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Abstract

Recent reports indicate the ubiquitous prevalence of hydropersulfides (RSSH) in mammalian 

systems. The biological utility of these and related species is currently a matter of significant 

speculation. The function, lifetime and fate of hydropersulfides will be assuredly based on their 

chemical properties and reactivity. Thus, to serve as the basis for further mechanistic studies 

regarding hydropersulfide biology, some of the basic chemical properties/reactivity of 

hydropersulfides were studied. The nucleophilicity, electrophilicity and redox properties of 

hydropersulfides were examined under biological conditions. These studies indicate that 

hydropersulfides can be nucleophilic or electrophilic, depending on the pH (i.e. the protonation 

state) and can act as good one- and two-electron reductants. These diverse chemical properties in a 

single species make hydropersulfides chemically distinct from other, well-known sulfur containing 

biological species, giving them unique and potentially important biological function.
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Introduction

The small-molecule signaling agents ·NO, CO and H2S are endogenously generated and 

presumed to possess important signaling function [for a review, see 1]. In spite of the 

reported biological importance of H2S [for example, 2], the chemistry by which H2S acts as 

a biological signaling or effector species is not well understood. Biosynthesis of H2S can 

involve initial generation of hydropersulfides (RSSH), which can subsequently release H2S 

under reducing conditions (vide infra). However, recent reports indicate that 

hydropersulfides are prevalent and may be themselves relevant and ubiquitous biological 

effector and/or signaling species [for example, 3–10]. (Note: the term “hydropersulfide” as 

used herein refers to both the protonated RSSH and deprotonated RSS− forms unless 

otherwise indicated). Indeed, it has been proposed that hydropersulfides, and not H2S, are 

major and important effector species and that H2S in many cases may be more of a marker 

for their presence [3,11]. To be sure, hydropersulfides have been reported many years ago as 

important functionalities in several enzymes and/or proteins [for example, 12–17]. Although 

the presumed biological utility of hydropersulfides is predicted to be based on their unique 

chemistry (that appears to be distinct from the biological chemistry of thiols) [18], the 

chemical details of the actions of biological hydropersulfides have not been substantiated. 

That is, it appears that hydropersulfides may have important biological function and unique 

chemistry but it is not yet fully understood what aspects of this chemistry may be important 

to their biological utility. In order to understand the chemical biology of hydropersulfides, it 

is important to delineate all of the possible reactions of this functionality under biological 

conditions. Thus, examination of some of the fundamentally important chemical properties 

of hydropersulfides was undertaken in an attempt to begin to understand their fate, reaction 

with relevant biological targets, general stability and potential biological utility.

Experimental Methods

Materials/Reagents

Glutathione, cystine, cysteine, glutathione-agarose, hydroxylamine·hydrochloride, hydrazine 

solution, tris(2-carboxyethyl)phosphine hydrochloride (TCEP), hydroxylamine 

hydrochloride (NH2OH·HCl), anhydrous hydrazine (H2NNH2), sodium azide (NaN3) and 
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dithiothreitol (DTT) were all obtained from Sigma–Aldrich (St. Louis, MO). Sodium 

hydrogen sulfide (NaHS) was purchased from Strem Chemicals, Inc. (Newburyport, MA). 

Sodium sulfide (Na2S) and sodium tetrasulfide (Na2S4) was purchased from Alfa Aesar 

(Ward Hill, MA). Immobilized TCEP resin was purchased from Thermo Scientific 

(Waltham, MA), 2-hydroxyethyl disulfide (HE-SS-HE) was purchased from Acros Organics 

(Fair Lawn, NJ) and fluorescein diphosphate was purchased from AnaSpec (Fremont, CA). 

All other chemicals and reagents were purchased from commercial suppliers and were of the 

highest purity available. CuI(CH3CN)4ClO4 was synthesized as previously described [19].

Instrumentation
1H-NMR spectra were obtained using an Agilent 400 MHz spectrometer. Dissolved oxygen 

measurements were performed using a YSI 5300 Biological Oxygen Monitor. Absorbance 

spectra were obtained using a Shimadzu 2501PC spectrophotometer. Biochemical 

fluorescence assays were performed on a BioTek Synergy HT Multi-Mode Microplate 

Reader.

Reaction of CN− Anion and O2 with 2-Hydroxyethyl Persulfide (HE-SSH)

2-Hydroxyethyl disulfide (HE-SS-HE) was diluted into 100 mM glycine buffer, pH 10 or 

500 mM phosphate buffer, pH 7.2 to a final concentration of 10 mM in a quartz cuvette. 

Na2S was then added to a final concentration of 10 mM and immediately sealed from 

atmosphere. The absorbance at 340 nm (RSS−) was monitored continuously. The reaction 

was allowed to proceed undisturbed for 1,500 sec. in order to establish the equilibrium 

between disulfide/H2S and hydropersulfide/thiol (vide infra). After 25 minutes, NaCN was 

added to give approx. 1.0 mM and 0.5 mM CN− (note: approximately 90× more NaCN was 

added to the cuvette at pH 7.2 compared to pH 10 in order to achieve equal molar CN− 

levels in the two experiments) or the cuvette solution was sparged with either at stream of 

N2, O2 or atmosphere and the cuvette resealed. The loss of absorbance at 340 nm was then 

monitored to measure the loss of the persulfide anion from solution.

Examination of the Reactions of Nucleophiles with 2-Hydroxyethyl Persulfide by NMR

HE-SS-HE and Na2S were mixed in a D2O/borate buffer (500 mM, pH 10) solution to a 

final concentration of 20 mM and placed in an NMR tube. After 25 minutes reaction, 

H2NOH.HCl, H2NNH2, NaN3 or NaCN, taken up in the same solvent mixture, was added to 

the reaction solution to final concentrations of 100mM. 1H-NMR Spectra (using water 

suppression) were then taken after 1 hour.

O2-Consumption by Hydropersulfides

Experiments were performed at room temperature in a sealed system using an YSI Model 

5300 Biological Oxygen Monitor equipped with a Clark oxygen electrode. The initial buffer 

solution was set as 100%. Reagents were then added via a syringe with an elongated needle 

and O2 % was monitored continuously over time. For Figure 4B stock solutions of Na2S, 

NaHS, GSSG, and GSH were all prepared in 100 mM Tris, pH 7.4. Glutathione persulfide 

was made by first equilibrating the O2 monitor in 3.0 mL of 100mM Tris, pH 7.4 buffer. 

Next, 100 µL of 30 mM GSH was added followed by 100 µL of 3.0 mM Na2S. Finally, 100 
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µL of 30 mM GSSG was added. O2% was monitored for several minutes after the addition 

of each reagent.

Removal of Polysulfide Impurities from Na2S4

Na2S4 in 1 M Tris, pH 8.2 was added to TCEP resin at a final concentration of 8.3 mM 

Na2S4, and 9.1 mM TCEP resin (calculated) for 15–30 minutes at room temperature. 

Reactions were mixed every 3–4 min to prevent settling of the resin. After incubation, the 

resin was removed by centrifugation. The sample was then injected into 100 mM glycine, 

pH10 buffer to analyze oxygen consumption to a final concentration of 280 µM Na2S4.

Computational Studies

Optimization and frequency calculations for minima and transition state structures (TSSs) 

were performed in water, modeled with the SMD implicit continuum solvation model [20] 

using the M06-2X/6-31+G(d,p) method [21] implemented in Gaussian09 [22]. Intrinsic 

reaction coordinate (IRC) calculations were also performed to confirm which minima are 

connected to TSSs [23,24]. Minima used to compute proton affinities and electrostatic 

potential maps (isovalue = 0.0004 and potential range of −0.03 to 0.03) were located in both 

water and the gas phase using both the M06-2X/6-31+G(d,p) and B3LYP/6-31+G(d,p) 

methods [25,26, 27].

Recombinant CSE

Rat CSE was cloned into pGEX-6P-3 via XhoI and NotI followed by transformation into E. 

coli (T7 Express, New England BioLabs). The cells were cultured in LB containing 

ampicillin (100 µg/mL) at 37 °C for 3 h, and induced at 500 µM IPTG at 30 °C for 10 h. 

Cells were harvested and lysed in 50 mM Tris, pH 7.4, 150 mM NaCl, lysozyme, DNAse I, 

and a Protease Inhibitor Cocktail (Roche) followed by sonication. Pyridoxal phosphate (50 

µM) and DTT (1 mM) was added during the binding (4 °C f or 2 h) of GST-CSE to 

Glutathione-Agarose (Sigma-Aldrich) and then washed with 50 mM HEPES buffer.

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 

for 18 hours at 10 °C. Cells were lysed in lysis buffer (50 mM HEPES pH 7.2, 300 mM 

NaCl, 10 mM imidazole, 1 mg/ml lysozyme, DNAse, and a protease inhibitor cocktail 

(Roche)) followed by sonication and centrifugation at 8,000×g. Protein was purified from 

cell lysates using Talon resin (Clontech; Mountain View, CA), then oxidized with 100 µM 

H2O2 for 15 min., next treated with catalase, and finally re-purified with Talon resin. 

Concentration and purity of recombinant CD148 was assessed by SDS-PAGE followed by 

staining with Coomassie Brilliant Blue. To reduce CD148, 5 µg of pre-oxidized CD148 was 

treated with ~90 µg GSTCSE bound to GSH agarose resin and 1 mM cystine, GSH agarose 

resin and 1 mM cystine, 1 mM cystine, 1 mM cysteine, 10 mM DTT or vehicle at 37°C for 

30 minutes. Following incubation, the samples were centrifuged and the supernatants were 

transferred to a 96 well plate to assay for phosphatase activity.
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Fluorimetric Detection of Phosphatase Activity

Samples were incubated with 30 µM fluorescein diphosphate (FDP) in 100 µL. Immediately 

following the addition of FDP, phosphatase activity was measured every minute for 20 min 

at 37°C on a S ynergy HT Multi-Mode Microplate Reader with 485/528 nm filters. 

Background fluorescence was subtracted out of all values presented.

Results

The Reaction of Cyanide (CN−) with Hydropersulfides

The reaction of CN− with hydropersulfides to give thiocyanate (−SCN) and the 

corresponding thiol is well established, [for example, 28,29] (Reaction 1). This reaction, 

sometimes referred to as cyanolysis, is mechanistically ambiguous [e.g. 11].

(1)

In order to begin to examine the mechanisms/conditions of this reaction, the pH-dependence 

of the reaction of CN− with 2-hydroxy-1-ethane hydropersulfide (HE-SSH) was examined. 

The approximate pKa of HE-SSH is 6–7 (hydropersulfides typically have pKa values of 1–2 

pKa units lower than the corresponding thiols [11]). Thus, at pH 10, HE-SS− is the 

predominant form while at pH 7.4 significant levels of the protonated HE-SSH species will 

be present. Also, HCN has a pKa of 9.2 so the predominant form of this species will be CN− 

at pH 10. Previous work indicates that persulfide anions (RSS−) absorb at 340 nm [10,30]. 

As shown in Figure 1A the absorbance of HE-SS− at 340 nm did not change appreciably for 

2 minutes after the addition of 1 and 0.5 mM CN− at pH 10, indicating that HE-SS− does not 

readily react with CN−. However, at pH 7.2, the addition of 1 and 0.5 mM levels of CN− to a 

HE-SSH/HE-SS− solution shows a concentration-dependent and significant decrease in HE-

SS− absorbance, consistent with reaction of nucleophilic CN− with the protonated and 

electrophilic HE-SSH species (Figure 1B). Further experiments aimed at examining the 

reaction of CN− with HE-SSH under a wider range of pH conditions were attempted. 

However, under more acidic conditions precipitates formed, likely due to proton-dependent 

side reactions and formation of polysulfides, including insoluble S8. Moreover, at lower pH 

values, the concentrations of NaCN required to give equilibrium concentrations of 1.0 and 

0.5 mM CN− (pKa of HCN is 9.2) were beyond the solubility of NaCN. Thus, only a 

qualitative analysis of the effect of pH on this reaction can be performed at this time.

1H-NMR Analysis of the Reactions of Nucleophiles with Hydropersulfides

In an effort to further examine the reaction of nucleophiles with electrophilic 

hydropersulfides in aqueous solution, the reaction of a hydropersulfide with a variety of 

nucleophiles was examined using 1H-NMR. In a recent report from the Nagy lab [31], it was 

demonstrated that hydropersulfides can be distinguished from other thiol species (i.e. thiols 

and disulfides) using 1H-NMR spectroscopy. The 1H-NMR chemical shifts for both the α-

and β-protons for cysteine (Cys-SH), cystine (Cys-SS-Cys) and cysteine hydropersulfide 

(Cys-SSH) are easily distinguished from each other and therefore can be used to monitor 

reactions of these species. Thus, utilizing 1H-NMR to monitor the methylene protons alpha 

to the sulfur atom, the reactivity of various nucleophiles with the 2-hydroxy-1-ethane thiol 
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(HE-SH)-derived hydropersulfide was examined. When the disulfide (HE-SS-HE) was 

reacted with H2S at pH 10, chemical shifts associated with HE-SH and the corresponding 

persulfide, HE-SSH, were observed (formed via Reaction 2) (Figure 2A).

(2)

As shown in Figure 2B, addition of CN− to the reaction mixture at a 5-fold excess results in 

the loss of the 1H resonance associated with HE-SSH (after 1 hour), consistent with 

Reaction 1 above. Addition of the phosphine tris(2-carboxyethyl)phosphine (TCEP) or the 

thiol dithiothreitol (DTT) also led to the loss of the HE-SSH species (data not shown). Thus, 

it is clear that 1HNMR can be used to examine the reactivity of hydropersulfides with 

nucleophiles. The reaction of HE-SSH with other nucleophiles was also examined using this 

method. Interestingly, the nitrogen-based nucleophiles azide (N3
−), hydrazine (H2NNH2) 

and hydroxylamine (NH2OH) all added at a 5-fold excess did not react with HE-SSH at 

either pH 10 or 7 (data not shown) under the conditions where CN− reactivity was observed 

(Figure 2C).

The Site of Nucleophilic Attack—Reactions of nucleophiles with electrophiles can be 

viewed as an interaction between the electrons in the highest-occupied molecular orbital 

(HOMO) of the nucleophile and the lowest-unoccupied molecular orbital of the electrophile 

[for example, 32]. In an attempt to evaluate the relative electrophilicity of the two sulfur 

atoms of RSSH, the LUMO of a hydropersulfide (CH3SSH) was calculated in a polar 

environment. As shown in Figure 3A, examination of the LUMO appears to indicate that 

attack at either sulfur atom is possible, since the lobes of the orbital on both sulfurs are large, 

although they are differently shaped. Examination of the electrostatic potential surface map 

for CH3SSH also seems consistent with possible nucleophilic attack at either sulfur, with 

possibly a slight preference for terminal sulfur attack (Figure 3B). These arguments are 

based on reactant properties, however, which do not always reflect kinetic behavior. The 

barrier and reaction energy for the established reaction of CN− with a hydropersulfide were 

also predicted and, as shown in Figure 3C, the reaction of CNat the internal sulfur atom is 

kinetically favored (slightly) over attack at the terminal sulfur (11.9 kcal/mol barrier for 

internal sulfur attack versus a 12.6 kcal/mol barrier for terminal sulfur attack). However, 

attack at the terminal sulfur atom is strongly favored thermodynamically by over 23 kcal/

mol.

The above examples involve reactions whereby the sulfur leaving group is anionic (i.e. an 

RS− leaving group for nucleophilic attack at the terminal sulfur atom or an HS− leaving 

group for nucleophilic attack at the internal sulfur atom). If the reaction involves a neutral 

leaving group (i.e. RSH or H2S), then the relative proton affinities of the two sulfur atoms 

will be an important consideration since protonation of the sulfur leaving group will be an 

important step prior to or concurrent with nucleophilic cleavage of the S-S bond. 

Determination of proton affinities for the two sulfur atoms in methyl hydropersulfide 

indicates that protonation on the internal sulfur atom is favored over protonation at the 

terminal sulfur (239.9 kcal/mol versus 233.2 kcal/mol, respectively). This would indicate 

that nucleophilic attack on the terminal sulfur atom would be favored when a neutral leaving 

group is possible.
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Reaction of GSSH with O2—The above results confirm that hydropersulfides can be 

electrophilic, especially with softer nucleophiles such as CN− or phosphines. It is also 

reported that hydropersulfides can also be nucleophilic and reducing as well. Thus, these 

properties of hydropersulfides were also examined.

The reaction of the hydropersulfide GSSH with the oxidant O2 was examined first by simply 

determining the loss of the GSS− absorbance at 340 nM as a function of O2 levels. As shown 

in Figure 4A, HE-SS− (at pH 10) is fairly stable under N2 with an extremely slow loss of 

absorbance at 340 nm. However, in air the rate of loss of absorbance at 340 nm increases by 

2.4-fold over reaction under N2. Under pure O2 the rate increases even further to 8.8-fold 

over reaction under N2. Thus, hydropersulfides react with O2. In order to compare the 

relative reactivities of hydropersulfides and thiols with O2, the relative rates of O2 

consumption by these two species was determined.

Using a Clarke electrode to monitor O2 consumption, the ability of various sulfur-containing 

species to react with dissolved O2 was monitored. As shown in Figure 4B, the addition of 

GSH (1 mM final concentration) to a buffered aqueous solution (pH 7.4) does not cause a 

perceptible consumption of O2 (slope a), consistent with reported extremely small rate 

constants for this uncatalyzed reaction (10−4−10−3 M−1s−1 under basic conditions) [33]. 

However, the addition of sodium sulfide (Na2S) to a buffered solution containing GSH 

causes an immediate, relatively fast consumption of O2 (slope b), followed by a slower, 

almost imperceptible rate of O2 consumption (slope c). (Note: the amount of O2 consumed 

represented by slope b is only a small percentage of the overall amount of Na2S added). 

When GSSG is then added to solution, a relatively rapid rate of O2 consumption occurs 

(slope d). Interestingly, when the Na2S solution is pretreated with resin-bound tris(2-

carboxyethyl)phosphine (TCEP) (which can be removed from the treatment solution via 

centrifugation), the O2 consumption represented by slope b disappears (data not shown) and 

only the slow phase of O2 consumption remains (slope c). Also, it was found that the 

addition of the chelator diethylenediaminepentaacetic acid (DETAPAC) had no significant 

affect on these results, indicating that trace metal catalysis was not likely in these reactions 

(data not shown).

Since most commercial preparations of Na2S contain polysulfide impurities (Na2Sn, n >1) 

[34] and phosphines are capable of reacting with and removing polysulfides (Reaction 3) 

[28,35,36], it is likely that the elimination of the rapid O2-consuming process (slope b) is 

due to the TCEP-mediated elimination of the trace O2-reactive polysulfides impurities.

(3)

The idea of enhanced O2 reactivity by polysulfides, compared to simple thiol or sulfide 

species, is further supported by the finding that the commercially available polysulfide 

disodium tetrasulfide (Na2S4) was found to react more quickly with O2 than Na2S. However, 

after treatment with TCEP (which should convert polysulfides to sulfides) or CN− (not 

shown) the reactivity with O2 was significantly attenuated (Figure 4C).
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The results above are consistent with the idea that perthiyl radical (RSS·) is more stable than 

the corresponding thiyl radical (RS·) both of which are the likely initial products from 

reaction with O2 (Reactions 4 and 5).

(4)

(5)

To further address this idea, the ΔGs for removal of a single electron from CH3S− and 

CH3SS− to form CH3S· and CH3SS· were calculated to be 87 and 79 kcal/mol, respectively. 

Thus, the perthiyl anion is predicted to be more easily oxidized, by approximately 8 kcal/

mol, consistent with the finding that RSS− is a better reductant than RS−.

Persulfides as Biological Reductants—The above results indicate that 

hydropersulfides can react with O2, presumably serving as a one-electron reductant. The 

ability of hydropersulfides to reduce oxidized thiol proteins via presumed 2-electron 

processes was also examined. Thus, using a well-characterized cysteine phosphatase, CD148 

[37] as a model cysteine protein, the ability of cysteine Cys-SH, Cys-SS-Cys, Cys-SSH and 

dithiothreitol (DTT) to reduce oxidized protein back to an active reduced form was 

examined. As shown in Figure 5, inactive CD148 (pre-oxidized via treatment with H2O2) is 

readily reduced back to the active form using DTT. Since DTT is a non-physiological and 

highly reducing dithiol, this result serves as a positive control to indicate that the oxidized 

CD148 can be reduced back to the active thiol form. Addition of Cys-SH to oxidized 

CD148, on the other hand, does not reduce the protein back to the active form over the 

course of the experiment. This is not surprising considering that the two-electron reduction 

potentials for oxidized DTT (oxDTT/redDTT, E°’ = −0.33V [38]) and Cys-SS-Cys (Cys-SS-

Cys/2Cys-SH,2H+, E°’ = −0.21V [38]) indicate that reduced DTT is a superior 2 electron 

reductant compared to Cys-SH. Expectedly, Cys-SS-Cys addition to oxidized and inactive 

CD148 showed no regeneration of activity. This is also not surprising since Cys-SSCys is an 

oxidized form of Cys-SH and will not act as a reductant. However, when the enzyme 

cystathionine gamma-lyase (CSE) is added to the Cys-SS-Cys/oxidized CD148 mixture, 

CD148 enzyme activity returns in a time-dependent fashion. As shown previously [3], CSE 

is capable of cleanly converting Cys-SS-Cys to Cys-SSH and pyruvate. Since pyruvate has 

no effect on this system (data not shown), Cys-SSH must be the reductant capable of facile 

reduction of oxidized CD148 to the active reduced form.

Theoretical view of the nucleophilicity of RSSH compared to RSH

The nucleophilicity of hydropersulfides (especially the persulfide anion) is proposed to be 

superior to that of the corresponding thiol. One metric for predicting relative nucleophilicity 

is via comparison of the energies of the HOMOs of the species in question [for example, 

39]. Thus the relative energies of the HOMOs of a model persulfide versus the 

corresponding thiol were determined. The energy of the HOMO of CH3S− was predicted to 

be −133.7 kcal/mol whereas the energy of the HOMO of CH3SS− was predicted to be 

−126.6 kcal/mol. Thus, the HOMO of CH3SS− is about 7 kcal/mol higher in energy than the 

HOMO of CH3S−, consistent with the idea that RSS− is more nucleophilic. (Interestingly, 
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the relative HOMO energies are found to be reversed for the protonated species, −183.6 

kcal/mol for CH3SH and −186.2 kcal/mol for CH3SSH, although these energies are close).

Discussion

Hydropersulfides have been found to be present in mammalian tissues, cells and plasma with 

GSSH being the species in greatest abundance [3]. The presence of other hydropersulfides 

such as Cys-SSH as well as numerous protein persulfides are also reported. The prevalence 

of these species alludes to a possible biological function, which will undoubtedly be highly 

dependent on their chemical properties/reactivities. It has already been hypothesized that 

hydropersulfides possess unique chemical reactivity that is distinct from thiols and that these 

chemical properties may confer biological utility. For example, hydropersulfide generation 

may be a protective mechanism for cells exposed to oxidative or electrophilic stress or may 

enhance the reactivity of thiol proteins [11]. Cellular hydropersulfide formation can occur 

via the actions of the enzyme cystathionine gamma-lyase (CSE) acting on the substrate 

cystine (Cys-SS-Cys) generating Cys-SSH [3,40] and Cys-SS-Cys uptake into cells is 

dependent on the transport protein xCT [41]. Interestingly, both CSE and xCT are inducible 

under oxidative and/or electrophilic stress [42,43,44] indicating that hydropersulfide 

generation may be a response to these cellular stresses. In order to evaluate the plausibility 

of this idea, it is necessary to examine the chemistry of hydropersulfides to determine 

whether their reactivity/properties will allow them to serve this role.

Herein, it is found that electrophilic hydropersulfides (i.e. the protonated RSSH species and 

not the anionic RSS− species) can react with nucleophiles at either sulfur atom. Reaction 

with CN− occurs with the protonated hydropersulfide and is thermodynamically favored to 

give products whereby the terminal, sulfane sulfur is transferred to CN−. The analogous 

cleavage of disulfides (RSSR) by CN− is a well-studied reaction [for example, 45–48] 

(Reaction 6).

(6)

This reaction is very slow, as evidenced by the low second order rate constants (≤ 1 M−1s−1 

at pH 7.5 – 12.5) [49]. For unsymmetrical disulfides, the site of cyanide attack appears to be 

largely governed by the stability of the thiolate leaving group (i.e. the weakest thiolate base 

is generated) [46]. That is, reaction of CN− with unsymmetrical disulfides affords the most 

stable thiolate product and the corresponding alkyl thiocyanate. The generation of −SCN 

from cyanolysis (Reaction 1) implies that CN− attacks the terminal sulfane1 sulfur 

(assuming a single step process, which is not necessarily the case and discussed below). 

Previous studies have examined the reaction of other nucleophiles with hydropersulfides and 

reported that many factors can control the site of nucleophilic attack with both sulfur atoms 

being possible targets [for example, 50,51,52]. More recently Bailey and coworkers [53] 

generated an organic hydropersulfide and examined its reaction with various nucleophiles 

and bases in methylene chloride. Their work indicated that reducing species can react with a 

1The term sulfane sulfur is used to denote divalent sulfur bound sulfur atoms (i.e. the bolded sulfur atoms in the following structures: 
RSSH/RSS−, RSSSR, RSSSSR, etc.)
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hydropersulfide to liberate H2S whereas basic species led to thiol formation and elemental 

sulfur generation. Regardless, the results presented herein clearly indicate that the 

nucleophilic CN− reacts with the protonated and electrophilic hydropersulfide (Figure 1) and 

although nucleophilic reaction can occur at either atom of a hydropersulfide, many factors 

seems to favor (albeit slightly) reaction at the terminal, sulfane sulfur atom in a purely 

chemical system.

It is evident from this work that only “soft” nucleophiles such as CN−, phosphines and thiols 

react readily with hydropersulfides whereas “hard(er)” nitrogen-based nucleophiles such as 

NH2OH, NH2NH2 and N3
− are relatively unreactive under the conditions of these 

experiments (for example, Figure 2). This is consistent with a “soft” electrophilic character 

associated with the S-S group of the hydropersulfide. Thus, the soft persulfide electrophile 

clearly favors reaction with soft nucleophiles. As alluded to above, hydropersulfides, RSSH, 

and disulfides, RSSR, are clearly structurally and chemically analogous electrophiles. 

Importantly, studies on the nucleophilic cleavage of disulfides have also been examined 

previously and could provide some support for the conclusions/ideas presented in this study. 

Consistent with the results herein with hydropersulfides, cleavage of disulfides occurs 

readily with soft nucleophiles such as phosphines and thiols but is extremely difficult with 

hard bases/nucleophiles such as hydroxide ion or amines [for example, see 54]. Indeed, a 

systematic study of the ability of various nucleophiles to cleave disulfides revealed the 

following rank order for “S-nucleophilicity” to be RS− > phenyl-S− > CN− > SO3
− > HO− > 

N3
− > −SCN [45], an order that may be expected to hold for hydropersulfides as well.

The fact that the reaction of CN− with RSSH generates −SCN and RSH (Reaction 1) would 

appear to indicate that the site of nucleophilic attack is the terminal, sulfane sulfur of the 

hydropersulfide. However, previous work indicates that nucleophilic attack at the internal 

sulfur atom is also possible [for example, 50–53] (Reaction 7).

(7)

Indeed, based on the relative pKa values for RSH (pKa approx. 8–10) versus H2S (pKa 

approx. 7), which would make HS− a better leaving group than RS−, it would be expected 

that nucleophilic attack on RSSH would prefer the internal sulfur atom when there is an 

anionic leaving group. Computational evaluation of this question indicates that attack at 

either major lobe of the S-S σ* orbital by a nucleophile appears reasonable (although there 

appears to be a slight preference for attack at the terminal, sulfane sulfur atom) (Figure 

3A,B). Attack at the terminal sulfur atom may be preferred based on sterics since the 

internal sulfur atom can be blocked by a large appended alkyl group. The above discussion 

assumes that the electrophilic species is neutral (i.e., RSSH) and that the leaving group is 

anionic (RS− or HS−). However, it needs to be considered that the electrophile could be the 

protonated species (i.e., RS(H)SH+ or RSSH2
+) allowing a neutral leaving group (RSH or 

H2S) when attacked by a nucleophile. If this were the case, the preferred site of protonation 

will largely govern the site of nucleophilic attack (with attack occurring on the sulfur atom 

that is not protonated). Computational studies indicate that the internal sulfur atom is more 

basic than the terminal sulfur atom, predicting that protondependent cleavage of the S-S 
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bond should primarily involve attack of the nucleophile at the terminal sulfur atom (Reaction 

8).

(8)

Overall, as has been noted by others (vide supra), nucleophilic attack at either sulfur atom of 

a hydropersulfide seems possible and it is likely that in biological systems (i.e. for protein-

SSH species) attack at either sulfur atom can be governed by sterics, availability of protons, 

or other protein-derived effects. However, the above results seem to indicate that in a purely 

chemical system, attack at the terminal sulfur atom is slightly preferable.

Computational studies on the thermodynamics of the hydropersulfide-CN− reaction indicate 

that the kinetic and thermodynamic products are different (Figure 3C) with attack at the 

internal sulfur atom being kinetically favored and attack at the terminal sulfur atom being 

thermodynamically favored. Therefore, we predict that reaction of CN− with the internal 

sulfur is reversible (reverse barrier of only 15 kcal/mol), but reaction with the terminal sulfur 

is not (reverse barrier of nearly 40 kcal/mol), being driven forward by proton transfer to 

form −SCN and thiol. Alternatively, reaction of HS− with the alkyl thiocyanate (RS-CN) 

species derived from internal attack can occur at the nitrile carbon, again resulting in the 

thermodynamically favored products −SCN and RSH (Reaction 9).

(9)

Regardless, the thermodynamic products for this reaction are assuredly those where there is 

transfer of the terminal sulfur atom to the cyanide ion.

O2 is a poor thermodynamic one-electron oxidant (O2/O2
·− redox couple is −0.33V, vs NHE, 

1 atm O2, pH 7) thus generally prohibiting facile direct, non-catalytic, one-electron 

oxidation reactions with thiols. However, it is known that thiols can oxidize in aerobic 

environments (albeit very slowly). Importantly, hydropersulfides are considered to be 

superior reducing agents compared to their thiol counterparts [55]. For example, previous 

work indicates that persulfides are potent reductants, capable of easily reducing ferric 

cytochrome c [10] reacting with and quenching radical species [54] and reacting with 

hydrogen peroxide [3] much more readily than their thiol counterparts. The results herein 

indicate that hydropersulfides can react with O2 (Figure 4A) more readily than its thiol 

counterpart (Figure 4B). These results are consistent with the idea that GSH does not readily 

react with O2 (Figure 4B, slope a) at a significant rate whereas formation of GSSH via 

Reaction 10 leads to a more rapid reaction with O2 (Figure 4B, slope d) (Reaction 11). The 

biphasic effect of O2 consumption observed for Na2S addition (Figure 4B, slopes b and c) 

can be attributed to polysulfide impurities in the Na2S [34], which rapidly react with O2 

(Reaction 12) since pretreatment of Na2S with TCEP immobilized resin (known to react 

with sulfane sulfur species leading to fully reduced sulfides [28,35,36]) (Reaction 3) led to a 

presumed loss of contaminating polysulfide impurities and consequent loss of the rapid 

initial phase (Figure 4B, slope b) of O2 consumption, leaving only slope c.
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(10)

(11)

(12)

The utility of the TCEP-resin in this type of experiment is due to the fact that it can rapidly 

reduce and eliminate contaminating polysulfide species in sulfide solutions and then be 

easily removed from a sulfide solution via either centrifugation or filtration, therefore 

preventing TCEP interference in subsequent experiments.

By analogy with proposed reactions of thiols with O2 [for example, 56,57], it seems likely 

that O2 is acting as a one-electron oxidant generating the radical sulfur species (RSS·) and 

O2
·−, as shown in Reaction 11). This is likely since RSS− is known to be a superior reducing 

agent compared to the corresponding thiol [55]. The fate of either RSS· or O2
·− in this 

system is unknown and will undoubtedly be a function of reaction conditions (i.e. pH, 

concentration, the availability of other reactants, etc.). The subsequent reactions of these 

intermediates are subjects of ongoing work.

The results from the O2-consumption experiments provide an approximate and maximum 

rate constant for the reaction of GSSH with O2 (pH 7.0) under the conditions of this 

experiment of 0.3 – 0.4 M−1s−1 (assuming a concentration of 0.1 mM GSSH, approximately 

0.2 mM O2 and an O2 consumption rate of approximately 7×10−9 M/s). It needs to be 

mentioned, however, that this value is only valid assuming the reacton of GSSH with O2 is 

analogous to the proposed reaction of GSH with O2 (i.e. overall second order reaction 

generating O2
− and the corresponding sulfur-based radical). Although this reaction is 

significantly faster than the equivalent reaction of the corresponding thiol (compare with a 

10−3–10−4 M−1s−1 rate constant for the reaction of RS− with O2 [33]), this is still a slow 

reaction and likely not relevant under most biological conditions. However, there remains 

the possibility that catalytic O2-mediated oxidation of hydropersulfides may be relevant. 

Previous reports indicate that thiols are readily oxidized by O2 in the presence of metals [for 

example, 58,59]. It would not be surprising to expect that O2-mediated oxidation of 

persulfides would behave similarly. That is, the addition of redox metals could accelerate the 

reaction between O2 and persulfide. This is indeed found to be the case. Addition of 

catalytic levels of the cuprous acetonitrile complex (CuI(CH3CN)4
+) to a solution of GSSH 

rapidly increased the rate of O2 consumption (data not shown).

The above results are consistent with the idea that perthiyl radical (RSS·) is more stable than 

the corresponding thiyl radical (RS·) (assuming RSS· is the product after initial reaction with 

O2 (Reaction 9)). This is not unexpected since there is resonance stabilization of the odd 

electron associated with RSS· [11,60]. Herein it is found that the persulfide anion is 

predicted to be more easily oxidized compared to the corresponding thiolate, by 

approximately 8 kcal/mol, consistent with the finding that RSS− is a better reductant than 

RS−. Expectedly, the S-H bond dissociation energies (BDE) for RS-H and RSS-H are also 
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significantly different: The BDE for the RS-H bond is reported to be approximately 92 

kcal/mol and the BDE for RSS-H is reported to be only 70 kcal/mol [60]. These results 

indicate that RSS− is a better one-electron reductant than RS− and, correspondingly, RSSH is 

a better hydrogen atom donor compared to RSH.

Hydropersulfides are capable of facile reduction of oxidized thiols (or thiol-containing 

proteins) indicating that hydropersulfides are also good two-electron reductants (superior to 

thiols) [10]. This idea was further supported by the finding that hydropersulfides greatly 

increase the rate of CD148 activity restoration after enzyme oxidation by H2O2 (Figure 5). 

Combined with the previously discussed results, hydropersulfides appear to be superior 

reductants compared to thiols in both one- and two-electron processes. Loss of enzymatic 

activity of CD148 via treatment with H2O2 is undoubtedly the result of oxidation of the 

active-site cysteine thiol as has been seen in other similar phosphatases [for example, 61]. 

Oxidation of CD148 by H2O2 can theoretically lead to loss of activity via generation of an 

active site sulfenic acid (RSOH), disulfide (RSSR) or cyclic sulfenylamide species (protein 

backbone amide nitrogen bonded to the oxidized sulfur atom to make an isothiazolidinone) 

[62,63]. Since treatment of oxidized CD148 with DTT restores enzyme activity, it is 

presumed that further oxidized species such as sulfinic (RS(O)OH) or sulfonic (RS(O)2OH) 

acids are not formed appreciably under the conditions of this experiment as DTT will not 

reduce sulfinic or sulfonic acids back to thiols. Figure 6 shows a possible mechanism of 

Cys-SSH-mediated reduction of oxidized CD148 back to the active thiol form. This 

mechanism depicts the inhibited CD148 as being a sulfenic acid, disulfide or sulfenylamide, 

all of which can be reduced to the corresponding thiol under biological conditions [for 

example, 64].

From a mechanistic perspective, the ability of persulfides to readily reduce an oxidized thiol 

(i.e. sulfenic acid or disulfide) is most likely due, at least in part, to its superior 

nucleophilicity compared to the corresponding thiol. It has been reported that 

hydropersulfides are good nucleophiles, as evidenced by their ability to be trapped by 

electrophilic species [for example, 3,6,10]. Indeed, all steps depicted in Figure 6 rely on the 

nucleophilicity of the persulfide anion and results presented here are consistent with the idea 

that persulfides are superior to thiols as nucleophilic reductants.

It needs to be noted that a ranking of nucleophiles is not absolute and often depends on the 

nature of the electrophile, solvent and other reaction factors [for example, 65, 66]. The claim 

of increased nucleophilicity for RSSH/RSS− over RSH/RS−, in the context of this paper, 

refers to simple biochemical reactions with typical electrophiles known to react with thiols 

in aqueous solution (e.g., peroxides, electrophilic nitrogen oxides, oxidized sulfur species, 

alphabeta unsaturated carbonyls, alkyl halides, etc.). Although many factors may contribute 

to nucleophilicity, one significant factor is the energy of the HOMO of the nucleophile [for 

example, 38]. As mentioned above, reactions involving a nucleophile and an electrophile can 

be viewed as an interaction between the HOMO of the nucleophile and the LUMO of the 

electrophile [for example, 32]. The calculated energy of the HOMO for a hydropersulfide is 

approximately 7 kcal/mol higher than that of the corresponding thiol, indicating a significant 

difference in nucleophilicity. In conjunction with having higher HOMO energies, free 

hydropersulfides are also more acidic than the corresponding free thiols by one to two pKa 
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units [11] (indicating a higher concentration of the anionic species for persulfides by 10–100 

times). Taken together, these facts are consistent with the prediction that free persulfides will 

often act as better nucleophiles in aqueous solution compared to their free thiol counterparts. 

Of course, the reactivity of thiols (and likely hydropersulfides) can be heavily influenced by 

protein environments, thus the relative reactivities of thiols versus hydropersulfides in 

proteins may not always follow this trend.

Summary

All of the above results are consistent with the idea that hydropersulfides can perform some 

of the same chemistry as thiols (i.e. one- or two-electron reduction and nucleophilic 

chemistry) as well as some chemistry associated with disulfides (i.e. act as an electrophile). 

That is, depending on the protonation state and conditions, hydropersulfides can be either 

nucleophilic or electrophilic. On the other hand, thiols can be nucleophilic and disulfides can 

be electrophilic, but both properties are not generally present in either species alone. This 

distinction may be important since the chemistry of a biological hydropersulfide can be 

either nucleophilic or electrophilic without requiring a change in oxidation state (as is the 

case with thiols/disulfides). Moreover, as a reductant and nucleophile, it appears that 

hydropersulfides are superior to thiols, a property that is not unexpected [11,55]. With 

regards to the reducing and nucleophilic nature of hydropersulfides, it is also worth noting 

that biological hydropersulfides are likely formed under cellular conditions of oxidative 

and/or electrophilic stress (vide supra) (afterall hydropersulfides are oxidized compared to a 

thiol), which indicates that a very reducing/nucleophilic species (persulfide anion) is only 

formed under oxidizing/electrophilic stress conditions. It is intriguing to speculate that this 

effect (i.e., the generation of a potent reductant/nucleophile only under oxidizing/

electrophilic conditions) represents a protective response to cellular oxidative stress and/or 

electrophilic stress. However, whether these aspects of hydropersulfide chemistry are 

important to the putative biological utility of these species remains to be determined.
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Abbreviations

TCEP tris(2-carboxyethyl)phosphine hydrochloride

DTT dithiothreitol

HE-SS-HE 2-hydroxyethyl disulfide

FDP fluorescein diphosphate

HOMO highest occupied molecular orbital

LUMO lowest unoccupied molecular orbital
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Highlights

Hydropersulfides are superior nucleophiles compared to thiols.

As electrophiles, hydropersulfides react quickly with “soft” nucleophiles.

As electrophiles, hydropersulfides react poorly with “hard” nucleophiles.

Hydropersulfides are electrophilic and prefer reaction on the terminal sulfur atom.

Hydropersulfides are good one-electron reductants.
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Figure 1. 
pH-Dependency of the reaction of CN− with HE-SSH. HE-SSH was made via reaction of 

HE-SS-HE with H2S (see Materials and Methods section) and allowed to react for 1,500 

seconds (25 min.) prior to the addition of CN− at the levels indicated. Levels of HE-SS−/HE-

SS-HE were monitored via HE-SS− absorbance at 340 nm. (A) pH 10, (B) pH 7.2.
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Figure 2. 
1H-NMR Analysis of the reaction of H2S with HE-SS-HE and subsequent reaction of HE-

SSH with nucleophiles. (A) 1H-NMR signals for methylene protons adjacent to the sulfur 

atoms (shown in red) for the products of the reaction of HE-SSHE with NaSH (HE-SSH and 

HE-SH). (B) Addition of CN− to the HE-SSH/HE-SH product mixture. (C) Addition of N3
− 

to the HE-SSH/HE-SH product mixture (note: same results observed for NH2NH2 and 

NH2OH).
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Figure 3. 
(A) LUMO for CH3-SSH (SMD(water)-M06-2X/6-31+G(d,p)). (B) Electrostatic potential 

surface for CH3-SSH. (C) Calculated transition state structure and reaction free energies 

(kcal/mol) for the reaction of CN− with CH3-SSH at both sulfur atoms.
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Figure 4. 
(A) Loss of HE-SS− absorbance at 340 nm under N2, air and O2 (pH 10). note: the 

hydropersulfide forming reaction was run for 1500 s prior to allowing exposure to N2, air or 

O2. (B) Consumption of O2 (measured via a Clarke electrode) by sequential addition of 

GSH (slope a, final conc. 1 mM), Na2S solution (slope b and c, final conc. 0.1 mM) and 

GSSG (slope d, final conc. 1 mM). (C) O2 Consumption by commercial Na2S4 with and 

without pre-treatment with TCEP-resin.
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Figure 5. 
Recovery of oxidized (H2O2) CD148 enzyme activity by various reductants/treatments. 

Purified, pre-oxidized CD148 was treated with various reductants or controls for 30 min. at 

37°C. After treatment, CD148 activity was assayed, using fluorescein diphosphate as a 

substrate. Fluorescence was measured every minute for 20 min.
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Figure 6. 
Possible mechanism of reduction of oxidized CD148 by a persulfide to the active thiol form.
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