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Abstract—Laccases (EC 1.10.3.2) are multicopper polyphenol oxidases found in various organisms, in partic-
ular, in fungi. Fungal laccases are encoded by multigene families, which can contain up to 17 genes. However,
not all isozymes can be obtained from native producers. Previous studies have shown that the filamentous
fungus Penicillium canescens is a promising object for the heterologous expression of various laccase isozymes
of Trametes hirsuta 072. In this work, the cultivation conditions of P. canescens strains, recombinant producers
of T. hirsuta heterologous minor laccase, are optimized. The optimization of the rLacD and rLacF purifica-
tion method increased their yield and specific activity of rLacD. In addition, the melting points of minor lac-
case isoenzymes are measured and the glycosylation of isoenzymes is studied.
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INTRODUCTION

The problem of recycling of lignocellulosic bio-
mass (wood, straw, stalks grain, etc.) is relevant today.
The recycling process largely depends on the modifi-
cation (destruction) of lignin, which is part of ligno-
cellulose—a complex biopolymer with an irregular
structure, which is a mixture of aromatic mono- and
oligomers. In natural ecosystems, fungi are the main
modifyers of lignocellulosic biomass, with more than
90% of the lignocellulose being degraded by basidio-
mycetes in basidiomycetes [1]. It is well known that their
ability to decompose lignocellulose is provided by the
action of a unique complex of extracellular enzymes, in
which laccases play a key role (EC 1.10.3.2) [2]. Laccases
are fairly stable enzymes, with broad substrate speci-
ficity for various phenolic compounds [4, 5] and the
ability to reduce oxygen without the formation of per-
oxide. In addition, they can modify various xenobiot-
ics (for example, herbicides and dyes), which are also
in demand in various branches of biotechnology [4–6].
Noted that the demand not only for laccases with a
broad substrate specificity but also for more specific
enzymes capable of selectively modifying certain com-
ponents of complex mixtures has been growing
recently [7]. Currently, the biotechnological potential
of laccases has not been fully disclosed. Primarily, this
is due to the limited knowledge about their physico-
chemical and catalytic properties, as well as the lack of
highly active producers. The accumulated data on the
genome-wide sequencing of higher fungi showed that
laccases are encoded by multigene families, which can

reach 17 members [8]. At the same time, the core pro-
duction of proteins by the native producer is usually
limited to a small spectrum of laccase isoenzymes.

White rot basidiomycetes of the genus Trametes is
a promising object for study. As a rule, representatives
of this genus produce one constitutive (major) laccase
isoenzyme under almost all cultivation conditions [9–
11]. The remaining isoenzymes are inducible (minor)
forms that differ from the major ones by their bio-
chemical properties [11–15]. The production of minor
isoenzymes using native producers is usually difficult
due to the difficulty of selecting the cultivation condi-
tions and inductors necessary for their biosynthesis.
For this reason, in the majority of the fungi of this
genus, only the major laccase isoenzymes have been suf-
ficiently studied [16, 17]. Thus, the search for new lac-
case isoenzymes of basidiomycetes and a comparative
study of their properties is an urgent task in modern
biochemistry, not only from a practical point of view
but also from a fundamental one.

Basidiomycete Trametes hirsuta 072 is an effective
lignin destructor. Its multigenic laccase family is rep-
resented by seven genes (lacA, lacB, lacC, lacD, lacE,
lacF, and lacG) [18].

In previous studies, in addition to the native major
isoenzyme LacA, we were also able to obtain recombi-
nant minor rLacC, rLacD, and rLacF isoenzymes
[19–21] in Penicillium canescens ascomycete and par-
tially characterize them. The purpose of this study is to
optimize the cultivation conditions of recombinant
strains-producers of minor laccases, optimize the
173
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purification conditions of the target enzymes, and
study their properties.

MATERIALS AND METHODS
Strains and Media Used

We used P. canescens Cc1(25)25, P. canescens
Dc2(6)23, and P. canescens Fc3(5)27 strains—produc-
ers of recombinant isoenzymes rLacC, rLacD, and
rLacF T. hirsuta 072, respectively, which were previ-
ously obtained by us [17, 22].

The strains were grown as described in [23] at dif-
ferent pH values (4.6; 5.6; 7.0) and different concen-
trations of copper sulfate (0.001–2 mM). To study the
kinetics of their enzymatic activity, the strains were
grown for 8 days under the chosen conditions and
samples were taken every 24 h.

Determination of Enzyme Activity
The activity of isoenzymes was determined spec-

trophotometrically using a PerkinElmer Lambda 35
spectrophotometer (United States), as described in
[22]. A solution of 2,2-azino-bis(3-ethylbenzthi-
azolin-6-sulfonic acid) diammonium salt (ABTS, λ =
436 nm, ε = 29 500 M–1 cm–1) was used as the chro-
mogenic substrate. An increase in the optical density
in 1 mL of the reaction mixture per minute was taken
as the conventional unit of activity. The specific activ-
ity was calculated for 1 mg of protein.

Determination of Protein Concentration
Samples of the culture broth (CB) were centrifuged

at 14000 rpm for 5 min. The protein concentration in
the supernatant was determined spectrophotometri-
cally using a commercial BCA Protein Assay Kit
(Pierce, United States), according to the manufac-
turer’s method.

Purification of Isoenzymes
The initial scheme (1) of purifying recombinant

isoenzymes is described in [17, 22]. The optimized
purification scheme (2) included the following stages:
the filtrate of CB was concentrated using the Millipore
Pellicon 2 tangential  f low  ultrafiltration  system
(Merck Millipore, United States) using a cellulose
membrane. The ultrafiltrate was then dialyzed against
a buffer solution (5 mM Tris Acetate buffer (pH 8.0)
was used for rLacD, 5 mM Bis-Tris (pH 6.0) was used
for rLacF), applied onto a Source 15Q column (GE
Healthcare, Uppsala, Sweden), and equilibrated with
an appropriate buffer solution. Elution was performed in
a sodium chloride salt gradient (5 mM Tris-acetate buffer
(pH 8.0) to a 5 mM Tris-acetate buffer + 400 mM
NaCl (pH 8.0) was used for rLacD; 5 mM Bis-Tris
(pH 6.0) to a 5 mM Bis-Tris + 400 mM NaCl (pH 6.0)
was used for rLacF). The most active fractions were
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combined and concentrated. In the next step, the
enzymes were dialyzed against a sodium acetate buffer
solution (30 mM, pH 5.0) were applied onto a Source
15ISO column (GE Healthcare, Uppsala, Sweden),
equilibrated with a 1.7 M (NH4)2SO4 + 30 mM Na-ace-
tate buffer solution (30 mM, pH 5.0), and eluted with a
30 mM sodium acetate buffer (pH 5.0). The active
fractions were combined, concentrated, and used for
further study.

Analysis of Protein Fractions
The molecular weight (MW) of the isoenzymes was

determined using SDS electrophoresis in a 12% poly-
acrylamide gel, as described in [22]. To determine the
isoelectric point (IEP, pI) of the proteins, isoelectric
focusing was performed in a polyacrylamide gel using
pH 3.0–10.0 ampholytes (Serva Electrophoresi, Ger-
many) on a 111 Mini IEF Cell device (Bio-Rad), United
States). The pH gradient was measured using the cali-
bration standards (GE Healthcare, United Kingdom).
Coomassie Brilliant Blue R-250 (AppliChem, Ger-
many) was used for protein staining. The calculated
molecular weights and pI of the isoenzymes were deter-
mined by known amino acid sequences using the
ExPASy service (https://www.expasy.org/) [24].

Analysis of Glycosylation Sites
The location of the glycosylation sites of laccase

isoenzymes was calculated in accordance with the
known amino acid sequences using the NetNGlyc 1.0
(http://www.cbs.dtu.dk/services/NetNGlyc/) service
[25]. For the experimental confirmation of their pres-
ence, a fragment of a protein band corresponding to
the target isoenzyme was cut out of the gel obtained
after SDS electrophoresis, and then, using the stan-
dard protocol [26], protein hydrolysis was performed.
The resulting peptides were extracted from the gel with
a 20% acetonitrile solution containing 0.1% trif luoro-
acetic acid, and were determined by MALDI-TOF/
TOF MS spectrometry using an Ultraflextreme mass
spectrometer (Bruker, Germany). Protein identifica-
tion was performed using the Mascot program
(www.matrixscience.com). For the processing of mass
spectra, the software package FlexAnalysis 3.3
(Bruker Daltonics, Germany) was used.

 Study of the Thermal Stability of Isoenzymes Using 
Differential Scanning Calorimetry (DSC)

The melting point (Tm) of the laccase was deter-
mined using an N-DSC III nanodifferential scanning
calorimeter (TA Instruments, United States) at a heat-
ing rate of 1°C/min, at 30–95°C and an overpressure
of 3.0 atm. The protein concentration was 1.2 mg/mL.
Basic adjustments were made and smoothed by sub-
tracting the buffer thermogram. The data was analyzed
on a Launch NanoAnalyze Software instrument (TA
ITY CHEMISTRY BULLETIN  Vol. 74  No. 4  2019
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Fig. 1. Kinetics of laccase activity change depending on
duration of cultivation of strains: 1, rLacC; 2, rLacD;
3, rLacF (average values are given for three technical rep-
licates, error does not exceed 3%).
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Instruments, United States). The calorimetric heat
(ΔHcal) was calculated from the size of the area under
the curve of the dependence of the excess heat capac-
ity of protein on temperature, and the melting point
(Tm) was determined as the maximum temperature of
the melting curve’s peak.

The relative error in the calculation of ΔHcal was 5–8%.
The experimental measurement error Tm did not
exceed ±0.2°.

RESULTS AND DISCUSSION
Optimization of Cultivation Conditions of Producers

One of the simplest methods of stimulating the
synthesis of laccase and increasing its activity is the
addition of copper ions to the medium, usually in the
form of CuSO4 [27, 28]. However, in an excessively
high concentration, copper ions are extremely toxic to
cells, primarily because of their ability to participate in
the formation of hydroxyl radicals, leading to the
destruction of cellular structures [29, 30]. Therefore,
in the present work, the optimal concentration of
CuSO4 in the medium was determined in order to
avoid inhibiting the growth of the fungus and simulta-
neously stimulate the production of active target
enzymes. Copper sulfate was added to the growth
medium of laccase producers in a concentration rang-
ing from 0.001 to 2 mM. It was shown that the maxi-
mum activity of all target isoenzymes is achieved using
0.5 mM CuSO4 and is 190, 104, and 150 UE/mL for
rLacC, rLacD, and rLacF, respectively. With other
concentrations of CuSO4 (in the studied range), the
activity of isoenzymes decreased without changing the
growth rate of the culture, except for a concentration
of 2 mM (in this case growth was inhibited).

In addition, the optimum initial pH value of the
medium was selected. Three initial pH values were
used (4.6, 5.6, 7.0). The highest activity of the target
proteins was achieved at pH 4.6 for all isoenzymes.
This result is consistent with the published data, since
previous studies have shown that the optimum pH values
for fungal laccases are in the pH range from 4 to 6 [6].
It should be noted that in the process of cultivation (at
the initial pH of 4.6) there were differences in the rate
of change in the pH of the growth medium. However,
after 6 days, the pH of the medium was about 7.0 for
all the strains studied. The same trend continued for
the recipient strain. It is known that alkalization of the
medium during cultivation is characteristic of fila-
mentous fungi of the Penicillium genus and is associ-
ated with the deamination of amino acids and the sub-
sequent formation of ammonia [31].

The optimal duration of the cultivation of strains
for the isolation of target isoenzymes in the chosen
conditions was determined within 8 days (Fig. 1).
Figure 1 shows that for all strains a significant increase in
the activity of the target enzymes occurred after 4 days of
MOSCOW UNIVERSITY CHEMISTRY BULLETIN  Vol.
cultivation up to 8 days. However, after 6 days of culti-
vation, all strains showed intense autolysis of cells;
therefore, a duration of 6 days was chosen as the opti-
mal one. On the 6th day, the activity of rLacC and
rLacF isoenzymes in CB reached values of 150 to
190 UE/mL, and the activity of rLacD was one-and-a
half lower.

Purification and Properties of Minor T. hirsuta 072 
Laccase Isoenzymes

Previously, we developed a purification scheme for
isolating the major native LacA from the CB of T. hir-
suta 072 [19].

This scheme (with some modifications) was also
used for the purification of recombinant minor rLacC,
rLacD, and rLacF [17, 22] (Table 1, Scheme 1). How-
ever, it was shown that the specific activity of the
rLacD and rLacF isoenzymes (40 and 41 UE/mg,
respectively) isolated according to this scheme was sig-
nificantly lower compared to rLacC (260.3 UE/mg).
It can be seen that the main limiting stage in Scheme 1
is the precipitation of proteins with ammonium sul-
fate. Therefore, in the present work, at the first stage of
rLacD and rLacF isolation, CB ultrafiltration in the
tangential f low on a cellulose membrane was used to
concentrate the proteins. In addition, ion exchange
chromatography was carried out on a Source 15Q
exchanger, and hydrophobic chromatography on a
Source 15ISO exchanger was used instead of gel per-
meation chromatography (Table 1, Scheme 2).

Optimization of the purification scheme reduced
the number of stages of isolation of isoenzymes rLacD
and rLacF, while their output increased to 13 and
12%, respectively, of the total activity in the original
CB. It was also possible to increase the specific activity
of the obtained isoenzyme rLacD to 63 UE/mg. The
 74  No. 4  2019
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Fig. 2. Electrophoretic analysis of laccase preparations: (a) SDS-electrophoresis under denaturing conditions (1, 6, Molecular
weight marker; 2, LacA; 3, rLacC; 4, rLacF; 5, rLacD); (b) isoelectric focusing of laccase isoenzymes (1, LacA; 2, rLacC;
3, rLacF; 4, rLacD; 5, marker).
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specific activity of rLacF did not change. Mass spec-
trometric identification of the proteins obtained con-
firmed that they are the rLacC, rLacD, and rLacF
isoenzymes. All the obtained isoenzymes in the solu-
tion had a blue color of varying intensity, typical of the
classic blue laccases [32]. The molecular weight and
isoelectric points of the isoenzymes differed from
those predicted (Fig. 2, Table 2).

As can be seen from the presented data, the LacA
and rLacC isoenzymes have similar molecular proper-
ties (MW and pI), which made it possible to success-
fully apply the scheme developed for purifying LacA to
the recombinant isoenzyme rLacC. However, the val-
ues of MW and pI of the other two minor isoenzymes
(rLacD and rLacF) are significantly different. In
addition, when growing the producer of rLacF, the
obtained CB turned out to be more pigmented com-
pared to the two other producers (rLacD and rLacC),
which also made it difficult to purify this isoenzyme
according to Scheme 1.

As can be seen from Fig. 2, the MW values of the
obtained recombinant enzymes differed from the cal-
culated values (Table 2), while the MW values of
rLacD and rLacF were significantly higher than for
rLacC. Based on the data obtained, the degree of gly-
cosylation of isoenzymes was 17, 20, and 23% for
rLacC, rLacF, and rLacD, respectively.

Thus, it was found that the obtained recombinant
isoenzymes rLacD and rLacF have a greater degree of
MOSCOW UNIVERSITY CHEMISTRY BULLETIN  Vol.

Table 2. Properties of T. hirsuta 072 laccase isoenzymes

Isoenzyme
Molecular weight, kDa

calculated obtained calcu

LacA 55.9 66 5

rLacC 55.6 67 4

rLacD 57.6 75 5

rLacF 56.3 70 5
glycosylation than rLacC and the previously studied
LacA [11], which may be due to the presence of addi-
tional glycosylation sites on the surface of the protein
globules. Analysis of the amino acid sequences of the
rLacD, rLacC, and rLacF isoenzymes showed that
the calculated number and location of the N-glyco-
sylation sites of T. hirsuta 072 laccases are noticeably
different, and for LacF the number of calculation sites
is half that for the other two minor isoenzymes.

Figure 3 shows a fragment of the alignment of the
amino acid sequences of the isoenzymes of T. hirsuta 072
laccases in the region of amino acid residues where the
N-glycosylation sites are located. As can be seen from
Fig. 3, for the T. hirsuta 072 laccase isoenzymes stud-
ied in this paper, two glycosylation sites are conserva-
tive (Asn75 and Asn457). At the same time, the pres-
ence of only Asn75 was experimentally confirmed for
all the studied laccase isoenzymes. Interestingly, for
rLacC and rLacD, we experimentally confirmed the
presence of such unique sites as Asn207 and Asn292,
respectively (Fig. 3), which were not found in other
fungal laccases described in the literature. It should be
noted that in the structure of LacA isolated from a nat-
ural producer (PDB: 3FPX) [19], four of the eight
possible glycosylation sites were found (Table 2), and
in the structure of recombinant rLacA (PDB: 5LDU),
obtained earlier in P. canescens [23], the presence of an
additional Asn398 N-glycosylation site was con-
firmed, in addition to the sites confirmed for LacA.
 74  No. 4  2019

pI value Number of glycosylation sites

lated obtained calculated confirmed

.06 4.0 8 4 [19]

.4 3.1 11 2

.72 6.5 10 3

.01 4.2 5 3
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Fig. 3. Sites of N-glycosylation of laccase isoenzymes LacA (GenBank: KP027478.1), LacC (GenBank: KP027479.1), LacD
(GenBank: KP027480.1), LacF (GenBank: KP027482.1) of T. hirsuta 072: calculated glycosylation sites are underlined; asterisk
(*, **) indicates conservative sites; gray, confirmed sites; bold, additional site, presence of which is shown for recombinant laccase
A (native one is absent); frame indicates unique glycosylation sites, presence of which has been confirmed experimentally.

Enzymes Glycosylation sites

LacF

LacC

LacA

LacD

*

LacF

LacC

LacA

LacD

LacF

LacC

LacA

LacD

**
The presence of this glycosylation site was experimen-
tally confirmed for rLacF (Fig. 3, Asn402).

In [33], 3D structures of various laccase isoen-
zymes of the Pycnoporus sanguineus fungus also
revealed differences in the location of N-glycosylation
sites.

It is known that glycosylation of proteins affects
their thermostability. In this respect, the thermal sta-
bility of minor laccase isoenzymes was studied in this
work (Table 3). The melting curves of recombinant
enzymes have two maxima (in contrast to the native
laccase LacA), and the values of Tm of the first and

second peaks are very close in all the studied enzymes,
while the values of the melting heat (ΔHcal) vary greatly

(Table 3). Note that the laccase rLacC, which is least
stable at 60°C, has the highest ΔHcal value, but Tm of

the first melting peak is 60°C, while for the remaining
recombinant laccases this indicator shifts by 1–2°C to
higher temperatures. In native LacA laccase, the first
melting peak is absent, and the value of the melting
heat is the lowest of all the isoenzymes studied.
MOSCOW UNIVERS

Table 3. Thermal stability and thermal transition parame-
ters of T. hirsuta 072 laccase isoenzymes

Parameter LacA rLacC rLacD rLacF

ΔНcal, kJ/mol 287 [34] 1776 1306 600

Tm, °C

1st melting peak – 60 62 61

2d melting peak 69 [34] 67 67 68

τ1/2, min 12 ± 2 [17] 4 ± 2 22 ± 2 12 ± 2
Thus, it can be assumed that the differences in the
physicochemical and catalytic properties of laccase
isoenzymes, shown here and earlier [17, 22], are prob-
ably due to the glycosylation pattern of the isoen-
zymes.

However, we cannot unequivocally state that the
characteristics obtained for recombinant minor isoen-
zymes are similar to the characteristics of isoenzymes
from a natural producer. Therefore, the search for
ways to obtain native minor laccase isoenzymes of
T. hirsuta 072 remains an urgent task.
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