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ABSTRACT: Site-directed mutations R177A and R177K in the gene encoding manganese peroxidase isozyme
1 (mnp1) from Phanerochaete chrysosporiumwere generated. The mutant enzymes were expressed inP.
chrysosporiumduring primary metabolic growth under the control of the glyceraldehyde-3-phosphate
dehydrogenase gene promoter, purified to homogeneity, and characterized by spectroscopic and kinetic
methods. The UV-vis spectra of the ferric and oxidized states and resonance Raman spectra of the ferric
state were similar to those of the wild-type enzyme, indicating that the heme environment was not
significantly affected by the mutations at Arg177. ApparentKm values for MnII were∼20-fold greater for
the R177A and R177K MnPs than for wild-type MnP. However, the apparentKm values for the substrates,
H2O2 and ferrocyanide, and thekcat values for MnII and ferrocyanide oxidation were similar to those of
the wild-type enzyme. The second-order rate constants for compound I (MnPI) reduction of the mutant
MnPs by MnII were∼10-fold lower than for wild-type MnP. In addition, theKD values calculated from
the first-order plots of MnP compound II (MnPII) reduction by MnII for the mutant enzymes were∼22-
fold greater than for wild-type MnP. In contrast, the first-order rate constants for MnPII reduction by
MnII were similar for the mutant and wild-type MnPs. Furthermore, second-order rate constants for the
wild-type and mutant enzymes for MnPI formation, for MnPI reduction by bromide, and for MnPI and
MnPII reduction by ferrocyanide were not significantly changed. These results indicate that both the
R177A and R177K mutations specifically affect the binding of Mn, whereas the rate of electron transfer
from MnII to the oxidized heme apparently is not affected.

White-rot basidiomycete fungi are capable of degrading
the plant cell wall polymer, lignin (1-3), and a variety of
aromatic pollutants (4-7). When cultured under lignolytic
conditions, the best-studied lignin-degrading fungus,Phan-
erochaete chrysosporium, secretes two families of extracel-
lular peroxidases, lignin peroxidase (LiP)1 and manganese
peroxidase (MnP), which, along with an H2O2-generating
system, constitute the major enzymatic components of its
extracellular lignin-degrading system (1, 2, 8-10). Both LiP
and MnP are able to depolymerize lignin in vitro (10-12),
and MnP activity has been found in essentially all lignin-
degrading fungi that have been examined (13-16).

MnP from P. chrysosporiumhas been purified to homo-
geneity and characterized (3, 16-19). In addition, genomic
and cDNA sequences ofP. chrysosporiumMnP isozymes
mnp1, mnp2, andmnp3have been reported (20-25). X-ray
crystallographic studies and DNA sequence comparisons

indicate that the heme environment of MnP is similar to that
of other plant and fungal peroxidases (22, 26-30). Spec-
troscopic studies have revealed that the heme iron of the
native enzyme is in the ferric, high-spin, pentacoordinate state
and is ligated to the proximal histidine (26, 31, 32). Kinetic
and spectroscopic characterization of the oxidized intermedi-
ates, MnP compounds I and II (MnPI and MnPII), indicates
that the catalytic cycle of MnP is similar to that of
horseradish peroxidase and LiP. However, MnP is unique
in its ability to oxidize MnII to MnIII (3, 18, 19, 33-36).
The reactions involved in the MnP catalytic cycle are

The enzyme-generated MnIII is stabilized by organic acid
chelators such as oxalate, which is secreted by the fungus
(19, 37, 38). The MnIII-organic acid complex, in turn,
oxidizes phenolic substrates such as lignin substructures (39)
and aromatic pollutants (6, 40, 41).

Previously, we developed a homologous expression system
for MnP isozyme 1 (42) in which the P. chrysosporium
glyceraldehyde-3-phosphate dehydrogenase (gpd) gene pro-
moter is used to drive expression of themnp1gene during
primary metabolic growth when endogenous MnP is not
expressed. This expression system has been used to produce
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MnP + H2O2 f MnPI + H2O

MnPI + MnII f MnPII + MnIII

MnPII + MnII f MnP + MnIII + H2O
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and characterize mutants of Mn binding site ligands and of
the heme cavity residue Phe190 (43-45).

The MnP crystal structure (26) contains a unique Mn
binding site involved in the oxidation of MnII. In this site,
the single Mn atom is hexacoordinate, with carboxylate
ligands from the heme propionate 6 and from amino acids
Glu35, Glu39, and Asp179. The final two ligands are waters.
When Glu35, Glu39, and Asp179 are mutated to their
respective amides, a significant effect on the kinetics of MnII

oxidation is observed, confirming that these residues are Mn
binding ligands and that the proposed Mn binding site is the
productive site (43, 44, 46). In addition to these amino acid
ligands, Arg177 also appears to be a component of the Mn
binding site (26). The crystal structure shows that Arg177
forms a salt bridge with Glu35, orienting this ligand for
efficient Mn binding (26). In this study, we investigate the
role of Arg177 in MnII oxidation using spectroscopic and
kinetic analyses of two Arg177 mutants.

MATERIALS AND METHODS

Organisms. P. chrysosporiumwild-type strain OGC101,
auxotrophic strain OGC107-1 (Ade1), and prototrophic
transformants were maintained as described previously (47).
Escherichia coliDH5R was used for subcloning plasmids.

Construction of Transformation Plasmids.The R177A and
R177K site-directed mutations were introduced into the
plasmid pGM1 (43), which contains 1.1 kb of thegpd
promoter fused to theP. chrysosporium mnp1gene at the
translation start site. The PCR-based Quikchange (Stratagene)
protocol was used for site-directed mutagenesis. A forward
and reverse primer for each mutation was designed to change
the CGC codon (Arg) to a GCC (Ala) or an AAG (Lys)
codon. After the mutagenesis reactions, two plasmids,
pGM11 and pGM12, containing the R177A and R177K
mutations, respectively, were isolated, and the mutations were
confirmed by sequencing. Subsequently, theXbaI-EcoRI
fragments of pGM11 and pGM12, containing thegpd
promoter and the mutatedmnp1genes, were subcloned into
pOGI18 (48), a P. chrysosporiumtransformation plasmid,
containing theSchizophyllum commune ade5 gene as a
selectable marker. This generated theP. chrysosporium
transformation plasmids pAGM11 and pAGM12 for the
R177A and R177K mutations, respectively. Themnp1coding
sequences of pAGM11 and pAGM12, including the muta-
tions, were verified by sequencing.

Transformation of P. chrysosporium.Protoplasts of the
Ade- strain OGC107-1 were transformed as described
previously (47), using 1 µg of linearized pAGM11 or
pAGM12 as the transforming DNA. Prototrophic transfor-
mants were transferred to minimal medium slants to confirm
adenine prototrophy and assayed for MnP activity using the
o-anisidine plate assay described previously (42). Transfor-
mants exhibiting the highest activity on plates were purified
by fruiting as described previously (47, 49), and the progeny
were rescreened for MnP activity by the plate assay. The
purified transformants with the highest MnP activity, AGM11
and AGM12, were selected for analysis.

Production and Purification of the MnP Mutant Proteins.
Cultures of the selected transformants were maintained on
slants and grown in liquid culture from conidial inocula (42).
The MnP mutant proteins were purified from the extracellular

medium of high-carbon and high-nitrogen (HCHN) liquid
shake cultures, grown for 3 days at 28°C (42). For each
mutant protein, 14 1-L HCHN shake cultures in 2-L flasks
were filtered, and the extracellular fluid was pooled and
concentrated by ultrafiltration. Subsequently, variant proteins
were purified by Phenyl-Sepharose hydrophobic interaction,
Blue Agarose affinity, and Mono Q anionic exchange column
chromatography as described previously (44). Wild-type MnP
was produced and isolated as described previously (17, 36).

SDS-PAGE Analysis.Sodium dodecyl sulfate-polyacry-
lamide gel electrophoresis (SDS-PAGE) was performed
using a 12% Tris-glycine gel system (50) and a Miniprotean
II apparatus (Bio-Rad), and gels were stained with Coomassie
blue.

Enzyme Assays and Spectroscopic Procedures.Electronic
absorption spectra of the various oxidation states of the MnP
enzymes and steady-state kinetic assays were recorded and
conducted, respectively, at room temperature using a Shi-
madzu UV-260 spectrophotometer. The extent of MnII

oxidation by MnP was measured by following the formation
of the MnIII-malonate complex at 270 nm (ε270 ) 11.6 mM-1

cm-1) (19). The extent of oxidation of ferrocyanide was
measured at 420 nm (ε420 ) 1 mM-1 cm-1) as described
previously (51).

MnPI was prepared by mixing 1 equiv of H2O2 with the
native enzyme in 20 mM potassium phosphate buffer (pH
6.0). MnPII was prepared by the successive addition of 1
equiv of ferrocyanide and 1 equiv of H2O2 to the native
enzyme in 20 mM potassium malonate buffer (pH 4.5).
Enzyme concentrations were determined at 407 nm (ε407 )
129 mM-1 cm-1) (17).

Kinetic Analysis.ApparentKm andkcat values for MnII and
H2O2 were calculated from double-reciprocal plots of the
initial rate of MnIII-malonate formation versus varying MnII

or H2O2 concentrations. A double-reciprocal plot of the initial
rate of ferricyanide formation versus substrate concentration
was used to calculate the apparentKm and kcat values for
ferrocyanide. Reaction mixtures (1 mL) contained H2O2 (0.1
mM), 0.5µg of MnP for MnII oxidation or 5µg of MnP for
ferrocyanide oxidation, and varying concentrations of MnSO4

(0.02-10 mM) or ferrocyanide (1-15 mM) in 50 mM
potassium malonate (pH 4.5) (ionic strengthµ ) 0.1 M,
adjusted with K2SO4). To determine apparentKm values for
H2O2, reactions were conducted in 5 mM MnSO4.

Transient-state kinetic measurements were taken at 25°C
using an Applied Photophysics stopped-flow reaction ana-
lyzer (SX.18MV) with sequential mixing and a diode array
detector for rapid scanning spectroscopy. The extent of MnPI
formation was measured at 397 nm, the isosbestic point
between compounds I and II. Native enzyme (2µM) in 50
mM potassium malonate (pH 4.5) (ionic strengthµ ) 0.1
M, adjusted with K2SO4) was mixed with a 10-50-fold
excess of H2O2 in the same buffer. For the reduction of MnPI,
this oxidized state was prepared by premixing 4µM enzyme
in H2O with 1 equiv of H2O2. The reaction mixture was
incubated for 4 s, and MnPI formation was confirmed by
rapid scanning. Subsequently, MnII in 100 mM potassium
malonate (pH 4.5), ferrocyanide, or 2,6-dimethoxyphenol
(DMP) in 40 mM potassium malonate (pH 4.5), or bromide
in 40 mM potassium succinate (pH 3.0) was added in ag10-
fold molar excess. The extent of reduction of MnPI by MnII

was measured at 417 nm, the isosbestic point between MnPII
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and native MnP. The two-step reduction of MnPI by
ferrocyanide or DMP was assessed at 420 nm, the absorption
maximum of MnPII. This two-phase reduction of MnPI
started with the rapid reduction of MnPI followed by the
slow reduction of MnPII in a single combined experiment.
The direct two-electron reduction of MnPI to the native
enzyme by bromide was followed at 407 nm (52). The
reduction of MnPII by MnII was assessed at 407 nm, the
Soret maximum of the native enzyme. MnPII was prepared
by premixing 4µM enzyme and 1 equiv of ferrocyanide in
50 mM potassium malonate (pH 4.5) with 1 equiv of H2O2

in the same buffer. This mixture was incubated for 5 s, and
the formation of MnPII was confirmed by rapid scanning
spectroscopy. Subsequently, MnPII was mixed with 0.5-
10 mM MnII in the same buffer. All kinetic traces exhibited
single-exponential character from which pseudo-first-order
rate constants were calculated. Typically, five or six substrate
concentrations were used in triplicate measurements.

Resonance Raman Spectroscopy.Resonance Raman (RR)
spectra were obtained on a custom spectrograph consisting
of a McPherson (Acton, MA) model 2061/207 monochro-
mator operated at a focal length of 0.67 m and a Princeton
Instruments (Trenton, NJ) LN1100 CCD detector with a
model ST-130 controller. Laser excitation was from Coherent
(Santa Clara, CA) Innova 302 krypton (413.1 nm) and Innova
90-6 argon (514.5 nm) lasers. The laser lines were filtered
through Applied Photophysics (Leatherhead, U.K.) prism
monochromators to remove plasma emissions. The incident
laser powers at the sample were∼20 (413.1 nm) and∼50
mW (514.5 nm). Spectra were collected in a 90°-scattering
geometry from solution samples contained in glass capillary
tubes at room temperature. Rayleigh scattering was attenuated
by the use of Kaiser Optical (Ann Arbor, MI) super-notch
filters. The spectral resolution was set to∼3.0 cm-1. Indene
and CCl4 served as frequency and polarization standards,
respectively. Optical absorption spectra of the Raman
samples were obtained on a Perkin-Elmer Lambda 9 spec-
trophotometer to monitor sample integrity before and after
laser illumination. Samples contained 100µM MnP in 20
mM phosphate buffer (pH 6.0). Data were calibrated and
analyzed with GRAMS/386 spectroscopic software (Galactic
Industries Corp., Salem, NH).

Chemicals.Phenyl-Sepharose CL-4B, Cibacron Blue 3GA
Agarose, potassium ferrocyanide, and H2O2 (30% solution)
were obtained from Sigma. DMP was obtained from Aldrich
and purified by silica gel column chromatography (the
solvent being hexane/ethyl acetate) before use. All other
chemicals were reagent grade. Solutions used for kinetic
assays were prepared with HPLC-grade water obtained from
Aldrich.

RESULTS

Expression and Purification of the Mutant Enzymes.The
mnp1coding sequences, including the mutations, of theP.
chrysosporium transformation plasmids pAGM11 and
pAGM12 were verified by DNA sequencing. Transformation
of the Ade- strain (OGC107-1) with linearized pAGM11 or
pAGM12 resulted in the isolation of multiple transformants
which exhibited MnP activity on the plate assay. For each
mutant, five of these transformants were selected and purified
by fruiting (47, 49, 53), and the colonies from single

basidiospores were rescreened for MnP activity. From the
purified isolates with MnP activity, one isolate of each
mutation was selected to obtain the strains AGM11 (R177A)
and AGM12 (R177K). These transformant strains expressed
extracellular recombinant MnP enzyme when grown in
HCHN shake cultures at 28°C for 3 days, whereas
endogenous MnP is not expressed under these conditions
(42). The mutant MnPs were purified to homogeneity as
determined by SDS-PAGE. The molecular masses of the
mutant MnPs (46 kDa) were identical to those of recombinant
wild-type MnP (rMnP) and wild-type MnP (wtMnP) (data
not shown). The yields of expressed mutant enzymes were
comparable to those of rMnP (42). Typically, mutant
enzymes were purified toRz values of>5.

Spectral Properties of the MnP Mutant Enzymes.The
optical absorption spectra of the native and oxidized inter-
mediates, compounds I and II, for each of the MnP mutant
enzymes were essentially identical to those of the wild-type
enzyme (Table 1), suggesting the substitution of Ala or Lys
for Arg177 does not significantly alter the heme environment
of the protein.

Resonance Raman Spectroscopy.The high-frequency
(∼1300-1700 cm-1) RR spectral regions that are charac-
teristic of heme coordination and spin state are shown in
panels A and B of Figure 1 for Soret band (413.1 nm) and
Q-band (514.5 nm) excitation, respectively. The relative
intensities of theν3 andν10 modes at 1482/1492 and 1612/
1628 cm-1, respectively, are consistent with a mixture of
6cHS and 5cHS heme species in wtMnP. The RR spectrum
of wtMnP is identical to that described previously (44). The
RR spectra of the R177A and R177K mutant enzymes are
essentially identical to that of the wtMnP enzyme. Only
minor changes in intensities, but no frequency shifts, can be
detected in the heme vibrational spectra. This suggests that
the R177A and R177K mutations do not result in any
significant perturbation of the heme moiety. The changes in
the relative intensities of theν3 andν10 bands for the mutants
compared to those of wtMnP suggest that a slightly greater
portion of the hemes in the mutant protein may be in the
5cHS state.

Steady-State Kinetics.Under steady-state conditions, linear
double-reciprocal plots were obtained over a range of MnII,
ferrocyanide, and H2O2 concentrations in 50 mM potassium
malonate (pH 4.5) (ionic strengthµ ) 0.1 M, adjusted with
K2SO4) for the mutant and wtMnP enyzmes. The apparent
Km values for MnII, ferrocyanide, and H2O2 and the apparent
kcat values for the MnII and ferrocyanide oxidation reactions
are listed in Tables 2 and 3, together with thekcat/Km ratios.
The apparentKm andkcat values of the Mn binding site mutant
E35Q (44) are included for comparison. The apparentKm

values for H2O2 and ferrocyanide,∼50 µM and ∼20 mM,
respectively, are similar for the wtMnP and the Arg177
mutant enzymes. Likewise, thekcat values for MnII and

Table 1: Absorbance Maxima of Native and Oxidized Intermediates
of Wild-Type and Mutant MnPsa

enzyme native (nm) compound I (nm) compound II (nm)

wtMnP 407, 503, 637 403, 558, 649 420, 528, 555
R177A 407, 502, 638 400, 557, 648 420, 527, 555
R177K 407, 500, 639 400, 558, 648 420, 528, 556

a MnP compounds I and II were prepared as described in the text.
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ferrocyanide oxidation, 200-300 and∼40 s-1, respectively,
are similar for wtMnP and the Arg177 mutant enzymes. In
contrast, the apparentKm values for MnII for the R177A and
R177K variants are∼20-fold higher than for wtMnP.

Formation of MnP Compound I.Rates of MnPI formation
were determined in 50 mM potassium malonate (pH 4.5).
We previously demonstrated that the rate of MnPI formation
was not affected by the type or concentration of the organic
acid chelator (38). The formation of MnPI was measured at
397 nm, and kinetic traces exhibited exponential character
from which pseudo-first-order rate constants (k1obs) were
calculated. Thek1obsconstants were linearly proportional to
H2O2 concentrations at a 10-50-fold excess (data not
shown). The second-order rate constants (k1app) for MnPI

formation were similar for wtMnP and the R177A and
R177K mutant proteins (Table 4).

Reduction of MnP Compound I by MnII. The reduction of
MnPI by MnII was assessed at the optimal pH of 4.5 at a
wavelength of 417 nm, the isosbestic point between com-
pound II and native MnP. The observed rate constants for
wtMnP with excess MnII concentrations are too high to
measure for MnII concentrations 30-fold greater than the
enzyme concentration. Therefore, the second-order rate
constant for wtMnP was estimated to be∼3 × 107 M-1 s-1

using low concentrations of MnII, conditions not obeying
strict pseudo-first-order kinetics. In contrast, thek2obsvalues
for mutant MnPI reduction with a 10-50-fold excess of MnII

are measurable and linearly proportional to the MnII con-
centrations with a zero intercept, an indication of irreversible,
second-order kinetics (data not shown). Second-order rate
constants (k2app) for MnPI reduction are shown in Table 4.
The k2app values for the Arg177 mutant enzymes are∼10-
fold lower than the estimatedk2app for wtMnP.

Reduction of MnP Compound I by Bromide.The reduction
of wtMnPI by bromide was recently described as a single,
two-electron reduction from MnPI to native enzyme (52).
The reduction of the R177K and R177A compounds I with
various concentrations of Br- was assessed at 407 nm and
exhibited single-exponential character. As for wtMnP, the
k2obsvalues were linearly proportional to the Br- concentra-

FIGURE 1: Resonance Raman spectra of the wild-type and mutant
enzymes R177A and R177K (∼100 µM) in 20 mM sodium
phosphate (pH 6.0). Resonance Raman spectra of MnP enzymes
were obtained with (A) Soret excitation (413.1 nm, 20 mW, 90°
scattering geometry, and ambient temperature) and (B) Q-band
excitation (514.5 nm, 50 mW, 90° scattering geometry, and ambient
temperature). Frequencies and assignments for selected heme bands
are shown. Polarization data also were collected to support the
assignments.

Table 2: Steady-State Kinetic Parameters for Wild-Type and
Mutant MnPsa

MnII H2O2

enzyme
Km

(µM)
kcat

(s-1)
kcat/Km

(M-1 s-1)
Km

(µM)
kcat

(s-1)
kcat/Km

(M-1 s-1)

wtMnP 90 256 2.84× 106 55 253 4.60× 106

R177A 1.64× 103 187 0.11× 106 39 190 4.87× 106

R177K 2.32× 103 264 0.11× 106 44 273 6.20× 106

E35Qb 4.4× 103 0.77 1.75× 102

a Reactions were carried out in 50 mM potassium malonate (pH 4.5).
ApparentKm andkcat values for MnII were determined using 0.2 mM
H2O2. ApparentKm andkcat values for H2O2 were determined using 5
mM MnII. b From ref44.

Table 3: Steady-State Kinetic Parameters for Wild-Type and
Mutant MnPs for Ferrocyanide Oxidationa

enzyme Km (mM) kcat(s-1) kcat/Km (M-1 s-1)

wtMnP 21 38 1.8× 103

R177A 26 42 1.6× 103

R177K 16 37 2.2× 103

a Reactions were carried out in 20 mM potassium malonate (pH 4.5).
ApparentKm and kcat values for ferrocyanide were determined using
0.2 mM H2O2.

Table 4: Transient-State Kinetic Parameters for MnPI Formation
and Reduction

MnPI formation MnPI reduction

enzyme
H2O2

a

k1app(M-1 s-1)
MnII a

k2app(M-1 s-1)
bromideb

k2′app(M-1 s-1)

wtMnP (6.35( 0.06)× 106 ∼3 × 107 (1.15( 0.01)× 103

R177A (5.91( 0.07)× 106 (3.41( 0.07)× 106 (1.31( 0.01)× 103

R177K (6.13( 0.04)× 106 (3.62( 0.03)× 106 (1.13( 0.01)× 103

a Reactions were carried out in 50 mM potassium malonate (pH 4.5)
(ionic strength of 0.1 M).b Reactions were carried out in 20 mM
potassium succinate (pH 3.0).
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tions with a zero intercept, an indication of irreversible,
second-order kinetics. Thek2′app values for wtMnP and both
mutant MnPs were similar (Table 4).

Reduction of MnP Compounds I and II by Ferrocyanide
and 2,6-Dimethoxyphenol.The reduction of MnPI and MnPII
by ferrocyanide or DMP was assessed in a two-phase reaction
at 420 nm. This is possible because MnPI reduction by these
substrates is at least 100-fold faster than MnPII reduction.
Exponential traces of MnPI reduction were used to obtain
k2obsvalues, which were linearly dependent on the substrate
concentration for both ferrocyanide and DMP (Figure 2).
Apparent second-order rate constants,k2app, are listed in Table
5. In contrast to the rates for the reduction of MnPI by MnII,
thek2appvalues for MnPI reduction by ferrocyanide or DMP
were similar for the wild-type and mutant enzymes. Thek3obs

values for MnPII reduction were also linearly proportional
to various ferrocyanide and DMP concentrations used in
reactions with both mutant and wtMnP enzymes (data not
shown). For ferrocyanide and DMP, the calculatedk3app

values were similar for wtMnP and R177A MnPs (Table 5).
However, for R177K, the apparent rate constants are∼2-
fold higher for compound I and II reduction by ferrocyanide
and∼6-fold higher for compound II reduction by DMP than
those for the wild-type and R177A MnPs.

Reduction of MnP Compound II by MnII. The MnPII
reduction by MnII is the rate-limiting step in the MnP
catalytic cycle (35-38). The reduction of wild-type and
mutant MnP compounds II to native enzyme was followed
at 406 nm under pseudo-first-order kinetics, using an excess
of MnII. The plots of thek3obs versus MnII concentrations
leveled off at higher MnII concentrations (Figure 3). This

can be explained by a binding interaction between reactants,
according to eqs 1-3:

where k3 is a first-order rate constant (s-1) and KD is a
dissociation constant (M). The calculated values for the first-
order rate constant and the dissociation constant are listed
in Table 6. Values for the Mn binding site mutant, E35Q,
are also listed for comparison. The rate constantsk3 are
similar for the wild-type and Arg177 mutant MnPs. In
contrast, the dissociation constants,KD, for the mutant
enzymes increased∼20-25-fold. As previously reported
(44), both the rate constant and binding constant are affected
by the E35Q mutant (Table 6). The calculated apparent
second-order rate constants,k3/KD, for the Arg177 mutant
enzymes exhibit a∼30-fold decrease in the rate of reaction.

Table 5: Kinetic Parameters for the Reduction of MnPI and MnPII by Ferrocyanide and DMPa

ferrocyanide 2,6-dimethoxyphenol

enzyme
MnPI reduction
k2app(M-1 s-1)

MnPII reduction
k3app(M-1 s-1)

MnPI reduction
k2app(M-1 s-1)

MnPII reduction
k3app(M-1 s-1)

wtMnP (1.33( 0.03)× 106 (1.80( 0.09)× 103 (5.12( 0.07)× 103 60 ( 6
R177A (1.11( 0.01)× 106 (1.45( 0.02)× 103 (5.61( 0.12)× 103 60 ( 1.3
R177K (2.43( 0.03)× 106 (6.63( 0.08)× 103 (8.82( 0.10)× 103 366( 39

a Reactions were carried out in 20 mM potassium malonate (pH 4.5) (ionic strength of 0.1 M).

FIGURE 2: Kinetics of MnPI reduction of wtMnP (b) and the
R177A (9) and R177K (2) mutants by DMP in 20 mM potassium
malonate (pH 4.5). The inset shows a typical trace at 420 nm of
the reduction of 1µM wild-type MnPI and subsequently of MnPII
by DMP.

FIGURE 3: Kinetics of compound II reduction of R177A (O) and
R177K (b) by MnII in 20 mM potassium malonate (pH 4.5). The
inset shows the kinetics of compound II reduction of wild-type MnP
in 20 mM potassium malonate (pH 4.5).

Table 6: Kinetic Parameters for the Reduction of MnPII by MnII a

enzyme k3 (s-1) KD (µM) k3app(M-1 s-1)

wtMnP (5.5( 0.4)× 102 (1.7( 0.2)× 102 3.30× 106

R177A (3.6( 0.06)× 102 (3.5( 0.17)× 103 0.10× 106

R177K (3.8( 0.12)× 102 (4.2( 0.3)× 103 0.09× 106

E35Qb 0.69( 0.03 (8.0( 0.6)× 103 86.3
a Reactions were carried out in 20 mM potassium malonate (pH 4.5)

(ionic strength of 0.1 M).b From ref44.

MnPII + MnII y\z
KD

MnPII-MnII 98
k3

MnP + MnIII (1)

k3obs) k3/(1 + KD/[MnII]) (2)

KD ) [MnPI][MnII]/[MnPII-MnII] (3)
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DISCUSSION

Although the catalytic cycle of MnP is similar to that of
other fungal and plant peroxidases, this enzyme is unique in
that it oxidizes MnII to MnIII (3, 18, 19, 33-36). The latter,
complexed with an organic acid chelator, diffuses from the
enzyme to oxidize the terminal phenolic substrate. The MnP
crystal structure (26, 54) indicates there is a cation binding
site at the protein surface, consisting of the carboxylates of
Asp179, Glu35, Glu39, and heme propionate 6. Mutagenesis
studies with the Mn binding ligands, Asp179, Glu35, and
Glu39, revealed the role of these ligands in Mn oxidation
(43, 44). All the Mn binding site mutants, which eliminated
the carboxylic acid functional group, exhibit a significant
decrease in the level of Mn binding and in the MnII oxidation
rate. These studies indicate that MnP has a single Mn binding
and oxidation site (43, 44, 46, 54).

In addition to the Mn ligands, Arg177 has been implicated
in Mn binding. The crystal structure shows that Arg177 forms
a salt bridge with Glu35, thereby orienting Glu35 for efficient
Mn binding (Figure 4) (26). Furthermore, deduced amino
acid sequence comparisons between several MnP and LiP
enzymes from different fungi show that Arg177 is conserved
within the MnPs but is replaced by an Ala in the LiPs (16).

TheP. chrysosporiumhomologous gene expression system
(42) was used to express mutant genes under the control of
the gpd gene promoter. Active, heme-containing mutant
enzymes were secreted into the extracellular medium and
were purified to homogeneity by a combination of chro-
matographic methods. The R177A and R177K enzymes were
essentially identical to wtMnP with respect to chromato-
graphic properties and molecular mass, suggesting that these
mutations do not lead to significant conformational alterations
of the variant proteins. The optical absorption spectral
features of the ferric states and of the oxidized states (MnPI
and MnPII) for the R177 variants were essentially identical
to those of wtMnP, suggesting that the heme environment
of MnP also is not altered significantly by these mutations.

Resonance Raman spectroscopy is well suited for the
determination of coordination and spin states of hemes (55).
In particular, theν3 and ν10 vibration modes are generally
easily identified and, hence, serve as useful indicators. The
ν3 andν10 bands (Figure 1) indicate the coexistence of six-
coordinate high-spin and five-coordinate high-spin (6cHS and
5cHS) heme species at room temperature. The mixture of
species is consistent with the presence of a six-coordinate

heme with water bound in equilibrium with a five-coordinate
heme iron lacking a water ligand. In this study and in our
previous study of Mn binding site mutants (44), theν3 mode
exhibits a slightly higher 5cHS versus 6cHS ratio for the
mutant enzymes than wtMnP. Otherwise, our RR results
indicate that the R177K and R177A mutations appear to have
little or no effect on the structure and coordination state
equilibrium of the heme, suggesting that the mutant proteins
are produced without undergoing significant changes in either
the overall structure or the heme environment.

In contrast to a negligible effect on spectroscopic proper-
ties, mutations at Arg177 significantly alter the kinetic
properties of MnP. The apparentKm values for oxidation of
MnII by the mutant MnPs increase∼20-fold compared to
those of wtMnP, while the turnover numbers (kcat) for the
mutant enzymes remain similar to those of wtMnP. These
data differ significantly from the kinetic results for the Mn
binding site mutants (44), where a 50-fold increase inKm

was accompanied by a 300-fold decrease inkcat for the single
mutants. This suggests that, unlike the Mn binding ligands,
Arg177 is involved in binding of MnII but apparently not in
electron transfer.

Transient-state kinetic analysis of the individual steps in
the MnP catalytic cycle shows that these mutations have a
significant effect on the reduction of the oxidized intermedi-
ates, MnPI and MnPII, by MnII. The apparent second-order
rate constants (k2app) for MnPI reduction in the mutant
enzymes are decreased by∼10-fold compared to those of
wtMnP. This second-order constant combines the equilibrium
dissociation constant and rate constant; however, we suggest
that only the change in binding of MnII to MnPI contributes
to the decrease ink2app with these mutant enzymes, based
on steady-state kinetic analysis. The reduction of MnPII, the
rate-limiting step in the catalytic cycle, exhibits saturation
kinetics for both the wild-type and mutant MnPs. While the
equilibrium dissociation constants,KD, for the Arg177
mutants are∼22-fold higher than that for wtMnP, the first-
order rate constants,k3, are similar for the wild-type and
mutant MnPs. This strongly suggests that the mutations
mainly affect the binding of MnII to the enzyme but have
little effect on the rate of electron transfer from the MnII to
the oxidized heme intermediates.

The apparent rate constants for reduction of MnPI and
MnPII by substrates apparently not oxidized at the Mn
binding site, such as ferrocyanide, 2,6-dimethoxyphenol, and
bromide, are similar for the wild-type and mutant MnPs. The
Km andkcat values for the oxidation of ferrocyanide by MnP
also are not affected by these mutations, indicating that
neither ferrocyanide, phenol (44), nor bromide (52) oxidation
is affected significantly by mutations at the Mn binding site.
This suggests that these substrates neither bind nor are
oxidized at this site. Furthermore, the mutations at Arg177
affect neither theKm for H2O2 nor the rate of MnPI formation
by H2O2, suggesting that neither binding nor reduction of
H2O2 is significantly altered.

Our results indicate that MnII oxidation by MnP can be
separated into at least two steps: the binding of MnII to the
Mn binding site, followed by the electron transfer from MnII

to the oxidized heme. Steady-state and transient-state kinetic
experiments indicate that both Arg177 mutations affect the
binding of MnII to the enzyme. The apparentKm values
increase∼20-fold, and the dissociation constants,KD, for

FIGURE 4: Manganese binding site of manganese peroxidase (26).
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MnPII reduction increase∼22-fold for both the R177K and
the R177A mutants. In particular, the transient-state kinetic
measurements of MnPII reduction show that, while the
mutants have a reduced ability to bind MnII, the first-order
rate constants for the reduction of MnPII by MnII are similar
for the wild-type and mutant MnPs, indicating that, once the
Mn is bound, electron transfer proceeds efficiently regardless
of the mutation at Arg177. Binding of MnII to the protein
results in the hexacoordinate ligation of this metal with the
probable lowering of the redox potential for MnII oxidation.
Since the MnII binding ligands remain unchanged in the
Arg177 mutants, the ligation geometry of MnII in the binding
site in the presence of high Mn concentrations probably is
unaffected. In fact, the lack of change in the electron-transfer
rates for the Arg177 variants suggests a lack of change in
the redox potential between the mutant and wild-type
enzymes. In contrast, mutation of a Mn ligand such as
Asp179, Glu35, or Glu39 has been shown to affect the
ligation geometry of the MnII binding site (54) and the
electron-transfer rate. Indeed, electron transfer from MnII to
the heme in the E35Q, E39Q, and D179N ligand mutants is
much slower than for the wild type (44), suggesting that the
redox potential of the bound Mn in the latter variants is
higher than that of Mn bound to wtMnP.

Crystallographic studies of the Mn ligand mutants suggest
that Glu35 and Glu39 assume alternate conformations upon
MnII binding, whereby the side chains of Glu35 and Glu39
swing out toward the protein surface, forming an open
configuration in the absence of MnII, but adapt a closed
configuration when MnII is bound (54). The interaction
between Arg177 and Glu35 may control this conformational
change at the Mn binding site. Crystallographic studies with
the D179N mutant (54) show that the R177-E35 bond is
∼2.81 Å long in the closed (Mn-occupied) structure, while
in the open (Mn-unoccupied) structure, the distance increases
to ∼4.39 Å. Breaking this salt bridge by mutation in R177A
and R177K or in E35Q probably affects the ability of the
enzyme to adopt the closed conformation upon Mn binding,
resulting in an increase in the apparent Mn binding constant.
Indeed, the results of this study show that disruption of the
salt bridge between Arg177 and Glu35 by mutation of
Arg177 results in a decrease in MnII affinity, indicating that
this salt bridge is essential for Mn binding.

Several mutations of the Mn ligand, Glu35, have been
reported, including E35Q (44) which changes the carboxylate
to an amide and E35D (46) which shortens the side chain of
the ligand without changing the functional carboxylate group.
Nevertheless, both mutations significantly affect both the
binding of MnII and the rate of electron transfer from MnII

to the oxidized heme. Since both mutations exhibit a decrease
in the rate of electron transfer, the ligation of MnII in the
binding site is likely to be affected. This suggests, as
confirmed in the crystal structure, that Arg177 may anchor
the position of the carboxylate of Glu35 in the MnII-occupied
closed configuration of the protein. Shortening the side chain
of this residue by one methylene in the E35D mutant
probably does not affect the salt bridge to Arg177, but it
may restrain the carboxylate of this ligand from making a
strong bond with the MnII atom, resulting in a disruption of
the ligation for MnII and hence in the electron-transfer rate
as observed (46). Crystal structure analysis of these R177
and E35D mutant enzymes should reveal their ligation

geometry. Additional studies aimed at examining these
possibilities are planned.

REFERENCES

1. Buswell, J. A., and Odier, E. (1987)CRC Crit. ReV. Biotechnol.
6, 1-60.

2. Kirk, T. K., and Farrell, R. L. (1987)Annu. ReV. Microbiol.
41, 465-505.

3. Gold, M. H., Wariishi, H., and Valli, K. (1989)ACS Symp.
Ser. 389, 127-140.

4. Bumpus, J. A., and Aust, S. D. (1987)BioEssays 6, 166-
170.

5. Hammel, K. E. (1989)Enzyme Microb. Technol. 11, 776-
777.

6. Joshi, D. K., and Gold, M. H. (1993)Appl. EnViron. Microbiol.
59, 1779-1785.

7. Reddy, G. V. B., Sollewijn Gelpke, M. D., and Gold, M. H.
(1998)J. Bacteriol. 180, 5159-5164.

8. Kuwahara, M., Glenn, J. K., Morgan, M. A., and Gold, M. H.
(1984)FEBS Lett. 169, 247-250.

9. Gold, M. H., and Alic, M. (1993)Microbiol. ReV. 57, 605-
622.

10. Hammel, K. E., Jensen, K. A., Jr., Mozuch, M. D., Landucci,
L. L., Tien, M., and Pease, E. A. (1993)J. Biol. Chem. 268,
12274-12281.

11. Wariishi, H., Valli, K., and Gold, M. H. (1991)Biochem.
Biophys. Res. Commun. 176, 269-275.

12. Bao, W., Fukushima, Y., Jensen, K. A., Jr., Moen, M. A., and
Hammel, K. E. (1994)FEBS Lett. 354, 297-300.
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