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The effects of lignin content on the activity and action pattern of GH11 endoxylanase from Thermobacillus
xylanilyticus were investigated using in vitro reconstituted non-covalent glucuronoarabinoxylan-model
lignin (GAX-DHP) nanocomposites. Four types of nanocomposites were prepared, each displaying dif-
ferent lignin contents. Variations in the DHP (model lignin) polymerization process were induced by
increasing the coniferyl alcohol concentration. Examination of the morphology of the nanocomposites
revealed globular particles enrobed in a matrix. The size of these particles increased in line with the
lignin concentration. Physicochemical characterization of the in vitro reconstituted GAX-DHPs strongly
suggested thatincreased particle size is directly related to the solubility and reactivity of coniferyl alcohol,
as reflected by changes in the amount of 8-0-4 linkages. Evaluation of the impact of the GH11 endoxy-
lanase on the GAX-DHP nanocomposites revealed a negative correlation between the proportion and
organization patterns of DHP in the nanocomposites and enzyme activity.
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1. Introduction

At present, lignocellulosic biomass is being promoted as a
renewable feedstock for the production of fuels and value-added
chemicals (McKendry, 2002). The bioconversion of biomass into
fuels and chemicals involves several operations, including pre-
treatment and enzymatic hydrolysis, which aim to deconstruct the
biomass, mainly into fermentable sugars. Nevertheless, the enzy-
matic digestibility of lignocelluloses is largely affected by several
limiting factors. Although the determinants of these limitations
have not been elucidated unambiguously, these factors have tradi-
tionally been divided into two groups: biomass structural features
and enzyme mechanisms (Anderson & Akin, 2008; Zhu, O’'Dwyer,
Chang, Granda, & Holtzapple, 2008).

Regarding biomass structure, it has been established that
enzyme accessibility and efficiency are affected by a num-
ber of factors, including cellulose crystallinity, the degree of

Abbreviations: CA, coniferyl alcohol; GAX, glucuronoarabinoxylan; DHPs, dehy-
drogenation polymers; SEC, size exclusion chromatography; My, average molecular
weight; THF, tetrahydrofuran.
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polymerization and substitution of hemicelluloses and lignin con-
tent and distribution (Chang & Holtzapple, 2000; Wyman, 2003).
However, it is generally considered that lignin is the most impor-
tant obstacle to be overcome by biomass-degrading enzymes.
Research has shown that biomass digestibility is negatively cor-
related with the lignin content and can be enhanced by increasing
lignin removal through pre-treatments (Chandraetal.,2007; Chang
& Holtzapple, 2000; Draude, Kurniawan, & Duff, 2001). To date,
the principal advances in our understanding of the effects of lignin
on the action of cellulases and hemicellulases have been based on
the use of particulate, isolated lignin samples derived from various
botanical sources using different extraction methods (organo-
solv softwood lignins, alkali-extracted lignins, etc.) and/or soluble
lignin degradation products produced during industrial applica-
tions (pulping liquors, etc.) (Berlin et al., 2006; Kaya, Heitmann,
& Joyce, 1999; Senior, Mayers, Breuil, & Saddler, 1990). However,
owing to the low solubility of lignins in aqueous systems, the use of
organic solvents is usually necessary, which might affect enzyme
stability and/or activity. Moreover, the heterogeneous nature and
variability of lignocellulosic biomass, and the multiplicity of the
enzymes needed to degrade it, render the study of enzyme inhibi-
tion quite difficult, because it is complicated to assess the relative
contribution of multiple limiting factors. Therefore, the use of sim-
plified, biomimetic model systems is an attractive alternative to
study the influence of lignins on enzyme activity.
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Lignin is formed through an enzyme-initiated but chemically
controlled dehydrogenation reaction (Sarkanen, 1971). This dehy-
drogenation process can be reproduced in vitro by the synthesis
of Dehydrogenation Polymers (DHPs) generated by the oxidative
polymerization of monolignols using either peroxidase or laccase
(Freudenberg & Neish, 1968). This in vitro reaction has been used
advantageously to study the effects of different physicochemical
parameters on the final lignin polymer. For instance, the influ-
ence of how the reactants are added (bulk (Zulaufverfahren; ZL)
or end-wise (Zutropfverfahren; ZT) mode), the type of monomer
used, the oxidizing enzyme, the prevailing pH and the presence (at
variable concentrations) of polysaccharides are among the reaction
variables that have been investigated. Through these studies, it is
known that the synthesis of DHP in the presence of polysaccha-
rides leads to the formation of a colloidal complex which prevents
lignin precipitation (Barakat, Chabbert, & Cathala, 2007; Cathala &
Monties, 2001; Higuchi, Ogino, & Tanahashi, 1971).

In a previous work (Boukari et al, 2009),
glucuronoarabinoxylan-lignin (GAX-DHP) nanocomposites were
prepared in vitro and studied with regard to the action patterns of a
GH11 endoxylanase. To further pursue this goal, we describe here
the action of a GH11 endoxylanase on nanocomposites of GAX-DHP
that display variable lignin contents (DHP). These nanocomposite
systems thus allowed us to study the impact of lignins interacting
with hemicelluloses rather than with single polymer. Moreover, to
better appreciate the sole impact of lignins on enzyme hydrolysis,
the GAX-DHP complexes thus synthesized were almost free of
intermolecular covalent linkages.

2. Materials and methods
2.1. Materials

Delignified water soluble glucuronoarabinoxylans (GAX) were
obtained from oat spelt as previously described (Winter, Barakat,
Cathala, & Saake, 2006); briefly, after extraction with 5% (w/v) NaOH
at 90°C, further purification by washing with methanol/water
(60/40, v/v), methanol and ether and finally CIO, bleaching at
70°C and recovery of the water-soluble polymer fraction. Basi-
cally, the GAX sample displayed an average molecular weight of
22.650¢g/mol, an arabinose/xylose ratio of 0.23, a 4-methyl glu-
curonic acid content of 8.2% and a lignin content estimated at 4.9%
(Winter et al., 2006).

The thermostable GH11 endoxylanase (Tx-Xyl) was produced
from Thermobacillus xylanilyticus (previously designed Bacillus sp.
D3) (Samain, Debeire, & Touzel, 1997; Samain, Touzel, Brodel,
& Debeire, 1992) and purified to homogeneity using a two-step
chromatographic procedure (ion-exchange (Q Sepharose fast flow)
followed by hydrophobic interaction (phenyl Sepharose CL4B)
chromatography) according to the previously established protocol
(Debeire-Gosselin, Loonis, Samain, & Debeire, 1992). The specific
activity of the pure protein was about 2000 IU/mg protein, where
one IU is defined as the amount of endoxylanase required to release
1 pmol of reducing xylose equivalent from birchwood xylan per
min at 60°C.

2.2. Synthesis of GAX-lignin (DHP) model complexes

Dehydrogenation polymers (DHP) are synthetic analogs of
lignins. They are obtained in vitro by the oxidative polymeriza-
tion of lignin monomers. During this study, we synthesized DHP
by polymerizing coniferyl alcohol using horseradish peroxidase
(HRP type VI, E 1.11.1.7, 250-300 unit/mg, purchased from Sigma.
One unit forms 1.0 mg purpurogallin from pyrogallol in 20s at
pH 6.0 and 20°C) and hydrogen peroxide in the presence of

glucuronoarabinoxylan (GAX) (4 g/L), according to the Zulaufver-
fahren method (Tanahashi & Higuchi, 1982).

The coniferyl alcohol (CA) (4-hydroxy-3-methoxy cinnamyl
alcohol) used for this synthesis was prepared according to the pro-
cedure described by Ludley and Ralph (Ludley & Ralph, 1996).

Four polymerization experiments were performed, with
increasing CA concentrations. Thus, three solutions were prepared
as follows:

- Solution 1: Solution of GAX (4 g/L) in water (pH 5.0).

- Solution(s) 2: 12.5, 50, 200 and 400 mg of CA dissolved separately
in 3 mL dioxane and 9.5 mL of Solution 1.

- Solution 3: 12.5mL of Solution 1 containing hydrogen peroxide
(H,0,) (2 equiv. compared to coniferyl alcohol, 13.5, 50, 200 and
400 pL, respectively).

Before polymerization, appropriate amounts of horseradish per-
oxidase were added to (4x) 25mL of Solution 1 (0.5, 2.5, 10 and
20 mg, respectively), thus maintaining the peroxidase/CA ratio con-
stant. The reactions were started by adding solutions 2 and 3
simultaneously to solution 1 (50 mL final volume) according to the
bulk (Zulaufverfahren or ZL) polymerization method, and the mix-
tures were left to react under continuous stirring for 16 h at 25°C.
The synthesis yielded four stable colloidal suspensions of GAX-DHP
model complexes: GAX-DHP (4/0.25, w/w), GAX-DHP (4/1, w|w),
GAX-DHP (4/4, w/w) and GAX-DHP (4/8, w/w), corresponding to
CA concentrations of 0.25, 1, 4 and 8 g/L, respectively.

2.3. Extraction of DHP molecules from GAX-DHP complexes

After freeze drying, GAX-DHP complexes were dissolved in
dioxane-water (95:5) and soluble DHP molecules were recovered
a fter centrifugation (at 13,000 rpm, 10 min). Yields of the extrac-
tions, determined spectrophotometrically with respect to the total
initial CA, were 62.7%, 68.3%, 85.4% and 95.4%, respectively for GAX-
DHP (4/0.25), GAX-DHP (4/1), GAX-DHP (4/4) and GAX-DHP (4/8).
The DHP fractions were then washed three times with distilled
water and freeze dried prior to subsequent analysis by thioacidol-
ysis and size exclusion chromatography (SEC).

2.4. Size-exclusion chromatography (SEC) analysis of DHP
samples in THF

Prior to SEC analysis, the dioxane-water extracted DHP fractions
were acetylated with a mixture of acetic anhydride and pyridine
(1/1, v/v) for 24 h at 40°C. The reaction products were then poured
intoiced water and extracted with dichloromethane. Organic layers
were washed with dilute hydrochloric acid, saturated sodium bicar-
bonate solutions and finally water. The organic fractions were dried
over magnesium sulfate and concentrated under reduced pressure
to give the acetylated DHP samples.

SEC analyses were performed using a multi-detection sys-
tem consisting of a pump (model 510, Waters), an auto-sampler
(U6K injector, Waters), two Polymer Laboratories columns (PLgel
Mixed D, 5w 300 mm x 7.5 mm) and a UV-detector (Waters 2996).
Separation was performed in tetrahydrofuran (THF) by injecting
100-200 .l of acetylated samples (1 g/L) into the thermostatically
controlled PLgel columns (40°C) at a flow rate of 1 mL/min. Detec-
tion was carried out at 280 nm. Molar mass evaluation (M,, and
M) was based on the relative calibration method using polystyrene
standards (Shodex Standard SL-105).

2.5. Thioacidolysis

Dioxane-water extracted DHP fractions were degraded by
thioacidolysis to estimate the content of 8-0-4 linked structures
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according to Lapierre’s procedure (Lapierre, Monties, & Rolando,
1986).

This procedure consists in acid-catalysed solvolysis in
dioxan/ethanethiol with boron trifluoride, which results in
the cleavage of aryl-glycerol B-aryl ether (8-0-4) linkages.

The main degradation products (tri-thioethyl phenylpropane
compounds) of the different DHP fractions, as well as the proportion
of coniferyl alcohol end-groups units linked at C4OH, were quan-
tified as trimethylsilyl (TMS) derivatives by gas chromatography
using flame-ionization detection (FID) with a J&W Scientific col-
umn (DB 1, 30m, 0.25 mm, 0.25 pum film) and tetracosane as the
internal standard. Lignin monomer derivatives were identified by
gas chromatography separation and mass spectrometry (Polaris Q
Thermo) according to the technique described by Lapierre (1993).

2.6. Transmission electron microscopy (TEM)

Droplets of GAX-DHP suspensions were deposited on glow-
discharged carbon-coated grids. Any excess liquid was blotted
away with filter paper and a drop of 2% (w/v) uranyl acetate neg-
ative stain was added prior to drying. The samples were observed
using a Philips CM200 microscope operating at 80 kV. Images were
recorded and particle diameters were measured using Image] soft-
ware.

2.7. Endoxylanase (Tx-Xyl) assays

The kinetics of enzymatic hydrolysis of the free delignified GAX
and GAX-DHP model complexes were determined under continu-
ous stirring at 60 °C for 10 min in a final volume of 15 mL. Limiting
amounts of Tx-Xyl (0.04 IU/mg GAX) were used in order to com-
pare the relative activity and monitor the enzyme activity pattern
on each substrate. For all tests, the substrates were pre-incubated
at 60°C for 10 min before Tx-Xyl was added. After this, aliquots
were removed from the reaction mixture at regular 2 min inter-
vals, boiled for 10 min to inactivate Tx-Xyl and subjected to both
SEC and reducing sugar analyses.

The relative activity (IU/mL) of Tx-Xyl toward GAX and GAX-
DHP complexes was determined by measuring the amount of
reducing sugars (xylose and xylo-oligosaccharides) released by the
endoxylanase throughout the 10 min reaction. Reducing sugars
were quantified as alditol acetates using gas-liquid chromatogra-
phy according to the procedure developed by Courtin, Van den
Broeck, and Delcour (2000)), but instead of trifluoroacetic acid, the
samples were hydrolysed using sulfuric acid (1 M final concentra-
tion) at 100°C for 2 h. Dichoromethane was used to extract the
alditol acetates. Chromatographic analysis was performed using
a gas chromatograph (GC Hewlett Packard 6890A) equipped with
an auto-sampler and a flame ionizing detector. The separation of
alditol acetates was achieved at 220 °C on a Supelco Sp-2380 polar
column (0.25mm x 30m) using He (at 1bar) as the carrier gas.
Detection and injection were performed at 250°C. Appropriate
mixtures of monomeric reducing sugars were used for calibration
and inositol was included as the internal standard.

Relative activity was expressed as IU/mL, where one IU is defined
as the amount of endoxylanase required to release 1 wmol of reduc-
ing xylose equivalent from the substrate per min at 60°C.

2.8. Size-exclusion chromatography (SEC) analysis of GAX-DHP
complexes in NaNO3

GAX and GAX-DHP complexes were analyzed before and after
endoxylanase (Tx-Xyl) activity using a high performance size exclu-
sion chromatographic (SEC) system, connected on-line to a UV
detector (Waters 2996) and a refractive index detector (RI) (Waters
410). The chromatographic separation of 100 .l injected solutions

(filtered on a 0.45 wm PTFE filter) was performed in an NaNOs3
solution (50 mM) containing 0.02% NaNj, with thermostatically
controlled (50°C) Shodex OH pack columns (802, 803 and 805)
(each 4.6 mm x 300mm) set at a flow rate of 1 mL/min. Molar
masses (My,) were monitored during hydrolysis kinetics and eval-
uations were based on pullulan standards.

3. Results and discussion
3.1. Characterization of GAX-DHP complexes

In plant cell walls, lignin polymerization occurs within a
polysaccharide matrix. Therefore, in order to mimic this process,
DHPs were synthesized using coniferyl alcohol (CA) monomers
in the presence of glucuronoarabinoxylan (GAX) (4g/L). Four
polymerization reactions were performed using identical GAX con-
centrations, pH values and peroxidase/H, 0, ratios, but employing
increasing concentrations of lignin monomer (CA). Consistent with
our previous findings (Barakat, Winter, et al., 2007; Boukari et al.,
2009), no precipitation was observed during the polymerization
reactions. The syntheses yielded four stable colloidal GAX-DHP
model systems: GAX-DHP (4/0.25, w/w), GAX-DHP (4/1, w/w),
GAX-DHP (4/4, w/w)and GAX-DHP (4/8, w/w), whose macromolec-
ular properties were studied using size exclusion chromatography
(SEC), TEM imaging and physicochemical characterization.

3.1.1. Size exclusion chromatography (SEC) analysis of GAX-DHP
complexes

The macromolecular organization in solution of the different
GAX-DHP nanocomposites was analyzed by SEC using an aqueous
mobile phase (NaNO3) and both RI and UV detection. Compared
to GAX alone (Fig. 1a), the GAX-DHP complexes were character-
ized by polydisperse elution profiles, which varied according to
the DHP monomer concentration in nanocomposites. Thus, in the
case of GAX-DHP (4/0.25), a slight shoulder associated with the
main peak (corresponding to the major GAX polymer eluted at
23 mL) appeared at 18 mL (Fig. 1b). Two additional peaks were also
detected (at 17 and 19.5 mL elution volumes) for GAX-DHP (4/1)
(Fig. 1c), and peaks of increasing intensity (eluted at 16 and 19 mL)
were observed for GAX-DHP (4/4) and GAX-DHP (4/8), respectively
(Fig. 1d and e). All of these peaks corresponded to high molecular
weight populations that displayed both RI and UV signals. Given
that DHPs were the only UV-absorbing components, but were at the
same time insoluble in the aqueous eluent, it could be assumed that
these fractions corresponded to micellar hydrosoluble populations
formed by the association of hydrophilic, soluble GAX polymers and
hydrophobic synthesized DHP molecules. These SEC patterns were
consistent with previous results obtained from a similar synthesis
of GAX-DHP using coniferyl alcohol (Boukari et al., 2009).

According to previous results (Barakat, Winter, et al., 2007),
the GAX-DHP complexes described here would mainly involve non
covalent hydrophobic interactions between the two components.
During the synthesis process, these interactions drive the formation
of soluble micelle-like structures that can maintain the originally
insoluble DHP molecules in solution, as is the case of a surfactant
system. The presence of GAX in solution will thus prevent the pre-
cipitation of lignin models during coniferyl alcohol polymerization
(Barakat, Chabbert, etal.,2007; Cathala & Monties, 2001). This effect
could be related to the “sugar in” effect observed by Shigematsu,
Goto, Yoshida, Tanashi, and Shinoda (1994) who demonstrated that
monolignol solubility is increased in sugar solutions.

Overall, our SEC analyses revealed that the different GAX-DHP
nanocomposites contained a mixture of free GAX chains with
non covalent GAX-DHP complexes. The increase in the intensi-
ties of both the RI and UV signals of the non-covalently associated
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Fig. 1. SEC-NaNOs elution profiles of GAX-DHP model systems before Tx-Xyl treatment (a) GAX, (b) GAX-DHP (4/0.25), (c) GAX-DHP (4/1), (d) GAX-DHP (4/4), (e) GAX-DHP

(4/8). (=—-): Refractive index (RI signal); (------ ): Ultraviolet (UV signal).

GAX-DHP fractions (eluted at high molar mass volumes) indicated
that these populations displayed increasing concentrations as the
DHP levels increased within the nanocomposites when polymeriz-
ing rising concentrations of coniferyl alcohol (CA).

3.1.2. Morphology and size distribution of GAX-DHP complexes

Morphological characterization of the different GAX-DHP
nanocomposites was achieved by TEM imaging. Typical images
of negatively stained preparations indicated that the GAX-DHP
nanocomposites appeared as individual spherical particles embed-
ded in a matrix (Fig. 2). Such an organization is consistent with
their amphiphilic nature, since they are formed by the non cova-
lent assembly of somewhat hydrophilic GAX polymers (composed
of poly-hydroxylated sugar subunits) and hydrophobic DHP com-
pounds (composed of phenylpropane units with fewer hydroxyl
groups). Itis therefore reasonable to hypothesize thatin an aqueous
solution, they would be organized in a minimum energy surface,
(i.e., a sphere), as reported elsewhere (Micic, Radotic, Jeremic,
Djikanovic, & Kimmer, 2004; Radotic, Micic, & Jeremic, 2005).

The size of the globular nanocomposites was determined by
fitting the outline of each particle to an equivalent ellipse. The diam-
eter was calculated as the average between the largest and smallest
diameters of the ellipse. The number and weight average diame-
ters (D, and Dy, respectively), as well as the polydispersity index
P, were calculated using the expressions presented previously by
Putaux, Buléon, Borsali, and Chanzy (1999). Although the mean
values measured may not exactly have been those of the systems
in solution, since possible deformation after staining and drying
could not totally be excluded, they provided a means to compare
particle size. The size distribution histograms for GAX-DHP (4/1),
GAX-DHP (4/4) and GAX-DHP (4/8) are shown in Fig. 3. These his-
tograms are symmetrical and tend respectively toward increasingly
larger diameters. Table 1 summarizes the diameter values obtained.
The polydispersity indices revealed that several GAX-DHP particles
were relatively homogeneous in diameter, and indicated that par-
ticle diameter increased in line with the DHP content. For instance,
GAX-DHP (4/8) particles were almost twice as large as GAX-
DHP (4/1) particles (D, = 205.4nm and 113.5nm, respectively).

Interestingly, the SEC behavior of the different nanocomposites
showed that the concentrations of GAX-DHP complexes (with
high molar masses) rose as the DHP concentration increased. One
might thus hypothesize that the particles corresponded to GAX-
DHP micellar complexes. In this respect, the increased size of the
particles perhapsreflected a higher frequency of non covalent inter-
actions between GAX and growing DHP polymer (i.e. interfacial
(hydrophilic/hydrophobic) and/or cooperative electrostatic inter-
actions) (Barakat, Winter, et al., 2007; Micic, Radotic, Jeremic, &
Leblanc, 2003), as well as a higher DHP content. Such a trend may
have resulted from the combination of a higher concentration of
DHP and an increased size of the DHP polymer within the compos-
ites.

3.1.3. Characterization of DHP extracted from GAX-DHP
complexes

One of the consequences of coniferyl alcohol (CA) polymeriza-
tion in the GAX solution should have been a greater solubility of the
phenolic oligomers generated, which would otherwise have precip-
itated in the absence of a polysaccharide matrix (Barakat, Chabbert,
et al,, 2007; Cathala & Monties, 2001). In addition, increasing the
monomer concentration within the polysaccharide matrix would
allow more frequent coupling between oligomers, giving rise to
final DHP polymers with higher molecular weights.

In order to check this hypothesis, DHP molecules were extracted
from the respective GAX-DHP model systems by dioxane-water
(95:5) and further subjected to molar mass determination (SEC)
and chemical analysis (thioacidolysis). The extraction yields were
62.7%, 68.3%, 85.4% and 95.4%, respectively, for GAX-DHP (4/0.25),

Table 1

Mean number and weight diameters (D, and D, respectively), standard deviation
(4)and polydispersity index (P;) determined from TEM images of negatively stained
GAX-DHP particles before Tx-Xyl treatment.

Sample Dy, (nm) Dy, (nm) Py

GAX-DHP (4/1) 1135+ 134 118.1 1.04
GAX-DHP (4/4) 1599 + 21.3 168.4 1.05
GAX-DHP (4/8) 2054 + 26.3 216.2 1.05
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Fig. 2. TEM images of negatively stained GAX-DHP particles before Tx-Xyl treatment

Scale bars: 500 nm.

: (a) GAX-DHP (4/0.25), (b) GAX-DHP (4/1), (c) GAX-DHP (4/4) and (d) GAX-DHP (4/8).
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Fig. 3. Size-distribution histograms of GAX-DHP particles before Tx-Xyl treatment: (a) GAX-DHP (4/1), (b) GAX-DHP (4/4) and (c) GAX-DHP (4/8).

GAX-DHP (4/1), GAX-DHP (4/4) and GAX-DHP (4/8) (based on the
initial CA concentration). These yields were relatively high, so such
analyses would be significantly representative of the total DHPs
formed. Furthermore, the extraction yields rose as the DHP/GAX
ratio increased, because the residual carbohydrate content usually
reduces DHP solubility in dioxane.

In order to evaluate the DHP molar mass, DHP fractions were
acetylated and subjected to SEC analysis in THF. Using THF as an elu-
tion system decreases the interactions between DHP chains, thus
preventing macromolecular associations and hence any overesti-
mation of molecular weight (Chum, Johnson, Tucker, & Himmel,
1987; Faix & Lange, 1981). Higher molecular weight products were
clearly detected in the case of DHP extracted from both GAX-
DHP (4/8) and GAX-DHP (4/4) comparatively to GAX-DHP (4/1).
The respective M,, values were calculated based on polystyrene
calibration and are reported in Table 2. Consistent with the data
available in the literature on DHP synthesized under similar condi-
tions (Cathala, Saake, Faix, & Monties, 1998; Saake, Argyropoulos,

Beinhoff, & Faix, 1996), the molecular weight of extracted DHPs
ranged from 1800 to 2300 g/mol and rose in line with increasing
DHP concentrations in the complexes, as previously reported with
similar systems involving covalent linkages (Barakat, Chabbert,

Table 2

Characterization of the DHP extracted with dioxane-water (95:5) from the respec-
tive GAX/DHP (4/0.25; 4/1; 4/4; 4/8; w/w) complexes: Yield of thioethylated (8-0-4)
monomers recovered from thioacidolysis and weight average molecular weight
(M) determined from SEC-THF analysis.

Samples B-0-4 (pmol/g of DHP) M,, (g/mol) P
DHP 0.25 154 £5 - -
DHP 1 452 + 14 1855 1.6
DHP 4 529 +7 2201 13
DHP 8 620 + 1 2306 14

Thioacidolysis yields are mean values of duplicates (+ standard error).
P=M,,[M,: Polydispersity; M,,: weight average molecular weight (g/mol); M, : num-
ber average molecular weight (g/mol).
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Table 3

Kinetics of the GAX/DHP complexes hydrolysis by Tx-Xyl:SEC-NaNOj3 analysis of the evolution of the weight average molecular weight (M,,) of the GAX fraction as function
of reaction times and determination of enzyme activity from reducing sugars quantification.

M,y (of GAX) x 103 (g/mol)

GAX GAX/DHP (4/0.25) GAX/DHP (4/1) GAX/DHP (4/4) GAX/DHP (4/8)
Time (min)
0 55.348 55.348 54.811 51.038 50.022
2 19.843 38.795 44.715 45.181 46.099
4 14.631 34.343 39.996 41.233 44281
6 12.433 29.489 36.501 37.243 41.233
8 11.121 19.639 33.312 34.701 38.395
10 10.356 17.566 29.489 31.979 36.501
Endoxylanase?®activity (IU/mL) 88.52 +£5.66 64.07 £4.78 53.53+5.12 36.76 £3.14 36.57+£2.26
Loss of activity (%) 0.00 27.62 39.52 58.47 58.69

2 Results are mean values of duplicates (+ standard error).

et al.,, 2007; Barakat, Winter, et al., 2007). As previously pointed
out, this higher molar mass could be explained by a reinforced sol-
ubility of DHP, but also by the reactivity of coniferyl alcohol during
the polymerization reaction.

To verify this hypothesis, the DHP extracted fractions were fur-
ther characterized by thioacidolysis, which specifically cleaves the
alkyl aryl ether bonds (8-0-4) that are formed during the polymer-
ization of coniferyl alcohol (CA). The monomer yields thus closely
reflect the frequency of lignin monomer units involved in 8-0-4
only. The results reported in Table 2 indicate that the frequency
of B-0-4 linked monomers was substantially lower in the case of
DHP extracted from GAX-DHP (4/0.25) (154 wmol/g DHP) and pro-
gressively increased in line with the rise in DHP concentrations (i.e.
620 pmol/g DHP extracted from GAX-DHP (4/8)).

These results thus illustrated a different reactivity of CA dur-
ing DHP polymerization as the monomer concentration increased.
It is worth mentioning here that during the ZL polymerization
process, the reaction starts with a coupling of monomeric rad-
icals, leading to dimeric products (quinone methide). Some of
these dimers associate rapidly (in bulk conditions) with larger
molecules (tetramers, etc.), mainly via oxidation and B-8, B-5
coupling, but also to a lesser extent via 8-0-4 coupling because
of the exclusion of water molecules (Sarkanen, 1971). However,
B-0-4 ether linkages are strongly favored in cross-coupling reac-
tions (coupling of a monomer radical with the growing lignin
oligomer/polymer) rather than in dehydrodimerization reactions.
Such a feature is generally characteristic of endwise (Zutropf mode)
polymerization (Ralph et al.,, 2004; Syrjanen & Brunow, 2000).
Thus, the increase in the frequency of $-0-4 linkages in the DHP
when using the ZL polymerization method suggests that oxidative
polymerization mechanisms might evolve toward “endwise-like”
mechanisms which more closely resemble lignification (Brunow
et al., 1998) when the monomer (CA) concentration rises. One
plausible explanation for this trend might be that the increase in
the CA concentration in GAX solutions increases the hydropho-
bicity and density of the system. Interactions between GAX and
the growing DHP, during the polymerization process, result in
the formation of hydrophobic micro-domains (Barakat, Winter,
et al., 2007). Therefore, the preferential location of nascent lignin
oligomers in these hydrophobic micro-domains would allow con-
tinuous water removal during polymerization (Lairez et al., 2005).
Hence, increasing the hydrophobicity of the system may promote
frequent reactions between the oligomer phenoxy radical and the
monomer (3-radical, resulting in a DHP polymer with an enriched
B-0-4 content.

Based on the SEC and thioacidolysis results, we suggest that the
increase in the size of GAX-DHP particles may have been directly
related to the increase in the molar mass of their elementary
DHP constituents, as a result of improved solubility and the likely
modified reactivity of DHP monomers. Overall, our results were

somewhat analogous to those previously reported for covalent
GAX-DHP nanocomposites with similar underlying mechanisms
(Barakat, Chabbert, et al., 2007).

3.2. Enzymatic hydrolysis of GAX-DHP complexes

The GAX sample and the different GAX-DHP (4/0.25; 4/1; 4/4
and 4/8) model systems were subjected to the GH11 endoxylanase
(Tx-Xyl). Hydrolysis kinetics were performed with small amounts
of Tx-Xyl (0.041U/mg of GAX) to monitor the enzyme action pat-
tern. The endoxylanase efficiency of each system was evaluated in
terms of relative enzyme activity (IU/mL). The degree of enzymatic
hydrolysis of the GAX fraction by the endoxylanase in each sam-
ple was also monitored as a function of incubation time, using SEC
analysis operating under aqueous conditions.

3.2.1. Relative activity of Tx-Xyl on GAX-DHP complexes

The relative activity of endoxylanase (Tx-Xyl) on GAX and GAX-
DHP model systems was determined by measuring the quantities
of reducing sugars (xylose and xylo-oligosaccharides) released dur-
ing 10 min of hydrolysis reaction and expressed as (IU/mL). The
results are reported in Table 3. The maximum efficiency of Tx-Xyl
(88.521U/mL) was achieved on the delignified GAX sample. Tx-
Xyl was relatively efficient on the GAX sample, as a moderately
branched polymer (arabinose/xylose ratio of 0.23). In contrast, the
results indicated a gradual decrease in enzyme activity as the DHP
content increased in the GAX-DHP systems. Indeed, the enzyme
lost almost 28% and 39% of its initial activity on GAX in the case
of GAX-DHP (4/0.25) and GAX-DHP (4/1), respectively, and nearly
58% with both GAX-DHP (4/4 and 4/8). Such results might have
been expected because it is well recognized that lignins have a
negative impact on the enzymatic hydrolysis of lignocellulosic
substrates (Mooney, Mansfield, Touhy, & Saddler, 1998; Vinzant,
Ehrman, Adney, Thomas, & Himmel, 1997; Zhu, O’'Dwyer, Chang,
Granda, & Holtzapple, 2008). There is abundant data in the lit-
erature regarding the impact of lignin on cellulases. By contrast,
although fewer studies have dealt directly with this subject in the
case of xylanases, similar conclusions have been drawn. Senior
et al. investigated the recovery of enzyme activity after the inter-
action of a xylanase from T. harzianum E58 with various substrates
containing lignin (unbleached sulfite pulp, etc.). They found that
substrates with higher lignin content caused the greatest loss in
activity. These authors suggested that the loss of enzyme activity
could be caused by either the binding of enzymes onto insoluble
lignin or the inactivation by soluble materials leaching out of the
pulps (Senior, Mayers, Breuil, & Saddler, 1990).

The results presented herein concerning GAX-DHP model sys-
tems are consistent with the results obtained by Senior et al. We
can therefore hypothesize that the loss of Tx-Xyl activity may
have been due to non-productive interactions between the enzyme
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Fig. 4. Hydrolysis kinetics of (a) GAX, (b) GAX-DHP (4/0.25), (c) GAX-DHP (4/1), (d) GAX-DHP (4/4) and (e) GAX-DHP (4/8) by Tx-Xyl (0.04 IU/mg GAX). SEC-NaNOs elution

profiles at different reaction times.

and the rising DHP content. Moreover, the increase in the size of
DHP and corresponding GAX-DHP complexes may have induced
an increase in the surface area available for the non-productive
binding of xylanase and/or an increase in the amounts of reac-
tive functions (i.e. hydroxyl functional groups) that could interfere
with enzyme functionality (i.e. through an inhibition/inactivation
mechanism) (Boukari, O’Donohue, Rémond, & Chabbert, 2011;
Kawamoto, Nakatsubo, & Murakami, 1992; Pan, 2008).

3.2.2. SEC monitoring of the hydrolysis kinetics of GAX-DHP
complexes by Tx-Xyl

To study Tx-Xyl activity patterns as a function of the DHP con-
tent, the degree of enzymatic hydrolysis of the GAX fraction in each
GAX-DHP model system was monitored as a function of incuba-
tion time, using SEC analysis operating under aqueous conditions
with RI detection (Fig. 4). The elution profiles showed a progres-
sive shift of the GAX peak toward lower molar masses during the
course of endoxylanase-mediated hydrolysis, which was indica-
tive of GAX depolymerization and the formation of low molecular
weight products. However, when comparing the action of the
enzyme on the different GAX-DHP model systems, the degree of
the GAX hydrolysis became less marked as the DHP content rose,
as could be deduced from the decline of RI signal intensity and elu-
tion volume. Likewise, and especially in the case of the GAX-DHP
(4/8) nanocomposite (Fig. 4e), the GAX fraction was only weakly
affected by action of the enzyme. The evolution of the average
molecular weight in the GAX fraction was monitored during the
kinetics, using a calculation based on pullulan standard calibra-
tion. The M,, values are reported in Table 3. From the results, it can
be seen that the delignified GAX sample was the most effectively

degraded by Tx-Xyl, since after 10 min the level of polymer M,, fell
from 55.348 to 10.356 g/mol, while comparatively, as the DHP con-
tent rose, enzyme action gradually decreased, as can be deduced
from the increase in My, in the residual GAX fraction (17.566;
29.489; 31.979 and 36.501 g/mol for GAX-DHP 4/0.25; 4/1; 4/4 and
4/8, respectively). These results thus revealed increasingly limited
accessibility within the enzyme-substrate system during the reac-
tion, most likely due to either a lack of accessibility of the GAX
substrate to the enzyme, or inversely of the enzyme to the substrate.
Considering that all enzymatic reactions were performed with a
high substrate to enzyme ratio and that the supramolecular organi-
zation of the different non covalent GAX-DHP model systems would
not presumably pose any physical hindrance to GAX access (Boukari
et al., 2009), we can assume that the second suggestion is the most
plausible. Hence, the increasingly limited accessibility of Tx-Xyl to
the GAX substrate as the DHP content rose may have resulted from
non-productive interactions between the enzyme and the increas-
ingly available interacting surfaces of GAX-DHP globules. According
to the suggestions made by Senior et al., such interactions would
limit xylanase action by reducing the effective concentrations of
the enzyme, and also prevent its resolubilization, thereby restrict-
ing its recyclability during the hydrolysis reaction (Senior, Mayers,
Breuil, & Saddler, 1990).

The non-specific adsorption or binding of cellulases and hemi-
cellulases to the surface of lignin has often been proposed as the
main mechanism leading to a loss of enzyme activity and thus
to a decline in the hydrolysis rates of lignocellulosic substrates
(Converse, Ooshima, & Burns, 1990; Palonen, Tjerneld, Zacchi, &
Tenkanen, 2004; Sutcliffe & Saddler, 1986). The hydrophobicity of
the lignin surface has generally been regarded as a very important
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factor; the more hydrophobic the surface, the higher the degree
of adsorption, although electrostatic interactions may interfere
with this trend. Recently, Berlin et al. examined the inhibition of
a broad panel of hydrolytic enzymes (cellulases, B-glucosidases
and xylanases from Trichoderma, Penicillium and Aspergillus spp.
culture filtrates) by two lignins. The authors correlated the differ-
ences in the adsorption behavior of the enzymes with differences
in the chemical interactions between enzymes and lignin, but lit-
tle is known of the exact nature of these interactions (Berlin et al.,
2006).

Our results tended to highlight the impact of the surface areas
and particle sizes of GAX-DHP globules on endoxylanase activity,
suggesting that a surface interaction phenomenon (such as non-
specific adsorption) was most likely. The chemical structure of
lignin (the proportion of intermonomer linkages and the type of
monomer) may alter these surface areas. Nevertheless, the action
of the enzyme could also be hampered by a potential catalytic
inhibition through interactions with soluble aromatic compounds
(Boukari, O’'Donohue, Rémond, & Chabbert, 2011). Further investi-
gation of the role of the surface interfacial behavior of the protein
in the biocatalysis of such heterologous systems is necessary to
understand the process of enzyme adsorption on lignins.

4. Conclusion

Variations in the lignin content and particle size parameters of
lignocelluloses were successfully modeled using in vitro reconsti-
tuted GAX-DHP model systems. Characterization of these systems
revealed that growing DHP in GAX solutions form GAX-DHP com-
plexes which presumably behave like globular particles. Particle
size may be directly related to the initial monolignol concentra-
tion that could affect the oxidative polymerization mechanisms
of monolignols, as evidenced by variations in the proportion of
B-0-4 linkages. The susceptibility of GAX-DHP model systems to
the action of GH11 endoxylanase (Tx-Xyl) was then evaluated.
The results highlighted the negative impact of the lignin (DHP)
content on enzyme activity and suggested that the particle size
and surface area of GAX-DHP complexes may be important factors
affecting enzyme availability and effectiveness. Future work will
focus on studying macromolecular changes affecting the endoxy-
lanase during interactions with phenolic components, as well as
protein partition parameters and interfacial behavior within het-
erologous carbohydrate-lignin systems (Tu et al., 2007) in order
to understand in greater detail the precise nature of non-specific
lignin-endoxylanase interactions.
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