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Abstract

Lignin, one of the three major components of lignocellulosic biomass, is a promising feedstock for value-added bioprod-
ucts. However, its utilization is limited by its intrinsic heterogeneity and recalcitrance. Laccases are oxidoreductases that
can act on a wide range of phenolic and aromatic compounds. SilA is a small robust thermostable laccase from the actino-
bacterium Streptomyces ipomoea that is active across a broad range of reaction conditions. In this study, we demonstrated
that SilA transforms the lignin of sugar cane straw residue that has been pretreated by steam explosion (SCRgg), into
lignin-derived aromatic compounds (LDACSs), specifically 4-hydroxybenzoate, vanillate, syringate, p-coumarate and feru-
late, which are in great demand across diverse industries, including chemical, pharmaceutical, food, health, and cosmetic.
Additionally, incubation of SCRg; with SilA also produced acid-precipitable polymeric lignin (APPL), as an indirect
indication of delignification. Finally, when the major fraction of SCRgg polysaccharides was removed by the commercial
enzymatic cocktail Cellic® CTec2, there was a significant increase in the release of LDACs, particularly p-coumarate.
This research demonstrates a novel biocatalytic approach to transform lignin from the main residual solid waste stream of
lignocellulosic biomass after the hydrolysis of most of the structural polysaccharides, particularly in the context of sugar
cane biorefineries, contributing to the sustainable and efficient use of agricultural biomass waste.
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Introduction

Lignocellulosic biomass (LCB) has been proposed as a
renewable source of energy and bioproducts, with the
potential to lower our dependence on fossil fuels, decar-
bonize our economy and reduce greenhouse gas emissions
(Chundawat et al. 2011). Techno-economic analyses indi-
cated that valorization of the three major components of
LCB- cellulose, hemicelluloses and lignin— is critical for
sustainable, next-generation biorefineries (Davis et al. 2013;
Ragauskas et al. 2014). The main feedstocks studied world-
wide are non-edible biomass such as wood residues (e.g.,
from poplar, eucalyptus and pine), perennial grasses (e.g.,
miscanthus and switchgrass) and agricultural crop residues
(e.g., corn stover and corn cobs, sugar cane bagasse as well
as straws from wheat, barley or sugar cane) (Gallego-Garcia
et al. 2023). Despite the ample abundance and relative low
cost of LCB, the overall cost-effective collection, storage
and efficient deconstruction remain significant barriers to its
utilization (Yoo et al. 2020).

In lignocellulosic biorefineries, a crucial step is the enzy-
matic conversion of the major structural polysaccharides
(cellulose and xylan) to simple sugars, glucose and xylose,
for their fermentation to ethanol. To disrupt the fibers and
allow access to the enzymes, a physico-thermo-chemical
pretreatment step is required, which in many cases needs to
be adapted to the various types of feedstocks (Brienza et al.
2024). One of the most studied methods for pretreatment is
steam explosion (SE) (Gallego-Garcia et al. 2023; Hoang et
al. 2023), in which the biomass is subjected to high-temper-
ature (above 160 °C) saturated steam followed by a sudden
decrease of pressure, which elicits an explosive decom-
pression of the material (Ricardo Soccol et al. 2011). This
induces hemicellulose hydrolysis and chemical changes of
lignin leading mostly to cleavage of B-O-4 bonds, which
can be followed by recoupling to B-5 linkages (Heikkinen
et al. 2014). Other pretreatment methods include alkaline
or acid pretreatment, ammonia fiber expansion, hydrother-
mal, ultrasound, wet oxidations, and biological treatments
(Karp et al. 2013; Basak et al. 2023). For cellulosic etha-
nol production, the polysaccharides contained in the pre-
treated biomass are saccharified using powerful enzymatic
cocktails (with mainly cellulase and xylanase activities) to
monomeric fermentable sugars. As a result, a residual solid
waste rich in lignin is obtained. Industrially, this waste is
burnt to generate power without further processing. How-
ever, efforts are being made to valorize the lignin fraction
prior to burning (Ragauskas et al. 2014). Alternatively,
some processes have attempted to remove most part of the
lignin prior to enzymatic hydrolysis of polysaccharides, to
improve the saccharification efficiency (Chandra Rajak and
Banerjee 2015).
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Lignin is a heterogeneous aromatic polymer and it is
a source of aromatic compounds that can be precursors
of valuable bio-based chemicals (Ragauskas et al. 2014;
Becker and Wittmann 2019). However, the further process-
ing after lignin depolymerization is complicated because
it results in a highly heterogeneous mixture of compounds
difficult to separate. In this regard, microbial cell factories
(mostly based on Pseudomonas sp.) are being developed
by synthetic biology and metabolic engineering to convert
mixtures of these aromatic species to various compounds
in high atom yield, to overcome the complex separations
(Weiland et al. 2022).

Among strategies to depolymerize lignin in a controlled
manner, biological approaches have attracted attention as
they are carried out under mild conditions and require less
energy than chemical approaches (Maurya et al. 2015). Lig-
nin-depolymerizing enzymes, or ligninases, mainly include
laccases (phenol oxidases) and peroxidases (Zhao et al.
2022), which typically oxidize small molecules, known as
redox mediators, that act as electron carriers between the
enzyme active site and the substrate structure (Moilanen et
al. 2014). This initiates free radical chemistry in the lignin
that ultimately results in the cleavage of C-C and C-O bonds
between the aromatic subunits (Kirk and Cullen 1998).
Redox mediators are classified as natural when they are
found in lignin and lignin-rich material, such as syringal-
dehyde and vanillin, or synthetic, including 1-hydroxyben-
zotriazole, phenothiazines and its N-substituted derivatives.
Although ligninases from wood-rotting fungi have been
extensively studied, some bacterial enzymes have been
reported to have lignin-depolymerizing activity (de Gonzalo
et al. 2016; Lee et al. 2019).

Laccases are multi-copper oxidases that catalyze the one-
electron oxidation of a wide range of phenolic substrates,
reducing O, to H,O (Kunamneni et al. 2008). Although these
enzymes typically comprise three domains, a group of two-
domain bacterial laccases known as “small laccases” have
been identified in actinobacteria (Machczynski et al. 2004).
Due to their thermal stability and their activity over a range
of pH, small laccases have been investigated as potential
replacement for fungal laccases in the pulp and paper indus-
try for biobleaching, dye-decolorization, and other applica-
tions (Kaur et al. 2022). Moreover, bacterial enzymes are
advantageous for industrial applications because they are
relatively easy to engineer and to produce in high yields
and they can tolerate a wide range of pH, temperature, and
oxygen tensions (Chauhan 2020). Some small laccases have
also been studied as ligninases. For example, sLac from
Amycolatopsis sp. 751iv3 was used to effectively delignify
steam-exploded poplar biomass (Singh et al. 2017). Related
to this, small laccases from the Strepfomyces genus have
been reported to exhibit lower redox potentials and higher
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activity under alkaline conditions compared to fungal lac-
cases (Gunne et al. 2014; Kaur et al. 2022).

SilA from Streptomyces ipomoeae belongs to the group
of small two-domain bacterial laccases. It was first cloned
and biochemically characterized by Molina-Guijarro et al.
(2009) determining that the active form is a homodimer
of 75-80 kDa, constituted by two identical monomers of
33-40 kDa for both native and recombinant proteins. It is
a robust enzyme showing optimum activity between 50
and 60 °C, and remarkable thermostability, with previously
reported half-lives of 24 h at 60 °C and more than 1 h at
95 °C (Molina-Guijarro et al. 2009; Blanquez et al. 2019).
As many bacterial laccases that are active at alkaline pH,
SilA shows optimum pH 8.0 for the oxidation of phenolic
compounds and a wide range of textile dyes (Molina-Gui-
jarro et al. 2009; Blanquez et al. 2019; Coria-Oriundo et al.
2021). Also, SilA retained up to 100% of its initial activ-
ity after 36 h of incubation at pH values between 5.0 and
9.0 (Molina-Guijarro et al. 2009). Other characteristics of
SilA are its resistance to high salt concentrations (retaining
100% of activity in the presence of 1 M sodium chloride at
pH 8.0) and its tolerance to 10 mM sodium azide, retaining
more than 60% of activity at pH 5.0 and more than 94% at
pH 8.0 in the presence of this inhibitor (Molina-Guijarro et
al. 2009). In addition, SilA can oxidize lignin and mono-
aromatic compounds (Moya et al. 2011) and has been used
to polymerize kraft lignin (Dominguez et al. 2021; Garcia-
Fuentevilla et al. 2023). Among natural and synthetic redox
mediators, acetosyringone, methyl syringate and [-(10-
phenothiazyl)-propionic acid (PhCOOH) have been used
with SilA for effective decolorization of recalcitrant dyes
(Blanquez et al. 2019; Coria-Oriundo et al. 2021). Interest-
ingly, characterization of a Asil4 mutant of S. ipomoeae
indicates that the enzyme plays a role in lignin degradation
(Blanquez et al. 2017). Despite the potential of SilA, its
application for valorizing lignocellulosic biomass has not
been extensively explored.

Herein, we studied the contribution of SilA to valorize
the lignin fraction of sugar cane straw residue (SCR), an
abundant and neglected lignocellulosic feedstock. SilA
activity was assayed on raw SCR as well as on SCR pre-
treated by steam-explosion (SCRgp) or after saccharification
of polysaccharides with Cellic Ctec2® (a powerful industrial
enzymatic cocktail from Novozymes), and the generation of
lignin-derived aromatic compounds (LDACs), in presence
or absence of redox mediators, was evaluated.

Materials and methods
Chemicals and reagents

All reagents were of analytical grade unless otherwise
noted. Ph\COOH was synthesized and provided by Lucy
Coria-Oriundo according to the method from Coria-Ori-
undo et al. (2021).

Protein production

The DNA encoding the mature SilA protein was ampli-
fied from plasmid pHISTEV30a-si/4 (Coria-Oriundo et al.
2021) by PCR using primers: 5'- GCGAAGTTCATATGATT
AAGATGT-ACGCGGAG -3’ and 5'- ATTAAGCTTTTAG
TGTTGGTGCGCCGG —3' (Nde 1 and Hind 11I restriction
sites are italicized). The amplicon was cloned into pET28a
using Nde 1 and Hind 111 restriction sites. The recombi-
nant plasmid was transformed into Escherichia coli BL21
(DE3), and a recombinant clone was verified by sequenc-
ing. For SilA production, transformed E. coli cells were
grown in LB broth at 37 °C containing 100 mg/L kanamycin
until ODg,,,, =0.6. Induction was performed by adding 0.5
mM isopropyl-b-D-thiogalactopyranoside (IPTG, >99%
Sigma-Aldrich, St. Louis, USA) and at the same time 0.5
mM CuSO, was also added. Cells were grown overnight
at 30 °C and 150 rpm. Cells were harvested and lysed in
the presence of 1 mM CuSO,. The soluble SilA was puri-
fied using a Ni-NTA affinity column following the manu-
facturer’s instructions. The eluted fractions containing the
recombinant protein were pooled and the elution buffer was
exchanged to 50 mM sodium phosphate, 150 mM NaCl,
pH 8.0. sLac from Amycolatopsis sp. 75iv3 was produced
and purified as described by Singh et al. (Singh et al. 2017).
Protein samples were analyzed using 12% SDS-PAGE and
stored at -70 °C. Protein concentrations were determined
using the Pierce™ BCA Protein Assay Kit (Thermo Fisher
Scientific, Waltham, MA, USA) with bovine serum albumin
as a standard.

Laccase activity on 2,6-dimethoxyphenol

SilA and sLac activity was measured spectrophotometrically
at 468 nm (¢=49,600 M ! cm™!) using 1 mM 2,6-dime-
thoxyphenol (DMP, >98% Sigma-Aldrich, St. Louis, USA)
and 20 mM sodium phosphate, pH 8.0. One unit of activity
(U) is defined as the amount of enzyme required to trans-
form 1 pmol of substrate to product per minute at 30 °C.
Thermal stability at 50 °C was determined using DMP after
preincubation of the enzyme up to 3 days.

@ Springer
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SilA activity on lignin model compounds and
purified lignin

The activity of SilA on guaiacylglycerol-f-guaiacyl ether
(Astatech, Bristol, PA, USA) and veratrylglycerol-p-
guaiacyl ether (Astatech, Bristol, PA, USA) was performed
essentially as described by Brown et al. (2012). Briefly, 1
mM of lignin model compound was incubated with 0.2 pM
SilA (final concentration 3.1 U/ml) in 20 mM sodium phos-
phate, pH 8.0. The reactions were incubated at 50 °C with
stirring and quenched after 6 h by adding acetic acid to 10%
final concentration. The quenched reaction was centrifuged
at 16,000xg for 5 min and analyzed by reverse-phase high
performance liquid chromatography (HPLC) using a Waters
2695 HPLC (Waters, Milford, MA, USA) equipped with a
Luna® 5 pm C18(2) column 250 x4.6 mm (Phenomenex,
Torrance, CA, USA) and a UV detector. The column was
operated at 0.7 ml min ! and the samples were eluted using
a 16.8 ml linear gradient of 1% formic acid in H,0 to 100%
methanol.

To characterize SilA activity on pure lignin, a lignin frac-
tion obtained from wheat straw was used at 0.5% (w/v) for
all assays. Briefly, wheat straw was milled and subjected to
dioxane mild acidolysis extraction as described Hibino et
al. (1994) and the resulting lignin fraction was dissolved in
DMSO (100 mg ml™'). Reactions were performed in 1 ml
12.5 mM potassium phosphate, pH 8.0, containing 10%
DMSO, incubated with or without 1 uM SilA at 50 °C and
200 rpm for 2 days. In reactions with mediators, 0.5 mM
acetosyringone (97% Sigma-Aldrich, St. Louis, USA) or
PhCOOH was added. To analyze reaction products after
incubation, 100 pl of each reaction was quenched by add-
ing acetic acid to 10% final concentration and analyzed
by reverse-phase HPLC, as indicated for lignin model
compounds.

Activity on lignocellulosic biomasses

The lignocellulosic biomasses assayed were sugar cane
straw residue (SCR) in its raw form or pre-treated by steam
explosion (SCRgp), provided and characterized by CIEMAT,
Madrid, Spain. The steam explosion pre-treatment had been
performed at 197.5 °C for 4 min (10 L bioreactor), after
which the solid fraction was obtained by filtration, washed
thoroughly and dried (Ballesteros et al. 2006). The relative
compositions of the main polymers in SCR and SCRg were
determined following standard protocols and detailed in
Table S1 (Sluiter et al. 2010; Manfredi et al. 2018). The total
lignin concentration in the reactions was estimated based on
the relative composition. When using 2% biomass (equal to
20 mg/mL), lignin concentration corresponded to 3.6 mg/
mL in SCR and 5.2 mg/mL in SCRgg.
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As model for woody hardwood biomass, Eucalyptus
grandis pre-treated by steam explosion (EGgg) (200 °C for
5 min), provided by the Forest Institute, University of Brit-
ish Columbia, Canada was also tested.

Unless otherwise indicated, biomass samples (2% w/v)
were treated with 1 pM SilA or sLac (final concentration
15.5 U/ml) in 2 ml 50 mM Tris-HCI, pH 8.0, in the presence
or absence of 2 mM PhCOOH, as redox mediator. Samples
were incubated at 120 rpm and 30 °C (for sLac) or 50 °C (for
SilA) for 48 h. Following incubation, the insoluble portion
of the biomass was removed via centrifugation (20 min at
3100x g).

For acid precipitable polymeric lignin (APPL) extraction,
the soluble portion was filtered through a 0.45 pm membrane
filter (Whatman, GE Healthcare, UK) and acidified, using
HCI (10% final concentration). Precipitated enzyme and lig-
nin (APPL) upon acidification were collected via centrifuga-
tion (8 min at 3100% g), dried and weighed. The supernatant
was analyzed by gass chromatography-mass spectrometry
(GC-MS) (detailed below) and/or reverse-phase HPLC to
identify and/or quantify the LDACSs. For quantification of
LDACs by HPLC, standard curves in a range of 5 to 100
puM were done for 4-hydroxybenzoate, vanillate, syringate,
p-coumarate and ferulate (all 99%, from Sigma-Aldrich, St.
Louis, USA). Standards and samples were run in an Agi-
lent 1100 System (Agilent, CA, USA) and a UV detector
using an Eclipse XDB— C18 column 250 x 4.6 mm (Agilent,
CA, USA). The column was operated at 0.8 ml min~! and
the sample was eluted using a gradient of 1% acetic acid
to 40% acetonitrile in 40 min, then to 70% acetonitrile in
45 min, and 100% acetonitrile in 50 min of total run. Data
from three biological replicates were averaged.

Gas chromatography-mass spectrometry analysis

Lignin derived aromatic compounds were analyzed using
an Agilent Technologies (Santa Clara, USA) 6890 N gas
chromatograph equipped with a 30-m Agilent 190915-433
capillary column and an Agilent 5973 mass-selective detec-
tor. Monoaromatics were extracted using ethyl acetate, then
dried under a stream of N, and finally derivatized using
N,O-bis(trimethylsilyl)trifluoroacetamide and trimethyl-
chlorosilane in a 50/50 mixture with pyridine. Runs were
held at 90 °C for 3 min, and then ramped to 290 °C at 12 °C
min~! with a 10 min final hold. Samples were run in tripli-
cate. LDACs were predicted using MassHunter Qualitative
Analysis software and confirmed running standards.

Saccharification of lignocellulosic biomasses

To determine whether the treatment with laccases could
improve the saccharification yield of plant structural
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polysaccharides (cellulose and xylan), samples of biomass
treated or not with SilA (same condtitions as indicated
above) were treated with a commercial industrial cellu-
lolytic cocktail with cellulase, B-glucosidase and hemi-
cellulase activities, Cellic® CTec2 (CCTec2, supplied by
Novozymes, Bagsvard, Denmark), using conditions previ-
ously established which are optimal for this cocktail (Mon-
tiel et al. 2024): 5 filter paper degradation units (FPAse) per
gram of biomass (with a concentration of 2% w/v biomass),
in a final volume 2 ml of 50 mM sodium acetate buffer (pH
5.5), for 16 h at 50 °C. The supernatant was recovered by
centrifugation and the reducing sugars as glucose equiva-
lents were quantified using 3,5-dinitrosalicylic acid (DNS)
(Miller 1959).

Likewise, to evaluate the contribution of SilA to further
valorize the solid residual fraction obtained after saccharifi-
cation of the structural polysaccharides of biomass, SCRgg
(2% w/v) was first treated with Cellic® CTec2 using the same
conditions (5 FPAse per gram of biomass in a final volume
of 2 ml, 50 mM sodium acetate buffer, pH 5.5 for 48 h at
50 °C). Reactions were inactivated by heating, washed three
times with distilled water, dried, and the resulting material
was further treated with SilA as described above.

In all cases, control assays without enzyme and enzymes
without substrate were included and subtracted. Data from
three biological replicates were averaged.

Scanning electron microscopy

The samples of raw or steam-exploded SCR were metalized
using palladium/gold (60/40) for 150 s. The scanning elec-
tron microscopy analyses were performed in a Zeiss Gemi-
niSem 360 apparatus (Jena, Germany) with an electron
accelerating voltage of 5 kV. The analyses were performed
at the Natural Science Argentinean Museum (Buenos Aires,
Argentina).

Statistical analysis

One-way analysis of variance (ANOVA) followed by
Tukey’s post hoc test for pairwise comparisons (p<0.05)
was used to analyze the quantification of monoaromatic
compounds, using GraphPad Prism 8 software (GraphPad
Software, Inc., La Jolla, CA, USA). Significant differences
were determined based on these analyses. Results are pre-
sented as means with standard deviations of biological
triplicates.

Results

SilA reactivity towards lignin model compounds and
purified lignin

The gene encoding the mature protein SilA was cloned and
expressed in E. coli as an N-terminally His-tagged pro-
tein. SilA was purified by affinity chromatography using
Ni—NTA resin with a yield of 13 mg/L of induced culture.
The purified protein exhibited the blue color typical of lac-
cases and had an apparent molecular mass consistent with
the predicted 35.33 kDa (Fig. S1). We confirmed the ther-
mal stability of SilA under the conditions of this study, as it
retained 40% of activity after 3 days of incubation at 50 °C
(Fig. S2). Therefore, subsequent experiments were con-
ducted with SilA at 50 °C.

We assessed the reactivity of SilA towards two model
compounds: guaiacylglycerol-f-guaiacyl ether (GGE) and
veratrylglycerol-B-guaiacyl ether (VGE), phenolic and non-
phenolic ethers respectively. Such compounds are used
as an indication of the ability of laccases and peroxidases
to transform lignin- like structures (Lahive et al. 2020).
More specifically, B-O-4 linkages constitute the main link-
ages between lignin subunits and in GGE and VGE. Upon
incubation with SilA, the peak corresponding to GGE
decreased, and a few new peaks appeared later (Fig. 1), indi-
cating that the products are more hydrophobic and thus they
elute in higher retention times. In contrast, VGE remained
unchanged after treatment.

To gain further insights into the lignin-transforming abil-
ity of SilA, we incubated lignin (purified from wheat straw,
WSL) (Hibino et al. 1994) with or without SilA for 2 days
and analyzed the soluble product by high performance liquid
chromatography (HPLC). Incubation with SilA resulted in a
change in the profile of products (Fig. 2), with an increase
in smaller products (early eluting peaks, up to #; ~ 15 min),
which may represent monoaromatic compounds, and a
reduction in the larger products (broad band of oligomeric
material, #f; = 15-22 min), indicating that SilA can modify
purified lignin (Kiyota et al. 2012; Jarrell et al. 2014).

Similar results were obtained when redox mediators,
acetosyringone or PhCOOH (Coria-Oriundo et al. 2021),
were included in the reaction, indicating that they did not
affect the modification of lignin, under the conditions of this
assay (Fig. S3). Noteworthy, the HPLC peaks correspond-
ing to acetosyringone (f; = 14.7 min) and PhCOOH (#; =
21.1 min) were modified by SilA (Fig. S3), suggesting that,
under these reaction conditions, the enzyme may oxidize
these compounds producing other species, which prevent
the redox mediator being regenerated and available, as
has also been observed for other laccase-mediator systems
(Mani et al. 2018).

@ Springer



197 Page 6 of 12

World Journal of Microbiology and Biotechnology

(2025) 41:197

Fig. 1 Reactivity of SilA with 0.6 GGE VGE
-O-4 biaryl ethers. SilA (1 pM) : e i i o o
was incubated for 6 h with 1 mM o ° B!ank 1.2 o ’ Blank
guaiacylglycerol-f-guaiacyl ether 0 o — SilA ° . — SilA
(GGE, left) or veratrylglycerol-p- ©: CE Ly
guaiacyl ether (VGE, right) in 20 0.4- i 0.8 i
mM sodium phosphate, pH 8.0 at o o o o
50 °C. High performance liquid & S
chromatography (HPLC) profile < <
of reaction products with (red 0.2- 0.4
line) and without (black dotted ]
line) enzyme L
0.0 T — A — 0.0 T '\J i 1
5 10 15 20 5 10 15 20
Retention time (min) Retention time (min)
— Blank DT
0.25- treated by the same method (Wang et al. 2009; Li et al.
— SilA 2016).
0.20- SCRgp and SCR were incubated with SilA at 50 °C and
o the soluble products released (in the supernatant of the
& 0.15; reaction) were then analyzed by gas chromatography-mass
spectrometry (GC-MS) to identify LDACs, which were
0.101 then quantified by HPLC using standard curves. As previ-
0.05 ously, the addition of the redox mediator Ph\COOH was also
’ evaluated. In parallel, we performed reactions with another
0.00 e% small bacterial laccase, sLac from Amycolatopsis sp. 751v3,
o 5 10 15 20 25 asa positive control, to compare the released LDACs profile

Retention time (min)

Fig. 2 Treatment of wheat straw lignin (WSL) with SilA. HPLC prod-
uct profile of reactions with (red line) and without (black line) enzyme.
WSL (0.5% w/v) was incubated for 2 days with SilA (1 uM) in 12.5
mM sodium phosphate, pH 8.0, 10% DMSO, at 50 °C

Activity of SilA on lignocellulosic biomass

Valorization of the lignin fraction is underachieved in cel-
lulosic biorefineries and the potential contribution of lac-
cases to biomass deconstruction is still unclear (Haq et al.
2024). So, we tested whether SilA could modify the lignin
contained in sugar cane straw agricultural residue, either in
its raw, native form (SCR) or pre-treated by steam explo-
sion (SCRgg), a well-established thermo-physical method,
that opens the fibers and removes part of the hemicelluloses
(Ziegler-Devin et al. 2021).

The composition of both types of biomasses varied, with
a higher relative content of lignin and cellulose as well as a
lower content of hemicelluloses in SCRg compared to the
native form (Table S1). The effect of the pre-treatment on
SCR was also visible on the morphology of the biomass,
observed by scanning electron microscopy (SEM) (Fig. S4).
The native SCR had an even and relatively smooth surface
while in SCR;, fiber disruption and cracking was observed,
consistent with previous observations on other biomasses

@ Springer

with that produced by a ligninolytic enzyme that had previ-
ously shown activity on a steam exploded woody biomass
(Singh et al. 2017). Both enzymes share only 61% amino
acid sequence identity, but have similar specific activities,
determined on 2,6-dimethoxyphenol (DMP) (15+2 U/nmol
and 15.9+0.6 U/nmol, for sLac and SilA, respectively).

Treatment of SCRgy, released aromatic compounds, iden-
tified by GC-MS and confirmed using authentic standards:
4-hydroxybenzoate, vanillate, syringate, p-coumarate, and
ferulate (Fig. 3).

Once monoaromatic compounds were identified by
GC-MS, we quantified them using HPLC (to avoid possi-
ble errors carried by solvent extraction and derivatization).
Incubating SCRg with SilA resulted in a statistically sig-
nificant increase of p-coumarate, while the overall concen-
tration of the monoaromatics was only slightly increased
(~10%, not statistically significant). Noteworthy, syrin-
gate and ferulate decreased with SilA treatment and were
not detected (detection limit: 1 uM, Table 1). Including
PhCOOH in the reactions had no significant effect on the
identity and on the overall concentration of monoaromatic
compounds quantified, although a slight difference in the
concentration of each compound was observed. Treatment
of SCRgg with sLac (under its optimal conditions) resulted
in the same profile of LDACsS, further supporting their simi-
lar activity (Fig. S5).
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Fig. 3 Treatment of steam-exploded sugar cane straw (SCRgp) with
SilA. Gas Chromatography-Mass Spectrometry (GC-MS) traces of the
TMS-derivatized samples of reactions with SilA (red line) and without
enzyme (black line). SCR (2% w/v) was incubated with SilA (1 uM)
for 2 days in 50 mM Tris, pH 8.0, at 50 °C. Numbers indicate the peaks
of compounds predicted by the GC-MS software; 1, 2, 3, 4 and 6 were
experimentally confirmed by running standards

Table 1 Quantification (uM) of five monoaromatic compounds from
SCRgg by HPLC. SCRg was incubated with or without SilA, includ-
ing or not the redox mediator B-(10-phenothiazyl)-propionic acid
(PhCOOH). Monoaromatic released products were quantified in the
soluble fraction. SDs are in parentheses. Nd: not detected. * Indi-
cates statistically significant differences referent to its blank (»<0.05)
(ANOVA, tukey’s post hoc test)

Compound no mediator PhCOOH

blank SilA blank SilA
4-hydroxy benzoate 7.2 (0.9) 8.7 (0.7) 5.576 (0.002) 6.9 (0.3)
Vanillate 23.9(0.9) 25(1) 22.0(0.5) 31 (2)*
Syringate 2.7(0.2) nd* 1.1(0.1) nd
p-coumarate 15.3(0.9) 30 (3)* 19(2) 23.6 (0.6)
Ferulate 7.4(0.5) nd* 7(2) nd*
Total 57 (3) 63(5) 55(4) 62 (2)

Interestingly, no monoaromatic compounds were detected
among the reaction products when raw SCR was treated
with either SilA or sLac (Fig. S6). Peaks predicted as tri-
carballylic acid (tz = 13.1), palmitic acid (¢ = 16) and stea-
ric acid (fy = 17.5) were observed for all blank and laccase
treatment samples and are therefore considered intrinsic to
the biomass. Consistent with these results, neither enzyme
produced any detectable acid-precipitable polymeric lignin

0 -

10 12 14 16 18
Retention time (min)

Fig. 4 Treatment of steam-exploded Eucalyptus grandis (EGgg) bio-
mass with SilA. GC-MS traces of the TMS-derivatized samples of
reactions with SilA (red line) and without enzyme (black line). EGgg
(2% w/v) was incubated with SilA at 50 °C (1 uM) and without laccase
at 50 °C for 2 days in 50 mM Tris, pH 8.0. The identities of compounds
in peaks 2, 3, 4, 5 and 6 were confirmed using standards. The identity
of compounds in peaks 1, 7, 8 and 9 were predicted using the GC-MS
software: MassHunter Qualitative Analysis

(APPL) from native SCR, indicating poor activity of the
laccases on the raw form of the biomasses, reinforcing the
need of pre-treatment.

To investigate whether SilA could also act on a hard-
wood biomass, Eucalyptus grandis pretreated by steam
explosion (EGg) was assayed, and sLac was also included
as a positive control (Fig. S7). By GC-MS analysis five dif-
ferent monoaromatic compounds were identified (Fig. 4),
which differed from those released from SCRgg, based on
the differences in the lignin types in both biomasses. G and
S-type LDACs were released from EGgp, as it is expected for
a hardwood biomass, while H, G and S-type LDACs were
produced from SCRg, consistent with the lignin units found
in grasses (Ralph et al. 2019). Enzyme treatment with either
SilA or sLac increased the amount of three of them (vanil-
lin, 2,6 dimethoxy hydroquinone and syringaldehyde) and
decreased the amounts of protocatechuic acid and syringic
acid (as shown by GC-MS, peaks 2, 3, 4 in Fig. 4 and Fig.
S7). Overall, SilA acted on the lignin of crop residues, such
as SCR, and of a hardwood biomass, such as EG, expanding
its potential application in biorefineries.

@ Springer
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Fig.5 Quantification by HPLC
of monoaromatic compounds
released from SCRg or CCtec2- 80
treated SCRgg; by treatment

with SilA or SilA with B-(10-
phenothiazyl)- propionic acid
(PhCOOH) (50 mM Tris, pH
8.0). References: 4-hydroxyben-
zoate: p-HB, vanillate: VA, syrin-
gate: SA, p-coumarate: p-CA and
ferulate: FA

B pHBA HEH VA

60+

40

201

concentration (M)

blank SilA

It has been reported that some Streptomyces strains that
degrade lignin produce high molecular weight APPL, as a
result of their activity, either by cleavage of bonds in the
lignin polymer, or by polymerization of the released com-
pounds (Blanquez et al. 2017). Therefore, we also mea-
sured the amount of APPL generated after treatment with
SilA or sLac, of SCRgg and EGgg, as an indirect indication
of delignification. APPL increased 1.7 times respect of the
blank (without enzyme) using SilA on both biomasses, and
1.4 times using sLac, with either biomass (Table S2). How-
ever, the increase observed was much lower than what had
been previously reported for APPL produced by sLac treat-
ment of steam exploded poplar biomass, which was around
6-times higher than the control reactions (Singh et al. 2017).

Contribution of SilA to valorization of lignin
fraction before or after saccharification of structural
polysaccharides

In the context of potential lignocellulosic biorefinery appli-
cations, we investigated whether (a) pretreatment with SilA
could aid saccharification of plant structural polysaccha-
rides from SCRgg and (b) if treatment with SilA after sac-
charification of polysaccharides from SCRg could improve
the release of LDACs, aiming to valorize the residual solid.

In the first experiment, SCRgy; was treated with SilA
and then the resulting solid fraction was hydrolyzed with
Cellic®Ctec2 (CCtec2), a complete efficient industrial cellu-
lase/xylanase enzyme blend (Rodrigues et al. 2015), and the
concentration of reducing sugars released (as glucose equiv-
alents) was measured by dinitrosalicylic acid (DNS) method
(Miller 1959). The treatment with SilA did not result in any
difference in saccharification, obtaining 5.8 mg/ml of reduc-
ing sugars for either blank (no laccase control) or SilA treat-
ment. This suggests that treatment with this laccase did not
contribute to the accessibility of cellulose and hemicellulose
to the action of polysaccharides hydrolytic enzymes.

We next investigated if treatment with SilA of the residual
solid fraction of SCRg, after saccharification with CCtec2,

@ Springer
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could improve the release of monoaromatic compounds
respect of SilA treatment of SCRgg. For this experiment,
SCRgg was first treated with CCtec2, then the biomass was
washed, and the resulting material was incubated with SilA,
in presence or absence of PhCOOH. In parallel, a control
reaction with no CCtec2 was treated under the same con-
ditions with SilA. Quantification of monoaromatics by
HPLC revealed an overall increase of LDACs obtained
by SilA activity from CCtec2- treated SCRgp respect of
SCRg; (Fig. 5, Table S3). SilA treatment resulted in a sta-
tistically significant increase in the amount of p-coumarate
released, which improved from 23.6+£0.6 (SCRgg) to 44+5
uM (CCtec2- treated SCRgg). Moreover, the hydrolysis of
SCRgg with CCtec2 and the treatment of the residual solid
fraction with SilA (including PhCOOH) increased the over-
all amount of monoaromatic compounds released to 80
uM, the highest obtained in this work, representing 30%
more than that obtained from SCRgg-SilA (62 uM, Table
S3). Even though the yield of monoaromatics obtained still
needs to be optimized, these results support the notion that
SilA can be used to further extract valuable components
from the residual biomass solid fraction after saccharifica-
tion of polysaccharides, contributing to further valorization
of the lignocellulosic biomass.

Discussion

Laccases are non-specific oxidative enzymes that can mod-
ify lignin by attacking different linkages which can lead to
degradation or can rearrange lignin soluble components
leading to polymerization, depending on the reaction condi-
tions (Haq et al. 2024). Because lignin is an abundant source
of various aromatic compounds, numerous efforts are being
made to obtain lignin-derived valuable bioproducts. In this
study, we investigated the activity of SilA, a bacterial small
laccase that has been previously characterized (Molina-
Guijarro et al. 2009; Coria-Oriundo et al. 2021), on lignin
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from agricultural lignocellulosic residues to determine the
potential use of the enzyme in biorefineries.

SilA did not degrade the phenolic model compound
GGE, in contrast to other small laccases from Streptomyces,
which acted on GGE to produce vanillin as a degradation
product (Majumdar et al. 2014). In our work, although GGE
was consumed after SilA treatment, we did not detect any
vanillin or other degradation products, indicating that there
was no cleavage of the B-O-4 bond. However, SilA treat-
ment of wheat straw lignin resulted in an increase in soluble
products (LDACs) presumably corresponding to mono-
aromatic compounds, with a concomitant decrease in the
soluble oligomeric material. Similar results were reported
for SCLAC from Streptomyces coelicolor using organo-
solv lignin from Miscanthus x giganteus (Majumdar et al.
2014), as well as for sLac from Amycolatopsis sp. 75iv3
incubated with a native-like eucalyptus lignin (Levy-Booth
et al. 2022). Collectively, these findings establish the ability
of SilA to act on lignin. However, the precise nature of this
lignin transformation activity still remains to be determined.

SilA also released LDACs from sugar cane agricultural
residue and from Eucalyptus wood, when the biomasses
had been previously pretreated by steam explosion, a well-
established method for the production of cellulosic ethanol,
that opens the fiber allowing access to hydrolytic sacchari-
fying enzymes (Ricardo Soccol et al. 2011; Li et al. 2016).
It is widely known that the steam explosion pretreatment
strongly affects the structure and composition of the lig-
nocellulosic biomass, resulting in a drastic reduction of
hemicelluloses apart from opening up the structure of ligno-
cellulose (Brienza et al. 2024). Treatment of SCRg or EGgy
with SilA also resulted in the production of APPL, with a
yield equivalent to that obtained using sLac, a previously
characterized delignification enzyme. The fold increase of
APPL in SilA or sLac reactions, compared to the no-enzyme
control, is significantly less than that reported for poplargg
using sLac, with ~1.5- and 6-fold increases, respectively
(Singh et al. 2017). Interestingly, sLac catalyzed the depo-
lymerization of lignin in poplargy using natural mediators
generated in the depolymerization reaction. This suggests
that lignin depolymerization depends to some extent on the
composition of the lignin present in the biomass. The lignin-
polymerization activity of SilA has recently been reported
(Garcia-Fuentevilla et al. 2023) as well as for other for other
bacterial and fungal laccases (Ramalingam et al. 2017; Hil-
gers et al. 2018; Navas et al. 2019; Levy-Booth et al. 2022),
which could also explain the production of APPL from lig-
nin-derived monomers.

Analysis of the LDACs released from SCRgy by SilA
treatment can be interpreted in different ways. First, some
LDACs were detected in the no-enzyme control. Among
these, p-coumaric acid and ferulic acid are pendant groups

decorating the lignin and hemicellulose and could therefore
be easily released (Karlen et al. 2020; Timokhin et al. 2020).
The depletion of ferulate with SilA treatment is in line with
previous reports that this aromatic compound is a substrate
for SilA and is polymerized (Moya et al. 2011). In contrast,
the increase in p-coumarate with SilA treatment suggests it
can be released in the absence of a redox mediator. This
finding is consistent with a previous study in which SilA
oxidized syringaldehyde and ferulic acid in steam-exploded
wheat straw but not p-coumaric acid (De La Torre et al.
2017). Interestingly, the addition of redox mediators did
not alter the yield of LDACs from wheat straw lignin in
SilA reactions. However, the use of PhCOOH as media-
tor in SCRg, reactions, increased the amount of vanillate.
This suggests that SilA may selectively act on the most
surface-accessible lignin without the need for a mediator,
whereas less accessible lignin might be attacked through the
action of a mediator. Alternatively, the observed changes in
LDAC:s following treatment with SilA could be the result of
a demethoxylation reaction. Several studies have reported
that laccases, upon oxidizing phenolic compounds, can
remove methoxy groups via O-demethylation (Bourbon-
nais and Paice 1992; Leonowicz et al. 2000; Ibrahim et al.
2011; Zhang et al. 2021). More recently, a polyphenol oxi-
dase was shown to catalyze the O-demethylation of sinapic
acid (de Silva et al. 2024). In our study, the depletion of
ferulate and the concomitant increase in p-coumarate, as
well as the decrease in syringate and increase in vanillate,
further supports the possibility that SilA is able to catalyze
this reaction. On the other hand, it is known that laccases
generate radicals in lignin that can lead to coupling reac-
tions, which in turn can lead to repolymerization or graft-
ing of low molecular weight compounds onto lignin, similar
to what occurs during steam explosion (Munk et al. 2015).
Based on this mechanism, an alternative interpretation for
the increase in LDACs recovered after SilA treatment is that
the monomers were grafted onto the biomass during pre-
treatment and then released during laccase treatment. In any
case, SilA has demonstrated to present a modest effect on
LDAC:Ss recovery.

Although SilA acts on steam-pretreated residual biomass,
SilA treatment did not increase the yield of simple sugars
from the biomass by enzymatic saccharification, therefore
not providing further accessibility to the polysaccharides.
Noteworthy, it also did not negatively affect saccharifica-
tion, an aspect that has been previously observed in the
treatment of lignocellulosic biomass with bacterial or fungal
laccases, potentially due to the phenols released by laccases
(Yu et al. 2014; Oliva-Taravilla et al. 2016; De La Torre et
al. 2017; Navas et al. 2019).

The most studied biorefinery applications of laccases
are biomass pretreatment and hydrolysate detoxification to
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improve the saccharification and fermentation of lignocellu-
losic biomass (Roth and Spiess 2015; Malhotra and Suman
2021). Studies describing the use of laccases to valorize
the ultimate solid residue rich in lignin in biorefineries are
scarce. This is not surprising, since the potentially occur-
ring cleavage of lignin bonds is countered by laccase-cat-
alyzed repolymerization (Munk et al. 2015). Interestingly,
in our work, removing the polysaccharides contained in the
SCRg;; significantly increased the SilA-catalyzed release of
LDAGC:. This strategy is similar to one described in which
an Aspergillus cellulase and a Thermobifida sp. xylanase
were used to treat sugar cane bagasse, ultimately improv-
ing the accessibility of a hydrogen peroxide-oxidase to the
lignin (Chen et al. 2016). Therefore, SilA treatment of the
residual saccharified solid biomass residue can result in the
production of lignin-derived chemical precursors and valo-
rize the main solid waste stream of lignocellulosic ethanol
production from sugar cane.

Conclusion

This study establishes the biorefining potential of SilA.
More specifically, SilA transforms the lignin in SCRg and
EGgg biomass, particularly at mid to high temperatures
following hydrolysis of polysaccharides. This activity has
the potential to extract value from the residual lignin frac-
tion produced by lignocellulosic biorefineries. LDACs, as
high-value aromatic compounds, are in great demand across
diverse industries, including chemical, pharmaceutical,
food, health, and cosmetic (Holladay et al. 2007; Biddy et
al. 2016; Sun et al. 2018). Furthermore, these monoaromat-
ics have the potential to be biocatalytically transformed
into other valuable compounds using microbial cell facto-
ries (Jimenez et al. 2002; Salvachua et al. 2018). Additional
studies on SilA, particularly in combination with natural
and artificial mediators to enhance redox potential, will con-
tribute to the development of biocatalysts for the efficient
deconstruction of biomass and the valorization of lignin.
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