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ABSTRACT: Eosinophil recruitment and enhanced nitric oxide (NO) production are characteristic features
of asthma and other airway diseases. Eosinophil peroxidase (EPO), a highly cationic hemoprotein secreted
by activation of eosinophils, is believed to play a central role in host defense against invading pathogens.
The enzyme uses hydrogen peroxide (H2O2) and bromide (Br-), a preferred cosubstrate of EPO, to generate
the cytotoxic oxidant hypobromous acid. The aim of this work was to determine whether NO can compete
with plasma levels of Br- and steer the enzyme reaction from a 2e- oxidation to a 1e- oxidation pathway.
Rapid kinetic measurements were utilized to measure the rate of EPO compounds I and II formation,
duration, and decay at 412 and 432 nm, respectively, at 10°C. An EPO-Fe(III) solution supplemented
with increasing Br- concentrations was rapidly mixed with fixed amounts of H2O2 in the absence and in
the presence of increasing NO concentrations. In the absence of NO, EPO-Fe(III) primarily converted to
compound I and, upon H2O2 exhaustion, it decayed rapidly to the ferric form. NO caused a significant
increase in the accumulation of EPO compound II, along with a proportional increase in its rate of formation
and duration as determined by the time elapsed during catalysis. The time courses for these events have
been incorporated into a comprehensive kinetic model. Computer simulations carried out supported the
involvement of a conformational intermediate in the EPO compound II complex decay. Collectively, our
results demonstrated that NO displays the potential capacity to promote substrate switching by modulating
substrate selectivity of EPO.

Eosinophils are white blood cells that play a fundamental
role in host defense mechanisms and in resisting infection
caused by parasites in the body (1-5). They also play a role
in tissue surveillance and allergic response mechanisms (6-
8). The eosinophils make up about 2.3% of the total white
blood cells and are found as granules in airways, sputum,
and bronchoaveolar lavage fluid as well as the asthmatic
bronchial tissue (1). Eosinophil peroxidase (EPO)1 is secreted
from the granules during phagocyte activation (1, 6, 7,
9-17). EPO is a monomeric hemoprotein comprised of light
and heavy chains with molecular masses of 50 and 15.5 kDa,
respectively (18). EPO and related mammalian peroxidases
[myeloperoxidase (MPO) and lactoperoxidase (LPO)] utilize
H2O2 as the electron acceptor in the catalysis of oxidative
reactions, which have a role in generating inflammatory
injury and cardiovascular diseases (6, 10, 12-14, 19). The
enzyme catalyzes the formation of antimicrobial species,
cytotoxic hypobromous acid, by the oxidation of bromide

(Br-) as a favored substrate (18, 20, 21) and functions as a
catalytic sink for nitric oxide (NO) modulating its bioavail-
ability (22-26). NO influences the type of oxidation
reactions available to the hemoprotein by modulating the
distribution of the intermediate forms during steady-state in
EPO catalysis (22).

Bromide is one of the most abundant inorganic anions in
human plasma and tissues (27). It is essentially present in
every biological fluid, at a concentration of 20-150µM (28).
Animal studies have indicated that bromide deficiency is
associated with a decrease in red-blood cell count, depressed
growth, decrease in fertility and life expectancy, increase in
milk fat, and increase in the number of spontaneous abortions
(28-33). The most striking effects of high levels of Br-

intake on the endocrine system in animal models were found
on the thyroid gland and the gonads, which typically lead to
marked hypothyroidism (32). Higher Br- levels may also
cause a disturbance in the physiological function of the
stomach, a decrease in iodide accumulation in the thyroid,
and a rise in iodide excretion by kidneys (32). EPO is the
only human enzyme known to selectively generate reactive
brominating species under physiological concentration of
halides (34-36). Brominated products can serve as markers
to identify sites of EPO-mediated oxidative damage (6, 37).

NO plays important roles in airway functions. NO, a
gaseous signaling molecule, is generated by a family of
enzymes called nitric oxide synthases (NOSs) (38). Inducible
nitric oxide synthase (iNOS) is associated with most diseases
involving overproduction of NO (38, 39). The enzyme is
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usually able to operate at only a fraction of its maximum
activity due to its regulation through equilibrium binding of
soluble NO to ferric heme iron (25, 40, 41). Destabilizing
the iNOS-nitrosyl complex, however, can restore the iNOS
productivity (25). Indeed, NO scavengers such as MPO-
H2O2 system, oxyhemoglobin, and superoxide-generating
system can potentially enhance the catalytic activity of iNOS
by preventing the formation of iNOS-nirosyl complex (25,
40, 41). We recently demonstrated that NO modulates the
catalytic activity of EPO in a biphasic manner (22). In the
active cycle, mammalian peroxidases catalyzed the oxidation
of H2O2 generating a ferrylπ cation radical (Fe(IV)dO•+π)
intermediate known as compound I (9, 10, 34, 42). This
compound possesses the ability to oxidize halides and pseudo
halides through a 2e- transition generating the ground state
(Fe(III)) and the corresponding hypohalous acids (9, 10, 34,
42). Peroxidases can conversely oxidize NO by two succes-
sive 1e- transitions, generating nitrosonium cation (NO+)
and the peroxidase intermediate compound II (Fe(IV)dO)
and EPO-Fe(III) (22). The influence of a low NO concentra-
tion on compound II formation and decay rates indicates that
NO serves as a physiological substrate for mammalian
peroxidases (22). In this report, we examined how NO
influences the catalytic activity of EPO during steady-state
catalysis. Our rapid kinetic measurements indicate that NO
displays the potential capacity to compete with Br-, the
preferred substrate of the enzyme, and steers the reaction
from a 2e- to a 1e- oxidation pathway.

MATERIALS AND METHODS

Materials.NO gas was purchased from Matheson Tri-Gas
Products, Inc. (Montgomeryville, PA) and used without
further purification. For each experiment, a fresh saturated
stock of NO was prepared under anaerobic conditions. The
extent of nitrite/nitrate (NO2-/NO3

-) build-up in NO prepa-
rations over the time course used for the present studies was
<1-1.5% (per mol NO), as determined by anion exchange
HPLC under anaerobic conditions (43). All other reagents
and materials were of the highest purity grades available and
obtained from Sigma Chemical Co. (St. Louis, MO) or the
indicated source.

General Procedures.Porcine EPO was isolated using a
modification of the method of Jorg, as described using
guaiacol oxidation as the assay (44). Purity of isolated EPO
was established by demonstrating a Reinheitzal (RZ) value
of >0.9 (A412/A280), SDS-PAGE analysis with Coomassie
Blue staining and gel tetramethylbenzidine peroxidase stain-
ing to confirm no contaminating MPO activity (45). An
extinction coefficient of 112 000 M-1 cm-1/heme of EPO
was used to determine the final EPO concentration used in
each experiment (46, 47).

Optical Spectroscopy and Rapid Kinetic Measurements.
Optical spectra were recorded on a Cary 100 Bio UV-visible
spectrophotometer at 25°C. Anaerobic spectra of EPO forms
were recorded using septum-sealed quartz cuvettes that could
attach through a quick-fit joint to a vacuum system. The
peroxidase samples were made anaerobic by repeated cycles
of evacuation and equilibrated with catalyst-deoxygenated
N2. Cuvettes were maintained under N2 or NO atmosphere
during spectral measurements. The kinetic measurements of
EPO compound I and/or compound II formation and decay

in the absence and presence of different NO and/or Br-

concentrations were performed using a dual syringe stopped-
flow instrument obtained from Hi-Tech, Ltd. (model SF-
61). Experiments were initially performed under conditions
identical to those recently reported for EPO and MPO to
facilitate comparisons (22-26). Measurements were carried
out under an anaerobic atmosphere at 10°C following rapid
mixing of equal volumes of an H2O2-containing buffer
solution and a peroxidase solution that contained different
NO and/or Br- concentrations. Reactions were monitored
at both 412 and 432 nm. The time course of the absorbance
change was fit to the following: simple linear equation,
single-exponential, (Y ) 1 - e-kt), or double exponential (Y
) Ae-k1t + Be-k2t) functions as indicated. Signal-to-noise
ratios for all kinetic analyses were improved by averaging
at least six to eight individual traces. In some experiments,
the stopped-flow instrument was attached to a rapid scanning
diode array device (Hi-Tech) designed to collect multiple
numbers of complete spectrum (200-800 nm) at specific
time ranges. The detector was automatically calibrated
relative to a holmium oxide filter, as it has spectral peaks at
360.8, 418.5, 446.0, 453.4, 460.4, 536.4, and 637.5 nm,
which were used by the software to correctly align pixel
positions with wavelength. Rapid scanning experiments
involve mixing solutions of peroxidase (1-2 µM) preincu-
bated with 400µM Br- in the absence or in the presence of
increasing (4-80 µM) NO concentrations with buffer solu-
tions containing 40µM H2O2, at 10°C.

Solution Preparation.A fresh saturated stock of NO was
prepared under anaerobic conditions. Anaerobic 0.2 M
sodium phosphate buffer solutions, pH 7.0, containing
various concentrations of NO were prepared by mixing
different volumes of buffer saturated with NO gas at 21°C
with anaerobic buffer solution. A saturating concentration
of NO at 21°C is approximately 2 mM.

Model Simulations.The kinetic data collected from the
stopped-flow was transferred to a Dell computer and
subsequently processed with Reaction Kinetics Software
(ChemSW; Fairfield, CA), using the comprehensive kinetic
model that appears in Scheme 1. The rate constants used in
the simulation process were either from experiments at 10
°C or were values from other experiments adjusted for
temperature differences. The initial concentrations of Br-

and EPO that were used in the computer simulation were
400 and 1µM, respectively.

Scheme 1: Comprehensive Kinetic Model for NO and Br-

Interactions with EPO
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RESULTS

Effect of Increasing Br- and NO Concentrations on EPO
Intermediates Distribution During Steady-State Catalysis.
The reaction between EPO-Fe(III) and H2O2 generates
compound I, which was characterized by a significant
decrease in the extinction coefficient of the Soret absorbance
peak at 412 nm, as previously reported (Figure 1A) (48, 49).
The peroxidase intermediate formed within the first few
milliseconds of initiating the reaction was unstable and
rapidly converted within the following several seconds to a
more stable peroxidase intermediate, compound II (E-Fe-
(IV)dO) (48, 49). EPO compound II displays a Soret
absorbance peak centered at 432 nm and visible bands
centered at 537 nm, typical of a six-coordinate complex
(Figure 1B). This intermediate was relatively stable and
decayed slowly to ground state in the next 500 s with a
pseudo first-order rate constant of 0.005 s-1.

We next utilized diode array spectrophotometry to probe
the effect of Br- on EPO intermediates formation, duration,
and decay as they occur during steady-state catalysis.
Investigations were carried out by rapid mixing of the
enzyme solution (1.2µM) supplemented with increasing Br-

concentrations against an equal volume of a buffer solution
supplemented with 40µM H2O2, at 10°C. When a 1:1 ratio
of H2O2 to Br- was used, the majority of EPO-Fe(III) (80-
90%) was converted to compound I and decayed immediately
to the ground state upon H2O2 consumption. Increasing Br-

concentrations decreased EPO compound I accumulation, as
judged by the attenuation in the amplitude of the Soret
absorbance peak at 412 nm. Figure 1C,D shows the spectral
changes that occur in the EPO Soret absorbance peak when
the reaction was carried out in the presence of 400µM Br-

(final concentration). When the Br- concentration used was
less than the H2O2 concentration (e.g., 10 and 20µM), the
majority of EPO-Fe(III) was converted to compound II upon
H2O2 exhaustion.

To determine the influence of NO on the formation,
duration, and decay of EPO intermediates distribution during
steady-state catalysis, the same reactions were repeated in
the presence of 400µM Br- and 20µM NO. NO enhanced
the accumulation of EPO compound II, as judged by the
increased amplitude of the Soret absorbance peak at 432 nm,
which went hand in hand with a proportional increase in the
formation and decay rates of the complex. EPO compound
II formed within 60 ms after mixing at 10°C. Figure 2, Panel
A illustrates spectral traces collected at 0.01, 0.015, 0.025,
0.04, 0.053, 0.08, and 0.5 s after initiating the reaction. This
EPO intermediate was unstable and rapidly converted to
ground state within 3 s. Figure 2B shows spectra collected
at 0.6, 14, 17, 19, 22, 25, and 100 s after initiating the
reaction. Spectral transitions between EPO compound II and
the ground state revealed distinct isosbestic points (Figure
2B). The appearance of one set of isosbestic points suggests
that only two components were present, in this case, EPO
compound II and EPO-Fe(III). Therefore, sequential forma-
tion and decay of EPO compound II occurred at sufficiently
different rates to allow each process to be studied by
conventional (i.e., single mixing) stopped-flow methods.

FIGURE 1: Spectral changes for the reaction of EPO-Fe(III) with
H2O2 in the absence and the presence of Br-. Panels A and B show
EPO compound I formation and its conversion to compound II,
respectively, when an anaerobic buffer solution (sodium phosphate
200 mM, pH 7.0) supplemented with 1.0µM EPO-Fe(III) rapidly
mixed with an equal volume of a buffer solution supplemented with
40 µM H2O2, using rapid scanning diode array instrument, at 10
°C. Panel A contains spectral collected at 0.001, 0.002, 0.003,
0.0045, 0.006, and 0.035 s after initiating the reaction, while panel
B contains spectra collected at 0.5, 1, 3, 6.5, 10.5, and 20 after
initiating the reaction. Panels C and D show spectral changes when
the same reaction was repeated in the presence of 400µM Br-

(final concentration). Panel C contains spectra collected at 0.01,
0.0032, 0.0073, and 0.015 s while panel D contains spectra collected
at 0.02, 0.2, 5, and 20 s after initiating the reaction. Arrows indicate
the direction of spectral change over time.

FIGURE 2: Spectral changes of Br- metabolism by EPO-Fe(III) in
the presence of NO during steady-state catalysis. Depicted is the
absorbance change over time for the reaction that was initiated by
rapidly mixing a buffer solution containing 40µM H2O2 with an
equal volume of a buffer solution containing 1.0µM EPO-Fe(III),
400 µM Br-, and 20µM NO, using stopped-flow diode array
methods at 10°C. Panel A: spectra collected at 0.01, 0.015, 0.025,
0.04, 0.053, 0.08, and 0.5 s after initiating the reaction. Panel B:
spectra collected at 0.6, 14, 17, 19, 22, 25, and 100 s after initiating
the reaction. Arrows indicate the direction of spectral change over
time.
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For a closer look at the reaction mechanism of the
metabolism of Br- by EPO, we next investigated the
influence of Br- on the kinetics of EPO compound I buildup,
duration, and decay by following the decrease in absorbance
at 412 nm using single wavelength stopped-flow methods
(Figure 3). Experiments were carried out under aerobic
conditions following rapid mixing of (40µM) H2O2 and (1.0
µM) enzyme solution preincubated with various concentra-
tions of Br-, ranging from 20 to 800µM. In the presence of
20 µM Br-, the decrease in absorbance was biphasic with
rate constants of 600 s-1 for the faster phase and 0.5 s-1 for
the slower phase. Only the fast phase was observed when
the Br- concentration exceeded the H2O2 concentration

(Figure 3 inset). Two distinct phases in the decay of the
steady state were also observed with apparent rate constants
of 0.47 s-1 for the faster phase and 0.005 s-1 for the slower
phase. In both the formation and the decay reactions, only
the faster phases were observed upon increasing the Br-

concentration. As the concentration of Br- present in the
reaction mixture was increased, both the steady-state level
and the buildup of the generated intermediate progressively
decreased, while the decay rate increased in a linear and
saturable manner (Figure 4).

Single wavelength stopped-flow spectroscopy was also
utilized to investigate how NO interacts with the EPO and
switches the reaction from a 2e- to a 1e- oxidation pathway
during the metabolism of Br-. Investigations were carried
out by rapid mixing of EPO-Fe(III) solution preincubated
with 200µM Br- in the presence of increasing concentrations
of NO (e.g., 5, 10, 20, 40, and 80µM) against 40µM H2O2.
In all cases, EPO compound II formation occurred without
any indication of the buildup of compound I. Figure 5 shows
actual stopped-flow traces for the build-up, duration, and
decay of EPO compound II collected at 432 nm in the
presence of increasing NO concentrations. In the presence
of 5 µM, there was a fast buildup of EPO compound II,
which remains at the same level for around 5 s. It decays
through a biphasic reaction to the ferric form with apparent
rate constants of 0.08 s-1 for the faster phase and 0.005 s-1

for the slower phase. At higher NO concentrations, only the

FIGURE 3: Spectral changes of Br- metabolism by EPO-Fe(III)
during steady-state catalysis at six different Br- concentrations.
Formation, duration, and decay of the steady-state catalysis of EPO-
Fe(III) were monitored as a function of time at 412 nm. An aerobic
solution containing 1.0µM EPO-Fe(III) was preincubated with
different concentrations of Br- was rapidly mixed with an equal
volume of sodium phosphate buffer (200 mM, pH 7.0) supple-
mented with 40µM H2O2 at 10 °C. The initial concentration of
Br- in the mixtures is 20, 40, 100, 200, 400, 800, and 400µM
from bottom to top. The inset shows absorbance change from the
third trace from the bottom within an initial time period. Trace
contains line of best fit that was calculated using a single-
exponential equation to describe absorbance change. The data are
representative of at least three experiments each.

FIGURE 4: Rate of EPO-Fe(III) compound I decay, accumulation,
and duration as a function of Br- concentration. Panel A shows
the relationship between Br- concentration and the decay rate
constant of EPO Compound I obtained at 412 nm (O) and at 432
nm (b). Panel B shows the relationship between Br- concentration
and the accumulation (b) and the duration (9) of EPO Compound
I at 412 nm.

FIGURE 5: Effect of NO concentration on EPO-Fe(III) compound
II formation, duration, and decay during steady-state metabolism
of Br-. Formation and decay of compound II of EPO-Fe(III) was
monitored as a function of time by observing spectral changes at
432 nm (b). An anaerobic solution containing sodium phosphate
buffer (200 mM, pH 7.0) supplemented with H2O2 (40 M) was
rapidly mixed with an equal volume of buffer containing 1.0µM
of EPO-Fe(III), 200µM Br-, and differing concentrations of NO
at 10°C. The final concentration of NO in the mixtures is indicated
in micromolar. The symbols represent portions of the experimental
data, while the solid lines represent the simulated time courses using
the rate constants that appear in the result section and the model in
Scheme 1.
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faster phase was observed (Figure 5). Figure 6 shows the
relationship between NO concentration and the rate of EPO
compound II formation (panel A), duration of its formation
(panel B), and the rate of complex decay (panel C). It was
evident as NO concentration increased, the EPO compound
II formation rate constant, complex duration, and decay rate
progressively increased in linear and saturable manners.
When the same reactions were monitored at 412 nm, the
direction of absorbance change reversed and the signal
amplitudes increased but otherwise proceeded with identical
kinetics (Figure 6).

Effects of Br- on NO Binding to EPO-Fe(III) Heme Iron.
To assess the influence of Br- on the catalytic activity of
EPO, the rates of NO binding to the Fe(III) form of EPO
were determined in the presence of increasing Br- concen-
trations. Investigations were carried out under either a fixed
amount of NO and varying concentrations of Br-, or a fixed
amount of Br- and varying levels of NO. As shown in Figure
7A, the plots of the apparent rate constants for NO binding
as a function of NO concentration were linear, consistent
with a simple one-step mechanism. The positive intercepts
confirm that NO binds to EPO-Fe(III) in a reversible process,
as shown in eq 1. These kinetic parameters suggest that Br-

modulates the affinity of EPO-Fe(III) toward NO. The
second-order combination rate constants (kon) calculated from
the slopes plotted as a function of Br- concentration showed
a bell-shaped relationship (Figure 7B). Interestingly, the
observed minimum of the bell-shaped curve was centered
at biologically relevant levels of Br- (150µM). Collectively,

these results indicated that Br- binds within the enzyme
system and modulates the affinity of EPO-Fe(III) toward NO.

Computer Simulation.All of the kinetic data collected from
the stopped-flow studies were transferred to a Dell computer
and, subsequently, analyzed with Reaction Kinetics program,
using the comprehensive kinetic model that appears in
Scheme 1. Numeric integration of the partial differential
equations describing the reactions was used in the computer
simulations. We were unable to simulate all the time courses
illustrated in Figure 5 without incorporating a conformational
step (*EPO-Fe(IV)dO T EPO-Fe(IV)dO) into our proposed
kinetic model (Scheme 1). This conformational intermediate
limits the decay of EPO compound II to the ferric state. The
rate constants for the formation of EPO compound I and its
decay to the ground state (k1, k-1), the rate constant for the
reaction of compound I with Br- to generate the correspond-
ing hypohalous acid (k2), the rate constants for the formation
of compound II and decay to the ground state in the presence
and the absence of NO (k3, k4, k6, k7, andk8), and the rate of
EPO-Fe(III)-NO formation and its decay (k9 andk-9) have
been previously reported (22, 48, 49, 50). The rate constant
for the reaction of NO with of EPO-Fe(III) in the presence
of 200 µM Br- (k11 and k-11) have been taken from the
current study. All these rate constants were temperature
corrected and kept constant during the simulation.

The remaining microscopic rate constants that appear in
this kinetic model (k5, k-5, k10, andk-10) were estimated by
comparison of the experimental time courses for the ac-

FIGURE 6: Rate of EPO-Fe(III) compound II formation, duration,
and decay as a function of NO concentration. The observed rates
of EPO-Fe(III) compound II formation (A), decay (B), and duration
(C) [monitored at 432 (O) and 412 (b) nm] observed in Figure 5
were plotted as a function of NO concentration.

FIGURE 7: Br- modulates NO binding to EPO heme iron. Plots of
the observed rates of NO binding to EPO-Fe(III) as a function of
NO and Br- concentrations (A). An anaerobic solution containing
1.0 µM EPO-Fe(III) supplemented with 0 (1), 150 (b), and 500
(O) µM Br- was rapidly mixed with an equal volume of sodium
phosphate buffer (200 mM at pH 7.0) supplemented with varying
concentration of NO at 10°C. Some of the lines were omitted from
the panel for clarity. Biphasic effects were observed when the
second-order combination rate constants (kon) of NO binding
calculated from the slope were plotted as a function of Br- (B).
The high concentration of the phosphate buffer is to keep the pH
of the solution unaltered after the addition of NO.

Br-EPO-Fe(III)+ NO 798
kon

koff
Br-EPO-Fe(III)-NO (1)
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cumulation of EPO compound II during steady-state catalysis
with the calculated time courses derived by numerical
integration of the appropriate differential equations with the
simulation program. These rate constants were first estimated
graphically based on the known related kinetic model of
MPO (26). The final values were then adjusted by minimiza-
tion of the difference between the experimental and simulated
data until the simulated time courses matched the experi-
mental data as closely as possible (Figure 5).

k1 - The reaction between EPO-Fe(III) and hydrogen
peroxide was given a rate constant of 7.0× 106 s-1 M-1

based on experimental value (48, 49).
k-1 - Reverse rate constant value for the decay of

compound I back to EPO-Fe(III) was 5.0 s-1 (48, 49).
k2 - The rate constant for the 2e- reduction of Br- by EPO

compound I was assigned a rate constant of 5.5× 106 M-1

s-1 (48, 49).
k3 - The rate of conversion of compound I to compound

II was given a rate constant of 8.00× 102 M-1 s-1, as
previously reported (48, 49). A great variety of electron
donors mediate this transformation including H2O2 (51, 52).

k4 - The conversion of compound I to compound II in the
presence of NO was given a rate constant of 5.60× 104

M-1 s-1 (22).
k5 - The experimental data showed a conformational

change of compound II and was given a rate constant of
0.46 s-1.

k-5 - The reverse rate for the conformational change
reaction was assigned a value of 0.2 s-1.

k6 - Decay of compound II to EPO-Fe(III) was given a
rate constant of 0.005 s-1 (22).

k7 - Decay of compound II* to EPO-Fe(III) was given a
rate constant of 0.01 s-1 (22).

k8 - The conversion of compound II to EPO-Fe(III) in the
presence of NO was given a rate constant of 4.0× 105 M-1

s-1 (22).
k9 - Formation of EPO-Fe(III)-NO complex was given a

rate constant of 1.39× 102 M-1 s-1 as previously experi-
mentally determined (50).

k-9 - Dissociation rate of EPO-Fe(III)-NO complex was
assigned an experimental value of 2.0 s-1 (50).

k10 - EPO-Fe(III) reaction with Br- present in excess in
solution was given a rate constant of 2.9× 105 M-1 s-1. In
this case, we assume that Br- behaves as a substrate.

k-10 - Dissociation of free Br- from the formed Br-EPO-
Fe(III) was assumed to have a rate constant of 85 s-1.

k11 - Experimentally determined value of 4.08× 105 M-1

s-1 for the formation reaction between Br-EPO-Fe(III)
complex and NO was used in computer simulation (50).

k-11 - Dissociation of NO from Br-EPO-Fe(III)-NO
complex was given a rate constant of 6.0 s-1 (50).

Figure 8A shows the simulated time courses of EPO
compound II at two different NO concentrations, 2 and 20
µM. The majority of the enzyme converted to compound II
during the initial phase of the reaction and remained at the
same level through the progress of the reaction, until all the
H2O2 or the NO was depleted. Consumption of Br- and NO
were linear according to the model and ceased when H2O2

or NO was completely consumed (Figure 8B-D). The
kinetic simulation also revealed that the amount of Br-

consumed by EPO-Fe(III) was significantly increased upon
increasing NO concentration (Figure 8C).

DISCUSSION

Inflammation in the airways is typically associated with
enhanced levels of EPO, MPO, and LPO, as well as increased
concentrations of H2O2, a natural substrate of these three
enzymes (53-55). The potential capacity of the peroxidase-
H2O2 systems in consuming NO and the enzymes involve-
ment in the endogenous formation of nitrating oxidants and
halogenated tyrosine derivatives directly implicate the par-
ticipation of peroxidase-dependent pathways in airway
diseases and infection (10, 53-55). NO overproduction is
thought to play an important role in airway inflammatory
diseases (53-56). Upregulation of inducible NO synthase
gene expression and upregulation of its catalytic activity by
preventing the NO feedback inhibition by peroxidase-H2O2

systems are thought to be important factors in this regard
(25, 53, 56). Understanding the consequences of NO
enhancement on mammalian peroxidases viability and iden-
tifying the conditions in which NO regulation contributes to
substrate switching (steering the reaction from a 2e- to 1e-

oxidation pathway) in mammalian peroxidases remains a
topic of considerable interest and high potential importance.

Our current results clearly demonstrate that EPO is more
vulnerable to NO-mediated substrate switching than MPO
(23, 24, 26) as judged by the significant increase in EPO-
Fe(III) absorbance at 432 nm, a hallmark of the EPO

FIGURE 8: Computer simulation of the reactions depicted in Scheme
1. (A) Simulated time courses for the progression of the reaction
of EPO-Fe(III) preincubated with Br- when the reaction was
monitored at 432 nm in the presence of 2µM (- - -) and 20µM
(-) NO. Panels B, C, and D apply to H2O2, Br-, and NO
consumption for the same reactions, respectively.
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compound II accumulation, during steady-state metabolism
of Br-. We have recently demonstrated that the order of
addition (the enzyme and H2O2 mixed first and halide second,
or the enzyme and halide mixed first and H2O2 second) plays
an important role in the kinetic mechanism of mammalian
peroxidases (26, 57). This is due to the capacity of halides
and pseudo halides to bind to the enzymes and function as
a substrate or as an inhibitor (33, 58-60, 61). We have also
demonstrated that EPO-Fe(III) is converted immediately to
a stable EPO compound II without any sign of compound I
accumulation when the enzyme is preincubated with SCN-

prior to initiating peroxidation (57). A working kinetic model
incorporating our previous and current findings combined
with EPO classic cycle is shown in Scheme 1. In the classic
cycle, EPO-Fe(III) requires H2O2 to generate compound I
(9, 10, 34, 42, 48, 49). Compound I reacts with Br- with an
apparent second-order rate constant of 1.9× 107 M-1 s-1 to
produce the corresponding hypohalous acid (48, 49). The
direct reaction between compound I and Br- prevents, to a
large extent, the potential alteration in the heme pocket that
occurs when the enzyme is incubated first with Br- (48, 49).
Br- deficiency allows subsequent conversion of EPO com-
pound I to a more stable intermediate compound II, which
in turn decays slowly to EPO-Fe(III).

Br- displays a variable effect on the formation, duration,
and decay of EPO compounds I and II, suggesting a
multifunctional role for Br- before and during steady-state
catalysis. EPO was far from saturated in the presence of
plasma levels of Br- and at equilibrium; EPO-Fe(III) was
present as free and bromide-bound forms. In the presence
of low levels of Br-, EPO compound I formation was
biphasic. The rate constant of the faster phase was identical
to the value observed for the rate constant of EPO compound
I formation (48, 49). The slower phase was attributed to the
reaction of H2O2 with Br-bond EPO-Fe(III), similar to that
previously reported when EPO-Fe(III) was first preincubated
with SCN- (57). Under these circumstances both the
formation rate constants are faster than the rate of the 2e-

oxidation of Br-, therefore, both were observable. In the
presence of higher levels of Br-, only the fast formation rate
was observed implying that only the fast phase exceeded
the rate of the 2e- oxidation of Br-. It appears that as the
Br- concentration increases, compound I is converted rapidly
and more efficiently to EPO-Fe(III). This behavior is
illustrated by the significant alteration in the intermediate
distributions during steady-state catalysis, as reflected by the
decrease in the amplitude of compound I formation observed
in a Br--dependent manner.

NO influences the time of the reaction (duration of the
432 nm signal), and the decay rate during Br- metabolism.
Again, as the NO concentration increases, compound I is
converted rapidly and more efficiently to ground state
through the accumulation of compound II. This mechanistic
feature suggests that under physiological conditions where
the presence of both Br- and NO during EPO compound II
catalysis is anticipated, NO plays a different role in each
step of EPO catalysis. In the presence of biologically relevant
levels of NO (e2.5 µM) and Br- (100 µM), NO predomi-
nantly serves as a one e- reductant for EPO compounds I
and II, as reflected by the enhancement of EPO compound
II accumulation and accelerated rates of complex formation
and decay. The presumed intermediate formed, nitrosonium

cation (NO+) is remarkably unstable and rapidly hydrolyzed
in aqueous solutions yielding nitrite (NO2

-). Formation of
NO2

-, a substrate for EPO (22), at or near the heme moiety
might also contribute to the increased overall transit time
through the peroxidase cycle observed in the presence of
NO. It would also serve to convert a relatively innocuous
free radical species, NO, into a more noxious one, nitrogen
dioxide (NO2), which subsequently promotes lipid peroxi-
dation, protein oxidation, and nitration (34, 36, 42, 62).
However, under our current experimental conditions the
impact of NO2

- deriving from NO or NO+ on the observed
kinetics was minimal, since high concentrations of nitrite is
required to promote the loss of H2O2 (63).

In contrast, at higher levels of NO (i.e., when NO levels
are higher than theKdiss for Fe(III)-NO), the majority of the
enzyme is present in the NO-bound forms, Br-EPO-Fe(III)-
NO and EPO-Fe(III)-NO complexes. Therefore, the dis-
sociation rates of NO from the two complexes and the
cleavage of Br- from the Br-EPO-Fe(III) also account for
the differences in the observed plots of NO concentration
vs rate of compound II formation for the enzyme (Scheme
1). Thus, the rate-limiting step during steady-state catalysis
shifts from reduction of compound II to dissociation of the
NO from Fe(III)-NO complex and/or to the dissociation of
Br- from Br-Fe(III) complexes during steady-state catalysis
(Scheme 1). Since the initial concentration of Br- is kept
constant at all NO concentrations used, the plot plateaus at
a rate comparable to the dissociation rate constant for the
respective Fe(III)-NO complexes. The relatively high dis-
sociation rate of the EPO-Fe(III)-NO complex limits the
amount of active peroxidase available during steady-state
catalysis. Because EPO compound I formation rates are
slower than the 2e- oxidation of Br- (48, 49), compound I
accumulation cannot be detected during steady-state catalysis.
Thus, the observed absorbance changes during Br- metabo-
lism should reflect the alteration in the second slower
intermediate, which is under these circumstances EPO
compound II accumulation, duration, and decay.

The ability of Br- to modulate the EPO heme pocket
microenvironment is directly mirrored by the modulation of
NO binding to the enzyme heme moiety. Indeed, the plot of
the second-order combination rate constant (kon) of NO
binding to EPO-Fe(III) as a function of Br- concentration
displayed a bell-shaped relationship, with the trough centered
at the plasma levels of Br- (28). A similar behavior was
also observed for MPO when the second-order combination
rate constant of NO binding to MPO-Fe(III) was plotted as
a function of Cl-, I-, Br-, and SCN- (64). MPO X-ray
structure is presently available (58-60). Although these
studies have suggested that halide binds as a substrate or as
an inhibitor to the enzyme, they do not exclude the possibility
for the existence of two separate halide-binding sites. Earlier
studies by several groups have concluded that there are two
separate sites on MPO for the binding of halides (61, 65-
67). Our recent rapid kinetic measurements are consistent
with two halide binding sites for MPO that could be
populated by two chloride atoms or by one chloride and the
other by Br-, I-, or SCN- (64). On the basis of our current
kinetic studies and a theoretical EPO three-dimensional
model built on the scaffold of the LPO X-ray structure (68,
69), we speculate that Br- binds at two different binding
sites on EPO and both have distinct effects on the EPO heme
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iron microenvironment (Figure 9). The first Br- binding site
is represented by the triad of amino acids Arg337NH1,
Leu384CD1, and Glu380OE1/OE2, while the second binding
site for Br- is putatively represented by Arg562NH2/NE,
Arg471NH2, and His566NE2 which form the binding pocket.
Consistent with this hypothesis, previous investigations of
the 3D structures of a number of peroxidases (CCP, AP, LiP,
and MnP) have shown the existence of two binding sites
within the heme pocket microenvironment (70-76). On the
basis of our kinetic measurements and the structural similarity
of human EPO to other peroxidases, including LPO, MPO,
CCP, AP, LiP, and, MnP, we conclude that EPO utilizes a
dual heme pocket binding site configuration (70-76).

This behavior may be physiologically significant because
the initial decrease in the second-order rate constant of NO
combination (kon) occurs within the range where Br- binds
to the distal cavity located in EPO compound I and allows
the direct contact with the oxyferryl oxygen. Under these
circumstances, compound I appears to act favorably in
triggering electron transfer to the heme with subsequent
conversion to hypobromous acid as a final reaction product
(58-60). Therefore, the plasma level of Br- (60 µM) is
crucial in saturating the substrate site of the enzyme as judged
by the inflection point in the bell-shaped curve. The plasma
level of Br- may consequently govern the catalytic reaction
of EPO-Fe(III), both in vivo and in vitro. Changes in the
heme pocket geometry upon ligand binding have been
described for cytochrome C peroxidase and other related
hemoproteins (77-79).

Our kinetic simulations have indicated the involvement
of a compound II conformational intermediate that limits the
EPO compound II decay rate to the ferric form (Scheme 1).
This conformational intermediate is slow enough to kineti-
cally be the rate-limiting step in the decay process in the
presence of NO. It may take part in promoting the increase
in the duration and in the amplitude of EPO compound II.
Computer simulations also indicated that the build-up of
compound II that is occurring in the first milliseconds of
initiating the reaction was accompanied by a significant
decrease in the rate of H2O2 reduction, as judged by a

deflection in the rate of H2O2 consumption to a slower rate
(Figure 8). The first phase of the reaction can be attributed
to H2O2 oxidation of EPO-Fe(III), which precedes the
formation of compound I. The subsequent decrease in the
rate of H2O2 consumption can be attributed to the formation
and accumulation of EPO compound II, the rate-limiting step
in the peroxidase cycle. NO consumption continued linearly
until all H2O2 was depleted (Figure 8). After H2O2 or NO
was exhausted, the compound II signal decayed over a 3 s
period. The amount of Br- consumed by EPO-Fe(III)
significantly increased upon increasing NO concentration
(Figure 8). Thus, our kinetic data suggests that the build-up
of compound II during steady-sate catalysis is a reaction
driven by NO.

Collectively, preincubation of Br- with EPO-Fe(III)
significantly affects its catalytic site, subsequently altering
heme iron reactivity, affecting the affinity toward ligand and
substrate binding, and disturbing the intermediates distribu-
tion in a distinct manner, which can ultimately affect
substrate selectivity and specificity. NO presence may play
a potential role in promoting substrate switching during Br-

metabolism. Our current results suggest an important ap-
plication in biological systems. Airway inflammatory pro-
cesses, including asthma or airway infections, are associated
with enhanced production of NO and high levels of EPO
and related hemoprotein (MPO and LPO). High levels of
NO are clearly important in antimicrobial host defense (56,
80, 81), but chronic NO overproduction is implicated in the
pathophysiology of the airway inflammation and injury in
asthma (82, 83).

The airway environmental milieu, in conditions of airway
infection or asthma, provide the ideal conditions for NO to
compete with halides or pseudo halides and switch the
mammalian peroxidase reactions from a 2e- to a 1e-

oxidation pathway. This process would drive the peroxidase-
H2O2 system to generate reactive oxygen and reactive
nitrogen species, as well as to catalyze the H2O2-dependent
peroxidation of halides and pseudo halides to produce
hypohalous acids. This would be of benefit during times of
infection by broadening the scope of host defense armamen-
tarium but create increased toxicity in the chronic inflam-
mation of asthma.
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