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Abstract: Hydroxyurea represents an approved treatment for sickle cell anemia and a number of cancers.
Chemiluminescence and electron paramagnetic resonance spectroscopic studies show horseradish
peroxidase catalyzes the formation of nitric oxide from hydroxyurea in the presence of hydrogen peroxide.
Gas chromatographic headspace analysis and infrared spectroscopy also reveal the production of nitrous
oxide in this reaction, which provides evidence for nitroxyl, the one-electron reduced form of nitric oxide.
These reactions also generate carbon dioxide, ammonia, nitrite, and nitrate. None of these products form
within 1 h in the absence of hydrogen peroxide or horseradish peroxidase. Electron paramagnetic resonance
spectroscopy and trapping studies show the intermediacy of a nitroxide radical and a C-nitroso species
during this reaction. Absorption spectroscopy indicates that both compounds I and II of horseradish
peroxidase act as one-electron oxidants of hydroxyurea. Nitroxyl, generated from Angeli’s salt, reacts with
ferric horseradish peroxidase to produce a ferrous horseradish peroxidase-nitric oxide complex. Electron
paramagnetic resonance experiments with a nitric oxide specific trap reveal that horseradish peroxidase is
capable of oxidizing nitroxyl to nitric oxide. A mechanistic model that includes the observed nitroxide radical
and C-nitroso compound intermediates has been forwarded to explain the observed product distribution.
These studies suggest that direct nitric oxide producing reactions of hydroxyurea and peroxidases may
contribute to the overall pharmacological properties of this drug.

Hydroxyurea (1) blocks DNA synthesis by inhibiting ribo-
nucleotide reductase and represents an effective treatment for a
number of cancers, especially leukemias.1 Such activity has led
to the suggestion of hydroxyurea as a possible HIV therapy.2

Hydroxyurea has also recently emerged as a new approved
treatment for sickle cell disease.3,4 The beneficial effects of
hydroxyurea treatment to the sickle cell patient appear to result
from an increase in the production of fetal hemoglobin, a
genetically distinct hemoglobin that prevents the polymerization
of deoxy sickle cell hemoglobin.3,4 However, some sickle cell
patients benefit from hydroxyurea treatment before their levels
of fetal hemoglobin increase, indicating that the positive effects
of hydroxyurea cannot be completely explained by an increase
in fetal hemoglobin.3-6 Despite the use of hydroxyurea as a
treatment for these various conditions, clear molecular mech-
anisms describing hydroxyurea’s actions remain to be described.

Recent reports indicate that hydroxyurea acts as a source of
nitric oxide (NO) under oxidative conditions. Nitric oxide plays
a direct role in the maintenance of normal blood pressure and
flow, the immune response, and neurotransmission.7 Treatment
of hydroxyurea with hydrogen peroxide and copper(II) sulfate
produces a “NO-like” species capable of nitrosating morpholine
that eventually decomposes to nitrite (NO2

-) and nitrate (NO3-),
the stable oxidative decomposition products of NO.8 Electron
paramagnetic resonance (EPR) studies demonstrate that the
chemical oxidation of hydroxyurea with hydrogen peroxide or
copper(II) sulfate in aqueous dimethyl sulfoxide produces the
nitroxide radical (2).9 Treatment of hydroxyurea with hydrogen
peroxide and heme proteins produces the nitroxide radical (2),
NO2

-, and NO as judged by EPR experiments with use of an
NO-specific trap.10 Similar EPR studies show the production
of NO during the oxidation of hydroxyurea with hydrogen
peroxide in the presence of various copper-containing en-
zymes.11 The reaction of hydroxyurea and bovine oxyhemo-
globin (oxyHb, Fe2+-O2) forms2 and iron nitrosyl hemoglobin
(HbNO, Fe2+-NO).12 Recent EPR studies demonstrate the in
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vivo formation of HbNO in the blood of both rats and humans
upon administration of hydroxyurea.13,14 Under physiological
conditions, HbNO reportedly exists in an oxygen-dependent
equilibrium with the vasorelaxant proteinS-nitrosohemoglobin
(SNO-Hb,S-nitrosated on theâ-93 cysteine residues).15,16 As
NO also inhibits ribonucleotide reductase and both NO and
HbNO have been proposed as potential therapies for sickle cell
disease,17-20 the in vivo formation of NO from hydroxyurea
could explain a portion of hydroxyurea’s effects and define new
NO-based strategies for treatment of these conditions.We
previously demonstrated hydrogen peroxide slowly oxidizes
hydroxyurea to produce nitrous oxide (N2O), evidence for
nitroxyl or the nitroxyl ion (HNO/NO-).21 Adventitious metal
ions most likely assist this process in which trapping experiments
reveal the C-nitroso species (3) as an intermediate.21 In addition,
ferric heme groups oxidize hydroxyurea to produce an iron-
NO complex and ferric heme-containing proteins, such as
methemoglobin (metHb, Fe3+), react with hydroxyurea in vitro
to form HbNO.22,23Such results prompted our investigation of
whether peroxidases, iron heme containing enzymes activated
by hydrogen peroxide, could act as catalysts for NO release
from hydroxyurea. Here we demonstrate the ability of horserad-
ish peroxidase (HRP) to catalyze both NO and HNO production
from hydroxyurea. Furthermore, EPR spectroscopy and trapping
studies reveal the presence of both the nitroxide radical (2) and
the C-nitroso compound (3) during this reaction. Absorption
spectroscopy shows hydroxyurea reduces both compounds I and
II, the reactive oxidative intermediates of the HRP reaction
cycle. Both absorption and EPR spectroscopy identify ferric
HRP and possibly compounds I and II as oxidants capable of
converting HNO to NO and producing a ferrous HRP-NO
complex. Together these results allow the development of a
mechanistic model to explain product formation during these
reactions.

Materials and Methods

Materials. Hydroxyurea, 30% hydrogen peroxide, potassium cya-
nide, and horseradish peroxidase (Type I) were purchased from Sigma
Chemical Company, St. Louis, MO. 2-(4-Carboxyphenyl)-4,5-dihydro-

4,4,5,5,-tetramethyl-1H-imidazolyl-1-oxy-3-oxide, potassium salt (Car-
boxy-PTIO) and sodium trioxodinitrate (Angeli’s salt) were purchased
from Cayman Chemical Company, Ann Arbor, MI. 1,3-Cyclohexadiene
was purchased from Aldrich Chemical Co., Milwaukee, WI.

Horseradish Peroxidase Catalyzed Oxidation of Hydroxyurea.
Hydrogen peroxide (30%, 12.5µL, 0.1 mmol, 50 mM) was added to
a solution of hydroxyurea (7.6 mg, 0.1 mmol, 50 mM) and HRP (3.1
mg, 11.5µM) in phosphate buffer (100 mM, pH 7.4, 2.0 mL) at room
temperature. The concentration of HRP was determined by measuring
the absorbance at 402 nm in a 0.5 cm path-length cell and using an
extinction coefficient of ε ) 9.5 × 104 M-1 cm-1.24 UV-vis
measurements were taken on either a Hewlett-Packard 8452a diode
array spectrophotometer (Wilmington, DE) or a Cary 100 Bio UV-
visible spectrophotometer (Varian, Walnut Creek, CA). The flask was
capped with a rubber septum and reaction products were analyzed after
1 and 24 h. Each reaction was performed in triplicate and the yields
averaged. An identical reaction was run in the presence of KCN (6.5
mg, 0.1 mmol), and the products were analyzed in a similar fashion.

Gas Chromatographic Analysis of Reaction Headspace.After 1
and 24 h, an aliquot of the reaction headspace (250µL) was injected
onto a 6890 Hewlett-Packard gas chromatograph equipped with a
thermal conductivity detector, a 6 ft× 1/8 in. Porapak Q column at an
operating oven temperature of 50°C (injector and detector 150°C)
with a flow rate of 16.67 mL/min (He, carrier gas). The retention times
of carbon dioxide and nitrous oxide were 2.14 and 2.78 min,
respectively, and identical to known samples of CO2 and N2O (Aldrich).
The yields were calculated on the basis of a standard curve prepared
by injecting known amounts of these gases.

Gas Infrared Spectroscopy of Reaction Headspace.After 24 h,
the reaction headspace was transferred by a gastight syringe to an argon-
flushed flow-through gas infrared (IR) spectroscopy cell (10 cm)
equipped with NaCl plates as windows sealed with beeswax. An IR
spectrum was recorded for each reaction on a Mattson 4020 Galaxy
Series FT-IR spectrophotometer. Standard spectra were obtained from
known samples of these gases (Aldrich).15N-Hydroxyurea used in these
reactions was prepared as previously described.25

Nitrite and Nitrate Analysis. An aliquot (5 µL) of the reaction
mixture was injected into the reaction vessel of a Sievers 280 nitric
oxide analyzer chemiluminescence detector. This apparatus directly
detects NO and can be used for nitrite and nitrate analysis under
conditions where these species are converted to NO. For nitrite analysis,
the reaction vessel contained 1% w/v KI in glacial acetic acid to reduce
nitrite to NO. For nitrate analysis, the reaction vessel contained a
solution of vanadium(III) chloride in hydrochloric acid at 90°C that
reduces both nitrite and nitrate to nitric oxide. The nitrate concentration
is thus obtained by subtracting the measured nitrite concentration from
the concentration of nitrite and nitrate. The concentrations of nitrite
and nitrate were determined based on a standard curves.

Ammonia Analysis. Ammonia was detected and quantified with
use of a commercial ammonia test kit (Sigma 171-A). This method for
ammonia detection is based on the glutamate dehydrogenase catalyzed
reductive amination of 2-oxogluatarate by NADPH. The decrease in
absorbance at 340 nm due to the oxidation of NADPH is proportional
to the ammonia concentration.

Trapping of Cycloadduct (4). 1,3-Cyclohexadiene (19.0µL, 0.1
mmol, 50 mM) was added to a solution of hydroxyurea (7.6 mg, 0.1
mmol, 50 mM), hydrogen peroxide (30%, 12.5µL, 0.1 mmol, 50 mM),
and HRP (3.1 mg, 11.5µM) in phosphate buffer (100 mM, pH 7.4,
2.0 mL) at room temperature. The reaction was monitored by TLC
and after 1 h the reaction mixture was extracted with EtOAc (2× 2.0
mL), dried over MgSO4, and evaporated to give cycloadduct (4) as a
residue: TLCRf 0.26; 1H NMR (300 MHz, CDCl3, TMS internal
standard)δ 6.4 (m, 2H), 4.7 (s, 1H), 4.9 (s, 1H), 1.4 (m, 4H).26
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EPR Detection of Nitroxide Radical (3).A solution of hydroxyurea
(500 mM), hydrogen peroxide (290 mM), and HRP (30µM) in
phosphate buffer (100 mM, pH 7.4) was placed in a flat EPR tube.
EPR spectra were taken on a Bruker ER200D spectrometer using 13.4
mW microwave power, 1.25 G modulation amplitude, and a 9.80 GHz
microwave frequency at room temperature.

Chemiluminescence NO Detection.A solution of hydroxyurea (1.0
mM) and horseradish peroxidase (0.2µM) was placed directly into
the sealed reaction vessel of a Sievers 280 nitric oxide analyzer
chemiluminescence detector that was continuously purged with argon.
To this solution, aliquots (5.0 and 10.0µL) of H2O2 (5.0 mM) were
injected and the current was recorded.

EPR Detection of NO with 2-(4-Carboxyphenyl)-4,5-dihydro-
4,4,5,5,-tetramethyl-1H-imidazolyl-1-oxy-3-oxide, Potassium Salt
(Carboxy-PTIO). A solution of hydroxyurea (50 mM), HRP (11.5µM),
and Carboxy-PTIO (0.20µM) in phosphate buffer (100 mM, pH 7.4,
0.3 mL) was placed in a flat EPR tube. A control spectrum was taken
on a Bruker ER200D spectrometer at room temperature using 8.5 mW
microwave power, 1.25 G modulation amplitude, and 9.8 GHz
microwave frequency. A solution of hydrogen peroxide (50 mM) in
phosphate buffer (100 mM, pH 7.4) was then added to this mixture
and spectra were recorded on the same instrument under similar
conditions over the next 40 min. Similarly, a solution of sodium
trioxodinitrate (3µL, 0.0003 mmol, 1.0 mM) in 0.01 M NaOH was
added to a solution of HRP (3.1 mg, 11.5µM) and Carboxy-PTIO
(4.0 µM) in the absence or presence of hydrogen peroxide (1.0 mM)
in phosphate buffer (100 mM, pH 7.4, 0.3 mL) at room temperature in
a flat EPR tube. EPR spectra of these solutions were taken on a Bruker
ER200D spectrometer at room temperature using 8.5 mW microwave
power, 1.25 G modulation amplitude, and 9.8 GHz microwave
frequency.

UV-Vis and EPR Detection of Ferrous HRP-NO from the
Reaction of Sodium Trioxodinitrate with Horseradish Peroxidase.
A solution of sodium trioxodinitrate (20µL, 0.002 mmol, 1.0 mM) in
0.01 M NaOH was added to a degassed solution of HRP (3.1 mg, 11.5
µM) in phosphate buffer (100 mM, pH 7.4, 2.0 mL) at room temperature
in a cuvette. UV-vis measurements were taken every minute on a Cary
100 Bio UV-visible spectrophotometer (Varian, Walnut Creek, CA).
Similarly, a solution of sodium trioxodinitrate (15µL, 0.0015 mmol,
5.0 mM) in 0.01 M NaOH was added to a degassed solution of HRP
(20.9 mg, 500µM) in phosphate buffer (100 mM, pH 7.4, 0.3 mL) at
room temperature in an EPR tube and frozen in liquid nitrogen (77
K). EPR spectra were taken on a Bruker ER200D spectrometer using
8.5 mW microwave power, 5.0 G modulation amplitude, and 9.32 GHz
microwave frequency. Theg-values were determined from a superim-
posed spectrum of 2,2-diphenyl-1-picrylhydrazyl,g ) 2.0036.

Results

Addition of hydrogen peroxide (50 mM) to a pale yellow
solution of hydroxyurea (50 mM) and horseradish peroxidase
(HRP, 11.5µM) in phosphate buffer produces a reddish colored
solution within 1 min. Over the next 10 min, the color of the
solution returns to a pale yellow, similar to that of the starting
solution, with the noticeable evolution of gas. Absorption
measurements show the characteristic Soret absorbance for ferric
horseradish peroxidase at 402 nm in the original solution shifts
to 419 nm upon hydrogen peroxide addition and then returns
to 402 nm over time (Figure 1).27 The absorption spectrum of
the final reaction mixture appears similar to the initial spectrum
of ferric HRP. Addition of hydrogen peroxide (50 mM) to a
solution of HRP (11.5µM) in the absence of hydroxyurea also
produces a reddish colored solution characterized by an absor-

bance at 419 nm within 1 min that remains stable over 10 min.
Gas evolution also greatly diminishes in the absence of hydroxy-
urea. Addition of hydroxyurea (50 mM) to this solution shifts
the absorbance back to 402 nm. No changes occur in the HRP
absorption spectrum upon addition of hydroxyurea to a solution
of HRP in the absence of hydrogen peroxide (Figure 1).

Gas chromatographic analysis of the headspace above a
solution of hydroxyurea, hydrogen peroxide, and HRP after 1
h reveals the presence of nitrous oxide (N2O, 20%) and carbon
dioxide (CO2, 21%). Gas-phase infrared spectroscopy of the
reaction headspace confirms the formation of these gases by
showing characteristic peaks at 2363 cm-1 for CO2 and 2223
and 1284 cm-1 for N2O.28 Substituting15N-hydroxyurea for14N-
hydroxyurea in this reaction shifts the peaks for N2O to 2154
and 1265 cm-1, indicative of15N15NO formation, and does not
change the peak at 2363 cm-1 for CO2.28 Similar analysis of
the headspace of a reaction mixture that did not contain HRP
fails to show the presence of either of these gases after 1 h.
Nitrous oxide and carbon dioxide also did not form after 1 h
upon addition of hydroxyurea to a solution of HRP in the
absence of hydrogen peroxide. The addition of potassium
cyanide (KCN, 50 mM) also completely suppresses the forma-
tion of these gases. Analysis after 24 h shows that the amounts
of these gases do not increase over time (N2O, 15%, CO2, 23%).
Addition of another aliquot of hydrogen peroxide after 1 h also
does not produce more N2O and CO2.

Chemiluminescence measurements show the formation of
nitrite (NO2

-, 7%) and nitrate (NO3-, 19%) after 1 h of reaction
of hydroxyurea with hydrogen peroxide in the presence of HRP.
Again, these nitrogen oxides did not form after 1 h in the
absence of HRP or hydrogen peroxide. A spectrophotometric
ammonia detection assay based upon theL-glutamate hydro-
genase catalyzed reductive amination of 2-oxoglutarate shows
the presence of small amounts of ammonia (NH3, 4%) from
the reaction of hydroxyurea with hydrogen peroxide in the
presence of HRP. All chemical yields are based upon the
possibility of one molecule of hydroxyurea producing one
molecule each of CO2, NH3, and nitrogen monoxide (NO or
HNO) with nitrite and nitrate being derived from NO or HNO.

(27) Yonetani, T.; Yamamoto, H.; Erman, J. E.; Leigh, J. S.; Reed, G. H.J.
Biol. Chem. 1972, 247, 2447-2455.

(28) Pinchas, S.; Laulicht, I.Infrared Spectra of Labeled Compounds; Academic
Press: London, 1971; p 218.

Figure 1. Absorbance spectra of ferric HRP (solid line), HRP and
hydroxyurea (short dashed line), HRP and hydroxyurea immediately after
hydrogen peroxide addition (dash-dot line), and HRP, hydroxyurea, and
hydrogen peroxide after 20 min (long dashed line).
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Room temperature EPR analysis of a solution of hydroxyurea,
hydrogen peroxide, and HRP reveals a distinct six-line resonance
pattern characteristic of nitroxide radical (2, Figure 2). This
spectrum is identical with reported spectra of2 generated by
the oxidation of hydroxyurea with excess hydrogen peroxide,
copper(II) sulfate, or oxyHb.9,12This signal reaches a maximum
intensity approximately 5 min after mixing the reagents and
persists at least for 20 min. Addition of hydrogen peroxide to
hydroxyurea in the absence of HRP does not produce a signal.
The EPR spectrum at 77 K of the final reaction mixture also
appears identical to an initial EPR spectrum of ferric HRP.

Addition of hydrogen peroxide to a solution of hydroxyurea
and HRP in the presence of 1, 3-cyclohexadiene (50 mM)
produces the cycloadduct (4, Scheme 1) in 42% yield after 1 h.
Isolation and characterization by1H NMR spectroscopy of this
cycloadduct provides clear evidence for the intermediacy of the
C-nitroso compound (3) in this reaction (Scheme 1). The
cycloadduct4 did not form after 1 h in theabsence of HRP or
in the presence of KCN (50 mM).

Chemiluminescence NO detection shows that horseradish
peroxidase directly catalyzes the formation of NO from hy-
droxyurea in the presence of hydrogen peroxide. Addition of
small amounts of hydrogen peroxide to a degassed solution of
hydroxyurea (1.0 mM) and HRP (0.2µM) in the reaction
chamber of a commercial chemiluminescence NO detector
produces an immediate increase in voltage indicative of NO
formation (Figure 3). A rapid burst of NO production ac-
companies each addition of hydrogen peroxide with the amount
of NO produced being proportional to the amount of hydrogen
peroxide added (Figure 3). Under these conditions, repeated
additions of hydrogen peroxide generate NO. Using higher
concentrations of hydrogen peroxide and hydroxyurea as above
produces off-scale amounts of NO in this assay. Addition of
hydrogen peroxide to hydroxyurea in the absence of HRP fails
to produce any voltage change.

Room temperature EPR experiments with the nitric oxide
selective trap, 2-(4-carboxyphenyl)-4,5-dihydro-4,4,5,5,-tetram-
ethyl-1H-imidazolyl-1-oxy-3-oxide (carboxy-PTIO) provide fur-
ther evidence of HRP catalyzed NO production from hydrox-
yurea in the presence of hydrogen peroxide. Carboxy-PTIO
produces a five-line EPR spectrum and reacts with NO to form
an imino nitroxide radical, 2-(4-carboxyphenyl)-4,5-dihydro-
4,4,5,5,-tetramethyl-1H-imidazolyl-1-oxy (carboxy-PTI), which
produces a distinct seven-line EPR spectrum (Scheme 2).29

Addition of hydroxyurea to a solution of HRP and carboxy-
PTIO only shows the five-line spectrum of carboxy-PTIO,
indicating that hydroxyurea and HRP alone do not react to form
NO (Figure 4). Addition of hydrogen peroxide to this reaction
mixture rapidly produces a nine-line EPR spectrum indicative
of a mixture of carboxy-PTIO and carboxy-PTI (Figure 4).29

The formation of carboxy-PTI under these conditions demon-
strates NO formation and supports the results of the chemilu-
minescence experiments. In the absence of hydroxyurea, the
addition of hydrogen peroxide or HRP to a solution of carboxy-
PTIO does not change the EPR spectra. Addition of both

(29) Akaike, T.; Maeda, H.Methods Enzymol.1996, 268, 211-221.

Figure 2. Room temperature EPR spectrum of the nitroxide radical (2)
formed by the addition of hydrogen peroxide to a solution of HRP and
hydroxyurea.

Scheme 1

Figure 3. Chemiluminescent NO detection from the addition of hydrogen
peroxide to a solution of HRP and hydroxyurea. The first six peaks arise
immediately following the addition of 10µL of a 5 mMhydrogen peroxide
solution. The last five peaks arise immediately following the addition of 5
µL of a 5 mM hydrogen peroxide solution.

Figure 4. (A) Room temperature EPR spectrum of a mixture of HRP,
hydroxyurea, and carboxy-PTIO. (B) Room temperature EPR spectrum of
a mixture of HRP, hydroxyurea, carboxy-PTIO, and hydrogen peroxide.

Scheme 2
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hydrogen peroxide and HRP to a solution of carboxy-PTIO in
the absence of hydroxyurea rapidly quenches the five-line EPR
signal.

Addition of sodium trioxodinitrate (Angeli’s salt), a known
donor of HNO, to an anaerobic solution of HRP produces a
shift in absorbance in the Soret region from 402 to 420 nm and
also an increase in absorbance at 545 and 575 nm (Figure 5).
These absorbance changes correspond to the formation of a
ferrous HRP-NO complex.27 Figure 6 shows the mixture of
Angeli’s salt and ferric HRP produces an EPR spectrum
characterized by resonances atg ) 2.08, 2.00, and 1.95. With
the exception of the well-resolved splitting of the central
resonance, this spectrum appears identical with a reported
spectrum of ferrous NO-HRP.27

Room temperature EPR experiments in the presence of
carboxy-PTIO also show evidence of NO formation during the
reaction of Angeli’s salt with HRP (Figure 7). Addition of
Angeli’s salt to a solution of ferric HRP in the absence of
hydrogen peroxide completely converts carboxy-PTIO to car-
boxy-PTI, indicating NO formation (Figure 7B). No formation
of carboxy-PTI occurs upon addition of Angeli’s salt to carboxy-
PTIO in the absence of HRP (Figure 7A). In the presence of
hydrogen peroxide, addition of Angeli’s salt to ferric HRP also

converts carboxy-PTIO to carboxy-PTI (Figure 7C). In the
absence of hydrogen peroxide, the carboxy-PTI signal appears
unstable and disappears within 5 min. However, in the presence
of hydrogen peroxide the seven-line carboxy-PTI signal appears
more stable and persists over 20 min.

Discussion

Horseradish peroxidase catalyzes the formation of nitric oxide
and nitroxyl from hydroxyurea in the presence of hydrogen
peroxide as shown by chemiluminescence, EPR, and gas
chromatographic analysis. Chemiluminescence NO detection
provides clear and direct evidence of NO formation from this
reaction and experiments with the NO-specific EPR trap,
carboxy-PTIO, support these results. Gas chromatographic
nitrous oxide identification provides strong evidence for the
intermediacy of nitroxyl, the one-electron reduced form of NO
that rapidly dimerizes and dehydrates to form N2O.30 The
formation of nitrite and nitrate, stable oxidative decomposition
products of NO,31 further supports the intermediacy of NO and
HNO in this reaction. Addition of hydrogen peroxide to
hydroxyurea does not produce nitric or nitrous oxide within 1
h, indicating that the protein accelerates the production of these
species. Suppression of product formation upon the addition of
KCN, which binds to the ferric heme group, specifically shows
the importance of this group in this reaction. These experiments
also show HRP does not directly react with hydroxyurea to form
nitric and nitrous oxide and hydrogen peroxide is required for
product formation.

In the absence of HRP, hydrogen peroxide slowly reacts with
hydroxyurea to form nitrous oxide, carbon dioxide, ammonia,
and nitrite and trapping experiments also show the intermediacy
of theC-nitroso compound (3) in this reaction.21 The identifica-
tion of these products and3 during the reaction of hydroxyurea
and hydrogen peroxide in the presence of HRP suggests that
the HRP catalyzed reaction may be mechanistically similar to
the non HRP catalyzed reaction. Scheme 3, proposed for the

(30) Hughes, M. W.Biochim. Biophys. Acta1999, 1411, 263-272.
(31) Wink, D. A.; Darbyshire, J. F.; Nims, R. W.; Saavedra, J. E.; Ford, P. C.

Chem. Res. Toxicol. 1993, 6, 23-27.

Figure 5. Absorbance spectra of ferric HRP (solid line), HRP and sodium
trioxodinitrate after 1 min (long dashed line), and HRP and sodium
trioxodinitrate after 20 min (short dashed line).

Figure 6. EPR spectrum of HRP and sodium trioxodinitrate at 77 K.

Figure 7. (A) Room temperature EPR spectrum of a mixture of sodium
trioxodinitrate and carboxy-PTIO. (B) Room temperature EPR spectrum
of a mixture of sodium trioxodinitrate, HRP, and carboxy-PTIO. (C) Room
temperature EPR spectrum of a mixture of sodium trioxodinitrate, HRP,
carboxy-PTIO, and hydrogen peroxide.
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reaction of hydroxyurea and hydrogen peroxide in the absence
of HRP,21 provides a possible explanation for the formation of
these products during the HRP catalyzed oxidation of hydrox-
yurea. Single electron oxidation of hydroxyurea produces the
nitroxide radical (2) and further single electron oxidation of2
would produce theC-nitroso compound (3, Scheme 3). The
C-nitroso compound (3) reacts with 1,3-cyclohexadiene to form
cycloadduct (4) or rapidly hydrolyzes in the absence of 1,3-
cyclohexadiene to carbamic acid (5) and HNO. Carbamic acid
(5) decomposes to carbon dioxide and ammonia. Nitrous oxide
forms from the rapid dimerization (k ) 1.8 × 109 M-1 s-1)
and dehydration of nitroxyl.30 Further oxidation of HNO
provides a route to nitric oxide and ultimately nitrite and nitrate.
Alternatively, NO formation may arise from the direct decom-
position of the nitroxide radical (2), as previously proposed.10

Scheme 3 accounts for all of the reactive intermediates and
products observed in this reaction at this time. Room temperature
EPR experiments and the identification of cycloadduct (4) from
trapping experiments provide direct evidence of both the
nitroxide radical (2) andC-nitroso compound (3) as intermedi-
ates. Chemiluminescence NO detection and EPR spectroscopy
show NO formation. Gas chromatography and gas-phase
infrared spectroscopy show both nitrous oxide and carbon
dioxide formation. Gas-phase infrared spectroscopic analysis
of the N-N bond stretching frequency indicates the formation
of only 15N15NO from the reaction with15N-hydroxyurea,
establishing that both nitrogen atoms of the produced N2O derive
from the NH-OH group of hydroxyurea. The formation of only
15N15NO supports the proposed mechanism of nitrous oxide
formation from the dimerization of nitroxyl derived from the
hydrolysis of3 (Scheme 3). While nitrous oxide formation can
be explained by nitroxyl dimerization and dehydration, other
possible mechanisms such as a reaction between nitric oxide
and the nitroxide radical (2) cannot be completely ruled out at
this time. A spectrophotometric assay also indicates the produc-
tion of small amounts of ammonia.

If the final stable reaction products all derive from the
C-nitroso compound (3), then Scheme 3 predicts the formation
of equal amounts of carbon dioxide, ammonia, and nitrogen
oxides (N2O, NO, NO2

-, and NO3
-). If 2 also decomposes into

NO with formation of equal amounts of CO2 and NH3, then
Scheme 3 still predicts the formation of equal amounts of CO2,
NH3, and nitrogen oxides regardless of which reactive inter-
mediate may be involved. The nearly equal yields of CO2 and
N2O suggest that NO does not form from the further oxidation
of HNO and possibly that NO, NO2-, and NO3

- directly arise

from 2. While 2 has been proposed to decompose to NO,10 the
absence of a decomposition mechanism and complete hydrox-
yurea-derived product identification weakens any mechanistic
interpretation based on the reactivity of2. Also, only about half
as much CO2 and N2O form compared to the observed amount
of cycloadduct (4), which serves as a measure of3. Such
discrepancies may lie in the different sensitivities, interferences,
and precision of the various analytical techniques required to
measure the many reaction products. For example, the relatively
high concentration of hydrogen peroxide interferes with the
enzymatic NADPH-based assay and most likely accounts for
the low observed ammonia yield. As Scheme 3 probably does
not completely describe this complex process that includes many
reactive species, strict mechanistic interpretations based on these
yields at this time must remain tentative. Determination of the
product ratios under initial reaction conditions may provide
useful mechanistic information.

While product formation occurs rapidly within the first hour
of the HRP catalyzed reaction in the presence of excess
hydrogen peroxide, little change in the amount of products
occurs over longer periods of time. Under these conditions,
further addition of hydrogen peroxide does not generate more
products suggesting a loss of enzyme activity. Similarly, in the
presence of excess hydrogen peroxide HRP catalyzes the
formation of NO andL-citrulline from L-N-hydroxyarginine, the
biochemical precursor of NO.32 These products initially form
rapidly but the activity of the system decreases with time.32

Denaturing effects of NO or other nitrogen oxides possibly
reduce the activity of this system and absorption spectroscopy
shows evidence for a ferric HRP-NO complex.32 Absorption
studies show no evidence for the formation of a ferric HRP-
NO complex during the HRP catalyzed oxidation of hydrox-
yurea, suggesting that the activity loss in this system may result
from oxidative damage to HRP by the excess hydrogen peroxide.
Alternatively, a catalytically inactive ferric HRP-NO complex
could form but not be observable as nitric oxide reversibly binds
to the ferric heme of HRP and may not be stable under the
aerobic conditions used in this study.27 Also, hydrogen peroxide,
used in excess in this work, reverses NO binding to ferric HRP.33

The addition of small amounts of hydrogen peroxide to a
mixture of HRP and hydroxyurea repeatedly produces NO
without the apparent loss of activity as shown by chemilumi-
nescence studies. Such conditions may be useful for further
mechanistic studies.

Scheme 3 requires a one-electron oxidant for the conversion
of hydroxyurea to the nitroxide radical (2) and for the conversion
of 2 to the C-nitroso compound (3). The lack of product
formation from the reaction of HRP and hydroxyurea in the
absence of hydrogen peroxide indicates that the ferric heme
group of HRP does not oxidize hydroxyurea. This result
contrasts the ability of methemoglobin to react with hydroxyurea
in the absence of hydrogen peroxide to produce iron nitrosyl
hemoglobin.23 In the classic peroxidase activation and reaction
scheme, hydrogen peroxide formally performs a two-electron
oxidation of HRP to give a reactive intermediate designated
compound I.34 Compound I removes a single electron from a

(32) Boucher, J. L.; Genet, A.; Vadon, S.; Delaforge, M.; Mansuy, D.Biochem.
Biophys. Res. Commun. 1992, 184, 1158-1164.

(33) Ischiropoulos, H.; Nelson, J.; Duran, D.; Al-Mehdi, A.Free Radical Biol.
Med.1996, 20, 373-381.

(34) Walsh, C.Enzymatic Reaction Mechanisms; W. H. Freeman and Com-
pany: New York, 1979; pp 488-493.
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substrate to form a second reactive intermediate termed com-
pound II.34 Finally, compound II oxidizes a second substrate
molecule to return the enzyme to its resting state.34 Compounds
I and II thus provide potential oxidants for the conversion of
hydroxyurea to2 and 3 depicted in Scheme 3. Hydroxyurea
could be oxidized by compound I to form2, which could further
be oxidized by compound II to produce3 and return the enzyme
to the resting state (Scheme 4, first reaction). Such a sequence
represents an overall two-electron oxidation of hydroxyurea by
HRP. Alternatively, compounds I and II could each oxidize a
single hydroxyurea molecule to2 and these radicals could
disproportionate to form hydroxyurea and3 (Scheme 4, second
and third reactions).

The rapid shift in the maximum absorbance in the Soret region
from 402 to 419 nm followed by a slower return to 402 nm
indicates the accumulation of compound II. Such results suggest
that compound I, generated by the hydrogen peroxide oxidation
of ferric HRP, rapidly oxidizes hydroxyurea to form the
nitroxide radical (2) and compound II. Compound II then
oxidizes hydroxyurea or2 in a slower rate-determining step.
This observation supports the general trend that substrates react
faster with HRP compound I than compound II.35 Addition of
excess hydrogen peroxide to ferric HRP in the absence of
hydroxyurea shows complete conversion to HRP compound II
as judged by absorption spectroscopy and noted for other
peroxidases.36,37 The return of the absorption spectrum of
compound II to resting enzyme upon addition of hydroxyurea
clearly shows that compound II can oxidize hydroxyurea to
presumably form radical (2). These results favor a mechanism
where both compounds I and II oxidize hydroxyurea to2, which
then disproportionates to3 and hydroxyurea (Scheme 4, second
and third reactions). Whether compound II can oxidize2 remains
unclear and sequential one-electron oxidations of hydroxyurea
by compounds I and II to form3 cannot be ruled out at this
time (Scheme 4, first reaction). However, the identification of
compound II in this process eliminates a direct two-electron
oxidation of hydroxyurea by compound I as a possible mech-
anism for the formation of3.

The inclusion of compounds I and II as intermediates in the
oxidation of hydroxyurea by hydrogen peroxide may explain
the relatively slow product formation observed in the non-HRP
catalyzed reaction. As hydrogen peroxide does not act as a one-

electron oxidant, adventitious metals were suggested to play a
role in product formation.21 In support of the role of adventitious
metals in the non-HRP catalyzed reaction, our EPR results show
that the nitroxide radical (2) does not form upon addition of
hydrogen peroxide to hydroxyurea in buffer prepared from
distilled and deionized water. In contrast, this same experiment
performed in buffer prepared from tap water rapidly showed
the formation of the nitroxide radical (2, data not shown). Also,
addition of a small amount (10 mol %) of copper(II) sulfate to
a mixture of hydroxyurea and hydrogen peroxide produces large
amounts of nitrous oxide (46%) within 1 h. Such results suggest
that compounds I and II catalyze the hydroxyurea reaction by
acting as the one-electron oxidants required for ultimate product
formation as shown in Scheme 3.

While previous work shows that NO binds to both ferrous
and ferric HRP to form stable complexes,27 recent work shows
that NO acts as a substrate for both compound I and compound
II of HRP.38 Nitric oxide also acts as a substrate for a number
of mammalian peroxidases under physiological conditions.37

Related work demonstrates that NO modulates the catalytic
activity of myeloperoxidase primarily through the formation of
ferrous and ferric iron heme NO complexes.39 Such results
indicate that NO formed in the HRP catalyzed oxidation of
hydroxyurea could potentially compete with hydroxyurea as a
substrate for compound I or II. Single electron oxidation of NO
would produce NO+, which would form nitrite upon hydration.
At the present, no direct evidence exists to indicate that NO
acts as a substrate of HRP during the oxidation of hydroxyurea.

Identification of nitrous oxide during the HRP catalyzed
oxidation of hydroxyurea provides evidence for the intermediacy
of nitroxyl (HNO). The oxidation of HNO provides an alterna-
tive route to decomposition of2 for NO production (Scheme
3). Ferric heme containing proteins including methemoglobin
and metmyoglobin oxidize nitroxyl to form NO and ferrous
heme, which combine to give a stable iron nitrosyl complex.40,41

Alternatively, nitric oxide could form from the oxidation of
nitroxyl directly by the nitroxide radical (2) to also form
hydroxyurea (1). Nitroxyl reacts with oxygen to produce reactive
nitrogen oxide species and any such reactions would compete
with nitric oxide formation and must be considered.42

While hydroxyurea did not react with ferric HRP, absorption
spectroscopy shows that ferric HRP oxidizes nitroxyl generated
from Angeli’s salt to produce a ferrous HRP-NO complex. The
conversion of carboxy-PTIO to carboxy-PTI in the presence of
Angeli’s salt and HRP indicates that this system also generates
NO. The conversion of carboxy-PTIO to carboxy-PTI under
these conditions requires the presence of free nitric oxide and
suggests the reaction of HNO and ferric HRP occurs through
an outer sphere mechanism similar to the reaction of HNO with
ferricytochrome C.40 Thermodynamics also favor the oxidation
of HNO to NO (ENO/NO-° ) - 0.33 V) over the oxidation of
NO to NO+ (ENO+/NO° ) + 1.2 V) and the ability of HRP
compounds I and II to oxidize NO suggests that these species

(35) Dunford, H. B.; Stillman, J. S.Coord. Chem. ReV. 1976, 19, 187-251.
(36) Marquez, L. A.; Dunford, H. B.; Van Wart, H.J. Biol. Chem.1990, 265,

5666-5670.
(37) Abu-Soud, H. M.; Hazen, S. L.J. Biol. Chem.2000, 275, 37524-37532.

(38) Glover, R. E.; Koshkin, V.; Dunford, H. B.; Mason, R. P.Nitric Oxide:
Biol. Chem.1999, 6, 439-444.

(39) Abu-Soud, H. M.; Hazen, S. L.J. Biol. Chem.2000, 275, 5425-5430.
(40) Doyle, M. P.; Mahapatro, S. N.; Broene, R. D.; Guy, J. K.J. Am. Chem.

Soc. 1988, 110, 593-599.
(41) Bazylinksi, D. A.; Hollocher, T. C.J. Am. Chem. Soc. 1985, 107, 7982-

7986.
(42) Miranda, K. M.; Espey, M. G.; Yamada, K.; Krishna, M.; Ludwick, N.;

Kim, S.; Jourd’heuil, D.; Grisham, M. B.; Feelisch, M.; Fukuto, J. M.;
Wink, D. A. J. Biol. Chem.2001, 276, 1720-1727.
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should be capable of oxidizing HNO to NO.43 EPR experiments
with carboxy-PTIO also show NO formation upon addition of
Angeli’s salt to ferric HRP in the presence of hydrogen peroxide
suggesting that compounds I and II can mediate the conversion
of HNO to NO. While these experiments show NO formation
from HRP and Angeli’s salt, it is not clear at this time whether
HRP mediated oxidation of HNO occurs during the hydroxyurea
reaction.

With use of horseradish peroxidase as a model, these results
show in vitro peroxidase catalyzed NO and HNO formation from
the clinically used drug hydroxyurea. Peroxidase-catalyzed NO
release from hydroxyurea could play an important role in the
beneficial effects of hydroxyurea for the treatment of various
conditions. Hydroxyurea-derived NO should inhibit ribonucle-
otide reductase thus blocking DNA synthesis. The beneficial
effects of NO in sickle cell disease remain controversial but
could include direct vasodilation, inhibition of platelet aggre-
gration, or the modification of hemoglobin. Partial iron nitrosy-
lation may form hemoglobins with improved solubility prop-
erties that retain the ability to function as oxygen carriers capable
of oxygen delivery under physiological conditions.19,44 S-
Nitrosohemoglobin may form through an oxygen-dependent NO
migration from the iron atom of HbNO to the thiol group of
theâ-93 cysteine residue.15,16In addition to the important roles
that S-nitrosohemoglobin plays in blood pressure control by
releasing NO at low oxygen pressures,45,46 S-nitrosation of the
â-93 residue favors the high affinityR-state, which does not
polymerize, and increases the oxygen affinity of the pro-
tein.15,47,48

EPR studies already demonstrate the in vivo formation of
HbNO in the blood of both rats and humans upon administration
of hydroxyurea and15N-labeling studies shows that the NO
derives from hydroxyurea.13,14While hydroxyurea directly reacts
with oxy, deoxy, and metHb to form HbNO, these reactions
occur slowly in vitro and may not be responsible for in vivo

HbNO formation.22,23,49 Other oxidative enzymes have been
suggested as being responsible for catalyzing the metabolism
of hydroxyurea to NO, which could then react with deoxyHb
to form HbNO.13,14 This work shows in vitro peroxidase-
catalyzed NO and HNO production from hydroxyurea and
suggests the possibility of in vivo NO release especially in cells
that contain significant amounts of peroxidases and hydrogen
peroxide, such as neutrophils and monocytes. Also, oxidation
of hydroxyurea by the peroxidase-like ferryl hemoglobin, formed
by the reaction of hydrogen peroxide and metHb, provides
another interesting potential route of NO formation supported
by this work. Indeed, ferryl myoglobin converts the structurally
similar hydroxylamine to nitric oxide.50 Finally, these results
reinforce the recent work indicating that hydroxyurea releases
NO and HNO upon oxidation and warrant the consideration of
such species in the discussion of the biological properties of
hydroxyurea.

Summary

These studies demonstrate that horseradish peroxidase (HRP)
catalyzes the formation of nitric oxide (NO) from the clinically
used drug hydroxyurea. The reactive HRP intermediate com-
pounds I and II serve as one-electron oxidants of hydroxyurea
to produce a nitroxide radical (2) and aC-nitroso species (3),
which decompose to NO and nitroxyl (HNO), the one-electron-
reduced form of NO. These results indicate that peroxidase-
catalyzed NO release from hydroxyurea could play an important
role in the overall pharmacological properties of this drug.
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