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A Mn21-binding site was created in the recombinant
ignin peroxidase isozyme H8 from Phanerochaete
hrysosporium. In fungal Mn peroxidase, the Mn-
inding site is composed of Glu35, Glu39, and Asp179.
e generated a similar site in lignin peroxidase by

enerating an anionic binding site. We generated
hree mutations: Asn182Asp, Asp183Lys, and Ala36Glu.
ts activity, veratryl alcohol, and Mn21 oxidation were
ompared to those of native recombinant enzyme and
o fungal Mn peroxidase isozyme H4, respectively. The
utated enzyme was able to oxidize Mn21 and still

etain its ability to oxidize veratryl alcohol. Steady-
tate results indicate that the enzyme’s ability to oxi-
ize veratryl alcohol was lowered slightly. The Km for
n21 was determined to be 1.57 mM and the kcat 5 5.45

21. These results indicate that the mutated lignin per-
xidase is less effective in Mn21 oxidation that the wild
ype fungal enzyme. The pH optima of veratryl alcohol
nd Mn oxidation were altered by the mutation. They
re one unit of pH value higher than those of recom-
inant H8 and wild type fungal Mn peroxidase
sozyme H4. © 2001 Academic Press

Key Words: site-directed mutagenesis; fungi; lignin
egradation.

Most if not all white-rot fungi produce extracellular
eroxidases which are thought to be involved in the
egradation of lignin (1, 2). These peroxidases fall into
wo families: the lignin peroxidases (LP) and Mn per-
xidases (MnP). Although many fungi produce one or
oth of these peroxidases, the best characterized are
he isozymes from Phanerochaete chrysosporium. Both
re heme proteins, which share an identical catalytic
echanism. Catalysis is initiated by oxidation of the

Abbreviations used: LP, lignin peroxidase; MnP, Mn peroxidase;
BTS, 2,29-azinobis(3-ethylbenzthiazoline-6-sulfonate); rLPH8, re-

ombinant lignin peroxidase isozyme H8.
1 To whom correspondence should be addressed. Fax: 814-863-

616; E-mail: mxt3@psu.edu.
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2 2

eme intermediate (compound I) oxidizes two sub-
trate molecules, each by one electron to complete the
atalytic cycle. Compound II is one-electron-oxidized
ntermediate. These two lignin-degrading peroxidases
iffer in the nature of their reducing substrate. The
Ps catalyze the oxidation of phenolic and nonphenolic
romatic substrates [Kirk, 1986 #1191; Hammel, 1993
1173; Koduri, 1995 #665], whereas the MnPs catalyze
he oxidation of Mn21 to Mn31 (3, 4).

The distinguishing characteristics of LP and MnP
re characteristics which define other peroxidase; per-
xidases are ubiquitous in nature and differ only in the
ature of their reducing substrate. The structural as-
ects which confer specificity in peroxidases has been
xtensively studied in cytochrome c peroxidase (5–8).
here peroxidases are thought to share a common

ompound I and compound II intermediate, specificity
f the reducing substrate is thought to be conferred by
he substrate binding site. In MnP, the Mn21 binding
ite was identified by x-ray crystallography (9) and by
ite-directed mutagenesis [Whitwam, 1997 #1186]. In
sozyme H4, the three acidic residues composing of two
lu and one Asp (Glu35, Glu39, Asp179) define the
inding site. In LP, the exact binding site(s) has not
een unequivocally identified. Several were proposed
ased on theoretical studies (10) and its crystal struc-
ure (11). One of the proposed binding sites for veratryl
lcohol is the heme access channel. When amino acids
ere mutated in the access channel of recombinant H8,

he highest decrease was observed in the oxidation rate
f the phenolic substrate guaiacol, whereas the oxida-
ion of veratryl alcohol [Ambert-Balay, 1998 #954], and
nonphenolic tetrameric lignin model compound were

ess affected (Mester et al., in preparation). This would
uggest that LP, as suggest for cytochrome c peroxi-
ase (12), has multiple routes for electron transfer.
ore recently, the involvement of a Trp residue

Trp171) in electron transport from veratryl alcohol
as proposed and corroborated by site directed mu-
0006-291X/01 $35.00
Copyright © 2001 by Academic Press
All rights of reproduction in any form reserved.
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agenesis (13). This result suggests another binding
ite on the surface of LP surrounded by aromatic res-
dues. Here again, the investigators found evidence for

ultiple site of electron transfer. Mutagenesis of
rp171 to Ser eliminated activity toward veratryl al-
ohol but not ABTS. They proposed that the heme
xcess channel permitted direct electron transfer to the
eme, as in other peroxidase and that Trp171 allowed
or long-range electron transfer.

Evidence for multiple routes for electron transfer
lso comes from the work of Camarero et al. (14). These
orkers isolated a peroxidase from the ligninolytic fun-
us Pleurotus eryngi, which possessed both LP and
nP activity. A 3-D model was built showing the pres-

nce of the heme access channel and Trp170 at the
nzyme surface; both are proposed binding site for
romatic substrates. Also found was the putative Mn21

inding site of Glu36, Glu40 and Asp181. Sarkar et al.
15) also found evidence for bifunctional peroxidases in
leurotus ostreatus. Phylogenetic analysis (Fig. 1) in-
icates that these bifunctional peroxidases are evolu-
ionarily distinct from either the LPs or the MnP. In
he present study, we investigate whether specificity in
hese fungal peroxidases is indeed conferred just by the
ubstrate-binding site. Using the model of the enzyme
rom P. eryngii, we created a Mn21-binding site in
he rLPH8 from P. chrysosporium. We investigated
hether this mutant LP, by designing a Mn21-binding

ite, can oxidize Mn21 in spite of the structural differ-
nces between LP and MnP.

FIG. 1. Phylogenetic comparison of amino acid sequences of fun
ethods as described under Materials and Methods. Abbreviation

ubvermispora; CCP, cytochrome c peroxidase; HRP, horseradish pe
enzyme nomenclature as provided by author)/gene designation as
pecifies that the protein sequence is from P. chrysosporium; it is a L
he phylogenetic tree indicate the percentage of 500 bootstrap replic
724
ATERIALS AND METHODS

Chemicals. Veratryl alcohol was purchased from Sigma and was
acuum distilled. Oligomers for site directed mutagenesis were pur-
hases from Integrated DNA (Coralville, IA). For the Asn182Asp and
sp183Lys mutations, one single oligonucleotide (and its comple-
ent) was used. The underline portion refers to the mutation.

9-GTCGCAGCGGTGGACAAGGTCGACCCGACC-39; 59-GGTCGG-
TCGACCTTGTCCACCGCTGCGAC-39. For the Ala36Glu muta-

ion, the following oligonucleotide (and its complement) was used:
9-GGCGGCCAGTGCGGCGAGGAGGCGCACGAG-39; 59-CTCGTG-
GCCTCCTCGCCGCACTGGCCGCC-39.
Hydrogen peroxide was purchased from Fisher Scientific. The con-

entration of H2O2 was determined spectrophotometrically at 240
m using an extinction coefficient of 39.4 M21 cm21 (16). All other
hemicals were commercially available and used without further
urification.

Site-directed mutagenesis. rLPH8 was expressed from its cDNA
sing cDNA lML-1 as previously described (17). LP isozyme H8
utations were performed using the pET21a 1 LPH8 plasmid as the

emplate [Ambert-Balay, 1998 #954]. All manipulations were as
escribed in Quick-Change site-directed mutagenesis kit (Strat-
gene, La Jolla, CA). The mutations were performed in two steps. We
rst mutated either Ala36Glu with the oligonucleotide listed above
r Asn182Asp and Asp183Lys with the corresponding oligonucleo-
ide listed above. The Asn182Asp and Asp183Lys mutations were
oth generated with one oligonucleotide. After confirming the muta-
ion(s) by sequencing, the other oligonucleotides were used to gen-
rate the corresponding mutation.

Enzyme preparation. The recombinant isozyme H8 and the mu-
ated isozyme H8 were expressed in E. coli strain BL21 and refolded
s described previously [Ambert-Balay, 1998 #954]. The fungal MnP
4 was prepared and purified according to Pease et al. [Pease, 1989
721]. The concentration of recombinant and fungal MnP enzyme

peroxidases. The tree was construct using the neighboring-joining
re: Pc, P. chrysosporium; Tv, T. versicolor; Pe, P. eryngii; Cs, C.
idase. The information provided in the figure is: fungus/LP or MnP
vided by author/gi number. For example, Pc/LP(H8)/ML-1/482269
isozyme H8; cDNA ML-1 and the gi number of 482269. Numbers in
s in which a group was found.
gal
s a
rox
pro
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ere determined spectrophotometrically at 408 nm using the extinc-
ion coefficients of 168 and 127 mM21 cm21, respectively (18, 19).

Enzyme reactions. All reactions were performed at 28°C. Steady-
tate kinetic experiments for veratryl alcohol oxidation were per-
ormed at pH 3.5 using a sodium tartrate buffer, while for Mn21

xidation a malonate buffer was used (pH 4.5). The rate of veratryl
lcohol oxidation to veratraldehyde was measured at 310 nm using
n extinction coefficient of 9300 M21 cm21 (20). The formation of
n31-malonate complex was detected at 270 nm using an extinction

oefficient of 8500 M21 cm21 [Kuan, 1993 #1189].

Analysis of protein sequences. Sequence alignments were per-
ormed with CLUSTAL (21). The phylogenetic tree was constructed
sing the MEGA program (22).

ESULTS

Design of the Mn-binding site. A Mn21-binding site
as designed in LP isozyme H8 by modeling the Mn21-
inding site of MnP (Fig. 2). The binding site in MnP is
ocated in an anionic pocket containing Asp179, Glu35
nd Glu39. The corresponding site in LP isozyme H8 is
ccupied by Asn182 for Asp179 and Ala36 for Glu35.
he corresponding site for Glu39 of MnP in LP is
lu40, thus no changes were made. The residue adja-

ent to Asp179 in MnP is Lys180. The corresponding
esidue in LP is Asn182. Although this residue is not
roposed to be involved in substrate binding, due to the
harge difference of the two amino acids, we decided to
utate this residue to Lys.

FIG. 2. Amino acid residues at the Mn21-binding site in the wild
4 (1MNP). The figure was drawn with Swiss-PdbViewer (29). The “

ptions of the Swiss-PdbViewer.

TAB

Steady-State Kinetics of V

Peroxidase
Km (VA)

(mM)
Km (H2O2)

(mM)

rLPH8 0.19 0.021
A36E 0.56 0.027
N182D, D183K 0.20 0.007
Triple mutant 0.29 0.006

a Reaction mixtures contained 50 mM sodium tartrate buffer
oncentrations. For Km determination of H2O2 the final concentratio
etermined, H2O2 was added at the final concentration of 0.1 mM.
725
We first made the Asn182Asp and the Asp183Lys
hange in one step (one oligonucleotide containing both
utations). This was followed by the mutation of
la36Glu. This mutagenesis scheme was also carried
ut in the reverse order where the Ala36Glu was first
enerated followed by the double mutation. This strat-
gy yielded three different recombinant LP enzymes.
ne contained the Ala36Glu mutation. Another con-

ained the Asn182Asp and Asp183Lys mutation. The
hird contained all three mutations (Ala36Glu–
sn182Asp–Asp183Lys).

Steady-state kinetic parameters for veratryl alcohol
nd H2O2. After generating the putative Mn21-
inding site in recombinant LP, we analyzed the mu-
ant enzymes with steady-state methods. First we de-
ermined whether the mutation altered the reactivity
f enzyme towards veratryl alcohol and H2O2. Table 1
ummarizes the steady-state kinetic parameters for
eratryl alcohol oxidation by the mutated enzymes
ompared to wild type recombinant LP. The mutation
id alter, but not significantly, the kinetic parameters
or veratryl alcohol. The highest Km was observed for
he single mutant Ala36Glu; however, the increase was
ess than threefold. The double and triple mutant had
o effect on the Km. In all cases the Km remained in the
ame order of magnitude (0.2–0.5 mM). More signifi-

pe rLPH8 (1LGA), the triple mutated rLPH8 and the MnP isozyme
rid” structure is not experimental but was made from the mutation

1

atryl Alcohol Oxidationa

kcat

(s21)
kcat/Km (VA)

(M21 s21)
kcat/Km (H2O2)

(M21 s21)

2.2 1.2 3 104 1.0 3 105

1.5 2.7 3 103 6.3 3 104

0.16 8.0 3 102 2.3 3 104

1.1 3.8 3 103 1.8 3 105

3.5), 0.1 mM of enzyme, H2O2 and veratryl alcohol in various
f veratryl alcohol was 2 mM. When the Km for veratryl alcohol was
-ty
hyb
er

(pH
n o
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ant changes were observed for the Km for H2O2. The
m remained unchanged in the case of the Ala36Glu
utation while the Km of the double (Asn182Asp–
sp183Lys) and triple mutants were approximately

hree-fold lower than that of the wild type rLPH8.
The kcat was slightly altered in the case of Ala36Glu
utant and the triple mutant, while the double mu-

ant showed very low rate of veratryl alcohol oxidation
Table 1). The specificity constant, kcat/Km is a more
ccurate indicator than Km for changes in reactivity
ith the substrate of interest. Accordingly, although

he Km for H2O2 was lowered for the triple mutant, the
cat/Km remained relatively unchanged thus indicating
lack of change in reactivity. The most dramatic

hange in kcat/Km for H2O2 was observed for the double
utant Asn182Asp/Asp183Lys. When compared to the

cat/Km values for veratryl alcohol, the changes in value
or H2O2 are comparatively small. Thus, the mutations
enerated have minimal effect on the reactivity toward

2O2 when compared to veratryl alcohol.

Steady-state kinetic parameters for Mn21. Neither
he recombinant wild type nor the Ala36Glu and the
ouble mutant (Asn182Asp/Asp183Lys) were able to
xidize Mn21 (Table 2). However, the triple mutant did
xhibit activity toward Mn21. The Km for Mn21 is much
igher and the kcat value is much lower than that of
ild type fungal MnP. Nonetheless the triple mutant

howed measurable ability to oxidize Mn21, while the
ild type recombinant enzyme and the other mutants

learly showed no activity.

Effect of pH on activity. The generation of the triple
utant altered the pH optima for oxidation of veratryl

lcohol. Whereas the wild type fungal and the recom-
inant wild type both oxidized veratryl alcohol maxi-
ally at pH 2.5, the triple mutant exhibited a pH

ptimum at 3.5 (Fig. 3). When the Mn21-oxidizing ac-
ivity of the triple mutant was compared to that of the
ungal wild type MnP, the same trend was observed.
he maximal pH for the mutant recombinant LP
as one pH value higher than that of the fungal MnP

Fig. 4).

Steady-State Kinetics of Mn Oxidationa

Peroxidase
Km (Mn21)

(mM)
kcat

(s21)
kcat/Km (Mn21)

(M21 s21)

ungal MnP (H4) 0.062 530 8.4 3 106

riple mutant 1.6 5.4 3.4 3 103

182D, D183K n.a.b n.a. —
36E n.a. n.a. —
H8 n.a. n.a. —

a Reaction mixtures contained 50 mM sodium malonate buffer
pH 4.5), 0.1 mM H2O2, 0.1 mM enzyme, and MnSO4 in various
oncentrations.

b n.a., no activity.
726
ISCUSSION

Khindaria et al. (23) reported that LP isozyme H2
rom P. chrysosporium possessed the ability to oxidize
oth veratryl alcohol and Mn21. They reported that
ompound I, but not compound II of LP is capable of
xidizing Mn21. This finding has yet to be substanti-
ted by sequencing (24) or crystallographic (11) data
howing a Mn21 binding site in isozyme H2. The exis-
ence of a bifunctional enzyme, however, has been re-
ently reported by Camarero et al. (14). These workers
learly demonstrated both MnP and LP activity with
n enzyme from P. eryngii. Although the structure of
he enzyme has yet to be determined, these workers
onstructed a 3-D model of the enzyme, based on LP
oordinates. A putative manganese-binding site was
ound consisting of Glu36, Glu40 and Asp181. A bifunc-
ional enzyme has also been reported by Sarkar et al.
15). These workers isolated an enzyme with LP and

FIG. 3. Effect of pH on the veratryl alcohol oxidation by the
ild type rLPH8 (closed circle) and by the triple mutant rLPH8

open circle). Reaction mixtures are as described in the legend to
able 1.

FIG. 4. Effect of pH on the Mn21 oxidation by the fungal
nP isozyme H4 (closed circle) and the triple mutant rLPH8

open circle). Reaction mixtures are as described in the legend to
able 2.
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nP activity from P. ostreatus. The enzymological data
s actually supported phylogenetic analysis. The tree
hown in Fig. 1 was constructed with protein se-
uences and clearly shows a clustering of the bifunc-
ional enzymes, separate from the MnPs and the LPs.
he existence of a distinct class of bifunctional en-
ymes is also supported by alignment analysis of the
mino acids. The putative Mn21-binding site of Glu 35
r 36, Glu 39 or 40 and Asp 179 or 181 is only found in
he MnPs and the bifunctional enzymes, not in the LPs
Fig. 5). Figure 5 also shows the conservation of Trp171
n the LPs or in the bifunctional enzymes. Thus, only
he bifunctional enzymes have binding sites for both
romatic substrates and Mn21. Similar bifunctional en-
ymes have also been discovered in Bjerkandera sp.
OS55 (25), however, no sequence information is avail-
ble for this enzyme.
The existence of bifunctional enzymes is actually

redicted from a model of divergent evolution (26). In
egards to how MnPs and LPs evolved, the traditional
odel is that gene duplication alleviates selective pres-

ure on the duplicate gene thereby allowing it to un-
ergo non-synonymous nucleotide substitution. Being
reed from purifying selection, the duplicate gene is
ow permit to evolve randomly such that it will even-
ually emerge as a gene encoding a protein with altered
unction. Hughes (26) proposed an alternative model
here the evolution of functionally distinct new en-

ymes is preceded by a period of gene sharing where
he shared gene encodes a bifunctional enzyme. Gene
uplication then allows each daughter gene to special-
ze for one of the functions of the ancestral gene.

Our work has further supported the structural basis
or the bifunctional enzyme exhibiting both MnP and
P activity. When compared to MnPs from P. chryso-
porium, the mutated recombinant LP was less effi-
ient in the oxidation of Mn21 as indicated by a higher

m and a lower kcat and kcat/Km values. Thus our work
ay have defined the minimal structural requirements

or a Mn21-binding site and thus MnP activity. A pos-
ible explanation for the high Km is a lack of an Arg,
hich was showed to be important in the Mn21 binding

Arg177 in mnp1 gene). When Arg177 was mutated to
ys or Ala (the corresponding amino acid in LP) the

FIG. 5. Multiple alignment of the amino acid sequences of LP, bif
romatic substrate binding site. Key residues are highlighted. Note th
inding, MnP activity) are conserved only in the bifunctional perox
umbers.
727
inding constant (Kd) and Km increased while kcat re-
ained unchanged (27). Nevertheless, the present

tudy shows that the major structural difference be-
ween LPs and MnPs is the lack of a manganese-
inding site in LPs. A bifunctional peroxidase could be
onstructed simply by designing a manganese-binding
ite in recombinant LP.
Our work here shows that an alternate route of long-

ange electron transfer can be created in peroxidases
imply by generating an alternate substrate binding
ite. This was also shown by the work of Timofeevski et
l. (28). These workers showed that the ability to oxi-
ize veratryl alcohol oxidation by P. chrysosporium
ecombinant MnP could be generated by mutating
er168 to Trp. This Trp is present in LPs as well as in
he bifunctional peroxidases. Trp171 has been sug-
ested to be involved in the electron transport from a
urface bound veratryl alcohol or tetrameric nonphe-
olic model compound to the heme (13). These bifunc-
ional peroxidases may prove to be valuable in provid-
ng information on the structural basis for catalysis
nd on role of LP and MnP in lignin degradation. The
riple mutant exhibited an increase in pH optimum for
eratryl alcohol oxidation. Thus, they may also provide
nformation on the structural basis for the factors in-
uencing the pH properties of catalysis.
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