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Protein Radical Formation Resulting from Eosinophil
Peroxidase-catalyzed Oxidation of Sulfite™
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Eosinophil peroxidase (EPO) is an abundant heme pro-
tein in eosinophils that catalyzes the formation of cytotoxic
oxidants implicated in asthma, allergic inflammatory disor-
ders, and cancer. It is known that some proteins with perox-
idase activity (horseradish peroxidase and prostaglandin
hydroperoxidase) can catalyze oxidation of bisulfite (hy-
drated sulfur dioxide), leading to the formation of sulfur tri-
oxide anion radical ('SO3). This free radical further re-
acts with oxygen to form peroxymonosulfate anion radical
(T0O3S00’) and the very reactive sulfate anion radical (SO}),
which is nearly as strong an oxidant as the hydroxyl radical.
However, the ability of EPO to generate reactive sulfur radi-
cals has not yet been reported. Here we demonstrate that
eosinophil peroxidase/H,O, is able to oxidize bisulfite, ulti-
mately forming the sulfate anion radical (SOj), and that
these reactive intermediates can oxidize target proteins to
protein radicals, thereby initiating protein oxidation. We
used immuno-spin trapping and confocal microscopy to
study protein oxidation by EPO/H,0, in the presence of
bisulfite in a pure enzymatic system and in human promyelo-
cytic leukemia HL-60 clone 15 cells, maturated to eosino-
phils. Polyclonal antiserum raised against the spin trap 5,5-
dimethyl-1-pyrroline N-oxide (DMPO) detected the presence
of DMPO covalently attached to the proteins resulting from
the DMPO trapping of protein free radicals. We found that
sulfite oxidation mediated by EPO/H,0, induced the forma-
tion of radical-derived DMPO spin-trapped human serum
albumin and, to a lesser extent, of DMPO-EPO. These studies
suggest that EPO-dependent oxidative damage may play a
role in tissue injury in bisulfite-exacerbated eosinophilic
inflammatory disorders.

Sulfur dioxide, formed during the combustion of fossil fuels,
is a major air pollutant near large cities (1). It can be hydrated to
bisulfite in the lung and upon contact with fluids lining the air
passages as follows,
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SO, + H,0 — HSO; + H*
HSO; +H,0 — SO} + H,0°"
REACTIONS 1 AND 2

where the second pKa = 7.2 (2).

Its two ionized forms in aqueous solution at physiological
pH, bisulfite and sulfite (3), are widely used as preservatives and
antioxidants to prevent food and beverage spoilage, as bleach-
ing agents for certain products, and as medicine ingredients (4).
Bisulfite is used when not referring to a particular sulfite spe-
cies. Sulfite is generated endogenously during the normal met-
abolic processing of sulfur-containing amino acids (5). Sulfite is
toxic to the lung and can cause allergic reactions in humans,
especially in sulfite-hypersensitive individuals, most commonly
causing bronchoconstriction in asthmatics (6). It is detoxified
to sulfate by sulfite oxidase (7), and deficiency of this enzyme in
humans is fatal. Sulfite oxidase is present at high levels in the
liver and in lower concentrations in most of the other tissues of
the body (e.g. in the lung). The enzymatic oxidation of sulfite
proceeds via a two-electron oxidation, but recent studies sug-
gest that the cytotoxicity of bisulfite is mediated by free radicals
(8). In fact, free radicals have been demonstrated to be pro-
duced by enzymatic initiation of the oxidation of bisulfite by
prostaglandin H synthase (9) and horseradish peroxidase (10,
11), with formation of the *SO; anion radical as follows:

Native EPO + H,0, — EPO-compound| + H,0O
REACTION 3
where k = 4.3 X 10" M~ ' s ! (12), and

EPO-compound | + SO3~ — EPO-compound Il + *SO;
EPO-compound Il + SO — Native EPO + *SO;
REACTIONS 4 AND 5

The sulfite anion radical reacts very rapidly with oxygen and gives
rise to the formation of peroxymonosulfate (—O,;SOO’) and sulfate
(SO; ) anion radicals through chain propagation steps as follows:

'SO; + 0, — 0,500
REACTION 6

where k = 1.5 X 10° m~ ' s~ (13);

“0,500" + SO0 — SO2™ + SO;
REACTION 7
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where k= 1.3 X 10" M~ *s71 (13);

SO; + S0¥ — SO +°S0;
REACTION 8

where k> 2 X 10° M~ ' s (13).

The oxygen transfer reaction of ~“O;SOO" to form SO is a
general reaction of peroxyl radicals and is not limited to oxygen
donation to sulfite as in Reaction 7 (2, 14, 15). Furthermore,
SO} can react with another molecule of bisulfite via Reaction 8,
but, being a very strong oxidant (13), it will oxidize almost any
biomolecules. Despite the proclivity of peroxidases to serve as
initiators in the generation of reactive sulfur-derived species,
we can find no reports of bisulfite oxidation mediated by any
mammalian peroxidase. Eosinophil peroxidase (EPO)? is an
abundant protein secreted from activated eosinophils (16 —18),
white blood cells that play a central role in host defense mech-
anisms, allergic reactions, and asthma (19 -24). EPO is a mono-
mer of 70 kDa, composed of heavy and light chains with molec-
ular masses of 55 and 15 kDa, respectively. EPO and the other
members of mammalian peroxidase superfamily II have the
unique ability to use halides and pseudohalides at plasma levels
(SCN™,20-120 puns; Br—, 20100 v I, <1 pun; C1-, 100 mv)
to generate hypohalous acids via the reaction H,0, + X~ + H™
— HOX + H,O, where X~ represents SCN™, Br™, 1", or Cl,
and HOX is the corresponding hypohalous acid (12, 23-25).
Studies thus far on EPO have focused primarily on its prefer-
ence to oxidize these physiological substrates through a two-
electron oxidation pathway. Recently, it has been demonstrated
that nitric oxide can serve as a substrate for EPO and compete
with plasma levels of bromide, steering the enzyme reaction
from a two-electron oxidation to a one-electron oxidation
pathway by generation of reactive nitrogen species (25). In a
model of nitrite oxidation (24), EPO has been reported to cause
nitrotyrosine formation in vivo (26).

We now demonstrate that EPO uses bisulfite as a one-elec-
tron donor substrate to generate reactive intermediates that
oxidize the most abundant protein present in plasma, albumin
(HSA), to protein radicals via Reactions 3— 8. In our study, we
used immuno-spin trapping with 5,5-dimethyl-1-pyrroline
N-oxide (DMPO) (27) and confocal miscroscopy to investigate
protein radical formation in the reaction of bisulfite with EPO-
H,0, in cells.

EXPERIMENTAL PROCEDURES

Chemicals—Human EPO was purified from white blood cells
(Lee Biosolutions Inc., St. Louis, MO). The purity of the enzyme
was assured by the purity ratio (RZ) > 1.0 (A,,5/A,g,) and
by SDS-PAGE analysis with Coomassie Blue staining. The con-
centration of the enzyme was calculated using an extinction
coefficient of 112 mm~* cm ™! at 413 nm (28). Human serum
albumin (99.99% purity), diethylenetriaminepentaacetic acid,

3 The abbreviations used are: EPO, eosinophil peroxidase; HSA, human serum
albumin; ESR, electron spin resonance; DMPO, 5,5-dimethyl-1-pyrroline
N-oxide; HVA, homovanillic acid; ELISA, enzyme-linked immunosorbent
assay; BisTris, 2-[bis(2-hydroxyethyl)amino]-2-(hydroxymethyl)propane-
1,3-diol; G/GOx, glucose/glucose oxidase.
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sodium sulfite, sodium thiocyanate, sodium bromide, sodium
chloride, sodium iodide, ascorbic acid, glutathione, cysteine,
methionine, melatonin, homovanillic acid (HVA), and hydro-
gen peroxide (obtained as a 30% solution) were from Sigma.
The hydrogen peroxide concentration was determined from its
absorbance at 240 nm (e = 39.4 m ' cm ™ '). DMPO (high
purity, =99%) from Alexis Biochemicals (San Diego, CA) was
sublimed twice under vacuum at room temperature and stored
under an argon atmosphere at —80 °C before use. Chelex-100
resin was purchased from Bio-Rad.

Electron Spin Resonance (ESR) Spectroscopy—ESR spectra
were obtained at room temperature using a Bruker EMX spec-
trometer with 100-kHz modulation frequency equipped with
an ER 4122 SHQ cavity. Samples were placed in a 10-mm flat
cell (200-ul final volume), and recording of the spectra was
initiated within 1 min of the start of the reaction. The ESR
spectrometer settings were as follows: modulation amplitude,
0.4 G; scan range, 80 G; microwave power, 20 milliwatts;
receiver gain, 5 X 10% time constant, 327.68 ms; sweep time,
335.544 s; frequency, 9.80 GHz. The simulation was performed
using WinSim version 1.0 software (29).

Kinetic Experiments—Kinetic experiments were carried out
with a Cary 100 spectrophotometer (Varian Inc., Palo Alto, CA)
using a 500-ul quartz cuvette. Reactions were performed in 100
mwMm phosphate buffer (Chelex-treated with 25 um diethylene-
triaminepentaacetic acid) at pH 7.4. For reduction of com-
pound I, 1.5 um EPO was premixed with 1.3 um HVA and 15
uM hydrogen peroxide. Forty seconds after the mixing, com-
pound II was allowed to react with bisulfite. Pseudo-first order
conditions were achieved by keeping the bisulfite concentra-
tion at a =5-fold excess over the enzyme.

Oxygen Uptake—For oxygen uptake measurements, sodium
sulfite and hydrogen peroxide were mixed in a 2-ml chamber
equipped with a Clark electrode and a stirrer. The reaction mix-
ture (1.8 ml) was initiated by EPO, and the oxygen uptake
curves were obtained at room temperature with an oxygen
monitor (YSI Inc., Yellow Springs, OH). The oxygen polaro-
graphic electrode was calibrated by the depletion of oxygen
during the oxidation of hypoxanthine in the presence of xan-
thine oxidase and catalase (30).

Chemical Reactions—Typically, reactions of 600 um HSA, 2
mM Na,SO,, 100 um H,O,, and 1 um EPO were carried out in
the presence or absence of 1 mM DMPO in 100 mm phosphate
buffer (Chelex-treated with 25 um diethylenetriaminepenta-
acetic acid) at pH 7.4 in a total volume of 30 ul. After 1 h of
incubation at 37 °C, samples were then diluted with deion-
ized H,O for electrophoresis and immuno-spin trapping
analyses.

Enzyme-linked Immunosorbent Assay (ELISA)—Rabbit anti-
DMPO polyclonal serum, developed in our laboratory, was
used for the development of the immunoassays (31-33). The
DMPO-HSA nitrone adducts were determined using a stan-
dard ELISA in 96-well plates (Greiner Labortechnik, Fricken-
hausen, Germany) as described previously (34). Optimal con-
centrations were determined by varying the concentrations of
HSA, Na,SO,, H,0,, and DMPO one at a time.

Coomassie Blue Stain and Western Blot—Reaction mixtures
were electrophoresed under reducing conditions through
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duplicate 4 -12% BisTris NuPage acrylamide gels (Invitrogen).
After electrophoresis, one gel was stained using Coomassie
Blue, and the proteins in the other were blotted to a nitrocellu-
lose membrane. Western blotting was performed as described
with minor changes (35). In experiments to analyze HSA and
EPO immunostain, rabbit polyclonal anti-HSA (Abcam, Cam-
bridge, MA) and anti-EPO (Santa Cruz Biotechnology, Inc.,
Santa Cruz, CA) were used at a dilution of 1:10,000, and the
secondary antibody used was an alkaline phosphatase-conju-
gated anti-rabbit IgG (Pierce).

Cell Culture and Treatment—HL-60 (clone 15) cells (ATCC,
Manassas, VA) were grown in RPM1-1640 medium supple-
mented with 10% fetal bovine serum and optimal antibiotics.
The cultures were treated with 0.5 mm butyric acid for 5 days
for their differentiation into mature eosinophils. The cells were
harvested and checked for viability by trypan blue dye exclu-
sion. Harvested 2 X 10° cells/ml of viable cells were seeded in a
24-well culture plate and incubated with DMPO, bisulfite, and
5 mm glucose plus 50 milliunits/ml glucose oxidase (G/GOx)
for 1 h. This concentration initially produced 5 um H,O,/min
and required mixing because the reaction is oxygen-dependent.
Following incubation, the cells were washed once with PBS and
lysed using radioimmune precipitation buffer containing pro-
teinase inhibitors. The cell lysates were used immediately or
stored at —80 °C until further use.

Confocal Microscopy—For confocal microscopy studies,
treated HL-60 (clone 15) cells were allowed to adhere on poly-
lysine-coated plates (MatTek, Ashland, MA) for 30 min on ice.
The cells were fixed with 0.4% paraformaldehyde and perme-
abilized with 0.01% Surfact-Amps X-100 (Thermo Scientific,
Waltham, MA). After blocking with 0.1% bovine serum albu-
min in phosphate-buffered saline, EPO and DMPO-nitrone
adducts were stained using primary anti-EPO (mouse host)
(Abcam, Cambridge, MA) and anti-DMPO (rabbit host) anti-
sera. After a 1-h incubation, the cells were washed, and second-
ary Alexafluor anti-mouse and Alexafluor anti-rabbit conju-
gated with fluorescein (Invitrogen) were added.

RESULTS

ESR, Optical Spectroscopy, and Oxygen Uptake—Incubations
of bisulfite (500 um) with eosinophil peroxidase (3 um) plus
H,0, (3 uMm) in the presence of DMPO (100 mm) yielded an ESR
spectrum of a sulfur trioxide anion radical (‘'SO;) radical
adduct (Fig. 1A). The hyperfine coupling constants of the
assigned DMPO/'SO; radical adduct (@™ = 14.7 G and a," =
16.0 G) are consistent with previous reports (9, 15). When EPO,
bisulfite, or H,O, was omitted, no radical adduct was formed
(Fig. 1, spectra C, D, and E, respectively).

The proposed mechanism of enzymatic oxidation of bisulfite
to the "SO; radical by the eosinophil peroxidase/H,O, system
proceeds in two sequential, one-electron reduction reactions of
compounds I and II by sulfite, similar to the oxidation of bisul-
fite by horseradish peroxidase and prostaglandin H synthase (9,
11, 15, 36). To determine the reduction of EPO compound II by
bisulfite (compound I of eosinophil peroxidase has been
reported to be very unstable (12)), EPO was premixed with a
substoichiometric concentration of HVA and a 10-fold excess
of hydrogen peroxide. Under these conditions, a spectrum of
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FIGURE 1. Formation of radical adducts in reaction between sulfite
(Na,S0;) and EPO/hydrogen peroxide (H,0,) in the presence of DMPO.
Spectrum A, reaction mixture containing Na,SO; (0.5 mm), DMPO (100 mwm),
and H,0, (3 um) in 100 mm phosphate buffer, pH 7.4. After initiation with EPO
(3 um), the mixture was immediately placed into the flat cell. Spectrum B,
simulation of DMPO/'SO;3 radical adduct (a," = 16.0 G and a" = 14.7 G).
Spectrum C, same as spectrum A without EPO. Spectrum D, same as spectrum A
except H,0, was not added. Spectrum E, same as spectrum A without Na,SO;.
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compound II was obtained with peaks at 433, 537, and 565 nm
(Fig. 2A4), and the corresponding time trace (at 433 nm) clearly
indicated that compound Il was stable for at least 1 min (Fig. 2B,
inset). It has been shown that HVA readily reduces compound I
but is an extremely poor substrate for compound II (37). Con-
sequently, we premixed EPO (1.5 um), HVA (1.3 um), and
hydrogen peroxide (15 um) to generate compound II, and after
40 s, we then followed its reaction with various concentrations
of bisulfite. The corresponding spectral changes indicated a
transition of compound II to ferric EPO (with peaks at 413, 500,
and 639 nm) (Fig. 24). For each sulfite concentration, the loss of
absorbance at 433 nm displayed monoexponential character.
Typical time traces for the reaction of sulfite with compound II
are shown in the inset of Fig. 2B. The pseudo-first-order rate
constants (k) were obtained from these traces and plotted
against the concentration of bisulfite (Fig. 2B). The slope of this
secondary plot yielded the second-order rate constant for the
reduction of compound II at pH 7.4. It was calculated to be
(2.1 £0.6) X 10* M s~ *. The calculated rate is very similar to
that reported for horseradish peroxidase. The second-order
rate constants for the reactions between HRP compounds I and
11 with bisulfite at neutral pH are (7.6 = 0.8) X 10 M s ' and
(1.8 = 0.06) X 10> M * s~ !, respectively (36). Although these
reactions are relatively slow, only 1.4 X 10~ '3 M 'SO; is neces-
sary to propagate this enzymatically initiated, free radical chain
reaction (38).

The resulting sulfur trioxide anion radical (‘\SO;’) is known to
react further with molecular oxygen and form peroxymonosul-
fate (T O,SOO’) and sulfate (SO;) anion radicals in the free rad-
ical chain mechanism reported previously (2, 14, 15). We there-
fore investigated the consumption of oxygen by this system.
When the primary "SO; radical reacted with oxygen in the
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FIGURE 2. Reduction of EPO compound Il by sulfite. A, spectral changes
upon the addition of 15 um Na,SO; to compound Il. EPO compound Il was
formed by mixing 1.5 um ferric EPO with 1.3 um homovanillic acid (HVA) and
15 um H,0, and waiting for 40 s. The first spectrum was taken 10 s after
mixing, and subsequent spectra were taken at 2, 10, and 15 min. The arrows
show the direction of absorbance changes with time. B, pseudo-first-order
rate constants for reduction of compound Il by sulfite. The second-order rate
constant is calculated from the slope. The inset shows the time traces and fits
of the reduction of compound Il at pH 7.4 by Na,SO;. The concentrations of
sulfite for each time trace were 0 um (a), 7.5 um (b), 15 um (c), 30 um (d), and 75
M (e).

absence of DMPO (Fig. 3A4), the consumption of oxygen
increased strongly with the bisulfite concentration, with 200
uM bisulfite notably stimulating oxygen uptake (Fig. 34, trace b)
and causing total oxygen consumption within 2 min at 2 mm
bisulfite (Fig. 3A, trace e). When we examined the DMPO con-
centration dependence of oxygen consumption experiments
using 2 mM bisulfite, 100 um H,O,, and 50 nm EPO as the
initiator, the prior addition of 100 mm DMPO (the same
amount used for the ESR data) almost completely prevented
oxygen uptake (Fig. 3B, trace a) (i.e. there were no radical chain
reactions forming ~O5;SOO" and SO} radicals. At lower DMPO
concentrations of 0.3 mm and 1 mm DMPO, oxygen uptake was
inhibited after 10 min by ~40 and ~60%, respectively. The ESR
detection of the DMPO/'SO; radical adduct by spin trapping in
aerobic conditions and oxygen uptake experiments indicates
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FIGURE 3. Oxygen uptake curves in the EPO-H,0,-bisulfite system. A, oxy-
gen uptake as a function of sulfite concentration. Na,SO; was placed in a
chamber with 100 um hydrogen peroxide in 100 mm phosphate buffer, pH 7.4,
and the reaction was initiated with 50 nm EPO at the times indicated. The
concentrations of sodium sulfite for each curve were 0 mm (a), 0.2 mm (b), 0.5
mm (c), 1 mm (d), 2 mm (e), and 20 mm (f). B, oxygen uptake as a function of
DMPO concentration. DMPO was placed in a chamber with sodium sulfite (2
mm) and hydrogen peroxide (100 um) in 100 mm phosphate buffer, pH 7.4,
and the reaction was initiated with 50 nm EPO at the times indicated. The
concentrations of DMPO for each curve were 100 mm (a), 10 mm (b), 1 mm (c),
and 0.3 mm (d).

that there is a strong competition between the spin trap and the
oxygen for the primary "SO; radical. In order to allow the rad-
ical chain reaction to proceed, the concentration of DMPO has
to be decreased so that a significant fraction of the primary
*SO; radical is not trapped by DMPO, allowing its reaction with
oxygen to produce secondary ~ O,;SOO" and tertiary SO} radi-
cals via Reactions 6 —8. This result demonstrates that to trap
protein radicals formed by ~03;SOO" and/or SO, will require
DMPO concentrations of 10 mm or less (Scheme 1).
Formation of HSA-DMPO Nitrone Adducts Induced by the
Eosinophil Peroxidase-H ,0 ,-Bisulfite System as Determined by
Immuno-spin Trapping—To characterize the ability of the
SO, radical (or possibly other sulfite-derived radicals such as
~0,S00) to oxidize target proteins, the most abundant
plasma protein (human serum albumin) was incubated with the
complete eosinophil peroxidase-H,O,-bisulfite system in the
presence of DMPO, and the reaction products were analyzed by
Western blotting using an anti-DMPO polyclonal antibody.
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FIGURE 4. Concentration-dependent effects of DMPO on the formation of
HSA radical-derived nitrone adducts. A, Coomassie Blue staining. B, anti-
DMPO immunostain as shown with Western blot. Reactions, including HSA
(600 um), H,0, (100 um), Na,SO; (2 mm), and DMPO as indicated, were initi-
ated with 1 um EPO, and the mixtures were incubated for 1 h at 37 °Cin 100
mm phosphate buffer (pH 7.4). Each lane contained 3.8 g of HSA.
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Initially, samples containing 600 um HSA (plasma concentra-
tion) were mixed with 2 mm bisulfite and 100 um H,O, in the
absence or presence of different concentrations of DMPO, and

“@SEME\

JULY 30, 2010+VOLUME 285+-NUMBER 31

the reactions were initiated by the
addition of 1 pum eosinophil peroxi-
dase. The reaction products were
then subjected to gel electrophore-
sis and Western blot. Coomassie
Blue staining verified equal
amounts of HSA in all treatments
and showed the presence of a single
band at 60 kDa due to albumin
together with a small amount of
HSA dimer at ~120 kDa (Fig. 4A).
No additional bands were observed,
indicating that at 1 uMm, eosinophil
peroxidase was undetectable.

Immunochemical detection of
HSA-DMPO nitrone adducts was
also performed (Fig. 4B). Samples
lacking eosinophil peroxidase, H,O,,
or Na,SO; contained negligible
anti-DMPO cross-reacting mate-
rial. Incubation of HSA with 0.1 or
0.3mm DMPO produced nitrone ad-
ducts at background levels, whereas
increasing the DMPO concentra-
tion up to 1 mM resulted in a signif-
icant increase in HSA-DMPO-
derived nitrone adducts. Further
increases in the spin trap concentration up to 3 mm produced
modest increases in adduct formation, whereas 10 mm caused a
decrease. The addition of 100 mm DMPO totally inhibited
DMPO-nitrone adduct production, preventing the radical
chemistry in Reactions 6 — 8 by trapping the primary ‘SO; rad-
ical, thus diminishing the formation of the damaging radical
intermediates.

Production of HSA-derived nitrone adducts also depended
on Na,SO; concentration (supplemental Fig. 14). When 1 and
10 uM bisulfite and 600 wMm albumin were oxidized in the pres-
ence of 1 mm DMPO and EPO (1 um)/H,O, (100 pMm), no
DMPO-nitrone adducts were detected. Western blotting per-
formed on reactions containing from 100 um to 2 mm bisulfite
showed increased production of DMPO-HSA radical-derived
nitrone adducts and faint bands of DMPO-HSA dimer at the
higher bisulfite concentrations.

The effect of increasing concentrations of H,O, was also
determined (supplemental Fig. 1B). Omission of HSA, DMPO,
or H,0, resulted in no immunostaining above the background
level. In the presence of 1 mm DMPO, 2 mm Na,SO,, and eosin-
ophil peroxidase (1 um), 10 um H,O, produced DMPO-HSA
radical-derived nitrone adducts detectable by Western blot.
Although the addition of smaller amounts of H,O, had no
observable effect, 50 and 100 um H,O, significantly increased
production of DMPO-nitrone adducts, which appeared as HSA
monomers and, in the case of 100 um H,O,, HSA dimers.

Eosinophil Peroxidase-catalyzed Bisulfite Oxidation Results
in HSA Fragmentation—As shown in Fig. 54, the omission of
HSA resulted in no staining on the gel, whereas the sample not
treated with eosinophil peroxidase confirmed the presence of
the single HSA band at 60 kDa together with a small amount of

Compound|

=y

(dyH 103)
1-S1-W 0L x 9°L

Compoundll
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FIGURE 5. Concentration-dependent effects of eosinophil peroxidase on the formation of HSA radical-
derived nitrone adducts. A, Coomassie Blue staining. B, anti-EPO Western blotting. C, anti-DMPO Western
blotting. D, anti-HSA Western blotting. Reactions, including HSA (600 um), Na,SO5 (2 mm), DMPO (1 mm), and
H,0, (100 um), were initiated with EPO as indicated, and the mixtures were incubated for 1 h at 37 °Cin 100 mm
phosphate buffer (pH 7.4). Each lane contained 3.8 g of HSA.
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FIGURE 6. Effect of halides and pseudohalides on the formation of DMPO-HSA-derived radical nitrone
adducts. A, Western blotting. B, ELISA. Reaction mixtures containing HSA (600 um), Na,SO5 (2 mm), DMPO (1 mm),
and H,0, (100 um) with and without the indicated concentrations of NaSCN, NaBr, NaCl, and Nal were initiated by
EPO (1 um). ELISA data presented are the means = S.D. from three independent determinations using fresh prepa-
rations of all reaction components. C, Western blotting effect of halides and pseudohalides on the formation of
DMPO-HSA-derived radical nitrone adducts in the presence of 20 mm methionine. D, concentration-dependent
effect of methionine on the formation of DMPO-HSA-derived radical nitrone adducts in the absence of bisulfite. For
Western blotting, reactions, including albumin (600 um), NaBr (100 wm), DMPO (1 mm), H,0, (100 um), and methio-
nine as indicated, were initiated with 1 um EPO, and the mixtures were incubated for 1 h at 37 °Ciin 100 mm phos-
phate buffer (pH 7.4). Each lane contained 3.8 ug of HSA. £, effect of halides and pseudohalides on the formation of
DMPO/'SO; radical adduct. Spectrum a, reaction mixture containing Na,SO; (100 um), DMPO (100 mm), and H,0,
(100 um) in 100 mm phosphate buffer, pH 7.4. After initiation with EPO (1 um), the mixture was immediately placed
into the flat cell. Na,SO5 (100 um) was used for the remaining experiments. The spectrum was attenuated in the
presence of 100 um NaSCN (spectrum b), 100 um NaBr (spectrum c), 100 mm NaCl (spectrum d), and 0.5 um Nal
(spectrum e). Control without EPO did not form DMPO/'SO5  radical adduct (spectrum f).
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a 120-kDa dimer. Incubation of HSA with 5 and 10 um EPO
resulted in visualization of the heavy chain of EPO (~55 kDa).
The light chain (~15 kDa) of the peroxidase was much less
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pronounced but still visible on the
stained gel. Anti-EPO immunode-
tection of the same samples indi-
cated the presence of eosinophil
peroxidase (Fig. 5B), exhibiting two
bands corresponding to the heavy
and light chains.

When the samples were analyzed
with anti-DMPO, no immunostain
was observed in the controls (with-
out HSA or EPO) except for a faint
band in the sample without EPO
(Fig. 5C). When the EPO concentra-
tion was increased from 1 to 5 uMm,
anti-DMPO staining also increased.
With 10 um EPO, a sharp increase
in staining and drastic oxidative
damage to HSA were observed.
DMPO-HSA radical-derived nitrone
adducts were observed not only as
monomers but also as dimers and
multiple fragments of HSA. Interest-
ingly, with 10 um EPO, immuno-
stained samples showed a small
but detectable amount of nitrone
adducts on EPO, clearly visible on the
light EPO chain (the heavy chain
DMPO-EPO nitrone adducts over-
lapped with the DMPO-HSA com-
plexes). To test the structural damage
on HSA due to the bisulfite oxidation
catalyzed by EPO, we examined the
same samples using anti-HSA poly-
clonal antibody. Untreated HSA
appeared essentially as the monomer
with some dimer and even trimer and
smaller amounts of aggregates and
fragments (Fig. 5D). When HSA was
incubated with EPO (1-10 uMm), we
observed EPO-dependent fragmenta-
tion of HSA and decreased HSA
dimer, trimer, etc. The pattern of
HSA fragmentation suggests the pos-
sibility of specific sites for oxidative
cleavage to the protein by bisulfite
oxidation.

Effect of Halides and Pseudoha-
lides in Their Physiological Concen-
trations on HSA-DMPO Radical
Formation—Because thiocyanate
and halides are considered to be
physiological substrates for EPO, we
used ELISA and Western blot anal-
ysis to determine and compare their
effect on the production of bisulfite-

induced DMPO-HSA nitrone adducts (Fig. 6). The addition of
100 uM thiocyanate (plasma concentration) totally inhibited
production of DMPO-nitrone adducts, confirming that thiocy-
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anate is the preferred substrate for EPO and a strong competi-
tor of bisulfite. Surprisingly, in the presence of bromide (100
uMm) alone, the nitrone adduct production was increased by
~70%, but in the presence of 2 mm bisulfite, the yield of DMPO-
nitrone adducts was similar to the control sample with bisulfite
only, although this absence of effect is only apparent because
bromide independently caused HSA-derived radical formation.
ELISA analysis was also performed with sodium chloride (100
mum) and sodium iodide (0.5 wm), but they yielded no nitrone
adduct generation by themselves. Sulfite-dependent HSA rad-
ical production was inhibited in the presence of these halides by
26 and 6%, respectively. Western blot results paralleled those
from the ELISA analysis (Fig. 6, A and B). However, the addition
of L-methionine (20 mm) partially inhibited the production of
DMPO-HSA-derived nitrone adducts in the presence of bro-
mide alone, which is consistent with the common usage of Met
as a scavenger of HOBr (39, 40) (Fig. 6C). Therefore, we also
examined the effect of L-methionine on adduct formation in the
absence of bisulfite. Although the addition of 5 mm Met had
little effect, adduct production was completely inhibited at con-
centrations greater than 20 mm Met (Fig. 6D). In contrast, only
partial inhibition by L-methionine was obtained in the presence
of bisulfite, implying that bisulfite oxidation also caused radical
damage to HSA even in the presence of bromide.

To support the results from the immunological detection
and to show that the enzyme-initiated free radical oxidative
cycle in which bisulfite is oxidized to *SO; (Reactions 6—8)
takes place in the presence of halides and pseudohalides, we
recorded ESR spectra using the EPO-H,O,-bisulfite system
(Fig. 6E). Reactions containing 100 mm DMPO to trap the pri-
mary sulfur trioxide anion radical ("SOj ), 100 um bisulfite, 100
uM H,0,, and plasma concentrations of halides or thiocyanate
were initiated with 1 um EPO. As shown in Fig. 6E, the ESR
signal of ‘SO was nearly abolished by the addition of thiocya-
nate, the best substrate for EPO compound I (41), whereas
incomplete inhibition was detected in the presence of bromide
or iodide. The presence of chloride in these reactions had no
effect on the ESR intensity. The absence of EPO resulted in no
radical formation.

Effect of Antioxidants and Inhibitors on DMPO-HSA Radical
Formation—To characterize the effect of antioxidants/nucleo-
philic scavengers and inhibitors on the generation of DMPO-
HSA nitrone adducts, samples were incubated with and with-
out bisulfite, and the reactions were initiated by EPO (1 um)
plus H,O, (100 um) in the presence of 1 mm DMPO
(supplemental Fig. 2) and selected inhibitors. Control experi-
ments without bisulfite produced only background amounts of
nitrone adducts. ELISA results showed that the addition of 1
mM ascorbic acid in the presence of 2 mm bisulfite inhibited
HSA radical production by 77%. Likewise, the addition of
reduced thiols, such as glutathione, was also very effective at
inhibiting adduct production with 5 mm GSH, decreasing the
levels of the adducts by 88%. Another potent radical scavenger,
cysteine, was tested at its plasma concentration level (100 um)
and inhibited HSA radical production by 34%. The effect of
melatonin, one of the reported inhibitors of the catalytic
activity of EPO (42), was also tested. In the presence of this
hormone (200 um), less than 50% of the nitrone adducts were
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detected. Western blot analysis also supported the ELISA data
(supplemental Fig. 2).

EPO Radical Formation in HL-60 Cells (Clone 15) Induced by
Bisulfite—To demonstrate that the immunological detection
of DMPO-HSA and DMPO-EPO nitrone adducts is not lim-
ited to a pure enzymatic system, we investigated production
of protein-DMPO adducts in HL-60 cells (clone 15), known
to differentiate primarily to eosinophils (43), by employing
immuno-spin trapping coupled with confocal microscopy.
Reactions were carried out for Western blot analysis by incu-
bation of 2 X 10° cells/ml with DMPO, bisulfite, and G/GOx
to generate H,O,. As shown in Fig. 74, only the complete
system produced immunoreactivity with anti-DMPO, dem-
onstrating band-specific anti-DMPO. Controls without
bisulfite, G/GOx, or both failed to form any significant
DMPO-protein adduct formation. Anti-EPO Western blot
of the same samples showed that EPO was present in each
lane in approximately the same amounts and thus served as
the appropriate protein-loading control (Fig. 7B). The local-
ization of the major anti-DMPO protein blot on the mem-
brane matched the corresponding most abundant anti-EPO
band, suggesting that the anti-DMPO band might be EPO,
although other eosinophil proteins were oxidized to free rad-
icals in a sulfite- and hydrogen peroxide-dependent manner
(see the additional bands in Fig. 7A).

Parallel confocal fluorescence microscopy experiments were
also performed. After fixation and permeabilization, cells were
stained with primary anti-DMPO and anti-EPO, followed by
Alexafluor-conjugated secondary anti-rabbit (red) and anti-
mouse (green) antisera to stain the DMPO-nitrone adducts and
EPO, respectively. The data showed that the cells exposed to
bisulfite treatment followed by G/GOx have an extensive fluo-
rescence signal throughout the cytosol, confirming the intra-
cellular formation of protein radicals (Fig. 7C). In the absence of
bisulfite or G/GOx, EPO green staining was easily detectable,
but no red staining was observed due to the absence of anti-
DMPO antibody binding (Fig. 7D). These data indicate that
protein radical formation was a consequence of the bisulfite-
induced protein oxidation to free radicals, which were trapped
by DMPO.

In addition to the immunological detection of protein-
DMPO in HL-60 (clone 15) cell cytosol, we also examined the
effect of halides, thiocyanate, and ascorbate in their physiolog-
ical concentrations on the yield of DMPO nitrone adducts (Fig.
8). The addition of mixture containing thiocyanate, bromide,
chloride, and ascorbic acid significantly inhibited DMPO-pro-
tein formation, confirming the competition between bisulfite
and EPO substrates. The effect of individual inhibition by the
addition of thiocyanate, chloride, and ascorbate separately was
also shown by ELISA (Fig. 8B). Similarly to the albumin model
system, the addition of bromide in the presence of bisulfite had
anet negligible effect on radical formation. EPO was still signif-
icantly oxidized to its protein radical in eosinophils incubated
with 100 uMm thiocyanate (Fig. 8), although thiocyanate was the
strongest inhibitor of sulfite anion radical formation (Fig. 6E,
spectrum b).

JOURNAL OF BIOLOGICAL CHEMISTRY 24201


http://www.jbc.org/cgi/content/full/M109.069054/DC1
http://www.jbc.org/cgi/content/full/M109.069054/DC1

Protein Radical Formation Caused by Oxidation of Sulfite

& ADUDMED . ©

|

EPO | |
heavy — 8 o
chain :

DMPO + + + +
G/IGO - - + +
Na,SO; - + - +

B Anti-EPO

-

FIGURE 7. Immuno-spin trapping and confocal microscopy images of the colocalization of protein-
DMPO adducts obtained by treating HL-60 (clone 15) cell cytosol with Na,SO;. Shown are anti-DMPO (A)
and anti-EPO (B) Western blotting of HL-60 (clone 15) cells. Cells (2 X 10%/ml) were treated with 10 mm DMPO
and 100 um bisulfite, and the reaction was initiated with 5 mm glucose and 50 milliunits/ml glucose oxidase,
which was added last. The reaction was incubated on a plate stirrer for 1 hat 37 °C. In both Western blots, 30 ug
of protein was loaded into each lane. C, confocal microscopy images of the colocalization of protein-DMPO
adducts (red stain) and EPO obtained by treating HL-60 cells with bisulfite (100 um) and glucose (5 mm) plus glucose
oxidase (50 milliunits/ml) in the presence of 10 mm DMPO. D, same as C except without bisulfite and G/GOx. Clock-
wise, the quadrants in each picture represent anti-EPO (green stain), anti-DMPO nitrone adducts (red stain), and
overlaid pictures obtained from anti-DMPO and anti-EPO (yellow shade). Gray, transmission image.

DISCUSSION

Our spin-trapping ESR results showed that bisulfite is oxi-
dized to sulfur trioxide anion radical ("SO;5) by the bisulfite-
eosinophil peroxidase-H,O, system. Once the ‘SO, radical is
formed via the enzymatic oxidation of bisulfite, it reacts very
rapidly with oxygen and generates ~O,SOO" and SO;, radicals
(2). These radicals are powerful oxidants (E—¢_so0” ~o,s001 =
11V and Eg, /502~ = 243 V) that can attack target proteins
to form protein radicals (e.g. HSA in plasma) (13, 44). We used
eosinophil peroxidase-H,O,-bisulfite as a source for genera-
tion of oxidants (T O5;SOO" and SO anion radicals) and dem-
onstrated their ability to oxidize the most abundant plasma
protein to protein radicals (Scheme 1).

In the radical chain chemistry of bisulfite oxidation, the sul-
fur trioxide anion radical ('SO;’) is the primary radical, and
~0,S00" and SO; are the secondary and tertiary radicals,
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respectively (15). Previous work on
the oxidation of bisulfite by the
horseradish peroxidase-H,O, sys-
tem and ESR spin-trapping experi-
ments showed that a decrease of the
DMPO concentration to 3 mm or
lower allowed the authors to begin
trapping the tertiary SO, anion rad-
ical (15). Our oxygen consumption
experiments are in agreement with
the radical mechanism for the enzy-
matic oxidation of bisulfite. The
sensitivity of oxygen uptake to bisul-
fite concentration demonstrated
that only 50 nM eosinophil peroxi-
dase was sufficient to start the radi-
cal chain reaction (Fig. 3). The addi-
tion of DMPO to the system
decreases the oxygen consumption,
as is consistent with DMPO com-
peting with oxygen for *SO; . More-
over, our DMPO concentration-de-
pendent oxygen uptake indicates
that a spin trap range between 0.3
and 10 mM decreased the trapping
of *SO; to the point that the radical
chain reaction with formation of
~0,S00" and SO; radicals could
proceed.

The second-order rate constant
for EPO compound I formation has
been measured at (4.3 = 0.4) X 107
M 's ' (pH 7, 15°C) (12), which is
significantly higher than the rates
published for the other members of
the mammalian peroxidase super-
family (myeloperoxidase, lactoper-
oxidase, and thyroid peroxidase)
(45, 46). In the case of horseradish
peroxidase, the rate constants for
the one-electron reductions of com-
pound I and II by bisulfite are rela-
tively slow (36), but recent studies have shown that only a very
low concentration of the primary ‘SO5 is necessary to initiate
the radical chain Reactions 6—-8 (38). On the other hand,
DMPO successfully competes with oxygen for the *SO; radical
(the rate constants are presented in Scheme 1), and when the
spin trap is added in high concentrations (100 mm), the chain
reaction is inhibited (Fig. 3B). However, the polyclonal anti-
DMPO antibody identifies the oxidation product of the DMPO
radical adduct. This means that, first, compounds I and II must
oxidize bisulfite to ‘SO radical to initiate the radical chain
reaction (the standard redox potential of EPO compound I has
been determined to be 1.10 = 0.01 V (47) versus 0.63 V for the
*'SO;3 (13, 48)). Second, the tertiary radical from the chain reac-
tion and strong oxidant (SO}) must oxidize amino acid(s) from
the target protein (HSA) to protein radicals. Third, the concen-
tration of DMPO must be sufficient for the protein radicals to
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FIGURE 8. Effect of halides, thiocyanate, and ascorbic acid (as radical
scavenger) on the formation of protein-DMPO nitrone adducts in HL-60
(clone 15) cell cytosol. A, Western blotting. B, ELISA. Reaction mixtures con-
taining HL-60 (clone 15) cells (2 X 10%/ml), Na,SO; (100 um), and DMPO (10
mm) with and without the indicated concentrations of NaSCN, NaBr, NaCl, and
ascorbic acid were initiated with 5 mm glucose and 50 milliunits/ml glucose
oxidase, which was added last. The reaction was incubated on a plate stirrer
for 1 h at 37 °C. Each lane contained 30 ug of protein.

react with DMPO, and, finally, these DMPO radical adducts
must be oxidized to their nitrone form. As a result, the overall
high yield of DMPO nitrone adducts was achieved by reducing
the DMPO concentration to 1 mm in the presence of plasma
level albumin (600 um).

In the studies reported here, the formation of HSA-derived
radicals in the reaction of the protein with the sulfate and,
perhaps, peroxymonosulfate anion radicals generated by the
eosinophil peroxidase-H,O,-bisulfite system is detected by
immuno-spin trapping (Scheme 1). Our Western blot experi-
ments showed that in the presence of DMPO, the eosinophil
peroxidase-H,O,-bisulfite system produced sulfite-derived
radicals that oxidized not only albumin but also eosinophil per-
oxidase itself (Fig. 5). These protein target- and initiator-de-
rived radicals are trapped by the nitrone spin trap DMPO and
detected as DMPO-HSA and DMPO-EPO nitrone adducts,
respectively. Production of HSA nitrone adducts was also
strongly dependent on bisulfite and H,O, concentrations. It is
interesting to note that positive results were detected on the
anti-DMPO Western blot with 2 mwm bisulfite, which is approx-
imately half of the amount used as a preservative in wines (up to
5-6 mm) (4, 49).

In addition, we used HL-60 cells (clone 15), which differen-
tiate into eosinophils following co-incubation with butyric acid,
to investigate whether DMPO-protein adducts could be
detected in eosinophils. This model of bisulfite-driven, EPO-
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initiated protein oxidation in cells supports our findings that
the eosinophil peroxidase-H,O,-bisulfite system, in which
bisulfite is oxidized to form sulfite-derived radicals, oxidizes a
set of well distinguished bands of target proteins (probably
including EPO) in eosinophils (Fig. 7). Bisulfite is one of the few
sulfating agents approved by the Food and Drug Administra-
tion as a food preservative and antioxidant to prevent or reduce
spoilage (4). It also appears as an ingredient of many medica-
tions, such as antibiotics, analgesics, anesthetics, etc. However,
sulfites have been associated with adverse allergic and asth-
matic type reactions experienced by sulfite-hypersensitive indi-
viduals (it is estimated that up to 500,000 sulfite-sensitive indi-
viduals live in the United States (6)). The most frequent sulfite
reaction symptoms are difficulties in breathing, food intoler-
ance symptoms, asthma, and, occasionally, anaphylactic shock.
There is no specific treatment for sulfite toxicity, and in general,
to our knowledge, the mechanisms of the potentially toxic reac-
tions of bisulfite are poorly understood. The mean serum sulfite
concentration in healthy individuals reported by Ji et al. (50) is
~5 uM. However, in their study, after oral metabisulfite loading
with vegetable juice, there was a rapid rise of sulfite concentra-
tion in plasma (112 um) in 30 min. The toxic potential of bisul-
fite is most clearly indicated by the loss of sulfite oxidase, the
molybdenum-containing enzyme that oxidizes sulfite to sulfate
(SO27) (51). In fact, in humans, the loss of sulfite oxidase is fatal
in infancy or early childhood (52). It is noteworthy that in cases
of sulfite oxidase deficiency, the concentration of sulfite in
plasma is abnormal (10 uM to ~2 mm) (5, 53). The capacity of
sulfite oxidase for sulfite oxidation is normally extremely high
(54 —56); the reaction proceeds via a one-step, two-electron oxi-
dation to sulfate with no free radical intermediates (7). It has
been shown that the presence of sulfite oxidase is substantially
reduced as compared with that in normal and sulfite-sensitive
asthmatic subjects (57). The enzyme is present at high levels in
the liver and in lower concentrations in most of the other tis-
sues of the body (e.g. in the lung). Sulfite reserves in serum or
plasma, occurring as protein and low molecular weight S-sul-
fonates, which form by a nucleophilic reaction of bisulfite with
disulfides (58, 59).

Another radical mechanism of oxidation of bisulfite is xan-
thine-dependent oxidation in the presence of xanthine oxidase,
which has been proposed by Fridovich and Handler (60). The
authors conclude that xanthine oxidase, in catalyzing the aero-
bic oxidation of xanthine, generates superoxide anion, which
serves to initiate the bisulfite chain reaction. A previous report
from this laboratory (11) demonstrated that incubation of
bisulfite with horseradish peroxidase and H,O, is not sensitive
to the presence of superoxide dismutase, confirming that
the peroxidase-catalyzed pathway does not involve a superox-
ide-initiated chain reaction. Furthermore, recent studies of the
horseradish peroxidase/H,O, system showed that initial
DMPO/'SO; formation is twice as fast as the initial consump-
tion of O, and H,0,, which is in agreement with the radical
chain mechanism of Reactions 6 —8 and the expected stoichi-
ometry (38). Once the chain reaction dominates, the total con-
sumption of O, and the formation of ~O;SOOH greatly exceed
the initial concentration of H,O,. This chemistry is an enzy-
matically initiated, free radical chain reaction. We have strong
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evidence that eosinophil peroxidase-catalyzed oxidation of
bisulfite to *SO5, ~05;SO0", and SO radicals is responsible for
the albumin oxidation we observed, and this evidence suggests
the possibility of free radical metabolism of bisulfite and subse-
quent protein damage in vivo.

All of the members of the mammalian peroxidase super-
family share the ability to oxidize pseudohalides to
pseudohypohalous acids via a two-electron reduction step of
compound I to the ferric enzyme. The preferred substrates
for EPO are reported to be thiocyanate (SCN ™), followed by
iodide (I") and bromide (Br ) (12, 16, 24, 61, 62). The rela-
tive rates of EPO compound I reduction are SCN™ > 1~ >
Br~ = Cl7, and the reduction is about 10 times more effec-
tive than that of myeloperoxidase, except for chloride (41).
When we added plasma concentrations of thiocyanate,
iodide, and chloride to our DMPO-trapping experiments, we
detected no oxidation of albumin in the absence of bisulfite
(Fig. 6). Although iodide is a good donor for EPO compound
I, its low physiological concentration in blood (< 1 um)
makes its oxidation by EPO of little importance. In addition
to the effect of EPO physiological substrates on the yield of
DMPO-HSA-derived nitrone adducts, the Western blot
from HL-60 cell cytosol indicated the presence of a DMPO-
EPO-containing band in the systems with halides and thio-
cyanate (Fig. 8). ELISA results showed that the addition of
100 uMm thiocyanate in the presence of bisulfite inhibited the
EPO radical production by ~75%, but the protein was still
oxidized to its radical, due, perhaps, to the lower intracellu-
lar thiocyanate concentration (Fig. 8B). The plasma concen-
tration of thiocyanate can be as low 20 um (12, 23) and is
probably lower yet within cells. In addition, under condi-
tions where unusually high concentrations of hydrogen per-
oxide are generated, thiocyanate and bromide may be
depleted. In this regard, it is pertinent that the vast majority
of humans suffer no ill effects from sulfite exposure, and
unrecognized, relatively rare factors must be involved, such
as unusually low thiocyanate and bromide concentrations.

In summary, our results show that the EPO-H,O,-bisulfite
system provides an enzymatic pathway for production of
~05;S00" and SO, recognized to play a role in protein oxi-
dation in a pure enzymatic system and in HL-60 cells (clone
15). Therefore, we propose a potential mechanism of EPO-
dependent oxidative damage and tissue injury in bisulfite
(hydrated sulfur dioxide)-exacerbated eosinophilic inflam-
matory disorders.
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