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Two laccase ¢cDNAs, pblacl and pblac2, were cloned from a white-rot fungus strain, Polyporus brumalis
(KFRI 20912). The cloned cDNAs consisted of 1,829 bp and 1,804 bp, and their open reading frames encoded
proteins of 520 and 524 amino acids, with calculated molecular masses of approximately 55.9 kDa and 56
kDa, respectively. The deduced amino acid sequences of each protein showed 70% similarity. The copper
binding regions were conserved in both proteins, as in other fungal laccases. RT-PCR analysis revealed
that the transcript levels of the two laccases increased progressively in shallow stationary culture liquid
medium. The transcript level of each laccase was induced when the fungus was exposed to di-butyl phthalate
(DBP), suggesting that the two laccases are involved in DBP degradation. The overexpression of the pblacl
gene was derived by the promoter of a gene for glyceraldehyde-3-phosphate dehydrogenase, using a homol-
ogous system. The activity of laccase in the transformants was significantly higher than that of the wild
type. The identification of these laccase cDNAs was a first step to characterize the molecular events related
to the lignin degradation ability of this basidiomycetous fungus, as well as the degradation of many recalci-

trant xenobiotics.
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Laccase (benzenediol: oxygen oxidoreductase, EC 1.10.3.2)
belongs to the copper-containing oxidases. It was first found
in the varnish tree Rhus vernicifera; however, most laccases
have been found and studied in lignin-degrading basidiomy-
cetes, white rot fungi (Yoshida, 1883; Reinhammar, 1984;
Thurston, 1994). The ability of white rot fungi to degrade
lignin and many aromatic xenobiotics is related to this en-
zyme (Xu, 1996; Mayer and Staples, 2002). Laccase catalyzes
the oxidation of phenolic compounds and aromatic amines
with molecular oxygen as the electron acceptor (Palmieri et
al., 1993), because its oxidation potential would not be high
enough to enable it to oxidize nonphenolic structures. However,
recent work by Eggert et al. (1996) has identified a fungal
metabolite of Pycnoporus cinnabarinus that mediates non-
phenolic lignin degradation by laccase. There are many re-
ports about the potential application of laccase in pulping,
textile dyes, biosensors, and the detoxification of polluted
water (Palmieri ef al,, 1993; Reid and Paice, 1994; Martirani
et al, 1996; Van Aken et al, 1997; Han et al, 2004).
Furthermore, genes encoding for laccase are required for
these functions, and for efficient heterologous expression
systems (Berka et al, 1997; Bailey et al., 2004). So far, cDNA
and laccase genes have been isolated by molecular cloning
from some white rot fungi such as Trametes versicolor (Ong
et al, 1997; Cassland and Jonsson, 1999; Cheong et al,
2006), Ceriporiopsis subvermispora (Karahanian et al, 1998),
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Lentinula edodes (Zhao and Kwan, 1999; Ohga and Royes,
2001), and Coprinus congregatus (Kim et al., 2001). Trametes
species are shown to degrade 2,4,6-trinitrotoluene (TNT),
and laccase genes are frequently expressed during its degra-
dation, suggesting that the laccase in these fungi is impli-
cated in the degradation of TNT and its catabolites (Cheong
et al, 2006; Gibson et al, 2006). However, the specific
functions of these laccase genes during biodegradation are
not well-known.

Polyporus brumalis causes white soft rots on dead hard
wood and stumps, as well as on fallen branches and trunks.
This fungus has shown resistance to di-butyl phthalate (DBP)
treatment at a concentration of 250 uM, and its DBP degrada-
tion efficiency was approximately 95% after 12 days of incu-
bation (Lee et al, 2005). In addition, the oxidation of non-
phenolic polycyclic aromatic hydrocarbons such as DBP has
been observed by laccases from P brumalis. Therefore, P
brumalis is expected to be a superior strain for DBP degra-
dation.

In order to investigate the function of laccase and its
regulatory mechanisms on the degradation of recalcitrant
materials such as DBP, we cloned and determined the nu-
cleotide sequences of laccase genes from P brumalis. We
then investigated the expression patterns in the fungus, and
constructed transformants using a homologous system for
the expression of the cloned laccase genes in P brumalis.
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Materials and Methods

Fungal cultures and DBP treatment

The P brumalis strain was maintained on potato dextrose
agar (PDA) plates, and grown in 300 ml of liquid potato
dextrose broth (PDB) or shallow stationary culture (SSC)
liquid medium [dextrose 15 g, (NH4),C4H4Os 1 g, thiamine-
HCl1 0.5 mg, KH,PO,4 0.5 g, MgSO47H20 0.5 g, Ca(H2POs)2
0.5 g, mineral solution 5 ml (MgSO4 3 g, NaCl 1 g, MnSO4
0.5 g, FeSO4+7H,0 0.1 g, CoCl, 0.1 g, ZnSO4+7H,0 0.1 g,
CuSOq 0.1 g, AIK(SO4)>'12H,0 10 mg, nitriloacetic acid 1.5
g/distilled water 1,000 ml); and distilled water, 1,000 ml] at
28°C (Tien and Kirk, 1984). For the DBP treatments, P,
brumalis was pre-grown in SSC liquid medium for 5 days at
28°C, and treated with 100 and 300 uM DBP, and then in-
cubated for 9 and 15 days.

Laccase activity assays

Laccase activity was determined by the oxidation of 2,2'-azi-
no-bis(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS) as a
substrate. The culture broth was clarified by centrifugation
at 10,000 rpm for 10 min. The reaction mixture was con-
tained in 0.2 M lactate buffer (pH 3.0). The ABTS oxidation
was followed by an absorbance increase at 414 nm. The en-
zyme activity was expressed in units defined as the amount of
enzyme oxidizing 1 umol of ABTS per min (¢=36,000/M/cm).
The kinetic studies were performed by measuring the initial
velocity and the velocities of the enzyme-catalyzed reactions
measured at 414 nm for ABTS. The protein assay was de-
termined by the Bradford method (Bio-Rad, USA).

Cloning of laccase genes by RT-PCR

The total RNA was extracted with Trizol reagent (Invitrogen,
USA) from P. brumalis mycelia. The amount and quality of
the RNA were determined by absorbance at 260 and 260/
280 nm, respectively. The first cDNAs were synthesized by
transcribing 1 pg of RNA with 200 units of MMLV reverse
transcriptase (Promega, USA), as recommended by the manu-
facturer. Approximately 1 kb fragments were amplified with
pairs of degenerated oligonucleotide primers; 5’-CAYTGG
CAYGGNTTYTTYCA-3’ and 5-GHWMBTHYTGGTRBC
ACWSYC-3’. PCR was performed as follows: initial dena-
turing at 94°C for 120 sec, 30 cycles of denaturing at 94°C
for 60 sec, annealing at 55°C for 30 sec, elongation at 72°C
for 90 sec, and ending with a 10 min final extension at 72°C.
The amplified fragments were subcloned into a pCR2.1
TOPO (Invitrogen) vector, and sequencing of the double-
stranded plasmid DNA was performed.

Rapid amplification of ¢cDNA ends (RACE)

We performed RT reactions from 1 pg of purified total
RNA with the Smart RACE cDNA Amplification kit (Clon-
tech, USA), in order to amplify the 5’- and 3’-cDNA ends
of the pblacl and pblac2 transcripts. The 5’ and 3° RACE
reactions were carried out according to the instructions of the
manufacturer, using the outer gene specific primers: GSPs of
pbicl; 5-GGACCGAGCCTAGCAGCAACG-3’, 5’-CGTCAT
TACACTGGCAGATTGG-3’, and pblac2; 5-CTGACCGGC
GTAGATCTGGATG-3’, 5-GACCATCGAGCTCTCCTTCC
CG-3’, and inner (nested) gene coding sequence specific pri-
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mers: NGSPs of pblacl; 5>-CCAATCTGCCAGTGTAATGA
CG-3’, 5-CGTTGCTGCTAGGCTCGGTCC-3’ and pblac2;
5-CATCGACAACCCCACCAAAAAAG-3, 5-CACCCCTITCC
ATCTGCACGG-3’ that were designed for pblac! and pblac2.
The PCR conditions were as follows: 5 cycles of denaturing
at 94°C for 30 sec, annealing and elongation at 72°C for
180 sec, 5 cycles of denaturing at 94°C for 60 sec, annealing
at 70°C for 30 sec, elongation at 72°C for 180 sec, 25 cycles
of denaturing at 94°C for 60 sec, annealing at 68°C for 30
sec, and finally, elongation at 72°C for 180 sec. The next
steps were performed as described for the RT-PCR. Then,
the full-length cDNAs of pblacl and pblac2 were amplified
by RT-PCR, with 5’ and 3’ primers designed according to
the nucleotide sequence data obtained from the subcloned
and sequenced RACE-PCR products.

The sequences of the full length cDNAs have been de-
posited in GenBank under the accession numbers EF362634
(pblacl) and EF362635 (pblac2).

Determination of gene expression

An RT-PCR kit (Promega) was used to identify the mRNA
coding for laccase, and an 18S rRNA served as the internal
control. The reaction products (20 pl) were analyzed by gel
electrophoresis. The gene specific primers for the PCRs were
designed from the 3° UTRs of each gene. The pblacl pri-
mer set (5-GTCACTATTAAACTCGGGTATT-3’ and 5-AG
TCGCAATTTGCTTCG-3’) generated a 199 bp product, and
the pblac2 primer set (5-GCGGACTGCTGTATCTC-3’ and
5’-ATACTTAAATCATCCTCGC-3’) amplified a 120 bp pro-
duct. The nucleotide sequences of the RT-PCR products
were identical to those of the corresponding laccase cDNAs.

Analysis of DNA and protein sequences

The obtained nucleotide sequences and homologous se-
quences were detected using database searches with the
BLAST search program of the NCBI web-server. To predict
the molecular weights and signal peptides of the deduced
protein we used the ExPasy program (http:/www.expasy.
org/tools/). A sequence alignment was constructed with the
CLUSTAL X and Genedoc programs.

Southern blot analysis

The genomic DNA of the P brumalis mycelia was digested
completely with Xhol-, EcoRV-, BamHI-, and PstI, fractio-
nated on 0.8% agarose gel, and blotted onto a nylon mem-
brane (PerkinElmer Life Sciences). The membranes were
probed with *P_labeled PCR products to the 3’-untranslated
regions (197 bp and 123 bp) of the two laccase cDNAs and
the partial coding region (557 bp) of pblacl. The hybridiza-
tion was carried out at 42°C overnight, and then washed
under high or low stringency conditions according to the
method of Church and Gilbert (1984).

Transformation by REMI and laccase activity assay
during culture

We constructed a pHYlacl vector using the modified plas-
mid of pPBARGPEI as follows: the transforming vector was
replaced with the hygromycin resistance gene (hph), instead
of the phosphinothricin resistance gene (bar), for the select-
able maker, which contained the open reading frame se-
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* goagatcocctcgagtacctcagcagetctactct tgcacaATGGCGAGGTTCCAGTCCC

ARF QS 6

 TGCTCTCCTACGTCACCCTCCTCTTTGTGGCGTCAGCATACGCTGCCATTGGCCCGGTCA

LLSYVTLLFVASAYAAIGPV 2
CCGACCTCACTGTCACCGATGCTAACATCAGCCCCGATGGCTTCACCCGTGCCGGTATCG
TOLTVTODANISPDODGFTRAGI 46
TGGTCAACAATGTCTTTCCCACGCCGCTCATCACTGGCCAGAAGGBGGACCGCTTCCAAC
VVNNVFPAPLITGOQKGDREFRQ 66
TGAATCTCGTCAATCAGATGAGCAACCACACGATGCTGAAGACCACTAGTATCCACTGGC
LNLVNQMSNHTMLKTTS I HW 8
ATGGCTTCTTCCAGAAGGRTACTAACTGGGCGGACGGCCCTGCGTTCGTGAACCAGTGCC
HGFFQKGTNWADGPAFVNOQC 106
CAATTGCTAGCGGAAACTCCTTCCTCTATGACTTCCAGGTACCCGACCAAGCAGGTACCT
PI1 ASGNSFLYDFQVPDQA[GTI]I
TCTGGTATCACAGCCACCTGTCCACTCAGTACTGTGATGGTCTGAGGGGTCCGTTCGTCG
FWYHSHLCSTAQVYCDGLRGPTHV 146
TGTACGATCCTACCGACCCCCATCTCTCCCTCTACGACGTTGATGACGACTCGACQGICA
VYDPTOPHLSLYDVDODDDS STV 166

: TTACACTGGCAGATTGGTACCACGTTGCTGCTAGGCTCG iTﬁ GCGGTTCCCGCTCGGTG

I' TLADWYHVYAARLGPRFPLG 18
CTGACTCGACCCTCATCAACGGTCTCGGTCGTAGTACCGCTACCCCGACGGCCGACCTGG
ADSTLINGLGRSTATPTADL 206

: CTGTCATCAGCGTCACCAAGGGGAAGCGGTACCGGTTCCGCCTCGTATCGATCTCTTGCG

AV ISVTKGKRYRFRLVSISGC 26
ACCCCAACCACACGTTCAGCATCGATGGTCACAAGCTGACCGTCATAGAGGCOGACGGTA
DPNHTFS I DGHKLTVIEADSG G 246
TCAGCACCCAGCCGGTCACTGBGATTGACTCCATCCAGATCTTCGCTGCTCAGCGTTATT
I'STQPVTGIDSIQIFAAQRY 26
CGTTCGTTCTCACCGCCGACCAAGATGTAGACAACTACTGGGTCOGTGCTAACCCAACT
SFVLTADOQGDVYDNYWVYRANPN 286
TCGGCACCACCGGTTTCGCTGBCGGCATTAACTCGRCCATCTTGOGTTACGATGACGCAC
FGTTGFAGGI NSAILRYDGA 306
CAGCTGTTGAGCCTACCACGAGCCAAACCGRCACGAACCTGCTTGTGGAGACTGACCTCC
PAVEPTTSQTGTNLLVETDL 36
ACCCATTGAGTACCATGOCTGTGOCCGGTCTCOCCACTCAGGGTGGTGCTGACTTCAACS
HPLSTMPVPGLPTOQGGADEFN 346
TCAACCTGGOGTTCAACTTCAATGGCTCAGACTTTTTCATCAACGGCGCCTCOTTCATTC
LNLAFNFNGSDFFINGASEFV 364
CCOCGACTGTCOCGATCCTGCTGRAGATCATCTCOGGTGOCAACTCGGCCCAGGACCTCE
PPTVPVLLQIISGANSAQGDL 386
TC00CTCTGGCAGCTCTACGCGCTCCCGTCCAACTCGTCCATCGAGCTCACCTTCCCTG
LPSGSVYALPSNSSIELTFP 406
CTACTGOCGCOGCTCCOGGTGCCC0GCACCCCTTCCACCTGCACGGTCACGOCTTCACTG
ATAAAPGAPHPFHLHGHATFA 4%
TOGTACGCAGOGCAGGTAGCACGGTCTATAACTACGACAACCCCGTCTTCCGOGACGTCG
VVRSAGSTVYNYDNPVFRDVY 446
TGAGCACGGGCACGCC0GOCGCTGGAGACAACGTCACGATCCGCTTCCAGACGGACAACE
VSTGTPAAGDNYTIRFQTDN 466
CGG0CCGTRATTCCTCOACTGCCACATCBACTTCCACCTCGACGOCGGCTTTACGATCG
PGPMWNFLHCHIDFHLDAGE AV 486
TGTTCGCTGAGGACCTCCCCGATGTCGTGTCOGCGAACCCCGTGOCCCAGROCTGATCOG
VFAEDLPDVVSANPVYVPQAWS 506
ACCTCTGCCOCATCTACAACGCCCTCGACCOCAGCRACCAGTGARcagagt cact at taa
DLCPIYNALDPSDGQ = 520
actcgggtatttcaaagggt taagagtgagegt tagtatttatcgeaget tcgggactct
cgcttcagtatctgeatacttgtcctectcteatt tggtaaaacaccgact tgaatt tge
gatcggctatctgggat tegtgctgtatatcctgtaacatgtaatgaatcgaageaaat t
gcgact taaaaaaaaaaaaaaaaaaaaaa
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61: tacgctctttctttgctATGAGCAGATTCCAGTCTTTGGTGGCTTTCGTTGCCCTCACCE
MSRFQSLVAFVALT 14
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LASSRLVAAAIGPVADLTI S 34
ACGCGGACATCTCTCCCGATGGCTTCACTCGGGCTGCGGTCGTTGTGAACAATGTCTTCC
NADISPODGFTRAAVVVNNVEF 5
CCGGCOCTCTCATCACTGGGAACAAGGGTGACAACT TCCAGCTCAACGTCATTGACAACC
PGPLITGNKGDNFQLNY I DN 74
© TCAGCAATGAGACCATGCTGACTGOTACCACCATTCACTGBCACGGTTTCTTCCAGARGG
LSNDODTMLTATTIHWHGEFFOQK 9%
361: GOACGARCTGGGCGBACGGCCCGGCCTTCGTCAACCAGTGOCCTATCTCGACGGGGAACT
GTNWADGPAFVNQCPI STGN 114
421: CGTTCTTGTACAACTTCAACGCTCCGGACCAGGCTGGCACCTTCTGGTACCACAGCCACT
SFLYNFNAPDOQA[GTIFWYHS H]134
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541: CTCACGCGTCTTTGTACGACGTCGATGACGACAGCACCGTGATCACCTTGGCGGATTGGT
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601: ACCACACCGCGGCTCGCCTCGRCCCCCGCTTCCCCGTCGGTTCCGATTCGACCCTCATCA
YHTAARLGPRFPVGSDOSTL I 19%
661: ACGGCCTTGGTCGGGTTTITGGTGGGGTTGTCGATGCGCCTCTCTCTGTGTTCACCGTGA
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721: CGTCCGGCAAGCGCTACCGCTCCCGCCTCATCAACATTTCCTGCGACCCGAACTTCACGT
TSGKRYRSRLINISCDPNEFT 234
781: TCACGATCCAGGGTCACACCTTGACCGTCATCGAGGCTGATGCTGTCAGCGTCCAGCCTT
FTIQGHTLTVIEADAVSVQEP 254
841: ACGAGGTTGACTCCQTCCAGATCTACGCCGRTCAGCGGTACTCGTTCGTCCTCACGGCGG
YEVDODSTQIYAGQRYSFUVLTA 274
901: ACCAAGCGGTGGACAACTACTGGATCCAGGCCATCCCCAACATTGGTACGGTCACCACCG
DQAVDNYWIQAIPNIGTVTT 204
961: ACGGCGGCGTCAACTCCGCCATCCTCCGCTACGACGGCGCCGACATCGTCGAGCCCGCTG

0GGVNSAILRYDGADIVEFPA 314
1021: CGGCCACGGTCACCGGCAGCAACCCCCTTGTCGAGACGTCTCTCGTCCCGCTCGAGAACC
AATVTGSNPLVYVETSLVPLEN 334
1081: TCGCTGCCCCGGGTGAGCCCACGGTCGGCGGTGTCGACTATCCCCTCAACTTGGACTTCA
LAAPGEPTVGGVDY®PLNLTDTF 354
1141: GCTTCGACGGCACGGACTTCGCGATCAACGGGGCGACTTTCACGTCACCCACCGTCCCTG
SFDGTDFAINGATFTSPTVP 374
1201: TGCTCCTGCAGATCATGAGCGGTGCGCAGGACGTCGCCGACCTCCTCCCGAGCGGCAGCA
viLaelrlmMmsGeGAQDVADLLPSGS 394

1261: TCTACTCGCTCCCCTCGAACGCGACCATCGAGCTCTCCTTCCEATCACGGCCACGAATG
'Y SLPSNATI ELSTF T A TN 414

1321: CGCCTGGGGCCCCCCACCCCTTCCATCTGCACRGTCACACCTTCTACGTTGTCCGCTCGG
APGAPHPFHLHGHTEFYVVRS 434
1381: CCGGCAGCACCGAGTACAACTACGTCAACCCGCCCCAGOGCGACACCGTCAGCACCGGCG
AGSTEYNYVNPPQRDTVSTG 454
CCGCGGGCGACAACGTCACCATCCGCTTTACGACGAACAACCCCGGCCCGTGGITCCTCC
AAGDNYTIRFTTNNPGPWEFL 474
1501: ACTGCCACATTGACTTCCACCTCGAAGCAGGCTTTGCCGTCATCTTCGGCGAGGATATCC
HCH I DFHLEAGFAV I FGETDI 494
1561: CCGCTATCGCGGACGCGAACCCGCCTTCCTCTGCTTGGGAGGACCTGTGCCCGACGTATA
PAIT ADANPPSSAWEDLTCPTY 514
1621: ATTCAGTGTACCCCAACGGCGACGGCAACTGAgcggactgctgtatctcectgcageatga
NSVYPNGDG®GN~* 524
1681: acgcacctcactctttcgeaccccaatctttacacaatcacaccattcacattggcatgt
1741: ctcgggactggtcggcgaggatgatttaagtattattcataggaaaaaaaaaaaaaaaaa
1801: aaaa
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Fig. 1. DNA and deduced amino acid sequences of the laccase genes, pblacl (left) and pblac2 (right). The primer sequences for the con-
firmation of laccase by RT-PCR are indicated by the underlines. Sequences with arrows represent the primers used for RACE. The possible
N-glycosylation sites are marked by double lines, and the multi-copper oxidase signature sequences are indicated in boxes.

quences of the pblacl cDNA under the control of the gpd
promoter. The transformation of P brumalis was performed
by the REMI method as described by Leem et al. (1999),
with slight modifications. Protoplasts were generated using
0.5% USUKizyme. The transformants were selected from
minimal medium containing 50 pg/ml hygromycin B.

The laccase activities of the transformants and wild type
were analyzed by the oxidation of o-tolidine as a substrate.
The aqueous solution of shallow stationary culture (SSC)
liquid medium was used during 10 and 11 days of incuba-
tion at 25°C. Stock solutions of 4.7 mM o-tolidine were

prepared in 95%

ethanol with 67 mM glycine and 2 mM

glacial acetic acid. The assays were carried out in 96-well
multi-micro plates in a total volume of 300 ml at room
temperature. The reaction was initiated by adding 75 pl of
liquid culture medium, and then absorption spectra were
taken after 5 min of incubation using a microplate spec-
trophotometer (Bio-Rad).

Results and Discussion

Cloning of laccase ¢cDNA from P. brumalis

In general, laccase genes have 4 copper-binding regions
that are highly conserved in various organisms. Therefore,
the fragments flanked by these conserved sequences can be
amplified by PCR using degenerated oligonucleotide primers.
The degenerated primers are synthesized to be based on
the conserved sequences. By using RT-PCR methods, we
obtained 2 PCR products, 1,152 bp and 1,176 bp (referred
to as pblacl and pblac2) (Fig. 1). When the fragment se-
quences were detected using database searches with the
BLAST program of NCBI, they showed 75~92% homolo-
gies to known laccase genes.

Next, 5-RACE and 3’-RACE were performed to sequence
the N- and C-terminals, using gene specific primers based
on the partial cDNA sequences obtained by RT-PCR. The
RACE of pblacl yielded a 557 bp fragment of the 5’-region
and a 1,267 bp fragment of the 3’-region; whereas pblac2
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Fig. 2. Alignment of the deduced pblacl and pblac2 amino acid sequences with those of other white rot fungi laccases. Four potential cop-
per-binding domains are indicated by horizontal lines (I, II, III, and IV). The accession numbers of the sequences are as follows: Tv-LAC
(Trametes versicolor), BAD98308; Le-LAC1 (Letinula edodes), AAT99287; Le-LAC2 (Letinula edodes), BAB83132; Le-LAC3 (Letinula edodes),
AAT99291. The alignment was performed with CLUSTAL X1.81 software.

had a 696 bp fragment of the 5’-region and a 470 bp frag-
ment of the 3’-region. These two 5°- and 3’-flanking regions
were assembled to synthesize the full-length cDNA genes,
respectively. The resulting dSDNA-products were amplified by
RT-PCR with 5 and 3’ primers designed according to the
nucleotide sequence data that were obtained from RACE-
PCR and then sequenced. The nucleotide sequences were de-
posited in GenBank under the accession numbers EF362634
(pblacl) and EF362635 (pblac2).

Sequence analysis of laccase genes

The nucleotide sequences of the cDNAs encoding laccase
and their deduced amino acid sequences are shown in Fig. 1.
Here, pblacl consisted of 520 amino acids with a molecular
mass of approximately 55.9 kDa, and pblac2 contained 524
amino acids with a molecular mass of approximately 56
kDa. Typically, fungal laccases are extracellular, glycosylated
proteins of 60~85 kDa, of which 15~20% is carbohydrate
(Thurston, 1994; Xu, 1999). The similarity between pblacl
and pblac2 is 70%, and both genes have putative N-glycosy-
lated sites at the amino acid positions 354 and 74, which
confers secretion outside cells without a C-terminal extension.

Multi-copper oxidase signatures were present at amino acid
positions 125-145 of pblacl (GtFwYhShLstqycDGLrgpF), and
at 127-147 of pblac2 (GtFwYhShLstqycDGLrgpM), which
are contained in many of the proteins in the multi-copper
oxidase family (Nakamura and Go, 2005).

Laccase can oxidize phenolic compounds, thereby creating
phenoxy radicals, while nonphenolic compounds are oxidized
via cation radicals. Laccases oxidize aromatic compounds
with relatively low redox potentials, whereas compounds with
higher ionization potentials are readily oxidized by LiPs (De
Jung et al, 1994). Laccases are divided into three classes
based on an amino acid that is involved in the coordination
of type 1 copper, which has an important effect on the redox
potential of the particular enzyme. This amino acid can either
be a methionine (class 1), a leucine (class 2), or a phenyl-
alanine residue (class 3) with redox potential (Hatamoto et
al., 1999).

The deduced amino acid sequences were compared with
other fungal laccase sequences available in GenBank (Fig. 2).
They displayed 66%~68% homology to the laccase from
Trametes versicolor, and 53%~50%, 53%~50%, and 50%~
47% homology to LAC1, LAC2, and LAC3 of Letinula ed-
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odes, respectively. The regions of highest conservation are
found in the copper binding domains (Necochea et al., 2005).
Finally, they are produced as isozymes encoded by a gene
family. Generally, the true laccase isoforms are transcribed
from separate genes, or are the result of post-translational
modifications of extracellular polypeptides by proteolysis, or
in glycosylation.

To elucidate the genomic organization of the laccase genes,
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Fig. 3. Genomic Southern analysis of the laccase genes from P
brumalis. Equal amounts (25 pg) of genomic DNA were digested
with the indicated restriction enzymes, fractionated by electropho-
resis, transferred onto a nylon membrane, and probed with *P-la-
beled gene fragments: the 557 bp partial coding region fragment
of pblacl (left of A) and the 123 bp 3’-UTR fragment of pblac2
(right of A). Maps of the laccase genes are shown in (B) and the
fragments used as probes are indicated with bars.
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the 3>-UTR segments (197 bp and 123 bp) of the two cDNAs
were amplified by PCR, and used as specific probes on the
Southern blots of the genomic DNA. The partial coding re-
gion of pblacl (557 bp), sharing 73% identity with pblac2,
was obtained by PCR, and also used as another hybridization
probe of pblacl (Fig. 3). The Southern analysis results of
the Xhol-, EcoRV-, BamHI-, and PstI-digested genomic
DNAs are shown in Fig. 3B. Only one strong band was ob-
served from each restriction. We expected that the partial
coding region probe would have shown at least two bands
corresponding to pblacl and pblac2 at each restriction, be-
cause the partial coding region showed a relatively high
identity (73%) between pblacl and pblac2. The two probes,
the partial coding region and 3’-UTR of pblacl, showed the
same results, but a different band pattern from the 3’-UTR
of pblac2. This indicated that both probes of pblacl were
the specific probes of pblacl, and suggested that pblacl and
pblac2 were not closely related genes in the genomic DNA.
We deem that some specific mechanisms of transcriptional
activation are likely to be involved. An investigation on the
mechanism of induction of mammalian cytochrome P-450c,
in response to aromatic hydrocarbons, revealed xenobotic
responsive elements (XREs) in the cytochrome P-450 pro-
moter region (Fujisawa et al, 1987). The XRE receptor or
binding protein was a member of a large family of regu-
latory proteins that activate gene transcription in response
to the presence of nonpolar carbon compounds (Fujisawa et
al., 1988). Also, the Icc promoter in the basidiomycete PM1
(Coll et al., 1993) contained a sequence identical to the XRE
consensus, 180 bp upstream of the TATA box. The pres-
ence of these putative XREs suggests that the transcription
of these lcc genes was indeed activated by aromatic com-
pounds such as DBP, which was utilized in this study.

Competitive PCR analysis of gene expression

The two cDNAs had distinct sequences in their 3-UTR
regions. Thus, the gene-specific primers used for RT-PCR
analysis were designed from the 3’-UTRs. The products of
each RT-PCR were sequenced and identified as each lac-
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Fig. 4. RT-PCR analysis of the expression and specific activity of the laccase genes in P brumalis mycelia cultured in different media. The
RNA was extracted from 10 day-old liquid cultured P brumalis mycelia in SSC medium and PDB medium. After reverse transcription was
performed, as described by the kit manufacturer, PCR was performed using gene specific primers. The expression of the 18S rRNA genes
by RT-PCR using commercial primers was performed to validate the concentration of cDNA. The reaction products (20 pl) were analyzed

by gel electrophoresis.



Vol. 46, No. 1

(A)
9" day 15" day
C 100 300 C 100 300 DBP (uM)

(B)
250
—<>— control
—_ —— 100 uM
%" 200 —a&— 300 M
.‘é
2
= 150
=z
2
o 100F
=
3
=9
@ 50t
O 1 1 1 1
0 3h S days 9 days 15 days

Fig. 5. Gene expression and specific activity of laccase in SSC liquid
cultured P brumalis mycelia in response to DBP. DBP (final conc.
100 uM and 300 pM) was applied to the liquid cultures at 5 days
after pre-culture. The RNA was extracted on the 9™ and 15" day
after DBP treatment. C indicates no treatment. The expression of
the 18S rRNA genes by RT-PCR using commercial primers was
performed to validate the concentration of cDNA. The reaction
products (20 pl) were analyzed by gel electrophoresis.

case, proving that the primers used were gene-specific. To
investigate the effects of pertinent media on the production
of the laccases, the expressions of the laccase genes were
examined by RT-PCR analysis, using P brumalis mycelia
cultured in PDB and a SSC liquid medium (Fig. 4.). The
results showed that the laccase genes were predominantly
expressed in the SSC liquid medium, and the expression
level of pblacl was higher than that of pblac2 in this
medium. The results for gene expression were identical to
the tendencies of laccase specific activity. Thus, the laccase
isozyme activity was controlled by the culture conditions at
the transcriptional level. Laccase production can be influ-
enced by the nitrogen concentration in the culture medium
(Gianfreda et al, 1999), as well as by the carbon source
employed (Galhaup et al, 2002). In this study, we demon-
strated that nutrient nitrogen was provided to the fungus at
limited concentrations (0.1% as compared to normal me-
dium: 0.3~0.5%) in the SSC medium, and induced laccase
production in P brumalis at the level of gene transcription.
Hence, it seems that nitrogen is an important factor in reg-
ulating laccase expression in white rot fungi.

It was established that the addition of DBP to P brumalis
cultures has a stimulatory effect on laccase production. The
expression profiles of the laccase genes during DBP degra-
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dation in SSC media culture were examined with pblacl and
pblac2 gene specific primers (Fig. 5). Under the control
condition, laccase expression proceeded at a gradual pace,
achieving a maximum level when pre-grown for 5 days, and
then declined thereafter (data not shown). Therefore, the 5
day-old pre-cultured mycelia were treated with DBP, and
the induction of gene expression was investigated. As com-
pared to the control, the expression levels of laccase in-
creased at the 9" and/or 15" day in the cultures treated
with DBP. In particular, pblacl treated with 300 pM DBP
was highly expressed at the g day, but it did not increased
at the 15" day. In the case of pblac2 treated with 300 pM
DBP, expression at both the 9" and 15" day was increased.
The specific activities of the laccases treated with DBP
were higher than those of the control culture on a whole.
These results suggest that laccase expression was stimulated
by DBP treatment.

The enzymes involved in the biodegradation of lignin and
many aromatic xenobiotics, vary in white rot fungi. In a dye
decolorization experiment with white rot fungi, laccase was
the main enzyme in Phlebia tremellosa (Kirby et al, 2000;
Robinson et al., 2001) and Pleurotus sajorcaju (Chagas and
Durrant, 2001). Trametes species, well-characterized by lac-
case, have at least two isoforms, and the analysis of individual
recombinant laccase isoenzymes has been achieved elsewhere
(Cassland and Jonsson, 1999; Gelo-Pujic et al, 1999; Larson
et al, 2001; Necochea et al, 2005). Lee et al. (2005) re-
searched the biodegradation of phthalic acid, a major me-
tabolite in the biodegradation of phthalate esters, by P
brumalis. The concentration of phthalic acid in the culture
medium was reduced after 4 days of incubation. After 24
days of incubation, no phthalic acid was detected. It was
postulated from GC/MS analysis that the phthalic acid was
consumed in a metabolic pathway related to glucose. In the
biodegradation of di-butylphthalate (DBP) by P brumalis,
the biodegradation efficiency of DBP reached approxim-
ately 90% within 18 days of incubation (Lee et al, 2005).
From the results of preliminary experiments on P brumalis
in our lab, both MnP and laccase showed better activity
than the control for the biodegradation of DBP (data not
shown). This indicates that P brumalis has various lignin
degrading enzymes. However, it is difficult to analyze the
individual contribution of the lignin degrading enzymes to a
certain specificity or activity during degradation, which can
be proposed by the molecular-biological properties that are
the cloned and characterized genes of P brumails involved
in the biodegradation pathways of DBP. Furthermore, such
information can be critical in the development of an ad-
vanced DBP degradation system, via modification and re-
combination using the cloned genes.

Overexpression of the pblacl gene using a homolo-
gous expression system in P. brumalis

We constructed transformants using a homologous system
for the overexpression of a cloned laccase gene in P brumalis,
by the REMI method as described by Leem et al. (1999)
with slight modifications. The transformants were selected
from minimal medium plus hygromycin B, and transferred
to new medium to examine their hygromycin resistance. To
assess the production of laccase by the transformants, we
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Fig. 6. Laccase activity based on o-tolidine oxidation by the wild
type and transformants during culture in SSC medium. The for-
mation of blue product(s) from the oxidation of tolidine, as meas-
ured by absorbencies at 590 nm, was directly proportional to the
amount of extracellular laccase in the culture medium. Values are
Mean=SE of three measurements with three replicates. Data out-
side the scale are annotated with the actual value of the measured
absorbencies.

measured the absorbance of o-tolidine oxidation by laccase
using a spectrophotometer at 590 nm. Increases in the ab-
sorbencies by the oxidation of o-tolidine showed laccase ac-
tivity indirectly. As compared with the laccase activity of the
wild-type strain, those of the transformants were 3~4 times
higher (Fig. 6). The expression of the recombinant laccase
of the pblacl cDNA was derived by the constituted pro-
moter of a gene for glyceraldehyde-3-phosphate dehydro-
genase in the transformants, and revealed a higher expression
than that of the wild type. Although we have not yet con-
firmed the properties of the recombinant protein, such as
its molecular weight and specific laccase activity, the yield
of laccase from the transformants with a cloned gene was
elevated, and is expected to contribute to the utilization of
bioremediation.
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