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Lignin degradation by the white rot basidiomycete Phanerochaete chrysosporium involves various extracellu-
lar oxidative enzymes, including lignin peroxidase, manganese peroxidase, and a peroxide-generating enzyme,
glyoxal oxidase. Recent studies have suggested that laccases also may be produced by this fungus, but these
conclusions have been controversial. We identified four sequences related to laccases and ferroxidases (Fet3)
in a search of the publicly available P. chrysosporium database. One gene, designated mcol, has a typical eu-
karyotic secretion signal and is transcribed in defined media and in colonized wood. Structural analysis and
multiple alignments identified residues common to laccase and Fet3 sequences. A recombinant MCO1
(rMCOQ1) protein expressed in Aspergillus nidulans had a molecular mass of 78 kDa, as determined by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis, and the copper I-type center was confirmed by the UV-
visible spectrum. rMCOL1 oxidized various compounds, including 2,2"-azino(bis-3-ethylbenzthiazoline-6-sulfo-
nate) (ABTS) and aromatic amines, although phenolic compounds were poor substrates. The best substrate
was Fe?*, with a K, close to 2 pM. Collectively, these results suggest that the P. chrysosporium genome does
not encode a typical laccase but rather encodes a unique extracellular multicopper oxidase with strong

ferroxidase activity.

Lignin provides the protective matrix surrounding the cellu-
lose microfibrils of plant cell walls. This compound is second
only to cellulose in abundance, and its biodegradation is a key
step in the carbon cycle. This amorphous and insoluble poly-
mer lacks stereoregularity and, in contrast to cellulose and
hemicellulose, is not susceptibleto hydrolytic attack (16). White
rot fungi are the only known microbes capable of efficient
depolymerization and mineralization of lignin (6).

In culture, white rot fungi secrete an array of peroxidases
and phenol oxidases. These enzymes act nonspecifically via the
generation of lignin free radicals, which undergo spontaneous
cleavage reactions (28). Lignin peroxidase (LiP) oxidizes phe-
nolic and nonphenolic substrates by one electron, whereas
manganese peroxidase (MnP) oxidizes Mn?* to Mn®. The
latter enzyme, chelated by organic acids produced by the fun-
gus, oxidizes phenolic residues to phenoxy radicals (21, 22, 26,
41). Both peroxidases proceed through the conventional per-
oxidase cycle, which involves the so-called compound I, com-
pound I, and resting enzyme (34, 46, 47).

Blue copper phenol oxidases, also known as laccases, repre-
sent a third type of enzyme activity implicated in lignin degra-
dation (44). Laccases catalyze the one-electron oxidation of
phenols, aromatic amines, and other electron-rich substrates
with the concomitant four-electron reduction of O, to 2H,0.
Laccases belong to a large family of multicopper oxidases
(MCOs) that also includes ascorbate oxidase, Fet3 ferroxidases,
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and ceruloplasmin. Only two family members, fungal Fet3 (1)and
vertebrate ceruloplasmin (49), efficiently oxidize ferrous ions.

The involvement of laccase in ligninolysis is well established
in Pycnoporus cinnabarinus, a fungus that lacks LiP and MnP
(15). Dozens of closely related laccase genes have been char-
acterized from several lignin-degrading fungi. However, some
white rot fungi appear not to produce laccase, suggesting that
this enzyme may not be essential for lignin decay (23). For
decades, the most intensively studied white rot fungus, Phan-
erochaete chrysosporium, was thought to belong to this group
(16, 23, 28, 44). Recently, however, laccase activity was detect-
ed in P. chrysosporium cultures grown under certain conditions
(13, 39, 42), but these results have notbeen widely accepted (37).

In an attempt to resolve the issue of laccase activity in
P. chrysosporium, we searched the publicly available genome
database (www.jgi.doe.gov/programs/whiterot.htm) for laccase-
encoding sequences. Four clustered MCO-encoding sequences
(mcol to mco4) were identified, but none corresponded to a
sequence encoding a conventional laccase. Structural analysis
and heterologous expression of mcol support the hypothesis
that there is a new branch in the MCO family distinct from
fungal laccases.

MATERIALS AND METHODS

Strains. P. chrysosporium homokaryotic strain RP-78 and dikaryotic strain
BKM-F-1767 were obtained from the Center for Mycology Research, Forest
Products Laboratory, Madison, Wis. Aspergillus nidulans A122 (pyrG89 pabaAl
fwAl ua Y9) was obtained from the Fungal Genetic Stock Center (Kansas City,
Kans.).

cDNA cloning and analysis. Poly(A) RNA from P. chrysosporium was ex-
tracted from colonized wood chips and from mycelium grown in defined media
containing wood-derived crystalline cellulose (Avicel PH-101; Fluka Chemi-
ka, Buchs, Switzerland) as the sole carbon source. mcol cDNA was obtained
by reverse transcription (RT)-PCR of RNA purified from day 6 cultures of

6257



6258 LARRONDO ET AL.

P. chrysosporium grown on Avicel medium (51). RT-PCR amplification of mcol
cDNA was primed with oligonucleotides flanking predicted translational start
and stop codons (45 nucleotides upstream, 5-CCCATCCTTCACTTTGCATT
A-3"; 47 nucleotides downstream, 5-AAGCGGCACCGAGGCTGGTA-3).
RT-PCR was conducted as described previously (19, 51), with slight modifica-
tions. The RT reaction was conducted by using Moloney murine leukemia virus
reverse transcriptase (Invitrogen, Carlsbad, Calif.) for 45 min at 42°C. The PCR
was performed for only 27 cycles by using high-fidelity polymerase (Pfu; Strat-
agene, La Jolla, Calif.). Nucleotide sequences were determined with an ABI
Prism Big Dye terminator cycle sequencing kit (Perkin-Elmer Applied Biosys-
tems, Foster City, Calif.) and ABI automated sequencers. The nucleotide se-
quence of the mcolA gene is available at www.jgi.doe.gov/programs/whiterot.htm
and lies on scaffold number 56 between coordinates 152,341 and 155,044.

Multiple-sequence analysis. All multiple-sequence alignments were con-
structed by using the command MALIGN in the MODELLER software, version
6v1l (www.salilab.org/modeller/modeller.ntml) (40). Default gap opening and
extension penalties of —500and —100were used to construct all the initial
alignments. The final optimal values were obtained by refinement through an
iterative process of alignment and manual inspection of the output, verifying that
the highly conserved residues of MCOs involved in copper binding, which are
spread over the sequence, were properly aligned. In the case of alignments of two
or more blocks of sequences, more permissive values were used.

Structural comparisons. The optimal structural alignment of known pro-
tein structures was obtained by using the command MALIGN3D in the
MODELLER software, version 6v1l (40), with gap opening and extension pen-
alties of 1.5 and 4.0, respectively. Based on this initial structural alignment, the
protein structures were optimally superimposed in three-dimensional space by
using the a-carbons of the main chain and the command SUPERPOSE in the
MODELLER software. After superimposition of the structures, the final optimal
structural alignment was obtained, in which two residues were considered struc-
turally equivalent (or aligned) if the Ca-Ca distance between them in three-
dimensional space was less than 4.0 A.

Dendrogram construction. All dendrograms were constructed from multiple-
sequence alignment data. The command ID-TABLEin the MODELLER soft-
ware, version 6v1 (40), was used to calculate the pairwise sequence identity
distance matrix for all sequences in the multiple alignment. The distance matrix
was analyzed by using the program cluster, version 1.03, of Peter Kleiweg (http:
[lodur.let.rug.nl/~kleiweg/clustering/clustering.html) to construct the dendro-
gram. The clustering algorithm used was the group average method with Euclid-
ean distance.

Plasmids, genetic construction, and transformation. The mcol expression
vector (pEXPmcol) was constructed by overlap extension (24). The expression
cassette included the Aspergillus oryrae TAKA amylase promoter fused to the
entire mcolB cDNA coding region (with signal sequence) followed by a 199-bp
fragment containing the glucoamylase terminator from Aspergillus awamori (27).
The selectable marker, pyrG, was obtained from the Fungal Genetics Stock
Center. Cotransformation of A. nidulans A722 with pEXmcol and pyrG was
performed as described previously (31).

Five hundred milliliters of Aspergillus minimal medium containing 5% maltose
(31) was inoculated with 107 spores mI! and incubated for 3 days at 30°C in an
orbital shaker (125 rpm). Alternatively, transformants were grown in medium
containing 0.5% yeast extract and 5% maltose.

Enzyme purification and analysis. Following filtration through Miracloth
(Calbiochem Inc., La Jolla, Calif.), 1 liter of day 3 culture medium of A. nidulans
was concentrated 10-fold by filtration in a 185-ml Amicon cell with a 10-kDa-
cutoff membrane. The concentrate was dialyzed twice against 500 ml of 25 mM
sodium acetate (pH 4.5) and loaded onto a Q-Sepharose column (1.75 cm? by 18
cm) equilibrated with the same buffer (33). The protein was eluted with a 250-ml
linear gradient of 50 to 350 mM NaCl dissolved in 25 mM sodium acetate (pH
45); 1.8-ml fractions were collected. Recombinant MCO1 (rMCO1) eluted at
100 mM NaCl. Active fractions were pooled and concentrated by dialysis against
solid polyethylene glycol 35,000.

Enzyme activity was measured at 30°C with a Shimadzu (Kyoto, Japan) 160
UV-visible recording spectrophotometer. To determine laccase activity, 2,2’-
azinobis(3-ethylbenzthiazoline-6-sulfonate) (ABTS) was used as the substrate.
Standard reaction mixtures (1.0 ml) contained 4.33 mM ABTS (Sigma) in 100
mM glycine (pH 3.0) as the buffer. One unit was defined as the amount of
enzyme required to oxidize 1.0 pmol of ABTS per min. As indicated below, other
compounds were also tested as substrates. Ferroxidase activity (oxidation of Fe*
to Fe3*), was monitored spectrophotometrically at 315 nm (De = 2,200 ML
cm1) (9). A YSI model 53 oxygen monitor fitted with a Gilson single-port 1.8-ml
reaction chamber was used to measure oxygen consumption. (For comparative
purposes, parallel studies were conducted with recombinant laccase from the
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basidiomycete Ceriporiopsis subvermispora [rLcs1] expressed in A. niduluns [30]
and with commercial laccase 51002 [Novozymes, Bagsvaerd, Denmark].) Except
as indicated below, all oxidase assays were conducted in 100 mM sodium acetate
buffer (pH 5.0).

Zymograms obtained by using sodium dodecyl sulfate (SDS)-polyacrylamide
gel electrophoresis were prepared as described by Laemmli (29). Samples were
applied in nonreducing denaturing loading buffer without boiling and were
electrophoresed at 4°C. Gels were fixed in a solution containing 10% acetic acid
and 40% methanol for 10 min and then incubated at room temperature in 100
mM glycine buffer (pH 3.0) containing 4.33 mM ABTS or in 100 mM sodium
acetate buffer (pH 5.0) containing 1 mM o-dianisidine for 10 min. For ferroxi-
dase activity, gels were directly incubated in 0.5 mM Fe?* in 100 mM acetate
buffer (pH 5.0) for 20 min and then incubated in a new solution consisting of the
same buffer and 0.25 mM batophenanthroline-disulfonic acid for 10 min.

Nucleotide sequence accession number. The mcolB cDNA sequence has been
deposited in the GenBank database under accession number AY225437.

RESULTS

Identification and characterization of mcol. Blast analysis of
the P. chrysosporium genome (http://www.jgi.doe.gov/programs
/whiterot.htm) resulted in identification of four sequences dis-
tantly related to laccases (<31% amino acid identity). For
pairwise comparisons of the four putative MCOs, the levels of
amino acid identity ranged from 52 to 78%, but only mcolA
had a typical eukaryotic secretion sequence, as predicted by
SignalP (http://www.cbs.dtu.dk/services/SignalP). Primerswere
designed based on this sequence, and a cDNA was obtained
following RT-PCR amplification of RNA from P. chrysospo-
rium BKM-F1767 grown for 6 days on Avicel medium. The
cDNA (GenBank accession number AY225437) corresponds
to the allelic version of mcolA. The mcolB cDNA also was
RT-PCR amplified from 2-week-old wood chip cultures (45),
and its identity was established by direct sequencing. The al-
lelic cDNAs and proteins are 99.2 and 99.3% identical at the
nucleotide and amino acid levels, respectively. Comparison of
cDNA and genomic sequences resulted in identification of 19
introns. Both mcol alleles encode a 559-amino-acid protein
that has a putative 16-amino-acid leader sequence. The de-
duced mature protein has a predicted molecular mass of 59.1
kDa and a pl of 4.58. BlastP searches of public databases
showed that MCO1B is most closely related to Arxula adenini-
vorans ferroxidase (32% identity), followed by laccases from
Coriolus versicolor and Trametes villosa (31%). Cladistic
analysis placed MCOL1 in the ferroxidase family, not in the
laccase family (data not shown).

Structural comparisonof MCOs. To help clarify the unusual
structural features of MCO1, we analyzed the nonredundant
known structures of MCOs. Coprinus cinereus laccase (Protein
Data Bank [PDB] code 1A65 [14]), Melanocurpus albomyces
laccase (PDB code 1GWO [20]), Trametes versicolor laccase |
(PDB code 1GYC [36]), T. versicolor laccase Il (PDB code
1KYA[5]), and ascorbate oxidase from Cucurbita pepo (zuc-
chini) (PDB code 1A0Z [35]) were optimally superimposed in
three-dimensional space, and this analysis revealed 403 struc-
turally equivalent positions with a total root mean square
deviation over these positions of less than 1.5 A. At these
positions, 72 identical residues were conserved in all of the
structures. Multiple-sequence alignments of ascorbate oxi-
dases and laccases, including MCOL1, showed that there
were 41 conserved positions, 13 of which were directly in-
volved in the binding of copper (data not shown). Most of
these residues were glycines, prolines, or aromatic and
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FIG. 1. Structural superimposition of MCO loops involved in sub-
strate binding. Three-dimensional superimposition of T. versicolor
1KYA (red), T. versicolor 1GYC (pink), C. cinereus 1A65 (orange),
andM. albomyces IGWO (blue) laccasesand zucchini 1GY Cascorbate
oxidase (green) is described in Materials and Methods.

charged residues. Unfortunately, Fet3 could not be included
in this comparative analysis due to a lack of crystallographic
data.

The putative substrate binding regions were identified and
compared with those of other MCOs. This analysis was based
on structural superimposition and the three-dimensional coor-
dinates of T. versicolor laccase, a high-resolution structure re-
cently solved in the presence of complexed substrate (36). This
analysis revealed four loop regions, designated loops I, II, 11,
and IV, responsible for substrate binding specificity (Fig. 1).
The MCO1 sequence was compared with the structural align-
ment, and the structural loop regions mapped to the primary
sequence of this protein. High sequence variability was ob-
served in all these regions of the selected proteins, and the
MCOL1 loops were generally larger than the other regions (Ta-
ble I).

Sequence analysis of substrate binding loops. The sequence
variation within the four substrate binding loops was analyzed
independently for each class of the MCOs. A set of nonredun-
dant protein sequences was selected from laccases, ascorbate
oxidases, and ferroxidases, and a multiple alignment was con-
structed for each class of proteins. The MCO1 sequence was
aligned with each multiple alignment, and the loop regions
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were identified (Table 2). These alignments revealed substan-
tial similarity between loops Il and IV of MCO1 and the
corresponding regions in ferroxidases, whereas loop | of
MCO1 most closely resembled the ascorbate oxidase sequence.
Loop Il of MCO1 had certain residues in common with ascor-
bate oxidases, and other loops had residues in common with
ferroxidases. Overall, the analysis of substrate binding loops
suggested that MCO1 is more closely related to ferroxidases
and perhaps ascorbate oxidases than to the laccases.

Additional features are common to MCO1 and ferroxidases.
MCOL1 residue Glu-214, equivalent to Glu-185 of Saccharomy-
ces cerevisiae Fet3, is not present in ascorbate oxidases and
laccases and has been shown to be essential for ferroxidase
activity (7). Other residues shared by the MCOl and Fet3
proteins but absent in ascorbate oxidases and laccases include
Glu-179, Glu-214, Pro-217, Gly-253, and Asn-455, while Thr-
244 and Asp-457 are also absent in laccases but present in
ascorbate oxidases. Despite the significant homology with Fet3
family members, MCO1 lacks the COOH-terminal transmem-
brane domain common to ferroxidases (12).

Heterologous expression of mcol. To obtain large quantities
of protein for biochemical characterization, mcol cDNA was
expressed in A. niduluns under control of the A. oryzae TAKA
amylase promoter. Following enzymatic assays, transformants
with consistently high activity were selected for further analy-
sis. Cultures in Aspergillus minimal medium containing 5%
maltose exhibited a maximum of 2.94 U of extracellular fer-
roxidase activity per ml on day 3 (equivalent to 0.2 U of laccase
activity per ml as determined with ABTS), and the activity
declined slowly up to day 6. The final yields were close to 30
mg/liter of culture. The enzymatic activity was similar when
medium containing 0.5% yeast extract and 5% maltose sup-
plemented with 100 uM CuSO, was used.

Enzyme purification and characterization. Purification of
rMCO1 with Q-Sepharose yielded approximately 6 mg of a
purified enzyme with a molecular mass of 78 kDa per liter of
culture (Fig. 2). During fractionation, the presence of the en-
zyme was monitored by its blue color. Zymograms conducted
in SDS-polyacrylamide gels under nonreducing conditions re-
vealed the presence of only one major band with strong
oxidase activity (Fig. 2). The purified rMCO1 (2 mg/ml) had
the distinctive UV-visible absorbance spectra associated with
type | (606 nm) and type Il (330 nm) copper centers, con-

TABLE 1. Structural alignment of substrate binding loops in MCOs and the predicted MCO1 protein?

Protein®

Loop I° Loop I Loop I Loop IV

Ascorbate oxidase 1A0Z 1522QEVGLSSKP IRWIGEPQ68 280\/GTRARH —= PN — —TR— ————RG292 353 QNVINGY —VKWA 363 433N _ANMMKENLSET 444
Laccases

1KYA 199G PA————— FPLGAD'®® 261 ANPN—————— FG---NV-GFTGGIN?"®  *2FENG————— TNFF3®  38A_TAAA___PGAP®?

1A65 199 Qo GAA-QPD' 260 AQPN————— | KGRNGLAGTFANGVN?7®  335pEgG_____ GRFT3!  389A_GV_____ LGGP **

1GWO0 " LVHFTQ — —-NNAPPFSD % 290V TEGGQAACGGS — —kN—PH— — P 383 p| TGTPLFVWK 34 21N —BPEGP —— FSLP430

1GYC 106G, PRo————— FPLGAD®® 201 ANPN------ FG--— TV-GFAGGIN?®  332FN_—___ GTNFF®® 38 A- TALA___PGAP 3%

MCO1 19 | NAQYLSPSGPIGGSAG?2  *10TLQQ----- TDMFTYKLPGQNPDN?®?® 37 EDNLPSGASRAY 3% **8\L DLVLENNDNGD*®

@ Structures were optimally superimposed in three-dimensional space, and the variable regions were identified. Based on the structure of the PDB code 1KYA
laccase, which was solved in the presence of a natural inducer at the substrate binding site, the subset of variable regions in close contact with the ligand was identified
in all the structures. A subset of four variable loops was finally obtained. The structural alignment of the proteins (generated after optimal superimposition of all the
structures) was aligned with the MCO1 sequence which allowed mapping of the four variable structural regions in contact with the ligand to the MCO1 protein

sequence.
b All known structures of MCOs were obtained from the PDB (4).

Primary sequences of selected loops, along with the sequential numbering of the Ranking residues, are show for all MCOs with known structures and MCO1.
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TABLE 2. Sequence alignment of substrate binding loops in MCOs?
Protein Loop | Loop Il Loop I Loop IV
Laccases
Phanerocaete chrysosporium MCO1 LNAQYLSPSGPIGGSA TLQQTDMFTYKLPGQNPD-N FDNLPSGASRAYM VLDLVLENNDNGD
Cryptococcus neoformans Lac 1 IAALATPEGYKGNIA T--SVA-LSCMFGAVSQE-G ~NVLGNTFQGYGF ===T-V1---D--
Cucumis cinereus Lac -1PA---P-SIQG--A AQPNKG-RNGLAGTFANGVN --QLGFSGGRFT1 ---AGVL---GGP
Trametes villosa Lcc3 ~TPA-————- PL-——- ANPNRANTTGFANGI----N ----TFNGSEFFI ---GGVT---GGP
Ceriporiopsis subvermispora Lcs-1 -AAA-———- STLT--F ANPNNG-NMGFANG I ----N -——-TFNGTNLF1 ---GNI1---AGP
Agaricus bisporus Lcc-1 ~ILAPDATNEFFSSGI A-PMTGGNPDRNPNLNISLT —-——AQPNAPFFDI -==G----—- EGA
Thanatephorus cucumeris Lac4 -VLEKQMFSTNNTALL A-PMTVAGAGTNANLDPTNV -RSTVDGILRFTF ---HHR----GAD
Cryptococcusparasiticus Lac -TAD--ELVVYTQSNA VTFGGGGFCGKSNNPY---P -——=STTTRKWTI -——ATGN---ALP
Pleurotus ostreatus Pox1 -WA--————— PQNAV ADPNLG-STGFDGGI----N --AFDVTNFELTI -——ALAV---GGP
Trametes versicolor Lac3 -VAA--———- NVGPAF ANPNFG-NVGFTGGI----N --—-NFNGTNFFI1 ---ATAA-APGAP
Trametes versicolor Lcc2 -TAA--———-— RLGPRF ANPNFG-TVGFAGGI----N ~~=~NFNGTNFFI -——ATAL-APGAP
Nicotiana tabacum Lac -TEAVINEAIKSGLA- ASPFMDAPIAVDNVT----A MPTVALLQAHFFG ---DTGI1APEN-
Melanocarpus albomyces Lac -RAA-DDLVHFTQNNA VTFGGQAACGGSLNPH---P -DLTGTPLFVWKV ---EGPF---SLP
Class  mmmmmmmmmeeem STmmooooooooooooo—o— mmmmmmems XX===
Al s
Ascorbate oxidases
Phanerochaete chrysosporium MCO1 LNAQYL-S-PSGP IGGSAG TLQQTDMFTYKLPGQNPDN FDNLPSGASRAY VLDLVLENNDNGD
Cucurbita pepo LaoZ QEVG-LSSKPIRWIGEPQ- TRARHPNTPPGLTLLNYLP LPPTPYLGAMKY QNANMMKENLSET
Arabidopsis thaliana AOZ QELA-LSSRPMRWIGEPQ- VRGREPKTPQALTVINYVD VPVTPYLGSIRY QNANVLKGVISEI
Cucurbita melo AOZ QEVG-LKSNPMRWIGELQ- VRGRKPKTSPALLLFNYLP LPSTPYLGAIKF QNANALTNNTSEI
Medicago truncatula AOZ QEVG-LSSAPMRWIGEPQ- VRGRKPSTPQALTILNYKP LPTTPYLGSIKF QNANQLNGNGSEI
Nicotiana tabacum AOZ QEVD-LSSNPLRWIGEPQ- VRGREPKTPQGLTLLNYLP LPTQLYLGSIRY QNANALAKDVSEI
Class XX===X=X=X=XXXXX-X~ ~X-X-X=X-==X---XX-- =K== XXX==== XXXX====== XX-
All -----0-0-0---00---- = e — — 0———0—————————
Ferroxidases
Phanerochaete chrysosporium MCO1 L-NAQYLSPSGPIGGSA TLQQTDMFTYKLPGQNPDN FDNLPSGASRAY VLDLVLENNDNGD
Neurospora crassa Fet3 L-QPRFMSKYNP----T ASMDTTLFDT-IPPGLNTN MNNLASGANYAF IVQIVLNNLDSGR
Arrula adeninivorans Fet3 LNKEEFLTLYNP----T SIFDENLFDV-1PSDLGMN MTNLDNGVNYAF WEIVVNNNDAGF
Saccharomyces cerevisiae Fet3 L-1PNFMSRFNP----T QRVDDTMLDV-1PKDLELN MDNLDDGVNYAF VIEIVLNNLDTGK
Schizocaccharomyces pombe Fet3 LVPDEFKTWKNP----T AYMDESLFDT-IPDNYNPN FFTLGDGANYAE WDV I IDNHDTGK
Candida albicans Fet3 I1-GPAFLTRFNP----T NGVDTTMLDS-VPADLQVN MNVLNDG INYAF IVDIVLNNFDTGK
Saccharomyces cerevisiae Fet3 L-TKSFMSVYNP----T QKFDDTMLDV-1PSDLQLN MDNLKNGVNYAF IVEIVLNNQDTGT
Class === X-===XX----X —==X-===X===X-==-- X ——=X---X-XXX- XXX
AL e ———— O————— | 0--—-- 0 ---0--0---0- e —0—=0—-0—

#Within each class of MCOs (laccases, ascorbate oxidases, and ferroxidases), a subset of sequences, excluding close protein homologues, was selected and aligned.
Multiple alignments containing the selected sequences for each class were independently realigned with the MCO1 sequence. The MCO1 regions predicted to be in
contact with the substrate ligand (Table 1)were mapped in these multiple alignments, which allowed identification of the correspondingregions in laccases, ascorbate
oxidases, and ferroxidases. For each protein class, conserved identical residueswithin the group of selected sequencesare indicated by X. Residuesconserved in each
group and in the MCO1 sequence are indicated by boldface type and by O in the alignment.

firming the presence of these centers, as originally inferred
from the deduced protein sequence (data not shown). When
rMCO1 was analyzed by isoelectric focusing, six defined iso-
formswith oxidase activitywere observed. The PIs of the bands
ranged from 3.5t0 4.3. Due to the strong absorption of the type
| copper, it was possible to identify some of the isoforms (Fig.
3).
)Oxidase activity. Different compounds were tested as
rMCO1 substrates. All three enzymes oxidized the aromatic
amines 1,4-phenyldiamine and o-dianisidine. However, com-
pared to the activities of laccase 51002 and rLcs1, phenolic
compounds, such as cathecol, 2,6-dimethoxyphenol, and guia-
col, were relatively poor substrates for rMCO1 (Table 3). Ox-
idation of 2,6-dimethoxyphenol and syringaldazine, substrates
routinely oxidized by laccases, also occurred at low levels or
was undetectable. The optimum pH for rMCO1 oxidation of
ABTS was 3.0, which is similar to the optimum pHs of other
laccases. The K,, for ABTS was 0.74 mM, which is 10- to
20-fold higher than the K, values for most laccases. In con-
trast to some bacterial MCOs (17,18),rMCO1 could not oxidize
Mnll (data not shown). rMCOI clearly differed from laccase

kDa
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81 ==
49 —
37 =%
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FIG. 2. Zymogram of rMCO1. Two-microgram portions of enzyme
obtained after fractionation in Q-Sepharose, either treated with R-
mercaptoethanol (lanel) or untreated (lanes 2, 3, 4, and 5), were
subjected to SDS-polyacrylamide gel electrophoresis. The proteins
were stained with Coomassie blue (lanes 1and 2), stained for oxidase
activity with ABTS (lane 3) or o-dianisidine (lane 4), stained for fer-
roxidase activity directly with Fe2* (lane 5), or negatively stained with
batophenanthroline-disulfonic ~ acid (lane 6).
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FIG. 3. Isoelectric focusing of rIMCO1. (A) Direct visualization of
40 ug (0.25 U) of rMCO1 from the Q-Sepharose pool. (B and C)
rMCO01 (0.04 U) was stained with Coomassie blue (B) or developed
with 1,8-diaminonaphtalene (C) as described in Materials and Meth-
ods. Units were defined with ABTS.

51002 and rLcsl in the high level of activity observed with
Fe2* (Table 3).

Ferroxidase activity. rMCO1 oxidation of Fe** followed
typical Michaelis-Menten Kinetics (9) (data not shown). The
ferroxidase activity of rMCO1 was inhibited >90% by 1 mM
EDTA or 1 mM sodium azide. After incubation for 1 h at 60°C,
the enzyme retained 55% of its activity. The optimum pH, as
measured with sodium acetate as the buffer, was 3.4 (data not
shown). To allow comparison with Fet3, all kinetic parameters
were determined at pH 5. The K, and k. for Fez oxidation
were about 2.05 uM and 2,450 mint, respectively. This K, is
considerably lower than the values obtained for oxidation of
aromatic substrates, which fell in the millimolar range (data
not shown). In aggregate, rIMCO1 more closely resembles a
ferroxidase than a laccase.

DISCUSSION

Lignin-degrading fungi secrete various oxidative enzymes,
including LiP, MnP, and laccase. Some species produce all
three enzymes, other species produce two of the enzymes, and
some apparently produce only one enzyme (23). Laccase and
MnP activities are easily measured in cultures of efficient lignin
degraders, such as C. subvermispora and Phanerochaete sordida.
No LiP activity has been detected in cultures of these fungi,
yet inexplicably, LiP-like sequences have been PCR amplified
from the genomes of both species (38). Another white rot
fungus, P. cinnabarinus, produces only laccases, and mutants
deficient in this enzyme are unable to degrade lignin (15).
Peroxidized lipids (3, 25) and low-molecular-weight com-
pounds (10) have been implicated as mediators in the attack of
nonphenolic residues by MnP and laccase, respectively.

For many years, the conventional view was that P. chryso-
sporium produces only LiP and MnP (16, 23, 28, 44). More
recently, however, in several reports workers have described
low laccase activity under culture conditions that differ from
those typically employed. These conditions include high con-
centrations of nitrogen and copper (39), the use of cellulose
instead of glucose as a carbon source (42), and growth in
semisolid cultures (13). However, it has been suggested that
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laccase identification based on ABTS oxidation may be mis-
leading due to an artifact caused by Mn3* (37).

In this work, we searched the P. chrysosporium genome da-
tabase and identified four sequences with homology to MCOs,
all of which were clustered in a 25-kb region. In addition, a
gene encoding a membrane-anchored ferroxidase, highly ho-
mologous to S. cerevisiae fet3, was identified at a separate locus.
Of all the MCO genes, only mcol featured a predicted secre-
tion signal. Comparisons of MCOL1 to fungal laccases revealed
all of the histidine and cysteine residues that participate in
copper binding, but the overall sequence similarity was low.

MCOL1 has several characteristics that are unique for an
MCO. In some regions it shares residues with ascorbate oxi-
dases but not with laccases, while other segments have some
similarity to laccases but not to ascorbate oxidases. MCOL1 also
has significant similarity to Fet3 proteins, especially with the
ferroxidase from Arxula adeninivorans (48). Together with iron
permease Ftrl (43), Fet3 plays a key role in iron homeostasis.
Interestingly, Cryptococcus neoformans laccase also has some
iron oxidase activity (32, 50), shares certain structural features
with ferroxidases (Table 2), and belongs to the same group as
MCO1 (data not shown).

Based on structural alignments, MCOL1 has substantial ho-
mology with Fet3 proteins but not with laccases in several
regions close to the copper centers, such as loops Il and 1V
(Table 2). High levels of sequence divergence of laccases in the
four loops might explain their extended substrate range.

Several studies have focused on identification of the struc-
tural determinants that confer ferroxidase activity on MCOs
(2, 7, 8). Glu-185 and Tyr-354 are essential for the oxidation of
Fe?* by Fet3 from S. cerevisiae. These two residues are con-
served in all known Fet3 proteins and are absent in ascorbate
oxidases and laccases, including the C. neoformans laccase.
MCOL has the equivalent Glu-185 residue but has an Arg-396
residue instead of a Tyr-354 residue, suggesting that Glu-185,
but not Tyr-354, is essential for Fe?* oxidation. However, it is
possible that Tyr-398 could serve the function normally served
by Tyr-354. Like all ferroxidases that have been described,
MCOL1 has a Leu residue as the P4 ligand for type | copper,

TABLE 3. Substrate specificities of rMCO1, laccase from
C. subvermispora, and laccase 51002

Oxygen consumption (nmol/min)?2

Compound

rMCOl Laccase 51002 rLesl
Fe 39 8.6 4.6
o-Dianisidine 23 35 28
p-Anisidine 9.0 51 9.2
1,4-Phenyldiamine 52 37 23
2,6-Dimethoxyphenol 5.1 52 23
Syringaldazine 0 28 12
ABTS 3.2 52 21
Guaiacol 18 44 17
Gallic acid 46 32 7.4
Phloroglucinol 0 15 19
Pyrogallol 55 52 12
Resorcinol 11 44 18

aAverages for triplicate assays performed with 1 pg of enzyme in 0.1 mM
acetate buffer (pH 5.0). In most cases the substrate concentration was 1 mM; the
concentration of syringaldazine used was 0.1 mM.
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while most laccases have a Phe residue and most ascorbate
oxidases have a Met residue at this position.

The mcol cDNA was expressed in A. nidulans, and the
corresponding protein was characterized. In vitro assays with
several substrates and a characteristic spectrum confirmed that
mcol encodes an MCO. The deduced molecular mass of the
enzyme was 59.1 kDa, which is 75.7% of the experimentally
determined molecular mass (78 kDa). The difference could be
partially attributed to N glycosylation, because treatment with
endoglycosidase decreased the apparent size approximately 10
kb (data not shown). Assuming that digestion of N-glycans was
complete, the difference in molecular mass could be attributed
to O-linked glycans. The predicted and observed molecular
masses of MCO1 are similar to those of numerous fungal
laccases (44), all of which are rather different from laccases
found in cultures of P. chrysosporium (i.e., 100 kDa [42] and
46.5 kDa [13]).

The substrate specificity of rMCOL is different from that of
previously described laccases. The oxidation of commonly used
laccase substrates, such as 2,6-dimethoxyphenol, syringald-
azine, and ABTS, was substantially less with rMCOI than with
the C. subvermispora enzyme or the commercial product (Ta-
ble 3). With ABTS, perhaps the most widely used laccase
substrate, the K, of rIMCO1 was almost 10-fold higher than the
values for most laccases. Other phenolic compounds also were
poor substrates. In contrast, rMCOI had a high level of fer-
roxidase activity, with a K,, on the same order of magnitude as
that described for Fet3 (11).In addition, considerable oxidase
activity with aromatic amines was observed, a property com-
mon among Fet3 proteins (7, 11). On the other hand, the
optimum pH of rIMCO1 (pH 3.4) is lower than the optimum
pHs of Fet3 family members, which are near pH 5.0 (11). In
short, MCOL is a novel fungal MCO with a strong ferroxidase
activity but lacks the canonical domains of Fet3 proteins.

The substrate specificity of MCOI suggests a possible role in
regulating reactive oxygen species. It is well-known that the
oxidation of Fe?* by H,0, leads to production of hydroxyl
radicals through the Fenton reaction (Fe?* + H,0, ® Fe3*+
OH-+ 'OH). These highly reactive radicals nonspecifically
attack all wood polymers and are probably the main agents that
cause rapid cellulose depolymerization by brown rot fungi. An
unanswered question has been how white rot fungi modulate
Fenton reactions, which might otherwise result in toxic levels
of hydroxyl radicals. mcol and three other geneswith potential
ferroxidase activity in P. chrysosporium may play a role in
modulating Fe?* availability. A similar function was proposed
for C. neoformans laccase (32, 50).

In summary, both structural and biochemical data suggest
that MCOI is a new type of MCO that shares some features
with laccases and Fet3 proteins. We are now measuring the
expression of mcol in P. chrysosporium under different cultural
conditions and determining what role, if any, this enzyme has
in lignocellulose degradation.
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