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Myeloperoxidase (MPO) is a myeloid-lineage restricted enzyme largely expressed in the azurophilic granules of
neutrophils. It catalyses the formation of reactive oxygen species, mainly hypochlorous acid, contributing to anti-
pathogenic defense. Disorders in the production or regulation of MPO may lead to a variety of health conditions,
mainly of inflammatory origin, including autoimmune inflammation.

We have studied the effect of ionizing radiation on the activity of MPO, as measured by the capacity retained
by the enzyme to produce hypochlorous acid as reactive oxygen species after exposure to successive doses of
solvated electrons, the strongest possible one-e™ reducing agent in water. Chlorination activity was still present
after a very high irradiation dose, indicating that radiation damage does not take place at the active site, hin-
dered in the core of MPO structure. Decay kinetics show a dependence on the wavelength, supporting that the
process must occur at peripheral functional groups situated on external and readily accessible locations of the

enzyme.

These results are relevant to understand the mechanism of resistance of our innate anti-pathogenic defense
system and also to get insight into potential strategies to regulate MPO levels as a therapeutic target in auto-

immune diseases.

1. Introduction

Myeloperoxidase (MPO), a heme-containing dominant granule
enzyme largely expressed in the azurophilic granules of neutrophils,
plays a fundamental role in the production of reactive oxygen species,
mainly hypochlorous acid (HCIO), and drives cell-mediated antimicro-
bial activity in the human innate immune system. [1,2] Disorders in the
production or regulation of MPO may lead to a variety of health con-
ditions, mainly of inflammatory origin, including autoimmune inflam-
mation. [3]

General halogenation and peroxidase activity of MPO is summarized
in Scheme 1. Native ferric state of MPO (Fe(IlI)-MPO) reacts with
hydrogen peroxide (H20,) to form a ferryl n-cation radical complex
called compound I (MPO-I). One-electron reduction of this redox in-
termediate leads to compound II (MPO-II), which may undergo another
one-e reduction to yield starting native Fe(III)-MPO. Furthermore,
ferric compound may also undergo one- e~ reduction to produce the
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ferrous species Fe(II)-MPO.

The main reaction mediated by MPO under physiological conditions
is the oxidation of CI” by compound I to yield the highly-reactive
chlorinating agent HCIO [4] and/or the chlorinating complex MPO-I-
ClL. [5] The high reduction potential of MPO-I allows the two- e~
oxidation of Cl7, [6] which confers MPO a unique role within the
peroxidase-cyclooxygenase superfamily. [7-9] The major function of
the initially formed chlorinating agents as well as derived chloramines,
which also have oxidizing and chlorinating activity, [10] is probably to
attack essential microbial cell elements, in a defense mechanism.

Most cellular components, including proteins, are susceptible of
being damaged by harmful chemicals such as reactive oxygen species
(ROS). [11] In fact, MPO promotes the generation of several ROS;
furthermore, concurrent with MPO release from neutrophils, a burst of
NADPH oxidase activity converting oxygen to superoxide anion (O2")
takes place. [12] Thus, MPO is particularly exposed to these highly
reactive species that may modify the protein arrangement, then
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Scheme 1. Normal chlorination and peroxidase cycle as applied to MPO, also
showing formation of ferrous intermediate and HCIO.

affecting its normal function. Because of its very nature and function,
MPO structure should be rather resistant to oxidative environments, but
this is possibly not the case under highly reductive conditions. Here, we
examine the behaviour of MPO when exposed to hydrated electrons
(e aq), [13,14] and its sensibility towards reaction with this highly-
reactive and non-selective species, which is the strongest possible
reductant in water (E° = —2.9 V vs. NHE). [15] Assessment of the
enzymatic activity was performed based on the chlorination activity of
the system after successive doses of ionizing radiation.

Even though abundant literature is available on the effect of ion-
izating radiation on biomolecules, [16,17] there is a lack of studies
showing the effect of ionizing radiation (including high energy UV) on
enzyme activity of peroxidases. Some researchers studied the photo-
chemical modification of the chromophore of MPO, [18] while other
studies focused on the reactions of superoxide anion with several per-
oxidases [19-21] including the reactions with the redox intermediates of
MPO shown in Scheme 1, extensively investigated by Kettle, Winter-
bourn, and coworkers. [12,22,23] Reactions promoted by hydroxyl
radicals (HO®) have also been reported. [21,24,25]

However, the processes involving e ,q have not been investigated so
thoroughly [26,27] and their interaction with MPO has not been
examined to date. We discuss the effect of e™3q on MPO activity in
aqueous solution at pH = 5.0, at which in vivo MPO chlorination activity
is at its maximum, [28-30] and at which phagocytosis takes place, [31]
or at pH = 7.0, typical of peroxidation reactions [28,29].

Pulse radiolysis is a very powerful technique for studying short-lived
free radicals and excited states using a beam of highly accelerated
electrons, [32] as it allows the selective generation of a given radical
using appropriate scavenging conditions to get rid of the undesired
species, keeping only those of interest. MPO was reacted with e, to
test the potential effect of one- e~ reduction processes on Fe(III)-MPO,
MPO-I, and MPO-II and the consequent effect on its chlorination
activity.

2. Material and Methods

Highly purified MPO of a purity index (A430/A2g0) > 0.84 was ob-
tained from Planta Natural Products (http://www.planta.at), a stock
solution of ca. 0.60 pM and pH = 7 (5 mM phosphate buffer) was used.
Its concentration was determined spectrophotometrically using €430 =
91,000 M Lcm~L-heme ™! for the Soret band of native ferric state. [33]

Stock solutions of glycine (Gly, Fischer Chemicals, Analytical Re-
agent Grade), potassium chloride (KCI, Sigma-Aldrich, ACS Reagent),
and hydrogen peroxide (H2O,, Aldrich, 27.5 wt%) were prepared daily
and kept in the dark at 4 °C. The concentration of H,O5 was determined
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using €240 = 39.4 M l.emL. [34] Citric acid (Sigma, anhydrous) /
phosphate (NaaHPO4, BDH, AnalaR grade) buffer, 0.5 M, was used at pH
5.0, while phosphate buffer (NaH,PO4, BDH, AnalaR grade), 0.1 M, was
employed at pH 7.0. Potassium thiocyanate (KSCN, BDH, AnalaR grade)
was used for the dosimetry, and tert-butanol (¢-BuOH, Sigma, HPLC
grade) as HO® scavenger. All solutions were prepared with deionized
water.

Pulse radiolysis experiments were carried out at the Free Radical
Research Facility at the SRS Daresbury Laboratory (Cheshire, UK) using
2 ps, ca. 2 kRad (=20 Gy) pulses, from a 12 MeV linear electron accel-
erator (LINAC), such that ca. 12 uM of primary species (H', HO® and
€ aq) were produced. Transient absorption spectra were obtained using
a Xe source and either a gated diode array or a photomultiplier for
detection. Reaction kinetics were monitored by optical detection, and
the dosimetry carried out with NyO-saturated 10 mM KSCN solutions,
taking e((SCN),* at 500 nm) = 7100 M~'-cm ™! and G(HO®) = 6.0." [35]
All solutions were deaerated with ultrapure Nj. The temperature was in
all cases kept to within +0.1 K using a thermostatted cell (ca. 298 K).

Ionizing radiation on aqueous solution promotes the generation of
primary species H, HO® and € aq according to (1):

H.0 " H* + HO® + €74 (€]

Subsequent to water irradiation, H' is conveniently neutralized with
a buffer solution, while HO® is effectively scavenged with +-BuOH as in

(2):
HO® + (CH;);COH—H,0 + *CH,C(CH3),0H )

In this way, e 5q remain available for reaction with MPO (reaction
3):

€ 4 +MPO-MPO* " —...—... 3)

Detailed description of pulse radiolysis experiments has been
described elsewhere. [16,36]

2.1. Reduction of MPO-I

According to preliminary experiments, [37] formation of compound
I was achieved by reaction of native enzyme with the adequate amount
of HyO5. 1 mL samples of MPO-I containing 100 nM of the enzyme, a 10-
fold excess of H,02, 1 mM of phosphate buffer (pH = 7.0), and 1 vol% t-
BuOH were readily prepared in a 2.5 cm-pathlength Suprasil quartz
cuvette. They were bubbled with and kept under Ny. This cuvette was
directly placed in the axis of the LINAC source so that it was aligned with
the analysing beam. Vanishing of MPO-I (430 nm) and formation of
MPO-II (456 nm) were monitored spectroscopically.

2.2. Reduction of MPO-II

Higher ratio of HyO5 leads to formation of compound II. [38] Thus,
samples of MPO-II were prepared in the same way as above but con-
taining a 1000-fold excess of HoO2. Upon irradiation the resulting pro-
cess was followed at the wavelengths that correspond to the two Soret
band maxima.

2.3. Reduction of Fe(IIl)-MPO

Finally, this reaction was studied by preparing the corresponding
aqueous solutions of MPO at pH 7, with t-BuOH but without Hy02. The
fading of the ferric species was followed at 430 nm.

! G-value is the basic unit of radiation chemical yield. G = 1 means that one
entity (e.g., one radical or one e ,4) is formed or destroyed for each 100 eV that
are absorbed by the medium.
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2.4. Overall Reaction of MPO with e” o4

Time-resolved spectra of the reaction with e ,q were obtained in the
UV/Vis range (350-550 nm) after an initial number of pulses, once the
response became fairly stable. This quantity was variable, at least 10
pulses (thus, total initial dose >200 Gy) and it was determined empiri-
cally every time for each wavelength: hardly any signal was observed
during the first shots, which afterwards increased and rapidly stabilized;
and then the reaction was measured. The measurement of transients
with low absorption coefficients produces a poor signal-to-noise ratio,
for which more concentrated samples containing 500 nM of MPO and
500 pM of Hy0, were used, all other parameters were kept constant.
Decay kinetic traces were adequately fitted by a first-order kinetic
model, and the corresponding rate constants were obtained for every
single wavelength.

2.5. Reduction of Chlorinating Activity of the MPO/H202/Cl™ Enzymatic
System

The damage produced by irradiation on MPO was quantified by
monitoring its chlorinating activity loss. This was done by measuring the
change in the rate of chlorination of an adequate substrate after different
doses of irradiation. For this, the simplest a-amino acid, Gly, was chosen
as target for the MPO/H30,/Cl™ enzymatic system.

In vivo MPO chlorination activity takes place at a pH near 5, thus this
value was probed, using 100 mM citric/phosphate buffer. [C]"] in
plasma is as high as 100-140 mM, [39] hence 100 mM of C1~ was used in
all cases. [MPO] was taken as 20 nM, while [Gly] = 100 mM and [H20-]
= 1.0 mM were chosen as this combination yielded appropriate pseudo-
first order kinetic traces.

Radiolysis pulses were applied on Np-saturated aqueous solutions of
MPO ca. 40 nM containing 1% (v:v) t+-BuOH in a 1.0 cm-pathlength
quartz cuvette. The residual chlorination activity of MPO was deter-
mined by measuring its ability to react with Gly to yield (N—Cl)-Gly in a
very fast and selective reaction. [40,41] Thus, activity experiments were
performed immediately after applying the total irradiation dose. The
cuvette was placed into a diode-array UV /visible spectrophotometer and
the rest of reactants were added to the required concentration. Addition
of HyO, triggered chlorination and spectra were measured between 200
and 500 nm; formation of (N—Cl)-Gly was followed at A = 260 nm.

t-BuOH was shown not to interfere with the very reactive active site
of MPO, and the chlorination process showed the same reaction rate in
the absence and presence of the scavenger.

3. Results and Discussion

The dose applied to the samples with each 2 ps radiolysis pulse
corresponds to ~2 kRad (=20 Gy), while the total dose applied in the
study of the irradiation effect on enzymatic activity was over 600 Gy.
One- e~ reduction of compounds I and II, and ferric MPO yields com-
pound II, native ferric enzyme, and ferrous species, respectively, ac-
cording to reactions (4)-(6):

MPO —1+¢ , +H'>MPO —1I 4
MPO —1I + ¢, + H" >Fe(Ill) — MPO + H,0 5)
Fe(III) — MPO + ¢, + H" »Fe(II) — MPO (6)

Ferric MPO and MPO-I show Soret bands with a maximum at 430
nm, although with rather different extinction coefficients. Soret peaks at
456 nm and 476 nm are distinctive of MPO-II and Fe(I)-MPO, respec-
tively. Therefore, samples of MPO-I and MPO-II were irradiated and
subsequent processes were followed by UV/visible absorption spec-
troscopy in the region of those two wavelengths, while pulse radiolysis
of Fe(III)-MPO was followed at A = 430 nm.

Formation of MPO-II according to (4) involves an important
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absorption increase at A = 456 nm, whereas a decrease is observed at A
= 430 nm, as in reduction of Fe(Il)-MPO (6). On the other hand, pro-
duction of Fe(III)-MPO following (5) features the opposite behaviour.
However, absorption traces obtained upon reaction of e ,q with all
oxidation intermediates show hardly any change (Fig. 1).

These results are not consistent with reactions (4)—(6); despite the
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Fig. 1. Absorption traces measured upon irradiation of (A) MPO-I at A = 430
nm, (B) MPO-II at A = 450 nm, and (C) Fe(III)-MPO at A = 430 nm.
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enzyme concentration is very low, the heme group is an important
chromophore so that all enzymatic compounds present high extinction
coefficients, i.e.: if a one- e~ reduction processes takes place, a signifi-
cant response is expected.

Surprisingly, the signal increased with accumulated pulses; samples
that had been previously irradiated with a great dose showed a much
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Fig. 2. Kinetic traces obtained for the first process upon reaction of e 5q with
(A) MPO-], (B) MPO-II, and (C) Fe(II[)-MPO. Data acquired at > = 430 nm (—)
or 450 nm (—).
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higher response to additional pulses, some traces are shown in Fig. 2.
These experiments were replicated repeatedly and, in all cases, the ab-
sorption signal only developed after several pulses.

These traces still cannot account for reactions (4)—(6). The absor-
bance jump measured for irradiation of MPO-I (Fig. 2A) is very low, and
the obtained product seems to be reasonably stable. However, data
collected for MPO-II (Fig. 2B) correspond to typical relaxation kinetics,
stable compounds are not formed and the absorbance change, although
higher, is still too low to explain the reduction to Fe(III)-MPO and it is
positive at both wavelengths.

Considering that the process observed is different for both com-
pounds and that reactions (4) and (5) do not take place, a plausible
explanation could be a reaction of e”,q with H2O», present in a much
higher concentration in the MPO-II sample. This process has been
already studied [42]:

€ 4 +H,0,-HO™ +HO* (@]

and it shows a rate constant (k = 1.1-10° M_1~s_1) close or in the
diffusion-control limit in water. Thus, it may have some relevance, but
the products are rapidly removed by the buffer and the scavenger ac-
cording to (2). The possibility of HO® produced in (1) and (7) reacting
with HyO5 could be also considered, as in (8):

HO® +H,0,—H,0 +HO,* (€)]

One may argue that this process (k = 2.7-10” M~ !-s~!) may compete
with the reaction with the t-BuOH scavenger (k = 6-108 M’1~s’1), [42]
but the rate constant of the reaction of HO® with t-BuOH is still one
magnitude higher than with Hy0,, and the concentration of t-BuOH is
much higher, so it will effectively remove all HO® and (8) can be
neglected.

Moreover, if the process observed in Fig. 2B corresponds to any re-
action involving H2Os, it should be detectable from the first pulse, which
was not the case (Fig. 1B). Furthermore, a significant signal was also
observed with highly preirradiated samples of Fe(III)-MPO (Fig. 2C).
The observed absorbance increase is even higher than with MPO-II and
the subsequent decay shows much faster kinetics. This sample does not
contain Hy0j, so this fast-decay kinetics could be also ascribed to the
disappearance of e 5. However, the process observed in the first pulse
(Fig. 1C) was much faster, and it should also be detected with MPO-I and
MPO-1I, either in the first pulse or after pre-irradiation (Figs. 1 and 2).
Thus, it seems that this decay may correspond to another process that
just involves the enzyme.

Some similar effects have been previously detected with other pro-
teins upon pre-irradiation. Thus, e ¢-pre-irradiation of ribonuclease
[43] and serum albumin, especially in the presence of ethanol and
formate, [44] leads to faster rate constants in subsequent radiation
pulses; although, in contrast to this study, the process can be observed
from the first pulses. On the other hand, a similar behaviour was ob-
tained in the reaction of ribonuclease with the formate radical anion
(HCO2"). [45] In this case, it has been observed that a signal centred at
A = 340 nm increases with pre-irradiation. This radical damages the
protein structure, leading to some conformational changes that uncover
the disulphide linkages, thus becoming more accessible for the reaction
with further pulses, and the protonated form of the reduced SS* radical
has an absorption band at 340 nm.

To get further information about the reactions taking place upon
irradiation, UV /visible spectra of a MPO-II sample were obtained after a
number of pulses once the response of further shots was stabilized, as
previously explained (Fig. 3). The spectrum is very broad, extended over
the entire monitored range, showing unresolved weak maxima at A =
350 and 460 nm, both fading almost completely in a lapse of ca. 150 ps
to leave a broad structureless absorption.

This observation can be interpreted either in terms of a highly
delocalized spin through the molecule, or in the sense that the under-
going reactions do take place at different functional groups on the
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Fig. 3. Time-resolved spectra following unspecific reduction of MPO-II by ™ ,q.

surface of MPO. This would be in agreement with the rich fine vibronic
structures that can be intuited for the observed electronic transitions,
showing a variety of transitions from different vibrational modes.

Kinetic traces resemble typical relaxation processes. The kinetic
analysis of the decay traces yielded rate constants that are wavelength
dependent (Fig. 4). This supports that e ;q do not one- e~ reduce a single
type of functional group but several different functionalities. Therefore,
if multiple reactions take place with e ,q in a very complex molecule as
MPO, and the protein structure gets progressively damaged by repetitive
accumulative irradiation, the process is unlikely to be reproducible, but
random effects should be then obtained. Thus, although this experiment
was not entirely repeated, some replications were performed at several
wavelengths and they were slightly different albeit consistent. This
could also explain the diverse results obtained for the three samples
(Figs. 1 and 2), although a similar behaviour was observed at different
replications, the conclusions inferred can be maintained.

The fact that the initial pulses did not show any response is not yet
explained. The band observed at 350 nm resembles that produced by the
reaction of formate radical anion with disulphide bridges. [45] How-
ever, e ,q is more reducing and much less selective than CO»*". Also, the
absorption band in that study was only detected under acidic pH con-
ditions, which is not the case here, where the experiments are performed
with 7.0 phosphate buffer. Besides, the spectrum presents a second
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Fig. 4. Obtained rate constant vs. wavelength for the decay process shown in
Fig. 3. Inset shows a typical first-order exponential fit.
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maximum at 460 nm, whereas with ribonuclease the band shifted to 410
nm at neutral or slightly basic pH. Thus, an analogous behaviour be-
tween these two systems appears not very likely, but this possibility
cannot be fully discarded. The precise origin of the signal becoming
evident only after preirradiation remains elusive, but it may be due to
either any undetectable reaction of e ,q with other species present
(phosphate buffer, HyO5, remaining dissolved O, or trace amounts of
impurities) during the first pulses, or even with MPO. It can be inferred
from previous findings that the enzyme has the capacity to scavenge e »q
through very unspecific reactions: there is not a very noticeable light
absorption in the studied region, either the developed radicals present
extremely low absorption coefficients, or e™ are largely delocalized in
the protein moiety. But the so-formed radical anions may intramolecu-
larly react within the peptide and after some pulses the protein structure
does not accept more electrons and starts getting damaged. Then, other
functional groups are affected and the observed signal rises. With the
purpose of getting an insight into this damage, we analysed the effect of
high irradiation doses on the enzymatic activity.

Samples of MPO were irradiated with different doses, and the re-
sidual chlorination activity of the enzyme was determined by measuring
its ability to oxidize the a-amino acid Gly to the corresponding (N—CI)-
Gly. MPO reacts with HyOo, C1™ and Gly according to reactions (9)-(10):

MPO + H,0, +Cl~ + H" -=MPO + HCIO + H,0 )

HCIO + Gly— (NmCl) — Gly + H,O (10)

The mechanism taking place through reactions (9)—(10) involves the
formation of free HCIO, while in an alternative mechanism through
reactions (11)-(12), an enzymatic intermediate (MPO-I-Cl) with chlo-
rinating ability reacts directly with the amino acid: [30].

Fe(IIT) — MPO + H,0, + CI">MPO — I — Cl + H,0 1)

MPO — I — Cl+ Gly + H" >Fe(III) —- MPO + (NumCl) Gly + H,0 (12)

The overall reaction is the same in both mechanisms, and they do not
affect the outcomes inferred from the data obtained in this study.

The initial rate of chlorination is represented versus the total absor-
bed dose in Fig. 5. Actually, the kinetics of MPO-mediated chlorination
show a complex profile with an extremely fast initial rate that rapidly
decreases as a steady-state is achieved. This initial burst is not observed
here, but the initial part of the rate under equilibrium conditions (see
Ref. [30] for a more detailed discussion). The observed rate of chlori-
nation decreases with increasing radiation doses but some activity still
remains after very intense irradiation, which supports the hypothesis
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Fig. 5. Initial chlorination rate of Gly vs irradiation dose. Inset shows a typical
fit of the initial rate.
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that e 5q does not react at the active site but at surrounding peptide
chains on the surface of MPO. Previous results already revealed thate 54
did not reduce heme, but these data also suggest that e ,q do not modify
the protein structure at the active site as, in this case, a dramatic effect
on the enzymatic activity would be expected.

The substrate binding site of MPO is hidden inside the enzyme, sit-
uated in the inner part of the molecule, [46-49] with a narrow channel
connecting it to the outer medium and sterically hindered for bulky
substrates. [5] Typically, e ,q show a cavity or excluded volume ~ 2.5 A
in radius in the structure of liquid water, with the e surrounded by a
cluster of water molecules that may impede the access through this
funnel-shaped passage.

Furthermore, e ,q are the strongest reducing agent in water and are
extremely reactive, so it is reasonable to assume that if entering the
narrow substrate channel, they may react with any available group sit-
uated in the walls that is susceptible of reduction, at a short distance
away, before reaching the distal cavity and the active site therein.
Therefore, e ,q do not enter and react with or in the close proximity of
the active site as it remains functional. All these results indicate that e q
scavenging takes place with different functional groups on the surface of
MPO, including reaction sites close to the substrate channel entry. These
areas develop damage affecting the protein tertiary structure, hence
affecting the oxidation potential of the enzyme, or hindering the access
of substrates to the heme pocket, accounting for the slower chlorination
rate. This shows that one of main functions of the protein packing
around the heme is to shield it from reactive species, as observed also in
myoglobin, [50] allowing MPO to keep its anti-pathogenic function even
after receiving large doses of ionizing radiation.

4. Conclusions

Pulse radiolysis experiments were performed to study the reactions
of e 3q with MPO. One- ™ reduction of different oxidation intermediates
did not produce any significant signal, indicating that the reaction does
not take place at the strong chromophoric heme group, which is hin-
dered in the core of MPO superstructure, but rather on other reactive
sites of the molecule.

The spectrum observed after irradiation was very broad indicating
either that the spin is highly delocalized or that multiple functional
groups undergo reaction with e ,q. Initial decay kinetics show
wavelength-dependent rates, supporting that different processes are
being followed and, therefore, e”,q must react with several functional
groups placed at more accessible locations of the enzyme.

The effect of irradiation dose on the chlorinating activity of MPO was
analysed to clarify whether the heme herein, and consequently the
active site, keep unchanged. At low doses, the enzyme itself acts as a
scavenger, accepting electrons while showing a modest decrease in its
activity. After high irradiation doses, MPO was still able to induce
chlorination of the amino acid Gly, indicating the absence of serious
damage at the active site, hindered at the end of the substrate channel,
and that the protein folding around the active site plays a protective role
to keep the anti-pathogenic vital function of MPO.
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