show a bimodal distribution with peaks around /
? W = * 100�-130� and / ? W = 190� (Figs. 6e–
i). The majority of the conformations are twofold

helical screw. It is noted that the twofold conformation

is most dominant for residue 4, the only residue

flanked by Ac substituted residues (2 and 6) on both

sides. Residues 2 to 6 show a switch to twofold

conformations around 100 ns, which is then main-

tained over the remaining simulation (Fig. S2). The

MeGlcA substituted residue 8 and the residues in its

vicinity adopt mainly a threefold conformation (for

both 2AcX, Figs. 6j-l and MeGlcAX, Figs. 6c-d). We

speculate that residues 7–10 do not show substantial

population of twofold helix as this part of the xylan

backbone is not periodically substituted by Ac groups.

Periodic Ac substitution on a xylan chain of larger DP

may stabilize the twofold helical screw conformation

at each glycosidic linkage.

For 3AcX, although the distribution of / ? W also

shows two distinct peaks around * 180�-190� and *
90�-95� (Figs. 6m-o,q,s) the majority of the

Fig. 11 Distance from cellulose oxygens of (a) OX2 of 2AcX,

and (b) OX3 of 3AcX. The black line represents the helical

screw conformations as denoted on y2 axis. Distance of O6 of

cellulose (C-O6) from different oxygens in xylosyl residues of

(c–d) 2AcX and (e–f) 3AcX conformations. These plots show

the cumulative average of these distances as a function of time

Table 1 Average values for the radius of gyration (Rg) and

root mean square fluctuations (RMSF) for xylan conformations

in the absence and presence of cellulose

Rg (Å) RMSF (Å)

Absence of cellulose UnX 12.7 (0.2) 0.2 (0)

MeGlcAX 12.4 (0.1) 0.3 (0)

2AcX 12.8 (0.3) 0.4 (0)

3AcX 12.8 (0.1) 0.3 (0)

Presence of cellulose UnX 13.0 (0.5) 0.2 (0)

MeGlcAX 12.7 (0.7) 0.2 (0)

2AcX 13.2 (0.8) 0.4 (0.1)

3AcX 12.9 (0.4) 0.3 (0)

The values are averaged over time and the four simulations for

each system. The values in the parentheses denote standard

error

123

Cellulose (2021) 28:3327–3345 3339



populations is in the threefold helical screw confor-

mation. Residues 2 to 4 have relatively more twofold

conformations than the other residues. Similar to

2AcX and MeGlcAX a threefold conformation is

observed around the MeGlcA substituted residue 8.

Visual inspection of the simulations shows that

MeGlcA is oriented away from the cellulose surface

during the entire simulation run and this orientation is

unaffected by any changes in the topological environ-

ment around the MeGlcA substituted residue. This is

consistent with previous studies where MeGlcA

substituted residue was observed to have a low affinity

for the.

cellulose (Linder et al. 2003; Martı́nez-Abad et al.

2017).

Scatter plots of / ? W of representative xylosyl

residues and their distances from the cellulose surface

show that the majority of the twofold helical confor-

mations for 2AcX and 3AcX are found mostly within

3–5 Å from the cellulose surface, indicating stable xy-

lan-cellulose binding (Fig. 7). When the xylosyl

residues are located at distances[ 15 Å from the

cellulose surface, they adopt predominantly threefold

helical screw conformations. Visual inspection of the

simulations showed that none of the 2AcX conforma-

tions detach from the cellulose surface, unlike UnX

and 3AcX (Figs. 3d-f). Also, in some MeGlcAX

conformations the residues around the MeGlcA sub-

stituted residue (7 to 9) anchor to cellulose surface

while other residues orient away from the cellulose

surface. Thus, xylan-cellulose interactions promote

and stabilize the twofold helical screw xylan confor-

mations, while threefold conformations correspond to

stretched xylan conformations interacting preferably

with water rather than cellulose.

To understand how 2AcX conformations interact

with the cellulose surface, we first computed the

number of intermolecular contacts, Nc, between xylan

and cellulose (Table 2). Nc is statistically similar

between all 4 forms of xylan, although Nc tends to be

larger for MeGlcAX and 2AcX than for UnX and

3AcX. Decomposing Nc into contributions from the

unsubstituted, Ac substituted and MeGlcA substituted

residues (Table 2) shows that the number of contacts

per unsubstituted residue is maximal for 2AcX. The

Ac bearing residues form more contacts with cellulose

for 2AcX than for 3AcX. The fraction of xylosyl

residues that is bound to the cellulose surface is only

38% for UnX, while it is * 65–71% for MeGlcAX,

2AcX, and 3AcX (Table 2). This suggests that

substitution on the xylan backbone promotes the

association of xylan with cellulose. Hence, Nc, is not

correlated with the formation of twofold helical screw

conformation, but 2AcX interacts most effectively

with cellulose by forming maximum number of

contacts both via its unsubstituted and substituted

residues (Table 2).

UnX and 3AcX form on average form * 4 hydro-

gen bonds with cellulose while MeGlcAX and 2AcX

form 7 and 5 hydrogen bonds, respectively (Table 2).

UnX and 3AcX have a higher probability of forming

0–3 hydrogen bonds, while MeGlcAX and 2AcX form

more frequently 6–10 hydrogen bonds (Fig. 8a). The

unsubstituted residues of both 2AcX and 3AcX

conformations are involved in 2–3 hydrogen bonds

with the cellulose surface (Table 2). Interestingly, the

acetylated residues in 2AcX form * 2 hydrogen

bonds while for 3AcX form * 1 hydrogen bond, thus

hydrogen bond patterns do not match the inter-atomic

contacts. The residue bearing the MeGlcA group

consistently forms on average one hydrogen bond with

the cellulose surface for all xylan decorations. This is

consistent with a previous MD study where bare xylan

was observed to have the weakest interactions with

(1–10) hydrophilic and (200) hydrophobic surfaces

followed by xylan substituted with one MeGlcA group

(Martı́nez-Abad et al. 2017).

UnX, MeGlcAX and 3AcX occasionally form * 1

intra-molecular hydrogen bond. While 2AcX

forms * 2 intra-molecular hydrogen bonds. The

hydrogen bonding interactions in 2AcX are dominated

by X-O3 which acts as donor while X-O2 and X-O5 of

adjacent xylan residues act as acceptors. X-O3 also

forms hydrogen bonds with acetylated oxygen (X-

OX2) of the same or adjacent residues in 2AcX. Since

X-O3 is substituted by acetyl residues in 3AcX

conformations, the hydrogen bonding is no longer

dominated only by X-O3. In 3AcX, both X-O2 and

X-O3 act as donors and acceptors. Thus, it can be

concluded that intra-molecular H-bonds involving

X-O3 of the xylan backbone primarily influence the

stability of the twofold helical screw conformations on

the cellulose surface.

The increase in percentage of bound conformations

does not directly correlate to the switch from threefold

to twofold helical screw conformations on the cellu-

lose surface. The reasons for this will now be

discussed. To determine which specific cellulose-
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xylan interactions stabilize the twofold helical screw

conformations, we computed the distances between

xylan glycosidic (backbone) oxygen atoms X-O4 and

X-O5 and the cellulose surface oxygen atoms

(Figs. 8b, 9 and 10, respectively). The time-depen-

dence of the distance between the X-O4 of substituted

xylan residues and cellulose C-O2 or C-O3 roughly

follows the time dependence of / ? W (Figs. 9, S2).

Correspondingly, the distance between X-O4 of the

unsubstituted xylan residues and the cellulose C-O6

follows the / ? W time dependence. Transitions from

twofold to threefold helical screw conformations are

observed roughly at similar time domains when these

atoms are in proximity. When in a twofold screw

conformation the oxygen X-O5 of substituted residues

interacts mostly with C-O6 and C-O4 (Figs. 10, S3)

while X-O5 interacts with C-O6 and C-O3 for the

unsubstituted residues for 2AcX. X-O5 and C-O4

stack to stabilize xylan-cellulose interactions while all

the other O–O interactions are hydrogen bonding

interactions (Fig. 8c).

Interestingly, the acetylated oxygen, OX2 of the

substituted residues 2, 4, and 6 of 2AcX (Figs. 8b, 11a,

S4) interacts with all the oxygens of cellulose

(distance\ 5 Å), but C-O6 is closest. OX2 of non-

periodic acetylated residue 10 in 2AcX is further away

from the cellulose surface (Fig. S4d). Also, C-O6 has

favorable interactions with X-O3 of 2AcX

(Figs. 8b,11c-d). These interactions are missing for

3AcX conformations due to substitution at X-O3 of

xylan backbone. It can thus be concluded that the

interaction of OX2 and X-O3 of acetylated residues

with C-O6 is a specific interaction that facilitates the

formation of twofold conformations for 2AcX. Sim-

ilarly, the twofold helical screw conformation for

3AcX is maintained as long as OX3 is proximal to

C-O6 and has a role in stabilizing xylan-cellulose

interactions. These results are in agreement with a

previous MD study of docked acetylated xylan in

twofold conformation on (010) and (020) hydrophilic

surfaces where O6 of cellulose was observed to play a

central role in stabilizing cellulose-xylan interactions

(Busse-Wicher et al. 2014). Similarly, the orientation

of Ara substituents towards the cellulose surface result

in stronger interactions of xylan with the cellulose

surface than when the side chains orient away from the

surface (Martı́nez-Abad et al. 2017).

Our study is consistent with previous studies

showing that the presence of substitutions at alternate

positions stabilizes the cellulose-xylan interactions by

favoring twofold helical screw conformations for

xylan (Bromley et al. 2013; Busse-Wicher et al.

2014, 2016; Simmons et al. 2016; Pereira et al. 2017).

Previous computational work has found unsubstituted

UnX to form twofold helical screw on hydrophilic

cellulose surfaces (Busse-Wicher et al. 2014; Falcoz-

Vigne et al. 2017; Martı́nez-Abad et al. 2017). In those

studies, the glycosidic bonds of UnX were restrained

to a twofold conformation for part of the MD

simulation or the simulations started with xylan tightly

docked to cellulose. The unrestrained MD presented

here, in which xylan is initially away from the

cellulose, show a switch in the helical fold after *
100 ns, which suggests that long simulations

([* 100 ns) are probably needed to detect substan-

tial change in the xylan conformations. Some

Table 2 Order parameters for xylan conformations in the presence of cellulose

UnX MeGlcAX 2AcX 3AcX

Ncontacts All residues 153 (52) 225 (10) 229 (36) 172 (15)

Per unsubstituted residue 14 (5) 23 (1) 26 (2) 21 (3)

MeGlcA residue – 38 (11) 25 (7) 14 (2)

Per Ac residue – – 27 (5) 22 (1)

% of bound conformations Ncontacts[ 15 per residue 37.8 (13.4) 65.5 (2.7) 70.7 (11.1) 67.5 (7.3)

NHB All residues 4 (1) 7 (1) 5 (0) 3 (0)

Unsubstituted residues – – 3 (1) 2 (1)

Ac residues – – 2 (0) 1 (0)

We define the xylan conformations as bound if each xylosyl residue forms at least 15 contacts with the cellulose surface. Data are

averaged over t[ 400 ns and the four simulations for each system. The values in the parentheses denote standard error

123

Cellulose (2021) 28:3327–3345 3341



experimental studies elucidated that the increase in the

number of substitutions on the xylan backbone reduces

the propensity for adsorption on the cellulose surface

(Kabel et al. 2007; Bosmans et al. 2014). The degree of

acetylation of such xylan was 0.7 and the effects were

much more pronounced for Ara substitutions as

compared to Ac groups (Kabel et al. 2007). It can

thus be speculated that a higher degree of substitution

([ 50%) may reduce adsorption on cellulose surface

due to the unavailability of enough unsubstituted

residues for interaction with cellulose, but future MD

studies are required to test this hypothesis.

Conclusions

We report here an investigation using unrestrained

MD simulations of the switch of xylans with different

decorations from threefold helical screw conforma-

tions, found in cellulose-deficient environments, to

twofold helical screw in the presence of cellulose. In

the absence of cellulose, all xylans show comparable

behavior and adopt a threefold helical screw confor-

mation. Bare UnX xylans maintain threefold helical

screw conformations even in the presence of cellulose

and occasionally detach from cellulose surface, illus-

trating that bare xylan interacts weakly with the

cellulose surface.

2 Ac substituted xylan is conformationally rigid

with restricted glycosidic dihedral angles resulting in

the formation of a twofold helical screw conformation

on the surface of cellulose. These conformations

strongly associate with (110) hydrophilic cellulose

surface. The hydrogen-bonding interactions of C-O6

of cellulose with xylan oxygens X-O3, X-O4, X-O5

and the acetylated oxygen X-OX2 play a central role in

stabilizing the twofold helical screw conformations

for 2AcX conformations. 3 Ac substituted xylan

assumes predominantly threefold conformations and

has dynamic interactions with cellulose, occasionally

showing a transition to twofold helical screw when

side-chain acetyl (X-OX3) or glycosidic dihedral

angle oxygens (X-O4, X-O5) interact closely with

the cellulose surface. Xylans with only one MeGlcA

decoration also form a comparable number of xylan-

cellulose contacts as that of 2AcX conformations but

do not adopt twofold helical screw conformations,

illustrating that many xylan decorations are needed in

sustaining twofold helical screw xylan conformations.

Thus, the higher number of contacts between xylan

and cellulose surface is not correlated with the

formation of twofold helical screw conformations as

only specific O–O contacts with the cellulose surface

by both substituted and unsubstituted residues of xylan

trigger the formation of rigid twofold helical screw

conformations. Combining our results with a previous

study on the role of O-2 Ara and GlcA xylan

decorations on cellulose-xylan interactions (Pereira

et al. 2017) demonstrates that, independent of the

chemical nature of the substituent, O-2 substitutions

play a dominant role in promoting cellulose-xylan

interactions and formation of the twofold helical screw

xylan, provided that the substitutions follow a periodic

pattern. These insights improve our current under-

standing of the molecular underpinnings of plant cell

wall architecture.
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