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Laccases  are  multicopper  polyphenol  oxidases  that  are  able  to  catalyze  the  oxidation  of a  wide  range  of
phenolic  compounds  with  the simultaneous  reduction  of  O2 to H2O.  Despite  their  promising  industrial
uses,  feasible  incorporation  of laccases  in harsh  processes  requires  the  bioprospecting  and/or  engineering
of enzymes  to be stable  and  active  in acidic  or alkaline  pHs,  high  temperatures,  oxidative  conditions  and
tolerant  to high  salinity  and/or  organic  solvents.  Here  we used  a PCR-based  screening  to  clone  two  novel
laccase  coding  sequences  from  the  white-rot  basidiomycete  Trametes  trogii.  Recombinant  expression  of
cetosyringone
ye decolorization
ichia pastoris
hermostable laccase
rametes trogii

lcc3 gene  in  Komagataella  (=Pichia)  pastoris  showed  that it encodes  a thermo  active  and  thermostable
laccase  with  an  optimum  temperature  of 50 ◦C  and  with  a half-life  of 45  min at  70 ◦C and  a  stability
higher than  3 h at 60 ◦C. Furthermore,  recombinant  LCC3  was capable  of  decolorizing  between  50%  and
100%  of  indigoid,  triarylmethane,  azoic  and  anthraquinonic  synthetic  dyes  in the  presence  of the natural
redox  mediator  acetosyringone  within  2 h  of incubation  at pH  6 and  70 ◦C.

© 2016  Elsevier  Ltd. All  rights  reserved.
. Introduction

Laccases (benzenediol: oxygen oxidoreductases, EC 1.10.3.2)
re multicopper polyphenol oxidases that are able to catalyze the
xidation of a wide range of phenolic compounds and aromatic
mines with the concomitant four-electron reduction of O2 to H2O
1,2]. This property makes them excellent candidates for biotech-
ological applications such as selective delignification in pulp
leaching, degradation of textile dyes and other xenobiotics gener-
ted by industrial processes, development of biosensors and biofuel
ells, conversion of lignocellulosics for biofuel production and
rganic synthesis [3–10]. Laccases are widely distributed in nature,
lthough enzymes from wood-decay fungi are the most studied.
ungal laccases are generally three-domain monomeric extracel-
ular glycoproteins containing four copper atoms per molecule

lassified according to their spectroscopic characteristics and coor-
inated by 10 conserved histidine residues [11]. A type 1 (T1)
ononuclear copper is responsible for the electron transfer from

∗ Corresponding author.
E-mail address: sonia.wirth@gmail.com (S.A. Wirth).

ttp://dx.doi.org/10.1016/j.procbio.2016.03.015
359-5113/© 2016 Elsevier Ltd. All rights reserved.
the substrate to a trinuclear reaction center composed by one type
2 copper atom (T2) and two type 3 copper atoms (T3) where O2
reduction takes place [2,12]. The T1 copper is coordinated by two
conserved histidines and a cysteine in a trigonal geometry and
by a fourth non-coordinating axial ligand that in fungal laccases
is either a leucine or a phenylalanine residue. The oxidative abil-
ity of laccases is mainly determined by the differences in redox
potential between the substrate and the enzyme, being possible
to extend its substrate range to non-phenolic compounds in the
presence of small molecular weight molecules acting as redox
mediators [13,14]. In most fungi, laccases are expressed as multiple
isoforms, depending on the species, strain and culture conditions
such as C:N ratio, presence of inducers, temperature, etc., although
the biological implications for these redundancy is still unknown
[11,15]. Although many fungal laccases have been isolated and
characterized in the last years, much more effort is being done
to find more accurate enzymes tailored to specific industrial pro-
cesses and to high production systems. Since industrial enzymes are
frequently required to be incorporated in harsh processes, charac-

teristics such as activity in acidic or alkaline pHs, high temperature,
oxidative conditions and tolerance to high salinity and/or organic
solvents are highly desirable. Bioprospecting for new laccases and

dx.doi.org/10.1016/j.procbio.2016.03.015
http://www.sciencedirect.com/science/journal/13595113
http://www.elsevier.com/locate/procbio
http://crossmark.crossref.org/dialog/?doi=10.1016/j.procbio.2016.03.015&domain=pdf
mailto:sonia.wirth@gmail.com
dx.doi.org/10.1016/j.procbio.2016.03.015
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Fig. 1. Electrophoretic characterization of recombinant LCC3 expressed in K. pastoris
(A)  SDS-PAGE of purified LCC3 stained with Coomassie Brilliant Blue. (B) Native PAGE
incubated with 5 mM ABTS (left) or 10 mM DMP  (right) (C) western blot of crude
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Table 1
Kinetic constants of purified LCC3 determined at pH 4 and 30 ◦C.

Substrate Km (�M) Kcat (seg−1) Kcat/Km (�M−1 seg−1)
accase protein extracts (−) and extracts digested with EndoH endoglycosidase (+),
evealed with anti-his tag antibody. M:  ColorplusTM Prestained Protein Marker (New
ngland Biolabs).

rganisms that produce them is based on the fact that despite
he high conservation of their amino acid sequences, these phenol
xidases belong to a diverse protein family and even isoenzymes
xpressed in the same species may  have very different biochemical
roperties.

Trametes (=Funalia)  trogii is a worldwide-distributed white-rot
asidiomycete that has been recognized as an excellent source of

igninolytic enzymes. Production of manganese peroxidase (MnP),
ignin peroxidase (LiP) and auxiliary H2O2-producing oxidases such
s glyoxal oxidase was described in this fungus; nevertheless the
ore outstanding property of T. trogii is its ability to express high

evels of laccases [16–21]. In T. trogii, two different laccase coding
enes have been cloned from strain 201 and the presence of at least
ve isoenzymes has been proposed, suggesting that an extensive
umber of laccases is present in this species [22,23]. Studies per-

ormed in T. trogii BAFC 463 have shown the expression of at least
wo laccase isoenzymes and its ability to degrade wood lignin and
rganic pollutants such as nitrobenzene and anthracene as well
s anthraquinonic dyes and polychlorinated biphenyls, demon-
trating its potential for detoxification of xenobiotics [20,24–26].
xtracellular extracts of T. trogii BAFC 463 have demonstrated an
xtraordinary laccase activity (110 U/ml) with a half-life of more
han 2 h at 60 ◦C [18,27]. Crude culture fluids have been assayed
or the biobleaching of loblolly pine Kraft pulp and crude extracts
s well as the purified laccase showed high decolorization rates of
zoic, indigoid, triphenylmethane, anthraquinonic and heterocyclic
yes even at pH 7 and 70 ◦C and in the absence of redox mediators
18,28,29]. Additionally, a purified laccase of T. trogii BAFC 463 has
een successfully used for the generation of biofuel cells [30,31].

In order to elucidate if high thermostable laccase activity of
. trogii BAFC 463 is due to the expression of a particular set of
soenzymes, we performed a PCR-based screening to clone the lac-
ase coding genes expressed in copper induced cultures. Using
his approach, we achieved to clone two novel laccase coding
equences (lcc3 and lcc4) not previously reported for T. trogii. Here,
e describe the recombinant expression in Komagataella (=Pichia)

astoris of the native lcc3 cDNA sequence, demonstrating it encodes
 thermostable laccase with the ability of decolorize indigoid, tri-
rylmethane, azoic and anthraquinonic dyes in the presence of the
atural redox mediator acetosyringone.

. Material and methods
.1. Fungal strain and culture conditions

Trametes (Funalia) trogii (Polyporaceae, Aphyllophorales, Basid-
omycetes) strain BAFC 463 (Funalia trogii ATCC MYA2811) was
ABTS 250 ± 9 399 ± 20 1.59
DMP  2095 ± 63 329 ± 32 0.16

obtained from the BAFC Mycological Culture Collection of the
Department of Biological Sciences, Faculty of Exact and Natural Sci-
ences, University of Buenos Aires. Stock cultures were maintained
on malt extract agar slants at 4 ◦C.

Culture conditions for laccase induction were as previously
described [19,27]. Four 25-mm2 surface agar plugs from a 7-day-
old culture grown on malt agar (1.3% malt extract, 1% glucose,
2% agar) were inoculated in 500 ml  Erlenmeyer flasks contain-
ing 50 ml  of GA medium (2% glucose, 0.5 g/l MgSO4·7H2O,  0.5 g/l
KH2PO4, 0.6 g/l K2HPO4, 0.09 mg/l MnCl2·4H2O, 0.07 mg/l H3BO3,
0.02 mg/l Na2MoO4·H2O, 1 mg/l FeCl3, 3.5 mg/l ZnCl2, 0.1 mg/l thi-
amine hydrochloride, 3 g/l asparagine monohydrate and 1 mM
CuSO4). Initial pH of the medium was adjusted to 6.5 with 1 N
NaOH. Incubation was carried out statically at 28 ◦C. Cultures were
harvested at day 22 when laccase activity peaked (110 U/ml) and
filtered through a filter paper using a Büchner funnel and mycelia
was used for total RNA extraction.

2.2. RNA extraction and cDNA synthesis

Filtered fungal mycelium was ground into fine powder using a
combination of RNAse free sea sand and liquid nitrogen. Total RNA
was extracted using RNAzol RT reagent (Molecular Research Center
Inc., Cincinnati, USA) according to the manufacturerı́s instruc-
tions. The quantity of RNA was estimated by Nanodrop ND-1000
spectrophotometer (Nanodrop Technologies) and RNA quality was
determined by formaldehyde RNA gel electrophoresis. Total RNA
was treated with RNAse free DNAse I (New England Biolabs Inc., UK)
and mRNAs isolated using PolyATtract® mRNA Isolation System
(Promega, Madison, WI,  USA). Total cDNA was  synthetized using
ImProm-IITM Reverse Transcriptase (Promega, Madison, WI,  USA)
and oligodTVN primer, according to manufacturerı́s instructions.

2.3. PCR and RACE PCR

For laccase cDNA amplification we  designed four degen-
erate oligonucleotide primers recognizing the conserved
sequences in copper-binding regions I to IV [32]. Combina-
tions of forward (LacR1 5′-ACNWSNATHCAYTGGCAYGG-3′

and LacR2 5′-GGIACITTYTGGTAYCAY-3′) and reverse
(LacR3 5′-CCRTGNARRTGDAWNGGRTG-3′ and LacR4 5′-
RAARTCDATRTGRCARTG-3′) primers were assayed for PCR
amplification. Amplified fragments of the expected sizes were
gel-purified and cloned in pGEM®-T Easy Vector (Promega,
Madison, WI,  USA) for sequencing (Macrogen Inc). Partial
coding sequences showing homologies with genes encoding
fungal laccases found in NCBI Database were selected and used
to design internal gene specific oligonucleotide primers for
5′-RACE and 3′-RACE PCR. For 3′-RACE PCR, template cDNA
was synthesized using an oligo dT anchored primer (dTR 5′-
GACCACGCGTATCGATGTCGACTTTTTTTTTTTTTTTTV-3′) and used
for PCR amplification using forward laccase gene specific primer
and reverse primer recognizing the adaptor sequence in anchored
primer (5′-GACCACGCGTATCGATGTCGAC-3′). For 5′ RACE PCR,
total cDNA template was subjected to incorporation of a C tract on 5′
end using Terminal Deoxynucleotidyl Transferase enzyme (Thermo
Scientific) according to manufacturer’s instructions, and PCR ampli-
fied using laccase gene specific primer and a 5′ poly G anchored
primer (5′-GGCCACGCGTCGACTAGTACGGGIIGGGIIGGGIIG-3′),
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ig. 2. Temperature and pH activity profiles for LCC3. (A) pH Profiles for ABTS (clos
emperature profile using ABTS as substrate at pH 4.5. Activity is represented as % 

or  triplicates.

ollowed by a second amplification using anchored primer
5′-GGCCACGCGTCGACTAGTAC-3′). Amplified fragments of the
xpected sizes were gel-purified and cloned in pGEM®-T Easy
ector (Promega, Madison, WI,  USA) for sequencing (Macrogen

nc.). Contigs obtained were assembled using CAP3 Sequence
ssembly Program [33] for in silico sequence analysis and primer
esign for cloning.

.4. Recombinant laccase expression in K. pastoris

Complete lcc3 coding sequence was amplified by PCR
sing a 5′ primer incorporating a BamHI restriction site
L3TtPICFw 5′-GGATCCAAACGATGTTGCGCACTCGCAC 3′)
nd a 3′ primer incorporating a sequence coding for a 6
istidine tag and a EcoRI restriction site (L3TtPICRv 5′-
AATTCCTAATGGTGATGGTGATGGTGACTAGTCGGGTTCTCCG
GTAG-3′) for cloning in pPIC9 expression vector (Invitrogen
ife Technologies Inc.), replacing the �-factor signal sequence.
ecombinant vector linealized with DraI was used for transfor-
ation of K. Pastoris strain GS115 (Invitrogen Life Technologies)

y electroporation. Recombinant clones reverting histidine aux-
trophy were first selected on minimal medium MD plates (0.34%
east nitrogen base without amino acids, 10 g/l (NH4)2SO4, 2%
extrose and 2% agar) and then by laccase secreted activity on
inimal medium MM plates (0.34% yeast nitrogen base without

mino acids, 10 g/l (NH4)2SO4, and 2% agar) supplemented with
 mM ABTS (2,2′-azinobis-(3-ethylbenzthiazoline-6-sulphonate)
r 10 mM DMP (2,6-dimethoxyphenol). Induction of AOX1 (K.
astoris alcohol oxidase 1) promoter was achieved by adding
00 �l of 100% methanol to plate lid. Transformed clones showing
reen (ABTS) or orange (DMP) oxidation halos were selected
nd conserved on MD  or YPD (1% yeast extract, 2% peptone, 2%
extrose, 2% agar) agar slants.

For laccase production pre-inoculums were generated in 5 ml
f YPD medium and used as seed to inoculate 25 ml  of BMGY (1%
east extract, 2% peptone, 0.34% yeast nitrogen base without amino
cids, 10 g/l (NH4)2SO4, 400 mg/l biotin, 1% glycerol, 100 mM potas-
ium phosphate buffer, pH 6.0) in 250 ml  shake flasks and cultivated
or 48 h at 30 ◦C and 220 rpm. Cells were harvested by centrifu-
ation 5 min  at 1500g and resuspended in BMMY  medium (1%
east extract, 2% peptone, 100 mM potassium phosphate buffer,
H 6.0, 0.34% yeast nitrogen base without amino acids, 10 g/l

NH4)2SO4, 400 mg/l biotin, 200 �M CuSO4 and 3% sorbitol) to a
nal OD600 nm = 10 and cultivated in 1000 ml  shake flasks at 28 ◦C
nd 220 rpm. Sterile methanol (0.5% final) was added every 24 h to
aintain induction conditions.
cles) and DMP  (closed squares) determined in citrate-phosphate buffer at 30 ◦C (B)
e to the maximum, assigned as 100%. Error bars correspond to standard deviation

2.5. Purification of recombinant laccase

K. pastoris cultures were harvested after 4 days of incubation
in BMMY  and centrifuged at 1500g for 10 min. The supernatant
was concentrated by ultrafiltration (30 kDa MWCO, Amicon Ultra,
Merck Millipore) and buffer exchanged to 50 mM sodium phos-
phate buffer, pH 8. Laccase was  purified by gravity flow Ni-NTA
affinity chromatography using His select nickel affinity gel (Sigma
Chemical Co., USA). Binding was  performed in equilibration buffer
(300 mM NaCl, 50 mM sodium phosphate buffer, pH 8) followed
by two  washes with washing buffer (300 mM NaCl, 50 mM sodium
phosphate buffer, pH 6.5) and eluted with washing buffer contain-
ing 250 mM imidazole.

2.6. Polyacrylamide gel electrophoresis and immunoblotting

Purified recombinant laccases were separated by 12% SDS-PAGE
under reducing conditions and visually identified by Coomassie
Blue staining or transferred to 0.45 �m nitrocellulose membranes
(Bio-Rad Laboratories Inc., USA). The membranes were probed
with 0.1 �g/ml of polyclonal rabbit anti-HIS antibody (Gene-
script, USA), followed by a second incubation step with alkaline
phosphatase-linked goat anti-rabbit antibody diluted to 1:15000
(Sigma Chemical Co., USA) and phosphatase activity detected by a
chromogenic reaction using 5 bromo-4 chloro-3 indolyl phosphate
and nitroblue tetrazolium as substrates (Sigma Chemical Co., USA).

Native-PAGE was performed in 12% acrylamide gels at pH 8.8
under non-denaturing conditions. After running, gels were soaked
in 100 mM sodium acetate buffer pH 4.5 for 10 min  and transferred
to 2 mM ABTS or 10 mM DMP  solutions in 100 mM sodium acetate
pH 4.5 to reveal laccase oxidative activity.

2.7. Deglycosylation assay

For N-glycan removal, recombinant laccases were denatured in
0.5% SDS, 40 mM DTT at 100 ◦C for 5 min  and incubated with endo-
glycosidase H (Endo Hf, New England BioLabs, USA) according to
manufacturer’s instructions. The deglycosylated laccase was sepa-
rated by SDS-PAGE and analyzed by immunoblot assay.

2.8. Enzyme activity determination assays

Laccase activity was  estimated by monitoring the absorbance

change at 420 nm for 1 mM ABTS oxidation (�= 36 mM−1 cm−1)
or 469 nm for 5 mM DMP  oxidation (�= 27.5 mM−1 cm−1) in Mc
Ilvaine’s buffer (citrate-phosphate), pH 4.5 at 30 ◦C [34,35]. One
unit of enzymatic activity was  defined as the amount of enzyme
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Fig. 3. Thermostability and thermal activation of LCC3. ABTS substrate oxidization
activity after pre-incubation of purified LCC3 at 60 ◦C (closed circles) or 70 ◦C (closed
squares) at the indicated times in citrate-phosphate buffer pH 6. Activity is repre-
sented as % of To, assigned as 100%. Error bars correspond to standard deviation for
triplicates.
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N-glycosylated according to Net-glyc 1.0 program prediction (Fig.
S1). All the four laccases have the conserved Asp residue involved
ransforming 1 �mol  of substrate per min. at the indicated pH
nd temperature. For temperature and pHs profiles reactions were
erformed either in citrate-phosphate buffer pH 6 at 24 ◦C, 30 ◦C,
0 ◦C, 50 ◦C, 60 ◦C, 70 ◦C or in citrate-phosphate pH 3, 3.5, 4, 4.5,
, 5.5, 6, and 7 at 30 ◦C. Thermostability assays were performed
re-incubating purified laccase at 30 ◦C, 60 ◦C or 70 ◦C in citrate-
hosphate buffer pH 6 for the indicated times and ABTS oxidation
etermined at 30 ◦C and pH 4.5.

The Michaelis–Menten kinetic constants were determined for
accase oxidative activity on ABTS (range of concentration 25 �M
o 300 �M)  and DMP (range of concentration 0.25 mM to 3 mM)
t pH 4 and 30 ◦C by non linear regression from curves of initial
elocity vs substrate concentration, using GraphPad Prism version
.00 for Windows (GraphPad Software, San Diego California USA,
ww.graphpad.com).

.9. Decolorization of synthetic dyes

Decolorization activity was determined by measuring the
ecrease in absorbance at the indicated wavelength for each dye
nd expressed as % of absorbance at each time point of control
eactions without the addition of enzyme incubated in the same
onditions of pH and temperature. Triarylmethane dyes: Mala-
hite green, (617 nm)  and Aniline blue (Acid blue 22, 590 nm);
ndigoid: Indigo Carmine (Acid blue 74, 610 nm); azoic dyes: Xyli-
ine Ponceau (Acid Red 26, 497 nm)  and Orange G (Acid Orange 10,
97 nm); anthraquinonic: Remazol Brilliant Blue R (RBBR, Reactive
lue 19, 590 nm); heterocyclic: Azure B (650 nm). Reactions were
erformed using 50 �m of dye in citrate-phosphate buffer pH 4.5 at
0 ◦C and laccase at final concentration of 1 U/ml or 10 U/ml. Redox
ediators �-coumaric acid (COU), 1-hydroxybenzotriazole (HBT),

nd violuric acid (VA) were used at a ratio of 4:1 with dyes (200 �M).
or acetosyringone (ASG) ratios of 4:1 (200 �M),  2:1 (100 �M),  1:1
50 �M)  and 0.1:1 (10 �M)  with dyes were evaluated.

To test the effect of pH on dye decolorization, reactions contain-
ng 50 �m of Indigo Carmine, Malachite Green, Azure B, Remazol
rilliant Blue R or Xylidine Ponceau, 1 U/ml of LCC3 and 200 �M
SG were performed in citrate-phosphate buffer pH 3.5, 4.5, 6 or 7
nd incubated at 30 ◦C and absorbance was measured after 1 h and

 h. To evaluate the effect of the temperature on dye decoloriza-

ion reactions were incubated in citrate-phosphate buffer pH 4.5 at
0 ◦C, 60 ◦C or 70 ◦C.
mistry 51 (2016) 895–903

2.10. Data availability

Data of T. trogii BAFC 463 lcc1, lcc2, lcc3 and lcc4 nucleotide
sequences was deposited at DDBJ/EMBL/GenBank under the acces-
sion numbers KU055621, KU055622, KU055623 and KU055624,
respectively. Accession numbers for the corresponding encoded
protein sequences are AMJ39538 (LCC1), AMJ39539 (LCC2),
AMJ39540 (LCC3) and AMJ39541 (LCC4).

3. Results

3.1. Cloning of laccase coding sequences from T. trogii BAFC 463

In order to clone the coding sequences for the isoenzymes
responsible for laccase activity in T. trogii BAFC 463, we performed a
PCR-based screening in a similar approach as previously described
[36,37]. Through the analysis of the reported sequences for the L1
to L4 characteristic laccase signatures for copper-binding regions
found in characterized isoenzymes of Trametes genera, we designed
four degenerate primers (two forward primers for regions I and II
and two  reverse primers for regions III and IV) for PCR amplifi-
cation of T. trogii cDNA. Cloning and sequencing of PCR products
followed by 5′-RACE PCR and 3′-RACE PCR techniques allowed us
to complete four different cDNA sequences showing homology
with other fungal laccase coding sequences reported in GenBank
Database. Sequence lcc1 (GenBank KU055621) encodes a protein
with 100% amino acid identity with previously reported LCC1 of
T. trogii strain 201 (GenBank CAC13040, [22]). Sequence lcc2 of
T. trogii BAFC 463 (GenBank KU055622) encodes a protein with
99% amino acid identity with the reported sequence for LCC2 of
T. trogii 201 (GenBank CAL23367, [23]), with 4 amino acid substitu-
tions in mature translated protein sequence: D14N, I186L, A251 V,
T433A (Fig. S1). In silico analysis of the other two  sequences, correl-
atively named lcc3 and lcc4, showed they encode novel isoenzymes
for T. trogii. Sequence lcc3 (GenBank KU055623) encodes a pre-
protein of 517 amino acids with 97% and 94% identity with two
previously cloned laccases of the related species Coriolopsis gallica
(TgLac3, GenBank AHM10329 [38] and cgLcc1 GenBank AAF70119
[39], respectively). Encoded LCC3 includes the eight conserved his-
tidine residues involved in coordination of T2/T3 trinuclear copper
and the two His and a Cys (H395, H456, C451) involved in coordi-
nation of T1 copper in fungal laccases [12,32]. As non-coordinating
axial ligand of T1 copper, LCC3 showed a Leu (L461) instead of
the Phe more frequently found in high redox potential laccases
of basidiomycetes. Firsts 23 amino acids of LCC3 determine a
putative signal peptide as predicted by SignalP 4.0 (http://www.
cbs.dtu.dk/services/SignalP/) and 4 N-X-S/T sequons (positions 54,
290, 361 and 434 of mature protein) are predicted to be N-
glycosylated according to Net-glyc 1.0 program prediction (http://
www.cbs.dtu.dk/services/NetNGlyc/) (Fig. S1). Sequence lcc4 (Gen-
Bank KU055624) encodes a pre-protein of 520 amino acid length
with more than 80% amino acid identity with laccases of Tram-
etes sp. I-62 (GenBank AAQ12270) Trametes versicolor FP-101664
SS1 (GenBank XP008036898) Trametes hirsuta (GenBank AIZ72725)
and Dichomitus squalens LYAD-421 SS1 (GenBank XP007364547),
including all the conserved residues involved in coordination of
copper sites as well as a Phe (F463) as non-coordinating axial lig-
and of T1 copper. Firsts 21 amino acids of LCC4 determine a putative
signal peptide as predicted by SignalP 4.0 and 3 N-X-S/T sequons
(positions 54, 333, and 436 of mature protein) are predicted to be
in stabilization of cation substrate (D205 for LCC1 and LCC3 and
D207 for LCC2 and LCC4).

http://www.graphpad.com
http://www.graphpad.com
http://www.graphpad.com
http://www.cbs.dtu.dk/services/SignalP/
http://www.cbs.dtu.dk/services/SignalP/
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http://www.cbs.dtu.dk/services/SignalP/
http://www.cbs.dtu.dk/services/SignalP/
http://www.cbs.dtu.dk/services/SignalP/
http://www.cbs.dtu.dk/services/SignalP/
http://www.cbs.dtu.dk/services/SignalP/
http://www.cbs.dtu.dk/services/NetNGlyc/
http://www.cbs.dtu.dk/services/NetNGlyc/
http://www.cbs.dtu.dk/services/NetNGlyc/
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Fig. 4. Decolorization of synthetic dyes by LCC3. Decolorization of 50 �M Indigo Carmine (A), Remazol Brilliant Blue R (B), Malachite Green (C), Aniline Blue (D), Xylidine
P diamo
a  acid (
3  to To.

l
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onceau (E), Orange G (F) and Azure B (G) was assayed in presence of 1 U/ml (closed 

cetosyringone (ASG, closed circles), violuric acid (VA, closed triangles), �-coumaric
0 ◦C in citrate-phosphate buffer pH 4.5. Decolorization is represented as % respect

A comparative analysis of the sequences of the predicted mature
accases encoded by T. trogii BAFC 463, showed that mature LCC4
hares 74% and 70% identity with LCC1 and LCC2 previously cloned
nd characterized in T. trogii 201; while mature LCC3 shares 63% and
9% identity with these two isoenzymes, respectively. As of the four

accases encoded by T. trogii BAFC 463, LCC3 was the more divergent
nd none of the proteins with which it showed highest identity

ere previously characterized, we selected LCC3 for recombinant

xpression and biochemical characterization.
nds) or 10 U/ml (open diamonds) of LCC3 or in presence of 1 U/ml LCC3 and 200 �M
COU, closed inverted triangles) or 1-hydroxybenzotriazole (HBT, closed squares) at

 Error bars correspond to standard deviation for triplicates.

3.2. Recombinant expression in K. pastoris

To characterize the LCC3 protein, we  cloned the native coding
sequence in vector pPIC9 for expression in K. pastoris,  including
a tract of 6 histidines fused in frame to C-terminal for immun-
odetection and Ni-NTA affinity purification (Fig. S3). Screening of
transformed yeast in minimal media supplemented with ABTS or

DMP  showed characteristic oxidization halos surrounding colonies
confirming active recombinant laccase was  expressed and secreted
by K. pastoris.
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Fig. 5. Effect of pH and temperature on dye decolorization by LCC3. Decolorization of 50 �M Indigo Carmine (IC), Malachite Green (MG), Remazol Brilliant Blue R (RBBR),
X LCC3 a
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ylidine  Ponceau (XyL) and Azure B (AzB) was assayed in the presence of 1 U/ml of 

A)  or in citrate-phosphate buffer pH 4.5 at 30 ◦C, 50 ◦C, 60 ◦C and 70 ◦C (B). Decolor
o  To. Error bars correspond to standard deviation for triplicates.

Recombinant laccase production in shake-flasks cultures gave
ields of 5740 ± 500 U/l for ABTS oxidation (pH 4.5, 30 ◦C) in crude
xtracellular extracts. Further purification of recombinant enzyme
y a single step Ni-NTA affinity chromatography resulted in a smear
f apparent molecular mass of 85–90 kDa as visualized on SDS-
AGE stained with Coomassie Brilliant Blue (Fig. 1A). Identity of
hese bands was  confirmed by in-gel activity assay with ABTS and
MP as substrates (Fig. 1B) and by Western blot revealed with an
nti-HIS antibody (Fig. 1C, lane −), showing all the observed bands
orrespond to full-length active proteins. To determine if high
pparent molecular weight of LCC3 was due to its glycosylation
attern, crude enzyme extract was subjected to endoglycosidase

 digestion. Western blot analysis revealed a single band with a
obility of approximately 58 kDa, closer to the theoretical pre-

icted molecular mass (54 kDa) confirming the observed bands
orrespond to glycosylated forms of LCC3 (Fig. 1C, lane +).

.3. Biochemical characterization

The temperature and pH activity profiles for LCC3 were similar
o those observed for other laccases of white-rot fungi [15]. LCC3
howed different pH profiles depending on the substrate, with an
ptimum of pH 3.5 for ABTS and pH 4 for DMP  (Fig. 2A). Temper-
ture profile showed a maximum activity at 50 ◦C, retaining >80%
f activity at temperatures between 60 ◦C and 75 ◦C, but less than
5% of activity at temperatures below 40 ◦C, evidencing the thermo
ctivity of this enzyme (Fig. 2B).

Thermal stability of purified LCC3 was assayed at 60 ◦C and 70 ◦C
or ABTS oxidation. At 60 ◦C LCC3 retained 100% of its initial activity
fter 3 h of incubation, although the activity decreased to 20% when
ncubation was performed at 70 ◦C (Fig. 3). Interestingly, when
CC3 was pre-incubated at 60 ◦C for less than 30 min  it showed
n increase of up to 30% of activity in comparison with the initial
nd the controls incubated at 4 ◦C. Incubations performed at room
emperature demonstrated that LCC3 did not showed any decrease
f activity for at least 5 days when performed at pH 6 or pH 7, but
etained only 26% and 52% of activity after 48 h when incubated at
H 3.5 and 4.5, respectively.

The kinetic constants were estimated for ABTS and DMP  at pH 4
nd 30 ◦C (Table 1). Recombinant LCC3 followed a typical Michaelis-
enten kinetics, with Km values, catalytic constants (kcat) and

pecificity constants (kcat/Km) in the range of those found for other
accases of white rot fungi [15].
.4. Decolorization of synthetic dyes

Decolorization of seven synthetic dyes was assayed in presence
f natural and synthetic redox mediators using concentrated crude
nd 200 �M acetosyringone at 30 ◦C in citrate-phosphate buffer pH 3.5, 4.5, 6 and 7
 after 1 h (solid bars) and 2 h of incubation (white bars) is represented as % respect

extracts of LCC3. Observed decolorization rates were dependent on
the chemical characteristics of dyes and compounds used as redox
mediators. Although 1 U/ml of enzyme was not enough to observe
any significant decolorization, Indigo Carmine and Malachite Green
were decolorized 46% and 84%, respectively after 24 h of incubation
when enzyme concentration was  increased to 10 U/ml  (Fig. 4A, C).
A most outstanding effect was  observed when 1 U/ml of enzyme
was supplemented with redox mediators at a molar ratio of 4:1
with dyes. Among the redox compounds assayed, lignin-derived
acetosyringone (ASG) probed to be the most efficient followed
by violuric acid (VA). In the presence of ASG, LCC3 decolorized
100% of Indigo Carmine in less than 15 min  and more than 80%
of triarylmethane dyes Malachite Green (82.8%) and Aniline Blue
(89%) and the azoic dye Orange G (94.6%) after 2 h of incubation
(Fig. 4A, C, D, F). ASG also allowed high decolorization of recalci-
trant anthraquinonic dye RBBR (65.4%) and azoic Xylidine Ponceau
(54.4%) after 2 h of incubation (Fig. 4B, E). Supplementation with
violuric acid showed a less marked effect on decolorization, with
a 34% for Malachite Green and 16.6% for Indigo Carmine after 2 h
of incubation and less than 30% for Orange G (13.9%), RBBR (26.9%)
Aniline Blue (15.7%) and Xylidine Ponceau (8.4%) after 7 h of incu-
bation. The other two mediators assayed, HBT and �-coumaric acid,
showed only a slight effect on the decolorization after 24 h of incu-
bation for Malachite Green (49.7% HBT, 30.7% COU), Indigo Carmine
(21.9% HBT, 29.1% COU) and RBBR (3.9% HBT, 15.3% COU). For the
highly recalcitrant heterocyclic dye Azure B, only a 16% decoloriza-
tion was observed after 24 h when �-coumaric acid was  used as
redox mediator (Fig. 4G).

In order to assess whether lower concentrations of ASG were
able to mediate dye decolorization by LCC3, dye solutions were
supplemented with varying concentrations of ASG and incubated
with 1 U/ml of enzyme. For Indigo Carmine, 100% of decolorization
was reached after 1 h of incubation even with the lowest molar
ratio of ASG:dye assayed (0.1:1) (Fig. S4A). For Malachite Green, a
decrease from 90% to 68% of dye decolorization was observed after
4 h of incubation when the ratio of ASG:dye was reduced from 4:1 to
1:1 (Fig. S4B). A more pronounced effect was observed for Xylidine
Ponceau and RBBR in which the percentage of decolorization after
4 h of incubation was reduced from 64 to 66% with a ratio of 4:1
ASG:dye to 20–25% with a ratio of 1:1 (Fig. S4C, D).

The effect of pH and temperature on dye decolorization was
assayed in presence of ASG. Although pH profiles of LCC3 showed
almost complete loss of activity at pH 6 for ABTS or DMP oxida-

tion, no decrease in decolorization rates was  observed for Indigo
Carmine and Malachite Green after 2 h of incubation at 30 ◦C and
pH 6 with respect to incubations performed at pH 4.5. For RBBR best
results were obtained at pH 4.5 (74% after 2 h at 30 ◦C), in contrast
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ith the decolorization attained at pH 6 (57% after 2 h). Conversely,
ecolorization of Xylidine Ponceau increased when incubated at
H 6. Incubations performed at pH 7 showed a marked decrease in
ecolorization for all of the assayed dyes, with no changes in the
econd hour of incubation except for Indigo Carmine (Fig. 5A).

A more remarkable effect on the rate of decolorization was
bserved when the incubation temperature was raised above 50 ◦C.
ore than 95% of Malachite Green and Xylidine Ponceau decol-

rization was achieved after the first hour of incubation at 50 ◦C,
0 ◦C and 70 ◦C, whereas at 30 ◦C, decolorization was 56% and 35%,
espectively (Fig. 5B). For RBBR, more than 80% of decolorization
as observed after 2 h at temperatures higher than 50 ◦C whereas

4% was attained at 30 ◦C. For Azure B, although a slight increase
n decolorization was observed at 50 ◦C and 60 ◦C, decolorization
alues remained below 15% after 2 h of incubation (Fig. 5B).

. Discussion

In this work we used a PCR-based screening to clone four lac-
ase coding sequences of T. trogii BAFC 463. Of these, sequences
cc1 and lcc2 encoded proteins with 100% and 99% identity with
accases LCC1 and LCC2 previously reported for T. trogii 201 [22,23]

hile lcc3 and lcc4 encoded two novel isoenzymes. Cloning and
xpression of sequence lcc3 in K. pastoris showed that it encodes

 laccase with a functional signal peptide, capable of oxidizing the
ubstrates ABTS and DMP  with characteristic pH activity profiles
nd kinetic constants commonly observed for other fungal lac-
ases, with higher catalytic efficiency for ABTS that for the phenolic
ubstrate DMP  (Fig. S5, [15])

The most outstanding property of LCC3 was its high activity
nd stability at temperatures above 50 ◦C. Exhibiting a half-life of
5 min  at 70 ◦C and stability higher than 3 h at 60 ◦C, LCC3 activity is
omparable to the highly thermostable laccases described in other
asidiomycetes of the genera Trametes [40,41], Pycnoporus [42,43],
nd Ganoderma [44,45] (Fig. S5). Two laccases were characterized
n C. gallica A-241 [46] and C. gallica UAMH 8260 [47] showing
igh stability at 60 ◦C, but comparison of N-terminal sequences
eported for the purified mature proteins showed they are differ-
nt to the C. gallica isoenzymes TgLcc3 and cgLcc1 with which LCC3
howed high similarity (Fig. S2). None of the other reported protein
equences for C. gallica corresponded to TgLcc3 and cgLcc1 (Fig. S2,
48]). If these two C. gallica isoenzymes are also thermostable it
s not known since biochemical characterization of these proteins

as no reported.
None of the culture filtrates and purified laccases reported for

ther strains of T. trogii showed comparable thermostability. Both,
rude preparations of T. trogii B6J and recombinant LCC1 of T. trogii
01 lost 90% of their activity after 3 h of incubation at 60 ◦C [49,50]
nd the purified laccase of T. trogii YDHSD showed a shorter half-
ife of 1.6 h at 60 ◦C [51]. Only a laccase purified from T. trogii S0301
howed a higher thermostability with a half-life of 3 h at 60 ◦C,
lthough reported sequence corresponded to LCC1 [52], (Fig. S2).

Regarding T. trogii BAFC 463, previous assays with culture fil-
rates exhibited laccase activity with a half-life of more than 2 h
t 60 ◦C and retention of 33% of activity after 1 h at 70 ◦C [18].
ur results suggest that thermal stability observed in T. trogii
AFC 463 culture filtrates could be due to the expression of ther-
ostable LCC3. Another feature of LCC3 is the promotion of activity

bserved when it was pre-incubated for short periods of time at
0 ◦C. This characteristic has been also reported for some bacterial

otA laccase-like multicopper oxidases [53] and for a few basid-

omycetes laccases, including isoenzymes from genera Trametes
54], Physisporinus rivulosus [55] and a laccase of the brown rot
ungus Postia placenta [56].
mistry 51 (2016) 895–903 901

One of the most promising industrial applications of laccases
is in decolorization of synthetic textile dyes for effluent treat-
ment. Multiple studies have shown the ability of culture filtrates
of T. trogii for decolorization of industrial dyes, although few
studies have focused on the role of individual isoenzymes. Here
we demonstrated the ability of LCC3 of T. trogii to decolorize
chemically diverse synthetic dyes. Triarylmethane type (Aniline
Blue and Malachite Green), anthraquinonic (RBBR), azoic (Orange
G and Xylidine Ponceau) and indigoid (Indigo Carmine) dyes were
rapidly decolorized by LCC3 in the presence of the natural redox
mediator acetosyringone and to a much lesser extent with vio-
luric acid. These results are consistent with a previous study in
which acetosyringone and syringaldehyde were selected as the
most efficient natural mediators among 44 different compounds
screened for decolorization of Reactive Black 5 by a laccase of Pyc-
noporus cinnabarinus [13]. The effectiveness of decolorization by
LCC3 was  dependent not only on the chemical characteristics of
redox mediators and dyes, but also on the ratio between them.
While decolorization of Indigo Carmine was slightly affected by the
decrease of the molar ratio of ASG:dye, a decrease of 20% to 40% in
the decolorization of Malachite Green, Xylidine Ponceau and RBBR
was observed when molar ratio of ASG:dye was  reduced from 4:1
to 1:1. Furthermore, although HBT has shown to increase decol-
orization of synthetic dyes by purified laccases of T. trogii BAFC 463
[18], T. trogii SYBC-LZ [57] and T. trogii B6J [49], it showed only a
slight acceleration of decolorization of Indigo Carmine and Mala-
chite Green by LCC3, with no effect on the other dyes assayed. A
similar result was observed for cloned LCC1 that showed a better
response to violuric acid than to HBT [50]. Patterns of decoloriza-
tion of industrial dyes by LCC3 in the presence of acetosyringone
were similar as those registered for culture filtrates of T. trogii BAFC
463 in absence of redox mediators, showing the same increase in
observed rates when incubation was performed at temperatures
above 50 ◦C [18]. Conversely, LCC3 was not able to decolorize dyes
at pH 7 in the same extent as the culture filtrates of T. trogii BAFC
463 and did not show the same decolorization rates for Azure B
[18]. Azure B decolorization is a characteristic of lignin peroxidase
activity, and only a few laccases has been reported to oxidize it.
High redox potential laccases of P. cinnabarinus [13] and Trametes
villosa (Polyporus pinsitus) [13,58] were able to decolorize Azure B
but only in the presence of natural and synthetic redox mediators,
being the most efficient acetosyringone and p-coumaric acid (40%
of decolorization after 2 h with 100 �M of mediator) [13] followed
by HBT (73% of decolorization after 16 h with 2 mM of mediator)
[58]. Decolorization of Azure B by T. trogii BAFC 463 culture filtrates
and purified laccase was  also highly efficient in presence of HBT.
Culture filtrates attained 35% and 100% of Azure B decolorization
after 24 h of incubation in absence or supplemented with 0.5 mM
HBT, respectively, while purified laccase was  able to decolorize
more than 90% of Azure B after 1 h with 0.5 mM HBT [18]. These
observations suggest the expression of more than one isoenzyme
in T. trogii BAFC 463 and the presence of complementary activi-
ties and compounds from fungal metabolism that can act as redox
mediators and stabilizing molecules.

Characteristics such as the retention of activity at pH 6, thermal
stability and activity at temperatures above 50 ◦C, makes LCC3 an
excellent candidate for incorporation in industrial processes such
as dye decolorization and pulp biobleaching. High expression lev-
els reached in K. pastoris even in non-optimized conditions and the
availability of histidine tag for purification by a single step affinity
chromatography shows good prospects for scaling up production.
Also the possibility of using a natural lignin derived redox media-

tor as acetosyringone, has the advantage of being economic, since
it can be obtained from renewable sources. Furthermore, the use
of a laccase-acetosyringone system for the treatment of an effluent
from the textile industry, showed a greater reduction in toxicity
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hat the use of a laccase-HBT system [59]. Finally, the availability
f the cloned sequence of LCC3 could facilitate the improvement of
ts catalytic properties and contribute to the understanding of the

echanisms of thermostability in laccases through protein engi-
eering studies.
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14] A.I. Cañas, S. Camarero, Laccases and their natural mediators:
biotechnological tools for sustainable eco-friendly processes, Biotechnol. Adv.
28 (2010) 694–705, http://dx.doi.org/10.1016/j.biotechadv.2010.05.002.

15]  P. Baldrian, Fungal laccases–occurrence and properties, FEMS Microbiol. Rev.
30  (2006) 215–242, http://dx.doi.org/10.1111/j.1574-4976.2005.00010.x.

16] A. Dhouib, M.  Hamza, H. Zouari, T. Mechichi, R. Hmidi, M.  Labat, et al.,
Screening for ligninolytic enzyme production by diverse fungi from Tunisia,

World J. Microbiol. Biotechnol. 21 (2005) 1415–1423, http://dx.doi.org/10.
1007/s11274-005-5774-z.

17] A.M. Garzillo, M.C. Colao, C. Caruso, C. Caporale, D. Celletti, V. Buonocore,
Laccase from the white-rot fungus Trametes trogii, Appl. Microbiol.
Biotechnol. 49 (1998) 545–551, http://dx.doi.org/10.1007/s002530051211.

[

mistry 51 (2016) 895–903

18] E. Grassi, P. Scodeller, N. Filiel, R. Carballo, L. Levin, Potential of Trametes trogii
culture fluids and its purified laccase for the decolorization of different types
of recalcitrant dyes without the addition of redox mediators, Int. Biodeterior.
Biodegrad. 65 (2011) 635–643, http://dx.doi.org/10.1016/j.ibiod.2011.03.007.

19] L. Levin, F. Forchiassin, Ligninolytic enzymes of the white rot basidiomycete
Trametes trogii, Acta Biotechnol. 21 (2001) 179–186.

20] L. Levin, F. Forchiassin, A.M. Ramos, Copper induction of lignin-modifying
enzymes in the white-rot fungus Trametes trogii, Mycologia 94 (2002)
377–383, http://dx.doi.org/10.2307/3761771.

21] J.P. Yan, J.Z. Niu, D.D. Chen, Y.H. Chen, I. Chagan, Screening of Trametes strains
for efficient decolorization of malachite green at high temperatures and ionic
concentrations, Int. Biodeterior. Biodegrad. 87 (2014) 109–115.

22] M.C. Colao, A.M. Garzillo, V. Buonocore, A. Schiesser, M.  Ruzzi, Primary
structure and transcription analysis of a laccase-encoding gene from the
basidiomycete Trametes trogii, Appl. Microbiol. Biotechnol. 63 (2003)
153–158, http://dx.doi.org/10.1007/s00253-003-1429-x.

23] M.C. Colao, C. Caporale, F. Silvestri, M.  Ruzzi, V. Buonocore, Modeling the 3-D
structure of a recombinant laccase from Trametes trogii active at a pH close to
neutrality, Protein J. 28 (2009) 375–383, http://dx.doi.org/10.1007/s10930-
009-9204-1.

24] L. Levin, M.A. Castro, Anatomical study of the decay caused by the white-rot
fungus Trametes trogii (Aphyllophorales) in wood of Salix and Populus, Iawa J.
19 (1998) 169–180.

25] L. Levin, A. Viale, A. Forchiassin, Degradation of organic pollutants by the
white rot basidiomycete Trametes trogii, Int. Biodeterior. Biodegrad. 52 (2003)
1–5, http://dx.doi.org/10.1016/S0964-8305(02)00091-4.

26] C. Haglund, L. Levín, F. Forchiassin, M.  López, A. Viale, Degradation of
environmental pollutants by Trametes trogii, Rev. Argent. Microbiol. 34 (2002)
157–162.

27] L. Levin, F. Forchiassin, A. Viale, Ligninolytic enzyme production and dye
decolorization by Trametes trogii: application of the Plackett-Burman
experimental design to evaluate nutritional requirements, Process Biochem.
40 (2005) 1381–1387, http://dx.doi.org/10.1016/j.procbio.2004.06.005.

28] V. Da Re, L. Papinutti, L. Villalba, F. Forchiassin, L. Levin, Preliminary studies on
the  biobleaching of loblolly pine Kraft pulp with Trametes trogii crude
extracts, Enzyme Microb. Technol. 43 (2008) 164–168, http://dx.doi.org/10.
1016/j.enzmictec.2007.11.004.

29] S. Trupkin, L. Levin, F. Forchiassin, A. Viale, Optimization of a culture medium
for ligninolytic enzyme production and synthetic dye decolorization using
response surface methodology, J. Ind. Microbiol. Biotechnol. 30 (2003)
682–690, http://dx.doi.org/10.1007/s10295-003-0099-0.

30] P. Scodeller, R. Carballo, R. Szamocki, L. Levin, F. Forchiassin, E.J. Calvo, Laccase
oxygen cathodes for biofuel cells: the role of hydrogen peroxide, J. Am.  Chem.
Soc.  123 (2010) 11132–11140.

31] C. Adam, P. Scodeller, M.  Grattieri, M. Villalba, E.J. Calvo, Revisiting direct
electron transfer in nanostructured carbon laccase oxygen cathodes,
Bioelectrochemistry 109 (2016) 101–107, http://dx.doi.org/10.1016/j.
bioelechem.2016.01.007.

32] S.V.S. Kumar, P.S. Phale, S. Durani, P.P. Wangikar, Combined sequence and
structure analysis of the fungal laccase family, Biotechnol. Bioeng. 83 (2003)
386–394, http://dx.doi.org/10.1002/bit.10681.

33] X. Huang, A. Madan, CAP3: a DNA sequence assembly program, Genome Res.
9  (1999) 868–877.

34] R. Bourbonnais, M.G. Paice, I.D. Reid, P. Lanthier, M.  Yaguchi, Lignin oxidation
by  laccase isozymes from Trametes versicolor and role of the mediator
2,2′-azinobis(3-ethylbenzthiazoline-6-sulfonate) in kraft lignin
depolymerization, Appl. Environ. Microbiol. 61 (1995) 1876–1880.

35] C. Eggert, U. Temp, J.F. Dean, K.E. Ericsson, A fungal metabolite mediates
degradation of non-phenolic lignin structures and synthetic lignin by laccase,
FEBS Lett. 391 (1996) 144–148.

36] T.M.D. Souza, K. Boominathan, C.A. Reddy, Isolation of laccase gene-specific
sequences from white rot and brown rot fungi by PCR, Appl. Environ.
Microbiol. 62 (1996) 3739–3744.

37] H. Hoshida, M.  Nakao, H. Kanazawa, K. Kubo, T. Hakukawa, K. Morimasa, et al.,
Isolation of five laccase gene sequences from the white-rot fungus Trametes
sanguinea by PCR, and cloning, characterization and expression of the laccase
cDNA in yeasts, J. Biosci. Bioeng. 92 (2001) 372–380, http://dx.doi.org/10.
1016/S1389-1723(01)80242-5.

38] Y. Chen, Q. Cao, H. Shao, K. Zhang, X. Tan, Y. Zhang, Cloning, sequencing and
real-time quantitative PCR analysis of laccase gene from Trametes gallica,  J.
Sichuan Univ. 51 (2014) 835–841.

39] J.M. Carbajo, H. Junca, M.C. Terrón, T. González, S. Yagüe, E. Zapico, A.E.
González, Tannic acid induces transcription of laccase gene cglcc1 in the
white-rot fungus Coriolopsis gallica,  Can. J Microbiol. 48 (2002) 1041–1047.

40] Y.S. Zhu, H.B. Zhang, M.L. Cao, Z.Z. Wei, F. Huang, P.J. Gao, Production of a
thermostable metal-tolerant laccase from Trametes versicolor and its
application in dye decolorization, Biotechnol. Bioprocess Eng. 16 (2011)
1027–1035.

41] Z. Haibo, Z. Yinglong, H. Feng, G. Peiji, C. Jiachuan, Purification and
characterization of a thermostable laccase with unique oxidative
characteristics from Trametes hirsuta, Biotechnol. Lett. 31 (2009) 837–843,

http://dx.doi.org/10.1007/s10529-009-9945-0.

42] D. Litthauer, M.J.V. Vuuren, A.V. Tonder, F.W. Wolfaardt, Purification and
kinetics of a thermostable laccase from Pycnoporus sanguineus (SCC 108),
Enzyme Microb. Technol. 40 (2007) 563–568.

http://dx.doi.org/10.1016/j.procbio.2016.03.015
http://dx.doi.org/10.1016/j.procbio.2016.03.015
http://dx.doi.org/10.1016/j.procbio.2016.03.015
http://dx.doi.org/10.1016/j.procbio.2016.03.015
http://dx.doi.org/10.1016/j.procbio.2016.03.015
http://dx.doi.org/10.1016/j.procbio.2016.03.015
http://dx.doi.org/10.1016/j.procbio.2016.03.015
http://dx.doi.org/10.1016/j.procbio.2016.03.015
http://dx.doi.org/10.1016/j.procbio.2016.03.015
http://dx.doi.org/10.1016/j.procbio.2016.03.015
http://dx.doi.org/10.1016/j.procbio.2016.03.015
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0005
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0005
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0005
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0005
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0005
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0005
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0005
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0005
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0005
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0005
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0005
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0005
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0005
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0005
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0005
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0005
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0005
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0005
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0005
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0005
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0005
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0005
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0005
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0005
dx.doi.org/10.1007/s00775-013-1080-7
dx.doi.org/10.1007/s00775-013-1080-7
dx.doi.org/10.1007/s00775-013-1080-7
dx.doi.org/10.1007/s00775-013-1080-7
dx.doi.org/10.1007/s00775-013-1080-7
dx.doi.org/10.1007/s00775-013-1080-7
dx.doi.org/10.1007/s00775-013-1080-7
dx.doi.org/10.1007/s00775-013-1080-7
dx.doi.org/10.1007/s00775-013-1080-7
dx.doi.org/10.1007/s00775-013-1080-7
dx.doi.org/10.1016/j.biotechadv.2006.04.003
dx.doi.org/10.1016/j.biotechadv.2006.04.003
dx.doi.org/10.1016/j.biotechadv.2006.04.003
dx.doi.org/10.1016/j.biotechadv.2006.04.003
dx.doi.org/10.1016/j.biotechadv.2006.04.003
dx.doi.org/10.1016/j.biotechadv.2006.04.003
dx.doi.org/10.1016/j.biotechadv.2006.04.003
dx.doi.org/10.1016/j.biotechadv.2006.04.003
dx.doi.org/10.1016/j.biotechadv.2006.04.003
dx.doi.org/10.1016/j.biotechadv.2006.04.003
dx.doi.org/10.1016/j.biotechadv.2006.04.003
dx.doi.org/10.1155/2014/163242
dx.doi.org/10.1155/2014/163242
dx.doi.org/10.1155/2014/163242
dx.doi.org/10.1155/2014/163242
dx.doi.org/10.1155/2014/163242
dx.doi.org/10.1155/2014/163242
dx.doi.org/10.1155/2014/163242
dx.doi.org/10.1155/2014/163242
dx.doi.org/10.1007/s00253-014-5810-8
dx.doi.org/10.1007/s00253-014-5810-8
dx.doi.org/10.1007/s00253-014-5810-8
dx.doi.org/10.1007/s00253-014-5810-8
dx.doi.org/10.1007/s00253-014-5810-8
dx.doi.org/10.1007/s00253-014-5810-8
dx.doi.org/10.1007/s00253-014-5810-8
dx.doi.org/10.1007/s00253-014-5810-8
dx.doi.org/10.1007/s00253-014-5810-8
dx.doi.org/10.1007/s00253-014-5810-8
dx.doi.org/10.1016/j.copbio.2015.03.006
dx.doi.org/10.1016/j.copbio.2015.03.006
dx.doi.org/10.1016/j.copbio.2015.03.006
dx.doi.org/10.1016/j.copbio.2015.03.006
dx.doi.org/10.1016/j.copbio.2015.03.006
dx.doi.org/10.1016/j.copbio.2015.03.006
dx.doi.org/10.1016/j.copbio.2015.03.006
dx.doi.org/10.1016/j.copbio.2015.03.006
dx.doi.org/10.1016/j.copbio.2015.03.006
dx.doi.org/10.1016/j.copbio.2015.03.006
dx.doi.org/10.1016/j.copbio.2015.03.006
dx.doi.org/10.1007/s00018-014-1823-9
dx.doi.org/10.1007/s00018-014-1823-9
dx.doi.org/10.1007/s00018-014-1823-9
dx.doi.org/10.1007/s00018-014-1823-9
dx.doi.org/10.1007/s00018-014-1823-9
dx.doi.org/10.1007/s00018-014-1823-9
dx.doi.org/10.1007/s00018-014-1823-9
dx.doi.org/10.1007/s00018-014-1823-9
dx.doi.org/10.1007/s00018-014-1823-9
dx.doi.org/10.1007/s00018-014-1823-9
dx.doi.org/10.1007/s00449-015-1475-7
dx.doi.org/10.1007/s00449-015-1475-7
dx.doi.org/10.1007/s00449-015-1475-7
dx.doi.org/10.1007/s00449-015-1475-7
dx.doi.org/10.1007/s00449-015-1475-7
dx.doi.org/10.1007/s00449-015-1475-7
dx.doi.org/10.1007/s00449-015-1475-7
dx.doi.org/10.1007/s00449-015-1475-7
dx.doi.org/10.1007/s00449-015-1475-7
dx.doi.org/10.1007/s00449-015-1475-7
dx.doi.org/10.1007/s00018-014-1828-4
dx.doi.org/10.1007/s00018-014-1828-4
dx.doi.org/10.1007/s00018-014-1828-4
dx.doi.org/10.1007/s00018-014-1828-4
dx.doi.org/10.1007/s00018-014-1828-4
dx.doi.org/10.1007/s00018-014-1828-4
dx.doi.org/10.1007/s00018-014-1828-4
dx.doi.org/10.1007/s00018-014-1828-4
dx.doi.org/10.1007/s00018-014-1828-4
dx.doi.org/10.1007/s00018-014-1828-4
dx.doi.org/10.1016/j.chemosphere.2016.01.022
dx.doi.org/10.1016/j.chemosphere.2016.01.022
dx.doi.org/10.1016/j.chemosphere.2016.01.022
dx.doi.org/10.1016/j.chemosphere.2016.01.022
dx.doi.org/10.1016/j.chemosphere.2016.01.022
dx.doi.org/10.1016/j.chemosphere.2016.01.022
dx.doi.org/10.1016/j.chemosphere.2016.01.022
dx.doi.org/10.1016/j.chemosphere.2016.01.022
dx.doi.org/10.1016/j.chemosphere.2016.01.022
dx.doi.org/10.1016/j.chemosphere.2016.01.022
dx.doi.org/10.1016/j.chemosphere.2016.01.022
dx.doi.org/10.1134/S0006297907100112
dx.doi.org/10.1134/S0006297907100112
dx.doi.org/10.1134/S0006297907100112
dx.doi.org/10.1134/S0006297907100112
dx.doi.org/10.1134/S0006297907100112
dx.doi.org/10.1134/S0006297907100112
dx.doi.org/10.1134/S0006297907100112
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0060
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0060
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0060
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0060
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0060
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0060
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0060
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0060
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0060
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0060
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0060
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0060
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0060
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0060
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0060
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0060
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0060
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0060
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0060
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0060
dx.doi.org/10.1128/AEM.71.4.1775
dx.doi.org/10.1128/AEM.71.4.1775
dx.doi.org/10.1128/AEM.71.4.1775
dx.doi.org/10.1128/AEM.71.4.1775
dx.doi.org/10.1128/AEM.71.4.1775
dx.doi.org/10.1128/AEM.71.4.1775
dx.doi.org/10.1128/AEM.71.4.1775
dx.doi.org/10.1128/AEM.71.4.1775
dx.doi.org/10.1128/AEM.71.4.1775
dx.doi.org/10.1128/AEM.71.4.1775
dx.doi.org/10.1016/j.biotechadv.2010.05.002
dx.doi.org/10.1016/j.biotechadv.2010.05.002
dx.doi.org/10.1016/j.biotechadv.2010.05.002
dx.doi.org/10.1016/j.biotechadv.2010.05.002
dx.doi.org/10.1016/j.biotechadv.2010.05.002
dx.doi.org/10.1016/j.biotechadv.2010.05.002
dx.doi.org/10.1016/j.biotechadv.2010.05.002
dx.doi.org/10.1016/j.biotechadv.2010.05.002
dx.doi.org/10.1016/j.biotechadv.2010.05.002
dx.doi.org/10.1016/j.biotechadv.2010.05.002
dx.doi.org/10.1016/j.biotechadv.2010.05.002
dx.doi.org/10.1111/j.1574-4976.2005.00010.x
dx.doi.org/10.1111/j.1574-4976.2005.00010.x
dx.doi.org/10.1111/j.1574-4976.2005.00010.x
dx.doi.org/10.1111/j.1574-4976.2005.00010.x
dx.doi.org/10.1111/j.1574-4976.2005.00010.x
dx.doi.org/10.1111/j.1574-4976.2005.00010.x
dx.doi.org/10.1111/j.1574-4976.2005.00010.x
dx.doi.org/10.1111/j.1574-4976.2005.00010.x
dx.doi.org/10.1111/j.1574-4976.2005.00010.x
dx.doi.org/10.1111/j.1574-4976.2005.00010.x
dx.doi.org/10.1111/j.1574-4976.2005.00010.x
dx.doi.org/10.1111/j.1574-4976.2005.00010.x
dx.doi.org/10.1007/s11274-005-5774-z
dx.doi.org/10.1007/s11274-005-5774-z
dx.doi.org/10.1007/s11274-005-5774-z
dx.doi.org/10.1007/s11274-005-5774-z
dx.doi.org/10.1007/s11274-005-5774-z
dx.doi.org/10.1007/s11274-005-5774-z
dx.doi.org/10.1007/s11274-005-5774-z
dx.doi.org/10.1007/s11274-005-5774-z
dx.doi.org/10.1007/s11274-005-5774-z
dx.doi.org/10.1007/s11274-005-5774-z
dx.doi.org/10.1007/s002530051211
dx.doi.org/10.1007/s002530051211
dx.doi.org/10.1007/s002530051211
dx.doi.org/10.1007/s002530051211
dx.doi.org/10.1007/s002530051211
dx.doi.org/10.1007/s002530051211
dx.doi.org/10.1007/s002530051211
dx.doi.org/10.1016/j.ibiod.2011.03.007
dx.doi.org/10.1016/j.ibiod.2011.03.007
dx.doi.org/10.1016/j.ibiod.2011.03.007
dx.doi.org/10.1016/j.ibiod.2011.03.007
dx.doi.org/10.1016/j.ibiod.2011.03.007
dx.doi.org/10.1016/j.ibiod.2011.03.007
dx.doi.org/10.1016/j.ibiod.2011.03.007
dx.doi.org/10.1016/j.ibiod.2011.03.007
dx.doi.org/10.1016/j.ibiod.2011.03.007
dx.doi.org/10.1016/j.ibiod.2011.03.007
dx.doi.org/10.1016/j.ibiod.2011.03.007
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0095
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0095
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0095
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0095
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0095
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0095
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0095
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0095
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0095
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0095
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0095
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0095
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0095
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0095
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0095
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0095
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0095
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0095
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0095
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0095
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0095
dx.doi.org/10.2307/3761771
dx.doi.org/10.2307/3761771
dx.doi.org/10.2307/3761771
dx.doi.org/10.2307/3761771
dx.doi.org/10.2307/3761771
dx.doi.org/10.2307/3761771
dx.doi.org/10.2307/3761771
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0105
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0105
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0105
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0105
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0105
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0105
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0105
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0105
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0105
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0105
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0105
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0105
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0105
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0105
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0105
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0105
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0105
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0105
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0105
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0105
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0105
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0105
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0105
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0105
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0105
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0105
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0105
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0105
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0105
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0105
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0105
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0105
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0105
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0105
dx.doi.org/10.1007/s00253-003-1429-x
dx.doi.org/10.1007/s00253-003-1429-x
dx.doi.org/10.1007/s00253-003-1429-x
dx.doi.org/10.1007/s00253-003-1429-x
dx.doi.org/10.1007/s00253-003-1429-x
dx.doi.org/10.1007/s00253-003-1429-x
dx.doi.org/10.1007/s00253-003-1429-x
dx.doi.org/10.1007/s00253-003-1429-x
dx.doi.org/10.1007/s00253-003-1429-x
dx.doi.org/10.1007/s00253-003-1429-x
dx.doi.org/10.1007/s10930-009-9204-1
dx.doi.org/10.1007/s10930-009-9204-1
dx.doi.org/10.1007/s10930-009-9204-1
dx.doi.org/10.1007/s10930-009-9204-1
dx.doi.org/10.1007/s10930-009-9204-1
dx.doi.org/10.1007/s10930-009-9204-1
dx.doi.org/10.1007/s10930-009-9204-1
dx.doi.org/10.1007/s10930-009-9204-1
dx.doi.org/10.1007/s10930-009-9204-1
dx.doi.org/10.1007/s10930-009-9204-1
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0120
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0120
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0120
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0120
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0120
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0120
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0120
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0120
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0120
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0120
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0120
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0120
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0120
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0120
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0120
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0120
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0120
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0120
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0120
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0120
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0120
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0120
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0120
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0120
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0120
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0120
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0120
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0120
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0120
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0120
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0120
dx.doi.org/10.1016/S0964-8305(02)00091-4
dx.doi.org/10.1016/S0964-8305(02)00091-4
dx.doi.org/10.1016/S0964-8305(02)00091-4
dx.doi.org/10.1016/S0964-8305(02)00091-4
dx.doi.org/10.1016/S0964-8305(02)00091-4
dx.doi.org/10.1016/S0964-8305(02)00091-4
dx.doi.org/10.1016/S0964-8305(02)00091-4
dx.doi.org/10.1016/S0964-8305(02)00091-4
dx.doi.org/10.1016/S0964-8305(02)00091-4
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0130
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0130
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0130
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0130
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0130
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0130
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0130
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0130
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0130
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0130
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0130
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0130
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0130
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0130
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0130
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0130
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0130
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0130
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0130
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0130
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0130
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0130
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0130
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0130
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0130
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0130
dx.doi.org/10.1016/j.procbio.2004.06.005
dx.doi.org/10.1016/j.procbio.2004.06.005
dx.doi.org/10.1016/j.procbio.2004.06.005
dx.doi.org/10.1016/j.procbio.2004.06.005
dx.doi.org/10.1016/j.procbio.2004.06.005
dx.doi.org/10.1016/j.procbio.2004.06.005
dx.doi.org/10.1016/j.procbio.2004.06.005
dx.doi.org/10.1016/j.procbio.2004.06.005
dx.doi.org/10.1016/j.procbio.2004.06.005
dx.doi.org/10.1016/j.procbio.2004.06.005
dx.doi.org/10.1016/j.procbio.2004.06.005
dx.doi.org/10.1016/j.enzmictec.2007.11.004
dx.doi.org/10.1016/j.enzmictec.2007.11.004
dx.doi.org/10.1016/j.enzmictec.2007.11.004
dx.doi.org/10.1016/j.enzmictec.2007.11.004
dx.doi.org/10.1016/j.enzmictec.2007.11.004
dx.doi.org/10.1016/j.enzmictec.2007.11.004
dx.doi.org/10.1016/j.enzmictec.2007.11.004
dx.doi.org/10.1016/j.enzmictec.2007.11.004
dx.doi.org/10.1016/j.enzmictec.2007.11.004
dx.doi.org/10.1016/j.enzmictec.2007.11.004
dx.doi.org/10.1016/j.enzmictec.2007.11.004
dx.doi.org/10.1007/s10295-003-0099-0
dx.doi.org/10.1007/s10295-003-0099-0
dx.doi.org/10.1007/s10295-003-0099-0
dx.doi.org/10.1007/s10295-003-0099-0
dx.doi.org/10.1007/s10295-003-0099-0
dx.doi.org/10.1007/s10295-003-0099-0
dx.doi.org/10.1007/s10295-003-0099-0
dx.doi.org/10.1007/s10295-003-0099-0
dx.doi.org/10.1007/s10295-003-0099-0
dx.doi.org/10.1007/s10295-003-0099-0
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0150
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0150
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0150
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0150
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0150
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0150
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0150
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0150
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0150
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0150
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0150
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0150
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0150
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0150
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0150
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0150
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0150
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0150
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0150
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0150
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0150
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0150
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0150
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0150
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0150
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0150
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0150
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0150
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0150
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0150
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0150
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0150
dx.doi.org/10.1016/j.bioelechem.2016.01.007
dx.doi.org/10.1016/j.bioelechem.2016.01.007
dx.doi.org/10.1016/j.bioelechem.2016.01.007
dx.doi.org/10.1016/j.bioelechem.2016.01.007
dx.doi.org/10.1016/j.bioelechem.2016.01.007
dx.doi.org/10.1016/j.bioelechem.2016.01.007
dx.doi.org/10.1016/j.bioelechem.2016.01.007
dx.doi.org/10.1016/j.bioelechem.2016.01.007
dx.doi.org/10.1016/j.bioelechem.2016.01.007
dx.doi.org/10.1016/j.bioelechem.2016.01.007
dx.doi.org/10.1016/j.bioelechem.2016.01.007
dx.doi.org/10.1002/bit.10681
dx.doi.org/10.1002/bit.10681
dx.doi.org/10.1002/bit.10681
dx.doi.org/10.1002/bit.10681
dx.doi.org/10.1002/bit.10681
dx.doi.org/10.1002/bit.10681
dx.doi.org/10.1002/bit.10681
dx.doi.org/10.1002/bit.10681
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0165
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0165
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0165
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0165
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0165
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0165
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0165
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0165
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0165
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0165
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0165
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0165
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0165
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0165
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0165
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0165
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0165
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0170
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0170
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0170
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0170
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0170
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0170
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0170
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0170
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0170
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0170
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0170
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0170
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0170
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0170
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0170
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0170
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0170
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0170
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0170
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0170
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0170
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0170
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0170
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0170
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0170
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0170
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0170
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0170
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0170
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0170
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0170
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0170
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0170
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0170
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0170
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0170
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0170
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0170
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0175
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0175
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0175
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0175
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0175
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0175
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0175
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0175
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0175
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0175
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0175
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0175
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0175
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0175
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0175
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0175
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0175
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0175
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0175
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0175
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0175
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0175
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0175
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0175
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0175
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0175
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0175
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0175
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0175
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0180
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0180
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0180
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0180
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0180
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0180
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0180
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0180
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0180
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0180
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0180
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0180
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0180
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0180
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0180
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0180
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0180
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0180
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0180
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0180
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0180
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0180
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0180
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0180
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0180
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0180
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0180
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0180
dx.doi.org/10.1016/S1389-1723(01)80242-5
dx.doi.org/10.1016/S1389-1723(01)80242-5
dx.doi.org/10.1016/S1389-1723(01)80242-5
dx.doi.org/10.1016/S1389-1723(01)80242-5
dx.doi.org/10.1016/S1389-1723(01)80242-5
dx.doi.org/10.1016/S1389-1723(01)80242-5
dx.doi.org/10.1016/S1389-1723(01)80242-5
dx.doi.org/10.1016/S1389-1723(01)80242-5
dx.doi.org/10.1016/S1389-1723(01)80242-5
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0190
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0190
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0190
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0190
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0190
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0190
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0190
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0190
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0190
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0190
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0190
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0190
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0190
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0190
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0190
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0190
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0190
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0190
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0190
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0190
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0190
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0190
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0190
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0190
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0190
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0190
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0190
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0190
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0190
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0190
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0190
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0190
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0190
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0190
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0195
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0195
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0195
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0195
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0195
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0195
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0195
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0195
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0195
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0195
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0195
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0195
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0195
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0195
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0195
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0195
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0195
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0195
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0195
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0195
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0195
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0195
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0195
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0195
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0195
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0195
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0195
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0195
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0195
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0195
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0195
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0195
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0195
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0195
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0195
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0195
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0195
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0200
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0200
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0200
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0200
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0200
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0200
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0200
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0200
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0200
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0200
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0200
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0200
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0200
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0200
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0200
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0200
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0200
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0200
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0200
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0200
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0200
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0200
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0200
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0200
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0200
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0200
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0200
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0200
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0200
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0200
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0200
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0200
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0200
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0200
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0200
dx.doi.org/10.1007/s10529-009-9945-0
dx.doi.org/10.1007/s10529-009-9945-0
dx.doi.org/10.1007/s10529-009-9945-0
dx.doi.org/10.1007/s10529-009-9945-0
dx.doi.org/10.1007/s10529-009-9945-0
dx.doi.org/10.1007/s10529-009-9945-0
dx.doi.org/10.1007/s10529-009-9945-0
dx.doi.org/10.1007/s10529-009-9945-0
dx.doi.org/10.1007/s10529-009-9945-0
dx.doi.org/10.1007/s10529-009-9945-0
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0210
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0210
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0210
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0210
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0210
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0210
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0210
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0210
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0210
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0210
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0210
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0210
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0210
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0210
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0210
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0210
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0210
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0210
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0210
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0210
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0210
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0210
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0210
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0210
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0210
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0210
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0210
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0210


Bioche

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

doi.org/10.1007/s00253-002-1047-z.
[59] R. Khlifi, L. Belbahri, S. Woodward, M.  Ellouz, A. Dhouib, S. Sayadi, et al.,
P.A. Campos et al. / Process 

43] E. Uzan, P. Nousiainen, V. Balland, J. Sipila, F. Piumi, D. Navarro, M.  Asther, E.
Record, A. Lomascolo, High redox potential laccases from the ligninolytic
fungi Pycnoporus coccineus and Pycnoporus sanguineus suitable for white
biotechnology: from gene cloning to enzyme characterization and
applications, J. Appl. Microbiol. 108 (2010) 2199–2213, http://dx.doi.org/10.
1111/j.1365-2672.2009.04623.x.

44] Z. Ding, L. Peng, Y. Chen, L. Zhang, Z. Gu, G. Shi, K. Zhang, Production and
characterization of thermostable laccase from the mushroom Ganoderma
lucidum,  using submerged fermentation, Afr. J. Microbiol. Res. 6 (2012)
1147–1157, http://dx.doi.org/10.5897/AJMR11.1257.

45] W.T. Huang, R. Tai, R.S. Hseu, C.T. Huang, Overexpression and characterization
of  a thermostable, pH-stable and organic solvent-tolerant Ganoderma
fornicatum laccase in Pichia pastoris, Process Biochem. 46 (2011) 1469–1474.

46] A.M. Calvo, J.L. Copa-Patiño, O. Alonso, A.E. González, Studies of the
production and characterization of laccase activity in the basidiomycete
Coriolopsis gallica,  an efficient decolorizer of alkaline effluents, Arch.
Microbiol. 171 (1998) 31–36.

47] H.A. Vandertol-Vanier, R. Vazquez-Duhalt, R. Tinoco, M.A. Pickard, Enhanced
activity by poly(ethylene glycol) modification of Coriolopsis gallica laccase, J.
Ind. Microbiol. Biotechnol. 29 (2002) 214–220.

48] J.L. Dong, Y.Z. Zhang, Purification and characterization of two laccase
isoenzymes from a ligninolytic fungus Trametes gallica,  Prep. Biochem.
Biotechnol. 34 (2004) 179–194.

49] H. Zouari-Mechichi, T. Mechichi, A. Dhouib, S. Sayadi, A.T. Martínez, M.J.
Martínez, Laccase purification and characterization from Trametes trogii
isolated in Tunisia: decolorization of textile dyes by the purified enzyme,
Enzyme Microb. Technol. 39 (2006) 141–148, http://dx.doi.org/10.1016/j.

enzmictec.2005.11.027.

50] M.C. Colao, S. Lupino, A.M. Garzillo, V. Buonocore, M. Ruzzi, Heterologous
expression of lcc1 gene from Trametes trogii in Pichia pastoris and
characterization of the recombinant enzyme, Microb. Cell Fact. 5 (2006) 31,
http://dx.doi.org/10.1186/1475-2859-5-31.
mistry 51 (2016) 895–903 903

51] M.Q. Ai, F.F. Wang, F. Huang, Purification and characterization of a
thermostable laccase from Trametes trogii and its ability in modification of
kraft lignin, J. Microbiol. Biotechnol. 25 (2015) 1361–1370.

52] J. Yan, D. Chen, E. Yang, J. Niu, Y. Chen, I. Chagan, Purification and
characterization of a thermotolerant laccase isoform in Trametes trogii strain
and its potential in dye decolorization, Int. Biodeterior. Biodegrad. 93 (2014)
186–194, http://dx.doi.org/10.1016/j.ibiod.2014.06.001.

53] S. Brander, J.D. Mikkelsen, K.P. Kepp, Characterization of an alkali- and
halide-resistant laccase expressed in E. coli: cotA from Bacillus clausii,  PLoS
One 9 (2014) e99402, http://dx.doi.org/10.1371/journal.pone.0099402.

54] K. Hildén, T.K. Hakala, T. Lundell, Thermotolerant and thermostable laccases,
Biotechnol. Lett. 31 (2009) 1117–1128, http://dx.doi.org/10.1007/s10529-
009-9998-0.

55] K. Hildén, T. Hakala, P. Maijala, T. Lundell, A. Hatakka, Novel thermotolerant
laccases produced by the white-rot fungus Physisporinus rivulosus, Appl.
Microbiol. Biotechnol. 77 (2007) 301–309.

56] H. An, T. Xiao, F. Huan, D. Wei, Molecular characterization of a novel
thermostable laccase PPLCC2 from the brown rot fungus Postia placenta
MAD-698-R, Electron. J. Biotechnol. 18 (2015) 451–458.

57] X. Zeng, Y. Cai, X. Liao, X. Zeng, S. Luo, D. Zhang, Anthraquinone dye assisted
the  decolorization of azo dyes by a novel Trametes trogii laccase, Process
Biochem. 47 (2012) 160–163, http://dx.doi.org/10.1016/j.procbio.2011.10.
019.

58] H. Claus, G. Faber, H. König, Redox-mediated decolorization of synthetic dyes
by  fungal laccases, Appl. Microbiol. Biotechnol. 59 (2002) 672–678, http://dx.
Decolourization and detoxification of textile industry wastewater by the
laccase-mediator system, J. Hazard. Mater. 175 (2010) 802–808, http://dx.doi.
org/10.1016/j.jhazmat.2009.10.079.

dx.doi.org/10.1111/j.1365-2672.2009.04623.x
dx.doi.org/10.1111/j.1365-2672.2009.04623.x
dx.doi.org/10.1111/j.1365-2672.2009.04623.x
dx.doi.org/10.1111/j.1365-2672.2009.04623.x
dx.doi.org/10.1111/j.1365-2672.2009.04623.x
dx.doi.org/10.1111/j.1365-2672.2009.04623.x
dx.doi.org/10.1111/j.1365-2672.2009.04623.x
dx.doi.org/10.1111/j.1365-2672.2009.04623.x
dx.doi.org/10.1111/j.1365-2672.2009.04623.x
dx.doi.org/10.1111/j.1365-2672.2009.04623.x
dx.doi.org/10.1111/j.1365-2672.2009.04623.x
dx.doi.org/10.1111/j.1365-2672.2009.04623.x
dx.doi.org/10.5897/AJMR11.1257
dx.doi.org/10.5897/AJMR11.1257
dx.doi.org/10.5897/AJMR11.1257
dx.doi.org/10.5897/AJMR11.1257
dx.doi.org/10.5897/AJMR11.1257
dx.doi.org/10.5897/AJMR11.1257
dx.doi.org/10.5897/AJMR11.1257
dx.doi.org/10.5897/AJMR11.1257
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0225
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0225
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0225
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0225
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0225
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0225
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0225
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0225
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0225
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0225
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0225
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0225
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0225
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0225
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0225
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0225
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0225
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0225
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0225
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0225
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0225
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0225
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0225
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0225
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0225
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0225
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0225
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0225
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0225
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0225
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0225
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0225
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0230
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0230
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0230
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0230
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0230
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0230
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0230
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0230
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0230
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0230
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0230
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0230
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0230
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0230
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0230
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0230
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0230
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0230
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0230
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0230
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0230
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0230
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0230
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0230
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0230
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0230
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0230
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0230
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0230
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0230
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0230
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0230
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0230
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0230
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0230
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0230
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0230
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0230
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0235
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0235
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0235
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0235
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0235
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0235
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0235
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0235
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0235
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0235
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0235
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0235
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0235
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0235
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0235
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0235
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0235
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0235
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0235
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0235
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0235
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0235
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0235
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0235
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0235
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0235
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0235
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0240
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0240
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0240
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0240
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0240
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0240
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0240
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0240
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0240
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0240
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0240
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0240
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0240
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0240
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0240
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0240
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0240
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0240
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0240
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0240
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0240
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0240
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0240
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0240
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0240
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0240
dx.doi.org/10.1016/j.enzmictec.2005.11.027
dx.doi.org/10.1016/j.enzmictec.2005.11.027
dx.doi.org/10.1016/j.enzmictec.2005.11.027
dx.doi.org/10.1016/j.enzmictec.2005.11.027
dx.doi.org/10.1016/j.enzmictec.2005.11.027
dx.doi.org/10.1016/j.enzmictec.2005.11.027
dx.doi.org/10.1016/j.enzmictec.2005.11.027
dx.doi.org/10.1016/j.enzmictec.2005.11.027
dx.doi.org/10.1016/j.enzmictec.2005.11.027
dx.doi.org/10.1016/j.enzmictec.2005.11.027
dx.doi.org/10.1016/j.enzmictec.2005.11.027
dx.doi.org/10.1186/1475-2859-5-31
dx.doi.org/10.1186/1475-2859-5-31
dx.doi.org/10.1186/1475-2859-5-31
dx.doi.org/10.1186/1475-2859-5-31
dx.doi.org/10.1186/1475-2859-5-31
dx.doi.org/10.1186/1475-2859-5-31
dx.doi.org/10.1186/1475-2859-5-31
dx.doi.org/10.1186/1475-2859-5-31
dx.doi.org/10.1186/1475-2859-5-31
dx.doi.org/10.1186/1475-2859-5-31
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0255
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0255
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0255
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0255
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0255
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0255
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0255
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0255
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0255
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0255
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0255
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0255
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0255
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0255
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0255
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0255
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0255
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0255
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0255
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0255
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0255
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0255
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0255
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0255
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0255
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0255
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0255
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0255
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0255
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0255
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0255
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0255
dx.doi.org/10.1016/j.ibiod.2014.06.001
dx.doi.org/10.1016/j.ibiod.2014.06.001
dx.doi.org/10.1016/j.ibiod.2014.06.001
dx.doi.org/10.1016/j.ibiod.2014.06.001
dx.doi.org/10.1016/j.ibiod.2014.06.001
dx.doi.org/10.1016/j.ibiod.2014.06.001
dx.doi.org/10.1016/j.ibiod.2014.06.001
dx.doi.org/10.1016/j.ibiod.2014.06.001
dx.doi.org/10.1016/j.ibiod.2014.06.001
dx.doi.org/10.1016/j.ibiod.2014.06.001
dx.doi.org/10.1016/j.ibiod.2014.06.001
dx.doi.org/10.1371/journal.pone.0099402
dx.doi.org/10.1371/journal.pone.0099402
dx.doi.org/10.1371/journal.pone.0099402
dx.doi.org/10.1371/journal.pone.0099402
dx.doi.org/10.1371/journal.pone.0099402
dx.doi.org/10.1371/journal.pone.0099402
dx.doi.org/10.1371/journal.pone.0099402
dx.doi.org/10.1371/journal.pone.0099402
dx.doi.org/10.1371/journal.pone.0099402
dx.doi.org/10.1007/s10529-009-9998-0
dx.doi.org/10.1007/s10529-009-9998-0
dx.doi.org/10.1007/s10529-009-9998-0
dx.doi.org/10.1007/s10529-009-9998-0
dx.doi.org/10.1007/s10529-009-9998-0
dx.doi.org/10.1007/s10529-009-9998-0
dx.doi.org/10.1007/s10529-009-9998-0
dx.doi.org/10.1007/s10529-009-9998-0
dx.doi.org/10.1007/s10529-009-9998-0
dx.doi.org/10.1007/s10529-009-9998-0
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0275
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0275
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0275
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0275
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0275
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0275
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0275
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0275
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0275
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0275
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0275
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0275
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0275
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0275
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0275
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0275
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0275
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0275
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0275
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0275
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0275
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0275
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0275
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0275
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0275
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0275
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0275
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0275
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0275
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0280
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0280
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0280
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0280
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0280
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0280
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0280
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0280
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0280
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0280
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0280
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0280
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0280
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0280
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0280
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0280
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0280
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0280
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0280
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0280
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0280
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0280
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0280
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0280
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0280
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0280
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0280
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0280
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0280
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0280
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0280
http://refhub.elsevier.com/S1359-5113(16)30045-9/sbref0280
dx.doi.org/10.1016/j.procbio.2011.10.019
dx.doi.org/10.1016/j.procbio.2011.10.019
dx.doi.org/10.1016/j.procbio.2011.10.019
dx.doi.org/10.1016/j.procbio.2011.10.019
dx.doi.org/10.1016/j.procbio.2011.10.019
dx.doi.org/10.1016/j.procbio.2011.10.019
dx.doi.org/10.1016/j.procbio.2011.10.019
dx.doi.org/10.1016/j.procbio.2011.10.019
dx.doi.org/10.1016/j.procbio.2011.10.019
dx.doi.org/10.1016/j.procbio.2011.10.019
dx.doi.org/10.1016/j.procbio.2011.10.019
dx.doi.org/10.1007/s00253-002-1047-z
dx.doi.org/10.1007/s00253-002-1047-z
dx.doi.org/10.1007/s00253-002-1047-z
dx.doi.org/10.1007/s00253-002-1047-z
dx.doi.org/10.1007/s00253-002-1047-z
dx.doi.org/10.1007/s00253-002-1047-z
dx.doi.org/10.1007/s00253-002-1047-z
dx.doi.org/10.1007/s00253-002-1047-z
dx.doi.org/10.1007/s00253-002-1047-z
dx.doi.org/10.1007/s00253-002-1047-z
dx.doi.org/10.1016/j.jhazmat.2009.10.079
dx.doi.org/10.1016/j.jhazmat.2009.10.079
dx.doi.org/10.1016/j.jhazmat.2009.10.079
dx.doi.org/10.1016/j.jhazmat.2009.10.079
dx.doi.org/10.1016/j.jhazmat.2009.10.079
dx.doi.org/10.1016/j.jhazmat.2009.10.079
dx.doi.org/10.1016/j.jhazmat.2009.10.079
dx.doi.org/10.1016/j.jhazmat.2009.10.079
dx.doi.org/10.1016/j.jhazmat.2009.10.079
dx.doi.org/10.1016/j.jhazmat.2009.10.079
dx.doi.org/10.1016/j.jhazmat.2009.10.079

	Heterologous production, characterization and dye decolorization ability of a novel thermostable laccase isoenzyme from Tr...
	1 Introduction
	2 Material and methods
	2.1 Fungal strain and culture conditions
	2.2 RNA extraction and cDNA synthesis
	2.3 PCR and RACE PCR
	2.4 Recombinant laccase expression in K. pastoris
	2.5 Purification of recombinant laccase
	2.6 Polyacrylamide gel electrophoresis and immunoblotting
	2.7 Deglycosylation assay
	2.8 Enzyme activity determination assays
	2.9 Decolorization of synthetic dyes
	2.10 Data availability

	3 Results
	3.1 Cloning of laccase coding sequences from T. trogii BAFC 463
	3.2 Recombinant expression in K. pastoris
	3.3 Biochemical characterization
	3.4 Decolorization of synthetic dyes

	4 Discussion
	Conflict of interest
	Acknowledgments
	Appendix A Supplementary data
	References


