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a b s t r a c t

Laccases are among the most sought-after biocatalyst for many green applications, from biosensors to
pollution remedial, because they simply need oxygen from the air to oxidize and degrade a broad range
of substrates. However, natural laccases cannot process large and toxic polycyclic aromatic hydrocarbons
(PAHs) except in the presence of small molecules, called mediators, which facilitate the reaction but are
inconvenient for practical on-field applications. Here we exploited structure-based protein engineering to
generate rationally modified fungal laccases with increased ability to process bulky PAHs even in a
mediator-less reaction. Computational simulations were used to estimate the impact of mutations in
the enzymatic binding pocket on the ability to bind and oxidize a selected set of organic compounds.
The most promising mutants were produced and their activity was evaluated by biochemical assays with
phenolic and non-phenolic substrates. Mutant laccases engineered with a larger binding pocket showed
enhanced activity (up to ~ 300% at pH 3.0) in a wider range of pH values (3.0–8.0) in comparison to the
wild type enzyme. In contrast to the natural laccase, these mutants efficiently degraded bulky and harm-
ful triphenylmethane dyes such as Ethyl Green (up to 91.64% after 24 h), even in the absence of media-
tors, with positive implications for the use of such modified laccases in many green chemistry processes
(e.g. wastewater treatment).

� 2021 The Authors. Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Laccases are glycosylated multicopper oxidase enzymes, biolog-
ically well characterized and constitutively expressed during pri-
mary metabolism by fungi, plants, prokaryotes and insects [1].
Depending on the source, these enzymes exhibit various catalytic
functions roughly divided into three categories: cross-linking of
small molecules, degradation of polymers and ring cleavage of aro-
matic compounds [2]. The broad substrate specificity of the ligand-
binding pocket allows laccases to react with a large number of nat-
ural and anthropogenic compounds, mostly phenols or arylamines
[1,3]. The ability to metabolize various phenolic and non-phenolic
molecules, as well as many xenobiotics, depends on the redox
potential of the enzyme: the higher the potential, the greater the
oxidation capabilities [4]. This redox potential is directly connected
to the enzyme source and structure of the copper centers: laccases
from white-rot fungi show higher redox potential than those from
bacteria and plants [5]. Furthermore, in contrast to other oxidases
that use H2O2 to oxidize substrates, the presence of copper allows
laccases to exploit O2, a much more readily available electron
acceptor [6]. These features make laccases the ideal biocatalysts
for a wide range of biotechnological applications [4,7]. For
instance, naturally occurring fungal laccases have been already uti-
lized in different technological sectors such as the food, paper, tex-
tile and paint industry, as well as for biofuels, bioremediation and
biosensors [5,7].

Polycyclic aromatic hydrocarbons (PAHs) and chlorinated aro-
matic compounds are the main pollutants present in water and
soil, in which they accumulate due to their low solubility [8].
Moreover, they are toxic and most of them carcinogenic [9–11].
Laccases have been shown to be useful for the bioremediation of
PAHs through oxidative degradation [9,12,13]. In particular, lac-
cases from Trametes versicolor can aid the removal of a wide range
of xenobiotics, including emerging contaminants and endocrine
disrupting chemicals (EDCs) [8–10,12–14]. Several authors demon-
strated this activity by means of decolorization assays [15–18]: a
clear relationship between the oxidation of pollutants and the
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decolorization of specific dyes has been established both for perox-
idases and laccases.

Laccases can directly degrade only small PAHs due to their low
redox potential (450–800 mV, compared to > 1 V for peroxidases)
or to steric hindrance [15,19]. The oxidation of large, recalcitrant
and toxic aromatic compounds, including bulky PAHs that require
higher redox potentials, is not usually achievable [12,20]. Minor
laccase activity was observed only against hydroxylated pollutants
such as 2-hydroxydibenzofuran [21], hydroxyl-PCBs [22,23] and
chlorinated hydroxybiphenyls [24,25]. Unfortunately, the enzy-
matic reactivity towards these xenobiotics is negligible for practi-
cal applications [12,15].

Redox mediators, small molecules such as N-
hydroxybenzotriazole (HBT), can increase the laccase oxidation
rate by mediating its radical-catalyzed activity towards large com-
pounds with high redox potentials [7,26,27]. However, these com-
pounds are usually expensive, toxic or otherwise unsuitable for
practical applications [28]. Indeed, the need for mediators
increases the operational costs of the enzymatic biotransforma-
tions (e.g. for biofuels production), as well as the complexity of
in field applications such as environmental bioremediation or
monitoring through biosensing.

In the last decade, to increase laccase performance and satisfy
process requirements this biocatalyst was subjected to protein
engineering, whose best results were recently reviewed
[5,6,27,29]. Among these, even the most successful examples rely
on the presence of mediator to increase the reaction yields
[6,30–32]. As an attractive alternative to the use of mediators,
we set forth to rationally modify a natural laccase to optimize its
catalytic activity for the degradation of bulky and toxic PAHs. Fun-
gal laccases are best suited to this aim because i) they have redox
potential higher than laccases from other species; ii) they have
high stability in extracellular environments due to their glycosyla-
tion pattern [33]; iii) they can be adapted to non-natural environ-
ments including organic solvents, human blood and ionic liquids
[5]. On the downside, their production usually requires eukaryotic
heterologous hosts (e.g. yeasts).

Fungal laccases from T. versicolor are the most active against
xenobiotics and emerging pollutants [34,35]. In particular, the T.
versicolor lccb is the most active isoform toward PAHs and has been
successfully expressed in yeast (e.g. Pichia pastoris), showing high
stability in different conditions [36]. Therefore, we chose this iso-
form as starting point for the rational design of a mutated enzyme
that is either more efficient in catalysis or capable of oxidizing a
wider range of toxic PAHs in a mediator-less reaction. We used a
combination of computational simulations and molecular biology
to generate rationally engineered T. versicolor laccases with
increased ability to process large and persistent xenobiotics in
the absence of any mediator. These mutated enzymes were
expressed in P. pastoris, purified and characterized by means of
biophysical and biochemical assays. Finally, the ability of the engi-
neered laccases to metabolize PAHs was assessed by decolorization
assays of selected dyes, showing increased reactivity toward big
aromatic compounds even in a mediator-less configuration.
2. Material and methods

2.1. Computational docking and rational design

Computational docking simulations were conducted as previ-
ously reported [37]. Mutants model structures were predicted by
I-TASSER server [38] using as template the x-ray structure of T. ver-
sicolor laccase complexed with 2,5-xylidine (1KYA) [3], hereby
referred to as wild type (WT) enzyme. PDB files of WT and mutant
model structures were prepared for docking using the ‘‘dockprep”
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tool in UCSF Chimera package [39]. A selection of known substrates
(2,2’-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS),
2,6-dimethoxyphenol (2,6-DMP) and N-hydroxybenzotriazole
(HBT) and pollutants (anthracene (ANT), fluoranthene (FLUO),
benzo-a-pyrene (BP), dibenzofuran (DF), 2,3,7,8-tetrachloro-p-dib
enzodioxin (TCDD), pentachlorophenol (PCP), triclosan (TRI), 17b-
estradiol (BE) and bisphenol A (BPA)) was computationally docked
to WT and engineered laccases. These molecules were prepared for
docking using MarvinSketch [Marvin 6.1.7, 2014 (http://www.che-
maxon.com/)] and OpenBabel [40]. Computational docking was
performed with the SwissDock server (www.swissdock.ch) based
on the docking software EADock DSS [41] with user-defined
parameters such as a simulation box (15x15x15 Å) centered on
the known catalytic binding site. Molecular analysis of docking
results was performed with the UCSF Chimera package [39] and
Pymol [42].

2.2. P. pastoris culture conditions for laccase expression

The WT and mutated laccases were produced and purified from
P. pastoris to measure their activity experimentally. To this aim, P.
pastoris transformants (carrying WT and mutated laccase gene, see
Supplementary data for details on mutagenesis and yeast transfor-
mation) were grown in 50 mL BMGY at 30 �C and 150 rpm to an
OD600 of 10–15 (preculture phase); 0.2 mL from �80 �C stocks
were used as inoculum. Overnight cultures were harvested by cen-
trifugation (3000 rpm, 10 min, 4 �C) and washed twice with PBS.
The pellets were resuspended in 500 mL Buffered Minimal Metha-
nol (BMM, 13.4 g YNB, 0.1 M NaP pH 6.0, 0.5% (v/v) methanol,
0.4 mg biotin) supplemented with 0.3 mM CuSO4 to 1.0 OD600

(methanol induction phase). Then, they were cultured at 20 �C,
150 rpm and methanol (final concentration 0.5% (v/v)) was added
daily to maintain the induction. Samples were taken daily for spec-
trophotometric determination of cell growth (OD600), protein con-
centration and laccase activity (see 2.4). The optimization of this
protocol is reported in the Supplementary data (see Fig. S1, S2,
Table S1 and their discussion).

2.3. Laccase purification

Yeast cells were harvested by centrifugation (3000 rpm, 10 min,
4 �C) 12–96 h after the methanol induction. The supernatants were
concentrated with concentrator (VivaSpin 15R, cut-off 5 kDa, Sar-
torius Stedim Biotech GmbH) or by means of a Cogent (Millipore,
cut-off 50 kDa) and then dialyzed overnight (cut-off 5 kDa) against
20 mM NaP pH 7.5, 1 M NaCl. Dialyzed supernatants were loaded
on an affinity column (Hi-Trap Chelating HP, 5 mL, GE Healthcare)
previously equilibrated with 0.1 M NiSO4 and then with 20 mM
NaP pH 7.5, 1 M NaCl. When the sample was loaded, the column
was washed with 20 mM NaP, pH 7.5, 200 mM NaCl, and then
eluted with 20 mM NaP, pH 7.5, 150 mM NaCl, 200 mM imidazole.
The laccase activity of the eluted fractions was assayed as stated
below and the one with the highest activity was concentrated
and loaded on a size exclusion column (Superdex 200 10/300 GL,
25 mL, GE Healthcare), previously equilibrated with 20 mM NaP,
pH 7.5, 150 mM NaCl. The laccase activity of eluted fractions was
evaluated (see 2.4), and the ones with the highest activity were
blended and concentrated. The protein concentration was deter-
mined by measuring the OD at 280 nm using the laccase parame-
ters (MW = 54.5 kDa; e280 = 60,975 L/mol*cm) calculated by Expasy
[43].

2.4. Enzyme activity assays

The enzymatic activity of laccase (50 lL of culture supernatant
or diluted purified enzyme) was evaluated in 96 well plates (Corn-
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ing Incorporated, 3799) at 22 �C with a phenolic (1 mM 2,6-DMP)
or non-phenolic substrate (0.1 mM ABTS), using a Biotek Power-
wave 340 plate-reader. The reaction mixture was prepared by
diluting the enzyme sample in 20 mM sodium acetate pH 3.0–6.0
or 20 mM NaP buffer pH 6.0–8.0. The oxidation of ABTS led to an
increase of absorbance at 420 nm (e420 = 36,000 L/mol*cm), while
the oxidation of 2,6-DMP led to an increase at 468 nm (e468 = 49,
600 L/mol*cm) [44]. One activity unit (UI) is defined as the amount
of enzyme that oxidizes 1 lmol of substrate per minute. The speci-
fic activity values (UI/mg) were computed considering the total
protein concentration (mg/mL) of the enzyme solution. All the
measurements were performed at least twice.
2.5. Decolorization assays

Purified laccases (WT and mutants) were tested for enzymatic
decolorization of dyes listed in Table S2. The test was performed
with or without 1 mM redox mediator (Glycine, Cysteine, Imida-
zole, HBT) in 20 mM sodium acetate buffer pH 3.0–6.0, containing
8 lg/mL of purified enzyme. The reaction mixtures were incubated
in 96-well plates, in the dark, at 22 �C and the decolorization activ-
ity of WT and mutated laccases was determined spectrophotomet-
rically during time, as a relative decrease of OD (D % = (OD0 – ODt)/
OD0 � 100, where OD0 is the initial OD of the reaction mixture and
ODt is the residual value after the treatment) at the maximum
wavelength of absorption of the dyes (Table S2). Controls without
enzyme and in the presence of different mediators were included.
All the tests were performed at least in duplicate.
3. Results and discussion

3.1. Rational engineering of fungal laccase

In order to change the substrate specificity and improve the
enzymatic activity of the T. versicolor lccb laccase, sequence and
three-dimensional structure analysis were employed to mutate
specific residues in its active site. As a first step, computational
docking simulations were used to obtain 3D atomic models of var-
ious known laccase substrates (ABTS, 2,6-DMP, HBT) and pollu-
tants (ANT, FLUO, BP, DF, TCDD, PCP, TRI, BE, BPA) bound to lccb,
since no experimental structure of laccase complexed with a PAH
is available. The x-ray structure of lccb [3] was used as initial tem-
plate. Docking of the small ligands to lccb was restricted to the
known binding site in order to improve local sampling and accu-
racy. This analysis showed how some xenobiotics can interact with
the catalytic residues in the binding pocket (e.g. His458, suggested
to be a primary electron acceptor [3]). It is known, for example,
that anthracene can be faintly oxidized by laccase, a reaction
enhanced by the presence of mediators [15,19]; indeed, this com-
pound can be fully accommodated in the enzyme binding pocket in
close proximity to His458. On the other hand, larger PAHs such as
TCDD could not fit in the binding pocket of the WT enzyme in a
pose suitable to efficiently interact with the catalytic His458
(Fig. 1A). This likely explains the lack of enzymatic activity for such
compounds [20]. Indeed, steric hindrance negatively affects the
laccase oxidation capabilities and rates [12]. Redox mediators can
allow degradation of some larger PAHs but are expensive and prac-
tically inconvenient for industrial and environmental applications
[28]. Therefore, we aimed to improve the catalysis of large PAHs
by designing laccase mutants (Table 1) that would enlarge the cat-
alytic binding pocket to make it more accessible to large PAHs. A
second set of mutants aimed to alter the distribution of charged
residues within the binding pocket to foster more favorable elec-
trostatic interactions between enzyme and chlorinated or other
negatively charged compounds. A strategy similar to the former
2215
was effectively applied to enable the degradation of TCDD by a
rat cytochrome P450 by replacing a phenylalanine with an alanine
(F240A), resulting in a more accessible active site [45].

In order to enlarge the lccb active site the bulky Phe162, Leu164
and Phe332 were mutated to smaller but still hydrophobic alanine
residues. Phe265 and Phe337 were not considered for mutagenesis
due to the known detrimental effect of their substitution [36,46].
Although Leu164 does not appear to occupy the binding cavity in
the available x-ray structure of laccases, our computational simu-
lations showed that its long side-chain can occlude the binding
pocket, reducing substrate accessibility. It is plausible that some
of the plasticity typical of protein structure might be escaping crys-
tallography investigation. As illustrated later in the manuscript, the
L164A substitution yielded an enzyme with higher activity than
the WT. Sole reliance on crystallographic data without the aid of
computational simulations would not have considered such
mutation.

In the second set of mutants Asp206 was mutated to Asn, which
has similar steric properties but lacks a negative charge. Sequence
alignment of the binding site of fungal, bacterial and plants lac-
cases showed that this aspartate is conserved in laccases from
Basidiomycetes and Ascomycetes but is mutated to asparagine in
plants and alanine in bacteria. Asp206 is supposed to stabilize
the cation intermediate formed during the oxidation of phenolic
substrates [3]; we mutated it to evaluate the influence of its nega-
tive charge on the binding and degradation of chlorinated PAHs.

Overall, we designed and tested six lccb laccase mutants, hereby
called M1 to M6, resulting from the combination of the above sub-
stitutions as summarized in Table 1 and Fig. S3. We then used com-
putational simulations to investigate their effect on the binding
and interaction with known substrates and PAHs. First, the 3D
structure of each mutated laccase was predicted according to stan-
dard homology modelling techniques. Then, each substrate/pollu-
tant was docked with each mutant, evaluating their ability to
bind in the proximity of the catalytic residues both by visual struc-
tural analysis and by simulated binding energy.

The computational docking process generates several thousand
models for each enzyme/substrate pair, which are evaluated by a
‘‘scoring function” that is supposed to recognize favorable binding
interaction between enzyme and substrate. However, although
surprisingly accurate and precise models are typically found
among the thousands, scoring functions often fail to discriminate
accurate from inaccurate solutions. The model with the best score,
in other words, is not always the most accurate. Therefore, in order
to limit the impact of modelling errors, instead of relying on the
single model with the best computational score, for each
substrate-mutant combination we first clustered all models by
structural similarity; the best-scoring representative models
within each cluster were kept and further analyzed based on struc-
tural and visual considerations, all others discarded. For instance, a
model that would put the reactive moiety far away from the active
enzymatic residues would be discarded. For substrates with known
degradation pathway, we also analyzed the models in view of the
known intermediates. All models equally satisfying the above com-
putational and structural analysis (up to ~ 100) were taken into
consideration for mutant design.

Docking can provide also a computational estimate of the free
energy of binding (DG) but these values are notoriously error-
prone. In order to evaluate the impact of mutations on protein–li-
gand interaction we, therefore, also relied on visual inspection and
structural considerations, taking into consideration that proteins
are flexible and able to accommodate ligands in different configu-
rations. In other words, we exploit computational models to visu-
alize what it could be rather than believing that a single model can
provide a reliable picture of what it is. We have employed this
approach for the rational design of protein mutants with consider-



Fig. 1. Computational docking model of the TCDD molecule binding to WT laccase (A) or its M6 (F162A/L164A/D206N/F332A) mutant (B).
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able success in several cases ranging from small molecules to anti-
body binding [37,47,48].

The estimated free energy of binding (DG) obtained by the best
models after the application of the visual refinement was reported
in Table 1.

Mutations aimed at enlarging the laccase binding pocket to
increase its accessibility had the bigger impact on substrate bind-
ing, not surprisingly. Computational simulations showed that the
mutants with the largest pocket were able to accommodate bulky
PAHs that cannot fit in the natural, WT active site. For instance,
TCDD cannot enter the WT binding pocket (Fig. 1A) whereas it
binds close to the catalytic residues in the M6 (F162A/L164A/
D206N/F332A) engineered laccase (Fig. 1B), as reflected in more
favorable calculated binding energy (Table 1, M6). By contrast,
when small ligands (such as 2,6-DMP, HBT or ANT) are docked to
the mutants with the largest binding pocket, they can assume sev-
eral different conformations; however, not all of them lead to
favorable contact between substrate and catalytic residues.

Although computational docking cannot predict the enzymatic
activity, the simulated free energy of binding (Table 1) suggests
that different mutants might be better suited to different sub-
strates. For instance, M1 (F162A/L164A) has a more favorable bind-
ing energy for HBT than the WT. The binding of larger PAHs,
instead, is favored by the introduction of more substitutions: e.g.,
the M6 binding pocket (F162A/L164A/D206N/F332A) has a higher
calculated affinity to FLUO, BP, DF, TCDD and BPA, if compared with
other mutants. The predicted affinity of the M3 mutant (F332A) for
BE, a large compound that carry a hydroxyl moiety, is worse than
the WT, possibly due to the loss of aromatic and Van der Vaals
interactions between Phe332 and the organic ligand, in line with
existing literature [46]. At the same time, this mutation does not
affect BPA, whose computed affinity is comparable in both WT
and F332A, in agreement with the reported degradation of this
xenobiotic (72% and 79%, respectively), previously measured by
Galli et al. [46].

Structural analysis of the substrates docked to mutants carrying
the D206N substitution did not reveal evident advantages for this
mutation; if anything, the simulations tended to find multiple
conformations for each enzyme-bound substrate, suggesting that
D206N could destabilize the interaction. In particular, the D206N
mutation leads to an impaired interaction of the enzyme with all
the molecules that carry an –OH group (2,6-DMP, HBT, BE, BPA)
and with ABTS, but shows better interaction with
chlorinated molecules (TCDD, PCP and TRI), as expected by the
rational design.
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Overall, the models obtained from docking simulations showed
promising results in agreement with our proposed goals. We thus
proceeded to produce WT and mutated laccase and test their cat-
alytic activity with biochemical assays.
3.2. Mutants preliminary characterization: evaluation of the specific
activity toward phenolic and non-phenolic compounds

Laccases are able to process both phenolic and non-phenolic
compounds. The optimal specific activity is achieved at different
pH for different compounds [44]. By mutating the binding pocket
the substrate specificity can be changed that is one of the main
goals of our work. Indeed, we aimed to change the binding pocket
to accommodate larger molecules such as PAHs, but any variation
in the binding site could have affected the activity towards both
phenolic and non-phenolic substrates, too. Therefore, as a first
assessment of the result of the protein engineering, the enzymatic
activity of WT and mutants was evaluated in the 3 to 8 pH range by
a colorimetric assay with either a non-phenolic (ABTS, Fig. 2A) or a
phenolic compound (2,6-DMP, Fig. 2B) that are often used to test
the activity of laccases.

Two mutants (M1 and M5) showed higher enzymatic activity
(up to ~ 300% at pH 3.0) than the WT towards ABTS (Fig. 2A). M1
also had increased activity (183% more active than WT at pH 5.0)
for 2,6-DMP (Fig. 2B). Instead, all mutants with the D206N
charge-altering substitution (M2, M4 and M6, blue in Fig. 2) had
lower activity than the WT with both substrates. The D206N muta-
tion, therefore, influences not only the oxidation of phenolic com-
pounds like 2,6-DMP, as previously reported [49], but also that of
non-phenolic ABTS.

Enlargement of the active site had positive but not easily pre-
dictable effects on the enzymatic activity. M1 (F162A, L164A)
had increased activity for both ABTS and 2,6-DMP: if the former
molecule is large and only partially buried in the WT binding
pocket [50], the latter is small and should have no problem fitting
in the WT pocket. So, no benefit would be expected by pocket
enlargement. Similarly, if accessibility was the only criteria it
would be hard to explain why M1 (F162A, L164A) resulted in
higher activity whereas the equally accessible M5 (F162A, L164A,
F332A) caused diminished activity. Evidently, hydrophobic and
aromatic interactions lost with the F332A substitution as well as
shape complementarity are also important. Incidentally, the M3
(F332A) mutant also has reduced activity for both substrates, as
an evidence of the importance of this residue, as previously specu-
lated from the docking results in paragraph 3.1.



Table 1
Free energy of binding (DG, kcal/mol) values of laccase-ligand complexes estimated by docking simulations. For each substrate, values more negative than the WT are green-
shaded (theoretically resulting in better affinity) and values more positive red-shaded. The most favorable value for each compound is in bold. The column ‘size’ indicates
mutations that enlarge the binding pocket; ‘charge’ indicates mutations that alter the charge distribution. The leftmost column indicates the name used in this manuscript for
each mutant, M1–M6.
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Another partially unexpected outcome is that altering the size
and hydrophobicity of the active pocket (M1, M3 and M5 mutants)
results in altered pH dependency for ABTS but not for 2,6-DMP. WT
lccb has peak ABTS activity between pH 5.0 and 6.0. By contrast,
the activity of the M1, M3 and M5 mutants decreases with pH. It
is plausible that the larger binding pocket allows the interaction
of ABTS in a different orientation, resulting in altered atomic inter-
actions and pH dependence. All WT and mutated laccases showed
no activity at pH 7.0 or above.

In contrast to ABTS, the pH-dependent activity profiles for 2,6-
DMP are very similar for WT and mutants (Fig. 2B): a typical bell-
shaped trend with a maximum at pH 5.0 is observed (except for M3
that has a maximum shifted at pH 6.0). It was suggested that this
bell-profile is due to the balance of two opposite mechanisms: the
redox potential difference between the reducing substrate and the
2217
T1 copper, favored by higher pH values for a phenolic substrate,
and the binding of a hydroxide anion to the copper in the T2/T3
center, which inhibits the activity of laccase at higher pH [51].
These effects are negligible for non-phenolic substrates such as
ABTS and the pH-activity profile decreases monotonically as the
pH increases (Fig. 2A). It is noteworthy that the pH value corre-
sponding to the maximal activity obtained with 2,6-DMP is 1.5
pH unit higher than that reported by other authors for the same
enzyme expressed in the yeast Yarrowia lipolytica [52,53]. Maybe
this derives from a specific glycosylation pattern by different yeast
strains, since it is known that the extent and pattern of glycosyla-
tions are crucial for laccase activity [54].

The change in substrate specificity of the mutants is highlighted
also by calculating the activity ratio of the two different substrates
(ABTS/2,6-DMP), as reported in Fig. S3. The D206Nmutation gener-



Fig. 2. Enzymatic activity of WT and mutant laccases against non-phenolic ABTS (A) and phenolic 2,6-DMP (B) at different pH (x axis). The average of at least 3 repetitions is
shown; the error bars are the standard deviation. WT laccase is in black; mutants carrying the D206N substitution are in blue, those with a larger binding pocket are in red.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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ated the greatest variation of substrate specificity. At the same
time, the results of the simulations were compared to the experi-
mentally measured enzymatic activity, showing that it qualita-
tively agrees with the estimated free energy of binding
calculated during computational docking (Fig. S4).
3.3. Evaluation of the reactivity against PAH by means of
decolorization assay

As previously reported, the decolorization of dyes is a reliable
indicator of the enzymatic biodegradation of xenobiotics by lac-
cases [16,28]. Indeed, one of the simplest, fastest and safest meth-
ods to evaluate their activity toward PAHs involves the enzymatic
breakdown of dyes with chemical structure resembling that of aro-
matic organic pollutants, whose oxidation is easily and cheaply
measured by the loss of color. Although degradation of the chro-
mophore does not strictly imply degradation of the entire mole-
cule, there is ample literature supporting the use of
decolorization assays as a proxy for overall degradation
[15,18,55]. Furthermore, many dyes used in industrial processes
are toxic, mutagenic or carcinogenic [54,56]; it is conceivable to
use laccases to degrade and safely remove their presence in the
environment, especially if mediators can be avoided. Thus, we
developed a simple decolorization assay to assess the ability of
our engineered laccases to degrade dyes and, by relation, toxic
organic pollutants.

Initially, we tested the ability of a commercial T. versicolor lac-
case (WT enzyme) to decolorize a selection of dyes responsible
for important environmental pollution [56] with or without a
mediator in the reaction mixture. Only three of the tested dyes
were effectively processed by the WT enzyme in the absence of a
mediator (Table S2). We then evaluated the ability of our WT
and engineered laccases to decolorize three dyes belonging to dif-
ferent structural classes: the anthraquinone Remazol Brilliant Blue
R (RBBR); the triphenylmethane Ethyl Green (EG); the polymeric R-
478 (Fig. 3). Among them, only RBBR was effectively degraded by
the natural protein in the absence of any mediator. The HBT mole-
cule, the most effective mediator during preliminary tests, was
selected for the following decolorization assays.

RBBR is particularly relevant for the textile industry because it
is commonly used as a raw material for the production of poly-
meric dyes. It belongs to a widespread class of toxic and recalci-
trant organopollutants whose degradation is achieved only by
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high-redox-potential enzymes or by using redox mediators
[17,56].

The highest oxidation of RBBR at 24 h was obtained by M1 with
(90.08 ± 0.53%) or without HBT (76.75 ± 0.01%). The mutant per-
forms better than the WT both in term of percentage of oxidized
molecules and in reaction rate (Fig. 3A and B). Notably, the M1
mutant without mediator reaches the same level of oxidation as
the WT with mediator, strengthening the idea that our mutants
may find practical use in mediator-free reactions.

The oxidation rate and efficiency followed the same order
(M1 > WT > M5 > M2 > M3 > M4 > M6) with or without HBT,
but it was faster in its presence (steeper slope of the curves). The
presence of the mediator had a larger impact on the activity of
the enzymes with smaller binding pocket, suggesting that a larger
pocket allows favorable interaction between substrate (RBBR) and
catalytic residues. Finally, mutants carrying the D206N mutation
had lower activity, similarly to the previously illustrated cases with
ABTS and 2,6-DMP.

The decolorization of EG in the presence of HBT was similar to
that of RBBR (M1 > WT > M5 > M3 > M2 > M4 > M6), with M1
achieving the highest oxidation at 24 h (91.64 ± 0.79%). Remark-
ably, whereas the WT enzyme was not able to oxidize EG in the
absence of mediators, the dye was efficiently degraded by the
mutants with larger binding pocket (M1, M3 and M5), with M1
achieving the highest oxidation (72.50 ± 0.72%) at 24 h (Fig. 3C
and D).

These results highlight the effectiveness of the rational engi-
neering. Indeed, triphenylmethane dyes such as EG are non-
planar and, apart from the smaller molecules belonging to this
structural class such as Malachite Green or Fuchsin, it is suggested
that these compounds are not oxidized by laccases alone because
they are larger than the binding pocket. An extreme example is
reported by Chhabra et al.: a laccase from the white-rot Cyathus
bulleri was able to fully degrade Malachite Green even without
mediators, whereas the decolorization of the bulky Acid Violet 17
was possible only in the presence of a redox mediator [57]. Simi-
larly, the results obtained with Malachite Green and Methyl Violet
by Salami et al. highlighted that only one N-methyl moiety can
drastically reduce the reactivity of laccases towards similar triph-
enylmethane dyes and only the presence of HBT produced a com-
parable decolorization of these two compounds [58]. The presence
of mediators is thus necessary for the reaction to take place.
Enlarging the binding pocket, as in our mutants, allows these bulky
substrates to get in contact with the catalytic residues without the



Fig. 3. Decolorization % of selected dyes performed at pH 5.0 with ((A) RBBR, (C) EG, (E) R-478) or without HBT ((B) RBBR, (D) EG, (F) R-478). Representative pictures of the 96-
well plates decolorization assay are shown at the bottom.
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need for mediators. Indeed, the reactivity of the M1 laccase
towards EG did not change significantly with or without HBT
because of the broader substrate specificity of this mutant. Actu-
ally, computational docking shows that although the EG molecule
can enter the binding pocket of the WT laccase, the enlarged
pocked of M1 allows reorientation of the molecule with the ethyl
moiety (situated outside the enzymatic site in the WT laccase)
positioned in close proximity to His458 and Asp206. The central
quaternary C atom of EG is also closer to His458 in the M1 mutant
than in the WT (Fig. 4). Probably, the closest position of the central
quaternary carbon atom to the catalytic residues of M1 enhanced
the degradation of the dye compared to theWT, in accordance with
the proposed degradation pathway of triphenylmethane dyes that
can be demethylated, with no decolorization, or hydroxylated (on
the quaternary C) to the carbinol form with the destruction of
the chromophore group [55,57,59,60]. It is worth noticing that fac-
tors other than steric hindrance (e.g. higher redox potential) maybe
contributed to the better activity of M1 towards EG, but further
studies must be carried out to disclose these aspects. Anyway,
the attempts to modify the redox potential towards higher values
by engineering the enzyme by random or site-specific mutagenesis
resulted effective only in case of low redox potential laccases [26].
Moreover, Monza et al. recently verified that no significant changes
of the redox potential can be registered after the site-directed
mutagenesis of the active site [61]. Then, we do not think that
the redox potential of the mutants we obtained by rational design
was changed, compared to the starting WT enzyme.

Finally, the R-478 dye, usually exploited to screen for xenobi-
otics degraders among white rot fungi isolates [16], was not oxi-
dized by either natural or mutated laccases in the absence of
mediator and only limited oxidation (26.36 ± 1.73% at 24 h by
M1, Fig. 3E) was obtained in the presence of HBT, with ranking
of activity analogous to the previous dyes (M1 marginally better
than WT). Polymeric R-478 is significantly larger than the other
two dyes and cannot fit in the laccases binding pocket even when
enlarged as in the engineered mutants. For this reason it can be
only degraded by high-redox potential enzymes in the presence
of mediators, as broadly reported [8,12,15,16,30].

Overall, all of these results highlighted the effectiveness of the
rational design of the T. versicolor laccase lccb, to boost, even in
the absence of mediators, its ability to bind and metabolize aro-
matic dyes resembling large PAHs that are not efficiently degraded
by the WT enzyme.
Fig. 4. Comparison between the docking simulation of EG with WT (A) and M1 mutant (B
moiety of EG. (For interpretation of the references to color in this figure legend, the rea
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4. Conclusions

Structure-based protein engineering guided by computational
simulations increased the laccase enzymatic activity up to ~ 300%
towards known phenolic and non-phenolic substrates, in a broader
pH range, compared to the WT enzyme. This is expected to facili-
tate on-field applications by relaxing the need for strict pH control.
Mutants with an enlarged binding pocket were able to degrade
organic dyes often used as models for the degradation of bulky
PAHs, including those for which the WT has little to no enzymatic
activity such as. EG. Remarkably, degradation to a level comparable
to that of the WT with mediators was observed for the mutants
even in the absence of mediators. These results highlight the
potentiality of our engineered laccases for the efficient degradation
of recalcitrant PAHs and, most likely, of other organic pollutants of
similar structure. This may prove valuable in practical field appli-
cations. In particular, the best mutant (M1, F162A/L164A) could
find use in the mediator-less degradation of PAHs in bioremedia-
tion, wastewater treatment (e.g. textile wastewater) or industrial
processes (Kraft pulp bleaching). The ability to process pollutants
in the absence of mediators is expected to reduce cost and simplify
the design and usage of apparatus and protocols for on-field
applications.

Further work may very well allow the design of other mutants
capable of degrading other small organic molecules without the
use of expensive and inconvenient mediators, for a future applica-
tion of our engineered laccase in green processes.
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