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Abstract

The recent discovery of significant hydropersulfide (RSSH) levels in mammalian tissues, fluids
and cells has led to numerous questions regarding their possible physiological function. Cysteine
hydropersulfides have been found in free cysteine, small molecule peptides as well as in proteins.
Based on their chemical properties and likely cellular conditions associated with their
biosynthesis, it has been proposed that they can serve a protective function. That is,
hydropersulfide formation on critical thiols may protect them from irreversible oxidative or
electrophilic inactivation. As a prelude to understanding the possible roles and functions of
hydropersulfides in biological systems, this study utilizes primarily chemical experiments to
delineate the possible mechanistic chemistry associated with cellular protection. Thus, the ability
of hydropersulfides to protect against irreversible electrophilic and oxidative modification was
examined. The results herein indicate that hydropersulfides are very reactive towards oxidants and
electrophiles and are modified readily. However, reduction of these oxidized/modified species is
facile generating the corresponding thiol, consistent with the idea that hydropersulfides can serve a
protective function for thiol proteins.
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Introduction

Hydrogen sulfide (H»S) has been the topic of significant research interest due to its reported
endogenous generation in mammalian systems as a signaling agent [1]. In spite of the
numerous proposed signaling and physiological functions of H,S, the chemical/biochemical
mechanism(s) associated with its activity remain unknown. Recent work from this lab [2]
and others [3] proposes that some, if not most, of the signaling/effects attributed to H,S may
instead be due to the presence of hydropersulfides (RSSH), which can act as precursors for
H-S. (Note: the term “hydropersulfide” as used herein refers to both the protonated RSSH
and deprotonated RSS™ forms unless otherwise indicated). Moreover, Toohey has previously
discussed the possible importance of sulfane sulfur species, such as hydropersulfides, as
physiological signaling agents and effectors [4,5,6]. Due to the biological prevalence of
hydropersulfides such as cysteine hydropersulfide (Cys-SSH), glutathione hydropersulfide
(GSSH) and protein hydropersulfides (Protein-SSH) as well as polysulfide species (RSyR, n
> 2) [2] and their novel chemical properties [7,8], it is proposed that these polysulfur
compounds represent an important and active redox state of biological thiols (although they
are still at lower concentrations compared to the corresponding thiols). To be sure, biological
hydropersulfides and polysuflides have been known for some time. The presence and
presumed health benefits of polysulfides in foods such as garlic have been studied
extensively [9]. Also, a variety of studies report the presence of hydropersulfide species in a
variety of proteins/enzymes [10,11,12,13]. For example, early work by Massey’s group
proposed that the molybdenum enzyme xanthine oxidase (XO) contains a persulfide
function crucial for catalysis [10]. Although others report that XO contains a molybdenum
sulfide, as opposed to a persulfide [14], further work on related molybdenum enzymes
proposes the possible presence of a molybdenum persulfide species [15]. Finally, the
enzyme rhodanese as well as rhodanese-like proteins have long been known to react with
thiosulfate generating an enzyme-bound hydropersulfide, which is capable of transferring
the sulfur atom to cyanide ion (CN™) as well as other substrates [16,17]. Although rhodanese
is known to be important in the detoxification of CN~, other physiological functions (if any)
are not yet established. The recent report of the ubiquitous and prevalent nature of biological
hydropersulfide generation seems to indicate that such species may possess a more general
function [2]. In spite of their prevalence and unique chemical properties, the exact nature of
the role or function these species may play in biological systems is uncertain. Currently
there are several ideas regarding the general utility of biological hydropersulfide generation.
For example, it is hypothesized that hydropersulfide formation can result in increased
nucleophilicity and reducing capability [2,7,8,18] resulting in increased reaction rates with
oxidants and electrophiles. As such, hydropersulfides are likely to participate in redox events
and electrophilic signaling, possibly to a greater extent than the corresponding thiol.
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Based on proposed chemical properties of hydropersulfides, it was recently hypothesized
that protein hydropersulfide formation may represent a mechanism by which protein thiols
are protected from irreversible oxidative or electrophilic modification [8]. In this situation,
cellular oxidizing conditions or the presence of electrophiles could lead to intracellular
hydropersulfide generation in both small molecules (that can scavenge oxidants like H,O, or
electrophiles) [2] and in proteins. Hydropersulfide generation in proteins may result in
inactive protein but would also provide protection against irreversible oxidative/electrophilic
thiol destruction [8,19]. Following the resolution of cellular insult/stress, the re-
establishment of cellular reducing conditions could lead to re-formation of the thiol protein
and associated activity [2]. While some studies have shown that other oxidized species, such
as a sulfenyl amide or a disulfide bond between the catalytic cysteine and an intramolecular
cysteine can indeed protect an enzyme from irreversible oxidative inactivation [20,21], the
idea that hydropersulfides can accomplish the same function has only indirect, anecdotal
support. For example, previous studies have shown that cysteine phosphatases are protected
from irreversible oxidation by H,O, when the protein is pretreated with H,S [19]. One
interpretation of this observation is that the protection is due to the generation of the
hydropersulfide on the phosphatase [19,22]. Additionally, Ida and coworkers [2] found that
overexpression of the Cys-SSH biosynthetic enzyme cystathionine gamma lyase (CSE) in
Ab549 cells results in cellular protection from H,O5 toxicity. Although these previous reports
are consistent with the idea that hydropersulfide formation can be protective against
oxidative insult, the chemistry responsible for these effects is not established. Thus, the work
described herein is focused on the determination of possible mechanisms of hydropersulfide-
mediated protection against oxidative and/or electrophilic insult.

Experimental Procedures

Chemicals/Solutions

Dithiothreitol (DTT), N-ethyl maleimide (NEM), tris(2-carboxyethyl)phosphine
hydrochloride (TCEP), Activated Thiol-Sepharose® 4B (resin), N-acetyl penicillamine
(NAP), penicillamine and 5,5'-dithiobis-(2-nitrobenzoic acid) (DTNB) were purchased from
Sigma-Aldrich (St. Louis, MO). Sodium hydrogen sulfide (NaHS) was purchased from
Strem Chemicals, Inc. (Newburyport, MA). Sodium sulfide (Na,S) and sodium tetrasulfide
(NayS,) were purchased from Alfa Aesar (Ward Hill, MA). Fluorescein diphosphate (FDP)
was purchased from AnaSpec (Fremont, CA). Hydrogen peroxide (H,O,, 30%) was
purchased from ACROS Organics (Fair Lawn, NJ). Immobilized TCEP disulfide-reducing
resin and Ni-NTA resin were purchased from Thermo Scientific (Waltham, MA). All other
chemicals and reagents were purchased from commercial suppliers and were of the highest
purity available. Angeli’s salt (sodium trioxodinitrate, NayN,O3) was synthesized as
previously described [23].

Recombinant CD148

The cytoplasmic domain of human CD148 (R997 to the C-term) was cloned into pTrcHis-A
(Invitrogen; Grand Island, NY) to include a 10xHis N-term tag. The plasmid was
transformed into Arctic Express bacteria (Agilent; Santa Clara, CA) and induced with IPTG
(500 pM) for 18 hours at 10°C. Cells were lysed in lysis buffer (100 mM phosphate buffer,
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pH 7.4, 1 mM DTT, and 10 mM imidazole) followed by sonication and centrifugation at
8,000 x g.

Hydropersulfide generation on CD148

Recombinant CD148 from bacterial lysate was bound to Ni-NTA resin and then washed 3x
(50 mM HEPES pH 7.2). For each of the subsequent steps, all reactions were performed at
37°C and samples were washed 3x in between treatments. 1) 200 uM DTNB was incubated
for 30 min, 2) 100 uM Na,S for 15 min followed by 1 mM NEM for 30 min and 10 mM
DTT for 15 min. Resin-bound CD148 was then utilized for phosphatase assays and
supernatant collected for GC-MS analysis.

Phosphatase assay

Samples were incubated with 30 uM fluorescein diphosphate (FDP) in 100 pL of 50 mM
HEPES, pH 7.2. Following the addition of FDP, phosphatase activity was measured every
min for 20 min at 37°C on a Synergy HT Multi-Mode Microplate Reader (Biotek; Winooski,
VT) with 485/528 nm filters.

GC-MS Analysis of CD148 Activity Assay Supernatant

Supernatant from the CD148 activity assay (see above) was collected after reduction with
DTT. Solutions were acidified with 3 M HCI and extracted with approximately 50mL of
dichloromethane (DCM). This extract was concentrated under reduced pressure to dryness
and the residue redissolved in 1 mL of DCM. Analysis of this solution was carried out using
gas chromatography-mass spectrometry (GC-MS) on a Hewlett-Packard 5890 Series 11 gas
chromatograph equipped with a 5972 quadrapole mass spectrometer and a 50 m x 0.2 mm x
0.33 um film thickness Hewlett Packard Ultra 2 crosslinked 5% PhMe silicone column
operating under the following conditions: 40°C for 1 min followed by a 20°C/min
temperature increase to a final temperature of 280°C. Under these conditions, a peak at
10.389 min with a parent fragment at 159 m/z was observed (159 amu is the molecular
weight of the parent NEM-SH molecule). NEM-SH was synthesized independently by
reacting 20 nM NEM with 4 mM NaHS in 10mL pH 7.2 HEPES buffer. After 15 min, this
solution was acidified, extracted, concentrated and analysis of the extract using GC-MS
performed as described above. Monitoring 159 m/z as before, a peak at 10.389 min was also
found in this sample. Further control experiments were performed whereby NEM and NaHS
solutions were worked up as described above and analyzed. In these cases, no peak at 10.389
min (159 m/z) was found. The isotopic abundance of 34S (i.e. 161 m/z) was used to confirm
the presence of a sulfur species (lit. 4.21% 34S, exper. 4.57%).

Quantitation of Hydropersulfide Generation on Thiol-Sepharose Resin

To begin, 100 mM NaHS was mixed with an equal volume of TCEP resin for 10 min, and
then separated from the resin. This treatment removes polysulfide impurities from the NaHS
that were noted in previous experiments [24]. Activated thiol Sepharose® 4B resin (11.4 mg)
was then treated with 400 puL of NaHS (50 mM) for 20 min. A 200 L aliquot from the
supernatant was diluted in a cuvette of 600 uL DI water and the concentration of 2-
thiopyridone (A2, = 343 nm, e = 8080 M~1 cm™1) determined by UV-Vis spectroscopy. A
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separate 100 pL aliquot of the supernatant was transferred to a new tube and 100 pL of 100
mM NaCN added and incubated for 10 min. The remaining Thiol Sepharose® 4B resin
mixture was washed 3 times with DI water and the resulting solid resin resuspended in 100
uL of 100 mM NaCN for 10 min. Next, 150 yL of a 1 M HNOg3 solution was added to both
the supernatant and the resin mixtures and incubated for another 10 min. Finally, 100 uL of a
30 mM solution of Fe(NO3)3 was then added to both the supernatant and the resin mixtures
and incubated for 10 min. [Fe(SCN)]%* in both the supernatant and the resin mixtures was
quantified by measuring the absorbance at 460 nm (e = 5000 M~ cm™1) and comparison to
a standard curve. Absorbance measurements were made using a Shimadzu 2501 UV-Vis
spectrophotometer. The amount of 2-thiopyridine released into the supernatant via treatment
with H,S represents the total thiol equivalent of the resin. The amount of Resin-bound
persulfide, as measured via SCN™ formation, can be divided by this value to give the
approximate percentage of Resin-bound persulfide generated. This procedure was performed
twice and both times revealed an approximate 20-30% yield of resin-bound hydropersulfide.

As a negative control, an aliquot of the NaHS solution used to treat the thiol-sepharose resin
was examined for hydropersulfide (i.e. to test whether the treatment of the NaHS solution
with the immobilized TCEP resin indeed removed any hydropersulfide impurities). Thus,
200 pL of the NaHS treatment solution also underwent this thiocyanate assay. Briefly, 100
pL of a 100 mM NaCN solution was added to 200 pL of the 50 mM NaHS treatment
solution and incubated for 10 min. Then, 600 pL of 1M HNO3 was added and incubated for
10 min followed by addition of 300 uL of a 30 mM Fe(NO3)3 solution and a subsequent 10
min incubation. The resulting solution showed no absorbance at 460 nm.

Hydropersulfide Formation on Thiol-Sepharose 4B Resin: Protection from Irreversible
Electrophilic Modification by HNO or Oxidation by H,O,»

Activated Thiol-Sepharose® 4B (5 mg, 0.02 pmol equivalent of glutathione mixed disulfide
with 2-thiopyridine) was suspended and then washed 4x with 200 pL of DI H,O and then a
fifth time with 200 uL HEPES buffer (pH 7.2, 200 mM). To the hydrated resin was then
added NaHS in HEPES buffer (200 mM pH 7.2 for HNO experiments or 100 mM, pH 10 for
H,0, experiments) to a final concentration of 100 mM, DTT at a final concentration of 100
mM in HEPES buffer or HEPES buffer only and allowed to react for 20-30 min. To monitor
the reaction, samples were centrifuged and 100 L of supernatant from each resin reaction
was analyzed for the displaced 2-thiopyridine (Amax = 343 nm, & = 8080 cm=1 M~1) by UV-
Visible spectroscopy. The reacted resin samples were then washed 5x as described
immediately above. For HNO modification, Angeli’s Salt was added to a final concentration
of 20 mM and allowed to react for 2 hrs at room temperature. For H,O, oxidation, H,O in
HEPES buffer to a final concentration of 10 mM was added and reacted 12 hours at 28°C on
a rotating incubator. The reacted resin samples were then washed 5x as before. To reduce the
resin, DTT in HEPES buffer was added to a final concentration of 100 mM and allowed to
react for 30 min. The reacted resin samples were then washed 5x as before. For HNO treated
samples, DTNB was added to a final concentration of 1 mM for 20 min, washed, and then
100 mM DTT was added for another 20 min. For H,0, treated samples, 100 mM DTNB in
HEPES buffer was added for 20 min. Supernatants were finally analyzed for the TNB anion
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(TNB-S7) (Amax = 412 nm, e = 14150 cm~1 M1) [25] by UV-Visible spectroscopy on a
Shimadzu 2501 UV-Vis spectrophotometer.

NMR Analysis of Thiol versus Hydropersulfide Reactivity

NMR studies were performed using a hydropersulfide donor species, S-methoxycarbonyl
penicillamine disulfide (MCPD) which will spontaneously rearrange via an S-to-N
methoxycarbonyl transfer to give the corresponding hydropersulfide, N-methoxycarbonyl
penicillamine persulfide (MCPP). MCPD was synthesized according to a previous literature
procedure [26]. Stock solutions (10 mM) of both NAP and MCPD were made in D,0. Stock
solutions of iodoacetamide (IAA) (100 mM) and DTT (200 mM) were prepared in 0.1 M
phosphate buffer (pH 7.4). For any given reaction, iodoacetamide was diluted in an NMR
tube containing 0.1 M phosphate buffer (pH 7.4) to a final concentration of 10 mM. Next,
either NAP or MCPD was added to the NMR tube to a final concentration of 1 mM and the
reactions monitored by (H)PRESAT NMR using an Agilent 400 mHz NMR spectrometer.
Upon completion of the reaction of either the thiol or the persulfide with iodoacetamide,
DTT was added to the NMR tube to a final concentration of 20 mM. Reduction of the
trapped thiol or persulfide species was monitored by (H)PRESAT NMR.

Analysis of Hydropersulfide Reactivity via Mass Spectrometry

A stock solution of MCPD (10 mM) was made in deionized (DI) water. Stock solutions of
both IAA (100 mM) and DTT (200 mM) were prepared in 0.1 M ammonium bicarbonate
buffer (pH 7.4). For the initial reaction of IAA and MCPD, 1AA was diluted into a test tube
containing 0.1 M ammonium bicarbonate buffer (pH 7.4) to a final concentration of 10 mM.
MCPD was then added to the test tube to a final concentration of 1 mM and the mixture
stood at room temperature for thirty minutes. An aliquot of the reaction mixture was then
diluted 5x with methanol and injected directly into a Thermo TSQ Quantum Triple
Quadrupole Mass Spectrometer controlled with XCalibur 2.1 via syringe pump. Spectra
were acquired in positive ion mode with a spray voltage of 3500 V, a capillary temperature
of 250 °C and, a flow rate of 1 uL/min. lon optics were optimized for all ions of interest.

After verifying alkylation of MCPP with IAA, DTT was then added to the test tube to a final
concentration of 20 mM and the mixture stood at room temperature for ninety minutes. An
aliquot of the reaction mixture was then diluted 5x with methanol and analyzed via MS.

Results and Discussion

Effect of Hydropersulfide Generation in CD148 on the Susceptibility to Irreversible
Electrophilic Modification

As discussed above, it is hypothesized that hydropersulfide formation on thiol proteins
represents a protected state of the protein since oxidative or electrophilic modification of a
hydropersulfide could be reductively reversed to the thiol. That is, the chemical modification
should occur on the sulfane sulfur atom (the terminal sulfur atom), which can be reductively
removed afterwards. On the other hand, thiols will not exhibit the same behavior after
similar modifications and will remain irreversibly modified. This concept is schematically
depicted in Figure 1.
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In order to test this idea, the cysteine-phosphatase CD148 was used as a model thiol protein.
This tyrosine phosphatase is well-characterized and a member of the type 111 family of
protein tyrosine phosphatases (PTPs) which have critical active-site cysteine residues [27].
We have shown previously that protein hydropersulfides can be made by treating thiol
proteins with DTNB to make the mixed disulfide (Reaction 1), followed by treatment with
H,S to generate the protein hydropersulfide (Reaction 2) [28].

Protein- SH+DTNB — Protein- S- S- TNB+TNB- S™+H" (1)

Protein- S- S- TNB+H,S — Protein- S- S- H+TNB- S™+H"  (2)

Importantly, this method for making protein/peptide hydropersulfides has also been used by
others and confirmed [18]. Thus, using the DTNB/H,S method outlined above, the His-
tagged cytoplasmic domain of human recombinant CD148 (containing the phosphatase
activity) was bound to an affinity resin (Ni) and treated with DTNB to generate the resin-
bound protein mixed disulfide (CD148-S-S-TNB) (Reaction 1). Allowing the His-tagged
protein to remain bound to the Ni resin allows facile manipulation of the protein, which
remains active when bound [data not shown] and rapid removal of reagents via
centrifugation and washing. After washing away the excess DTNB (and released TNB-S™)
the resin-bound CD148-S-S-TNB was treated with H,S to generate the hydropersulfide
CD148-S-S-H (Reaction 2). The CD148-SSH bound to the resin was then washed to remove
excess H,S. It needs to be noted that quantitative conversion of Protein-SH to Protein-SSH
via this method is difficult and unlikely due to further reactions associated with the Protein-
SSH species. Previous work by us has shown that Protein-SSH species can further react with
H,S to give the corresponding thiol (Protein-SH) and, presumably, dihydrogen disulfide
(H2S») (Reaction 3) [28].

Protein- SSH+H,S = Protein- SH+H2S2  (3)

Thus, under the conditions of these experiments it is likely that a mixture of CD148-SH and
CD148-SSH are generated. More recent work has shown that Reaction 3 represents an
equilibrium and that subsequent reactions of H,S, can lead to further loss of the Protein-
SSH species [29,30]. Regardless, this remains a useful way of generating Protein-SSH
species, albeit not quantitatively.

It is worth noting that conversion of thiols on CD148 to hydropersulfides results in inhibition
of enzyme activity [24]. Resin-bound CD148-SSH (made via the procedure outlined above
and therefore mixed with some resin-bound CD148-SH) was then treated with the
electrophile N-ethyl maleimide (NEM) (1 mM, 30 min at 37°C). The Protein-SSH species
will react with NEM to give the Protein-NEM mixed disulfide (Protein-SS-NEM) (Reaction
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4) while Protein-SH will react to give the dialkyl sulfide or thioether (Protein-S-NEM)
(Reaction 5).

o] (o]
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o] (o]
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After incubation with NEM was complete, the resin mixture was then washed 3 times to
eliminate excess NEM followed by treatment with 10 mM of the potent thiol reductant DTT.
A Protein-SS-NEM adduct should be reduced to the active Protein-SH species (Reaction 6)
while the Protein-S-NEM species will not be reduced by DTT.

Protein- SS- NEM+DTT(reduced) — Protein- SH(active)+DTT(oxidized)+NEM' SH (6)

Recoverable enzyme activity was then determined using the artificial substrate fluorescein
diphosphate (FDP). The results of this experiment are shown in Figure 2. As shown in
Figure 2, there was approximately 30% recovery of enzyme activity in the case where
CD148-SSH was formed compared to the case where there was no electrophilic
modification of the protein. As a negative control, the thiol protein (where no
hydropersulfide is present) shows no activity after treatment with NEM/DTT (Reaction 5).
The presence of a Protein-SSH species in this experiment can be inferred from the
generation of NEM-SH via Reactions 4 and 6. Thus, analysis of the solution resulting from
the series of Reactions 1, 2, 4 and 6 reveals the presence of NEM-SH, consistent with the
intermediacy of a Protein-SSH species (Figure 3). Unfortunately, reliable quantitation of the
amount of released NEM-SH was found to be difficult due to the complex workup
procedure. However, this finding qualitatively demonstrates that Protein-SSH was indeed
formed and that the electrophilic modification by NEM could be removed by DTT
treatment. These results indicate that hydropersulfide formation in CD148 leads to
significant protection against electrophile-mediated irreversible loss of activity (Figure 1,
RSSH + E*, [H] = DTT). The lack of quantitative recovery (approximately 30% DTT-
mediated recovery is observed) is likely due to an incomplete conversion of CD148 to the
hydropersulfide species (vide infra).
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CD148 contains 5 cysteines in the phosphatase domain, one active-site residue and 4 others.
It is not known whether the non-catalytic cysteines serve any regulatory role. To be sure,
persulfide modification could have conceivably occurred on numerous residues leading to
numerous sites of NEM modification. Although it seems reasonable that the active-site
residue would be quickly modified via the electrophilic chemistry used herein (provided
access of the electrophile is not hindered), this does not preclude reaction at the other thiol
sites and possible persulfide-mediated effects associated with these sites.

In order to further examine the idea that 1) hydropersulfide generation can protect against
irreversible electrophile-mediated thiol modification and 2) generation of hydropersulfides
using the above methodology is not quantitative due to the instability of the hydropersulfide
in the presence of excess H,S, this chemistry was further examined using purely chemical
(non-enzymatic) systems.

Hydropersulfide Generation on Thiol Sepharose 4B Resin

As described above, hydropersulfides can be generated via the simple reaction of a disulfide
with H,S (Reaction 1) [31]. Indeed, this reaction has been used as a source of
hydropersulfide in previous studies [28]. Experimentally, this method for /in situ
hydropersulfide generation can be problematic in some cases since the hydropersulfide
solution will also contain other potentially reactive species such as H,S and RSH (as well as
higher order polysulfides). Thus, interpretation of experiments examining hydropersulfide
chemistry can be confounded by the presence of these other species. Ideally, it would be best
to separate hydropersulfides from these other compounds prior to examining their chemistry.
However, considering the inherent instability of hydropersulfides [8], many separation
methods (i.e. column chromatography, crystallization, etc.) are not viable options. The
generation of a resin-bound hydropersulfide species can be accomplished by reacting H,S
with an “activated” thiol Sepharose® 4B resin (a resin that contains a glutathione disulfide
with an easily displaced thiopyridine). Therefore, in order to simplify the separation of thiols
from reactants, an activated Sepharose® resin with bound glutathione (initially present as the
2-thiopyridinyl disulfide) was used as the model thiol species for examining hydropersulfide
chemistry. By using this resin, a hydropersulfide can be synthesized and then easily removed
from other chemical reagents/contaminants via centrifugation/washing. Thus, the activated
Sepharose-glutathione 2-pyridinyl disulfide resin (Resin-GS-S-Pyr) was treated with H,S to
make the corresponding Sepharose-glutathione hydropersulfide (Reaction 7).

Resin- GS- S- Pyr (activated)+H»S — Resin- GS- SH+HS- Pyr  (7)

The resin was then washed several times to remove excess H,S and other products leaving,
presumably, Resin-GSSH. Evidence for the above reaction was obtained by simple
monitoring of the generation of released HS-Pyr, which absorbs at 343 nm.

Previous use of thiol Sepharose 4B resin by others has relied on selective reaction of a thiol
with the sulfur atom associated with glutathione (as shown above in Reaction 7 where the
thiol is H,S) giving a resin bound thiol (as a disulfide) and 2-thiopyridine release. This is a
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reasonable expectation since the thiopyridine (HS-Py/~S-Py) is a good leaving group making
the internal sulfur (attached to the resin-bound GSH) the electrophilic site. However, as
described previously, a lack of quantitative generation of Resin-GSSH from the reaction of
H,S with Resin-GSS-Py may be difficult since the initially formed Resin-GSSH species
(from Reaction 7) may react further with excess H,S to give Resin-GSH and dihydrogen
disulfide (H»S,) (Reaction 8, which is analogous to Reaction 3).

Resin- GSSH+H5S = Resin- GSH+HSSH (8)

The existence/likelihood of Reaction 8 simply indicates that quantitative conversion of
Resin-GSS-Pyr to Resin-GSSH via treatment with H,S is unlikely or, at the very least,
difficult to attain. However, if generation of resin-bound hydropersulfide can be confirmed
and the amount quantitated, then this system remains useful for synthesizing and examining
hydropersulfide chemistry. Thus, in order to determine the percentage of Resin-GSSH
formed under the conditions of our experiment, activated resin was reacted with H,S
(Reaction 7) and then washed to eliminate excess reactant, H,S, as well as the possible
products HS-Py and H,S».

The resin-bound products, now free of excess reactant and other species, were then treated
with CN™. It is established that CN~ will react with the sulfane sulfur atom of
hydropersulfides to give thiocyanate ("SCN) (Reaction 9), which can be characterized and
quantified via formation of a colored ferric complex [28,32].

Resin- GSSH4+CN™ — Resin- GSH+"SCN  (9)

Thus, in an experiment to quantitate the amount of Resin-bound persulfide made via this
method, approximately 11 mg of the activated” thiol Sepharose® 4B was reacted with 50
mM NaHS yielding 56 M HS-Pyr released into the supernatant. Analysis for polysulfides in
the supernatant (e.g. H»S») via CN™ addition and quantitation of SCN™ formation gave only
4 M sulfane sulfur content released into the supernatant. Treatment of the isolated
Sepharose® 4B resin (after exposure to NaHS) with CN~ and quantitation of SCN~ via
[Fe(SCN)]2* generation gave SCN™ at approximately 27% of the amount of HS-Pyr
released. These results indicate that approximately 27% of the resin-bound GSH exists as
the GSSH species. As discussed above, the lack of quantitative conversion to the Resin-
GSSH can be due to the equilibrium represented by Reaction 8. Interestingly, attempted
quantitation of putative H,S, (presumably formed via Reaction 8), via treatment of the
supernatant with CN™ to give SCN™ resulted in only 7% of the total HS-Pyr released,
indicating a lack of mass balance (i.e. HS-Pyr released versus hydropersulfide species).
Although the reasons for this lack of mass balance are currently not understood, it is
noteworthy that H»S, is especially unstable with respect to decomposition to H»S and
elemental sulfur (Sg) [33,34] and Sg is poorly reactive with CN™ [35]. Regardless, it is clear
that approximately 27% hydropersulfide can be generated on the Sepharose resin under
these conditions.
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It is clear that HoS/HS™ is capable of reacting with the mixed disulfide of the resin and under
the conditions of the experiments described herein, generates approximately 30% Resin-
GSSH. Interestingly, the results with CD148 described above also allude to an approximate
30% CD148-SSH generation using DTNB and H,S. Although there is no reason to think
that these two values should be similar, both results indicate a non-quantitative conversion of
thiol to hydropersulfide using these methods (likely due to the existence of Reactions 3 and
8).

It is worth noting that use of Resin-bound species is likely to greatly decrease the prevalence
of sulfur-based catenation reactions (i.e. polysulfur species generation), since these reactions
would rely on second-order processes whereby hydropersulfides react further to give, for
example, trisulfides. Since Resin-binding greatly limits diffusion and interaction of these
reactive species, it is unlikely that polysulfur species are participating significantly in the
processes described herein.

Electrophilic Modification of a Hydropersulfide and Reductive Conversion to a Thiol

As described above, Resin-bound glutathione hydropersulfides can be generated at a level of
approximately 20-30% when activated thiol Sepharose 4B resin is reacted with H,S (vide
supra) under the conditions described herein. In order to test the idea that hydropersulfides
can be oxidized or electrophilically modified and then reductively converted to the
corresponding thiol (Figure 1), resin-bound GSSH (Resin-GSSH) was made as described
above (treating Resin-GSS-Pyr with H,S, Reaction 7). This reaction can be easily followed
by simply monitoring the absorbance at 343 nm (for released ~S-Pyr) (see Experimental
Procedures section). The resin was then treated with nitroxyl (HNO) since it has been
demonstrated to be an extremely thiophilic species and leads to sulfinamide formation when
excess thiol is not present (Reaction 10) [36,37]. Since HNO is self-reactive, it is generated
in situ using the HNO-donor species Angeli’s salt (NapN»Os), a well-characterized and
often-utilized donor [38]. Thus, the resin was reacted with the HNO-donor Angeli’s salt for
2 hours at room temperature (approximately 7 half-lives of the donor). Following treatment
with Angeli’s salt the resin was washed to eliminate excess Angeli’s salt (as well as other
decomposition products) and then treated with DTT (Reactions 7,10,11).

Resin- GSSH+HNO — Resin- GS- S(O)- NHz  (10)

Resin- GS- S(O)NH2+DTT — Resin- GSH+DTT ) +oxidized sulfur species (11)

As a positive control, the Resin-GSS-Pyr was reduced with DTT, to generate the Resin-GSH
species (Reaction 12), and then reacted with HNO (Reaction 13). The resin-sulfinamide
(Resin-G-S(0)-NH>) species formed from this sequence should not be reducible by DTT
under the conditions of this procedure and therefore represents what will occur in this
experiment when a thiol rather than a hydropersulfide is made.
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Resin- GSS- Pyr+DTT — Resin- GSH+DTT (yiqizeq)+ S- Pyr (12)

Resin- GSH+HNO — Resin- GS(O)- NHz  (13)

As a negative control, the Resin-GSS-Pyr was simply reduced by DTT (Reaction 12) and not
treated with HNO. This experimental procedure is depicted schematically (Scheme 1).

Based on the proposed chemistry, a Resin-GSH species should be modified by HNO to give
the sulfinamide (Resin-GS(0O)-NH,), a species which is not readily reduced to the thiol state
(Resin-GSH) by DTT (Reaction 13). On the other hand, exposure of a resin-hydropersulfide
(Resin-GSSH) to HNO will generate a different product (presumably Resin-GSS(O)-NH5)
whereby reductive cleavage of the S-S bond by DTT can form the thiol Resin-GSH
(Reactions 10 and 11). Therefore, a comparison of the thiol content from these resin
treatments can serve as a measure of the ability for oxidized/modified hydropersulfides to be
reduced to the thiol species (compared to oxidized/modified thiols). The thiol content of the
resins from these treatments was therefore determined using DTNB (also referred to as
Ellman’s reagent, which is used routinely for quantitation of thiols) [39] via monitoring the
absorbance of TNB-S™ at 412 nm (Reaction 1). As shown in Table 1, HNO-mediated
modification of a thiol (Resin-GSH) gives products whereby approximately 18% can be
converted back to the thiol with DTT treatment (the likely reason for this level of DTT-
mediated reversibility is discussed below). However, treatment of the resin containing
approximately 20-30% Resin-GSSH with HNO followed by reduction by DTT gives about
37% thiol produced. The approximate increase in DT T-dependent thiol formation for HNO-
treated Resin-GSSH versus HNO-treated Resin-GSH can be attributed to the presence of the
hydropersulfide.

It is important to note at this time that work from the Toscano lab reported that sulfinamides
can be reduced by DTT to the corresponding thiol [40]. However, this reaction is very slow
and requires elevated temperature (i.e., 37°C) and long reaction times (typically 5 hours to
achieve an approximate 30% yield of product) and should not be a significant factor in the
studies herein where analogous reactions were run at room temperature for < 30 minutes.

The fact that 18% of the HNO-treated Resin-GSH can be reduced to the thiol by DTT is not
necessarily surprising since modification of thiols by HNO can follow two distinct and
competing reaction pathways. One pathway, discussed above, leads to the sulfinamide
product and the other pathway leads to a disulfide and hydroxylamine (Figure 4) [36]. Since
the disulfide can be easily reduced to the corresponding thiol by DTT (while the sulfinamide
cannot), the results herein simply indicate that treatment of Resin-GSH with HNO gives a
significant percent of reducible resin-disulfide.

Overall, these results are consistent with the idea that HNO-mediated electrophilic
modification of hydropersulfides can be reduced off to generate the corresponding thiol
using, in this case, DTT as the reductant (Figure 1, E* = HNO, [H] = DTT).
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Oxidative Modification of a Hydropersulfide and Reductive Conversion to a Thiol

Using a nearly identical procedure outlined above for HNO, the interaction of Resin-GSSH/
Resin-GSH with the oxidant H,O5 was examined. Thus, Resin-GSH and Resin-GSSH
(synthesized as described above) were oxidized using 10 mM H,0O, for 12 hours at 28°C.
Reduction of the oxidized resins using DTT followed by thiol quantitation using DTNB
(vide supra) gives the results shown in Table 1. As with HNO-mediated modification,
generation of Resin-GSSH prior to treatment with H,O, allowed a greater percentage of
DTT-mediated reduction to the corresponding thiol. In the case of Resin-GSH oxidation by
H,0,, approximately 39% of the oxidized resin species can be reduced back to the thiol by
DTT. However, generation of the Resin-GSSH prior to H,O, exposure resulted in 68% of
the oxidized resin species reduced to the corresponding thiol. The fact that approximately
39% of the Resin-GSH treated with H,0, could be reduced back to the thiol by DTT is
likely due to numerous effects. First, H,O,- mediated oxidation of thiols gives a multitude of
products such as the sulfenic (RSOH), sulfinic (RS(O)OH) and sulfonic (RS(O),0OH acids
(see Figure 1). Of these three species, the sulfenic acid species can be reduced back to the
thiol. Also, generation of the sulfenic acid and subsequent reaction with another thiol will
give a disulfide (Reaction 14), which, as described above, is resistant to further oxidation
(compared to a thiol).

RSOH+RSH — RSSR+H:0  (14)

Since both sulfenic acids and disulfides are susceptible to reduction to the corresponding
thiol by DTT, their presence in this system allows some of the oxidized resin to be reduced.
Regardless, it is clear that formation of the hydropersulfide species, Resin-GSSH, prior to
oxidation by H,O5 results in a greater percentage of DT T-mediated reduction back to the
corresponding thiol.

NMR Analysis of the Electrophilic Modification and Subsequent Reduction of
Hydropersulfides

The above studies rely primarily on the generation of a hydropersulfide via the reaction of
H,S with a disulfide species (e.g. Reactions 2 or 7). Although this method of
hydropersulfide formation is established, for some applications it is not ideal since
hydropersulfides are generated in the presence of H,S, possibly leading to further reaction
(e.g. Reaction 8), among other possible problems. Thus, in order to confirm the
hydropersulfide chemistry proposed above, another method of hydropersulfide generation
would be useful. Importantly, a facile and H,S-independent method for /7 situ generation of
hydropersulfides has been developed in other labs involving disulfide precursors that
spontaneously rearrange in neutral pH buffer to give hydropersulfides [26,41] (Reaction 15).
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Herein, MCPD was synthesized according to the method of Artaud and Galardon [26] and
used to generate the hydropersulfide MCPP in an HyS-independent fashion. Initial
experiments show that both NAP and MCPP can be alkylated by the electrophile IAA
present in approximately 10-fold excess, Reactions 16 and 17 (Figure 5).

RSH+I- CHy- C(O)NH; — RS- CHyC(O)NHo+HI  (16)

RSSH+1- CHp- C(O)NH; — RSS- CHoC(O)NHo4+HI  (17)

In Figure 5A adduct formation between NAP and IAA is clearly evidenced by the upfield
shift in the methylene protons of the acetamide from 3.62 ppm to 3.21 ppm. A similar
upfield shift of the acetamide methylene protons can also be seen when MCPP (generated
from MCPD rearrangement) is allowed to react with IAA, Reaction 17 (Figure 5B).

Subsequent *H-NMR experiments examining the reactivity of the thiol versus
hydropersulfide adducts show that the NAP-IAA adduct cannot be reduced by the reductant
DTT, whereas the MCPP-IAA adduct is readily reduced by DTT (Figure 6). That is,
examining only the gem-dimethyl protons (for the sake of simplicity), it is clear that the 1H
chemical shifts of the gem-dimethyl groups of NAP (Figure 6A) shift upfield when NAP is
reacted with IAA (Figure 6B).

Expectedly, when the adduct of NAP and 1AA is treated with DTT, no change in the NMR
spectrum is seen (Figure 6C) indicating that the adduct cannot be reduced to back to NAP.
The reactions of MCPP with IAA can also be examined by following the changes in the 1H-
NMR chemical shifts associated with the diastereotopic gem-dimethyl groups. Figure 6D
shows the NMR spectrum of the gem-dimethyl groups of MCPD in pure D,0 (no buffer).
Under these conditions, no S-to-N methoxy carbony! transfer occurs. When an aliquot of the
MCPD-D,0 solution is added to a solution of IAA in 0.1 M phosphate buffer (conditions
whereby MCPD will rearrange to form the hydropersulfide MCPP [26]), a trapped species is
formed (Figure 6E) (Reaction 16) as indicated by the upfield shift in the gem-dimethy!|
protons (and shown previously in Figure 5). Subsequent treatment of the MCPP-1AA adduct
with DTT then leads to reduction of the adduct, consistent with the idea that the fully
reduced thiol methoxycarbonyl penicillamine (MCP) was formed (Figure 6F) (Reaction 18).
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RSS- CHs- C(O)NH2+DTT(red11ced) — RSH+HS- CHo,- C(O)NH2+DTT(oxidized) (18)

These results are consistent with the idea that hydropersulfides can be trapped by an
electrophile and the adduct easily reduced to the corresponding thiol by the thiol reductant
DTT. On the other hand, similar thiol-electrophile adducts (i.e. thiol ethers) are not reversed
by DTT.

Analysis of Hydropersulfide Reactivity via Mass Spectrometry

The NMR-based experiments discussed above are consistent with the idea that electrophilic
modification of the thiol NAP with IAA is irreversible whereas analogous modification of
the hydropersulfide MCPP is reversible with use of the reductant DTT. To further validate
this proposal, characterization of both the trapped MCPP-IAA adduct and the resulting
species generated from the reduction of this trapped adduct with DTT was carried out using
electrospray ionization (ESI) MS. The mass spectrum shown in Figure 7A displays the
products resulting from the initial reaction of MCPP with a 10-fold excess of IAA. The
trapped MCPP-1AA adduct (m/z = 297.05) (Reaction 17) and the ammonium salt of the
trapped MCPP-1AA adduct (m/z = 314.06) are identified as the major products resulting
from this reaction.

Treatment of the MCPP-1AA species with DTT results in the complete reduction of both the
trapped adduct and the ammonium ion of the trapped adduct to the ammonium ion of the
free thiol methoxycarbonyl penicillamine MCP (m/z = 225.10) (Figure 7B). These results
are in good agreement with the NMR data and further support the notion that although
hydropersulfides can be electrophilically modified, such modified species are easily reduced
to the free thiol with use of the reductant DTT.

Summary and Possible Implications

Much of the work presented herein utilizes solid-phase systems for binding the chemical
species of interest. This approach allows facile and rapid separation of resin-bound reactive
species from other soluble reactants and products, which may otherwise interfere with
subsequent reactions and confound experimental interpretation. It should be noted, however,
that relying on these solid-phase systems is not without its limitations and problems. First
and foremost, generation of the reactive species of interest (i.e. hydropersulfides, thiols and
derived species) on the insoluble resins precludes rigorous and direct characterization of the
bound species (i.e. via NMR, UV-vis, etc.). Thus, the identity of the bound species needs to
be inferred from established chemistry. Also, since the resin-bound species cannot be
directly detected using traditional methods, precise quantitation becomes difficult and, again,
levels of resin-bound species need to be determined indirectly via established chemistry (e.g.
cyanolysis of resin-bound hydropersulfides followed by “SCN analysis). In spite of these
drawbacks and limitations, solid-phase systems used in this way provide a viable
experimental approach (albeit somewhat qualitative compared to more traditional
homogenous systems) to address the questions presented in this work. Importantly, studies
utilizing the H,S-independent generation and characterizable hydropersulfide, MCPP,
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support the idea that electrophilically modified hydropersulfides are easily reduced to the
corresponding thiol whereas similarly modified thiols are not reversed.

The results presented herein indicate that electrophilic or oxidative modification of a
hydropersulfide can be readily reduced to the corresponding thiol. However, as expected,
analogous modification of a thiol is not amenable to reductive conversion back to the thiol.
In the case of NEM-mediated modification of CD148, the modified enzyme hydropersulfide
can be reduced back to the catalytically active thiol species, whereas the modified thiol
cannot. In the case of simple HNO-mediated modification of a resin-GSH, a significant
portion of the Resin-GSH-HNO adduct (likely the sulfinamide) cannot be reduced to the
corresponding thiol using DTT under the conditions of these experiments. However, partial
generation of resin-GSSH in this system leads to an increase in the degree of DT T-mediated
reduction to the thiol species. Similar results were observed with H,O,-mediated
modification of resin-GSH versus resin- GSSH. Lastly, for the case of IAA-mediated
modification of MCPP, reduction to the corresponding thiol is achieved with the use of DTT,
however reduction of the NAP modified species is not. All of these results are consistent
with the idea that hydropersulfides can protect thiols from irreversible electrophilic or
oxidative modification via formation of a hydropersulfide prior to electrophile/oxidant
exposure. Taken altogether, it is clear that hydropersulfides can react with electrophiles/
oxidants to give species that can be reduced to the corresponding thiol using reductants such
as DTT. Figure 1 summarizes this chemistry. Importantly, the idea of reductive conversion of
modified hydropersulfides to thiols (and the lack of reduction of modified thiols) is not new
since several assays for hydropersulfides rely on this phenomenon. For example, the Xian
and Nagy labs have developed hydropersulfide specific assays based on this chemistry
[30,42].

To be sure, the idea of protection of thiol proteins via generation of an oxidized and readily
reversible adduct is not new. For example, the formation of a thiol protein-glutathione mixed
disulfide (Protein-SS-G) is thought to provide some protection of the protein thiol since this
oxidized species lacks the inherent reactivity of a thiol and is readily reversed back to a thiol
under reducing conditions [43]. The proposed mechanism of protection herein differs
somewhat in that hydropersulfides are hypothesized to react readily with the chemical
modifiers (e.g. electrophiles or oxidants) and then under reducing conditions are reversed
back to the original thiol species.

It is important to note that previous work has shown that hydropersulfide formation in cells
can occur via the actions of the enzymes cystathionine gamma lyase (CSE) and/or
cystathionine beta synthase (CBS), both of which will convert cystine (Cys-SS-Cys) to
cysteine hydropersulfide (Cys-SSH) (Reaction 19) [2].

Cys- SS- Cys — Cys- SSH+pyruvate (CSE) or serine (CBS)  (19)

Moreover, cellular Cys-SS-Cys uptake into cells is mediated by a cystine-glutamate
antiporter x;~, which is composed of two proteins, XCT, which mediates transport and
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4F2hc, which localizes the protein complex to the membrane [44]. Importantly, both CSE
and xCT are inducible under conditions of oxidative/electrophilic stress. For example, XCT
can be induced under electrophilic/oxidative stress via activation of Nrf2, a primary
electrophile/oxidant response transcription factor [45] and CSE expression can be induced
by H,0, [46] and/or pro- inflammatory cytokines via NF-xB activation [47]. Since CSE and
XCT expression can lead to increased levels of Cys-SSH, which can serve as a precursor to
the generation of other biological hydropersulfides [2], it appears that hydropersulfide
generation can be a cellular response to oxidative/electrophilic stress. Importantly, recent
work from the Banerjee lab indicates that increased levels of intracellular Cys-SS-Cys may
stimulate Cys-SSH formation via CSE, although under normal conditions other, non-
hydropersulfide forming processes predominate [48]. Moreover, hydropersulfides can be
fleeting species, likely present predominately under oxidizing conditions. For example, a
hydropersulfide generated in a biological system can also be reduced back to the thiol
species via reaction with other thiols, generating H,S and the corresponding disulfide
(Reaction 20).

RSSH+R'SH = RSSR'+HS  (20)

Since the disulfide can be further reduced to the thiol species, hydropersulfides may be
unstable species in a normally reducing biological environment (but prevalent in a system
under oxidative stress). Also, the Nagy lab has recently reported that the enzyme thioredoxin
is capable of reducing hydropersulfides, indicating that there is an enzymatic pathway for
removing hydropersulfides as well [30]. From a chemical perspective, the results shown
herein support this idea. That is, oxidative/electrophilic cellular stress leads to the generation
of highly nucleophilic and reducing hydropersulfides, which can either react directly and
intercept oxidants and electrophiles or protect thiol proteins from irreversible modification
via generation of a protein-hydropersulfide. Then, after the oxidative/electrophilic crisis and
when the cell regains its reductive status, the protected proteins can be regenerated to active
forms via simple reduction. Scheme 2 outlines these ideas. It needs to be emphasized that
these ideas are highly speculative at this time and other reasons for CSE/XCT expression
during cellular stress conditions have been proposed. For example, CSE/XCT expression
during cellular stress has been reported to be for the purposes of increasing GSH levels [49,
50]. Regardless, it is intriguing to speculate that hydropersulfides may also be a part of
cellular protection.
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Abbreviations

RSSH generic hydropersulfide

Cys-SSH  cysteine hydropersulfide

GSSH glutathione hydropersulfide

DTT dithiothreitol

TCEP tris(2-carboxyethyl)phosphine hydrochloride
NEM N-ethyl maleimide

DTNB 5,5'-dithiobis-(2-nitrobenzoic acid)

FDP fluorescein diphosphate

MCPD S-methoxycarbonyl penicillamine disulfide

MCPP N-methoxycarbonyl penicillamine persulfide

MCP methoxy carbonyl penicillamine
IAA iodoacetamide

DCM dichloromethane

NAP N-acetyl penicillamine

MCP methoxycarbonyl penicillamine
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Highlights
Hydropersulfides can be easily modified by oxidants and electrophiles
Modified hydropersulfides are easily reduced to the corresponding thiols

Hydropersulfide formation in proteins may serve a protective role against
irreversible oxidative/electrophilic modification
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Figure 1.
Possible mechanism by which hydropersulfide formation can protect thiol proteins from

irreversible damage by either oxidation or electrophilic modification.
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Figure 2.
The effect of hydropersulfide formation on recoverable activity of NEM treated enzyme

followed by DTT reduction. Recombinant CD148 was treated with or without DTNB
followed by Na,S to generate the persulfide or the reduced thiol respectively. Proteins were
then treated with NEM followed by DTT. Phosphatase activity was then measured using
FDP and normalized at 100% to the sample where only DTT was used. These results are the
normalized averages from 4 separate experiments. Error bars represent standard deviation.
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Detection of NEM-SH (M.W. = 159, retention time 10.389 min.) via select ion monitoring at
m/z of 159 in (upper left) Protein-SSH sample treated with NEM and then DTT, (upper
right) standard sample made via reaction of H,S with NEM, (lower left) Protein-SH treated

with NEM and DTT, (lower right) Protein-SH solution treated with DTT.
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Reactions of HNO with Resin-GSH.
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Figure 5.
1H-NMR Spectra of the reaction of IAA with (A) NAP and (B) MCPP. IAA was present at

10-fold excess. Methylene protons on IAA resonate at approx. 3.62 ppm (a). Methylene
protons of the IAA adducts (shown in bold) resonate upfield at approx. 3.2 ppm for the NAP
adduct (b) and 3.2 ppm for the MCPP (b’) adduct. Note: for the NAP adduct (A) the methine
(CH) proton resonates at 4.1 ppm (c), the acetyl methyl protons (CH3) resonates at 1.9 ppm
(d) and the diastereotopic gem-dimethyl protons (CH3,CHs) resonate at 1.2 — 1.3 ppm (e);
for the MCPP adduct (B) the methine proton (CH) resonates at 4 ppm (c’), the carbonyl O-
methyl protons (OCHj3) resonate at approx. 3.5 ppm (d’) and the gem-dimethyl protons
(CH3,CH3) resonate at 1.2-1.3 ppm (€’).
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Figure 6.
IH-NMR resonances associated with the gem-dimethyl groups of (A) 1 mM NAP, (B)

product resulting from the reaction of 1 mM NAP with 10 mM IAA and, (C) product
remaining after treatment of B with 20 mM DTT, (D) 1 mM MCPD in D50, (E) product
resulting from the reaction of 1 mM MCPD and 10 mM iodoacetamide in pH 7.4 buffer and,
(F) product resulting from the reduction of E with 20 mM DTT. Except for (D) spectra were
measured in 0.1 M phosphate buffer (pH 7.4) with 10 % D,0.
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Identification by ESI-MS of (A) the trapped MCPP-1AA adduct and the ammonium ion of
this adduct formed by the reaction of ImM MCPP with 10 mM IAA and, (B) the ammonium
ion of the free thiol MCP formed after treatment of A with 20 mM DTT. All reactions were
performed in 0.1 M ammonium bicarbonate buffer (pH 7.4). Aliquots of the reaction mixture
were diluted 5x with methanol prior to ESI-MS analysis.
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Scheme 1.

Experimental protocol for examining the reversibility of thiol and hydropersulfide

modification.
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Effect of Hydropersulfide Formation on Electrophilic and Oxidative Modification: Reduction of Modified
Species to the Thiol via DTT.

Sample (Oxidant)

Treatment Conditions

Thiol Production12

Control 1 reduced with DTT
2 thiol analysis with DTNB
100%
Thiol (HNO) 1 reduced with DTT
2 treated with HNO
3 reduced with DTT 18%
4 thiol analysis with DTNB
Hydropersulfide (HNO) 1 reduced with H,S,
2 treated with HNO
3 reduced with DTT 37%
4 thiol analysis with DTNB
Control 1 reduced with DTT
2 thiol analysis with DTNB
100%
Thiol (H,0.)% 1 reduced with DTT
2 treated with H,0,
3 reduced with DTT 39%
4 thiol analysis with DTNB
Hydropersulfide (H,0,)3 1 reduced with H,S,
2 treated with H,0,
3 reduced with DTT 68%
4 thiol analysis with DTNB

1 .
all values normalized to the control.

2 . . . .
all experiments were performed at least twice and the results of representative experiments are presented.

3H202 treatment at 10 mM for 12 hrs.
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