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Abstract

The cloning and sequencing of thigpa gene coding for a versatile peroxidase from a nddjekkanderastrain is hereby
reported. The 1777 bp isolated fragment contained a 1698 bp peroxidase-encoding gene, interrupted by 11 introns. The 367
amino acid-deduced sequence includes a 27 amino acid-signal peptide. The molecular model, built via homology modelling
with crystal structures of four fungal peroxidases, highlighted the amino acid residues putatively involved in manganese binding
and aromatic substrate oxidation. The potential heme pocket residues (R44, F47, H48, E79, N85, H177, F194 and D239) include
both distal and proximal histidines (H48 and H177). RBP possesses potential calcium-binding residues (D49, G67, D69, S71,
$178, D195, T197, 1200 and D202) and eight cysteine residues (C3, C15, C16, C35, C121, C250, C286, C316). In addition, RBP
includes residues involved in substrate oxidation: three acidic residues (E37, E41 and D183)—putatively involved in manganese
binding and H83 and W172—potentially involved in oxidation of aromatic substrates. Characterisation of nucleotide and amino
acid sequences include RBP in versatile peroxidase group sharing catalytic properties of both LiP and MnP. In addition, the RBP
enzyme appears to be closely related with the ligninolytic peroxidases fromaheetes versicolostrain.
© 2005 Published by Elsevier B.V.
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a few basidiomycetes known as white-rot fungi. The
complexity of the lignin-degradation mechanisms,
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tified in our laboratory as belonging to tBgerkandera
genus and was tentatively nant&erkanderasp. strain

which encompass different enzymes (depending on B33/3. Analysis of peroxidase activities in the extracel-
the fungus), has prompted isolation of novel fun- lular fluid of said strain demonstrated the existence of
gal strains—in attempts to find and characterise new lignin peroxidase, as well as manganese-dependent and

enzymes, regarding reaction mechanism and substrateananganese-independent peroxidase activitieséira

preference.
A novel class of ligninolytic peroxidases, named

et al., 200). Several peaks were obtained after Mono-
Q ion-exchange chromatography of the extracellular

versatile peroxidases, with high affinity for manganese fluid, which were characterised by distinct enzyme
and dyes, has been described; these enzymes camctivities. One of the main peaks associated with the

also oxidise 2,6-dimethoxyphenol (DMP) and vera-
tryl alcohol (VA) in a manganese-independent reac-
tion (Camarero et al., 1996, 1999, 2000; Giardina
et al., 2000; Heinfling et al., 1998a,b,Martinez,
2002; Mester and Field, 1998; Palma et al., 2000;
Ruiz-Duenas et al., 1999b, 200Until now, however,
those enzymes have only been isolated fRIgurotus
ostreatus Pleurotus eryngii Pleurotus pulmonarius,
Bjerkandera adustandBjerkanderasp. strain BOS55.

The recently sequenced enzymes MnPL1 and

MnPL2 from cultures ofP. eryngii exhibit high
sequence and structural similarities with LiP from
Phanerochaete chrysosporiynmowever, molecular

dye decolourising activity exhibited also properties
characteristic of the novel class of versatile peroxi-
dases, with ability to oxidise manganese, as well as VA
and DMP in a manganese-independent reaction. This
new enzyme was named RBP.

The objectives of the present study were to clone
the RBP-encoding gene and to characterise both the
enzyme and its gene-encoding structures.

2. Materials and methods

2.1. Performance of culturing

models show a putative manganese interaction site near

the internal propionate moiety of heme. The presence

of this binding site is essential for direct oxidation of
Mn2* (Ruiz-Duenas et al., 1999a

MnP isoenzymes, purified frorR. ostreatusand
duly characterised bgiardina et al. (200Q)are able

to oxidise phenolic substrates both in the presence and

absence of manganese, as already repofiéardina
et al., 2000; Heinfling et al., 1998b; Mester and Field,
1998 for isozymes produced by other strains f
ostreatus, P. pulmonarius, P. eryngii, B. adustad
Bjerkanderasp.

The catalytic properties of versatile peroxidases
from both Pleurotusand Bjerkanderaspp. are simi-
lar to each other and differ from those of LiP and MnP;

Bjerkanderasp. strain B33/3 was grown in CDBYE
medium, as described previously in detailqreira et
al., 2002.

2.2. Determination of proteinaceous features

From the extracellular fluid of thBjerkanderasp.
B33/3 strain, the main enzyme responsible for the dye
decolourisation was isolated and purified following
resolution by Mono-Q ion-exchange chromatography.
This enzyme, named RBP is able to oxidise manganese,
as well as veratryl alcohol and 2,6-dimethoxyphenol
in a manganese-independent reaction; hence, it can
be included in the new group of versatile ligninolytic

these differences in catalytic properties, as well as in peroxidases. Oxidation of DMP was estimated by mea-

structural characteristic€amarero et al., 1999; Ruiz-
Duenas et al., 200 justify the description of such

suring the absorbance at 469 nm (&), during oxida-
tion of 1 mM DMP in 50 mM sodium malonate buffer

versatile peroxidases as part of a new peroxidase (pH 3.0 and 5.0), in the presence of 1 mM ethylene

family in class Il (fungal) peroxidasesMartinez,
2002.

A fungal strain, which exhibits high decolourisa-
tion activities on poly R-478 and Remazol Brilliant
Blue R (RBBR) dyes, was collected from rotting lig-
nocellulosic material; this novel fungal strain was iden-

diamine tetra-acetic acid (EDTA). Oxidation of vera-
tryl alcohol was determined by measuring absorbance
at 310nm (30C), during the oxidation of 4.0 mM
veratryl alcohol in 100mM sodium tartrate buffer
(pH 3.0 and 5.0). The RBBR decolourising activity
was assayed spectrophotometrically by measuring the
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decrease in absorbance at 595 nm°@ The enzy-
matic standard reaction mixture consisted of 0.05 mM
RBBR and 70 mM sodium tartrate buffer (pH 5.0).
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Manchester, UK) using ca. 2&g of purified native pro-
tein.

The manganese(ll) activity was assayed spectropho-2.3. Sequencing of tryptic peptides

tometrically by measuring the decrease in absorbance

at 238nm (30C). The enzymatic standard reaction
mixture consisted of 0.1 mM MnSQOand 100 mM
sodium tartrate buffer (pH 5.0). The 2&zinobis(3-
ethylbenzothiazoline-6-sulphonic acid) diammonium
salt (ABTS) oxidising activity was assayed spectropho-

The purified native protein was digested via addi-
tion of 1:20 (w/w) of a 0.jugul~! solution of
trypsin (Roche Molecular Biochemicals), reconstituted
in 1 mM HCI. In order to accelerate digestion, 1% (v/v)
acetonitrile was added to a 500 mM ammonium acetate

tometrically by measuring the decrease in absorbancebuffer (pH 7.4) containing 20 mM Caglwhich was

at 420nm (25C). The enzymatic standard reaction
mixture consisted of 0.5mM ABTS and 100 mM
sodium tartrate buffer (pH 5.0). Kinetic constants were

incubated for 12 h at 37C. The tryptic peptides were
fractionated and desalted by elution on a Zighip
pipette tip (Millipore, Billerica, USA). Elution was car-

determined for several substrates. The RBP enzymeried out with mixtures of water/acetonitrile/acetic acid:

in stake presents high affinity for (the oxidising sub-
strate) manganese at pH 5.0, withy, values (96uM).
Small values oK, for DMP oxidation in the absence
of manganese were also obtained (66 andul99

93/5/2, 78/20/2 and 48/50/2 (viviv), respectively. The
fractions obtained were analysed by nano-ESI-MS/MS
using a Q-Tof-ﬂw mass spectrometer (Micromass) as
described byshevchenko et al. (2000 election of the

depending at the pH tested, 3.0 and 5.0, respec-ions analysed and adjustment of the collision energy

tively. The smallestK, values were obtained were
recorded for oxidation of RBBR and ABTS (i2V for

were made manually. Peptides were delivered to the
mass spectrometer by silica capillaries obtained from

both); this realisation is consistent with the hypothesis Protana (MDS Proteomics, Odense, Denmark). The
that RBP is a versatile peroxidase with high affin- BioLynx software (Micromass) was used for the pre-
ity for dye substrates, e.g. anthraquinone-derived and diction of MS/MS fragmentation patterns from peptide
high redox compounds, e.g. ABTS (which are sub- sequences and comparison with existing mass spec-
strates usually preferred by plant peroxidases). Oxi- tra. The fragmentation data obtained were analysed
dation of VA is favoured at pH 3.0, as happens with using the PepSeq sequencing software (Micromass).

LiP peroxidases and has an appar&mt value of
3400uM.

Purified native protein (20Qg) was N-deglyco-
sylated overnight at pH 5.5 with 80 mU of endo-
glycosidase H from Roche Molecular Biochemicals
(Mannhein, Germany). SDS-PAGE of native and deg-
lycosylated proteins was performed on PhastGel

high-density polyacrylamide gels (Amersham Pharma-

Database searches using BLAST 2.1.3 (NCBI http
server) programsA(tschul et al., 199Y, were per-
formed with the sequences obtained, in order to elimi-
nate those resulting from trypsin autodigestion.

2.4. Extraction of DNA and RNA

DNA and RNA were extracted from a 6-day-old

cia Biotech, Uppsala, Sweden). The gel was calibrated mycelium, which was collected by filtration, frozen

using the low molecular weight calibration kit (Amer-
sham Pharmacia Biotech) as standard.

Isoelectric focusing of purified native protein
was performed in PhastGel(Amersham Pharmacia
Biotech) IEF polyacrylamide gels, with a pH range of
3.0-9.0. The gelwas calibrated using the ldwaibra-
tion kit (Amersham Pharmacia Biotech) as standard.

Protein bands were stained with Coomassie Brilliant
Blue R-250.

with liquid N2 and ground to powder form with a
mortar-and-pestle. For the DNA extraction, the cell
powder was suspended in 10 mM Tris—HCI buffer (pH
7.6) containing 1 mM EDTA (TE), homogenised in a
guanidinium thiocyanate aridtlauroylsarcosine dena-
turing suspension accordingRdtcher et al. (198%nd
incubated for 2 h in ice; 10 M ammonium acetate was
then added and after a further 10 min of incubation,
the total DNA was extracted with 24:1 (v/v) chloro-

Protein mass was also estimated by ESI-MS/MS form/isoamyl alcohol. The mixture was centrifuged,

using a Q-Tof-éM mass spectrometer (Micromass,

the aqueous phase was transferred to another tube and
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0.8 volume of isopropanol was added. The DNA was
washed with 70% (v/v) ethanol and the resulting pellet
was air-dried and redissolved in TE buffer. The mix-
ture was treated with RNase (5@ mi~1) for 30 min at

37°C and extracted once again with 24:1 (v/v) chloro-
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PCR amplification of the cDNA was obtained
using NTAG1 and F-peroxi (s(TGCCCCGACGGC-
GTIAACACC-3) primers. F-Peroxi was synthesised
on the basis of the N-terminal sequence of the purified
peroxidase (VAXPDGVNTA) assuming that the non-

form/isoamyl alcohol. The supernatant was recovered identified residue in the sequence determined was cys-

and supplemented with 1:10 (v/v) 3 M sodium acetate
(pH 5.2) and 2.5volume of cold—20°C) absolute
ethanol. After centrifugation for 5 min at 3060g, the
pellet was rinsed with 70% (v/v) ethanol, air-dried and
redissolved in TE. The quality and purity of DNA was

evaluated spectrophotometrically at 260 and 280 nm

teine, a highly conserved residue at the third position of
mature lignin peroxidases. SequencEnhancer Solu-
tion F was added to the reaction mixture. The annealing
temperature was 3€ in the first 3 PCR cycles and
50°C in the next 22 cycles.

The quality of the cDNA was evaluated by elec-

and by electrophoresis in TAE buffer on 1.5% agarose trophoresis on a 1.0% agarose gel. The PCR products

gel stained with ethidium bromide.

The RNA isolation fronBjerkanderasp. B33/3 was
performed with the SV total RNA isolation system
(Promega Corporation, Madison, WI, USA) accord-
ing to the manufacturer’s instructions. The quality and
purity of the total RNA was evaluated spectrophoto-
metrically.

2.5. Performance of PCR

Escherichia coliTop10F, XL1-Blue or DH5x were
used for cloning recombinant plasmids. The poly-

(without further purification) were shotgun cloned into
the pGem-T easy vector according to the manufac-
turer’s instructions.

In parallel, the PCR products of interesting sizes
were purified from agarose gels with the geneclean spin
kit (Qbiogene, llikirch, France). A’3A overhang was
added to the purified PCR fragments with the Biotools
DNA polymerase, before cloning them into the pGem-
T easy plasmid.

The ligation products were used to transfoEn
coli DH5« competent cells. Colonies were screened
by PCR with M13 universal and reverse-40 primers.

merase chain reaction (PCR) products were cloned into Clones with inserts of expected size were transferred to

the pGEM-T easy vector (Promega Corporation).
The oligonucleotides were purchased from Euro-
gentec (Lege, Belgium) or from Amersham Pharmacia
Biotech. The PCR amplifications were performed with
biotools DNA polymerase (Biotechnological and Med-
ical Laboratories, Madrid, Spain). For the cloning of

fragments adjacent to a known sequence, the LA-PCR

in vitro cloning kit was used according to the supplier’s
instructions of the (Takara Shuzo, Shiga, Japan).

2.6. Synthesis of cDNA

The cDNA was prepared from the total RNA with
ImProm-1I"" reverse transcription system (Promega
Corporation), with small modifications of the man-
ufacturer’s protocol. The reverse transcription step
was initiated with primer NTAG1 (5GCAGTGG-
TAACAACTTTTTTTTTTTTMM-3’) on 0.08 or
0.8ug of total RNA in the buffer supplied, supple-
mented with 3 mM MgC], in the presence or absence
of Sequencey Enhancer Solution F (Invitrogen, Carls-
bad, USA). The annealing temperature wasG7

2x YT liquid medium, supplemented with 5ay mlI—1
ampicillin and grown overnight at 3. Plasmids
were isolated with the GFX Micro Plasmid Prep Kit
(Amersham Pharmacia Biotech) according to the man-
ufacturer’s instructions and digested wifttoR| to
estimate the size of the inserts by electrophoresis.

2.7. Sequencing of DNA

Sequencing reactions were carried out using the
AutoRead sequencing kit (Amersham Pharmacia
Biotech), with the fluorescent (cy5) M13 Universal
and Reverse primers, SP6, T7 or specific internal
oligonucleotides. Electrophoresis was done with an
ALF Express Il DNA sequencer (Amersham Phar-
macia Biotech). The PSI-BLAST 2.2.8 at NCBI http
server QAltschul et al., 199yand the BioEdit Sequence
Alignment Editor Hall, 1999 programs were used for
analysis, alignment and comparison of sequences of
amino acids, DNA and cDNA sequences.

A dendogram based on similarities between
sequences of mature peroxidases was obtained using
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the UPGMA method (after bootstrap of sequences),
from PAM distance matrix of progressive pairwise mul-
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Insightll (Biosym Technologies, 1993arhe geome-
try of the whole system was optimised at the molec-

tiple sequence alignment using the BioEdit Sequence ular mechanics (MM) level Rurkert and Allinger,

Alignment Editor and phylogenetic inference pack-
age (PHYLIP) programRelsenstein, 1993LiP, MnP,
VP and CIP, as well as other peroxidases from
Bjerkandera sp. strain B33/3 (B33/3)B. adusta
(BA), P. ostreatus(PO), P. eryngii (PE), Ceripo-
riopsis subvermisporaCS), Ganoderma applana-
tum (GA), Dichomitus squalens(DS), Coprinus
cinereus (CC), Lepista irina (LI), Phlebia radiate
(PR), Trametes versicolol(TV) and P. chrysospo-
rium (PC) were compared to one another. The Gen-

Bank accession numbers (gene or cDNA sequences)

are as follows: B33/3-RBP, AY217015; PE-MnPL1,
AF007221; PE-PS1, AF175710; PO-MnP, POU21878;
PO-MnP2, POS243977; PO-MnP3, AB011546; CS-
MnP1, AF013257; CS-MnP2A, AF161078; CS-
MnP3, AF161585; GA-MnP1, AB035734; DS-
MnP1, AF157474; DS-MnP2, AF157475; LI-VPS1,
CAD56164; CC-CIP, X70789; PR-Liglll, P20010;
PR-MnP2, CAC85963; PR-MnP3, CAC84573; TV-
MP2, Z30668; TV-PGVII, Z54279; TV-PGV, X77154;
TV-CVMNP, D86493; TV-LP7, Z30667; TV-LPGII,
X75655; TV-LiP12, M64993; TV-VLG1, M55294;
TV-MRP, AF008585; PC-MnP1, M60672; PC-MnP2,
L29039; PC-MnP3, U70998; PC-LiPA (H8), M27401;
PC-LiPB (H8), M37701; PC-LiPC, M63496; PC-
LiPD (H2), X15599; PC-LiPE (H8), M92644; PC-
LiPF, M77508; PC-LiPH (H8), M24082; PC-LiPJ,
AF140062.

2.8. Modelling of proteinaceous structure

Molecular modelling of theBjerkanderasp. RBP
versatile peroxidase (devoid of signal peptide) was
performed by sequence homology using the PRO-
MODII program Guex and Peitsch, 1997; Peitsch,
1995, 1998. It was based on alignment of four fungal

1982 with Amber force field {Weiner and Kollman,
1981; Weiner et al., 1986@using the program Discover
(Biosym Technologies, 1993bn a SGI Indy worksta-
tion. A dielectric constant equal to 2 was chosen and
the threshold for convergence was selected as maxi-
mum force fixed at 0.02 kcal mot A1,

The Swiss-PDBViewer v3.7 SP&(ex and Peitsch,
1997 and Rasmol v2.7.2. Bernstein, 2008programs
were used for model comparison and presentation.

3. Results
3.1. Determination of proteinaceous features

The mass of native and deglycosylated RBP, deter-
mined with SDS-PAGE on Phast@ehigh-density
polyacrilamide gels were ca. 45.7 and 43.2 kDa, respec-
tively, indicating that the mass of non-proteinaceus
residues amounts to 5.6% of the whole molecular mass.

The mass of the RBP, which was also estimated by
ESI-MS/MS, is ca. 37 kDa.

The isoelectric point estimated by gradient PAGE is
ca. 3.5.

3.2. Sequencing of tryptic peptides

Sequencing of two internal peptides generated from
RBP via tryptic digestion was possible using mass
spectrometry, two positive ESHz spectrum were
obtained. The sequences obtained were DSVTDILNR
and LQSDADFAR. The first peptide presented a the-
oretical m/z of 516.7702 for a measured value of
516.74161/z thus presenting a delta mass-85 ppm.
The second peptide presented a theoretio& of
511.7493 for a measured value of 511.78%8 thus

peroxidases, for which crystal models are available that presenting a delta mass-e52 ppm.

present the largest similarities at the sequence level:

LiP—H2 (Broohaven PDB entries 1QPAA: 66.35%
identity and 1QPAB: 66.35% identity); LiP—H8 (1LLP:
64.75% identity); MnP1 (LMNP: 53.58% identity)
from P. chrysosporiumThe complete enzyme, with
its heme moiety, two calcium ions and surrounding
water molecules, was built by superposition with the
A chain of QPA peroxidase (1QPA) with the program

3.3. Synthesis and cloning of rbpa cDNA

The 1139 bp cDNA sequence (GenBank AF490538)
corresponded to a single open reading frame. As
expected, the deduced amino acid sequence of this frag-
ment contained both the (previously identified) DSVT-
DILNR and LQSDADFAR internal tryptic peptides.
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3.4. Cloning of rbpa gene

With the purpose of cloning the gene encoding
for RBP, the oligonucleotides F-peroxi’{6GCCC-
CGACGGCGTIAACACC-3) and Cterm6é (b
CACAATTCCTACGACGACGCCTTATTCCCTCC-
3)—complementary to the’3end of the cDNA

P.R. Moreira et al. / Journal of Biotechnology 118 (2005) 339-352

gene. The 11 introns (for a total of 597 bp), with an
average length of 54 bp and their processing sequences
are highlighted irFig. 1 The translation initiation and
termination codons, as well as a polyadenylation signal
on the flanking 3region and the amplification primer
locations are also indicated.

The intron splice junction sequences strictly adhere

sequence, were used in a PCR experiment pertainingto the GT-AG rule and all of the putative internal Lariat

to the total genomic DNA. A 1625bp fragment was
amplified and cloned. Six different templates were

sites conform to the NNHTNAY rule.
A schematic representation of the number, size and

completely sequenced on both strands using internal position of introns in thebpagene, as compared with

specific oligonucleotides as primers. The Bestfit pro-
gram from GCG Wisconsin package (Accelrys, San
Diego CA, USA) clearly identified the correspondence
between the amplified fragment and the cDNA and
allowed accurate localisation of the introns: 10 short
introns interrupted the ORF encoding the mature
protein.

Since the F-peroxi primer encodes seven amino
acids beginning at the third residue of the mature
protein N-terminus, the amplified fragment was
devoid of the 5end of the gene. In order to obtain
it, the oligonucleotide Nterm2 (85CACTTCTTCG-
CCGCACTCGCCGCCGTC!} directed towards the
5 end of the gene, was combined with an hexamer
(random priming) in a PCR reaction with the total
genomic DNA; the PCR products were cloned into the
PGEM-T easy vector and to improve the specificity
of amplification, a second PCR was performed on the
ligation mixtures—with the Nterm3 oligonucleotide
(5-GTTCTGTTGGATGTCATCACGGACGGCG-3
and the M13 Universal or Reverse primer. One clone
contained an ORF, with a good score of similarity with

those of related genes encoding fungal peroxidases
from B. adustaT. versicolor, P ostreatus, P. eryngii
andP. chrysosporiumis depicted inFig. 2 Therbpa
open reading frame has a 58% G + C content (62% for
the first, 48% for the second and 65% for the third posi-
tion, respectively); a much lower (42%) G + C content
was found in the intron sequences.

The 367 amino acid-deduced sequence (including
a 27 amino acid-signal peptide) is providedrig. 3.
The deduced molecular mass of the mature protein is
35.7 kDa and its (theoretical) isoelectric point is 4.3.
RBP does not contain any tyrosine residue; this is char-
acteristic of most ligninolytic peroxidases. Tyrosine
residue presence would otherwise result in oxidation
of the enzymeCamarero et al., 2000

The sequence includes one potenthdiglyco-
sylation site (N103) according to the NXS/T consensus,
which could account for the 5.6% N-linked carbohy-
drate.

The deduced heme pocket residues (R44, F47, H48,
E79, N85, H177, F194 and D239), that include both
distal and proximal histidines (H48 and H177), are also

the signal peptides of manganese or lignin peroxidases.highlighted inFig. 3.

The pair of oligonucleotides, 6 h complementary to
the sequence encoding the peptide DDIEPNFHANN
(5-CGTTGTTGGCGTGGAAGTTGGGCTCGATG-
TCGTC-3) and PS1 (5ATGGCCTTCAAGCAACT-
CCTCACTG-3), allowed the expected signal peptide
to be amplified. No promoter region was obtained for
this gene.

The sequence of the 1771 bp DNA fragméfig( 1)
isolated during this research effort received the Acces-
sion no. AY217015 in the GenBank database.

Referring to the GT-AG rule of the intron splice
sequences and to the homology between this DNA
fragment and the cDNA previously sequenced, it was
possible to predict the intron/exon structure oftthpa

RBP possesses potential calcium-binding residues
(D49, G67, D69, S71, S178, D195, T197, 1200 and
D202) and eight cysteine residues (C3, C15, C16, C35,
C121, C250, C286, C316), which are characteristics
also shared by other fungal peroxidas€arfarero et
al., 2000.

In addition, RBP includes residues involved in sub-
strate oxidation, three acidic residues (E37, E41 and
D183)—putatively involved in manganese binding and
H83 and W172—potentially involved in oxidation
of aromatic substrate®anci, 1997; Martinez, 2002;
Ruiz-Duenas et al., 2001

The sequence relationship between 38 selected fun-
gal (mature) peroxidases isillustrated inthe dendogram
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ATGGCCTTCAAGCAACTCCTCACTGICTGCTCTTTCCATCGCCCTTG

Psl

CTCTCCCCTTCTCGCAAGgttcgtatctgttgctgcagaccgtattetectegatgeteaccttt

Intron T

tcccatecatagCTGCGATCACCAGACGTGTGGCTTGCCCAGATGGCGT]

F-Peroxi C C

GAACACCGCAACCAACGCAGCCTGTTGTGCTTTGTTCGCCGTCCG
TGATGACATCCAACAGAACTTGTTCGACGGCGGCGAGTGCGGCG
AAGAAGTGCACGAGTCACTTCGACTgtatggattttgtaccetegttgtgaattctgeg

Intron II

cteatictctacccttagGACCTTCCACGATGCTATTGGCATATCTCCAAGC
CTTGCCGCCACTGGCAAATTCGGgtacatattgggactttatttgtataatcgtggcgac

Intron IIT

taacgacctgttacttagCGGCGGAGGTGCCGACGGGTCTATCATGATCTTC
GACGACATCGAGCCCAACTTCCACGCCAACAACGGCGTGGACGA
GATTATCAACGCGCAGAAGCCCTTCGTGGCCAAGCACAACATGA
CGGCAGGTGACTTgtaagttgctgtttactcccttagtgatattacgttcgctaaatcacacaaac

Intron IV

agTATTCAATTCGCAGGCGCCGTTGGCGTGAGCAACTGCCCTGGT
GCTCCTCAACTGAGCTTCTTCCTCGGGCGCCCTGCAGgtacggaatttge
aacgattggatgttcttactctcaccctgettgtagCGACGCAGCCCGCGCCTGACGGG

Intron V

CTTGTTCCGGAGCCCTTCGgtcagtccaattattgtcccgaatecettgcactcggactgatg

Intron VI

atgttcatcagACTCGGTCACCGACATCCTCAATCGCTTTGCCGATGCT
GGCGGCTTCACAATTCAAGAAGTTGTTTGGCTCCTTGCCTCgtaagta
ctaccetgggcetcgetaagtticgggtectaattgatgareatgtccatagTCATTCCATTGCTG

Intron VII

CTGCTGACCACGTCGACCCGACGATCCCTGGATCACCCTTCGATT

CTACTCCCGAAATCTTCGACACACAGTTCTTTGTTGAGACGTTGT

TGAAGGGCACGTTGTTCCCAGthaaaccltcgtaaccatacttttaatcatggaagatg|
6

¢
Intron VIII

aattttaattatgatctagTACGAGCGGCAACCAGGGCGAAGTCGAGTCCC
CACTTGCCGGCGAAATTCGTCTCCAGTCAGATGCCGACTTCGCAC

GTGACTCGAGGACTIGCTTGCGAGTGGCAGTCTTTCGTCAgtgagtactt
6h

tcltatacaaaagaaaaacaogcatttiatacgatcgcctcagATAACCAGCCCCGGATGCA
6g

Fig. 1. Nucleotide sequence of tHgpa gene fromBjerkanderasp. strain B33/3. The polyadenylation signal AATAA in tHeflainking region,

as well as the translation initiation ATG and termination TAA codons are indicated in underlined bold characters. The 11 deduced introns are
indicated in lower case and the intron processing sequentcean@ 3-splicing and Lariat sites) are indicated in bold. The boxes denote the
location of some important primers used for cloning the gene.
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Intron IX

AGTTCTGTTCAAGGCGGCTATGCAGAAGCTGTCTATCTTGGGCCA
CGATCTCACTCAGATGATTGACTGCTCCGACGTAATCCCTGTACC
TCCGAGCACAGCGGTCCGTGGATCGCATCTGCCTGCGGGCAACA
CACTGGATGACATTGAACA|GGCTgtgagtactatttcccaaattctclataggdgacagd

NTerm2

Intron X

taacgtaagatatagTGCGCCTICCACGCCATTCCCCTCGCTCACCGCCGA

NTerm3

CCCTGGTCCGGCCACCTCTGTTGCCCCTGTgtaagtctcaacaatacgatatggt
tgagegceccccatctgacactactgatagCCCGCCTTCGTAAACGCTTCAAGCAA

Intron XI Stop
TGGAGTGATTGGGTTCTCACGACTCGGAIGGGAATAAGGCGTCGT]
CTermé6
CGTAGGAATTGT(

Fig. 1. Continued.

BB33/3-RBP

PC-LIPHI0

PC-LIPHS

PC-LIPEH8

PC-LIPH2

PC-MNP3

PC-MNP2

PC-MNP1

PE-PS1
PE-MNPLI
PO-MNP2

BA-LIP

TV-PGV

TV-LP7

TV-MP2

HHHH‘HHHHHH‘HHQH

Cc-CIp

Fig. 2. Positions of exons (white) and introns (black) in genes encoding various LiP, MnP and other peroxidases. The second vertical line
corresponds to the beginning of the mature protein. The distance between every line corresponds to 200 nucleGtiderrél)peroxidase
(GenBank no. X707892); (2. versicolormanganese peroxidase isoenzyme MP2 (GenBank no. Z30668);\(8)sicolorlignin peroxidase
isoenzyme LP7 (GenBank no. Z30667); @)versicolorperoxidase PGV (GenBank no. X77154); B)adustaignin peroxidase (GenBank

no. E03952); (6. ostreatusnanganese peroxidase MnP2 (GenBank no. AJ243977F, @tfyngiipolyvalent peroxidase MnPL1 (GenBank

no. AF007224); (8P. eryngiiversatile peroxidase PS1 (GenBank no. AF175710)P(Zhrysosporiunmanganese peroxidase MnP1 (Gen-

Bank no. M77513); (10l. chrysosporiunmanganese peroxidase MnP2 (GenBank no. L29039);R1d)rysosporiunmanganese peroxidase

MnP3 (GenBank no. U70998); (1#) chrysosporiuntignin peroxidase LiPDH2 (GenBank no. X15599); (E8)chrysosporiunignin perox-

idase LIPEH8 (GenBank no. M92644); (18)chrysosporiuntignin peroxidase LiPH8 (GenBank no. M27884); (F5)chrysosporiunignin
peroxidase LIPCH10 (GenBank no. M63496); (Bj¢rkanderasp. strain B33/3 RBP peroxidase (GenBank no. AY217015).
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MAFKQLLTAA LSIALALPFS  QAAITRRVAC PDGVNTATNA ACCALFAVRD 2

DIQOQNLFDGG ECGEEVHESL RLTFHDAIGI SPSLAATGKF  GGGGADGSIM 73

IFDDIEPNFH ANNGVDEIIN  AQKPFVAKHN MTAGDFIQFA GAVGVSNCPG 123

APQLSFFLGR  PAATQPAPDG LVPEPFDSVT DILNRFADAG GFTIQEVVWL 173

LASHSIAAAD HVDPTIPGSP  FDSTPEIFDT QFFVETLLKG TLFPGTSGNQ 223

GEVESPLAGE IRLQSDADFA RDSRTACEWQ SFVNNQPRMQ VLFKAAMQKL 273

SILGHDLTQM IDCSDVIPVP PSTAVRGSHL PAGNTLDDIE QACASTPFPS 323

LTADPGPATS VAPVPPS 340
Fig. 3. Amino acid sequence of the RBP versatile peroxidase Biarkanderasp. strain B33/3 deduced from thigpa gene. The 367 amino
acid-deduced sequence includes a 27 amino acid-signal peptide containing a protease-splicing sequence (shown in bold and italic). The underlined
bold letters indicate a putatiné-glycosylation residue (NMT), the eight cysteine residues, the heme pocket residues (R44, F47, H48, E79, N85,
H177, F194 and D239) that include both distal and proximal histidines (H48 and H177, respectively), the potential calcium binding residues

(D49, G67, D69, S71, S178, D195, 1197, 1200 and D202) and the residues involved in substrate oxidation (E37, E41 and D183 for manganese
and H83, F149, W172 and A240 for aromatic substrates).
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Fig. 4. Phylogenetic relationship between mature fungal peroxidases. The dendogram was built from PAM distances between mature proteins
using the PHYLIP software package after multiple alignment of 38 fungal peroxidase sequences and using the UPGMA method. The presence
of manganese binding site (*) and of exposed tryptophan involved in VA oxida@rafe duly indicated. Nodes are represented as squares

and bootstrap values of more than 50% (as percentage) are represenigd\amies with bootstrap values of less than 50% are represented as
black squares.
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Fig. 5. Schematic molecular representation of the RBP peroxidase
from Bjerkanderastrain B33/3, after homology modelling with
PROMODII using LiP and MnP crystal models as templates and
refinement by Discover. The positionswihelices (A—J) and of the
C-termini (Ct) and N-termini (Nt) are duly indicated.

in Fig. 4. Our dataset produced a single, fully resolved

dendogram, but bootstrap support for some nodes is

weak.

3.5. Modelling of proteinaceous structure

A three-dimensional model for the mature RBP
was obtained by homology modelling, as made
available inFig. 5 this molecular model includes
12 a-helices, named according to the cytochro@e
peroxidase nomenclatur&ifizel et al., 198% viz.:
helices A (A14-125), B (V39-A50), B(P55-P59),
B” (S71-174), C (E90-H102), D (A106-S119), E
(V152-A162), F (1167-H177), G (Q204-T209), H
(Q237-R244), | (A249-S254) and J (Q259-L273).
Three short, antiparallgd-sheets, consisting of only

P.R. Moreira et al. / Journal of Biotechnology 118 (2005) 339-352

three residues per strand (V1-C3 and N8-A10;
F129-L131 and 1284-C286; A180-A182 and
S192-F194) complete the fold. Four disulphide bonds
(C3:C16, C15:C286, C35:C121 and C250:C316) are
possible, but are not shown for the sake of simplicity of
representation. Two hypothetical, long-range electron
transfer (LRET) pathways, presumably involved in
aromatic substrate oxidation, would include exposed
histidine H83 (proceeding via A84 and N85 and
H-bonded to distal histidine, H48) and exposed
tryptophan W172 (proceeding via L173 and H-bonded
to the porphyrin ring) Martinez, 2002; Ruiz-Duenas
etal., 200).

When the predicted molecular model Bferkan-
derasp. RBP was superimposed on crystal models of
P. chrysosporiunperoxidases, more similar distances
between backbone ®Ccarbon atoms were obtained
with LiP than with MnP. The root mean square (rms)
distances were ca. 1.43340 residues computed) after
superimposition with LiP—H2 (PDB 1QPAA), 1.7
(337 residues computed) with LiP—H8 (PDB 1LLP)
and 2.13A (332 residues computed) with MnP1 (PDB
1MNP). Low values were also obtained via superim-
position of RBP and predicted (non-crystallographic)
molecular models of versatile peroxidases fi@maryn-
gii. The RMS distances for RBP were 2.@((328
residues computed) after superimposition with MnPL1
(sometimes referred to as VP—PL) (PDB 1A20) and
1.81A (337 residues computed) with PS1 (PDB 1QJR).

4. Discussion

The molecular mass calculated from the deduced
amino acid sequence and including the carbohydrate
content, is ca. 37 kDa; this figure is in good agreement
with that obtained via mass spectrometry. The discrep-
ancy value obtained via SDS-PAGE could arise because
of interference by the carbohydrate moiety; it has been
suggested\latagne et al., 199%hat a very large neg-
ative charge at neutral pH is responsible for anomalous
behaviour of proteins in SDS/PAGE.

The experimental isoelectric pointljmf 3.5 is sig-
nificantly different from the value 4.3 derived from the
amino acid sequence; this realisation may be related to
posttranslational processing, namely glycosylation, as
described elsewher&(anazza, 1995 The abundance
of acidic residues in the RBP amino acid sequence
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(12.4% versus 4.4% of basic residues) is consistent endoplasmic reticulum, whereas its propeptide cleav-
with such a low p. age probably occurs in the trans-Golgi compléold
Therbpanucleotide sequence revealed 98% identity and Alic, 1993. However, the actual biological signif-
with the cDNA over 1017 nucleotides. Two residues icance of the propeptide remains to be elucidated.
are different between the proteins translated from the  Signal peptides are known to control the entry of
cDNA and therbpa gene; both changes, T167 in the eukaryotic proteins into the secretory pathway. RBP
cDNA to 1167 in therbpa gene and L301 to S301, has all typical characteristics of a secreted protein, in
respectively, are located in highly variable zones aris- agreement with the fact that it was first isolated in the
ing in fungal peroxidases. The primary structures of extracellular fluid.
several fungal peroxidases contain either threonine or  One potentiaN-glycosylation residue (NMT), eight
isoleucine at position 167, exactly at the beginning of cysteine residues and heme pocket residues (R44, F47,
a-helix F, without any effect on the secondary and ter- H48, E79, N85, H177, F194 and D239) including both
tiary structures of the protein. Furthermore, leucine or distal and proximal histidines H48 and H177, were
serine are both likely to be present at position 301. detected. Potential calcium binding residues (D49,
These results strongly suggest that both sequencesG67, D69, S71, S178, D195, 1197, 1200 and D202), as
might encode two very similar proteins (i.e. bearing well as residues involved in substrate oxidation (E37,
more than 99% identity), most likely encoded by two E41 and D183 for manganese and H83, F149, W172
allelic forms of the same gene. The work discussed and A240 for aromatic substrates) are also present
hereafter relates only to thlbpagene. (Banci, 1997; Martinez, 2002; Ruiz-Duenas et al.,
Therbpa orfhas a high codon usage bias, especially 2007). This further confirms that the previously iso-
in the third codon base that is likely correlated to high lated enzyme, as well as that encoded byrbpagene
gene expression, as detected during enzyme purifica-is a versatile peroxidast@rtinez, 2002; Ruiz-Duenas
tion. RBP was the most abundant peroxidase producedet al., 200}, which bears the ability to oxidise both
and was secreted into the extracellular medium by manganese and aromatic substrates.
Bjerkanderasp. B33/3. On the basis of homology with cDNA and using the
The mature RBP is preceded by a 27 amino acid- GT—AG rule of the intron splice sequences, it was pos-
leader sequence, characterised by a molecular mass osible to predict the intron/exon structure of the 1771 bp
2.9kDa. Prediction of this signal peptidase cleavage rbpagene.
site (Nielsen et al., 1999suggests that RBP is syn- The consensus sequences for fungal introns, 5
thesised as a preproenzyme, encompassing a 22 amindGTDNNN, YAG-3, is highly conserved inthe 1771 bp
acid-prepeptide followedyba 5 amino acid-propeptide  fragment, as already observediynura et al. (1991)
(Gold and Alic, 1993 The 22 amino acid-N-terminus  for the LiP gene oB. adustaAs happens in other fil-
of the RBP signal prepeptide consists of a positively amentous fungi, all introns of thdpa gene contain
charged region of 4 residues, following the initiation a NNHTNAY sequence close to thé-&plicing site,
methionine residue (MAFKQ, with a net charge of +1) which is related to the yeast TACTAAC sequence. Fur-
and of a hydrophobic region of 12 residues (LLTAAL- thermore, the putative internal Lariat fully agrees with
SIALAL), followed by a neutral but polar region the NNHTNAY rule. Few introns of filamentous fungi
of 5 residues (PFSQA). The five-residue propeptide follow exactly the yeast consensus, but most have CT
(AITRR) possesses a cleavage site after a dibasic siteat positions 4 and 5 of the element and A at position 6,
consisting of two arginine residues; this indicates that with the consensus abiding to the aforementioned rule
its removal might involve an endoprotease belongingto (Unkles, 1992
the serine protease family. Many secreted proteins con- A previous study Camarero et al., 200Gevealed
tain similar propeptides, which might be important for that several groups of genes can be established (accord-
accurate cleavage by signal peptidaggsi¢ and Alic, ing to the intron positions) including genes coding for
1993. Possible roles of propeptides involve proteintar- peroxidases of the same type (MnP, LiP or VP) iso-
geting, polypeptide folding or enzyme maintaining in lated from the same genus. In fact, the MnP- and LiP-
an inactive state during translocation. The RBP signal encoding genes fror®. chrysosporiunexhibit very
peptide might thus be cleaved during transit into the different intron positions and this is also the case in



350 P.R. Moreira et al. / Journal of Biotechnology 118 (2005) 339-352

Bjerkanderasp. genesKig. 2). The intron positions in mature protein RBPHig. 5 was obtained by homol-
fungal peroxidases presentedriy. 2emphasize that  ogy modelling. Its main characteristics are similar to
therbpagene is highly similar to the. chrysosporium  those of fungal peroxidase models, especially those of
LiIiPEH8-, LiPH8- and LiPH10-encoding genes. versatile peroxidases.

In the dendogram that compares 38 sequences of The most important feature of the molecular model
mature fungal peroxidase&i@. 4), the C. cinereus is that it provides a structural basis to explain the cat-
enzyme appeared unrelated to the white-rot fungi per- alytic properties of RBP. Its ability to oxidize man-
oxidases. Thd. versicolormanganese-repressed per- ganese with high substrate affinity is related to the
oxidase (MRP) and th&. applanatumMnP1 form presence of a manganese-binding site, that enables
the well-separated (strongly supported by bootstrap- oxidation of this cation by the internal heme moi-
ping) Group V cluster. Analysis of th8. applanatum ety (Banci, 1997; Martinez, 2002; Ruiz-Duenas et al.,
MnP1 sequence indicates that it might possess a long2001). The two residues, H83 and W172, located on the
range hypothetical electron transfer pathway begin- protein surface could be involved in oxidation of aro-
ning at W172, thus revealing a new possible versatile matic substrates. It is noteworthy that three aromatic
peroxidase. Within the remainder of the white-rot per- residues (F47, F159 and F165) are close to one another
oxidases, thé. chrysosporiumC. subvermisporaP. and could also play arole in the LREMArtinez, 2002;
radiateandD. squalensnPs are clustered togetherin  Ruiz-Duenas et al., 2001
group I, which is separated from the other ligninolytic When the predicted molecular model of RBP was
enzymes. The LiP clade (Group IV) is backed up by superimposed onto crystal modeldothrysosporium
a very weak support, with a bootstrap value of 35%, peroxidases, more similar distances between backbone
although the internal clades that separatelifaenetes C“ carbons were obtained with LiP than with MnP.
andPhanerochaet&iPs are strongly supported by 97 These results are also in agreement with those obtained
and 100% bootstrap values, respectively.A#urotus from the intron and sequence analysis.
sp. peroxidases including the versatile peroxidases, are  Overall, our results indicate that the enzyme pro-
clustered in Group Il with_. irina VPS1, a putative  duced by theBjerkanderasp. strain B33/3, of which
versatile peroxidaseZprn et al., 2008 Groups Il and some biochemical and molecular characteristics were
Il are strongly supported in this dendogram, with 83 conveyed in this communication, can be included,
and 87% bootstrap values, respectively. Furthermore, together with those produced I8/ adustaand Pleu-
it is possible to describe a versatile peroxidase broaderrotus sp., in a new class of versatile peroxidases that
clade (VP), that includes both Groups Il and lll, as share catalytic properties with both LiP and MnP.
already described bivartinez (2002)and which is
supported by bootstrapping with a slightly lower score
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