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Four isozymes of manganese peroxidase (MnP) were identified in the culture fluid of the hyperlignolytic
fungus 1ZU-154 under nitrogen starvation conditions. One of them was purified and characterized kinetically.
The specific activity and k_,/K,, value of the MnP from IZU-154 were 1.6 times higher than those of the MnP
from a typical lignin-degrading fungus, Phanerochaete chrysosporium. Two cDNAs encoding MnP isozymes from
1ZU-154 were isolated. The coding sequence of the two cDNAs, IZ-MnP1 cDNA and IZ-MnP2 cDNA, were 1,152
(384 amino acids) and 1,155 (385 amino acids) bp in length, respectively. They exhibit 96.2% identity at the
nucleotide level and 95.1% identity at the amino acid level. Southern blot analysis indicated that two MnP
isozyme genes exist in IZU-154 genomic DNA. The primary structures of two MnPs from IZU-154 were similar
to those of MnPs from P. chrysosporium. The amino acid sequences including the important residues identified
in MnPs from P. chrysosporium, such as the manganese-binding residues, the calcium-binding residues, the
disulfide bonds, and the N-glycosylation site, were conserved in the two deduced 1Z-MnPs. However, several
discrepancies were found in the context around the distal histidine residue between MnP from IZU-154 and

MnP from P. chrysosporium, which likely led to the difference in the kinetic parameters for MnP function.

The white-rot fungus Phanerochaete chrysosporium secretes
two families of hemeprotein peroxidase, lignin peroxidase
(LiP) and manganese peroxidase (MnP) (11, 21, 23, 42). These
peroxidases plus H,O,-generating enzymes are produced dur-
ing secondary metabolism in response to nitrogen or carbon
starvation (4, 5, 17, 20, 21), and are thought to be major
components in the lignin biodegradation system (14, 51).

The structure and mechanism of MnPs, in addition to those
of LiPs, have been studied extensively (10, 13, 26). MnP is a
heme glycoprotein with a molecular weight of approximately
46,000 and occurs as a family of isozymes. MnP production is
induced by Mn(II) (1), and the oxidation of substrates by MnP
is also dependent on Mn(II) (10, 13, 33). The catalytic cycle of
MnP is similar to that of LiP and horseradish peroxidase (13,
39, 43, 48). The native MnP is oxidized by H,O, to a highly
reactive two-electron oxidized state, compound I. Compound I
returns to its resting state after two separate one-electron
reductions by Mn(II), with compound II as an intermediate.
The Mn(III) produced by the enzymatic oxidation of Mn(II)
can oxidize lignin, lignin derivatives, and other phenolic sub-
strates (10, 13, 45, 50, 51). Organic acids such as malate and
tartrate stimulate the catalytic activity of MnP by chelating
Mn(III) (9, 45, 49, 50, 52).

MnP isozymes are encoded by several different genes in P.
chrysosporium. Several cDNAs (MnP1, MnP2a, and MnP2b
[38] and MP-1 [34]) and genomic DNAs (MnP1 [12] and MnP2
[28]) of MnP isozymes have been isolated and characterized.
Recently, the crystal structure of MnP from P. chrysosporium
has been reported (41). The analysis showed that the overall
structure of MnP is closely similar to that of LiP and that MnP
has two structural calcium ions and two N-acetylglucosamine
residues. Moreover, a manganese-binding site was identified in
the crystal structure.
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MnP has been also found in the culture broth of other
white-rot fungi (15, 32, 36). The white-rot fungus IZU-154 has
great lignolytic activity and selectivity toward wood lignin (31).
As an industrial application of this fungus, biomechanical pulp-
ing (19), biobleaching of kraft pulp (7, 8), and decolorization of
kraft bleaching effluents (25) have been demonstrated. IZU-
154 produces MnP as a major extracellular protein and se-
cretes very little LiP under lignolytic conditions. IZU-154 un-
der nitrogen-limited condition and its MnP enzyme can also
degrade recalcitrant high-molecular-mass compounds, such as
nylon (3) and melanin (18). Significant shifting of the molec-
ular weight distributions of nylon and melanin to lower molec-
ular weights were observed, and this resulted in the apparent
degradation of nylon and decolorization of melanin.

In our previous study, IZU-154 has shown significantly su-
perior lignin-degrading activity both in the degradation of lig-
nin model compounds (31) and in a study of biobleaching with
untreated kraft pulp (7) compared with other lignin-degrading
fungi, i.e., P. chrysosporium and Coriolus versicolor. However,
MnP, a major component in lignin biodegradation, was pro-
duced almost equally in IZU-154 and P. chrysosporium. Thus,
the difference in lignin-degrading activities of IZU-154 and
other fungi have not yet been defined. In this paper, we
evaluate the enzymatic property and the primary structure
of MnP from IZU-154 in comparison with those of MnP
from P. chrysosporium.

MATERIALS AND METHODS

Organism. The wild-type strain of fungus IZU-154, which has been reported
previously (31), and P. chrysosporium ME446 were used in this study. IZU-154
was deposited as the strain name of NK-1148 under the accession number
FERM BP-1859 with the National Institute of Bioscience and Human Technol-
ogy of the Ministry of Industry and Technology, Ibaraki, Japan. Since secondary
mycelia were observed and the sexual cycle was not observed in our previous
study, the fungus IZU-154 belongs to the family Deuteromycotina. Escherichia
coli DH5a (GIBCO-BRL) was used for DNA manipulation.

Culture conditions. IZU-154 was grown in a 50-ml low-nitrogen medium in a
300-ml flask at 30°C. For large-scale cultivation, this organism was grown in a
5-liter low-nitrogen medium in a 10-liter jar fermentor with 1 vol/vol/min aera-
tion and 120 rpm of agitation at 30°C. The low-nitrogen medium contained (per
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TABLE 1. Catalytic properties of MnPs from 1ZU-154
and P. chrysosporium

Kinetic parameters for Mn(II)

Sp act for N
2.6-DMP oxidation
MnP source .
oxidation gk, FecalKy
(nkat/mg) (M) S (s' - pMY
1ZU-154 345.9 44.7 161.0 3.60
P. chrysosporium 221.7 53.7 124.9 233

“ Reactions were carried out in 50 mM sodium malate (pH 4.5). Apparent K,,,
and k., values for Mn(IT) were determined by using 0.1 mM H,0,.

liter) 10 g of glucose, 0.2 g of diammonium tartrate, 2 g of KH,PO,, 0.5 g of
MgSO, + TH,0, 0.1 g of CaCl, - 2H,0, 1 mg of thiamine - HCI, 0.5 g of Tween
80, 1 ml of trace elements solution, 0.2 mmol of MnSO,, and 20 mmol of sodium
tartrate (pH 4.5). The trace elements solution contained (per liter) 1.5 g of
sodium nitriloacetate, 3 g of MgSO, * 7H,O0, 0.5 g of MnSO, * H,0, 1 g of NaCl,
0.1 g of FeSO, - 7TH,0, 0.1 g of CoSO,, 82 mg of CaCl,, 0.1 g of ZnSO,, 10 mg
of CuSO, + 5H,0, 10 mg of AIK(SO,),, 10 mg of H;BO3, and 10 mg of NaMoO,.

Assay of MnP activity. MnP activity was measured by 2,6-dimethoxyphenol
(2,6-DMP) oxidation (52). The reaction mixture contained 50 mM sodium
malate (pH 4.5), 0.5 mM MnSO,, 1 mM 2,6-DMP, and 0.1 mM H,0,, and the
reaction was monitored by measuring the 4,59. One katal of MnP activity is
defined as the amount of MnP that forms 1 mol of quinone dimer per s at 30°C.

Purification of MnP isozymes. One liter of each culture broth of IZU-154 and
P. chrysosporium was concentrated on an ultrafiltration membrane to approxi-
mately 10 ml and subjected to gel filtration chromatography on a Superdex 75
column (HiLoad 26/60; Pharmacia) in buffer A (20 mM sodium acetate, 0.1 M
NaCl [pH 4.5]) at a flow rate of 2 ml/min. An obviously dominant peak contain-
ing MnP activity was pooled and then desalted by dialysis and concentrated by
membrane ultrafiltration.

To observe the number of isozymes, a portion of the preparation was applied
to an isoelectric focusing gel Ampholine PAG plate (Pharmacia) according to the
manufacturer’s instructions.

To obtain purified isozyme, the pooled fractions from gel filtration were
further purified by two consecutive ion-exchange chromatographies on a
Mono-Q HRS5/5 column (Pharmacia). The first chromatograph was applied with
a gradient of 10 to 300 mM Na-acetate (pH 5.0) at a flow rate of 0.5 ml/min for
1 h. The second chromatograph was applied with a gradient of 50 to 100 mM
sodium acetate (pH 5.0) at 0.5 ml/min for 1 h. The purity of the MnP isozyme was
monitored by isoelectric focusing gel electrophoresis.

Determination of kinetic constants. Kinetic constants of purified MnPs from
1ZU-154 and from P. chrysosporium for oxidation of Mn(II) to Mn(IIT) were
measured. A preliminary experiment to determine the optimum concentration of
enzymes was performed with buffer B (50 mM malate, 200 uM MnSO,, 100 uM
H,0, [pH 4.5]) with various concentration of enzymes (0.10 to 1.7 pg/ml) at 30°C
for 30 s. 4,9y Was measured to calculate the Mn(IIT)-malate chelate product. The
initial rate in the oxidation of Mn(II) at a concentration of 25 to 1,500 uM in
buffer C (50 mM malate, 100 uM H,O, [pH 4.5]) was measured with 0.58 and
0.85 pg/ml of MnP from IZU-154 and P. chrysosporium, respectively. These data
were analyzed on Michaelis-Menten plots, and the kinetic constants shown in
Table 1 were determined by successive applications of the simplex algorithm (30)
and the algorithm of Marquardt (27) for nonlinear least-squares fitting of a
hyperbolic curve to the experimental data.

Isolation of poly(A) RNA. Mycelia were isolated from the culture broth of
1ZU-154, in which MnP activity had just begun to be detected. The mycelial
pellets were then immediately frozen in liquid nitrogen and ground into a fine
powder with mortar and pestle. The cell powder was suspended in guanidium
thiocyanate denaturing solution (2), the suspension was treated with phenol and
chloroform, and then total RNA was precipitated by isopropanol. Poly(A) RNA
was isolated from total RNA by chromatography on oligo(dT)-cellulose.

Construction of a cDNA library. The cDNA library was constructed with the
Superscript plasmid system for cDNA synthesis and plasmid cloning (GIBCO-
BRL). The cDNA synthesized from poly(A) RNA was ligated to the Sa/I-Not1
fragment of pSPORT], and then E. coli DH5« was transformed with the ligation
products.

Preparation of DNA probe for isolation of MnP ¢cDNA. Two DNA primers
were synthesized, the nucleotide sequences of which were deduced from the
amino acid sequences around two conserved histidine residues, i.e., distal histi-
dine and proximal histidine, in P. chrysosporium. The nucleotide sequences of the
distal and proximal histidine primers were 5'-ATCCGCCTCACCTTCCACGA
-3’ and 5'-GCGACGGAGTGGGAGGCGAG-3', respectively.

To obtain the fragments of MnP cDNA, reverse transcription-PCR of poly(A)
RNA from IZU-154 was performed with the distal and proximal histidine prim-
ers. PCR products (approximately 400-bp fragments) were isolated and then
labeled with digoxigenin by using the DIG DNA Labeling kit (Boehringer Mann-
heim).
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FIG. 1. (A) Profile of MnP expression in a liquid culture of IZU-154. An
aliquot of culture broth was subjected to MnP activity assaying as described in
Materials and Methods. The same culture broth at 40, 60, 70, and 90 h of
incubation was removed and concentrated with acetone. (B) The precipitated
protein was analyzed on SDS-PAGE as described by Laemmli (24). Lanes 1 to
4, 40, 60, 70, and 90 h of incubation, respectively; lane M, molecular weight
marker.

Screening of MnP c¢DNA clones. Colony screening of the cDNA library was
performed with the digoxigenin-labeled probe. The blots were hybridized over-
night at 65°C and then washed twice with 2X SSC (1x SSC is 0.15 M NaCl plus
0.015 M sodium citrate)-0.1% sodium dodecyl sulfate (SDS) for 5 min at 65°C
and twice with 0.1X SSC-0.1% SDS for 30 min at room temperature. The
positive clones were detected by enzyme-linked immunosorbent assaying with
the DIG Luminescent Detection kit (Boehringer Mannheim).

DNA sequencing. Overlapping deletion mutants of MnP ¢cDNA were con-
structed by the exonuclease III method (16) and were sequenced in both direc-
tions by the dideoxy method (40).

Southern blot analysis. Genomic DNA of IZU-154 was prepared from frozen
cells by phenol and chloroform extraction. Digests of genomic DNA by several
restriction enzymes were hybridized with labeled IZ-MnP1 ¢cDNA and were
detected by the DIG Luminescent Detection kit.

Nucleotide seq e accessi bers. The nucleotide sequence data re-
ported in this paper will appear in the DDBJ, EMBL, and GenBank nucleotide
sequence databases under the following accession numbers: D83010 for 1Z-
MnP1 and D83011 for IZ-MnP2.

RESULTS

Expression of MnP during growth. Aliquots of the extracel-
lular fluid were removed at various times, and MnP activity for
2,6-DMP oxidation was measured. As shown in Fig. 1A, MnP
activity was first detected on day 2. The activity increased to a
maximum on day 3 and then gradually declined to a low level
by day 4. A portion of culture broth was also concentrated by
acetone precipitation and was applied to SDS-polyacrylamide
gel electrophoresis (PAGE) (Fig. 1B). A strong band with a
molecular weight of 43,000 was detected in the broth on day 2,
in accordance with the enzyme activity, and the intensity of this
protein band was synchronized with the profile of MnP activity.
The protein with a molecular weight of 43,000 was proved to
have MnP activity by staining for MnP activity (data not
shown). Furthermore, it was observed that MnP was a strik-
ingly abundant protein compared with others in the extracel-
lular fluid.

Separation of MnP isozymes. From the nitrogen-limited cul-
ture broth of IZU-154, MnP was purified by gel filtration to a
single band by SDS-PAGE. With this preparation, the purity of
MnP is approximately 80% according to the RZ value (A,qq/
Asgo)- Then, the MnP isozyme was separated on an isoelectric
focusing gel and stained with Coomassie blue. As shown in Fig.
2, four separate bands were observed. All four bands were
positive by staining for MnP activity and by staining for glyco-
sylation (data not shown). The pI values of the four MnPs were
5.1, 49, 45, and 3.7, respectively. There are two major
isozymes with pl values of 4.9 and 5.1, and the others were
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FIG. 2. Analysis of MnP isozymes on isoelectric focusing gel electrophoresis.
Purified MnP isozymes were separated on an isoelectric focusing gel Ampholine
PAG plate (Pharmacia) with a pH range of 4.0 to 6.0 according to the manu-
facturer’s instructions and were stained with Coomassie brilliant blue. Arrows on
the right indicate the migration of MnP isozymes. Lane M, pI markers.

minor. The isozyme with a pl of 4.9 was further purified by
ion-exchange chromatography. The RZ value (A44¢/A4550) Of
the purified enzyme solution was 5.7.

Kinetics of the MnP reactions. The major MnP isozymes of
1ZU-154 (pL, 4.9) and P. chrysosporium (pl, 4.9) were purified
by ion-exchange chromatography to electrophoretic homoge-
neity on an isoelectric focusing gel. To compare the functional
differences between MnP from 1ZU-154 and from P. chryso-
sporium, the purified MnPs were analyzed kinetically. For the
determination of the kinetical parameters of MnP, we em-
ployed the Mn(II) oxidation assay, and the reaction was mon-
itored by measuring the Mn(III) product chelated with malate.
The 2,6-DMP oxidation which is routinely used for MnP ac-
tivity assay is not a direct reflection of MnP activity, because
the oxidation of 2,6-DMP is catalyzed by Mn(III) which is
generated by the oxidation of Mn(II). The kinetic parameters
for MnPs from IZU-154 and P. chrysosporium are shown in
Table 1. The kinetic parameters for MnP from P. chrysospo-
rium were thought to be almost equivalent to the reported data
(29) when several differences in the assay condition were con-
sidered. The specific activity for 2,6-DMP oxidation and the
k../K,, value for Mn(II) oxidation of IZU-154 MnP are both
approximately 1.6 times higher than those for P. chrysosporium
MnP.

MnP c¢DNAs encoding two MnP isozymes. Approximately
30,000 cDNA clones were screened with the partial fragment
of MnP cDNA, which was the reverse transcription-PCR prod-
uct of poly(A) RNA from IZU-154, by using the primers de-
scribed in Materials and Methods, and eight positive clones
were isolated by the screening. These cDNA clones were sep-
arated into two groups according to restriction enzyme map-
ping and the partial nucleotide sequences. Two representative
cDNAs (IZ-MnP1 and IZ-MnP2) were used for further anal-
ysis. A set of deletion mutants of the two MnP cDNAs were
sequenced in both strands by the strategy shown in Fig. 3.

The nucleotide sequences and the deduced amino acid se-
quences of IZ-MnP1 cDNA and IZ-MnP2 cDNA are shown in
Fig. 4. The coding sequences of IZ-MnP1 cDNA and IZ-MnP2
c¢DNA are 1,152 (384 amino acids [aa]) and 1,155 (385 aa) bp,
respectively. These two cDNAs exhibit 96.2% identity at the
nucleotide level and 95.1% identity at the amino acid level.
The homologies between 1Z-MnP1 cDNA and P. chrysospo-
rium MnP1 cDNA (38) are 72.5% at the nucleotide level and
79.0% at the amino acid level.

Comparison of primary structures of IZ-MnP1 and 1Z-MnP2
with MnPs from P. chrysosporium. The deduced amino acid
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FIG. 3. Restriction maps and sequencing strategies of 1Z-MnP1 and IZ-
MnP2 cDNAs. Arrows indicate the directions and extents of the determined
sequence of IZ-MnP1 cDNA. I1Z-MnP2 ¢cDNA was sequenced by a similar
strategy. The hatched areas represent the coding regions. Abbreviations for
restriction enzymes: B, Bg/lI; E, EcoRI; H, HindIll; S, Sacl; X, Xhol.

sequences of IZ-MnP1 and IZ-MnP2 were aligned with two
MnPs from P. chrysosporium, i.e., phampla (34) and phamnp
(38) (Fig. 5). The MnPs from IZU-154 possess four residues
extended at the C terminus in comparison with MnPs from P.
chrysosporium. When 1Z-MnP1 was compared with IZ-MnP2,
most of the amino acid conversion was found in the predicted
leader sequence (24 aa from first Met), and, moreover, con-
served context could not be found in the leader sequences of
four MnPs. However, there are several segments whose long
consecutive sequences are highly conserved among the mature
protein regions of four MnPs, whereas most of these conserved
domains are located in the N-terminal halves of MnPs.

Southern blot analysis of genomic DNA. Southern hybrid-
ization of genomic DNA was carried out to determine the
number of MnP isozyme genes. Genomic DNA prepared from
IZU-154 was digested with EcoRI and other restriction en-
zymes and probed with IZ-MnP1 cDNA. As shown in Fig. 6,
hybridization to four (EcoRI [lane 1]) and two (Kpnl [lane 2])
DNA fragments was observed. Because both IZ-MnP1 and
IZ-MnP2 c¢DNAs include a single EcoRI site (Fig. 3), the
corresponding genes are expected to be digested with EcoRI in
at least one site in the coding sequence. Therefore, two genes
are thought to be separated into at least four bands by diges-
tion with EcoRI. In both IZ-MnP1 and IZ-MnP2 cDNA, a
Kpnl site was not found and the digest of genomic DNA with
Kpnl gave two distinct hybridization bands. The results of
hybridization indicate that two copies of DNA encoding MnP
isozymes exist in IZU-154 genomic DNA.

DISCUSSION

The white-rot fungus IZU-154 has great lignolytic activity
compared with other white-rot fungi (31) and can be applied to
the biobleaching process of kraft pulp (7, 8). IZU-154 pro-
duces MnP efficiently in regular shaking culture, and MnP
activity is first detected on day 2 (Fig. 1). On the other hand, P.
chrysosporium needs to be flushed with oxygen gas during sec-
ondary metabolism to produce MnP efficiently (21), and it
takes 2 to 3 days to start producing MnP. IZU-154 is, there-
fore, thought to be suitable for MnP production compared with
P. chrysosporium. The fact that IZU-154 can highly degrade
lignin and produce negligible amounts of LiP indicates that
lignin degradation by IZU-154 is caused by MnP and that LiP
is not necessary for lignin degradation. Actually, biobleaching
of kraft pulp was successfully performed by purified MnP with
the H,O,-generating system (18).

In the present study, two cDNAs encoding two MnP
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A V¥V L G H ¥ R DD L I D C 3 E ¥ ¥ P ¥V P KP A VYV ¥ K P A 5 F P A T T

1001 CCAGCGCCAAAGACCTCGAGCTCAACTGCARCTCGLAGARGTTCCCLACTCTCACTGTTGACCAGGETGCCACCCAGAGTTT GATTCCICACTGCTOGAR
5 A KO L E LNOCN S Q@ X F P T UL T ¥ 2 QG a T QS5 u [ 2 H C S N

1191 CSGTGEACAGAATT S CCAGCTET CCARTTCCACGETCCCTCTCAGGUTTCCTCTTGAGC TCGTTTTTAATACTATATGTACCATTTATGATCGCATTAG
G & ¢ ¥ C P A ¥V @ F D G P S 0 A 5 5 -

1201 AGGCTATTCACACACGGCATGTATGCAGCGGCTCCEGCTTTGTTTGGTECCTATE [A) n
FIG. 4. Nucleotide and deduced amino acid sequences of IZ-MnP1 and IZ-MnP2 cDNAs. Distal and proximal histidine residues are boxed. Regions which can be

hybridized with the distal and proximal histidine primers used for PCR are indicated by horizontal arrows. Vertical arrows, putative cleavage sites of IZ-MnP1 and
1Z-MnP2 proteins.
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1Z-MnP1 MAFTSLLSLYV [AILAAVARAAP| BRAETAVCPDG TRVISNSJACTA FIPLAQDLOA 26
Z-MnP2 MALHLSZSLLS [ASPRLHRAAP] AAETIAVCFIDG TEWVSEWNSJACCA FIPLAQDLOA 26
PHAMP1A MAFGSLLAFV [MLAAITIRAAP TARESAVCPDG TRVITNAIACCA FIPLAQDLQE 26
PHAMNP MAMFKSLIAFW [ALAAAVIRAAP T---|AVCOPRG TRWVSHAARCCA FIPLAQDLOE 26
_______ A _____..
1Z-MnP1 TWFQND[CGED AHEVIRL|IFH DANAISRSKIGC PSJAGGGADGS MLLIFP TMEPIL 76
12-MnP2 ITWMFONDIWGED AHEVIRLIIFH DAWHISRSKG PSAGGGADGS MLILFP TMEP|L 76
PHAMP1A TLFQEGDICGED AHEWVIRLITFH DATAISRSLG POMAGGGADGS MLHEFPT|IERW 76
PHAMNP [TIFONEICGED AHEVIRLTFH DAJTAISRLOG PKAGGGADGS ML[LIFP TWEP|Y 6
- B e ... RB"
1Z-MnP1 F PV-SAADLV QFAGAVALSN CPGAFPRLEFL 125
1Z2-MnP2 F PV-|SAADLV QFAGAVALSN CPGAPRLEGFL 125
FHAMP1A F DTISAADLY QFAGAVALSN CPGAPRLEGFM 126
PHAMNP E NTISAADLY CQCFAGAVALSN CPGAPRLEFL 126
____________ Do
1Z-MnP?t MCREWHITIPA IDGL[WPEPQ DIV T|T|I LJA[RF EDAGG|F|TPFE VVSLLASHSV 174
1Z-MnP2 DIGRPNHITIPA IICGLVIPE2 QE |DDVTTILARF EDAGGFTPFE VVSLLASHSYV 175
PHAMP1A Mezewlrlriea viglsilzlpEro- |blslvrx|t yorF EDacuE|slPrz vesLiasal|v 175
PHAMNP MGRENKITIAA VIGGLIZIPEP Q- |DSIVTX[ILQRF EDAGGIFMPFE VVYSLLASAHISY 115
________ E____ .. _____F_____.
Z-MnP1 ARADKVD|ETI DAAPFDSTPF TFOTQVFLEV LLXGTGFEGL SNNTGEVASPE 224
1Z-MnP2 ARADKVDOE[TI DAAPFDSTPF TEODTOVFLEV LLKGTGFPGL SNNTGEVASE 225
PHAMP1A ARLDKVDETTI DAAPTDSTPF TFEDTQVFLEV LLKGTIGFPG|S NNNTGEVMSPE 225
PHAMNP ARBRDEKVDQTI DAAPFDSTEF TEDTOVFLEWY LLEGMVGFPGS ANNTCEVASE 225
PR ¢ S
{Z-MaP1 LPIXIGSGNDTS EMRLQSCFAL ARDISRTACE|W QOGIFVNRQEFM AASTFKSAVAK 274
Z-MnP2 LPIKIGSGNDTG EMRLOQOSODFAL ARDISRTACF|IW CCEVNEQE[FM AASFKSIAVAK 275
FHAMP1A LPMLIGSGPBDTG EMRLQSOFAL ARDIERTACFW CISIFVYNEQEFM AASFRKAAMAK 275
PHAMNE LPILIGSGEDTG EMRLQSOFAL AHDPRTAC|IW OQWGIFVNEQAFM AASTRAAMSK 275
______ H____._ PRI E PRI ¥ (N
1Z-MnP1 LAVI[LGHNRDD |[LIDCSEVVEV PXKPAVXKK|PAS |[FPATTSAKCL E-LNCNSQKF 323
1Z-MnFP2 LANVILGHINRCD [LIDCSE/lVVPY PKPA|VNEPAS |FPATTSAKDL BE-LNC|NSQKF 324
PHAMP1A LA|IJLGHISRSS [LIDCSDVVEPY PKPAVNEK|PAT |[FPA[TKGPKCL DTLTCKALKIF 325
PHAMNP LAVILGENRNS [LIDCSOVVPY PHPATSOQPAM |[FPASTGPQDL E-LSCPSERIF 324
IZ-MnP1 PTLTIVDOGAT VOF|D [CR|SQASS* 360
1Z-Mnp2 PTLT{¥DQGA|T VCFD [GPISQASS™ 361
PHAMPIA PTLT|SDP|GA|T VQFD |GF|acx 358
PHAMNP PTLT|TCP?|GA|S VQE[N (Gelax 357

FIG. 5. Alignment of the primary structures of IZ-MnPs and P. chrysosporium MnPs. Four amino acid sequences are aligned to give maximum matching. Amino
acid sequences for comparison used here were phampla and phamnp; both are P. chrysosporium MnPs (34, 38). Boxed sequences, residues conserved among four MnPs;
broken lines below the sequence, predicted locations of helices in P. chrysosporium MnP (41); vertical arrow at the top, the putative N terminus of the mature MnP,

which is numbered 1.

isozymes (IZ-MnP1 and IZ-MnP2) from IZU-154 were iso-
lated and characterized. The molecular weight of MnP deter-
mined from SDS-PAGE was approximately 43,000 (Fig. 1),
whereas the calculated molecular weights of IZ-MnP1 and
IZ-MnP2 from amino acid sequences were 37,721 and 38,084,
respectively. This difference may be due to a posttranslational
glycosylation, since MnP isozymes were observed to be glyco-
sylated. Such differences were also reported for MnP (34, 38)
and LiP (44) from P. chrysosporium. There are three potential
N-glycosylation sites at Asn-76, Asn-131, and Asn-217 in the
MnP sequence of P. chrysosporium. Crystal structure analysis
showed that, of these residues, only Asn-131 actually binds to

carbohydrate (41). The corresponding asparagine residue,
Asn-130 (in IZ-MnP numbering), is found in both IZ-MnP1
and IZ-MnP2. The amino acid sequence including Asn-130
follows the general rule of the N-glycosylation site, Asn-X-Ser/
Thr (22).

Because MnP of IZU-154 is an extracellular protein, a
leader sequence at the N terminus was expected. The first 24
aa of the two IZ-MnPs which possess characteristics of signal
peptides (47) are thought to be the leader sequence. The
putative N-terminal region of mature enzyme is highly homol-
ogous to MnP from P. chrysosporium, and it supports the same
processing site of MnPs. IZ-MnP1 and IZ-MnP2 cDNAs en-
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FIG. 6. Southern hybridization of IZU-154 genomic DNA with IZ-MnP1
cDNA. Digests of IZU-154 genomic DNA by restriction endonucleases EcoRI
(lane 1) and Kpnl (lane 2) were separated by electrophoresis. The blot was
hybridized with labeled IZ-MnP1 cDNA as described in Materials and Methods.
Size standards are given at the left.

code 384- and 385-aa proteins, respectively; therefore, the ma-
ture proteins preceded by 24-aa leader peptides consist of 360
(37,721 Da) and 361 (38,084 Da) aa, respectively.

In the alignment of four MnP primary structures, several
identical segments were found. These domains were conserved
in the two fungi, which indicates that these domains likely
constitute the essential structure for MnP function. According
to crystal structure, there are 10 major helices and one minor
helix in MnP from P. chrysosporium, all of which are also found
in LiP (41). All 10 cysteine residues which participate in five
disulfide bonds in P. chrysosporium MnP are conserved in 1Z-
MnPs. The long-conserved segments among four MnPs are
mostly in accordance with the residues forming helices. Helices
A, B’, D, Fto G, and H (in P. chrysosporium MnP numbering)
are almost conserved. The fact that there are several conver-
sions in helices C, E, I, and J means that these helices may not
participate in forming essential structure, whereas the precise
function of these helices was unknown. Actually, these helices
are located apart from the active center in the crystal structure
(41). Moreover, there are quite large differences between P.
chrysosporium MnPs and IZ-MnPs in the long loop structure in
the C-terminal region, and the functional role of this region
has not yet been defined.

Two histidine residues conserved among many peroxidases
are essential for peroxidase activity. One of the histidine resi-
dues, distal histidine, is related to the cleavage of H,O, for
formation of compound I, and the other histidine, proximal
histidine, is the axial ligand of heme (6, 37). These two histi-
dine residues are located in helices B and F in P. chrysospo-
rium, and these residues were also found in IZ-MnP1 (His-46
and His-172) and IZ-MnP2 (His-46 and His-173). The se-
quence around the proximal histidine residue was identical
among the four MnPs. However, the residues close to the distal
histidine residue contain several conversions between P. chry-
sosporium MnPs and 1Z-MnPs (e.g., Ile-44, Val-49, and Ala-50
in IZ-MnP1). These differences likely contribute to the differ-
ence in the kinetical parameters of MnP from each organism.

The Mn(II), the substrate of MnP, is hexacoordinated to the
carboxylate oxygens of Glu-35, Glu-39, Asp-179, a heme pro-
pionate oxygen, and two water oxygens (41). The two gluta-
mate residues are in helix B, and Asp-179 is in the loop be-
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tween helices F and G. These residues and the context around
them are conserved among the four MnPs compared. MnP
also has two structural calcium ions, like other fungal peroxi-
dases (41). The calcium-binding residues, Asp-47, Gly-62, Ser-
66, Asp-64, Ser-174, Asp-191, Thr-193, Thr-196, and Asp-198,
are located in helix B' and in the loop between helices F and
G. The residues constituting calcium ligands and the contexts
around these residues are also identical among the four MnPs.

In conclusion, the comparison of four MnPs found that there
are differences in the distal histidine region, whereas the other
functional domains, i.e., calcium- and manganese-binding re-
gions and disulfide bonds, are conserved. The long loop struc-
ture at the C terminus included several amino acid conver-
sions; however, its contribution to the difference in the
functional parameters of MnP was not defined.

Four isozymes of MnP were found in the culture fluid of P.
chrysosporium (21), and the N-terminal sequences for three of
them were determined (35). Three sequences were signifi-
cantly similar to each other, whereas there were differences in
the sequences. This shows that there are at least three isozyme
genes encoding MnPs in P. chrysosporium. In this study, we
isolated two MnP cDNAs of IZU-154, and Southern blot anal-
ysis indicated that two copies of the MnP gene exist in [ZU-154
(Fig. 6). However, by using isoelectric focusing, at least four
MnP proteins were found in the culture fluid of IZU-154 (Fig.
2). Two isozymes were dominant proteins, and the rest were
minor bands. From these findings, it was suggested that these
proteins are possibly the products of two MnP isozyme genes,
and hence by the difference of posttranslational modification,
four MnP proteins were generated. This can be confirmed by
determination of the N-terminal amino acid sequences of the
four MnP proteins.

In this paper, we showed that the deduced products of MnP
c¢DNAs from IZU-154 and P. chrysosporium are significantly
similar and that the kinetic parameters of MnP for oxidation of
2,6-DMP and Mn(II) are also similar when those for IZ-MnP
are compared with those for P. chrysosporium MnP. Moreover,
IZU-154 can produce only slightly higher amounts of MnP
than P. chrysosporium under optimal conditions for each or-
ganism (data not shown). Thus, the difference in the lignin-
degrading activities of each fungus cannot be explained by the
functional role of MnP. On the other hand, additional features
of IZU-154 have been defined. Previously, the abilities of IZU-
154 and P. chrysosporium to degrade lignin were determined
with '*C-labeled high-molecular-mass lignin model compound
(DHP-lignin) (46). IZU-154 could degrade it to '*CO, through
a low-molecular-mass compound and exhibited little activity
for repolymerization, while P. chrysosporium repolymerized
the produced low-molecular-mass compound to a high-molec-
ular-mass compound. Therefore, the degree of complete deg-
radation by P. chrysosporium was lower than that by IZU-154.
These observations are not attributed to MnP function and
indicate that a repolymerization of the degraded lignin oc-
curred during fungal treatment. Hence, lignolytic ability is not
dependent only on MnP even in IZU-154, whereas many other
enzyme systems are thought to be involved and are likely to be
more invaluable in this process.

MnP from IZU-154 can degrade a variety of polymers such
as lignin (18), nylon (3), and melanin (18). Mn(III) generated
by MnP possibly migrates into polymer molecules and initiates
nonspecific oxidation. The radical produced by the oxidation
can trigger the ensuing radical degradation. MnP can be ap-
plied to industrial processes, such as modification and degra-
dation of polymers and xenobiotic compounds, bioremedia-
tion, and decolorization of wastewater. Efficient production of
MnP by overexpression is necessary to use MnP for industrial
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purposes, and evolutionary insight that structural comparison
offers is essential to generate an efficient and stable enzyme.
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