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Optimized lytic polysaccharide monooxygenase action increases fiber accessibility
and fibrillation by releasing tension stress in cellulose cotton fibers

Maud Chemin, Kamal Kansou, Karine Cahier, Margaux Grellier, Sacha Grisel, Bruno

Novales, Celine Moreau, Ana Villares, Jean-Guy Berrin, Bernard Cathala*

ABSTRACT: Lytic polysaccharide monooxygenase (LPMQO) enzymes have recently shaken
up our knowledge on the enzymatic degradation of biopolymers and cellulose in particular. This
unique class of metalloenzymes cleaves cellulose and other recalcitrant polysaccharides using
an oxidative mechanism. Despite their potential in biomass saccharification and cellulose
fibrillation, the detailed mode of action of LPMOs at the surface of cellulose fibers still remains
poorly understood and highly challenging to investigate. In this study, we first determined the
optimal parameters (temperature, pH, enzyme concentration and pulp consistency) of LPMO
action on the cellulose fibers by analyzing the changes in molar mass distribution of solubilized
fibers using high performance size exclusion chromatography (HPSEC). Using an experimental
design approach with a fungal LPMO from the AA9 family (PaLPMO9H) and cotton fibers,
we revealed maximum decrease in molar mass at 26.6 °C and pH 5.5, with 1.6% w/w enzyme
loading in dilute cellulose dispersions (100 mg of cellulose at 0.5% wi/v). These optimal
conditions were used to further investigate the impact of PaLPMO9H on the cellulosic fiber
structure. Direct visualization of the fiber surface by scanning electron microscopy (SEM)
revealed that PaLPMO9H created cracks on the cellulose surface while attacking tension
regions that triggered the rearrangement of cellulose chains. Solid-state NMR indicated that
PaLPMO9H increased the lateral fibril dimension and created novel accessible surfaces. This
study confirms the LPMO-driven disruption of cellulose fibers and extends our knowledge on

the mechanism underlying such modifications. We hypothesize that the oxidative cleavage at



the surface of the fibers releases the tension stress, with loosening of the fiber structure and

peeling of the surface, thereby increasing the accessibility and facilitating fibrillation.

KEYWORDS: LPMO, response surface design, molar mass, peeling, fibrillation, cellulose

nanofiber.

INTRODUCTION

Since the first report in 2010 of the monooxygenase activity and the description of the
associated enzyme,! Iytic polysaccharide monooxygenase (LPMO) enzymes have attracted
much attention within the scientific community. Beyond their key role in lignocellulosic
biomass degradation in nature and their addition to enzymatic cocktails for biofuels and
biorefinery applications,? 2 they are seen as promising enzymes to reduce the energy required
for cellulose fibrillation when preparing cellulose nanofibers.*®

LPMOs are unique metalloenzymes containing a single type Il copper ion coordinated by a
solvent exposed histidine brace, allowing them to oxidize C-H bonds at the C1 and/or C4 carbon
of glycosidic linkages found in recalcitrant polysaccharides such as cellulose.” To catalyze this
challenging reaction, LPMOs control a powerful oxidative reaction that involves Fenton-like
chemistry.® They require to be activated either by a redox enzyme partner (i.e. cellobiose
dehydrogenase; CDH), small organic reductants (i.e. ascorbate, cysteine) or even lignin.® The
nature of the co-substrate (O2, H20) bringing the oxygen atom necessary for cleavage of the
polysaccharide chain has been a matter of intensive research and debates.’® LPMOs are
distributed into eight families (AA9-AA11l, AA13-AA17)M1 of the CAZy classification
(Carbohydrate Active enZymes database; www.cazy.org).!® The AA9 family is exclusively

found in fungi, and its members are active on cellulose, cello-oligosaccharides and p-(1-4)-



linked hemicelluloses.'®?> AA9 LPMOs can be appended to a carbohydrate-binding module
(CBM) promoting binding to cellulose and activity.?®

Traditionally, the LPMO activity on cellulosic substrates has been monitored through the
detection of soluble oxidized products released after enzymatic action.?’ We first described the
structural changes on the cellulose fiber resulting from LPMO activity by combining solid-state
NMR and imaging techniques.?? LPMOs create nicking points on the cellulose fiber surface,
thus facilitating fiber disruption and separation.* 2* % In synergy with cellulases, LPMOs
improved mechanical fibrillation of cellulose and thus facilitate nanofibrillation.® 26-% Further
studies have revealed the presence of oxidized groups on the cellulose fiber surface using a
fluorescent probe.3 3 Nevertheless, evaluating LPMO action at the surface of cellulose fibers
remains challenging to investigate.

In this study, we evaluated the changes in the molar mass of cellulose chains after enzymatic
treatment using HPSEC coupled to an experimental design approach to identify the optimal
conditions (temperature, pH, enzyme/substrate ratio and pulp consistency) of LPMO activity.
Then, we investigated the LPMO action on the insoluble part of the cellulose fiber during
enzymatic incubation. We also visualized modifications at the cellulose fiber surface by SEM

and assessed the structural changes associated by solid-state *C NMR.

EXPERIMENTAL SECTION

Materials. Cysteine, copper sulfate, sodium acetate, acetic acid, methanol, N,N-
dimethylacetamide (DMACc) and lithium chloride (LiCl) were purchased from Sigma-Aldrich.
Tetrasodium (6E)-4-amino-6-[[4-[4-[N'-(8-amino-1-0x0-5,7-disulfonato-2-
naphthylidene)hydrazino]-3-methoxy-phenyl]-2-methoxy-phenyl]hydrazono]-5-oxo-
naphthalene-1,3-disulfonate (Direct Blue 1, DB 1) and 2,3,14,15-

tetrazapentacyclo[20.2.2.24,7.210,13.216,19]dotriaconta-



1(24),2,4,6,8,10,12,14,16,18,20,22,25,27,29,31-hexadecaene-6,11,18,23-tetrasulfonic acid
(Direct Orange 15, DO 15) were purchased from Pylam Dyes.

Enzyme production. The recombinant PaLPMO9H from Podospora anserina previously
expressed and characterized® was produced in Pichia pastoris in a 1 L bioreactor and purified
as previously described.® 20

Cellulose substrate. Cellulose from cotton was used as the cellulose substrate. Whatman paper
was hydrated in water under stirring for 24 h and activated in a blender at 25 g L. The obtained
pulp was freeze-dried.

LPMO treatment. Experimental conditions for the PaLPMO9H treatment (temperature, pH,
enzyme/substrate ratio and pulp consistency) were determined by the experimental design (see
below). Cellulose fibers (100 mg) were dispersed in acetate buffer (50 mM) adjusted at the
desired pH (4-7) at a final reaction volume of 4-20 mL (pulp consistency 0.5-2.5% w/v).
Purified PaLPMO9H enzyme was added to the pulp at a final concentration of 0.1-2% w/w and
cysteine at 48 mg g*. Enzymatic incubation was performed at 20-50 °C under mild agitation
for 0-120 h. 120 h was selected as the end point of the enzymatic reaction, even if we assume
that the PaLPMO9H may be deactivated before 120 h. At the end-point, PaLPMO9H enzyme
was deactivated by heating at 100 °C for 10 min. Control samples consist of cellulose fibers
treated at the same conditions but without PaLPMO9H.

Experimental design. The exploration and the determination of the experimental conditions
susceptible to favor LPMO enzymatic activity was performed using a response surface design
with four factors: reaction temperature (factor a), pH (factor B), enzyme/substrate (E/S) ratio
(factor C), and pulp consistency (factor D) (Table 1). Temperature and pH effects on the
enzymatic reaction were expected to follow a second-order model, besides higher-order models
were out of reach due to time and resource constraints. Temperature is a hard-to-change (HTC)

factor while the other factors are easy-to-change (ETC) factors, and pulp consistency is a



categorical factor with two levels (Table 1). A three-factor central-composite design (CCD)
within a split-plot structure®® was created and duplicated for each pulp consistency level. Split-
plot experiments involved two distinct randomizations, the randomization of the HTC factors
forms the whole-plot design and, within each whole-plot section, the randomization of ETF
factors forms the subplots. Usual coding for three-factors CCD is (+1, £1, +1) for the factorial
section, (0, 0, 0) for the center point, and (+a, 0, 0), (0, +a, 0), (0, 0, +a) for the axial points.
The value of a was chosen to accommodate all factorial and axial points on the surface of a
sphere. The mapping of the factors values and coded values is supplied in Table 1. The design
space was first framed by imposing the lowest and highest levels (i.e. a levels), then values

corresponding to -1, 0 and +1 levels were computed according to the linear transformation.

Table 1. Mapping of the factor values and coded values for the PaLPMO9H treatment of

cellulose fibers.

Levels
Measurements Factor

-a -1 0 1 o
T (°C) a 20 26.3 35 43.7 50
pH B 4.0 4.6 55 6.4 7.0
E/S (% wiw) C 0.1 05 11 16 2.0
Pulp consistency (% w/v) D - Low - High -

(0.5) (2.5)

The initial plot contained a total of 42 runs, with 21 runs for each consistency level with five
central points, eight factorial points, and eight axial (star) points. After a first round of
experiments, the design was augmented with six additional experiments to replicate interesting
points and explore further subplot axial points. The design was performed using Design-
Expert® (version 12) software. Candidate response surface models were estimated via the
restricted maximum likelihood approach for increasing polynomial orders (from second to

fourth-order). The most informative terms of the model were selected based on the BIC



(Bayesian Information Criterion) value through backward elimination, a hierarchically well-
formed polynomial was then built from the selected terms. Eventually regions of the design
space with most desirable values with regard to the LPMO expected actions were identified
through the built-in numerical optimization procedure of the statistical software.

High Performance Size Exclusion Chromatography (HPSEC) coupled to multi-angle laser
light scattering (MALLS). Molar mass determination of cellulose chains was determined as
previously described.* Briefly, fibers were filtered over sinter glass (porosity 16-40 pum) and
then redispersed in anhydrous methanol (3x20 mL) followed by redispersion in anhydrous
dimethylacetamide (3x20 mL). Then the DMAc-swollen fibers were added to 10 mL of
DMAC/LICI (9% w/w) under magnetic string during 3 days at 4°C before 10-fold dilution with
anhydrous DMAc. The solution was then filtered (PTFE 0.45 um) and injected on a size
exclusion chromatography system (OMNISEC Resolve, Malvern) with DMAC/LICI (0.9 %
w/v) as the eluent. The SEC columns used were Viscotek Tguard, LT4000L, LT5000L and
LT7000L. The system was equipped with a multi-angle laser light scattering Malvern SEC-
MALS 20 and OMNISEC Reveal devices (Malvern). Calculations were performed with a dn/dc
value of 0.136 mL g* and performed using OMNISEC software.

Solid-state 13C CP/MAS NMR. Cellulose samples (100 mg) were rehydrated in 50 uL H»O
and water excess was absorbed using an adsorbent. About 80-100 mg of each sample was
packed into the 4 mm NMR rotor. Cross-polarization magic angle (CP/MAS) NMR
experiments were acquired on a Bruker Avance Il 400 spectrometer operating at a *°C
frequency of 100.62 MHz equipped with a double resonance H/X CP/MAS 4 mm probe.
Measurements were conducted at room temperature with a MAS spinning rate of 9 kHz. The
CP pulse sequence parameters were: 3.5 us proton 90° pulse, 1.75 ms CP contact time at 67.5
kHz, and 9 s recycle time. The number of acquisition for the CP/MAS *C spectra was typically

5.120 scans. *3C NMR spectra were referenced to the carbonyl peak of glycine at 176.03 ppm.



All spectra were processed with Gaussian multiplication parameters of LB = -5 Hz and GB =
0.1. NMR spectra were deconvoluted using PeakFit™ (v4.12) software as previously
described.* 22

Polarized optical microscopy (POM). Cellulose fibers (0.1 g L in milliQ water) were
deposited onto a glass slide, dried at 40°C, and observed by a BX51 polarizing microscope
(Olympus France S.A.S.) with a 4x objective. Images were captured by a U-CMAD3 camera
displaying a U-TV0.5XC-3 adaptor (Olympus Japan). Twisting counting was performed on 20
images containing at least 30 individual cellulose fibers.

Simons’ staining. Cellulose fibrillation was observed using Simons’ staining. The stain
consists in a 1% wi/v aqueous solution of Direct Blue 1 and a 1% w/v aqueous solution of Direct
Orange 15 mixed in a 1:1 ratio. Untreated and enzyme-treated fibers (10 mg) were soaked in
60 uL of stain solution overnight. The fibers were then washed with milliQ water and filtered
(PC 5 um) before redispersion in milliQ water. A drop of the dispersion was deposited onto a
glass slide, dried at 40°C, and observed by a BX51 polarizing microscope (Olympus France
S.A.S.) with a 4x objective.

Scanning electron microscopy (SEM). Cellulose fibers (0.1 g L in milliQ water) were
deposited onto an adhesive carbon pad, dried at 40°C and observed with a Quattro scanning

electron microscope at low-vacuum (Thermo Scientific).

RESULTS AND DISCUSSION

Optimal conditions of PaLPMO9H activity evaluated by HPSEC. Cotton linters were
chosen as the cellulose model substrate because they consist of almost pure cellulose (only 3%
of hemicelluloses)** with rather high chain length, being a representative cellulosic substrate.
We selected an AA9 LPMO from Podospora anserina (PaLPMO9H), which contains a CBM1

and preferentially catalyzes C4 oxidative cleavage of cellulose.?’ We studied the impact of four



parameters (temperature, pH, enzyme/substrate ratio and pulp consistency) on its activity on
cotton cellulose fibers. The range of temperature was from 20 to 50 °C, and the pH was studied
from 4 to 7. The enzyme/substrate ratio was investigated from 0.1 to 2.0% w/w, and we
investigated two pulp consistencies, 0.5 and 2.5% w/v. An experimental design of a total of 42
runs was produced (Table S1). The PaLPMO9H activity was monitored as the changes in the
molar mass distribution. For this purpose, the cellulose fibers were solubilized in DMAC/LICI
and analyzed by high performance size exclusion chromatography (HPSEC). HPSEC data
allowed the calculation of average weight molar mass (Mw), the average number molar mass
(Mn) and the polydispersity index (Mw/My), which represented the response variables in the
experimental plan. Table S1 shows the experimental design conditions and the results from
HPSEC.

A model selection procedure was used to generate and assess quadratic, cubic and quartic
models with all combinations of terms, called full model, and with a selection of terms that
represented the best compromise between the number of factors and the fitting performances,
called reduced model. The modelling performances were assessed the best trade-off between
the maximization of adjusted R2 (Adj. R2) and the minimization of Akaike Information Criterion
(AIC), both widely used for model selection. Results of the model selection procedure are

reported in Figure 1.
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Figure 1. Results of the model selection procedure for Adj.R? and AIC. Dominant solutions,
i.e. best for Adj.R? or for AIC, are underlined. F.Mi stands for Full Model of polynomial degree

I, R.Mi stands for Reduced Model of polynomial degree i.

The three response variables were all poorly fitted by the quadratic models, as shown by the
low values of Adj.R? obtained for F.M2 and R.M2 in Figure 1. The reduced quartic models
(R.M4) were dominant solutions, for M, Mw and Mw/M. In the case of Mn, R.M4 was the
unique dominant solution, i.e. best for Adj.R? and for AIC. For illustration this model is
supplied in Figure S1 and Table S2. While the reduced quartic models present in general the
best performances, the experimental plan should ideally be augmented to reach robust
parameterization of such high-order models. They can nevertheless be used to frame a design
space most likely to favor the PaLPMO9H activity — the desirable area — using a built-in
numerical analysis provided by Design Expert® software. The constraints and preferences used
for the numerical analysis are supplied in Table S3.

The desirable area for PaLPMO9H activity lies within the following boundaries:

26 °C < Temperature < 30 °C



5<pH<57

E/S ratio = upper range value

Pulp consistency = Low
Notice that the outcomes of the numerical analysis were essentially driven by the results for M
(and in turn by Mw/Mpn) which was more responsive to PaLPMO9H activity than My in the
conditions of the experimental design.
The selected conditions of the PaLPMO9H activity within the desirable area were a temperature
of 26.6 °C, pH 5.5, 1.6% w/w of PaLPMO9H enzyme, and pulp consistency of 0.5% w/v. This
meets only partially the conditions used in most of the studies of LPMO activity on cellulose,
performed at pH 5-6 and at 50 °C.11 1220, 31,3538 The desirable area was consistent with the pH
range, however it did not support the positive effect of high temperatures on LPMO activity. In
many cases reported in the literature, the reaction conditions were chosen for practical reasons,
i.e. to be compatible with the cellulases (endoglucanases, cellobiohydrolases) used
concomitantly with LPMO enzymes for the saccharification of lignocellulosic biomass.
Nevertheless, the optimal temperature in our experimental set up was around 26 °C, consistent
with the natural environment of the coprophilous fungus Podospora anserina.
Regarding the E/S ratio and pulp consistency, there are wide ranges of LPMO and pulp
concentrations used in literature.?: 2931 36-3% \When LPMO activity is evaluated in rather
amorphous and well-dispersed systems, such as phosphoric acid swollen cellulose (PASC) or
regenerated amorphous cellulose (RAC), the enzyme/substrate ratio ranges from 0.5 to 5% w/w
and the pulp consistency is lower than 0.5% w/v.3% 728 When insoluble cellulosic substrates
are used, the E/S ratio ranges from 0.1 to >10% w/w and pulp consistency can be increased to
20-25% w/v.?6 2% 30. 36 Thjs pulp concentration is typically encountered during pulp
manufacturing and Kraft pulp processing.®® In previous studies, we have evaluated the impact

of enzyme concentration (0.1-2% w/w) on the fibrillation of cellulose fibers.?? Our results



showed a greater disrupting effect for higher PaLPMO9H concentrations (2% w/w). In this
study, we demonstrate that the PaLPMO9H activity was optimal at 1.6% w/w, which means an
overall reduction compared to enzyme loading used in literature (9-12% w/w).?® Moreover, our
work revealed that lower fiber consistency (0.5% w/v) favored the PaLPMO9H activity, which
was in agreement with previous studies on pulp treatments by enzymatic cocktails. In this field,
Hu et al.*% observed that increasing pulp consistency significantly decreased the activity of
cellulases even if reinforced with xylanase and LPMO enzymes. When the pulp consistency
increased from 10 to 20% w/v, the enzyme concentration required to achieve the same degree
of hydrolysis was almost three times higher.

Changes in molar mass with time during PaLPMO9H action. We next examined the time
course of PaLPMO9H activity at the optimal conditions. HPSEC studies allowed us to obtain
the average weight molar mass distributions at different reaction times. We selected a wide time
range (up to 120 h) to better characterize the enzymatic end-point. The analysis of MALLS
responses permitted to calculate the changes in Mw, M, the degree of polymerization (DPw),

and Mw/M, as a function of time (Table 2).

Table 2. Weight average molar mass (My), number average molar mass (M), degree of
polymerization (DPw), polydispersity (Mw/Mn) and recovery range of cellulose cotton
fibers after PaALPMOH treatment at different times (control, 24 h and end-point). Results

are expressed as mean + standard deviation.

Muw Mn Recovery
(10° g mol™®) (10° g mol?) DPw Mu/M (%)
Control 30216 2275 1865136 1.31£0.0 75-107
24 h 289129 184+21 1784+177 1.6+0.1 65-99

End-point 258+11 175+5 1592+67 1.5+0.0 102-103




Furthermore, distribution of molar masses gave us more insight into the kinetics of the LPMO
reaction. Figure 2 shows molar mass distribution of cotton fibers for control, at 24 h and at the
end-point of the enzymatic treatments. One has to note that all recovery yields calculated from
elution peak, i.e. after dissolution and chromatographic analysis, were higher than 75% (Table
2); therefore, the results were significant. The molar mass distribution of starting cellulose
chains displayed a narrow and symmetrical distribution with rather low polydispersity of 1.3,
and My, and My of about 302 x 10° and 258 x 10° g mol* (Table 2). During the first 24 h
PaLPMO9H action, the molar mass distribution profile changed little. As the enzymatic
reaction time increased from 24 h to the end-point, there was an appreciable shift towards lower
molar masses and an increase in the low molar mass fraction, and both My and My decreased
significantly and in a larger extend than the standard deviation of the measurement, leading to

the conclusion that PaLPMO9H has clearly the ability to cleave the cellulose chains (Table 2).
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Figure 2. Molar mass distribution profiles of PaLPMO9H-treated cotton fibers. Normalized
molar mass distribution profiles of cellulose cotton fibers after PaLPMO9H treatment: control,

at 24 h and at end-point.



Moreover, after 24 h of enzymatic action, the polydispersity reflected by the Mw/Ms ratio
increased, suggesting the formation of low molecular weight chains that broadened the
distribution. However, the DP of the neo-formed chains remained high as they remained
insoluble in water and can be detected by MALLS. At the same time, the recovery vyield
remained stable (and even increased slightly), indicating that no soluble sugars were released.
Indeed, if soluble sugars were formed by the PaLPMQO9H action, they would be removed during
the solvent exchange step of the cellulose solubilization procedure in DMAC/LICI, leading to a
decrease of recovery yield. Previous works have shown that the action of the LPMO on the
cellulose fibers produces little or no soluble products.?> 22 PaLPMO9H induced a reduction in
the molar mass of the cellulose; however, these changes were very subtle, which suggested that
the PaLPMO9H action could be restricted to a limited and/or specific region of the cellulose
chains. At the nanoscale, the surface chains represent about 20-25% of the total chains, but as
the fiber size increases, the proportion of surface chains decreases drastically. At the end-point
of PaLPMO9H action, the cellulose chains degradation was more pronounced since My and My
decreased of 15 and 22% respectively (Table 2). The Mw/Mh ratio had a value close to that of
24 h degradation (end-point 1.5 and 24 h 1.6) and higher than at the starting point (1.3). It has
also to be noted that the recovery yield, which reflects the cellulose dissolution, increased
remarkably and was almost quantitative, suggesting that PaLPMO9H facilitated the dissolution
and thus the solvent penetration into the fibers. This point is consistent with the fibrillation and
swelling action of LPMOs previously demonstrated.*

The action of the cellulose-degrading enzymes on the molar mass distribution can be
schematically viewed as two modes of action: cleavage from the end (exo-action) or random
cleavage along the polymer chains (endo-action).**3 In the first case, the DP should decrease
slowly as well as the polydispersity while in the second scenario, molar mass is expected to

decrease rapidly while polydispersity increases.*** In the case of PaLPMO9H, the molar mass



decreases slowly and the polydispersity increases. Two assumptions can be proposed. The first
one takes into account the structure of the fibers. Since the surface chains are less abundant than
the bulk ones, PaLPMO9H may act preferentially at the surface by creating low molar mass
chains and increasing polydispersity, but the majority of the chains being in the bulk of the
fibers, the molar mass decreases slightly. The second hypothesis is that the PaLPMO9H might
act on specific regions of the fibers resulting in targeted fiber degradation leading to the
generation of low molar mass fragments while the majority of the chains remains unchanged.
However, a combination of factors, i.e. attack of specific zones at the surface of the fiber, cannot
be ruled out. Therefore, SEM and NMR investigations have been conducted to investigate more
precisely the mechanism of action of this LPMO.

Structural changes associated to PaLPMO9H action on the cellulose fiber. We evaluated
the impact of PaLPMO9H action of the cellulose cotton fiber morphology by optical and
electronic microscopy. Microscopy images showed tangible differences in fiber morphology
upon PaLPMO9H action (Figure 3). Polarized optical microscopy (POM) (Figure 3a-c)
allowed to visualize the whole fiber, and the images showed that PaLPMO9H triggered the
dissociation of the fiber into microfibrils at certain regions, and this effect was more pronounced
as the reaction time increased. Figure S2 shows more POM and scanning electron microscopy
(SEM) images illustrating PaLPMO9H action. In contrast to previous studies,* 2%2° microfibrils
remained linked to the cellulose fiber as no mechanical treatment was applied after the
enzymatic reaction. The red arrows in Figure 3a-c indicate the fiber twisting. Tension or
tensional regions correspond to internal fiber stresses that induce mechanical deformation of
the fibers, i.e. fiber twist. This can be due to biosynthetic reasons (adhesion of the middle
lamellar, maturation stress in the tension wood...) or to treatmens applied to the fibers
(anisotropic drying, shear, etc...).*”*® By image analysis over 20 POM images for each sample,

containing at least 50 fibers, we counted the number of twists per number of fibers. Without



PaLPMO9H treatment, 44% of cellulose fibers were twisted while at the end-point, the

percentage of twisted fibers was reduced to 36%.

Control

Figure 3. Morphology of LPMO-treated cellulose. Polarized optical microscopy images (top,
a-c) and scanning electronic microscopy (SEM) images (bottom, d-i) of cellulose cotton fibers

after PaLPMO9H treatment at different times (control, 24 h and end-point).

SEM allowed visualizing morphological changes on the fiber surface (Figure 3d-i). Control
fibers showed a rather smooth surface. They appeared to be ribbon-like and occasionally fibers
turn along the long axis, presenting some twists (Figure 3d and g). Upon incubation for 24 h,
surface roughness increased as PaLPMO9H seemed to create a particular pattern of cracks and
wrinkles in the outer layer of the fiber surface (Figure 3e and h). Then, at the end-point, the

specific arrangement of the fiber seemed disrupted, as the cracks became deeper and fibril



aggregates were separated and, in some cases, disintegrated (Figure 3f and i). Upon
PaLPMO9H action, the appearance of cracks seemed to release the tension within the fiber
because some dislocations were removed. This result could indicate that PaLPMOO9H attacks
these specific tensional regions of the fibers. Therefore, PaLPMO9H releases the tightness, and
therefore, increases the fiber accessibility and facilitates fibrillation. Then, according to the
molar mass reduction and the disappearance of high molar mass fractions observed by HPSEC,
PaLPMO9H could continue attacking by digging into the fiber among different chains, with its
subsequent loosening.

To demonstrate the higher accessibility of cellulose fibers after LPMO action, we performed
Simons’ staining on control and PaLPMO9H-treated samples. Simons’ staining is a differential
staining comprised of two different stains of different molecular weights. Direct Blue 1 (DB 1)
has a low molecular weight around 992.82 10% g mol* while Direct Orange 15 (DO 15) is a
polymeric mixture containing a high molecular weight fraction (above 25 000 10% g mol™?).%
During the staining, the DB 1 dye first penetrates the cellulose fiber’s pores, thanks to its small
particle size. When the fiber is treated with the enzyme, the fibrillation leads to an increase in
the pores size, which allows the DO 15 dye to penetrate the pores, as the affinity of DO 15 for
cellulose is more important than the affinity of DB 1.

On the control (Figure 4), the majority of fibers was dyed with DB 1 because the fibers have
not been treated with the enzyme. However, the fibers were still subjected to a light mechanical
treatment (stirring for 48 h) that could impact the fiber integrity. This phenomenon can explain
the presence of fibers dyed in orange in the control. In the condition treated with the enzyme
(24 h and end-point), an increase of the fibers dyed with DO 15 could be observed. This
tendency was more evident as the reaction time increased, which confirmed that the

PaLPMOB9H facilitated the fibrillation. This method allowed for a more visual observation of



the fibrillation but it is still not precise enough to evaluate quantitatively the impact of the

enzyme on the cellulose fibers.

Control 24 h 120 h

Figure 4. Direct visualization by optical microscopy of Simons’ staining of cellulose cotton

fibers images previously treated with PaLPMO9H at different times (0, 24 h and end-point).

Solid-state 3C CP/MAS NMR spectra were recorded on cellulose cotton fibers upon
PaLPMOO9H action for control, 24 h and at the end-point (Figure 5). Spectra showed the
distinct signals typical of cellulose carbons with C1 (6 102-106 ppm), C4 (o 78-89 ppm), C2,3,5
(0 70-76 ppm) and C6 (6 55-69 ppm). Deconvolution of NMR spectra, and in particular peaks
from the C4 region, was performed based on our previous works* 422 and on Larsson work3*

(Figure 5, right).
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Figure 5. a Solid-state **C CP/MAS NMR spectra of cotton fibers after PaLPMO9H treatment:
control, 24 h and end-point (left). b-d Deconvolution of the corresponding C4 regions with
crystalline forms Cr(l.), Cr(lg) and Cr(le+p) (black), para-crystalline form (PCr) (grey),
accessible fibril surfaces (AS) (green), and inaccessible fibril surface (IAS) (dark green) signals
for the cotton fibers treated with PaLPMO9H: control (b), 24 h (c) and end-point (d). HC peak
(purple) refers to carbon signal from residual hemicellulose. For PaLPMO9H-treated samples,

an additional peak is denoted by (*, red) (see text for details).

As shown in the spectrum of control fibers, C4 crystalline region corresponded to three sharp
signals from Cr(l.) at 89.0 ppm, Cr(l,+lg) at 88.2 ppm and Cr(lg) at 87.4 ppm, and the
paracrystalline (PCr) at 87.9 ppm. In the amorphous C4 region, two peaks at 83.8 and 82.7 ppm
corresponding to carbons on the accessible surfaces (AS) of cellulose are superimposed to a
very broad signal centered at 83.3 ppm, which are C4 carbons located on inaccessible surfaces

(1AS). The peak at around 81.5 ppm was assigned to residual hemicelluloses (HC), such as



xylan.* * The relative contribution of each peak from the C4 deconvolution are listed in Table
4.

The PaLPMO9H action (at 24 h and beyond) resulted in the appearance of a small additional
signal at 83.2 ppm (denoted as * in red in Figure 5). This signal displayed a narrow width (~260
Hz) as compared to other signals, which indicated higher molecular mobility. The peak area
significantly increased with enzyme reaction time (from 0.9 to 1.8%), which confirmed that the
signal was due to the PaLPMO9H action. As previously described,?? the occurrence of this
small peak was attributed to amorphous cellulose chains released by the PaLPMO9H treatment
and accessible to the surrounding solvent. This feature was thus consistent with HPSEC results
and microscopy investigations that suggested higher solvent accessibility after PaLPMO9H
action.

At the same time, hemicelluloses content (HC signal at 81.5 ppm) decreased significantly
during the course of PaLPMO9H treatment. It represented 2.8+0.3% for the control, in
agreement with Larsson et al.®* who found 3.1+1.6% hemicelluloses (xylan) from the
deconvolution of the C4 region of the cotton cellulose spectrum. After PaLPMO9H treatment,
HC content decreased significantly to about 1% (Table S4) allowing to formulate two
hypotheses: (i) some of the hemicelluloses were removed from cellulose surface chains due to
PaLPMO9H action, or (ii) cellulose chains on which hemicelluloses were adsorbed underwent
a profound change thus modifying the environment of the hemicelluloses.

From the peak deconvolution, several structural information on cellulose fibers were obtained
(Table 3). The degree of crystallinity (Crl) did not significantly change upon PaLPMO9H
action (from 69.5+2.2% for the control, to 71.7+£1.4% after PaLPMOH treatment) regardless of
the duration of the PaLPMOH action. Nevertheless, the proportion of accessible carbons in the
amorphous part (AS/(AS+IAS)) strongly decreased beyond 24h-LPMO action (from ~31.6 to

19.6) confirming that PaLPMOH acts on accessible surfaces of cellulose fibrils creating



specific nicking points that probably lead to chain breaking at the fiber surface. This fact also
supported the hypothesis that hemicellulose loss would be associated with the decrease of signal
from cellulose accessible surfaces. In this context, the occurrence of the new small peak (*)
observed in LPMO-treated spectra (Figure 5) could be assigned to chains with higher mobility

released by the enzyme action.

Table 3. Values of crystallinity, accessible/total fibril surface ratio (AS/(AS+IAS)), lateral
fibril dimensions (LFD) and lateral fibril aggregate dimensions (LFAD) calculated from
the C-4 region deconvolution of the solid-state 3C CP/MAS NMR spectra of control and

PaLPMOH-treated cellulose samples. Results are expressed as mean (standard deviation).

Crl  AS/(AS+IAS) LFD  LFAD
(%) (nm) (nm)

Sample

Control  69.5(22) 31.6(10) 6.9(0.5) 24.0(5.6)

24h  715(1.6) 31.2(06) 7.4(0.4) 24.9(2.0)

End-point 717 (14) 19.6(0.7) 7.4(0.3) 395 (0.8)

The lateral fibril dimensions (LFD) and lateral fibril aggregate dimensions (LFAD) were
estimated from the C4 peak deconvolution considering a square cross-sectional cellulose
microfibril model and a conversion factor of 0.57 width.>'>® LFD of cellulose fibers was
6.9+0.5 nm, which was in agreement with values reported for cotton linters® and other
cellulosic substrates.®® During PaLPMO9H action, fibril dimensions did not significantly
change (7.4+0.4 nm at 24 h and at end-point). Differently, LFAD remained constant for the first
24 h (from 24.0+5.6 for control to 24.9+2.0 nm at 24 h) and then dramatically increased to

39.5+£0.8 nm at the end-point. This increase in LFAD (from about 24 nm to 39 nm) in



PaLPMO9H-treated cellulose fibers confirmed our previous results explained by the
aggregation and swelling of fibrils after enzymatic action.?? According to the SEM images, the
increase in LFAD could also be associated to the removal of tension zones in the fiber. The
release of such tightly associated dislocations would therefore create more swollen and
accessible arrangements, which facilitate the fibrillation by mechanical treatments, as we have
previously described.*

Overall, our results indicate that PaALPMO9H seems to attack specific sites on the cellulose
surface. SEM images showed that tension regions (twists) were disrupted upon PaLPMO9H
action, and therefore, the release of tightly associated dislocations could create swollen and

more accessible surfaces (Figure 6).
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Figure 6. Schematic representation of the PaLPMO9H mechanism of action on the cotton
cellulose fiber. Cellulose chains are represented as green lines. Elements (fiber, cellulose chains

and the LPMO enzyme) are not scaled.

In cotton fibers, the presence of twists has been associated to the desiccation occurring at the

end of the fiber growth.*” Singh et al.*® postulated that the cotton fiber may twist to consolidate



the fiber bundles, and this organization would allow the fiber elongation in a confined space
(the locule), and would act as a junction layer in the middle lamella. The LPMO action on cell
joint regions would explain its key role and boosting activity in degrading lignocellulose
biomass,® but further studies are necessary to investigate if LPMOs would specifically attack

adhesion zones in plant cell wall.

CONCLUSION

In this study, we have investigated the mechanism of action of the PaLPMO9H enzyme on
insoluble cellulose substrates. HPSEC results pointed at a random scission PaLPMO9H mode
of action on the cotton fibers leading to the decrease of molar mass and polydispersity increase
in a first step. This finding is consistent with PaLPMO9H action on the fiber surface and,
possibly in targeted areas. PaLPMO9H could therefore adsorb on the cellulose surface, cleave
the chains by the oxidative mechanism and render the fiber looser and solvated, increasing the
cellulose chains accessibility as demonstrated by solubilization yields, strong fibrillation and
higher proportion of surface chains in NMR. From the SEM images, PaLPMO9H seems to
attack the cellulose surface, more precisely the regions where cellulose chains display some
tension. Therefore, PaLPMO9H action would result in partial relaxation of fibril distortions,
leading to additional degrees of freedom in the cellulose chain organization. This would result
in the formation of a new type of accessible surface, as the new NMR signal at 83.2 ppm
suggested.?? Then, the association of several fibrils would result in the significant LFAD

increase observed at the end-point of the enzymatic reaction.
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