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Abstract The gene /ccK encoding a laccase of the white-rot
basidiomycete Pleurotus ostreatus wild-type strain collected
in Japan has been cloned, sequenced, and characterized.
The isolated gene consists of 2929 bp with the coding region
interrupted by 19 introns and flanked by an upstream region
in which putative CAAT and TATA elements were
identified. Two putative N-glycosylation sites and four puta-
tive copper-binding sites found in other fungal laccase are
conserved in lccK. The cDNA contains an open reading
frame of 1599bp and the gene encodes 533 amino acids
preceded by a signal peptide of 23 amino acids. The nucle-
otide sequence of the IccK cDNA showed high homology
with those of laccases of other basidiomycetes.

Key words Copper-binding sites - Intron - Laccase gene - N-
Glycosylation sites - Pleurotus ostreatus - Promoter

Introduction

Laccase (EC 1.10.3.2) is one of the important enzymes that
contribute to lignin degradation in conjunction with lignin
peroxidase and manganese peroxidase in white-rot basidi-
omycetes (Youn et al. 1995). The enzyme contains sugar
and copper atoms, which are extracellularly excreted, as its
major characteristic. Several studies have been carried out
on the applications of laccase in the pulp and paper indus-
try, such as biopulping and biobleaching processes (Reid
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and Paice 1994; Decarvalho et al. 1999). Moreover, much
attention has been paid to the application of laccase to the
detoxification of environmental pollutants (Martirani et al.
1996; Kadhim et al. 1999; Ullah et al. 2000; Abadulla et al.
2000; Pointing 2001; Leontievsky et al. 2001). Laccase genes
from various basidiomycetes, such as Coriorus hirsutus
(Wulf.: Fr.) Pilat (Kojima et al. 1990), Phlebia (Ph.) radiata
Fr. (Saloheimo et al. 1991), basidiomycete PM1 (Coll et al.
1993), Agaricus (Ag.) bisporus (J. Lange) Imbach (Perry et
al. 1993), Pleurotus ostreatus (Jacq.: Fr.) Kummer (type,
Florida) (Giardina et al. 1995, 1996, 1999), Trametes villosa
(Fr.) Kreisel (Yaver et al. 1996), Trametes versicolor (L.:
Fr.) Lloyd (Ong et al. 1997), Pycnoporus (Py.) cinnabarinus
(Jacq.: Fr.) P. Karst. (Eggert et al. 1998), Schizophyllum
commune Fr.: Fr. (Hatamoto et al. 1999), and Lentinula
edodes (Berk.) Pegler. (Zhao and Kwan 1999) have been
cloned and characterized.

Pleurotus ostreatus shows strong laccase activity among
edible mushrooms, and it is relatively easy to culture in a
medium. We have been studying the heterologous expres-
sion of laccase from P. ostreatus (Okamoto et al. 1995), and
we have previously reported the purification and character-
ization of laccase from P. ostreatus as part of our study
(Okamoto et al. 2000). Although there have been various
reports on laccase cDNA already described, the comparison
of the promoter region and intron of the laccase gene from
various fungi has not been described in detail. Here we
report the sequences of the laccase gene including those of
the promoter region and introns from P. ostreatus wild-type
strain collected in Japan, comparing it with sequences of
other fungal laccases.

Materials and methods
Organism and culture conditions
The basidiomycete Pleurotus ostreatus K16-2 is a mono-

karyon screened from the protoplasts of a dikaryon col-
lected in Kanagawa prefecture (Okamoto et al. 2000).
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The strain was maintained on 1.5% agar slants containing
1% (w/v) malt extract (Difco, Detroit, MI, USA), 0.4%
(w/v) yeast extract (Difco), and 0.4% (w/v) glucose MYG
medium, pH 6.3). For the preparation of genomic DNA and
total RNA encoding laccase, the mycelia grown on an agar
slants were suspended in 8ml MYG medium, transferred to
a 500-ml Erlenmeyer flask containing 80ml MYG medium,
and incubated at 30°C for 7 days in a static culture.

mRNA isolation

Total RNA was isolated from 7-day-old mycelia of P.
ostreatus K16-2 that were snap-frozen and ground in liquid
N,, with a RNeasy plant minikit (Qiagen, Hilden, Ger-
many). Poly (A)* mRNA was purified using an Oligotex"™-
dT30 (Super) kit (Roche Diagnostics, Basel, Switzerland).

cDNA synthesis

Purified poly (A)" mRNA was used to synthesize the
cDNA using a Marathon cDNA amplification kit (Clontech
Laboratories, Palo Alto, CA, USA) according to the
manufacturer’s instructions. Primers for cDNA amplifica-
tion were designed based on the sequence of the N-termi-
nus and the internal peptides of purified P. ostreatus laccase.
The forward primer NF (5'-CTGGCAACATGTACATCG
TCAACG-3") was designed on the basis of the N-terminal
sequence, and the reverse primer IR (5'-TGCTCGTCGA
CGAGGTTGTGGTG-3") was based on the sequence
of the internal peptides. With these primers, an approxi-
mately 900-bp cDNA fragment was amplified by reverse
transcriptase-polymerase chain reaction (RT-PCR) and
sequenced. Then, primers for rapid amplification of cDNA
ends (RACE) were designed from the cDNA sequence:
RTSR (5’-GAAACTATCCCCAGAGGCGAC-3') for 5’
and RT3F (5'-TTGCTCGTCATTGAAGCAGATGC-3")
for 3 RACE. RACE PCR was carried out using the two
primer pairs, RTSR or RT3F and an adapter primer (AP1,
5'-CCATCCTAATACGACCACTATAGGGC-3'), and
the PCR products were sequenced.

Genomic DNA preparation

Genomic DNA as a template for PCR amplification was
isolated from frozen mycelia of P. ostreatus by cetyltrime-
thylammonium bromide treatment, chloroform-octanol
extraction, and isopropanol precipitation (Ausubel et al.
1994).

PCR primers

The primers designed from the nucleotide sequences of the
cDNA from P. ostreatus laccase and used for PCR amplifica-
tions were as follows: N1, 5-ATGTTTCCAGGC
GCACGGATTCTT-3"; M361, 5'-GTCGCCTCTGGGG
ATAGTTTC-3"; M490R, 5'-CGTATAAACTCAAGT

GCGGATCCGA-3'; M532, 5-ACGGTCATTACGC
TTGAGGATTGG-3"; M661, 5'-ATCAACGTCGAAA
GCAACAAGCG-3'; M753R, 5'-CATCTGCTTCAA
TGACGAGC-3'; M966, 5'-CACCACAACCTCGTCGA
CGAGC-3'; M1004R, 5'-AGGATTCTCAAGCGGAA
CAAGGTTGG-3"; MI1395R, 5'-ACGAAGCGAATAG
TGACGTTGTCG-3'; and M1578R, 5'-TTAGGACGG
AACGATGCCTCCTTTG-3'. The full-length laccase
genomic DNA from P. ostreatus K16-2 was amplified by
PCR using the primer pairs N1 and M1578R. A 2.6-kb
fragment was isolated and analyzed partially by PCR using
five primer pairs: N1 and M490R, M361 and M753R, M532
and M1004R, M661 and M1395R, and M966 and M1578R.
The upstream region including the promoter of the gene was
isolated by inverse PCR using AatII-cleaved genomic DNA.

PCR amplification

The reaction mixture for the DNA amplification contained
2.5U ProofStart DNA polymerase (Qiagen), 1X ProofStart
PCR buffer (Qiagen), 2.5mM MgSO,, 300uM each dNTP,
100ng template DNA, and 1.0uM each of the primers in a
50-ul reaction volume. A mineral oil overlay that com-
pletely covers the solution was added to prevent condensa-
tion. PCR amplification was conducted with a DNA
thermal cycler model 480 (Perkin-Elmer, Norwalk, CT,
USA), using an initial denaturation step of 94°C for
2min followed by 30 amplification cycles of denaturation at
94°C for 1min, annealing at 57°C for 2min, and primer
extension at 72°C for 2min, with a final extension at
72°C for S5min. Aliquots (10ul) of the amplification
products were separated by gel electrophoresis through
a 0.8% horizontal agarose gel at 100V in Tris-acetate-
ethylenediaminetetraacetic acid buffer for 2h. Gels were
stained with ethidium bromide and visualized under UV
light. Molecular sizes were determined by comparison with
a A DNA-EcoT141 digest marker. A target amplification
product was recovered from the agarose gel using the
QIAquick gel extraction kit (Qiagen).

DNA sequencing

Sequencing reaction was performed using the BigDye ter-
minator cycle sequencing ready reaction kit (Applied
Biosystems, Foster City, CA, USA) according to the
manufacturer’s instructions. Sequences were analyzed on
an ABI PRISM 310 genetic analyzer (Applied Biosystems).
Sequence data were analyzed using DNASIS-Mac v. 3.7
software (Hitachi Software, Yokohama, Japan). DNA
sequences and deduced protein sequences obtained in this
study were compared using the BLAST program.

Nucleotide sequence accession number

The nucleotide sequence data reported in this article has
been submitted to DDBJ/EMBL/GenBank nucleotide se-
quence databases under the accession number AB089612.
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B.0 K16-2 1 MEPGARILATLTLALHLLHGTHAAIGRTGN- - ---MYIVNEDVSPDGEARSAVVARSVPATDPTPATVSTPGYLVOGNKGONFOLNVYNOL SOTTMLKTT
P10 K1Si2daBoxz 1 MEPCARTLATLTLALHLLHCAHAATGPAGN- MY TVNEDVEPDCE ARSAVVARSYPATDPTPATASTPGVLVA GNKGDNFQLNVWNQL SOTTMLKTT
Pio Florida Pox1 1 MEPCARTLATLTLACHLCHOTHAATCPTCD- - -MYIVNEDVEPDGF TROAVVARSOPTTNGT GET - LTCVEVOCNKEDNELNVLNGL SDTTMEKTT
C.h Pol 1 MSRF AS--L PTAD----- LTISNAEVSPDGFARQAVVVNNY - -- - - - - - GPLVAGNKGDRFQLNVIDNL TNHTMLKST
T.vil Lecl 1 MSRFHSLLAFVVAS--LTAVAHAGIGPVAD- - ---LTITNAAVSPDGF SR TGNMGDRFQLNVIONL TNHTMVKST
T.ver Lacl 1 MGL-QRFSFFVTLA--LVARSLAAIGPVAS- - ---LVVANAPVSPDGFLRDATVVNGY TGKKGDRFQLNVVDTLTNHSMLKST
py.c Lec3-1 1 MOREQSLLSEVLVS--LAAVANAAIGPVAD-----LTLTNAAVSPDGE SREA AGOKGDRFQLNVIDNLTNHTMLKTT
PMi Lacl 1 MAKFQSLLTFITLS--LVASVYASIGPVAD-----LTISNGAVSPDGFSRQA TGNKGDRFQLNVIDNMTNHTMLKST
Ph.r Lac 1 MHTFLRSTALVVAG. L SARALASTGOVTD-----FHIVNAAVSPDGE SR PLTAGNKGDNFQINVIDEL TNATMLKTT
s.c Lac 1 M-RVSLITALVYVPISL------ LGPVGN- - - - -LPTVNKE LIKGTKGNTEKINVODOLNDTRMLRST
L.e Lacl 1 MLPFVYLLAAELVCLVYGAEVIRDT] TYGQTVSE LFIVthLAPD [SGNKGVRFNLNVTDQLTDPSMVRST
Ag.b Lccl 1 MR-------- EENALVL VARCTSOVVAKT RTF - DFDLNT RLAPDCF ERDTWWANG- - omtrole GTLIQUNKGDSVRIPLHNRLTSPTMRRSV
* * *kkk ¥ * * *
P.o K16-2 Lcc 101 STOMGE FOAGS SWADGPAFVTOCPVASGDSEL YNENVEDOAGTE L STOYCDGLRGPEVVYDPSDPHLSLYDIDNADTVITLEDYHTVAPONA-
£lo Elorida B Soxz o1 SIMMECEF AGSSHADGPAEVTACPVASGDSELYNENVEDOAGT LSTQYCDGLRGPFVVYDPSDPHL SLYDIDNADTVITLEDWYHIVAPONA-
Plo Florida Pox1 101 SIMMEGFFQS NQCPIASGNSFLYDFNVPDOA LT OYCDGL REPE VYD DPHE L YDVONADT LIT LEDNYHVVAPONA-
C.h Pol 101 e O C D CPAEVNOCP 1SS CHSF LYDFOVPDOACTE LSTQYCDGLRGPFVVYDPNDPHASLYDVDNDDTVITLADNYHTAAKLGP-
T.vil Lecl 101 SIEWEIGFFQKGTNWADGPAF INOCPISSGHSFLYDFQVPDOAGTF LSTQYCDGLRGPFVVYDPNDPAADL YDVDNDDTVITLVDWYHVAAKL GP-
T.ver Lacl 101 SIEWHGF FOAGTNWADGPAFVNQCPTASGHSFLYDFHVPDOAGTF LS TOYCDGLRGPEVVYDPKDPHASRYDVONESTVITL TONYHTARI Gp-
Py.c Lce3-1 101 STYIGE FOHGTNNADGVSEVNOCPTASGHSEL YDEQUPDOAGTE LSTQYCDGLRGPFVVYDPNDPQASL YDTDNDDTVITLADNYHVAAKL GP-
PMi Lacl 101 S FFQHGTNWADGPAFVNQCPTSTGHAFLYDF IOy CDCL RCPTVVYDPODPURSL Y DVBDBS TV I L ADHYIL AAKVEP-
Ph.r Lac 101 TIRHGFFOHGTWADGPAF N CPIASCDSF LYNFQVPDOACTF L STOYCDGLRGPEVYYDPADPYLDOYDVDDDSTVITLADKYHTAARLGS -
¢ Lac 101 TIMWGFF DSFVYEFGVPDOAGTF LST DVDDDNTVITLADWYHALAPTII-
L.e Lac1 101 [ FOKTTNYADCVARVAACP T AANBSE LYBF OVPBOACTFINEHFRY CDGLRGPLVIYDP&DPQAYLYDVDDETTVLTIADCTELIAAAVA
Ag.b Lccl 101 FFQARTSGQDGPSFVNQCPQPPNTTF TYEFSVAEQSGTF L STQYCDGLRGAF IVYDPROPLRHL YDVDDESTVITLAEWYHILAPDATN
*kkk kK TS ¥ % ¥ Kk ok ckkkdkokkkk ok kkokdokkokk KKk Kk *% ¥ * ok
P.o K16-2 Lcck 201 GKGRYAGG--PTSPLSTINVESNKRYRERL VSMSCOPNETFSTDGHSLLVIEADAVNTVPTTVDSTOTFAGORYSEVL TADOT
P.o Florida Pox2 201 GKORYAGG--PTSPLATINVESNKRYRERLVSMSCOPNETE STOGHSL LVTEADAVNTVE TTVDSIOTFAGORYSEVLTANOA
P.o Florida Pox1 201 LINGKGRFAGG--PTSALAVINVESNKRYRFRLTSMSCDPNFTF SIDGHSL? VVDSIQOIFAGQRYSFVLNAN
C.h Pol 201 GLGRSPST- - TAADLAVINVTKGKRYRFRLVSLSCDPNHTFSIDGHDLTIT EVDSINSQPLVVDSI TFAAQRYSFVLNADQD
T.vil Lccl 201 NGKGRSPST--TTADL SVISVTPGKRYRFRLVSLSCDPNYTFSIDGHNMTIIETDSINTAPLVVDSTQTFAAQRYSFVLEANGA
T.ver Lacl 201 NGLGRSAST--PTAALAVINVOHGKR YRERLYSTSCOPNE STDGHNL TVIEVDGINSQPLLVDSTOTEAAQRYSEVLNANOT
Py.c Lce3-1 201 GLGRSPGT -- TTADLAVIKVTOGKRYRERL VSL SCOPNHIE S TDGHTMIVIEADSYNTOPL EVDSTQTEAAQRYSEVL DASQP
PMi Lacl 201 GLGRSINT--LNA GKRYRFRLVSLSCDPNHIFST TEADSVNLRPQTVDSIQTFAAQRYSFVLNADQD
Ph.r Lac 201 GLGRCGEAGCPVSDLAVISVTKGKRYRFRLVSISCDSFF TFSIDGHSLNVIEVDATNHQPLTVDELT IYAGQRYSFILTADQD
¢ Lac 201 GKGRYNGG- - SLTNL TRINVVRGLRYRLRTVSL SCDPSFTFATHGHNMT I TEADGVNTOPLVVDSLEVFAGQRY SVVVHANGR
L.e Lacl z01 GKGRYL GG--PAVPLAVINVOQGKRYRFRULSTACDANHNE S TDGHRL TVIEVDGENHEPATVONTQTFPGORY SEVL DATGP
Ag.b Lccl 201 GKGRFNGG-~PLTPFAVVNVRRGKRYRLRVIATSCRPFFTF SVDNHSLVFMEADGVEHDPVEVQNVDLYAAGRVSVILHANQP
ddkkk  kk L2 N 3 *%k ¥ * ¥
P.o K16-2 LccK _ 301 VGNYWIRANPNLG-S--T-GFDGGINSAILRYAGATEDDPTT--TSSTST-PLLETNLVPLENPGAPGPAVPGGADININL AMAFDFTNFEL TINGVPFT
Po Flortdd Poxz 301 VONYWIRANPNIG-S--T-GEVGGINSATLRYAGATEDDPTT--TSSTST - PLLETNVPLENPGAPGPEVPGGADININL AVAFDET TEELTINGYPEL
P Florida PoxI 31 VONYWIRADPNLG-S--T-GEDGGINSATIRYAGATEDDPTT--TSSTST. PLEETNLVPLENPGAPGPAVPGGADININL AMAFDVINFELTINGSPEK
C.h Pol 301 VONYHIRANPNEG-N- V- CEACCINSATLRYDCABPVERTT - TOTIBTKPLNEVDLHPLAMAVPCOPVACUDT ATNVAFNENGT - NEFINCAGEY
T.vil Lecl 301 VONYWIRANPNFG-N--V-GF TGGINSATLRYDGAAMVEPTT--T TS TAPLNEVNLHPLVTTAVPCSPVACCVDLATNMAENENCT - -NEFTNGTSET
T.ver LacI 301 V NFG-T--V-GFAGGINSAILRYQGAPVAEPTT--TQTTSVIPLIETNLHPL ARMPVPGSPTPGGVDKAL NLAFNFNGT - -NFFINNATFT
py.c Lee3-1 201 VONYHIRANPAFG-N- V- CFACCINGATLRY GAPEVEPTT - - TQTTSTKPLNEADLHPL TPMPVPGRPEAGGVDKPLNMVFNFNGT - -NFF INNHSFV
PMi Lacl 301 VDNYWIRALPNSG-T--R-NFDGGYNSATLRYDGAAPVEPTT-- FPSTSC_VESALTTLEGTAAPGNPTPGGVDLALNMAFGFAGG——RETINGASFT
Ph.r Lac 301 VONYWIRANPGIGIT--T-GFAGGINSATLRYDGADVVEPTT- ~TOATSPVVLSESL APL TNAAAPGLPEVGGYDLALNFNL TFDGPSLKFQINGVTEY
s.c Lac 301 TONYNTRANPSFG-T--I-GEAGGLNSAVLHYIGASSSEPAEVDTEPVSSSPFVE TALRPLENPGAPGLPOQGGADVNINLATDL TLDPFOF TVNGAPET
L.e Lacl 300 VONYHVRALSS5GVE- -TSCr TCCINSO L RYOCAPDADPT TINCTGV= 2 VL TESMLRPLENPCAPCL PRRCCADEVLNC TLCFNL PA. FEMNDTQYT
Ag.b Lcel 301 IDNYWIRAPMTGGNPDRNPNLNISLTLAILRYHGARHVEPTTVN- - -VPGHKLLDQEMHPI-RQEGPGKLGDGPPDKHI TLNIAQPNAPF-FDINGISYT
L 1 3 * * ¥k k¥ * % % * * *
P.o K16-2 LccK _ 401 PPTAPVLLQILSGASSAASLLPSGSIYALEPNKVVEISMPA--LAVGGPRPFELBGHTFDVIRSAGSTTYNFDTPARRDVVNTGT -GANDNVEIRFVTON
Pio Florida Poxz 401 PRTABVLLOILSGASTAASLLPSGSIYELEANKVEISMPA--LAVGGRIPERLRGHTFDVIRSAGSTTYNEDTPARRDVNTOT- GANDNVITREVTON
Pio Florida PoxI 401 APTAPVILOTLSGATTAASILPSGSTYSLEANKVVETSTPA- | AVGCPIPFRIROHTEDVIRSAGSTTYNFDTPARRDVVNTGT D IRFVIDN
C.h Pol 401 PPTVPVLL IISGAQNAQDLLPSGSVYSLPS ADLE TS PATARAPCAPEP E L CHAF AVVRCACS TVYNYDNP TE ROV S TCTPAAGONVTERERTON
T.vil Lecl 401 PPTVPVLLQITSGAQNAQDLLPSGSVYSLPSNADIETSFPATAAAPGAPRPF I GHAF AVVRSAGSTVYNYDNPIFRDVVSTGTPAAGDNVI TRFRTON
T.ver Lacl 401 PRTVPVLLOTLSGAGTAODLLPAGSVYPLPAHS TTETTLPATAL APGAPYPEYLEGHAF AVVRSAGS TTYNYNDPTERDVVSTGTPAAGDNVITREQTON
Py.c Lcc3-1 401 PPSVPVLLOILSGAQAAQDLVPDGSVYVLPSNSSIETSFPATANAPGTPAPFH GHTFAVVRSAGSSEYNYDNPTFRDVVSTGOP- - GDNVI TRFQTNN
PMi Lacl 401 PPTVPVLLOTLSCAOSAGDLL PoCoVYSL PANADIETSL PATSAAPCE PRPERL AT FAVVRSACS YN ANDVYROVVETCap -~ CONVIFIR
r Lac 401 PPTVPVLLQILSGAQSAADLLPSGSVYALPSNATIEL SLPAGAL --GGPAPFHLHGHTF SYVRPAGSTTYNYVNPVQRDVVSIGN- - TGONVIIRFDTNN
s.c Lac 491 PPSLPVLLQVMSGARTAQEL LPEGSVYTLPPNQTVEISIPGGS-~AGAPEPFHLHIGHTFDVVRSAGS TDYNYANPIRROVVNTGL - -AGDNTTIRFRTDN
L.e Lacl 491 PPTVPVLLOILSGAQSPODLLPPGSVYTL PINKTIEINFFGNAT-PGGPEPFHILHIGHSFDVVRSADNTTYNYENP- - - - -VSCTYVVHPKQTTIRFVTDN
Ag.b Lccl 401 SPTVPVLLQILSGARRPEDVLPSEQIFFVPKNSLIEVNIPGE -----~GARPFAI GHNF DVVLASNDDTFNFKNPPRRDV-~- - YPINGGLAt FREFTON
* %k kK % %%k dkkkkkkk Kk % * k% Kk ¥
P.o K16-2 Lcck TDWHLEIGLAVVFAEDVTSISAPPAA- - - - - -------- WDDLCPI - YDAL SDNDKGG--- - - - --- -~ IVPS
P.o Florida Pox2 TDWHLEIGLAVVFAEDVTSISAPPAA- - - - - -- - --- WDDLCPI - YNAL SDNDKGG- - -- -~ ---- IVPS
P.o Florida Poxl TDWHLETGLAVVFAEDVTSITAPPAA- - - -——-—--___ WDDLCPI-YDALSDSDKGG- - - === I--A
C.h pol TDFHLEAGFAVVFAEDIPDVASANPVPQA- - - - - -~ WSDLCPT-YDALDV=-----------nnn== N
T.vil Lecl TDFHLEAGFAVVFAEDIPDVASANPVPQA- - -- - --- WSDLCPT-YDALDP- - === S
T.ver Lacl TDFHLDAGFATVFAEDVADVKAANPVPRA- - - - - - - - - WSDLCPI-YDGLSE - - - - - - -~ AN
Py.c Lcc3-1 TDFHLEAGFAVVLAEDTPDTAAVNPVPQS- - - - - - -~ WSDLCPT-YDALDP- - - === ---nmm=m= SDL
PMi Lacl TDFHLEAGFAVVMAEDIPDVAATNPVPOA- - - - - - - - - WSDLCPT-YDALSP- - - == o - DD
Ph.r Lac LR IDUHLEAALPLSSLRTSL TLRPLTLSPRTGPTCALSTTLWTHLITSGEAS TTOMMGGNGLFAPHALSFLGS
S.c Lac SGPHTL Y TONHLDIGLAVVMAEDTOGYADS .-~ -----~~ VOPTAYSDLCPK-YDALSDEELGG------------ LVD
L.e Lacl PGPWF LM TDL HLEF GLAVVMAEAPSLVKATD- - - - - ~— - - - WDELCPT-YDSLTPAQL-- - --=----------
Ag.b Lccl T DL EACLATVF AEAPEDN -~ - SGPQSQITPQDWLDLCP EYNAIEPE------- C— Q

¥k kdokRRE Kk

Fig. 1. Amino acid sequence alignment of LccK from Pleurotus
ostreatus K16-2 and laccases from different basidiomycetes. Possible
copper-containing domains are shown in white with a black back-
ground. Possible N-glycosylation sites (N-X-S/T) are highlighted in
gray boxes. ldentical residues are shown with asterisks. P.o K16-2
LccK, Pleurotus ostreatus K16-2 LecK (GenBank accession number,
ABO089612); P.o Florida Pox2, P. ostreatus (strain Florida) Pox2
(Q12739); P.o Florida Poxl, P. ostreatus (strain Florida) Pox1

(Q12729); C.h Lac, Coriorus hirsutus Lac (Q02497); T.vil Lccl,
Trametes villosa Lccl (Q99044); T.ver Lacl, T. versicolor Lacl
(U44430); Py.c Lee3-1, Pycnoporus cinnabarinus Lec3-1 (AF025481);
PM1 Lacl, basidiomycete PM1 Lacl (Z12156); Ph.r Lac, Phlebia
radiata Lac (QO01679); S.c Lac, Schizophyllum commune Lac
(ABO015758); L.e Lacl, Lentinula edodes Lacl (AF153610); Ag.b Lccl,
Agaricus bisporus Lecl (Q12541)



14

Fig. 2. Phylogenetic tree P. ostreatus K16-2 LecK

constructed based on the
deduced amino acid sequences
of fungal laccases. Calculated
matching percentages are
indicated at each branch point
of the dendrogram and were

P. ostreatus Florida Pox2
P. ostreatus Florida Pox1

C. hirsutus Po1 | 89.8%

96.8%
88.4%

generated using the DNASIS-
Mac program

T. villosa Lcc1

Py. cinnabarinus Lcc3-1

80.6% 48.8%

73.2%

70.5%

T. versicolor Lacl

44.6%

53.4%

basidiomycete PM1 Lac1

Ph. radiata Lac

40.5%

S. commune Lac

30.0%

L. edodes Lac1

11.8%

Ag. bisporus Lccl

5.5%

N. crassalLac

A. nidulans YA

Results and discussion
Nucleotide sequence of lccK cDNA

The full-length lccK cDNA from P. ostreatus was amplified
by RT-PCR and RACE. Sequence analysis revealed one
open reading frame of 1599 bp and 533 amino acids includ-
ing a signal sequence of the first 23 amino acids, and its
mature laccase with a molecular mass of 56798 Da, which is
almost identical to that of the purified enzyme (Okamoto et
al. 2000). The open reading frame showed a G+C content
of 53%.

The deduced amino acid sequence of laccase from P.
ostreatus K16-2 was compared with those of other laccases
(Fig. 1). The laccase amino acid sequence shows similarity
to those of Pox2 (97% identity) and Pox1 (89% identity)
from strain Florida, which is a variety of P. ostreatus, C.
hirsutus Pol (64% identity), T. villosa Lccl (62% identity),
T. versicolor Lacl (62% identity), Py. cinnabarinus Lcc3-1
(61% identity), basidiomycete PM1 Lacl (61% identity), S.
commune Lac (60% identity), Ph. radiata Lac (58% iden-
tity), L. edodes Lacl (54% identity), and Ag. bisporus Leccl
(47% identity). On the other hand, the primary sequence of
LccK exhibits a lower similarity to ascomycetes, such as
Neurospora crassa Lac (34% identity) (German et al. 1988)
and Aspergillus nidulans YA (30% identity) (Aramayo and
Timberlake 1990). These identity values are the same as
those obtained when compared with N-terminal amino acid
sequences among them (Okamoto et al. 2000). The percent-
age amino acid identity was calculated for pairwise combi-
nations of fungal laccases and presented as a phylogenetic
tree (Fig. 2), which shows that the P. ostreatus laccase is
slightly different from laccases of other white-rot fungi. The
signal amino acid sequence, MFPGARILATLTLALHLL
HGTHA, is perfectly conserved among P. ostreatus
laccases, but shows low identity (below 26%) to those of
other laccases from different fungi. Purified laccase from

P. ostreatus K16-2 was a copper-containing glycoprotein
(Okamoto et al. 2000). It is confirmed that the deduced
amino acid sequence of the laccase from P. ostreatus K16-2
contains two potential N-linked glycosylation sites
(Asn-Xaa-Ser/Thr) and four potential copper-binding
histidine-rich sites as the other fungal laccases mentioned
earlier.

Nucleotide sequence of IccK genomic DNA

To determine the upstream N-terminal sequences and in-
trons, the lccK genomic DNA from P. ostreatus K16-2 was
amplified by PCR using some primers designed based on
the nucleotide sequence of the lccK cDNA as described in
Materials and methods. A fragment of 2929 bp was ampli-
fied by PCR and sequenced. The structure of the laccase
gene was characterized by comparison of the sequences of
the genomic DNA and cDNA (Fig. 3). Nineteen introns
that ranged in size from 48 to 61 bp were found to be local-
ized in the gene, and the sequences at the splicing junctions
in their introns adhered to the GT-AG rule (Gurr et al.
1987). The number and localization of introns in the laccase
gene were compared with those of other fungal laccases in
Fig. 4. There are various numbers of introns among laccases
from fungi, such as P. ostreatus (strain Florida) poxI (19
introns) and pox2 (19 introns), C. hirsutus pol (10 introns),
T. villosa Ilccl (8 introns), basidiomycete PM1 lacl (10 in-
trons), Py. cinnabarinus lcc3-1 (10 introns), Ag. bisporus
lccl (14 introns), and A. nidulans yA (5 introns). The varia-
tion of intron number and localization in the genes indicate
a mutual vestige of divergence. P. ostreatus laccase have a
large number of introns as compared with other fungal
laccases, which confirms that P. ostreatus laccase is diverged
a little differently from laccases of other basidiomycetes, as
can be seen in the phylogenetic tree (see Fig. 2).

Analysis of the upstream N-terminal region revealed
typical promoter sequences that were the same as those of
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Fig. 3.
genomic DNA from P. ostreatus K16-2. The putative CAAT element,

AAGAAGCACTTTGAGTCTATTTCGCTCT

AGTAGCCTTCCATTGTTCACGGACTCTTCTTCGTATCCCCGAATACATCCAGGCACTGCACTCCCTCGCAGACGATCATCGCTCCCTCATGACAAACAGA
MRE

TTTCTAACAACACCGCCCGATTCGTTTCAAGATACTCGAGAGATGAGGTACGCCTAACCGAAGCTTCCTAATCCATTCGCCTTCGTTCTCATGCGTATCG
Sp1 HSE

ACTTATAGGTATATTTAAGACCTGTACTGACGATTGCAAACAGCATCGACTTCCAGTTGCTTAACACCTCATCCAGCGCGTACTGCTACACCTACAAACG

WWMAE%GCCATCGGGCCCACTGGCAACATGTACATCG
M F P GART L ATLTLALHLILHGTHAIAIGPTU GNMYTI

TCAACGAGGACGTCTCTCCTGATGGATTCGCTCGTTCgtaagtgtcttcactctcagtgttttgaaaacctcagtgetaattcattatacagGGCGGTTG

VNEDVSPDGTFARS Intron [ ALY
TCGCTCGCTCGGTGCCCGCTACAGATCCGACGCCTGCGACAGTATCCATTCCTGGCGTTCTCGTTCAAGGAAACAAGgtaattcttgttcttctegatgg
VARSVPATDPTPATVSIPGVYTLVOQGNK Intron II

agccgatgttttgctcqccccacgtagGGCGATAACTTCCAGCTGAACGTCGTCAATCAATTGTCGGACACGACCATGTTGAAGACGACCAGTATCgtac
DNFQLNVVNQLS SDTTMLZEKTTSTI
gtacatctgtggttatttcggataaacatttatggtctttgcagCATTGGCACGGTTTCTTCCAAGCCGGATCTTCGTGGGCTGATthagggttcatca
Intron III HWHGFTFQAGSSWAD
ctgcgcatttaccatacctcgetaacggegttttgtagGTCCCGCTTTCGTGACCCAATGCCCCGTCGCCTCTGGGGATAGTTTCCTgtaggtgccactg
Intron IV GPAFVTQCPVYASGDS ST F.L
gctttattgccgeccttgactaatccaaaatatccgcagGTACAATTTCAATGTCCCAGACCAAGCTGGAACGTTTTgtaagttgatcatattgttatcc
Intron V Y NF NV P D Q A T F
tttctacatcacctgactacttctacagGGTATCACTCGCATCTTTCCACCCAATATTGTGACGGCCTCAGAGGACCATTCGTGGTgtaagegatgecat
Intron VI W Y HSHLSTQYCDGLRGPTFUVYV
tccqtatgacagaggtagtctggacactgacctgtctgcagATACGACCCCTCGGATCCGCACTTGAGTTTATACGATATTGACAACthgagctccgaa
Intron VII DPSDPHLSTLYD
cttctctcgacataaactgcagtttactcacgctctctcagCCGACACGGTCATTACGCTTGAGGATTGthacgtcgtcttctgcgaggcctgccaacq
Intron VIII A DTVITLTETDW Intron IX
tctactcatgttctccttagTATCATATCGTGGCTCCCCAAAACGCGGCAATCCCAACTCCGGATAGTACCCTCATCAATGGTAAAGGTCGTTATGCCGG
YHIVAPOQNAATIZPTU®PD STULTINGIKTEGR RYASG
GGGCCCTACCTCTCCTTTGTCCATCATCAACGTCGAAAGCAACAAGCGCTATCGTTTCAGACTTGTCTCAATGTCTTGTGACCCCAATTTCACGTTCTCG
G PTSPLSTITINVESNIKRYH RTFRLVSMSCCDPNTFTTFS

ATCGACGGTCACTCTTTGCTCGTCATTGAAGCAGATGCTGTCAACATTGTTCCCATCACCGgtttgtectttctatggectecactctcgeattctgetga
I DGHSLLVIEADAVNTIVPTIT Intron X
tcacggaccgtcgatatcatagTGGATAGTATTCAGATCTTCGCTthgagtcgcacctgccttgtcattgcaactgttgctaagcgtagtaaagGCCAA
VDSIOQTITF Intron XI G Q
CGCTACTCCTTCGTCTTGACTGCTGATCAAACCGTTGGCAACTACTGGATTCGCGCGAATCCTAACTTGGGATCGACTthatggcaqttgaaaagtggc
RY SFVLTADA QTVGNYWTIURANZPNLGS ST
actttcgtctttcgetgactecttatcgtgecagGCTTCGATGGTGGTATCAATTCCGCTATTCTTCGGTATGCTGGTGCCACTGAGGATGACCCCACCA
Intron XII G FDGGINSAILRYA AGATTETDT DTPT
CAACCTCGTCGACGAGCACCCCATTGCTGGAGACCAACCTTGTTCCGCTTGAGAATCCTGGTGCTCCTGGCCCAGCCGTGCCTGGTGGAGCAGACATCAA
T TS STSTPLLETNILVPLENPGAPGPAVPGGADTIN
CATCAATCTCGCTATGGCCTTCGACTTCACTAACTTCGAATTGACTATCAACGgtacgcageatctgacctgetttegttttggatgtttgtttatatca
I NL AMATFUDTFTNTEFEFELTTIN Intron XIIT
acgtctatagGCGTTCCTTTCATCCCACCCACTthgagtgcagctcgaatgatgccagcaaaggcaattactgatgatactcctgcagCCCCTGTCCTT
G VP FI Intron XIV vV L
CTTCAAATTCTCTCAGGAGCCTCCTCTGCTGCCTCGCTGCTTCCTTCTGGTAGTATI’TACGCGCTGGAGCCTAATAAGG1TGTTGAAATCTCGATGCCTG
L Q I LSGASSAASTLLZPSGSTIYALEPNIKVYEISMEP

CGCTGGCTGTCGGGGGACCCgtaagttctaccctgctctgcggccgtccatttgctaatgctacgcgcctagCATCCATTCCATCTCCACGGCgtgagta
AL AV G GP Intron XV FHLH

atgtggtcaccgggagttccatttggctaatttatttcgtatagCACACCTTCGACGTTATTAGGAGTGCGGGTTCCACTACATACAACTTTGACACTCC
Intron XVI H FDVIIRSAGSTTYNTFDTF®P

TGCGCGCCGCGACGTAGTCAACACTGGCACTGGCGCGAACGACAACGTCACTA'I'I'CGCTTCGTGACCGACAACCCAGGGCCGTGGTTCCTCCACTthga
AARRDVVNTGTGANIDNVTIRTF FVTDNPGPWFTLHSTC

gtqtttcgcgcaatgtatacgatacgcgcatgctgatagtttccccagTCACATTGATTGGCATCTCGAAATgtaagtggcagtctttaccacctcgtac
Intron XVII H I D WWH L I Intron XVIII

ttgatactaaacgccgcttagTGGTCTCGCTGTCGTTTTCGCCGAAGACGTGACATCCATTTCGGCCCCACCTthatgcatccttcctgccgcggcccg
L AV Y FAEDVTSTISAPFP Intron XIX

tgtcccttctaacttgcatttctccagCCGCGTGGGACGACTTGTGCCCCATCTATGACGCATTGAGCGACAACGACAAAGGAGGCATCGTTCCGTCCTA
AAAWDDILOCPTIYDALSDNDIKTG GG GTIVZPS *
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Nucleotide and deduced amino acid sequences of the lccK  The 19 putative introns are indicated in lowercase type and numbered

TATA element, Spl, heat shock element (HSE), and metal response lighted in the gray box
element (MRE) are underlined. The predicted signal peptide is boxed.

(I-XIX). Recognition site for restriction endonuclease Aarll is high-
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Fig. 4. Comparison of intron/
exon structure of lccK from P.
ostreatus strain K16-2, poxI and
pox2 from P. ostreatus (strain
Florida), pol from C. hirsutus,
lccl from T. villosa, lcc3-1 from
Py. cinnabarinus, lacl from
basidiomycete PM1, lccl from
Ag. bisporus, and yA from A.
nidulans. The exons are in black
boxes; white boxes correspond
to the introns

P.o K16-2 IccK -328
P.o Florida pox2 -334
P.o Florida pox1 -327
C.hirsutus pol -336
T.villosa lccl

Py.cinnabarinus lcc3-1 -307
PM1 Iacl -300
Ag.bisporus lccl -336
A.nidulans yA

P.o K16-2 lccK -252
P.o Florida pox2 -250
P.o Florida pox1 -243
C.hirsutus pol -252
T.villosa lccl -229
Py.cinnabarinus lcc3-1 -252
PM1 laci -252
Ag.bisporus lccl -252
A.nidulans yA

P.o K16-2 lccK -168
P.o Florida pox2 -166
P.o Florida pox1 -159
C.hirsutus pol -168
T.villosa lccl -168
Py.cinnabarinus lcc3-1 -168
PM1 lacl -168
Ag.bisporus lccl -168
A.nidulans yA -143
P.o K16-2 lccK - 84
P.o Florida pox2 - 84
P.o Florida pox1 - 77
C.hirsutus pol - 84
T.villosa lccl - 84
Py.cinnabarinus lcc3-1 - 84
PM1 lac1 - 84
Ag. bisporus lccl - 84
A.nidulans yA - 84

Fig. 5. Comparison of nucleotide sequence of the region upstream of
the lccK gene of P. ostreatus with those of other basidiomycetes. The
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———————— AAGAAGCACTTTGAGTCTATTTCGCTCTAGTAGCCTTCCATTGTTCACGGACTCTTCTTCGTATCCCCGAATACAT
GCCATGAAAAGAAGCACTTTGAGTCTATTTCGCTCTAGTAGCCTTCCATTGTTCACGGAGTCTTCTTCGTATCCCCGAATACAT
GCTATGAATAGAAGCACTTTGAGTCTATTTCGCTCTAATAGCCTTCCATTCCTCACGGGCTCTTCTTCGCATCTCCGAATATAC
CCGACACTGTTCGGGACGCGCGTCTTACCGCCGTGAGACGCAGGGCGTGTCGCGACCTCTGCAAGCTCACACGCTTACCAGGGG
————————————————————————————— AAGCGGGTCTCTCCCGCCTCTGTTGGCTCTCACGCATTCCGCATGGTTCGCGCGA
———————————————————————————————————— CGTGAGAGGCATTCCTACTCCCTCTCTCTCTCCCAGCTCTCACGCACC
AAACTGAACCACAGTACAACGCCTGCAAGACACGCGCGTGATGTTCAATACAAACGTTGAACATCTATGCGCCTGTAACGGGGA

MRE Spl
CCAGGCACTGCACTCOCCTCGCAGACGATCATCGCTCCCTCATGACAAACAGATTTCTAACAACACCGCCOGATTCGTTTCAAGA
CCGCCG

CCAGGCACTGCACTCCCTCGCAGACGATCATCGCTCCCTCATGACAAACAGATTTCTAACAACACCGCCOGATTCGTTTCAAGA
CCAGGTTATGCACTGACTCGCGGACGATCATCGCTCCCTTACGACAAACGGATCTTTAACAACA AATTCGGTGCAAGA
ACTCGCGCGATGGCCGCGTTCCAGGGCCGGCTTGACAGATGCTGACACCGGTGCAATCTTGACACTGTGCCAACCGGGTAAGGC
——————————————————————— AGATACTGACACCGGTGCAATCTTGACACTGTACCAACCGGGCAAGTCTCGTCCTTGGTTC
CGGCCGCTCCTCAGGGCCAGACCAGTGTICAATGTCTGGTGCCGGTGCAGTGGTGACAGTGCGACAACTGAGTAAGGCTCGTCGG
CTCTAGGCTCGCGCGATGCCCGCCTCAGGGCAGATGTCATTICAATACTTCCCTGCGCCACGTCGTCCCGACATGGCGACAATCC
GAGAAACCTCGTGAAACTGCCCTGGATGATAAATTTCATCAGCTTCGAATGTCAGTGACATTGAATGTTATAAATACCCAGCAG

HSE
TACTCGAGAGATGAGGTACGCCTAACCGAAGCTTCCTAATCCATTCGCCTTCGTTCTCATGCGTATCGACTTATAGGTATATTT
TACTCGAGA--TGAGGTACGCCTAAGCGAAGCTTCCTAATCCATTCGGCTTCGTTCTCATGCGTATCGACTTATAGATATATTT
TCCTTGAGA--TGAGGTACGCCTAAGCGAGGCTTCCTAATCCGTTCATTTTCGTTCTCATGCATATCGTTCTGTAGGTATATTT
TCGTCCTTGGTTTGCTGGAGGCGCCCACCGTTGAGCCTTGGCCATACAGAGCGCTGTTCTTCGACGGGGTATAAAGGATGCCGC
TCGGGGACTGGCGCCGGTCGCTACCCCTTGGTCATTCACTCTACCAGAGCGCTGGCTTCGCCGAGGTATAAAGGATGTTGCGCG
TTTCCTGCCCCGCCGCTTATGCTGACCACGGGCGTGTTGCTGTACAGACTTCAAGGGCGTCTGTACTTGCGTAGTATAAAGGAT
GACGATACCCTCTACGGCAAGGCGTCCATCGTTACACAGCACAATGACTGCTCAGAGCAGAATGACGCTAGCCTTCGTCTACGA
AGAGTGGCTCGTCCTCAATGTGAGCGCGTAAACTTTAGAAAATTTCCGTGGATTGTGGTCTCAGGCATATCGCTGGTGGTTTCT
————————————————————————— CAGGTACATTCCAATCAACAATGCAAGAATGTGAAACGCGAAGTATATATCAGCGAACA

AAGACCTGTACTGACGATTGCAAACAGCATCGACTTCCAGTTGCTTAACACCTCATCCAGCGCGTACTGCTACACCTACAAACG
AAGACCTGTACTGACGATTGCAAACAGCATCGACTTCCAGTTGCTTAACACCTCATCCAGCGCGTACTGCTACACCTACCAACG
AAGACGTGCATGGACGACCGAAAATATCATCATCAAC------~ TTAACACCTCATCCAGCGCGTACTGCTACACCTACGAACG
AGCGAACTCCCAACAGCACAACTCGAGCCCCGCTTGAGTTTCTACGAGGTCCTGCAAACCACTGCCCCTCCTCCCGTCACAGCC
ACACCCTCAACACCCCAACTCAAGCCCCACTTGAGCTTTTGCGAGATCCTCCACATACCACTCACTACTTTCAAGTTCTTCAAC
GTCGCTCGAGAGCCGTTCGAAGACAACTCGAGTCCCACTTGAGTTTCGACGAGGACATCCCTTTCAGCGACCCTTCTTTCAGTC
GFTATAAAGGCCGCGAGGTATTGTCCGTTCAGACCAACCCCAGGCCCTCTCGAGTCTTCGGCAGTCCTCCCCAATCACTCCAGAC
CCTTGTTGATAAAAATATGTATCTTCAGGCTATAAAGACGGGGGCAGAGGACCGTGGATTGACTCTCCAGCGGTAGGATCAACA
ACATCAAGCCGACATAATCAAACGGTTTCAGTCTCTATCGCGTTTTGCACTTGAGCGTCATTTTGATTCCTCCGGGATCCAGCC

(MRE) are boxed

CAAT and TATA elements are highlighted in gray boxes. The puta-

previously characterized laccase genes (Fig. 5). The pro-
moter region of this gene contains a TATA element that is
an important sequence for initiating transcription (Ballance
1986) and an inverted CAAT element. The putative TATA
and CAAT elements were localized at nucleotide positions

XVIIE XV XIX

ATGees
ATGese
ATGese
ATGeee
ATGees
ATGeeo
ATGeee
ATGoes
ATGees

tive Spl, heat shock element (HSE), and metal response element

—91 and —289, respectively, of the 5'-flanking region. A
putative inverted Spl transcription factor recognition site
(GGGCGG) (Dynan and Tjian 1985) was found at —188. A
putative heat shock element (NGAANNTTCN) (Bonner et
al. 1994) was found at —142, whereas a putative metal re-



sponse element (TGC(A/G)CNC) (Thiele 1992) was found
at —244. The positions of CAAT and TATA elements dif-
fer among fungal laccase genes. No characteristic common
to all except for the TATA and CAAT elements was found
in a promoter region. The important point to note, however,
is that there are some consensus sequences beyond the
genus among the same group, revealing phylogenetic
proximity (see Fig. 2). Two consensus sequences, 5'-
TATAAAGGATG...CAACTC(G/A)AG(C/T)CCC
(G/A)CTTGAG(T/C)TT...CGAG-3', 5'-(G/C)A(C/G)AC
C(G/A)GTG(T)CAAT..TGACA(C/G)TG(T/C)(G/A)(C/
A)CAAC(C/T)G(G/A)G(T/C)AAG(G/T)CTCGTC-3’,
could be seen at nucleotide positions —102 to —32, and
—235 to —164, respectively, among C. hirsutus pol, T.
villosa lccl, and Py. cinnabarinus lcc3-1. These motifs may
have some relation to promoter activity for strict conserva-
tion within these genes. So far as we know, various reports
published previously have made no mention of the matter.
This is an interesting finding supplementing dendogram and
intron analyses to determine divergence among fungal
laccases.

From what has been discussed here, we can conclude
that P. ostreatus possesses a slightly different type of laccase
from others. The sequence reported here should be helpful
in the mass production of fungal laccase, which is expected
to be an application to various methods. As the next step,
we are now investigating the heterologous expression of
laccase from P. ostreatus K16-2 in yeast cells.
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