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Chemical Biology of Reactive Sulfur Species:
Hydrolysis-Driven Equilibrium of Polysulfides
as a Determinant of Physiological Functions
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Abstract

Significance: Polysulfide species (i.e., R-Sn-R¢, n > 2; and R-Sn-H, n > 1) exist in many organisms. The highly
nucleophilic nature of hydropersulfides and hydropolysulfides contributes to the potent antioxidant activities of
polysulfide species that protect organisms against oxidative and electrophilic stresses.
Recent Advances: Accumulating evidence suggests that organic polysulfides (R-Sn-R¢) readily undergo alkaline
hydrolysis, which results in formation of both nucleophilic hydrosulfide/polysulfide (R-Sn-1H) and electrophilic
sulfenic acid (R¢SOH) species. Polysulfides maintain a steady-state equilibrium that is driven by hydrolysis
even in aqueous physiological milieus. This unique property makes polysulfide chemistry and biology more
complex than previously believed.
Critical Issues: The hydrolysis equilibrium of polysulfides shifts to the right when electrophiles are present.
Strong electrophilic alkylating agents (e.g., monobromobimane) greatly enhance polysulfide hydrolysis, which
leads to increased polysulfide degradation and artifactual formation of bis-S-bimane adducts in the absence of
free hydrogen sulfide. The finding that hydroxyl group-containing substances such as tyrosine efficiently
protected polysulfides from hydrolysis led to development of the new alkylating agent, N-iodoacetyl l-tyrosine
methyl ester (TME-IAM). TME-IAM efficiently and specifically traps and stabilizes hydropolysulfides and
protects polysulfide chains from hydrolysis, and, when used with mass spectrometry, TME-IAM allows spe-
ciation of the reactive sulfur metabolome. In addition, the polyethylene glycol-conjugated maleimide-labeling
gel shift assay, which relies on unique hydrolysis equilibrium of polysulfides, will be a reliable technique for
proteomics of polysulfide-containing proteins.
Future Directions: Using precise methodologies to achieve a better understanding of the occurrence and
metabolism of polysulfide species is necessary to gain insights into the undefined biology of polysulfide species.
Antioxid. Redox Signal. 36, 327–336.
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Introduction

Many investigations have confirmed the presence of
hydropersulfides (RSSH) and higher order polysulfide

species (i.e., R-Sn-R¢, n > 2; and R-Sn-H, n > 1, with
R = cysteine, glutathione, or proteins) in various organisms,
including bacteria and mammals (2, 14, 24, 26, 30, 34, 35, 37,
39, 40). Accumulating evidence has suggested that these
reactive sulfur species are involved in regulation of diverse
physiological and pathological phenomena (14, 39, 40). For
instance, cysteine persulfide (CysSSH) can serve as an im-
portant intermediate in the biosynthesis of sulfur-containing
molecules, such as iron–sulfur clusters, biotin, and lipoic
acid, by donating its sulfane sulfur atom (23, 47). CysSSH is
also reportedly involved in regulation of tRNA methylthio-
lation and insulin secretion (44). Reactive sulfur species also
exist as glutathione-bound forms (e.g., glutathione persulfide
[GSSH]) and protein-bound forms (2, 24). Because of their
strong nucleophilicity and reducing ability, reactive sulfur
species can act as powerful antioxidants and play important
roles in cells by regulating oxidative stress and redox sig-
naling (15, 16, 24). Recent studies also suggested that reac-
tive sulfur species can have potent anti-inflammatory activity
in cells and in vivo (45, 48, 49). In bacteria, persulfides and
polysulfides offer protection from external bactericidal in-
sults caused by immune cell responses and antibiotics (29,
36). Thus, bacteria-specific persulfide-producing machinery
may become an attractive target for development of anti-
bacterial drugs (29, 36).

Cysteinyl-tRNA synthetase (CARS) has been demon-
strated to act as an effective CysSSH-producing enzyme (as
CPERS) (2). This CysSSH-producing ability is conserved
from bacteria to mammalian cells (2). In mammalian cells,
two different CARSs exist: cytosolic CARS1 and mito-
chondrial CARS2 (9, 18). Biochemical analyses with re-
combinant enzymes showed that both CARS1 and CARS2
possess potent CysSSH-producing activity (2). As an in-
triguing finding, CysSSH derived from CARS2 may play an
important role in maintaining the mitochondrial membrane
potential by acting as an electron acceptor in the electron
transport chain (2, 14, 33). During this process, CysSSH is
suggested to be metabolized to hydrogen sulfide (H2S), sul-
fite, sulfate, and other oxidized sulfur species, with this
process depending on the catalytic actions of sulfide:quinone
oxidoreductase and ethylmalonic encephalopathy protein 1
(ETHE1; also known as persulfide dioxygenase) in mito-
chondria (2, 14). Sulfide metabolism is thereby tightly con-
trolled by the activity of these different enzymes. A recent
study demonstrated that impairment of sulfide metabolism
and concomitant persulfide accumulation in mitochondria led
to mitochondrial dysfunction associated with hypoxia-
induced brain injury (32).

Chemical biology studies of hydropersulfides and poly-
sulfides have revealed that hydropersulfides are superior to
thiols as nucleophiles and reducing agents (15, 16). Hydro-
persulfides can be readily deprotonated so that the pKa values
are 1.5–4 orders of magnitude lower than pKa values of the
corresponding thiols: the typical pKa values of thiol species
are 8–9, whereas pKa values of hydropersulfide species are
4–7.5 (11, 42). A deprotonated perthiolate anion is signifi-
cantly more nucleophilic compared with the corresponding
thiolate anion (24, 38, 42). Polysulfide species may also be

more susceptible to alkaline hydrolysis of their sulfur–sulfur
bonds compared with disulfide species (2, 8, 19, 28). This
unique property makes polysulfide chemistry and biology
more complex than previously believed. In this review arti-
cle, we discuss the hydrolysis-driven equilibrium of poly-
sulfide species, with particular emphasis on its modulation by
electrophiles. Full understanding of the chemistry and che-
mical biology of the equilibrium of polysulfide hydrolysis is
indispensable not only for development of analytical methods
for polysulfide species but also for elucidation of the funda-
mental impacts and physiological roles of polysulfide species
formed endogenously.

Alkaline Hydrolysis of Disulfides

Hydrolysis of disulfide bonds (evident primarily under
strong alkaline conditions) was studied with cystine, oxidized
glutathione (GSSG), and proteins, and findings showed that
hydrolysis of disulfides (RSSR) produces reduced thiols
(RSH) and sulfenic acid (RSOH) species, as shown in Re-
action (1) (5, 10, 12):

RSSR þ H2O  ! RSH þ RSOH (1)

At physiological or neutral pH, equilibration in Reaction
(1) shifted far to the left. Hydrolysis could be accelerated
and driven to completion by including thiol-reactive re-
agents such as HgCl2 and p-hydroxymercuribenzoate in
the solution (5). For example, hydrolysis of the disulfide
bond of GSSG occurs only when the pH is higher than 9
and the solution contains thiol-reactive reagents such as
p-hydroxymercuribenzoate (5).

Hydrolysis-Driven Equilibrium of Sulfur–Sulfur
Bonds in Polysulfides

Consistent with this disulfide reactivity, sulfur–sulfur
bonds in symmetrical disulfides are reportedly stable in
aqueous media with neutral pH even in the presence of strong
electrophilic thiol-reactive reagents such as iodoacetamide
(IAM), monobromobimane (MBB), and N-ethylmaleimide
(NEM) (2, 8). According to careful and detailed studies with
glutathione polysulfides (GSnG, n > 2) (2) and alkylated
polysulfides (RSnR, n > 2) (8), however, sulfur–sulfur bonds
in polysulfides become susceptible to hydrolysis even under
weak alkaline and physiological conditions, compared with
such bonds in disulfides. The hydrolysis of polysulfides,
which already occurs at physiological pH, results in forma-
tion of reduced thiols or hydropolysulfides (RSn-1H) and
RSOH or polysulfenic acid (RSn-1OH) [Reaction (2); Figs. 1
and 2] (19).

RSnR þ H2O  ! RSH þ RSn � 1OH or RSn � 1H

þ RSOH n > 2ð Þ
(2)

Electrophilic thiol-reactive reagents react with and capture
thiols and hydropolysulfides, which drive hydrolysis (hy-
drolysis equilibrium shifts to the right). In fact, we observed
that the hydrolysis of glutathione polysulfides was greatly
enhanced by addition of strong electrophiles such as NEM,
MBB, and 4-chloro-7-nitrobenzofurazan (NBF-Cl), with
concomitant formation of glutathione–electrophile adducts
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FIG. 1. Hydrolysis equilibrium of polysulfides and its modulation by electrophiles and nucleophiles. Polysulfide
species (RSnR, n > 2) maintain hydrolysis equilibrium with concomitant formation of various derivatives with different
redox status, such as thiols or sulfhydryls (RSH), hydropolysulfides (RSn-1H), and sulfenic acid (RSOH) or polysulfenic
acid (RSn-1OH). Hydrolysis equilibrium shifts to the right in the presence of electrophiles (E) or nucleophiles (N), with
concomitant product formation of a complex reaction profile. ESE, bis-sulfur–electrophile adduct; ESH, electrophile–sulfide
adduct; HSn-1H, hydrogen polysulfides; RSE, electrophile–thiol adduct; RSn-1E, electrophile–polysulfide adduct; RSn-2OH,
polysulfenic acids; R¢Sn+1R, longer chain polysulfide; R¢SSH, hydropersulfide. Color images are available online.

FIG. 2. Polysulfide hydrolysis occurring at physiological pH and accelerated by dimedone. (A) A schematic of the
reaction of GSSSSG and dimedone taking place effectively upon hydrolysis of polysulfide of GSSSSG. (B) GSSSSG
decay clearly observed at physiological pH 7.5 and prompted by dimedone. GSSSSG (10 lM) was reacted with or without
various concentrations of dimedone under physiological and alkaline conditions (0.1 M sodium phosphate buffer, pH 7.5–
8.0, at 37�C for 90 min), followed by sulfur analysis by LC-MS/MS. Data are mean – SD (n = 3); *p < 0.05 and **p < 0.01;
one-way ANOVA with Turkey’s test. (C) A representative LC-MS/MS profile and each fragmentation pattern of GSn-
dimedone adducts generated from the reaction in (B). GSSSSG, glutathione tetrasulfide; LC-MS/MS, liquid chroma-
tography–tandem mass spectrometry; SD, standard deviation. Color images are available online.
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(Figs. 1 and 3) (2). As with symmetrical polysulfides, hydrolysis
of asymmetrical polysulfides (RSnR¢, n > 2) was also noted (2,
8). Ab initio calculations suggested that the RSOH-reactive
reagent, dimedone, does not react directly with polysulfide
species, but only with RSOH/RSn-1OH (22). Consistent with
this notion, formation of RSOH/RSn-1OH was supported by the
finding that addition of dimedone could also shift the hydrolysis
equilibrium equation to the right (Fig. 2) (2, 8, 19).

RSOH can react with thiols to form disulfides (3, 4). In
eukaryotic and prokaryotic cells, appreciable amounts of
GSSH have been found. For instance, high micromolar levels
of GSSH were detected in mouse tissues, including the brain,
liver, and lung (2, 24). The reaction between RSn-1OH and
such hydropersulfides (R¢SSH) will result in formation of
longer chain polysulfides (R¢Sn+1R) (Fig. 1). Thus, polysulfide
hydrolysis may play an important role in initiating sulfur chain
elongation (sulfur catenation), as Figure 1 illustrates.

Electrophilic thiol-reactive reagents (E) can react with
thiols to form an electrophile–thiol adduct (RSE) (Fig. 1).
The RSE thus formed is stable, and no additional reaction
with electrophiles and nucleophiles will occur. Electrophile–
polysulfide adducts (RSn-1E), however, particularly those
with more than two sulfur atoms, are susceptible to alkaline
hydrolysis, which leads to formation of secondary metabo-

lites, as shown in Figure 1. Electrophile–sulfide adducts then
react with electrophiles to form bis-sulfur–electrophile ad-
ducts (ESEs). ESEs also form in the reaction of electrophilic
thiol-reactive reagents with H2S. For instance, the strong
electrophile, MBB, was used to detect H2S by means of
measuring the formation of the ESE of MBB (41, 46). How-
ever, as just mentioned, ESEs may form in the absence of free
H2S in reactions of polysulfides with electrophiles. Thus,
analysis using strong electrophiles, such as MBB, NEM, and
NBF-Cl, to speciate a complex mixture of reactive sulfur
species is quite difficult (Figs. 1 and 2) (2, 8, 19, 28). While the
harsh electrophiles are not suited to assess free sulfide levels, a
value for total sulfide is reportedly obtained using a strong
electrophilic probe such as NEM whenever persulfides and
polysulfides are present, as pointed out by Sutton et al. (43).
Thiol-reactive reagents that are suitable for the precise analysis
of reactive sulfur species are discussed in detail below.

Polysulfide Bond Stabilization by Hydroxyl
Group-Containing Compounds

As described above, the hydrolysis equilibrium of poly-
sulfides can be shifted to the right by the presence of elec-
trophiles (Fig. 1). Hydrolysis-driving potentials varied

FIG. 3. Polysulfide hydrolysis accelerated by strong electrophiles and protected by hydroxyl group-containing
compounds. (A) The time profile of GSSSSG decomposition determined as in Figure 2 for the reaction of GSSSSG (1 lM)
with or without hydrolysis protectors containing hydroxyl groups (tyrosine and serine, 1 mM each) or hydrolysis acceler-
ators (NEM, MBB, and NBF-Cl, 1 mM each) in 0.2 M sodium phosphate buffer (pH 8.0) at 37�C. (B) PMSA of a human
recombinant ADH5 using PEG36-MAL and different electrophiles. ADH5 was reacted with different concentrations of
various electrophiles, followed by labeling with PEG36-MAL, after which it was electrophoresed on SDS-polyacrylamide
gels, and the protein band was detected by using Coomassie blue stain. The numbers marked on the gels are indicative of the
numbers of polysulfidated Cys residues of ADH5 labeled with PEG36-MAL. Square brackets highlight the smear bands
generated due to the extensive decomposition of polysulfides of ADH5 by the strongest electrophile, NBF-Cl. ADH5,
alcohol dehydrogenase 5; MBB, monobromobimane; NBF-Cl, 4-chloro-7-nitrobenzofurazan; NEM, N-ethylmaleimide;
PEG36-MAL, PEG 36-mer (PEG36)-conjugated maleimide; PMSA, PEG-conjugated maleimide-labeling gel shift assay;
SDS, sodium dodecyl sulfate. Color images are available online.
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among the electrophiles studied; NBF-Cl, MBB, and NEM
were the strongest (hydrolysis accelerators; Fig. 3), whereas
IAM derivatives that contain tyrosine-like residues, such as
b-(4-hydroxyphenyl)ethyl (HPE)-IAM and N-iodoacetyl
l-tyrosine methyl ester (TME)-IAM, were the weakest
(Fig. 4) (2, 19, 28). As Figure 4 shows, the electrophilic
moiety of HPE-IAM and TME-IAM is the same as that of
IAM. However, of interest is that hydrolysis of polysulfides
was significantly reduced in the presence of HPE-IAM or
TME-IAM compared with that in the presence of IAM (19,
28). The same study also demonstrated that spontaneous
hydrolysis of polysulfides in the absence of electrophiles was
markedly suppressed by addition of tyrosine, a phenolic (i.e.,
hydroxyphenyl containing) amino acid (19). Other chemicals
and endogenous compounds containing a hydroxyphenyl or
hydroxyl group, such as 4-acetamidophenol, glycerol, su-
crose, and serine, also possessed polysulfide-stabilizing ac-
tivities, as reported earlier (19) and shown here in Figure 3.
These observations suggest that a hydroxyphenyl or hydroxyl
group antagonizes to prevent the hydrolysis of polysulfides so
that the compounds containing hydroxyl groups may function
as hydrolysis protectors. It is thus speculated that the phenolic
moiety in HPE-IAM may protect against spontaneous hy-
drolysis of polysulfides as well as IAM-induced hydrolysis
of polysulfides (19). We performed an extensive study of
hydroxyl moiety-containing substances in terms of protec-
tive effects, which revealed that tyrosine possessed the
strongest protective activity against polysulfide hydrolysis
(19) (Fig. 3). Furthermore, tyrosine partially protected
polysulfides against hydrolysis induced by alkylating re-
agents and dimedone (19). Tyrosine-dependent protection of
polysulfides from hydrolysis was clearly observed in the
presence of all electrophiles tested. We should emphasize
here that the polysulfide stabilization mediated by hydroxyl

group-containing compounds is a completely new mode of
regulation of polysulfide stability, homeostasis, or metabo-
lism; it may even be involved in physiological processes and
may become a specific target in pharmacological modulation
of reactive sulfur species. Additional studies of polysulfides
and the metabolism of reactive sulfur species regulated by
hydrolysis in vivo and in humans are therefore warranted.

Hydropolysulfide Alkylation in the Analysis
of Reactive Sulfur Species

As discussed earlier, hydropolysulfides are reportedly
more acidic than the corresponding thiols. For example, the
pKa value of GSSH has been determined to be 5.45, which is
significantly lower than the pKa value of glutathione—8.94
(7). Because of this acidity, hydropolysulfides exist in their
deprotonated state (polythiolate anions, RSn

-) at the physi-
ological pH range (7, 15, 17). In addition, RSn

- thus formed
can be more nucleophilic compared with the corresponding
thiolate anion because of an alpha effect (6). Such strong
nucleophilicity and reducing ability of hydropolysulfides
may contribute to their potent antioxidant and protective
activities against cellular insults caused by oxidative and
electrophilic stresses (1, 3, 21, 24, 25).

The nucleophilicity of hydropolysulfides (and also RSn
-)

is also an important issue to consider when one aims to
quantitate, speciate, and visualize the presence of hydro-
polysulfides in biological samples. In many previous studies,
thiol-reactive agents, including NBF-Cl, MBB, NEM, and
IAM, have been used to alkylate terminal hydropersulfide
and hydropolysulfide moieties to form alkylated polysulfides
(RSnE) to prevent oxidation of reactive thiols or labile RSn

-

during extraction or analysis (13, 24, 50). However, as al-
luded to earlier, those electrophilic alkylating agents (E) have
promoted the alkaline hydrolysis of polysulfur chains, which
resulted in degradation of both RSnE polysulfide species
(Figs. 1 and 3). In addition, those reagents can degrade RSnR
in biological samples (Fig. 3B) (2, 19, 28). We should also
note that treatment with alkylating agents can result in for-
mation of ESEs from degradation of polysulfides even in the
absence of free H2S (Fig. 1). Although the formation of ESEs
has been used as an indicator of the presence of H2S (41, 46),
more careful attention should be paid to formation of ESEs
via hydrolysis-coupled degradation of polysulfides with al-
kylating agents (2, 8, 19, 28).

As described above, our recent study clearly showed that
incorporation of a phenol (hydroxyphenyl) moiety into an
alkylating agent (e.g., HPE-IAM, Fig. 2) markedly reduced
the hydrolysis-dependent degradation of polysulfides com-
pared with the corresponding alkylating agent without the
phenol moiety (e.g., IAM) (Figs. 4 and 5) (2, 8, 19). On the
basis of this observation, recently we successfully developed
a new IAM-based alkylating agent (Figs. 4 and 5) (28). We
synthesized TME-IAM by using carbodiimide-mediated
condensation of iodoacetic acid and TME (Fig. 4) (28).

During polysulfide hydrolysis promoted by an electro-
phile, once an electrophile reacts with one of the sulfur res-
idues in a polysulfide chain, then that sulfur becomes a good
leaving group (since it is positively charged) (Fig. 6). At this
point, any nucleophile, such as water, could react with a
sulfur atom adjacent to the sulfur bound to an electrophile
(Fig. 6). This would cause cleavage of the S-S bond and

FIG. 4. Chemical structures of alkylating agents that
are most suitable for polysulfide measurement. Two
IAM-based alkylating agents, HPE-IAM and TME-IAM,
have been developed recently as hybrid chemical probes,
which contain dual moieties of an IAM-based electrophile
as well as nucleophilic hydroxyphenyl groups functioning as
nucleophilic protectors similar to tyrosine. HPE-IAM, b-(4-
hydroxyphenyl)ethyl iodoacetamide; IAM, iodoacetamide;
TME-IAM, N-iodoacetyl l-tyrosine methyl ester.
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generate sulfenic acid and an electrophile–sulfur adduct (8).
The S-S bond cleavage by water occurs in a polysulfide chain,
although to a lesser extent in the absence of an electrophile.
Therefore, the compounds that possess hydroxyl moieties
may compete with the nucleophilic attack by water to reduce
hydrolysis-dependent degradation of polysulfides regardless
of the apparent involvement of exogenous electrophiles
(Figs. 5 and 6).

Accordingly, TME-IAM can markedly attenuate the
hydrolysis-driven degradation of polysulfides (28). For ex-
ample, a loss of *40% of glutathione tetrasulfide (GSSSSG)
was determined after incubation in 100 mM phosphate buffer
(pH 7.4) at 37�C for 1 h, and addition of MBB increased
degradation, with the total loss being *70% (28). In contrast,
in the presence of TME-IAM, GSSSSG degradation was al-
most completely suppressed (28). As an important result,
TME-IAM retained its efficient alkylation of hydropersulfide
and hydropolysulfide moieties through the IAM functional
group. Sulfhydryl alkylation by TME-IAM led to increased

hydrophobicity of analytes and thereby sufficient reten-
tion during reverse-phase liquid chromatography (LC)
separation. In fact, the use of TME-IAM in mass
spectrometry-based sulfur metabolomics allowed clear de-
tection of hydropolysulfides such as GSSSH and CysSSSH
in mouse tissues (e.g., liver and brain). When compared with
data obtained using HPE-IAM, data obtained with the use of
TME-IAM showed significantly smaller amounts of bis-S
adducts (partly indicative of H2S), higher amounts of vari-
ous persulfides and polysulfides as well as GSSSG, and
higher amounts of polysulfides such as GSSSSG (28). These
data suggest that speciation of reactive sulfur species is
largely influenced by the particular thiol-reactive alkylating
agents used (2, 8, 19, 28). Extensive and careful sulfur
metabolomic investigations with the use of alkylating
agents such as TME-IAM therefore allow us to achieve a
more precise understanding of the complex metabolome of
reactive sulfur species in biological systems.

For rigorous and quantitative measurement of metabolites
by means of liquid chromatography–tandem mass spec-
trometry (LC-MS/MS), isotope-labeled standards are spiked
into the samples and are necessary to standardize the ioni-
zation efficiency of various endogenous metabolites (as in
isotope dilution mass spectrometry) (20, 31). One advantage
of utilizing TME-IAM as the alkylating agent is that we can
readily synthesize isotope-labeled TME-IAM by using
commercially available isotope-labeled tyrosine as the
starting material (28).

Hydrolysis Equilibrium in Protein Polysulfides
and Its Application to the Sulfur Proteome

The hydrolysis-driven polysulfide equilibrium discussed
here can be applied for the sulfur proteome to probe into the
exact presence and profile of polysulfide chains formed in
many proteins. Hydropersulfide and hydropolysulfide resi-
dues in proteins (Prot-SnH) are labeled with polyethylene
glycol (PEG)-conjugated maleimide to increase the apparent
molecular size of proteins (2, 8, 27). On electrophoresis, a
mobility shift occurs that depends on the number of PEG
labels introduced. Molecular size alterations that are induced

FIG. 5. Dual functions of TME-IAM in precise poly-
sulfur metabolomics. TME-IAM efficiently alkylates labile
polythiolate anions (RSn

-, n > 1) derived from deprotonation of
hydropolysulfides (RSnH, n > 1) through the IAM moiety.
TME-polysulfide adducts resist hydrolytic degradation because
of TME-IAM-mediated protection against alkaline hydrolysis.
TME-IAM also suppresses the hydrolysis of polysulfur species
(RSn¢R, n¢ > 2). RSn¢-1H, hydropolysulfides; RSn¢-1OH, poly-
sulfenic acids. Color images are available online.

FIG. 6. Polysulfide hydro-
lysis promoted by electro-
philes (E), but suppressed
by hydroxyl groups in
various chemicals and me-
tabolites. Formation of an
electrophile–sulfur adduct
may initiate the heterolytic
cleavage of the S-S bond
mediated via the nucleophilic
attack by water, which is most
likely competed with nucleo-
philic hydroxyl residues of
various compounds and me-
tabolites (e.g., tyrosine and
serine), thereby leading to the
reduction and prevention of
polysulfide hydrolysis.
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by the PEG-maleimide reaction and electrophile treatment
can be determined by gel electrophoresis; this protocol is
called the PEG-conjugated maleimide-labeling gel shift as-
say (PMSA) (Fig. 3B) (2, 8, 27). Strong electrophiles such as
NBF-Cl, MBB, NEM, and p-chloromercuribenzoic acid
readily react with Prot-Sn-1H that forms on hydrolysis and
thus cause a reduction in the apparent molecular sizes of
proteins (Fig. 3B) (2, 8, 27). In fact, extensive hydrolysis and
decomposition of protein polysulfidation by harsh electro-
philes such as NBF-Cl were clearly observed, as evidenced
by the PMSA for alcohol dehydrogenase 5 (ADH5) protein-
bound polysulfides (Fig. 3B).

Our seminal work performed earlier established that pro-
tein persulfidation and polysulfidation occur not only via
post-translational modifications but also via direct incorpo-
ration of precursor CysSSnH produced by CARS into tRNA
during translation as a part of the translation process (2).
Thus, as expected, many types of proteins are endogenously
persulfidated and polysulfidated (24). This was unequivo-
cally supported by the finding that all proteins that were
investigated, including glyceraldehyde-3-phosphate dehy-
drogenase, ETHE1, ADH5, and aldehyde dehydrogenase 1
family, member A1, were identified as endogenously poly-
sulfidated by means of the PMSA (2, 8, 27).

Concluding Remarks

Polysulfide species (i.e., R-Sn-R¢, n > 2; and R-Sn-H, n > 1)
occur in a wide variety of organisms as low-molecular-weight
forms and as proteinaceous forms. The highly nucleophilic
nature of hydropersulfide and hydropolysulfide species con-
tributes to the potent antioxidant activities of polysulfide spe-
cies that protect organisms against oxidative and electrophilic
stresses. Recent studies discovered that polysulfide species
R-Sn-R¢ readily undergo alkaline hydrolysis, which results in
formation of both nucleophilic hydrosulfide and polysulfide
species (R-Sn-1H) and electrophilic R¢SOH species. As a more
important feature, polysulfides can maintain a steady-state
equilibrium that is driven by hydrolysis even under physio-
logical conditions at neutral and weak alkaline pH values
in vivo. This unique property makes polysulfide chemistry and
biology more complex than previously believed. This hydro-
lysis equilibrium of polysulfides shifts to the right in the pres-
ence of electrophiles. In fact, electrophilic alkylating agents that
are frequently used for sulfide analysis, such as MBB, greatly
enhance the hydrolysis of polysulfides, which leads to increased
polysulfide degradation as well as artifactual formation of bis-
S-bimane adducts in the absence of free H2S. The finding that
hydroxyl group-containing substances such as tyrosine quite
efficiently protected polysulfides from hydrolytic degradation
led to the development of the new alkylating agent, TME-IAM.
TME-IAM efficiently and specifically traps and stabilizes hy-
dropersulfides and hydropolysulfides and protects polysulfide
chains from hydrolysis, and, when used with mass spectrom-
etry, TME-IAM allows successful speciation of the reactive
sulfur metabolome. PMSA, the assay that relies on the unique
hydrolysis equilibrium of polysulfide species, will be a reliable
technique for the proteomics of polysulfide-containing proteins.
Better understanding of the occurrence as well as metabolism
of polysulfide species by means of precise methodologies is
necessary to obtain insights into the unclarified biology of
polysulfide species.
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Abbreviations Used

ADH5¼ alcohol dehydrogenase 5
CARS¼ cysteinyl-tRNA synthetase

CPERS¼ cysteine persulfide synthase
CysSSH¼ cysteine persulfide

E¼ electrophilic thiol-reactive reagents
ESEs¼ bis-sulfur–electrophile adducts
ESH¼ electrophile–sulfide adduct

ETHE1¼ ethylmalonic encephalopathy protein 1
GSSG¼ oxidized glutathione
GSSH¼ glutathione persulfide

GSSSG¼ glutathione trisulfide
GSSSSG¼ glutathione tetrasulfide

H2S¼ hydrogen sulfide
HPE-IAM¼b-(4-hydroxyphenyl)ethyl iodoacetamide

IAM¼ iodoacetamide
LC-MS/MS¼ liquid chromatography–tandem

mass spectrometry

MBB¼monobromobimane
NBF-Cl¼ 4-chloro-7-nitrobenzofurazan

NEM¼N-ethylmaleimide
PEG¼ polyethylene glycol

PMSA¼ PEG-conjugated maleimide-labeling
gel shift assay

RSE¼ electrophile–thiol adduct
RSH¼ thiols
RSn

–¼ polythiolate anions
RSn–1E¼ electrophile–polysulfide adducts

RSn–1OH¼ polysulfenic acid
RSnH¼ hydropolysulfides
RSnR¼ polysulfide

RSOH¼ sulfenic acid
RSSH¼ hydropersulfides

SDS¼ sodium dodecyl sulfate
TME-IAM¼N-iodoacetyl l-tyrosine methyl

ester
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