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Arginine 177 Is Involved in Mn(ll) Binding by Manganese Peroxidase
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ABSTRACT: Site-directed mutations R177A and R177K in the gene encoding manganese peroxidase isozyme
1 (mnpJ from Phanerochaete chrysosporiunere generated. The mutant enzymes were expressed in
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 UVvis 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. Apparértvalues for Mif were~20-fold greater for

the R177A and R177K MnPs than for wild-type MnP. However, the app#gntlues for the substrates,

H,O, and ferrocyanide, and tHe, values for MA and ferrocyanide oxidation were similar to those of

the wild-type enzyme. The second-order rate constants for compound | (MnPI) reduction of the mutant
MnPs by M were ~10-fold lower than for wild-type MnP. In addition, th&, values calculated from

the first-order plots of MnP compound Il (MnPII) reduction by Mior the mutant enzymes were22-

fold greater than for wild-type MnP. In contrast, the first-order rate constants for MnPIl reduction by
Mn'" 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 Mn' to the oxidized heme apparently is not affected.

White-rot basidiomycete fungi are capable of degrading indicate that the heme environment of MnP is similar to that
the plant cell wall polymer, lignin1—3), and a variety of of other plant and fungal peroxidasez?(26—30). Spec-
aromatic pollutants4—7). When cultured under lignolytic ~ troscopic studies have revealed that the heme iron of the
conditions, the best-studied lignin-degrading fundrisan- native enzyme is in the ferric, high-spin, pentacoordinate state
erochaete chrysosporiursecretes two families of extracel- and is ligated to the proximal histidin2§, 31, 32). Kinetic
lular peroxidases, lignin peroxidase (LIFJnd manganese and spectroscopic characterization of the oxidized intermedi-
peroxidase (MnP), which, along with an,®b-generating ates, MnP compounds | and Il (MnPI and MnPll), indicates
system, constitute the major enzymatic components of itsthat the catalytic cycle of MnP is similar to that of
extracellular lignin-degrading systerh, @, 8—10). Both LiP horseradish peroxidase and LiP. However, MnP is unique
and MnP are able to depolymerize lignin in vitrb0-12), in its ability to oxidize Md' to Mn"" (3, 18, 19, 33—36).
and MnP activity has been found in essentially all lignin- The reactions involved in the MnP catalytic cycle are
degrading fungi that have been examin&8-(16).

MnP from P. chrysosporiunhas been purified to homo- MnP + H,0, — MnPI + H,0
geneity and characterized, (16—19). In addition, genomic " "
and cDNA sequences @. chrysosporiunvinP isozymes MnPI+ Mn" — MnPIl + Mn

mnpl mnp2 andmnp3have been reporte@Q—25). X-ray

n_, i
crystallographic studies and DNA sequence comparisons MnPIl -+ Mn MnP -+ Mn™ + H,0
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and characterize mutants of Mn binding site ligands and of medium of high-carbon and high-nitrogen (HCHN) liquid
the heme cavity residue Phel130B{-45). shake cultures, grown for 3 days at 28 (42). For each
The MnP crystal structure26) contains a unique Mn mutant protein, 14 1-L HCHN shake cultures in 2-L flasks
binding site involved in the oxidation of Mnn this site, were filtered, and the extracellular fluid was pooled and
the single Mn atom is hexacoordinate, with carboxylate concentrated by ultrafiltration. Subsequently, variant proteins
ligands from the heme propionate 6 and from amino acids were purified by Phenyl-Sepharose hydrophobic interaction,
Glu35, Glu39, and Asp179. The final two ligands are waters. Blue Agarose affinity, and Mono Q anionic exchange column

When Glu35, Glu39, and Aspl79 are mutated to their chromatography as described previoud)(Wild-type MnP

respective amides, a significant effect on the kinetics of Mn

was produced and isolated as described previodsly3g).

oxidation is observed, confirming that these residues are Mn  SDS-PAGE AnalysisSodium dodecyl sulfatepolyacry-
binding ligands and that the proposed Mn binding site is the lamide gel electrophoresis (SB®AGE) was performed

productive site 43, 44, 46). In addition to these amino acid

using a 12% Tris-glycine gel systerdd) and a Miniprotean

ligands, Arg177 also appears to be a component of the Mn Il apparatus (Bio-Rad), and gels were stained with Coomassie

binding site £6). The crystal structure shows that Arg177
forms a salt bridge with Glu35, orienting this ligand for
efficient Mn binding @6). In this study, we investigate the
role of Argl77 in M oxidation using spectroscopic and
kinetic analyses of two Argl77 mutants.

MATERIALS AND METHODS

Organisms. P. chrysosporiumild-type strain OGC101,
auxotrophic strain OGC107-1 (Adel), and prototrophic
transformants were maintained as described previod3)y (
Escherichia coliDH5a was used for subcloning plasmids.

Construction of Transformation Plasmidhe R177A and
R177K site-directed mutations were introduced into the
plasmid pGM1 43), which contains 1.1 kb of thegpd
promoter fused to th@. chrysosporium mnpgene at the

blue.

Enzyme Assays and Spectroscopic Proced@iestronic
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'"Mn
oxidation by MnP was measured by following the formation
of the Mn"—malonate complex at 270 nrafo= 11.6 mM?
cm™1) (19). The extent of oxidation of ferrocyanide was
measured at 420 nmegko = 1 mM~ cm™?) as described
previously 61).

MnPI was prepared by mixing 1 equiv of,8; with the
native enzyme in 20 mM potassium phosphate buffer (pH
6.0). MnPIl was prepared by the successive addition of 1
equiv of ferrocyanide and 1 equiv of,8, to the native
enzyme in 20 mM potassium malonate buffer (pH 4.5).

translation start site. The PCR-based Quikchange (Stratagenegnzyme concentrations were determined at 407 eugy €
protocol was used for site-directed mutagenesis. A forward 129° mm-t cmr?) (17).

and reverse primer for each mutation was designed to change Kinetic AnalysisApparent<, andk.values for MH and

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

H,0, were calculated from double-reciprocal plots of the
initial rate of Mn" —malonate formation versus varying Mn
or H,O, concentrations. A double-reciprocal plot of the initial

mutations, respectively, were isolated, and the mutations wererate of ferricyanide formation versus substrate concentration

confirmed by sequencing. Subsequently, Xiea —EcadRl
fragments of pGM11 and pGM12, containing tlgpd
promoter and the mutatednplgenes, were subcloned into
pOGI18 @8), a P. chrysosporiuntransformation plasmid,
containing theSchizophyllum commune d&legene as a
selectable marker. This generated tRe chrysosporium
transformation plasmids pAGM11 and pAGM12 for the
R177A and R177K mutations, respectively. Theplcoding
sequences of pAGM11 and pAGM12, including the muta-
tions, were verified by sequencing.

Transformation of P. chrysosporiurrotoplasts of the

was used to calculate the apparé&npt and ke, values for
ferrocyanide. Reaction mixtures (1 mL) containegDp(0.1
mM), 0.5ug of MnP for Mn' oxidation or 5ug of MnP for
ferrocyanide oxidation, and varying concentrations of MpSO
(0.02-10 mM) or ferrocyanide (315 mM) in 50 mM
potassium malonate (pH 4.5) (ionic strength= 0.1 M,
adjusted with KSO,). To determine appareit, values for
H.O,, reactions were conducted in 5 mM Mn$O
Transient-state kinetic measurements were taken &€25
using an Applied Photophysics stopped-flow reaction ana-
lyzer (SX.18MV) with sequential mixing and a diode array

Ade™ strain OGC107-1 were transformed as described detector for rapid scanning spectroscopy. The extent of MnPI

previously @7), using 1ug of linearized pAGM11 or
pPAGM12 as the transforming DNA. Prototrophic transfor-

formation was measured at 397 nm, the isosbestic point
between compounds | and Il. Native enzymeu(2) in 50

mants were transferred to minimal medium slants to confirm mm potassium malonate (pH 4.5) (ionic strength= 0.1
adenine prototrophy and assayed for MnP activity using the M, adjusted with KSQ,) was mixed with a 16:50-fold

o-anisidine plate assay described previoudl®) ( Transfor-
mants exhibiting the highest activity on plates were purified
by fruiting as described previous1, 49), and the progeny

excess of KO, in the same buffer. For the reduction of MnPI,
this oxidized state was prepared by premixingM enzyme
in H,O with 1 equiv of HO,. The reaction mixture was

were rescreened for MnP activity by the plate assay. The incubated for 4 s, and MnPI formation was confirmed by

purified transformants with the highest MnP activity, AGM11
and AGM12, were selected for analysis.

Production and Purification of the MnP Mutant Proteins.

rapid scanning. Subsequently, Mim 100 mM potassium
malonate (pH 4.5), ferrocyanide, or 2,6-dimethoxyphenol
(DMP) in 40 mM potassium malonate (pH 4.5), or bromide

Cultures of the selected transformants were maintained onin 40 mM potassium succinate (pH 3.0) was addedila-

slants and grown in liquid culture from conidial inocue).
The MnP mutant proteins were purified from the extracellular

fold molar excess. The extent of reduction of MnPI by'Mn
was measured at 417 nm, the isosbestic point between MnPlI
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and nati\_/e MnP. The two-step reduction of MnPI by_ Table 1: Absorbance Maxima of Native and Oxidized Intermediates
ferrocyanide or DMP was assessed at 420 nm, the absorptionf wild-Type and Mutant MnPs

maximum of MnPIl. This two-phase reduction of MnPI
started with the rapid reduction of MnPI followed by the

enzyme native (nm) compound | (nm)  compound Il (nm)

; ; ; ; ; wtMnP 407, 503, 637 403, 558, 649 420, 528, 555
slow r_eductlon of MnPlIl in a smgle combined experiment. 1774 407 502 638 400, 557, 648 420, 527, 555
The direct two-electron reduction of MnPI to the native R177Kk 407,500,639 400, 558, 648 420, 528, 556

enzyme by bromide was followed at 407 nrb2). The

reduction of MnPIl by MH was assessed at 407 nm, the
Soret maximum of the native enzyme. MnPII was prepared o o
by premixing 4uM enzyme and 1 equiv of ferrocyanide in basidiospores were rescreened for MnP activity. From the

50 mM potassium malonate (pH 4.5) with 1 equiv 004 purified isolates with MnP activity, one isolate of each
in the same buffer. This mixture was incubated for 5 s, and Mutation was selected to obtain the strains AGM11 (R177A)

the formation of MnPIl was confirmed by rapid scanning and AGM12 (R177K). These transformant strains expressed

spectroscopy. Subsequently, MnPIl was mixed with-0.5 extracellular recombinant MnP enzyme when grown in
10 mM Mn'" in the same buffer. All kinetic traces exhibited HCHN shake cultures at 28C for 3 days, whereas
single-exponential character from which pseudo-first-order €ndogenous MnP is not expressed under these conditions

rate constants were calculated. Typically, five or six substrate (42). The mutant MnPs were purified to homogeneity as
concentrations were used in triplicate measurements. determined by SDSPAGE. The molecular masses of the

Resonance Raman Spectroscdpgsonance Raman (RR) mutant MnPs (46 kDa) were identical to those of recombinant
spectra were obtained on a custom spectrograph consistingf lld-type MnP (rM.nP) and wild-type MnP (WtMnP) (data
of a McPherson (Acton, MA) model 2061/207 monochro- ot shown). The yields of expressed mutgnt enzymes were
mator operated at a focal length of 0.67 m and a Princeton comparable to th(_;_sed ?é rMInP4Z).f>'Iéyp|cally, mutant
Instruments (Trenton, NJ) LN1100 CCD detector with a enzymes were purl_ € z ValUEs o1=o.
model ST-130 controller. Laser excitation was from Coherent ~ SPectral Properties of the MnP Mutant Enzym&ge
(Santa Clara, CA) Innova 302 krypton (413.1 nm) and Innova opt|qal absorption spectra of the native and oxidized inter-
90-6 argon (514.5 nm) lasers. The laser lines were filtered Mediates, compounds | and I, for each of the MnP mutant
through Applied Photophysics (Leatherhead, U.K.) prism ENZymes were essentially |Qent|cal to thpsg of the wild-type
monochromators to remove plasma emissions. The incident€NZyme (Table 1), suggesting the substitution of Ala or Lys
laser powers at the sample wer@0 (413.1 nm) and-50 for Arg177 does not significantly alter the heme environment
mW (514.5 nm). Spectra were collected in £8@attering  ©f the protein. .
geometry from solution samples contained in glass capillary ~Résonance Rarlnan Spectroscofife high-frequency
tubes at room temperature. Rayleigh scattering was attenuated™~1300-1700 cn?) RR spectral regions that are charac-
by the use of Kaiser Optical (Ann Arbor, MI) super-notch teristic of heme coordination and spin state are shown in
filters. The spectral resolution was set48.0 cn. Indene ~ Panels A and B of Figure 1 for Soret band (413.1 nm) and
and CC} served as frequency and polarization standards, Q-band (514.5 nm) excitation, respectively. The relative
respective'y_ Opt|cal absorption spectra of the Raman intensities of the/3 andVlO modes at 1482/1492 and 1612/
samples were obtained on a Perkin-Elmer Lambda 9 spec-1628 cm, respectively, are consistent with a mixture of
trophotometer to monitor sample integrity before and after 6¢HS and 5cHS heme species in wtMnP. The RR spectrum
laser illumination. Samples contained 108 MnP in 20  Of wtMnP is identical to that described previoush/|. The
mM phosphate buffer (pH 6.0). Data were calibrated and RR spectra of the R177A and R177K mutant enzymes are
analyzed with GRAMS/386 spectroscopic software (Galactic €ssentially identical to that of the wtMnP enzyme. Only
Industries Corp., Salem, NH). minor changes in intensities, but no frequency shifts, can be

ChemicalsPhenyl-Sepharose CL-4B, Cibacron Blue 3GA detected in the heme vibrational spectra. This suggests that

Agarose, potassium ferrocyanide, angDhi(30% solution) the R177A and R177K mutations do not result in any

were obtained from Sigma. DMP was obtained from Aldrich significant perturbation of the heme moiety. The changes in
and purified by silica gell column chromatography (the the relative intensities of the and»*® bands for the mutants

solvent being hexane/ethyl acetate) before use. All other com_pared to those of wtMnP suggest that.a slightly greater
chemicals were reagent grade. Solutions used for kinetic portion of the hemes in the mutant protein may be in the

aMnP compounds | and Il were prepared as described in the text.

assays were prepared with HPLC-grade water obtained fromSCHS state. L . ,
Aldrich. Steady-State Kineticslnder steady-state conditions, linear
double-reciprocal plots were obtained over a range of,Mn
RESULTS ferrocyanide, and b0, concentrations in 50 mM potassium
malonate (pH 4.5) (ionic strength= 0.1 M, adjusted with
Expression and Purification of the Mutant EnzymEse K,SQy) for the mutant and wtMnP enyzmes. The apparent

mnplcoding sequences, including the mutations, offhe Ky, values for M, ferrocyanide, and kD, and the apparent
chrysosporiumtransformation plasmids pAGM11 and kg Vvalues for the Mh and ferrocyanide oxidation reactions
pAGM12 were verified by DNA sequencing. Transformation are listed in Tables 2 and 3, together with thg'K, ratios.

of the Ade strain (OGC107-1) with linearized pAGM11 or  The apparerk, andk.values of the Mn binding site mutant
pPAGM12 resulted in the isolation of multiple transformants E35Q @4) are included for comparison. The appar&pt
which exhibited MnP activity on the plate assay. For each values for HO, and ferrocyanide;~50 uM and ~20 mM,
mutant, five of these transformants were selected and purifiedrespectively, are similar for the wtMnP and the Argl77
by fruiting (47, 49, 53), and the colonies from single mutant enzymes. Likewise, thie. values for M and
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e 413.1 nm A Table 2: Steady-State Kinetic Parameters for Wild-Type and
8 Vi Mutant MnP$§
" 1564 Mn'! H20;
\Y
4 Ko ka  KealKm  Kn  ka  KealKn
V3 55 Viingl enzyme  (uM) (sH MishH @M (sH (Mish
1623 wtMnP 90 256 284« 10° 55 253 4.60x 10°
6cHS /5cHS R177A 1.64x 10° 187 0.11x 16 39 190 4.87x 1¢¢
148371482 R177K  2.32x 10° 264 0.11x 106 44 273 6.20x 1C°
E35Q 4.4x 1C° 0.77 1.75x 1(?
Wild-type 2 Reactions were carried out in 50 mM potassium malonate (pH 4.5).
ApparentK,, andk., values for M were determined using 0.2 mM
H.0,. ApparentK, andk. values for HO, were determined using 5
mM Mn'". ® From ref44.
% Table 3: Steady-State Kinetic Parameters for Wild-Type and
Mutant MnPs for Ferrocyanide Oxidatibn
. : : : : : : enzyme Km (MmM) Keat(s™9) kealKm (M1 s7Y)
1350 1400 1450 1500 1550 1600 1650 wtMnP 21 38 1.8< 108
Raman Shift, cm-! R177A 26 42 1.6< 10°
R177K 16 37 2.2 10°
514.5 nm V4o B 2 Reactions were carried out in 20 mM potassium malonate (pH 4.5).
) v 6cHS I Sers ApparentKn, and ke values for ferrocyanide were determined using
Va v 19 ye12/1620 0.2 mM H,0,.
1 -
1372 1568 ™~
1550 Table 4: Transient-State Kinetic Parameters for MnPI Formation
N/ and Reduction
BRGREPEY MnPI formation MnPI reduction
Wild-type -
\/ a1 H20-? Mn''a bromide®
enzyme  kiapp(M~ts7h) Koapp(M 1 s71) kzapp(M™1s7Y)
\% WtMnP  (6.35+ 0.06) x 10° ~3 x 107 (1.15+ 0.01) x 1C®
\/ R177A R177A (5.91+ 0.07)x 106 (3.41+0.07)x 10° (1.31+0.01)x 108
R177K (6.13+ 0.04)x 10f (3.62+0.03)x 10° (1.13+ 0.01)x 108
I a Reactions were carried out in 50 mM potassium malonate (pH 4.5)
\/ (ionic strength of 0.1 M)P Reactions were carried out in 20 mM
- potassium succinate (pH 3.0).
\/ R177K g
Yvinyt formation were similar for wtMnP and the R177A and
T T I T T T T .
1350 1400 1450 1500 1550 1600 1650 R177K mutant proteins (Table 4).

Reduction of MnP Compound | by MrThe reduction of

Raman Shift, cm™ !
MnPI by Mn' was assessed at the optimal pH of 4.5 at a

Ficure 1: Resonance Raman spectra of the wild-type and mutant ; : ; _
enzymes R177A and R177K~Q00 xzM) in 20 mM sodium wavelength of 417 nm, the isosbestic point between com

phosphate (pH 6.0). Resonance Raman spectra of MnP enzyme®0Und Il and native MnP. The observed rate constants for
were obtained with (A) Soret excitation (413.1 nm, 20 mwWe 90 WtMnP with excess Mh concentrations are too high to
scattering geometry, and ambient temperature) and (B) Q-bandmeasure for Mh concentrations 30-fold greater than the

excitation (514.5 nm, 50 mW, S@&cattering geometry, and ambient enzyme concentration. Therefore, the second-order rate

temperature). Frequencies and assignments for selected heme ban . N1 1
are shown. Polarization data also were collected to support the%.nStant for wiMnP was estimated tob@ x 10°M S
assignments. using low concentrations of Mn conditions not obeying

strict pseudo-first-order kinetics. In contrast, tagsvalues
ferrocyanide oxidation, 200300 and~40 s, respectively,  for mutant MnPI reduction with a 1850-fold excess of Mh
are similar for wtMnP and the Arg177 mutant enzymes. In are measurable and linearly proportional to the"Mwon-
contrast, the apparekt, values for Mt for the R177A and centrations with a zero intercept, an indication of irreversible,
R177K variants are-20-fold higher than for wtMnP. second-order kinetics (data not shown). Second-order rate

Formation of MnP Compound Rates of MnPI formation ~ constantskzapy) for MnPI reduction are shown in Table 4.

were determined in 50 mM potassium malonate (pH 4.5). The kaapp values for the Argl77 mutant enzymes ar&0-
We previously demonstrated that the rate of MnPI formation fold lower than the estimatekba,, for wtMnP.
was not affected by the type or concentration of the organic  Reduction of MnP Compound | by Bromidéwe reduction
acid chelator 8). The formation of MnPI was measured at of wtMnPI by bromide was recently described as a single,
397 nm, and kinetic traces exhibited exponential charactertwo-electron reduction from MnPI to native enzynt&2),
from which pseudo-first-order rate constankg.d) were The reduction of the R177K and R177A compounds | with
calculated. Théxpsconstants were linearly proportional to  various concentrations of Biwas assessed at 407 nm and
H.,O, concentrations at a Hb0-fold excess (data not exhibited single-exponential character. As for wtMnP, the
shown). The second-order rate constamisy for MnPlI kaobs Values were linearly proportional to the Beconcentra-
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Table 5: Kinetic Parameters for the Reduction of MnPI and MnPlIl by Ferrocyanide and DMP

ferrocyanide 2,6-dimethoxyphenol
MnPI reduction MnPII reduction MnPI reduction MnPII reduction
enzyme Keapp(M~*s7) Ksapp(M~*s7) Keapp(M~*s7) Ksapp(M~*s7)
wtMnP (1.33+ 0.03) x 1C° (1.80+ 0.09) x 1C® (5.12+ 0.07) x 1 60+ 6
R177A (1.11+ 0.01) x 108 (1.45+ 0.02) x 10° (5.61+ 0.12) x 10° 60+ 1.3
R177K (2.43+ 0.03) x 1C° (6.63+0.08) x 10° (8.82+0.10) x 10° 366+ 39

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

50 300
@ 5
g
I K -
40{% \W 250
s
<
0 0.5 140 200 7
30 1 "~ Time (5) ) —
- ) 300
R % 150 7
8 <
j 20 4 v 0
100 7
10 100
50 7
0
100 I 200 300
0 . . T T x [Mn™] (uM)
0 1 2 3 4 5 0 ! T T T T
{2,6-dimethoxyphenol] (mM) 0 2 4 6 8 10 12
Mnll] (mM)

Ficure 2: Kinetics of MnPI reduction of wtMnP &) and the
R177A @) and R177K 4) mutants by DMP in 20 mM potassium  FIGUre 3: Kinetics of compound Il reduction of R177/&§ and
malonate (pH 4.5). The inset shows a typical trace at 420 nm of R177K @) by Mn" in 20 mM potassium malonate (pH 4.5). The
the reduction of uM wild-type MnPI and subsequently of MnPIl  inset shows the kinetics of compound Il reduction of wild-type MnP
by DMP. in 20 mM potassium malonate (pH 4.5).

tions with a zero intercept, an indication of irreversible, Taple 6: Kinetic Parameters for the Reduction of MnPIl by"¥n

second-order klnetlcg. Thevappvalues for wtMnP and both enzyme ke (s ) Ko (M) Koapp (M- 5°1)

mutant MnPs were similar (Table 4). 7 7 7
Reduction of MnP Compounds | and Il by Ferrocyanide ‘}g’tl'\ggi ((glgfcg)bdg)illoz (%1;57f(§)f7))>;1103 gggi 106

and 2,6-Dimethoxyphendlhe reduction of MnPland MnPIl.  R177k  (3.8+ 0.12)x 1 (4.2+03)x 10*  0.09x 10°

by ferrocyanide or DMP was assessed in a two-phase reactionE3s@ 0.69+ 0.03 (8.0+0.6) x 1C® 86.3

at 420 nm. This is possible because MnPI reduction by these = reactions were carried out in 20 mM potassium malonate (pH 4.5)

substrates is at least 100-fold faster than MnPIl reduction. (ionic strength of 0.1 M)® From ref44.

Exponential traces of MnPI reduction were used to obtain

Kaobs values, which were linearly dependent on the substrate can pe explained by a binding interaction between reactants,

concentration for both ferrocyanide and DMP (Figure 2). according to eqs 43:

Apparent second-order rate constakis,, are listed in Table

5. In contrast to the rates for the reduction of MnPI by'Mn 1 Ko L I
thekoappvalues for MnPI reduction by ferrocyanide or DMP MnPIl + Mn™ == MnPIlI=Mn" — MnP + Mn (1)
were similar for the wild-type and mutant enzymes. Kqgs 0

values for MnPII reduction were also linearly proportional Ksops = Kg/(1 + Kp/[Mn™]) (2)

to various ferrocyanide and DMP concentrations used in
reactions with both mutant and wtMnP enzymes (data not Ky = [MnPI][Mn"}/[MnPII—Mn"] ()
shown). For ferrocyanide and DMP, the calculateg,
values were similar for wtMnP and R177A MnPs (Table 5). where ks is a first-order rate constant(§ and Kp is a
However, for R177K, the apparent rate constants~a?e dissociation constant (M). The calculated values for the first-
fold higher for compound | and Il reduction by ferrocyanide order rate constant and the dissociation constant are listed
and~6-fold higher for compound Il reduction by DMP than in Table 6. Values for the Mn binding site mutant, E35Q,
those for the wild-type and R177A MnPs. are also listed for comparison. The rate constdgtsire
Reduction of MnP Compound Il by MnThe MnPlII similar for the wild-type and Argl77 mutant MnPs. In
reduction by MH is the rate-limiting step in the MnP  contrast, the dissociation constant§,, for the mutant
catalytic cycle 85—38). The reduction of wild-type and enzymes increased20—25-fold. As previously reported
mutant MnP compounds Il to native enzyme was followed (44), both the rate constant and binding constant are affected
at 406 nm under pseudo-first-order kinetics, using an excessby the E35Q mutant (Table 6). The calculated apparent
of Mn". The plots of theksos versus Mf concentrations  second-order rate constanks/Kp, for the Argl77 mutant
leveled off at higher Mh concentrations (Figure 3). This enzymes exhibit a-30-fold decrease in the rate of reaction.
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Heme . heme with water bound in equilibrium with a five-coordinate
# - G heme iron lacking a water ligand. In this study and in our
previous study of Mn binding site mutan#4j, thev® mode
exhibits a slightly higher 5¢cHS versus 6¢HS 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 Argl77 significantly alter the kinetic
& properties of MnP. The apparei, values for oxidation of
R77. g Mn'' by the mutant MnPs increase20-fold compared to
FiGure 4: Manganese binding site of manganese peroxid2@e (  those of wtMnP, while the turnover numbeis. for the
mutant enzymes remain similar to those of wtMnP. These
DISCUSSION data differ significantly from the kinetic results for the Mn
binding site mutants4d), where a 50-fold increase K,
A|th0ugh the Cata|ytiC CyCIe of MnP is similar to that of was accompanied by a 300-fold decreasgd'rfor the Sing'e
other fungal and plant peroxidases, this enzyme is unique inmytants. This suggests that, unlike the Mn binding ligands,
that it oxidizes Mff to Mn'"" (3, 18, 19, 33—36). The latter,  Arg177 is involved in binding of Mh but apparently not in
complexed with an organic acid chelator, diffuses from the g|ectron transfer.
enzyme to oxidize the terminal phenolic substrate. The MNP Transient-state kinetic analysis of the individual steps in
crystal structure6, 54) indicates there is a cation binding  the MnP catalytic cycle shows that these mutations have a
site at the protein surface, consisting of the carboxylates of significant effect on the reduction of the oxidized intermedi-
Aspl79, Glus, Glu39, and heme propionate 6. Mutagenesisates, MnPI and MnPII, by Mh The apparent second-order
studies with the Mn binding ligands, Asp179, Glu35, and rate constantskgs,) for MnPI reduction in the mutant
(43, 44). All the Mn binding site mutants, which eliminated  yw\Mnp. This second-order constant combines the equilibrium
the carboxylic acid functional group, exhibit a significant gissociation constant and rate constant; however, we suggest
decrease in the level of Mn binding and in the''Mxxidation that only the change in binding of Mrto MnPI contributes
rate. These_ stuqies indicate that MnP has a single Mn bindingig the decrease iRpapp With these mutant enzymes, based
and oxidation site43, 44, 46, 54). on steady-state kinetic analysis. The reduction of MnPII, the
In addition to the Mn ligands, Arg177 has been implicated rate-limiting step in the catalytic cycle, exhibits saturation
in Mn binding. The crystal structure shows that Arg177 forms kinetics for both the wild-type and mutant MnPs. While the
a salt bridge with Glu35, thereby orienting Glu35 for efficient  equilibrium dissociation constant¥p, for the Argl77
Mn binding (Figure 4) 26). Furthermore, deduced amino mutants are~22-fold higher than that for wtMnP, the first-
acid sequence comparisons between several MnP and LiPorder rate constantss, are similar for the wild-type and
enzymes from different fungi show that Arg177 is conserved mutant MnPs. This strongly suggests that the mutations
within the MnPs but is replaced by an Ala in the LiA$) mainly affect the binding of Mhto the enzyme but have
TheP. chrysosporiunmomologous gene expression system little effect on the rate of electron transfer from the 'Mo
(42) was used to express mutant genes under the control ofthe oxidized heme intermediates.
the gpd gene promoter. Active, heme-containing mutant  The apparent rate constants for reduction of MnPI and
enzymes were secreted into the extracellular medium andMnPIl by substrates apparently not oxidized at the Mn
were purified to homogeneity by a combination of chro- binding site, such as ferrocyanide, 2,6-dimethoxyphenol, and
matographic methods. The R177A and R177K enzymes werebromide, are similar for the wild-type and mutant MnPs. The
essentially identical to wtMnP with respect to chromato- K, andk.Vvalues for the oxidation of ferrocyanide by MnP
graphic properties and molecular mass, suggesting that thesalso are not affected by these mutations, indicating that
mutations do not lead to significant conformational alterations neither ferrocyanide, phenat4), nor bromide $2) oxidation
of the variant proteins. The optical absorption spectral is affected significantly by mutations at the Mn binding site.
features of the ferric states and of the oxidized states (MnPI This suggests that these substrates neither bind nor are
and MnPll) for the R177 variants were essentially identical oxidized at this site. Furthermore, the mutations at Arg177
to those of wtMnP, suggesting that the heme environment affect neither thé,, for H,O, nor the rate of MnPI formation
of MnP also is not altered significantly by these mutations. by H,O,, suggesting that neither binding nor reduction of
Resonance Raman spectroscopy is well suited for theH,0, is significantly altered.
determination of coordination and spin states of hergp ( Our results indicate that Mnoxidation by MnP can be
In particular, thev® and v'° vibration modes are generally separated into at least two steps: the binding of Mnthe
easily identified and, hence, serve as useful indicators. TheMn binding site, followed by the electron transfer from Mn
v® andv'® bands (Figure 1) indicate the coexistence of six- to the oxidized heme. Steady-state and transient-state kinetic
coordinate high-spin and five-coordinate high-spin (6¢cHS and experiments indicate that both Arg177 mutations affect the
5cHS) heme species at room temperature. The mixture ofbinding of Mn' to the enzyme. The apparekt, values
species is consistent with the presence of a six-coordinateincrease~20-fold, and the dissociation constanis,, for
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MnPII reduction increase-22-fold for both the R177K and

Sollewijn Gelpke et al.

geometry. Additional studies aimed at examining these

the R177A mutants. In particular, the transient-state kinetic possibilities are planned.

measurements of MnPIl reduction show that, while the
mutants have a reduced ability to bind Mihe first-order
rate constants for the reduction of MnPII by Mare 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 Mnto the protein
results in the hexacoordinate ligation of this metal with the
probable lowering of the redox potential for Moxidation.
Since the MA binding ligands remain unchanged in the
Argl77 mutants, the ligation geometry of Mim 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 Argl77 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
Aspl79, Glu35, or Glu39 has been shown to affect the
ligation geometry of the Mh binding site 64) and the
electron-transfer rate. Indeed, electron transfer froni kn
the heme in the E35Q, E39Q, and D179N ligand mutants is
much slower than for the wild typel{), 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
Mn" binding, whereby the side chains of Glu35 and Glu39
swing out toward the protein surface, forming an open
configuration in the absence of Mnbut adapt a closed
configuration when Mh is bound b4). The interaction
between Arg177 and Glu35 may control this conformational
change at the Mn binding site. Crystallographic studies with
the D179N mutant34) show that the R17#E35 bond is
~2.81 A long in the closed (Mn-occupied) structure, while

in the open (Mn-unoccupied) structure, the distance increases 18.

to ~4.39 A. 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 Argl77 and Glu35 by mutation of
Argl77 results in a decrease in Maffinity, indicating that
this salt bridge is essential for Mn binding.

Several mutations of the Mn ligand, Glu35, have been
reported, including E35Q44) which changes the carboxylate
to an amide and E35D16) which shortens the side chain of
the ligand without changing the functional carboxylate group.
Nevertheless, both mutations significantly affect both the
binding of Mn' and the rate of electron transfer from Mn
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