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Abstract We have investigated the kinetics for the per-
oxidase-type reaction of mangano microperoxidase 8
(Mn(IIT)-MP8) by the time-resolved and single-wave-
length stopped-flow technique. The formation of inter-
mediate and its subsequent reaction with substrates were
studied separately. Oxidation of Mn(I1I)-MP8 by H,O,
at pH 10.7 yields an intermediate (1) with a rate con-
stant of 2.9x10* M ' s'!. The formation of 1 exhibits no
deuterium solvent isotope effect, favoring the homolytic
cleavage of the Mn(I11)-MP8 bound hydroperoxide. The
rate for the formation of 1 increases sharply as the pH
increases and no other intermediate was detected in the
entire pH range. Addition of substrate to 1 leads to the
regeneration of Mn(III)-MP8. Monitoring the conver-
sion of 1 to Mn(III)-MP8 allows the determination of
the substrate reactivity. The substrate reactivity varies
by more than two orders of magnitude ranging from
1.04x10° M 's™' for ascorbic acid to 4.61x10° M 's™!
for aniline. It is linearly correlated with the reduction
potential for most of the substrates studied, with the
easier oxidized species showing greater reactivity. The
substrate reactivity drops rapidly as the pH increases.
The substrate reactivity at pH 10.7 for the Mn(I11)-MP8
system is smaller than that of the corresponding Fe(III)-
MP8 system by 2- to 25-fold, depending on the substrate
used.
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Introduction

Numerous metalloporphyrin model compounds have
been designed to mimic the biological functions of a
variety of heme-containing enzymes [1, 2, 3]. The func-
tional diversity of the heme enzymes is closely related to
the proximal ligand of iron(III) and the protein envi-
ronment. The proximal ligands of iron in horseradish
peroxidase (HRP), catalase, and cytochrome P-450
are histidine, tyrosine, and cysteine, respectively. The
electron donation from the imidazolate, tyrosinate, or
cysteinate to the iron(II) facilitates the formation of
high-valent iron species, which are the key intermediates
for the subsequent catalytic reaction. An attractive
heme model compound is iron(IIl)-containing micro-
peroxidase 8 (Fe(III)-MPS8) obtained from proteolytic
digestion of cytochrome ¢ with pepsin and trypsin [4].
Fe(IIT)-MPS8 contains a covalently linked octapeptide
with a histidine imidazole acting as the axial ligand of
iron. The sixth coordination site is occupied by water
at pH below 9 and is easily replaced by the oxidant
to initiate the catalytic reaction. The open active site
enables Fe(IlI)-MP8 to catalyze a variety of reactions
such as peroxidase [5, 6, 7, 8], cytochrome P450 [9, 10],
and chloroperoxidase [11, 12] types of reactions. It also
undergoes less aggregation than other porphyrin models
in aqueous solution [13].

The peroxidase-type reaction of Fe(IIT)-MP8 has been
extensively studied. The proposed mechanism usually
involves high-valent iron-oxo intermediates, analogous
with compounds I and II of HRP [14, 15]. However,
these highly reactive intermediates may undergo degra-
dation, especially in the absence of a reductant (sub-
strate) and/or in the presence of high concentration of
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oxidant. As a result, the exact nature of the intermediates
has not been clearly characterized. The limited opera-
tional stability of iron-porphyrin compounds is well
known [16]. Many manganese-porphyrins, which are less
reactive (and perhaps undergo less degradation) than
their iron counterparts [17, 18], have been frequently
employed to help elucidate the catalytic mechanism.
However, only very few studies on manganese-contain-
ing MP8 (Mn(III)-MPS8) have been reported. Primus
and coworkers have shown that Mn(IIT)-MP8 exhibits
both peroxidase- and P450-like reactivities [19]. They
proposed a mechanism with three reactive species (com-
pounds I, II, and MPS8-hydroperoxide complex) to
explain their kinetic results. Yet there was no spectro-
scopic evidence for the existence of these intermediates.
Moreover, most kinetic studies were carried out at high
concentration of oxidant (e.g., H,O,). This may lead to
degradation of microperoxidase, occurrence of multiple
turnovers, and formation of product mixtures, which will
complicate the interpretation of the kinetic data.

In this paper we have investigated the kinetics for the
formation of the intermediate from the reaction of
Mn(I1I)-MP8 and H,O, and the subsequent reaction of
the intermediate with various electron-donating sub-
strates by the stopped-flow technique using the time-
resolved and the single-wavelength modes. Relative low
concentration of H,O, (a few pmol I'') has been em-
ployed to minimize the degradation of the intermediate
and the chance of multiple turnovers. We have also ex-
amined the pH dependence of the kinetic constants for
the formation of the intermediate and its subsequent
reaction with substrate. The kinetic results were then
compared with those of Fe(II)-MP8 in the previous
study [20].

Materials and methods

Materials

Horse heart cyctochrome ¢, tris(hydroxymethyl) aminomethane
(Tris), pepsin, and trypsin were purchased from Sigma (USA). 1-
Naphthol, o-methoxyphenol, and 2,2’-azinobis(3-ethylbenzothiaz-
oline-6-sulfonic acid) (ABTS) were obtained from Aldrich (USA).
p-Anisidine, 4-methoxyphenol, homovanillic acid, sodium car-
bonate, sodium phosphate, sodium hydrogen phosphate, and
deuterium oxide were from Acros Organics (Belgium). Sodium
chloride and phenol were obtained from Merck (Germany) and
potassium ferrocyanide from Kanto Chemical Co. Inc., (Japan).
Fe(III)-MP8 was prepared from the proteolytic digestion of cy-
tochrome ¢ with pepsin and trypsin [4]. Mn(II])-MP8 was syn-
thesized by the procedure in the literature [21]. The oxidation
potentials of the substrates were determined in the previous study
[20].

Stopped-flow measurements

The stopped-flow experiments were performed on a Hitech SF-61
stopped-flow instrument (Hitech Scientific, UK) equipped with a
sample handling unit (SHU-61), a photodiode array assembly
(MG-6010), a 75-W xenon lamp, and a circulating water bath for
temperature control. It can be operated in either the absorption or
the fluorescence mode. For measuring the rate of formation of the

intermediate, change in absorbance (at 368 or 404 nm) was moni-
tored continuously after the mixing of Mn(I11)-MP8 and H,O,,
which were stored in two separate syringes. For measuring the rate
for the reaction of intermediate with substrate, Mn(I11)-MP8 and
H,0, were premixed in one syringe and the substrate was stored in
the other. After an appropriate delay time (~30s) to attain a
maximum amount of intermediate, the two solutions were mixed
and the changes in absorbance (or fluorescence) were recorded
continuously. All the experiments were carried out at 25 °C. The
built-in software of the stopped-flow instrument allows multi-
exponential fitting of the traces. In operating at different pH
ranges, the following buffers (10 mmol I-! each) were employed and
adjusted with HCI or NaOH to the desired pH: sodium hydrogen
phosphate (pH 7-8.3), Tris (pH 8.3-9.3), sodium carbonate
(pH 9.3-11.3), sodium phosphate (pH 11.3-13). For the experi-
ments of deuterium solvent isotope effect, sodium carbonate was
used as the buffer and the pL (pH or pD) was adjusted to 10.7. The
relation pD=pH meter reading+ 0.4 was employed in the deter-
mination of pD with the pH meter [22]. For each kinetic analysis, at
least ten replicate measurements were performed and the relative
standard deviation for the obtained rate constants was 3~4%.

Results
Formation of intermediates

Microperoxidase exhibits much larger peroxidase activ-
ity (by around two orders of magnitude in terms of K¢,/
Ky [23]) than its P450 and catalase activity. Therefore
the last two types of reactions are ignored in treating
the kinetics of peroxidase reaction. Figure 1 shows the
stopped-flow time-resolved absorption spectra for the
oxidation of Mn(III)-MP8 by H,O, at pH 10.7. Oxida-
tion of Mn(III)-MP8 with H,O, results in a gradual
disappearance of the absorption bands at 368 and
464 nm and the concomitant appearance of a new peak
at 404 nm. Sharp isosbestic points at 389 and 418 nm
were also observed indicating the direct conversion of
Mn(III)-MPS to an intermediate (called 1). The process
can be described as

Mn(III) — MP8 + H,0, —% 1 (1)
The rate of the formation of 1 is given by
Rate = ky[Mn(III) — MP8|[H,0,] (2)

Quantitative formation of 1 at pH 10.7 was obtained
with 10 molar excess of H,O, to Mn(II1)-MP8 (data not
shown). The changes in molar absorptivities (Ae) for
the conversion of Mn(III)MP-8 to 1 at 368 and 404 nm
are 5.05x10% and 8.68x10* M 'em™', respectively. These
values will be used to estimate the concentration of 1
during the reaction.

Typical stopped-flow time courses for the changes in
absorbance at 368 and 404 nm are shown in Fig. lb.
Analysis of the traces allows the determination of the
rate constant k; by the method of initial rate. Computer
simulation of the traces yields the initial slopes, which
are then plotted against [H,O,] as illustrated in Fig. 2.
Both plots are linear, in accord with Eq. (2). The slopes
(=k,[Mn(IIT)-MPS8],A¢) yield k;=2.6x10* M' s' at



0.35

Absorbance

T
450

250 650
Wavelength /nm
0.36 0.3
(b)
0.30 oo
-
g |- g
< 024 <
L0.1
0.18
L 0.0
0.12 . :
0 10 20 30

Time /s

Fig. 1 a Stopped-flow time-resolved absorption spectra (2.5 s per
trace). b Time courses of the changes in absorbance (at 368 or
404 nm) for the oxidation of Mn(II)-MPS8 (4 pmol I"") with H,O,
(4 umol I'"y at pH 10.7
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Fig. 2 Plots of the initial slopes, monitored at: a 404 nm; b
368 nm, as a function of [H,O,] for the oxidation of Mn(IIT)-MPS8
(4 pmol 1Y) with H,0, at pH 10.7

368 nm and 3.2x10* M ! 57! at 404 nm, in good agree-
ment with each other. The average value of k; is
2.9x10* M ' s

Reaction of intermediate with substrate

Addition of the substrate, o-methoxyphenol (OMP), to 1
leads to the regeneration of Mn(III)-MPS as revealed by
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Fig. 3 Plot of k,ops Vs the concentration of OMP at pH 10.7.
Intermediate produced by mixing Mn(III)-MP8 (2.28 pmol 1) and
H,0, (1.96 pmol I'") was allowed to react with various concentra-
tions of OMP to yield different values of ks ops

a gradual disappearance of the band at 404 nm for 1 and
a concomitant appearance of the bands at 368 and
464 nm for Mn(IIT)-MPS8 (data not shown). The recov-
ery of Mn(III)-MP8 is 90-95% indicating that the de-
gradation of Mn(III)-MP8 is insignificant. This process
is expressed as

1B Mnn) - mps

(3)
where [S] is the concentration of substrate, which is
usually much greater than that of 1 and is assumed to be
unchanged during the reaction. The time variation of the
absorbance is given by

A =a+bexp(—ky[S]t) (4)
where a and b are constants. The stopped-flow time
courses for this step are all single exponential, in accord
with Eq. (4). The observed rate constants (kj,ps) are
linearly dependent on [OMP] as shown in Fig. 3 and the
slope yields k,=2.95x10* M ! s .

Rates of regeneration of Mn(III)-MP8
and product formation

The substrate 1-naphthol was used to examine if the rate
of regeneration of Mn(IIl)-MP-8 (i.e., the k,-step)
reflects the substrate reactivity. 1-Naphthol exhibits
fluorescence at 465 nm when excited at 330 nm. In the
presence of Mn(III)-MPS, 1-naphthol is oxidized by
H,0, to form a non-fluorescent product. The stopped-
flow changes in absorbance at 404 nm and in fluores-
cence (Aex =330 nm) upon addition of 1-naphthol to 1 at
pH 10.7 are shown in Fig. 4. The disappearance of 1
(Fig. 4a) and 1-naphthol (Fig. 4b) occurs at the same
rate within the experimental uncertainty. Thus the rate
constant (k) for the regeneration of Mn(III)-MPS is a
good measure of substrate reactivity.



116

(a)

Absorbance

Time /s

Fluorescence Intensity

Time /s

Fig. 4 Time courses for the changes in: a absorbance at 404 nm;
b fluorescence (Aex =330 nm) for the reaction of 1 and 1-naphthol
(10 pmol I'") at pH 10.7. Mn(III)-MP8 (10 pmol I'") and H,O,
(9.8 pmol 1"y were premixed for 30 s and then mixed with
1-naphthol to initiate the regeneration of Mn(III)-MP8
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Fig. 5 Time courses for the changes in absorbance at 404 nm for
the reaction of 1 with various substrates at pH 10.7. [Mn(I1])-
MP8]=4.4 umol 1!, [H,O0,]=1.96 pmol 1!, and [substrate]=
10 umol 1I"!. The substrates are: a aniline; b ferrocyanide; ¢ homo-
vanillic acid; d 4-methoxyphenol; e ascorbic acid

Substrate reactivity

We have also carried out similar stopped-flow experi-
ments for the reaction of 1 with various other substrates.
Different substrates exhibit very different rate for the
regeneration of Mn(IIT)-MP8 as demonstrated in Fig. 5.
The values of k, for various substrates can be deter-
mined using the kinetic treatments described above and
the results are listed in Table 1. The values of k, cover
more than two orders of magnitude, ranging from
1.04x10° M™" s7! for ascorbic acid to 4.61x10° M 57!

Table 1 The rate constants k, of various substrates at pH 10.7

Substrates koM 157!
Ascorbic acid 1.04x10°
1-Naphthol 6.25x10°
ABTS 1.62x10°
4-Methoxyphenol 4.71x10*
Homovanilline acid 3.36x10*
o-Methoxyphenol 2.95x10*
p-Anisidine 2.36x10*
Ferrocyanide 1.08x10*
Aniline 4.61x10°
8
I-naphthol
64
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4
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— ferrocyanide %
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Fig. 6 Plot of log k, vs E.q at pH 10.7. Linear correlation was
observed for several substrates in solid circles

for aniline. The substrate reactivity (log k») is linearly
correlated with its reduction potential as illustrated in
Fig. 6. Deviation from the straight line was observed for
ferrocyanide, OMP, and 4-methoxyphenol. The sub-
strate reactivity for the system of Mn(11I)-MPS8 was also
compared with that of Fe(III)-MP8 [20] as shown in
Fig. 7.

pH dependence of the rate constants

The stopped-flow experiments for the oxidation of
Mn(I1I)-MP8 by H,O, have also been carried out at
various pH. The time courses for the change in absor-
bance at 404 nm for the formation of 1 at several pH
values are shown in Fig. 8a. The rate increases dra-
matically as the pH increases. The initial rate method
was employed to determine the values of k; at various
pH. The plot of k; vs pH is shown in Fig. 8b. The curve
is sigmoidal with a pK, of 11.90. No other intermediates
were detected in the entire pH range studied. At high pH
(=210), the traces pass through a maximum and then
decrease at longer observation time (data not shown).
The decrease in absorbance at 404 nm is accompanied
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Fig. 8 a Time courses of the changes in absorbance at 404 nm for
the oxidation of Mn(IIT)-MP8 (4.2 pmol 1'") by H,0, (3.92 pmol
1"y at several pH: (1) 7.98, (2) 8.61, (3) 9.09, (4) 9.46, (5) 10.05, (6)
10.46, (7) 11.02. b pH-dependence of k; for the reaction in (a).
Fitting of the curve yields a pK, of 11.90

by a concomitant increase in absorbance at 368 nm,
indicating that a portion of 1 is slowly converted back to
Mn(I1I)-MP8 and that the higher the pH, the faster the
conversion. We have also determined the rate constant
k, for the regeneration of Mn(II1I)-MP8 upon addition
of OMP at various pH and the results are shown in
Fig. 9. OMP exhibits a maximum reactivity at pH~10.
As the pH increases, the reactivity drops sharply and a
sigmoidal fitting of the curve yields a pK, of 10.81. The
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Fig. 9 pH-dependence of k; for the reaction of 1 and OMP. Fitting
of the curve yields a pK, of 10.81. Data points at pH 9.0 were not
included in the fitting

data points obtained at 368 nm and 404 nm fall essen-
tially on the same curve. The formation of 1 was too
slow and too little for the substrate reactivity to be
determined at pH below 9.

Deuterium solvent isotope effect

The deuterium solvent isotope effect is useful for the
delineation of whether a proton transfer is involved in
the rate-limiting step. We have carried out the stop-
ped-flow experiments for the oxidation of Fe(IIl)-MP8
and Mn(III)-MP8 in H,O or D,O at pL (pH or pD)
10.7 and the results are shown in Fig. 10. Single
exponential fitting of the stopped-flow traces allows
the determination of the rate constants and the relative
rate constants yield the deuterium isotope effect. The
formation of O=Fe(IV)-MPS8 exhibits a prominent
deuterium isotope effect (kg/kp=2.35), while the for-
mation of 1 shows essentially no isotope effect (kgy/
kp=1.08).

Discussion

Oxidation of Mn(III)-MP8 by H,0O, at pH 0.7 results in
the formation of 1 (Fig. 1), whose spectral features re-
semble those reported for O=Mn(IV)-MP8 [21]. There
are two possible pathways for the formation of 1, which
is one oxidation equivalent above Mn(IIT)-MP8. One
involves the heterolytic cleavage of the O-O bond in
the MP-bound peroxide to yield Mn(V)-MP8 (or its
equivalent) followed by a very fast conversion of this
intermediate to 1. The heterolytic process requires a
significant charge separation in the transition state. The
other involves a homolytic cleavage of the O-O bond in
MP-bound peroxide to give 1 directly. This radical-like
reaction will largely depend on the type of peroxide used
and on the factors that will facilitate the formation of
radicals. Monooxygenases and peroxidases generally
cleave heterolytically leading to compound I formation
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Fig. 10 Time courses for the changes in absorbance for the
oxidation of: a Mn(III)-MP8 (4.4 umol 1''); b Fe(III)-MPS8
(4.4 pmol 1"y with H,0, (1.96 pmol 1'") at pH (pD) 10.7. The
reaction was monitored at 404 nm for Mn(III)-MP8 and 415 nm
for Fe(I1I)-MP8

and globins cleave homolytically leading to compound
II formation. Kinetic studies of porphyrin model com-
pounds [7, 24, 25] have revealed that a proton transfer is
involved in the transition state of a heterolytic process
but not for a homolytic process, for which the leaving
group (i.e., radical) is not a strong base. Thus a signifi-
cant deuterium solvent isotope effect will be expected for
a heterolytic process but not for a homolytic process. A
significant deuterium isotope effect (ky/kp=2.35) was
indeed observed for the formation of O=Fe(IV)-MPS8
suggesting the favoring of a heterolytic process. Deute-
rium solvent kinetic isotope effects in the region of 2.0
are typical of reactions involving proton transfer [26].
The formation of 1, however, shows essentially no
isotope effect (ky/kp=1.08), indicating the favor of a
homolytic process.

The rate for the formation of 1 increases sharply
(with a pK, of 11.90) as the pH increases (Fig. 8b). This
pK, is very close to that of free HO, of 11.65 [27]. It
has been proposed that MP8-bound hydroperoxide is
the active form for the peroxidase reaction [5, 6]. High
pH will increase the amount of HO, , favoring the
formation of MP8-bound HO, (through HO, + =
MPS8HO, — MP8 and hence accelerating the formation
of 1. The value of k, for OMP decreases rapidly (with a
pK, of 10.81) as the pH increases (Fig. 9). The origin of

this deprotonation process is not clear. It may result
from changes in redox potentials of 1 and/or OMP as
pH changes. The overall reaction rate is determined by
the combination of these two steps (k; and k»), which
shows opposite pH-dependence. As a result, a maximum
overall rate will exist at certain pH, depending on the
substrate used. For OMP, the maximum rate for the
formation of product occurs at ~pH 12 [19].

The reactivity of 1 with various substrates covers
more than two orders of magnitude at pH 10.7 (Table 1).
It is interesting to note that, for a typical peroxidase re-
action reported in the literature with [H,0,]~0.1 mmoll
and [S]~1 mmol I'!, the rate for the reaction of 1 with
the substrate (i.e., k,[S]) in Table 1 (except aniline and
ferrocyanide) is ~1-2 orders of magnitude greater than
that of the formation of 1 (i.e., ki[H,0,]) at pH 10.7.
Under this circumstance, the formation of 1 becomes
rate-limiting and the difference in substrate reactivity
will not be distinguished if the reaction is carried out by
mixing all the reagents at one time and then following
the formation of product. The rate constants (log k,) are
linearly correlated with the reduction potentials for most
of the substrates studied (Fig. 6). A difference in the re-
ducing power of the substrate exhibits a prominent effect
on its reactivity, with the easier oxidized species showing
greater reactivity. The linear correlation suggests that an
electron transfer process is involved in the rate-limiting
step. For a given substrate, the reactivity at pH 10.7 is
smaller by 2-25 times for the Mn(IIT)-MPS8 system than
for the Fe(II)-MPS8 system (Fig. 7). The difference in
reactivity may be attributed to a change in the reduction
potential of the intermediate when Fe(III) is replaced by
Mn(III). A decrease in redox potential (II—-III) by
154 mV was reported for MP8 upon substitution of Fe
with Mn [19]. It is also noted in Fig. 7 that ascorbic acid
exhibits much greater reactivity than most of the sub-
strates examined (except for the 1-naphthol/Fe(I1T)-MP§
system). Ascorbic acid was normally employed to abolish
the peroxidase reaction for a successful observation of
the P450-type reaction of Fe(II1)-MPS8 [9, 10]. Evidently
it is very efficient in inhibiting the peroxidase reaction for
other substrates. However, once the intermediate has
reacted with ascorbic acid, it will not be able to induce
the P450 reaction for other substrates. Therefore there
must exist some other reactive species responsible for the
P450 reaction.
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