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ABSTRACT
We obtained structural and functional characterization of a recombinant Laccase from Rigidoporus lignosus (formerly Rigidoporus

microporus), a white-rot basidiomycete, by means of circular dichroism (CD) spectra, cyclic voltammetry (CV) and biochemical assays.

Here we report the optimization of expression and purification procedures of a recombinant Laccase expressed in supercompetent Escherichia

coli cells. We amplified the coding sequence of Laccase using PCR from cDNA and cloned into a bacterial expression system. The resulting

expression plasmid, pET-28b, was under a strong T7/Lac promoter induced by IPTG (isopropyl-b-d-thiogalactoipyranoside). We obtained

purification by fast protein liquid chromatography (FPLC) method. We recorded the variation of the current of a solution containing purified

Laccase with increasing Syringaldazine (SGZ) concentration using a potentiometer as proof of principle, showing its compatibility with the

development of a new enzymatic biosensor for medical purposes, as described in Part II. J. Cell. Biochem. 114: 599–605, 2013.

� 2012 Wiley Periodicals, Inc.
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L accases (benzenediol:oxygen oxidoreductase, p-diphenol

oxidase EC 1.10.3.2) are blue multicopper oxidases containing

glycoproteins, abundantly present in many plants and fungal

species [Geiger et al., 1986; Mayer, 1987; Bourbonnais and Paice,

1990; Coll et al., 1993; Slomczynsky et al., 1995; Eggert et al., 1997].

Rigidoporus lignosus (formerly known as Rigidoporus micro-

porus) is a basidiomycete causing a white-rot of roots in more than

100 species of trees. As reported in the literature, several fungal

Laccases have been purified and characterized biochemically [Cole

et al., 1990; Palmieri et al., 1993], and also some of the genes

encoding Laccase have been cloned and investigated [Garavaglia

et al., 2004].

The first interest in these enzymes was related to their production

as a fungal taxonomic tool. The function and properties of these

proteins have been extensively studied [Ragusa et al., 2002] with

particular attention to their possible role in lignin biodegradation

and cell detoxification [Mayer, 1987; Kojima et al., 1990; Ragusa

et al., 2002].

These enzymes are able to catalyze the oxidation of diphenols and

aromatic amines by removing an electron and a proton from a

hydroxyl group [Harrs and Huttermann, 1980; Wang and Chen,

1995; Yaver et al., 1996]. This biological function of Laccase is

correlated to lignin biodegradation in combination with either

manganese [Leonowicz et al., 1985] and/or lignin peroxidase

[Bourbonnais and Paice, 1990; Thurston, 1994].

Being the by-products of large-scale production especially of

man-made organic components, phenols can cause undesirable

adverse ecological effects. Many of these compounds are highly

resistant to biotic and abiotic degradation and, as a consequence,

may remain in the environment at toxic levels. Different phenol

biosensors have been implemented and those based on Tyrosinase

have been proven to be the most sensitive ones [Toyota et al., 1985;

Kulys and Schmid, 1990; Cosnier and Innocent, 1993; Ortega et al.,

1993; Vianello et al., 2006].

Due to its possible utilization as electrode for organic phase

enzymatic assays [Ishihara, 1980] and since it can catalyze
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regiospecific biotransformations and selective detoxifications

[Galliano et al., 1991], Laccase may have an important role for

biotechnology applications, especially for the development of

amperometric biosensors for phenol determination and control

[Dec and Bollag, 1990; Wang et al., 1993; Rogers, 1995]. An

amperometric biosensor using an oxygen electrode (the Clark

electrode) and a column with immobilized Laccase has been

proposed for the determination of polyphenolic compounds [Xu

et al., 1998] and the effects of Laccase immobilization procedures

have been also analyzed [Kulys et al., 2000].

Despite such extensive biochemical studies and characterizations,

the main draw-back is the fact that in most micro-organisms

Laccases are produced at levels that are too low for commercial

purposes. Cloning of Laccase gene followed by heterologous

expression may provide higher enzyme yields and thus enable

the production of Laccase with the desired properties. For this reason

potentiometric characterization of Laccase in solution versus

increasing concentrations of Syringaldazine represents a first step

towards the development of recombinant Laccase-based medical

biosensor. The data still required for the implementation of

recombinant Laccase-based medical biosensor for sensing and

analyzing drugs in real human blood samples—including also time

stability test of the sensor—have been obtained from patients and

are the object of a separate conclusive communication [Bragazzi

et al., 2012], entirely based on what is here presented as Part I.

MATERIALS AND METHODS

MATERIALS

Chemicals were supplied by Sigma–Aldrich (Milano, Italy). Reagents

for bacterial growth were obtained from Fluka (Milano, Italy).

T4 DNA Ligase and Polymerase were supplied by QIAGEN, Inc.

(Valencia, CA). Restriction enzymes were obtained from Boehringer-

Mannheim (Monza, Italy). Primers were synthesized by TibMolBiol

(Genova, Italy). Escherichia coli host strain BL21(DE3) and pQE30

vector were purchased from QIAGEN, Inc. The purification fast

protein liquid chromatography (FPLC) column was obtained from

Amersham. Deionized water (Milli-Q water purification system;

Millipore, Bedford, MA, 18.2MV/cm) was used in the preparation

of all the solutions.

SUBCLONING OF THE CDNA ENCODING THE LACCASE GENE

The plasmid carrying the Laccase-encoding cDNA was kindly

supplied by Professor Marina Garber from the Russian Academy of

Sciences (RAS) at Pushchino. In order to modify the ends of the

encoding fragment, the plasmid was used as a template for PCR. A 50

primer was designed to introduce the start codon (ATG) within the

NcoI site. A 30 primer was designed to introduce the XhoI site and the

stop codon. Laccase gene was amplified by PCR using the forward

primer Lac2_for (50-GGI ACI WII TGG TAY CAY WSI CA-30),
containing a NcoI restriction site, and the reverse primer Lac2_rev

(50-CC RTG IWK RTG IAW IGG RTG IGG-30), containing a XhoI site,

as described in Lyons et al. [2003]. Primers were designed using an

opportune software and the high fidelity PfuTurboTM Polymerase

(Stratagene) was used for PCR reaction. The PCR product was

purified with an extraction column (QIAGENE). The linearized

vector pET28b, previously digested with the same restriction

enzymes (NcoI and XhoI), was isolated and purified from agarose

gel by gel extraction kit (QIAGENE).

CONSTRUCTION OF EXPRESSION PLASMID FOR LACCASE ENZYME

At the 50 of the polylinker the pET28b vector contains a nucleotide

sequence encoding the 6xHis affinity tag. The insertion of the

modified cDNA inside the pET28b vector will result in a protein with

10 additional aminoacids with respect to the wild-type Laccase.

Starting from 10ml of both insert and vector, the ligation

with linearized pET28b vector was performed using T4 DNA ligase

(2 U/ml) under standard experimental conditions.

The pET28b is widely used for expression of recombinant protein

in E. coli. This vector allowed cloning Laccase gene under control of

T7 promoter (strong promoter from T7 bacteriophage) in order to

obtain the enzyme as fusion protein (with His-Tag).

The final recombinant plasmid pET28b was extracted, purified

and then introduced, by transformation, in appropriate E. coli super

competent cells strain B F� dcm ompT hsdS(r�B m�
B ) gal l (DE3). Tests

of expression have proven that BL21(DE3) cells were the best type

cells among C41, M15, and BL21(DE3) itself. After transformation

the new system was amplified and then the ligation product (Fig. 1)

was appropriately checked for the sequence of the cDNA insert.

BACTERIAL EXPRESSION OF RECOMBINANT LACCASE

For recombinant Laccase, E. coli BL21(DE3) cells were cultivated in

12.5ml of Luria-Bertani medium (LB broth) and they were grown

overnight at 378C for about 16 h, under shaking conditions (at

3,000g). One litre of pre-warmed LB medium, containing ampicillin,

was inoculated with 10ml of the overnight cultured E. coli cells

harbouring pET28b-laccase. It was grown under the same conditions

and shaken until the optical density value at 600 nm reached about

0.6. The protein expression was induced by adding IPTG (isopropyl-

b-D-thiogalactopyranoside) to a final concentration of 1mM and

BL21(DE3) cells were grown for 2 h and they were harvested by

centrifugation at 4,000g for 15min and the pellet was stored at

�808C.

RECOMBINANT LACCASE PURIFICATION

One litre of biomass was defrosted for 15min on ice. The biomass

was resuspended in 6ml of lysis buffer (50mM sodium phosphate,

300mM NaCl, 10mM imidazole, pH 8), after adding Lysozyme

(1mg/ml), and incubated on ice for 30min. Serine protease inhibitor

PMSF (phenylmethylsulfonyl fluoride) 1mM was added to the

suspension. When the suspension appeared homogeneous, it was

sonicated, using repeated duty cycle at 30 s pulse for 5min in dry ice.

Then the obtained suspension was centrifuged at 10,000g for 25min

in order to obtain a limpid supernatant containing the recombinant

Laccase protein. The supernatant was collected and applied to a

nickel-nitriloacetic acid (Ni-NTA) metal affinity chromatography

that selectively binds recombinant proteins tagged with six

consecutive histidine residues. The chromatography apparatus

wasequippedwith aHiTrap_Chelating_HP_5_mlcolumn (Amersham),

that had been previously equilibrated with five volumes of lysis buffer

(50mM sodium phosphate, 300mM NaCl, 10mM imidazole, pH 8),

until the absorbance value recorded at 280nmwas stable. Laccase was
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then eluted from the column with elution buffer (50mM sodium

phosphate, 300mM NaCl, 60mM imidazole, pH 8) under gradient

elution, gradually increasing the concentration of imidazole up to

300mM in the elution buffer (Fig. 2).

ENZYME ELECTROPHORESIS

After purification, all the fractions of eluted protein were analyzed

by 10% SDS–PAGE performed according to the method described by

Laemmli [Herman, 1989; Ghindilis et al., 1992; Freire et al., 2001].

Laccase was resolved on 10% polyacrylamide gel electrophoresis.

Gels were stained with 0.1% Coomassie brilliant blue in 5% acetic

acid and properly destained in destaining buffer with overnight

agitation. The molecular weight of the enzyme was determined

using the PageRulerTM Prestained Protein Ladder (Fermentas).

CIRCULAR DICHROISM

Circular dichroism (CD) spectra of the recombinant Laccase were

recorded on a Jasco J-710 spectropolarimeter (Jasco, Japan)

equipped with a Peltier thermostatic cell holder (Model PTC-343).

All spectra were recorded under nitrogen atmosphere, at room

temperature, using a 0.05-cm path length quartz cell. In order to

reduce random error and noise, each spectrum was an average of 10

scans over 250–180 nm. The following parameters were used for the

acquisition: time constant, 1 s; scanning speed, 50 nm/s; band width,

2 nm; sensitivity, 20mdeg; step resolution, 0.2 nm; and PMT voltage

Fig. 2. SDS–PAGE of samples obtained by elution. Collected fractions were analyzed by SDS–PAGE on 10% gel and stained with Comassie Brilliant Blue. Lane 1 is the

PageRulerTM Prestained Protein Ladder, Fermentas, Lane 2 represents fraction 38, while Lane 3 fraction 37.

Fig. 1. cDNA ligation into the vector pET28b, under a strong T7/Lac promoter induced by IPTG (isopropyl-b-d-thiogalactoipyranoside), resulting in a protein with 10

additional aminoacids with respect to the wild type Laccase, (A) and FPLC eluition (B).
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below 600W [Brenna and Bianchi, 1994]. No filtering for noise

reduction was applied. Samples were acquired at protein concen-

tration of 0.2mg/ml. All the acquired spectra were corrected for the

baseline.

SPECTROPHOTOMETRIC ASSAY

Laccase activity was measured spectrophotometrically at room

temperature using as substrate Syringaldazine (SGZ), which is a non

auto-oxidizable Laccase-specific compound [Malavalan and John-

son, 1985]. In order to obtain structural characterization of

recombinant Laccase, UV–Vis spectrum was recorded (Spectropho-

tometer Jasco 7800), by using samples of recombinant Laccase at

protein concentration of 0.4mg/ml.

ENZYME ASSAY

Enzyme tests were performed in order to verify catalytic activity of

recombinant enzyme from R. lignosus. The assay of Laccase activity

was made according to the protocol suggested by Sigma–Aldrich.

The reaction mixture was prepared with potassium phosphate buffer

100mM; pH 6.5 containing 0.5mg of purified enzyme. The solution

was incubated in the cuvettes at 308C under continuous stirring, and

then 0.0648mM of Syringaldazine was added.

The oxidation of Syringaldazine by Laccase wasmonitored for 1 h

at 308C using a spectrophotometer (Jasco 7800). The increase

in absorption (Fig. 3) was recorded at 530 nm (specific value for

oxidized Syringaldazine).

Enzyme activity was expressed as micromoles of substrate

oxidized per milligram of protein per minute. The protein

concentration was determined by the Lowry method [Lowry

et al., 1951].

Further mathematical modeling of Laccase kinetics has been

performed assuming a Michaelis–Menten like behavior (as discussed

in Results and Discussion Section).

CYCLIC VOLTAMMETRY (CV) OF RECOMBINANT ENZYME

Cyclic voltammetric (CV) assays were performed using a potenti-

ometer (EG & G PARC, model 263A) connected to PC (EG & G

research electrochemical software model 270).

Current variation (mA) of a solution containing potassium

phosphate buffer (100mM, pH 7.4) and purified enzyme (1mg/ml)

was recorded. In order to verify whether the enzyme had catalytic

activity, electric flow variation (mA) was recorded after addition of

increasing concentrations of substrate (Syringaldazine).

RESULTS AND DISCUSSION

It is widely known that, like other ligninolytic enzymes, it is difficult

to produce Laccases in large amounts as purified proteins. In fact

only few examples of industrial uses of Laccases-based biosensors

currently exist and one of the very few ones is DeniLiteTM by

Novozymes (launched in 1996). Our results indicated that it was

possible to obtain high amounts of Laccase using E. coli as a vector

(Fig. 1). We have obtained a purified recombinant Laccase of circa

70 kDa, as shown in Figure 2.

From computational analysis (Table I) we have predicted a

predominant beta structure of the protein, a theoretical prediction

that was confirmed by comparison with the experimental data

obtained from X-ray resolved structure [Garavaglia et al., 2004]

and from the CD study as shown in Figure 3A (it is easy to recognize

the characteristic positive peak at 198 nm and the negative peak at

around 216–218 nm).

Figures 3B and 4 show the good enzymatic activity of our

Laccase, which was modeled assuming a Michaelis–Menten like

behavior of the enzyme. In the presence of Syringaldazine as

substrate, we found a Vmax of 2mM/min, an apparent KM of 22.5mM,

a KCAT of 17.14 s�1, a ratio KCAT/KM of 0.76mM�1 s�1, and a

turnover rate of 4.87� 106M/s. All these values confirmed the good

catalytic activity of our enzyme.

TABLE I. Experimental data of the secondary structure of Laccase from Rigidoporus lignosus in comparison with

theoretical data, fitting with the secondary structure of Laccase from the same Rigidoporus lignosus here reproduced with

STRAP software from 1V10 PDB structure (Garavaglia S, Cambria MT, Miglio M, Ragusa S, Iacobazzi V, Palmieri F,

D’Ambrosio C, Scaloni A, and Rizzi M) (Helices and beta sheets have a red and yellow background, residue annotations are

underlined)

2D structure of
recombinant Laccase
(CD data) %

2D
structure of Laccase
(theoretical data) %

Helix 9.7 Helix 9.9
b 53 b 59.6
Random 37.3 Random �30
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The current variation (mA) of a solution containing potassium

phosphate buffer (100mM, pH 7.4) and purified enzyme (1mg/ml)

allowed us to verify electronically that the enzyme had catalytic

activity, with the current variation (mA) recorded after the addition

of increasing concentrations of substrate (Syringaldazine). Results

and data reduction (shown in Fig. 5) confirmed that recombinant

Laccase had catalytic activity, which was consequently evaluated

quantitatively. We began to study it through the CV assay and

we found that the peak current ratio (iPA/iPC) confirmed the quasi-

reversible nature of Laccase kinetics.

From the potentiometric measurement analysis, KM was

computed to be 20mM, in good agreement with the value found

in the spectrophotometric analysis. Solving Laviron’s equation

in order to investigate the ET (electron transfer), KS resulted

3� 10�3 s�1 without electron mediator (i.e., Syringaldazine) and

1.08� 10�2 s�1 with Syringaldazine, thus confirming that the

presence of an electron donor could significantly enhance the

electron transfer process:

log Ks ¼ alogð1� aÞ þ ð1� aÞloga� log
RT

nFv
� anDEpð1� aÞ

2:3 RT

where KS is the Laviron electron transfer constant, a is the charge

transfer coefficient (assumed here reasonably 0.5), R the gas

constant, T the temperature in Kelvin, F the Faraday constant, v the

voltage scan, n the number of electrons (here at least one electron),

DEp the difference between the oxidizing potential and the reducing

one.

The surface coverage area (G) is 1.15� 10�10 as computed by

solving this equation:

ipeak ¼ n2F2vAG

4RT

We started our CV study testing the biosensor with immobilized

Laccase at electrode potential of �200mV, observing that the

electrical response was nearly zero. So we continued our study

applying different potential values and recording the electrical

variations: we observed that a definite cathodic response was

detectable at þ180mV potential and that there was a linear dose-

dependent response in the millimolar range up to 2� 10�4M, as

shown in Figure 5A,B. We found a linear relation between substrate

concentration and current intensity, as shown in Figure 5B,

Fig. 3. Structure and function of obtained recombinant Laccase: In (A), we performed a CD spectrum of Laccase, showing a positive peak at 198 nm and a negative peak around

216–218 nm, thus confirming the predominant beta-structure of the enzyme, while in (B) it is shown the activity of Laccase in presence of Syringaldazine.

Fig. 4. Activity of Laccase in presence of Syringaldazine for 1 h at 308 (A) and (B) Lineweaver–Burke for the Laccase kinetic characterization, fromwhich KM 22.5mMhas been

computed.
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in agreement with our hypothesis. The biosensor sensitivity is

0.014mA/M and these data taken together with all the previous

biophysical and bioelectrochemical data render feasible the use of

Laccase in biosensor development for phenols [Gomes and Rebelo,

2003; Vianello et al., 2004; Vianello et al., 2006] and drugs (Part II)

detection.

CONCLUSIONS

A well-known prerequisite for developing and implementing

commercial biosensors is the availability of large amounts of a

purified, stable, functionally and catalitically working enzyme

substrate at a relatively low cost. Classical purification methods and

procedures are time-consuming and expensive. To overcome time

and cost problems, Laccase from R. lignosus has been cloned in

E. coli vector system.

Purification and expression of recombinant Laccase and its

biochemical characterization have been functional for the further

development of a medical biosensor as discussed in Bragazzi et al.

[2012] (Part II). Indeed potentiometric measurements appeared to be

useful in order to determine the proper oxidation/reduction

potential to be utilized for implementing the Laccase-based

biosensor, first in solution using Syringaldazine as proof of

principle (here) and then in real human blood samples obtained

from healthy volunteers and psychiatric patients using a widely

administered drug in psychiatry (namely Clomipramine, Anafra-

nilTM) as substrate [Bragazzi et al., 2012]. A time stability test of the

biosensor was performed, showing that after a month it was still

working. For further details and characterization of the biosensor,

the reader is referred to Bragazzi et al. [2012].
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