Redox Biology 57 (2022) 102486

ELSEVIER

Contents lists available at ScienceDirect
Redox Biology

journal homepage: www.elsevier.com/locate/redox

The antioxidant and oxidant properties of hydropersulfides (RSSH) and

polysulfide species

Christopher H. Switzer °, Jon M. Fukuto ™"

@ William Harvey Research Institute, Barts and the London School of Medicine and Dentistry, Queen Mary University of London, London, UK

Y Department of Chemistry, Johns Hopkins University, Baltimore, MD, 21218, USA
¢ Department of Chemistry, Sonoma State University, Rohnert Park, CA, 94928, USA

ARTICLE INFO ABSTRACT

Keywords:
Hydrogen sulfide
Hydropersulfides
Polysulfides
S-nitrosothiol

It has become apparent that hydrogen sulfide (H3S), hydropersulfides (RSSH) and other polysulfide species are
all intimately linked biochemically. Indeed, at least some of the biological activity attributed to hydrogen sulfide
(H2S) may actually be due to its conversion to RSSH and derived polysulfur species (and vice-versa). The unique
chemistry associated with the hydropersulfide functional group (-SSH) predicts that it possesses possible pro-

tective properties that can help a cell contend with oxidative and/or electrophilic stress. However, since RSSH
and polysulfides possess chemical properties akin to disulfides (RSSR), they can also be sources of oxidative/
electrophilic stress/signaling as well. Herein are discussed the unique chemistry, possible biochemistry and the
physiological implications of RSSH (and polysulfides), especially as it pertains to their putative cellular pro-
tection properties against a variety of stresses and/or as possible stressors/signaling agents themselves.

1. Introduction

Interest in nitric oxide (NO) as a small-molecule bioregulator in the
early 1990’s led to the eventual interest in other endogenously produced
di- or tri-atomic species as possible physiological signaling agents [for a
review, see [1]]. Thus, carbon monoxide (CO) and hydrogen sulfide
(H2S) have also been determined to possess important physiological
signaling properties and along with dioxygen (O2) can be grouped
together as a class of signaling species sometimes referred to as “gaso-
transmitters” (an unfortunate, misleading and inaccurate term since all
of these species are solutes and not gasses when acting physiologically).
Importantly, all of these small-molecule species appear to have an in-
tegrated signaling relationship in that they can control the actions of
each other due to a commonality in targets and/or binding sites and, for
some, the fact that they (themselves or via derived species) can react
with one another [for example [2]]. Among these species, HyS is unique
in that it has dissociable protons (and therefore can easily exist in an
ionic state) and is inherently nucleophilic (i.e., will react with, for
example, electrophilic sulfur species). The reaction of HyS with other
oxidized sulfur species (e.g., disulfides, RSSR) allows for the eventual

generation of a plethora of sulfur exchange products. The simplest of
these products is an alkyl hydropersulfide (RSSH) (Reaction 1). It
should be mentioned that Reaction 1 as written is uphill thermody-
namically [3] and thus the equilibrium, in a purely chemical system, lies
predominantly to the left.

H,S +RSSR=RSSH + RSH 1)

Further reactions associated with RSSH species are possible (if not
likely), generating other higher order polysulfur species [e.g. [4]].
Importantly, the biosynthesis of H,S via some routes can involve RSSH
intermediacy (i.e., HoS is generated via the reverse of Reaction 1) [e.g.
[5,61]1. However, in spite of the existence of RSSH species (i.e., cysteine
hydropersulfide, Cys-SSH) in some H,S generating pathways, the
possible biological utility beyond serving as a possible precursor for HyS
generation has been relatively ignored until recently. It is now proposed
that RSSH species possess unique and important chemical properties
that predict its possible use as a protective agent against oxidative
and/or electrophilic stress (among other possible roles) (vide infra).
Therefore, in order to provide a chemical basis for predicting the
possible biological functions/utility of RSSH species, the chemical
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Fig. 1. A) Alpha effect associated with increased nucleophilicity of RSSH/RSS™
over RSH/RS™. B) Delocalization of unpaired electron of RSS- responsible for
increased stability over RS-.

properties of the —-SSH functional group will be discussed first.

1.1. General RSSH chemistry and comparison with thiols and disulfides

The physiological utility of RSSH will be wholly dependent on the
chemistry associated with the —-SSH functional group and its distinction
from other sulfur (or chalcogen) species/redox states. Since RSSH are
ultimately derived from the corresponding alkyl thiols (RSH) in bio-
logical systems, it may be useful to first examine the biochemical utility
of thiols and derived species and discuss the difference an additional
sulfur atom can make (i.e., RSSH versus RSH, note: herein, RSH and
RSSH will be used to denote both the protonated RSH/RSSH species as
well as the corresponding conjugate bases, RS™/RSS™ unless otherwise
noted). In general, RSH can act as a nucleophile (e.g., as in cysteine
proteases), a reductant (e.g., as in glutathione peroxidase (GPx)), and a
metal ligand (e.g., as in Zn-finger proteins) [7]. All of these properties
are due to the chemistry associated with the reactivity of the lone-pair
electrons on the sulfur atom. The -SSH functional group also possesses
lone pairs of electrons which can have analogous chemical/biochemical
properties to those found with the -SH functional group. That is, RSSH
species are known to be nucleophiles [e.g. [3,8,9]], reductants [e.g.
[10-12]] and metal ligands [e.g. [13,14]]. Generally speaking, however,
the nucleophilic and reducing power of RSSH exceed that of RSH. Due to
an alpha effect (the effect associated with lone pair electrons on adjacent
atoms), RSSH species possess significantly greater nucleophilicity
compared to RSH [9]. Moreover, RSSH is a superior one-electron
reductant compared to RSH since the one-electron oxidized RSSH spe-
cies, the perthiyl radical (RSS:), is stabilized by delocalization of the
unpaired electron (an effect not possible with the thiyl (RS-) species)
[10,11,15]. The effects responsible for the increased reactivity associ-
ated with RSSH versus RSH are depicted schematically in Fig. 1.

Thus, it can be surmised that the —-SSH functional group is hyperac-
tive compared to —SH with regards to the above-mentioned reactivity (i.
e., nucleophilicity, reducing ability and metal ligation - at least for some
metals). Indeed, the —-SSH group can be compared to the selenol func-
tional group (-SeH, which denotes both the protonated and unproto-
nated, -Se’, species) in that -SeH has superior nucleophilicity and
reducing abilities compared to the corresponding -SH containing

Thiol Disulfide

RS/RSH RSSR
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species. In this regard, Cys-SSH and/or associated sulfurated thiol pro-
teins (PSSH) can be considered to be ‘fleeting’ selenocysteine (Sec) and/
or selenoprotein analogs [16] (note: RSSH/PSSH can be considered
fleeting due to the existence of the reverse of Reaction 1). Moreover, the
inherent reactivity of the —-SSH functional group as a nucleophile and
reductant has led to favorable comparisons to numerous biological
protective/antioxidant systems such as ascorbate, a-tocopherol, gluta-
thione (GSH), glutathione transferase (GST), glutaredoxin (Grx) and
glutathione peroxidase (GPx) [17].

It needs to be stressed that RSSH is oxidized with respect to RSH (i.e.,
the formal oxidation state of the sulfur of RSH is 2- (i.e., RS?>"H) while
the formal oxidation state of the internal sulfur of RSSH is 1- (i.e.,
RS!"SH)). Indeed, one mechanism of RSSH generation in a biological
system requires an oxidized thiol species, RSSR, to react with H,S (Re-
action 1). Other oxidized thiols such as sulfenic acids (RSOH) are also
capable of reacting with HyS to generate RSSH [3] (Reaction 2).

RSOH + H,S — RSSH + H,0 )

Alternatively, inorganic oxidized sulfur species (oxidized HyS or
oxoacids of sulfur) can be formed which react with RSH to give RSSH
species [18]. Regardless, formation of RSSH from RSH and H»S requires
an oxidation at some point in the process. Considering the requirement
for an oxidation step somewhere in RSSH generation from RSH, it would
be expected that RSSH formation may be particularly prevalent under
biological oxidative stress conditions (this is discussed in further detail
below).

The reducing and nucleophilic properties of RSSH are predominantly
due to the anionic RSS™ species (although RSSH is also reported to be a
good reductant via H-atom donation [11,19,20]). The pK, values of
RSSH are reported to be 2-4 units lower than the corresponding RSH [e.
g. [3,19]]. Therefore, at physiological pH the anionic RSS™ species
should be the predominate equilibrium species for most RSSHs. How-
ever, there is no doubt that potentially consequential levels of the pro-
tonated RSSH can also be present since it is in a dynamic equilibrium
with the anionic RSS™ species. The chemistry of the protonated RSSH
can be distinct from RSS™ since disulfides are known to be electrophilic
(consider the predominant biochemistry associated with RSSR, for
example). In fact, it would be expected that RSSH can be a superior
electrophile compared to RSSR since nucleophilic attack at the internal
sulfur of RSSH (the bolded sulfur atom) may be predicted to be more
favorable compared to nucleophilic attack at either of the sulfur atoms
of RSSR due to the fact that HS™ is typically a weaker base than RS~ (e.
g., the pK, of HyS is 7, while the pK, of a representative thiol on cysteine
(Cys-SH) is 8.3) and therefore is a superior leaving group for this reac-
tion. Also, attack at either sulfur atom of RSSH would be sterically less
hindered compared to nucleophilic attack on RSSR sulfur atoms due to
the small size of a proton versus an alkyl, R, group. Thus, by all accounts
the protonated RSSH species should be an excellent electrophile, likely
superior to RSSR in this regard. Fig. 2 depicts the dichotomous chemical
behavior associated with RSSH and the comparison with RSH and RSSR.
The biological implications of all the aspects of RSSH chemistry will be

Hydropersulfide
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Fig. 2. Chemical reactivities of thiols (RSH), disulfides (RSSR) and hydropersulfides (RSSH).
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Fig. 3. Possible mechanisms of RSH protection via conversion to RSSH. (Note: RSSH can be PSSH in these mechanisms).

discussed later.

It is also worth noting that polysulfur species such as RS,R (n > 2)
have been reported to react with HoO under mildly basic conditions to
give the corresponding polysulfide and sulfenic acid (Reaction 3) [e.g.

[21]1.
RS,R' + H,0=RSH +R'S, ;OH or RS, ;H +RSOH (n > 2) 3)

Interestingly, RSSR disulfides can also react with HoO to give RSH
and sulfenic acid (RSOH) (Reaction 3 with n = 2), but this only occurs
appreciably under highly basic conditions and is not likely to be bio-
logically important at physiological pH due to the lack of nucleophilic
hydroxide (HO™) (although enzyme-mediated hydrolysis is possible)
[22]. Due to the known electrophilicity of RSOH (e.g., RSOH reacts
readily with nucleophilic sulfur species [23]) (Reaction 4), this chem-
istry can contribute to the complexity of possible sulfur exchange
products generated in biological systems.

RS,0H + R’SyH — RS,SR” + H0 )

1.2. Reaction of RSSH with S-Nitrosothiols: Transnitrosation

Transnitrosation describes the transfer of a nitrosonium group (NO™)
from one nucleophile to another. This reaction occurs via the attack of a
nucleophile at the electrophilic nitrogen of X-NO followed by
displacement/loss of the X group. In the context of this review, the
transnitrosation reaction of interest involves the transfer of NO™ from
one sulfur to another. The transnitrosation reaction between RSH and an
S-nitrosothiol (RS-NO) occurs readily and is reversible (Reaction 5) [e.
g. [24]].

RSH+R'S — NO=RS — NO + R’SH 5)

As a more potent nucleophile, RSSH species should also readily
participate in transnitrosation reactions with RS-NO to give an S-nitro-
sopersulfide (RSS-NO) (Reaction 6).

RSSH+R'S — NO=RSS — NO + R’SH (6)

Although the transnitrosation reaction between RSSH and RS-NO is
also presumably reversible (Reaction 6 shown as being reversible),
there is another competing reaction pathway available to RSS-NO that is
not readily available to RS-NO. Due to the stability of the two radical
products, homolysis of the S-N bond of RSS-NO readily occurs, giving
RSS- and NO (Reaction 7).

RSS —NO=RSS- + NO @

As mentioned above, the stability of RSS- can be explained by the
delocalization of the unpaired electron which lowers the energy of this
radical intermediate. An analogous homolytic reaction cannot occur as
readily for RS-NO due to the higher energy associated with RS- species
(the rationale for the relative stability of RSS- versus RS- is schematically
depicted in Fig. 1). Thus, combining Reactions 6 and 7 gives Reaction

8, which indicates that RSSH can degrade R’S-NO, generating R’SH and
releasing NO.

RSSH + R’S-NO — RSS- + NO + R’SH 8

Consistent with the existence of Reaction 8, several reports indicate
that the reaction of RSSH with, for example, the S-nitrosothiol of
glutathione (GS-NO) results in the generation of NO as well as the for-
mation of GSH and the corresponding tetrasulfide RSSSSR, which would
have resulted from the simple dimerization of RSS- (Reaction 9) [11,
25].

2 RSS- — RSSSSR €)]

The physiological implications of Reaction 8 are significant and will
be discussed further below.

1.3. Biological utility/effects of RSSH as a reductant/nucleophile

As mentioned above, RSSH is oxidized with respect to RSH and
should be more prevalent under cellular oxidizing conditions (i.e.,
oxidative stress). The generation of RSSH species under cellular oxida-
tive stress conditions may have evolved since this would mean that a
strong reductant/nucleophile can be readily generated under potentially
deleterious oxidizing conditions. The fact that an oxidized species is a
stronger reductant/nucleophile than the molecule from which it was
derived is typically unexpected (although not unheard of, consider for
example oxidation of ammonia (NH3) to hydrazine (NHNH3) or hy-
droxylamine (NH2OH)) and it may make physiological sense that this
phenomenon is exploited to generate a strong reductant/nucleophile,
RSSH, from RSH under electrophilic/oxidative stress conditions as a
protective mechanism [e.g., [7]]. However, as alluded to above, RSSH is
also an oxidized species and therefore has the potential to itself promote
an oxidative stress (vide infra).

RSSH can protect a cell from oxidative/electrophilic stress by several
possible mechanisms. As a good reductant and nucleophile, RSSH can
scavenge potentially deleterious oxidants and electrophiles. That is,
RSSH can quench oxidizing radical chain reactions, thus limiting
cellular damage, akin to the effects of other antioxidants such as
ascorbate or a-tocopherol. RSSH can also react with and intercept
electrophilic species akin to the actions of GSH and other GSH-requiring
processes (e.g., Grx, GPx or GST) [17]. Alternatively, the —-SSH func-
tional group contained in proteins (PSSH) is proposed to protect the
cysteine thiol from irreversible oxidative or electrophilic damage [e.g.
[26]]. This aspect of RSSH-mediated protection occurs since PSSH
contains a reactive and yet sacrificial sulfur atom that can be modified (i.
e., oxidative modification) and then later reduced off to generate the
corresponding protein thiol (PSH). This idea is not necessarily new as
another oxidized thiol species has also been touted as being protected as
well; glutathionlylation of thiol proteins (PSSG formation) has been
proposed to protect protein cysteines from irreversible oxidative dam-
age. However, the proposed mechanism of protein thiol protection via
PSSH is distinct from the protection afforded PSSG. Glutathionlylated
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proteins are proposed to be resistant to oxidative modification due to
their lesser general reactivity with oxidants/electrophiles compared to
the corresponding PSH and, after the oxidative stress is resolved, can be
readily reduced back to the original PSH species [27]. PSSH species, on
the other hand, are susceptible to oxidation and/or electrophilic modi-
fication but the oxidized/modified sulfur atom can be readily removed
reductively to regenerate PSH when the stress has resolved. Fig. 3 out-
lines the above-mentioned mechanisms of protection by RSSH (or PSSH)
species.

To be sure, there are numerous reports indicating that RSSH/PSSH
formation can be protective in biological systems. For example, Paul and
Snyder [87] proposed that PSSH formation may protect against
over-oxidation and permanent damage (although no mechanism for this
proposal was forwarded). Krishnan and coworkers [81] also reported
that sulfuration of the protein phosphatase PTP1B could offer protection
from irreversible oxidation. Greiner and coworkers [79] subsequently
showed that sulfane sulfur addition to the active site cysteine of the
protein phosphatase PTEN results in protection from subsequent irre-
versible Hy0o-mediated modification. Ida et al., [86] found that
increased levels of persulfides in cells protect from HyO5 toxicity and
further investigation of RSSH-mediated protection revealed that
increased intracellular RSSH levels in cells also protect from
electrophile-mediated toxicity in both eukaryotes [4] and prokaryotes
[85]. Ezerina and coworkers [80] also provide strong evidence that the
‘antioxidant’ and protective properties of N-acetylcysteine (NAC) may
actually due to formation of the hydropersulfides, an effect that has been
further expounded [28]. Polysulfides (including RSSH species) are re-
ported to be potent anti-inflammatory agents capable of desensitizing
macrophages to TLR signaling [29]. Furthermore, sulfuration of
glycogen synthase kinase 3p inhibits Tau hyperphosphorylation and
thus is neuroprotective against Alzheimer’s disease [30]. The antioxi-
dant properties of RSSH species have also been shown to protect against
oxidative stress-mediated toxicity in myoblasts [31] and against
myocardial ischemia-reperfusion injury [32]. Finally, an RSSH donor
compound was found to possess potent anti-inflammatory and antioxi-
dant properties in ATDCS5 cells [33].

1.4. Oxidative properties of RSSH/polysulfides

Clearly, the chemical properties of RSSH predicts that it has the
potential to provide the cellular protection discussed above. However, it
needs to be stressed that although RSSH is a good reductant/nucleophile
(mostly as the anionic RSS™ species), it is also a good oxidant/electro-
phile when protonated, likely better than RSSR (vide supra). Thus, the
protonated RSSH could be capable of eliciting an oxidative stress via
conversion of PSH to PSSH or PSSR via Reactions 10 or 11.

RSSH + PSH=RSH + PSSH (10)

RSSH + PSH= PSSR + H,S 11)

Assuming the modified thiol is crucial to the activity of PSH, the
PSSH and/or PSSR species are likely to be inactive (there are only a few
instances where PSSH maintains activity [e.g. [34]]), thus this modifi-
cation can be deleterious to fundamental cellular biochemistry and
therefore can represent a toxicity. Interestingly, it was found that
numerous cell types treated with cysteine trisulfide (Cys-SSS-Cys, also
known as thiocystine) results in an increase in intracellular levels of
RSSH species (e.g., GSSH and Cys-SSH) [35]. The increase in RSSH (in
this case, Cys-SSH) via treatment with Cys-SSS-Cys was presumably due
to Reaction 12 occurring intracellularly.

Cys — SSS — Cys + RSH= RSS — Cys + Cys — SSH 12)

Importantly, the increase in overall intracellular RSSH also resulted
in the cellular export of Cys-SSH into the cell culture media [35],
consistent with the idea that RSSH species can be potentially delete-
rious. That is, since Cys-SSH is an oxidized sulfur species, it is
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hypothesized that export of Cys-SSH protects cells from an oxidative
stress when levels get too high, analogous to the idea that GSSG export
helps regulate thiol redox homeostasis [e.g. [36]]. Alternatively, it is
proposed that exported Cys-SSH can also serve as an extracellular pro-
tectant that can scavenge otherwise toxic oxidants/electrophiles prior to
interacting with cells. Finally, it can be speculated that in the vascular
system extracellular and circulating Cys-SSH can serve to release NO
from circulating S-nitroso albumin (via Reaction 8), a species reported
to be a source of labile NO that elicits venodilation [37].

One interesting aspect of RSSH export is that Cys-SSH is exported in
spite of the fact that GSSH is in much higher intracellular concentration
(as much as 3-4 times higher). Thus, it is curious that a relatively minor
component of the overall RSSH load in these treated cells was exported,
while a major RSSH species, GSSH, remains intracellular. If the -SSH
functional group were deleterious, it may be expected that the majority
RSSH species, in this case GSSH, would also be, if not preferentially,
exported. The reason for this is not currently known but it is speculated
that GSSH can be sequestered intracellularly (akin to, for example, GSSG
[82]), not allowing it to elicit an oxidative stress. Clearly there can be
other possible explanations and this is likely to be a topic of a significant
research focus in the future.

Although Cys-SSS-Cys is considered to be a donor of RSSH via Re-
action 12, it needs to be stressed that Cys-SSS-Cys, along with RSSH
species are oxidized with respect to RSH/PSH and therefore can
potentially elicit an oxidative stress. An example of RSSH/polysulfide-
mediated oxidative/electrophilic stress was reported by Switzer and
coworkers [84]. They found that cells treated with the Cys-SSH-donor
and polysulfur species Cys-SSS-Cys results in cellular toxicity in
human cells by eliciting an endoplasmic reticulum stress (ER-stress).
Interestingly, however, pre-reacting Cys-SSS-Cys with HsS, which will
generate Cys-SSH via Reaction 13 [4], prior to the treatment of cells did
not induce an ER-stress and actually results in protection against elec-
trophilic stress. Thus, while Cys-SSH can be protective, the precursor
polysulfur species Cys-SSS-Cys can cause an oxidative stress.

Cys — SSS — Cys + H,S= 2 Cys — SSH 13)

Although the electrophilic/oxidative properties associated with
RSSH or polysulfides can be deleterious to cells, these species can also
activate protective cellular machinery. The transcription factor Nrf2,
when activated, elicits cellular protection against oxidative/electro-
philic stress via the induced expression of protective genes as well as
suppressing the induction of pro-inflammatory cytokines [38,39]. The
regulation of Nrf2 involves Keap1l, which serves as an E3 ubiquitin ligase
substrate recognition subunit that targets Nrf2. Under normal conditions
the Keap1-Cul3 E3 ligase complex ubiquitinates Nrf2 leading to rapid
proteosomal degradation. However, under oxidative/electrophilic stress
Keapl thiols are oxidatively/electrophilically modified leading to a loss
of ubiquitination activity and consequent Nrf2 activation. Not surpris-
ingly, as an electrophile and oxidizing agent, RSSH is capable of acti-
vating Nrf2, leading to cellular protection from electrophiles [40].

1.5. RSSH and regulation of RS-NOs

RS-NO formation on PSH (making PS-NO) can alter the activity,
function and properties of the protein and therefore is implicated in the
etiology of numerous diseases and proposed to be an important part of
NO signaling [e.g. [41-44]]. Thus, the synthesis, degradation and fate of
RS-NO moieties are important research topics. Since RS-NOs are
oxidized with respect to RSH and, like RSSH formation, can also be
considered an aspect of cellular oxidative stress (although they are
somewhat distinct and often referred to as a ‘nitrosative’ stress when at
excessive levels) [e.g. [45]]. Therefore, the reaction of RSSH with RS-NO
can have important (patho)physiological implications. As discussed
above, RSSH can participate in transnitrosation reactions leading to the
degradation of RS-NO with consequent release of NO (i.e., Reaction 8).
An important aspect of this mechanism of RS-NO degradation is the
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release of NO since it has been proposed that RS-NO species can be
storage forms or reservoirs of NO that can be released/utilized at
opportune times [e.g. [46-49]]. However, in many cases a reasonable
physiological mechanism for NO release from RS-NO is not established.
Although there are numerous pathways for the biochemical degradation
of RS-NOs that do not generate NO [e.g. [50-53]] there are only a few
currently proposed mechanisms that are capable of releasing NO as part
of the degradation process. NO release from RS-NO can occur photo-
chemically [54,55] or via a metal-mediated process (i.e., via a
copper-mediated process) [55]. However, these chemical mechanisms of
NO generation from RS-NO degradation are not likely to be physiolog-
ically relevant [e.g. [56]]. Thus, the prevalence of RSSH, especially
under oxidative stress conditions, provides at least one possible physi-
ologically relevant pathway for NO release from RS-NO species. Indeed,
since RS-NO species are thought to be factors in some diseases, this
process has been proposed to be an important aspect of the presumed
protective actions of RSSH [56]. Importantly, further experimental ex-
amination of the RSSH/RS-NO reaction has shown that NO release is the
predominant reaction pathway (as opposed to a possible competing
HNO-forming pathway that has been shown to occur in the analogous
RSH/RS-NO reaction (Reaction 14) [57]) and can lead to the relaxation
of vascular tissue, thus providing a biological context for this process
[25].

RS(S)H + R’S-NO — RS(S)SR’ + HNO a4

Thus, the proposal that RSSH may control RS-NO levels has, at the
very least, reasonable chemical rationale/precedence and importantly
may provide some credence to proposals that RS-NO can be storage
forms for NO. Regardless, RSSH-mediated degradation of RS-NO species
may be an important aspect of RS-NO regulation, especially since both
species, RSSH and RS-NO, should be more prevalent under cellular stress
conditions.

1.6. The fate of RSS-

When RSSH acts as a one-electron reductant capable of reacting with
and quenching one-electron oxidants (such as those in damaging bio-
logical radical chain reactions) (Reaction 15), the immediate sulfur-
containing product will be RSS-.

RSS/RSSH + X- = RSS: 4+ X /X-H (X- = one-electron oxidant) (15)

Also, in the case of RSSH-mediated degradation of RS-NO and the
release of NO, RSS: is produced (Reaction 8). Therefore, it is worth
addressing at this point the possible biochemical fate/reactivity of RSS-.
It has already been discussed how RSS- is chemically more stable than
the corresponding RS- species (justifying the increased reducing power
of RSSH over RSH, Fig. 1). The lack of reactivity of RSS- (at least with
respect to it acting as a potent oxidant) can be seen from the ability of
RSSH to act as an antioxidant where RSSH can quench oxidation
chemistry [19,20]. The fact that RSS- does not carry on oxidation
chemistry (i.e., act as an intermediate in radical chain processes) is a
testament to its lack of oxidative reactivity. Furthermore, as a para-
magnetic species with an unpaired electron, RSS- does not appear to
have a great propensity to react with O, (another paramagnetic species).
However, it should be noted that Everett and coworkers [60] have re-
ported that radiolytic formation of RSS- in a solution containing Oy can
result in low to moderate yields of sulfate (SO%’). Clearly RSS- has no
affinity for paramagnetic NO since NO is readily released from RSS-NO
due to the very low bond dissociation energy of approximately 3-4
kcal/mol [11,25]. Under purely chemical conditions (i.e., in a simplified
system devoid of possible reactive species that can be present in a bio-
logical milieu), RSS- will simply dimerize to RSSSSR (Reaction 9).
However, since Reaction 9 is second order in RSS., the likelihood of this
reaction occurring in biological systems may be small since concentra-
tions of RSS- are likely to be low and other reaction pathways for RSS-
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may exist. The ultimate fate of RSS- becomes an important question
since it may have physiological consequences. Although there currently
is no established answer for this question, possible fates for RSS- can be
gleaned from the chemical properties of RSS-. A calculated reduction
potential for the RSS-/RSS™ couple is reported to be 0.68 V (pH 7) [58].
For comparison, the reduction potentials for the ascorbyl radical anion
(Asc”)/ascorbate (Asc”) and the tocopheroxyl radical (Toc-O.),
H™/tocopherol (Toc-OH) couples are 0.282 and 0.500 V respectively
(both pH 7) [59]. These values predict that either ascorbate (vitamin C)
or a-tocopherol (vitamin E) are both thermodynamically capable of
reducing RSS- to RSS™. Indeed, RSS- generated via pulse irradiation of
RSSSR has been reported to react with Asc™ with a fairly high rate
constant of 4.1 x 10° M~'s™! [60]. There may also be biological re-
ductases capable of reducing RSS- to RSS™, akin to what is known for
Asc” reduction to Asc™ [e.g. [61]]. Thus, like ascorbate and tocopherols,
RSS- may be recycled back to RSSH rather than simply dimerizing to
RSSSSR. Regardless, further work will need to be done to address this
possibility.

One possible biological fate of RS- is reaction with, for example, R’SH
to generate a radical anion (R’SSR ™), which is a potent reductant capable
of reducing O3 to superoxide (Oz) [62]. Thus, it is conceivable that RSS-
may also react with HoS/HS™ or RSH/RS™ in an analogous fashion. That
is, RSS- may react with R’SH to give the corresponding trisulfide radical
anion (RSSSR’7). To be sure RSSSR™ species have been speculated to be
in equilibrium with RS™ and RSS- (or RS- and RSS™), lending credence to
the idea that this reaction can occur [60]. The chemical properties of
RSSSR™ are currently not established, thus the physiological implica-
tions of this possible reaction remain to be determined.

1.7. Inorganic polysulfides

In addition to RSSH and longer polysulfide species (R(S),SH), inor-
ganic polysulfide analogs are also formed with the general formula of
H2S, (n = 2-9). While they share some properties of RSSH, inorganic
polysulfides have additional chemical features that may have
biochemical or biological importance. Similar to RSSH, HaSx are stron-
ger acids compared to their monothiol analogue, HS, and the anionic
species predominate at physiological pH [63]. Additionally, inorganic
polysulfides retain the radical stabilization effects observed in RSSH
(Fig. 1). This is reflected in the high one-electron reduction potential of
S3~ and S3°, indicating that polysulfides are excellent reducing agents
that can initiate or quench radical chain reactions [64]. The stability of
polysulfide radicals is further demonstrated by the one-electron reduc-
tion of the heme group in indoleamine 2,3-dioxygenase by polysulfides,
which results in enzymatic activation and cellular oxidation [65].
Therefore, the one-electron reducing ability of polysulfides can promote
either cellular antioxidant or pro-oxidant effects. Similar to hydro-
persulfides and alkyl polysulfides, inorganic polysulfides spontaneously
homolyze to form radical anions, highlighting the stability of these
radical species (e.g., Reaction 16) [63].

]
S *S S
0 Ng. Ng” ”

A N .
While alkyl hydropersulfide radicals appear to be fairly non-reactive
with Oy, inorganic polysulfides slowly autoxidize to form thiosulfate and
the spontaneous formation of radical polysulfide species may be
involved in this process [66].
As well as forming radical species, inorganic polysulfides react as
electrophiles in the presence of other nucleophiles as in Reaction 17.

. s
es/s\se s e —m e Ng® + Hs®
(17)

If the incoming nucleophile is another polysulfide, a
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Fig. 4. Pathways of inorganic polysulfide generation from sulfide oxidation.

disproportionation reaction occurs, and polymer chains of different
length are generated concomitantly with sulfide. Thus, polysulfides in
solution will form linear polysulfide chains of varying length, as in
Reaction 18.

H s
2 es/s\se > %+ 0 Ngo + ns® -

Analogous to the disproportionation reaction, longer chain poly-
sulfides can undergo an internal cyclization reaction to form elemental
sulfur species (which is often Sg but can exist as other homocyclic
structures as well, e.g., Sg and greater [67]) and sulfide (Reaction 19).

s. s. S. s H o g7 s—g
@ @ e W S HS
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If the incoming nucleophile is a thiol, polysulfides can potentially
generate protein and other small molecule hydropersulfides and poly-
sulfides. For example, protein thiols can react with hydrogen persulfide
to generate a protein persulfide and sulfide (Reaction 20):

C)
/S
Ip—— O_S + st
protein persulfide (20)

©
Q-sH + S

HS
protein thiol

Similar to hydropersulfide nucleophilicity being greater than that of
thiols, inorganic polysulfides are more nucleophilic than sulfide [68]. As
such, polysulfides are predicted to function as nucleophiles, as in Re-
action 21 [ [69]].

S _ R s e
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Therefore, inorganic polysulfides are highly reactive cellular species
that can form radicals, react as either nucleophiles or electrophiles, are
capable of cyclizing and can serve as a source of HyS. This chemical
diversity indicates that multiple biochemical and cellular effects can be
elicited in response to polysulfide generation.

While the exact cellular sources have not yet been identified, a
number of biochemical reactions have been described that produce
inorganic polysulfides. There are two general pathways to generate
polysulfides: 1) the oxidation of sulfide (Fig. 4) and 2) the decomposi-
tion of alkyl polysulfides.

Enzyme catalyzed sulfide oxidation to persulfide has been demon-
strated for hemoglobin, catalase and SOD1 [70-72]. In addition to
enzyme-catalyzed sulfide oxidation, 3-mercaptopyruvate sulfur-
transferase catalyzes the formation of polysulfides from 3-mercaptopyr-
uvate [73]. Similarly, cysteinyl-tRNA synthetase (CARS) form
polysulfides from multiple cycles of cysteine oxidation [74]. The gen-
eration or degradation of polysulfides by metalloproteins is an active
area of investigation and additional enzymes involved in polysulfide
metabolism are likely to be discovered. Finally, Olson and coworkers

[83] have shown that ubiquinone (CoQ) and related quinones are
capable of oxidizing H»S to polysulfides and thiosulfate in O2-dependent
processes. The ubiquitous nature of CoQ in biological membranes in-
dicates that the generation of polysulfides via H,S oxidation can occur in
numerous locations and can be a common event.

In addition to enzyme-catalyzed sulfide oxidation, sulfide is directly
oxidized to polysulfides by NO [75,76], hydrogen peroxide [77], hy-
pochlorous acid [78]] and elemental sulfur [63]. Interestingly, the direct
oxidation of sulfide by HyO5 is a relatively slow process (k = 0.73
M’ls’l, pH 7.4, 37 °C [77]). The reaction of sulfide with elemental
sulfur is the reverse of Reaction 19 and is a traditional synthetic route
for inorganic polysulfides [63]. Therefore, H>S may be a critical source
of polysulfides [79] and implies that deficient sulfide signaling may limit
polysulfide formation and reactivity.

Another potential route to inorganic polysulfides is the decomposi-
tion of alkyl polysulfides by cellular thiols. For example, dialkyl poly-
sulfides (RS,SR; n > 1) can react with glutathione to form hydrogen
persulfide and mixed glutathione disulfide (Reaction 22).

s G SH

+ 2GSH <~ 2 R/ \S/ + HS/ (22)

S S R
R/ \S/ \s/

Therefore, inorganic polysulfides are interchangeable, highly reac-
tive biomolecules, capable of inducing or limiting cellular oxidation
events.

2. Summary

The chemical properties of RSSH predict that is can act as a reduc-
tant/nucleophile or an oxidant/electrophile depending on its proton-
ation state (Fig. 2) and it is likely that both properties can be observed in
biological systems. To date, numerous reports indicate that RSSH can be
protective, possibly due to their reducing and nucleophilic properties
which can either scavenge deleterious oxidants/electrophiles. Alterna-
tively, PSSH can protect from irreversible protein damage since elec-
trophilic or oxidative modification of the sacrificial sulfur atom of PSSH
still allow reduction back to active PSH. More recently, it is proposed
that RSSH can degrade RS-NO species with subsequent liberation of NO.
This phenomenon may have multiple purposes. For example, RSSH-
mediated degradation of RS-NO may be important in the regulation of
RS-NO levels and thus important to their (patho)physiology. Moreover,
RSSH-mediated degradation of RS-NO liberates NO, allowing for the
possibility that RS-NO species can be storage forms or reservoirs for NO.
Although the chemistry of these interactions is clear, the relevance of
this chemistry to biology still requires experimental verification and this
will be the challenge for researchers in the future as this field progresses.
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