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EPR Spin-Trapping of a Myeloperoxidase Protein Radical
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Incubation of myeloperoxidase (MPO) with H,0, in
the presence of the spin trap DBNBS (3,5-dibromo-4-
nitrosobenzenesulfonic acid) results in the EPR-
detectable formation of a partially immobilized pro-
tein radical. The radical was only formed in the
presence of both MPO and H,0,, indicating that cata-
lytic turnover of the protein is required. The changes
in the EPR spectrum of the adduct upon treatment
with pronase confirm that the spin trap is bound to a
protein residue. These results establish that MPO, like
lactoperoxidase [Lardinois, O. M., Medzihradszky,
K. F., and Ortiz de Montellano, P. R. (1999) J. Biol.
Chem. 274, 35441-35448], reacts with H,O, to give a
protein radical intermediate. The protein radical may
have a catalytic role, may be related to covalent bind-
ing of the prosthetic heme group to the protein, or may
reflect a process that leads to inactivation of the
enzyme. © 2000 Academic Press
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Myeloperoxidase (MPO) is a member of the mamma-
lian family of hemoprotein peroxidases that includes
lactoperoxidase (LPO), eosinophil peroxidase, and thy-
roid peroxidase (1, 2). All of these enzymes, with the
exception of thyroid peroxidase, are primarily involved
in defense of the host against pathogenic infections.
Two distinct catalytic activities of the mammalian per-
oxidases support their biological function: (a) their
ability to oxidize halides to reactive hypohalides, and
(b) their ability to catalyze the one-electron oxidation of
phenols and other readily oxidized substrates to free
radical species (3). The first step in both of these cata-
lytic processes is reaction of the ferric peroxidase with
H,O, to give a Compound I species in which the iron is
oxidized to a ferryl species and either the porphyrin or

Abbreviations used: LPO, lactoperoxidase; MPO, myeloperoxidase;
heme, iron protoporphyrin IX regardless of the oxidation and ligation
states; DBNBS, 3,5-dibromo-4-nitroso-benzenesulfonic acid; EPR,
electron paramagnetic resonance.
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the protein (P stands for both in Eq. [1]) is oxidized to
a radical cation (Eq. [1]):

P(Fe"") + H,0, — P"*(Fe'V=0) + H,0 [1]

P-*(FeV=0) + CI~ + H* — P(Fe'") + HOCI [2]

The Compound | with a porphyrin radical cation is
thought to be responsible for the oxidation of halides to
hypohalides (Eqg. [2]) (4, 5). MPO is unique in that it
readily oxidizes chloride ion to hypochlorous acid, but
the other mammalian peroxidases oxidize iodide, bro-
mide, and pseudohalides such as thiocyanate (3, 5).

The second catalytic activity of the peroxidases, one-
electron oxidation of susceptible substrates such as
phenol (PhOH in the equations), can be catalyzed by
either Compound | species (Eq. [3]) or by Compound 11
(Eq. [4]), the intermediate in which the Fe'V=0 species
remains intact but the porphyrin or amino acid radical
has been quenched:

P-*(Fe'V=0) + PhOH —
P(Fe'V=0) + PhO" + H* [3]

P(Fe"V—0) + PhOH + H" —
P(Fe'"") + PhO" + H,0 [4]

It is likely that the Compound | species with a protein
radical is formed in all cases by decay of the initially
formed porphyrin radical cation. Evidence from the plant
and fungal peroxidases indicates that, in some instances,
the protein radical is important for substrate oxidation.
Thus, the oxidation of cytochrome c by cytochrome ¢ per-
oxidase appears to be mediated by the protein radical (6),
and recent work shows that the oxidation of veratryl
alcohol by lignin peroxidase is mediated by a tryptophan
radical at the protein surface (7).

One of the primary features that distinguishes the
mammalian peroxidases from the plant and fungal
enzymes is the fact that the prosthetic heme group in
the mammalian enzymes is cross-linked to the protein.
In LPO, the heme is bound to the protein through ester
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links between two of the original heme methyl groups
and two carboxylic acid sidechains in the active site of
the protein (8-10). The two ester links are supple-
mented in MPO by third bond between one of the heme
vinyl groups and a methionine residue (11-14). The
nature of the covalent links in eosinophil and thyroid
peroxidase has not yet been clearly defined but the
links are likely to be similar to those in LPO and MPO.
We first demonstrated that the covalent bonds in LPO
are formed by an autocatalytic process in which non-
covalently bound heme becomes covalently bound in
the presence of H,0, (8). Similar processes have been
invoked more recently for covalent binding of the heme
group in eosinophil and thyroid peroxidases (15, 16).
Although the mechanism of the cross-linking reactions
has not yet been further defined, it is very possible that
a protein radical intermediate formed in an initial cat-
alytic event will play a critical role in the heme cross-
linking reactions.

Until recently, only indirect evidence existed for the
formation of a protein radical in the mammalian per-
oxidases. Thus, it had been shown for LPO and MPO
that the Compound | with the UV-vis spectrum char-
acteristic of a ferryl/porphyrin radical cation decays
with time to a species with the UV-vis spectrum of a
species in which the porphyrin radical cation is lost
(17-20). No direct evidence was available that the por-
phyrin radical disappears due to oxidation of the pro-
tein to a protein radical. However, we recently used
spin-trapping techniques to demonstrate that LPO re-
acts with H,0, to give a protein radical that is delocal-
ized over several residues (21). We report here spin-
trapping studies of the reaction of MPO with H,0, that
clearly demonstrate that it also forms a protein radical
species. Although we have not been able to determine
the amino acid(s) carrying the unpaired electron due to
the unavailability of sufficient quantities of MPO,
these studies provide the first direct evidence for the
existence of an MPO protein radical.

MATERIALS AND METHODS

Materials. All chemicals were of analytical grade and were pur-
chased from Sigma (St. Louis, MO) or Boehringer (Mannheim, Ger-
many). Lyophilized MPO from human polymorphonuclear leuko-
cytes (180-220 U/mg protein, A,,s/Az, = 0.72) was purchased from
Calbiochem (La Jolla, CA). Lyophilized LPO from bovine milk (80—
150 U/mg protein, A,,/AL = 0.88—0.95) was from Sigma. The en-
zyme preparations, shown to be homogeneous by SDS-PAGE, were
desalted over prepacked Sephadex G-25 (PD-10) gel filtration car-
tridges (Amersham Pharmacia) before use. Peroxidase activities
were estimated by the ABTS assay as described previously (21) and
were in agreement with the supplier’s stated activity.

Spin trapping experiments. EPR measurements were performed
with an ER/200D EPR spectrometer from Bruker Inc. (Billerica, MA)
operating at 9.80 GHz with a TM cavity. X-Band, first derivative ab-
sorption spectra were obtained with the following settings: microwave
power, 25 mW; center field, 3480 Gauss; time constant, 100 ms; sweep
time, 50 s; modulation, 0.32 mT at a frequency of 100 kHz; and total
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FIG. 1. EPR spectra obtained from the reaction of human MPO

with H,0, in the presence of DBNBS: (A) the reaction mixture
containing 70 uM MPO, 900 uM H,0O,, and 18 mM DBNBS; (B) the
same as A, except MPO was not added; (C) the same as A, except
H,O, was not added; (D) an aliquot of the solution used to obtain
spectrum A 5 min after the addition of Pronase (final concentration,
2 mg/ml). The instrumental parameters were as follows: modulation
amplitude, 4 G; time constant, 100 ms; receiver gain, 10 X 10°
modulation frequency, 100 kHz; microwave frequency, 9.80 GHz;
microwave power, 25 mW.

sweep width, 125 Gauss. Spectra were taken at 18—-22°C. The magnetic
field range and center were estimated by comparing the EPR spectrum
from a MPO/H,0, reaction mixture with that of the stable nitroso
compound potassium nitrosodisulfonate (PADS). The PADS splitting
was taken to be 13.091 Gauss and the center peak to correspond to a g
value of 2.0056. The reactions were initiated by adding H,O, to the
mixture of MPO and the spin trap in 50 mM potassium phosphate
buffer (pH 6.8), containing 200 uM diethylenetriaminepentaacetic acid
to inhibit possible catalysis by trace-transition metals.

RESULTS

The addition of 12 equivalents of H,0, to 70 uM
MPO in the presence of 18 mM DBNBS produced an
anisotropic EPR spectrum consistent with the forma-
tion of a partially immobilized radical adduct (Fig. 1A).
No signals were observed in the absence of the perox-
idase (Fig. 1B) or H,0, (Fig. 1C). When the DBNBS/
MPO-derived adduct was submitted to nonspecific pro-
teolysis with pronase, an isotropic three-line spectrum
was detected with a hyperfine coupling constant of 13.4
G. Data for the corresponding LPO/H,0,/DBNBS sys-
tem studied previously (21) are presented in Fig. 2 for
comparison. The top spectrum is characteristic of a
highly immobilized nitroxide radical (Fig. 2A). As with
MPO, treatment of the sample with pronase yielded an
isotropic three-line spectrum typical of rapidly tum-
bling nitroxide radicals (Fig. 2B) with a hyperfine cou-
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FIG. 2. EPR spectra obtained from the reaction of bovine LPO
with H,O, in the presence of DBNBS: (A) the reaction mixture
containing 250 uM LPO, 900 uM H,0,, and 18 mM DBNBS; (B) an
aliquot of the solution used to obtain spectrum A 5 min after the
addition of Pronase (final concentration, 2 mg/ml). The instrumental
settings were the same as in the legend to Fig. 1.

pling constant of 13.4 G. Note that the spectra in Figs.
1D and 2B and the dominant three-line spectrum in
Fig. 1A exhibit the same g values and hyperfine split-
ting constants. Figure 3 compares the EPR spectrum of
the DBNBS/MPO-derived adduct with a simulated
spectrum obtained by summing 3 parts of spectrum 2A
(~72% of the spin concentration) and 4 parts of spec-
trum 2B (~28% of the spin concentration). The data
suggest that the DBNBS/MPO-derived adduct is a
composite of two components; one highly immobilized,
giving rise to peaks 1 and 5, and the other mobile,
giving rise to peaks 2, 3, and 4. These two components
could represent two states of the same protein-derived
adduct with slow transitions between the states (<10°
s). Alternatively, they could represent two different
DBNBS adducts with different mobilities. Due to the
variation between preparations in the magnitude of
the more mobile component (not shown) we favor the
second alternative. In any case, the highly significant
increase in the mobility of the nitroxide probe on addi-
tion of pronase unambiguously demonstrates that at
least a fraction of the radical adduct is protein-bound.

DISCUSSION

The demonstration that a protein radical is formed
in the reaction of MPO with H,0O, is consistent with the
earlier observation that the Compound | with a por-
phyrin radical cation decays to a Compound ll-like
species in which the porphyrin radical cation is no
longer present (20). Due to the quantities of MPO re-
quired to carry out spin trapping experiments, and the
cost of the enzyme, we have not been able to identify
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the protein residues that are trapped by DBNBS and
which therefore, by inference, are oxidized to the free
radical state by electron transfer to the Compound |
porphyrin radical cation. Nonspecific proteolysis of the
DBNBS/MPO-derived adducts yielded an isotropic
three-line spectrum, which definitively indicated that
the radical site was located on a tertiary carbon. As
discussed in more detail by Barr et al. (22), tyrosine
and tryptophan are the most likely residues for the
formation of a radical adduct with the observed triplet
EPR signal. There are 15 tyrosine and 10 tryptophan
residues in MPO. Analysis of the amino acid accessi-
bility deduced from the MPO X-ray crystal structure
(11, 12) showed that only 7 tyrosines (at position 7, 293,
309, 313, 316 and 557) and 4 tryptophans (at position
47, 271, 513 and 514) are located in exposed regions of
the protein and are therefore capable of forming
DBNBS/Tyr or DBNBS/Trp adducts.

Decay of the Compound | with a porphyrin radical
cation to the protein radical yields a form that is inac-
tive in the oxidation of chloride ion, although it retains
the ability to oxidize classical peroxidase substrates.
The transformation from a porphyrin to a protein rad-
ical thus competes with the oxidation of chloride ion to
hypochlorous acid. The rate of the reaction of MPO
Compound | with chloride ion has been reported as
4.6 X 10° M*s™* (25°C) and 2.5 X 10* M* s7* (15°C)
(4, 5). Thus, in the presence of physiological concentra-
tions of chloride ion the decay of Compound | to the
protein radical would have to occur at a rate compara-
ble to these rates to compete effectively with chloride
ion oxidation. The rate of decay of the Compound I
porphyrin radical cation to the protein radical is not
known. The only available rate is that for a H,O,-
dependent process that leads to the spectroscopically
detectable disappearance of the Compound | porphyrin
radical cation (k = 8.2 X 10* M™* s™) (20), but this
reaction is a completely different process that is not
thought to involve formation of the protein radical.
Competition between decay to the protein radical and
oxidation of chloride would be significant because for-
mation of the protein radical would inhibit chloride
oxidation until the enzyme is returned to the ferric

20 Gauss
—

FIG. 3. Spectrum 1A (thick line) compared with synthesized
spectra obtained by summing spectra 2A and 2B (thin line). Arrows
indicate features corresponding to distinct spectral components (de-
fined in text).
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state by electron transfer from a one-electron donor.
Indeed, peroxidase substrates such as ascorbic acid
and acetaminophen have been shown to enhance the
chlorinating activity of MPO, presumably by rescuing
MPO from the Compound |1 state in which it is unable
to oxidize chloride ion (23, 24).

The reason for transformation of the MPO Compound
I porphyrin radical cation into a protein radical is un-
clear. Conversion of the Compound | form that oxidizes
chloride into a form that does not provides a possible
mechanism for restricting the production of a toxic prod-
uct. Alternatively, it is possible that the peroxidase activ-
ity of the enzyme, which is not impaired by this transfor-
mation, has an independent function. This function could
be oxidation of peroxidase substrates at the protein sur-
face, in analogy to the case of cytochrome c¢ peroxidase (6)
and ligninase (7). A third possibility is that the protein
radical stems from a vestigial process related to that
which is responsible for the original autocatalytic cross-
linking of the heme groups to the protein (8). It is also
possible, of course, that the protein radical reflects a
decay mechanism that has no specific physiological func-
tion but simply leads to eventual protein inactivation.
Regardless of its specific function, conversion of Com-
pound I from a porphyrin radical to a protein radical form
in both LPO and MPO suggests that this transformation
is a general one for the mammalian peroxidases.
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