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Abstract

Laccases are multicopper oxidases that act on various phenolic and non-phenolic compounds, enabling numerous
applications including xenobiotic bioremediation, biofuel production, drug development, and cosmetic production,
and they can be used as additives in the textile and food industries. This wide range of uses makes these enzymes
extremely attractive for novel biotechnology applications. Here, we undertook the kinetic characterization of Lac-
Meta, a predicted as homotrimeric (~ 107,93 kDa) small laccase, and demonstrated that this enzyme performs best at
an acidic pH (pH 3-5) towards ABTS as substrate and has a broad thermal spectrum (10-60 °C), which can promote
high plastic action potential through dynamic environmental temperature fluctuations. This enzyme showed follow-
ing kinetic parameters: k,,=6.377 s7' £0.303, K, =4.219 mM, and V,,,, = 24.43 uM/min (against ABTS as substrate).
LacMeta almost completely degraded malachite green (50 mg/mL) in only 2 h. Moreover, the enzyme was able to
degrade seven dyes from four distinct classes and it respectively achieved 85% and 83% decolorization of methylene
blue and trypan blue with ABTS as the mediator. In addition, LacMeta showed potential for the degradation of two
thirds of an agricultural fungicide: fentin hydroxide, thus demonstrating its biotechnological aptitude for bioremedia-
tion. The results of this study suggest that LacMeta has potential in textile wastewater treatment and that it could
help in the bioremediation of other human/environmental toxins such as pesticides and antibiotic compounds
belonging to the same chemical classes as the degraded dyes.

Key points

+ LacMeta is a new two-domain laccase with activity over a wide temperature range
+ LacMeta maintained 50% activity after 5 months of storage at 4 °C.
+ Laccase was able to degrade in 2 h the Malachite Green dye, and had the potential to degrade fentin hydroxide
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Introduction

The global production of dyes can reach up to 800,000
tons per year, with approximately 10 to 15% of this pro-
duction lost to industrial processes, aggravating water
pollution worldwide (Hassaan and Nemr 2017). This
worldwide problem is particularly pronounced in Bra-
zil, where the textile industry is the second largest sector
in the country, surpassed only by the food and beverage
industry, with an average production of 1.3 million tons.
Within Brazil, Sdo Paulo state is the largest single manu-
facturing site, accounting for almost 30% of the national
production. Textile dyes are predominantly organic com-
pounds with complex aromatic structures, making them
difficult to degrade using xenobiotic approaches (Afreen
et al. 2017). This means that textile effluents often retain
high concentrations of these dyes, which form a layer
on the water surface, which reduces the amount of dis-
solved oxygen and restricts light penetration, thereby
harming the photosynthetic organisms present in this
aquatic environment, which can have devastating con-
sequences for the entire ecosystem (Ali 2010). The lack
of information regarding the correct use of dyes, includ-
ing the effects of their uncontrolled use and the incorrect
disposal of wastewater into rivers can damage human
health and compromise the ecological balance (Mathur
et al. 2006). For example, when some azo dyes undergo

dissociation in water, they produce carcinogenic, muta-
genic, and allergenic compounds that can have a signifi-
cant impact on the environment (Chung 2016). Some
microorganisms have the ability to bioremediate these
dyes; for example, Trametes sanguineus (Balcazar-Lépez
et al. 2016), Lysinibacillus sphaericus (Chantarasiri and
Boontanom 2017), and Acinetobacter baumannii (Kup-
pusamy et al. 2017) all produce enzymes that facilitate
organic compound dissociation. Other compounds com-
monly found in wastewater are pesticides used in agricul-
ture to protect and prevent pests, increase productivity,
and thereby increase economic gain. They have a high
chemical diversity, can be organic or inorganic, and act
as herbicides, fungicides, insecticides, nematicides, and
fumigants (Verma et al. 2014). Incorrect application
and improper storage of pesticides are some of the fac-
tors that lead to contamination of soil and surface and
groundwater, as pesticides are highly stable and soluble,
and they may remain in the environment for long peri-
ods (Struthers et al. 1998; Narayanan et al. 2020). Given
these observations, the search for new microorganisms
and microbial enzymes that can be used in wastewater
treatment has gained momentum, with some interest-
ing results, although more studies are needed to develop
efficient and cost-effective processes. Enzymatic treat-
ment has the advantage of operation at low and high
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concentrations of the contaminant and performance
at a wide range of pH, temperature, and salinity (Durdn
and Esposito 2000). Generally, bacterial enzymes are tol-
erant to a wider range of temperatures and pH, as well
as to environmental stresses (Ulrich et al. 2008; Li et al.
2020). The search for new biomolecules has increased,
and consequently, the search for new microorganisms
has increased. Traditional search methods depend on the
cultivation of these microorganisms; however, metagen-
omics has facilitated the search for new molecules and
access to detailed information that could not be achieved
before, thereby reducing the dependence on cultivation.
Laccase enzymes [(benzenediol: oxygen reductases (EC
1.10.3.2)] are part of a family of multicopper oxidases
(MCOs), which include ferroxidases (EC 1.16.3.1) and
ascorbate oxidases (EC 1.10.3.3). MCO enzymes have
been shown to have several distinct functions, including
copper/iron transport metabolism (ferroxidases) to poly-
phenol oxidation (laccase) (Copete et al. 2015). MCOs
are characterized by their four redox-active cupric ions,
which are generally organized into three domains: T1,
T2, and T3 (Brander et al. 2014). Laccases are oxidative
enzymes that act on various polyphenolic, phenolic, and
non-phenolic compounds, with some enzymes demon-
strating affinity for aromatic amines as well (Balcdzar-
Lépez et al. 2016). This broad spectrum makes these
enzymes suitable targets for several applications, includ-
ing pulp delignification, bleaching, water bioremedia-
tion, various applications in the textile industry, beverage
treatment, enzymatic and immunochemical assays (Bal-
cazar-Lopez et al. 2016), bioethanol production (Fang
et al. 2015), and several unique applications in the phar-
maceutical and cosmetic industries (Mate and Alcalde
2017). These enzymes can be found in vascularized
plants, fungi, insects, and bacteria (Copete et al. 2015)
as well as in mammals (including humans), mollusks,
sea sponges, and octopuses (Janusz et al. 2017). Laccase-
encoding genes have been identified in gram-positive and
gram-negative bacteria, and even in bacteria that live in
extreme environments, including Thermus thermophi-
lus, which produces hyperthermophilic laccase (Piscitelli
et al. 2010). Bacterial laccases are known to have several
advantages over their fungal counterparts, including
better stability under alkaline conditions (Sharma et al.
2007), high thermal/chemical stability, and salinity tol-
erance (Martins et al. 2015), making them prime candi-
dates for industrial applications. Several enzymes with
biotechnological applications have been described in sev-
eral species of gram-positive bacteria, including several
species belonging to Actinobacteria, particularly Strep-
tomyces. These bacteria are known to produce a number
of commercially valuable compounds, including antibiot-
ics and various enzymes, and their capacity for enzyme
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production is attributed to their wide environmental
and host ranges, which include deserts, Arctic glaciers,
insects, plants, oceans, and soil (Endo 2003; Cheng et al.
2015). Characterized laccases from this genus, including
those from Streptomyces coelicolor (Dubé et al. 2008),
and Streptomyces psammoticus (Niladevi et al. 2008),
have been shown to have several unique attributes,
including having only two domains instead of the three
characteristic domains and maintaining their activity via
trimeric and/or quaternary structures. Due to their lack
of a modular domain, these enzymes are referred to as
“SLACs” (from the term “small laccases”) (Ausec et al.
2011). Functional studies of some of these SLACs have
broadened the range of biotechnological applications of
laccases. One example is the recombinant laccase (SilA)
from Streptomyces ipomoeae, which was initially identi-
fied in a textile degradation study (Molina-Guijarro et al.
2009) and was shown to be an efficient degrader of cipro-
floxacin (CIPRO) and norfloxacin (NOR), both of which
are fluoroquinolones found frequently in contaminated
aquatic environments because of their low biodegradabil-
ity (Blanquez et al. 2016).

Considering the importance of addressing the water
pollution problem inherent to textile manufacturing, it
is critical that we continue to expand our repertoire and
understanding of laccases. To this end, this study was
designed to evaluate the heterologous expression and
kinetic attributes of a novel metagenomic SLAC-like
laccase, LacMeta. Here, we show that this enzyme can
degrade seven different dyes from four different classes
and one pesticide, making it a potentially useful enzyme
for the treatment of textile waste and for reducing water
pollution.

Material and methods

Laccase in silico analysis

The putative laccase enzyme was identified using homol-
ogy analysis of metagenomic sequences retrieved using
a sequence-driven cluster prospecting assay for class II
polyketide antibiotics (PKS II), derived from the cosmid
clone B5pl37 isolated from the eucalyptus soil metagen-
omic library (Gomes et al. 2013; Gomes-Pepe et al. 2016).
In this cluster, several other enzymes were found, includ-
ing LacMeta (ORF11) as can be seen in Fig. 10 of the
work (Gomes et al. 2013). The degree of shared similarity
between the predicted peptide sequence for this putative
laccase, ORF13-B5pl37 (named lacmeta), and previously
characterized enzymes found in the “National Center for
Biotechnology Information” (NCBI collections “Non-
redundant,” “UniProtKB/SwissProt,” and metagenomic
proteins sequence) database were obtained using BLAST
(“Basic Local Alignment Search Tool”). Multiple align-
ments were performed using Clustal Omega software
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(version 1.0.3). The possible presence of signal peptides
was also investigated using the SignalP program (Dyrlev
Bendtsen et al. 2004).

To determine the domain assembly and structure
of these enzymes, sequences were evaluated using the
DoMosaics program and analyzed based on sequence
homology (Moore et al. 2014). The Pfam domain fam-
ily comparison tool was integrated into the DoMosa-
ics program and used to retrieve information about the
laccase domains from sequence comparisons using the
Hidden Markov Model. These domain sets were manu-
ally combined and used as individual entries to produce
a single phenetic dendrogram. To complete this analy-
sis, all the structures were subjected to a phenotypic
alignment in Clustal Omega version 1.0.3 (Sievers et al.
2014), and then a dendrogram was constructed using the
neighbor-joining method. The sequences used for these
analyses were obtained from the MCO database “Laccase
and Multicopper Oxidase Engineering Database,” LccED
(https://lcced.biocatnet.de/), which is a cured multicop-
per oxidase database structured according to families
used as source for standard sequences. Besides using it
as a search tool, the database can also be used to identify
sequences.

Recombinant protein expression, extraction,

and purification

The putative LacMeta gene was artificially synthe-
sized, and the codon was optimized for expression in
Escherichia coli (GenOne, http://www.genone.com.br/)
and then cloned into pET-28a using EcoRI and Hin-
dIII (Novagen, Madison, WI, USA). After transforma-
tion, the single BL21 (DE3) colonies from transformed
cells (positive for pET28a + lacmeta) were subjected to
expression condition optimization to evaluate the opti-
mal temperature, isopropyl-pf-p thiogalactopyranoside
(IPTG) concentration, and degree of agitation. After
determining these conditions, the cells were again cul-
tured in 50 mL Luria—Bertani (LB) medium containing
50 pg/mL kanamycin and shaken at 200 rpm at 37 °C
for 16 h to obtain the pre-inoculum. Overexpression of
the recombinant protein was then induced by adding
1% of the pre-inoculum to 1 L of LB medium (50 pg/
mL kanamycin) and then cultured as described above
until they reached an ODg, of 0.4-0.6, when 0.1 mM
IPTG was added to induce protein expression. This
induction was allowed to continue for 20 h at 30 °C
with rotation at 200 rpm. After the incubation period,
the cells were centrifuged and resuspended in 10 mL of
lysis buffer (50 mM sodium phosphate pH 8.0, 200 mM
NaCl, 10 mM imidazole, and 10% glycerol) and incu-
bated with 4 pg/mL lysozyme for 1 h on ice. Cells were
ultrasonically disrupted using a Branson Sonifier 250
sonicator (Branson, Connecticut, USA) at a cyclic rate
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of 20% with 10 cycles of 10 pulses at 10 s intervals. The
disrupted cells were centrifuged for 30 min at 6387 xg
(Sorvall RC5C; Kendro Lab Products, Ashville, NC,
USA) at 4 °C to obtain the extracts. The soluble extract
was incubated for 1 h at 4 °C while shaking with 3.5 mL
Ni?*-NTA resin (Qiagen, Hilden, Germany) previously
equilibrated with sodium phosphate buffer containing
20 mM imidazole. After this incubation, the sample
composed of the resin and bound extract was packed in
a Poly Prep chromatography column (Bio-Rad, Hercu-
les, CA, USA) and subjected to a 20 mM to 1 M imida-
zole gradient. The protein of interest was eluted using a
buffer containing 500 mM imidazole.

This recombinant protein was then concentrated
using an Amicon Ultra-15 filter with a molecular cut-
off of 10 kDa (MWCO 10) (Merck Millipore, Billerica,
MA, USA), and subjected to additional chromatogra-
phy to remove contaminants and estimate the molec-
ular weight and oligomeric state of these compounds.
Molecular exclusion chromatography was conducted
using AKTA pure (GE Healthcare Bio-Sciences, Upp-
sala, Sweden) and Hiload 16/600 Superdex column 200
column (GE Healthcare Bio-Sciences, Uppsala, Swe-
den) at a flow rate of 0.5 mL/min, injection of 2 mL,
and pressure of 0.42 mPa. Flow, injection, and frac-
tionation parameters were controlled using UNICORN
5.0 software (Amersham Bioscience Co., Piscataway,
NJ). Protein concentration estimation in the form of an
apoenzyme (not bound to copper ions) was performed
using a spectrophotometer (Nanodrop ND-1000,
Thermo Scientific, Waltham, MA, USA). The equip-
ment was calibrated using the relevant protein extinc-
tion coefficient values, and their respective molecular
mass values were estimated using the ProtParam soft-
ware (http://web.expasy.org/protparam/).

Copper binding and determination of recombinant protein
(holoenzyme) concentration

The purified recombinant protein was incubated with
1 mM CuSO, for 6 h to allow for the filling of the cop-
per binding sites and thus the creation of the active
holoenzyme bound to its co-factor (copper). After
incubation, excess copper was removed using 20 mM
sodium phosphate buffer pH 7 supplemented with
1 mM ethylenediamine tetraacetic acid (EDTA), fol-
lowed by five additional washes with the same buffer
without EDTA. Washes were completed using a centrif-
ugal filtration device according to the modified proto-
col of Machczynski et al. (2004). Protein concentration
was estimated using Bradford’s assay with bovine serum
albumin as the standard at 590 nm (Bradford 1976).
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Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and zymography

The protein samples were subjected to 10% SDS-PAGE
and then incubated with Coomassie Brilliant Blue to
enable band visualization. These gels were then bleached
using a 10% acetic acid solution (Laemmli 1970) and
visualized.

Laccase activity was evaluated by zymography. Proteins
were separated using a non-denaturing electrophoretic
assay (PAGE 6%) at 4 °C and 100 V, and then incubated
in the presence of the chromogenic substrate 2,2-azino-
bis (3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) in
100 mM sodium citrate buffer (pH 4.0).

Enzyme tests and kinetic parameters

Laccase activity was estimated by reading the absorbance
values after Lacmeta-mediated oxidation of the ABTS
chromogenic substrate (420 nm; &= 36,000 M~! em™).
Unless otherwise indicated, reactions were performed on
microplates with a total reaction volume of 100 pL, com-
prising 80 uL of 20 mM sodium phosphate buffer, pH 7.0,
10 pL of substrate (1 mM final concentration), and 10 puL
of the enzyme (84.72 ng/uL). The reaction was initiated
by adding each enzyme to the solution. Measurements
were recorded at the desired absorbance at 1 min inter-
vals for 30 min at 37 °C using a MultiScan Go (Thermo
Fisher Scientific, Waltham, MA, USA). One unit of lac-
case activity was defined as the quantity of laccase capa-
ble of oxidizing 1 umol of substrate per minute under
the assay conditions. All experiments were performed
in triplicate, and the controls were subjected to the same
parameters without the addition of the enzyme.

We evaluated the effects of pH changes at 37 °C, in the
range of 3.5 to 11.0 using 20 mM of the following buffers:
sodium citrate (pH 3.5-6.5), sodium phosphate (pH 6.5—
7.0), Tris—=HCl (pH 7.0~7.5), HEPES (pH 7.5-8.5), Tris—
HCI (pH 8.5-9.0), sodium bicarbonate (pH 9.0-11.0).
The optimum temperature was determined by evaluating
laccase activity in 20 mM sodium citrate buffer (pH 4.0)
at 4 °C, 10 °C, 15 °C, 20 °C, 25 °C, 30 °C, 37 °C, 40 °C,
45 °C, 50 °C, and 60 °C. Thermostability was evaluated
by previously incubating the enzyme in sodium citrate
buffer, pH 4.0, at temperatures 30 °C, 37 °C, 40 °C, 50 °C
and 60 °C. After that, the samples were cooled on ice and
subsequently measuring its activity with the substrate.

We then determined the enzyme tolerance in the
presence of three detergents, namely, Tween 80, Tri-
ton x-100 (nonionic), and SDS (anionic), at a range of
concentrations (0-2% (v/v%)). To analyze the effect of
salts and metal ions on enzyme activity, we assayed the
laccase-mediated oxidation of the ABTS substrate in the
presence of CuSO,, MgSO,, NiCl,, CaCl,, NaCl, CoCl,,
KCl, FeSO,, MnSO,, MnSO,, Al(SO,)3, and LiSO, at a
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concentration of 2 mM, using the optimum pH and tem-
perature parameters.

The kinetic parameters k., K, and V, were evalu-
ated using 0.066 puM enzyme and ABTS substrate
between 0.1 and 10 mM under optimal temperature and
pH conditions. Kinetic parameters were calculated using
nonlinear regression and the Michaelis—Menten equa-
tion produced using GraphPad PRISM software (version
9.0) (GraphPad Software, La Jolla, CA, USA).

Stability assays

The storage stability of LacMeta was evaluated at 4 °C
in 20 mM Tris—HCI buffer with 300 mM NaCl (pH 7.5)
containing 5% glycerol. The LacMeta samples used in this
test were those obtained via gel filtration and evaluated
over a 1-year period. Stability was assessed by measuring
the respective enzyme activities compared to the newly
extracted enzyme at various time points. These residual
activity assays were performed in triplicate using 20 mM
sodium citrate buffer (pH 4.0) and carried out at 37 °C
using 1 mM ABTS as the substrate.

Dye decoloration

The decoloration capacity of these enzymes was also
evaluated. Each test was carried out in 200 pL reaction
volumes without stirring in 96-well microplates using
phosphate buffer (pH 7.5) and 100 ppm of each dye, with
and without ABTS (0.1 mM) as a redox mediator. The
reaction was initiated by adding the previously bound
copper-purified enzyme and allowed to progress for 48 h
at 37 °C. The decoloration of the respective dyes was
measured based on the change in absorbance for each
dye using a MultiScan Go spectrophotometer (Thermo
Fisher Scientific, Waltham, MA, USA) and expressed as
a percentage of the original using the following equation,
where ‘Al is the initial dye absorbance and ‘At’ is the final
absorbance after enzyme treatment. All assays were per-
formed in triplicate.

Decoloration (%) = [(Ai — At)/Ai] x 100

Treatment of water polluting compounds

The decoloration of the malachite green dye was per-
formed at concentrations of 50, 100, 200, 500, 1000, and
2000 mg/L. The tests were performed in triplicate and
results expressed in percentage, similar to that for the
other dyes mentioned above. For fentin hydroxide, vis-
ible UV spectrum tests were performed and a standard
curve (0.1-1.0 mg/mL) of the compound was obtained,
and the treatments were evaluated according to the lin-
ear equation, and the readings were performed using a
wavelength of 300 nm. The samples used were previously
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incubated for 24 h at 37 °C to 150 rpm, and the com-
pound used was at a concentration of 0.6 mg/mL.

Statistical analysis

Data obtained from comparison standards for pH activ-
ity, temperature, detergent treatment, and temporal sta-
bility were analyzed using R (4.0.3 version) and subjected
to ANOVA analysis and Tukey test, where a probability
of less than 5% was considered significant.

Results

Sample origin and predicting the domain prediction

and identification of the LacMeta enzyme

In silico analyses are important prospecting tools in the
annotation of new enzymes, and they can be used to
predict the in vitro behavior of these molecules, facili-
tating their further analysis. The amino acid sequence
from LacMeta was subjected to a similarity analysis using
the NCBI BLASTp tool with various collections of Gen-
Bank/NCBI as the source data. The initial comparisons
were made against the “non redundant” (“nr”) database,
which revealed that LacMeta shared 80.34% identity with
a Streptomyces rubidus hypothetical MCO (accession
number WP_069465126.1). The second set of evaluations
was performed using a manually curated database col-
lection, UniProtKB/SwissProt, and the results indicated
that LacMeta shares a maximum identity of only 26.62%
with the original characterized laccase from Fusarium
graminearum. The third set of evaluations was com-
pleted to identify more closely related series and used the
“Metagenomic proteins” (env_nr) database as the data
source. This analysis identified one MCO from one non-
cultivable bacterial hydrothermal community (Acces-
sion number VAW95009.1) with a sequence identity of
28.03%.

Using the dedicated “Laccase-characterized enzyme
sequences and MCOs” database (“LccED”) as a tool,
we performed an in silico functional prediction. This
analysis revealed that LacMeta may be a member of the
K family, corresponding to the group of “SLAC-like”
enzyme—Ilaccase with two domains instead of the tradi-
tional three MCO domains. LacMeta shares 41% identity
with the conserved domains of Conexibacter woesei and
29.15% identity with Streptomyces xiaopingdaonensis,
both of which belong to the phylum Actinobacteria. To
better understand the LacMeta enzyme classification,
a hierarchical cluster dendrogram was created using
DoMosaics and the LccED sequences of I-Bacterial Bili-
rubin Oxidases, J-Bacterial CueO, H-Bacterial CopA, and
K-SLAC-like enzymes (Fig. 1). A total of 44 sequences
were analyzed with laccases containing between one
and three domains clearly separated into two main sub-
groups. Branch clustering followed the LccED family

Page 6 of 14

nomenclature and LacMeta grouped in the SLAC branch.
Within this branch, we identified several enzymes
from Actinobacteria, including Isoptericola variabilis
(AEG44518.1), Streptomyces viridis (ACU97130.1), and
Saccharomonospora marina (EHR5096.1). To obtain
more details about the LacMeta sequence, we performed
a multiple sequence alignment and showed that the
sequences clustered along the three distinct laccase fami-
lies (I, J, and K, equivalent to bilirubin oxidase, CueO,
and SLAC, respectively), and five other sequences also
identified in LccED were also included in the K family
clusters (Additional file 1: Fig. S1). The alignment of these
sequences demonstrated strong conservation of the cop-
per-binding sites and the concatenation ligands within
the trinuclear clusters (Additional file 1: Fig. S1). In addi-
tion, we noted that the sequences closest to these active
sites were most similar in enzymes with similar functions
and those belonging to the same family. LacMeta shared
the greatest degree of similarity with sequences from the
K family, which corroborates the previous predictions
for these proteins in our study and those recorded in the
LccED (Fig. 1).
Enzymatic expression and purification
Optimized expression conditions (30 °C at 200 rpm for
20 h of induction) resulted in enzyme yield of 15.3 mg/L
of bacterial cultivation. After overexpression of the pro-
tein, the first purification step used the histidine tail-
containing recombinant laccase (6 x His) and nickel resin
Ni-NTA (Qiagen, Venlo, Netherlands) to isolate the
LacMeta protein, and these fractions were analyzed by
SDS-PAGE (Fig. 2). SDS-PAGE analysis enabled the visu-
alization of a single purified band with a molecular mass
between 37 and 50 kDa, which was compatible with the
predicted mass (42.74 kDa) for each polypeptide chain
in the LacMeta amino acid sequences identified by the
ProtParam tool (Fig. 2a). Figure 2B illustrates the results
obtained by the non-denaturing electrophoresis assay
and shows a band (green) with oxidative activity corre-
sponding to the predicted location of the laccase protein.
Molecular mass exclusion chromatography was used
to predict the mass of the LacMeta protein in its native
apoenzyme configuration (before the addition of the
copper co-factor). Here, we used linear regression analy-
sis of the column void elution volume ratio and the log
of the molecular mass at the same elution volume (Ve/
Vo) to calculate the size of the apoenzyme. The estimated
molecular mass was 107.93 kDa (Fig. 2c), indicating that
LacMeta probably adopts a homotrimeric conformation.

Enzymatic activity and kinetic parameters

Our pH evaluations revealed that LacMeta exhibited
the most robust enzymatic activity at pH 3.5 (100%)
(Fig. 3a), but this low pH resulted in precipitation and
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Fig. 1 Hierarchical dendrogram obtained for sequences of different families of laccases characterized and deposited in the “Laccase and
Multicopper Oxidase Engineering Database, LccED database, applied by the optimization method for close neighbors (neighbors joining). The
domain mapping was followed by the DoMosaics program (Moore et al. 2014)

denaturation of the enzyme after only 20 min, mak- the second-best activity value (80%, pH 4.0) in 20 mM

ing this pH impractical for our subsequent evaluations.  sodium citrate buffer.

This means that all subsequent tests were conducted at LacMeta activity did not differ significantly between 30
and 45 °C. Thus, we used 37 °C, a common temperature
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for enzyme assays, for all of the following assessments. In
addition, LacMeta only exhibited a loss of relative activ-
ity at 4 °C, indicating that this enzyme is extremely ther-
mostable with relevant performance values up to 60 °C
(Fig. 3b).

Interestingly, LacMeta showed high thermostability at
60 °C, reaching 140% relative activity after 2 h and 30 min
of pre-incubation, and throughout the whole test (4 h),
it maintained at least 100% relative activity. In addition,
at 37 °C, only 50% of activity was lost after 2 h, follow-
ing which the enzyme stabilized at 70% relative activity
(Fig. 4).

160
—&— 30°C
—&— 37°C
140 | 40°C
50 °C
—#— 60°C
< 1201
z
S 100 4
E
2 80 /A : i
5 s
3 q5// Mﬁ
X 60 \$ 1 L
40 1 T { -
- R A -
20 T T r r
0 1 2 3 4 5

Time (hours)
Fig. 4 LacMeta thermostability. LacMeta was previously incubated
at temperatures 30 °C (purple circle), 37 °C (black circle), 40 °C (blue
triangle), 50 °C (green triangle) and 60 °C (black square) Aliquots were
removed at different time points for the measurement of residual
activity

Page 9 of 14

The effect of detergents on laccase activity was evalu-
ated using previously established parameters (i.e., 37 °C
and pH 4.0). When LacMeta was evaluated in the pres-
ence of 1-2% Tween 80, it demonstrated some degree
of tolerance, maintaining 90% of its residual activity
(Fig. 5a).

As expected for multicopper enzymes, LacMeta activ-
ity increased considerably in the presence of Cu®" ions
(fivefold increase) (Fig. 5b). Potassium ions were shown
to exert an inhibitory effect on enzyme activity, with only
26% of the residual activity maintained compared to that
of the control. LacMeta was able to tolerate the presence
of other cations reasonably well with no cations inducing
a loss of more than 50% of residual activity of the enzyme.

Finally, we evaluated the kinetic parameters of this
enzyme using the nonphenolic substrate, ABTS, at the
optimal temperature and pH. LacMeta obtained K,
K,, and V,  values of 6.377 + 0.303 s, 4.219 mM, and
24.43 pM/min, respectively. When we compared these
catalytic parameters with those of other laccases, Lac-
Meta demonstrated catalytic efficiency similar to SLAC
(the first reported small laccase (Machczynski et al.
2004), with 1.51 s™' mM ™" (Table 1).

Storage stability

Stability testing showed that this enzyme was able to
retain its activity when stored in a refrigerator at 4 °C
for up to 1 year. Activity was evaluated at 3, 30, 150, 180,
and 365 days. The final evaluations revealed that gel fil-
tration-purified LacMeta stored at 4 °C retained approxi-
mately 34% of its activity after 12 months of storage, and
that this residual activity was not significantly less than
the residual activity observed at 5 months (Fig. 6).

a
120
100 | -
80 - ab
T

Relative Activity (%)
(2]
o

40
20
C
0 - S o
0% 1% 2%
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0 50 100 150 550 600
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Fig. 5 Influence of detergents and ions on laccase enzymatic activity. a Reactions were performed using SDS (black bars), Triton x-100 (gray bars)
and Tween 80 (striped bars) detergents at concentrations of 0%, 1%, and 2%. b Reaction control was performed without the presence of additives
(ions) and was used as the basis for the calculation of the other percentages. The tests were performed with 3 replicates. The values followed by the
same letter do not differ statistically, according to the ANOVA and Tukey test, with a 5% probability
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Table 1 Comparison of Kcat, Km and Kcat/Km with other laccases described in the literature

Protein Search Substrate pH Keat (s ™) Km (mM) Kcat/Km References
(s7'mMm)

LacMeta Metagenome ABTS 4.0 6.33740.303 4219403745 1511 This work

CotA Bacillus pumilus ABTS 36 40.04 0.25394 157.86 Luo et al. (2018)

Thiolacc Thioalkalivibrio sp ABTS 5.0 2.158 0.0046 0.470 Ausec et al. (2015)

SLAC Streptomyces coelicolor ABTS 4.0 949 5.8 1611 Prins et al. (2015)

rLac Klebsiella pneumoniae ABTS 40 1.02 0.00533 0.19 Liuetal. (2017)

Dye decolorization

The ability of LacMeta to degrade various textile dyes
was evaluated by observing the decolorization of nine
dyes from four different classes with or without a redox
mediator (Additional file 1: Table S1). It is interesting
to note that when we added 0.1 mM ABTS as a redox
mediator, only the bromophenol blue dye maintained
its original decoloration value; all the other dyes had
an increased rate of decolorization in the presence of
ABTS. Methylene blue, trypan blue, and malachite
green demonstrated 85%, 83%, and 81% decoloriza-
tion, respectively, in the presence of the redox medi-
ator. Copete et al. (2015) evaluated the effect of
different redox mediators (acetosyringone, syringalde-
hyde, methyl syringate, and 1-hydroxybenzotriazole)
on the decolorization of various dyes, but only syrin-
galdehyde substantially increased the decolorization
of Remazol Brilliant Blue R (RBBR) from 2.2 to 56% in
their study. These characteristics suggest that this novel
laccase could promote bioremediation of various dyes

3
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Fig. 6 Evaluation of long-term stability. Reactions were performed
with purified enzymes after the test, using 2,2’-azino-bis (3-ethylbe
nzothiazoline-6-sulfonic acid), ABTS, as substrates in the parameters
set with optimum enzymatic activity (pH 4.0 and 37 °C). The tests
were performed with 3 replicates. The small letters at the top indicate
the significant difference between each condition performed in the
experiment, according to ANOVA and Tukey test at 5% probability

with different chemical structures in the presence of a
redox mediator.

Treatment of water polluting compounds

Of the results described in this study, the findings regard-
ing the decolorization of malachite green (Fig. 7a), the
oldest artificial dye in current use that is structurally
related to triphenylmethane, are probably the most inter-
esting. LacMeta showed a high affinity for and ability to
degrade this dye; in particular, when subjected to agita-
tion, it was able to produce 100% decoloration in a very
short time (2 h) (Fig. 7b, ¢).

Fentin hydroxide (triphenyltin hydroxide) is a pesticide
with antifungal activity that is widely used in cotton and
bean crops in Brazil (Fig. 8d). According to the stand-
ard curve, LacMeta was able to degrade more than half
of the compound, from 0.6 to 0.2 mg/mL (Fig. 8c), which
was also confirmed by reading the absorption peaks that
decreased after 24 h of treatment (Fig. 8a).

Discussion
This work was successful in the cloning and enzymatic
characterization of a new two-domain laccase, obtained
from the eucalyptus soil metagenome. Molecular mass
exclusion chromatography indicated that LacMeta prob-
ably has a homotrimeric structure, this is consistent
with our predictions that suggest that LacMeta is a two-
domain bacterial laccase sharing some similarity with
previously characterized SLAC enzymes, given the fact
that most characterized SLACs adopt a homotrimer con-
formation (Olbrich et al. 2019). There are, however, some
SLACs that do not conform to this norm, one example
of which is the oligomeric Streptomyces anulatus laccase,
which adopts an estimated eight-subunit structure (Lisov
et al. 2019). These laccases are believed to have evolved
into three domains through the duplication of domains
in older single-domain proteins (Nakamura et al. 2003).
LacMeta also showed 50% residual activity at pH 5.0,
which decreased gradually as the pH increased. These
results suggest that this enzyme prefers acidic environ-
ments when metabolizing ABTS as a substrate. This
preference for acidic pH in the presence of ABTS has
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also been described for several Streptomyces sp. lac-
cases, including Streptomyces sp. SB086, which has an
optimal pH between 4.0 and 5.0 (Fernandes et al. 2014).
Incidentally, a group of SLACs that have garnered atten-
tion because their enzymatic activity spans a wide pH
range, which can vary from 3.0 to 9.0, depending on the
substrate (oxidase enzymes depend on different redox
potentials to act on different groups). The pH range is a
critical parameter for industrial applications, especially
for enzymatic activity in the presence of phenolic com-
pounds used in the textile industry (Dubé et al. 2008).
For temperature, only at 50 °C did LacMeta have sub-
stantial losses of activity; after 4 h of testing, the relative
activity was 30%, and even at 2 h and 30 min, and 3 h,
a part of the activity was recovered. Optimum tempera-
tures for laccase activity and thermostability may vary
greatly between species, and this variety could be even
more diverse compared to that demonstrated by this
enzyme in other genera (Madhavi and Lele 2009). Simi-
lar results regarding the optimal temperature have been
reported for Streptomyces sp. C1, which has been shown
to have an optimum temperature of 40 °C (Lu et al. 2013),
while rLac has an optimal temperature of 35 °C (Liu et al.
2017). However, other Streptomyces spp. SLACs have
been described as having optimal temperature of 50 °C
and have been reported to lose 50% of their activity below
30 °C (Fernandes et al. 2014). By comparing LacMeta and
rLac, we were able to show that rLac loses up to 90% of
its activity at 60 °C, while LacMeta maintains 50% of its
residual activity at this temperature.

SDS completely inhibited the activity of LacMeta,
which is similar to what happened in the other evalu-
ations of metagenomic laccase (Qu et al. 2018), which
also demonstrated a loss of enzyme activity at 1% SDS.
Enzyme activity was also stimulated by Ca?", which
increased the relative activity to 115%. The relative
activity of SLAC of Streptomyces sp. C1 has also been
reported to be increased by calcium to 145% (Nakamura
et al. 2003).

In addition, this enzyme was shown to be an efficient
decolorizing agent for both methylene blue and crystal
violet, without requiring any redox mediator. The abil-
ity of rLac to degrade dyes, including Congo red, crystal
violet, and malachite green, without a redox mediator did
not exceed 27% in a previous study (Li et al. 2020). Lac-
Meta’s ability to degrade these compounds, even in the
absence of a redox mediator, is a strong indication that
its performance may be robust enough to facilitate textile
effluent treatment. Malachite green dye is widely used as
an ectoparasiticide, fungicide, food dye, food additive,
medical disinfectant, and industrial dye (Barapatre et al.
2017). However, there are a number of concerns regard-
ing its use, as it has been linked to adverse immune and
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reproductive responses and is known to possess some
potential carcinogenic effects (Srivastava et al. 2004).

Fentin hydroxide belongs to the group of organotin
compounds, which have a broad spectrum of activity as
biocides in general, and are also known to cause immu-
notoxicity, endocrine disruption, and changes in the
reproduction rate of animals (Grote et al. 2006; Sarpa
et al. 2010). Specific studies on bioremediation of fen-
tin hydroxide little studied. A proposal for tributytin,
another organotin group compound, bioremediation was
carried out using Enterobacter cloacae; however, it did
not yield satisfactory results, and the concentration of
the compound decreased; though, the authors indicated
that this process must be carried out together with other
forms of treatment (Sakultantimetha et al. 2011). These
results demonstrate the importance of identifying new
biomolecules that can be used for the bioremediation of
this and other similar compounds.

LacMeta is a new small metagenomic laccase, which
can be an important feature while the industry is mark-
edly lacking in new raw material to carry out new bio-
technological processes, since the vast majority of
enzymes used in the industry derive from a restricted
number of isolated microorganisms that often represent
only 1% of the entire environmental microbiome. Lac-
Meta showed maximum activity at acidic pH (ABTS) and
maintained its activity across a broad range of tempera-
tures. In addition, LacMeta retained its activity even after
prolonged storage and was shown to rapidly degrade
seven different textile dyes from four different classes and
a fungicide. This suggests that this enzyme may be ideal
for industrial applications, wastewater bioremediation
and warrants a closer evaluation in industrial settings.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/513568-022-01375-0.

Additional file 1: Multisequence Alignment for LacMeta against LccED
Sequences and LacMeta Performance on Dye decoloration.

Acknowledgements

The authors would like to thank the Agricultural Microbiology Program
(University of Sdo Paulo State, UNESP, Campus Jaboticabal), the Coordination
for the Improvement of Higher Education Personnel (CAPES), the National
Council for Scientific and Technological Development (CNPg), and the Sao
Paulo State Research Support Foundation for their financial support and

their continued support for this research. The authors would like to thank Dr.
Manoel Victor F. Lemos for his comments and help in revising this manuscript.

Authors’ contributions

NSML, ESGP—conceptualization, methodology, validation, investigation,
project administration, data curation, visualization, writing—original draft.
JCC—conceptualization, resources, validation. EGML—conceptualization,
methodology, validation, investigation, resources, funding acquisition, project
administration, supervision, writing—review and editing. All authors read and
approved the final manuscript.


https://doi.org/10.1186/s13568-022-01375-0
https://doi.org/10.1186/s13568-022-01375-0

Lima et al. AMB Express (2022) 12:38

Funding

This study was financed in part by the Coordenacdo de Aperfeicoamento de
Pessoal de Nivel Superior—Brasil (CAPES)—Finance Code 001 and Conselho
Nacional de Desenvolvimento Cientifico e Tecnoldgico (CNPq). Partial financial
support was received from the S&o Paulo Research Foundation (FAPESP)
(process number 2011/10981-3).

Availability of data and materials

All data generated or analysed during this study are included in this published
article (and its additional files). Sequence data that support the findings of
this study have been deposited in GenBank with the primary accession codes
MN974156. Requests for material should be made to the corresponding
author.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests

Natdalia Sarmanho Monteiro Lima, Elisangela Soares Gomes-Pepe, Jodo Carlos
Campanharo and Eliana G. Macedo Lemos declares that they have no conflict
of interest.

Author details

'Department of Agricultural and Environmental Biotechnology, Sao Paulo
State University, Jaboticabal Campus, Jaboticabal, Sdo Paulo State 14884-900,
Brazil. °Molecular Biology Laboratory, Institute for Research in Bioenergy
(IPBEN), Jaboticabal, Sdo Paulo State 14884-900, Brazil. *Graduate Program

in Agricultural and Livestock Microbiology, School of Agricultural and Veteri-
narian Sciences, Sdo Paulo State University (UNESP), Jaboticabal, SP, Brazil.

Received: 28 February 2022 Accepted: 13 March 2022
Published online: 23 March 2022

References

Afreen S, Shamsi TN, Baig MA, Ahmad N, Fatima S, Qureshi MI, Hassan M,
Fatma T (2017) A novel multicopper oxidase (laccase) from cyanobacte-
ria: purification, characterization with potential in the decolorization of
anthraquinonic dye. PLoS ONE 12:1-20. https://doi.org/10.1371/journal.
pone.0175144

Ali H (2010) Biodegradation of synthetic dyes—a review. Water Air Soil Pollut
213:251-273. https://doi.org/10.1007/s11270-010-0382-4

Ausec L, Dirk J, Elsas V, Mandic-mulec | (2011) Two- and three-domain bacterial
laccase-like genes are present in drained peat soils. Soil Biol Biochem
43:975-983. https://doi.org/10.1016/j.50ilbi0.2011.01.013

Ausec L, Crnigoj M, Snajder M, Ulrih NP, Mandic-Mulec | (2015) Characteriza-
tion of a novel high-pH-tolerant laccase-like multicopper oxidase and
its sequence diversity in Thioalkalivibrio sp. Appl Microbiol Biotechnol
99:9987-9999. https://doi.org/10.1007/500253-015-6843-3

Balcdzar-Lopez E, Méndez-Lorenzo LH, Batista-Garcia RA, Esquivel-Naranjo U,
Ayala M, Kumar VWV, Savary O, Cabana H, Herrera-Estrella A, Folch-Mallol JL
(2016) Xenobiotic compounds degradation by heterologous expression
of a Trametes sanguineus laccase in Trichoderma atroviride. PLoS ONE
11:e0147997. https://doi.org/10.1371/journal.pone.0147997

Barapatre A, Aadil KR, Jha H (2017) Biodegradation of malachite green by the
ligninolytic fungus Aspergillus flavus. CLEAN - Soail, Air, Water 45:1600045.
https://doi.org/10.1002/clen.201600045

Blanquez A, Guillén F, Rodriguez J, Arias ME, Herndndez M (2016) The degrada-
tion of two fluoroquinolone based antimicrobials by SilA, an alkaline
laccase from Streptomyces ipomoeae. World J Microbiol Biotechnol 32:1-8.
https://doi.org/10.1007/511274-016-2032-5

Bradford MM (1976) A rapid and sensitive method for the quantitation of
microgram quantities of protein utilizing the principle of protein-dye

Page 13 of 14

binding. Anal Biochem 72:248-254. https://doi.org/10.1016/0003-
2697(76)90527-3

Brander S, Mikkelsen JD, Kepp KP (2014) Characterization of an alkali- and
halide-resistant laccase expressed in E. coli: CotA from Bacillus clausii. PLoS
ONE 9:€99402. https://doi.org/10.1371/journal.pone.0099402

Chantarasiri A, Boontanom P (2017) Decolorization of synthetic dyes by
ligninolytic Lysinibacillus sphaericus JD1103 isolated from Thai wetland
ecosystems. AACL Bioflux 10:814-819

Cheng K, Rong X, Pinto-Tomés AA, Fernandez-Villalobos M, Murillo-Cruz C,
Huang Y (2015) Population genetic analysis of Streptomyces albidoflavus
reveals habitat barriers to homologous recombination in the diversifica-
tion of streptomycetes. Appl Environ Microbiol 81:966-975. https://doi.
org/10.1128/AEM.02925-14

Chung KT (2016) Azo dyes and human health: a review. J Environ Sci Health
Part C Environ Carcinog Ecotoxicol Rev 34:233-261. https://doi.org/10.
1080/10590501.2016.1236602

Copete LS, Chanagé X, Barriuso J, Lépez-Lucendo MF, Martinez MJ, Camarero
S (2015) Identification and characterization of laccase-type multicopper
oxidases involved in dye-decolorization by the fungus Leptosphaerulina
sp. BMC Biotechnol 15:74. https://doi.org/10.1186/512896-015-0192-2

Dubé E, Shareck F, Hurtubise Y, Daneault C, Beauregard M (2008) Homologous
cloning, expression, and characterisation of a laccase from Streptomyces
coelicolor and enzymatic decolourisation of an indigo dye. Appl Microbiol
Biotechnol 79:597-603. https://doi.org/10.1007/500253-008-1475-5

Durdn N, Esposito E (2000) Potential applications of oxidative enzymes and
phenoloxidase-like compounds in wastewater and soil treatment: a
review. Appl Catal B Environ 28:83-99

Dyrlev Bendtsen J, Nielsen H, von Heijne G, Brunak S (2004) Improved predic-
tion of signal peptides: signalp 3.0. J Mol Biol 340:783-795. https://doi.
0rg/10.1016/j,jmb.2004.05.028

Endo K (2003) Enzymological characterization of EpoA, a laccase-like phenol
oxidase produced by Streptomyces griseus. J Biochem 133:671-677.
https://doi.org/10.1093/jb/mvg086

Fang Z, Liu X, Chen L, Shen Y, Zhang X, Fang W, Wang X, Bao X, Xiao Y (2015)
Identification of a laccase Glac15 from Ganoderma lucidum 77002 and its
application in bioethanol production. Biotechnol Biofuels 8:54. https://
doi.org/10.1186/513068-015-0235-x

Fernandes TAR, Da Silveira WB, Passos FML, Zucchi TD (2014) Characterization
of a thermotolerant laccase produced by Streptomyces sp. SB086. Ann
Microbiol 64:1363-1369. https://doi.org/10.1007/513213-013-0781-z

Gomes ES, Schuch V, Lemos EGdM (2013) Biotechnology of polyketides: new
breath of life for the novel antibiotic genetic pathways discovery through
metagenomics. Braz J Microbiol 44:1007-1034. https://doi.org/10.1590/
S1517-83822013000400002

Gomes-Pepe S, Guillermo E, Sierra M, Pereira R, Cristina T, Castellane L, De EG,
Lemos M (2016) Bg10: a novel metagenomics alcohol-tolerant suitable
for lactose-free milk preparation. PLoS ONE 11:1-25. https://doi.org/10.
1371/journal.pone.0167932

Grote K, Niemann L, Gericke C, Selzsam B, Chahoud | (2006) Effects of fentin
hydroxide on reproduction of the Japanese quail (Coturnix coturnix japon-
ica). Environ Res 101:81-88. https://doi.org/10.1016/j.envres.2005.07.004

Hassaan MA, Nemr AE (2017) Health and environmental impacts of dyes: mini
review. Am J Environ Sci Eng 1:64-67. https://doi.org/10.11648/j.ajese.
20170103.11

Janusz G, Pawlik A, Sulej J, Swiderska-burek U, Jarosz-wilkotazka A, Paszczy A
(2017) Lignin degradation: microorganisms, enzymes involved, genomes
analysis and evolution. FEMS Microbiol Rev 41:941-962. https://doi.org/
10.1093/femsre/fux049

Kuppusamy S, Sethurajan M, Kadarkarai M, Aruliah R (2017) Biodecolouriza-
tion of textile dyes by novel, indigenous Pseudomonas stutzeri MN1 and
Acinetobacter baumannii MN3. J Environ Chem Eng 5:716-724. https://
doi.org/10.1016/jjece.2016.12.021

Laemmli UK (1970) Cleavage of structural proteins during the assembly of the
head of bacteriophage T4. Nature 227:680-685. https://doi.org/10.1038/
22768020

LiT, Huang L, LiY, Xu Z, Ge X, Zhang Y, Wang N, Wang S, Yang W, Lu F, Liu Y
(2020) The heterologous expression, characterization, and application
of a novel laccase from Bacillus velezensis. Sci Total Environ 713:136713.
https://doi.org/10.1016/j.scitotenv.2020.136713

Lisov AV, Trubitsina LI, Lisova ZA, Trubitsin IV, Zavarzina AG, Leontievsky AA
(2019) Transformation of humic acids by two-domain laccase from


https://doi.org/10.1371/journal.pone.0175144
https://doi.org/10.1371/journal.pone.0175144
https://doi.org/10.1007/s11270-010-0382-4
https://doi.org/10.1016/j.soilbio.2011.01.013
https://doi.org/10.1007/s00253-015-6843-3
https://doi.org/10.1371/journal.pone.0147997
https://doi.org/10.1002/clen.201600045
https://doi.org/10.1007/s11274-016-2032-5
https://doi.org/10.1016/0003-2697(76)90527-3
https://doi.org/10.1016/0003-2697(76)90527-3
https://doi.org/10.1371/journal.pone.0099402
https://doi.org/10.1128/AEM.02925-14
https://doi.org/10.1128/AEM.02925-14
https://doi.org/10.1080/10590501.2016.1236602
https://doi.org/10.1080/10590501.2016.1236602
https://doi.org/10.1186/s12896-015-0192-2
https://doi.org/10.1007/s00253-008-1475-5
https://doi.org/10.1016/j.jmb.2004.05.028
https://doi.org/10.1016/j.jmb.2004.05.028
https://doi.org/10.1093/jb/mvg086
https://doi.org/10.1186/s13068-015-0235-x
https://doi.org/10.1186/s13068-015-0235-x
https://doi.org/10.1007/s13213-013-0781-z
https://doi.org/10.1590/S1517-83822013000400002
https://doi.org/10.1590/S1517-83822013000400002
https://doi.org/10.1371/journal.pone.0167932
https://doi.org/10.1371/journal.pone.0167932
https://doi.org/10.1016/j.envres.2005.07.004
https://doi.org/10.11648/j.ajese.20170103.11
https://doi.org/10.11648/j.ajese.20170103.11
https://doi.org/10.1093/femsre/fux049
https://doi.org/10.1093/femsre/fux049
https://doi.org/10.1016/j.jece.2016.12.021
https://doi.org/10.1016/j.jece.2016.12.021
https://doi.org/10.1038/227680a0
https://doi.org/10.1038/227680a0
https://doi.org/10.1016/j.scitotenv.2020.136713

Lima et al. AMB Express (2022) 12:38

Streptomyces anulatus. Process Biochem 76:128-135. https://doi.org/10.
1016/j.prochio.2018.11.001

LiuY, Huang L, Guo W, Jia L, FuY, Gui S, Lu F (2017) Cloning, expression, and
characterization of a thermostable and pH-stable laccase from Klebsiella
pneumoniae and its application to dye decolorization. Process Biochem
53:125-134. https://doi.org/10.1016/j.procbio.2016.11.015

Lul, Zeng G, Fan C, Ren X, Wang C, Zhao Q, Zhang J, Chen M, Chen A, Jiang M
(2013) Characterization of a laccase-like multicopper oxidase from newly
isolated Streptomyces sp. C1 in agricultural waste compost and enzymatic
decolorization of azo dyes. Biochem Eng J 72:70-76. https://doi.org/10.
1016/j.b€j.2013.01.004

Luo Q, ChenY, Xia J, Wang KQ, Cai YJ, Liao XR, Guan ZB (2018) Functional
expression enhancement of Bacillus pumilus CotA-laccase mutant WLF
through site-directed mutagenesis. Enzyme Microb Technol 109:11-19.
https://doi.org/10.1016/j.enzmictec.2017.07.013

Machczynski MC, Vijgenboom E, Samyn B, Canters GW (2004) Characterization
of SLAC: a small laccase from Streptomyces coelicolor with unprecedented
activity. Protein Sci 13:2388-2397. https://doi.org/10.1110/ps.04759104

MadhaviV, Lele SS (2009) Laccase properties, use. BioResources
4(4):1694-1717

Martins LO, Duréo P, Brissos V, Lindley PF (2015) Laccases of prokaryotic origin:
enzymes at the interface of protein science and protein technology. Cell
Mol Life Sci 72:911-922. https://doi.org/10.1007/s00018-014-1822-x

Mate DM, Alcalde M (2017) Laccase: a multi-purpose biocatalyst at the fore-
front of biotechnology. Microb Biotechnol 10:1457-1467. https://doi.org/
10.1111/1751-7915.12422

Mathur N, Bhatnagar P, Bakre P (2006) Assessing mutagenicity of textile
dyes from pali (Rajasthan) using ames bioassay. Appl Ecol Environ Res
4:111-118. https://doi.org/10.15666/aeer/0401_111118

Molina-Guijarro JM, Pérez J, Mufioz-Dorado J, Guillén F, Moya R, Herndndez
M, Arias ME (2009) Detoxification of azo dyes by a novel pH-versatile,
salt-resistant laccase from Streptomyces ipomoea. Int Microbiol 12:13-21.
https://doi.org/10.2436/20.1501.01.77

Moore AD, Heldy A, Terrapon N, Weiner J, Bornberg-Bauer E (2014) DoMosa-
ics: software for domain arrangement visualization and domain-centric
analysis of proteins. Bioinformatics 30:282-283. https://doi.org/10.1093/
bioinformatics/btt640

Nakamura K, Kawabata T, Yura K, Go N (2003) Novel types of two-domain
multi-copper oxidases: possible missing links in the evolution. FEBS Lett
553:239-244. https://doi.org/10.1016/50014-5793(03)01000-7

Narayanan M, Kumarasamy S, Ranganathan M, Kandasamy S, Kandasamy G,
Gnanavel K (2020) Enzyme and metabolites attained in degradation of
chemical pesticides 8 Cypermethrin by Bacillus cereus. Mater Today Proc.
https://doi.org/10.1016/j.matpr.2020.05.722

Niladevi KN, Jacob N, Prema P (2008) Evidence for a halotolerant-alkaline
laccase in Streptomyces psammoticus: purification and characterization.
Process Biochem 43:654-660. https://doi.org/10.1016/j.procbio.2008.02.
002

Olbrich AC, Schild JN, Urlacher VB (2019) Correlation between the T1 copper
reduction potential and catalytic activity of a small laccase. J Inorg Bio-
chem 201:110843. https://doi.org/10.1016/j.jinorgbio.2019.110843

Piscitelli A, Pezzella C, Giardina P, Faraco V, Giovanni S (2010) Heterologous
laccase production and its role in industrial applications. Bioeng Bugs
1:252-262. https://doi.org/10.4161/bbug.1.4.11438

Prins A, Kleinsmidt L, Khan N, Kirby B, Kudanga T, Vollmer J, Pleiss J, Burton S,
Le Roes-Hill M (2015) The effect of mutations near the T1 copper site on
the biochemical characteristics of the small laccase from Streptomyces
coelicolor A3(2). Enzyme Microb Technol 68:23-32. https://doi.org/10.
1016/j.enzmictec.2014.10.003

Qu W, LiuT, Wang D, Hong G, Zhao J (2018) Metagenomics-based discovery of
Malachite green-degradation gene families and enzymes from mangrove
sediment. Front Microbiol 9:1-11. https://doi.org/10.3389/fmicb.2018.
02187

Sakultantimetha A, Keenan HE, Beattie TK, Bangkedphol S, Cavoura O (2011)
Chemosphere bioremediation of tributyltin contaminated sediment:
degradation enhancement and improvement of bioavailability to pro-
mote treatment processes. Chemosphere 83:680-686. https://doi.org/10.
1016/j.chemosphere.2011.02.024

Sarpa M, Lopes CMT, Delgado IF, Paumgartten FJR (2010) Postnatal develop-
ment and fertility of offspring from mice exposed to triphenyltin (fentin)

Page 14 of 14

hydroxide during pregnancy and lactation. J Toxicol Environ Health - Part
A Curr Issues 73:965-971. https://doi.org/10.1080/15287391003751752

Sharma P, Goel R, Capalash N (2007) Bacterial laccases. World J Microbiol Bio-
technol 23:823-832. https://doi.org/10.1007/5s11274-006-9305-3

Sievers F, Wilm A, Dineen D, Gibson TJ, Karplus K, Li W, Lopez R, McWilliam H,
Remmert M, Soding J, Thompson JD, Higgins DG (2014) Fast, scalable
generation of high-quality protein multiple sequence alignments using
Clustal Omega. Mol Syst Biol 7:539-539. https://doi.org/10.1038/msb.
2011.75

Srivastava S, Sinha R, Roy D (2004) Toxicological effects of malachite green.
Aquat Toxicol 66:319-329. https://doi.org/10.1016/j.aquatox.2003.09.008

Struthers JK, Jayachandran K, Moorman TB (1998) Biodegradation of atrazine
by Agrobacterium radiobacter J14a and use of this strain in bioremedia-
tion of contaminated soil. Appl Environ Microbiol 64:3368-3375. https://
doi.org/10.1128/aem.64.9.3368-3375.1998

Ulrich A, Klimke G, Wirth S (2008) Diversity and activity of cellulose-decom-
posing bacteria, isolated from a sandy and a loamy soil after long-term
manure application. Microb Ecol 55:512-522. https://doi.org/10.1007/
500248-007-9296-0

Verma JP, Jaiswal DK, Sagar R (2014) Pesticide relevance and their microbial
degradation: a-state-of-art. Rev Environ Sci Biotechnol 13:429-466.
https://doi.org/10.1007/511157-014-9341-7

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Submit your manuscript to a SpringerOpen®
journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com



https://doi.org/10.1016/j.procbio.2018.11.001
https://doi.org/10.1016/j.procbio.2018.11.001
https://doi.org/10.1016/j.procbio.2016.11.015
https://doi.org/10.1016/j.bej.2013.01.004
https://doi.org/10.1016/j.bej.2013.01.004
https://doi.org/10.1016/j.enzmictec.2017.07.013
https://doi.org/10.1110/ps.04759104
https://doi.org/10.1007/s00018-014-1822-x
https://doi.org/10.1111/1751-7915.12422
https://doi.org/10.1111/1751-7915.12422
https://doi.org/10.15666/aeer/0401_111118
https://doi.org/10.2436/20.1501.01.77
https://doi.org/10.1093/bioinformatics/btt640
https://doi.org/10.1093/bioinformatics/btt640
https://doi.org/10.1016/S0014-5793(03)01000-7
https://doi.org/10.1016/j.matpr.2020.05.722
https://doi.org/10.1016/j.procbio.2008.02.002
https://doi.org/10.1016/j.procbio.2008.02.002
https://doi.org/10.1016/j.jinorgbio.2019.110843
https://doi.org/10.4161/bbug.1.4.11438
https://doi.org/10.1016/j.enzmictec.2014.10.003
https://doi.org/10.1016/j.enzmictec.2014.10.003
https://doi.org/10.3389/fmicb.2018.02187
https://doi.org/10.3389/fmicb.2018.02187
https://doi.org/10.1016/j.chemosphere.2011.02.024
https://doi.org/10.1016/j.chemosphere.2011.02.024
https://doi.org/10.1080/15287391003751752
https://doi.org/10.1007/s11274-006-9305-3
https://doi.org/10.1038/msb.2011.75
https://doi.org/10.1038/msb.2011.75
https://doi.org/10.1016/j.aquatox.2003.09.008
https://doi.org/10.1128/aem.64.9.3368-3375.1998
https://doi.org/10.1128/aem.64.9.3368-3375.1998
https://doi.org/10.1007/s00248-007-9296-0
https://doi.org/10.1007/s00248-007-9296-0
https://doi.org/10.1007/s11157-014-9341-7

	Broad thermal spectrum metagenomic laccase with action for dye decolorization and fentin hydroxide treatment
	Abstract 
	Key points 
	Introduction
	Material and methods
	Laccase in silico analysis
	Recombinant protein expression, extraction, and purification
	Copper binding and determination of recombinant protein (holoenzyme) concentration
	Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and zymography
	Enzyme tests and kinetic parameters
	Stability assays
	Dye decoloration
	Treatment of water polluting compounds
	Statistical analysis

	Results
	Sample origin and predicting the domain prediction and identification of the LacMeta enzyme
	Enzymatic expression and purification
	Enzymatic activity and kinetic parameters
	Storage stability
	Dye decolorization
	Treatment of water polluting compounds

	Discussion
	Acknowledgements
	References




