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Abstract
The laccase has the ability to oxidize substituted phenols and the water is the sole byproduct, thus it has been employed to 
remove and/or modify the lignin in lignocellulosic material. A putative laccase gene, LacSM, from Sordaria macrospora 
k-hell was screened by a genome mining approach. Then, it was cloned and highly expressed in Escherichia coli. The 
molecular weight of recombinant LacSM was ~ 67 kDa. The optimal pH values for the LacSM oxidation of guaiacol, syrin-
galdazine, 2,6-dimethoxyphenol, and 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) were 6, 7, 5, and 5, respectively. 
The optimal activity of laccase was observed at 60, 55, 55, and 50 °C for four respective substrates. LacSM remained stable 
at pH 5–8 and thermostable at 60 °C with guaiacol as the substrate. 1 mM K+, Na+, or Mn2+ ions slightly stimulated laccase 
activity. In addition, LacSM was moderately tolerant to the Cl− ion and showed an ability to remove and/or modify lignin. 
Thus, LacSM was a potential candidate for industrial applications, such as lignin degradation of lignocellulosic biomass.
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Introduction

Laccases (EC1.10.3.2, phenoloxidases) are multicopper 
oxidases with the ability to oxidize various organic and 
inorganic compounds, such as polyphenols, diphenols, 
and aromatic amines. Substrate oxidation is coupled to the 
four-electron reduction of dioxygen to water [1]. Laccases 
have been reported in bacteria, fungi, plants, and insects 
[2]. The physiological roles of laccases depend on their 
origin [3]. In plants, laccase induces monolignolic building 
blocks to generate radical polymerization, which results in 
lignin biosynthesis; laccase produced by fungi catalyzes the 
opposite process, and leads to lignin degradation. Laccase 
is assumed to be a “green” biotechnology since its byprod-
uct is water. It was widely used industrially e.g., for paper 

pulp biobleaching, synthetic dye decolorization, and lignin 
degradation [4].

Lignocellulosic biomass is a renewable carbon-based 
energy source. The conversion of lignocellulose is impeded 
by its recalcitrant structure. The main components of lig-
nocellulose are lignin, hemicellulose, and cellulose. Lignin 
interlaces with hemicellulose to cover the cellulose, which 
physically blocks the cellulases to contact the cellulose, 
and/or deactivates cellulases via binding [5]. Thus, lignin 
must be removed from carbohydrates under suitable con-
ditions. Lignin is a three-dimensional polymer formed by 
phenylpropanoid subunits, and its degradation is difficult. 
Bacterial and fungal laccases can degrade lignin [6, 7]. Fun-
gal laccases have high redox potential and have attracted 
widespread attention. Basidiomycete laccase, from the genus 
Trametes, dissociates lignin from the whole lignocellulosic 
biomass, thus making cellulose accessible for hydrolysis [8]. 
Ascomycete laccase, from Myceliophthora thermophila, was 
used to pretreat Eucalyptus feedstock, which improved sac-
charification [7]. However, studies on phytopathogenic fungi 
laccases are relatively few, and fungal laccases with novel 
functions need to be identified to facilitate their industrial 
use [9].

In this study, a novel laccase from Sordaria macros-
pora k-hell (LacSM) was identified and the lacSM gene 
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of S. macrospora k-hell was cloned. Then, the protein was 
expressed in Escherichia coli and purified for both bio-
chemical and kinetic characterizations. The laccase of S. 
macrospora k-hell displayed the ability to degrade lignin.

Materials and methods

Strains, media, and chemicals

The pET-30a plasmid with the lacSM gene was amplified 
in E. coli Top10 (Invitrogen). The recombinant laccase was 
expressed in BL21 (DE3) (Novagen). The protocols and 
media used follow the manual of the Novagen pET system. 
The chemicals guaiacol, 2,6-dimethoxyphenol (2,6-DMP), 
syringaldazine (SGZ), and 2,2′-Azino-bis(3-ethylbenzothi-
azoline-6-sulfonic acid) (ABTS) were obtained from Sigma 
Aldrich. All chemicals were of analytical grade and were 
used without further purification.

Cloning of LacSM and vector construction

Uncharacterized laccases were searched online (https​://
blast​.ncbi.nlm.nih.gov/Blast​.cgi), using a protein BLAST, 
with the laccase (Accession Number XP_003663741.1 in 
GenBank) from Myceliophthora thermophila as the search 
template. From the numerous homologs, a protein from S. 
macrospora k-hell (XP_024511624.1) was selected, with an 
identical amino acid sequence to that of the M. thermophila 
laccase by over 60%. The cleavage sites of signal peptide in 
this protein were identified using SignalP 4.1 (www.cbs.dtu.
dk/servi​ces/Signa​lP/). The pI value and molecular weight 
were calculated via the ExPASy proteomics server (https​://
www.expas​y.org).

The sequence of the lacSM gene was optimized by Opti-
mumGene software for expression in BL21 (DE3) and was 
synthesized by GenScript Biotech Inc. (Nanjing, China). 
Using the synthesized gene as template, the putative laccase 
gene was amplified via polymerase chain reaction (PCR) 
with PSMF and PSMR primers. The PCR products were puri-
fied following the protocol of a gel extraction kit (HiPure 
Gel Pure DNA Mini Kit, Magen); then, the products were 
digested by Nco I and Hind III endonucleases, sequentially, 
ligated into the vector pPET-30a (which had been digested 
with enzymes Nco I and Hind III) to generate a plasmid 
with the gene lacSM. The resulting expression plasmid was 
denoted as pET-30a-LacSM.

Heterologous expression of LacSM in BL21 (DE3)

The expression plasmid pET-30a-LacSM was transformed 
into BL21 (DE3) cells. Transformants were grown on plates 
containing Luria–Bertani (LB) medium (1% yeast extract, 

1% NaCl, and 2% peptone) supplemented with kanamycin 
(100 µg/L). Clones were selected and cultivated in a 50 mL 
flask containing 10 mL LB medium at 37 °C and 250 rpm. 
This culture was incubated for 16 h at 16 °C and 250 rpm 
for the expression of extracellular laccase. To explore the 
effect of Cu2+ exposure on the laccase yield, CuSO4 solution 
was added to the induction medium, and the final Cu2+ con-
centrations in the culture were 0, 0.2, 0.4, 0.5, and 0.8 mM.

Laccase activity assay

One unit of enzyme activity [U] refers to the amount of 
enzyme required to oxidize 1  µmol substrate per min-
ute. Laccase activity was measured using a previously 
reported method [10]. Briefly, the activity of LacSM was 
determined at 60 °C by exploring the oxidation of 2 mM 
guaiacol at 465 nm (ɛ465 = 12,000 M−1 cm−1). The reaction 
system (1 mL) includes 2 mM guaiacol, 50 mM Na2HPO4/
NaH2PO4 buffer (pH 6.0), and an appropriate concentra-
tion of LacSM. Other substrates, such as ABTS (1 mM, 
ɛ420 = 36,000 M−1 cm−1), 2, 6-dimethoxyphenol (2,6-DMP; 
2 mM, ɛ468 = 49,600 M−1 cm−1), and syringaldazine (SGZ; 
100 µM, ɛ525 = 65,000 M−1 cm−1) were used to characterize 
laccase activity at the, respectively, optimal temperature. All 
experiments were performed in triplicate.

Purification and characterization of LacSM

LB cultures were centrifuged at 6000× g, 4 °C for 5 min. 
Cell pellets were suspended in 50 mM Na2HPO4–NaH2PO4 
lysis buffer, pH 7.5 and sonicated. Cell lysates were cen-
trifuged at 4 °C and 30,000× g for 30 min. Recombinant 
LacSM was present in the supernatants, and purified by an 
ÄKTA-fast protein liquid chromatography (FPLC) system 
(GE Healthcare) equipped with a HisTrap FF column, which 
is immobilized metal affinity chromatography (IMAC). The 
LacSM purity was characterized by 10% sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). 
The protein concentration of purified LacSM was measured 
by the Bradford assay, and bovine serum albumin was used 
as the standard. Purified LacSM was kept at 4 °C prior to 
use.

The activity of LacSM was measured in the range of 
temperature from 30° to 90 °C and the pH value from 3 to 
10 with guaiacol, 2, 6-DMP, SGZ, or ABTS as substrates, 
respectively. The optimum temperature and pH values for 
LacSM oxidation were determined in the buffer (40 mM 
acetic acid, 40 mM H3PO4, and 40 mM H3BO3; NaOH 
was added to adjust the required pH). Residual activities of 
LacSM were measured in the same buffer with guaiacol as 
the substrate after the enzyme had been incubated at various 
pH values (5–8) at 30 °C for 24 h. LacSM was pre-incubated 
in the temperature range of 50–90 °C for 0–120 min. The 
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thermostability of LacSM was determined by monitoring its 
residual activities using the substrate guaiacol.

The kinetic experiments of LacSM were performed at 
various concentrations of guaiacol (125–2000 μM), SGZ 
(3.125–200 μM), 2,6-DMP (62.5–4000 μM), and ABTS 
(62.5–1000 μM) substrates at their optimal pH and tempera-
ture. The kinetic parameters were determined by fitting the 
experimental data to Lineweaver–Burk plots.

Various metal ions might affect the enzyme activity. 
1 mM of each metal ion was added to the reaction system, 
which was then incubated for 15 min at 4 °C. The residual 
activity was measured at standard assay conditions, using 
guaiacol as the substrate [11]. The effect of halide on the 
LacSM activity was studied by adding NaF at concentra-
tions of 0–100 mM, and NaCl or NaBr at concentrations of 
0–200 mM to the reaction mixture. The residual activity was 
recorded with guaiacol as the substrate, and the experimental 
procedure was the same as described above.

Treatment of lignin with LacSM

Lignin (1 g dry weight) was dissolved in 50 mM sodium 
dihydrogen phosphate. The sample was incubated at 50 °C 
and 200 rpm for 24 h in a 200 mL flask with laccase alone, 
laccase + NaOH, and water (as control), respectively. Lac-
case doses of 10 U g−1 were used. The final concentration 
of NaOH was 0.25 mol/L. After the treatment, samples were 
washed with water (1 L) and air-dried at 70 °C until com-
plete dryness. The treated lignin samples were analyzed by 
Fourier-transform infrared (FTIR) spectroscopy.

Results and discussion

Cloning and expression of LacSM

Using a laccase sequence of Myceliophthora thermophila as 
the template, a putative laccase from S. macrospora k-hell 
was identified via protein Blast. The “uncharacterized pro-
tein SMAC_06098” of the fully sequenced genome of S. 
macrospora k-hell was cloned and expressed in E. coli. This 
uncharacterized putative laccase was denoted as LacSM. Its 
open reading frame contains 1854 nucleotides which can 
encode a protein of 618 amino acid length. The theoretical 
molecular weight and pI value of LacSM were predicted to 
be 67 kDa and 7.68, respectively. Multiple sequence align-
ment showed that the LacSM sequence conserved the his-
tidine ligand coordinating copper active centers, similar to 
those found in other bacterial and fungal laccase sequences 
[4].

To express LacSM in E. coli, the expression plasmid 
pET-30a-LacSM, which carries the laccase gene, was con-
structed. The enzyme activity was monitored as response 

to time. The maximum activity of 239 U/L was found after 
incubating the culture for 16 h at 16 °C and 250 rpm. Fur-
thermore, the effect of Cu2+ concentration on the laccase 
yield was also studied. No laccase activity could be detected 
without CuSO4 in the culture (data not shown), suggesting 
that copper played an important role for LacSM expression 
in E. coli. These findings were also observed for another 
laccase expression in Pichia pastoris [12, 13].

Characterization of recombinant LacSM

Recombinant LacSM was purified by immobilized Ni2+ 
affinity chromatography. SDS-PAGE analysis indicated that 
LacSM had a molecular weight of approximately 67 kDa 
(Fig. 1), which is consistent with the predicted theoretical 
molecular weight. 

LacSM was active with substrates SGZ, ABTS, 2,6-DMP, 
and guaiacol. Judging from the enzyme activity versus pH, 
the optimal pH values for LacSM activity with substrates 
SGZ, ABTS, 2, 6-DMP, and guaiacol were 7, 5, 5, and 6, 
respectively (Fig. 2a). The optimum pH values of most fun-
gal laccases ranged between 3.5 and 5 [9]. They displayed 
very low activity or were even deactivated when the pH 
value of the reaction system exceeded 7. In contrast, LacSM 
was active at a higher pH compared with the laccases of 
most fungi [14]. LacSM retained 30, 20, 15, and 30% of 
its maximum activity on substrates SGZ, ABTS, 2,6-DMP, 
and guaiacol at pH 8.0, respectively (Fig. 2a). Furthermore, 
LacSM remained stable in a broad pH range of 5–8 with 
guaiacol as the substrate, and retained more than 50% of its 
original activity after incubation for 24 h at 30 °C (Fig. 2b).

Judging from the enzyme activity versus temperature, 
the optimum reaction temperatures for LacSM oxidation of 
ABTS, SGZ, 2,6-DMP, and guaiacol were 50, 55, 55, and 
60 °C, respectively (Fig. 3a). Similar results were observed 
for the laccases from both M. perniciosa and C. comatus 
[13, 14]. LacSM remained stable at 60 °C with guaiacol 
used as the substrate. After incubation for 120 min, 90% of 

Fig. 1   SDS-PAGE analysis of 
the purified LacSM from S. 
macrospora k-hell. Lane M: 
protein marker; Lane 1: purified 
LacSM
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the original activity was retained. At 50 °C, the enzymatic 
activity decreased to 70% after incubation for 80 min. When 
the temperature exceeded 60 °C, the enzymatic activity 
decreased significantly within 20 min, to below 50% of its 
original activity, and decreased slowly after 20 min (Fig. 3b).

The kinetic properties of LacSM oxidation on guaiacol, 
ABTS, SGZ, and 2,6-DMP were characterized at the cor-
responding optimal temperature and pH. The kinetic param-
eters of LacSM oxidation on all four substrates were in the 
range reported for other fungal and bacterial laccases [15]. 
Among the four substrates, LacSM showed the highest 
catalytic efficiency (kcat/Km) on the oxidation of guaiacol 
(Table 1).

Metal ions and halides could both affect the laccase 
activity, which might limit their use in salt and/or halide-
containing industrial processes [1]. Here, guaiacol was used 
as the substrate to study the effect of various metal ions 

on the resulting LacSM activity (Table 2). In the presence 
of Mg2+, Zn2+, or Fe2+, the activity of LacSM decreased. 
LacSM activity was most affected by Fe2+, and decreased 
to 10% of initial activity. Addition of 1 mM Zn2+ and Mg2+ 
resulted in the decrease of LacSM activity to 32% and 87%, 

Fig. 2   a Effects of pH on the activity. Relative activities of LacSM on 
guaiacol, ABTS, SGZ, and 2, 6-DMP in pH range of 3–9. b Stabil-
ity of purified recombinant LacSM. Stability of LacSM with guaiacol 

used as the substrate over a pH range. Data points were measured in 
triplicate. Error bars represent the standard deviation

Fig. 3   a Effects of temperature on the activity. Optimal temperatures 
were determined with guaiacol, ABTS, SGZ, and 2, 6-DMP used 
as substrates at the temperature of 30–90 °C. b Stability of purified 
recombinant LacSM. Residual laccase activity of LacSM was deter-

mined after incubation at 50, 60, 70, 80 and 90 °C for 120 min with 
guaiacol used as the substrate. Values presented were measured in 
triplicate. Error bars represent the standard deviation

Table 1   The kinetic parameters of LacSM from S. macrospora k-hell 
with guaiacol, 2,6-DMP, SGZ and ABTS as substrates were deter-
mined at their own optimal conditions

Each assay was performed in triplicate

Substrate Km (µM) Kcat (s−1) Kcat/Km (S−1 µM−1)

ABTS 58.45 ± 0.3 1.17 ± 0.23 0.02 ± 0.003
SGZ 21.1 ± 0.5 0.45 ± 0.02 0.02 ± 0.001
2,6-DMP 75 ± 2.3 0.3 ± 0.07 0.004 ± 0.0001
Guaiacol 120 ± 5.7 7.3 ± 0.1 0.06 ± 0.002
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respectively. However, addition of 1 mM K+, Na+, and Mn2+ 
enhanced the LacSM activity to 103%, 104%, and 109%, 
respectively. Metal ions affected the LacSM activity most 
likely by modifying amino acid residues in laccase [4]. 
These results show that LacSM was resistant to several metal 
ions. Similar observations were reported for other fungal and 
bacterial laccases [11, 13, 14].

LacSM activity was monitored in the presence of F−, 
Cl−, or Br− ions with different concentrations at pH 6 with 
guaiacol as the substrate. The enzymatic activity decreased 
to about 45% with 30 mM NaF, while about half of the 
LacSM activity was lost with the addition of 120 mM NaCl 
or 200 mM NaBr (Fig. 4). These results suggested that hal-
ides with small size inhibited the LacSM activity more effi-
ciently. The halide with lower size accessed the trinuclear 
copper center of the laccase more easily, thus further inhibit-
ing the laccase activity by interrupting the internal electron 
transfer [16]. The I50 value denotes the concentration of an 
effector that decreases half of the activity. The I50 value of 
Cl− for fungal laccases was reported to range between 0.4 
and 1400 mM [1]. LacSM displayed an I50 value of about 
120 mM, thus, was moderately tolerant to Cl− ions. 

Lignin degradation by LacSM

To explore the ability of LacSM to degrade lignocellulosic 
biomass, lignin was purchased and treated either by LacSM 
alone or by LacSM + 1% NaOH. The samples were analyzed 
by FTIR spectroscopy. FTIR spectra that were either differ-
ent or lacked bands reflected changes in the lignin structure, 
as shown in Fig. 5. The assignments of absorption bands 
are listed in Table 3. Compared with the control sample, 
four main absorption bands were found at 1024  cm−1, 
1582 cm−1, 2900 cm−1, and 3335 cm−1 for the sample treated 
with LacSM. These corresponded to aromatic C–H in-plane 
deformation, stretching of aromatic groups, aliphatic C–H 
asymmetric stretching, and OH stretching [17], respectively. 
This indicated that the flexibility of groups in lignin samples 
treated with LacSM increased, and the lignin structure was 
modified by LacSM [7, 18]. Furthermore, the lignin sample 
was handled by LacSM and NaOH. The absorption intensity 
of four bands was enhanced, and two absorption bands (at 
1024 cm−1 and 1582 cm−1) moved slightly to 1037 cm−1 and 
1584 cm−1, respectively, compared with those treated with 
LacSM alone. This suggested that the structure of lignin was 

Table 2   Effect of metal ions 
on LacSM activity. The laccase 
activity was measured at 60 °C 
in 50 mM Na2HPO4–NaH2PO4 
(pH 7.5), and 10 μM CuSO4 
with guaiacol as the substrate

The error bars represent the 
standard deviation

Metal ion Relative 
activity 
(%)

None 100
K+ 103
Na+ 104
Mn2+ 109
Mg2+ 87
Zn2+ 32
Fe2+ 10

Fig. 4   The effects of halides on laccase activity. With guaiacol as the 
substrate, LacSM was incubated in 50 mM Na2HPO4/NaH2PO4 and 
10  mM CuSO4 at pH 6.0. The experiments were repeated for three 
times. Error bars represent the standard deviation

Fig. 5   FTIR spectra of the 
ground lignin treated with 
water only, LacSM alone and 
LacSM + NaOH. The purchased 
lignin was directly used as con-
trol, then the lignin was treated 
by H2O only, LacSM alone 
and LacSM + NaOH in 50 mM 
Na2HPO4/NaH2PO4 (pH 6.0) by 
the same process
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further modified due to the addition of NaOH. In addition, 
one more strong absorption band appeared at 1378 cm−1, 
which originated from the stretching of non-esterified phe-
nolic OH groups. This indicated the breakage of the ester 
bond, and the amount of short side chains in lignin samples 
treated by LacSM + NaOH increased [17]. These results 
demonstrated that LacSM and LacSM + NaOH were efficient 
to modify the structure of lignin. In lignin samples treated 
with either LacSM or LacSM + NaOH, the amount of short 
side chains and the flexibility of groups increased, reflect-
ing cleavage of the lignin unit sidechains. Thus, LacSM 
might potentially be useful for the pretreatment of lignocel-
lulosic biomass. Previous studies have reported that bacterial 
and fungal laccases could be used to treat lignocellulosic 
biomass. For example, the laccase from M. thermophila 
removed 20% lignin polymer from ground eucalyptus 
wood. The polymer displayed a shorter side chain, and more 
lignin-derived compounds were released from the sample 
treated with laccase compared with the control assay [7]. 
The bacterial laccase from Amycolatopsis sp. 75iv3 (LacAS) 
was used for the delignification of steam-pretreated poplar. 
LacAS preferred to oxidize syringyl units and changed the 
distributions of interunit linkage. This resulted in a decrease 
of the amount of acid-soluble lignin by around 15%, while 
the amount of acid-precipitable polymeric lignin increased 
about sixfold [6].

Conclusions

A novel fungal laccase from S. macrospora k-hell was identi-
fied. Recombinant LacSM was expressed in E. coli and was 
characterized. The results showed that LacSM retained its 
oxidative capacity at neutral or alkaline pH and was moder-
ately tolerant to Cl− ions. These observations indicated that 
LacSM could potentially be used in industrial biocatalytic 
applications. Furthermore, LacSM treatment of lignin mate-
rial improved lignin degradation and/or modification. These 

results suggested LacSM as a potential candidate for the pre-
treatment of lignin degradation of lignocellulosic biomass.
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