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Abstract: Wood-rotting fungi are the sole organisms in nature able to degrade the lignin polymer mak-
ing the polysaccharide components of lignocellulose fully accessible. This process has been investi-
gated for decades as a model for biotechnological application in the pulp and paper industry, animal
feeding, and ethanol production. In the current lignocellulose biorefinery concept, ligninolytic fungi and
the oxidoreductases (laccases and peroxidases) secreted by these fungi constitute powerful biotech-
nological tools for the complete utilization of plant biomass. The evolution of molecular biology, which
brings into play specifically designed biological systems and on-demand enzymes, together with the
technological advances in processing of plant biomass, smoothes the way for a sustainable conver-
sion of renewable feedstocks to new added-value products, with lower energy costs and less envi-
ronmental impact. The present study reviews some of the main achievements attained by our group in
the field of lignin biodegradation that have contributed to: (i) better understanding of the mechanisms
by which fungi delignify the lignocellulosic materials; and (ii) assessing the applicability of these ligni-
nolytic systems to increase the efficiency of some industrial processes and to develop new means for
sustainable and environmentally sound production of chemicals, materials, and fuels. © 2014 Society
of Chemical Industry and John Wiley & Sons, Ltd
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Introduction Biotechnology can contribute to building a knowledge-
driven European economy providing by more efficient
evelopment of more competitive economies by way and cleaner production methods in different sectors
D of a more efficient use of resources has become including agriculture, energy, and industry. In par-
mandatory to face current global problems such ticular, white biotechnology - promoting the use of
as shortage of raw materials, energy and water, and micro-organisms and their enzymes to generate industri-
global warming. In 2010, the European Commission ally useful products - offers innovative solutions with
launched a ten-year Strategy (Europe 2020) for smart, true economic benefits such as reduction of the energy
sustainable, and inclusive growth of the economy based costs and low environmental impact. Simultaneously, it
on bio-industrial processes and alternative energies. provides new added-value products.
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The unparalleled progress of molecular biology and the
boost given by the international policies (particularly in
the field of biofuels) are responsible for the huge evolu-
tion of white biotechnology during the last few years.

The design of specifically directed biological systems and
on-demand enzymes is now feasible thanks to the new
omics and protein engineering tools. Concurrently, the
technological advances in processing of plant biomass

as a renewable alternative to the use of eventually dwin-
dled fossil resources smooth the way to reach industrial
sustainability, with reduced energy costs and fewer con-
taminant residues. All of this will bring the optimization
of already existing technologies and the development of
new means of production for chemicals, materials, fuels,
and energy. Processes and equipments for conversion of
plant biomass will be integrated in multifunctional ligno-
cellulose biorefineries, by contrast to the low processing
flexibility of most of the existing facilities using grain
feedstock. Lignocellulose biorefineries will combine vari-
ous feedstock (woody and non-woody energy crops with
agricultural, forestry, industrial or municipal residues)
and different conversion technologies to produce second-
generation biofuels, added-value chemicals and materi-
als, simultaneously with electricity and heat energy for
self-consumption.! Biotechnology can contribute to this
biorefinery concept providing higher integration of the
facility, increasing the yield and sustainability of the proc-
esses by a better use of biomass, enabling more selective
transformations, and reducing the generation of residues.’

However, sugars polymerized in lignocellulose are not
easily hydrolyzed due to the natural resistance of the plant
cell walls to microbial degradation. The compact archi-
tecture of cellulose, hemicelluloses, and lignin polymers,
and the rate of lignification are responsible for this recal-
citrance. Arrangement of cellulose microfibrils (straight
chains of f-b-glucose), firmly packed together side-by-
side and linked by H-bonds, confer high rigidity to the
cellulose core. By contrast, hemicelluloses are branched
heterogeneous polysaccharides constituted by different
pentoses and hexoses. Hemicelluloses from herbaceous
plants mostly consist of a xylan scaffold with ramifications
of arabinose and estherified by p-hydroxycinnamic acids
(mainly ferulic acid), which establish bridges with lignin.
In hardwood, hemicelluloses are also mainly composed of
xylan branched with glucuronic acid and glucomannan.
The high content in pentoses (from xylan) and their lim-
ited fermentability are other constraints to produce high-
yield cellulosic ethanol. Finally, the lignin matrix covers
cellulose and hemicelluloses in the plant cell wall and
acts as an adhesive between wood fibers,” forming some
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direct lignin-carbohydrate linkages.* Lignin polymer is
the result of a biosynthetic pathway that leads to the oxida-
tive coupling of three monolignols: the p-coumaryl, con-
iferyl and sinapyl alcohols giving rise, respectively, to the
p-hydroxyphenylpropane (H), guaiacylpropane (G) and
syringylpropane (S) lignin units linked by different ether
and C-C bonds.” Lignin composition is very heterogene-
ous, varying within organisms, tissues, and even cell wall
layer. Secondary cell wall is mainly S-lignin whereas mid-
dle lamella is rich in G units. Gymnosperm lignin consists
almost entirely of G units (G-lignin), dicotyledonous
angiosperm lignin is a mixture of G and S (GS-lignin) and
monocotyledonous lignin is constituted by the three units
(GSH-lignin).

Lignin biodegradation carried out by wood-rotting fungi
constitutes a key step for carbon cycling in nature, as well
as for the industrial use of plant biomass by increasing
accessibility to cellulose. It is an oxidative process that
has been investigated for decades as a model for biotech-
nological application in the pulp and paper industry,
animal feeding and bioethanol production. Ligninolytic
oxidoreductases (laccases and different types of peroxi-
dases) secreted by wood-rotting fungi are the sole enzymes
able to oxidize the phenylpropane lignin units. The use
of these biocatalysts might aid the enzymatic hydrolysis
of the structural polysaccharides from biomass, improve
the quality or add new properties to cellulose products
(e.g. paper pulps), or provide new lignin-based products.
Production of high-added-value products from the non-
fermentable components of biomass is precisely one of the
main challenges of biotechnology to reach the complete
conversion of plant biomass and launch the modern ligno-
cellulose feedstock biorefineries. Moreover, the design
of ad hoc enzymes with the desired properties under
preferred application conditions is now feasible, being a
significant advance toward the implementation of ligni-
nolytic oxidoreductases at industrial scale.® On the other
hand, the numerous projects for fungal genomes sequenc-
ing currently in progress can confirm previous know-how
and provide new clues about wood-decay, while they con-
stitute a valuable tool for searching for new enzymes. In
the last two decades, achievements attained in the research
field of lignin biodegradation have contributed to a better
understanding of the mechanisms by which fungi degrade
lignocellulose, as well as to depicting the potential of ligni-
nolytic systems to be applied in white biotechnology proc-
esses. Here we revise the main contributions of our group
on lignin biodegradation (including some case studies) to
illustrate the relevance of wood-rotting fungi and their
ligninolytic oxidoreductases as biotechnological tools for
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Table 1. Fungal pre-treatment of wheat straw for ethanol production.

Degradation (%) Sugar yields (%) Yield (%)

Cellulose Hemicellulose Lignin Glucose Xylose Ethanol
Irpex lacteus 17 26 34 66 58 62
Control (untreated) 0 0 0 36 35 35

the conversion of plant biomass to useful products in the
current lignocellulose biorefinery framework.

White-rot decay: Diverse patterns
suitable for different biomass
conversion applications

Different fungal degradation patterns were disclosed by
chemical, histological, and enzymatic analyses of lignocel-
lulosic materials treated with white-rot fungi under solid-
state fermentation (SSF) which aims to resemble natural
conditions.”® According to the pattern of lignin removal
from lignocellulose, different wood-rotting fungi could be
selected as models for bio pre-treatment of lignocellulose
for different purposes.

We investigated first the delignification of agricultural
residues by white-rot fungi as pre-treatment for manu-
facturing corrugated board from wheat straw. In pulp
manufacture, the integrity of cellulose fibers has to be pre-
served while lignin is removed, so we searched for selec-
tive lignin degraders (mainly toward the middle lamella).
Phanerochaete chrysosporium (the model white-rot fungus
at that moment) degraded simultaneously cellulose, hemi-
celluloses and lignin, whereas Pleurotus eryngii was the
most selective in removing lignin from wheat straw. It pro-
duced a ratio of lignin removal to weight loss triple (67%)
the one obtained with P. chrysosporium (21%). Histological
and ultrastructural studies confirmed these two fungal
degradation patterns: simultaneous degradation of all cell
wall components by P. chrysosporium’®
the separation and preservation of straw sclerenchymatic
fibers that occurred during lignin removal by P. eryngii.
Moreover, biopulping assays aimed to reduce the energy
costs of the industrial process — consisted of alkaline
cooking to dissolve lignin followed by mechanical refin-
ing - corroborated P. eryngii as a biotechnological model
for pulp manufacture owing to its capability for producing
significant energy savings during pulping while preserving
cellulose integrity. The energy for refining bio-semi chemi-
cal pulp was 319 kW/h compared to 576 kW/h needed for
refining standard semi chemical pulp.'®

contrasted with

On the other hand, the pre-treatment stage for pro-
ducing cellulosic ethanol aims to break down the rigid
macromolecular structure of lignocellulose to remove
lignin and solubilize hemicellulose, making cellulose
more accessible to hydrolytic enzymes. Thermochemical
methods are commonly used, but the recycling of acids is
expensive, the sugar yields can be improved, and inhibitor
compounds (such as phenolic compounds and furfurals),
negatively affecting the subsequent stages, are released. Bio
pre-treatment of the lignocellulosic material with white-
rot fungi can aid lignin removal and favor the action of
carbohydrate hydrolases. In fact, bio pre-treatment com-
bined with mild alkali treatment might replace or comple-
ment conventional methods for ethanol production from
wheat straw.!!

Irpex lacteus produced the most significant enhance-
ment of saccharification and fermentation yields (Table 1).
The fungus partially degraded cellulose and hemicellulose
at the same time it removed lignin, resulting in a notable
enhancement of the digestibility of the treated material.
The sugar yields attained after saccharification were signif-
icantly higher and the fermentation yields almost doubled
those obtained after 21-day pre-treatment with P. eryngii.'!
Moreover, sugar yields could be further improved by opti-
mization of culture and nutritional parameters during
pre-treatment of wheat straw with 1. lacteus."

Different peroxidase types involved
in lignin biodegradation

White-rotting fungi are the sole organisms in nature able to
mineralize lignin. Consequently, their ligninolytic capacity
can be assessed in vitro by measuring the CO, released from
the complete degradation of lignin. We cultured different
fungi on wheat straw whose lignin had been labeled in vivo
with "*C. Pleurotus produced high mineralization yields
(over 80%). Laccase, manganese peroxidase (MnP), and
aryl-alcohol oxidase (an assisting enzyme which produces
hydrogen peroxide required by peroxidases) were detected
during this process. Lignin mineralization values were sig-
nificantly raised in the presence of Mn** (from 20% to 50%,
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after 30 days of SSF) and the maximum *CO, release cor-
related with maximum peroxidase activity, suggesting the
involvement of the ligninolytic peroxidase in the process.'?
Conclusive evidence for the capability of P. eryngii peroxi-
dase for in situ modification of lignin in wheat straw was
subsequently provided by pyrolysis-gas chromatography-
mass spectrometry analysis. Up to 90% of the phenolic
lignin units were degraded after the enzymatic treatment.*

Of the three peroxidases secreted by P. eryngii during
SSF of wheat straw, one of them showed not only the typi-
cal Mn-oxidizing activity but also additional activities
on phenolic and non-phenolic compounds in reactions
without Mn?*. These findings led to the description of a
new type of peroxidase.'>'® The enzyme, initially reported
in submerged cultures as a Mn-oxidizing enzyme with
activity on veratryl alcohol and dimethoxyphenol,'”'®
was called versatile peroxidase (VP) due to its oxidative
versatility. VP, described for the first time in P. eryngii by
our group, combines properties from LiP (oxidation of
non-phenolic lignin model compounds like veratryl alco-
hol) and MnP (oxidation of Mn?* to Mn** which oxidizes
phenols and initiates lipid peroxidation reactions).'*~*! In
addition, VP shows activity on phenolic compounds in the
absence of Mn, similarly to plant peroxidases.**??

More recently, another type of ligninolytic peroxidase,

),2* was found

known as dye-decolorizing peroxidase (DyP
to be secreted by I. lacteus during fungal pre-treatment of
wheat straw.*> DyP-like enzymes can degrade non-phenolic
lignin compounds.? The enzyme secreted by I. lacteus
under SSF and submerged culture conditions holds attrac-
tive features such as high stability (pH, temperature and
H,0,) and high catalytic efficiency oxidizing recalcitrant
organic dyes and veratryl alcohol. In addition, L. lacteus DyP
displayed a synergistic action with cellulases during the
hydrolysis of wheat straw, increasing significantly the yield
of fermentable glucose recovered from this substrate.*
Recent studies on the I. lacteus secretome provided some
clues on its suitability for wheat straw pre-treatment for
ethanol production. The combination of lignin-modifying
enzymes (DyP and MnP) and polysaccharide-depolymeriz-
ing cellulases, and the nearly complete absence of secreted
cellobiose hydrolases, results in greater availability of
hydrolyzable and fermentable sugars.*’

Lignin removal and biotechnological
applications of laccase and
mediators

Laccases oxidize a wide range of substituted phenols, aro-
matic amines, and other aromatic compounds coupled to
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the reduction of oxygen to water. The applicability poten-
tial of laccases can be notably enhanced by the presence of
certain compounds that, once oxidized by the enzyme, act
as redox mediators, oxidizing recalcitrant substrates which
are not oxidized by laccase alone. The mediator radicals
behave as electron shuttles: they diffuse far away from the
active site and reach complex molecules that cannot enter
the substrate binding pocket.

Due to their oxidative versatility, low catalytic require-
ments, and ability to catalyze polymerization or degrada-
tion reactions, fungal laccases possess huge applicability
in different sectors. The enzymatic detoxification of steam-
exploded wheat straw, by polymerization of the phenolic
compounds from the slurry, is one example of oxidative
coupling reactions catalyzed by laccase that are useful
for biomass conversion processes.”® Conversely, oxidative
degradation reactions catalyzed by laccase (in the presence
of mediators) have been extensively studied for paper pulp
manufacture or detoxification of aromatic pollutants since
the ability of laccase-ABTS to oxidize non-phenolic lignin
models was first described.”

We demonstrated the efficient bleaching of wood and
non-wood fibers by the laccase-mediator system, over
other ligninolytic enzymes,’® and the feasibility of devel-
oping laccase-aided industrial sequences for environ-
mentally friendly production of high-quality bleached
paper pulps. Annual plants such as flax, sisal, or hemp
are used to manufacture high-quality pulps for specialty
papers. The optimization of a short totally clorine free
(TCF) bleaching sequence using laccase-mediator and
hydrogen peroxide resulted in non-wood pulps with out-
standing brightness and higher integrity of cellulose, and
paper with better mechanical properties.*"** Likewise,
the integration of an enzymatic step in the industrial
TCF bleaching sequence of eucalypt kraft pulp produced
an important reduction of lignin content and notable
enhancement of pulp brightness and brightness stability
(Table 2).3%34

Moreover, chemical studies using 2D-NMR allowed us
to follow the changes produced in lignin structure and
composition during the process.*® Laccase-mediator deg-
radation of pulp lignin proceeds by Ca oxidation of lignin
units and subsequent Ca-CP breakdown, in agreement
with previous results obtained during fungal degradation
of lignin.*® We could also demonstrate simultaneous del-
ignification of pulp fibers and pitch removal by laccase in
the presence of mediators using different techniques,””*®
as well as the degradation/transformation of aromatic
pollutants,® 4!
laccase-mediator systems.

or the bio-deinking of recycled paper by
42
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Table 2. Laccase-aided TCF bleaching of wood (eucalypt) and non-wood (flax) pulps, compared with

industrial-type chemical sequences.

Eucalypt Flax
0-0O-L-Q-PoP 0-0-Q-PoP L-Po A-O-Z-R-P-A
Kappa number (lignin content) 5.2 6.8 1.3 3
Brightness (% ISO) 91.2 87.9 81.5 82.5
Brightness reversion (%) 29.2 36.0 = =
Viscosity (mL/g) 693 758 640 565
Refining energy (Wh) = = 249 254

Bleaching stages with: oxygen (O), laccase-mediator (L), chelating agent (Q), peroxide (P), oxygen pressurized peroxide (Pp), ozone (2),
reductive agent (R) or acidic washing (A). Refining energy: energy needed to attain 92 °SR refining degree.

Laccase technology is extremely useful for organic
synthesis, ranging from the oxidation of functional
groups to the synthesis of complex natural prod-
ucts.*® In particular, the synthesis of a variety of new
added-value products from cellulose and lignin can be
obtained using laccase as biocatalyst.** The polymeriza-
tion of technical lignins by laccase to produce lignin-
based adhesives or dispersants for polymer blends,*
and the enzymatic functionalization of cellulosic pulp
to confer new properties to paper by grafting of phe-
nolic derivates to fibers surface,*® are research issues of
topical interest.

Natural mediators

Even when the applicability potential of laccase-medi-
ator systems has been comprehensively demonstrated,
the expensive synthesis of chemical mediators and the
generation of possible toxic species hamper the uti-
lization of laccases at industrial scale. Consequently,

we aimed to search for low cost and environmentally
friendly laccase mediators. In preceding studies, we had
observed a preferential degradation of phenolic units

as the initial stage of lignin degradation by white-rot
fungi, no matter the type of lignocellulose degradation
pattern the fungus produced.*” During this process, oxi-
dative cleavage of lignin side-chains (at the Ca-Cp link-
age) occurred, rendering phenolic compounds such as
vanillic and siringic acid.’® On the other hand, we had
reported the ability of an enzymatic crude from P. eryn-
gii (with laccase as single ligninolytic enzyme) to oxidize
non-phenolic substrates. This ability disappeared after
ultrafiltration, suggesting the presence of a natural low
molecular mass mediator.*® Taking all these data into
account, we searched for alternative mediators of lac-
case among aromatic compounds (aldehydes, ketones

and acids) that could be found in nature and be related
to the phenylpropane lignin units. We selected a set of
lignin-derived phenolic compounds, namely acetosyrin-
gone, syringaldehyde, vanillin and p-hydroxycinnamic
acids (Fig. 1), which promote oxidative reactions cata-
lyzed by laccase.*” These compounds might be released
during degradation of lignocellulose by white-rot fungi
(p-hydroxycinnamic acids being also lignin precursors)
and are, seemingly, the natural redox mediators of fun-
gal laccases during lignin biodegradation.*’

The mediating capabilities of these compounds were
demonstrated when they promoted or made feasible
the degradation of recalcitrant compounds or com-
plex substrates otherwise not oxidized by the enzyme,
such as synthetic organic dyes, polycyclic aromatic
hydrocarbons, or lignin and lipid deposits from paper
pulps.*®*149732 The mechanism by which the phenoxyl
radicals of these mediators oxidize the target substrate
(H atom transfer) was closely similar to that of the artifi-
cial mediator HBT (1-hydroxybenzotriazol), and the effi-
ciency of p-coumaric acid to promote laccase removal of
anthracene and benzopyrene (over 95%) was also alike.*!
The peroxidation of lipids by laccase in the presence of
p-hydroxycinnamic acids was also feasible,” being able
to produce powerful oxidants as described for MnP and
Mn?*. These findings suggest that laccase may contribute
to fungal lipid peroxidation in vivo, thus expanding its
role in the biodegradation of lignin and other recalci-
trant aromatic compounds.

The interest of these findings was huge given these natu-
ral compounds can be easily obtained from lignocellulosic
residues (e.g. from the black liquors of paper pulp indus-
try>’) and might significantly promote the use of laccases
in the pulp and paper industry and in a variety of biomass
conversion processes integrated in the lignocellulose
biorefinery.*»*
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Figure 1. Natural redox mediators of laccase derived from lignin polymer.

Fungal genomes: Enzyme
inventories and new clues
on lignocellulose biodegradation

The study of fungal genomes, together with transcriptomes

Table 3. Comparison of genes encoding
lignocellulose degradation enzymes in the

white-rot (Phanerochaete chrysosporium) and

brown-rot (Postia placenta) fungal genomes.

P. chrysosporium P. placenta

and secretomes, provides an inventory of known and Ligninolytic
. . oxidoreductases
unknown enzymes to confirm previous results and give - _
new evidence for better comprehension of wood degrada- Peroxidases (LiP/MnP) 10/5 0/0
tion. Wood-rotting basidiomycetes attack wood through MCOs (laccase/ 0/1 3/1
two main processes called white-rot and brown-rot decay. ferroxidase)
White-rot fungi can degrade all components of plant cell Peroxide generating
walls and have the unique ability to degrade lignin com- GMCs
pletely to CO, and H,0, making the structural polysac- Aryl-alcohol oxidases 4 3
charides exposed. By contrast, brown-rot fungi produce an Methanol oxidases
incomplete ligninolysis and the modified lignin remains Glyoxal oxidase and
in situ as a polymeric residue after polysaccharide removal.? others 7 3
The genome of the model white-rot fungus P. chrysospo- Carbohydrolases
rium confirmed the presence of the enzymatic machinery )
. . .. . Glycoside hydrolases
required for efficient ligninolysis and cellulose degrada- (GH) 180 144
ion (Table 3).>* 15 ligninolyti i
tlonl( ab el 3}:1) ) Ulp to 15 lignino }f'th Izieromdlellses a.n}cll GH with cellulose binding i .
32 glycosyl- y rolase genes were . ound together wit domain
H,0,-producing enzymes, cellobiose deshydroge'nases, Exocellulases -
etc. Conversely, the genome from the brown-rotting P.
Endoglucanases >40

placenta revealed the lack of ligninolytic peroxidases and
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a unique extracellular enzyme system responsible for the
efficient degradation of cellulose. The typical exo-cellobi-
ohydrolases and cellulose-binding domain were absent,
whereas a complete enzymatic machinery for generation of
Fenton chemistry was found. The highly reactive hydroxyl
radicals generated are supposed to contribute for the oxi-
dative depolymeryzation of cellulose and a partial oxida-
tion of lignin.>

Up to now, several genome mining projects have been
developed to offer new insights into the diversification of
lignocellulose degrading mechanisms in white-rot fungi.
Recently, the genome of Ceriporiopsis subvermispora
has been published, and its secretome has been studied
under ligninolytic conditions in order to investigate the
selective ligninolysis process. The repertory of genes
and their expression patterns showed an increase of Mn
peroxidases (up to thirteen genes) and laccases (seven
genes) and diminished cellulolytic machinery respect-
ing P. chrysosporium.”® The number of genes potentially
involved in the lipid metabolism was also augmented and
significantly overexpressed in wood cultures together with
MnP and laccase genes. This fact supports the hypothesis
of a significant role for Mn-mediated peroxidase activ-
ity in lignin degradation, and corroborates our previous
results obtained for another selective ligninolytic fungus
(Pleurotus). The lipid peroxidation products, generated by
the action of Mn®* from MnP (or by laccase and natural
mediators) would act as powerful oxidants producing the
breakdown of the more recalcitrant non-phenolic lignin
units. Additionally, two new ligninolytic peroxidases,
phylogenetically and catalytically intermediates between
classic LiPs and VPs, were discovered in the C. subverm-
ispora genome, offering new insight into selective lignin
degradation.” Lately, the extensive sequencing of basidi-
omycete genomes is providing a huge number of perox-
idase-encoding genes,’® not only from the best known
superfamily of plant-fungal-prokaryotic peroxidase
superfamily (where LiP, MnP and VP genes are included),
but also from the new DyP and heme-thiolate peroxidase
superfamilies, which are still to be explored and present
high biotechnological interest for oxidation and oxygena-
tion biotransformations.

Engineering ligninolytic enzymes:
From structure-function
to biocatalyst improvement

Since its discovery, structure-function studies of VP
have revealed its oxidation versatility as a result of the

S Camarero, MJ Martinez, AT Martinez

coexistence of different catalytic sites in the same protein
scaffold that are reminiscent of those individually present
in other peroxidase families.”> Mn?* oxidation ability

is provided by three acidic residues forming the typical
Mn?* binding site.”® A solvent-exposed tryptophan is the
catalytically active residue for veratryl alcohol oxidation,
forming a tryptophanyl radical after VP activation by per-
oxide and initiating an electron transfer pathway to heme.
Finally, some phenols and dyes are oxidized at the edge of
the main heme access channel (Fig. 2(a)).*

The different catalytic sites of VP can be modified to
adjust the catalytic activity of the enzyme. Indeed, tailor-
made VP variants of industrial interest have been designed
by site- directed mutagenesis for the removal of phenolic
compounds from mill effluents by modifying the heme
channel.®! In addition to rational design, directed molecu-
lar evolution constitutes a powerful protein engineering
tool for adjusting the intrinsic enzyme properties to the
harsh industrial operational conditions. This methodol-
ogy has been used for developing new VP variants with
improved stability towards temperature and alkaline pH.

Fungal laccases are excellent targets for directed evolu-
tion studies owing to their robustness and substrate pro-
miscuity which provide a high evolvability potential to be
exploited in the lab. During the last few years we performed
the directed evolution of high-redox potential laccases
from white-rot fungi. Diversity was generated by random
mutagenesis using error-prone PCR and in vivo approaches
for DNA recombination using the homologous recombina-
tion machinery of S. cerevisiae,% all combined with semi-
rational approaches. The difficult heterologous expression
of basidiomycete laccases was overcome by the joint evolu-
tion of the recombinant prepro-leader (from the a mating
factor) plus the laccase sequence. At the end of the evolu-
tion processes, a remarkable increment of laccase secretion
by S. cerevisiae was obtained (e.g. up to 8 mg/I for basidio-
mycete PM1 laccase).** The accumulation of selected muta-
tions resulted in active and stable evolved laccases with
improved kinetic values for oxidizing phenolic and non-
phenolic aromatic substrates. In addition, the optimum pH
of P. cinnabarinus laccase was significantly broadened.®

62

Some of the amino acid substitutions of the evolved lac-
cases were not located in the vicinity of the active site

or the binding pocket, thus revealing targets for protein
engineering that cannot be easily predicted by rational
design (Fig. 2(b)). The two aforementioned fungal laccases
were used to obtain chimeric proteins by DNA shufiling.
The exchange of diverse protein blocks provided soluble
and active hybrid enzymes that conserved the generalist
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Figure 2. Pleurotus eryngii versatile peroxidase showing the different catalytic sites (A), and
Pycnoporus cinnabarinus laccase with the amino acid substitutions from the in vitro evolution (B).

oxidative activity characteristic of laccases. Besides, they
displayed modified pH activity profiles, higher thermosta-
bility, or improved affinity for phenolic compounds.*®
Using these platforms as starting point, new challenges for
laccase engineering can be faced. Promising targets would
be the enzymatic detoxification of thermo-chemically pre-
treated lignocellulosic biomass for ethanol production,

the enzyme-aided TCF bleaching of paper pulps, or the
enzymatic decolorization of textile effluents, for which we
have recently developed ad hoc high-throughput screening
methods based on our experience in this field.®”

Conclusion

For years, understanding the mechanism by which wood-
rotting fungi delignify lignocellulose has been essential
to disclose the biotechnological potential of these fungi
and their enzymatic systems. Today, the wide-range of
oxidative capabilities of the ligninolytic oxidoreductases
have been thoroughly demonstrated and their intrin-

sic properties can be upgraded by protein engineering.
Moreover, the huge amount of information provided by

the new omics tools lets us confirm previous knowledge on

lignocellulose degradation and discover new enzymes of
interest as industrial biocatalysts. Considering the above

scenario, the present review provides a brief picture of
the possible utilization of the lignin degrading systems to
aid industrial processes to be cleaner and more efficient,
to manufacture new added-value products from lignocel-
lulose and to contribute to the biorefinery and sustainable
development concepts.
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