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Abstract

Nitroxyl (HNO) is a simple molecule with significant potential as a pharmacological agent. For
example, its use in the possible treatment of heart failure has received recent attention due to its
unique therapeutic properties. Recent progress has been made on the elucidation of the
mechanisms associated with its biological signaling. Importantly, the biochemical mechanisms
described for HNO bioactivity are consistent with its unique and novel chemical properties/
reactivity. To date, much of the biology of HNO can be associated with interactions and
modification of important regulatory thiol proteins. Herein will be provided a description of HNO
chemistry and how this chemistry translates to some of its reported biological effects.
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Introduction

Since the discovery of endogenous generation of nitric oxide (NO) as a signaling molecule
in the vascular system, interest in related nitrogen oxide species has received significant
attention [for example, 1]. It is clear that the biological functions of nitrogen oxides extend
beyond the vascular system, with effects in immune response, cell proliferation,
neurotransmission and fundamental redox signaling, just to name a few. For the most part,
nitrogen oxides that are more oxidized than NO have received the most interest. For
example, numerous reports regarding the possible biological effects associated with nitrite
(NO5 ), peroxynitrite (ONOQO™) and nitrogen dioxide (NO5), among others, abound in the
literature. By comparison, species that are reduced compared to NO have received
significantly less attention. However, among these reduced species, nitroxyl (HNO, also
known as azanone and nitrosyl hydride) has been examined more extensively than others
[for example, 2]. Unlike most other biologically relevant small molecule nitrogen species
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such as nitrate (NO3 7), NO, ~, NO, NO,, ONOQO™, hydroxylamine (NH,OH) or ammonia
(NH3), HNO cannot be conveniently stored, collected or quantitated due to self reactivity
(Reaction 1).

HNO+HNO — N;O+H 0 (1)

This property of HNO makes studying it, especially in biological systems, difficult and
requires the use of HNO-donor species and indirect methods for its detection. In spite of
these experimental difficulties, recent studies clearly indicate that HNO possesses unique
biological activity that makes it useful as a possible therapeutic agent (vide infra) [3,4].
Indeed, the biological effects of pharmacologically administered HNO have prompted the
development of numerous HNO-donor species [5] as well as novel methods for its detection
[for example, 6]. Herein will be reviewed the current understanding of the chemistry of
HNO along with the targets/chemical biology that may be responsible for some of its
reported biological actions and signaling.

HNO Chemistry

Only a brief discussion of the most salient aspects of the biologically relevant chemistry of
HNO will be given herein. For more comprehensive and detailed discussions of HNO
chemistry several reviews are available [7,8,9 Miranda, 2005; Farmer and Sulc, 2005;
Fukuto et al., 2005]. Prior to embarking on a discussion of HNO chemistry, it is worth
mentioning briefly something about its nomenclature. The term “nitroxyl” is probably the
most common moniker for HNO, in spite of the fact that it poorly describes (and even
misrepresents) any aspect of this molecule. Moreover, “nitroxyl” is ambiguous since it has
been used to describe paramagnetic “nitroxide” species (RoN-O-). Thus, this term is
potentially misleading and confusing and readers need to be aware that a search of the
literature for HNO using “nitroxyl” as a keyword may produce references for chemically
distinct nitroxide species. More appropriate and less commonly used terms for HNO include
hydridooxidonitrogen and azanone [10]. Regardless, the somewhat unfortunate term
“nitroxyl” will continue to be used herein since it is embedded in the current chemical and
biological lexicon and literature searches will not be complete without recognizing this.

For a species that contains only three elements, the chemistry of HNO is particularly
complex. Part of the complexity of HNO chemistry involves one of its most fundamental
reactions - the acid-base equilibrium (Reaction 2).

HNO = NO +H" (2

Unlike most all other acid-base equilibria, the electronic ground states of the equilibrium
partners are different. That is, the protonated HNO species is a ground state singlet (*HNO)
and the deprotonated anion is a ground state triplet (3NO~). Thus, deprotonation of the
singlet HNO to the triplet NO™ requires a change in the electronic spin state, which, along
with nuclear reorganization, makes this process slow [11]. The pK, of HNO has been
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estimated to be 11.4, indicating that 3NO~ is a reasonably strong base [11,12]. However, as
with deprotonation of HNO, protonation of 3NO~ is also slow (for the same reasons given
above). Thus, under biological conditions, HNO and NO™ will likely react via other
processes before they can deprotonate or protonate to set up an acid-base equilibrium. That
is, if HNO or NO™ are formed or present in a biological system, numerous other reactions
will occur before protonation/deprotonation (vide infra) and chemistry associated with its
acid-base equilibrium partner will not likely be observed.

One of the most important chemical properties of HNO is its electrophilicity. Bartberger and
coworkers reported that the reaction of HNO with “soft” nucleophiles such as thiols is
thermodynamically favorable whereas reaction with “hard” nucleophiles such as water or
alcohols is unfavorable [13]. It has also been shown that the reaction of HNO with thiols is
relatively fast (k = 2 - 20 x 108 M~1s71, depending on the nature of the thiol) [14,15]. By
comparison, the reactions of thiols with other oxidants are considerably slower (k = 0.87
M=1s71 for H,0, [16], k = 1.3 x 103 M~1s71 for peroxynitrite (ONOO™) at pH 7.4 [17]).
Thus, thiols and thiol proteins are considered to be primary targets associated with HNO
biological activity (vide infra).

The reaction of HNO with thiols proceeds via initial attack of the sulfur atom of the thiol at
the electrophilic nitrogen of HNO, giving a fleeting N-hydroxysulfenamide intermediate
(Figure 1) [18,19].

The N-hydroxysulfenamide intermediate has not been isolated as it can spontaneously
rearrange to a sulfinamide (Figure 1, pathway A) or, in the presence of excess thiol, will
produce a disulfide and hydroxylamine (Figure 1, pathway B). The generation of a
sulfinamide product in a biological system represents a nearly irreversible (or at least very
slowly reversible) thiol modification. However, disulfide formation represents a biologically
reversible modification. Thus, an isolated thiol (i.e. remote from other thiols or at low
concentration) will give predominantly an irreversible sulfinamide adduct whereas a thiol in
the presence of high concentrations of other thiols or in close proximity to another thiol will
react with HNO to give a reversible disulfide adduct.

Recent work regarding the reactivity of HNO with C-terminal cysteine residues (which have
a free carboxylate group) has shed light on an alternate reaction pathway to those previously
discussed for the reactivity of HNO with thiols [20]. Rather than typical formation of
disulfide and sulfinamide products (depending on the conditions), treatment of C-terminal
cysteine residues with excess HNO results in formation of thiosulfonate (RS(O),SR and
sulfohydroxamic acid (RS(O),NHOH) derivatives. Formation of the thiosulfonate and
sulfohydroxamic acid products are speculated to proceed through carboxylate-assisted
formation of a sulfenic (RSOH) intermediate. However, due to the instability of sulfenic
acids (similar to that of N-hydroxysulfenamide intermediates), isolation of the sulfenic acid
intermediate could not be achieved.

As mentioned above, HNO reacts readily with “soft” nucleophiles such as thiols and
phosphines and much less so with “hard” nucleophiles such as alcohols or water (amines are
intermediate between these two extremes). This propensity is thought to be due to the
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repulsion between the lone pair on nitrogen and the lone pairs on oxygen when the hydrate
forms [13]. In the case of a thiol nucleophile, the longer bond distances and the greater size
of the orbitals on sulfur decrease the repulsion between the nitrogen lone pair and the
electrons on the thiol sulfur (Figure 2).

The recent discovery of high levels of hydropersulfides (RSSH) in biological tissue and
fluids [21] alludes to a possible (and likely favorable) reaction of HNO with these oxidized
thiol species, especially since it is reported that hydropersulfides possess enhanced
nucleophilicity and reducing capability compared to the corresponding thiol [22,23]. Thus, it
may be expected that the reaction of HNO with a persulfide is significantly faster than with
the corresponding thiol. Indeed, it was found that HNO was capable of reacting with a
hydropersulfide [24], although the chemical details of this interaction await clarification.
Interestingly, when compared to the corresponding thiol, the HNO-modified persulfide was
more easily reduced back to the thiol by an exogenous reductant (dithiothreitol, DTT). That
is, HNO-mediated modification of a thiol led to significant irreversible modification (Figure
1, pathway A) whereas HNO-mediated modification of a hydropersulfide led to products
that could largely be reduced back to the thiol using thiol-based reductants. Although the
detailed chemistry responsible for the DT T-mediated reversal of HNO-modified persulfides
is not known, Figure 3 schematically illustrates how reversal of an HNO-modified
persulfide may be possible via reductive cleavage of a sulfur-sulfur bond. However, HNO-
mediated modification of a thiol generates a sulfinamide, which cannot easily be reductively
converted to the corresponding thiol by, for example, DTT.

To be sure, the generation of a persulfide sulfinamide (Figure 3, the persulfide/HNO
intermediate shown) has not been demonstrated and its intermediacy is based purely on
extrapolation of the known thiol chemistry. With regards to persulfide/HNO reactivity, it is
intriguing to speculate that HNO reacts preferentially with persulfides compared to thiols
since persulfides are superior nucleophiles [23] and HNO is known to be highly reactive
towards sulfur species. If this is true, this may explain the high apparent specificity of HNO
biological activity. That is, HNO demonstrates extremely potent and specific biological
activities, consistent with the idea that it reacts preferentially with only specific biological
targets (as opposed to having general reactivity with numerous thiol proteins). Since
numerous protein persulfides have been detected [21], it is possible that the specificity of
HNO signaling may be a function of the presence of a persulfide. Of course, this idea is
highly speculative at this time and further experimentation will be required to test this
hypothesis.

The reaction of HNO with thiols (and possibly with hydropersulfides) likely represents a
primary mechanism by which HNO elicits its biological activity. That is, modification of
thiol proteins (or protein hydropersulfides) by HNO can lead to changes in function and/or
activity. It should also be considered that selenoproteins can also be primary targets for HNO
reactivity. Selenium is directly below sulfur on the periodic table and, like hydropersulfides,
selenols are considered to be more nucleophilic and more reducing compared to the
corresponding thiol [25,26,27]. Currently, only a few studies have examined the interaction
between HNO and a selenoprotein. One study examined the ability for HNO to inhibit the
selenoprotein glutathione peroxidase (GPx) [28] and reports that HNO was capable of

Arch Biochem Biophys. Author manuscript; available in PMC 2018 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bianco et al.

Page 5

inhibiting the activity of purified GPx under both aerobic and anaerobic conditions, with
slightly more inhibition observed under aerobic conditions. Moreover, approximately 50%
of the inhibition of GPx by HNO could not be reversed by the thiol reductant DTT, alluding
to a significant population of an irreversibly modified adduct. It needs to be stressed,
however, that this work is primarily descriptive and although it seems likely that HNO-
mediated modification of the active site selenocysteine occurs, this chemistry has not been
established and the irreversible portion of this inhibition may be due to interactions at
protein cysteine residues as opposed to interactions with selenocysteine.

More recently, the reactivity of HNO with small organoselenium compounds has been
studied [29]. In this work it was determined that organic selenol species are resistant towards
irreversible HNO-induced modification. Whereas the treatment of thiols with HNO can
result in disulfide (high thiol concentration) or sulfinamide (low thiol concentration)
formation, treatment of selenols with HNO results in diselenide formation only under all
conditions (both high and low selenol concentration). This implies that while HNO is able to
inactivate thiol proteins, selenoproteins have the ability to revert easily to an active state
following treatment with HNO. Additionally, organic selenol species displayed an enhanced
ability to trap HNO, in comparison to analogous thiols. Again, as mentioned in regard to
hydropersulfides, these findings may indicate a preferential specificity of HNO for
selenoproteins over thiol proteins. Indeed, the presence of selenoproteins may play a
significant role in the biological signaling pathway of HNO although further analysis is
needed.

The N-H bond dissociation energy (BDE) for H-NO is relatively weak (approximately 47
kcal/mole) [30]. Thus, HNO is a reasonable H-atom donor capable of quenching oxidizing
radical intermediates (Reaction 3). Reaction of HNO with one-electron oxidants generates
NO, which is also capable of reacting with and quenching oxidizing radical species
(Reaction 4).

R-+HNO - R—-H+NO (3)

R-+NO—R-NO (4)

Thus, HNO is an efficient anti-oxidant capable of limiting free-radical chain reactions (vide
infra) [31]. The facility of Reaction 3 is evidenced by reports that HNO can donate a
hydrogen atom to even relatively stable radicals and weak oxidants such as 4-
hydroxy-2,2,6,6-tetramethyl-1-piperinyloxyl and related nitroxides (R,NO-) generating NO
and the corresponding hydroxylamine [32,33]. To be sure, the physiological/
pharmacological relevance or importance of this chemical property remains to be
demonstrated.

The ability for HNO to act as a reductant (via H-atom donation) is consistent with the idea
that NO is a relatively poor oxidant (i.e. a poor hydrogen-atom abstractor). The lack of NO
oxidizing activity is supported by the low reduction potential for NO. The NO,H*/HNO
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couple is estimated to be —0.55 V (pH7) and the NO/NO™ couple is estimated to be —0.81 V
(both versus NHE) [11]. Also, as mentioned previously, the H-NO BDE is only 47 kcal/
mole, indicating that abstraction of a hydrogen atom by NO will only be favorable if the
hydrogen atom being abstracted has a BDE lower than 47 kcal/mol. Given that the BDES
most C-H and O-H bonds are nearly twice this value, direct hydrogen abstraction by an NO
radical (yielding HNO) is expected to be unlikely or at least extremely slow. Conversely,
HNO can potentially serve as a capable hydrogen atom donor to carbon- or heteroatom-
based radicals.

In spite of the apparent difficulty in NO reduction via abstraction of a hydrogen atom
(radical) or electron transfer, several recent reports indicate that NO is capable of being
reduced by alcohols (especially phenols or “activated” —OH groups) to give HNO [34, 35].
Since the O-H BDEs for HO-H and phenyl-O-H are 119 and 88 kcal/mole, respectively, it
remains to be determined how this chemistry occurs. NO-mediated oxidations (giving HNO)
can also be evaluated using redox potentials. As mentioned above, the NO,H*/HNO
reduction potential is estimated to be —0.55 V (vs NHE at pH 7). The reduction potentials
for the HO-,H*/H,0 and Phenyl-O-,H*/Phenyl-OH couples are 2.3 and 0.9 V (vs NHE, pH
7.0), respectively. Thus, these values also indicate a highly unfavorable reaction between NO
and alcohols (at least under standard conditions).

While the idea that NO can serve as an electron acceptor toward nucleophiles under typical
synthetic conditions remains surprising, and perhaps even provocative, evidence does exist
for the participation of NO in reactions involving oxygen and nitrogen-based nucleophiles
(although the biological relevance of this chemistry remains in doubt, vide infra). The
unpaired electron of neutral NO resides in a doubly-degenerate, antibonding =* orbital; thus
reactions involving NO and the electron pair of a nucleophile would necessarily result in the
occupancy of an antibonding orbital by one electron of the adduct. In principle, such an
initial reaction step would be expected to be disfavored without a thermodynamic basin or
other driving force. However, evidence exists for nucleophile-NO adducts, such as the
formation of N-nitroso compounds resulting from reaction of NO with carbazolide anions as
reported by Zhu et al. [36 1999] (chemistry performed under non-physiological conditions).
In this instance, anion/NO addition is proposed followed by reduction of free NO by the
resultant radical anion. While this might be expected to be energetically prohibitive based on
the best current estimates of NO reduction onset potential (vide supra) under conditions
involving an excess of NO, participation of the radical anion of the NO dimer and/or other
multimeric states may facilitate this process [for example, 37]. Also, Janzen et al. [38] have
reported the reaction of phenolic antioxidants with an excess of NO (also under non-
physiological conditions), yielding products characteristic of reversible O-nitroso formation,
and EPR signals consistent with phenoxyl radicals were observed upon removal of NO from
the solution. As mentioned above, the idea of NO reduction by alcohols has been recently
revisited [34,35], and the proposal of a proton-coupled nucleophilic attack of phenolic or
ascorbate oxygen upon the nitrogen of NO with concurrent or concomitant proton transfer
has been put forth. It is proposed that ensuing O-N cleavage yields the resultant phenoxyl
radical and HNO. While the initial steps of this process are, as expected, energetically uphill
as demonstrated by density functional theory calculations, subsequent HNO dimerization to
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N-,O is proposed as a thermodynamic driving force. Regardless, the biological relevance of
this chemistry remains to be established.

Besides reaction with sulfur species, HNO can also react with metals/metalloproteins. This
topic has been extensively reviewed previously [8] and only a brief discussion of this topic
will be given. Classic examples of HNO-metalloprotein interactions are its reactions with
iron heme proteins. For example, HNO is capable of reacting with both ferric (Fe3*) and
ferrous (FeZ*) iron heme systems. Some of the earliest reports of the interaction of HNO
with ferric heme indicate the ability of HNO to react with metmyoglobin (MbFe3*) and/or
methemoglobin (HbFe3*) giving ultimately the ferrous nitrosyl complex (MbFe2*-NO)
[18,39] (Reaction 5).

MbFe** +HNO — MbFe*™ — NO+H'  (5)

This is a relatively fast reaction with a reported rate constant of 8 x 10° M~1s71 [14]. Later it
was shown by the Farmer lab that HNO can coordinate a ferrous heme protein, e.g. ferrous
myoglobin (MbFeZ*) to generate a surprisingly stable and essentially irreversible adduct
whereby HNO coordinates via the nitrogen atom and with a rate constant of >1.4 x 104
M~1s~1 (Reaction 6) [40,41,42].

MbFe** +HNO — MbFe** —N(H)O  (g)

The formation of a ferrous-nitrosyl species with the enzyme soluble guanylate cyclase (sGC)
leads to a tremendous increase in enzyme activity resulting in significant increases in
intracellular cyclic guanosine monophosphate (cGMP) and, in vascular tissue,
vasorelaxation [43]. Indeed, this is the primary mechanism by which NO regulates vascular
tone. The normal state of the iron heme group in sGC is the ferrous form (sGC-Fe2*), which
can directly coordinate NO, and binding of NO to the Fe2* heme results in activation via
SGC-Fe2*NO formation. Since HNO is capable of reacting with ferric hemes to form the
corresponding ferrous-nitrosyl complex (Reaction 5), it was hypothesized that HNO may be
capable of activating the ferric enzyme to the same extent that NO activates the ferrous
enzyme. However, this is not the case as ferric SGC was found to be substitutionally inert
(six-coordinate with little or no ligand dissociation to open up a coordination site) and will
not directly interact with HNO [44].

There have been several reports that indicate a reaction between HNO and O, can produce a
potent oxidant [45,46]. Interestingly, the uncharacterized oxidant produced appears to be
distinct from the established oxidant peroxynitrite (ONOQO™), a species that could be made
from the iso-electronic reaction of NO and O, ~ [17]. The biological relevance of this
chemistry is, as yet, undetermined.

Currently, it is thought that the major biological targets responsible for HNO bioactivity
(vide infra) are thiols/thiol proteins, although selenoproteins and protein hydropersulfides
need to be seriously considered as possible, if not primary, sites as well. Clearly,
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metalloproteins are also possible sites of interaction, although to date there is only scant
speculation that HNO bioactivity involves metal centers. It needs to be stressed, however,
that in spite of the numerous biological effects associated with HNO, only a few have an
established biological target or a well-defined and specific mechanism of action. Some of
the better-defined examples are presented below.

HNO Signaling/Biological Activity

The brief discussion of HNO chemical biology indicates that sulfur- and/or selenium-
containing sites, and possibly metals, are likely targets for HNO-mediated biological effects.
Not surprisingly, the majority of proposed activities associated with HNO involve interaction
at these targets. Below are discussed specific examples of HNO-mediated effects on
signaling systems and/or biochemical processes. To be sure, the examples given below do
not represent a comprehensive listing of all of the biological actions attributed to HNO. For a
more in depth treatment of this topic other reviews are available [3,4]. It is hoped that the
following examples will suffice in illustrating the range of possible effects associated with
HNO and the nature of the likely targets.

Inhibition of aldehyde dehydrogenase

Some of the earliest reports of HNO biological activity are from the Nagasawa lab, which
discovered that the anti-alcoholic drug cyanamide (NH,CN) was capable of inhibiting the
enzyme aldehyde dehydrogenase (AIDH) via oxidative metabolism to HNO [for example,
47 Nagasawa et al., 1990]. That is, the ubiquitous peroxidase catalase is capable of oxidizing
NH,CN to the corresponding N-hydroxycyanamide, which can spontaneously decomposes
to give HCN and HNO (Figure 4).

HNO-Mediated inhibition of AIDH thus led to a buildup of the ethanol metabolite
acetaldehyde and subsequent adverse physiological effects, providing a specific mechanism
for the use of cyanamide in alcohol aversion therapy. In support of this idea, other HNO-
donors species were also capable of inhibiting AIDH [48]. This work on the mechanism of
action of cyanamide represents the first published example of the ability of HNO to elicit a
biological effect via inhibition of a thiol protein, in this case AIDH. It was also found that
HNO-mediated inhibition of AIDH exhibited both reversible (with the addition of DTT or
glutathione (GSH)) and irreversible behavior [49]. These observations led to the idea that
HNO could react with thiol proteins to give either reversible or irreversible adducts and
prompted subsequent studies describing the chemistry shown in Figure 1 [19]. Thus, the
work describing the mechanism of cyanamide-mediated inhibition of AIDH (via initial HNO
generation) represents one of the few clear and established examples of HNO interacting at a
thiol protein to elicit a specific biological effect.

Effects on sGC

The discovery of NO as a vasorelaxant (vide supra) prompted the examination of the
cardiovascular effects of other related or derived nitrogen oxides. An early study using the
HNO-donor Angeli's salt indicated that HNO could activate sGC, leading to increases in
intracellular cGMP and, ultimately, vasorelaxation [50]. More detailed subsequent
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examinations of the interaction of HNO with sGC by two groups gave conflicting results.
Miller and coworkers [44] found that HNO could activate purified sGC (albeit to a lesser
degree than NO) and proposed a possible interaction of HNO with the ferrous heme form of
the enzyme. However, Zeller and coworkers [51] reported that HNO-mediated activation of
sGC requires prior oxidation of HNO to NO (by, for example, SOD). Significantly, both
studies report that HNO is incapable of activating the ferric form of sGC. Regardless,
whether HNO activates sGC directly or indirectly via conversion of NO, cGMP levels are
elevated in the presence of HNO and thus some of the biological actions of HNO could be a
result of sGC activation and increased levels of cGMP. A more recent study using
cardiomyocytes reports that HNO (from Angeli's salt) is capable of activating sGC, leading
to increases in steady-state levels of cGMP and a protection from cardiac hypertrophy [52].

Effect on failing hearts

One of the more exciting and impressive actions of HNO, at least from a therapeutic
perspective, is its effect on failing hearts. Indeed, HNO-mediated treatment for heart failure
has received significant and recent attention [for example, 53,54,55]. In the scenario of heart
failure, HNO is capable of enhancing Ca?* cycling (i.e. simultaneous increases in Ca2*
release and reuptake by the sarcoplasmic reticulum (SR)), increasing the Ca2* sensitivity of
myofilaments, eliciting a combined arterial and venous dilation and all without an increase
in heart rate [53]. Taken altogether, these effects represent a near ideal therapeutic profile for
the treatment of heart failure.

The effect of HNO on enhanced Ca2* cycling can be attributed to effects on thiol proteins.
The release of Ca2* from the SR occurs via the ryanodine receptor channel (RyR2) and
RyR2 stimulation leads to an increase in Ca%* efflux and inotropy (increased contractility).
Interestingly, RyRs are known to be regulated by thiol modifying agents [for example,
56,57] and the ability of HNO to increase Ca2* efflux is due to affects on RyR2 [58]. Uptake
of Ca2* from the cytosol back into the SR is carried out by the Ca2* reuptake transporter SR
Ca?* pump (SERCA2a). Importantly, SERCA2a is regulated by another protein
phospholamban (PLN) and it has been shown that the cysteine thiols on PLN are vital to its
interactions with HNO [59,60]. Using isolated cardiomyocytes and whole hearts from wild-
type and PLN knockout mice, the HNO-induced positive inotropy/lusitropy was shown to be
lost in PLN null hearts/myocytes, and that HNO actions are PKA-independent, as confirmed
by the lack of Ser16 phosphorylation on PLN after HNO treatment. From these studies, it
was concluded that HNO functionally uncouples PLN from SERCAZ2a, in a manner
reminiscent of, but independent from cAMP/PKA signaling. A more recent study examining
the modification of PLN by HNO employed the use of 1°N-edited NMR spectroscopy and
has identified two of three possible cysteine residues (Cyss1 and Cyssg) on PLN as being
primary sites for HNO reactivity [61]. In this study, treatment of PLN with HNO lead to
HNO-induced thiol modification followed by uncoupling of PLN from SERCAZ2a, relieving
the inhibition of SERCA2a. Finally, Ca?* sensitization of the myofilaments has been shown
to be due to HNO-mediated promotion of disulfide bond formation between critical cysteine
residues on the myofilaments themselves [62]. Thus, the effects of HNO on the heart
(especially the failing heart) illustrates the importance of cysteine thiol targets in HNO
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biology. It remains to be determined whether persulfide targets in the myocardium may also
play a role in the overall effects of HNO on the heart.

HNO inhibition of cysteine proteases, transcription factors and other thiol proteins

Based on the above discussions of HNO-thiol reactivity, it is not unreasonable to suspect that
HNO will interact readily with cysteine proteases and other cysteine-based proteins, altering
their function. Indeed, several studies have demonstrated that HNO is capable of inhibiting
the cysteine proteases papain, cathepsin B as well as 26s proteosomal activity [63,64].
Significantly, a portion of the HNO-mediated inhibition of these enzymes was found to be
irreversible (with thiol reductants), consistent with the chemistry shown in Figure 1.

HNO is also capable of inhibiting the activity of cysteine-based dehydrogenases, such as
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) [65]. Importantly, inhibition of
GAPDH by HNO in yeast occurs at a level that does not alter the GSH/GSSG ratio or lead to
GSH depletion [66]. This means that the affect of HNO on GAPDH activity is not merely
due to a change in the overall thiol redox status on the cell but that HNO is capable of
specific interactions with thiol proteins. Moreover, inhibition of GAPDH by HNO was
primarily irreversible and could be protected against by the presence of high concentrations
of enzyme substrate. Analysis of the HNO-GAPDH adduct by mass spectroscopy found
both disulfide and sulfinamide formation on the protein and the authors proposed that the
irreversible nature of HNO-mediated GAPDH inhibition could be due to a disruption of the
active tetrameric structure [67]. This interpretation brings up the important point that
irreversible inhibition of protein function by HNO is not necessarily an indication of
sulfinamide formation as other biophysical alterations may also be responsible.

HNO was also found to inhibit the activity of a thiol-containing, metal-responsive yeast
transcription factor, Acel [68]. Moreover, Acel inhibition by HNO was found to be largely
irreversible which could be due to sulfinamide formation. An advantage to examining HNO
biochemistry in yeast is that it is possible to distinguish between O,-dependent and Oo-
independent processes (since yeast can grow and thrive aerobically or anaerobically). Thus,
it was also determined that the ability for HNO to inhibit Acel activity, presumably by
disrupting the metal-binding capacity of the Acel thiols, was entirely independent of O,.
This was an important distinction since previous literature alluded to the possibility that
HNO could react with O, to generate a potent and as yet uncharacterized oxidant (vide infra)
that could have oxidized critical metal-binding thiols [45].

HNO and H,0»

Cellular signaling by H»O5 has been proposed in a number of systems, although this remains
somewhat controversial due to the unfavorable Kinetics associated with the reaction of H,0,
with presumed targets (i.e. cysteine phosphatases) coupled with its rapid destruction by
metabolizing enzymes [for example, 16,69]. The metabolic destruction of H,O, occurs
primarily via the actions of the ferric heme protein catalase, the selenoprotein glutathione
peroxidase and the thiol-containing peroxiredoxins. Since HNO is known to react with and
presumably disrupt ferric heme proteins, selenoproteins and, of course, activated thiol
proteins, it was hypothesized that HNO could elicit at least some of its biological activity by
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inhibiting H,O, metabolism. Also, since both H,O, and HNO presumably signal via
electrophilic chemistry with thiols, there is a possibility that their signaling pathways are
similar. Indeed, Jackson and coworkers [28] examined the relationship between H,0, and
HNO and found that HNO was capable of increasing cellular levels of H,O,. Moreover, a
comparison of the effects of H,O, and HNO on T-cell activation (a process reported to be
regulated by H,05) found that they had identical signaling profiles. These results are
consistent with the idea that HNO increased signaling levels of H,O, or, more likely, that
HNO interacted with otherwise H,O,-reactive targets to elicit similar effects. In the case of
T-cell signaling, one target was found to be the cysteine phosphatase CD45, which could be
inhibited by both HNO and H,0,. Regardless, the chemistry and putative biological targets
for HNO and H,05 are significantly overlapping and it is not surprising that their signaling
effects are similar.

Antioxidant actions of HNO — Comparison with H,0»

As discussed previously, the chemistry of HNO predicts that it should be able to quench
radical chain reactions via H-atom donation, which generates NO, followed by further
quenching of radical chain-carrying intermediates by NO (Reactions 3 and 4). Thus, HNO
has the potential to be a potent antioxidant. Indeed, HNO was found to protect yeast
supplemented with polyunsaturated fatty acids from oxidative stress and inhibit lipid
peroxidation in a manner similar to alpha-tocopherol [31]. As discussed immediately above,
HNO and H,05, can behave similarly as signaling species. However, the ability for HNO to
act as an antioxidant makes it distinct form H,O,. It is well-established that H,O, can serve
as a precursor for the generation of a potent and indiscriminant oxidant, hydroxyl radical
(HO"), via Fenton chemistry (Reaction 7).

HyOqt Fe2t (Cu1+) = Rt (Cu2+> +HO™+HO- )

Thus, H,0, in the presence of a reduced metal, such as Fe2* or Cul*, will generate the
potent one-electron oxidant HO-, which can initiate damaging radical chain processes in, for
example, membranes containing polyunsaturated fatty acids. Because of the Fenton reaction,
H,0, signaling via thiol modification may also lead to radical-mediated cellular damage
(i.e. lipid peroxidation, protein carbonyl formation, etc.). On the other hand, this will not be
a problem with HNO signaling since HNO is capable of modifying biological thiols (akin to
H,0,, vide supra) but unlike H,0, will inhibit indiscriminant and potentially deleterious
radical processes.

Other effects

The biological effects associated with pharmacological application of HNO donors go
beyond the few examples above. HNO has also been shown to inhibit neuropathic pain and
inflammatory hyperalgesia [70,71], regulate STAT3 signaling [72], activate glucose uptake
[73] and serve to protect myocardial tissue in a manner akin to pre-conditioning [74], just to
name a few.
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HNO versus NO signaling

Considering the fact that HNO can be oxidized to NO (i.e. HNO is a reasonable reductant,
for example Reactions 3 and 5), it is tempting to propose that the signaling associated with
HNO could be merely due to conversion to NO. Although this is clearly possible [for
example, 51], it is noteworthy that many of the HNO-mediated effects described above have
been shown to be due to HNO itself and not dependent on HNO conversion to NO. A
comparison of HNO and NO chemistry/signaling indicates some very important differences
that make the biological targets for HNO and NO very distinct [75]. For example,
concentrating on thiol redox signaling, it is important to realize that NO does not directly
react with thiols. NO-mediated modification of a thiol to give an S-nitrosthiol requires a one-
electron oxidant to convert NO to a nitrosonium (NO*)-like species. Conversion of a thiol to
a reactive thiyl (RS-) species by NO also requires NO to be converted to a more potent
oxidant. Thus, all reactions of thiols with NO require NO to be first converted to a more
reactive species. On the other hand, HNO directly reacts with thiols and does not require any
“pre-activation”. It also should be emphasized that the products of HNO- versus NO-
mediated thiol modification are different. HNO-mediated thiol modification leads to either a
disulfide or sulfinamide (via N-hydroxysulfenamide intermediacy, Figure 1), whereas NO-
mediated thiol modification often results initially in the generation of an S-nitrosothiol [75].
Thus, it is becoming increasingly clear that HNO signaling is distinct from NO signaling,
something the chemistries of HNO and NO predict.

Endogenous HNO generation

An overriding question in the HNO field is whether it is endogenously generated for the
purposes of signaling. To be sure, there are numerous chemical processes whereby HNO
could be made in a biological system. For example, HNO can be made via the reaction of
thiols with S-nitrosothiols, by nitric oxide synthases that are deplete in tetrahydrobiopterin
and by oxidation of N-hydroxyarginine (the intermediate in NO biosynthesis) or
hydroxylamine [for example, 3,4]. Whether any of these processes are regulated and used to
intentionally produce HNO as a cell signaling species is not established. Moreover, other
pathways for endogenous HNO generation may be discovered in the future. It is worth
noting, however, that the specific physiological affects associated with the pharmacological
administration of HNO for the treatment of heart failure represents a remarkable scenario
that begs the question: Is HNO made endogenously as a means of regulating heart function?
That is, the reports that HNO is capable of eliciting simultaneous inotropy and lusitropy on
the heart via an enhancement of Ca2*cycling, sensitizes myofilaments to Ca?*, causes a
balanced arterial and venous dilation while not eliciting tachycardia or tolerance [76] and all
this without any apparent toxicity would represent a near perfect physiological response to a
failing heart and a remarkable and unprecedented pharmacological profile for a single drug.
A more reasonable explanation for the pharmacological profile of HNO is that it is simply
enhancing/supplementing a physiological HNO signaling system that is already in place. In
many regards, this is reminiscent of the situation with NO prior to the discovery of its
regulated biosynthesis via the nitric oxide synthases. NO and NO-releasing species/drugs
were found to be extremely potent vasorelaxants via activation of the heme-protein sGC [77]
and the subsequent discovery of NO biosynthesis led directly to the idea that NO is an
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endogenously generated vasorelaxant. In the case of HNO, there does not appear to be a
single signaling target (like sGC and NO) but rather numerous thiol targets, but other than
that the similarities can be considered striking. Regardless, the question of regulated and
intentional HNO biosynthesis remains an open one, but it is safe to say that discovery of
endogenous, regulated HNO generation for the purposes of controlling vascular and heart
function would not be at all surprising.

It seems clear that HNO signaling can occur via interactions with thiol proteins (or as
discussed above, selenoproteins or protein persulfides). Many of the examples given above
and the known chemistry of HNO are consistent with this idea. From a purely
pharmacological perspective, HNO possesses intriguing and important properties that can
lead to the development of therapies for, at the very least, cardiovascular ailments and it
seems likely that other therapeutic uses for HNO will be forthcoming.
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RSSH hydropersulfides

DTT dithiothreitol

GPx glutathione peroxidase
BDE bond dissociation energy
NHE normal hydrogen electrode

MbFe3*  metmyoglobin
HbFe3* methemoglobin

MbFeZ*  ferrous myoglobin

sGC soluble guanylate cyclase

cGMP cyclic guanosine monophosphate
AIDH aldehyde dehydrogenase

SOD superoxide dismutase

SR sarcoplasmic reticulum

RyR2 ryanodine receptor channel

SERCA2a SR Ca%* pump
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. The chemical biology of HNO appears to revolve around its electrophilicty, in
particular its reaction with nucleophilic thiols/thiolproteins.

. The biological activity of HNO can be explained by its ability to interact with
specific thiol proteins.

. Specific interactions of HNO with thiol proteins in the cardiovascular system
give it ideal properties for the treatment of heart failure.

. There is a prediction that HNO will also interact extensively with
selenoproteins and biological hydropersulfides.

Arch Biochem Biophys. Author manuscript; available in PMC 2018 March 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Bianco et al. Page 20

n=0

H* OH y R™ NH,

O | Sulfinamide

. //j N
R—SH + H—N —> R—S H

U N-Hydroxysulfenamide
\RS:|
B RSSR + NH,OH

Disulfide  Hydroxylamine

Figure 1.
Reaction of HNO with thiols.
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Figure 2.
Electron pair repulsion with HNO/ROH and HNO/RSH adducts.
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Figure 3.
HNO-mediated modification of a thiol versus a persulfide and possible mechanism of

reductive conversion of the adduct to the corresponding thiol.
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Figure 4.
Mechanism of HNO generation from NH,CN.
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