
This article was downloaded by:[CSIC]
On: 28 November 2007
Access Details: [subscription number 770351778]
Publisher: Informa Healthcare
Informa Ltd Registered in England and Wales Registered Number: 1072954
Registered office: Mortimer House, 37-41 Mortimer Street, London W1T 3JH, UK

Biocatalysis and Biotransformation
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713454445

Gene cloning, heterologous expression, in vitro
reconstitution and catalytic properties of a versatile
peroxidase
Francisco J. Ruiz-Dueñas a; Ana Aguilar a; María J. Martínez a; Holger Zorn b;
Ángel T. Martínez a
a Centro de Investigaciones Biológicas, CSIC, Madrid, Spain
b University of Hannover, Inst. f. Lebensmittelchem, Zentrum Angew. Chem.,
Hannover, Germany

First Published on: 19 June 2007
To cite this Article: Ruiz-Dueñas, Francisco J., Aguilar, Ana, Martínez, María J.,
Zorn, Holger and Martínez, Ángel T. (2007) 'Gene cloning, heterologous expression,
in vitro reconstitution and catalytic properties of a versatile peroxidase', Biocatalysis

and Biotransformation, 25:2, 276 - 285
To link to this article: DOI: 10.1080/10242420701422740
URL: http://dx.doi.org/10.1080/10242420701422740

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://www.informaworld.com/terms-and-conditions-of-access.pdf

This article maybe used for research, teaching and private study purposes. Any substantial or systematic reproduction,
re-distribution, re-selling, loan or sub-licensing, systematic supply or distribution in any form to anyone is expressly
forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents will be
complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses should be
independently verified with primary sources. The publisher shall not be liable for any loss, actions, claims, proceedings,
demand or costs or damages whatsoever or howsoever caused arising directly or indirectly in connection with or
arising out of the use of this material.

http://www.informaworld.com/smpp/title~content=t713454445
http://dx.doi.org/10.1080/10242420701422740
http://www.informaworld.com/terms-and-conditions-of-access.pdf


D
ow

nl
oa

de
d 

B
y:

 [C
S

IC
] A

t: 
15

:0
7 

28
 N

ov
em

be
r 2

00
7 

ORIGINAL ARTICLE

Gene cloning, heterologous expression, in vitro reconstitution and
catalytic properties of a versatile peroxidase

FRANCISCO J. RUIZ-DUEÑAS1, ANA AGUILAR1, MARÍA J. MARTÍNEZ1,

HOLGER ZORN2, & ÁNGEL T. MARTÍNEZ1

1Centro de Investigaciones Biológicas, CSIC, Ramiro de Maeztu 9, E-28040 Madrid, Spain and 2University of Hannover,

Inst. f. Lebensmittelchem, Zentrum Angew. Chem., Wunstorfer Str. 14, D-30453 Hannover, Germany

Abstract
The gene of a peroxidase described as being involved in carotenoid degradation was cloned from a strain that was conserved
as Lepista irina (CBS 458.79). Gene sequencing revealed high nucleotide and amino-acid identity with Pleurotus eryngii
gene vpl , which encodes a versatile peroxidase with unique catalytic properties, and only reported in Pleurotus and
Bjerkandera species. Re-identification of the supposed L. irina strain revealed that, in fact, it is a P. eryngii strain. The new P.
eryngii peroxidase was expressed in Escherichia coli , and the recombinant protein folded in the presence of cofactor to obtain
the active form. The purified enzyme was able to oxidize Mn2�, veratryl alcohol, substituted phenols, and both low and
high redox-potential dyes, demonstrating that it belongs to the versatile peroxidase family (named VPL3). These catalytic
properties agreed with the presence of both Mn2� and aromatic-substrate oxidation sites in its molecular structure.

Keywords: Versatile peroxidase, Pleurotus eryngii, heterologous expression, in vitro activation, catalytic properties,

lignin-degrading enzymes

Introduction

Peroxidases catalyzing lignin oxidation by hydrogen

peroxide, a process that has been described as an

‘‘enzymatic combustion’’ (Kirk & Farrell 1987), play

a key role in carbon recycling in terrestrial ecosys-

tems. Due to the high redox potential required for

oxidative degradation of lignin, these heme proteins

also have high biotechnological interest as industrial

and environmental biocatalysts (Cullen & Kersten

2004).

Up to three different types of lignin-degra-

ding peroxidases are secreted by white-rot basidio-

mycetes � lignin peroxidases (LiP), manga-

nese peroxidases (MnP) and versatile peroxidases

(VP) � differing in their reducing substrates. LiP

oxidizes the non-phenolic aromatic units of lignin

(Kirk et al. 1986) as well as recalcitrant aromatic

pollutants (Hammel et al. 1986). By contrast, MnP

only oxidizes Mn2� that is necessary to complete the

catalytic cycle (Wariishi et al. 1988). The resulting

Mn3� is chelated by dicarboxylic acids secreted by

fungi, and acts as a diffusible oxidizer of phenolic

and non-phenolic aromatic compounds, the latter in

the presence of peroxidisable lipids (Wariishi et al.

1989; Bao et al. 1994). VP, the third type of lignin-

degrading peroxidase more recently described in

Pleurotus (Martı́nez et al. 1996) and Bjerkandera

species (Mester & Field 1998), combines catalytic

properties of LiP, MnP and other peroxidases,

oxidizing substituted phenols, and, in addition, has

the ability to directly oxidize high redox-potential

dyes (Heinfling et al. 1998b).

The above peroxidases share the same general

tertiary folding and helical topography (Gold et al.

2000; Martı́nez 2002), and the differences in cata-

lytic properties are determined by certain structural

details defined by a few amino acid residues. So, LiP

has an exposed tryptophan responsible for non-

phenolic aromatic compound oxidation (Blodig et

al. 1998, 2001), whereas MnP presents a manganese

binding site formed by three acidic residues near the

internal propionate of heme (Kishi et al. 1996).

Combination of LiP and MnP structural details in

the VP structure explains some of its catalytic
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properties (Camarero et al. 1999; Ruiz-Dueñas et al.

1999b, 2007; Banci et al. 2003; Pérez-Boada et al.

2005). However, VP structural determinants re-

sponsible for oxidation of some substrates, as well

as for differences in kinetic constants when com-

pared with LiP or MnP, remain unidentified.

Structure�function studies aimed at explaining

the catalytic properties of these peroxidases have

been based on knowledge of their cDNA or genomic

sequences, and the development of expression sys-

tems for producing variants mutated in residues

potentially involved in substrate oxidation, and other

studies. In the present work, we cloned the gene

encoding a peroxidase described in liquid cultures of

the basidiomycete Lepista irina (family Tricholoma-

taceae) as involved in the biosynthesis of carotenoid-

derived flavors (Zorn et al. 2003). This gene exhibits

very high sequence identity with the gene vpl of

Pleurotus eryngii (family Pleurotaceae) encoding a

lignin-degrading VP. The final objective was to

investigate if this peroxidase also exhibited VP-type

catalytic properties, using heterologous expression in

Escherichia coli and in vitro activation.

Materials and methods

Fungal strain, growth conditions and DNA/cDNA

amplification

Strain CBS 458.79 conserved as L. irina was

provided by the Centraalbureau voor Schimmelcul-

tures (CBS; Utrecht, The Netherlands) in April

2004. This fungal culture was isolated by R. Kühner

(20 September 1971) and conserved at the CBS

from August 1979. Taxonomic re-identification by

request of the authors was also performed at CBS

based on ribosomal DNA sequencing.

The fungus was grown in glucose�peptone med-

ium at 288C and 180 rev min�1 for 7 days (Martı́nez

et al. 1996). DNA was extracted (González et al.

1992) and polymerase-chain reactions (PCR) were

run using PfuTurbo DNA polymerase (Stratagene)

and the following primers: (i) sense 5? (5?-GGGAA

TTCCATATGGCAACTTGCGCCGACGG-ACG-

3?) and antisense 3? (5?-GGAAGATCTTTACGAT

CCAGGGACGGGAGG-3?) primers designed accord

ing to the cDNA sequence deposited as encoding the

L. irina carotene-degrading peroxidase (AJ515245);

and (ii) sense primer (5?-GGGAATTCCATATGTT

TGCGCCATT GCTGACG-3?) designed to anneal

at the promoter region of P. eryngii vpl1 (AF007223)

and the above 3? antisense primer. Each set of

primers included NdeI and BglII restriction sites in

their 5? ends. The PCR program included one initial

cycle of denaturation (2 min at 948C), annealing

(1 min at 608C), and extension (5 min at 688C),

followed by 25 additional cycles of denaturation (35

sec at 948C), annealing and extension (the latter two

under the initial conditions). Total RNA was isolated

from CBS 458.79 cultures using Ultraspec RNA

Isolation System (Biotecx). This RNA (0.5 mg) was

used as template, and the above N and C terminal

primers were used in a reverse transcription�poly-

merase chain reaction (RT-PCR) under the de-

scribed conditions. The amplified DNA and cDNA

were cloned into NdeI/BglII sites of the expression

vector pFLAG1 (International Biotechnologies Inc.)

and sequenced using an automated sequencer

ABI377.

Heterologous expression and enzyme purification

E. coli W3110 transformed with pFLAG1 harboring

the cDNA deposited as encoding the L. irina

carotene-degrading peroxidase (AJ515245) was

used for heterologous expression using Terrific

Broth (Sambrook & Russell 2001). The recombi-

nant enzyme, produced after induction of cultures

with 1 mM IPTG, accumulated in inclusion bodies,

and was folded in vitro using 0.15 M urea, 5 mM

Ca2�, 20 mM hemin, 0.5 mM oxidized glutathione,

0.1 mM dithiothreitol, and 0.1 mg mL�1 protein

concentration, at pH 9.5 (Pérez-Boada et al. 2002).

Active enzyme was purified by Resource-Q chroma-

tography using a 0�0.3 M NaCl gradient (2 mL

min�1, 20 min) in 10 mM sodium tartrate (pH 5.5)

supplemented with 1 mM CaCl2.

Enzymatic activities

Oxidation of Mn2� was estimated by the formation

of Mn3� tartrate complex (o238 6500 M�1 cm�1)

using 100 mM sodium tartrate (pH 5) and 0.1 mM

MnSO4. Mn-independent activity on 2 mM veratryl

(3,4-dimethoxybenzyl) alcohol (veratraldehyde o310

9300 M�1 cm�1) was estimated at pH 3.0, and on

0.1 mM Reactive Black 5 (o598 30 000 M�1 cm�1),

0.1 mM 2,2?-azino-bis(3-ethylbenzothiazoline-6-sul-

fonate) (ABTS) (cation radical o420 36 000 M�1

cm�1), and 2,6-dimethoxyphenol (dimeric product

o469 55 000 M�1 cm�1) were estimated at pH 3.5

(Heinfling et al. 1998b). All activities were measured

at 248C in the presence of 0.1 mM H2O2, and one

activity unit was defined as the amount of enzyme

oxidizing 1 mmol of substrate per minute. Steady-

state kinetic constants (mean and 95% confidence

limits) were calculated according to oxidation of the

reducing substrates, and fitting the pseudo-first

order rates of product formation to the Michaelis�
Menten model by double-reciprocal plots.

A new versatile peroxidase isoenzyme 277
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Protein modeling and sequence comparison

A theoretical molecular structure of the peroxidase

under study was obtained by homology modeling

using the atomic co-ordinates of P. eryngii VPL2

(PDB entry 2BOQ), Phanerochaete chrysosporium

LiPH8 (1LLP) and LiPH2 (1QPA), and Coprinopsis

cinerea (synonym Coprinus cinereus) peroxidase

(CIP) (1ARP) crystal structures as templates. Com-

parative modeling and energy minimization were

carried out with the programs ProModII and Gro-

mos96 (Schwede et al. 2003). Sequences of basidio-

mycete peroxidases (a total of 48 mature proteins)

were compared and phylograms were obtained by

the UPGMA method from Kimura distances using

the Pile-up, Distances and Tree utilities of the GCG

package.

Results and discussion

Gene cloning and analysis of nucleotide and amino acid

sequences

PCR amplification using template DNA from CBS

458.79, which was conserved at the CBS fungal

culture collection (http://www.cbs.knaw.nl) as L.

irina , and the sense 5? and antisense 3? primers

designed according to the cDNA sequence deposited

as encoding the carotene-degrading peroxidase of

this fungus (Zorn et al. 2003), yielded a fragment of

approximately 2 kb. Sequencing of this DNA

product fully agreed with the sequence of the

previously deposited carotene-degrading peroxidase

cDNA (AJ515245) interrupted by 15 introns. More-

over, the sequence (intron�exon region) showed a

very high nucleotide identity (97%) to the corre-

sponding region of the allelic variants vpl1

(AF007223) and vpl2 (AF007224) of gene vpl

encoding a VP in the lignin-degrading fungus P.

eryngii (CBS 613.91) (Ruiz-Dueñas et al. 1999b).

The new gene (called vpl3) and the above vpl1 and

vpl2 nucleotide and predicted amino acid sequences

were aligned for comparison (see region correspond-

ing to vpl3 nucleotides 1�1909 in Figure 1). The

predicted sequence of the protein encoded by the

new gene contains 361 amino acid residues, includ-

ing a signal peptide formed by 30 amino acids that

was identified after N-terminal sequencing of the

mature fungal peroxidase (Zorn et al. 2003).

Changes in six amino acids were observed after

comparing the three sequences, although only three

of them (Thr147, Lys206 and Glu309) were specific

for the peroxidase encoded by the gene under study.

When PCR amplification was performed using the

same DNA and a primer corresponding to a

sequence situated 590 bp upstream of the ATG start

codon of P. eryngii vpl1 , together with the cDNA

C-terminus primer, the amplified DNA included

549 bp of the promoter region in addition to the

intron�exon sequence. A multiple alignment of the

full-length sequence of the new gene and those of P.

eryngii vpl1 and vpl2 is shown in Figure 1, which

also shows the predicted amino acid sequences and

some conserved elements in the promoter region.

The intron and promoter sequences also showed

97% sequence identity to the corresponding regions

in the two other cloned vpl genes, although the

promoter was slightly more similar in sequence to

that of vpl2 due to the presence of a putative metal

response element, which is absent from vpl1 . No

other differences were observed in the putative

response elements previously reported in vpl (Ruiz-

Dueñas et al. 1999b), which are listed in the legend

of Figure 1. According to this, the regulation of

expression of the new peroxidase gene should be

affected by the same factors involved in transcription

of vpl from P. eryngii (Ruiz-Dueñas et al. 1999a).

Due to the extremely high sequence identity at all

levels (exon, intron, amino acid and promoter

sequences) between the genes from P. eryngii and

the supposed L. irina strain, a re-identification of the

latter (CBS 458.79) based on sequence comparison

of the ITS region (ITS1�5.8S�ITS2) of its nuclear

ribosomal DNA (amplified and sequenced using the

universal primers ITS1 and ITS4) with those of

reference L. irina and P. eryngii strains (and available

from databases) was performed revealing that it does

not correspond to a L. irina , but to a P. eryngii strain,

which maintains the same reference number in the

CBS fungal culture collection. Therefore, the geno-

mic sequence of vpl3 was deposited in the nucleotide

sequence database as a P. eryngii gene under

accession number DQ056374. The high nucleotide

identity between vpl1 , vpl2 and vpl3 (Figure 1) with

differences in six codons within the coding (exon)

region (resulting in only three altered amino acid

residues), and the highly conserved intron�exon

structure suggest that vpl3 could be a new allelic

variant of gene vpl , although no definitive genetic

evidence is available. The catalytic properties of the

corresponding peroxidase, described by Zorn et al.

(2003), were investigated and compared with typical

P. eryngii VP (Heinfling et al. 1998b), after its

heterologous expression as described below.

Heterologous expression, purification and catalytic

properties

The high sequence similarity between the peroxidase

under study and those previously reported from

liquid cultures of P. eryngii (VPL1 and VPL2)

(Martı́nez et al. 1996; Ruiz-Dueñas et al. 1999b),

as well as the results from CBS 458.79 re-identifica-

278 F. J. Ruiz-Dueñas et al.
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Figure 1 (Continued)
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tion, suggested similar catalytic properties. To verify

this hypothesis, the corresponding cDNA was ex-

pressed in E. coli W3110, and the inactive protein

(present as inclusion bodies) was activated by in vitro

folding in the presence of added hemin. The optimal

urea concentration (150 mM) was much lower than

reported for other fungal or plant peroxidases (Smith

et al. 1990; Doyle & Smith 1996; Whitwam & Tien

1996). In contrast, the activation yield (up to 16% of

protein in the folding mixture) was several-fold

higher than attained with other peroxidases, and

slightly higher than reported for the recombinant

VPL2 (Pérez-Boada et al. 2002). The activated

peroxidase was, subsequently, purified to electro-

phoretic homogeneity. Table I summarizes the

process of activation and purification of the recom-

binant peroxidase from P. eryngii CBS 458.79 in

terms of recovery of protein and peroxidase activity

after the different steps.

Oxidation of five representative VP substrates

(Heinfling et al. 1998b), namely Mn2�, high redox

potential veratryl alcohol and Reactive Black 5, and

low redox potential 2,6-dimethoxyphenol and ABTS

(Figure 2) by the recombinant peroxidase were

investigated under steady-state conditions. As shown

Figure 1. Comparison of the sequences of genes vpl3 from CBS 458.79 formerly conserved as L. irina (DQ056374) with vpl1 and vpl2

from P. eryngii CBS 613.91 (AF007223 and AF007224, respectively), and the corresponding predicted amino acid sequences (VPL3,

VPL1 and VPL2). The whole vpl3 nucleotide sequence (introns I to XV in lowercase, with 3? and 5? splicing and Lariat sequences in italics)

and VPL3 amino acid sequence are shown. Only those vpl1 and vpl2 nucleotides (or exon triplets), and predicted amino acid residues,

differing from vpl3 are indicated. Two primer annealing sites are indicated as lines above the consensus nucleotide sequence (the promoter

primer site is upstream the sequence shown). Amino acid numbering starts at the first residue of the mature proteins, and the sequence of

the signal peptide is underlined. Six single-nucleotide changes resulted in modification of amino acids in positions 4, 16, 147, 153, 206 and

309 (Thr147, Lys206 and Glu309 are specific for VPL3) (continuous line boxes). General transcription elements are indicated in the

promoter (numbering refers to vpl3 ) including one TATA box (�63 to �58), two inverted CCAAT elements (�344 to �340 and �111

to �107) and one SPI-binding element (�370 to �365). One putative metal response element (�540 to �534), which is absent from

vpl1 , and one heat-shock element (�346 to �354) differing in one nucleotide with respect to vpl1 and vpl2 , together with one AP2 (�201

to �194) and two CreA (�390 to �385 and �144 to �139) binding signals are also indicated (dashed line boxes).

Table I. Total protein and activity (estimated as H2O2-dependent

oxidation of Mn2� to Mn3�) during in vitro activation and

purification of the E. coli -expressed peroxidase from the fungal

strain CBS 458.79, and increase of the specific activity during

these processes (amounts obtained from 1 L of E. coli culture).

Total

protein

(mg)

Total

activity

(U)

Specific

activity

(U mg�1)

Inclusion bodies 30.7 0 0

Folding mixture 22.4 545 24

Ultrafiltration 14.3 400 28

Dialysis 2.5 376 150

Resource-Q chromatography 1.5 330 220

280 F. J. Ruiz-Dueñas et al.
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in Table II, the Km and kcat values were, in general,

in the same order of magnitude as those reported for

the wild type (Martı́nez et al. 1996; Ruiz-Dueñas

et al. 1999b) and E. coli-expressed VPL2 of P.

eryngii (Pérez-Boada et al. 2002) indicating that

the peroxidase under study is also a VP-type enzyme

(called isoenzyme VPL3) from the point of view

of its catalytic properties. Interestingly, biphasic

Michaelis�Menten curves with two maximum velo-

city ‘‘plateaus’’ were observed for ABTS and 2,6-

dimethoxyphenol oxidation. With these substrates,

two catalytic constants in the mM and mM ranges

could be calculated revealing the existence of two

different binding sites, with high and low affinity,

respectively. This observation is described for the

first time here, but recombinant VPL2 also showed

the same behavior. It may be concluded that

differences in the VPL3 amino acid sequence

compared with the two previously described P.

eryngii peroxidases (VPL1 and VPL2) do not

seem to affect the catalytic properties. To obtain

additional information on the possible significance

Figure 2. Chemical structures of aromatic compounds assayed (together with Mn2�) as substrates of the E. coli -expressed and in vitro

activated peroxidase from CBS 458.79: VA, veratryl alcohol; DMP, 2,6-dimethoxyphenol; ABTS, 2,2?-azino-bis(3-ethylbenzothiazoline-6-

sulfonate; and RB5, Reactive Black 5 (see Table II for kinetic constants).

Table II. Steady-state kinetic constants of the recombinant

peroxidase from the fungal strain CBS 458.79 on Mn2� and

the aromatic substrates shown in Figure 2 (mean values and 95%

confidence limits).

Km (mM) kcat (s�1)

kcat/Km

(s�1 mM�1)

Mn2� 100921 13597 14009200

Veratryl alcohol 33609290 7.590.5 2.290.3

2,6-Dimethoxyphenola 5709125 6.290.3 1190.2

2,6-Dimethoxyphenolb 6120096100 10599 1.790

ABTSa 2.690.4 13.191 52009500

ABTSb 705953 124910 180910

Reactive Black 5 1.690.2 3.290.1 20409130

aHigh affinity site; blow affinity site.

Figure 3. Schematic representation of the molecular structure of

VPL3 from CBS 458.79 showing the location of those amino-acid

residues (Thr147, Lys206 and Glu309, underlined) differing from

P. eryngii VPL1 and VPL2. The N and C termini, helical structure

(helices A to J), heme cofactor in the middle of two protein

domains, four disulfide bonds and two structural Ca2� ions are

indicated. The catalytic Mn-binding site (dashed-line circle) and

exposed tryptophan (Trp164) are also shown.

A new versatile peroxidase isoenzyme 281
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of these amino acid differences, a molecular model

was obtained.

Molecular modeling and sequence comparison with other

fungal peroxidases

A molecular model for VPL3 was built by homology

modeling using crystal structures of related perox-

idases as templates. As shown in Figure 3, this model

showed the most characteristic structural features of

VP (Martı́nez 2002). The putative Mn-binding site

formed by three acidic residues (Glu36, Glu40,

Asp175) near the internal propionate of heme

(Banci et al. 2003; Ruiz-Dueñas et al. 2007), and

the exposed tryptophan (Trp164) involved in high

redox-potential aromatic substrate oxidation, as

recently demonstrated for recombinant VPL2

(Pérez-Boada et al. 2005), are indicated. The model

revealed that the three amino acid changes with

respect to P. eryngii VPL1 and VPL2 (Thr147,

Lys206, Glu309) are located at the protein surface.

These differences should not affect the characteristic

folding, and none of the equivalent residues in VP

and other lignin-degrading peroxidases have been

reported as involved in oxidation of substrates, or

playing any other role (Martı́nez 2002). Therefore,

the catalytic properties of VPL3 are in agreement

with the presence of the Mn2� and aromatic

substrate oxidation sites mentioned above, which

were not affected by the modifications observed in

the amino acid sequence. The high and low affinity

sites for oxidation of some substrates (2,6-dimethox-

yphenol and ABTS) remain unidentified at the

structural level.

Lignin-degrading peroxidases are produced only

by white-rot basidiomycetes. Figure 4 shows a com-

parison of the deduced amino acid sequences of 48

Figure 4. (Continued)

Figure 4. Dendrogram from amino acid sequence identity be-

tween 48 peroxidases (mature proteins) from 18 basidiomycetes.

The comparison shows LiP, MnP and VP-type isoenzymes

(including three forms of P. eryngii VPL, and four forms of P.

chrysosporium LiPH8), together with C. cinerea peroxidase (CIP),

the so-called manganese-repressed peroxidase (MRP) of T.

versicolor , the nopa -encoded ‘‘hybrid peroxidase’’ of P. chrysospor-

ium (NOPA), three putative MnP from Ganoderma species, and

several hypothetical proteins such as PGV and PGVII of T.

versicolor . Those sequences including a Mn-binding site (m) or

an exposed tryptophan involved in aromatic substrate oxidation

(k) are indicated (as well as a T. versicolor LiP including an

exposed tyrosine, I). Abbreviations for fungal species: AB, A.

bisporus ; B, Bjerkandera sp; BA, B. adusta ; CC, C. cinerea ; CS, C.

subvermispora ; DS, Dichomitus squalens ; GA, Ganoderma applana-

tum ; GAU, Ganoderma australe ; GF, Ganoderma formosanum ;

IZU, unidentified basidiomycete IZU-154; PC, P. chrysosporium ;

PE, P. eryngii ; PO, P. ostreatus ; PR, P. radiata ; PS, Phanerochaete

sordida ; PSA, P. sapidus ; TC, Trametes cervina ; and TV, T.

versicolor . Protein sequence entries: AB-MnP, CAG27835;

B-VP, AAO47909; BA-LiP, 1906181A; CC-CIP, CAA50060;

CS-MnP1, AAB03480; CS-MnP2, AAD43581; CS-MnP3,

AAD45725; CS-MnP4, AAO61784; DS-MnP1, AAF31329;

DS-MnP2, AAF31330; GA-MnP1, BAA88392; GAU-

MnP, ABB77244; GF-MnP, ABB77243; IZU-MnP1, no

entry available but sequence taken from the literature

(Matsubara et al. 1996); PC-LiPA (isoenzyme H8),

AAA53109; PC-LiPB (isoenzyme H8), AAA33741; PC-

LiPC (isoenzyme H10), AAA33739; PC-LiPD (isoenzyme

H2), CAA33621; PC-LiPE (isoenzyme H8), AAA33738;

PC-LiPF, AAA33736; PC-LiPH (isoenzyme H8), AAA

56852; PC-LiPJ, AAD46494; PC-MnP1, AAA33744; PC-

MnP2, AAA33745; PC-MnP3, AAB39652; PC-NOPA,

AAU82081; PE-VPL1, AAD01401; PE-VPL2, AAD01404;

PE-VPL3, CAD56164 (and DQ056374); PE-VPS1, AAD

54310; PO-MnP1, AAA84396; PO-MnP2, CAB51617; PO-

MnP3, BAA33449; PR-LiP, P20010; PR-MnP2, CAC

85963; PR-MnP3, CAC84573; PS-MnP1, BAC06185; PS-

MnP2, BAC06186; PS-MnP3, BAC06187; PSA-VP, CAJ

01576; TC-LiP, AB191466; TV-LiP12, AAA34049; TV-

LiP7, CAA83147; TV-LiPGII, CAA53333; TV-MnP2, CAA

83148; TV-MRP, AAB63460; TV-PGV, CAA54398; and

TV-PGVII, CAA91043.
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peroxidases (mature proteins) from 17 white-rot

(lignin-degrading) basidiomycetes, and one soil

basidiomycete (C. cinerea). The groups obtained

were similar to those reported by Hildén et al.

(2005), although some differences were observed

in the groups from the latter authors due to

the clustering method used (neighbor-joining vs.

UPGMA), inclusion of signal peptide sequences in

the comparison, and different number of sequences

analyzed. VPL3 grouped together with other VP

found in P. eryngii liquid cultures, a putative VP

from Pleurotus sapidus (deposited by one of the

authors) and two Pleurotus ostreatus peroxidases.

Although the latter were described as MnP (Giar-

dina et al. 2000), they show VP-type structural

characteristics, namely the above-mentioned man-

ganese-binding site and exposed tryptophan (indi-

cated on the dendrogram by black and white circles,

respectively). This group clustered first with a

different VP expressed in lignocellulose cultures of

P. eryngii (VPS1) (Camarero et al. 1999, 2000), and

the similar peroxidase from P. ostreatus , and then

with several peroxidases (from Trametes versicolor,

Phlebia radiata, and Agaricus bisporus) as well as with

VP from Bjerkandera sp (Moreira et al. 2005). The

two other main clusters correspond, respectively, to

MnP sequences (top) all including a Mn-binding site

(black circle), and LiP sequences (bottom) all

including an exposed tryptophan (white circle). In

a small cluster, five peroxidases form an apparently

heterogeneous group. Three correspond to Gano-

derma (Synonym: Elfvingia) peroxidases described

as MnP (Maeda et al. 2001), although they do not

present one of the residues of the manganese-

binding site but an exposed tryptophan, and the

two others are unusual Trametes peroxidases. In

addition to those mentioned above, three putative

VP (TV-MRP, PO-MnP1, TV-LiP7) were identified

by the presence of both the Mn-binding site and

exposed tryptophan. Finally, the putative ‘‘hybrid

peroxidase’’ encoded by gene nop (Larrondo et al.

2005), recently identified in the complete genome of

P. chrysosporium (Martı́nez et al. 2004), seemed

unrelated to lignin-degrading peroxidases, and clus-

tered together with a peroxidase from the soil fungus

C. cinerea (Baunsgaard et al. 1993).

Conclusions

We clarified the unexpected description of a perox-

idase that showed very high sequence identity with

two P. eryngii VP, although it was produced by a

fungal culture conserved at the CBS culture collec-

tion as an unrelated basidiomycete (L. irina). Clon-

ing and sequencing of the corresponding gene

showed that the high identity also included the

promoter and introns. Due to this observation,

which could be explained only by a hypothetical

horizontal gene transfer, the identity of the supposed

L. irina was investigated, and ribosomal DNA

sequencing revealed that it was a P. eryngii instead

of L. irina .

When the catalytic properties of the protein

product of the new gene were investigated on

selected substrates, no significant differences from

typical VP from P. eryngii were observed. This was in

agreement with the structural information provided

by the molecular model obtained, which showed the

presence of putative substrate oxidation sites, and

location of those residues differing from related VP.

The present characterization, from molecular to

kinetic and structural levels, indicated that this

peroxidase should be considered as a new peroxidase

isoenzyme in the VP family.

VP are enzymes of biotechnological interest be-

cause of their different activities, and the ability to

directly oxidize some recalcitrant compounds, such

as polycyclic aromatic hydrocarbons, high redox-

potential dyes, and pesticides (Heinfling et al.

1998a; Wang et al. 2003; Dávila-Vázquez et al.

2005). It is important to mention that other lignin-

degrading peroxidases can only oxidize some of these

compounds in the presence of mediators or do not

oxidize them at all. Therefore, the description,

cloning and characterization of new VP forms is

important for identifying new peroxidases with

industrial and environmental potential.
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