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Abstract
The chemical reactivity, toxicology and pharmacological responses to nitroxyl (HNO) are often
distinctly different from those of nitric oxide (NO). The discovery that HNO donors may have
pharmacological utility for treatment of cardiovascular disorders such as heart failure and ischemia
reperfusion has led to increased speculation of potential endogenous pathways for HNO biosynthesis.
Here, the ability of heme proteins to utilize H2O2 to oxidize hydroxylamine (NH2OH) or N-hydroxy-
L-arginine (NOHA) to HNO was examined. Formation of HNO was evaluated with a recently
developed selective assay in which the reaction products in the presence of reduced glutathione
(GSH) were quantified by HPLC. Release of HNO from the heme pocket was indicated by formation
of sulfinamide (GS(O)NH2), while the yields of nitrite and nitrate signified the degree of
intramolecular recombination of HNO with the heme. Formation of GS(O)NH2 was observed upon
oxidation of NH2OH, whereas NOHA, the primary intermediate in oxidation of L-arginine by NO
synthase, was apparently resistant to oxidation by the heme proteins utilized. In the presence of
NH2OH, the highest yields of GS(O)NH2 were observed with proteins in which the heme was
coordinated to a histidine (horseradish peroxidase, lactoperoxidase, myeloperoxidase, myoglobin
and hemoglobin) in contrast to a tyrosine (catalase) or cysteine (cytochrome P450). That peroxidation
of NH2OH by horseradish peroxidase produced free HNO, which was able to affect intracellular
targets, was verified by conversion of 4,5-diaminofluorescein to the corresponding fluorophore
within intact cells.
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Introduction
Nitroxyl (HNO) has been shown to exhibit unique biological and pharmacological properties
compared to those of other nitrogen oxides. In the cardiovascular system, HNO donors increase
cardiac function (e.g., inotropy and lusitropy) in an additive and independent manner to β-
adrenergic signaling [1,2]. While HNO can induce early preconditioning-like effects that
protect heart tissue against ischemia-reperfusion injury [3], the outcome is dependent upon the
timing of administration [4]. In addition, HNO regulates calcium channels, both in the
cardiovascular and nervous systems [5–10]. These responses to HNO are often discrete from
those of its redox cousin nitric oxide (NO) [11,12]. Such findings have led recently to extensive
investigation of the chemical, biochemical and pharmacological properties of HNO,
particularly in comparison to NO (reviewed in [12,13]). Moreover, the potential for positive
cardiovascular impacts has intensified interest both in the production of HNO donors as
pharmacological agents [14] and in the elucidation of biosynthetic routes to HNO production.

HNO donors have been used clinically since the 1950s [15]. For instance, HNO is the active
metabolite of the alcohol sensitizing drug cyanamide (NH2CN) [16], which is used for
pharmacotherapy of alcohol abuse. Additionally, hydroxyurea, which is a chemotherapeutic
used to reduce the complications of sickle cell disease, was found to be oxidatively degraded
to HNO [17,18]. Although endogenous production of HNO has yet to be demonstrated in
vivo, numerous in vitro assays have indicated the existence of several potential biosynthetic
mechanisms. For instance HNO can be produced by the enzyme NO synthase (NOS) under
conditions where cofactor concentrations are limited [19–24] or by association of an S-
nitrosothiol and a thiol [25–28]. Furthermore, formation of HNO during the enzymatic
oxidation of cyanamide and hydroxyurea suggests that endogenous reduced nitrogen species
may be similarly converted to HNO.

Many heme proteins function as peroxidases in the catalyzed oxidation of a wide range of
substrates. Despite the protective and functional utility of peroxidases, an increase in
peroxidase activity has been implicated in the pathology of a number of diseases [29,30]. Here,
we examined the ability of heme proteins to produce HNO from peroxidation of hydroxylamine
(NH2OH) or N-hydroxy-L-arginine (NOHA), which are both produced during catalytic
turnover of NOS [20,31]. Hydroxylamine and derivatives such as NOHA and hydroxyurea are
logical substrates for formation of HNO by peroxidation since their nitrogens are two electrons
more reduced than that in HNO. Although in vivo concentrations of NH2OH and NOHA are
not well established, the pharmokinetics of hydroxyurea are better understood. At a standard
20 mg/kg dose of hydroxyurea, maximum serum levels can exceed 100 mM [32]. Although
such levels are expected only from exogenous sources, the demonstrated ability to accumulate
hydroxylamines suggests the possibility that this class of compound may function as
endogenous precursors of HNO.

Production of HNO from oxidation of NH2OH and NOHA was evaluated with a recently
developed, selective assay in which formation of sulfinamide (GS(O)NH2) from the association
of HNO with reduced glutathione (GSH) was quantified by HPLC [33]. The reaction of HNO
with GSH was further investigated in real-time by both chemiluminescence and fluorometric
assays.

Experimental Procedures
Materials

Hydroxylamine hydrochloride (NH2OH), reduced and oxidized glutathione (GSH and GSSG,
respectively), sodium nitrite (NO2

−), sodium nitrate (NO3
−), diethylenetriaminepentaacetic

acid (DTPA), horseradish peroxidase (HRP), horse heart myoglobin (metMb), human
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hemoglobin (metHb), hemin, catalase and lactoperoxidase (LPO) were obtained from Sigma-
Aldrich. 4,5-Diaminofluorescein diacetate (DAF) was purchased from Calbiochem (San
Diego, CA). Human leukocytes myeloperoxidase (MPO) [34] was purchased from Alexis
while human cytochrome P450 (P450) was acquired from Oxford Biomedical Research. All
proteins were used without further purification, and stock solutions were prepared fresh daily
at 100× in Milli-Q filtered water unless otherwise specified. NOHA was a generous gift from
Prof. Jon Fukuto (UCLA School of Medicine). 1-[2-(Carboxylato)pyrrolidin-1-yl]diazem-1-
ium-1,2-diolate (PROLI/NO) was a generous gift from Drs. Joseph Saavedra and Larry Keefer
(Laboratory of Comparative Carcinogenesis, National Cancer Institute at Frederick).
Sulfinamide was synthesized as previously described [33,35]. Stock solutions of NO were
prepared by sparging argon-deaerated 100 mM phosphate buffer (pH 7.4) with hydroxide
scrubbed NO (>99%; Matheson, Montgomeryville, PA).

Heme protein- and hemin-mediated peroxidation of NH2OH or NOHA
Enzymes, metMb, metHb or hemin (5 μM) were dissolved in sodium phosphate buffer (10
mM, pH 7.4) containing the metal chelator DTPA (50 μM), GSH (100 μM) and either NH2OH
or NOHA (500 μM). This level of substrate was assumed to be biologically feasible given the
high millimolar concentrations of hydroxyurea that can established [32]. Furthermore, these
conditions were chosen to optimize evaluation of the reaction given the concentration of GSH
(100 μM) required for the assay. The reaction was initiated by addition of H2O2 (100 μM) and
was allowed to proceed at 37°C for 10 min. The reaction was terminated by removal of protein
by centrifugal filtration (14,000 rpm for 30 min at 4°C, Microcon 3 kDa centrifugal filter
device, Millipore). The deproteinized ultrafiltrate was injected directly onto a C-18 HPLC
column to characterize the reaction products as previously described [33].

Fluorescent analysis
Human breast carcinoma (MCF-7) cells were cultured as attached cells to 80% confluence in
T-75 flasks (Nalge Nunc International, Rochester, NY) containing RPMI 1640 medium at 37°
C in a humidified incubator with 5% CO2 in air. A suspension of cells (106) was incubated
with DAF (5 μM) at 37°C for 15 min. Cells were rinsed with PBS three times by a cycle of
suspension and centrifugation. Fluorescence signal from cell suspensions in PBS containing
DTPA (50 μM) were analyzed on a Perkin Elmer LS50B fluorometer using an excitation at
495 and emission at 515 nm with 5.0 mm slit widths in a 2 mL reaction volume held at 37°C
while stirring with a water-jacketed cuvette holder [36].

Chemiluminescence analysis
Production of NO is commonly quantified from the chemiluminescence signal resulting from
reaction of NO with ozone [37]. Recently, a commercially available chemiluminescence
system (Sievers NO Analyzer, Ionics, Boulder, CO) was shown to also detect HNO in a GSH-
dependent manner [38]. Therefore, production of HNO during peroxidation of NH2OH or
NOHA was examined by performing the reaction in the helium-purged reaction vessel of the
analyzer.

Gas chromatographic and electron paramagnetic resonance analysis
Peroxidation of NH2OH (100 mM) by HRP (500 μM) was initiated by addition of H2O2 (50
mM) to the deaerated solution in phosphate buffer (50 mM, pH 7.4, 1.0 mL) contained in a
septum-stoppered flask. After two hours at room temperature, the yield of nitrous oxide
(N2O), as a marker of free HNO, was analyzed by injecting an aliquot of the reaction headspace
(250 μL) onto a 6890 Hewlett Packard gas chromatograph equipped with a thermal conductivity
detector and 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 time of
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N2O of 2.78 min was identical to authentic N2O (Aldrich), and the yield was calculated from
an N2O standard curve. An aliquot (300 μL) of the reaction solution was also transferred to an
EPR tube and frozen in liquid nitrogen. EPR spectra were recorded on a Bruker ER200D
spectrometer using 8.5 mW microwave power, 5.0 G modulation amplitude and 9.32 GHz
microwave frequency.

Results
Exposure of solutions of NH2OH (500 μM), H2O2 (100 μM) and GSH (100 μM) to hemin or
a selection of heme proteins induced production of GS(O)NH2, GSSG, nitrite and nitrate in
varying yields (Table 1). Product yields and composition were dependent upon the
concentrations of NH2OH and GSH, and the reaction did not proceed in the absence of
H2O2 (data not shown). We have previously shown that GS(O)NH2, formed from the
association of HNO with GSH (Eq. 1), is a reproducible and selective marker for HNO [33].

(1)

Based on generation of GS(O)NH2, metMb, HRP, MPO, and to a lesser extent metHb, were
most efficient at generating HNO in this system. HRP was used in subsequent studies since it
was among the most efficient producers of HNO.

In the absence of NH2OH, the oxidation of GSH to GSSG was enhanced 5-fold (22 ± 0.3 μM)
by addition of HRP compared to control, and formation of GS(O)NH2 was not observed.
Conversely, oxidation of NH2OH by HRP in the absence of GSH resulted in three- and twofold
increases in nitrite and nitrate, respectively. These results suggest that under the experimental
conditions utilized, GSSG represents oxidation of GSH, GS(O)NH2 indicates the amount of
free HNO that can be trapped by GSH, and nitrite/nitrate suggests autoxidation of either HNO
or NO, which is most likely produced by reductive nitrosylation of heme by HNO (Eq. 2).

(2)

Interestingly, HRP, MPO and LPO produced high yields of GS(O)NH2 and nitrate (with the
exception of MPO) relative to nitrite. The yields of GS(O)NH2 and nitrate where similar for
LPO and hemin, but hemin also produced significant nitrite as did the globins. Catalase
primarily produced GSSG and nitrate. Lastly, preliminary data indicated that cytochrome P450
produced little or no product, although the protein concentrations were low due to solubility
issues of this membrane protein.

EPR and gas chromatographic analyses provided further evidence of formation of HNO from
the reaction of NH2OH with HRP in the presence of H2O2. Reductive nitrosylation of the HRP
heme by HNO (Eq. 2) was indicated by the characteristic three-line EPR pattern of an Fe(II)
NO complex (Figure 1A). Gas chromatographic headspace analysis [16] confirmed a 13%
yield of N2O, which forms upon dehydration of the HNO dimer (Eq. 3) [39,40].

(3)

Production of free NO and HNO was detected by a chemiluminescence analyzer. Repeated
additions of H2O2 (5 μM) to a solution of NH2OH (500 μM) and HRP (5 μM) contained in the
analyzer reaction led to rapid but transient signal increases (Figure 1B). The consistent
maximum signal intensity upon each injection of stoichiometric aliquots of H2O2 compared
to HRP suggests that the measured product(s) is produced catalytically. Substantiation of a
catalytic mechanism will require future detailed analysis of kinetic parameters.
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The magnitude of the chemiluminescent signal decreased by 95% when GSH (100 μM) was
present in the buffer. Since the signal intensity of repeated injections of aliquots of an NO
solution (~100 mV) was insensitive to GSH (100 μM) (data not shown), these data suggest that
the chemiluminescence signal could result entirely from HNO or perhaps arise from a
combination of HNO and NO produced via reductive nitrosylation (Eq. 1). Alternatively, GSH
could quench the signal by reacting with an oxidative intermediate of HRP. Formation of GS
(O)NH2 as the primary product (Table 1) suggests that GSH reacts predominantly with HNO
rather than HRP intermediates.

NOHA is an intermediate of NOS catalysis and a potential source of HNO [31]. In contrast to
NH2OH (Table 1), addition of NOHA (500 μM) to solutions of HRP, metMb or metHb (5
μM) and H2O2 (100 μM) predominantly produced GSSG without observable GS(O)NH2
(Table 2), suggesting that free HNO is not produced by peroxidation of NOHA.

In previous studies, diffusion of HNO, releases upon decomposition of the donor Angeli’s salt,
into human cells was observed with the fluorophore DAF as the intracellular reporter [36]. The
species generated during decomposition of Angeli’s salt under aerobic conditions are
distinguishable from NO or peroxynitrite (ONOO−) [41–43]. For instance, Angeli’s salt
produced cardiac effects in vivo and in vitro that were different from those elicited by NO or
ONOO− [1,44,45]. In addition, nitrosation of DAF by NO occurred on a much longer time
scale [46] than triazole formation by HNO [36], due to the third order kinetics of NO
autoxidation. To confirm that peroxidatively generated HNO could migrate from the
extracellular medium into cells, MCF7 cells preloaded with DAF were exposed to HRP (5
μM), H2O2 (1–10 μM) and NH2OH (5–25 μM). The fluorescence intensity was enhanced dose-
dependently by both NH2OH (Figure 2A) and H2O2 (Figure 2B). Exposure of DAF-loaded
cells to only HRP, H2O2 or NH2OH or substitution of NOHA (100 μM) for NH2OH did not
induce fluorescent signal within cells (data not shown). When cells were exposed to HRP,
washed three times, then exposed to NH2OH and H2O2, the signal intensity was consistent
with HRP-null controls. Therefore, the cells did not appreciably internalize HRP, and
peroxidation primarily led to extracellular formation of a nitrogen oxide capable of oxidizing
DAF upon migration into the cell.

To distinguish between NO and HNO, a comparison was performed between PROLI/NO, an
NO donor with a two second half-life [47], and HRP peroxidation of NH2OH. Since PROLI/
NO releases two equivalents of NO, 1.25 μM PROLI/NO was utilized assuming 100%
efficiency of H2O2 (2.5 μM) consumption by HRP. The slower rate and lower final intensity
of the triazole signal from PROLI/NO compared to the peroxidative conditions (Figure 2C),
suggests that NO is not primarily responsible for the increase in intracellular fluorescence as
a consequence of peroxidation of NH2OH. Furthermore, the traces are kinetically distinct, with
the NO donor inducing an apparently first order increase and the HRP system presumably
following saturable Michaelis-Menten kinetics that suggests enzymatic generation.

Discussion
Heme-containing proteins are crucial to both the basal functions of cellular metabolism and
the responses to stress or disease conditions. When activated by H2O2, hemes peroxidatively
modify a wide variety of substrates. Of importance here is that reduced nitrogen compounds,
such as the hydroxylamine-derivative hydroxyurea, can be peroxidatively converted to HNO
[48]. Such pharmacological production of HNO raises the issue of whether endogenous
substrates can similarly function as biosynthetic precursors to HNO [49–51].
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NH2OH and NOHA are both produced by NOS catalysis [20,52,53]. In the presence of excess
thiol, NH2OH can also be formed from S-nitrosothiols (RSNO) under nitrosative stress [27]
through the intermediacy of an HNO/RSH adduct (Eqs. 4–6).

(4)

(5)

(6)

Here, production of HNO from peroxidation of NH2OH or NOHA was investigated by analysis
of GS(O)NH2 formation, by detection of chemiluminescence signal and by intracellular
reactivity with DAF. Using this approach, the present data (Table 1) demonstrate that hemin
and a variety of heme proteins are able to induce the oxidation of NH2OH to HNO, most likely
via the intermediacy of high valent species (Eqs. 7 and 8).

(7)

(8)

Under the experimental conditions utilized, GS(O)NH2 indicates the amount of free HNO that
can be trapped by GSH, GSSG represents oxidation of GSH, most likely by high-valent heme
centers (Eq. 9), and nitrite/nitrate represent the fraction of HNO that recombines with heme to
ultimately form a nitrosyl complex (Eq. 2) (Scheme 1).

(9)

The yield of GSSG can also be influenced by the ratio of HNO to GSH (Eqs. 5 and 6) [33,
35], but experimental conditions (100 μM GSH) were chosen to minimize this pathway. That
addition of NOHA did not result in formation of GS(O)NH2, nitrite or nitrate (Table 2) suggests
that NOHA is either not competitive with GSH (Eq. 9) for the ferryl-π cation intermediate (Eq.
7) or that the peroxidases utilized here were incapable of using NOHA as a substrate.

The highest yields of GS(O)NH2 were observed with heme proteins that contain a proximal
histidine (HRP, MPO, metMb and metHb, and to a lesser extent LPO; Table 1). In contrast,
GS(O)NH2 was not generated by proteins in which the heme was coordinated proximally by
either a tyrosine (catalase; Table 1) or a cysteine (P450; preliminary data). The product yield
from P540 may be a function of solubility issues, but catalase is known to oxidize NH2OH to
NO [54], rather than HNO. The relatively high yield of GSSG suggests either that GSH is a
suitable substrate for catalase (Eq. 9) or that production of NO leads to formation of an
intermediate capable of oxidizing NO. Interestingly, catalase oxidizes both cyanamide [16]
and hydroxyurea [48] to HNO. Further studies examining the effects of heme axial ligation on
HNO formation are required.

The yields of GS(O)NH2, signifying the presence of free HNO, and the varied ratios to other
products indicate the existence of competing pathways (Scheme 1). The ratio of GS(O)NH2
to nitrate can be envisioned to indicate the probability that HNO escapes the pocket to associate
with GSH (Eqs. 1, 5) rather than reductively nitrosylates the ferric heme to produce a ferrous
nitrosyl complex (Eq. 2). Autoxidation could then subsequently convert bound NO to nitrate
(Eq. 10)

(10)
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These competing pathways appear to be kinetically similar for hemin and LPO, while the other
proteins with the exception of catalase are biased toward diffusion and reaction of HNO with
distal targets such as GSH. These results demonstrate that although heme proteins are capable
of peroxidizing NH2OH to HNO, the ultimate fate of HNO is protein dependent.

The ratio of GS(O)NH2 to GSSG suggests that the kinetic relevance of GSH as a substrate (Eq.
9) compared to NH2OH (Eq. 8) is low for HRP and MPO and intermediate for meMb and
metHb. Similarly, the prevalence for a futile cycle (Eq. 11) is indicated by the ratio of GS(O)
NH2 to GSH.

(11)

In summary, MPO utilizes NH2OH and releases HNO most efficiently. HRP should also be
considered as an effective generator of HNO, but with perhaps a higher propensity for futile
cycles. LPO was utilized the substrates inefficiently and nonspecifically and had a similar
propensity for release and binding of HNO. The globins and hemin appeared to function
similarly except in the production of free HNO as depicted by the relative amounts of GS(O)
NH2 and GSH.

In contrast to the other proteins, the globins and hemin also produced significant nitrite. There
are many possible sources of nitrite. Likely possibilities include the reaction of HNO with NO
[55] or a more significant contribution of compound II. The unfavorability of dissociation of
free NO from the globin nitrosyls (Eq. 2) renders production of nitrite from autoxidation of
NO unlikely. The mechanism and molecular basis for nitrite formation requires further study.

Rather than reacting with the ferric heme, HNO efficiently escapes from the site of initial
oxidation in the heme pockets of MPO, HRP and metMb. Four factors would be predictive of
formation of free HNO: the redox chemistry of HNO, the off-rate of heme associated ligands
such as water, the acid-base chemistry of HNO, and the accessibility of the heme to the bulk
solution. Oxidation of HNO can occur via either inner-sphere or outer-sphere electron transfer.
The rate constant for inner sphere-electron transfer from HNO to heme proteins (~106 M− 1

s− 1 [11]) is two orders of magnitude higher than that of outer-sphere electron transfer to
common oxidants such as Tempol, ferricytochrome c and ferricyanide [11,56]. For the proteins
studied, inner sphere-electron transfer would be expected to rapidly produce nitrosyl
complexes (Eq. 2). However, two-electron transfer from NH2OH to compound I both produces
HNO and regenerates the ferric heme with an associated water (Eq. 7). Ford and Lorkovic
[57] have suggested that the rate of addition of NO to ferric hemes is determined by the
dissociative rate of water or similar ligands to provide an open coordination site. A dissociative
step is likely to be rate limiting for HNO as well.

Free NO could conceivably be produced upon deprotonation of HNO to NO− followed by
outer-sphere electron transfer with the heme. However, due to differing ground states (singlet
for HNO and triplet for NO−), acid-conjugate base conversion is extraordinarily slow [13] and
likely not kinetically significant.

The heme pocket structure may be a major determinant in formation of biologically active
HNO from peroxidases. Accessibility of the heme to extra-molecular targets or an open
structure that facilitates migration of HNO out of the active site pocket would enhance the
kinetic feasibility of diffusion compared to association with the heme. Ultimately, the ratio of
HNO to NO produced during peroxidation of NH2OH is likely determined by both heme
accessibility and the rate of dissociation of heme ligands.

In this study, proteins with proximal histidine ligands favored formation and migration of HNO
from the heme site while catalase (Table 1) and P450 (preliminary data not shown), with
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tyrosine and cysteine proximal ligands, respectively, did not generate significant free HNO.
Since hemin alone produced similar levels of GS(O)NH2 and nitrite/nitrate, the proximal ligand
cannot be the sole factor in either production or release of HNO. Rather, protein structure may
affect the efficiency of the peroxidation reaction or the kinetics of competing pathways for
HNO. The lack of detectable production of GS(O)NH2 by P450 may also simply be a function
of restricted diffusion of the substrate through the hydrophobic heme-binding pocket.
Alternatively, NH2OH may bind strongly to the P450 heme, and thus restrict heme reactivity
with peroxide. Furthermore, differences in product yields and ratios may result from varied
lifetimes of oxidative intermediates as a function of protein structure. The current results
provide the initial indication of the ability of heme proteins to biosynthesize HNO from reduced
substrates; detailed mechanistic and kinetic analyses as a function of protein structure will be
the subject of future studies.

It is likely that in the case of physiological production, the sensitivity to HNO produced
peroxidatively would be higher than that of available chemical measurements. Prior analyses
demonstrated that release of HNO from the donor Angeli’s salt resulted in conversion of
intracellular DAF to the fluorescent triazole [36]. The rapid increase in intracellular
fluorescence intensity upon incubation with extracellular HRP, NH2OH and H2O2 (Figure 2)
corroborated the HPLC (Table 1) and chemiluminescence data (Figure 1) indicating formation
of free HNO. The cellular assay also demonstrated that HNO was capable of diffusing from
the extracellular medium into cells, even in the presence of high GSH concentrations (e.g., a
3000-fold ratio of extracellular GSH to NH2OH was required to quench HRP-mediated
intracellular triazole signal). These findings are consistent with prior studies demonstrating
that cells efficiently sequester HNO [36]. Furthermore, that the cellular fluorescence signal
was augmented by 40% upon a twofold decrease in cellular GSH content (Figure 2B) suggests
that while GSH is an important target for HNO, cellular compartmentalization may enhance
the life-time of HNO sufficiently to facilitate cellular signaling [13,36]. Certainly, HNO donors
have been shown to be effective pharmacology agents both in vitro and in vivo for a variety of
conditions ranging from treatment of congestive heart failure to alcoholism (e.g. [1–9,58–
65]), despite high levels of cytoplasmic GSH.

That intracellular fluorescence was enhanced beyond control intensities with HRP and H2O2
(Figure 2A) suggests the presence of endogenous nitrogen substrates. However, production of
HNO required addition of an exogenous peroxidase system, and internalization of HRP was
not observed. Therefore, it is expected that such nitrogen endogenous substrates would have
to diffuse from the cell prior to peroxidation. Identification of such species requires further
investigation.

In summary, heme proteins and hemin have been shown to peroxidatively convert NH2OH
into HNO, which can escape the protein pocket to interact with other targets. End product ratio
analysis suggests that protein structure influences the relative rate of release of HNO,
potentially for cellular signaling, compared to consumption of HNO by recombination with
the heme followed by oxidative degradation. Interestingly, proteins such as hemoglobin and
myoglobin, which are not traditionally labeled as peroxidases, may be able to generate HNO
under pathophysiological conditions, particularly involving significant hemolysis. Under the
experimental conditions utilized, NOHA was not a suitable substrate for peroxidative
production of HNO. Nonetheless, the results may be physiologically relevant given that
NH2OH is endogenously available and can induce significant cardiovascular effects, including
vasodilation [66,67] and protection of cardiomyocytes against oxidative stress [68].
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Figure 1. Generation of Fe(II)NO and NO/HNO by HRP-mediated peroxidation of NH2OH
A) EPR spectra of HRP (50 or 500 μM) in the presence of NH2OH (100 mM) and H2O2 (100
mM). The spectrum shows the characteristic three line spectrum of a ferrous nitrosyl heme
complex. B) Chemiluminescence signal intensity during peroxidation of NH2OH by HRP.
H2O2 (final concentration 5 μM) was injected (arrows) into a sealed glass reaction chamber
containing 10 mM phosphate buffer (pH 7.4, 2 mL) with DTPA (50 μM), NH2OH (500 μM)
and HRP (5 μM) in either the absence or presence of GSH (100 μM) as indicated.
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Fig. 2. Fluorometric analysis of formation of HNO from peroxidation of NH2OH by HRP
DAF (5 μM) was incorporated into MCF-7 cells during a 15 min incubation period at 37°C.
Following centrifugation and wash steps to remove unincorporated DAF, signal intensity was
monitored in a suspension of 106 cells/mL in 10 mM phosphate buffer (pH 7.4) containing
DTPA (50 μM), HRP (5 μM) and H2O2 (2.5 μM) at 37°C. Intracellular triazole fluorescence
was detected at 515 nm following 488 nm excitation. A) Dose response to NH2OH; B) intensity
after 5 min following addition of H2O2 as indicated in the absence or presence of NH2OH. The
last panel shows the effect of depletion of GSH by overnight incubation with BSO (5 mM).
Data are representative A) or the mean B) of at least four individual experiments. C)
Comparison of intracellular fluorescence intensity during peroxidation of NH2OH or
decomposition of PROLI/NO (1.25 μM) in phosphate buffer alone.
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Scheme 1.
Competitive pathways in the peroxidation of NH2OH to HNO.
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