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Abstract

Significance: Hydropersulfides (RSSH) and related polysulfide -y ~ies (PSR, n>2, R=alkyl, H) are highly
biologically prevalent with likely important physiological functic 1s. Dut to their prevalence, many labs have begun
to investigate their possible roles, especially with rega- us to the. »rot- ctive, redox, and signaling properties.
Recent Advances: A significant amount of work has »een -~ “rmed while delineating the chemical reactivity/
chemical properties of hydropersulfides, and it is cle.. that t 2ir overall chemistry is distinct from all other
biologically relevant sulfur species (e.g., thiols, disulfides, s .fenic acids, efc.).

Critical Issues: One way to predict and ultimately understand the biological functions of hydropersulfides is to
focus on their unique chemistry, which shou’ . pr» -ide the rationale for why this unique functionality is present.
Interestingly, some of the chemical propeitie of . SSH are strikingly similar to those of selenols (RSeH).
Therefore, it may be important to cons" "~ thy kr ,wn functions of selenoproteins when speculating about the
possible functions of RSSH species

Future Directions: Currently, many € the nherent chemical differences between hydropersulfides and other
biological sulfur species have ' cc.. »stac 'sned. It remains to be determined, however, whether and how these
differences are utilized to acc aplish vecii. biochemical/physiological goals. A significant aspect of elucidating
the biological utility of hydrope. lfic .s will be to determine the mechanisms of regulation of their formation and/
or biosynthesis, that is, Jase. n w. =ther it can be determined under what cellular conditions hydropersulfides are
made, more meaningfu specu tion 1.garding their functions/roles can be developed. Antioxid. Redox Signal. 33,
1295-1307.

Keywords: vdroper: ilfide, hydrogen sulfide, thiols, selenols, glutathione hydropersulfide, cysteine hydro-
persulfide, seic ~cv cine

Introduction both the protonated RSSH and anionic RSS™ species and
distinctions will be made only when necessary). For example,
RECENT STUDIES INDICATE that hydropersulfides (RSSH) Ida et al. (32) discovered that levels of small-molecule hy-

and related polysulfides are highly prevalent and im- dropersulfides such as glutathione (GSH) hydropersulfide

plicate them as important physiological effectors, mediators, (GSSH) and cysteine (Cys-SH) hydropersulfide (CysSSH)

and/or signaling species (although the exact physiological
roles and functions are currently a matter of speculation and
remain unestablished). (Note: RSSH will be used to denote

are particularly high in mammalian cells, tissue, and plasma,
with some tissues containing >100 uM levels of GSSH.
Moreover, numerous proteins were also found to contain
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hydropersulfides on cysteine residues. Before this, Mustafa
et al. (52) reported that as much as 10%—25% of many liver
proteins were ‘‘sulfhydrated’’ [an unfortunate term (72) that
inaccurately describes the formation and/or presence of an
RSSH moiety] under physiological conditions. Further, Longen
et al. (47) reported that cells treated with H,S donors contained
numerous protein persulfides and that there is a preference for
hydropersulfide formation on specific cysteines in proteins
with multiple cysteine residues. Doka et al. also reported that
tissues and whole cells contain high steady-state levels of
protein hydropersulfides (18).

One of the most recent and exciting discoveries regarding
both small-molecule hydropersulfides as well as protein hy-
dropersulfides is the report that Cys-SSH can be made from
cysteine (Cys-SH) by the cysteine t-RNA synthetase (CARS)
and can be either released, resulting in free intracellular Cys-
SSH, or incorporated into proteins, translationally resulting in
proteins containing Cys-SSH (2). Indeed, in some cells, this
process appears to be the major pathway for Cys-SSH gener-
ation. Although further work is required to determine the
mechanisms of regulation of the CARS system for biosynthe-
sizing and incorporating Cys-SSH into proteins, this article
may represent the discovery of the 22nd amino acid (in eu-
karyotes). Interestingly, the established 21st amino acid is se-
lenocysteine (Sec) and is synthesized from serine on a t-RNA
before translational incorporation (48, 73). Importantly, there
are striking chemical similarities between the selenol (RSeH)
function of Sec and the hydropersulfide function of Cys-SSF,
which will be discussed in depth later.

Hopefully, the examples just cited provide sufficient ev-
idence of the prevalence of hydropersulfides in biological
systems. To be sure, studies performed much earlier alluded
to the existence of hydropersulfides (specificallv _y. SSH)
in mammalian proteins. For example, in the 197(s, M.iss 7’s
lab reported that both xanthine oxidase (49) and del ;de
oxidase (10) contained a Cys-SSH resid’ ¢ the was _apor-
tant to their activities (although this h.  been ¢ bated and
likely not the case, other related proteins 1. e bs .n found to
contain the Cys-SSH moiety, vid infr.” The =xamples just
cited should also serve to indic.  that C 's-SS. generation
and incorporation into proteins a. 1 pe’ .ides is intentional
and purposeful and nota .undo. ora. ‘factual event. That is,
Cys-SSH, and the speci. * derive ! and/. . downstream of its
biosynthesis, ~ .uu. ‘edl, <erv . a specific and important
function tha cannot L accomplished by other biological
functionaliti.  (e.g., thic s, sulfenic acids, Sec, etc.).

Thus, it is . = tenet " ‘lis review that the evolutionary
process has seleciwc .. aie hydropersulfide function as a means
to accomplish specific and important biochemistry not pres-
ent in other biochemical entities and that selection in this
regard is based entirely on the unique and novel chemistry
of the hydropersulfide functional group. Therefore, it is im-
portant to first discuss the chemical reactivity and chemical
properties of the RSSH functional group before speculating
about its biological function.

The Biologically Relevant Chemistry of RSSH

Since RSSH (e.g., Cys-SSH) is likely generated from the
corresponding thiol RSH (e.g., Cys-SH), it will be important to
compare and contrast the chemical differences between RSH
and RSSH to begin to determine the reasons this conversion is
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made (and under what conditions this is likely to occur). It will
also be important to compare and contrast the chemical dif-
ferences between RSSH and other established RSH-derived
species such as disulfides (RSSR) to determine whether RSSH
chemistry is distinct from these species as well.

RSH and RSSH oxidation states

One of the most important aspects of the conversion of
RSH to RSSH is that this represents an oxidation. That is, the
formation of RSSH from RSH requires an ox aant r oxi-
dizing step. This is easily understood by sim ‘ly .ssigring
oxidation states to the sulfur atoms. The ,xide on s* .ce of
the sulfur atom of RSH is 2™~ (RSsz), w, -eas the oxidation
state of the same sulfur atom when RSh ‘s converted to
RSSH is 1~ (RS'"SH). Importar .y, f oxia..ion states of
both sulfur atoms of RSSH are tue < .me . the sulfur atoms
of a dialkyl disulfide RSSR \ 11 S' \. Tt 1s well established
that the oxidative conver ‘~n ¢ RSH to RSSR is an impor-
tant biological process ( tte.  ~complished by oxidants
such as H,O,) with pc ~nt. 'l roles in protein folding, cell
signaling, < ¢. « *», 78) anc rom a redox perspective the
conversiol of XSy to RSSH is analogous. Thus, it is im-
portant to r . »mber . .. RSSH is generated from RSH un-
der oxidizing ¢ ~ditions (e.g., biological oxidative stress).
This “.ct w. ' becume important later when discussing the
possi ‘e biolc sical utility of RSSH species.

_ual activity of RSSH

Ir Jiological systems, RSH (or more specifically, RS™) can
ac. as a nucleophile and/or reducing agent. When RSH is
oxidized to the corresponding disulfide RSSR, nucleophilicity
is lost and this species becomes electrophilic and oxidizing—
electrophilic because it can react with other nucleophilic RSH
species and oxidizing since this reaction results in the oxi-
dation of RSH (Reaction 1, thiol sulfur shown in bold).

R’SSR” + RSH — RSSR” + R’SH (1)

It is important to note that RSSH has the properties of
both reduced RSH and oxidized RSSR, and these are largely
dependent on its protonation state (59). As will be discussed
in more detail later, the deprotonated RSS™ species is very
nucleophilic and reducing (akin to RS™) whereas the pro-
tonated species RSSH is electrophilic and oxidizing (akin
to RSSR). Thus, the pK, of RSSH becomes an important
factor in predicting its chemical biology. Discussions of the
pK., nucleophilicity, electrophilicity, reducing potential, as
well as other aspects of RSSH chemistry are given later.

One important aspect of the dual nucleophile/electrophile
reactivity of RSSH is the fact that under certain conditions
(e.g., physiological conditions) both the RSSH and RSS™
forms can exist simultaneously. This means that RSSH under
these conditions is inherently unstable since the nucleophilic
RSS™ should readily react with the electrophilic RSSH spe-
cies, giving numerous products depending on the site of nu-
cleophilic attack (and the likelihood of subsequent reactions).
Thus, it should always be considered that this chemistry can
occur under biological conditions and the generation of other
sulfur species can potentially confound experimental inter-
pretation.



Downloaded by Johns Hopkins University from www.liebertpub.com at 08/05/21. For personal use only.

HYDROPERSULFIDE CHEMISTRY AND BIOLOGY

RSSH versus RSH pK,

The pK, of RSH varies significantly depending on the
nature of the R group and the environment (e.g., the nature of
the surrounding residues in a protein). For example, the pK,
of free cysteine in aqueous solution is 8.2 whereas in a protein
a cysteine residue can have a pK, < 6 (77). This lowering of
the pK, is due in part to protein-mediated stabilization of the
anionic RS™ species. In solution, the pK, of a free hydro-
persulfide (not incorporated into a protein) is significantly
lower than that of the corresponding free thiol, typically 1-2
pK, units lower (21), although differences as great as 4 pK,
units have been proposed (16). The conversion of a protein
cysteine residue to a protein hydropersulfide may be expected
to also have an effect on the pK,, but as indicated earlier for
protein cysteines, the magnitude (and possibly the direction)
of the pK, change will, undoubtedly, be a function of the
protein environment. Regardless, protein effects notwith-
standing, RSSH species are inherently more acidic than the
corresponding RSH. Thus, it may be expected that the ratio
of RS7/RSH will be significantly less than the RSS™/RSSH
ratio for the same R group. Since anionic species are more
nucleophilic than the corresponding protonated species, it
may also be expected that conversion of RSH to RSSH will
result in a higher concentration of the more nucleophilic
anionic species.

RSSH versus RSH nucleophilicity

The earlier discussion indicates that conversion of RS '
to RSSH yields a stronger acid, thus increasing the relative
levels of the more nucleophilic anionic species. It should
also be recognized that RSS™ is inherently more nucleo-
philic compared with the corresponding RS™ s* _c. ~ At
least some of the enhanced nucleophilicity cant : att .ov ~d
to an alpha effect, the effect that occurs when a nuc :opb lic
electron pair has an adjacent atom that .1S0 , sse. s an
electron pair. In these cases, the nucle. 1ile w1 1 an adja-
cent electron pair exhibits increased rates ~f re- _tion with
electrophiles. For example, hyc.oxy. minc ‘NH,OH) is
significantly more nucleophilic han an monia {NHj3), al-
though it is a much weaker base '9) .he origins of the
alpha effect are not cl urly “tab. hed and have been
proposed to be due to a ‘ariety f effc ts, including tran-
sition state sta* .iza. M, g “und state destabilization of the
nucleophile, olvation. fects, and product stability, among
others (23).

The kinetic . ~hancer ', associated with an alpha effect
are highly variabic _..a can depend greatly on the nature of
the electrophile. For example, for oxygen-based nucleophiles
it is reported that HOO™ reacts with phosphate esters (e.g.,
Sarin) ~ 50-times faster than HO™ (41) whereas with addition
reactions to nitriles, the rate enhancement can be as high as
66,000 times faster (76). To be sure, it is not established that
an alpha effect associated with sulfur atoms can be as sig-
nificant as that reported for oxygen atoms. Cuevasanta et al.
(16) have, however, established the existence of an alpha
effect with sulfur-based nucleophiles as they have reported
that RSSH can be more reactive compared with RSH by
~20-fold toward disulfides. As with oxygen-based nucleo-
philes, there is likely to be a wide range of rate enhancements
associated with the conversion of RSH to RSSH depending
on the nature of the electrophile and the polysulfur species.
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Electrophilicity of RSSH and RSSR

As previously mentioned, the protonated RSSH species is
electrophilic, akin to the electrophilicity of RSSR. As with
RSSR, nucleophilic cleavage of the S-S bond in RSSH occurs
only with ““soft”” nucleophiles such as thiols, phosphines, and
cyanide (CN") (and not with “hard” nucleophiles, including
oxygen- or nitrogen-based nucleophiles) and can occur on
either sulfur atom, although there appears to be a slight pref-
erence for nucleophilic attack at the terminal sulfur atom (59).
Although it is intriguing to speculate that RSSH ¢~ e more
electrophilic than RSSR since RSSH is less steric 1lly = .owded
(for nucleophilic attack at the terminal sulfur R "7, and (S™
is a superior leaving group compared wi*t RS™ (. - ucleo-
philic attack at the internal sulfur, RSSH) (. ™, this has yet to
be addressed experimentally.

RSSH versus RSH as a reductant

Along with the increased nu. 'eophu..city of RSSH versus
RSH, it has also been estat s, > "at RSSH is a significantly
better one-electron re. “~tai * con.pared with RSH. For ex-
ample, the rodu *.n of te. © cytochrome ¢ (Fe**Cyt ¢) to
ferrous cyt chron. (F62+Cyt ¢) (Reaction 2) is facile with
RSSH but n» with Kk 'Y r H,S (24).

RSS™.  Fe’ “ytc — RSS + Fe?"Cytc + H (2)

Mo, over, .verett and Wardman (21) have shown that

RSSH ca.. _agood antioxidant by quenching a reactive one-

.ectr  oxidant via either one-electron donation or hydrogen
atom ‘ ansfer (Reactions 3 and 4).

RSS™ +R’ — RSS-+R’~ 3)

RSSH +R’- — RSS- +R’-H )

Importantly, the oxidized RSSH species, RSS-, is not re-
active as an oxidant and typically only dimerizes to RSSSSR
(8) even in the presence of the paramagnetic species O, or
NO (8, 14). The lack of reactivity and relative stability of
RSS- is due to the delocalization of the unpaired electron
onto the adjacent sulfur atom, a stabilizing effect not avail-
able to the unpaired electron of a thiyl (RS -) radical species.
Thus, it is the stability of RSS-that explains, to a significant
degree, the ability for RSS™/RSSH to act as a good hydrogen
atom/electron donor. By comparison, RSH is a much poorer
hydrogen atom donor compared with RSSH as indicated by
the differences in the S-H bond dissociation energies (BDEs).
The BDE for the S-H bond in RS-H is 92 kcal/mol whereas
the BDE for RSS-H is 70 kcal/mol (6), consistent with
RSS-being much more stable compared with RS-and sup-
porting the fact that RSSH is a superior H-atom donor
compared with RSH. Also, the reduction potential for the
RS-/RS™ couple is 0.92V versus a normal hydrogen elec-
trode (NHE) (pH 7) (11) whereas the calculated reduction
potential for the RSS-/RSS™ couple is significantly lower,
0.68 V versus NHE (pH 7) (39). These values also indicate
that RSS™ is a superior reducing agent compared with RS™.

Coordination chemistry of RSSH and RSH

RS™ species are well-known ligands for metals, forming
especially strong complexes with ““‘soft” metals/Lewis acids
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(since sulfur species are “‘soft”” Lewis bases) (56). Con-
sidering the enhanced nucleophilicity associated with RSS™
compared with RS™, it may also be expected that RSS™ could
be a superior metal ligand as well. Although metal complexes
with RSS™ are much less known compared with RS™, some
complexes have been reported. For example, there are reports
of RSS™ complexes with copper, iridium, platinum, titanium,
tungsten, iron, ruthenium, and zinc (20, 26, 31, 35, 62-65, 81).
Importantly, Galardon ef al. (26) examined Zn>* coordination
and demonstrated that the RS™ and RSS™ ligands are capable of
exchanging and in the case of t-butyl-S™ versus t-butyl-SS™, the
thermodynamic preference was determined to be coordination
of the RSS™ species. To be sure, this thermodynamic preference
for RSS™ may not be entirely due to RSS™ being an inherently
“better”” ligand for Zn" since steric effects, undoubtedly, play
a significant role (26). This group also pointed out that a metal-
persulfide complex presents more reaction pathways compared
with metal-thiolate complexes (considering only the reactivity
of the metal center and the ligating sulfur species). That is, an
M-SSR complex (M=metal) possesses three possible elec-
trophilic sites for reactions with nucleophiles/Lewis bases, the
metal and the two sulfur atoms, whereas an M-SR complex will
react typically with nucleophiles/Lewis bases only at the metal
center (26). Thus, the reaction of nucleophiles with M-SSR
complexes can, in theory, give a variety of possible products
from attack at: (i) the metal center (Reaction 5), (ii) the coor-
dinating sulfur atom (Reaction 6), and (iii) the noncoordinating
sulfur atom (Reaction 7). However, with M-SR complexes on’
nucleophilic attack at the metal center (displacing the RS™ -
gand) is expected (Reaction 8).

M-SSR +Nuc™ — M-Nuc + RSS™ 5)
M-SSR 4+ Nuc™ — M-S-Nuc + RS~ )
M-SSR +Nuc™ — M-S~ + " uc-SR @)

M-SR +Nuc™ — " [-Nuc- RS’ ®)

Similarity between RSS! and +. “eH ¢ =mical biology

Hopefully, i* .au . ©le. ~d fr m the earlier discussion that
RSSH chem’ wry is dis act trom that of RSH. Importantly,
many of the ~hemical j operties associated with biological
thiols (e.g., n. 'eophili _ and reducing potential) are en-
hanced with hydiu, _.-ulfides and there is some evidence that
RSSH species are also adept at coordinating metals similarly, if
not better, compared with RSH. It is especially noteworthy that
many of the chemical properties of the RSSH functionality are
similar to that of RSeH. The similarities between RSSH and
RSeH become more striking when they are both compared with
the chemistry of RSH. Using Cys-SH, Cys-SSH, and Sec as
examples, both Sec and Cys-SSH are more acidic compared
with Cys-SH (pK, of 5.2 for Sec, approximately <7 for Cys-
SSH, and 8.2 for Cys-SH), indicating a higher percentage of the
nucleophilic anionic species for Sec and Cys-SSH. The redox
couples for Sec (RSe-, H'/RSeH, E”=0.43V), Cys-SSH
(RSS-, H/RSSH, E”=0.68 V), and Cys-SH (RS-, H/RSH;
E®=0.92V) indicate that both Sec and Cys-SSH are superior
reductants compared with Cys-SH (39, 55). Both Sec and
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Cys-SSH are also superior nucleophiles compared with Cys-
SH. For example, Sec (the anionic RSe™ species) reacts with
RSSR ~ 15-times faster than Cys-S™ and Cys-SS™ reacts with
RSSR ~20-times faster than Cys-S™ (16, 54). Finally, both Sec
and Cys-SSH are better hydrogen atom donors compared with
Cys-SH, as indicated by their relative BDEs [BDEs for X-H,
(X=S or Se) in RS-H, RSS-H, and RSe-H are 92, 70, and 74
kcal/mol, respectively (6, 53)]. Thus, it is reasonable to say that
aspects of the biologically relevant chemistry of RSSH and
RSeH are enhanced compared with RSH (e.g., acidity, nu-
cleophilicity, and reducing potential) (Table 1). 7 s, 1, wever,
important to reiterate that RSSH does possess se =r»” cher-ical
properties that are not present in RSeH spe es; . \SH - .n be
electrophilic whereas RSeH cannot (vide fra) ana KSSH is
capable of reacting with other RSH <necies transferring the
hydropersulfide functionality (vid- nfr» Reacion 9 below).

Another biologically important asp' to1 = lenium chemistry
is that Sec resists permanent, . “ever ‘ble siological oxidative
modification (58, 68). Ox’ "~tior. »f RSH to, for example, sul-
finic (RS(O)OH) acid repr. zen.  vredominantly irreversible
modification [i.~., th=sc . >=c. s are not readily reduced back to
the correspr .dii, -niol unac. iological conditions, except for
select pero ‘re “oxi. ° (79)1. However, the corresponding sele-
ninic acid (" . ~(O)OL,, " readily reduced by biological thiols
back to the seler, ' RSeH. Interestingly, highly oxidized RSSH
specie , tor  ramp.: a perthiosulfonic acid (RSS(O)OH), can
be re 1ced b: k to the corresponding RSH under biological
conditi. “< (r e, however, that the reduction is not back to the
~'_ 1 RSSH species) and therefore RSSH is also resistant
to irre ersible oxidative modification (50). Thus, irreversible
biol- _ical oxidative modification of RSeH and RSSH is more
duncult compared with RSH and represents another strong
similarity between RSeH and RSSH. Figure 1 schematically
depicts some of the similarities between RSSH and RSeH when
compared with RSH.

The similarity in chemistry between RSeH and RSSH
(especially with regards to a comparison with RSH) may in-
dicate that some of the biological functions of RSSH may be
analogous to the functions of RSeH (vide infra). One impor-
tant difference, however, is the fact that RSSH are potentially
impermanent species whereas RSeH species are not. That is,
RSSH can be readily reduced back to the corresponding RSH

TABLE 1. CHEMICAL PROPERTIES OF RSH, RSEH AND

RSSH
Rel. Red.  BDE (RX°-H,
Species pK, nucleophilicity pot. (V)* kcal/mol)
RSH 8.2 1 0.92 92
RSSH  <7¢ 20° 0.68° 70"
RSeH 5.2 158 0.43 74

For the radical RS-, RSS-, and RSe- species (pH 7).

®X =S$ for RSH; X=SS for RSSH; and X =Se for RSeH.

“pK, values for RSSH have been reported to be one to four orders
of magnitude lower than the corresponding thiol (16, 21).

Based on reaction with electrophilic disulfide (16).

°This is a calculated value (39).

"This value is based on HSS-H (6).

£Based on reaction with electrophilic disulfide [at pH 10 so this
represents a direct comparison of RSe™ and RS™ (54)].

BDE, bond dissociation energy; RS, thiyl radical; RSeH, selenol;
RSH, thiol; RSS, perthiyl radical; RSSH, hydropersulfide; RSSR,
disulfide.
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species via, for example, reaction with a thiol (Reaction 9 or
Reactions 10 and 11) whereas there is no equivalent reaction
for RSeH (since it is already a fully reduced species).

RSSH +R’SH — RSH + R’SSH )
RSSH + R’SH — RSSR’ + H,S (1)
RSSR’ + R’SH — RSH + R’SSR’ (11)

Thus, RSSH can be viewed as having RSeH-likr yroy -ties
in a functional group that can be regulated vi. sv .the --
degradation. However, the Sec is a more permaner. spe ies
that cannot be regulated equivalently. Th ceforc arguinents
regarding the biological necessity and . ‘lity ot Sec [e.g.,
Nauser et al. (54) and Reich and F~ndal \ "“®! _an be rea-
sonably applied to RSSH.

Possible Biological Fur .tion. of h "'SH

The biologic~' “wncti n and atility of RSSH species
will, undoubt dly, be e “.cir unique chemistry that is

H\/

higher relative levels o1 nion,
better reductants 2 >4 nu. 20phics
compared to RSH

distinct frc .1 ot* - existing .ualfur (or chalcogen) species.
As general. - .scu. =d e~rlier, much of the chemistry of
RSSH is siun v to thae found with RSH, except that the
reactivi*~ '~ mai. - regards is significantly enhanced. Also,
RSSF (the , 'otonated species) is electrophilic, akin to
RSSR Figur¢ 2 provides a general schematic depicting
some o1~ _reviously mentioned changes in the chemical
- upe ies when RSH is converted to RSSH, some of which
are pr' posed to be important to the biological functions of
RS€ « (vide infra).

Possible protective functions of RSSH

The enhanced and/or distinct chemical reactivity of RSSH
versus RSH is, undoubtedly, the basis for its biosynthesis and
presence. That is, replacement of RSH with RSSH (by either
post-translational modification or translational incorporation,
vide supra) allows access to reactivity that is not adequate or
present in the usual RSH function. The increased nucleophi-
licity and reducing capacity of RSSH predicts that it would be
more reactive with electrophiles and oxidants. Thus, it is rea-
sonable to predict that RSSH could be a cellular response to the
presence of electrophilic and/or oxidative stress. Indeed, the

sulfurs electrophilic

y\x increased acidity vs RS-H
[O] \»//

R—S—H = R—S—S—H
weaker bond vs RS-H,
FIG. 2. Changes in chemical properties better H-atom donor
when RSH is oxidized to RSSH. ® o ®
R—S©+H R—S—S~ +H

/ \ more nucleophilic vs RS9

anionic species
more prevalent
vs RS©

better reductant vs Rse
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idea that RSSH can protect against oxidative and electrophilic
stresses is supported by several reports. One of the earliest
examples of this was by Greiner et al. (28), who found that the
phosphatase PTEN was protected from irreversible oxidative
inhibition by H,O, when in the hydropersulfide form. Ida et al.
(32) found that cystathionine gamma-lyase (CSE) over-
expression leads to increased levels of intracellular RSSH
species (such as Cys-SSH and GSSH), which correlated
with an increased resistance to cell death caused by oxida-
tive stress (H,O,). Using an H,O,-triggered hydropersulfide
donor, Powell et al. (57) report RSSH-mediated cellular
protection from H,0, toxicity and expound on the potential
therapeutic value of these types of compounds. Ezerina
et al. (22) have also reported that the antioxidant and pro-
tective effects of N-acetyl cysteine (NAC) may be due to the
generation of RSSH from NAC metabolism. Moreover, it is
reported that cells treated with sulfane sufur donor poly-
sulfides, which results in increased levels of intracellular
per- and poly-sulfides, inhibit pro-inflammatory pathways
in macrophages and in mice they can protect against en-
dotoxin shock (83). Finally, Bianco et al. (7) reported that
HEK?293T cells treated with cysteine trisulfide (thiocystine,
Cys-SSS-Cys) led to an increase in intracellular Cys-SSH
and GSSH, which correlated with a significant protection
against electrophilic stress caused by N-ethylmaleimide, an
effect that has been also seen with heavy metals and other
electrophiles [reviewed in Shinkai and Kumagai (66)].

The electrophile trapping by nucleophilic RSSH and t+ .
antioxidant (i.e., reductive) properties of RSSH provi =
convenient and logical mechanisms for the biological effects
mentioned earlier. However, as also discussed earlier, RSSH
is electrophilic and, as such, can modify thiols and potentially
cause oxidative stress. Although the pK, of RSSH ", 1. ~ly to
be lower than 7, indicating a predominance of the wc o-
philic and reducing anion, RSS™, at high overall evel of
RSSH a significant amount of the protc .ate. “na . _ctro-
philic RSSH will be present. Thus, it 1. v be ex ected that
intracellular levels of RSSH need to be ¢ ~trol’ .d to avoid
RSSH-mediated oxidative stress. ".1 sup_ ort 6. *his idea, cells
treated with Cys-SSS-Cys, wh. 1 resuli in hi_h levels of
intracellular RSSH species. were ~und .o export Cys-SSH
(45). To be sure, it is als* spec 'atea hat the export of Cys-
SSH may protect cells rom e: raceh. iar electrophilic or
oxidative stres” i> . re. 2v b ye the opportunity to impact
intracellular irgets.

Possible functic ~ of’ .e one-electron
redox properties of RSSH

Clearly, RSSH is a superior one-electron reductant com-
pared with RSH. As previously discussed, the increased
ability for RSSH to donate an electron is due to the increased
inherent stability of RSS- versus RS-. Although RS -has bi-
ological utility as an oxidant, it is typically not considered a
readily accessible and common redox intermediate. For ex-
ample, a cysteinyl radical (Cys-S-) species in ribonucleotide
reductase has been shown to act as a potent oxidant that is
capable of abstracting a hydrogen atom from ribose, a critical
step in the generation of deoxyribose for the biosynthesis of
DNA [e.g., Stubbe and van der Donk (71)]. The high re-
duction potential of the Cys-S-, H"/Cys-SH couple (0.92V,
vide infra) and strong S-H BDE of Cys-SH (92 kcal/mol, vide
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infra) are consistent with the ability of Cys-S- to perform this
chemistry. On the other hand, RSS- is not a strong oxidant
and RSSH/RSS™ is a decent reductant (Table 1). Thus, redox
chemistry that is not possible with RSH may become possible
when RSH is converted to RSSH. Based on the differences in
the redox chemistry of RSH versus RSSH, it has been pos-
tulated that an RSH to RSSH conversion can constitute a
“redox gate’’ (4). That is, a catalytic electron transfer pro-
cess cannot occur when a protein contains a Cys-SH function
(since Cys-S- is too oxidizing and Cys-S™ is a poor reduc-
tant, causing the system to get stuck in the C,s-> form).
However, oxidation of RSH to RSSH allow a~ elec‘ron
transfer process to occur (since RSS-is nc . a si. ng o .dant
and RSS™ is a reasonable reductant). Ii. his way, electron
transfer processes are ‘‘gated’” via oxidati. » processes that
lead to RSSH generation from RS .1 (k' _ 3). "1 0 be sure, this
is currently pure speculation and tt _re .. 10 evidence that
this process occurs. Howevei the « rer cal differences be-
tween RSH and RSSH p- dict his pnenomenon as a redox
regulatory possibility.

Interestingly some " the first reports of possible protein
hydropersv’ .de. vere fron. .assey’s lab and their presence
in the rea x .ctiv molvbdenum (Mo) proteins xanthine
oxidase an- 'dehya. _xidase was reported (10, 49). Al-
though the pres. ~ce of an RSSH/RSS™ species in either en-
zyme ' deu. able \.nany favoring the more likely presence of
amo, bdenu sulfide, MoS, species instead) [e.g., Wahl and
Rajagc, ~lan 75)], it remains possible that with other Mo
e es the MoS species can be in equilibrium with an Mo-
S>SCy complex, vide infra (30). As already discussed, the
redr .ng capabilities of RSSH species also predict that they
w.l readily react with oxidizing species and therefore can
serve as efficient antioxidants (e.g., Reactions 3 and 4) (21).

Cys-SSH biosynthesis and clues to RSSH function

Interestingly, there are numerous pathways for the biosyn-
thesis of RSSH species (70). This fact alone points to the
possibility of diverse functions for RSSH that can be differ-
entially regulated and/or compartmentalized. Two of the most
studied and established pathways involve the enzymes
CSE and cystathionine beta-synthase (CBS), both of which are
known primarily as H,S-producing enzymes but generate Cys-
SSH as an intermediate to reductive H,S formation (82).
Previous work indicates that in some cells CSE is the major

v® Rs- @
A %k L)
Y Rg X
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© ©

FIG. 3. Electron transfer processes not favored with
RSH but accessible with RSSH (redox gate hypothesis).
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Cys-SSH producing enzyme [e.g., Ida et al. (32)]. Therefore,
this discussion will focus on the CSE expression and regulation.
To be sure, this focus is not meant to discount the importance of
the other enzymes in RSSH biosynthesis [e.g., CBS, CARS,
mercaptopyruvate sulfur transferase (70), efc.], but it is done to
be illustrative and concise and since a comprehensive treatment
of all of these pathways is beyond the scope of this review.
CSE is a somewhat promiscuous enzyme in that it is ca-
pable of catalyzing reactions of multiple substrates. It is
probably best known (and understood) as a critical player in
the transsulfuration pathway, which converts methionine into
cysteine (70). In this pathway, CSE converts cystathionine
(an adduct between homocysteine and serine) to cysteine and
a-ketobutyrate (Fig. 4A). As an H,S- and RSSH-producing
enzyme, CSE is also capable of converting cystine (Cys-SS-
Cys) to Cys-SSH and pyruvate (82) (Fig. 4B). The reason that
CSE is considered an important H,S biosynthetic enzyme is
that the generation of Cys-SSH can lead to the formation of
H,S via a reductive process such as further reaction with a
thiol (Reaction 10). Regardless, it is important to note that
Cys-SSH generation from CSE precedes H,S formation.
CSE expression can be regulated by the transcription
factor ATF4 (17), which controls genes involved in numerous
stress responses (29). Overall, activation of the ATF4 sig-
naling pathway is considered a ‘‘master’”” transcriptional
stress response, important in endoplasmic reticulum stress,
nutrient (amino acid) limitation, hypoxia, and oxidative
stress (80). Interestingly, ATF4 also controls the expressio’
of xCT, an important protein of the Cys-SS-Cys uptal *
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transporter X. (43). Thus, activation of the ATF4 tran-
scriptional signaling pathway can lead to an increased ex-
pression of Cys-SS-Cys uptake and CSE-mediated
conversion of Cys-SS-Cys to Cys-SSH. It can be hypothe-
sized, therefore, that Cys-SSH generation is a cellular re-
sponse to stress. Before the recent realization that Cys-SSH
was prevalent and possessed unique and intriguing chemical
properties (compared with RSH), the interpretation of these
events (i.e., the stress-induced increased expression of xCT
and CSE) was done differently. An increased expression of
xCT as a stress response would be construed as ¢ _ell ~ Jesire
to increase intracellular Cys-SH levels for thc pr pose: of
increasing GSH biosynthesis [e.g., Lewe ¢nz . al. “4)].
Since the major form of extracellular cy. ine is in the oxi-
dized Cys-SS-Cys form, increased inrtracel, 'ar Cys-SH re-
quires the uptake of the oxidized 7 ys-* Cys ..cst, followed
by reduction to Cys-SH and then i corp . ation into GSH.
The increased expression of 'SE ¢ n F . interpreted simi-
larly; increased Cys-SH  ~ner. ‘ion 1rom methionine (via
homocysteine intermediac_) ¢ ' also increase GSH bio-
synthesis [e.g., Dickhou -t ' (17)].

One poter .al, olem wiu. .e idea that Cys-SS-Cys uptake
isforthe sp. if  pui, nse of increasing Cys-SH levels to be used
for the syntb . - of the . .oxidant and reducing GSH is the fact
that a redneing e, “ivalent is required to make a reducing agent.
That i Cys *S-Cy. must be reduced to Cys-SH to make the
veduci ¢ GSH pecies. From an electron counting perspective,
this pro. <sie 1 “wash’ (no net gain in reducing equivalents),
¢~ “ing that will not benefit an oxidatively stressed cell. GSH

o)

o
CSE SH coo®

HsN COO

Methionine Hom. “vsteine OH Cystathionine Cysteine a-Ketobutyrate
N coo®
Serine
B
®uN_ _coo®
SH
~T» CSE i
3 ® 0 COOe
Q
HaN olele)
IC?SN coc® Cys-SSH Pyruvate
Cystine

FIG. 4. Multiple CSE-catalyzed reactions. (A) Transsulfuration pathway—conversion of methionine to cysteine via
CBS and CSE activity. (B) CSE-mediated conversion of cystine to Cys-SSH. CBS, cystathionine beta-synthase; CSE,
cystathionine gamma-lyase; Cys-SSH, cysteine hydropersulfide.
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certainly has specific systems built around it (such as GSH
transferase, GSH peroxidase, efc.) that may justify its biosyn-
thesis in spite of the fact that GSH formation from Cys-SS-Cys
does not increase the net reductive capacity of the cell. How-
ever, it is intriguing to speculate that increased Cys-SS-Cys
uptake, via increased expression of xCT, and increased CSE
expression instead increases the levels of intracellular Cys-SSH,
which protects cells from oxidative/electrophilic stress. As
previously discussed, RSSH species are oxidized (at the same
oxidation state as RSSR, Cys-SS-Cys) and therefore do not
require a reducing equivalent in their biosynthesis. Moreover,
RSSH species are more reducing than the corresponding RSH,
meaning that a potent reductant is made without ‘““‘wasting” a
reducing equivalent, as would be the case for GSH biosynthesis
from Cys-SS-Cys. Again, this idea is purely speculative, but
consistent with the chemistry previously discussed and consis-
tent with the idea that RSSH species are potentially protective
to cells against oxidative/electrophilic stress. These ideas are
schematically depicted in Figure 5. Clearly, other RSSH bio-
synthesis pathways need to be examined in this regard. Espe-
cially important will be an in-depth examination of the
regulation of CARS-mediated Cys-SSH generation and trans-
lational incorporation into proteins.

Changes in enzyme activity of protein persulfides

As discussed earlier, the conversion of RSH to RSSH
dramatically reduces the pK, (and therefore increases the
percentage of the anionic species) and increases the inhere .t
nucleophilicity. Thus, it is possible that RSSH formatic
from RSH will increase the activity of cysteine proteins that
utilize a critical cysteine function as a nucleophile. One of the
first presumed examples of this was reported by Mus*~¥a et al.
(52), who indicated that treating glyceraldehyde -phr . hate
dehydrogenase (GAPDH) with H,S resulted in hydror crsu . ‘e
formation at the catalytic cysteine residue © = ~n i1 ves ¢ in
catalytic activity. Since the catalytic acti" ity of *APDH re-
quires a nucleophilic cysteine, it is not w. *asona . to spec-
ulate that an increase in activity .. due . .. increased

A Cys-ST -~ o B

ATF4!

(oxidative stress, ER stress
amino acid limitation, etc.)

Protection from
oxidative/electrophilic
stress

Cys-SS-Cys
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nucleophilicity of a catalytic hydropersulfide. However, it
should be realized that hydropersulfide formation in GAPDH
increased the V.« and had no effect on the K,,,, which is more
consistent with the idea that H,S simply increased the per-
centage of active enzyme (i.e., reduced inactive oxidized cat-
alytic cysteine residues to the reduced and active form) and did
not necessarily increase the catalytic efficiency. Indeed, sub-
sequent work indicates that hydropersulfide formation on
GAPDH results in an inhibition of activity (34). More recently,
it was reported that hydropersulfide generation in the E3 ubi-
quitin ligase Parkin results in an increase in as .vity impli-
cating hydropersulfide formation as a prote tiv: stre‘egy
against Parkinson’s disease (74). To be s re, 1. mere  ex-
amples of inhibition of enzyme activity r. lting from hydro-
persulfide formation on catalytic cysteine re “dues have been
reported [e.g., Francoleon et al. (24" and  -osz e. al. (34)]. This
may not be surprising since the cawaly” call mportant residues
of most enzymes may be optir. 'zed . +a .ngle sulfur atom in
the active site (i.e., the st”™r 0, a cataiytic cysteine) and the
addition of an additional su. "1 .. ~ * may result in a nonoptimal
geometry/structure. O1 . ~ure , there is always the possibility
that conver- on  a cataly.. Ily important Cys-SH for one
reaction tc » ys-. "H species actually changes the reaction
and/or subs* . = prefe.. _c. Regardless, there appears to be no
general frend w h regards to the effects of hydropersulfide
forme .on 0. “yste..ie enzyme activity.

RSSH ~d r tals/metalloproteins

As iscussed earlier, RSSH has the potential to interact with
metal and metalloproteins as either a ligand or a reductant.
O~ of the most established functions of RSSH in this regard is
in the protection from heavy metal toxicity. It is predictable that
RSSH will coordinate “‘soft,” heavy metals readily. Indeed,
the Kumagai lab has postulated that reactive polysulfides such
as the inorganic polysulfide S,>~ react with and protect cells
from Cd** (3). Also, knockdown of CSE in bovine aortic
endothelial cells results in a dramatic decrease in intracellular
per- and poly-sulfides, which correlated with an increase in

Glu

ATF4T

(oxldatlve stress, ER stress
amino acid limitation, etc.)

Cys -SSH — — GSSH

Z

1. potent reductant {scavenge oxidizing species)
2. potent nucleophile (scavenge electrophiles)
3. transfers sulfur to proteins (protects protein
cysteines from irreversible modification)

FIG. 5. Proposed role of ATF4 activation. (A) Canonical pathway for the role of ATF4 in xCT expression and GSH
generation under oxidative/electrophilic stress. (B) Hypothesized role for ATF4 in xCT and CSE expression for the
generation of protective RSSH species. ER, endoplasmic reticulum; GSH, glutathione.



Downloaded by Johns Hopkins University from www.liebertpub.com at 08/05/21. For personal use only.

HYDROPERSULFIDE CHEMISTRY AND BIOLOGY

Cd**-mediated signaling (67). This result is interpreted as a
persulfide-mediated inactivation of Cd** in the cells and a
protection against Cd*" toxicity. Similarly, persulfides have
been implicated in the detoxification of methylmercury
(CH3Hg) via the formation of the relatively nontoxic bis-
methyl mercury sulfide (CH3;Hg-S-HgCHs) (1).

The possible role(s) of hydropersulfides in the function
and/or regulation of metalloproteins is a relatively unex-
plored area. There are, however, some examples that illus-
trate the potential importance of RSSH in this regard. As
discussed earlier, Massey et al. proposed a possible function
of persulfides in the activity of the molybdenum-containing
enzymes xanthine oxidase and aldehyde oxidase (although
this has been debated, vide supra). The bacterial SoxAX
cytochromes involved in sulfur oxidation have been shown to
possess a heme-persulfide complex that is presumably im-
portant to catalysis (although the exact role of the Cys-SS™
ligand is not firmly established) (5, 9, 37). Another bacterial
protein, carbon monoxide dehydrogenase, also contains a
crucial Cys-SS™ associated with an Fe-Ni-sulfur cluster and is
proposed to be important for cluster assembly, stability, or
redox chemistry (38).

As alluded to previously, several Mo-containing enzymes
(many of which are prokaryotic) have been reported to possess a
Cys-SS™ that coordinates to the Mo metal center. For example,
the crystal structure of the bacterial nitrate reductase NapAB
appears to possess a Cys-SS-Mo complex (15). Computational
studies predict that the formation of the Cys-SS-Mo comple-
can occur via a ‘“‘sulfur-shift” mechanism whereby a vicinal
coordinated Cys-S~ residue can interact with MoS to give an "
Cys-SS™ and/or an n'-Cys-SS™ ligand (12, 13, 30) (Fig. 6). The
catalytic utility of the presumed sulfur shift may be for the
purposes of opening up a coordination site for ,u. trate
binding, although this is not established. Basec on ¢ 's-
cussion herein, it will also be interesting to consid rho 7 a
thiolate-to-persulfide ligand conversion v .y a. tthe —cdox
chemistry associated with the entire m¢  ydenur, complex,
allowing an important redox step to occu. Tnte' stingly, a
bacterial NADP*-dependent formr «e a. vdre_=nase, which
is also an Mo enzyme, contains. 'ec and as be. i predicted
to perform similar sulfur(seleniu *)-st (t type chemistry
(13). To be sure, other exa iples €hyc ~oersulfide-containing
proteins (especially Mo- zymes have .een reported [e.g.,
Lehrke et al. (/_,), . wvev. = an _xhaustive treatment of this
area is beyons the scope f this review.

As briefly ‘scussed e ‘lier, the redox chemistry of RSSH
with heme prc ins has a examined and it is clear that
RSSH is a far sup_..or reductant compared with RSH for
proteins such as cytochrome ¢ or metmyoglobin (8, 24). In a
recent and more thorough study of the reaction of RSSH with
hemeproteins, the Galardon group (25) reported that RSS™ is
capable of forming a detectable complex with the ferric heme
of N-acetylated microperoxidase 11 whereas the reaction of

FIG. 6. General schematic of possible
species involved in the proposed sulfur- \\
shift process for generating Mo-SS-Cys Mo

complexes. S=Mo + Cys-S°

s O5—Cys
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RSS™ with metmyoglobin (Fe"'Mb) resulted in reduction to
deoxymyoglobin (Fe'"™Mb), which under aerobic conditions
binds O, to give oxymyoglobin (O,Fe"Mb). The physio-
logical utility of this chemistry remains to be determined.

It is likely that other important metalloproteins will be
discovered to possess important persulfides that function as
redox active moieties and/or metal ligands. Particularly in-
triguing are the Zn>*-containing proteins since cysteine is
so important in the binding, structure, and regulation of
Zn-proteins and Cys-SS™ coordination to Zn** is expected.
Indeed, a recent report indicates that persulfide are >adily
made in a Zn-finger protein and persulfide ge er- ..on ‘‘ra-
matically affects the RNA binding of this - rote, (40)

Electrophilic RSSH species

As previously discussed, RSSH i- bot. >lectrophilic and
nucleophilic depending on the orotc atic ( state. When pro-
tonated, RSSH possesse’ ~he. istry akin to RSSR and,
therefore, can react with  s0..”> ucleophiles (such as thi-
ols, phosphines. et~ ) « arn electrophile. Indeed, it is the
electrophili-.iy « * RSSH tu. allows it to S-sulfurate other
thiols (Rea ‘ic .9). "serve as a source of H,S (Reaction 10).
It is import .. to rem. .oer that the sulfur atoms of RSSH
and RSSP are a. he same oxidation state and thus represent
oxidiz dthic " spec.es. As the most abundant thiol, there has
heen . gnifica t focus on the redox biochemistry of GSH. It
is gene. ' ! :lieved that the ratio of GSH to its oxidized
d° _ 1e (GSSG), GSH/GSSG, can be an important indicator/
regula r of cell general cell health, status, and/or condition
(36)  or example, the ratio of GSH/GSSG has been corre-
lawed to cell proliferation, differentiation, apoptosis, and ne-
crosis. Indeed, export of GSH and/or GSSG from cells can
occur to modulate the GSH/GSSG ratio. Some of the redox
modulation performed by GSH/GSSG can occur via GSSG-
mediated formation of mixed disulfides (i.e., glutathionyla-
tion), which can either protect proteins from thiol over-
oxidation or regulate function (Reaction 12) (27).

GSSG + Protein-SH — Protein-SSG + GSH (12)

Since Reaction 12 is akin to Reactions 9 and 10, it can be
hypothesized that an RSH/RSSH ratio may also be an im-
portant factor in cell health, status, and/or condition. That is,
if RSSH levels were important in regulating thiol protein
function (via simple sulfur exchange chemistry, Reactions 9
and 10), then the levels of RSSH would need to be carefully
regulated, just as GSSG levels are closely regulated [e.g.,
Morgan et al. (51)]. Interestingly, a recent report indicates
that high Cys-SSH levels in cells result in the export of Cys-
SSH from the cell (45). The reason for Cys-SSH export is not
known but it can be speculated that high RSSH represents an
“oxidative stress’ [similar to high GSSG and the onset of

S,/Cys
S\\/S/Cys S\T-=,S"Cys il
Mo = o Mo
S=Mo-S-Cys Mo-n2-SSCys Mo-n'-SSCys

(open coordination site)
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apoptosis/necrosis (60)]. It is also possible that export of
RSSH represents a protective mechanism in which toxic
extracellular oxidants or electrophiles can be scavenged be-
fore affecting a cell. It is noteworthy, however, that only Cys-
SSH was found to be exported although intracellular GSSH
levels were also highly elevated. Thus, high GSSH appears to
be tolerated by cells (unlike GSSG). It is important to re-
member that although RSSH is oxidized and possesses some
chemistry similar to RSSR, it is also a potent reductant, un-
like the RSSR species. Thus, interpreting the ratio of the
levels of thiols versus oxidized thiols (e.g., GSH/GSSG) as an
indicator of cellular ‘“‘redox status’ becomes more difficult.
In the case of GSH/GSSG, it is clear that GSH is reducing and
GSSG is oxidizing and a decrease in this ratio represents a
more oxidized state. However, in the case of GSH/GSSH, this
is not necessarily true. Since GSSH is a more potent reductant
compared with GSH, a decrease in the GSH/GSSH ratio can
represent a more reduced state. At the very least, it needs to
be considered that oxidation of GSH to GSSH can produce a
more reducing system, something that is counter-intuitive:
Oxidation of a species generates a more potent reductant.

Protein hydropersulfides and selenoproteins

As previously discussed, the chemical similarities between
RSSH and RSeH are striking, especially with regards to their
comparison to RSH (Table 1). Thus, it can be predicted that
protein hydropersulfides can function similar to selenoprr
teins except that protein hydropersulfides have the potent 1
to be reduced back to protein thiols whereas the Sec in se-
lenoproteins is permanent. That is, the hydropersulfides on
proteins can potentially be viewed as a fleeting Sec-like
functional group.

The reported biochemical utility of Sec is prit.ari’ dv to
its high nucleophilicity and reducing capabilities The in-
herent nucleophilic reactivity of R-SeF tow +d ._ U, is
typically one to two orders of magnitu. greater han a cor-
responding R-SH, similar to what is founa -ith r Jteins such
as the selenoprotein glutathion pe: -ida. (GPx) (69).
Among the most examined s =nopro. ins a.. GPx, io-
dothyronine deiodonases (DTO), o 1 th' redoxin reductases
(TrxR). With GPx and 7 xR, . = Sc¢ is responsible for re-
acting with the oxidizec species ROOLt. and RSSR, respec-
tively [e.g., L- auu Yol ven 48) and Reich and Hondal
(58)]. In the: : reactior. ~ Sec 1s acting as a nucleophilic re-
ductant. Wit DIO enz' nes, Sec also acts as a potent nu-
cleophile tha. is cap of reductive deiodination of
aromatic rings o1 .._,:0id hormones via the intermediacy of
Sec-I species, which can be reduced back to the Sec and
iodide ion (61). Thus, it appears that the increased nucleo-
philicity of Sec versus Cys-SH is one reason for Sec incor-
poration into proteins and the same can be expected of Cys-
SSH incorporation into proteins. It needs to be noted, how-
ever, that species can exhibit an unequal dependence on se-
lenium. Indeed, there are some ‘‘selenoproteinless’” animals
that are devoid of selenoproteins and utilize Cys-SH homo-
logs of selenoproteins to accomplish the same biochemical
tasks (46). Thus, although Sec offers some reactivity ad-
vantages over Cys-SH, it is not absolutely required in all
species. Considering the fact that Sec and Cys-SSH are
chemically similar, it will be interesting to determine whether
or not Cys-SSH incorporation into the proteins is more
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prevalent in animals that are less dependent on selenium (i.e.,
RSSH replaces RSeH function).

As shown in Table 1, RSe”/RSeH is a good one-electron
reductant. As such, Sec has the potential to quench otherwise
reactive radical species and/or participate in redox processes
that are not accessible to Cys-SH (53). However, to our
knowledge, there have been no reports of one-electron redox
Sec biochemistry to date. Regardless, it would not be sur-
prising to see selenoproteins participate in one-electron redox
process, similar to what has been proposed herein for Cys-
SSH proteins (Fig. 3).

Conclusion/summary

The discovery of the significant prevale. = of Cys-SSH in
both small molecules and proteins is _... ‘'vely 1. ~ent, and much
work is still required to determi: ¢ th b l'ogical role of the
hydropersulfide functional grc 'p. TI : che rustry of Cys-SSH
predicts that it may serve toles simii. .o what has been de-
scribed for the presence of . =« " s 'enoproteins (e.g., to serve as
a superior nucleophil or . >duc...it). The RSSH functional
group has, how. 'e", one ¢.. ~ <al property that is distinct from
RSeH—it « an bo « ~ctrophilic as well (when protonated). This
property ali. s RS> T te ransfer an -SH group to other nu-
cleophilic spec. < such as a thiol and because of this RSSH is
more ' _. ~ally ~rsatile compared with RSeH. That is, the
biosy thesis « - Cys-SSH allows the generation of other RSSH
specic  wherr 1s Sec is only translationally incorporated into
specific . .oms (although Cys-SSH can be translationally in-
_orpo. ted into proteins as well). Also, RSSH can be possibly a
fleetir . species since it can be reduced to the corresponding
P €. species. Indeed, it should be re-emphasized that conver-
sion of RSH to RSSH represents an oxidation and, therefore, is
likely to occur under cellular oxidative stress conditions, and yet
RSSH is a superior reductant compared with RSH, which is a
reasonable cellular response to an oxidative stress. This unusual
phenomenon—the oxidation of a species generates a superior
reductant—may be fundamental to the physiological utility of
hydropersulfides. Moreover, under normal reducing cellular
conditions (when the oxidative stress ceases), RSSH can be
reduced back to RSH, thus returning to normal conditions/
functions. Clearly, these ideas are highly speculative at this time
and, although grounded in chemistry, will require further work
to determine whether these ideas are valid. Hopefully in the near
future, a clearer and more established understanding of the
physiological functions of RSSH will be forthcoming.
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Abbre ‘atic s Used

BDE =bond dissc "iau. >nergy
CARS -=cv teine “-K TA synthetase

.S = vstathionn.. oeta-synthase
CF =cy. athionine gamma-lyase
Cys-". =cyste.

Cys-SSH = -ysteine hydropersulfide
Cys-" o95-L s =t ocystine or cysteine trisulfide
DIC =iodothyronine deiodonase
~ E’ =endoplasmic reticulum
Te” Lyt ¢ =ferric cytochrome ¢
} *Cyt ¢ =ferrous cytochrome ¢
Fe™Mb = metmyoglobin
Fe'"Mb = deoxymyoglobin
GAPDH = glyceraldehyde 3-phosphate dehydrogenase
GPx = glutathione peroxidase
GSH = glutathione
GSSG = glutathione disulfide
GSSH = glutathione hydropersulfide
NAC = N-acetyl cysteine
NHE = normal hydrogen electrode
0,Fe™Db = oxymyoglobin
RS- = thiyl radical
RSeH = selenol
RSH = thiol
RSS- = perthiyl radical
RSSH = hydropersulfide
RSSR =disulfide
Sec = selenocysteine
TrxR = thioredoxin reductase




