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The Chemistry and Biology of Nitroxyl (HNO):
A Chemically Unique Species with Novel and
Important Biological Activity

Jon M. Fukuto,*™ Andrew S. Dutton,® and Kendall N. Houk*™!

Introduction

In the late 1980s, it was reported that mammals synthesize
nitric oxide (NO) to elicit vasorelaxation." This significant
finding represents a fundamentally new paradigm in cell sig-
naling whereby a small, low-molecular-weight, normally gas-
eous species (in its pure form at room temperature and pres-
sure) is biosynthesized specifically for the purposes of cell
signal transduction. Since that watershed discovery, there has
been significant interest in nitrogen oxide biology and chemis-
try. It is now known that nitric oxide, and other related nitro-
gen oxides, play key roles in a variety of mammalian physio-
logical and pathophysiological processes. For example, nitro-
gen oxides are also biosynthesized in the central nervous
system, during an immune response, and in mitochondria (al-
though the mechanisms and roles of nitrogen oxide produc-
tion in these other systems are not well defined).”’ Along with
NO, other related/derived nitrogen oxide species have become
the subjects of research interest and are proposed to have bio-
logical significance. In this regard, the biology and chemistry
of peroxynitrite (ONOO™), nitrogen dioxide (NO,), and dinitro-
gen trioxide (N,O,), all species derived from reactions of NO
with oxygen and oxygen-derived species, have been examined
in detail and implicated in numerous physiological/pathophys-
iological processes.”! Reduced nitrogen oxides (relative to NO)
such as hydroxylamine (NH,OH) have received much less
recent attention but have been studied in the past with re-
gards to their biological activity/toxicity.”) Most nitrogen
oxides have been examined previously to the extent that the
mechanisms of their biological actions can be gleaned from
what is known about their chemical properties and reactivity.
However, among all nitrogen oxides, the one-electron reduced
NO species, nitroxyl (HNO), remains poorly understood and in-
adequately studied. This species, however, has garnered much
recent attention because of reports of its unique and potential-
ly important biological activity (vide infra). Herein, we briefly
review some of the recent discoveries regarding the unique
biological actions of HNO and then discuss some recent and
profound revelations about the novel chemistry of this enig-
matic nitrogen oxide species.

HNO Biology

It is well established that nitrogen oxides such as NO, NO,, and
ONOO™ can be generated in mammalian systems under certain
conditions. However, it is unknown whether HNO is endoge-
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nously generated since there has been no unequivocal demon-
stration of its production in mammalian cells (discussed in
more detail later). Therefore, the question of whether HNO is
an endogenous signaling/effector species, akin to NO, remains
unanswered. Regardless, several studies demonstrate potential-
ly important biological activity associated with pharmacologi-
cal administration of HNO. Some of the earliest studies in this
regard found HNO to be a fairly potent vasorelaxant, possibly
serving as a precursor to NO.” At about the same time, Naga-
sawa and co-workers reported that HNO was a potent inhibitor
of the enzyme aldehyde dehydrogenase and had the potential
to be developed as a treatment for alcoholism.®® The mecha-
nism by which HNO inhibits aldehyde dehydrogenase was pro-
posed to be through reaction with the active-site thiolate,
leading to covalent modification and loss of catalysis."® This
was one of the earliest demonstrations of the thiophilic reac-
tivity of HNO (vide infra), a property of HNO that might be
very important to its general biological activity. Other thiol pro-
teins are also susceptible to disruption by HNO. For example,
HNO will inhibit the activity of metal-binding transcription fac-
tors in yeast, again presumably through reaction with the thio-
late functional groups on the protein."" These studies in the
whole-cell yeast system indicate the capacity of HNO to cross
cell membranes and access intracellular space. The ability of
HNO to generally affect thiol systems in cells was also demon-
strated by Wink and co-workers when they reported that expo-
sure of fibroblasts to HNO resulted in a dramatic depletion of
the most prevalent intracellular thiol species, glutathione.”
The effects of intracellular glutathione depletion can be dra-
matic since it is, among other things, responsible for maintain-
ing protein thiols in their reduced form.

Ischemia-reperfusion injury is a phenomenon whereby ische-
mic (oxygen-deplete) tissues are greatly damaged when the
oxygen supply (reperfusion of blood) is reintroduced. The etiol-
ogy of this injury is not firmly established but probably in-
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volves the generation of “reactive oxygen species” (ROS) such
as superoxide (O,) and hydrogen peroxide (H,0,) during the
reperfusion event."¥ Nitric oxide is known to protect against
reperfusion injury, possibly by scavenging O, . However, HNO,
administered by using the HNO donor Angeli’s salt (vide infra),
greatly exacerbates ischemia-reperfusion injury when adminis-
tered during reperfusion.™ The exacerbation of ischemia-re-
perfusion injury by HNO is reported to be due to increased
neutrophil infiltration. Moreover, Takahira and co-workers pro-
pose that neutrophil infiltration in ischemia-reperfusion injury
might be due to the endogenous production of HNO, which
can be ameliorated by the administration of the anti-inflamma-
tory drug dexamethazone.™ Interestingly, when HNO is given
prior to ischemia, protection against subsequent reperfusion
damage is observed."®

Overactivation of the glutaminergic N-methyl-p-aspartate
(NMDA) receptor is involved in the excitotoxicity associated
with glutamate. Nitroxyl is protective against this type of toxic-
ity as it is able to attenuate the activity of the NMDA receptor
by modifying a critical thiol residue, exemplifying the ability of
HNO to react with protein thiols, leading to a decrease in Ca**
influx.'”? However, another study reports that HNO is capable
of increasing Ca’* influx by blocking a desensitization path-
way."® These dichotomous reports might be the result of dif-
ferences in the experimental conditions of the studies and
remain to be reconciled. Regardless, it is clear that HNO can
dramatically alter the activity of the NMDA receptor and the
nature of these actions is likely to be dependent on cellular/
experimental conditions.

Much of the recent excitement in the chemistry and biology
of HNO was the result of a report by Paolocci and co-workers
regarding the effects of HNO on failing hearts. They made the
provocative and pharmacologically important discovery that
HNO has the somewhat unique ability to increase left ventricu-
lar contractility and, at the same time, to lower cardiac preload
and diastolic pressure without increasing arterial resist-
ance.'"? The ability of nitroxyl to act in this regard makes it
an ideal candidate for treating heart failure since it will in-
crease heart contractility while decreasing vascular resist-
ance.?" These effects are independent of B-adrenergic signal-
ing and cGMP and are, instead, mediated by elevated levels of
calcitonin gene-related peptide.”>?? The activity of calcitonin
gene-related peptide is the result of its ability to activate the
calcitonin-receptor-like receptor. This is an adenylate cyclase-
coupled receptor system and, therefore, leads to an elevation
of intracellular cAMP.?2% This indicates that HNO can act (at
least in the vascular system) through a cAMP signal transduc-
tion pathway, which is fundamentally distinct from NO whose
vascular activity is due to elevation of cGMP. This “orthogonal”
relationship between HNO and NO indicates that the actions
of HNO are not merely due to its oxidative conversion to
NO.[ZZ]

Endogenous HNO generation

Based on the discussion above, it is tempting to speculate that
the unique signaling properties of HNO and its possible
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“orthogonal” relationship with NO are part of an intricate and
important endogenous signal transduction system. However, it
needs to be emphasized that there has, to date, been no un-
equivocal demonstration of the endogenous production of
HNO in mammalian systems. Of course, this does not necessa-
rily detract from the potential pharmacological importance of
HNO. The lack of evidence for endogenous HNO generation
might be due to the fact that there is currently no efficient,
specific and/or sensitive detection method amenable for use in
biological systems. Difficulties in developing appropriate detec-
tion systems are, to a large part, due to its inherent chemistry
and fleeting nature (vide infra). Regardless, several reports
allude to the possibility of biological HNO generation and
chemical/biochemical processes have been characterized
which allow for the possibility, if not probability, for endoge-
nous HNO formation. These processes are discussed below.

It is generally established that S-nitrosothiols can be formed
in mammalian systems from the reaction of protein or peptide
thiols with endogenously generated nitrogen oxide species.”
Although there is no consensus agreement as to the mecha-
nism(s) by which S-nitrosothiols are formed (or their biological
relevance), there appears to be little doubt that they are preva-
lent. Accepting this, one possible mechanism for the endoge-
nous generation of HNO is the reaction of an S-nitrosothiol
with another thiol species [Eq. (1)].2%27

RS—NO + R'—SH — RSSR’ + HNO (1)

The reaction of a thiol with an S-nitrosothiol can have an alter-
native outcome as well. Equation (1) depicts a process where-
by thiol attack occurs on the sulfur atom of the S-nitrosothiol
to give the corresponding disulfide and HNO. Alternatively, the
attacking thiol can react at the nitroso function, resulting in a
simple trans-nitrosation process (for example, the transfer of a
nitrosonium equivalent from one thiol to the other).”® The fac-
tors that govern the relative rates of these two competing
processes have not yet been thoroughly investigated.

Nitric oxide is synthesized by a family of enzymes referred to
as the nitric oxide synthases.” They are capable of converting
L-arginine to NO and vL-citrulline via an intermediate N-hy-
droxy-L-arginine. A number of chemical studies indicate that
HNO can be generated from oxidative degradation of N-hy-
droxy-L-arginine.®**? This has the potential to be a physiologi-
cally relevant process since N-hydroxy-L-arginine has been de-
tected at significant levels (up to 20 um) in plasma®3% and is
released by some cells in vitro.®® HNO might also be generat-
ed by nitric oxide synthase directly®®®” especially when it is
deplete of one of its prosthetic groups, tetrahydrobiopter-
in.[38'39]

Since HNO is the one-electron reduction product of NO, it is
possible that simple reduction of NO can result in endogenous
HNO formation. Indeed, it has been proposed that the reduc-
tion of NO can occur in mitochondria®®*" or by reaction with
ubiquinol,*? cytochrome ¢,*¥ manganese superoxide dismu-
tase,*” and xanthine oxidase.*” Clearly, an important factor in
the generation of HNO from biological NO reduction might be
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the reduction potential of NO. Recent and significant work
regarding the NO reduction potential will be discussed later.
Like NO, HNO possesses unique and potentially important
biological activity. Although it is not known whether the ac-
tions of HNO are part of a normal, endogenous signaling
system, the potential pharmacological importance of HNO ne-
cessitates further investigation of the intimate details of its
mechanism(s) of action. To date, the chemical mechanism by
which HNO elicits its potentially beneficial effects for the treat-
ment of heart failure or ischemic-reperfusion injury is wholly
unknown. Thus, the question remains: What is the chemistry
of HNO responsible for its observed biological activity? In the
following section, we discuss some of the fundamental chemi-
cal properties and reactivity of HNO, some of which has only
recently come to light. The chemistry discussed below serves
only as a starting point in our attempt to provide chemical
rationale for the unique and important biology of HNO.

The Physiological Chemistry of HNO

Before embarking on a discussion of the chemistry of HNO, it
is worthwhile to briefly address nomenclature. The term “ni-
troxyl” is, at best, ambiguous and confusing. It does little to
describe the structure or molecular makeup of this species. In
fact, a literature search of this term will reveal that it is used at
times to describe not only HNO but also the functional group
characterized by a stable unpaired electron otherwise called a
nitroxide (e.g. R,NO). A more appropriate, less ambiguous, and
more descriptive moniker for HNO is “nitrosyl hydride”.® How-
ever, the use of the term “nitroxyl” to refer to HNO is en-
trenched in both the chemical and biological literature. Thus,
we continue to use this term so as not to add to the confusion
and to remain consistent with most of the current literature on
this topic. A second issue is that “nitroxyl” is used to describe
both HNO and the conjugate base, NO~, which are in equilibri-
um in basic media (vide infra).

The chemistry of nitroxyl has been a topic of discussion for
over 100 years. The first recorded mention of nitroxyl was as a
proposed product of the decomposition of sodium trioxodini-
trate (Na,N,0,), also known as Angeli’s salt [Eq. (2)]."”

Na,N,O; + H* — [NaHN,O,] — HNO + NaNO, (2)

However, experimental validation of the actual existence of
HNO was not obtained until 1958 when Brown and Pimentel
observed it spectroscopically from the photolysis of methyl ni-
trite in an argon matrix.*® Subsequent reports described the
chemistry of HNO, and other related nitrogen oxides, generat-
ed by pulse radiolysis.“>*” These studies resulted in the eluci-
dation of some of the fundamental chemical properties of
HNO (although some of these properties have been re-evaluat-
ed and revised recently, vide infra). The generation of HNO
from Angeli’s salt has been established by a series of excellent
studies®” and has recently been examined theoretically.*?
Indeed, this salt has been used extensively in the discovery of
many of the biological actions of HNO.
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At first glance, HNO appears to be a simple triatomic species
requiring no special consideration. However, HNO is a unique
species with novel and atypical chemistry and most research-
ers are unfamiliar with this simple species. While simple nitro-
gen oxides such as nitrate (NO;), nitrite (NO, ™), nitrogen diox-
ide (NO,), nitric oxide (NO), and hydroxylamine (NH,OH) have
received much attention in the literature, nitroxyl is a relative
stranger. This has to do with the inherent instability of HNO
(vide infra), making experimentation difficult, and the previous
lack of evidence for any biological relevance. However, promi-
nent discoveries of the importance of nitrogen oxide chemistry
in mammalian (patho)physiology as well as the previously
mentioned reports of the novel biological activity of HNO spe-
cifically have prompted many laboratories to attempt to fur-
ther define the inherent chemistry of HNO.

Even the simplest of all processes involving HNO, deproto-
nation, is relatively complex. The electronic ground state of
HNO is singlet where all electrons are spin-paired, the usual
case for stable molecules. However, deprotonation of HNO
generates an anion (often referred to as nitroxyl anion or,
more appropriately termed, oxonitrate (1-), NO~), which is iso-
electronic with dioxygen (0,). As for O,, NO~ has two low-
energy spin states, singlet ('NO7) and triplet (NO"). The
ground state of NO™ is the triplet, 3NO~, just like O,. The excit-
ed singlet spin state is approximately 17-20 kcalmol™" higher
in energy,® similar to the energy gap (23 kcalmol™) in O,.
This means that the electronic ground states for the protonat-
ed and deprotonated nitroxyl species are different. This is a
unique situation since most all other simple protonation-de-
protonations occur without a change in the nature of the elec-
tronic ground states of the products (the high-energy protona-
tion, 30,—~HOO™ would be analogous). Simple deprotonation
of HNO can conceivably occur via two distinct pathways: 1) de-
protonation of singlet HNO to initially give 'NO~, followed by
intersystem crossing to the triplet ground state, >NO™ or 2) de-
protonation of singlet HNO directly to the triplet species,
*NO~, without the intermediacy of the singlet species. It was
earlier proposed that HNO deprotonates via pathway 1
through the intermediacy of the excited state anion.®¥ Howev-
er, this is no longer considered to be the case. Recent theoreti-
cal and experimental work finds that the relevant equilibrium
is between the singlet protonated species and the triplet
anion [Eq. (3)].°>>>7

'HNO = 3NO~ + H* (3)

Thus, protonation-deprotonation of nitroxyl represents a spin-
forbidden processes and would be expected to be considera-
bly slower than normal acid-base reactions. This is indeed the
case, although the spin conversion might play only a minor
role in the intersystem barrier as it is proposed that nuclear
reorganization energies represent most of the activation
barrier.>”

It is now established that deprotonation of HNO (or protona-
tion of >NO~) represents a unique process as it requires a spin
state conversion; but what is the pK, of HNO? Direct experi-
mental determination of the HNO pK, is confounded by the
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fact that HNO can dimerize-dehydrate to give N,O and water
[Eq (4)].[58,60]

HNO 4 HNO — [HONNOH] — N,0 +H,0 (8 x 10°M's™") (4)

The existence of this reaction prohibits establishment of a
chemical equilibrium between protonated and unprotonated
species and, therefore, precludes straightforward determina-
tion of the HNO pK,. Regardless, in 1970, using pulse radiolysis
to generate NO~, Gratzel and co-workers™ reported a pK, for
HNO of 4.7. This was the generally accepted value until recent-
ly. Clearly, a pK, of 4.7 would predict that the near exclusive
species at physiological pH would be the anion. However,
studies on the reactivity of HNO at physiological pH were ap-
pearing in the literature and were more consistent with
chemistry occurring through HNO rather than the anion.®
This put into question the validity of the reported pK, of 4.7.
Prompted by this paradox, Bartberger and co-workers®™ re-
evaluated the HNO pK, by using quantum mechanical calcula-
tions. The first study revised the pK, upward to a value of ap-
proximately 7.2. This report not only revised the pK, but also
indicated that the relevant equilibrium was between singlet
HNO and the triplet anion [Eq. (3)] (a conclusion already drawn
by Janaway and Brauman for the gas phase®). Subsequent ex-
perimental work by Shafirovich and Lymar~® and theoretical
re-evaluation by Bartberger and co-workers®” have now pro-
vided a consensus agreement that the pK, of HNO is approxi-
mately 11.4. Thus, it is now established that at physiological
pH HNO is the near exclusive species, not NO™. It should be re-
alized, however, that if °NO~ can be biologically generated, the
slow protonation reaction allows *NO~ to have a significant
lifetime (milliseconds), even though protonation is highly fa-
vorable.®

One-electron reduction of NO to HNO/NO™ is a possible
mechanism for nitroxyl generation in biological systems. Of
course, the prevalence of this process in biological systems will
be highly dependent on the reduction potential of NO. Experi-
mental determination of the one-electron reduction potential
of NO to HNO/NO™ has been problematic because of the exis-
tence of catenation reactions between NO~ or HNO and NO
[Egs. (5)-(7) and (8)—(10)] .1#*>%¢"

[58]

NO™ +NO — N,0,” (k=17-33x10°m's™") (5)
N,O,” + NO — N;O;~ (k=3-49x10°m 's™") (6)
N;O;~ — N,O +NO,~ (k = 87 — 3305™") (7)
HNO + NO — HN,0, (5.8 x 10°M~'s™") (8)
HN,O, + NO — HN,0, (8 x 10°M's™") (9)

HN,0; — N,O + HNO, (1.6 x 10*s™") (10)

These reactions can confound experiments involving direct
electrochemical reduction of NO, since they are responsible for
the irreversibility of this process and lead to other species in
solution with distinct electrochemistry. Moreover, NO can bind/
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adsorb to metal-electrode surfaces, and many reported reduc-
tion potential measurements are likely to be of an NO-metal
complex rather than NO itself, or to involve multielectron proc-
esses. In fact, reduction potentials for NO ranging from 0.4 to
—1V (versus normal hydrogen electrode (NHE) throughout)
have been reported. Probably the most reliable, early experi-
mental determinations for the NO reduction potential were by
Ehman and Sawyer® and Benderski and co-workers®® who
used chroniopotentiometric/controlled-potential coulometric
techniques and photoelectrochemical measurements, respec-
tively, on free NO. Both studies yielded reduction-potential
values of approximately —0.8 V (these studies do not specifical-
ly mention the spin states of the nitrogen oxide species). How-
ever, an often-quoted and theoretically-derived reduction po-
tential for the NO/*NO™ couple is 0.39 V.”¥ The huge discrepan-
cy between the theoretical and experimental values for the
NO/NO~ couple was disconcerting and remained an enigma
until only recently. The theoretically-derived value of 0.39V
was based on two major assumptions; an HNO pK, of 4.7 and
that the relevant equilibrium is between HNO and 'NO™. Since
both of these assumptions have recently been determined to
be invalid, the calculated NO reduction potential must be in
error as well. Indeed, recalculation of the NO/NO™ couple by
using the revised pK, and the different equilibrium gives a
reduction potential for the NO/’NO™~ couple of approximately
—0.8 V27 Thus, the difference between experiment and calcu-
lation can now be reconciled. Of particular note, since the NO
reduction potential and HNO pK, are mathematically/theoreti-
cally linked,*¥ unequivocal determination of one value vali-
dates the other. Thus, reconciling the experimental and theo-
retical determinations of the NO reduction potential serve to
firmly establish the newly revised HNO pK, of approximately
11.4. Since protonation of *NO™ to HNO is highly favorable at
physiological pH, there is a positive shift in the potential to ap-
proximately —0.5 to —0.6 V as the pH is lowered.®”*¥ The neg-
ative values for the one-electron reduction potentials for both
the NO/NO~ and NO,H*/HNO couples indicate that one-elec-
tron reduction of NO by an outer-sphere electron-transfer
process might be difficult under biological conditions. Howev-
er, if the intracellular concentrations of the reductants and oxi-
dants are considered, this process might become biological
accessible.®

Thus far, the discussion has concentrated on the chemistry
of HNO and 3NO™. However, other structural/spin-state conge-
ners of nitroxyl exist. Both a triplet protonated species,
3NOH,*>% and, as mentioned previously, a singlet anionic spe-
cies, 'NO~, have been the subjects of previous studies. These
species are thought to be biologically inaccessible since they
are not likely to be generated under typical biological condi-
tions by thermal processes. The relative energetics of these
species are depicted in Figure 1. Thus, the biology of nitroxyl is
undoubtedly dominated by HNO. However, if generated, *NO~
can have a significant lifetime prior to protonation and might
be able to participate in biological chemistry.

The reaction of nitroxyl with O, has become a topic of con-
siderable interest because of its potential biological relevance.
It is established that 3NO~ can react with O, at near dif-
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Figure 1. Relative energies of the various nitroxyl species.

fusion-controlled
[Eq. (-I 1 )] .[58,67,68]

rates to generate peroxynitrite, ONOO™

3NO™ 430, — ONOO~ (2.7 x 10°m's™") (11)
Since the pK, of HNO is approximately 11.4, equilibrium con-
centrations of *NO~ would be vanishingly small at physiologi-
cal pH and reactions of HNO would predominate. However, as
mentioned previously, if *NO™ can be generated directly, it can
have a significant (millisecond) lifetime. A potentially more rel-
evant process in biological systems is the reaction of HNO with
0,. It appears that HNO does indeed react with 0,.*" However,
the mechanism of this reaction and nature of the products are
currently two of the most controversial topics in this field. Mir-
anda and co-workers®’% find that the reaction of HNO with
O, gives a potent two-electron oxidant distinct from “OONO
and/or N,0O;.

One of the most studied and biologically important reac-
tions of HNO is that with thiols/thiolates. As mentioned earlier,
Bartberger and colleagues®™ reported that HNO is extremely
“thiolphilic”, a claim that is supported by numerous studies de-
scribing the reaction of HNO with thiols. In fact, HNO-thiol re-
activity can be used to distinguish between the biological
chemistry of HNO versus NO.”" All characterized reactions be-
tween a thiol (or thiolate) and HNO initially involve attack of
the nucleophilic thiol-sulfur atom on the electrophilic HNO
nitrogen atom giving initially an N-hydroxysulfenamide
[Eq. (12)1."% The N-hydroxysulfenamide has not, as yet, been
isolated as it can further react with excess thiol to give the cor-
responding disulfide and hydroxylamine [Eq. (13)], or, in the
absence of large excesses of thiol, it can rearrange to the cor-
responding sulfinamide [Eq. (14)].257%

HNO + RSH — RS—NHOH (12)

RS—NHOH + RSH — RSSR + NH,OH (13)
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RS—NHOH — [RS*NH + HO "] — RS*(OH)NH~ — RS(O)NH,
(14)

Hydrolysis of the sulfinamide can occur, giving a sulfinate and
ammonia.”® Protein or peptide disulfide formation is readily
reversible in cells. However, sulfinamide or sulfinate formation
is not as readily reversible in cells and might represent an
HNO-mediated irreversible protein or peptide modification.

The reactions of HNO with thiols are not the only examples
of HNO-mediated oxidation of biologically relevant species.
HNO can also oxidize NADPH.'">7*7 This reaction occurs under
anaerobic conditions, precluding NADPH oxidation by HNO/O,
adducts. The two-electron reduction potential for the 'HNO/
2H* NH,OH couple at pH 7 is reported to be 0.3 V.*® The one-
electron reduction potentials at pH 7 have been calculated to
be 0.1£0.1 and 05+0.1V for the HNOH*/H,NO" and
H,NO"H*/NH,0H couples, respectively.”® Thus, reduction of
HNO to the dihydronitroxide radical (H,NO?) and NH,OH are
clearly accessible under biological conditions and, depending
on the rates of other competing reactions, might even be ex-
pected to be a predominant biological fate.

HNO/*NO™ can also act as a reductant. Based on the reduc-
tion potential for NO (—0.8 V for the NO/*NO~ couple), 3NO~ is
a potent one-electron reductant. For example, nitroxyl reacts
with oxidized ferriheme proteins to give ferrous-nitrosyl ad-
ducts [Eq. (15), (Hb =hemoglobin)]."”!
HNO/NO™ + HbFe" — HbFe"-NO(+H") (15)
Since the H—NO-bond strength is only 48-50 kcalmol™',*
HNO would also be expected to be a good H-atom donor. H-
atom abstraction from HNO by a reactive radical species would
quench the reactive radical and generate NO, which is also
known to be a proficient radical scavenger. Thus, it might be
expected that HNO can be an efficient radical scavenger and/
or antioxidant through H-atom donation and generation of
NO.

Like NO, HNO is able to form complexes with ferrous heme
proteins. For example, reduction of a ferromyoglobin-NO
adduct (MbFe"-NO) results in the formation of a stable HNO—
Fe" adduct (MbFe"-HNO).”® The analogous hemoglobin com-
plex has also been formed by reacting HNO directly with de-
oxyhemoglobin.” Thus, other possible biological targets for
HNO are the metal centers of metalloproteins: HNO can
reduce oxidized metal centers, possibly followed by complexa-
tion of NO to form the metal nitrosyl [Eq. (15)], or directly bind
reduced metal centers as HNO. Significantly, the primary “re-
ceptor” for NO is the heme protein guanylate cyclase. NO bind-
ing to the ferrous heme moiety of the enzyme, giving a ferrous
nitrosyl complex, results in an increase in catalytic activity lead-
ing to increased levels of cGMP. Although it is reported that
HNO cannot replace NO in this regard,®” these studies were
carried out in the presence of high exogenous thiols that
might have scavenged HNO. Thus, the effect of HNO on gua-
nylate cyclase activity remains unknown.

This overview describes some of the reactions of HNO that
might be biologically relevant. However, in order to truly pre-
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dict the likelihood of these reactions occurring in a biological
system, the rate constants for these reactions must be known
as well as the relative concentrations of the reacting species.
Performing kinetic studies on HNO is not trivial since it is a
fleeting species, because of self-reactivity [Eq. (4)], and its avail-
ability primarily through donor compounds. However, Miranda
and co-workers®" used competition kinetics to determine the
relative rates of HNO reactions with several biologically rele-
vant reactants and derived approximate rate constants. Based
on the relative rate constants and likely intracellular concentra-
tions of the reactants, they concluded that the most likely bio-
logical reaction for HNO is with glutathione (GSH). Significantly,
Wink and co-workers"? reported that exposure of fibroblasts
to HNO resulted in a near complete loss of glutathione. The
levels of GSH as well as the ratio of the reduced to oxidized
species (GSH/GSSG) are primary factors in establishing the
redox environment of cells.®? Therefore, the ability of HNO to
affect the status of intracellular GSH might be very important
to its ability to alter cell function/fate.

Nitroxyl Toxicity and Toxicological Chemistry

The development of HNO as, for example, a pharmacological
treatment for heart failure or as a preconditioning agent for re-
perfusion toxicity has tremendous potential. However, several
studies report HNO toxicity that might negatively impact the
utility of HNO as a therapeutic agent. Wink and co-workers'?
were among the first to demonstrate the toxicity of HNO
when they found that Angeli’s salt (2-5 mm) was cytotoxic to
V79 fibroblasts, eliciting GSH depletion and DNA strand
breaks. Subsequent work by Ohshima et al.®® further corrobo-
rated the ability of HNO, derived from Angeli’s salt, to induce
DNA strand breakage in vitro, presumably via the generation
of hydroxyl radical (HO"). Interestingly, DNA strand breakage by
HNO was found to be independent of O, indicating that
ONOO™ [Eq. (11)] was not involved.

Thus, it is clear that HNO can be cytotoxic at relatively high
concentrations (2-5 mm) of the HNO-donor Angeli’s salt and,
under in vitro conditions, can elicit oxidation chemistry con-
sistent with the generation of HO". Interestingly, HO", spin
trapped by using a pyrroline N-oxide, was detected in a de-
composing solution of Angeli’s salt.®*®! The formation of HO"
from HNO was proposed to occur via an azo-type homolytic
fission of cis-hyponitrous acid [Eq. (16)], a reaction initially pro-
posed almost 40 years ago to explain a small amount of radical
chain chemistry associated with the decomposition of hyponi-
trous acid.®®

2HNO — HON=NOH(cis) — N, 4 2HO' (16)
Thus, it appears that HNO has the potential to be toxic be-
cause of its oxidation chemistry. However, it needs to be un-
derstood that mechanisms of oxidant formation that rely on
HNO dimerization are second order in HNO and would not be
relevant unless physiological HNO levels are high. It has not, as
yet, been demonstrated that this oxidation chemistry has any
in vivo relevance.
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Besides the possible generation of powerful oxidants via cis-
hyponitrous acid formation, the simultaneous presence of
HNO and NO can also lead to the generation of other potent
oxidants. Seddon and co-workers®” reported that the product
of the reaction of nitroxyl with NO, hyponitrite radical [Eq. (5)
or (8)], was capable of decomposing to generate HO" [Eq. (17)].
Like Equation (16), this reaction was originally proposed by
Buchholz and Powell®® in their attempt to explain the small
amount of radical chemistry sometimes seen during the
normal decomposition of hyponitrous acid to N,O [Eq. (4)].

N,O,” +H'* — N,O + HO' (17)
More recently, Poskrebyshev et al.®” have further investigated
this chemistry and reported that the hyponitrite radical itself is
a potent oxidant (E°(N,0,7/N,0,°7)=0.96 and E°(HN,O,H*/
H,N,0,) =1.75 V). However, the physiological/toxicological rele-
vance of this chemistry relies on HNO and NO being generated
proximally and simultaneously, something that has not been
demonstrated in any in vivo situation.

Summary

In the past few years there has been a significant increase in
interest in HNO, undoubtedly prompted by discoveries of its
novel and important biological activity. Recent work in this
area has led to significant revelations and/or revisions concern-
ing its chemical properties and reactivity. In spite of this re-
search activity, it is still not clear how HNO acts to elicit its
unique biology. That is, the chemistry of its biology remains to
be established. This review serves only to introduce this spe-
cies as an important and potentially useful nitrogen oxide and
provide an update of some of its interesting and novel chemis-
try. Our current understanding of the biology and chemistry of
nitroxyl can be summarized as follows:

Nitroxyl biology

1. HNO has the unique ability to increase cardiac output and
to decrease venous resistance at the same time. These phar-
macological attributes make HNO an ideal drug for the
treatment of heart failure.

2. Tissue pretreatment with HNO protects against ischemia-
reperfusion toxicity.

3. HNO is capable of interacting with thiol proteins or pep-
tides often leading to an inhibition or attenuation of their
activity.

4. HNO can interact with metalloproteins, either at the metal
center or with the metal ligands.

5. High levels of HNO or simultaneous generation of HNO and
NO can lead to toxicity because of the oxidation of biomol-
ecules.
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. The pK, of HNO has recently been determined to be 114,

making HNO, rather than NO~, the predominant species
present at physiological pH.

. Protonation—-deprotonation events of nitroxyl are much

slower than typical for other acids/bases. Thus, if formed,
the anion can have a significant lifetime.

. HNO is very thiophilic and the products of a reaction be-

tween HNO and a biological thiol can result in either rever-
sible or irreversible modification, depending on the condi-
tions.

. HNO can act as both an oxidant and reductant and prod-

ucts from either process need to be considered in the over-
all biology.

. Endogenous generation of HNO has not been unequivocally

demonstrated. Reduction of NO to give nitroxyl is difficult
but possible.

Whether all or some of the chemistry discussed above is rel-
evant to the biology of HNO remains to be determined and
will likely occupy the efforts of many laboratories for many
more years. It will not be at all surprising if other aspects of
HNO chemistry are revealed in the future that might also be of
biological relevance or will help explain some of the current
biological observations. Finally, it is also likely that discoveries

of

other novel/important aspects of HNO biology await as we

are still only in the initial stages of examination of this chemi-

cal

ly fascinating species.
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