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ABSTRACT. The predominant physiological activity of myeloperoxidase is to convert hydrogen peroxide
and chloride to hypochlorous acid. However, this neutrophil enzyme also degrades hydrogen peroxide to
oxygen and water. We have undertaken a kinetic analysis of this reaction to clarify its mechanism. When
myeloperoxidase was added to hydrogen peroxide in the absence of reducing substrates, there was an
initial burst phase of hydrogen peroxide consumption followed by a slow steady state loss. The kinetics
of hydrogen peroxide loss were precisely mirrored by the kinetics of oxygen production. Two mols of
hydrogen peroxide gave rise to 1 mol of oxygen. With 100 hydrogen peroxide and 6 mM chloride,

half of the hydrogen peroxide was converted to hypochlorous acid and the remainder to oxygen. Superoxide
and tyrosine enhanced the steady-state loss of hydrogen peroxide in the absence of chloride. We propose
that hydrogen peroxide reacts with the ferric enzyme to form compound I, which in turn reacts with
another molecule of hydrogen peroxide to regenerate the native enzyme and liberate oxygen. The rate
constant for the two-electron reduction of compound | by hydrogen peroxide was determined to be 2

10° M1 s The burst phase occurs because hydrogen peroxide and endogenous donors are able to
slowly reduce compound | to compound I, which accumulates and retards the loss of hydrogen peroxide.
Superoxide and tyrosine drive the catalase activity because they reduce compound Il back to the native
enzyme. The two-electron oxidation of hydrogen peroxide by compound | should be considered when
interpreting mechanistic studies of myeloperoxidase and may influence the physiological activity of the
enzyme.

Myeloperoxidase is a green heme enzyme that is the mostplethora of xenobiotics, which are oxidized via the classical
abundant protein in neutrophils. It plays a central role in peroxidation mechanism (reactions 1, 3, and 4) to free radical
infection and inflammationl)). It is required for neutrophils  intermediates (B. Myeloperoxidase can use superoxide to
to kill a variety of microorganisms2j and has been hydroxylate salicyatel) in an analogous activity to that
implicated in promoting tissue damage in numerous inflam- of the cytochrome P450s.
matory diseases including rheumatoid arthrit®, (adult
respiratory distress syndromd)( multiple sclerosis §), MP** + H,0, — Compound H H,0O (1)
cystic fibrosis 6), and neonatal lung injury7j. Myeloper-
oxidase has also been proposed to trigger atherosclerosis by Compound H CI™ + H™— MP*" + HOCI (2)
oxidizing low-density lipoproteins8) and is implicated in

acute myeloid leukemi&df and lung cancerlQ). Compound H RH— Compound I+ R+ H" (3)
Myeloperoxidase is a promiscuous enzyme that has several N - .
different activities 11). The physiological milieu in which Compound I+ RH+H" —MP"" + R"+ H,O (4)

the enzyme functions will determine the substrates it uses
and the activity it exhibits. Its main physiological activity is Agner (14) found that myeloperoxidase displays a catalase-
generally accepted to be production of hypochlorous acid. like activity in which it degrades hydrogen peroxide to
This strong oxidant is generated when hydrogen peroxide OXygen and water. Surprisingly, the mechanism of this
reacts with the native ferric enzyme (¥ to form the redox activity and its physiological significance has received scant
intermediate compound |, which then oxidizes chloride attention. Winterbourn et al16) proposed a mechanism in
(reactions 1 and 2). Hydrogen peroxide is supplied by the Which the enzyme is turned over and oxygen liberated by a
NADPH-oxidase of neutrophils, which produces superoxide reaction between compound Il and compound IlI. Later
as its primary product. Myeloperoxidase also oxidizes the Iwamato (6) claimed the enzyme has true catalase activity
pseudo-halide thiocyanate by a two-electron mechartn ( in which hydrogen peroxide reacts with both the ferric
Additional substrates include tyrosine, nitrite, urate, and a €nzyme and compound | (reactions 1 and 5). This proposal
was dismissed by Marquez et al7f because they could
— find no evidence of the two electron reduction of compound
Coumlilso\?vﬁléwWSZaT:ﬁgéned by a grant from the Health Research | 1,y hydrogen peroxide when they observed the reaction

* To whom correspondence should be addressed. E-mail: tony.kettle@ using stopped flow s_pectrophotometry. Rather, they found
chmeds.ac.nz. that hydrogen peroxide reduced compound | to compound
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Il (reaction 6), which inhibits the chlorination activity of nm (ess0= 21 000 M"* cm™*) was measured in the presence
myeloperoxidase as demonstrated earlier by Wever and co-and absence of 16g/mL of superoxide dismutas@g).

workers (8). Spectral Analysis of Myeloperoxidagghe visible absorp-
tion spectra of myeloperoxidase were recorded during its
Compound H H,0, — MP3t + O,+H,0 (5) reactions with hydrogen peroxide and superoxide using a
Beckman 7500 diode array spectrophotometer. Each spec-
Compound H H,0,— Compound I+ O, + 2H" (6) trum was recorded from 350 to 700 nm for 2s and was an
average of 20 spectra.

Given the potential importance of myeloperoxidase acting ~ Kinetic AnalysisKinetic analysis of experimental data was
as a catalase and attenuating oxidative reactions duringperformed using the software package_ MATLAB which was
inflammation, we have investigated the mechanism respon-Purchased from MathWorks, Inc (Natick, MA).

sible for degradation of hydrogen peroxide. We conclude

that hydrogen peroxide reacts with compound | to liberate RESULTS

oxygen but also slowly reduces it to compound I, which  Hydrogen Peroxide Loss and Oxygen Formation Catalyzed
mhlblts the.catlalase activity. T.he catalase activity is ef- py MyeloperoxidaseThere have been numerous studies
ficiently maintained by superoxide and other one-electron |ooking at the kinetics of reactions of the redox intermediates
donors that act by reducing compound Il to the ferric enzyme. of myeloperoxidase with hydrogen peroxidk7( 18, 24—
28). However, there have been no detailed kinetic studies
EXPERIMENTAL PROCEDURES on the fate of hydrogen peroxide. To address this shortfall,
Materials. Myeloperoxidase was purified from human We used a hydrogen peroxide electrode to monitor hydrogen
leukocytes as described previously and its concentrationperoxide loss catalyzed by myeloperoxidase in the absence
determined by measuring its absorbance at 430 a1 € of other substrates. Initially, we chose similar conditions to
89 000 Mt cm™ heme?) (19). Two enzyme preparations those used by Marquez et al. when they monitored conversion
with purity indexes AssdAzs0) of 0.82 and 0.66 were used Of the enzyme to compound IL7). These investigators found
in this study. Hemi-myeloperoxidase was prepared by that at a 100-fold excess of hydrogen peroxide over enzyme,
reductive alkylation essentially as described by Zuurbier and myeloperoxidase was converted to compound Il within 2 s
co-workers 20) Xanthine oxidase, Cytochron@esuperoxide in a monophasic reaction. However, with a 20-fold excess
dismutase, catalase, taurine, diethylenetriaminepentaaceti®f hydrogen peroxide, the reaction was distinctly biphasic,
acid (DTPA), and 5,5dithiobis-2-nitrobenzoic acid were — Wwith 90% compound Il formed after 5 s. When myeloper-
purchased from the Sigma Chemical Company (St. Louis, Oxidase was added to a 100-fold excess of hydrogen peroxide
MO). Hydrogen peroxide solutions were prepared daily by there was a rapid and distinct burst of hydrogen peroxide
diluting a 30% stock solution and the concentration was l0ss over about five seconds, which was followed by a much
determined by measuring its absorbance at 240 a3 € slower steady state decline (Figure 1a). At a 20-fold excess
436 Ml cm) (21). 5-Thio-2-nitrobenzoic acid was Of hydrogen peroxide, most of the hydrogen peroxide was
prepared from 5/5dithiobis-2-nitrobenzoic acid as outlined lost during the burst phase (Figure 1b). Our results demon-
previously @2). Acetaldehyde was purchased from BDH. strate that at least initially myeloperoxidase is able to degrade
Methods. Measurement of Hydrogen Peroxide Utilization hydrogen peroxide efficiently in the absence of reducing
and Oxygen Production by Myeloperoxidadde activity substrates.
of myeloperoxidase was measured by continuously monitor- The burst phase for loss of hydrogen peroxide was
ing the hydrogen peroxide concentration with a YSI 2510 dependent on the concentration of myeloperoxidase (Figure
oxidase probe fitted to a YSI model 25 oxidase meter 2a) and approached a plateau at L80hydrogen peroxide
(Yellow Springs Instrument Co., Yellow Springs, ORY}. (Figure 2b). The latter result indicates that activity during
The electrode was covered with a single layer of dialysis the burst phase could be saturated by hydrogen peroxide.
tubing and calibrated against known concentrations of The steady-state loss of hydrogen peroxide was dependent
hydrogen peroxide. For experiments using xanthine oxidase,on the enzyme and hydrogen peroxide concentrations (not
the electrode was calibrated in the presence of 10 mM shown).
acetaldehyde. Oxygen evolution was measured with a YSI  To determine whether myeloperoxidase was converting
oxygen electrode fitted to a YSI model 53 oxygen meter. In hydrogen peroxide to oxygen by a catalase-like activity, we
these experiments the initial oxygen concentration in the monitored hydrogen peroxide loss and oxygen production
buffer was lowered to about 100M by bubbling with in parallel experiments conducted under identical conditions.
nitrogen. The kinetics of oxygen evolution precisely mirrored the loss
Measurement of Hypochlorous Acid Formation by My- of hydrogen peroxide (Figure 3). In both cases, there was a
eloperoxidaseypochlorous acid production was determined  distinct burst phase followed by a slower steady-state activity.
in the presence of 10 mM taurine by measuring the Under the conditions described in Figure 1, myeloperoxidase
accumulation of taurine chloramine using 5-thio-2-nitroben- converted 50uM hydrogen peroxide to 22.9 0.5 uM
zoic acid @2). oxygen (meant range of duplicate experiments). The burst
Measurement of Superoxide Generation by Xanthine phases for hydrogen peroxide loss and oxygen evolution were
Oxidase.Superoxide production by xanthine oxidase was 9.8+ 0.2 and 5.5t 0.5uM, respectively. The corresponding
measured as superoxide dismutase-inhibitable cytochromesteady-state rates were 2400.2 and 1.1+ 0.3 uM/min.
¢ reduction. Reactions were carried out with A@/mL of Thus, at each stage of the reaction about two molecules of
catalase and the rate of reduction of cytochroore 550 hydrogen peroxide were degraded to one molecule of oxygen.
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Ficure 1: Loss of hydrogen peroxide catalyzed by myeloperoxi- 0 20 40 60 80 100
dase. Myeloperoxidase (300 nM) was added to either (aN\80r [H,0,] (uM)

(b) 6 uM hydrogen peroxide in 50mM phosphate buffer, pH 7.4,
containing 100uM DTPA at 21°C. Loss of hydrogen peroxide  FiGURe 2: Effects of hydrogen peroxide and myeloperoxidase on
was measured continuously with a hydrogen peroxide electrode andthe kinetics of hydrogen peroxide loss catalyzed by myeloperoxi-
corrected for the dilution due to the addition of enzyme. dase. The burst phase for loss of hydrogen peroxide was measured
after adding 10:M hydrogen peroxide to varying concentrations
The burst phase of oxygen production became independenﬁf ényeloperomd%set(aigor af'\t/ler ad‘lj'”g Va%/'”g C%”Ce“”a“o“s of
of the initial hydrogen peroxide concentration above 18D ydrogen peroxide fo nM myeloperoxidase (b).
hydrogen peroxide, whereas the steady state rate of oxygenwhich was then slowly converted to compound Ill. These
evolution was directly proportional to hydrogen peroxide results are similar to those reported previoudly, (L8) and
concentration and showed no sign of saturation up to 1.5 demonstrate that during the burst phase myeloperoxidase was
mM hydrogen peroxide (not shown). This latter result is in converted from its native form to compound II.
agreement with those obtained earlier for steady-state Effects of One-Electron Reductants on Hydrogen Peroxide
hydrogen peroxide consumptiofs). Loss Catalyzed by Myeloperoxidage shown in Figures 1
There was minimal loss of hydrogen peroxide or formation and 3, catalatic breakdown of hydrogen peroxide by myelo-
of oxygen in the absence of myeloperoxidase (not shown). peroxidase alone was short-lived. However, sustained hy-
A possible explanation for the catalase activity is that drogen peroxide consumption and oxygen evolution could
contaminating halides were oxidized to hypohalous acids thatbe achieved by adding a low concentration of tyrosine. When
then reacted with hydrogen peroxide to produce singlet added after the burst phase tyrosine caused an immediate
oxygen @9—31). However, addition of methionine, which  3—4-fold increase in both the rate of hydrogen peroxide loss
scavenges hypohalous acids, had no effect on the burst phasgFigure 3a) and formation of oxygen (Figure 3b). The
(not shown). The burst phase also occurred to the same extengoncomitant increase in oxygen evolution with hydrogen
with hemi-myeloperoxidase, which is a reductively cleaved peroxide loss indicates that tyrosine was acting by promoting
and alkylated form of the enzyme that contains only one the catalase-like activity of myeloperoxidase rather than being
heme group per molecule of protei@2 33) (not shown). oxidized by the peroxidase cycle (reactions 1, 3, and 4). This
This result rules out the possibility that the catalase activity conclusion is supported by the fact that within 4 min of
was due to an intramolecular reaction between the two hemesadding 5 uM tyrosine, an additional 13:M hydrogen
of myeloperoxidase as proposed by Agngd)( peroxide was consumed compared to what would have been
Under the conditions of the experiments in Figures31l lost in the absence of tyrosine. If tyrosine had acted by
we monitored the absorption spectrum of 400 nM myelo- reducing compound | and compound Il, it would have given
peroxidase 20 s and 1 min after adding hydrogen peroxide.rise to only an additional loss of 2:BM hydrogen peroxide.
With 5 uM hydrogen peroxide, there was only a 50%  When tyrosine or tryptophan was added to the reaction
conversion to compound Il. Increasing the concentration of system before the reaction was started, they inhibited the
hydrogen peroxide to 250M resulted in 100% conversion  burst phase (Figure 4). In contrast, tyrosine accelerated the
of myeloperoxidase to compound Il within the first 20 s, steady state loss of hydrogen peroxide but tryptophan was
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catalyzed by myeloperoxidase. Xanthine oxidase (XO) was added
S to 50 mM phosphate buffer (pH 7.4, 2T) containing 10mM
! acetaldehyde and 1QoM DTPA plus or minus 150 nM myelo-
20 | +5uM Tyr (b) peroxidase. Hydrogen peroxide concentration was monitored with
- a hydrogen peroxide electrode and L&/mL of superoxide
’2‘ 15 F dismutase (SOD) was added as indicated by the arrow. The initial
= [ rate of superoxide production was %M/min. Results are typical
~ 10 [ of four experiments.
(g n
=) i N . .
- 5 [ of compound Il inhibits the burst phase, and its conversion
: back to the native enzyme enhances the steady-state activity.
0 . +50uM H,0, Effects of Superoxide on Hydrogen Peroxide Loss Cata-
TP A T P P lyzed by MyeloperoxidaseSuperoxide is an obligatory
0 2 4 6 8 10 12 product in reaction 6, and has been shown to react with both
. . the ferric enzyme (reaction 7) and compound Il (reaction 8)
Time (min) (36, 37)

Ficure 3: Conversion of hydrogen peroxide to oxygen by

myeloperoxidase. (a) Myeloperoxidase (320 nM) was added to 50 3+ _

uM hydrogen peroxide in 50 mM phosphate buffer (pH 7.4) MP*" + O, — Compound Il (7)
containing 10uM DTPA at 21 °C and hydrogen peroxide loss

was monitored with a hydrogen peroxide electrode. Tyrosine (5 Compound I+ O, + HT—MP3" + O,+OH (8)

uM) was added at the time indicated by the arrow. (b) Oxygen

evolution was monitored with an oxygen electrode when hydrogen o .

peroxide (5QuM) was added to 320 nM myeloperoxidase. Results We initially determined whether endogenously generated
are typical of three experiments. superoxide influenced the burst phase and the steady-state

loss of hydrogen peroxide by adding 26/mL of superoxide

g e dismutase to a reaction system containing 2BDhydrogen

Z 10 i . ] 10 E peroxide and 160 nM myeloperoxidase. Superoxide dismu-

2 [ +Tyr s tase had little effect on the magnitude of the burst phase but

g 8 '_c trol 2 significantly decreased the steady-state rate of hydrogen

ol - oo § peroxide loss from 1.5 to QuM/min (p < 0.003;n = 3).

E 6 +T - This result suggested that superoxide was generated by
L yr ~ . - .

M . o myeloperoxidase and hydrogen peroxide and contributed to

i 4r T = the turnover of compound II.

oN ! r g To explore this possibility further, we examined the

=2 F 3 catalase-like activity of myeloperoxidase using xanthine

3 [ 2 oxidase and acetaldehyde as a source of superoxide and

§ ol § hydrogen peroxide. Acetaldehyde was used as a substrate

-l 7] for xanthine oxidase because xanthine and hypoxanthine are

FicUrRe 4: Effects of tyrosine and tryptophan on hydrogen peroxide both converted to uric acid, which is a substrate for
consumption catalyzed by myeloperoxidase. Myeloperoxidase (195 myeloperoxidase3g). Xanthine oxidase and acetaldehyde
nM) was added to 50 mM phosphate buffer, pH 7.4, containing 50 gave steady accumulation of hydrogen peroxide (Figure 5).

uM hydrogen peroxide and bM of tyrosine or tryptophan. The . . : .
burst phase (clear bars) and steady state rate of hydrogen peroxidd/V/ith myeloperoxidase present, there was an immediate

loss (filled bars) were measured continuously with a hydrogen Increase in the concentration of hydrogen peroxide, but its
peroxide electrode. Results are means and ranges of duplicateaccumulation slowed until a constant concentration was

experiments. maintained. At this point, the rate of hydrogen peroxide
without effect (Figure 4). Both these substrates rapidly reduce production by xanthine oxidase was equal to the rate of
compound | to compound 1l but only tyrosine is able to breakdown by myeloperoxidase. On addition of superoxide
efficiently reduce compound Il back to the ferric enzyme dismutase to the reaction system, hydrogen peroxide ac-
(34, 35). In total, these results demonstrate that formation cumulated at the same rate as when myeloperoxidase was
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Ficure 7: Effect of chloride on oxygen and hypochlorous acid
production by myeloperoxidase. (a) Hydrogen peroxide (1)
Ficure 6: Effect of superoxide on the steady-state rate of loss of was added to 400 nM myeloperoxidase in 50 mM phosphate buffer
hydrogen peroxide catalyzed by myeloperoxidase. (a) Myeloper- (pH 7.4, 21°C) containing 10 mM taurine, 100M DTPA, and
oxidase (100 nM) was added to & hydrogen peroxide in 50 varying concentrations of chloride. Oxygen production (5) was
mM phosphate buffer (pH 7.4, 2°C) containing 10 mM acetal- monitored with an oxygen electrode and in parallel experiments
dehyde and 10@M DTPA. After steady-state had been reached, the concentration of accumulated taurine chloramine was assayed
xanthine oxidase was added to generagévVEmin of superoxide as a measure of hypochlorous acid formati®). (Results are
and 3.3uM/min of hydrogen peroxide. Superoxide dismutase (15 representative of two experiments and lines are curves of best fit
ug/mL) was added at the indicated time. (b) The steady-state ratethrough the data. (b) The concentration of chloride that gave 50%
of hydrogen peroxide loss after varying amounts of xanthine oxidase of maximum conversion of hydrogen peroxide to hypochlorous acid
had been added to myeloperoxidase and hydrogen peroxide werg[Cl~]so) was determined at varying concentrations of hydrogen
calculated by adding the rate of loss for the three steady-state phaseperoxide. At all concentrations of hydrogen peroxide at least 90%
shown in panel a. Results are means and ranges of duplicateof it was converted to HOCI at the highest concentration of chloride.
experiments. The fitted line was determined by simulating the utilization of
hydrogen peroxide using a kinetic model for Scheme 1.

NS IFEVERATE NSRSl ATATAVErE AETITArS ANRrArrE

+MPO 100 4 1>
= 80 1* =
~ ] 5
D 60 :30 -
3 S |8
E = 120 —
~ = 40 \ ]
= A ] <
:" 20 \\ J10
= A ~ ]
AT -
0 R I PO WP Branfars 0
| 0 20 40 60 80 100
30I.|..‘.|....|...‘|.‘.‘|\,.‘|‘.,.|.m|‘. .
01 2 3 45 6 7 [Chloride] (mM)
Time (min) 25
) - (b)
= [
= : 20 |- °
= 3 —_— .
= - = i
2 i E 15
g onf <
@ F 54 [
= i = 0k ()
S 8} &) i
ﬁ : 5:_
PR :
[x} q |
(‘5 4; 0-|;‘|'1|x0||11||1||||1
Z 2
g
z 0

0 1 223 4 S5 o6

Superoxide Flux (pLM/min)

absent. This indicates that the reaction responsible for
breakdown of hydrogen peroxide had been inhibited by oxide dismutase. In the absence of superoxide dismutase,
superoxide dismutase. Spectral investigations of myeloper-superoxide substantially increased the rate of hydrogen
oxidase were performed during breakdown of hydrogen peroxide loss. This corresponds to not only enhanced
peroxide. In the presence of superoxide the Soret band ofconsumption of the initial hydrogen peroxide but also
the ferric enzyme, which has a characteristic maximum of consumption of that generated by xanthine oxidase. As the
430 nm, was shifted to 454 nm. There was also a small bandflux of superoxide was increased, there was a corresponding
at 630 nm. The ratio of absorbances at 452 and 630 nmincrease in the steady-state rate of hydrogen peroxide loss
indicated that the enzyme was converted to its compound Il (Figure 6b). A flux of 2uM/min of superoxide increased
form (39). After 3 min of reaction, there was a decline in the steady-state rate of hydrogen peroxide consumption by
absorbance at 454 nm but the spectrum still indicated that8.5 «M/min. Thus, superoxide was acting in a super-
the enzyme existed as predominantly compound Il (spectrastoichiometric fashion and not just promoting the peroxidatic
not shown). breakdown of hydrogen peroxide via reactions 1, 6, and 8.
To determine the extent to which superoxide increases the Hydrogen Peroxide and Chloride as Competing Substrates
rate of hydrogen peroxide loss, xanthine oxidase and for Myeloperoxidaselo determine how effectively hydrogen
acetaldehyde were added to myeloperoxidase and hydrogemperoxide competes with chloride for oxidation by myelo-
peroxide after steady state had been attained (Figure 6a)peroxidase, we measured formation of oxygen and hypochlo-
Under these conditions, additional hydrogen peroxide wasrous acid when a constant concentration of hydrogen
generated by xanthine oxidase as seen by the increase iperoxide was consumed in the presence of varying concen-
hydrogen peroxide concentration in the presence of super-trations of chloride (Figure 7). With 10@M hydrogen
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Scheme 1: Reaction Mechanism for the Catalase Activity of ~ 80
Myeloperoxidase < @ o ©
Wl
0, H,0, «
= 60
’ H,0, o; g
M 40
CEMP . Mp o =
. — ?) Compound I Compound II »
9 L
> 20
X g
RH Re =
2 s
i 0 1 1 1
HOCL cr 0 500 1000 1500
peroxide, very little oxygen was produced when the chloride [H,0,]/[MPO]
concentration was above 50 mM (Figure 7a). However, there 0.08m
was appreciable formation of oxygen as the chloride (b)
concentration was decreased. The concentration of chloride o
([Cl ]s0) that gave a 50:50 split of hydrogen peroxide to 0.06 =

hypochlorous acid and oxygen was directly proportional to

the initial concentration of hydrogen peroxide (Figure 7b).
Mechanistic Interpretation of Kinetic Datalhe burst

phase for conversion of hydrogen peroxide to oxygen

indicates that the reaction mechanism for the catalase activity 0.02

of myeloperoxidase involves a branched chain that leads to

the accumulation of an inactive intermediat#Q)( This

inactive intermediate must be compound Il because we 0-0‘(’) " 0;)1 0;)2 0;)3

showed that it is formed during the burst phase. Also, ’ [MPO]/[H 'O] )

substrates that promoted compound Il formation inhibited 272

the burst phase while substrates that turned it over enhancedriGure 8: Effect of hydrogen peroxide and enzyme concentrations

the steady state breakdown of hydrogen peroxide. Any on the turnover number of myeloperoxidase during the burst phase
. - ) of hydrogen peroxide loss. (a) The turnover number or partition
mechanism proposed for the catalase activity must aCcoumratio, r, was calculated by dividing the burst phase by the enzyme

for our finding that the burst phase (Figure 2b) is dependent concentration. In these experiments the concentrafion of myelo-
on the concentration of hydrogen peroxide up to a maximum peroxidase varied between 50 and 400 nM and concentration of
value. It must also accommodate results from previous hydrogen peroxide ranged from 10 to 13D1. Open circles
studies in which it was demonstirated that the rate of "epresent experimental data and closed triangles are simulated data

d s ion is d d h . through which the solid curve of best fit is drawn. (b) The double
compoun ormation Is dependent on the concentration recinrocal plot data in panel a. The intercept was 0.018 and the

of )hydrogen peroxide with no apparent saturatit, (L8, slope 1.38. Other conditions were as described in Figure 1.
28).

We propose the mechanism given in Scheme 1 is potential of myeloperoxidase compound42), it is not
responsible for the catalase activity of myeloperoxidase. This unrealistic to expect that some impurities were present with
scheme unifies the previous mechanisms proposed by Iwa-the enzyme and affected its activity. This would be particu-
moto et al. {6) and Marques et al.1{) and accounts for  larly evident when no reducing substrate was added to react
the steady-state and pre-steady-state results obtained in thigvith compound I.
and other studies. In this mechanism, the dominant catalatic On the basis of the reaction mechanism given in Scheme
route starts with two-electron oxidation of the ferric myelo- 1, a kinetic expression can be derived for the partition ratio,
peroxidase to give compound |, which then undergoes a two-r, for hydrogen peroxide breakdown by the catalatic cycle
electron reduction by a second molecule of hydrogen (reactions 1 and 5) compared to its reactions that promote
peroxide to regenerate the native enzyme (reactions 1 andaccumulation of compound Il (reactions 1 and 3 or 6) (see
5). Hydrogen peroxide also reduces compound | in a slower Appendix).
one-electron reaction to trap the enzyme as compound II
(reaction 6). This reaction accounts for the burst phase wer = 2ks([H,0,)/[MPO])/(1.5ks([H,O,)/[MPQ]) + nk;) or
observed. Reduction of compound | to compound Il by
endogenous donors (reaction 3) is necessary to fit the data, 1/r = 0.7%g/ks + (0.5nky/ks)[MPOJ/[H,O,]
otherwise the burst phase would not depend on the concen-
tration of hydrogen peroxide. At low concentrations of All data for the burst phase were plotted according to the
hydrogen peroxide, endogenous donors would decrease th@bove expressions for the partition ratio (Figure 8). From
burst phase by converting the enzyme to compound II. the double reciprocal plot (Figure 8b) and a valu&diased
However, their effect would be overwhelmed with increasing on published data (see Table 1), a value of 2.90° M~!
concentration of hydrogen peroxide as reaction 6 becames™? for ks was obtained from the intercept. A plot of the
the main route by which compound Il is formed. Endogenous partition ratio against enzyme concentration at a fixed
donors have previously been invoked to account for anoma- concentration of hydrogen peroxide had a negative slope (not
lous kinetics of peroxidasedl). Given the high reduction ~ shown). This result indicates that myeloperoxidase was less

1/r
e
<>
£
]
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Table 1: Reaction Constants for the Redox Intermediates of both _the ferric ?nzyme and compound | in two e_lecl_“’on
Myeloperoxidase reactions that liberate water and oxygen. Our findings
establish myeloperoxidase as a catalase-peroxidase and add

reaction reaction constant I - ;

n L Bx T Ms1(17 23x 10 M-1s (2 another activity to the reactions catalyzed by this complex
Bx L0'M™"s * (17), 2.3 s (24, and promiscuous enzyme. The two-electron oxidation of
1.4x 100 M~1s71(25), and 3.1x 10’ M~1s71(26) . . e

1 58 s%(17) hydrogen peroxide by compound | has important implications

2 2.5x 10*M~1s1 (25 o for interpreting mechanistic studies of myeloperoxidase and

3 2.0x lgMij (assumed lgﬁthlistyldw may affect the physiological activity of the enzyme. In

5 22x 1M s and 1.7x 1P M~ s exhibiting catalase activity, myeloperoxidase is no different
(determined in this study) . . .

6 8.1x 10°M-1s1(17),3.5x 10/ M-1s1(18), from horseradish peroxldasﬂﬂ) and chloropgromdas@@). '
3.3x 10°M1s1(28),and 7x 10* M~1st Only the rate at which hydrogen peroxide reacts with
(used in simulations) compound | differs. The rate constants for reaction 5 with

9 0.4M @4 horseradish peroxidase, chloroperoxidase, and catalase are

o . . . 5x 1PM1s1(44),2x 10° M1 s71(43), and 3.5x 10
efficient at higher concentrations. Presumably, this was due \-1s-1 (45) respectively, compared with the averaged value
to the presence of impurities in the enzyme preparations thatgf 2 5 106 M~! s~ we measured for myeloperoxidase. Thus,
acted as endogenous donors (RH) and promoted formationmyeloperoxidase is potentially a better catalase than other
of compound II. Therefore, assuming the concentration of peroxidases but clearly not as efficient as catalase itself. The
endogenous donor was a function of the concentration of magnitude ofks also points to hydrogen peroxide as a
myeloperoxidase, a value of 1:6 10° M~ s™* for kswas  physiological reducing substrate for myeloperoxidase. Only
obtained from the slope of the double reciprocal plot (Figure thjocyanate and iodide are known to have greater rate
8b). By using these values as initial estimates along with cgnstants for their reaction with compound?5y.
literature values of rate constants for the other reactions in  \wamoto and co-workers16) proposed essentially the
Scheme 1, and the dissociation constant for reversible bindingsagme mechanism we have outlined in Scheme 1, except that
of chloride to the native enzyme (reaction 9) (Table 1), & they did not include a reaction of compound | with
kinetic model of Scheme 1 was used to fit the data in Figure endogenous donors. Also, they suggested that hydrogen
8. The best fit, shown in Figure 8 by the solid Curve, Was peroxide reacts faster with compound | than it does with the
obtained using values of 2.2 10° for ks, 2 x 10° M~*s ferric enzyme. Marquez et allq) rightly dismissed this

for ks, and [RH]= 5 x [MPQ]. Conversion of compound Il gyggestion because, if it was correct, at least a 300-fold
bgck to the ferric enzyme (reaction 4) had little effect on gycess of hydrogen peroxide over enzyme would be required
simulation of the burst phase. for 100% conversion of myeloperoxidase to compound II.

To check the validity of the reaction scheme, we also |t js clear from this and other studies that a 20-fold excess
examined how well simulations fitted previous data obtained of hydrogen peroxide is sufficient to convert all the enzyme
by stopped flow techniques. The observed rate constant for;g compound Il 17, 18, 25). Marquez et al. 17) observed
reaction 6 was found to be dependent on the concentrationomy reduction of compound | to compound Il in their
of hydrogen peroxide, with no saturation evident (nqt shpwn). stopped flow experiments, which is consistent with our
The plot ofkeonshad a slope of 6.4 10° M™*s™% whichis  finding that reaction 5 is an order of magnitude slower than
in good agreement with apparent values obtained experi-reaction 1. Thus, in the presence of an excess of hydrogen
mentally (see Table 1)1, 25). The intercept was dependent peroxide, any ferric myeloperoxidase formed via reaction 5
on the amount of endogenous donor assumed to be presenf,ould be rapidly converted back to compound | and not
with the myeloperoxidase and was similar to intercepts gpserved by stopped flow.
determined experimentallyl®). Furthermore, we could The one electron reduction of compound | to compound
accurately simulate the biphasic accu_mulation of compound by hydrogen peroxide (reaction 6) and endogenous donors
II that Marquez et al. X7) observed with a 20-fold excess (reaction 3) has a profound effect on the catalase activity
of hydrogen peroxide over enzyme, if we assumed an pecayse it diverts the enzyme from its catalatic cycle (see
endogenous donor was present at AN or 1.5 times the  gcheme 1). These reactions give rise to the burst phase and
enzyme concentration (not shown). ) subsequent turnover of compound Il determines the steady-

We found that chloride and hydrogen peroxide are gtate rate of conversion of hydrogen peroxide to oxygen.
competing substrates for oxidation by myeloperoxidase |nterestingly, catalase displays similar burst phase kinetics
(Figure 7). In the mechanism shown in Scheme 1, they would 1o myeloperoxidase, which Chancésy also attributed to
compete by reacting with compound I. Therefore, we used gradual formation of compound Il. Comparison of the one
the model to simulate the competition between chloride and 54 two-electron rate constants for reduction of compound
hydrogen peroxide as reducing substrates for compound I.| py hydrogen peroxide reinforce our proposal that, in the
The best fit to the experimental data, which is given by the apsence of chloride, the catalatic cycle will be the dominant
solid line in Figure 7b, was obtained using a value of .7 yqyte by which myeloperoxidase degrades hydrogen peroxide
10° M~* s+ for ks. Thus, the two independent approaches (see Table 1).
for determiningks gave very similar values. Our findings that superoxide and tyrosine gave super-
DISCUSSION stoichiometric enhancement of the catalase activity can be

explained by their ability to reduce compound Il and push

By undertaking a kinetic investigation of the fate of the enzyme back to the faster and more efficient cycle of
hydrogen peroxide when it is degraded by myeloperoxidase, hydrogen peroxide breakdown. An alternative explanation
we have demonstrated that hydrogen peroxide reacts withfor the stimulatory effects of tyrosine and superoxide might
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be that they enable hydrogen peroxide consumption andAPPENDIX
oxygen production to proceed via a cycle consisting of

reactions 1, 6, and 4 or 8. However, this can be discounted
for tyrosine because the stoichiometry of the overall reaction
(reaction 10) would be 3 mol of hydrogen peroxide consumed
for each mole of oxygen produced. This is not consistent r = A[ H,0,J/[MPO]

with our finding that 2 mol of hydrogen peroxide were lost

for each mole of oxygen produced (Figure 3). Also, more |n Scheme 1, hydrogen peroxide can be consumed via three
than twice as much hydrogen peroxide was consumed thangifferent reaction sequences. Turnover of compound Il is

the 7.5uM permissible with this mechanism. assumed to be too slow to make a significant contribution

3H,0, + 2Tyrosine— Dityrosine+ O, + 4H,0 (10) Ecl))tgee;c::s{i)g; qygac;ggn peroxide in the burst phase.

Determination of the Partition Ratiolhe partition ratio,
r, is defined as the number of times myeloperoxidase turns
over during the burst phase.

Likewise, with superoxide, the rate of hydrogen peroxide 2H,0,— 0, + 2H,0
consumption could not exceed the rate of superoxide
generation because the rate-determining step in this cycle —d[H,0,]/dt = 2k;[Compound I][HO,]

would be reaction 8. This is not consistent with our finding
that in a superoxide generating system the rate of hydrogen(2) Reactions 1 and 6, with superoxide undergoing spontane-
peroxide breakdown was as much as five times that of the ous dismuation
flux of superoxide (Figure 6).
The effects of tyrosine and superoxide are analogous to 1.5H,0,—~ 120, + H,0
that of NADPH in maintaining the activity of catalasgry.
These reductants prevent accumulation of inactive compound —d[H,0,]/dt = 1.5¢[Compound I][HO,]
Il and ensure that the enzymes are kept in their catalatic .
cycles. Thus, myeloperoxidase can be expected to display(s) Reactions 1 and 3
S|gn|f|_cant catalase activity Whe_nev_er sup_erOX|de, or a similar H,0, + RH— R’ + H,0
reducing cofactor such as tyrosine, is available. In the absence ]
of such cofactors, myeloperoxidase is clearly a poor catalase. (where RH is an endogenous donor)
Given that myeloperoxidase and superoxide are discharged _
in tandem by stimulated neutrophils, the catalase activity may —d[H,0,l/dt = kCompound [J[RH]
influence oxidant production by these inflammatory cells.
This may be especially important in the immediate environ-
ment of stimulated neutrophils as it becomes highly oxidizing
so that reducing substrates are consumed. For example, o
data indicates that the catalase activity of myeloperoxidase r = 2k[H,0,)/(1.5ks[H,0,] + k[RH])
is most likely to be physiologically relevant where chloride
concentrations are low. These conditions may be achievedif it is assumed that [RH}E n[MPO], then
in the neutrophil phagosome during bacterial killing. The
chloride concentration in the narrow confines of the phago- r = 2kg[H,O,]/(1.5ks[H,0,] + nk[MPO]) or
some is unknown. If it is maintained at about 140 mM,
myeloperoxidase would degrade little hydrogen peroxide to I = 2ks([H,O,)/[MPO])/(1.5ks([H,O,)/[MPQ]) + nk;)
oxygen. The majority of it would be converted to hypochlo-
rous acid. However, if chloride is rapidly consumed by 0 1/ = 0.7%g/ks + (0.5nky/ks)[MPO]/[H,0,]
incorporation into chloramines, then its concentration may
decline low enough so that the catalase activity of myelo- Thus, a plot of I/ vs [MPOJ/[H,O;] should give a straight
peroxidase dominates. line with an intercept of 0.74&/ks and a slope of Orks/ks.
The relevance of the catalase activity in experimental
studies of myeloperoxidase is more certain. The rate constanfXEFERENCES
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