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Abstract

It was previously reported that an unique peroxidase isoenzyme, cationic cell-wall-bound peroxidase (CWPO-C), from poplar callus
oxidizes sinapyl alcohol, ferrocytochrome c and synthetic lignin polymers, unlike other plant peroxidases. Here, the catalytic mechanism
of CWPO-C was investigated using chemical modification and homology modeling. The simulated CWPO-C structure predicts that the
entrance to the heme pocket of CWPO-C is the same size as those of other plant peroxidases, suggesting that ferrocytochrome c and
synthetic lignin polymers cannot interact with the heme of CWPO-C. Since Trp and Tyr residues are redox-active, such residues located
on the protein surface were predicted to be active sites for CWPO-C. Modification of CWPO-C Trp residues did not suppress its oxi-
dation activities toward guaiacol and syringaldazine. On the other hand, modification of CWPO-C Tyr residues using tetranitromethane
strongly suppressed its oxidation activities toward syringaldazine and 2,6-dimethoxyphenol by 90%, respectively, and also suppressed its
guaiacol oxidation activity to a lesser extent. Ferrocytochrome c was not oxidized by Tyr-modified CWPO-C. These results indicate that
the Tyr residues in CWPO-C mediate its oxidation of syringyl compounds and high-molecular-weight substrates. Homology modeling
indicates that Tyr-177 and Tyr-74 are located near the heme and exposed on the protein surface of CWPO-C. These results suggest that
Tyr residues on the protein surface are considered to be important for the oxidation activities of CWPO-C with a wide range of sub-
strates, and potentially unique oxidation sites for the plant peroxidase family.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Lignin is a polymer of phenylpropanoid units with a
variety of carbon–carbon and carbon–oxygen linkages,
resulting in a complex structure. The final step of monolig-
nol oxidation leading to lignin biosynthesis is catalyzed by
plant peroxidases (Blee et al., 2003). Horseradish peroxi-
dase (HRP) is a typical plant peroxidase that has been used
to attempt to study the mechanism of monolignol dehy-
drogenative polymerization leading to lignins, even though
HRP is not present in tissues that lignify to any extent (Syr-
0031-9422/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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janen and Brunow, 1998, 2000). Angiosperm lignins consist
of guaiacyl and syringyl units. HRP C and A2 oxidize
coniferyl alcohol 1 efficiently, but not sinapyl alcohol 2

(Nielsen et al., 2001). Arabidopsis thaliana peroxidase A2
(ATP A2; 95% identity with HRP A2) was previously puri-
fied and cloned from a suspension culture of A. thaliana

(Østergaard et al., 1996). Analysis of the substrate-binding
mode of mature ATP A2 by docking simulation with three
monolignols (p-coumaryl 3, coniferyl 1 and sinapyl 2 alco-
hols) (Fig. 1) indicated that coniferyl 1 and p-coumaryl 3

alcohols bind well to the substrate-binding site of ATP
A2 (Østergaard et al., 2000). On the other hand, sinapyl
alcohol 2 did not bind to the substrate-binding site of
ATP A2, since its 5-methoxy group overlapped with
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Pro-139 (Østergaard et al., 2000). This prediction was sug-
gested to be generally applicable, since Pro-139 is highly
conserved in the majority of plant peroxidases. For exam-
ple, 69 of 73 peroxidases in A. thaliana contain Pro-139
(Nielsen et al., 2001; Welinder et al., 2002). Since HRP
and ATP A2 share high identity including Pro-139, HRP
can be used as a representative of plant peroxidases that
cannot utilize sinapyl alcohol 2 as a preferred substrate.

An unique peroxidase isoenzyme from poplar callus,
cationic cell-wall-bound peroxidase (CWPO-C), has broad
substrate versatility and was reported to use sinapyl alco-
hol 2 and syringaldazine 6 as preferred substrates (Tsuts-
umi et al., 1994, 1998; Aoyama et al., 2002; Sasaki et al.,
2004). Furthermore, CWPO-C catalyzes the oxidation of
synthetic lignin polymers and ferrocytochrome c, unlike
other plant peroxidases (Sasaki et al., 2004). These obser-
vations suggest that the oxidation mechanism of CWPO-
C is quite different from those of other plant peroxidases
and appears to be required for lignin formation in plant cell
walls.

Ferrocytochrome c is a 13-kDa heme protein that is lar-
ger than the entrance of the substrate access channels of
peroxidases. However, fungal lignin peroxidase (LiP) can
directly oxidize ferrocytochrome c (Wariishi et al., 1994).
The Trp-171 residue located on the LiP surface was deter-
mined to be an oxidation site for its substrates (Blodig
et al., 1998; Doyle et al., 1998; Johjima et al., 1999). These
findings allowed us to postulate that either the oxidation
site of CWPO-C is located on the protein surface, or that
the entrance of the substrate access channel of CWPO-C
is larger than those of other plant peroxidases.

In the present study, in vitro chemical modification tech-
niques with N-bromosuccinimide (NBS) and tetranitrome-
thane (TNM) were used to determine the key catalytic
amino acid residues of CWPO-C. These were used since
NBS can be employed for selective oxidation of exposed
Trp residues to oxindolealanine (Blodig et al., 1998; Span-
de and Witkop, 1967), while TNM converts Tyr residues to
3-nitrotyrosine and has been used to assess the roles of Tyr
residues in protein functions (Landfear et al., 1978; Miki
and Wariishi, 2005). In addition to in vitro experiments,
in silico homology modeling was employed to investigate
the entrance size of the substrate access channel and deter-
mine the oxidation sites of CWPO-C.
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Fig. 1. Chemical structures of monolignols and substrates used for
peroxidase assay. Monolignols, 1: coniferyl alcohol; 2: sinapyl alcohol; 3:
p-coumaryl alcohol. Substrates for peroxidase assay, 4: guaiacol; 5: 2,6-
dimethoxyphenol; 6: syringaldazine.
2. Results and discussion

2.1. No definitive differences between the heme environment

of CWPO-C and those of other plant peroxidases

A full-length CWPO-C cDNA was cloned using RT-
PCR and RACE-PCR techniques. The predicted CWPO-
C amino acid sequence contains a putative signal peptide
(22 amino acids) at its N-terminus (Sasaki et al., 2006).
The Mw and pI of the deduced amino acid sequence of
the mature CWPO-C were calculated to be 32.3 kDa and
8.06, respectively. The molecular weight of the purified
CWPO-C was previously determined to be approximately
32 kDa by SDS-PAGE (Tsutsumi et al., 1994).

An alignment analysis indicated that the catalytic sites
of CWPO-C, including Arg-39, His-43, Pro-135 and His-
165, were identical to those of ATP A2, HRP C and other
plant peroxidases (Fig. 2) (Welinder, 1992). CWPO-C
showed absorption maxima at 402 (Soret band), 496 and
635 nm, suggesting that it is a high-spin ferric peroxidase
(Fig. 3a) (Tamura et al., 1972). The conserved functionally
important amino acid residues and absorption spectrum of
the CWPO-C also indicated that the heme environment of
CWPO-C was identical to those of other plant peroxidases.

The simulated CWPO-C structure constructed by the
Molecular Operating Environment (MOE) program pre-
dicts that the entrance to the heme pocket of CWPO-C is
of the same size as those of the plant peroxidases HRP C
and ATP A2 (Supplementary Figure). It was reported that
binding of sinapyl alcohol 2 is sterically hindered in the
ATP A2 peroxidase and other plant peroxidases due to
overlap of the methoxyl group on the syringyl aromatic
ring and Pro-139 (Østergaard et al., 2000). Our alignment
analysis indicated that CWPO-C has a conserved Pro-
135, which corresponds to Pro-139 in the other plant per-
oxidases (Fig. 2). Since ferrocytochrome c and syringyl



Fig. 2. Alignment of the plant peroxidases ATP A2, HRP A2, HRP C and CWPO-C. Conserved amino acid residues in the catalytic sites are shown in
blue. Tyr-74 and Tyr-177 are shown in red. Pro-139 (Pro-135 in the case of CWPO-C) is indicated in green. The name of each sequence corresponds to the
deduced protein of the following GenBank DNA accession numbers: CWPO-C: AB210901; HRP C: J05552; ATP A2: X99952; HRP A2: P80679.
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Fig. 3. Spectral changes of CWPO-C and HRP during TNM modification. (a) Absorption spectrum of native CWPO-C. Inset is a magnified view of the
visible region of the spectrum. The spectrum was recorded in 50 mM Tris–HCl buffer (pH 7.5) containing 0.6 M NaCl. (b) Spectra of CWPO-C modified
by 60 mM TNM. Light-blue: untreated control; red: 3-min treatment; purple: 10-min treatment; green: 30-min treatment. (c) Spectra of HRP modified by
60 mM TNM. Light-blue: untreated control; red: 30-min treatment.
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compounds, including sinapyl alcohol 2, cannot fit into the
heme pocket of CWPO-C, a possible explanation was
invoked for the unusually broad substrate versatility of
CWPO-C, namely that the oxidation sites for the substrates
were located on the protein surface. Such exposed oxida-
tion sites would allow the enzyme to interact with a wide
range of substrates, including syringyl compounds, lignin
polymers and ferrocytochrome c.
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Fig. 4. Effects of TNM modification on the oxidations of various
compounds by CWPO-C and HRP. (a) Effects of TNM modification of
CWPO-C and HRP on the oxidations of guaiacol 4, 2,6-DMP 5 and
syringaldazine 6. j: Guaiacol 4 (HRP); d: syringaldazine 6 (HRP); ¤:
guaiacol 4 (CWPO-C); m: syringaldazine 6 (CWPO-C); h: 2,6-DMP 5

(CWPO-C). (b) Oxidation of ferrocytochrome c by TNM-treated and
untreated CWPO-C. Decreases in the absorbance at 550 nm, indicating
oxidation of ferrocytochrome c, were monitored. Blue: spontaneous
oxidation; red: H2O2; black: untreated CWPO-C and H2O2; green: 3-min
treated CWPO-C and H2O2; orange: 30-min treated CWPO-C and H2O2.
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2.2. Tyr residues on the protein surface as oxidation sites for

syringyl compounds and high-molecular-weight substrates

Tyr and Trp residues are known to be redox-active and
advantageous as electron transfer mediators. Prostaglandin
H synthase was found to have a radical center in a tyrosine
residue (Tyr-385) near the heme (Smith et al., 1992). Sev-
eral other reports have indicated that Tyr radicals are
formed in the reactions between cytochrome c peroxidase
mutants and catalase peroxidase (Musah and Goodin,
1997; Zhang et al., 2002; Zhao et al., 2004). The Trp-171
residue on LiP has also been postulated as an oxidation site
(Blodig et al., 1998; Doyle et al., 1998; Johjima et al., 1999).

In the present study, chemical modifications of Tyr with
TNM and Trp residues with NBS were employed to deter-
mine which residues represent oxidation sites in CWPO-C.
By the NBS modification, the activities of CWPO-C and
HRP were barely altered and >95% of the activities were
retained (Table 1). This indicates that Trp residues in
CWPO-C do not act as substrate oxidation sites.

Following TNM modification, changes in the absorp-
tion spectra of CWPO-C were observed. During TNM
modification, the absorbance at 350 nm due to Tyr nitra-
tion increased with increasing reaction time (Fig. 3b)
(Sokolovsky et al., 1967). On the other hand, absorbance
changes at 350 nm were almost negligible for HRP
(Fig. 3c). These results show that Tyr nitration only occurs
in CWPO-C. TNM-modified CWPO-C lost 67% of its
guaiacol 4 oxidation activity following a 30-min treatment,
whereas TNM-modified HRP only lost 20% of its guaiacol
4 oxidation activity following the same treatment (Fig. 4a).
The remarkable decrease in the guaiacol 4 oxidation activ-
ity of CWPO-C along with its increased absorbance at
350 nm indicates that Tyr modification decreases the oxida-
tion activity of CWPO-C. These results suggest that Tyr
residues play crucial roles in the oxidation of substrates
by CWPO-C. In the case of HRP, the observed decrease
in guaiacol 4 oxidation activity (20%) after TNM treatment
was nearly consistent with the decrease in Soret (402 nm)
absorption (�15%), indicating that the decreased guaiacol
4 oxidation activity was due to heme bleaching caused by
reactive oxygen species produced during the TNM treat-
ment (Wariishi and Gold, 1989, 1990). In control experi-
ments, we determined whether 6% ethanol in water added
to the reaction mixture affected peroxidase activity, since
Table 1
Peroxidase activities of NBS-modified CWPO-C and HRP

Time (min) NBS-CWPO-C

Sy Gu

0 55,000 ± 1000 (100) 10,100 ± 200 (
3 57,400 ± 3800 (104) 11,300 ± 400 (
10 53,400 ± 3500 (99) 10,200 ± 400 (
30 58,700 ± 900 (107) 11,500 ± 500 (

Note: Oxidation velocities were expressed as reaction product in lmol/min/m
Relative activities were given in parentheses. Sy: syringaldazine oxidizing activ
this represents the same volume of ethanol added to the
reaction mixtures with TNM. The peroxidase activities of
CWPO-C and HRP were not decreased in the control
experiments (data not shown).

The effects of TNM modification on the oxidation activ-
ities toward guaiacol 4 and syringyl substrates were
compared. Guaiacol 4 was used as a model guaiacyl
compound, while 2,6-dimethoxyphenol 5 (2,6-DMP) and
syringaldazine 6 were used as representative syringyl com-
pounds (Fig. 1). TNM–CWPO-C lost 90% of its syringald-
azine 6 oxidation activity after a 30-min treatment, while
the guaiacol 4 oxidation activity was retained at about
33% (Fig. 4a). These results suggest that TNM modifica-
tion of CWPO-C has a stronger effect on its activity toward
syringyl compounds than toward guaiacyl compounds.
Next, a similar decrease in 2,6-DMP 5 oxidation activity
to that in the syringaldazine 6 oxidation activity was con-
firmed (Fig. 4a). Syringyl compounds, including 2,6-DMP
5 and syringaldazine 6, are not predicted to bind in the
heme pocket of plant peroxidases (Østergaard et al.,
2000). On the other hand, guaiacol 4 fits well into the heme
pocket (Henriksen et al., 1999). These results indicate that
syringyl compounds are oxidized by Tyr residues exposed
NBS-HRP

Sy Gu

100) 3610 ± 70 (100) 14,800 ± 1000 (100)
111) 3830 ± 100 (106) 15,300 ± 400 (104)
101) 3600 ± 100 (99) 14,400 ± 1200 (97)
113) 3600 ± 300 (99) 13,800 ± 800 (93)

g protein.
ity; Gu: guaiacol oxidizing activity.
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on the protein surface of CWPO-C, while guaiacyl com-
pounds are oxidized at two sites, in the heme pocket and
at Tyr residues on the protein surface.

In addition to the oxidation of monomeric compounds,
the oxidation activity toward ferrocytochrome c was exam-
ined. As shown in Fig. 4b, CWPO-C oxidized ferrocyto-
chrome c rapidly, whereas no extensive decrease in the
absorbance was observed in the reaction with TMN-mod-
ified CWPO-C after 30 min. It was obvious that ferrocyto-
chrome c could not bind to the heme pocket of the
peroxidase. These results strongly support the hypothesis
that large substrates unable to bind to the heme pocket
of CWPO-C are oxidized by Tyr residues located on the
protein surface.

2.3. Prediction of the oxidation sites of CWPO-C

CWPO-C contains four Tyr residues (Tyr-8, Tyr-74,
Tyr-177 and Tyr-180). CWPO-C and HRP share two Tyr
residues, Tyr-8 and Tyr-180. During TNM modification
of both peroxidases, nitration of Tyr residues was clearly
observed for CWPO-C by the increased absorbance at
350 nm, whereas nitration of the Tyr residues in HRP did
not occur. This represents convincing evidence that Tyr-8
and Tyr-180 are not nitrated by TNM, and suggests that
Tyr-74 and/or Tyr-177 become nitrated in CWPO-C.

We tried to identify the nitrated Tyr residues by peptide
mass fingerprint analysis (PMF) with MALDI-TOF-MS.
However, the ions of mononitrated target peptides, includ-
ing Tyr residues (Tyr-74 and Tyr-177) of TNM-modified
CWPO-C, were not detected by MALDI-TOF-MS analy-
sis, whereas the ions of nine other peptides were detected
in the same sample (matched peptide number: 9; sequence
Fig. 5. Locations of the four Tyr residues in CWPO-C. Tyr-177 and Ty
coverage: 54.5%) (Supplementary Table). Similarly, the
ions of non-modified target peptides, including Tyr resi-
dues (Tyr-74 and Tyr-177) of non-modified CWPO-C, were
not detected (Supplementary Table).

Homology modeling indicated that Tyr-8 is buried in
the CWPO-C protein (Fig. 5). Tyr-180 is conserved among
CWPO-C and other general plant peroxidases, such as
HRP, and located at a distance of 20 Å from the heme
(Figs. 2 and 5). The distances of Tyr-74 and Tyr-177 from
the heme edge are 14 and 11 Å, respectively. Both of these
residues are found on the protein surface (Fig. 5). Dis-
tances of <14 Å have been reported to be appropriate for
long-range electron transfer with the heme edge (Choinow-
ski et al., 1999; Musah and Goodin, 1997; Zhang et al.,
2002; Zhao et al., 2004). In the case of fungal lignin perox-
idase (LiP), site-directed mutations of Trp-171 were intro-
duced in LiP H8, and it was shown that the variant
enzymes were unable to oxidize veratryl alcohol (Doyle
et al., 1998; Gelpke et al., 2002). Recently, compound I
of the HRP F179Y mutant was shown to form a radical
on Tyr-179 and catalyze the oxidation of 3,3 05,5 0-tetra-
methylbenzidine (Ichimura et al., 2005). Tyr-179 of this
HRP mutant is located on the protein surface and its geom-
etry is similar to that of Tyr-177 of CWPO-C. This finding
supports the premise that Tyr-177 of CWPO-C is a possible
oxidation site. Some plant peroxidase isoenzymes have also
been reported to oxidize sinapyl alcohol 2 as their preferred
substrate (Gabaldón et al., 2005; Barceló and Pomar, 2001;
Marjamaa et al., 2006), similar to CWPO-C. ZePrx34.70
and ZePrx33.44 purified from Zinnia elegans were found
to utilize sinapyl alcohol 2 as their best substrate among
three monolignols (p-coumaryl 3, coniferyl 1 and sinapyl
2 alcohols) examined (Gabaldón et al., 2005). More
r-74 are located near the heme and exposed on the protein surface.
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recently, BPX1 purified from Betula pendula was shown to
oxidize sinapyl alcohol 2 more effectively than coniferyl
alcohol 1 (Marjamaa et al., 2006). Concerning the deduced
amino acid sequences of ZePrx34.70 and ZePrx33.44, they
contain Tyr-74 but not Tyr-177. Other Tyr residues (Tyr-7,
Tyr-180, Tyr-222, Tyr-223 and Tyr-252) in ZePrx34.70 and
ZePrx33.44 are assumed to be distant from the heme
(>20 Å) or buried in the protein. Therefore, Tyr-74 may
be an important residue in sinapyl alcohol 2 oxidation by
ZePrx34.70 and ZePrx33.44. Regarding these results, Tyr-
74 and/or Tyr-177 of CWPO-C are possible oxidation sites
for the oxidation of syringyl and high-molecular-weight
compounds.

2.4. Concluding remarks: impact of protein surface Tyr

residues as potential oxidation sites for lignin polymerization

With respect to the physiological roles of CWPO-C,
Tyr residues located on its surface could easily interact
with lignin polymers. Based on the ‘‘End-wise’’ polymeri-
zation process, monolignol radicals could be coupled to
the growing-polymer in order to produce a lignin macro-
molecule (Sarkanen, 1971). CWPO-C polymerizes sinapyl
alcohol oligomers and sinapyl alcohol 2, producing a
polymer of greater molecular weight, whereas HPR pro-
duces sinapyl alcohol dimers rather than catalyzing poly-
merization (Aoyama et al., 2002). CWPO-C is able to
directly catalyze the oxidation of synthetic lignin dehydro-
polymerisates (Sasaki et al., 2004). Histochemical analysis
of CWPO-C in poplar stems indicated that CWPO-C is
mainly located at the cell corners and in the intercellular
layer, consistent with lignin deposition in the developing
xylem of poplar stem (Sasaki et al., 2006). The localization
profile supports that CWPO-C is a plausible peroxidase
isoenzyme involved in lignification (Sasaki et al., 2006).
Based on previous reports and the present study, we pro-
pose that Tyr residues located on the protein surface of
CWPO-C potentially represent unique oxidation sites for
monolignol oxidation during dehydrogenative polymeriza-
tion leading to lignin(s).
3. Experimental

3.1. Plant materials and chemicals

Poplar (Populus alba L.) callus was induced on Murash-
ige and Skoog basal medium supplemented with 3%
sucrose, 1.0 mg l�1 2,4-dichlorophenoxyacetic acid, 0.5
mg l�1 kinetin and 0.8% agar, and maintained on this med-
ium at 25 �C in the dark. CWPO-C was purified from the
poplar callus as described previously (Aoyama et al.,
2002). HRP type VI was purchased from Sigma–Aldrich
(St. Louis, MO) and used without further purification.
Ferrocytochrome c was prepared from ferricytochrome c

as described previously (Wariishi et al., 1994). Protein con-
tents were determined using a protein assay kit (Bio-Rad,
Richmond, CA) with bovine serum albumin (BSA) as the
protein standard. Poplar trees (P. alba) grown in Kyushu
University were used for CWPO-C cloning. TNM was pur-
chased from Sigma–Aldrich. NBS, guaiacol 4, 2,6-DMP 5

and syringaldazine 6 were purchased from Wako Pure
Chemicals Industries Ltd. (Tokyo, Japan).

3.2. Homology modeling of CWPO-C

A CWPO-C cDNA was cloned using RT-PCR and
RACE-PCR techniques as described in our previous paper
(Sasaki et al., 2006). Homology modeling of CWPO-C was
performed using the MOE program (Chemical Computer
Group Inc.). The ATP A2 crystal structure (protein data
bank entry 1pa2) (Østergaard et al., 2000) was selected as
the most appropriate template, since CWPO-C shares the
highest amino acid sequence identity (45%) with ATP A2
among the peroxidases whose crystal structures have been
reported. After modeling and energy minimization, 10
intermediate models were generated and subjected to
coarse energy minimization using the AMBER89 force
field. Among the intermediates, the most suitable model
selected by MOE (packing score, �2.251) was applied to
subsequent revision and full energy minimization. Next,
full energy minimization was run by the Engh–Huber force
field. Finally, a CWPO-C model with good geometry (root
mean square deviation of C topology, 0.008) was obtained.
All modeling and energy minimization steps were carried
out under an environment including the heme imported
from the template. The obtained tertiary model of
CWPO-C was output as a pdb file, and subsequently visu-
alized and analyzed using the Pymol program (DeLano,
2002).

3.3. Chemical modification of peroxidases

A TNM stock solution (1 M) in ethanol–H2O2 (95:5, v/v)
was prepared. The reaction mixture (20 ll) comprised
5.0 lM CWPO-C or HRP and 60 mM TNM in 50 mM
Tris–HCl buffer (pH 7.5) containing 0.6 M NaCl. After
incubation at 25 �C for 3, 10 or 30 min, the reaction mix-
ture was diluted by 25-fold. Excess TNM was removed
using a Centricon (10,000 cut-off; Millipore, Billerica,
MA), and the modified products were used without further
purification. For control experiments, ethanol (1.2 ll) was
added to the reaction mixture instead of the TNM stock
solution.

NBS was recrystallized from water. An NBS stock solu-
tion (5 mM) in 50 mM Tris–HCl buffer (pH 7.5) containing
0.6 M NaCl was prepared immediately prior to use. NBS
modification was performed as previously described (Johj-
ima et al., 2002) with slight modifications. The reaction
mixture (20 ll) comprised 1.0 lM CWPO-C or HRP and
50 lM NBS in 50 mM Tris–HCl buffer (pH 7.5) containing
0.6 M NaCl. After incubation at 25 �C for 3, 10 or 30 min,
the reaction mixture was diluted by 25-fold. Excess NBS
was removed using the above-described Centricon and
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the modified products were used without further
purification.

3.4. Assay for peroxidase activity

Peroxidase activity was assayed using guaiacol 4 and
syringaldazine 6 as substrates as described previously
(Tsutsumi and Sakai, 1994). The oxidations of guaiacol 4

and syringaldazine 6 were monitored spectrophotometri-
cally at 470 and 530 nm, respectively (e470 = 5570
M�1 cm�1 and e530 = 6500 M�1 cm�1). The 2,6-DMP 5

oxidation activity was measured based on oxidative dimer-
ization of 2,6-DMP 5 (e469 = 49,600 M�1 cm�1) (Wariishi
et al., 1992). All reactions were performed at 30 �C in
50 mM Tris–HCl buffer (pH 7.5) containing 0.6 M NaCl.
The enzyme activity determined for each substrate was
expressed as lmol of reaction product per mg protein per
min.

For ferrocytochrome c oxidation, the reaction mixture
(1 ml) comprised 20 lM ferrocytochrome c, 2.3 lg of
CWPO-C or TNM-treated CWPO-C and 10 lM H2O2 in
50 mM Tris–HCl buffer (pH 7.5) containing 0.6 M NaCl.
The reaction was initiated by adding the H2O2 and carried
out at 30 �C. The absorbance decreases at 550 nm, indicat-
ing oxidation of ferrocytochrome c, were monitored at
30 �C (Margoliash and Frohwirt, 1959).

3.5. Peptide mass fingerprint analysis

Aliquots (3.2 lg) of 30-min TNM-modified CWPO-C
and non-modified CWPO-C were subjected to SDS-PAGE.
The target bands were excised from the gel after Coomassie
Blue staining, and digested with trypsin. The resulting tryp-
tic digests were applied to Voyager DE MALDI-TOF-MS
target plates, and the peptide ions were detected by
MALDI-TOF-MS (Voyager DE, Applied Biosystems,
Foster City, CA) as previously described (Shimizu et al.,
2005).
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