The Journal of Microbiology, December 2006, p. 617-621
Copyright (© 2006, The Microbiological Society of Korea

Vol. 44, No. 6

Increase of Yeast Survival under Oxidative Stress by the
Expression of the Laccase Gene from Coprinellus congregatus
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Coprinellus congregatus secreted a laccase isozyme when the culture was transferred to an
acidic liquid medium (pH 4.1). The laccase cDNA gene (clac2) was used as a probe for
cloning of the genomic laccase gene (lac2) including the promoter (Plac2). The open
reading frame (ORF) of lac2 had 526 deduced amino acids and four conserved copper
binding domains as other fungal laccases. Recombinant plasmid (pRSlac2p-cDNA) of lac2
c¢DNA with its own promoter was transformed in Saccharomyces cerevisiae. Expression of
the transformed lac2 gene was induced by oxidative stress (H>0;) in yeast and the survival
rate of the transformed yeast strain was greatly increased when compared with that of the
control strain transformed with pRS316 yeast vector.
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Laccase (benzenediol:oxygen oxidoreductases, EC1.10.3.2)
catalyzes one-clectron transfer from a wide range of
substrates. The most important sources of these enzymes
are white-rot fungi, which degrade lignin in wood.
Fungal laccases are responsible for many diverse bio-
logical phenomena, including fungal development in
basidiomycetes (Wood, 1985; Choi et al., 1987),
pigment formation (Law and Timberlake, 1980), and
fungal pathogenicity (Panepinto and Williamson, 2006).
They are also involved in the degradation of recalci-
trant compounds as well as lignin (Kirk and Farrell,
1987; Karlsson et al., 2001; Han et al., 2004). Many
fungal laccase genes have been cloned and the
expression of many laccase genes has been increased
by metals (Baldrian and Gabriel, 2002; Galhaup et
al., 2002) and nitro-aromatic compounds (Cheong et
al., 2006). The promoters of laccase genes have many
regulatory elements including a metal-responsive ele-
ment, CreA-binding site, stress-responsive element,
and a xenobiotic-responsive element (Galhaup er al.,
2002; Xiao et al., 2006).

Coprinellus (= Coprinus) congregatus Fries is a
mushroom forming fungus that is easily cultivated
and induced to form mushrooms under laboratory
conditions. This fungus produces several laccase iso-
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zymes during its development and produces sclerotial
laccases in liquid shake cultures older than 8 days.
Each of these laccase isozymes are membrane-asso-
ciated and are never secreted into culture supernatant
under normal growth conditions (Choi er al., 1987,
Choi and Ross, 1990). However, when a liquid
culture (pH 7.0) of this fungus is transferred to an
acidic liquid medium (pH 4.1), an acidic laccase is
secreted into the culture supernatant (Kim et al.,
1997). The pH of the acidic medium is neutralized to
higher than 5.0 after 24 h, at which time the fungal
growth rate increases (Choi e al,, 1994). cDNA of
the acidic laccase (c/ac2) gene has been cloned and
its expression under acidic conditions has been
confirmed (Kim et al., 2001).

In this study, a laccase genomic DNA fragment
which contained an ORF identical to the cloned
cDNA of lac2 (Kim et al., 2001) and the promoter
region (1.2 kb) has been cloned. Additionally, the
laccase ¢cDNA (clac?) gene was recombined to its
own promoter to generate a Plac2-lac? construct,
which was then inserted into a yeast vector (pRS316)
to monitor external factors for induction of the
laccase gene in yeast. Since the single cell yeast
shows a more rapid response against environmental
changes than filamentous fungi, we tried to examine
the expression of the laccase gene in the yeast. Here
we report a positive regulation of the lac2 promoter
by oxidative stress in Saccharomyces cerevisiae.
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Materials and Methods

Cloning of an acidic laccase genomic DNA fragment
C. congregatus monokaryon (al) cells grown in a
YpSs (Difco, USA) liquid medium for 1 day at 25°C
were immediately frozen in liquid N; and chromoso-
mal DNA was isolated by following the method
described by Kim (Kim ef al., 2001). The DNA was
partially digested with Sau3Al, then used to construct
a genomic DNA library with a Lambda DASH II kit
(Stratagene, USA). A DIG-labeled probe for the acidic
laccase gene was synthesized using the laccase cDNA
(clac2) as a template (Kim et al., 2001). Five phage
clones were selected through three consecutive confir-
mation screenings. Clone No. 1-5 was selected for
further analysis since it generated a 4-10 kb DNA
fragment when digested with BamHI, which fell within
the desired size range. When they were hybridized
with the laccase probe, a 4 kb fragment (No. 7148)
showed a strong band. This 4 kb BamHI DNA frag-
ment was subcloned into the pBluescript SK(+) vector
and its DNA sequence was determined. However clone
No. 7148 had only part of the structural gene with
promoter, therefore another DNA fragment (BamHI-
Bglll) was selected by Southern hybridization using
the clac2 probe. This DNA fragment was also cloned
and sequenced and appeared to have the downstream
portion of the structural gene and terminator. The
genomic gene of the acidic laccase (Jac2) and promoter
sequence were reported to the EMBL Nucleotide
Sequence Database and assigned accession numbers
AJ542532 and AY217088, respectively.

Construction of acidic laccase (clac2) expression vector
regulated by its own promoter

In order to combine the promoter region with lac2
c¢DNA, two specific primers were synthesized as follows:
forward primer; 5-GCTCTAGACTCTAGCAGTTG-3' with
a Xbal linker at the 5'-end, and reverse primer; 5'-AA
GGGGGGAGGAATTCA-3' with EcoRI linker at the
3'-end. When these primers were used for amplifi-
cation of the promoter using No. 7148 as the template,
a 1.2 kb PCR product was generated. Laccase cDNA
was also amplified using two specific primers as follows:
a forward primer comprised of the complementary se-
quence of the reverse primer for the promoter, and
reverse primer; 5'-GCTCTAGATCACAGTATATT-3' with
Xbal linker at the 3'-end. Each amplified product was
digested with two restriction enzymes and ligated
with pRS316 yeast transformation vector which was
previously digested with Xbal and dephosphorylized
for safe recombination. This final construct was des-
ignated as pRSlac2p-cDNA.
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Transformation of S. cerevisiae to uracil prototroph
using pRS316 and pRSlac2p-cDNA

S. cerevisiae KM3 (MATa, his3A200, trpIA101, ura3-
52) was grown on a YPD (1% yeast extract, 2% pep-
tone, 2% glucose) plate at 30°C. Yeast transformation
was carried out using pRS316 and pRSplac2p-cDNA
through the electroporation method (0.2 mm gap; 450
V, 150 pF, 99R). Transformants were selected using a
dextrose agar plate containing basal salts with amino
acid and vitamin mixtures excluding uracil (C-ura
plate). PCR was conducted to demonstrate the trans-
formation of pRSplac2p-cDNA using primers for the
lac2 ¢cDNA.

Determination of laccase promoter expression in
transformed yeast under the various stress conditions .
A transformant KM3 with pRSplac2-cDNA was
grown on a C-ura plate then transferred to the same
liquid medium. CuSO; 1 mM, MnSOs 1 mM, TNT
0.44 mM, or NaN;3; 1 mM was added to the C-ura
liquid medium and the laccase activities in both the
culture supernatants and the cells were determined in
each culture.

For adaptation against oxidative stress, a transfor-
mant was grown in C-ura liquid medium for 3 days,
then transferred to the same fresh medium plus 100 pM
H»0O, for 4 h. Adapted yeast cells were transferred to
new C-ura medium (10% v/v) with H,O; (0, 0.5 M,
1.0 M, and 1.5 M), then their growth was determined for
3 days at 12 h intervals by spectrophotometry at 600
nm. Total RNAs were isolated from the transformed
strain (KM3) under adaptation conditions (at H»O:
100 uM for 4 h and 24 h), and stress conditions (at
HxO; 1.5 M for 24 h and 48 h), then 15 pg of total
RNA from each culture was transferred to a nylon
membrane using a slot blot apparatus. Northern
hybridization was performed with a probe generated
by a Klenow reaction using laccase cDNA as the
template.

Results and Discussion

Sequence analysis of the lac2 genomic DNA
The 2,362 bp lac2 genomic DNA revealed the Lac2
ORF of 2,158 bp with 10 introns interrupted by 11
exons, encoding a protein of 526 amino acids (Fig.
1). The length of the predicted introns ranged from
50-68 bp. A putative TATA box was found 78 bp
upstream of the start codon and 34 bp upstream of
the mRNA starting site. The polyadenylation signal
was located 87 bp downstream from the stop codon.
The deduced amino acid sequence of Lac2 showed
96%, 96%, and 91% amino acid similarities when
compared with the laccases of Agaricus bisporus
(lcc2: Smith et al., 1998), Pleurotus ostreatus (poxl:
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gctgcagtgctgactgatttggggacatattetiggtegtcgaagtctag  -1158 GGTTCAGGCTGGTGTCGATTTCTTGCTCGCCATTCTTCACCTICTCCATC  +1043
actctageagttgggtttctaaggtggtgteactacctattggagoctce FRLY S I SCSPFFTFS |/
ctcgegagegtetgectcgacgactcactcattettgeccacacaatatca —1058 GATGGACATAGAATGgtacgt t tgccaatgaaatgtctctcaactcatet
agatgtgtgagatgaagggcetcccaacccacaggeggtgacagt tacaac D G H R M
tcgoggtcgaacgtcgaggtcaatcaagtegtcatggagtttattgtect -958 cteataattecctgecagACCATCATTGAAGCCGATGGAGAGAGTACCCA  +1143
tctgatittcotcctcact tgcagggccaggeagggcctcaaacgt tecga T /1 /I EA D GE S T Q
ccacacagagaagtatggagaataagttatcttcaaaattattacggtga -858 GCCCCTCGTCGTTGACAGCATTGACATTCACGCTGGCCAGCGCTACTCCT
acgegtggtgtatgtagtctctactgggatacaacggtggtaggaategg P LV VDO S I 0/ HAGQARY S F
ggtggetgtggtagtgtcactgacgetggtocet ttggctacgagagatac -758 TCGTCOTCGAGGCCAACCAGCCGRTCGLCAACTACTGGATTCGCTCAAAC 41243
gttagtttectttetttacttcacgtaagattggactgacgtccaggtga VL EANQPVANY W I RSN
tcaccgtggtgegt tcaacaatgaagggagect tgttgaggacatcetteg -658 CCCAACCGAGGCAACAGGGGCTTTGCTGGTGGACTCAACACTGCCATTCT
aatatgcgtgtggeactcagaacatcgectgectccgegacgacagggga PNARGNARGFAGGILNTA/L
ctatgaaagcaatgtgagtatgaatgttacaaget t tgaaggggtageac -558 TCGCTACGTCGGCGEGCCTGACGLGGACCCCGTGAAACCCAGEGACGTCG  +1343
aaagagctcacaggaatagaagccaacatgetggcagcgaggaagatggg R Y V GAFPDADPV KPS D VD
gaatccgaactgeatggtggatgaagacgatatgtgggggact t tgogag -458 ATGTCCCTGTTCCGGCTTTGCCTCTTGTTGAGACCAATCTTCACCCCCTC
gactcgttggtggggctcttgctettcaaccatectctatatattgtatt v eV PALPL VETNILHPL
tggcagagaccctacacagatttcct ttagetcgatacgaacacatatca -358 GAGAACCCTGCTGCACCAGGACCCCCTGCCCTCGGTGGAGAGGGLGTGAC  +1443
agatctcccegetcgatggagttctacctectggaatccagggagtegtg ENPAAPGPPALGGEGV T
ggctgtcaaatttttgttgcccaccgatgactcaaacegecgtttegegg -258 CGCCATCGAGCTTCAAATCGGCTTGCAAGGCCGTGAGTGGACCGTGAACG
gcacttgecgtcatcgeacggtctgt tgatgecgetcgegetgeggtcaa Al EL Q@ | 6L @ GREWT VNG
ggcaggcgagacceccgacgetcagggtacacctggtaaaggtcageggg -158 GGGCAACCTTCCACGAGCCGAACGAGCCGATTCTCCTCCAAACCCTCAAC #1543
ctgtgttcctacacaccttgecattacgtttcetgecgagetcagegaaca AT FHEPNEPFP | L L Q@ T LN
gtacggt tcagegggegetgt tggtgagagtgecgtcaget tcaagtcaa -58 GGAAAGCAAATGAACGAGCTTCTCCCCAACCAGGGCAGCCTTTTCCCGAT
ccaagttgcctgaacgtcctgaggtataaatacctctggaggtcaageag GK @M NELLPNGGS L F P/
tatgt t cCAACAAACTACATCTTCATTCTTTTCCTTTGAACATCTCCCC +43 CCCGAGGAACAGTGTCATTGAGTTGACCATGCCTGGCGGTGGTGCCGGTA 11643
GATGTTCAAGTTCGCCGTTCTCTCCCAGTTCGTAGCTTTGGCACTCGCTG PRNSV I ELTMHNWPGGGAGS
M FKFAV LS Q@FVALALA A GCCCTgtgegtctictatgtgateteaaat tgtcgaaacagegactgact
CCATCGGTCOGCAAGCGGACCTCTTTATCGGCAATGCCAATGTCGLGCCC +143
/G P QADL F | GNANVAP agagegeat tagCACCCCATACACTTGCACGGCCACATGTTCAGTGTCAT #1743
GACGGTTTTCAGAGATCgteagtgecagatactcaacccaaaagaatgea [P M HL HGHMHNF SV ]
0O G F Q@RS CAGGAGCACCAGTAACTCCACCCCCAACTTCGTGAACCCAATCAGGLGLG
cacgctgacgatggatggt tctgtaglGCCGCCCTGGCTGGCACAGATGE 1243 A S ASNSTPNF VNPV RARD
AAL A G T DA ACGTTGTCAGCCTTGGATCCAACACGGCCGACCGTGTCACCGTTCGCTTIC #1843
GAACTCTATGGTGTTCCCTGGCCCAGTCATCCAGGCCTTCAAGg taaacg Vv sL GSNTADARYV I VARF
NS MV FPGPYV I @AFK GTGACCGACAATGCTGGCCCTTGGATTATGCACTGat gegt tgtctagea
attggectggteacacaactgaggtcgeaagt toaccact teacacctee 4343 vV T DNAGPW I N
gtgtat tctagGGAGAGACCTTCAACATCAACGTCCGCAATCGATTGGLC agtcttttattgetegatgegetaaccttigegeccticattttagCCAC 11943
G ET FN I/ NV ARNALA
GACCCGTCGATGCTTCGCACGACGAGCAT Cgtgagtctat t tatagetgt +443 ATCGACTGGCATCTCGTCCAgtgagtatetttgattgetttatatgtcta
o P S ML RIT TS /0 W H LV H
geatcatgt tcggegetaaaacgaat tcagCACTGGCATGGTTTCCTCCA tctgateact taccatgatgat tcacagCGGCCTCTCCGTIGIGTTIGIG 2043
HWHGF L @ G L SV VFV
AGCTGGAAGCGCGTGGGCAGATGGCCCCGTAGGCGTTACGCAGTGCCCCA 1543 GAAGACATTGAGGGCA TCAGCGACAGCCAGLGCGTGGCCGg t gagt goag
Me¢6sAWADGPV GV T Q@ CPF I ED I E G/ S0 S QR VAE
TCGCACCGAACAGGGACT TCCTGTATACTTTTGCCACTGCTCGOCAGGCT cacatcatccagtccaacagetttcteaagtgtttcat tcgeagAGGATC — +27143
APNRARDODF L YT FATARZAAA 0 H
GGAACTTTCTGGTATCACTCTCACCATCgtacgecat tccecaccatecat 1643 ACCCGTGGCGCCAACTCTGCCCTATCTACGAGCAGGAGAAGCCTGACAAC
G T F WY HS HHRA P WAR QL CP I/ YV EQREKPDON
ctctgttggaccgetaatcaaataacgacacaccacagGriCICAGTACT GAGCCTTAAGTAGCATGTACCTACCCCTCCTTTGGACTTCAAGTTTCCCT 2243
E P *
GTGATGGTCTGCGAGGTGCAATGGTCGTCTACGACCCCGAAGACCCCCAC +743 GCCTGAGTCGGGCACTAATGTTCCCACCTCTGTATCACTATTGATATTTA
0 6L R GAMNVYV VY DPEDPH TTAACCTCACGAACGATAGAGAAACGCATAATAGCTATGCATTAGCGCAA 2343
CGCTCACTgtcagtgt tgtcatacgatgtgetgtgaacactccactgaag ATATACTGTGATCTGCTTTT/ aaaccatact tet tgtcgtccaaaat ttet
R S L teatgttectgetcggaggectggeaacaaat tet tegtgeaccggtegg
cgcaatatgt tccagATACGACGTCGACAACGAGGATACAATTATCACTC +843 tatgagatgaacgcatgatgaccagatagattccgatacctitcettccaa
Yy ovowNEODODT | ] TL ccaagaacacacacceegacgttttect tcetcaaageagegegaggect
TTGCTGATTGGTATCACCCTCCTGGTCCCGTTCTTGAGACACTCAACGTC cggtagtgeccaagtgtaagggecgtacaccetgatgtcgeggeacgeac
AD WY HPPGP VL ETL NV tgagtatgacccaattagtattggaactactacggtacgtgtgtgactag
GCTACTGCCAACTCCACCTTGATCAATGGAAAGGGTCGGTACCCCACAGG 1943 agggtatat taaggetaaaagagaaggaggaaaggtccgacgtcaccagt

ATANSTL I NVGEKGARYPTAE
ACCGACCACTCCGCTCGUAGTTGTCGRTGTCAC TGLCGGCAAGEGTTACA
P T TPLAVVGVIAGAHKRYRA

atgggtgacggeggaggct tccgatccaaacaagageaacgeaggtatga
gatagoggcetcgagggaccacecgt tacaccaagtceaccgggegatcag
gaggatatctatcgtyg

Fig. 1. Genomic DNA sequence and deduced amino acid sequence of lac2 in Coprinellus congregatus. Capital letters represent mRNA
transcripts, capital italics represent untranslated regions. Promoter, introns and flanking regions are written in lower case letters, and a
poly-A+ tail is attached bp 2,364 after the capital letter followed by a slash. TATA box and polyadenylation signals are underlined. Triangle
represents signal peptide processing site, and star represents the stop codon. Four copper binding sites are shaded.
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Giardina ef al., 1995), and Trametes versicolor (lccl:
Jonsson er al., 1995), respectively. Lac2 protein had
four conserved copper binding domains that are similar
to those found in other fungal laccases (Fig. 1).

Construction of expression vector for acidic laccase
¢DNA regulated by its own promoter

In order to construct an expression vector of the flac2
gene regulated by its own promoter (pRSlac2p-cDNA)
in S. cerevisiae, two DNA components were amplified
using specific primers then introduced into the multi-
ple cloning site of yeast vector pRS316 (see Materials
and Methods for details). The final pRSlac2p-cDNA
construct was confirmed by restriction enzyme digestion
and agarose gel electrophoresis. S. cerevisiae trans-
formed with the expression vector and transformants
were selected using the C-ura plate. Yeast transformants
carrying the Jac2 expression vector were confirmed by
PCR using lac2-specific primers on the total DNA of
each transformant to see the lac2-specific band (data
not shown).

Induction of laccase under the various stress conditions
in the transformed yeast

When the transformed yeast strain KM3 was grown in
the C-ura liquid media containing heavy metals (Cu
and Mn), TNT, and NaNs, no induction of the /ac2
transcript was observed (data not shown). In addition,
no laccase activity in the cell or the culture super-
natant was observed under acid stress in a liquid
medium (pH 4.1). Yeast cells usually show good
growth at pH 4.1 while many filamentous fungi,
including C. congregatus, showed almost no growth.
This may explain why there was no promoter induction
under acid stress in the transformed KM3. However,
when the KM3 cell was challenged to an oxidative
stress with H>O», laccase activity in the culture super-
natant was detected even though the specific activity
of acid laccase was lower than that of in C.
congregatus. The laccase activity from the induced
cultures was much lower than expected during the
early growth phase (12 h or earlier), and showed
almost no activity thereafter (data not shown).
However, the transformant showed a much increased
survival rate in the presence of H,O, (Fig. 2A). The
growth rate of the transformant strain was much
higher than that of the control strain transformed with
pRS316 vector (Fig. 2B). The expression of /ac2 by
H>0, was confirmed through the Northern hybridization
(Fig. 3). The expression level of 24 h culture with 1.5
M H,0; was higher than that of 48 h culture, which
was parallel to the growth curve. The growth of the
transformant with 1.5 M H>O, was fast during the
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first 36 h, then showed slower growth (Fig. 2B).
Even though the precise mechanism of the protective
action of the laccase in yeast against H.O, stress is
not yet clear, Lac2 was expressed resulting in a

A
B
1.4
1.2
! %ﬁ
o 08
O 06 _‘_——,r/‘
0.4 —E/E/Aa
0.2 - A .

12 24 36 48 60 72
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Fig. 2. Survival and growth in the selective liquid medium with
H,0; stress. A. Liquid cultures of transformant (KM3, upper panel)
and the control strain transformed with pRS316 (lower panel). The
concentrations of the H,O, are shown. B. Growth curves of the
liquid cultures of Fig. 2A. €, 0 M; m, 0.5 M; A, 1.5 M for the
transformant. <, 0 M; o, 0.5 M; A, 1.5 M for the control strain.
All experiments were run in triplicate, and the representative
results are shown. (Cultures of 1.0 M H>O, are not shown to
simplify the graph)

sy N

Fig. 3. Confirmation of lac2 expression by Northern hybridization.
Total RNA (15 pg) was loaded in each lane. Lane N, negative
control with pRS316 vector; 1, transformant KM3 (48 h culture)
with 1.5 M H20; 2, KM3 (24 h culture) with 1.5 M HyO»; 3,
KM3 (24 h culture) with 100 uM H,0»; 4, KM3 (4 h culture)
with 100 uM H,0,; 5, KM3 (24 h culture) without H>O; stress; P,
positive control with pRSlac2p-cDNA.
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positive effect on the survival against oxidative stress.

There are many reports of the laccase gene expression
under various conditions such as in the presence of
heavy metals, especially copper (Galhaup et al., 2002;
Xiao et al., 2006) several aromatic compounds such
as o-toluidine (Xiao et al., 2006), TNT and its catab-
olic intermediates (Cheong et al., 2006), and acid
stress (Kim et al., 2001). In the case of a fungal
pathogen, Cryptococcus neoformans, laccases have
been shown to synthesize melanin and contribute to
the fungal virulence and survival in macrophages.
Two laccase genes of this fungal pathogen showed
higher expression in response to oxidative and nitro-
sative stresses, and deletions of the genes with thiol
peroxidase resulted in peroxide sensitivity (Missall et
al., 2005). In this report, oxidative stress by H.O»
also induced the laccase expression in yeast cloned
from a mushroom forming fungus while there was no
induction by other stresses such as the presence of
heavy metal or toxic compounds. As a next step, we
will determine the regulation of the /ac2 promoter in
C. congregatus using green fluorescent protein as the
reporter gene.
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