Bioenerg. Res. (2015) 8:211-230
DOI 10.1007/s12155-014-9505-x

In-Depth 2D NMR Study of Lignin Modification
During Pretreatment of Eucalyptus Wood with Laccase

and Mediators

Alejandro Rico « Jorge Rencoret - José C. del Rio -
Angel T. Martinez - Ana Gutiérrez

Published online: 14 August 2014
© Springer Science+Business Media New York 2014

Abstract Eucalypt feedstock was pretreated with
Mpyceliophthora thermophila laccase and methyl syringate,
as mediator, in a multistage sequence consisting of successive
enzymatic and alkaline peroxide stages, directly on the ground
wood. Lignin modification was studied by two-dimensional
(2D) nuclear magnetic resonance (NMR) of wood (at the gel
state) after each stage of the sequence. Decrease of guaiacyl
and syringyl lignin units (with preferential removal of the
former) and aliphatic (mainly 3-O-4'-linked) side chains was
observed along the sequence, without a substantial change in
polysaccharide cross-signals along the sequence, was ob-
served. However, the most noticeable modification was the
formation of C,-oxidized syringyl units in the enzymatic
stages, which were partially removed in the alkaline extrac-
tions. Further insight was attained by 2D NMR of the
cellulolytic-enzyme lignins, isolated from the pretreated sam-
ples, and the filtrates from the different stages. Additionally, a
comparison of eucalypt delignification with the high redox
potential laccase from Pycnoporus cinnabarinus in the pres-
ence of the synthetic mediator 1-hydroxybenzotriazole was
carried out. Wood delignification already occurred at the first
cycle of the pretreatment with P. cinnabarinus laccase and 1-
hydroxybenzotriazole, which directly correlated with in-
creases in glucose (~10 %) yields after enzymatic hydrolysis.
In contrast, the first cycle of pretreatment with M. thermophila
laccase and methyl syringate did not produce any
delignification or saccharification improvement. However, at
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the end of the sequence, similar delignification (~50 %) of
eucalypt feedstock and increases (~30 %) in glucose yields
were attained in both laccase-mediator pretreatments. Finally,
the influence of lignin content and the ratio of its syringyl and
guaiacyl units on recalcitrance of eucalypt feedstock to enzy-
matic saccharification is discussed.

Keywords Enzymatic delignification - Laccase mediator -
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Introduction

Bioconversion of lignocellulosic biomass is an attractive route
for the sustainable production of liquid transportation fuels.
However, the conversion of lignocellulosic biomass, consti-
tuted mainly by cellulose, hemicelluloses, and lignin linked
into a complex matrix, is challenged by its recalcitrant struc-
ture. Biomass recalcitrance toward saccharification correlates
with the content and composition of lignin [1-3]. Lignin is a
three-dimensional polymer constituted by phenylpropanoid
subunits linked together by a variety of ether and carbon—
carbon bonds. Lignin is intimately interlaced with hemicellu-
loses in the plant cell wall forming a matrix to cover the
crystalline cellulose microfibrils. Its aromatic nature and com-
plex structure makes lignin degradation very difficult. Lignin
has been shown to have a detrimental effect on the hydrolysis
of biomass because it physically hinders the accessibility of
cellulases and also binds cellulases leading to their inactiva-
tion [4-7].

Biofuel production from lignocellulosic material requires
deconstruction of the cell wall into individual constituents and
hydrolysis of the carbohydrates into monomeric sugars
followed by fermentation to ethanol. Biomass pretreatment
is intended to increase enzyme accessible cellulosic surface
area that can be accomplished through the removal of lignin,
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and biotechnology can contribute to plant biomass decon-
struction by providing biocatalysts being able to degrade or
modify lignin [8]. Among these, laccases are promising en-
zymes with great biotechnological potential. Laccases
(phenoloxidases, EC 1.10.3.2) are multicopper oxidases that
oxidize substituted phenols using molecular oxygen as the
final electron acceptor. The direct action of laccases on lignin
is, in principle, restricted to phenolic units that only represent a
small percentage of the total polymer, a fact that limits their
biotechnological application. However, the discovery that
some synthetic compounds can act as electron carriers be-
tween the enzyme and the final substrate [9], 1-
hydroxybenzotriazole (HBT) being among the most efficient
ones [10], has expanded the utility of laccases. A number of
studies have confirmed the potential of laccase-mediator sys-
tems for paper pulp delignification [11, 12], pitch control [13],
polymer modification [14], and other applications in the forest
industry [15]. The ability of high redox potential laccases
(e.g., from Trametes species) to remove lignin (when applied
in combination with synthetic mediators, based on nitrogen
heterocycles) from whole [16] or pretreated [17, 18] lignocel-
lulosic biomass, making cellulose accessible to hydrolysis,
was reported.

Recently, a low redox potential laccase from the asco-
mycete Myceliophthora thermophila in combination with
the natural mediator methyl syringate (MeS) was tested
for the removal of lignin from Eucalyptus globulus wood
feedstock [19]. After a multistage sequence, up to 50 %
lignin removal was attained that was directly correlated
with increases (approximately 40 %) in glucose and xylose
yields after enzymatic hydrolysis. In the present work, a
thorough two-dimensional nuclear magnetic resonance (2D
NMR) study of lignin modification after each step of the
Eucalyptus wood pretreatment multistage sequence,
consisting of successive M. thermophila laccase and MeS
and alkaline peroxide stages, has been performed. Both the
pretreated eucalypt wood and the corresponding filtrates
obtained after each stage of pretreatment have been ana-
lyzed by 2D NMR, together with the cellulolytic enzyme
lignin (CEL) isolated from the pretreated wood. Addition-
ally, a comparison of eucalypt wood delignification with
the high redox potential laccase from Pycnoporus
cinnabarinus in the presence of the synthetic mediator
HBT and its effect on saccharification yield was also car-
ried out along the several stages of the sequence. The aim
of the present study is not to develop a cost-effective
pretreatment but to provide detailed chemical information
about the eucalypt lignin modification by a commercial
laccase and a phenolic mediator (as well as by the subse-
quent alkaline peroxide extraction) in the course of a model
multistage sequence, and the effect of lignin removal on
enzymatic hydrolysis, that will help to develop economi-
cally viable pretreatments.
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Material and Methods
Wood, Enzyme, and Mediator

Eucalypt (E. globulus) wood chips from ENCE (Pontevedra,
Spain), were air-dried and grounded in an IKA MF10 cutting
mill to pass through a 100-mesh screen and then finely milled
using a Retsch PM100 planetary mill at 400 rev min " (with
5 min breaks after every 5 min of milling) using a 500-ml
agate jar and agate ball bearings (20%20 mm). The total ball
milling time for the samples was 5 h.

A commercial (recombinant) fungal laccase from the asco-
mycete M. thermophila, provided by Novozymes (Bagsvaerd,
Denmark), was used in this study. Its activity was measured as
initial velocity during oxidation of 5 mM ABTS from Roche
to its cation radical (436 29,300 M cm ') in 0.1 M sodium
acetate (pH 5) at 24 °C. The laccase activity of the enzyme
preparation was 945 U/ml. One activity unit (U) was de-
fined as the amount of enzyme transforming 1 pmol of
ABTS per min. A fungal laccase preparation (45 U/ml)
obtained from a laccase-hyperproducing strain of the
basidiomycete P. cinnabarinus that was provided by
Beldem (Andenne, Belgium) was also used for compara-
tive studies.

MeS from Alfa Aesar (Karlsruhe, Germany) and HBT
from Sigma-Aldrich (Steinheim, Germany) were used as
mediators.

Laccase-Mediator Treatments

The eucalypt samples were treated with the M. thermophila
laccase in the presence (and absence) of MeS, as mediator.
Laccase doses of 50 U g ™' were assayed, together with 3 %
MesS, both referred to wood dry weight. The treatments were
carried out in 200-ml pressurized bioreactors (Labomat,
Mathis) placed in a thermostatic shaker at 170 rev min "
and 50 °C, using 10 g (dry weight) samples at 6 % consis-
tency (w/w) in 50 mM sodium dihydrogen phosphate
(pH 6.5) under O, atmosphere (2 bars) for 24 h. After the
treatment, the samples were filtered through a Biichner
funnel and washed with 1 L of water. In a subsequent stage,
samples at 6 % consistency (w/w) were submitted to a
peroxide-reinforced alkaline extraction using 1 % (w/w)
NaOH and 3 % (w/w) H,O, (also with respect to sample
dry weight) at 80 °C for 90 min followed by water washing
[20]. Cycles of four successive enzyme-extraction treatments
were applied. Treatments with laccase (50 U g ') alone
(without mediator) and controls without laccase and media-
tor were also performed (followed in both cases by the
corresponding alkaline extractions). Each filtrate from the
pretreatment stages (including enzymatic treatments and al-
kaline peroxide extractions) were recovered and freeze-
dried. Eucalypt treatments with P. cinnabarinus laccase were



Bioenerg. Res. (2015) 8:211-230

213

performed as described above for M. thermophila ones, but
using 50 mM sodium tartrate (pH 4) as a buffer and HBT as
mediator. Klason lignin content was estimated according to
T222 om-88 [21].

Saccharification of Treated Wood

The laccase-pretreated samples were hydrolyzed with a cock-
tail containing commercial enzymes (from Novozymes,
Bagsvaerd) with cellulase (Celluclast 1.5 L; 2 FPU-g ') and
B-glucosidase (Novozym 188; 100 nkat g ') activities, at 1 %
consistency in 3 ml of 100 mM sodium citrate (pH 5) for 72 h
at45 °C, in a thermostatic shaker at 170 rev min ™" (in triplicate
experiments).

The different monosaccharides released were determined
as alditol acetates [22] by GC. An Agilent 6890 N Network
GC system equipped with a split—splitless injector and a
flame ionization detector was used. The injector and detector
temperatures were set at 225 and 250 °C, respectively. Sam-
ples were injected in the split mode (split ratio 10:1). Helium
was used as the carrier gas. The capillary column used was a
DB-225 (30 mx*0.25 mmi.d., 0.15 um film thickness; Agilent
J&W). The oven was temperature-programmed from 220 °C
(held for 5 min) to 230 °C (held for 5 min) at 2 °C min .
Peaks were quantified by area and glucose, xylose, and arab-
inose were used as standards to elaborate calibration curves.
The data from the three replicates were averaged.

Isolation of CEL

The air-dried eucalypt samples were extracted three times with
water and subsequently three times with 80 % ethanol by
sonicating in an ultrasonic bath for 30 min each time. CEL
preparations were isolated by enzymatically saccharifying
polysaccharides as described by Chang et al. (1975).
Cellulysin cellulase (Calbiochem), a crude cellulase prepara-
tion from Trichoderma viride also containing hemicellulase
activities, was used. Its activity was >10,000 FPU g ' of dry
weight. The ball-milled material (200 mg) was suspended in
30 ml of 20 mM sodium acetate (pH 5.0) in a 50-ml centrifuge
tube, 7.5 mg of cellulysin was added, and the reaction slurry
was incubated at 30 °C for 48 h. The solids were pelleted by
centrifugation (8,000 rpm, 4 °C, 20 min), and the process was
repeated with fresh buffer and enzyme, three times. Finally,
the residue (CEL) was washed with distillated water, recov-
ered by centrifugation and freeze dried.

2D NMR Spectroscopy

For gel-state NMR experiments, ~100 mg of finely divided
(ball-milled) wood samples (and filtrate samples) after the
several steps of the whole multistage sequence were directly
transferred into 5-mm NMR tubes, and swelled in 1 ml of

DMSO-dg, forming a gel inside the NMR tube [23, 24]. For a
more in-depth structural characterization of the lignins, around
30 mg of CEL preparations were dissolved in 0.75 ml of
DMSO-dg.

HSQC 2D-NMR spectra were acquired at 25 °C on a
Bruker AVANCE III 500 MHz spectrometer fitted with a
cryogenically cooled 5 mm TCI gradient probe with inverse
geometry (proton coils closest to the sample). The 2D '*C-'H
correlation spectra were carried out using an adiabatic HSQC
pulse program (Bruker standard pulse sequence
“hsqcetgpsisp2.2”) and the following parameters: spectra
were acquired from 10 to 0 ppm (5,000 Hz) in F2 ('H) using
1,000 data points for an acquisition time (AQ) of 100 ms, an
interscan delay (D1) of 1 s, and from 200 to 0 ppm (25,168) in
F1 (**C) using 256 increments of 32 scans, for a total acqui-
sition time of 2 h 34 min. The 'Jey used was 145 Hz. Pro-
cessing used typical matched Gaussian apodization in 'H and
a squared cosine bell in '*C. The central solvent peak was
used as an internal reference (5¢/8y 39.5/2.49). The *C-'H
correlation signals from the aromatic region of the spectrum
were used to estimate the lignin composition in terms of G, S,
and oxidized S (S’) units, and those of the aliphatic-
oxygenated region were used to estimate the inter-unit linkage
and end unit abundances. The S lignin content in the laccase-
mediator treated sample was corrected for the contribution of
MesS to the 106/7.3 ppm signal, which was estimated from the
integral of its characteristic signal at 52/3.8 ppm.

Results

The purpose of the present work is to analyze in detail the
chemical modifications produced in eucalypt feedstock and its
recalcitrant lignin moiety after each step of the multistage
sequence consisting of four successive enzymatic treatments
with the commercial M. thermophila laccase and mediator,
followed by alkaline peroxide extraction stages. Additionally,
the efficiency of this low redox potential laccase and the MeS
mediator in lignin removal and improvement in saccharifica-
tion yield after enzymatic hydrolysis was compared with that
of a high redox potential laccase and a synthetic mediator
along the multistage sequence.

Samples of the whole lignocellulosic material (and also
their isolated CEL preparations) including controls, samples
pretreated with laccases alone (from M. thermophila and
P, cinnabarinus), and samples pretreated with the two laccases
and mediators (MeS and HBT, respectively) and filtrates
recovered after each stage of the sequence were thoroughly
studied by 2D NMR. Semiquantitative data on lignin modifi-
cation during the multistage sequence were obtained by vol-
ume integrals of aromatic and aliphatic lignin signals (provid-
ing information on the amount of lignin S and G units, and
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side-chain inter-unit linkages, respectively) in the above 2D
NMR spectra, which were obtained using an adiabatic pulse
program that largely corrects previous intensity problems due
to differences in 'Jgyy values and magnetization losses (offset
effects) in different regions of the HSQC spectrum.

Lignin Modification Along the M. thermophila
Laccase-MeS Pretreatment

2D NMR Analyses of the Whole Pretreated Samples

The modification of lignin structure during the laccase-
mediator treatment of eucalypt wood was studied after each
of the eight stages, including four enzymatic treatments under
oxygen (stages 1, 3, 5, and 7), each followed by an
alkaline peroxide extraction (stages 2, 4, 6, and 8). With this
purpose, all the pretreated eucalypt samples (and the corre-
sponding controls) were analyzed by 2D NMR at the gel state
(Figs. 1, 2, and 3; Table 1). The initial wood sample (without
any treatment) was also analyzed. The main lignin structures
identified are shown in Fig. 4, and the different lignin signals
assigned on the spectra are listed in Table 2. The aliphatic-
oxygenated region of the HSQC spectrum of the initial euca-
lypt wood (Fig. la, top right) shows signals of lignin and
carbohydrates, the latter mainly corresponding to xylan (X)
and acetylated xylan (X') units, since crystalline cellulose is
nearly “silent” in lignocellulose gel spectra under solution
NMR conditions. In this region, signals of side-chains in f3-
0-4" alkyl-aryl ether lignin substructures (A), including C,—
H,, Cg—Hg, and C—H, correlations (A, Ag, and A, respec-
tively) were observed. The A, signal overlaps with related
signals in lignin and other lignocellulose constituents. The
Cp—Hg correlations gave two different signals corresponding
to 3-O-4' substructures where the second unit is an S unit or a
G unit (Ags) and Agg)), the latter with lower intensity, in
agreement with lignin composition described below. Other
less prominent signals for resinol (3—f3') substructures (C)
were also observed in the spectrum, with their Co—Hgy, Cp—
Hp and the double C,—H,, correlations (C, Cg, and C). The
main signals in the aromatic region of the HSQC spectrum
(Fig. 1a, bottom left) correspond to the benzenic rings of the S
and G lignin units. The S-lignin units showed a prominent
signal for the C,¢H, ¢ correlation (S,¢), while the G-lignin
units showed different correlations for C,—H, (G,), Cs—Hs (Gs),
and C¢—Hg (Gg). Signals corresponding to C; ¢-H, ¢ correlations
in C4-oxidized S-lignin units (S, ¢) were also observed although
in low amount. From the integrals of the above signals, an
syringyl-to-guaiacyl (S/G) ratio around 3.5 and a large predom-
inance of (3-O-4' ether linkages, together with some resinols,
were estimated for lignin in E. globulus wood (Table 1).
Figure 1b—i shows the HSQC spectra of the eucalypt con-
trols (treated under the same conditions of the laccase-
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mediator treatments but without laccase and mediator). In
the aliphatic oxygenated region of the spectra, it can be
observed that during the control pretreatment acetylated xylan
units (X') decrease considerably after the first alkaline extrac-
tion (stage 2, Fig. 1c) and completely disappeared with the
second alkaline extraction (stage 4) while the non-acetylated
ones (X) remain. The (3-O-4' alkyl-aryl ethers and resinol
substructures decreased slightly along the sequence and after
the last stage the lignin in control were mainly constituted by
the former substructures although the latter were still present
(Table 1). The most significant effect of the control pretreat-
ment conditions was the increase in the S/G ratio along the
sequence that particularly took place in the oxygen stages and
was especially evident in the stage 7.

The 2D NMR analyses of gels of the eucalypt samples
treated with M. thermophila laccase alone (followed by alka-
line treatments) (Fig. 2, Table 1) revealed a decrease in the 3-
0-4' alkyl-aryl ethers and resinol substructures along the
sequence showing the sharpest decrease in the second enzy-
matic treatment (stage 3). Concerning lignin units, an increase
in the S/G ratio was observed along the sequence that was
especially significant along the third and fourth cycles of
treatment. One effect of the enzymatic treatment with
M. thermophila laccase (not observed along the control se-
quence) was the increase in Cy-oxidized lignin units (S')
produced in the enzymatic stages 3, 5, and 7.

However, the most noticeable changes were observed in
the pretreatment of eucalypt wood with M. thermophila
laccase in the presence of MeS (Fig. 3, Table 1). This included
the complete absence of G units and resinol substructures,
together with a high decrease in 3-O-4" alkyl-aryl ethers, after
two cycles of laccase-mediator treatment and alkaline extrac-
tion (stage 5), although the most remarkable decreases in these
units and substructures were already observed after the first
cycle of treatment (stage 3) at the same time that the signals
corresponding to (3-O-4' substructures where the second unit
is a G unit (Apg)) dissapeared (Fig. 3d). Likewise, the most
remarkable increase in Cy-oxidized lignin units (S") was also
observed in stage 3. Interestingly, the amount of these oxi-
dized lignin units decreased in all cases with the alkaline
extraction (stages 2, 4, 6, and 8).

2D NMR Analyses of the Lignins Isolated from the Pretreated
Samples

To gain more insight into the modification of lignin structure
along the multistage laccase-mediator treatment sequence, CEL
was isolated from the pretreated eucalypt samples, and ana-
lyzed by 2D NMR (Fig. 5). The lignin structures identified,
some of them not detected in the wood spectra, are shown in
Fig. 4, and the corresponding signal assignments are listed in
Table 2, together with those found in the whole wood spectra.
Table 3 shows the lignin composition and percentages of inter-
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Fig. 1 HSQC NMR spectra of whole eucalypt wood (control samples
without enzyme) swollen in DMSO-dg, from a multistage enzymatic
sequence, including four treatments with M. thermophila laccase-MeS
and 4 alkaline peroxide extractions: a initial eucalypt sample; b, d, f, and
h controls of first, second, third, and fourth enzymatic pretreatment

(stages 1, 3, 5, and 7, respectively); ¢, e, g, and i controls of first, second,
third, and fourth alkaline peroxide extractions (stages 2, 4, 6, and 8§,
respectively). See Table 1 for quantification of the lignin structures
identified, Table 2 for signal assignment, and Fig. 4 for the main lignin
structures identified
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Fig. 2 HSQC NMR spectra of whole eucalypt wood (samples treated
with M. thermophila laccase alone) swollen in DMSO-dg, from a multi-
stage enzymatic sequence, including four treatments with M. thermophila
laccase-MeS and four alkaline peroxide extractions: a initial eucalypt
sample; b, d, f, and h samples from first, second, third, and fourth
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enzymatic pretreatment with laccase alone (stages 1, 3, 5, and 7, respec-
tively); ¢, e, g, and i samples from first, second, third, and fourth alkaline
peroxide extractions (stages 2, 4, 6, and 8, respectively). See Table 1 for
quantification of the lignin structures identified, Table 2 for signal assign-
ment, and Fig. 4 for the main lignin structures identified
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Fig. 3 HSQC NMR spectra of whole eucalypt (samples treated with
M. thermophila laccase and MeS) swollen in DMSO-dg, from a multi-
stage enzymatic sequence, including four treatments with M. thermophila
laccase-MeS and four alkaline peroxide extractions: a initial eucalypt
sample; b, d, f, and h samples from first, second, third, and fourth

enzymatic pretreatment with laccase and mediator (stages 1, 3, 5, and 7,
respectively); ¢, e, g, and i samples from first, second, third, and fourth
alkaline peroxide extractions (stages 2, 4, 6, and 8, respectively). See
Table 1 for quantification of the lignin structures identified, Table 2 for
signal assignment, and Fig. 4 for the main lignin structures identified
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Table 1 Lignin units (S, G, and S’

molar percentages) and inter-unit Initial wood ~ Whole treated wood (different stages)
linkages (side-chains per 100
phenylpropanoid units) from the 1 2 3 4 5 6 7 8
HSQC spectra of eucalypt samples
from a multistage enzymatic se- Control
quence, including 4 treatments Lignin units
with M. thermophila laccase-MeS -
1 9 1 4
(stages 1, 3, 5 and 7) and 4 alkaline Syrlflgy ) (/: total) 78 7 75 76 75 76 76 79 79
peroxide extractions (stages 2, 4, 6 Guaiacyl (G) (% total) 22 26 25 24 25 24 24 21 21
and 8), compared with a control Ca-oxidized S units (S) (% S) 12 10 8 9 9 7 12 10 10
rvithout elnzyn(le ? tg?aﬁn?ﬂt.lwith S/G ratio 35 28 29 31 29 32 33 38 37
accase alone (including similar L 0
stages) and initial eucalypt wood Lignin inter-unit linkages (% S+G)
[3-O-4" alkyl-aryl ethers (A) 64 58 58 56 51 54 53 45 50
Phenylcoumarans (B) 0 1 0
Resinols (C) 10 10 8 9 5 6 7 5
Spirodienones (D) 0 1 1 0 1 0 0
Total 74 71 67 65 57 60 60 50 54

M. thermophila laccase
Lignin units
Syringyl (S) (% total)
Guaiacyl (G) (% total)

Co-oxidized S units (S") (% S)

S/G ratio

Lignin inter-unit linkages (% S+G)

[3-0-4" alkyl-aryl ethers (A)
Phenylcoumarans (B)
Resinols (C)
Spirodienones (D)
Total

M. thermophila laccase-MeS

Lignin units

Syringyl (S) (% total)
Guaiacyl (G) (% total)

Co-oxidized S units (S) (% S)

S/G ratio

Lignin inter-unit linkages (% S+G)

[3-O-4'" alkyl-aryl ethers (A)
Phenylcoumarans (B)
Resinols (C)

Spirodienones (D)

Total

78 78 80 78 83 84 84 86
22 2220 22 17 16 16 14
13 11 14 12 19 13 18 16
35 35 40 3.5 47 53 53 62

58 54 46 48 43 45 46 43

0 0 0 0
5 2 5 3
0 0 0 0 0 0 0

68 59 48 53 46 47 46 43

86 84 96 94 100 100 100 100
14 16 4 6 0 0 0 0
44 26 64 37 65 46 67 47
62 54 252 152 - - - -

40 46 24 33 19 31 32 24

0 0 0 0 0 0 0 0
46 54 25 34 19 31 32 24

unit linkages in the CEL samples at the beginning (cycle 1) and
at the end (cycle 4) of pretreatment (stages 2 and 8, respective-
ly) estimated from the signal volume integrals of 2D NMR
spectra as described for the wood spectra.

The HSQC spectra of CEL preparations from control sam-
ples after one and four cycles of treatment (Fig. 5a, b) showed
the same side-chain signals observed in the spectra of the
corresponding whole eucalypt control samples (stages 2 and
8) (Fig. lc, 1), corresponding to (3-O-4' alkyl-aryl ether (A)
and resinol (C) correlations, although better resolved and with
higher intensity, and several new signals that could not be
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observed in the wood spectra. The latter included: (D)
spirodienone (3-1/x-O-«) substructures with their C,—H,,
Co—Hgy, Cg—Hp, and Cg—Hg: correlations (D, D, Dg, Dg);
(B) small signals corresponding to phenylcoumaran (3-5")
substructures with their C,—H,, Cg—Hp, and C,~H,, correla-
tions (B4, B, and B,; the two latter correlations overlapping
with other signals); (I) a signal of cinnamyl alcohol end-
groups with its C,~H,, correlation; and (A.p) signals of
Cpg—Hg correlations in Cy-oxidized (3-O-4" alkyl-aryl ether
substructures (Fig. 4). The main signals in the aromatic region
of the spectrum of the initial eucalypt CEL sample
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Fig. 4 Main lignin structures
identified in the eucalypt samples
analyzed by HSQC NMR

(Figs. 1,2,35,6,and 7): 4 3-0-4'
lignin substructures (including a
second S or G unit); 4ox C,-
oxidized (3-O-4' lignin
substructures (including a second
S or G unit); B phenylcoumarans;
C resinols; D spirodienones; /
cinnamy! alcohol end-groups, G
guaiacyl units, S syringyl units,
and S’ C,-oxidized S units (R can
be a hydroxyl in carboxylic acids
or a lignin side-chain in ketones)

corresponded to the benzenic rings of the S and G lignin units
as shown for the whole wood spectrum. Signals from C,-
oxidized S-lignin units (S'; s) were also observed. Some new

OH
f OH f OH R__O
o o o
6 2 6 2 6 2
OMe 5 OMe MeO OMe MeQ' OMe
i 1y kg

signals not observed in the whole wood spectra appeared in
this region corresponding to the above-mentioned
spirodienone substructure (D) with C,—H, and Cs—Hg:

Table 2 Assignments of lignin

Assignment

main '*C-'H correlation signals in Label d¢/8y (ppm)
the HSQC spectra of the whole
wood, CEL, and filtrate samples Bg 53.1/3.45
(in DMSO-dp). See Fig. 4 for Cp 53.3/3.05
chemical structures MeO 55.6/3.72
A, 59.4/3.38 and 3.70
Dg 59.7/2.73
I, 61.3/4.08
B, 62.6/3.67
Ay 71.8/4.85
C, 71.0/3.81 and 4.18
Dg 79.2/4.10
Dy 81.0/5.08
Aoxp 83.0/5.20
Ap) 83.6/4.28
Dy 83.7/4.68
Cy 84.7/4.64
Ags) 85.7/4.10
By 86.4/5.43
N 103.9/6.69
S6 106.1/7.31
G, 110.8/6.96
D, 113.3/6.25
Gs5/Gg 114.3/6.69 and 114.9/6.94
G 118.8/6.78
D¢ 118.7/6.06

Cp—Hg in phenylcoumaran substructures (B)
Cp—Hg in 3—p' resinol substructures (C)

C—H in methoxyls

C,—H, in 3-O-4' structures (A)

Cp—Hp in spirodienone substructures (D)

C,—H,, in cinnamyl alcohol end-groups (I)
C,—H,, in phenylcoumaran substructures (B)
Cy—Hy in 3-O-4' structures (A)

C,—H, in 3—’ resinol substructures (C)
Cp—Hg in spirodienone substructures (D)
Cx—Hy in spirodienone substructures (D)

Cp—Hjp in x-oxidized 3-O-4" substructures (Ay)
Cp—Hgp in 3-O-4' structures (A) linked to a G unit
C,—H, in spirodienone substructures (D)
Cy—Hy in 3—f' resinol substructures (C)

Cp—Hg in 3-O-4' structures (A) linked to a S unit
C,—H, in phenylcoumaran substructures (B)
C,—H,; and C4—Hg in syringyl units (S)

C,—H,; and C¢—Hg in «-oxidized syringyl units (S")
C,—H, in guaiacyl units (G)

C,—H, in spirodienone substructures (D)

Cs—Hs and C4—Hg in guaiacyl units (G)

C¢—Hg in guaiacyl units (G)

C¢—Hg in spirodienone substructures (D)
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Fig. 5 HSQC NMR spectra of
CEL preparations isolated from
eucalypt wood samples from a
multistage enzymatic sequence,
including four treatments with

M. thermophila laccase-MeS and
four alkaline peroxide extractions:
a and b controls of first and fourth
cycle of enzymatic pretreatment
(stages 2 and 8, respectively); ¢
and d samples from first and
fourth cycle of enzymatic
pretreatment with laccase alone
(stages 2 and 8, respectively); e
and f samples from first and
fourth cycle of enzymatic
pretreatment with laccase-MeS
(stages 2 and 8, respectively). See
Table 2 for signal assignment,
Table 3 for quantification of the
lignin structures identified, and
Fig. 4 for the main lignin
structures identified

@ Springer

26c

60
70
5—80
90
5-100
5-110

120

c Meo B2 &©
A,
Ry “D,
| S s
B,
A, e
@ 8
D, ™
Aoxge "\An«s)
B Co WAy,
S26
S's6
e
G © 2
°G5 “De

- Oc

f-so
70
f—ao
5—90
5-100

L 110

120

e meo 2 &
'Y.
|/. aBY Dy
A,
@ %0
D, Dy
Aox® %@(G)
B, Co WAy
Sz
S'e
<&
‘Gz 5
Gsce 7
«Q °D6

- Oc

60
f—so
5—90
5-100

L 110

120

b Meo - &G [ Oc
A,
s - [60
* & D;;
14 BV
A
< F70
o a
o (o8
D, [ 80
[} D s
Ao e
° Cu A
B. B(S) [ 90
Sa6 100
S'e
G2 110
L J
«D-
Gsic @
‘Ge *De 120
T T T T T
7 6 5 4 3 Jy
d Meo % @Cs Sc
A,
If”@' °p, [60
B,
e 7
G,
D, o g0
LY
Aoge g8 Afe)
e C, A
B B(S) L 90
So6 100
S's6 0
-4
e L 110
Gsis g *D:
‘Ge’oe [ 120

f MeO OO
A,
o« ‘°D 60
B
A
. -C‘ 70
D[ﬂ’
DQ.D, g [ 80
AOXB. “I‘Ag(g)
a WA
B(S) L 90
S26 —100
Sus G
[ 4
oG 5 L110
Gssob 2
“G. Do 120

7 6 5 4 3 9Jy



Bioenerg. Res. (2015) 8:211-230

221

correlations (D, and Dg). Most of the lignin side chains in
control samples were barely modified along the sequence as
shown in Table 3 for resinol, spirodienones, and 3-O-4' alkyl-
aryl ether substructures. Only the phenylcoumarans decreased
from cycles 1 to 4. The most remarkable effect of the control
pretreatment conditions was the increase in the S/G ratio from
3.6 (stage 2) to 4.3 (stage 8) in agreement with that observed
with the whole control samples.

The HSQC spectra of isolated lignins from the eucalypt
samples after enzymatic pretreatment with M. thermophila
laccase and MeS (stages 2 and 8) are shown in Fig. 5S¢, fand
the main differences in lignin units and inter-unit linkages,
compared with the previous samples, are shown in Table 3.
Concerning lignin composition, the most noticeable effect of
the enzymatic treatments on the residual lignin remaining in
wood was the significant reduction in G units produced by the
laccase-mediator treatment resulting in an increase of the S/G
ratio from 5.0 (stage 2) to 13.8 (stage 8). Additionally, a strong
increase in C,-oxidized S units was produced, as shown in
Table 3, where the contribution of MeS to the lignin S', 6
signal at 106/7.3 ppm was deduced. The increase of the S', 6
aromatic signal was accompanied by an increase in the Cg—Hp
correlations signal from (3-O-4' ether linked C,-oxidized side
chains (A.xp). Moreover, a significant decrease in (3-O-4'
alkyl-aryl ether (A) and resinol substructures (C) per 100
phenylpropane units was the main effect observed in the
side-chain region of the HSQC spectra of the lignin isolated
from the wood treated with laccase and MeS, together with a
decrease in the less intense signals of phenylcoumarans and
spirodienones, which was especially evident in stage 8. This
suggests a more degraded lignin than that present in control
samples.

The 2D NMR analysis of lignin isolated from eucalypt
samples pretreated with laccase alone (Fig. 5c, d) also re-
vealed some differences with respect to the control. Interest-
ingly, the most remarkable effect is the increase of oxidized
lignin structures evidenced by both aromatic (S',6) and ali-
phatic side-chains (A.xp) signals (Table 3) revealing that
laccase alone attack lignin by a mechanism similar to that of
the laccase-mediator system. On the other hand, in these
samples a decrease in (3-O-4' alkyl-aryl ether (A),
spirodienones (D), and resinol substructures (C) was not ob-
served in the side-chain region of the HSQC spectrum con-
trary to the laccase-mediator-treated samples. This could be
indicative of an oxidized lignin but less degraded than lignin
in samples after laccase-mediator treatment.

2D NMR Analyses of the Filtrates from the Pretreatment
Sequence

The filtrates obtained after each of the eight steps of the
multistage sequence were freeze-dried and analyzed by 2D
NMR to identify the degradation products of wood lignin after

Table 3 Lignin units (S, G, and S’ molar percentages) and inter-unit linkages
(side-chains per 100 phenylpropanoid units) from the HSQC spectra of CEL
samples from eucalypt wood at two stages (2 and 8) of a multistage sequence,
including four treatments with M. thermophila laccase-MeS and 4 alkaline
peroxide extractions, compared with a control without enzyme, a treatment
with laccase alone and CEL from initial eucalypt wood

CEL
Initial ~ Stage  Stage
wood 2 8
Control
Lignin units

Syringyl (S) (% total) 77 78 81
Guaiacyl (G) (% total) 23 22 19
Cox-oxidized S units (S) (% S) 6 8 10
S/G ratio 34 3.6 43

Inter-unit linkages and end-groups
(3-O-4" alkyl-aryl ethers (A) (% S+G) 58 62 63

Phenylcoumarans (B) (% S+G) 2 2 1
Resinols (C) (% S+G) 9 8 8
Spirodienones (D) (% S+G)
Total (% S+G) 71 73 75
Cq-oxidized -O-4' ethers (Ayx) (% A) 2 2 2
M. thermophila laccase
Lignin units
Syringyl (S) (% total) 80 83
Guaiacyl (G) (% total) 20 17
Co-oxidized S units (S') (% S) 10 17
S/G ratio 39 4.8
Inter-unit linkages and end-groups
(3-O-4" alkyl-aryl ethers (A) (% S+G) 60 58
Phenylcoumarans (B) (% S+G)
Resinols (C) (% S+G) 7 6
Spirodienones (D) (% S+G)
Total (% S+G) 71 68
Cq-oxidized (3-O-4" ethers (Ayx) (% A) 2 5

M. thermophila laccase-MeS

Lignin units

Syringyl (S) (% total) 83 93

Guaiacyl (G) (% total) 17 7

Ca-oxidized S units (S') (% S) 15 34

S/G ratio 5.0 13.8
Inter-unit linkages and end-groups

(3-O-4" alkyl-aryl ethers (A) (% S+G) 59 51

Phenylcoumarans (B) (% S+G)

Resinols (C) (% S+G) 7 2

Spirodienones (D) (% S+G)

Total (% S+G) 70 55

C,-oxidized (3-O-4' ethers (Ayx) (% A) 5 13

both enzymatic and alkaline peroxide extraction stages.
Table 4 shows the lignin composition of filtrates after the first
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Table 4 Lignin units (S, G, and S’ molar percentages) and inter-unit
linkages (side-chains per 100 phenylpropanoid units) from the HSQC
spectra of the filtrates from eucalypt wood pretreatment at two stages (2
and 8) of a multistage sequence, including four treatments with
M. thermophila laccase-MeS and four alkaline peroxide extractions, com-
pared with a control without enzyme and a treatment with laccase alone

Filtrates
Stage 2 Stage 8
Control
Lignin units
Syringyl (S) (% total) 77 85
Guaiacyl (G) (% total) 23 15
Co-oxidized S units (S') (% S) 12 10
S/G ratio 33 5.6
Lignin inter-unit linkages (% S+QG)
(3-O-4' alkyl-aryl ethers (A) 59 62
Phenylcoumarans (B)
Resinols (C)
Spirodienones (D)
Cy-oxidized (3-O-4' ethers (Ayx) (%0 A) 0 0
Total 73 69
M. thermophila laccase
Lignin units
Syringyl (S) (% total) 83 92
Guaiacyl (G) (% total) 17 8
Co-oxidized S units (S') (% S) 16 37
S/G ratio 4.8 11.5
Lignin inter-unit linkages (% S+G)
3-O-4" alkyl-aryl ethers (A) 59 40
Phenylcoumarans (B) 1
Resinols (C)
Spirodienones (D) 2
Cy-oxidized (3-O-4' ethers (Ayx) (% A)
Total 70 40
M. thermophila laccase-MeS
Lignin units
Syringyl (S) (% total) 91 96
Guaiacyl (G) (% total) 9 4
Cox-oxidized S units (S) (% S) 47 41
S/G ratio 10.4 24.3
Lignin inter-unit linkages (% S+QG)
3-O-4' alkyl-aryl ethers (A) 39 32
Phenylcoumarans (B) 1 0
Resinols (C) 5 0
Spirodienones (D)
Cy-oxidized (3-O-4' ethers (Ayx) (% A)
Total 47 32

(stage 2) and last cycle (stage 8) of pretreatment and Fig. 6
shows the HSQC spectra of these filtrates. In addition to
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lignin, signals of carbohydrate (xylan) were also observed in
the spectra. Comparing the characteristics of lignin in filtrates
from stages 2 and 8, it can be observed that in control samples
the S/G ratio increased and the percentage of inter-unit link-
ages identified in the HSQC spectra decreased from 73 to 69.
This decrease was mainly due to the removal of
phenylcoumarans, resinols and spirodienones substructures
whereas the 3-O-4' alkyl-aryl ether linkages remained. The
increase in the S/G ratio and the loss of phenylcoumarans,
resinols, and spirodienones substructures from stages 2 to 8
was also observed in the lignin present in filtrates from laccase
alone and laccase-mediator treatments. In contrast to control
samples, a decrease in 3-O-4' alkyl-aryl ether linkages was
observed in the lignin present in filtrates from enzymatically
treated samples. Also, a strong increase in Cy-oxidized S units
was produced in the latter samples. It should be mentioned
that in the spectra of filtrates from enzymatic stages (1, 3, 5,
and 7) (data not shown) the presence of lignin signals were
minor compared to alkaline peroxide stages (2, 4, 6, and 8)
with syringyl units predominating.

Lignin Modification Along the P. cinnabarinus Laccase-HBT
Pretreatment

Lignin modification during the pretreatment of eucalypt wood
with a high redox potential laccase and mediator along a
multistage sequence similar to that described above was also
studied by 2D NMR with the objective of comparing the
results with those obtained in the pretreatment of eucalypt
wood with low redox potential laccase and mediator. With
this purpose, 2D NMR analyses of whole eucalypt samples
(swollen in DMSO-dj) after one and four cycles of pretreat-
ment (stages 2 and 8, respectively) with P. cinnabarinus
laccase in the presence of the synthetic mediator HBT were
carried out (Fig. 7), and the lignin composition and percent-
ages of inter-unit linkages in the whole samples are shown in
Table 5. The qualitative composition in aromatic units and
lignin inter-unit linkages of the residual lignins present in
eucalypt wood after the whole sequence (stage 8) with the
high and low redox potential laccases and their corresponding
mediators was similar. Both HSQC spectra were characterized
by the presence of syringyl units and the absence of guaiacyl
ones. A considerable part of the syringyl units were oxidized
in the C,, reaching 47 and 87 % of total syringyl units in
samples pretreated with M. thermophila-MeS and
P cinnabarinus-HBT, respectively. Likewise, the only inter-
unit linkages present in these two lignins were the 3-O-4'
alkyl-aryl ether linkages although the proportions of these
linkages were higher in the M. thermophila-MeS pretreated
samples (24 per 100 phenylpropane units) than in the
P cinnabarinus-HBT ones (14 per 100 phenylpropane units).
These results indicate that the latter lignin was more
depolymerized and oxidized than the former. Similar
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Fig. 7 HSQC NMR spectra of
whole eucalypt wood (swollen in
dimethylsulfoxide-d), from a
multistage enzymatic sequence,
including four treatments with

P, cinnabarinus laccase-HBT and
four alkaline peroxide extractions:
a and b controls of first and fourth
cycle of enzymatic pretreatment
(stages 2 and 8, respectively); ¢
and d samples from first and
fourth cycle of enzymatic
pretreatment with laccase alone
(stages 2 and 8, respectively); e
and f samples from first and
fourth cycle of enzymatic
pretreatment with laccase and
mediator (stages 2 and 8,
respectively). See Table 2 for
signal assignment, Table 5 for
quantification of the lignin
structures identified, and Fig. 4
for the main lignin structures
identified
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Table 5 Lignin units (S, G, and S’ molar percentages) and inter-unit
linkages (side-chains per 100 phenylpropanoid units) from the HSQC
spectra of eucalypt samples at two stages (2 and 8) of a multistage
sequence, including four enzymatic treatments with P. cinnabarinus
laccase and HBT and four alkaline peroxide extractions, compared with
a control without enzyme and a treatment with laccase alone

Whole wood
Stage 2 Stage 8
Control
Lignin units (%)
S (% S+G) 71 79
G (% S+G) 29 21
S" (% S) 2 5
S/G 24 3.8
Lignin inter-unit linkages (%)
(3-O-4" alkyl-aryl ethers (A) (% S+G) 39 43

Phenylcoumarans (B) (% S+G)

Resinols (C) (% S+G)

Spirodienones (F) (% S+G)

Total (% S+G) 46 50

P. cinnabarinus laccase

Lignin units (%)
S (% S+G) 86 95
G (% S+G) 14 5
S" (% S) 4 28
S/G 6.2 17.5
Lignin inter-unit linkages (%)
3-O-4' alkyl-aryl ethers (A) (% S+GQG) 26 31
Phenylcoumarans (B) (% S+G) 0
Resinols (C) (% S+G)
Spirodienones (F) (% S+G) 0
Total (% S+G) 30 31
P. cinnabarinus laccase-HBT
Lignin units (%)
S (% S+G) 100 100
G (% S+G) 0 0
S" (% S) 29 62
S/G - -
Lignin inter-unit linkages (%)
3-O-4" alkyl-aryl ethers (A) (% S+G) 19 14
Phenylcoumarans (B) (% S+G) 0 0

Resinols (C) (% S+G)
Spirodienones (F) (% S+G)
Total (% S+G) 19 14

tendencies were also obtained in the last stage of pretreatment
of eucalypt wood with the two laccases alone (without medi-
ator). In both cases, the (3-O-4' linkages were the only inter-
unit linkages observed in the HSQC spectra, representing a
higher percentage in M. thermophila (43 per 100

phenylpropane units) than in P. cinnabarinus laccase (31 per
100 phenylpropane units). Likewise, lignins from both treat-
ments were constituted mainly by syringyl units some of them
being Cy-oxidized S units (S") with higher predominance in
P, cinnabarinus laccase (28 %) than in M. thermophila (16 %).
In addition, a relative low proportion of guaiacyl units were
present in both lignins. The above results show that in spite of
some quantitative differences, both laccase mediator pretreat-
ments modify lignin composition in a similar way after the
whole multistage sequence.

Additionally, modification of eucalypt wood lignin with
these two laccase-mediator systems was also compared at the
beginning of the sequence (after one cycle of treatment). The
2D NMR analyses of the whole samples revealed substantial
differences between the two different laccase-mediator pre-
treatments at stage 2. The HSQC spectrum of the eucalypt
wood pretreated with P. cinnabarinus laccase and HBT
(Fig. 7e) showed a radically smaller amounts of lignin signals
compared with that of M. thermophila-MeS (Fig. 3c) as re-
vealed by the different amount of lignin inter-unit linkages per
100 phenylpropane units accounting for 19 and 54, respec-
tively (Table 5) indicating that the former lignin was more
degraded than the latter. Indeed, lignin from the
P cinnabarinus-HBT treatment is almost as degraded after
the first cycle (19 per 100 phenylpropane units) as after the
fourth one (14 per 100 phenylpropane units) unlike lignin
from M. thermophila-MeS treatment. The main differences
between lignins from both treatments at stage 2 relay on the
composition in aromatic units that in the case of
P, cinnabarinus-HBT treatment is constituted only by syringyl
units while in the case of M. thermophila-MeS one is consti-
tuted by syringyl and guaiacyl ones. On the other hand, inter-
unit linkages present in lignin from the latter treatment include
both 3-O-4' linkages and resinol substructures while lignin
units from the former treatment are linked only by [-O-4'
linkages.

The HSQC spectrum of the eucalypt wood pretreated with
P, cinnabarinus laccase alone (Fig. 7¢) (stage 2) also showed
very smaller amounts of lignin signals compared with that of
M. thermophila (Fig. 2c). Likewise, lignins from both treat-
ments showed different amount of inter-unit linkages account-
ing for 30 and 59 per 100 phenylpropane units, respectively
(Table 5) indicating that the former lignin was more degraded
than the latter. Like in the case of laccase-mediator systems,
lignin from the P. cinnabarinus treatment is equally degraded
after the first and fourth cycle (about 30 per 100
phenylpropane units) unlike lignin from M. thermophila treat-
ment (Table 1). With regard to lignin composition, samples
from P. cinnabarinus and M. thermophila laccase treatment
contained syringyl and guaiacyl units although in different
proportions (S/G ratios of 6.2 and 3.5, respectively). Lignin
inter-unit linkages included both 3-O-4' linkages and resinol
substructures in both treatments, resinol amounts being
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similar in both lignins while (3-O-4' linkages representing a
higher amount in the M. thermophila laccase treatment.

Saccharification of Wood Pretreated with two
Laccase-Mediator Systems

In addition to studying in detail the structural modification of
lignin from eucalypt wood during the pretreatment with two
different laccase-mediator systems in a multistage sequence
consisting of four cycles (eight stages), the effect of these
treatments on lignin content and saccharification yields after
enzymatic hydrolysis was studied. Table 6 shows the lignin
content (as Klason lignin) and the content of glucose and
xylose released after the enzymatic hydrolysis with cellulases
of eucalypt samples pretreated with the M. thermophila and
P cinnabarinus laccases (data after first and last cycles of the
sequence). The pretreatment of eucalypt wood with
M. thermophila-MeS and P. cinnabarinus-HBT produced a
decrease in lignin content after the four cycles of about 50 %
in both cases. This decrease in lignin content paralleled the
increase in enzymatic saccharification yield of glucose of
almost 30 % with both pretreatments. Therefore, both
laccase-mediator systems produced similar effects with regard

Table 6 Lignin content (as Klason lignin) and monosaccharide release
(both as percentage of sample weight) from cellulase hydrolysis of
eucalypt samples from cycles 1 and 4 of a multistage sequence, including
four enzymatic treatments with M. thermophila-MeS or P. cinnabarinus
laccases-HBT and four alkaline peroxide extractions, compared with a
control without enzyme, a treatment with laccase alone, and the initial
eucalypt wood. Means+SD (from triplicates)

Lignin (%) Glucose (%) Xylose (%)
Initial eucalypt wood 22.3+0.3 39.5+1.1 6.7+0.1
M. thermophila laccase
1 Cycle
Control 21.24+0.8 39.7+0.2 6.7+0.1
Laccase 21.1+0.9 39.5+0.7 6.6+£0.2
Laccase-MeS 21.1+£0.8 39.7+0.4 6.5+0.3
4 Cycles
Control 21.1+1.0 43.7+0.2 7.5£0.1
Laccase 16.8+0.3 47.8€1.2 8.1£0.2
Laccase-MeS 11.2+0.3 55.7£0.4 9.1+0.1
P. cinnabarinus laccase
1 Cycle
Control 19.5+0.9 39.6+0.1 6.7£0.0
Laccase 19.5+£0.9 39.9+0.2 6.7+0.0
Laccase-HBT 16.8+£0.9 42.9+0.6 7.7+0.1
4 Cycles
Control 17.9+0.9 45.6+0.7 8.3+0.1
Laccase 17.9+£0.9 47.4+0.7 8.2+0.1
Laccase-HBT 9.6+1.0 58.0+0.2 7.6+0.1
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to lignin content and glucose release after the four cycles of
pretreatment. Surprisingly, the pretreatment with the two
laccases alone produced different effects. Whereas the pre-
treatment of eucalypt wood with the low redox potential
laccase from M. thermophila produced a decrease of lignin
content of about 20 %, the pretreatment with the high redox
potential laccase from P. cinnabarinus did not affect the lignin
content. Concerning glucose release, the treatments with
M. thermophila and P. cinnabarinus laccases alone produced
an increase of glucose release of 9 and 4 %, respectively.

Unlike at the end of the sequence, considerable differences
were observed between the two laccase-mediator treatments
after the first cycle of pretreatment. While the pretreatment
with M. thermophila-MeS did not produce any effect in lignin
content (or glucose release), that with P. cinnabarinus-HBT
decreased the lignin content in 14 % and increase the glucose
release by 8 %. On the other hand, the lignin content and
saccarification yield with both laccases alone were not mod-
ified after the first cycle of pretreatment.

Discussion

Eucalypt is a rapidly growing and high biomass-producing
tree used as a raw material for paper pulp manufacturing in
several countries including Southwest Europe, Brazil, Uru-
guay, and South Africa. Among the different eucalypt species,
wood from E. globulus is the best raw material for kraft pulp
manufacturing due to the high pulp yield [25]. Additionally,
the lignin of E. globulus is enriched in S units with (3-O-4'
linkages predominating [25-27]. This implies linear chains
with less cross-linking than G-rich lignin because of the
methoxylated and thereby, blocked C-5 position in the
syringyl unit, being advantageous for delignification pur-
poses. Additionally, the higher occurrence of 3-f units
(resinols) observed in S-rich lignin [26] leads to shorter chain
lengths and thus, lower molecular weights [28]. With all these
characteristics, £. globulus wood has great potential as ligno-
cellulosic feedstock for the production of second generation
wood-based bioethanol [29]. However, as a lignocellulosic
raw material, a pretreatment of eucalypt wood to overcome
its recalcitrance toward enzymatic hydrolysis (mainly due to
the presence of lignin) is required. After the first studies
showing the potential of M. thermophila laccase-MeS pre-
treatment, followed by alkaline peroxide extraction in a mul-
tistage sequence, to remove lignin from eucalypt (E. globulus)
feedstock improving saccharification after enzymatic hydro-
lysis [19], an interest arouse to deepen in the study of the
modification of lignin structure along the complete sequence
since lignin removal and its structure after pretreatment are
crucial to promote fiber structure disruption and facilitate
enzymatic hydrolysis. With this aim, samples of whole
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eucalypt material, their isolated lignins and filtrates at each
stage of the whole sequence (eight stages) were characterized
by 2D NMR. Additionally, a comparison between this low
redox potential laccase-mediator and a high redox potential
laccase-mediator treatment using P. cinnabarinus laccase and
HBT on delignification and saccharification yield was also
performed. Finally, the relationships between lignin content
and structure in the pretreated raw material and efficiency of
the carbohydrate enzymatic saccharification have been
targeted.

Eucalypt Lignin Modification by a Commercial Laccase
and a Natural Mediator

The detailed study of lignin structure along the enzymatic
sequence revealed that some of the main changes observed
by 2D NMR of the whole material after the complete se-
quence, namely the absence of G units and resinol substruc-
tures together with a high decrease in 3-O-4" alkyl-aryl ethers,
were already evidenced after two cycles of laccase-mediator
treatment and alkaline extraction (stage 5). However, the most
remarkable decreases in these units and substructures were
observed indeed in the second enzymatic treatment (stage 3)
together with the most remarkable increase in C-oxidized
lignin units (S"). This modification of lignin structure was
produced in the enzymatic stages. Even more, although the
first cycle of pretreatment did not produce any decrease of the
lignin content (as revealed by Klason lignin determination) the
2D NMR results revealed modification of the lignin structure,
already in the first enzymatic treatment (stage 1) including
decrease in 3-O-4' alkyl-aryl ethers, resinol substructures, and
increase in the S/G ratio. This indicates that the laccase-
mediator treatment is able to modify lignin in a lignocellulosic
material without a previous chemical pretreatment. The most
remarkable effect observed during the alkaline peroxide stages
was the decrease of C,-oxidized lignin units (S') as well as
acetylated xylan units (X'). The positive effect of the alkaline
peroxide extraction following the enzymatic treatment with
M. thermophila laccase and MeS was also observed during the
delignification of eucalypt paper pulp [20]. The pretreatment
with M. thermophila laccase alone, also produced a decrease
in 3-0-4" alkyl-aryl ethers and increase in C,-oxidized lignin
units although to a less extent that in the laccase-mediator
treatment. Likewise, removal of resinol substructures also
occurred although in the last enzymatic treatment. The amount
of G units decreased along the sequence but they were still
present at the end of the pretreatment. The modification of
lignin structure by the laccase alone, without mediator, sug-
gests either the modification of the phenolic-type lignin (may-
be enabling a progressive degradation of the polymer) [30] or
the involvement of natural phenolic structures mediating the
enzymatic oxidation.

The 2D NMR analysis of CEL preparations corroborated
the main findings observed in the pretreated whole feedstock
compared with the controls, namely the increase in the S/G
ratio and C,-oxidized lignin units along the sequence, and the
decrease in resinol substructures, especially evident in the
treatment with laccase and mediator. On the other hand, when
comparing the lignin composition of the filtrates obtained at
different stages of the pretreatment with the CEL it can be
observed that in control samples, a similar relative composition
of aromatic units and inter-unit linkages was observed in both
lignins from stage 2 revealing that alkaline extraction in this
stage extracted part of the lignin present in wood samples
without altering its composition. However, in stage 8, the
lignin present in the filtrates lacked phenylcoumarans, resinols,
and spirodienones substructures whereas these substructures
were present in the corresponding CEL preparations.
Concerning lignins from laccase (alone) and laccase-mediator
pretreatment, a relatively similar composition was also ob-
served between lignins in filtrate and wood (CEL) from stage
2, including the proportion of lignin inter-unit linkages (per
100 phenylpropane units). However, a significant decrease in
the number of side-chains involved in the different lignin
substructures was observed in the filtrates of stage 8 compared
with its corresponding CEL lignin indicating that lignin in the
filtrate was more depolymerized than residual lignin in wood.
In addition, a stronger increase in C,-oxidized S units (S') from
stage 2 to 8 in lignin from filtrates than in CEL lignin was
observed. In CEL preparation the increase in S’ was associated
with an increase in (3-O-4' ether linked C ,-oxidized side chains
(Aoxp) whereas the contrary happened in lignin from filtrates.
This suggests that these oxidized units in CEL lignin are linked
while in filtrates may be not. On the other hand, the increase in
S/G ratio observed along the sequence in both the whole
samples and isolated lignin (CEL) was not paralleled by a
predominance of G units in the filtrates. This may suggest that
G units degraded by enzymatic treatment undergo either con-
densation reactions forming 5-5' or 4-O-5' linkages, or reac-
tions leading to aromatic ring opening.

Comparison of Lignin Modification
by M. thermophila/P. cinnabarinus Treatments

For comparative purposes, the pretreatment of eucalypt wood
was also carried out with the high redox potential laccase from
the basidiomycete P. cinnabarinus and the mediator HBT, and
the results compared with those obtained in the pretreatment
with the low redox potential laccase from the ascomycete
M. thermophila and the phenolic mediator MeS. Although
the decrease in lignin content after the whole sequence of the
pretreatment of eucalypt wood with both laccase-mediator
systems was similar (~50 %), the structure of the residual
lignin in eucalypt feedstock after both treatments showed
some differences. Although in both cases, the lignin
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composition in terms of aromatic units was the same since
both lignins lacked G units after the treatments, the residual
lignin of the P. cinnabarinus laccase and HBT treatment was
more oxidized (higher amount of C,-oxidized lignin units)
and degraded (lower amount of (3-O-4" alkyl-aryl ethers per
100 phenylpropane units) than lignin in the treatment with
M. thermophila laccase-MeS. The differences in residual lig-
nin structure (and content) with both treatments became more
evident in the initial stages (cycle 1) of the treatment. At stage
2, the lignin from treatment with P. cinnabarinus laccase and
HBT was only constituted by S units (some of them oxidized)
and rather degraded whereas the lignin from the pretreatment
with M. thermophila laccase-MeS was constituted by both S
and G units (S/G ratio of 5.4), was less degraded (higher
amount of (3-O-4' alkyl-aryl ethers) and still contained high
content of resinol substructures. Likewise, an initial decrease
(14 %) in lignin content was observed only in the treatment
with P. cinnabarinus laccase. In a similar way, higher
delignification of eucalypt pulp was attained in the treatment
with P. cinnabarinus laccase and HBT compared with that
using M. thermophila laccase and MeS [31]. Nevertheless,
although at a different rate, wood lignin modification by
laccase in the presence of MeS also yielded a structural
modification pattern characterized by extensive C,-oxidation
(as shown by 2D NMR) suggesting that the attack mechanism
by laccase in the presence of MeS is the same reported by
laccase-HBT. This agrees with results from model compounds
showing that laccase in the presence of phenolic mediators
oxidize nonphenolic aromatic compounds via a hydrogen
abstraction mechanism [32].

The pretreatments of eucalypt feedstock with the two
laccases in the absence of mediators already showed differ-
ences in lignin modification. At initial stages (step 2), no
decrease in lignin content was observed with either
M. thermophila or P. cinnabarinus laccases alone. However,
whereas the lignin structure of wood from treatment with the
former laccase was barely modified (with respect to the con-
trol), that from treatment with the latter laccase showed an
increase in the S/G ratio compared with the control (from 2.4
to 6.2), an increase in C,-oxidized lignin units and a decrease
in the amount of 3-O-4' alkyl-aryl ethers (per 100
phenylpropane units). Surprisingly, at the end of the sequence
(stage 8), only M. thermophila laccase, and not that from
P. cinnabarinus, decreased the eucalypt lignin content (about
20 %) when applied alone, in spite of the latter being a high-
redox potential laccase unlike the former. A similar finding
was reported in the treatment of eucalypt pulp with these two
laccases [20]. In spite of this, the structure of residual lignin
from the treatment with P. cinnabarinus laccase was modified
in a higher extent than that from M. thermophila laccase,
being more oxidized and depolymerized and presenting a
higher S/G ratio. A similar pattern of degradation, although
with differences in reaction rates, has been reported in the
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reaction of lignin model compounds with two laccases differ-
ing in their redox potential [33].

Lignin Modification by Laccase-Mediator and Enzymatic
Saccharification Yields

In addition of studying the modification of lignin structure
along the enzymatic pretreatment sequence with the two
laccase-mediator systems, another goal of the present work
was to study the relationships between lignin content and
structure in the pretreated raw material and the efficiency of
the enzymatic saccharification. First, it should be mentioned
that some increase in sugar release (up to 10 and 15 %) were
observed in control samples after four cycles of pretreatment
(not observed after one cycle) of both treatments with respect
to initial wood. This could be related with the removal of
acetylated xylan units (X') produced by the alkaline extraction
conditions. These units were still present in control samples
after one cycle of pretreatment but not after four cycles. The
effect of alkaline saponification of acetyl ester bonds in the
improvement of enzymatic accessibility to the polysaccha-
rides has been reported [34].

The delignification (~50 %) produced at the end of the
pretreatment by the two laccase-mediator systems correlated
in both cases with similar (~30 %) increases in glucose yield.
Likewise, at the beginning of the sequence (stage 2), the
pretreatment with M. thermophila-MeS did not decrease the
eucalypt lignin content and consequently no increase in glu-
cose release was observed, whereas an increase in glucose
release (by 8 %) was produced in the pretreatment with
P cinnabarinus-HBT where a decreased the lignin content
(14 %) was attained. This suggests a direct correlation be-
tween the decrease in lignin content and increase in enzymatic
saccharification yield with the laccase-mediator treatments.
This correlation is also observed in the pretreatments with
laccases alone at the beginning of the sequence where no
decrease in lignin content and no increase in enzymatic sac-
charification were produced. Different findings have been
reported on the effects of wood lignin content on sugar release
[2, 35].

In addition to lignin content, lignin composition (S/G ratio)
and structure can also influence enzymatic saccharification.
As described above, the removal of guaiacyl lignin units was
one of the main features observed during the pretreatment of
eucalypt feedstock with the two different laccase-mediator
systems. The presence of less guaiacyl units results in a less
branched lignin structure, which may facilitate carbohydrates
accessibility and hydrolysis [36]. This can explain why at the
end of the sequence of the pretreatment with P. cinnabarinus
laccase alone (stage 8) a slight increase in glucose release
(about 4 %) was produced without a decrease in lignin con-
tent. This increase in glucose release can be attributed to the
modification of lignin structure, namely the strong increase in
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S/G ratio (from 3.8 to 17.5) besides a higher lignin degrada-
tion by P. cinnabarinus laccase pretreatment. However, the
increase of S/G ratio (from 2.9 to 5.4) after one cycle of
M. thermophila-MeS pretreatment did not increase the sugar
release. This suggests that S/G ratio alone did not correlate
with the amount of sugar released. Although it is generally
understood that low lignin contents increase the ability of
cellulolytic enzymes to hydrolyze plant fibers [35, 37], no
clear trend has been found on the effect of S/G ratio on sugar
release [2, 29, 37]. It can be concluded that lignin content
combined with lignin structure determines the efficiency of
enzymatic hydrolysis. As lignin content decrease, the released
sugars increase. If lignin content is the same (and not very
high), a higher S/G ratio (by removal of guaiacyl units)
promote a more accessible substrate and results in higher
enzymatic hydrolysis efficiency.

Conclusions

This work shows further insights into the modification of lignin
structure and content produced by two laccase-mediator pre-
treatments consisting of a sequence of successive laccase-
mediator and alkaline extraction stages, directly on ground
lignocellulosic material (i.e., without a previous chemical de-
construction) and its relationship with enzymatic saccharifica-
tion yields. Both high and low redox potential laccase-mediator
pretreatments delignified eucalypt wood (up to 50 %) and
improved (~30 %) enzymatic sugar release after the complete
multistage sequence, although differences on lignin
modification/removal extents were observed at the several
stages of the sequence. The HSQC NMR spectra of the ligno-
cellulosic samples showed a significant decrease of both aro-
matic (with preference of G units) and aliphatic lignin signals
after the enzymatic treatments, and provided strong evidence
for a C,-oxidation degradation mechanism, with high presence
of oxidized S units in the residual lignin. The results obtained
demonstrate that the reduction in lignin content effectively
overcame cell wall recalcitrance to enzymatic saccharification.
However, lignin composition (S/G ratio) alone may not be the
main factor affecting enzymatic hydrolysis, and changes in
lignin structure most probably also cause a significant effect.
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