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Abstract

Hydrogen sulfide, an important gaseous signaling agent generated in numerous biological tissues,
influences many physiological processes. This biological profile appears reminiscent of nitric
oxide, another important endogenously synthesized gaseous signaling molecule. Hydrogen sulfide
reacts with nitric oxide or oxidized forms of nitric oxide and nitric oxide donors /n vitroto form
species that display distinct biology compared to both hydrogen sulfide and NO. The products of
these interesting reactions may include small molecule S-nitrosothiols or nitroxyl, the one-electron
reduced form of nitric oxide. In addition, thionitrous acid or thionitrite, compounds structurally
analogous to nitrous acid and nitrite may constitute a portion of the reaction products. Both the
chemistry and biology of thionitrous acid and thionitrite, compared to nitric oxide or hydrogen
sulfide, remain poorly defined. General mechanisms for the formation of S-nitrosothiols, nitroxyl
and thionitrous acid based upon the ability of hydrogen sulfide to act as a nucleophile and
reducing agent with reactive nitric oxide-based intermediates are proposed. Hydrogen sulfide
reactivity appears extensive and could impact numerous areas of redox controlled biology and
chemistry warranting more work in this exciting and developing area.
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Introduction

The identification of nitric oxide (NO) as a biological signaling agent established the
validity of endogenously produced gases as mediators of numerous physiological processes.
[1, 2] Once considered only an environmental toxin, NO plays important roles in blood
pressure and flow control through soluble guanylate cyclase (sGC) activation, the immune
response and neurotransmission. [1, 3] Early work on NO biosynthesis reveals the nitric
oxide synthase (NOS) catalyzed oxidation of L-arginine to form NO and L-citrulline
through the intermediacy of A-hydroxy-L-arginine (Figure 1). [3, 4] This pathway to NO (N
formal oxidation state = +2) proceeds through a substrate at the ammonia oxidation state (N
= -3) and an intermediate at the hydroxylamine oxidation state (N = —1). [4] The conversion
of dietary nitrate (N formal oxidation state = +5) to nitrite (N formal oxidation state = +3) by
oral bacteria in humans and the subsequent chemical or enzymatic reduction to NO provides
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an important concurrent reductive pathway to NO formation (Figure 1). [5] Together these
pathways produce NO in humans from both oxidative and reductive pathways that utilize
nearly all of the established oxidation states of nitrogen. The chemical and biological aspects
of NO signaling have been thoroughly reviewed. [1, 3, 6]

Similar to NO, hydrogen sulfide (H,S) displays increasing importance as an endogenously
produced gaseous biological signaling agent. [2, 7-9] Like NO, H,S demonstrates toxicity at
higher concentrations but mediates numerous physiological processes associated with the
cardiovascular, nervous and immune (inflammatory response) systems. [7—11] Despite this
activity, specific mechanisms for the action of H,S remain to be elucidated and precise HpS
levels in biology remain debated. [2, 10, 11] Hydrogen sulfide forms during normal L-
cysteine metabolism from the pyridoxal-5’-phosphate (PLP)-dependent cystathione f3-
synthetase (CBS) and cystathione y-lyase (CSE) catalyzed reactions of cysteine,
homocysteine, and cystathione or the action of 3-mercaptopyruvate sulfur transferase (MST)
on 3-mercaptopyruvate (Figure 1). [10, 12, 13] Hydrogen sulfide formation occurs in a
variety of tissues and excellent reviews regarding H,S chemistry and biology exist. [6, 10—
15] This paper reviews the limited literature regarding the chemistry and biology resulting
from the interaction of H,S and NO and proposes potential reactions between H,S and NO
and its redox forms to generate other biologically active species that may form the chemical
basis of NO/H,S “cross-talk”. [15, 16] Much chemical and biological work remains to
completely define the chemistry and biology of this system.

Chemically, hydrogen sulfide represents the sulfur analog of water and the smallest,
structurally simplest thiol. Both the organic and biological chemical reactivity of H,S have
been reviewed. [6, 10, 11, 17] The size and electronegativity of the sulfur atom increase the
acidity of H,S compared to water giving a first pKa of 6.8, which results in about two-thirds
of H,S existing in the anionic form “SH at pH 7.4 (Figure 1). [6] The second pKa of 14.1
reveals that only small amounts of S~2 exist at pH 7.4. [6] The polarizability of the sulfur
atom makes the sulfide anion ("SH) an excellent nucleophile that reacts with numerous
electrophilic organic substrates. [6, 17] Hydrogen sulfide and the “SH anion reduce a variety
of organic substrates. [17] Electrochemical evidence indicates “SH acts as a weaker two
electron reducing agent (forming S°) than glutathione and cysteine but the redox potential of
H,S appears similar to both cysteine and glutathione. [13, 18] Hydrogen sulfide
preferentially (compared to cysteine and glutathione) reduces aromatic azides and nitro
compounds to the amines forming the basis of new and selective fluorescent H,S probes
indicating H,S acts as a better reducing agent than biological thiols under these conditions.
[19, 20] Both the solution pH and the ability of H,S to act as a nucleophile (donating
electrons) will influence the observed reaction chemistry of H,S, which merits further
exploration based on recent biological discoveries. Generally, H,S/~SH acts as a nucleophile
and reducing agent and should form addition complexes with electrophilic nitrogen oxides
and reduce NO or its oxidized forms. [6, 16] Species susceptible to reaction include nitrate,
nitrite, S-nitrosothiols, N,O3, peroxynitrite, NO, HNO and even NO-based metabolites, such
as the electrophilic nitrated fatty acids (Figure 1). [16] These reactions allow the conversion
of higher oxidation state nitrogen oxides to lower oxidation state nitrogen oxides that
include NO, HNO and NHs, providing another mechanism for H,S-mediated biology.

Given that H,S exists as the diamagnetic acid/base pair of H,S/~SH at physiological pH and
the paramagnetic nature of NO, the direct reaction of H,S and NO remains unlikely, similar
to the direct reaction of thiols with NO (Figure 2). [21-23] Calculations provide a H»S bond
dissociation energy of 90 kcal/mol making H atom abstraction by NO to form HNO (H-N
bond dissociation energy 47 kcal/mol) thermodynamically unfavorable. [6, 24] Direct
reaction of NO with H,S requires oxidation of either H,S to the HS' radical followed by
coupling with NO or oxidation of NO to a nitrosating species followed by reaction with “SH
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(formal transfer of the nitrosonium ion, a species too reactive to exist in aqueous
environments) reactions that both would be predicted to yield the simplest S-nitrosothiol
(HNSO, Figure 2), similar to thiol nitrosation to generate S-nitroso thiols. [21, 22, 25, 26]

of Hydrogen Sulfide with NO Donors

The discovery of peroxynitrite (TOONO) scavenging of HoS prompted the study of the
reactions of NO donors and H,S by Moore and co-workers. [27] In this work, the mixture of
various NO donors and H»S (in the form of sodium sulfide, NaSH) forms a new species that
demonstrates the general chemical and biochemical characteristics of an S-nitrosothiol. [28]
Specifically, the mixture of sodium nitroprusside (SNP, 2 Na* [Fe(CN)sNO]~2) and other
mechanistically distinct NO donors with NaSH generates nitrite in a time, concentration and
mercuric chloride (HgCl,), which facilitates S-nitrosothiol decomposition to nitrite,
dependent manner. [28] Similar amperometric and electron paramagnetic resonance (EPR)
studies show that addition of NaSH to NO donors decreases the amount of released NO
suggesting formation of an intermediate S-nitrosothiol that decomposes to NO upon
treatment with HgCl, (Figure 3). [28] Treatment of RAW264.7 cells with a mixture of the
NO donor, SNP (100 uM) and NaSH (100 uM) does not result in an increase of cyclic
guanosine monophosphate (cGMP) suggesting NaSH blocks NO release from SNP due to
intermediate formation. [28] Addition of CuCl; to these cells produces significant increases
in cGMP again supporting an S-nitrosothiol intermediate. Experiments with the liver
homogenates of lipo-polysaccharide (LPS) treated rats, a tissue model capable of both NO
and H,S biosynthesis, show similar trends. [28] Addition of L-cysteine and PLP (for
endogenous H5,S production) to this tissue does not increase nitrite formation as a measure
of NO, but the addition of HgCl, increases baseline nitrite levels providing further evidence
of an S-nitrosothiol intermediate. [28]

This work reveals two particularly important findings: 1) the addition of H,S (as NaSH) to
different NO donors decreases the amount of released NO or blocks NO release and 2) the
addition of H,S to NO donors changes the expected NO-based biological function. The
treatment of these reaction mixtures with HgClI, or CuCl, produces nitrite or NO and
restores the expected biological function leading the authors to suggest S-nitrosothiol
formation. [28] While not explicitly defined structurally, a likely candidate for this species
would be the simplest S-nitrosothiol, HSNO (thionitrous acid, Figure 3). Chemical
mechanisms for S-nitrosothiol formation were not proposed, but the direct reaction between
NO and H,S appears unlikely (Figure 2). The presence of oxygen during these experiments
(aerobic conditions) may allow NO oxidation to give a nitrosating species capable of
reacting with H,S and forming HSNO as an intermediate. Such a pathway remains
consistent with the chemical ability of H,S to act as either a nucleophile or reducing agent
by reacting with an oxidized NO species.

A recent report by Bian and co-workers similarly reveals that administration of NO donors
and H,S (as NaSH) to cardiac myocytes elicits responses distinct to either the NO donor or
NaSH alone. [29] Specifically, NaSH does not affect myocyte contractility and three
mechanistically distinct NO donors (including SNP) decrease contractility (negative
inotropic effect). [29] Addition of both NaSH and the NO donors however yields an increase
in myocyte contractility (positive inotropic effect). [29] Other experiments show that SNP
(50 uM) and NaSH (50 uM) increase the efficiency of electrically stimulated cell contraction
and relaxation by significantly increasing the amplitude of the calcium transient while
decreasing the delay time constant of the calcium amplitude, indicative of increased
cytosolic calcium removal. [29] The SNP + NaSH system also increases the resting calcium
level in the cell, which depends on intracellular calcium stores, suggesting increased calcium
cycling within these cells. [29]
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These results mimic the effects of nitroxyl (HNO), the one-electron reduced form of HNO
(N oxidation state N = +1), on cardiac myocytes leading to the suggestion that the reaction
of NO and H,S generates HNO (Figure 3). [29, 30] Experiments using Angeli’s salt (AS,
NayN,03), the most common HNO donor, show a response identical to the mixture of SNP
and H,S. [29] Nitroxyl demonstrates electrophilic reactivity with itself and thiols
(necessitating the use of HNO donors) and addition of various thiols blocks both the AS and
the SNP + NaSH mixture response suggesting HNO intermediacy. [29, 31] Further
experiments show that the effects of SNP and NaSH do not involve cGMP or cyclic
adenylate monophosphate (CAMP)-mediated pathways. [29]

Nitroxyl demonstrates a distinct chemistry and biology compared to NO and HNO donors
have drawn considerable attention as potential therapies for congestive heart failure. [24, 31,
32] This interest stems from their ability (compared to NO donors) to increase cardiac tissue
contractility through improved calcium cycling and enhanced calcium sensitivity of the
myofilament contractile proteins, [30, 33—-35] nearly identical responses to those observed in
the Bian study. [29] Despite interest in HNO biochemistry and pharmacology, [24, 36]
endogenous production of HNO remains poorly understood and only proposed pathways
exist including: NOS-catalyzed reactions, [37] oxidation of hydroxylamine-derivatives, [38]
reductions of NO, [39] and the direct reaction of S-nitrosothiols with thiols. [40] Given the
previous evidence of S-nitrosothiol formation from the NO and H,S reaction, direct
displacement of HSNO by H»S (a reduction) would in principle generate HNO and HSSH
(Figure 3). [40] These biological results strongly support HNO generation from the reaction
of SNP and NaSH and provide the basis for the chemical exploration of these speculative
H»S-mediated pathways to HNO. Chemically, the two-electron reduction of nitrogen oxides
at the nitrite level of oxidation (N = +3, nitrite, NO*, RSNO) with H,S would generate HNO
(N = +1). These results also highlight the need for improved methods of HNO detection to
better demonstrate HNO formation in these biological experiments and new fluorescent and
phosphine-based methods have been reported. [41-44]

These studies examining the biological reactions between NO and H,S raise some concerns,
including the physiological significance of the in vitro experiments with exogenously added
reactants. [28, 29] The described experiments utilize relatively high concentrations of
simultaneously added NO and H,S that likely exceed actual physiological concentrations of
these species. Endogenous H,S and NO formation also remains subject to temporal and
spatial control affecting the concentration and reactivity of NO and H,S under physiological
conditions. These studies also utilize NO donors, particularly sodium nitroprusside (SNP),
rather than endogenously generated NO as the NO source. [28, 29] Sodium nitrosprusside
does not spontaneously release NO, but requires reduction or photolysis and its chemistry
with thiols has been reviewed. [45] Hydrogen sulfide actively adds to SNP to form a red
violet complex, the basis of the “Gmelin” test of sulfide and this reaction also facilitates
cyanide ion dissociation. [46] A recent re-examination of the H,S/~SH reaction with the
metal coordinated NO of SNP reveals initial addition of “SH and SNP to produce a nitrosyl
addition product with a pKa of 10.5 (Figure 3). [47] This product/anion pair decomposes to
HS, =2 and [Fe(CN)sNO] 3 radicals or further reacts with H,S to give addition products
that ultimately yield NH3, N,O and HS,~, which may indicate HNO generation (Figure 3).
[47] The known chemistry of SNP and HoS complicates interpretation of these biological
results and should preclude the use of SNP as an NO source for examining the biological
reactions of H,S and NO. [28, 29] Whether the mixture of SNP and H»S produces this
complex chemistry under the ratios of reactants, pH and other conditions of the described
studies remains to be elucidated, but the known complex chemistry of H,S and SNP requires
consideration as these reactions may generate different products from the reaction of H,S
and NO or its oxidized products. The reactivity of H,S with SNP also clearly identifies
metal-NO complexes of proteins as potential targets of H,S reactivity. While a well-known
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NO-dependent vasodilator, the structure, mechanism of NO release and known reactivity
with H,S of SNP should be borne in mind while interpreting these exciting biological
discoveries as more complex reaction chemistry may be occurring in these systems.

of Hydrogen Sulfide with S-Nitrosothiols

The above work strongly implicates a role for S-nitrosothiols during the interaction of NO
and H,S and necessitates a brief review of the important early papers on reactions between
S-nitrosothiols with thiols. Tannenbaum and co-workers provide the initial comprehensive
report on the reaction of glutathione-S-nitrosothiol (GSNO) and glutathione (GSH). [48]
Incubation of this biologically relevant thiol and S-nitroso thiol pair, which simplifies the
analysis, yields varying amounts of nitrite, nitrous oxide and ammonia as the nitrogen-based
products depending on the ratio of GSNO:GSH (Figure 4). [48] The yield of nitrite and
nitrous oxide appear inversely proportional to the amount of GSH and the amount of
ammonia proportional to GSH. [48] Oxidized glutathione (GSSG) constitutes the only
observed peptide-based product in these reactions revealing overall sulfur oxidation and
nitrogen reduction. [48] The proposed mechanism includes the initial generation of an N-
hydroxysulfenamide from the addition of GSH to the nitrogen atom of GSNO (Figure 4).
[48] Sulfur-nitrogen bond homolysis of the N-hydroxysulfenamide yields a GSH-based N-
hydroxy radical and the gluthionyl radical (Figure 4). [48] Nitrite formation occurs through
oxidative reactions of the GSH N-hydroxy radical under aerobic conditions and includes
both NO oxidation and an NO-independent route (Figure 4). [48] Coupling of the GSH N-
hydroxy radicals followed by GSSG elimination produces nitrous oxide and ammonia
formation occurs through the GSH reduction of the initial N-hydroxysulfenamide to GSNH,
and GSNH, to GSSG (Figure 4). Electrospray mass spectrometry provides evidence for
unstable sulfenamides (GSNH-SG) and N-hydroxysulfenamides (GS-NOH-SG) as critical
intermediates for the observed nitrogen-based products. [48] The N-hydroxysulfenamide
represents the same intermediate required for thiol/S-nitrosothiol #rans-nitrosation but this
proposed mechanism does not evoke HNO in N,O formation or the reaction of S-
nitrosothiols with thiols. [6] These well-characterized experiments reveal the extreme
complexity of the reaction of thiols with S-nitrosothiols. [48]

Work by Nagasawa and co-workers shows similar products from the reaction of GSNO and
GSH including GSSG as the major GSNO-derived product and nitrous oxide, nitrite, NO,
hydroxylamine and ammonia as the primary nitrogen-containing products depending on
conditions (aerobic/anaerobic). [40] In contrast to the previously discussed study, [48] this
paper proposes a major role for nitroxyl (HNO) in the formation of the observed products.
[40] In addition to the direct formation of a reversible N-hydroxysulfenamide intermediate
that further reacts with GSH to give GSSG and ammonia, this mechanism includes the direct
displacement of HNO during the reaction of GSNO with GSH along with GSSG formation
(Figure 5). [40] Dimerization of the nascent HNO followed by dehydration gives nitrous
oxide and further reactions of HNO with both GSH and GSNO yield nitric oxide,
hydroxylamine and ammonia with nitrite being generated from NO oxidation (Figure 5).
[40] The identification of hydroxylamine and sulfinamides provides some support for HNO
involvement in these reactions. [40] Despite these results, clear HNO production from the
reaction of thiols with S-nitrosothiols remains debated due to the high reactivity of HNO
with thiols and current limitations of HNO detection. [6, 24] The direct displacement of
HNO from the reaction of GSH and GSNO competes with N-hydroxysulfenamide formation
and further complicates these reactions and at present the consideration of both mechanisms
for the reactions of S-nitrosothiols with thiols appears prudent. Displacement reaction of a
thiol and S-nitrosothiol would provide a direct means of HNO generation from the reaction
of HSNO and H,S that may warrant consideration (Figure 3).
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Despite the proposed mechanistic differences, many similarities exist between these
pathways providing guidance for considering the potential reactions of H,S with S-
nitrosothiols. [40, 48] Following these mechanisms and substituting H,S for GSH in
reactions with GSNO should yield glutathione persulfide (GSSH) as the major sulfur
containing product regardless of the mechanism (Figure 6). These mechanisms also predict
the formation of reduced nitrogen species including NO, N,O (possibly HNO) and ammonia
from the reaction of S-nitrosothiols and H,S and nitrite under aerobic conditions and earlier
work clearly shows a reaction between GSNO and H5S. [40, 48, 49] Indeed, an H,S-based
chemiluminescence method of S-nitrosothiol detection shows NO formation upon excess
H,S addition to an S-nitrosothiol. [50] The addition of H,S to GSNO (or any S-nitrosothiol)
should yield an initial N-hydroxysulfenamide adduct that could undergo #rans-nitrosation to
yield GSH and HSNO (thionitrous acid) or decompose to products as described in Figure 4
(Figure 6). [48] Alternatively, direct displacement by the reaction of H,S with GSNO (or
any S-nitrosothiol) would yield HNO and GSSH (Figure 6). [40] Such reactivity may yield
profound biological activity as persulfides appear to play important roles in the modification
of thiol-containing enzyme activity and have drawn considerable recent interest as a unique
redox controlled protein thiol modification. [51, 52] While persulfides chemically
demonstrate enhanced acidity and nucleophilicity, [6] they also represent the sulfur analog
of sulfenic acids (RSOH), which act as important electrophilic/oxidized sulfur species
involved in the regulation of various redox mediated cellular signaling events. [53-55]
Alternatively, frans-nitrosation provides a mechanism for the formation of HSNO, the
simplest S-nitrosothiol, whose basic chemistry and biological reactivity remains relatively
unknown. The small size and enhanced basicity of H,S should enhance its reactivity
compared to other larger and less acidic biological thiols and may facilitate reactions not
available to these thiols. [6] The reactions of H,S and S-nitrosothiols require further
examination in terms of kinetics, product identification and differences in reactivity between
small molecule and protein S-nitrosothiols.

The trans-nitrosation of any small molecule or protein S-nitrosothiol with H,S should yield
an equilibrium mixture of HSNO (thionitrous acid), an extremely interesting species given
the known biological activities of NO, H,S, and nitrite. [16] HSNO, the simplest S-
nitrosothiol and the sulfur analog of nitrous acid, would be expected to be more acidic than
HNO> (pKa = 3.5) indicating the likely formation of thionitrite ("SNO) at physiological pH.
Unlike nitrite, HSNO could exist as a tautomeric pair with HONS, and cisand trans
stereoisomers of both HSNO and HONS theoretically exist (Figure 7). [56-58] Both HSNO
and HONS appear extremely unstable and have only been isolated by low temperature
photolysis reactions of HNSO in an argon matrix and examined by infrared spectroscopy
and theoretical calculations. [56-58] Free cisand frans HNSO and SNO™ result from this
method and ab initio calculations reveal the stability in terms of ground state energy to be
HNSO > HOSN > HSNO > HNOS but no reported reaction chemistry of these nitrous acid
and nitrite analogs exists. [56-58] Further theoretical calculations indicate an S-N bond
dissociation energy of 29.2 kcal/mol in HSNO, indicating the weakness of this bond and
suggesting homolytic S-N bond cleavage to NO. [59] These calculations also examine
HSNO'’s structure as a combination of covalent non-charged, zwitterionic and ion pair
species to predict S-nitrosothiol structure. [60] While not proposed, HSNO could potentially
exist as a reactive cyclic three-membered ring structure (Figure 7). The chemical reactivity
of HSNO or SNO™ remains poorly described but many reactions appear possible including
sulfur-nitrogen bond homolysis to yield NO, reactions with nucleophiles to yield HNO,
hydrolysis to nitrite and various dimerization and disproportionation pathways to other
products. The biology and chemistry of these highly unstable species have not been clearly
defined and whether HSNO/NSO™ can be generated and detected under biological
conditions remains to be discovered. Recent work shows the reaction of H,S with
peroxynitrite generates sulfinyl nitrite (HS(O)NO), which was characterized by
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spectroscopic and computation methods and may act as a biological NO donor. [61] During
the preparation of this paper, Filipovic described the formation of HSNO from the trans-
nitrosation reaction of H,S and GSNO by a mechanism similar to Figure 6. [62] Using a
variety of analytical methods to measure nitrogen oxide formation, HSNO further reacts to
yield NO and HNO and that HSNO freely diffuses through membranes providing a
mechanism for protein trans-nitrosation. [62] This exciting new work should stimulate more
in-depth investigation of the complex chemistry and biology of HSNO that provides a point
of convergence for H,S and NO-based signaling. [62]

Other H,S Reactions

Treatment of aryl or sulfonyl azides with H»S results in azide group reduction to form an
aromatic amine or sulfonamide, respectively (Figure 8). [17] Using a properly constructed
azide, this reduction generates a fluorescent molecule permitting the development of a new
group of HyS sensors based on this chemistry (Figure 8). [19, 63] Most importantly, H,S
preferentially reduces these azides compared to cysteine and glutathione making mew H,S
detectors selective in biological systems. [19, 63] These results also demonstrate the strength
of H,S as a reducing agent comparable to these thiols under these conditions. Recently, this
reactivity has been applied to H,S detection using genetically-modified fluorescent proteins
in both aqueous solutions and mammalian cells. [64] Similarly H»S reduces aromatic nitro
groups to amines and these compounds can selectively detect H,S. [20] Hydrogen sulfide
or ~SH reacts with disulfides in a disulfide exchange reaction to generate a persulfide, a
pathway of potential importance in biological persulfide formation that also forms the basis
of a new H,S detection method (Figure 8). [6, 65] The acidic and nucleophilic properties of
H>S make it an excellent nucleophile in Michael reactions with electron deficient olefins and
this chemistry forms the basis of another new H,S detection method. [66] This type of
reactivity suggests reactions of H,S with the electrophilic nitrated fatty acids, another group
of electrophilic nitrogen oxide-derived signaling molecules (Figure 8). [67] New work
shows that H,S reacts with nitrated oleic acid to yield a thioether product by a double
Michael reaction sequence and also forms an adduct with 8-nitro cGMP to alter redox
signaling through electrophile sulfhydration. [68] In general, the diverse chemistry of H,S
opens numerous avenues for selective chemical detection and such probes may provide
insight into determining precise biological H5,S levels.

Conclusion

Hydrogen sulfide (H,S) has taken a place among other recognized gaseous transmitters (NO
and CO) and elicits specific biological effects in the cardiovascular, immune and nervous
systems making the control of H,S production and degradation an important therapeutic
opportunity. [2, 6, 8-11, 15] Despite the emergence of H,S as an important biological
mediator (humerous H,S donating drugs are being explored), [10, 69] the interaction of
hydrogen sulfide with NO and its multiple precursors and metabolites has received little
attention. Recent work shows a cooperative interaction of H,S and NO which increases and
maintains cellular cGMP levels essential for vasorelaxation and angiogenesis and reveals the
potential for each of these molecules to control the actions and effective concentration of the
other. [70] Interestingly, a dual NO and H,S donor drug (NOSH-aspirin) is currently being
evaluated, particularly for its anti-cancer actions. [71, 72] Chemically, H,S acts as a strong
nucleophile and reducing agent and efficiently reduces a number of organic substrates, [6,
73] which now form the basis of H,S detection strategies. [74] Under biological conditions,
H,S continues to act as a nucleophile and reducing agent that conceptually should react with
a variety of NO-derived species. [16] Early work shows that NO donors and H,S react to
likely yield HNO or S-nitrosothiol, which may be chemically interconverted, but these
reactions elicit different biological responses compared to NO donors. [28, 29] The
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biological chemistry of H,S remains complex and reactions with S-nitrosothiols (both direct
displacement of HNO and/or frans-nitrosation) may reveal a portion of the biological effects
of these compounds. Much work remains including defining: the biological sources of NO
and H,S, their generation and kinetics; the direct products of the reaction of H,S and NO
and their biology; whether HSNO forms during these reactions; and the biological effects of
this chemistry. Despite these questions, the reactions of these basic nitrogen and sulfur
species likely play important roles in biology and warrants further examination.
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List of Abbreviations

AS Angeli’s Salt

cAMP cyclic adenylate monophosphate

cGMP cyclic guanylate monophosphate

CBs cystathione B-synthetase

CSE cystathione y-lyase

EPR electron paramagnetic resonance

GSH glutathione

GSNO glutathione S-nitrosothiol

GSSG oxidized glutathione

GSSH glutathione persulfide

LPS lipo-polysaccharide

MST 3-mercaptopyruvate sulfur transferase

NO nitric oxide

NOS nitric oxide synthase

PLP pyridoxal-5’-phosphate

sGC soluble guanylate cyclase

SNP sodium nitroprusside
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Figure 1.
Biological production of nitric oxide and hydrogen sulfide and their possible reactions.
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Figure2.
Potential reactions of nitric oxide and hydrogen sulfide.
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Reactions of hydrogen sulfide with sodium nitroprusside. Top: S-nitrosothiol formation.
(Moore), Middle: HNO formation (Bian), Bottom: Direct reaction with sodium
nitrosoprusside (Olabe).
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Figure4.
Summary of reactions of glutathione with glutathione S-nitrosothiol (Tannenbaum).
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Summary of reactions of glutathione with glutathione S-nitrosothiol (Nagasawa).
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Proposed reactions of hydrogen sulfide with glutathione S-nitrosothiol.
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Consideration of the reactivity of HSNO and its tautomers.
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Figure8.
Summary of hydrogen sulfide reactivity with organic substrates. A) fluorescent H,S sensor;
B) disulfide exchange reaction; and C) Michael reaction of nitrated fatty acids with H,S.
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