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Sulfur is a crucial element in biology due to its unique properties
and wide range of accessible oxidation states. This reactivity
gives rise to the generation of reactive sulfur species (RSS),
which have emerged as a diverse class of small molecules and
functional groups with important roles in chemical biology and
bioinorganic chemistry. In this review, we focus on basic
properties of simple RSS, highlight recent insights into the
interconnectivity of RSS with reactive nitrogen species, and
discuss recent advances in methods for RSS detection and
measurement. Finally, we highlight key reactivity
considerations that must be taken into account when working
with RSS and interpreting the outcomes of labeling methods for
RSS and related species.
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Introduction

Sulfur-containing compounds, known for their foul smell
and toxicity, are essential to life due to the roles of
reactive sulfur species (RSS) in cell signaling, redox
homeostasis, and metabolic regulation [1°°,2]. For exam-
ple, hydrogen sulfide (H,S) was likely a primary energy
source for early life on Earth during the putative ‘iron—
sulfur world’ [3]. In this anoxic era, RSS not only provided
reducing equivalents for energy generation but also con-
tributed to discrete iron—sulfur cluster formation due to
the metallophilicity and well-defined coordination geom-
etries of RSS. These ancient cofactors persist in modern
biology as catalysts in important biosynthetic reactions,
electron transporters in mitochondria, as well as many
other functions [4,5].

L))

Check for
updates

Even after the appearance of dioxygen in Earth’s atmo-
sphere during the great oxidation event (~2.5 B years
ago), sulfur has remained crucial to life due to its unique
properties, including its wide range of accessible oxida-
tion states ranging from —2 to +6 (Figure 1) [6]. RSS in the
most reduced state (S%7), such as H,S and thiols, are good
nucleophiles, especially when deprotonated, and are also
good reducing agents (E°(HS,”, H*/2HS™)=-0.230V
[7°], E*(cystine/cysteine) = —0.245V [8], both vs NHE).
Note: In this review, ‘H,S’ will be used as a generic term
to encompass the equilibrium mixture of H,S (~30%),
HS™ (~70%), and S (<0.1%) that exist in equilibrium in
aqueous solutions at physiological pH. These $°~ species
can undergo a one electron oxidation to the S'~ state to
produce sulfhydryl (HS®) or thiyl radicals (RS®), which
can recombine to form hydrogen disulfide (HSSH),
related hydrodisulfides/persulfides (RSSH), or disulfides
(RSSR). T'his redox chemistry is crucial for cellular redox
homeostasis, which is in part maintained by the y-Glu-
Cys-Gly tripeptide glutathione (GSH) and its oxidized
disulfide GSSG [2]. Further sulfur oxidation to the S°
state generates species such as polysulfides, sulfenic acids
(RSOH), or elemental sulfur (Sg) [9]. The term ‘sulfane
sulfur,” now common for describing many S’-containing
species, has the requirement that the S atom has 6 valence
electrons, can tautomerize to a thiosulfoxide form (e.g.,
RSSH to RS(S)H), and is covalently bonded to two or
more sulfur atoms (e.g., RS(S),SR) or to a S atom and an
ionizable hydrogen (e.g., R-SSH). Further oxidized spe-
cies, such as sulfinic acids (RSO,H) and sulfonic acids (RS
(0),0H), also play important roles in biology but are
beyond the scope of this review.

The diverse redox landscape of RSS provides simple
ways in which key chemical properties of RSS such as
nucleophilicity, electrophilicity, pK,, and bond
strengths can be modulated by interactions with other
redox-active systems, thus making RSS ideal for many
roles in biological signaling. For example, H,S, along
with carbon monoxide (CO) and nitric oxide (NO), is
now recognized as an endogenously-produced gasecous
signaling molecule (gasotransmitter) [1°°]. At low con-
centrations, H,S exerts beneficial cardiovascular
effects including cytoprotection, anti-inflammation,
angiogenesis, and vasodilation [3]. The chemical
mechanisms of H,S signaling remain an active area
of research, but three mechanisms that have received
significant attention include cross-reactivity with NO,
per/polysulfide formation, and reactions with metal-
loenzymes [3,10]. In this review, we will focus on
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Figure 1
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Sulfur oxidation states of selected, common, biologically-relevant RSS. This figure is adapted in part from Ref. [6].

recent advancements in RSS chemistry, studies at the
interface of reactive sulfur/nitrogen species, as well as
key considerations and challenges associated with RSS
labeling and measurement.

NO/H,S crosstalk

T'he biological interdependence of H,S and NO in angio-
genesis, vasodilation, and vascular remodeling suggests
that, in addition to working together cooperatively, NO
and H,S mightform hybrid S/N species thataccount for this
observed ‘cross-talk’ [11-13]. Of such species, thionitrous
acid (HSNO) and perthionitrite (SSNO ™) have emerged as
two prominent hybrid species, although the activity, stabil-
ity, and bioavailability of these species has also generated
controversy [14,15,16°,17-19]. Drawing parallels to nitro-
sothiols, Filipovic and coworkers originally proposed
HSNO as a primary S/N hybrid species, which was sup-
ported by mass spectrometry (MS), Fourier transform
infrared (F'T'IR), and UV-visible (UV—-vis) measurements
[14] as well as thorough corroboration with other experi-
mental and computational work [20,21]. By contrast, Fee-
lisch and coworkers failed to observe HSNO by MS or '°N
nuclear magnetic resonance (NMR) spectroscopy when
monitoring the reaction of H,S with nitrosothiols in buft-
ered aqueous solution, but instead observed transient for-
mation of HSNO en route to SSNO™ formation by UV-vis

spectroscopy [15,16°,17]. Complicating stability consider-
ations, Filipovic and coworkers later demonstrated that the
PNP™ (4is(triphenylphosphine)iminium) salt of SSNO™ is
not stable in water and readily reacts with thiols in organic
solutions, suggesting that SSNO™ generation may likewise
be unstable in such biological contexts [18,19]. Further
analysis of the characterization and stability of such species
is provided in a recent review by Olabe and coworkers [10].
Adding a further level of complexity, HSNO and SSNO™
have also been shown to interconvert through polysulfide-
mediated reactions [1°°,16°,22]. Despite these seemingly
contradictory reports, one unifying theme is that both
HSNO and SSNO™ display environment-dependent sta-
bility and can be interconverted by other RSS species. An
attractive hypothesis is that HSNO and SSNO ™ are merely
easily-observable components of a more complicated pool
of S/N hybrid species that can favor different speciation,
and thus different reactivity pathways, under different
conditions or in response to different stimuli (Table 1).

Persulfides and polysulfides

Polysulfides are known products of NO/H,S crosstalk, and
H,S can react with certain RSS to form persulfides and
polysulfides [1°°]. Additionally, growing evidence suggests
that H,S signaling is connected to the post-translational
oxidative modification of cysteine residues to form cysteine
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Table 1
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Summary of characterization data for HSNO, SSNO, and RSNO species

HSNO SSNO~ RSNO
Proposed mechanism of formation RSNO + H,S — RSH + HSNO HSNO + H,S — HS,™ +H"+ HNO
[10,18] RSNO + HS,” — RSH + SSNO~
Solid-state structure o1 "i D81
(PNP™ salt, A) S1 N1_/1.222 1.975 019
& g )
QD & | S2 N1_/1.246
1.707 @
(SNO") [23] Ll
[18]
S-N BDE (calcd, kcal mol~") 27.7 (HSNO) 16.0 (HSSNO) ~33 (Cys-NO) [24,25]
36.2 (SNO™) [19] 22.1 (SSNO7) [19] 23.3-32.4 (Alkyl) [26]

ESI-MS (m/z)
UV-Vis (Amax: NM (emaxs M~ cm™ 7))

63.9902 (63.9852, +, calcd) [14]
338 (H,0) [14]
323 (SNO~, MeCN) [27]

>N NMR 322 (D0) [14]

(3, ppm) 314 (Acetone-dg) [19]
FTIR 1568 (H,0) [14]

(vno, cm ") 1596 (cis, Ar matrix)

1569 (trans, Ar matrix) [34]

93.9427 (93.9427, -, calcd) [167]

409 [28], 412 [16°] (H20) 335 (850), 543 (17) (Cys-NO, H,0)

442 (MeCN) [18] [29,30]
448 (3125, Acetone) [19] 336 (770), 544 (15) (GSNO, H,0)
[29,31]

322 (D,0) [10]

354 (Acetone-dg) [19]
332 (THF-dg) [22]
1304 (KBr) [18]

Cys-NO: 728 (3:1 D,0:CDsCN) [32]
GSNO: 768 (D;0) [33]

Cys-NO: 1490 (ATR)
GSNO: 1520 (ATR) [35]

persulfides [36,37]. This process has often been referred to
as ‘sulfhydration’ in the literature but is more accurately
termed ‘persulfidation’ because there is no hydration event
involved in the underlying chemistry. In addition, we
emphasize that although persulfidation is often associated
with H,S reactivity, H,S cannot directly persulfidate cys-
teine residues because the sulfur atoms in both H,S and
cysteine are in the fully reduced —2 oxidation state. Thus,
persulfidation requires an oxidation event to generate a
source of S™.

Once formed, persulfides are better nucleophiles, acids,
and reductants than the corresponding thiols [38]. For
example, deprotonated RSS™ anions are more nucleo-
philic than analogous RS™ thiolate anions due to the
a-cffect, which stems from lone-pair lone-pair repulsion
between the adjacent sulfur atoms [39]. Unlike thiols,
which are exclusively nucleophilic, persulfides are ambi-
philic. Both sulfur atoms are electrophilic in neutral
protonated persulfides, whereas in deprotonated anionic
persulfides the terminal sulfur atom is nucleophilic and
the non-terminal sulfur atom is electrophilic. Similarly,
RSSH species are more acidic than RSH species by ~2
pK, units and the S—=H bond in persulfides is weaker than
in thiols, making RSS® species more stable than RS®
radicals. Consequently, persulfides are better one-elec-
tron reductants than thiols or H,S (E°/(RSS*/RSS™) = 0.68
V; EY(RS®, H'/RSH)=0.96V; E°’(S*~, H"/HS)=0.91
V) [1°°]. The oxidative persulfidation of thiol residues
results, therefore, in the formation of better reductants,
which suggests a possible role of persulfides as protective
modifications to preserve thiol fidelity under conditions of
oxidative stress.

Echoing the parallels between thiol and persulfide reac-
tivity, most aspects of inorganic polysulfide reactivity,
including nucleophilicity, acidity, and redox promiscuity,
are also enhanced in comparison to H,S (Figure 2a) [38].
Thus, the greater reactivity of per/polysulfides over H,S
has spurred the intriguing hypothesis that such per/poly-
sulfides are actually responsible for RSS biochemical
signaling [38]. Although the enhanced reactivity in com-
parison to H,S makes such species more versatile signal-
ing agents, it also makes understanding their reactivity
more challenging. For example, inorganic polysulfides
rapidly undergo disproportionation and dissociation reac-
tions to form complicated mixtures of species in organic
solution, and available sources of Na,S,, Na,S;, and
Na,S, rapidly generate equilibrium mixtures in aqueous
solution [40,41]. Prominent strategies of tagging polysul-
fide species with alkylating agents are discussed below,
and we refer interested readers to recent in-depth reviews
on polysulfide detection by Xian [42] and Banerjee [1°°].

Tagging methods for per/polysulfides

A current challenge in expanding our understanding of
the biological roles of per/polysulfide species is the devel-
opment, application, and interpretation of reliable meth-
ods for their detection and quantification. Most fluores-
cent probes, trapping methods, and tagging assays for per/
polysulfides make use of the presence of both nucleo-
philic and electrophilic sulfur atoms to enable selective
detection (Figure 2b). We note that the reagents and
detection methods for per/polysulfide detection have
evolved significantly in the past few years and that con-
clusions from individual studies should be analyzed care-
fully on the basis of which methods were used.
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Figure 2
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(a) Differences in chemical properties between thiol and persulfide species. (b) Schematic depicting selected labeling methods for measuring per/

polysulfide species.

The initial report demonstrating protein persulfidation
used a modified biotin switch method for persulfide
analysis, which was based on the incorrect assumption
that persulfides would not react with the electrophilic

thiol-labeling reagent §-methylmethanethiosulfonate
(MM'TS). More useful modifications of this method have
focused two-step ‘tag-switch’ assay in treatment with an
electrophilic trapping agent, such as methylsulfonyl

Current Opinion in Chemical Biology 2019, 49:1-8
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benzothiazol (MSB'T), to label both thiol and persulfide
residues. The key second step is cleavage of the electro-
philic disulfides formed from persulfide labeling with a
nucleophilic labeling reagent, such as biotinylated methyl
cyanate (MCA), which enables differentiation of the
labeled thiol and persulfide residues after standard
pull-down methods [43,44]. Importantly, MCA and
related cyanoacetic acid-derived nucleophilic labeling
reagents are unreactive towards other electrophilic RSS
such as nitrosothiols. This protocol has been further
developed to use nucleophilic fluorescent tags, which
allow visualization of persulfidated residues in fixed cells
by fluorescence microscopy [45°].

As a whole, exploiting the ambiphilic nature of persul-
fides allows for the selective detection of persulfides,
even after initial indiscriminate electrophilic labeling of
thiols and persulfides because the redox and electrophilic
properties of the resultant disulfide atoms allow for fur-
ther differentiation [1°°,46]. Building from this two-step
persulfide detection approach, Hatzoglou [47], Pfeilschif-
ter [48], and Nagy [49] have all recently reported methods
that utilize an initial global thiol and persulfide alkylation
step, followed by a reduction step to differentiate the
labeled thiols and persulfides. Although the identity of
the electrophilic and reductive reagents vary between
these assays, these approaches appear to provide positive
improvements that enable persulfide measurement by
different affinity tags, gel electrophoresis, and common
MS methods.

Challenges in measuring polysulfide
distributions and the Curtin~-Hammett
principle

Many of the above methods for per/polysulfide labeling
and quantification rely on alkylation methods to ‘freeze’
per/polysulfide species within complex product distribu-
tions, and this snapshot is then used to draw conclusions
[42,50-53]. It is well established, however, that many of
these sulfur-rich RSS are in a dynamic equilibrium and
rapidly interconvert [40,41]. This interconversion is par-
ticularly prevalent for polysulfides, as polysulfide inter-
conversion is significantly faster than the electrophilic
labeling, which means that such systems are under
Curtin-Hammett control. Importantly, the observed
polysulfide distributions in these systems reflect the
relative difference in activation barriers for electrophilic
labeling of the rapidly-interconverting polysulfides rather
than the actual distribution of polysulfides in the system.

Recent work by Nagy and coworkers using complemen-
tary analytical methods confirmed experimentally that
the electrophilic labeling of polysulfides is indeed under
Curtin—Hammett control [54°°]. For example, when cys-
teine and glutathione hydropolysulfides were generated
in situ and quenched with alkylating agents such as
iodoacetamide (IAM), N-cthylmaleimide (NEM), and

Reactive sulfur species Lau and Pluth 5

monobromobimane (MBB), only short polysulfide
adducts were observed with NEM labeling whereas lon-
ger chain adducts were formed with IAM or MBB. Simi-
larly, alkylation of inorganic polysulfides in aqueous solu-
tions gave significantly different distributions of capped
polysulfides, with NEM labeling affording only short (R-
S—4-R) species, whereas IAM labeling of identical solu-
tions provided longer-chain (R-S_7-R) adducts. Further-
more, treatment of IAM-capped polysulfides with NEM
resulted in polysulfide cleavage, which confirmed recent
reports that NEM may react directly with polysulfur
chains [55], thus highlighting that organic polysulfides,

either generated under the labeling conditions or present
in the initial solutions, are likely modified directly by the
labeling reagents.

Further supporting the premise that polysulfide alkyl-
ation is under Curtin~Hammett control, the observed
distribution of alkylated polysulfides were compared to
real-time polysulfide distribution by exploiting the fact
that different polysulfides exhibit different UV-vis absor-
bance maxima in organic solution (e.g.: in acetone S,°~
(426 nm), S;*~ (610 nm), and S;*~ (490 nm) [54°°]) [56—
58]. Different mixtures of inorganic polysulfides were
generated by treating Sg with varying equivalents of
NBuySH [54°°]. Although the UV-vis spectra demon-
strated that different polysulfide distributions were pres-
ent in solution, electrophilic trapping of these different
distributions with benzyl chloride [59] resulted in identi-
cal alkylated product distributions when measured by
NMR spectroscopy. Similar results were observed in
ESI-MS studies of aqueous solutions of polysulfides
quenched by IAM, where S;°*~ was favored in the absence
of IAM but S,*” was favored after the IAM quench.
Taken together, these complementary studies confirm
that these common alkylating protocols operate under
Curtin—Hammett control, meaning that the barriers of
interconversion between the polysulfide species are sig-
nificantly lower than that of any reaction between poly-
sulfides and the trapping reagent (Figure 3). These
results suggest that reporting the total sulfane sulfur
content, obtained by adding all of the per/polysulfide
species measured, is a more robust observation rather
than reporting exact per/polysulfide distributions.

Conclusions and future directions

Reactive sulfur species offer an exciting class of mole-
cules with broad-reaching activity in chemical biology
and redox biochemistry. The enhanced chemical reactiv-
ity of per/polysulfides, when compared to the parent
thiols and H,S, draws parallels to the classical exchange
between Annie Oakley and Frank Butler in Irving
Berlin’s Awnnie Ger Your Gun: ‘Anything you can do I
can do better; I can do anything better than you.
Although the heightened activity of RSS provides an
attractive platform for sulfur-related signaling, key chem-
ical needs remain in understanding this complex
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Figure 3
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Representation of hypothetical reaction coordinate diagrams for electrophilic labeling of polysulfide distributions under Curtin-Hammett control.
Under these conditions, the measured distributions do not reflect true equilibrium distributions because the rate-determining step is the labeling
rather than the equilibration event. Therefore, the observed labeled polysulfide distributions reflect the activation barrier for labeling different
polysulfides rather than the actual distributions of polysulfides. Note: the distributions shown in this figure are illustrative and do not reflect actual

polysulfide distribution data.

biological activity. Basic investigations into per/polysul-
fide formation, interconversion, stability, and reactivity
with other (in)organic molecules under physiologically-
relevant conditions are needed. In addition, new insights
into the differential reactivity of small molecule and
protein per/polysulfides, as well as reactivity differences
in solvent-accessible versus buried RSS, are paramount.
Furthermore, expanded and refined chemical methods
for detecting, quantifying, and/or delivering RSS will
enable new investigations and insights not possible with
currently-available technologies. Finally, we stress that
interpretations of biological outcomes of RSS chemistry
and signaling need to be made in the context of the
limitations of the experimental methods and tools used in
elucidating new activities.
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