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ABSTRACT. Site-directed mutagenesis was performed on Mn peroxidase (MnP) from the white-rot fungus
Phanerochaete chrysosporiuto investigate the role of the axial ligand hydrogen-bonding network on
heme reactivity. D242 is hydrogen bonded to the proximal His of MnP; in other peroxidases, this conserved
Asp, in turn, is hydrogen bonded to a Trp. In MnP and other fungal peroxidases, the Trp is replaced by
a Phe (F190). Both residues are thought to have a direct influence on the electronic environment of the
catalytic center. To study only the active mutants at D242 and F190, we used degenerate oligonucleotides
allowing us to screen all 19 possible amino acid mutants at these positions. Two mutants at D242 passed
our screen, D242E and D242S. Both mutations impaired only the functioning of compound Il. The reactions
of the ferric enzyme with kD, were unaffected by the mutations, as were the reactions of compound |
with reducing substrates. The D242S and D242E mutations reduced the first-order rate constant for the
reaction of MnP compound Il with chelated &mnfrom 233 s (wild type) to 154 s! and 107 51,
respectively. Three F190 mutants passed our screen, F190V, F190L, and F190W. Similar to mutants at
D242, these mutants largely affected the function of compound Il. The F190V mutation increased the
first-order rate constant for the reduction of compound Il by chelateti Mn320 s . The F190L mutation
decreased this rate to 137'sThe F190W mutant was not very stable, but at pH 6.0, this mutation
decreased the rate of compound Il reduction by*Minom 140 s in the wild type to 36 st There was

no indication that the F190W mutant was capable of forming a protein-centered Trp cation radical. All
the mutations altered the midpoint potential of thé'fee?" couple of the enzyme, as calculated from
cyclic voltammagrams of the proteins. The values were shifted fr@®@& mV in the wild-type enzyme

to —123 mV in D242S-162 mV in D242E,—82 mV in F190L,—173 mV in F190V, and-51 mV in

F190W. Collectively, these results demonstrate that D242 and F190 in MnP influence the electronic
environment around the heme and that the reactions of compound Il are far more sensitive to this influence
than the reduction of compound I.

Lignin is a complex aromatic polymer of phenylpropanoid capable of oxidizing a large number of phenolic compounds
units, recalcitrant to most forms of microbial attad}. (Its (7). Both fungal peroxidases are potent enzymes oxidizing
degradation is brought about mainly by filamentous fungi, substrates that other peroxidases are incapable of oxidizing.
of which the white-rot funguPhanerochaete chrysosporium The Mr**/Mn3" couple has a midpoint potential of 1.5 V
has been most extensively characterized4). To degrade  versus NHE 8). The reduction potential of LP substrates
lignin, this fungus produces two types of peroxidases, lignin 1,2-dimethoxybenzene and 1,4-dimethoxybenzene are 1.69
peroxidase (LF)and MnP. The LPs catalyze the one-electron and 1.58 V versus NHE, respectivel§)(

oxidation of nonphenolic aromatic substrates to yield aryl  pegpite the unique reactivity, the catalytic cycle of these
cation radicalsg). They also oxidize phenolic substrates 0 peoxidases is similar to other peroxidases that experience
their c_orre_spondmg radical produc&).('l_'he MnPs catfilyze compound | and compound Il intermediate stats@-(12).

the oxidation of MA™ to Mn** (7). Mn*" is a potent oxidant  £rthermore, the active site residu@8{15) and the three-
dimensional structurel6—18) of both peroxidases are highly

Dé_lgggg%gi‘%gggported in part by Department of Energy Grant homologous to those of other peroxidases. Thus, the struc-
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c peroxidase. category, the role of each axial ligand and how it affects the
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chemistry of the reaction are not well understood. Pool 1 5'-GAGCGCAAA(A/C)(T/G/C/T)AGGACTGCAGGCGCAT-3'.
. . . . Pool 2 5'-GAGCGCAAA(A/THT/G/C/T)YGGGACTGCAGGCGCAT-3"

In this study, we have investigated the role of the axial Ppool3 5-GAGCGCAAAT(I/G/CTYCGGACTGCAGGCGCAT-3’
ligands of MnP reactivity by site-directed mutagenesis. Like B AT e G T oGACACCCS"
other heme peroxidases, the proximal His of MNP iS Pool6 5-CCATCGATGCTGCGCCC(A/T/CIG)(A/CIG)(A/TIGIC)GACTCGACACCC-Y
H-bonded to a critical Asp residu&?, 22—26). In CcP, the  Feure 1: Oligonucleotides used for random mutagenesis. Pools
Asp residue is H-bonded to a Tr@4). In contrast, a Phe is  1—4 were used for mutagenesis of D242. Pools 5 and 6 were used
found in MnP and LP17, 18). The axial H-bonding network for F190. The sites of the mutation which mutated the amber codon
; e : in the truncated MnP back to either Q240 or S192 are underlined.
IS t.hO.Uth to keep the .H'.S imidazole partially QQprotonated. The sites of the partial degeneracy which represented different non-
Th|s inturn allows the imidazole group to stablllze_the heme aspartate or non-phenylalanine codons are shown in bold.
iron as it cycles through Fe and Fé' states during the _ . _ .
peroxidase catalytic cycle4, 27). Using a modified form  oligonucleotides were designed to reintroduce the Q240
of scanning mutagenesis, we have mutated D242 and F190codon back into the truncated mutants of MnP and to alter
of MnP to every other possible amino acid and screened thethe D242 site to every other amino acid. Oligonucleotide
resultant mutants for activity. We only found two active pool 1 consisted of eight different codons and five different
mutants at the D242 site, D242E and D242S. At F190, we amino acids at the D242 site (Figure 1). Oligonucleotide pool
found three active mutants, F190L, F190V, and F190W. We 2 consisted of eight different codons encoding five different
performed extensive kinetic characterization of these mutantsamino acids at the D242 site. Oligonucleotide pool 3
and show that axial ligands have their strongest influence consisted of four different codons encoding four different
on the reactions of the compound Il state of the enzyme andamino acids at the D242 site. Oligonucleotide pool 4
little if any effect on the reactivity of compound |. These consisted of eight different codons encoding seven different

results were predicted by the theoretical studies of Du and amino acids at the D242 site. After mutagenesis, individual

Loew (28). clones were expressedHn coliand the resulting MnPs were
subjected to SDSPAGE and visualized by Western transfer.
MATERIALS AND METHODS Mutagenesis of the F190 Site of MriFhe procedure for

) ) . mutating F190 was similar to that of D242 described above.
ChemicalsHydrogen peroxide was purchased from Fisher Again, a TAG codon was generated, this time at Ser 192.

Scientific. Oxidized glutathione, ampicillin, chloramphenicol, This amber codon was removed from subsequent mutagen-
CaCb, phenylmethanesulfonyl fluoride, Pharmalytes, and egjs. Two oligonucleotide pools were used. Oligonuclotide
oxalic acid were purchased from Sigma Chemical Co. 4| 5 consisted of four different amino acids, and pool 6
Ultrodex was purchased from Pharmacia. IPTG was pur- ¢onsisted of the remaining 15 possible amino acids as shown

chased from Promega Biotech. The concentration #%H iy Figyre 1. From the screening procedure, F190L, F190V,
was determined spectrophotometrically at 240 nm using an5n4 F190W were obtained as the only active mutants.

extinction coefficient of 39.4 M cm™ (29). . Preparation of Recombinant MnP&.modification of the
Expression and Refolding of MnPSil the MnPs used in  previously described schem80j was used to purify the
this study were recombinant enzymes, expressésaheri-  recombinant MnPs. Refolded preparations of recombinant

chia colias previously describe®() using the pET21aH4-  MnP were dialyzed exhaustively against 50 mM sodium Tris-
looped(t) vector and E. coli strain BL21(DE3)pLysS  HCI (pH 8.0) at 4°C. Upon dialysis, a precipitate formed.
(Novagen, Madison, WI). Recombinant MnPs were refolded The dialyzed sample was centrifuged at 10§68 15 min
to active holoenzyme as described previouSif) ( at 4°C, and the supernatant was loaded onto a DEAE-BioGel
Mutagenesis of the D242 Site of MnFhe procedure of A column (1.5 cmx 20 cm) in 50 mM Tris-HCI (pH 8.0).
Kunkel et al. 81) was used for oligonucleotide-directed The enzyme was eluted with 300 mL of a linear gradient of
mutagenesis of the pET21aH4loopediexpression vector.  0to 0.15 M CaClin the column buffer. Fractions exhibiting
CJ236 was the duting™ strain ofE. coliused for expression.  the highest specific activity were pooled and dialyzed against
We developed a screen that would allow us to rapidly identify H,O. This preparation was then further purified by prepara-
all the mutants of D242 which are active. First, the Q240 tive flat-bed isoelectric focusing. Isoelectric focusing was
site, two codons away from D242 in MnP, was mutated to performed with a Pharmacia/LKB Multiphor Il apparatus
a stop codon. The oligonucleotideGTCGGACTACAGCG- (Pharmacia, Piscataway, NJ). Gels were made of Ultrodex,
CAT-3 (the site of the mutation is underlined) was used to and a pH 4.2 to 8.0 gradient was established using Pharma-
alter the CAG codon of Q240 to a TAG amber codon. After lytes. After isoelectric focusing, the enzyme was dialyzed
expression irE. coli, the resultant truncated protein was no against HO and stored until it was assayed. The MnP
longer active and could be easily distinguished from wild- preparations typically exhibited Rz values (ratio of 407 nm
type MnP on SDSPAGE and Western blot analyses due to 280 nm absorbances) in the range ef43 characteristic
to its smaller size. This truncated clone was used for the of highly purified MnP (L0). The MnP concentrations were
subsequent rounds of mutagenesis. It provides a negativequantitated spectrophotometrically at 407 nm using an
background from which any active mutant could be easily extinction coefficient of 127 mM for MnP isozyme H4
identified. These subsequent rounds utilized oligonucleotides(32).
that contained two mutations (relative to the truncated clone). Steady-State MethodBor the D242 mutants, the deter-
The first reintroduced the Q240, eliminating the stop codon, minations ofk.s, Kn(H20,), and K,(Mn?*/oxalate) were
and the second generated the 19 possible mutants at D242performed in 0.5 mM sodium oxalate and 10 mM sodium
This procedure, screening against a negative backgroundsuccinate (pH 4.5) at 2&C. The oxidation of MA" to Mn®*
ensured that any active mutant would not be the wild type was monitored at 270 nm using an extinction coefficient of
making it through the mutagenesis procedure. Four pools of 5.5 mM™ (11). For the F190 mutants, steady-state experi-
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ments were performed with Mh—malonate complexes with  the stopped-flow apparatus under single-shot conditions. The
50 mM sodium malonate (pH 4.5) at 268. Malonate was  total absorbance change at each wavelength was determined
used as a chelator because of the HgHor Mn?" exhibited by allowing the reaction to run to completion (more than
by some of these mutants (in contrast to the D242 mutants).seven half-lives).
A higher concentration of oxalate would have been required  Cyclic VoltammetryElectrochemical determinations were
to form complexes with the higher concentrations offMn  carried out on a PAR model 273A potentiostat/galvanostat
This would have resulted in the formation of the 2:1 oxatate operated using the model 270 software on a Gateway 486
Mn2* complex. This complex is not oxidized by Mni1). IBM-compatible computer. Approximately-3 mL of 15—
The higher concentration of malonate used to complex the 40 yM enzyme in 100 mM sodium sulfate and 40 mM
higher Mr#* concentration still resulted in the formation of  potassium phosphate (pH 7.0) was placed in an anaerobic
the 1:1 complexX1). The oxidation of MA*" to Mn** was  spectrochemical cuvette, with airtight ports for a carbon
monitored at 270 nm using an extinction coefficient of 8.5 working electrode, a platinum wire counter electrode, and
mM~ (12). an Ag/AgCl reference electrode. The carbon electrode was
Approximately 16-20 nM enzyme was used for steady- polished with 0.05:M diamond paste prior to each use. The
state determinations. Th&;, for H,O, was determined with  anaerobic cuvette contained a stopcock, and the enzyme

incubations containing 0.2 mM MnSOTheKr, for Mn?*— solutions were made anaerobic by alternating regimens of
oxalate and th&, for Mn?* —malonate were determined with  vacuum evacuation and purging with oxygen-free argon gas.
incubations containing 56M H;0,. Due to HO; inhibition At scan rates slower than 1000 mV/s, the charge transfer to

of the enzymes, the initial velocity data were analyzed MnP was irreversible. The BE&Fe** couple of the heme
according to the method of Cleland3), as discussed  group could be reduced, but could not be reoxidized. As
previously @0). All studies were carried out at Z&. faster scan rates and higher enzyme concentrations were used,
Transient-State Method$he stopped-flow apparatus was the charge transfer becomes quasi-reversible. The cyclic
purchased from KinTek Instruments (State College, PA) and voltammogram (CV) of each enzyme solution was obtained
contained a 2.6 cm light path. Rates were determined from by subtracting the CV of the electrolyte solution from the
kinetic traces that were composed of the average of threeCV of the electrolyte/enzyme solution. The midpoint poten-
shots. All reactions were carried out at 28. The rate of tial (E°") was calculated as described by Bard and Faulkner
compound | formation from the reaction of ferric enzyme (34). To obtain anE®" with respect to NHE, 197 mV was
with H,O, was monitored at 397 nm, the isosbestic wave- subtracted.
length between compound | and compoundLl)( The rate
of compound | formation was studied with varying concen- RESULTS

trations of HO, and 0.71.0 uM recombinant MnP in 20 ) ) ]
mM sodium tartrate (pH 4.5). Screening for Actie Mutants of MnPTo characterize only

Reactions of compound | and compound I with Mand active mutants, we performed a modified form of scanning
DMP were studied under single-turnover pseudo-first-order Mutagenesis. Using degenerate oligonucleotides, we were
conditions with the stopped-flow apparatus in the double- able to screen, on the basis of statistical considerations, all
mixing, three-syringe mode. The stopped-flow apparatus is possible mutants at the D242 position of MnP. Mutagenesis
designed with a stepper motor and without a stopping syringe Was performed on a truncated clone with a stop codon

to allow for these double-mixing experiments as previously introduced at Q240. Thus, we started with a negative (no
described 11). Briefly, to generate compound |, ferric activity) background. Subsequent mutagenesis at D242 was

enzyme is mixed with 1 equiv of #D,. The solution is then performed with deger!erate oligonucleotides that mutated both
aged in the delay line for 1.5 s to allow for complete D242 (to all 19 poss_|ble r_nutants) and the stop codon back
formation of compound I. The second push from the stepper {©© Q240. Clones which yielded successfully mutated MnP
motor forced the mixing of the resultant compound | with &t D242 were easily identified because they had been

the contents of the third syringe that contained the reducing €oncomitantly returned to their full wild-type size (37 vs 24
substrate (M#" or DMP). kDa); any clones in which the introduced stop codon was

Reduction of compound | to compound Il by Rtnwas successfully mutated bgck to Q240 would concomitantly be
monitored at 417 nm, the isosbestic wavelength betweenMutated at the D242 site. The mutant MnPs from 24 such
resting ferric enzyme and compound II. Typically uM clones from the oligonucleotide pool 1_(§ee Ma.tena!s and
enzyme was used with varying ¥inconcentrations in 20 Me.thods.,) were refolded under the conditions wh|ch yielded
mM sodium tartrate at either pH 2.5 or 4.5, as indicated in active wild-type enzyme, as were 24 clones from oligonucle-
the Results. otide pool 2, 12 clones from oligonucleotide pool 3, and 24

The reduction of compound Il by Ma—oxalate or by clones from oligonucleotide pool 4. All 84 preparations were
Mn2*—malonate was monitored at 426 nm, the isosbestic assayed for MnP activity in microtiter wells. Of these, only
wavelength between the resting ferric enzyme and compoundfour exhibited deteptable activity. Thgse four clones were
I. Typically, 1 «uM enzyme was used with varying M sequenced, reveah_ng two that contamed D242S mutations
concentrations in either 0.5 mM sodium oxalate, 10 mm and two that contained D242S mutations. A D242E clone
sodium succinate (pH 4.5), or 50 mM sodium malonate (pH @nd a D242S clone were used to produce large-scale
4.5). guantities of the mutant MnPs.

Difference Spectra of the Reaction of Ferric Enzyme with A similar screening procedure for F190 yielded F190L,
H,0.. Difference spectra were constructed for wild-type MnP F190V, and F190W as the only active mutants.
and the F190W mutant in 20 mM MES (pH 6.0). Equimolar ~ Enzyme StabilityThe F190W mutant differed from the
concentrations of MnP and.B, were allowed to react in  wild-type enzyme and the other mutant enzymes. The



Axial Ligands of MnP Biochemistry, Vol. 38, No. 30, 1999611

Table 1: Steady-State Kinetic Parameters of Wild-Type MnP and Table 2: Steady-State Kinetic Parameters of Wild-Type MnP and

D242 Mutants of MnP F190 Mutants of MnP
Km(HZOZ) Km(M n2+) Keat kca{Km(HZOZ) kca{Km(M n2+) (HK(m) ) (MKrB-*-) ke I(‘}c_{a[OKm) (i<c|\;i‘[|2<‘*[3
enzyme M M st M-1lst M1st 202 n ( 202 n
ild : (ﬂ96) w56) (45)0 (4 & 1033 :3 0 1(1)5 enzyme (M) (M) (sji) M~ M5
: ’ F190V 205 81 683 3.% 10° 8.0x 10°
a All enzymes were expressed i coli as described in Materials F190W 36 1010 56(47) 2.0x 10° 55x 10*(2.1x 10%
and Methods. Assays were performed at pH 4.5 as described in (2200)

Materia}Is and Methods. The initial velocity data were analyzed aAll enzymes were expressed B coli as described in Materials
according to the method of Clelang3. and Methods. Assays were performed at pH 4.5 or 6.0 (value in
parentheses) as described in Materials and Methods. The initial velocity
data were analyzed according to the method of Clel&3)l (

concentrated F190W enzyme was not stable atq@&D. In

contrast, the wild-type enzyme and the other mutants at D242

and F190 were all stable at pH values as low as 2.5 (dataTable 3: Pre-Steady-State Kinetic Parameters of Wild-Type MnP

not shown). The instability of the F190W mutant suggests and D242 Mutants of MnP at pH 4.5 (Ferric Enzyme and

that this mutation may have introduced structural perturba- S°™Pound 1) and pH 2.5 (Compound' )

tions that did not occur with the F190L or F190V mutations. K 1oy K 10 wKnc)l) (S'fl)
Steady-State Analyses of D242 Mutafitse steady-state ( ) ( )

kinetic constants for the D242 mutants of MnP are listed in

Table 1. Experiments with the D242 mutants of MnP did

ferric with cpd I with cpd | with  cpd 1l with cpd Il with
enzyme H,0, Mn2+ DMP  Mn2*—oxalateMn2t—oxalate

. . wild-type 4.0 4.2 25 13 233
not require elevated Mn concentrations and were performed D242)ép 35 79 23 10 153
in oxalate/succinate buffer to be consistent with earlier studies b242e 3.9 5.0 20 13 137

(11). The K, for H,0, was decreased for both mutants, a All enzymes were expressed E coli as described in Materials
whereas theK,, for Mn?*, within experimental error, was  and Methods. Assays were performed at pH 4.5 as described in
not alteredK.,, however, is the ratio of the two independent Materials and Methods.

fundamental constants revealed by steady-state kindiigs:

and k.o/Kn. Changes in the Michaelis constaht,, of an Km for H,O, with the mutants, but th&../Ky, was slightly
enzyme simply reflect changes occurring independently in decreased for M. As mentioned above, th€,(Mn?*) of

the kear and keof K, values of that enzyme. In this regard, the F190W mutant exhibits a more marked decrease, much
D242S and D242E both exhibited a decreaséin The more than those observed with other mutants. It is 30-fold
D242S mutation reduced thk, of MnP to 250 si, higher than the wild-type value.

approximately half of that of the wild-type enzyme, whereas  Steady-state studies were also performed at pH 6.0 with
the D242E mutation reduced tlkg,: approximately 6-fold the F190W mutant. At this higher pH, concentrated samples
to 73 s, Little or no change was observed for either mutant of the F190W mutant, required for pre-steady-state studies,
in kealKm for H,O, which is consistent with the mutations  did not precipitate. Thus, the steady-state experiments were

not affecting the reactivity of the enzyme towarg®i. performed for comparative purposes. At this higher pH, in
However, a decrease ik.o/Km was observed for M, 20 mM MES (pH 6.0), similar results were obtained. The
indicating that the reactivity of the enzyme toward ¥had Km for Mn?* of the mutant was increased, and thg was
been compromised. decreased (Table 2, values in parentheses).

Steady-State Analyses of F190 MutaAtshe low enzyme Pre-Steady-State Analysis of the D242 Mutamtse pre-

concentrations that were used for steady-state kinetic analysesteady-state rate constants for wild-type and D242 mutants
(10—20 nm), the F190W mutant was stable at pH 4.5, the of MnP are listed in Table 3. The rate of compound |
pH optimum of the wild-type enzyme, permitting initial formation is not affected by any of the mutations. This is
velocity studies. This suggests that proteprotein interac- consistent with thek../Km(H.O,) values obtained in the
tions caused the instability observed at high enzyme con- steady-state determinations, which did not significantly differ
centrations. The experimental conditions are different from from the wild-type values. The reaction between?Vand
those used for the D242 mutants. Initial experiments compound | of wild-type MnP is too fast at pH 4.5 to
indicated that the&,,, for Mn?" was dramatically increased measure in the stopped-flow spectrophotometer. Given the
with this mutant such that the Mn concentration required  dead time of our instrumentation and the extinction coef-
to saturate the enzyme was much higher than the oxalateficient of MnP, the rate constant for this reaction is estimated
concentration used as the chelator. If oxalate was used ato be >10" M~* st at pH 4.5. At pH 2.5, the reaction is
concentrations found physiologically1), the 1:1 Mi#"— slower and measurable. For the wild-type MnP, the rate
oxalate complex would not be formed. Therefore, these constant is 4.2« 10* M~ s™. The mutation to Ser or to
experiments were performed with malonate as the™Mn  Glu at Ser242 had little or no effect on the reactivity of
chelator rather than the physiologically relevant oxalafe (  compound | toward M#. The rates were actually increased
35). by the D242S mutation.

The steady-state kinetic constants for the F190 mutants The reduction of MnP compound Il to the resting ferric
are shown in Table 2. Thik. values of the F190L and enzyme requires chelated Kthand involves a rapid equi-
F190W mutants were decreased, whereas for the F190Vlibrium binding step between compound Il and the2¥n
mutant, an increase ik, was observed (Table 2). As with  chelator complex1(1). The dissociation constardy, between
the mutations at D242, no changes were observed kyith compound Il and M#" and the first-order rate constak,
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Table 4: Pre-Steady-State Kinetic Parameters of Wild-Type MnP Table 5: Pre-Steady-State Kinetic Parameters of Wild-Type MnP

and F190 Mutants of MnP at pH 4.5 (Ferric Enzyme and and F190W MnP at pH 620
Compound Il) and pH 2.5 (Compoundt|) K x 106 K 104 Kq K
kx 10°6 kx 1074 Kq K (M~ts™ (M~ts™) (M) G
M~7s™ M~ s ) CBe) ferric with cpd | with cpd | with cpd Il with  cpd Il with
ferric cpdl  cpdl  cpd I2I+vvith cpd |2I+with enzyme  H;O» Mn2+ DMP  Mn?*—MES Mn?"—MES
with with with Mn#F— Mnz*t— :
~ wild-type 3.7 >10000 2.3 20 140
enzyme H20, Mn DMP malonate malonate F190W 57 ~10000 2 15 36
ild-t 4.0 4.2 2.5 20 225 - - - -
\,':wlgoﬁpe 5.4 10 21 17 137 a All enzymes were expressed i coli as described in Materials
F190V 41 33 24 56 320 and Methods. Due to the instability of the F190W mutant at pH 4.5,

assays were performed at pH 6.0 as described in Materials and Methods.

a All enzymes were expressed E coli as described in Materials
and Methods. Assays were performed as described in Materials and
Methods.

0.05 T T .
A

for the conversion of compound Il to the resting MnP were
determined by fitting data to the equatikgps = k/(1 + Ky/ 0
[Mn2*]). Similar to the steady-state experiments described
above, the reactions of compound Il of the D242 mutants
were studied with M —oxalate. The mutation had no effect 005 ¢ T
on theKq values for MiA™—oxalate. The values varied from
10 to 13uM (Table 3). The mutations, however, did cause “
a decrease in the first-order rate constants. Both mutations < 004 t .
caused a near 2-fold decrease in the rate. <
Pre-Steady-State Analysis of the F190 Mutaisnilar
to the D242 mutants, single-turnover experiments were 0
performed at pH 4.5 and 2.5. However, for the F190W
mutants, experiments were also performed at pH 6.0 due to
problems associated with protein aggregation. The results 004
obtained with the F190L and F190V mutants are shown in
Table 4. Similar to results obtained with the D242 mutants,
reactions of the ferric enzyme with,B, were not affected . . ,
. -0.08
by the mutations at F190. 350 375 400 25 450
Reactions of compounds | and Il with ¥nwere studied
with malonate rather than oxalate as a chelator, similar to
conditions used for steady-state kinetics. In reactions with F:chURE_Zi Differeng[?] SggCtrél_tﬂf Srt)ﬁCile:i ;%”Wmd ftrong g&? rea:ﬁtion
i H Oof Terric enzyme wi b. Elther the mutan or the
C?n;ft)lound . '[Zh—? II:d190r|; mUtatlt?]n Ir'lir&?\ied t?etlrate Conl?ta:jmwi_ld-type_(B) enzyme (kM) in 20 mM MES (pH 6.0) (final) was
slightly over 2-fold, whereas the mutation resulted iyed with ‘an equal concentration of,8,, and the resulting
in a 20% decrease in the rate constant. The changes in thejifference in absorbance (obtained after seven half-lives) is plotted
rate constants with compound Il and Rrwere greater than  as a function of wavelength.
those observed with compound | for both of these mutant
enzymes. Although th, for Mn?t was not greatly altered,  Kg of wild-type MnP compound Il for chelated Mhis still
the first-order rate constant was reduced to 60% of its value 20 uM, the same value determined at pH 4.5. However, the
by the F190L mutation. In contrast, the F190V mutant first-order rate constant for the reduction was reduced to 140
slightly increased the first-order rate constant. This is in s At pH 6.0, theKy for Mn?* of compound Il of the
accord with the results of the steady-state analysis (TableF190W mutant is 1%M, largely unchanged from that of
2). wild-type MnP. The first-order rate constant for the reduction
As mentioned above, all pre-steady-state analyses for theof F190W compound Il by M#ff" at pH 6.0 is reduced to 36
F190W mutant were performed at pH 6.0. The rate constantss .
from these analyses for both wild-type MnP and the F190W  Compound | of F190WI o investigate whether the nature
mutant at pH 6.0 are shown in Table 5. Consistent with of compound | in the F190W mutant of MnP was altered as
steady-state results, the reaction witfOxlwas not altered  a consequence of the mutation, a difference spectrum was
by the F190W mutation. The value of 6 10° Mt st obtained from the reaction of ferric MnP F190W with 1 equiv
determined for the mutant is within experimental error of of H,O,. The resulting spectrum (Figure 2A) is largely the
the value of 4x 10° M~ s™1 determined for the wild-type  same as that of the wild-type enzyme (Figure 2B), with the
enzyme. trough at 405 nm characteristic of wild-type compound |
For reactions of compound | with Mh, the rate were too  formation. It is lacking a major peak at 420 nm expected
fast even at pH 6.0 or 8.5. Likewise, the reduction of from the formation of a compound llI-like intermediate
compound | of the F190W mutant by free Ktnwas also without a porphyrin-based delocalizedcation radical.
too fast at these two pH values. ElectrochemistryThe midpoint potentials of the FeFe**
Reactions of compound Il at pH 6.0 in 20 mM MES buffer couple of the D242 and F190 mutants of MnP were
utilized MES as the chelator. Mh—MES was able to  determined by cyclic voltammetry at pH 7.0. The CVs,
support the reduction of MnP compound Il. At pH 6.0, the shown in Figure 3, were determined on carbon electrodes

Wavelength, nm
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1 e 1 e of the Fé"/Fe* couple occurring much more readily than
its reoxidation, and the comparatively large shift to the
cathodic peaks in the D242S and D242E mutants might not
so accurately reflect the shift in the midpoint potentials of
2l ] 2l these mutants.
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Heme coordination is widely accepted to play a major role
in the reactivity of heme proteins. The axial ligand is the
Tyr oxygen for catalase, the Cys sulfur for cytochrome P450
and chloroperoxidase, and the His nitrogen for globins and
heme peroxidases. However, within a heme protein family
such as the peroxidases, differences in reactivity cannot be
attributed to the differences in the axial ligand. Closer
examination reveals that the hydrogen bonding network of
the axial ligands differ in the peroxidases. All heme
peroxidases characterized to date have an Asp hydrogen
bonded to the axial His. In contrast to CcP, where the Asp
is further hydrogen bonded to a Trp, the Trp is replaced by
a Phe in LP and MnP.

S a0 The purpose of this study was to determine the structural

FiGURe 3: CVs of wild-type MnP and its mutants. CVs were aspects that confer the fungal peroxidases with their greater
recorded at 1000 mV/s. CVs correspond to the enzyme as markedreactivity. Thus, we mutated the axial ligands of MnP that,
in the panel. CVs were recorded at pH 7.0 as described in Materialsin CcP, are hydrogen bonded to the axial Hig)( At Asp
and Methods. 242, we screen 84 different clones and found four active
D242 mutants that represented only two mutations, D242S
(E*') of Wild-Type and Mutant MnPs and D24_2E. The_ purpose of the screen was not to find all of

- . - . —— the possible active mutants but to maximize our chance of
enzyme E” (mV)> enzymé E”(mV)’ enzymé E™(mV) finding active mutants; this we have accomplished. Similar
wild-type  —96  D242E  -162  F190V ~ —173 arguments apply for the methodology for the F190 mutants.
D242S —123 F190L —82 F190W —51 The results of Kishi et al.36), discussed further below,

Z?/lll er?zé/”;eg V‘{?fe elxpressed i coli 6}5 desgr_ibig(;n “Ic/latef(;?\ls would argue that we have not identified all possible active
and Methods? Cyclic voltammetry was performed in mM sodium i
sulfate and 40 mM potassium phosphate (pH 7.0) using a carbon mutants, at least at the F190 position.

-800 -600 400 -200 4] 200 400
E, mV vs. AgCl 1
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Table 6: Midpoint Potentials of the F&Fe?™ Couple at pH 7.0

working electrode and an Ag/AgCl reference electrode Rllvalues Our results show that with the exception of F190V, all of
are given with respect to the NHE to facilitate comparisons with earlier the mutations decreased the reactivity of MnP. Kkhgof
work. the F190V mutant was 1.34 times greater than that of the

wild-type enzyme. This increase was also observed in the

using an Ag/AgCl reference electrode. The midpoint poten- transient-state kinetic studies where the reactivity of com-
tials were calculated by the method of Bard and Faulkner pound II, the rate-limiting step in steady-state turnovie(
(34), in which the midpoint potential between the anodic Was increased in the F190V mutant. The other mutations, at
and cathodic peaks is calculated to be the midpoint potential D242 and F190, did cause a decrease in enzyme activity. A
of the couple being studied. When corrected for the differ- corresponding decrease in g of HO, was also observed.
ence between Ag/AgCl and standard hydrogen electrodes,However, this decrease does not reflect a decrease in the
wild-type recombinant MnP gave &' of —96 mV vs NHE.  affinity of the enzyme for HO, since thekea/Km for HzO,

The midpoint potentials of the D242 mutants and the F190 remained unchanged in all of the mutants. The lack of a
mutants of MnP are shown in Table 6. Using this method, change in reactivity toward ¥, was also observed in the
all the mutations altered the midpoint potential of théFe  transient-state kinetic studies. None of the mutations resulted
Fe?* couple of MnP. The F190L and F190W mutations both in a significant change in the second-order rate constant
increased the midpoint potential of MnP, t682 mV for between HO, and ferric enzyme forming compound 1. Al
the F190L mutant and te-51 mV for the F190W mutant.  of the mutations did alter the reactivity of the enzyme toward
The F190V mutation decreased the midpoint potential of the chelated MA*. In steady-state kinetics, with the exception
enzyme to-173 mV. The D242S and D242E mutations both 0f the F190W mutant, no change was observed inkhe
decreased the midpoint potential of the enzyme~t23  for Mn2*. With the corresponding changeks, this results
and —162 mV, respectively. However, an examination of in a decrease ica/Kn for Mn* for all of these mutants.
the CVs of these mutants (Figure 3) reveals that, while the The transient-state kinetic results again corroborated the
cathodic and anodic peaks of the CV were shifted about steady-state results. In contrast to rate constants vg@,H
equally from the wild type in all the F190 mutations, in the the rate constants for Mnh were affected by the mutations.
D242 mutants, only the cathodic peaks was largely shifted Our results indicate that mutations in the axial ligand
relative to the wild-type peaks. The anodic peaks were largely network have little if any effect on the reactivity of
unchanged. Under the conditions that were used, the chargeecompound | or the ferric, resting enzyme. Our results indicate
transfer to MnP was only quasi-reversible, with reduction that the axial ligand environment only affects the reactions
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of compound Il and not those of compound I. This finding type enzyme, similar to the enzyme instability we found as
was predicted by the theoretical studies of Du and Loew a result of the F190W mutation. They were unable to express
(28). These workers performed a quantum chemical study the F190W mutant. This was most likely the result of this
using the “intermediate neglect of differential overlap” instability. They used a homologous expression system that
method to calculate the energy levels of various compound results in secreted active MnP holoenzyme, whereas we
I complexes. The imidazole, imidazolate, acetylamide, reconstituted active MnP from bacterially expressed inclusion
phenolate, and thiolate ligands were used in the model. Thebodies. This may account for our greater degree of success
imidazole and imidazolate models mimic the axial ligands in generating the active, though unstable, F190W mutant.
of peroxidases where proton transfer to the nearby Asp Kishi et al. 36) did not detect any changes in the steady-
residue imparts some basicity. The acetylamide model wasstate kinetics of these mutants, except in the reactions of
chosen to mimic the fully active CcP mutant where the axial the F190A mutant with ferrocyanide. It is significant that,
His is replaced by a GIn residu8%). The phenolate and  with the exception of the F190L mutant, we did not isolate
thiolate ligands mimic the heme active sites of catalase andany of these mutants in our activity screen. This would
cytochrome P450. The effects of this wide range of axial suggest that our screen for active mutants was not complete.
ligands on the electron and spin distributions in #agand The finding that other mutants are active does not alter
ap, radical cations of the compound | were moderate at best. the interpretation of this study, that conclusion being that
These calculations are consistent with these results and theehanges in the axial ligand network of MnP only alter the
results of Sundaramoorth@?) where changes in the network  reactivity of compound Il, not that of compound I. Unlike
of axial ligands have little effect on compound | reactivity. Kishi et al. 36), we found that the F190L mutation reduced
For the D242 mutants and the F190 mutants, only one thek.,of MnP by 40%. Our results were confirmed by pre-
mutation, F190V, resulted in a decrease in the second-ordersteady-state kinetic analyses of the mutant, which revealed
rate constant of compound | with Mh Here, a 21% that the rate of reduction of F190L compound Il by chelated
decrease in the rate constant was observed; however, thisMn?", the rate-limiting step of the MnP catalytic cycle, was
decrease had no consequence on the overall reactivity of thdikewise reduced 40%. Kishi et aB§) did not perform any
enzyme. The F190V mutation is the only one that caused pre-steady-state analyses on their mutants. The other F190
an increase ifks How MnP can generate a more reactive mutants generated for this study, F190V and F190W, also
compound |, relative to other peroxidases, is not yet affected the steady-state and pre-steady-state kinetics of MnP.
understood. However, these mutant enzymes were not studied by Kishi
Mutations altering the reactivity of compound Il would et al. (36).
have a greater kinetic consequence because the reaction of The results obtained here on the nature of compound | of
compound 1l is the rate-limiting step in most if not all the F190 mutant are in accord with Kishi et 86). These
peroxidases1(, 38, 39). In MnP, the oxidation of M#™ by workers saw no evidence of a protein-centered radical in the
compound Il follows a two-step process of an initial rapid compound | state of their F190Y mutant, just as we see no
equilibrium binding step followed by the oxidation of ¥ evidence of a protein-centered radical in the compound | state
by the enzyme. None of the mutations caused a change inof the F190W mutant.
the binding of Mr#*, although a decrease in the first-order ~ Similar mutations in the axial ligand network have been
rate constant of oxidation was observed. In the case of themade in CcP. In CcP, D235, which serves the same role as
D242S, F190L, F190V, and F190W mutants, this reduction D242 in MnP, has been mutated to E, Q, and48, 41). Of
in the rate of compound Il reactions was sufficient to account these, only the D235E mutant of CcP retained significant
for the decrease in steady-state activity; the rate of compoundsteady-state activityl). The D235Q mutant exhibited barely
Il reduction by chelated Mt was?/; of that of thekg, of detectable activity (0.3% of the wild-type steady-state rate)
the mutant enzyme. However, in the case of the D242E (42). Similar to our findings, the D235Q mutation in CcP
mutant, the rate of compound Il reduction is higher than the has a far less drastic effect on the reactions of CcP compound
keatOf the enzyme. Clearly, in this case there must be anotherl than on the subsequent catalytic steps of that enzyme. The
step in the reaction cycle limiting the overall rate of the D235Q mutation does reduce the second-order rate constant
enzyme. The pre-steady-state parameters we were able tdor compound | formation in CcP, but only by 1 order of
measure, however, give no indication of which step this magnitude 43), whereas the steady-state rate of CcP catalysis
might be. The new rate-limiting step of the reaction cycle was reduced by more than 2 orders of magnitut®. (
could not involve the reaction of the ferric enzyme with The D235E, D235Q, and D235A mutations in CcP are
H,0,, or the reaction of compound | with either Kfor all thought to result in a weaker (or nonexistent, in the case
H,0,, as all these reactions were unaffected by the mutation. of the D235A mutation) H bond being formed with the
It is possible that a product release step, which is not proximal His @0, 41). These mutations raise the midpoint
monitored in the single-turnover experiments used to measurepotential of the F&/Fe** couple of CcP41). The midpoint
the pre-steady state, has become rate limiting. potential of the F&/Fe&*" couple of heme peroxidases is
Our results on the role of F190 are in contrast to those of thought in general to vary with the strength of the Asp
Kishi et al. 36). First, they characterized four mutants at His H bond at the proximal His, with stronger H bonds
this site, F190Y, F190L, F190I, and F190A. Their research resulting in more negative midpoint potentia32). The
did not provide a function of F190 in MnP other than D235E mutation in CcP does not radically change the
indicating that the F190 site may contribute to the overall position of the carboxylate group that is interacting with the
stability of MnP, as well as to the stability of the heme proximal His, despite resulting in a weaker H bodd)( In
environment of the enzyme. These workers showed that thewild-type CcP, D235 forms a second H bond with W191,
F1901 and F190A mutations were less stable than the wild- and the D235E mutant maintains this second H bond. As a
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result of the D235E mutant of CcP retaining this H-bonding REFERENCES
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