
 
Investigating the Chemistry of Selenium and Sulfur Species: 

Potential Roles in Biology 
 
 
 
 

by 
Christopher L. Bianco 

 
 
 
 
 

 
 
 
 
 

A dissertation submitted to Johns Hopkins University in conformity with the 
requirements for the degree of Doctor of Philosophy 

 
 

Baltimore, Maryland 
January 2017 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



! ii 

Abstract 
 
 Selenium and sulfur are both of the chalcogen family and can be found in a 

number of mammalian proteins and enzymes. Both display similar biologic utility, often 

serving as nucleophiles (selenol (RSeH) and thiol (RSH)) and redox regulators. However, 

selenium is commonly considered to have ‘enhanced’ reactivity over thiols, making 

selenols both more potent nucleophiles and reductants than analogous thiols. This 

characteristic may make selenols preferential targets (over thiols) in some biological 

systems and/or signaling pathways. To gain more insight into this notion, comparison 

studies for the trapping of nitroxyl (HNO), a potential therapeutic for the treatment of 

heart failure, were performed for selenols and analogous thiols. 

 The smallest of all thiol species is hydrogen sulfide (H2S), which has recently 

received much attention for its potential role as a small biological signaling molecule. 

Though the observed therapeutic functions of H2S are remarkable, the mechanisms of 

action for H2S are yet undefined. In biological systems, H2S can react with disulfides 

(RSSR), forming an equilibrated system with the corresponding hydropersulfide (RSSH) 

and thiol (RSH), making it difficult to distinguish the actions of one from the others. 

Interestingly, hydropersulfides (along with polysulfudes (RSSnSR) and hydropolysulfides 

(RSSnSH) have also been identified in a number of mammalian cells. This raises the 

question of whether H2S is actually responsible for the observed effects upon its 

administration or whether other polysulfur species are the actual effector molecules. For 

this reason, the chemistry of individual thiol, hydropersulfide and 

polysulfide/hydropolysulfide species were investigated and their reactivity compared. 
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Chapter 1: The Chemical Biology of HNO 
 
1.1 Introduction 

 The determination that nitric oxide (NO) is an endogenously generated small 

signaling molecule has led to increased interest in studying other nitrogen oxides 

potentially relevant to biology. Many of these nitrogen oxides are NO derived and 

oxidized with respect to NO. These include nitrite (NO2
-), nitrate (NO3

-), peroxynitrite 

(ONOO-) and nitrogen dioxide (NO2), to name a few. Other nitrogen oxides that are 

reduced compared to NO have received less attention, and include hydroxylamine 

(NH2OH) and nitroxyl (HNO, also known as azanone and nitrosyl hydride). Of these two, 

the chemical biology of HNO has been examined much more extensively.1 

 Unlike many of the other previously listed nitrogen oxides, HNO cannot be stored 

in pure form. Therefore, the use of HNO in both chemical and biological studies requires 

donor compounds that release HNO in situ. A reason for the marked increased instability 

of HNO in comparison to other nitrogen oxides is due to the fact that it rapidly dimerizes, 

ultimately forming nitrous oxide (N2O) and water (Scheme 1.1). 

 

!

Scheme 1.1: Dimerization of nitroxyl (HNO) 

 

Despite difficulty in studying its reactivity and determining potential biological targets, 

much work indicates that HNO has the potential to act as a therapeutic in a number of 

cardiovascular related diseases, making its study potentially important for future 

pharmacological and toxicological purposes.2,3 

HNO  +  HNO N N
HO OH N2O  +  H2O (1)
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1.2 HNO Donors 

 As indicated directly above, HNO cannot be stored in pure form due to its rapid 

dimerization (Scheme 1.1). The rate constant for this dimerization has been determined to 

be k = 8 x 106 M-1 s-1.4 As a result of this complication, various HNO donors have been 

developed and utilized for the study of HNO in both chemical and biological settings.5-9  

The best recognized of HNO donors is Angeli’s salt (AS), which has served as a standard 

of comparison for most other HNO donors. The mechanism for HNO production from 

AS requires protonation and results in one molar equivalent of HNO and the byproduct, 

NO2
- (Scheme 1.2). 

 

!

Scheme 1.2: Release of HNO from Angeli’s salt (AS) 

 

In addition to AS, another commonly used HNO donor is Piloty’s acid (PA) and its 

derivatives. However, the mechanism for HNO release by PA is different from that of 

AS, as it requires deprotonation followed by release of one molar equivalent of HNO and 

the corresponding sulfinic acid (RS(O)OH) byproduct (Scheme 1.3). 
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Scheme 1.3: Release of HNO from Piloty’s acid (PA) 
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Indeed, although a number of other HNO donors with varying chemical characteristics 

(i.e., solubility, half life and HNO releasing ability) have also been developed,5-9 AS and 

PA are most pertinent to the current dissertation. 

 

1.3 The Reactivity of HNO 

 The biological targets for HNO are both similar and different from those of NO. 

From a chemical standpoint, HNO has the ability to act both as a nucleophilic and/or 

electrophilic species (hence its rapid dimerization). This ability makes it distinct from 

NO, which primarily reacts via radical-type chemistry.  

 

1.3.1 HNO Reactivity with Thiols 

Main targets for HNO are thiols and thiol-containing proteins, with rate constants 

ca. k = 106 M-1 s-1, depending on studied conditions.10,11 Nucleophilic attack of HNO by 

thiols results in the formation of an intermediate N-hydroxysulfenamide (RSNHOH, 

Scheme 1.4), which is an unstable, short-lived species.12,13 

 

!

Scheme 1.4: Possible reaction pathways leading from HNO and RSH 

!
!
When thiol concentration is limiting, the intermediate RSNHOH rearranges to the 

corresponding sulfinamide (RS(O)NH2, Scheme 1.4, path a). This product is considered 

to be stable and is a so-called an ‘irreversible’ thiol modification that is not susceptible to 

RSH  +  HNO RSNHOH
R

S NH2

O

RSSR  +  NH2OH

a

b RSH
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reduction.  This, however, is not entirely true, as reduction of sulfinamides back to the 

corresponding thiol have been achieved, though the extended length of time required for 

this makes such a process potentially biologically irrelevant.14 Conversely, if thiol 

concentrations are in excess of that for HNO, a second equivalent of thiol can react with 

the RSNHOH intermediate, forming the corresponding disulfide and hydroxylamine 

(Scheme 1.4, path b). Generation of a disulfide is considered to be a ‘reversible’ thiol 

modification, as this is readily reduced by a variety of biological reductants to the 

original thiol. Taken altogether, this implies that thiols isolated from other thiol species, 

perhaps within the active site of a protein, will be more susceptible to ‘irreversible’ 

modification. On the other hand, thiols in the presence of high thiol concentrations or, 

within a protein containing resolving residues (i.e., other cysteine residues), will 

experience ‘reversible’ modification. 

 Briefly, it should also be noted that in addition to the above pathways (Figure 1), 

a third and somewhat unique pathway leading from the RSNHOH intermediate has 

recently been determined. C-terminal cysteine residues treated with HNO display the 

ability to form both thiosulfonate (RS(O)2SR) and sulfohydroxamic acid (RS(O)2NHOH) 

derivatives.15 This is presumably accomplished via internal cyclization of the carboxylate 

group, followed by subsequent formation of a sulfenic acid (RSOH) intermediate, though 

due to its fleeting nature, isolation of the RSOH intermediate has of yet been 

unsuccessful. 
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1.3.2 HNO Reactivity with Metals 

 In addition to thiols, other biological targets of HNO are metals and 

metalloproteins, specifically those containing ferric (Fe3+) and ferrous (Fe2+) centers.16 

For example, extensive studies on the reactivity of HNO towards the heme proteins, 

metmyoglobin and methemoglobin, have been performed.13,17 In these cases, HNO binds 

to the Fe3+ metal center, which undergoes reductive nitrosylation, leading to a ferrous-

nitrosyl (Fe2+-NO) adduct (Scheme 1.5). 

 

!

Scheme 1.5: Reductive nitrosylation of iron(III) by HNO to yield the iron(II) nitrosyl 

(Fe2+-NO) 

 

Alternatively, HNO has also been found to bind to ferrous myoglobin through its nitrogen 

atom, resulting in a stable ferrous-HNO (Fe2+-N(H)O) adduct (Scheme 1.6).18-20 

 

!

Scheme 1.6: Reaction of iron(II) with HNO to yield an iron(II)-HNO complex 

 

1.4 HNO Signaling 

 As previously described, main targets for HNO are thiols/thiol-containing proteins 

and metals/metalloproteins. Therefore, much of the biological effects elicited by HNO 

can be anticipated to occur via reaction at these sites. Indeed, much work has been 

Fe3+  +  HNO Fe2+-NO  +  H+ (3)

Fe2+  +  HNO (4)
Fe2+

N OH
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performed to understand the mechanisms of HNO signaling and how HNO influences 

specific biological processes via interaction with key thiol and metal targets. 

 

1.4.1 Interaction with Aldehyde Dehydrogenase 

 Aldehyde dehydrogenase (AlDH) is a well-studied thiol-containing enzyme (the 

active site consisting of a cysteine residue) responsible for the conversion of acetaldehyde 

to acetic acid during ethanol metabolism. Inhibition of AlDH leads to increased 

concentrations of the toxic metabolite intermediate, acetaldehyde. Early studies on HNO 

utilizing the HNO donor, cyanamide (NH2CN, Scheme1.7), indicated that HNO could 

inhibit AlDH and increase acetaldehyde concentrations.21  

 

!

Scheme 1.7: Catalase-induced oxidation of cyanamide (NH2CN) to the intermediate N-

hydroxycyanamide, which decomposes to nitroxyl (HNO) and hydrogen cyanide (HCN) 

 

For this reason, cyanamide was marketed as an anti-alcoholic therapeutic for the 

treatment of alcoholism. Interestingly, AlDH inhibition was both reversible and 

irreversible, thus exemplifying that the chemical reactivity of HNO with thiols, as 

indicated in Figure 1, holds true in a biological system.22 This was one of the first 

biological studies that examined the interaction of HNO with thiols, and was also later 

verified with the use of other HNO donors, suggesting that, indeed, HNO is the effector 

molecule for AlDH inhibition.23 

H2N C N H
N C NOH

HNO  +  HCN
catalase

H2O2
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1.4.2 Interaction with Glyceraldehyde-3-phosphate Dehydrogenase 

 In addition to AlDH, HNO can also inhibit the enzymatic activity of the thiol 

protein, glyceraldehyde-3-phosphate dehydrogenase (GAPDH).24 HNO inhibition of 

GAPDH is found to be primarily irreversible. Surprisingly, HNO-induced GAPDH 

inhibition has been determined, via mass spectrometry, to result in both sulfinamide and 

disulfide thiol modifications.25 As previously described, sulfinamide thiol modification is 

considered irreversible, though disulfide modifications are traditionally considered 

reversible. Therefore, since HNO mostly inhibits GAPDH in an irreversible manner, 

HNO-induced thiol modification of GAPDH resulting in disulfide formation must too be 

somehow an irreversible modification in this case. Explanation for irreversible GAPDH 

inhibition via disulfide formation is thought to be due to the disturbance of the tetrameric 

nature of the protein upon formation of the disulfide. This exemplifies that irreversible 

thiol modification can also occur via so-called ‘reversible’ HNO reactivity. Interestingly, 

it was also determined that HNO-induced inhibition of GAPDH did not alter intracellular 

glutathione (GSH)/glutathione disulfide (GSSG) ratios.26 This is remarkable as it points 

out the thiol specificity of HNO – it is able to selectively target cysteine residues of 

GAPDH selectively, while evading being scavenged by GSH, an intracellular thiol 

present at high concentrations (1-10 mM).27 

 

1.4.3 Interaction with Soluble Guanylyl Cyclase 

 Soluble guanylyl cyclase (sGC) is an iron heme protein that is important in the 

mechanism of NO-induced vasorelaxation.28 The normal resting state of sGC is the 

ferrous form, which readily reacts with NO, allowing for subsequent increased cyclic 
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guanosine monophosphate (cGMP) levels. Additionally, sGC is also capable of 

interacting with HNO to produce elevated cGMP levels; however, the mechanism is still 

somewhat controversial.29 It was originally thought that while NO binds the ferrous form 

of the enzyme, HNO primarily binds the ferric form, which is then reductively 

nitrosylated to the ferrous-nitrosyl leading to increased cGMP production. It was later 

confirmed that this is not the mechanism, as the ferric enzyme is six-coordinate and not 

capable of binding either NO or HNO.30 Currently, two potential mechanisms for the 

HNO-sGC interaction remain. The first requires preliminary oxidation of HNO to NO via 

H-atom abstraction.31 The formed NO is then capable of binding ferrous sGC. The 

second mechanism suggests that HNO has the ability to react directly with ferrous sGC.30 

No matter the mechanism, it is apparent that there is an interaction of HNO with sGC, as 

cGMP levels are elevated following HNO administration. Whether this is via direct 

reaction or indirect interaction with prior formation of NO remains an outstanding 

question. 

 

1.5 Therapeutic Effect of HNO 

 A most remarkable characteristic of HNO is the elicited effect that it has on 

failing hearts, making it a potential therapeutic for the treatment of cardiovascular related 

diseases.32-35,3 HNO is able to enhance calcium cycling via interaction with proteins in the 

sarcoplasmic reticulum (SR).32 Specifically, HNO reacts with protein cysteine residues 

located on the SR to induce its effects. For example, reaction of HNO with the ryanodine 

receptor (RyR2) causes the release of Ca2+, an event that results in increased inotropy 

(increased contractility).36-38 Conversely, uptake of Ca2+ from the cytosol is achieved via 



! 9 

HNO interaction with the sarcoendoplasmic reticulum Ca2+-ATPase Pump (SERCA2a), 

resulting in increased lusitropy (increased relaxation). Importantly, it was determined that 

HNO reacts with phospholamban (PLN), which is the regulator of SERCA2a activity.39,40 

More recent studies indicate that HNO reacts with critical cysteine residues located on 

PLN, which allows for thiol modification and subsequent functional uncoupling of PLN 

from SERCA2a, thus reliving its inactivation.41 

 As previously mentioned, HNO also displays the ability to activate sGC. HNO-

induced activation of sGC results in elevated levels of cGMP, followed by vasorelaxation 

in vascular tissue.29 Though, as indicated above, the mechanism of action for HNO-

induced cGMP increase is unknown, this may be another therapeutic role for HNO. 

 

1.6 Other Potential Targets and Roles for HNO 

 Aside from the previously mentioned targets and modes of action for HNO, other 

potential roles may be envisioned by analogy to those already established.  A brief 

introduction of these possible chemical interactions will be introduced here and further 

elaboration will be provided in chapters to come. 

 

1.6.1 Selenols as a Potential Target for HNO 

 The fact that HNO is thiophilic (meaning it readily reacts with thiol species) begs 

the question of whether it will also react with other related species. For example, 

selenium, which is located one row below sulfur in the periodic table and is thus of the 

same family termed chacogens, may also prove to be a suitable target for HNO. Indeed, 

selenium-containing proteins are present in many mammalian cells.42 Furthermore, due to 
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the enhanced reactivity of selenols (RSeH) over thiols (explained below), scavenging of 

HNO by selenols and selenol-containing proteins may be preferential to HNO scavenging 

by thiols.42-44  

 

1.6.2 Hydropersulfides as Potential Targets for HNO 

 Recently, a somewhat new class of thiol-related species has emerged and their 

relevance in biology confirmed.45 These species include hydropersulfides (RSSH), 

hydropolysulfides (RSSnSH, n≥1) and polysulfides (RSSnSR, n≥1). Specifically, 

hydropersulfide reactivity is suspected to be both similar and enhanced compared to that 

of analogous thiols, primarily serving as nucleophilic and redox species.46,47 The 

enhanced nucleophilic characteristic of hydropersulfides over analogous thiols can be 

attributed to 1) the alpha-effect, in which electrons on the terminal sulfur atom (-SH) are 

repelled by those of the internal sulfur atom (RS-), thus increasing reactivity 

(nucleophilicity) of the terminal sulfur atom, and 2) the lower pKa values (typically 1-2 

units lower) of hydropersulfides compared to analogous thiols. 

  Simply based on their enhanced nucleophilicity and anticipated similarity to 

thiols, it may be suspected that hydropersulfides can also serve as potential targets for 

HNO. Furthermore, it can be anticipated that HNO-induced modification of 

hydropersulfides will be distinctly different from that of thiols. For example, HNO-

induced thiol modification resulting in a sulfinamide is considered an irreversible 

modification because the sulfinamide is resistant towards reduction back to the free thiol 

(Scheme 1.8a).  
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!

Scheme 1.8: (a) Reduction (Red) resistant sulfinamide resulting from the reaction of 

thiols (RSH) with HNO and, (b) possible reduction (Red) of a persulfide-sulfinamide 

adduct resulting from the reaction of hydropersulfides (RSSH) with HNO. 

 

However, HNO-induced modification of a hydropersulfide resulting in a sulfinamide-like 

adduct may not be irreversible, as the resulting species should be reduced by biological 

reductants, akin to a typical disulfide (Scheme 1.8b). Therefore, hydropersulfides may 

also display enhanced protective effects over thiols with regard to HNO reactivity.46 
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Chapter 2: The Interaction of HNO with Organoselenium Species 

 As mentioned in Chapter 1, primary targets for HNO are thiols and thiol-

containing proteins. Comparatively, the reactivity of selenols is similar and enhanced to 

that of analogous thiols (vide infra). Furthermore, selenols are biologically relevant 

species. Therefore, it was of interest to study the reactivity of HNO with organoselenols 

relative to that of HNO with analogous thiols. 

 

2.1 Introduction 

 As previously mentioned, HNO targets thiols and thiol-containing proteins, along 

with other ‘soft’ type nucleophilic species.1-3 Therefore, it seemed reasonable to imagine 

that HNO could also target selenol species, as selenols are softer nucleophiles than thiols. 

Importantly, similar to thiols, selenols are also biologically relevant species with 

paramount roles in redox signaling and redox regulation. Selenocysteine (Sec) is the 

selenium analogue of cysteine (Cys) and is regarded as the 21st amino acid.4 To date there 

are three main classes of enzymes that utilize a selenocysteine residue in their catalytic 

active site, most of which having some type of redox function(s). These include the 

glutathione peroxidases (GPx), the thioredoxin reductases (TrxR) and the iodothyronine 

deiodinases (DIO).5 For example, GPx is one of the main enzymes responsible for 

catalyzing the reduction of hydrogen peroxide and lipid hydroperoxides to water.6 TrxR 

is currently the only known enzyme capable of reducing thioredoxin (Trx), a protein 

responsible for many redox processes, including the reduction of ribonucleotide reductase 

for DNA synthesis.7 And, DIO deiodinates the low activity (~10 % as active as T3) 
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thyroid hormone, T4, forming the more active T3 hormone, which has been reported to 

play critical roles in cardiovascular function and metabolism. 

 In comparison to thiols, selenols are more nucleophilic, more acidic and more 

reducing under similar conditions. Sec has a reduction potential (selenocystine 

(Sec2)/Sec) of -0.386 V (vs. Ag/AgCl, pH 7), while Cys has a reduction potential 

(cysteine (Cys2)/Cys) of -0.223 V (vs. Ag/AgCl, pH 7).8 Additionally, Sec has a pKa of 

5.2, whereas Cys has a pKa of 8.5.4,9 This implies that while free Sec is mostly anionic 

under biological conditions (pH 7.4), free Cys will be mostly protonated, and thus, Sec 

should act as a more potent nucleophile than Cys under these conditions. However, it 

should be noted that these protonation states may be influenced by protein environments 

when Sec or Cys are incorporated into proteins.  

 In regard to HNO reactivity, the above implies that if indeed selenols are targets 

for HNO, they should be preferentially targeted over thiols, as selenols are more 

nucleophilic. A main difficulty in studying the interactions of HNO with thiols and thiol 

proteins is detection of products resulting from such reactions. Conversely, selenium has 

an NMR active isotope, selenium-77 (spin quantum number = ½) that is a powerful 

diagnostic tool for the identification of selenium containing species.10 The chemical shift 

range for 77Se NMR is about 3300 ppm, making identification of selenium species facile, 

even within a complex mixture of products.  For example, benzeneselenol (PhSeH) has a 

chemical shift of 152 ppm, diphenyl diselenide (PhSeSePh) has a chemical shift of 450 

ppm and benzeneseleninic acid (PhSe(O)OH) has a chemical shift of 1170 ppm, all in 

DMSO-d6. For these reasons, the reactions of small organoselenium compounds with 

HNO were investigated. 
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2.2 GC Analysis for Relative Levels of N2O 

 As previously indicated, a primary fate for HNO is reaction with itself, forming 

N2O and water (Scheme 2.1). 

 

!

Scheme 2.1: Dimerization of HNO 

 

Though in many instances HNO dimerization is a nuisance making its study difficult, this 

reactivity can actually be used to measure and compare the HNO trapping ability of 

various nucleophiles. For example, in the absence of any nucleophilic trap, most of the 

HNO produced (via HNO donors) results in N2O, a gas easily detected in headspace 

samples of equilibrated systems via gas chromatography (GC, Scheme 2.2, path a).  

 

!

Scheme 2.2: Competitive pathways for HNO dimerization versus nucleophilic trapping 

!
 

Increasing addition of nucleophilic species (i.e., RSH or RSeH) will thus decrease N2O 

production relative to HNO only (Scheme 2.2, path b). Comparing the amount of N2O 

produced in the presence of different nucleophiles under the same conditions with that 

formed from HNO only gives the relative potency of those nucleophiles for trapping 
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HNO.1,2,11,12 In other words, the most potent HNO traps will decrease N2O production to 

a greater extent than less potent ones. 

 The fact that selenols are more nucleophilic than corresponding thiols under 

similar conditions, makes it reasonable to consider that selenols could be more potent 

traps for HNO than analogous thiols, and thus, decrease N2O levels to a greater extent. 

Indeed, this was the case. As displayed in Figure 2.1, addition of the HNO donor, 

Angeli’s salt (AS, 100 µM), to a buffered solution (100 mM phosphate buffer containing 

50 µM DTPA at pH 7.4 and 37 °C) of benzeneselenol (PhSeH, diagonal black bars) or 

thiophenol (PhSH, solid black bars) at varying concentrations (0-500 µM), caused a 

concentration-dependent decrease in N2O production relative to AS only. 

 

!

Figure 2.1: Relative HNO trapping ability of PhSeH vs. PhSH, as indicated by decreased 

amounts of N2O produced. All incubations performed in 100 mM phosphate buffer 

containing 50 µM DTPA at pH 7.4 and 37 °C for 3 hr. Reprinted from: Bianco, C.L., 

Moore, C.D., Fukuto, J.M., Toscano, J.P. Free Rad. Biol. Med. 99, 71-78 (2016), with 

permission from Elsevier. 
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This implies that both PhSeH and PhSH are capable of trapping HNO, limiting it from 

self-reaction to form N2O. Furthermore, comparison of N2O produced in the presence of 

PhSeH or PhSH indicates that PhSeH has a greater affinity for HNO than PhSH, as 

increasing amounts of PhSeH are able to decrease N2O levels to a greater extent than 

PhSH. 

 

2.3 NMR Analysis of Reactions Involving Selenols and 2-BrPA 

 The data presented in Figure 2.1 indicates that PhSeH is capable of reacting with 

HNO (and, to a greater extent than PhSH), as incubation of AS with increasing 

concentrations of PhSeH leads to a concentration-dependent decrease of N2O produced. 

Next, it became necessary to determine the selenium species resulting after HNO 

reactivity and, if the selenium product(s) formed are similar to those for sulfur analogues 

under similar conditions (i.e., excess HNO primarily results in formation of RSSR 

whereas limiting HNO results in RS(O)NH2). In other words, does incubation of selenols 

with excess HNO primarily result in diselenide products (RSeSeR, Scheme 2.3, path b) 

and, does incubation of selenols with limiting HNO primarily result in seleninamide 

products (RSe(O)NH2, Scheme 2.3, path a). 

 

!

Scheme 2.3: Potential pathways leading from the reaction of selenols with HNO 

  

RSeH  +  HNO RSeNHOH
R

Se NH2

O

RSeSeR  +  NH2OH

a

b RSeH
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To mimic conditions previously established for the formation of disulfides from 

reactions of thiols with HNO, 250 µM PhSeH was incubated with 50 µM 2-

bromohydroxybenzenesulfonamide (2-bromopiloty’s acid, 2-BrPA), an alternative HNO 

donor with similar decomposition kinetics as AS, in a solution of 100 mM phosphate 

buffer containing 50 µM DTPA at pH 7.4 and 37 °C. Alternatively, to mimic conditions 

that result in sulfinamide formation, 250 µM PhSeH was also incubated with 2.5 mM 2-

BrPA under the same reaction conditions. The reaction of 2-BrPA with other selenols, o-

nitrophenylselenol (o-NPS) and selenocysteine methyl ester (SecOMe), were also 

investigated under the previously described conditions for PhSeH + 2-BrPA and all 

samples were analyzed via 77Se NMR. 

It was determined that no matter the conditions (either limiting or excess HNO), 

the reaction of PhSeH with 2-BrPA results in one selenium species, as indicated by 77Se 

NMR. This is displayed by the peak at 448.80 ppm in the spectrum of Figure 2.2a, which 

is identified as diphenyl diselenide (PhSeSePh) by comparison with an authentic sample. 

 

!

Figure 2.2: 77Se NMR spectra of products resulting from incubations of 2.5 mM 2-BrPA 

with 250 µM selenols in 100 mM phosphate buffer containing 50 µM DTPA at pH 7.4 

and 37 °C. (a) the peak at 448.80 ppm corresponds to PhSeSePh formed from PhSeH + 2-

BrPA, (b) the peak at 478.70 ppm corresponds to o-NPdS formed from o-NPS + 2-BrPA 

and, (c) the peak at 298 ppm corresponds to SecOMe2 formed from SecOMe + 2-BrPA. 

All spectra recorded in DMSO-d6. Reprinted from: Bianco, C.L., Moore, C.D., Fukuto, 
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J.M., Toscano, J.P. Free Rad. Biol. Med. 99, 71-78 (2016), with permission from 

Elsevier. 

  

Additionally, reactions of 2-BrPA (both limiting and in excess) with o-NPS and SecOMe 

also results in the corresponding diselenides, bis(o-nitrophenyl) diselenide (o-NPdS, 

Figure 2.2b, 478.70 ppm) and selenocystine dimethyl ester (SecOMe2, Figure 2.2c, 298 

ppm) only, respectively. This implies that while the concentration of HNO dictates 

whether reversible or irreversible thiol modification occurs, reaction of HNO with selenol 

species only results in the corresponding diselenide species. 

 

2.4 HPLC of Reaction Involving Selenols and Angeli’s Salt 

 To confirm the results of 77Se NMR analysis, HPLC analysis of products 

following incubations of AS with various selenols was also performed. HPLC analysis 

for incubations of 100 µM PhSeH and either 100 µM or 1 mM AS in 100 mM phosphate 

buffer containing 50 µM DTPA at pH 7.4 and 37 °C also confirms the presence of one 

resulting selenium-containing species. Comparison of the retention time of this resulting 

species with that of an authentic sample verified PhSeSePh as the only product formed 

from incubations of PhSeH and HNO (Figure 2.3a), consistent with the 77Se NMR data. 
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Figure 2.3: HPLC chromatograms for the identification of products resulting after 2 hr. 

incubations of 100 µM selenols with 1 mM AS in 100 mM phosphate buffer containing 

50 µM DTPA at pH 7.4 and 37 °C. The retention times for (a) authentic PhSeSePh 

(lower) and PhSeSePh formed from PhSeH + AS (upper), (b) authentic o-NPdS (lower) 

and o-NPdS formed from o-NPS + AS (upper) and, (c) authentic SecOMe2 (lower) and 

SecOMe2 formed from SecOMe + AS (upper) are given. Reprinted from: Bianco, C.L., 

Moore, C.D., Fukuto, J.M., Toscano, J.P. Free Rad. Biol. Med. 99, 71-78 (2016), with 

permission from Elsevier. 

 

Additionally, reactions of 100 µM o-NPS or SecOMe with 100µM and 1 mM AS results 

in o-NPdS (Figure 2.3b) and SecOMe2 (Figure 2.3c) only, respectively. 

 

2.5 ESI-MS Analysis for Incubations of Benzeneselenol and Angeli’s Salt 

 As a final means of product identification for reactions involving selenols and 

HNO, samples following incubation of 100 µM PhSeH and either 100 µM or 1 mM AS 

in 100 mM ammonium bicarbonate buffer containing 50 µM DTPA at pH 7.4 and 37 °C 

were analyzed via electrospray ionization mass spectrometry (ESI-MS) operating in 

positive ion detection mode. The peak at 156.97 m/z (Figure 2.4) corresponds to the [M-

PhSeH]+ daughter ion that results from Se-Se bond cleavage of the parent PhSeSePh ion.  
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Figure!2.4:!ESI%MS!of!the!product!formed!after!incubation!of!100!µM!PhSeH!with!1!

mM!AS!in!100!mM!ammonium!bicarbonate!buffer!at!pH!7.4!and!37!°C!for!3!hr.!The!

peak!at!156.97!m/z!is![M%PhSeH]+.!Reprinted from: Bianco, C.L., Moore, C.D., Fukuto, 

J.M., Toscano, J.P. Free Rad. Biol. Med. 99, 71-78 (2016), with permission from 

Elsevier. 

 

Comparison of this mass spectrum with that for an authentic sample of PhSeSePh (Figure 

S2.1) verified the observed fragmentation pattern and confirmed PhSeSePh as the major 

product resulting from reaction of PhSeH with HNO. 

 

2.6 Computational Analysis of Reactions Leading from Selenols and HNO 

 Thus far, all data consistently identifies diselenide species as the product formed 

from reactions of selenols with HNO. To verify these findings further, possible pathways 

leading from the reaction of selenols with HNO to the corresponding seleninamide and 

diselenide (analogous products of thiol reactivity with HNO) (Figure 2.3) were analyzed 

using computational analysis. Previously, McCulla and co-workers calculated reaction 

pathways for the reactivity of various thiols with HNO.13 The calculated geometries and 

transition states for reaction pathways following PhSH + HNO, as presented by McCulla 
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and co-workers, were used as starting points for analogous calculations for PhSeH + 

HNO. In order to accommodate the orbitals of selenium, the B3LYP/6-31G(d) level of 

theory used  by McCulla was expanded to the B3LYP/6-311G(d, p) level of theory and 

all geometries and transition states re-optimized. Sulfur atoms for the lowest energy 

conformers and transition states calculated were then substituted with selenium atoms 

and all energies re-optimized, giving the final calculated pathways for PhSeH + HNO 

(Scheme 2.4).!!

 

!

Scheme 2.4: Calculated pathways for the reaction of PhSeH + HNO to the corresponding 

protonated diselenide 3H and seleninamide 5 

  

Initial calculations for the reaction of HNO with PhSH or PhSeH (Figure 2.5a) 

reveal that the transition state for PhSeH + HNO (37.5 kcal/mol) is about 4 kcal/mol 

lower than that for PhSH + HNO (41.6 kcal/mol). 
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Figure 2.5: Relative energy diagrams for the reactions of HNO with thiols/selenols.  (a) 

Initial reaction of HNO with PhSH and PhSeH.  The energy barrier for the reaction PhSH 

+ HNO, which forms the N-hydroxybenzenesulfenamide intermediate (+0.65 kcal/mol 

relative to PhSH + HNO) is 41.6 kcal/mol.  The energy barrier for the reaction PhSeH + 

HNO, which forms the N-hydroxybenzeneselenenamide intermediate (-1.3 kcal/mol 

relative to PhSeH + HNO) is 37.5 kcal/mol.  (b) Two possible pathways proceeding from 

the protonated N-hydroxybenzeneselenenamide intermediate 2H (Figure 2.7).  The 

energy barrier for the elimination of water from 2H to form intermediate 4H (Figure 2.7) 

is 37.2 kcal/mol and the barrier for nucleophilic attack of the N-hydroxyselenenamide 

intermediate 2H by second equivalent of PhSeH to form 3H + NH2OH, is 3.9 kcal/mol. 

Reprinted from: Bianco, C.L., Moore, C.D., Fukuto, J.M., Toscano, J.P. Free Rad. Biol. 

Med. 99, 71-78 (2016), with permission from Elsevier. 

 

Additionally, the N-hydroxybenzeneselenenamide (PhSeNHOH) is about 1.29 kcal/mol 

below the reactants (PhSeH + HNO), whereas the N-hydroxybenzenesulfenamide 

(PhSNHOH) is about 0.65 kcal/mol above the reactants (PhSH + HNO). Taken 

altogether, the data of Figure 2.5a indicate that the reaction of PhSeH + HNO is both 

kinetically (lower transition state energy) and thermodynamically (lower energy 

intermediate formed) favored over the analogous reaction of PhSH + HNO. 
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 McCulla and co-workers also computationally determined that the conjugate acid 

of the N-hydroxysulfenamide (RSNHOH) intermediate has a pKa ranging from 11.7-15.3, 

depending on the alkyl group. Therefore, under neutral pH conditions this intermediate 

will primarily reside as the protonated N-hydroxysulfenamide (RSNH2OH+). Assuming 

that the selenium analogue behaves similarly, it can be expected that 2 readily protonates 

upon formation, giving the protonated N-hydroxybenzeneselenenamide 2H (Scheme 2.4). 

Analogous to the calculated reactions for PhSH + HNO, 2H is expected to follow two 

pathways: 1)  rearrangement to the corresponding benzeneseleninamide 5 and/or, 2) 

nucleophilic attack by a second equivalent of PhSeH to form the protonated diselenide 

3H (Scheme 2.4). 

 Comparison of the energy barrier for the initial step in the rearrangement of 2H to 

4H (37.2 kcal/mol) with that for the nucleophilic attack of 2H by PhSeH (3.9 kcal/mol) 

indicates that pathway 2H to 3H is kinetically favored over that for 2H to 4H (Figure 

2.5). Additionally, 3H + NH2OH is 9.4 kcal/mol lower than the reactants (2H + PhSeH), 

and 4H + H2O is 7.6 kcal/mol lower than the reactant 2H. Thus, formation of 3H + 

NH2OH is slightly favored thermodynamically over formation of 4H + H2O. For 

comparison, analogous calculations performed for reactions involving PhSH (Supporting 

Information) indicate that nucleophilic attack of the PhSNH2OH+ species by PhSH (9.8 

kcal/mol) is also kinetically favored over rearrangement of PhSNH2OH+ to PhSNH+  +  

H2O (31.3 kcal/mol). However, unlike PhSeNH+ + H2O, formation of the rearranged 

species, PhSNH+  +  H2O, is thermodynamically favored (-19.1 kcal/mol) over formation 

of the protonated disulfide, PhSS(H)Ph+ (2.9 kcal/mol,).  Overall, the computational data 
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indicate that formation of the diselenide is both thermodynamically and kinetically 

favored over formation of the seleninamide, consistent with the experimental findings. 

 

2.7 Discussion 

 Main targets for HNO are thiols and thiol-containing proteins. Due to the similar, 

yet enhanced reactivity of selenols and selenol-containing proteins, it is reasonable to 

consider that such species may also be targets for HNO. The above presented data 

confirm that organoselenols are targets for HNO. Interestingly, and unlike thiols, which 

are both reversibly (limiting HNO concentrations) and irreversibly (excess HNO 

concentrations) modified to corresponding disulfides and sulfinamides, respectively, 

selenols are exclusively susceptible to reversible HNO-induced modification. All 

evidence supports the formation of only diselenide products following treatment of 

selenol species with HNO. There is no evidence for rearrangement of the presumed 

initially formed N-hydroxyselenenamide intermediate to seleninamide products. This is 

consistent with the experimental findings of 77Se NMR, HPLC and ESI-MS analyses, 

which all identify diselenide species as the only product resulting from incubation of 

selenols with HNO. Additionally, these experimental findings are supported by 

computational analysis for the reaction of PhSeH + HNO, indicating that formation of 

PhSeSe(H)Ph+ is both kinetically and thermodynamically favored over rearrangement of 

PhSeNH2OH+ to PhSeNH+ + H2O. Thus, it appears that selenols display a unique 

resistance towards irreversible-type modifications – a characteristic lacking in analogous 

thiols. 
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 This unique characteristic of selenol reactivity, however, may not be surprising, as 

others have also determined that selenols are particularly resistant towards overoxidation 

(or, irreversible modification) by hydrogen peroxide and hydroperoxides.14-16 For 

example, GPx are enzymes responsible for the reduction of hydroperoxides. Examination 

of their proposed catalytic cycle indicates that selenols display resistance to irreversible 

modifications. The first step in the catalytic cycle for GPx is nucleophilic attack of the 

selenium atom of the active site selenocysteine residue (GPx-SeH) on the oxygen of the 

hydroperoxide. This results in a GPx selenenic acid (GPx-SeOH, Scheme 2.5a) 

intermediate.  

 

!

Scheme 2.5: Individual steps in the catalytic cycle for reduction of hydroperoxides by 

GPx 

 

This intermediate then undergoes nucleophilic attack by the reducing thiol glutathione 

(GSH, Scheme 2.5b), thus preventing overoxidation (akin to irreversible modification) of 

GPx-SeOH to seleninic (GPx-Se(O)OH) and/or selenonic (GPx-Se(O)2OH) enzyme 

adducts. The resulting GPx-glutathione (GPx-SeSG) selenenyl-sulfide is reduced back to 

the selenol by a second equivalent of GSH (Scheme 2.5c), completing the catalytic cycle. 

 Similarly, the first step in the reaction of selenols with HNO is considered to 

result in the corresponding N-hydroxyselenenamide. Rearrangement of this intermediate 

to the seleninamide would be an irreversible modification (similar to overoxidation of 

GPx -SeH  +  ROOH GPx-SeOH  +  ROH

GPxSeOH  +  GSH GPx-SeSG  +  H2O

GPx-SeSG  +  GSH GPxSeH  +  GSSG

(a)

(b)

(c)
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GPx-SeOH to GPx-Se(O)OH or GPx-Se(O)2OH). However, all evidence supports 

nucleophilic attack of the N-hydroxyselenenamide, resulting in the reversible diselenide 

species (much like nucleophilic attack of the GPx-SeOH intermediate by GSH), thus 

preventing overoxidation. Therefore, the data presented above are in accordance with 

those previously determined data for biologic selenols. 

 Though small organoselenols were used in the above studies, it is reasonable to 

consider that these findings are an appropriate model for the reactivity of biologic 

selenols towards HNO. For example, because of its GPx-like reactivity, the small 

organoselenium molecule Ebselen (2-phenyl-1,2-benzoselenazol-3-one) has been used as 

a chemical model to study the reactivity of GPx towards hydroperoxides. Since its 

development, a number of other organic GPx model compounds, including o-

nitrophenylselenol (used in the above study with HNO), have been synthesized to 

increase specificity of such species for hydrogen peroxide and hydroperoxides. 

Therefore, it also seems reasonable that use of small organoselenium compounds in 

studies for the reactivity of selenols with HNO may also extrapolate to interactions that 

may be anticipated for biologic selenols and HNO. 

 In summary, it was determined that like thiols, selenols are also targets for HNO. 

However, unlike thiols, which experience both reversible and irreversible HNO-induced 

modifications (depending on the conditions), HNO-induced selenol modification only 

results in formation of the reversible diselenide species. This finding supports the notion 

that selenols have a unique reactivity profile compared with analogous thiols, preventing 

their overoxidation/modification to irreversible-type adducts. This is not surprising since 

selenoproteins have key biologic roles in redox signaling and antioxidant systems. Long-
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term irreversible modification or overoxidation of such enzyme systems would be 

detrimental to cellular health, especially during times of oxidative stress. The fact that 

selenols are especially reactive towards oxidants and electrophiles and yet are not 

susceptible to irreversible modification/overoxidation is consistent with the utility of 

selenols in various biological systems. 

 

2.8 Future Work 

 The above work only examined the reactivity of HNO towards small 

organoselenium molecules. It would be of interest to determine if the reactivity of HNO 

towards peptides and/or proteins is similar to that for organoselenium compounds. Does 

HNO reactivity towards proteins also only result in diselenide products or can a protein 

environment facilitate seleninamide formation? For example, the above data indicate that 

N-hydroxyselenenamide (RSeNHOH) intermediates resulting from the reaction of HNO 

with RSeH are highly susceptible to nucleophilic attack by a second equivalent of RSeH 

to yield RSeSeR and NH2OH (Scheme 2.3b). However, if the N-hydroxyselenenamide 

intermediate is formed on a selenocysteine residue in a peptide or protein, it can be 

envisioned that due to the protein environment, nucleophilic attack by an additional 

selenol species (either protein or small molecule derived) may be limited, allowing for 

possible rearrangement of the N-hydroxyselenenamide to the seleninamide (Scheme 

2.3a). 

 The effects of protein environment on HNO-induced selenol modification may be 

investigated by: 1) the synthesis and use of small selenocysteine containing peptides 

and/or 2) the use of selenoenzymes (i.e., GPx and TrxR). Previous work regarding thiol-
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containing peptides has revealed that peptide environment (i.e., amino acid residues and 

their specific sequence) has a significant influence on the outcome of HNO-induced thiol 

modification.17-20 Therefore, analogous experiments may be performed with the 

substitution of selenocysteine for cysteine. It should be noted that unlike the thiol-

containing peptides, selelnol-containing peptides are likely to reside in the oxidized 

diselenide form (unless a large peptide is constructed), requiring prior reduction 

(described in the current study) of the diselenide followed by analysis for selenol-HNO 

reactivity. A potential issue with the synthesis of selenocysteine-containing peptides is 

that selenocystine is expensive and often sold in small quantities from commercial 

sources. This is problematic because peptide synthesis often requires large quantities of 

amino acid precursors, making selenocysteine-containing peptide synthesis fairly 

expensive. Additionally, previous HNO reactivity work on cysteine-containing peptides 

utilized peptides consisting of six amino acid residues. Selenol peptides of this size may 

not be large enough to prevent nucleophilic attack by other selenols, and therefore, the 

synthesis of larger peptides may be required to influence HNO-induced selenol 

modifications. 

 Since little is known about iodothyronine deiodinases, these may not be desirable 

proteins to use for studies involving HNO. Glutathione peroxidase (GPx) and/or 

thioredoxin reductase (TrxR) may be more suitable enzymes for investigating the effects 

of protein environment on HNO-induced selenol modifications. Use of TrxR may result 

in a similar outcome as that presented in the current work. That is, HNO-induced selenol 

modification of the selenocysteine residue in TrxR may also be expected not to allow for 

seleninamide formation. Because the active-site selenocysteine residue is located near a 
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resolving cysteine residue,7  N-hydroxyselenenamide rearrangement to the seleninamide 

(Scheme 2.6) may be prevented, similar to the current observed reactivity for resolving 

organoselenium species in the prevention of seleninamide formation. 

 

!

Scheme 2.6: Possible outcome for the interaction of thioredoxin reductase with HNO 

 

 Use of GPx may be of most interest to determine if HNO-induced protein 

seleninamide formation is possible. Unlike TrxR, the selenocysteine residue of GPx is not 

located near resolving cysteine residues. For this reason, glutathione is necessary for 

reduction of the oxidized enzyme back to its active form (Scheme 2.5).5,6 Therefore, in 

the absence of glutathione, reduction of the modified selenocysteine residue may be 

inhibited, allowing for possible overoxidation (in the case of peroxides) or seleninamide 

formation (in the case of HNO). Though these conditions may not mimic actual 

biological conditions, it may still be interesting to determine if in fact seleninamide 

formation is possible. 

 

2.9 Experimental Procedures 

 

2.9.1 Materials 

Reagents.  Diphenyl diselenide, seleno-L-cystine, selenious acid, methyl selenide, 

hydrogen peroxide solution, o-nitroaniline, boron trifluoride diethyl etherate, butyl nitrite, 

potassium selenocyanate (KSeCN), sodium metal, L-cysteine and, 5,5’-dithiobis(2-
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nitrobenzoic acid) (DTNB), were purchased from Sigma (St. Louis, MO).  Sodium 

borohydride (NaBH4) was purchased from Acros.  HPLC grade methanol was purchased 

from Thermo Fisher Scientific (Rockland, IL).  Dimethyl sulfoxide-d6 (DMSO-d6), D2O 

and, chloroform-d (CDCl3) was purchased from Cambridge Isotope Laboratories 

(Andover, MA).  The HNO donors, Angeli’s salt (Na2N2O3, AS) and 2-

bromohydroxybenzenesulfonamide (2-BrPA) were prepared as previously described.21-23  

 

Preparation of cysteine methyl ester.  The procedures of Li and Sha were 

followed with slight modification.24 Briefly, L-cysteine (0.08 mmol) was dissolved in 

methanol (25 mL), hydrochloric acid (1 mL) was added to the solution, and the mixture 

was refluxed overnight.  The mixture was then concentrated by rotatory evaporation, 

yielding an oil.  The oil was titerated with diethyl ether and dried overnight to give L-

cysteine methyl ester as a white solid (0.135 g, 96 % yield): 1H-NMR (D2O) δ 4.53 (t, 

1H), 3.97 (s, 3H), 3.33-3.21 (m, 2H).  

 

Preparation of selenocystine dimethyl ester p-toluenesulfonate.  The methods of 

Haratake et al. were followed.25 Briefly, seleno-l-cystine (0.3 mmol) was dissolved in 

methanol (10 mL),  p-toluenesulfonic acid monohydrate (5 mmol) was added, and the 

mixture refluxed overnight.  The solvent was removed via rotatory evaporation and the 

resulting sticky solid was allowed to sit overnight in diethyl ether.  The ether was then 

decanted and the solid was dried overnight to give seleno-L-cysteine dimethyl ester p-

toluenesulfonate (SecOMe2) as an off-white solid (0.205 g, 97 % yield): 1H-NMR 
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(DMSO-d6) δ 4.51 (t, 1H), 3.95 (s, 3H), 3.68-3.51 (m, 2H); 77Se-NMR (DMSO-d6, 

relative to methyl selenide) δ 297.91.   

 

Synthesis of bis(o-nitrophenyl)diselenide.  The procedures of Casar et al. were 

followed.26 o-Nitroaniline (17 mmol) was dissolved in dry dichloromethane (25 mL) at  -

15 °C.  Boron trifluoride diethyl etherate (3.5 mL) was added dropwise and the mixture 

stirred for 15 minutes.  A solution of butyl nitrite (22.5 mmol) in dry dichloromethane 

(10 mL) was then added dropwise and the mixture stirred 30 minutes at -15 °C, and an 

additional 30 minutes at 0 °C.  Cold pentane (20 mL) was added and the solution filtered.  

The precipitate was washed with cold ether (200 mL).  The collected solid was then 

dissolved in water (80 mL) on ice bath and a solution of KSeCN (17 mmol) in water (20 

mL) was added over 10 minutes.  After complete addition of the KSeCN solution, the 

mixture was stirred for an additional 10 minutes.  The precipitate was then filtered and 

collected.  The solid was re-dissolved in ethanol (60 mL) and sodium metal (17 mmol) 

was added portion wise.  The mixture was allowed to stir for 2 hours at which time the 

precipitate was filtered, washed with ethanol (120 mL), and allowed to dry overnight to 

give bis(o-nitrophenyl)diselenide (o-NPdS, 3.0 g, 88 % yield):   1H-NMR (CDCl3) δ 8.39 

(d, 2H), 7.92 (d, 2H), 7.54-7.42 (m, 4H); 77Se-NMR (CDCl3, relative to methyl selenide) 

δ 484.37, 77Se NMR (DMSO-d6, relative to methyl selenide) δ 478.76.   

 

Preparation of selenols.  Selenols were prepared by reduction of the 

corresponding diselenides.  Diphenyl diselenide (PhSeSePh), o-NPdS, and SecOMe2 all 

followed the same procedures for reduction of the diselenide and quantification of the 
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resulting free selenol.  Each diselenide (0.01 to 0.05 mmol) was dissolved in ethanol (5 

mL) and 10-x excess NaBH4 was added.8,27 The reductions were allowed to proceed 

under an atmosphere of nitrogen for 30 minutes, at which time the solutions became 

colorless.  The reductions were quenched by slow addition of acetic acid (70 µL), which 

had been previously purged with nitrogen.  Samples were kept under an atmosphere of 

nitrogen and used within 1 hour of reduction without further purification.   

 

2.9.2 Methods 

DTNB quantification of diselenide reduction.  5,5’-Dithiobis(2-nitrobenzoic acid) 

(DTNB), otherwise known as Ellman’s reagent, is a common reagent used for the 

quantification of free thiol species.28 Quantification of free thiols was determined by 

monitoring the increase in absorbance at λmax = 412 nm, which is due to the liberation of 

2-nitro-5-thiobenzoate (TNB) upon reaction of nucleophilic thiol species with DTNB.  

Likewise, the quantification of free selenol species can be determined with use of DTNB, 

which also liberates TNB upon reaction with free selenols.  To quantify free selenol 

concentrations, quartz cuvettes containing 3 mL of 100 mM phosphate buffer (pH 7.4)  

with 50 µM of the metal chelator, diethylenetriaminepentaacetic acid (DTPA), were fitted 

with rubber septa and purged with argon for 30 minutes.  The cuvettes were then 

incubated at 37 °C for 10 minutes at which time 20 µL of the individual stock selenol 

solutions (as described above) were added via syringe.  Each sample was immediately 

titrated with a solution of DTNB (2.5 mM) in phosphate buffer previously purged with 

argon.  The extent of reduction was quantified by monitoring the increase in UV 

absorbance of TNB (ε412 = 14150 M-1 cm-1).28  
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GC headspace analysis of selenol incubations with AS.  In the absence of 

chemical traps, HNO undergoes rapid dimerization, ultimately forming nitrous oxide 

(N2O) and water.29 However, in the presence of chemical traps like thiols and selenols, 

trapping of HNO becomes a competitive reaction pathway with HNO dimerization.1,2,11,12 

The extent of HNO trapping by thiols and selenols can be determined by measuring the 

reduction in N2O production (relative to that observed for AS only) upon addition of 

thiols or selenols.  Thus, HNO trapping by selenols was examined by preparing four 

separate vials with 5 mL of 100 mM phosphate buffer (pH 7.4) containing 50 µM DTPA 

fitted with rubber septa and purged with argon for 30 minutes.  A stock solution of 

benzeneselenol (PhSeH, prepared as above) was then diluted into each of the four vials to 

final concentrations of 0.05, 0.1, 0.2 and 0.5 mM, respectively.  Next, 100 µL of a 5 mM 

stock solution of AS in 0.01 M NaOH purged with argon was added to each of the four 

vials (final [AS] = 100 µM).  The vials were then incubated at 37 °C in a block heater for 

2 hours.  To serve as a standard, an additional fifth vial was filled with the same volume 

of buffer under argon and AS only was added.  

For comparison, thiophenol (PhSH) was also incubated with AS.  Stock solutions 

were prepared by dissolving PhSH in ethanol and purging the solution with nitrogen for 

30 minutes.  Free thiol concentration was quantified by analogous DTNB analysis 

(described above).  Incubations of PhSH with AS were carried out under the same 

conditions as PhSeH, using the same AS stock solution.   

Aliquots (60 µL) of headspace from all vials were analyzed for N2O production 

via gas chromatography (GC). 1,2,11,12 As controls, incubations for PhSeH and PhSH were 

also carried out with the AS byproduct, nitrite (NO2
-), under the same conditions.  Free 
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selenol or thiol concentration was also quantified by DTNB analysis post incubation for 

all reaction mixtures and controls. 

 

NMR analysis of selenol incubations with 2-BrPA.  A 250 mL round bottom flask 

containing 190 mL of 100 mM phosphate buffer (pH 7.4) with 50 µM DTPA was fitted 

with a rubber septum and purged with nitrogen for 1 hour.  Stock solutions of selenols 

(prepared as above) were transferred to the flask of buffer via cannula.  All incubations 

were performed at a final selenol concentration of 250 µM.  Next, 5 mL of a 100 mM 

stock solution of 2-BrPA in acetonitrile previously purged with nitrogen was added to the 

buffer flask via cannula (final [2-BrPA] = 2.5 mM).  The mixture was then incubated at 

37 °C in a temperature-controlled water bath for 2 hours.  After incubation, the solution 

was frozen at -80 °C and the solvent lyophilized.  The remaining solid was re-dissolved 

in a 50:50 dichloromethane:methanol mixture and filtered.  The filtrate was collected and 

concentrated by rotatory evaporation.  The remaining solid was analyzed by NMR 

spectroscopy in DMSO-d6.  As controls, PhSeH was also incubated with the byproduct of 

2-BrPA, 2-bromobenzenesulfinic acid, or alone under the same conditions.  Free selenol 

concentrations were quantified by DTNB analysis post incubation for all reaction 

mixtures and controls. 

 For 77Se-NMR analyses, a 3.30 mm coaxial insert tube (Wilmad-Labglass, 

Vineland, NJ) was placed in a 5 mm NMR outer tube containing the analyte solution.  

The coaxial insert tubes contained either 11.5 M selenious acid in D2O or neat methyl 

selenide (as indicated in the results) as external references.  All 1H-NMR and 77Se-NMR 

analyses were carried out on a Bruker Avance 400 MHz FT-NMR spectrometer.  All 
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chemical shifts are reported in parts per million (ppm).  1H-NMR chemical shifts are 

relative to the indicated deuterated solvents.  77Se-NMR chemical shifts are relative to 

either selenious acid (1300 ppm) or methyl selenide (0 ppm) external standards, as 

indicated in the results.30,31  

 

HPLC analysis of selenol incubations with AS.  Two separate vials were prepared 

for each selenol.  Each vial contained 5 mL of 100 mM phosphate buffer (pH 7.4) with 

50 µM DTPA.  The vials were fitted with rubber septa and purged with argon for 30 

minutes.  Stock solutions of each selenol (prepared as above) were added to the two vials 

to final concentrations of 100 µM in each vial.  Next, 10 µL of a 50 mM AS stock 

solution in 0.01 M NaOH previously purged with argon was added to one vial and 100 �

L of the same AS stock solution was added to the second vial (final [AS] = 100 µM and 1 

mM, respectively).  The vials were incubated at 37 °C in a block heater for 2 hours.   

Aliquots of each mixture were analyzed by HPLC (Waters HPLC system 

equipped with a Delta 600 pump system and a dual-wavelength absorbance detector) on 

an Apollo C18 reverse phase column using an isocratic gradient of 85 % methanol with 

0.1 % trifluoroacetic acid (TFA) at 40 °C.  Samples containing PhSeH and o-

nitrophenylselenol (o-NPS) were followed at 254 nm.  Samples containing L-

selenocysteine (SecOMe) were followed at 220 nm.  All peaks were assigned by 

comparison with authentic samples.   

 

Detection of HNO-derived products via ESI-MS.  A stock solution (5 mM) of 

PhSeH was prepared in phosphate buffer as indicated above.  AS was diluted in 0.01 M 
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NaOH to a final concentration of 50 mM and purged with N2 for 30 minutes.  PhSeH was 

diluted in N2-purged 100 mM ammonium bicarbonate buffer (pH 7.4) containing 50 µM 

DTPA to a final concentration of 100 µM.  The mixture was equilibrated to 37 °C.  AS 

was then added to a final concentration of 1 mM.  Reactions were allowed to proceed at 

37 °C for 2 hours at which time 50 µL aliquots of the reaction mixture were mixed with 

250 µL of 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 µL/min.  Ion optics were optimized for all 

ions of interest.     

 

Computational Analysis.  Calculations were performed with Spartan ’14.32 

Geometries were fully optimized at the B3LYP level of theory with the 6-31G(d) or 6-

311(d,p) basis set as indicated.  Vibrational frequencies were also calculated to verify 

minimum energy structures (no imaginary frequencies) or transition states (one imaginary 

frequency) and to provide zero-point vibrational energy corrections.  Examination of the 

lowest energy conformations of reactants/products and transition states for the reaction of 

HNO with either PhSeH or PhSH followed the work of McCulla and co-workers.13 For 

reactions involving PhSH and HNO, the coordinates reported by McCulla and co-workers 

were used as a staring point for energy optimization at the B3LYP/6-31G(d) level of 

theory.  For calculations involving selenium, the basis set was expanded to 6-311G(d,p) 

and the lowest energy conformations and transition states were re-optimized.  For 
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reactions involving benzeneselenol and HNO, optimizations were started from the 

geometries of the analogous thiol structures.   
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2.11 Supporting Information 

 

2.11.1 ESI-MS of Authentic Diphenyl Diselenide 

 A stock solution of diphenyl diselenide (2.5 mM) was prepared in ethanol.  A 

sample of this stock was diluted in 100 mM ammonium bicarbonate buffer (pH 7.4) 

containing 50 µM diethylenetriaminepentaacetic acid (DTPA) to a final concentration of 

100 µM.  A 50 µL aliquot of the buffer mixture was then mixed with 250 µL of 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 µL/min.  Ion optics were optimized for all ions of interest.     
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!

Figure S2.1: ESI-MS of an authentic sample of diphenyl diselenide.  The peak at 156.90 

m/z corresponds to the daughter fragment ion [M-PhSeH]+ of the parent diselenide ion. 

Reprinted from: Bianco, C.L., Moore, C.D., Fukuto, J.M., Toscano, J.P. Free Rad. Biol. 

Med. 99, 71-78 (2016), with permission from Elsevier. 

!
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2.11.2 Density Functional Theory (DFT) Calculations 

 All calculations were performed at the B3LYP/6-311G(d, p) level with an SM8 

solvation model for aqueous solvation using Spartan ’14 modeling software.   

 

Table S2.1.  Optimized geometries, energies and entropy corrections for nitroxyl 
(HNO) 
 
B3LYP/6-311G(d, p) Energy (E):  -130.508909 hartrees 
Entropy Correction (Hv-TSv):  -19.4634 kJ/mol 
Zero Point Energy:    36.3676 kJ/mol 
 

Atom Atomic 
Number 

Cartesian Coordinates 
X Y Z 

H 
N 
O 

1 
7 
8 

-1.2809054            
0.6404527   
0.6404527   

1.1863763 
0.5476810       
-1.7340573       

0.0000000 
0.0000000 
0.0000000 
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Table S2.2.  Optimized geometries, energies and entropy corrections for thiophenol 
(PhSH) 
 
B3LYP/6-311G(d, p) Energy (E):  -630.521658 hartrees 
Entropy Correction (Hv-TSv):  180.0703 kJ/mol 
Zero Point Energy:     259.5519 kJ/mol!
!

Atom Atomic 
Number 

Cartesian Coordinates 
X                   Y                    Z 

S 
H 
C 
C 
C 
C 
C 
C 
H 
H 
H 
H 
H 

16 
1 
6 
6 
6 
6 
6 
6 
1 
1 
1 
1 
1 

5.4293437    -0.3312916    -0.0008444 
5.8544810     2.1801429     0.0051082 
2.0517344    -0.1732633     0.0000494 
0.7136591    -2.4587659    -0.0001225 
0.7235783     2.1155104    -0.0006195 
-1.9203827    -2.4445023    -0.0003058 
-1.9129107     2.1092158    -0.0006082 
-3.2482044    -0.1643910    -0.0003569 
1.7299329    -4.2435366     0.0005540 
1.7374918     3.9014300    -0.0011411 
-2.9365319    -4.2292597    -0.0003040 
-2.9214065     3.8985406    -0.0008350 
-5.3007850    -0.1598292    -0.0005742 
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Table S2.3.  Optimized geometries, energies and entropy corrections for transition 
state (PhSH  +  HNO_TS_PhSNHOH) 
 
B3LYP/6-311G(d, p) Energy (E):  -760.98582!hartrees!
Entropy Correction (Hv-TSv):  217.0668  kJ/mol 
Zero Point Energy:    304.6491 kJ/mol!
!

Atom Atomic 
Number 

Cartesian Coordinates 
X                   Y                    Z 

O 
H 
N 
H 
S 
C 
C 
C 
C 
C 
C 
H 
H 
H 
H 
H 

8 
1 
7 
1 
16 
6 
6 
6 
6 
6 
6 
1 
1 
1 
1 
1 

  7.6612289     0.4819470    -1.1791787 
  5.7272973     0.7361610    -1.3411534 
  7.9920952     0.3233271     1.2507978 
  9.6746840    -0.6591487     1.4072245 
 3.1017709    -1.4949121    -0.0940392 

  -0.0985043    -0.6752010    -0.0552902 
  -0.8821531     1.8730501    -0.0265413 
  -1.9647963    -2.5796699    -0.0309877 
  -3.4319280     2.4845061     0.0019725 
  -4.5107661    -1.9535357     0.0132346 
  -5.2559279     0.5776645     0.0238927 
  0.5367430     3.3488065    -0.0195640 
  -1.3727702    -4.5391015    -0.0509981 
  -4.0072096     4.4512994     0.0163755 
  -5.9235399    -3.4377388     0.0315798 
  -7.2462240     1.0625459     0.0526754 
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Table S2.4.  Optimized geometries, energies and entropy corrections for N-
hydroxyphenylsulfenamide (PhSNHOH) 
 
B3LYP/6-311G(d, p) Energy (E):  -761.063800 hartrees 
Entropy Correction (Hv-TSv):  250.5892  kJ/mol 
Zero Point Energy:    336.4744 kJ/mol!
!

Atom Atomic 
Number 

Cartesian Coordinates 
X                   Y                    Z 

O 
H 
N 
H 
S 
C 
C 
C 
C 
C 
C 
H 
H 
H 
H 
H 

8 
1 
7 
1 
16 
6 
6 
6 
6 
6 
6 
1 
1 
1 
1 
1 

-5.6611184     2.1065812     0.5141325 
-7.2936989     2.2598925    -0.2800152 
-5.4793733    -0.5765206     0.9390052 
-4.6281597    -0.6871593     2.6576101 
-3.6150535    -2.1339185    -1.2735298 
-0.4499765    -1.0265721    -0.7097720 
0.2073989     1.4985169    -1.1509118 
1.3799110    -2.7359692     0.1354589 
2.6728946     2.2997108    -0.7086701 
3.8559994    -1.9298621     0.5245695 
4.5010970     0.5891513     0.1144832 
-1.2185104     2.8069300    -1.8097495 
0.8568974    -4.6854350     0.4839442 
3.1751371     4.2597076    -1.0330418 
5.2719135    -3.2650190     1.1658058 
6.4246418     1.2199654     0.4306807 

 
 
 
 
  



! 48 

Table S2.5.  Optimized geometries, energies and entropy corrections for protonated 
N-hydroxyphenylsulfenamide (PhSNH2OH+) 
 
B3LYP/6-311G(d, p) Energy (E):  -761.407539!hartrees!
Entropy Correction (Hv-TSv):  263.7386  kJ/mol 
Zero Point Energy:    350.1465 kJ/mol!
!

Atom Atomic 
Number 

Cartesian Coordinates 
X                   Y                    Z 

S 
N 
O 
H 
H 
H 
C 
C 
C 
C 
C 
C 
H 
H 
H 
H 
H 

16 
7 
8 
1 
1 
1 
6 
6 
6 
6 
6 
6 
1 
1 
1 
1 
1 

2.8945344    -1.6387424    -1.9754642 
  5.1611508    -0.2258396     0.8273698 
  4.7945005     2.3694874     1.2336742 
  2.9547540     2.6154617     1.1285071 
  4.6961043    -1.2020683     2.4462471 
  7.0718527    -0.4014499     0.5217123 
  0.3834775    -0.8461554    -1.0846266 
  -0.6374999     1.4869684    -1.8839051 
  -1.0922511    -2.5721309     0.3087402 
  -3.1145565     2.0981719    -1.2314526 
  -3.5669077    -1.9360152     0.9296702 
  -4.5681205     0.3925695     0.1703631 
  0.4820173     2.7533172    -3.0494805 
  -0.3111328    -4.3890571     0.8561466 
  -3.9196704     3.8831900    -1.8418058 
  -4.7238112    -3.2567598     1.9900143 
  -6.5044414     0.8690525     0.6542898 
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Table S2.6.  Optimized geometries, energies and entropy corrections for the 
transition state (PhSNH2OH+_TS_PhSNH+  + H2O) 
 
B3LYP/6-311G(d, p) Energy (E):  -761.349381!hartrees!
Entropy Correction (Hv-TSv):  241.8904 kJ/mol 
Zero Point Energy:    330.0233 kJ/mol!
!

Atom Atomic 
Number 

Cartesian Coordinates 
X                   Y                    Z 

S 
N 
O 
H 
H 
H 
C 
C 
C 
C 
C 
C 
H 
H 
H 
H 
H 

16 
7 
8 
1 
1 
1 
6 
6 
6 
6 
6 
6 
1 
1 
1 
1 
1 

3.0339856    -2.2237348    -1.4922701 
  4.8971667     0.2160715    -1.0125689 
  6.3267784     1.2873269     2.2508178 
  5.4560890     0.2004926     3.4721761 
  6.6591245     0.1458890    -1.8001443 
  4.5772360     1.8244778     0.2170002 
  0.0201165    -1.0340030    -0.7562332 
  -1.5959111    -2.6606735     0.5946941 
  -0.7876450     1.3567498    -1.6078968 
  -4.0431705    -1.8555576     1.1198697 
  -3.2301007     2.1289712    -1.0366402 
  -4.8515367     0.5310605     0.3196331 
  -0.9444564    -4.4990651     1.2340432 
  0.4496871     2.5545091    -2.7227860 
  -5.3126317    -3.0803042     2.1652718 
  -3.8911722     3.9603991    -1.6807798 
  -6.7635595     1.1473908     0.7358132 
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Table S2.7.  Optimized geometries, energies and entropy corrections for the initial 
rearranged thiol intermediate and water (PhSNH+ + H2O) 
 
B3LYP/6-311G(d, p) Energy (E):  -761.437144 hartrees 
Entropy Correction (Hv-TSv):  261.5016 kJ/mol 
Zero Point Energy:    351.5886 kJ/mol!
!

Atom Atomic 
Number 

Cartesian Coordinates 
X                   Y                    Z 

S 
N 
O 
H 
H 
H 
C 
C 
C 
C 
C 
C 
H 
H 
H 
H 
H 

16 
7 
8 
1 
1 
1 
6 
6 
6 
6 
6 
6 
1 
1 
1 
1 
1 

-2.4770354    -1.1228116    -0.0005597 
-3.9217347     1.4198979    -0.0006769 
-8.8643772    -0.3251035     0.0004797 
-9.9565878    -0.1060408     1.4577003 
-5.8758569     1.0292934    -0.0006598 
-9.9575629    -0.1063393    -1.4560380 
0.7305269    -0.4583348    -0.0002970 
2.3196731    -2.6074880    -0.0001477 
1.7042668     2.0240603    -0.0001988 
4.9192614    -2.2478959     0.0000715 
4.3027572     2.3330928     0.0000394 
5.9018982     0.2085589     0.0001697 
1.5272770    -4.5026716    -0.0002195 
0.4258067     3.6268729    -0.0003178 
6.1783235    -3.8656846     0.0001716 
5.1075462     4.2192208     0.0001319 
7.9358178     0.4813730     0.0003512 
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Table S2.8.  Optimized geometries, energies and entropy corrections for the 
transition state (PhSNH2OH+  +  PhSH_TS_PhSSHPh+) 
 
B3LYP/6-311G(d, p) Energy (E):  -1391.93371!hartrees!
Entropy Correction (Hv-TSv):  496.5699 kJ/mol 
Zero Point Energy:    602.6801 kJ/mol!
!

Atom Atomic 
Number 

Cartesian Coordinates 
X                   Y                    Z 

H 
O 
N 
S 
S 
H 
H 
H 
C 
C 
C 
C 
C 
C 
H 
H 
H 
H 
H 
C 
C 
C 
C 
C 
C 
H 
H 
H 
H 
H 

1 
8 
7 
16 
16 
1 
1 
1 
6 
6 
6 
6 
6 
6 
1 
1 
1 
1 
1 
6 
6 
6 
6 
6 
6 
1 
1 
1 
1 
1 

  -5.3142905     5.9729301    -3.5889644 
  -4.6695803     4.8527289    -2.2738153 
  -6.1973292     5.1497182    -0.0566093 
  -1.1217293     2.2500263     1.1220771 
 1.9984880     0.5378533     3.2904092 

  -8.0128022     4.7088301    -0.5503115 
  -6.1732201     7.0233249     0.4150399 
  2.6248641     2.6249215     4.6248316 
  4.7810982     0.2619684     1.3948628 
  5.5272980    -2.2031073     0.7860025 
  6.1115560     2.3835543     0.5377228 
  7.6759429    -2.5387302    -0.7033000 
  8.2579918     2.0066976    -0.9353224 
  9.0342421    -0.4442411    -1.5565018 
  4.4767880    -3.8228349     1.4815464 
  5.4958473     4.2849040     1.0044057 
  8.2912320    -4.4361474    -1.1803821 
  9.3258155     3.6267427    -1.6004625 

  10.7104328    -0.7169304    -2.7075093 
  -2.9950449    -0.4719917     0.6028635 
  -2.6889150    -1.8515880    -1.6453794 
  -4.8639064    -1.1432243     2.3665694 
  -4.2410660    -3.9263484    -2.1063119 
  -6.3995375    -3.2236463     1.8841904 
  -6.0846052    -4.6135076    -0.3428309 
  -1.2720740    -1.2781620    -3.0125791 
  -5.1144898    -0.0242551     4.0658620 
  -4.0225003    -5.0002892    -3.8406967 
  -7.8484301    -3.7573786     3.2351441 
  -7.2920758    -6.2318179    -0.7105508 
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Table S2.9.  Optimized geometries, energies and entropy corrections for protonated 
diphenyl disulfide 3H (PhSSHPh+) 
 
B3LYP/6-311G(d, p) Energy (E):  -1260.17144!hartrees!
Entropy Correction (Hv-TSv):  406.3894 kJ/mol 
Zero Point Energy:    503.3902 kJ/mol!
!

Atom Atomic 
Number 

Cartesian Coordinates 
X                   Y                    Z 

S 
S 
C 
C 
C 
C 
C 
C 
H 
H 
H 
H 
H 
C 
C 
C 
C 
C 
C 
H 
H 
H 
H 
H 
H 

16 
16 
6 
6 
6 
6 
6 
6 
1 
1 
1 
1 
1 
6 
6 
6 
6 
6 
6 
1 
1 
1 
1 
1 
1 

1.6597130    -4.7150028    -0.9456824 
 -1.7923986    -4.7584067     1.4660568 
  -3.3827064    -1.9163529     0.7743176 
  -3.0167200     0.1947174     2.3452789 
  -5.1973768    -1.8572702    -1.1672621 
  -4.4542611     2.3569786     1.9535158 
  -6.6091815     0.3203267    -1.5445112 
  -6.2378567     2.4213714     0.0125208 
  -1.6493546     0.1094947     3.8653204 
  -5.5150317    -3.5169806    -2.3239840 
  -4.1992408     3.9828523     3.1708355 
  -8.0237231     0.3745785    -3.0234105 
  -7.3627563     4.1081024    -0.2776431 
  3.3628715    -1.8459646    -0.5231382 
  5.4537750    -1.9576106     1.0919554 
  2.6641565     0.3804319    -1.7666068 
  6.8737448     0.2213565     1.4537729 
  4.1252227     2.5315116    -1.3925584 
  6.2151986     2.4528614     0.2129190 
  5.9750118    -3.7054875     2.0231992 
  1.0398672     0.4370291    -3.0106656 
  8.5083312     0.1688629     2.6838682 
  3.6355716     4.2655616    -2.3630477 
  7.3461022     4.1371964     0.4883774 
  0.5810411    -4.1901577    -3.2034283 
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Table S2.10.  Optimized geometries, energies and entropy corrections for 
benzeneselenol (PhSeH) 
 
B3LYP/6-311G(d, p) Energy (E):  -2633.850999 hartrees 
Entropy Correction (Hv-TSv):  175.1553 kJ/mol 
Zero Point Energy:     257.1709 kJ/mol!
!

Atom Atomic 
Number 

Cartesian Coordinates 
X                   Y                    Z 

Se 
H 
C 
C 
C 
C 
C 
C 
H 
H 
H 
H 
H 

34 
1 
6 
6 
6 
6 
6 
6 
1 
1 
1 
1 
1 

5.6466002    -0.3703352    -0.0049164 
5.9929244     2.3652473     0.0131333 
2.0215915    -0.1979224    -0.0023503 
0.6761317    -2.4825367    -0.0007463 
0.7048186     2.1015384    -0.0024120 
-1.9647215    -2.4603892     0.0002667 
-1.9379614     2.1050862    -0.0009034 
-3.2831672    -0.1693379     0.0001352 
1.6819252    -4.2739233     0.0003334 
1.7255432     3.8829404    -0.0035352 
-2.9877909    -4.2405716     0.0011787 
-2.9408950     3.8969136    -0.0009296 
-5.3349988    -0.1567093     0.0007458 

 
 
 
 
 
 
 
 
 
 
 
  



! 54 

Table S2.11.  Optimized geometries, energies and entropy corrections for the 
transition state (PhSeH  +  HNO_TS_PhSeNHOH) 
 
B3LYP/6-311G(d, p) Energy (E):  -2764.32269!hartrees!
Entropy Correction (Hv-TSv):  215.0818 kJ/mol 
Zero Point Energy:    305.3164 kJ/mol!
!

Atom Atomic 
Number 

Cartesian Coordinates 
X                   Y                    Z 

O 
H 
N 
H 
Se 
C 
C 
C 
C 
C 
C 
H 
H 
H 
H 
H 

8 
1 
7 
1 
34 
6 
6 
6 
6 
6 
6 
1 
1 
1 
1 
1 

  7.6653634     0.4729714    -1.1835632 
  5.7332935     0.7370962    -1.3472282 
  7.9952900     0.3222707     1.2470796 
  9.6712840    -0.6707970     1.4075694 
 3.1030010    -1.4852482    -0.0885091 

  -0.0985592    -0.6702047    -0.0508807 
  -0.8855561     1.8769774    -0.0228301 
  -1.9622981    -2.5771760    -0.0283505 
  -3.4361502     2.4851184     0.0024772 
  -4.5091699    -1.9543675     0.0121017 
  -5.2576299     0.5758512     0.0215671 
  0.5314865     3.3544671    -0.0139747 
  -1.3676616    -4.5358144    -0.0473259 
  -4.0140368     4.4511307     0.0162317 
  -5.9200595    -3.4403665     0.0283946 
  -7.2485971     1.0580912     0.0472413 
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Table S2.12.  Optimized geometries, energies and entropy corrections for N-
hydroxybenzeneselenenamide (PhSeNHOH) 
 
B3LYP/6-311G(d, p) Energy (E):  -2764.396097 hartrees 
Entropy Correction (Hv-TSv):  245.2798 kJ/mol 
Zero Point Energy:    333.6262 kJ/mol!
!

Atom Atomic 
Number 

Cartesian Coordinates 
X                   Y                    Z 

O 
H 
N 
H 
Se 
C 
C 
C 
C 
C 
C 
H 
H 
H 
H 
H 

8 
1 
7 
1 
34 
6 
6 
6 
6 
6 
6 
1 
1 
1 
1 
1 

-5.6611153     2.1065800     0.5141323 
-7.2936949     2.2598913    -0.2800151 
-5.4793703    -0.5765203     0.9390047 
-4.6281572    -0.6871589     2.6576087 
-3.6150516    -2.1339173    -1.2735291 
-0.4499762    -1.0265715    -0.7097716 
0.2073988     1.4985161    -1.1509112 
1.3799102    -2.7359678     0.1354588 
2.6728931     2.2997096    -0.7086697 
3.8559973    -1.9298611     0.5245692 
4.5010946     0.5891510     0.1144831 
-1.2185098     2.8069285    -1.8097485 
0.8568970    -4.6854325     0.4839439 
3.1751354     4.2597053    -1.0330412 
5.2719107    -3.2650172     1.1658052 
6.4246383     1.2199647     0.4306805 
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Table S2.13.  Optimized geometries, energies and entropy corrections for 
protonated N-hydroxybenzeneselenenamide 2H (PhSeNH2OH+) 
 
B3LYP/6-311G(d, p) Energy (E):  -2764.748619 hartrees 
Entropy Correction (Hv-TSv):  255.5369 kJ/mol 
Zero Point Energy:    344.7915 kJ/mol!
!

Atom Atomic 
Number 

Cartesian Coordinates 
X                   Y                    Z 

Se 
N 
O 
H 
H 
H 
C 
C 
C 
C 
C 
C 
H 
H 
H 
H 
H 

34 
7 
8 
1 
1 
1 
6 
6 
6 
6 
6 
6 
1 
1 
1 
1 
1 

3.4310768    -1.6580455    -1.9759664 
5.1398674    -0.2202094     0.7924397 
4.8183590     2.3762339     1.1772170 
2.9960834     2.6488205     1.2242140 
4.6955807    -1.1898662     2.4147465 
7.0354535    -0.4312255     0.4477522 
0.3248282    -0.8531614    -1.0705085 
-0.6863848     1.4734715    -1.8751114 
-1.1523104    -2.5708692     0.3193540 
-3.1543165     2.0940410    -1.2213687 
-3.6202914    -1.9276588     0.9380454 
-4.6102333     0.3995851     0.1812639 
0.4361701     2.7305405    -3.0390279 
-0.3809608    -4.3883496     0.8619389 
-3.9521684     3.8770937    -1.8322845 
-4.7800955    -3.2432469     1.9931124 
-6.5406580     0.8828464     0.6641833 
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Table S2.14.  Optimized geometries, energies and entropy corrections for the 
transition state (PhSeNH2OH+_TS_PhSeNH+ + H2O) 
 
B3LYP/6-311G(d, p) Energy (E):  -2764.68323!hartrees!
Entropy Correction (Hv-TSv):  239.6097 kJ/mol 
Zero Point Energy:    330.2603 kJ/mol!
!

Atom Atomic 
Number 

Cartesian Coordinates 
X                   Y                    Z 

Se 
N 
O 
H 
H 
H 
C 
C 
C 
C 
C 
C 
H 
H 
H 
H 
H 

34 
7 
8 
1 
1 
1 
6 
6 
6 
6 
6 
6 
1 
1 
1 
1 
1 

3.0334421    -2.2206836    -1.4964516 
  4.8895111     0.2056165    -1.0048659 
  6.2988866     1.2952065     2.2628785 
  5.4765357     0.2075602     3.4958912 
  6.6479551     0.1387403    -1.7867409 
  4.5502025     1.8185724     0.1787181 
  0.0153939    -1.0325138    -0.7611137 
  -1.5945109    -2.6567384     0.5856106 
  -0.7882028     1.3530917    -1.6083334 
  -4.0346554    -1.8510929     1.1164932 
  -3.2234433     2.1257202    -1.0323283 
  -4.8398300     0.5321661     0.3234532 
  -0.9451393    -4.4932558     1.2189440 
  0.4434651     2.5476116    -2.7247826 
  -5.3001586    -3.0735244     2.1609650 
  -3.8832664     3.9543724    -1.6722246 
  -6.7461855     1.1491511     0.7438873 
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Table S2.15.  Optimized geometries, energies and entropy corrections for the initial 
rearranged selenol intermediate 4H and water (PhSeNH+ + H2O) 
 
B3LYP/6-311G(d, p) Energy (E):  -2764.762556 hartrees 
Entropy Correction (Hv-TSv):  377.3767 kJ/mol 
Zero Point Energy:    351.6449 kJ/mol!
!

Atom Atomic 
Number 

Cartesian Coordinates 
X                   Y                    Z 

Se 
N 
O 
H 
H 
H 
C 
C 
C 
C 
C 
C 
H 
H 
H 
H 
H 

34 
7 
8 
1 
1 
1 
6 
6 
6 
6 
6 
6 
1 
1 
1 
1 
1 

-2.4768157    -1.1205755    -0.0043901 
-3.9026948     1.4188969     0.0080824 
-8.8549219    -0.2505398    -0.0040689 
-9.9447542    -0.1378494     1.4513105 
-5.8534678     1.0360947     0.0022549 
-9.9528263    -0.1431919    -1.4536263 
0.7328006    -0.4604689     0.0002378 
2.3177294    -2.6037587     0.0011531 
1.7013174     2.0164717     0.0010435 
4.9123984    -2.2430702     0.0002169 
4.2937354     2.3268065    -0.0003912 
5.8914258     0.2078264    -0.0011739 
1.5282025    -4.4956632     0.0017640 
0.4230968     3.6142245     0.0009322 
6.1697068    -3.8567486     0.0001467 
5.0939995     4.2102374    -0.0011939 
7.9210682     0.4813081    -0.0022978 
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Table S2.16.  Optimized geometries, energies and entropy corrections for the 
transition state (PhSeNH2OH+  +  PhSeH_TS_PhSeSeHPh+) 
 
B3LYP/6-311G(d, p) Energy (E):  -5398.61754!hartrees!
Entropy Correction (Hv-TSv):  494.2739 kJ/mol 
Zero Point Energy:    604.2153 kJ/mol!
!

Atom Atomic 
Number 

Cartesian Coordinates 
X                   Y                    Z 

H 
O 
N 
Se 
Se 
H 
H 
H 
C 
C 
C 
C 
C 
C 
H 
H 
H 
H 
H 
C 
C 
C 
C 
C 
C 
H 
H 
H 
H 
H 

1 
8 
7 
34 
34 
1 
1 
1 
6 
6 
6 
6 
6 
6 
1 
1 
1 
1 
1 
6 
6 
6 
6 
6 
6 
1 
1 
1 
1 
1 

  -5.2900832     6.2117889    -3.6601698 
  -4.5920548     5.2718366    -2.2552503 
  -6.3898844     5.2230557    -0.2323000 
 -1.2715790     2.5296954     1.1389484 
 2.0892106     0.4514248     3.5714942 

  -8.0133407     4.4279734    -0.8971052 
  -6.7760771     7.0438521     0.2632941 
  2.9025373     2.7661360     4.9200486 
  5.0438246     0.1981653     1.4148364 
  5.7238877    -2.2355266     0.6630340 
  6.3982271     2.3304032     0.6601416 
  7.8338442    -2.5298649    -0.8847401 
  8.5068263     1.9944188    -0.8728942 
  9.2187956    -0.4249486    -1.6451959 
  4.6608366    -3.8749034     1.2769963 
  5.8420147     4.2128115     1.2414616 
  8.3955454    -4.4065215    -1.4786189 
   9.5936708     3.6252899    -1.4637357 
  10.8633214    -0.6665537    -2.8402726 
  -3.2395000    -0.4812600     0.6169500 
  -2.8751356    -1.8926927    -1.5887076 
  -5.1055615    -1.1470010     2.3687385 
  -4.3668383    -4.0173983    -2.0133618 
  -6.5811417    -3.2761433     1.9213048 
  -6.2072656    -4.7106847    -0.2595091 
  -1.4643916    -1.3217821    -2.9564526 
  -5.4074132    -0.0024417     4.0372279 
  -4.1004265    -5.1224045    -3.7165592 
 -8.0275389    -3.8104807     3.2686728 
 -7.3643101    -6.3662440    -0.5982763 
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Table S2.17.  Optimized geometries, energies and entropy corrections for 
protonated diphenyl diselenide 3H (PhSeSeHPh+) 
 
B3LYP/6-311G(d, p) Energy (E):  -5266.852897 hartrees 
Entropy Correction (Hv-TSv):  379.6936 kJ/mol 
Zero Point Energy:    480.7782 kJ/mol!
!

Atom Atomic 
Number 

Cartesian Coordinates 
X                   Y                    Z 

Se 
Se 
C 
C 
C 
C 
C 
C 
H 
H 
H 
H 
H 
C 
C 
C 
C 
C 
C 
H 
H 
H 
H 
H 
H 

34 
34 
6 
6 
6 
6 
6 
6 
1 
1 
1 
1 
1 
6 
6 
6 
6 
6 
6 
1 
1 
1 
1 
1 
1 

1.6608217    -4.7597880    -0.9466342 
-1.7967003    -4.8285117     1.4005661 
-3.3655981    -1.9604311     0.7704691 
-2.9323085     0.1435615     2.3448036 
-5.1842892    -1.8472988    -1.1737490 
-4.3215311     2.3457650     1.9665183 
-6.5528855     0.3676112    -1.5311623 
-6.1204652     2.4575914     0.0341600 
-1.5552538     0.0207463     3.8591450 
-5.5386355    -3.4942612    -2.3455965 
-4.0171397     3.9665150     3.1865839 
-7.9736382     0.4635034    -3.0077867 
-7.2077814     4.1756585    -0.2445292 
3.3288526    -1.8714949    -0.5347117 
5.3872631    -1.9285760     1.1346363 
2.6163220     0.3367236    -1.8151693 
6.7667933     0.2816835     1.5031423 
4.0365437     2.5197200    -1.4324374 
6.0969422     2.4932789     0.2214810 
5.9159933    -3.6609804     2.0994548 
1.0134923     0.3534742    -3.0956627 
8.3773595     0.2694286     2.7726149 
3.5346400     4.2400547    -2.4300464 
7.1937013     4.2037172     0.5047396 
0.6375011    -4.2876910    -3.2408296 
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Table S2.18.  Optimized geometries, energies and entropy corrections for 
hydroxylamine (NH2OH) 
 
B3LYP/6-311G(d, p) Energy (E):  -131.756727 hartrees 
Entropy Corrction (Hv-TSv):   6.8165 kJ/mol 
Zero Point Energy:    105.8008 kJ/mol 
 

Atom Atomic 
Number 

Cartesian Coordinates 
X Y Z 

O 
H 
N 
H 
H 

8 
1 
7 
1 
1 

-1.7224221    -0.0000091    -0.2831248 
-2.4577825     0.0000023     1.3958004 
0.9550002    -0.0000053     0.2813118 
1.6125758     1.5318160    -0.6969956 
1.6126287    -1.5318039    -0.6969918 
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Chapter 3: The Chemical Biology of Hydropersulfides and Related Species 

 As explained in Chapters 1 and 2 thiols and thioproteins (and selenols) are main 

targets for HNO. In addition to these, hydropersulfides (RSSH) could also be a suitable 

target for HNO. In regard to thiols and similar to selenols, hydropersulfides are 

considered to be more nucleophilic, more acidic and more reducing. Importantly, RSSH 

and other related species have recently been measured in a number of mammalian cells.1 

For these reasons, it became of interest to study the reactivity of HNO towards 

hydropersulfides, both relative and in comparison to the reactivity of HNO with thiols 

and selenols. A main underlying problem, however, is that very little is known about the 

reactivity of hydropersulfides in general, making the study of their reactivity towards 

HNO even more complicated. Therefore, it became of importance first to understand the 

fundamental reactivity of hydropersulfides for use later in more complex systems. For 

these reasons, the chemical of biology of hydropersulfides and their related species will 

be highlighted here and their reactivities towards biological molecules will be explained 

in chapters to come. 

 

3.1 Introduction 

 The discovery of nitric oxide (NO) as an endogenously generated molecule with 

biological signaling properties led to a vast interest in identifying other small molecule 

signaling agents.2-4 To many scientists, the finding that NO is endogenously generated 

was surprising because NO was classically considered a toxic air pollutant. This led 

researches to examine other small gaseous molecules for their potential roles in biological 
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signaling. From this, rose the interest in hydrogen sulfide (H2S), another molecule 

classically known to be toxic to mammals.5!!

! Shortly after its consideration, endogenous generation of H2S was also determined 

in mammalian systems.6 Three primary H2S synthesizing enzymes have been determined 

and include 1) cystathionine gamma lyase, 2) cystathionine beta synthase (CSE/CBS) 

and, 3) 3-mercaptopyruvate sulfur transferase (3-MST).7 Over the past 20 years, studies 

regarding H2S have also identified a number of biological signaling and therapeutic 

functions of this molecule in mammalian systems. For example, H2S has been observed 

to have roles in the development/prevention of atherosclerosis,8 the 

development/progression of neurodegenerative diseases,9 the etiology of cancer,10 the 

protection against ischemia-reperfusion injury11 and the regulation of vascular tone,12 to 

name a few.!Additionally, H2S has been shown to be capable of regulating gene 

expression via affects on the NRF2-KEAP113 and NF-kB systems.14 

 Despite the observed physiological and pathophysiological functions of H2S, the 

mechanism(s) and mode(s) of action for this species to elicit these effects remain 

unknown. For this reason, some researchers have questioned whether H2S is the actual 

molecule responsible for such effects or if these effects are due to the actions of some 

other (or others) related species.1,15-19 Specifically, hydropersulfides have been identified 

in a number of mammalian cells and at astonishingly high concentrations (up to 150 

µM).1 Additionally, hydropersulfides have distinct and unique chemical properties, 

making them potentially important biological signaling molecules. However, as with 

H2S, biological targets (if any) for hydropersulfide reactivity still need be determined.  
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3.2 Possible Biosynthesis of Hydropersulfides 

 

3.2.1 Direct Synthesis 

 The biosynthesis of hydropersulfide species can occur directly (enzymatically) 

and/or indirectly (via reaction). Interestingly, two of the three H2S synthesizing enzymes 

(CBS/CSE and 3-MST) directly generate hydropersulfide intermediates during their 

catalysis. For example, both the enzymes CSE (Scheme 3.1, top) and CBS (Scheme 3.1, 

bottom) can form cysteine hydropersulfide (Cy-SSH) via their actions on cystine (Cy-SS-

Cy), a known substrate for both these enzymes.1,20  

 

!

Scheme 3.1: Enzymatic conversion of cystine (Cy-SS-Cy) to cysteine persulfide (Cy-

SSH) by CSE (top) and CBS (bottom) 

!
!

The enzyme 3-MST, present in both mitochondria and the cytosol, forms an 

enzyme-hydropersulfide intermediate (3-MST-SSH) on its active site cysteine residue (3-

MST-SH) via sulfur transfer from the substrate 3-mercaptopyruvate (3-MP, a product of 

cysteine degradation, Scheme 3.2, top), a product of cysteine metabolism, or from 

thiosulfate (S2O3
2-).21,22 
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Scheme 3.2: (top) Catalytic action of 3-mercaptopyruvate sulfurtransferase (3-MST-SH) 

on 3-mercaptopyruvate (3-MP) to form the intermediate enzyme-hydropersulfide (3-

MST-SSH) and pyruvate and, (bottom) transulfuration from 3-MST-SSH to a thiol (RSH) 

substrate to form a free hydropersulfide (RSSH) 

 

The formed 3-MST-SSH intermediate can then transfer the terminal sulfur atom to other 

suitable substrates (i.e. RSH, RSSH, H2S, -CN) via so-called ‘transulfuration’ processes, 

potentially generating free hydropersulfide or hydropolysulfide (RSSnSH) species 

(Scheme 3.2, bottom). 

 Additionally, the mitochondrial enzyme rhodanese, a close relative of 3-MST and 

of the same sulfurtransferase family, also utilizes an enzyme-hydropersulfide 

intermediate for its catalysis.23 Rhodanese is most characterized for its ability to catalyze 

the transfer of sulfane sulfur from substrates such as thiosulfate, polysulfides and 

hydropersulfides to cyanide (Scheme 3.3, top).  

 

!

Scheme 3.3: (top) Conversion of rhodanese to the rhodanese-hydropersulfide 

intermediate via transulfuration from thiosulfate and, (bottom) transulfuration process 
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from the rhodanese-hydropersulfide intermediate to cyanide during cyanide 

detoxification. 

 

In doing so, rhodanese is able to detoxify cyanide to non-toxic thiocyanate (-SCN, 

Scheme 3.3, bottom).24,25!! 

 

3.2.2 Indirect Synthesis 

RSSH formation can also occur via ‘indirect’ pathways, a result of typical thiol 

reactivity. As previously mentioned, a main concern regarding therapeutic functions of 

H2S is that other species could potentially be responsible for those actions attributed to 

H2S. The chemical reactivity of H2S is most likely governed by its ability to act primarily 

as a nucleophile. As such, H2S can react with oxidized thiol species, namely disulfides 

(both in free form and in proteins), establishing an equilibrated system with the 

corresponding hydropersulfide and thiol (Scheme 3.4).26,27 

 

!

Scheme 3.4: RSSH formation via disulfides 

 

The equilibrium of Scheme 3.4 implies that whenever H2S is in the presence of RSSR, 

which are abundant in cellular environments, there is the possibility for RSSH to form. 

Other oxidized thiol species, such as sulfenic acids (RSOH), can also lead to the 

formation of RSSH upon their reactivity with H2S as well (Scheme 3.5).27a 

 

H2S  +  RSSR RSSH  +  RSH
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Scheme 3.5: RSSH formation via sulfenic acids 

 

Scheme 3.5 is particularly interesting because hydropersulfides have been proposed to be 

protective of thiols and thiolproteins,19 implying that RSSH species can be formed under 

oxidizing conditions (i.e., oxidative stress), a phenomenon consistent with a protective 

utility for RSSH. 

 

3.3 The Chemistry of Hydropersulfides 

 

3.3.1 Nucleophilicity 

 A major function of thiols in biology is to serve as nucleophiles. Numerous 

enzymes, including proteases and phosphatases utilize cysteine residue in their active 

sites for nucleophilic function.28,29 By comparison, RSSH are also nucleophilic species as 

they only differ from RSH by the addition of a second sulfur atom. Addition of this 

second sulfur atom has a large influence on the nucleophilicity of RSSH, making RSSH 

hyper-reactive relative to RSH.  

One reason for this is the classic organic notion that nucleophilicity parallels 

basicity. RSSH is more acidic than RSH, typically having a pKa value that is 1-2 units 

lower than that for the analogous RSH.30 This means that under the same conditions, the 

RSS-/RSSH ratio will be 10-100 times greater than that for RS-/RSH. Since 

hydropersulfides and thiols are more nucleophilic in anionic form (rather than 

neutral),31,32 under the same conditions hydropersulfides will be more nucleophilic than 

H2S  +  RSOH RSSH  +  H2O



! 68 

their thiol analogues. A second reason for the enhanced nucleophilicity of RSSH over 

RSH is the alpha-effect, which explains this enhanced reactivity based on the proximity 

of neighboring electrons. The addition of the second sulfur atom in RSSH allows for a 

close proximity of the lone pair electrons on both sulfur atoms.33 These electrons 

experience repulsion from one another, increasing the energy and the nucleophilic 

reactivity of such RSSH species. 

To date, there are no exact kinetic measurements that quantify the enhanced 

nucleophilicity of RSSH versus RSH. A main reason for this is that RSSH are fleeting 

species (or, present at low concentrations in complex equilibrated systems, as explained 

below), and their study often involves in situ generation with the use other interfering 

species. However, some qualitative approaches have been undertaken to elucidate the 

nucleophilicity of RSSH. For example, Ida and co-workers determined that glutathione 

(GSH) free thiol could not sufficiently react with the electrophilic species hydrogen 

peroxide (H2O2) or 8-nitro-cyclic guanosine monophosphate (8-nitro-cGMP).1 

Conversely, under the same conditions, glutathione hydropersulfide (GSSH) was able to 

react with both of these electrophiles, highlighting the enhanced nucleophilicity of 

hydropersulfides over thiols. 

 

3.3.2 Two-electron Reductions 

 A key role of thiols and thiolproteins in biology is to act as a net two-electron 

reductant. This function has important significance in cellular signaling pathways and 

cellular redox regulation.34 For example, both thioredoxin (Trx) and GSH are two 
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biologically abundant thiols responsible for the reduction of a number of oxidized 

biological species, including S-nitrosothiols (RSNO), RSOH and RSSR (Scheme 3.6). 

!

Scheme 3.6: Two-electron reduction of disulfides (RSSR) by glutathione (GSH) 

 

Often times oxidation of thiolproteins to RSNO, RSOH and RSSR adducts causes an 

alteration in protein function and thus affects cellular signaling systems. The fact that 

RSH reacts with the above listed species, returning them to normal function, indicates 

that RSH are critical for proper cellular function. 

 Furthermore, RSSH species are also capable of serving as two-electron oxidants 

and, as explained through their enhanced nucleophilicity, should be more potent than 

analogous RSH species. While RSH are known to be good two-electron reductants, 

RSSH should be even better because they are more reactive nucleophiles than RSH. 

Again, although no quantitative analysis of this has been performed to date, more 

qualitative studies point to the two-electron reducing abilities of RSSH.1 It is worthwhile 

mentioning that relative to RSH, RSSH is oxidized. That is, the oxidation state of the 

RSH sulfur atom is -2, whereas the oxidation state for the RSSH sulfur atoms are both -1, 

similar to that for the sulfur atoms of RSSR. This is intriguing as it implies that under 

oxidizing conditions, RSH can form RSSH species, which are more potent two-electron 

reductants than RSH. Again, this is consistent with the previously mentioned notion that 

RSSH may have inherent protective properties that are not present or accessible by RSH. 

 

 

GSH  +  RSSR RSH  +  RSSG RSH  +  GSSGGSH
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3.3.3 One-electron Reductions 

 Because the one-electron reducing ability of RSSH species will be examined in 

chapters to come, only a brief introduction will be provided here. Another primary 

function for RSH is one-electron oxidation via thiyl radicals (RS•).35 An example of this 

is in ribonucleotide reductace (RnR), which uses a cysteine-derived thiyl radical (Cys-S•) 

as part of its catalytic cycle. By comparison, perthiyl radicals (RSS•) should be weaker 

one-electron oxidants. A reason for this is that RSS• are resonance stabilized (Scheme 

3.7). 

 

!

Scheme 3.7: Resonance stability of perthiyl radicals (RSS•) 

 

Such stability is not present in RS•, making them more reactive than RSS•. Conversely, 

due to the stability of RSS•, RSS-/RSSH is expected to be a superior one-electron 

reductant compared with RS-/RSH. In this regard, it is reasonable to consider that RSSH 

can serve as antioxidants in cellular systems.19,36 Again, this will be expanded upon 

future chapters. 

 

3.3.4 Electrophilicity 

 As mentioned above, one main difference between RSH and RSSH species are 

that RSSH are oxidized with respect to RSH. The sulfur atom of RSH is in its fully 

reduced form, having an oxidation state of -2. Therefore, the reactivity of RSH is to 

primarily serve as a nucleophilic species. Being fully reduced, the sulfur atom of RSH 

RSS-/H e-/H•  + R S S R S+ S-
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cannot be electrophilic and thus, RSH will not be attacked by other nucleophilic species. 

In contrast, RSSH is an oxidized species, with its sulfur atoms in a -1 oxidation state. 

Again, in this sense, the reactivity of RSSH can be viewed as being similar to that for 

RSSR. Thus, RSSH have the ability to act as electrophilic species, making them 

susceptible to attack by other nucleophilic species. Therefore, RSSH are both 

nucleophilic and electrophilic species, whereas RSH are nucleophilic exclusively. 

 Indeed, it can be anticipated that the mode of reactivity for RSSH will be highly 

dependent on pH. For example, as previously described, the anionic RSS- species will be 

more nucleophilic than protonated RSSH, as anions are generally more nucleophilic than 

their neutral counterparts. RSSH can therefore be expected to be the most electrophilic 

form, as there is no negative charge present to repel incoming nucleophilic species. RSSR 

are ‘soft’ electrophiles, and therefore, they react with ‘soft’ nucleophilic species such as 

RSH, phosphines and –CN. By analogy, RSSH are also ‘soft’ electrophiles and can also 

be expected to react with similar ‘soft’ nucleophiles. The electrophilic utility of RSSH 

has been previously examined by Saund et al. and indeed, it was determined that RSSH 

react with soft nucleophiles.36 Importantly, RSSH did not react with the ‘hard’ 

nucleophiles NH2OH, N3 or NH2NH2. 

 Because nucleophilic attack on RSSR can occur at either sulfur atom to cleave the 

S-S bond,37 the same can occur with RSSH.  However, different conditions may have a 

significant influence on the site of nucleophilic attack on RSSH species. For example, 

sterically hindered R groups may facilitate terminal sulfur atom attack. Additionally, the 

lower basicity of the HS- leaving group (pKa(H2S) = ~7) may facilitate internal sulfur 

atom attack as RSH typically have higher pKa values (pKa(RSH) = 8-9) than H2S, making 
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RS- inferior leaving groups. Nevertheless, the electrophilic aspect of RSSH is a 

characteristic that is unique to RSSH, compared to RSH, making their reactivity towards 

electrophilic species significantly different from that of RSH. 

 

3.4 Potential Utility for Hydropersulfides in Biology 

 

3.4.1 Thiol Protection  

 As mentioned previously, hydropersulfides have been measured in a number of 

mammalian cells.1 The question still remains as to what their exact role(s)/function(s) are 

in cellular processes. Though still unclear at this time, some have began to examine the 

utility of RSSH species in cellular signaling processes. One possible function for 

hydropersulfides is to serve as a protectant of thiols during bouts of electrophilic and/or 

oxidative stress. To be sure, it has been proposed that oxidation of thiols to disulfides 

serves a protective function, as disulfides are less reactive than thiols.38 Oxidation of 

thiols to disulfides would thus prevent irreversible overoxidation to RS(O)OH/RS(O)2OH 

derivatives, consistent with a protective function for disulfide formation. By comparison, 

oxidation of thiols to hydropersulfides is also thought to serve a protective function that is 

both similar and different to the protective function of disulfide formation. 

 The terminal sulfur atom of RSSH can act as a sacrificial site for modification to 

protect proper thiol and thiolprotein function. For example, thiol modification to 

RS(O)OH/RS(O)2OH would be detrimental to thiol function, especially when located 

within a protein, as these oxidized species are resistant to reduction back to the original 

RSH. However, oxidation of a protein thiol to a protein-hydropersulfide allows for an 
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alternate site for thiol modification. Oxidation of the terminal sulfur atom of RSSH would 

lead to a perthiosulfinic (RSS(O)OH) and/or perthiosulfonic (RSS(O)2)H) acid derivative. 

This species could then be easily reduced back to the active thiol by biological reducing 

agents, similar to reduction of RSSR species via S-S bond cleavage. Such a concept has 

been confirmed with the use of iodoacetamide, a thiophilic electrophile commonly used 

to block free thiol sites in proteins. Millikin and co-workers determined that when N-

acetylpenicillamine (NAP) is electrophilically modified with iodoacetamide, the resulting 

thioether is unable to be reduced back to the free thiol with use of the reductant 

dithiothreitol (DTT).39 However, when N-methoxycarbonylpenicillamine hydropersulfide 

(MCPP) was electrophilically modified under the same conditions, the resulting mixed 

disulfide was easily reduced to the free thiol form by treatment with DTT, consistent with 

RSSH being protective of RSH. 

 

3.4.2 Protein Function 

 The fact that RSSH are hyper-reactive with respect to RSH makes it reasonable to 

assume that oxidation of a thiol protein to a protein-hydropersulfide might enhance the 

reactivity of the protein. Consistent with this idea, it was observed that formation of a 

hydropersulfide on the active site cysteine residue of glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) caused an increase in the Vmax, supporting an increase in 

enzymatic activity.17 Conversely, hydropersulfide formation on proteins has also been 

observed to inhibit protein activity.27,36 Regardless, it is apparent that protein-thiol 

oxidation to a hydropersulfide will influence the activity of the protein, either by 

inhibiting or enhancing its function; however, it remains to be determined what 
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conditions will support protein enhancement or inhibition of activity by hydropersulfide 

formation.  

 

3.5 Summary 

 The emergence of H2S as a potentially important cellular signaling agent has led 

to a vast increase in the interest of sulfur biology and the investigation of other 

potentially important sulfur species. Importantly, in addition to H2S, other potentially 

important species have also been measured in mammalian cells including 

hydropersulfides, hydropolysulfides and polysulfides.1 Specifically, hydropersulfides 

have unique chemical reactivity that is both similar to and distinct from that of thiols. For 

example, hydropersulfides are more nucleophilic (attributed to their increased acidity and 

the alpha-effect), more reducing (a result of their enhanced nucleophilicity (two-electron 

reductant) and a resonance stabilized perthiyl radical (one-electron reductant)) and more 

electrophilic (a result of the oxidized nature of the sulfur atoms in hydropersulfides, 

relative to those for thiols). 

 While the exact biologic utility of persulfides is unknown, their unique chemistry 

suggests potential function.19 The enhanced nucleophilicity of RSSH make them 

potentially important in the scavenging of electrophilic and oxidative species. Along 

these lines, RSSH may also function as potent antioxidants, as RSSH are better one- and 

two-electron reductants than RSH. Oxidation of RSH to RSSH also suggests a protective 

function of RSSH by the addition of a terminal sacrificial sulfur atom. This is particularly 

interesting as it implies that under oxidizing conditions, a more potent 

nucleophile/reductant is generated. Furthermore, electrophilic/oxidative modification of 
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this more reactive species can protect the normal function of thiol proteins, restoring 

function upon reduction of the modified hydropersulfide. 

 As thiols have critical roles in physiological signaling processes, it can be 

imagined that hydropersulfides will also have critical functions in biology. Though many 

potential purposes for RSSH are proposed, the current field is in its early stages with 

much work still needed. Mainly, the chemistry of hydropersulfides and their related 

species still need be confirmed for future application to biological studies. In the 

following chapters, the reducing and nucleophilic properties of RSSH will be explored 

through experimental and theoretical investigations. 
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Chapter 4: H2S-independent Hydropersulfide Donors 

4.1 Introduction 

 As described in the previous chapter, hydrogen sulfide (H2S) has the properties of 

an important signaling molecule with numerous therapeutic functions.1-4 Though many 

beneficial effects have been observed upon H2S administration, targets and mechanistic 

pathways leading to these effects are unknown. Chemically, H2S is a fully reduced thiol 

(RSH) species (sulfur oxidation state = -2), indicating its primary reactivity will consist 

of nucleophilic and reducing processes. In a biological environment, H2S can react with 

disulfides (RSSR), establishing equilibrium with the corresponding hydropersulfide 

(RSSH) and RSH (Scheme 4.1).5,6  

 

 

Scheme 4.1: Reaction of hydrogen sulfide (H2S) with disulfides (RSSR) to establish 

equilibrium with corresponding hydropersulfide (RSSH) and thiol (RSH) species 

 

Therefore, whenever H2S is in the presence of RSSR, there is the possibility for RSSH 

formation. 

  Though the fields of RSSH chemistry and chemical biology are in their early 

stages, RSSH relevance to biology is becoming more recognized. Findings that RSSH are 

present in mammalian cellular environments at remarkably high concentrations (150 µM 

in rat brain and 50 µM in the heart)7 are intriguing and their unique nature and reactivity, 

relative to RSH, make them potentially important cellular signaling/redox regulating 

species.8-10 However, there is still much that is not known about the general chemistry 

H2S  +  RSSR RSSH  +  RSH
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and reactivity of RSSH species. Clearly if RSSH species are to be studied in biological 

systems, a firm understanding of their chemistry needs to be known. 

As previously described, RSSH are more nucleophilic and more reducing than 

analogous RSH.8 For example, Ida and co-workers found that glutathione hydropersulfide 

(GSSH) efficiently react with electrophilic species, hydrogen peroxide (H2O2) and 8-nitro 

cyclic guanosine monophosphate (8-nitro-cGMP).7 Under the same conditions 

glutathione free thiol (GSH) did not react with these electrophiles, indicating a greater 

nucleophilic reactivity of RSSH over RSH. As a result of their enhanced nucleophilicity, 

RSSH are also better two-electron reductants. Indeed, this is reflected in the ability of 

GSSH is to reduce H2O2 while GSH cannot.  

 A complication with the biological study of H2S is the fact that it can establish 

equilibria that result in the generation of other reactive species, namely RSSH. This is 

also an issue when studying RSSH. Traditionally, generation of RSSH for their study is 

achieved via Scheme 4.1, in which RSSR treated with H2S to allow for in situ formation 

of RSSH. The simultaneous presence of RSSH and H2S (and RSH as well) makes it 

difficult to discern the individual reactivity of each of these species. Therefore, it would 

be convenient if RSSH and H2S could be independently studied via alternate methods. 

For this reason, H2S-independent RSSH donors were developed and used to study the 

reactivity of RSSH relative to RSH. 

 

4.2 Hydropersulfide Release from Donor Compounds 

 The development of H2S-independent RSSH donors has become important for the 

study of RSSH independent and relative to other sulfur species, including RSH, H2S and 



! 80 

polysulfides (RSSnSR, n≥1). To address this need, the donors S-methoxycarbonyl 

penicillamine disulfide (MCPD) and S-methoxycarbonyl cysteine disulfide (MCCD) 

were developed for the in situ release of the hydropersulfides, N-methoxycarbonyl 

penicillamine persulfide (MCPP) and N-methoxycarbonyl cysteine persulfide (MCCP), 

respectively (Scheme 4.2).10,11 

 

 

Scheme 4.2: Intramolecular S to N methoxycarbonyl transfer of S-methoxycarbonyl 

penicillamine disulfide (MCPD) and S-methoxycarbonyl cysteine disulfide (MCCD) to 

yield N-methoxycarbonyl penicillamine persulfide (MCPP) and N-methoxycarbonyl 

cysteine persulfide (MCCP), respectively, under neutral pH 

 

 
Under neutral conditions, these donors undergo intramolecular S to N methoxycarbonyl 

transfer, releasing the corresponding RSSH species. Importantly, in situ formation of 

RSSH via MCPD and MCCD occurs via an H2S-independent route, thus allowing for the 

study of RSSH species in the absence of H2S. 

 The rate constant for MCPP release from MCPD is k = 0.3 min-1 at pH 7.4, as 

determined by monitoring the liberation of 5-thio-2-nitrobenzoic acid (TNB, λmax =412 
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nm, ε = 14150 M-1 cm-1) from reaction of MCPP with 5,5-dithio-bis(2-nitrobenzoic acid) 

(DTNB, Scheme 4.3).11  

 

Scheme 4.3: Liberation of 5-thio-2-nitrobenzoic acid (TNB) from reaction of N-

methoxycarbonyl penicillamine persulfide (MCPP) with 5,5-dithio-bis(2-nitrobenzoic 

acid) (DTNB) 

 

Though the rate constant for MCCP release from MCCD is unknown, it appears to be 

comparable to the rate of release of MCPP from MCPD. A complicating factor for the 

determination of the rate constant for release of MCCP is that it appears to favor reaction 

with the donor MCCD over reaction with alternate electrophiles like DTNB. This is 

likely due to reduced steric hindrance of the electrophilic sulfur atom of MCCD (which 

lacks the gem-dimethyl groups present in MCPD), allowing for more facile nucleophilic 

attack by MCCP at this site.  

 

4,3 Reactivity of MCPP and MCCP Alone 

In the absence of other chemical reactants, the primary fates for MCPP and 

MCCP are reaction with the original donors, MCPD and MCCD, respectively, forming 

the corresponding mixed dialkyl trisulfides (RSSSR) (Scheme 4.4), as determined by 

electrospray ionization mass spectrometry (ESI-MS, Figure 4.1). 
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Scheme 4.4: (top) Reaction of N-methoxycarbonyl penicillamine persulfide (MCPP) with 

the donor S-methoxycarbonyl penicillamine disulfide (MCPD) to form the corresponding 

mixed dialkyl trisulfide (RSSSR) (bottom) Reaction of N-methoxycarbonyl cysteine 

persulfide (MCCP) with the donor S-methoxycarbonyl penicillamine disulfide (MCPD) 

to form the corresponding RSSSR. 

 
 

 

!  

Figure 4.1: ESI-MS spectra for the decomposition of (a) 1 mM MCCD and (b) 1 mM MCPD in 

50 mM ammonium bicarbonate buffer (pH 7.4). All spectra recorded in positive ion mode. 

Reprinted from: Millikin, R., Bianco, C.L., White, C., Saund, S.S., Henriquez, S., Sosa, V., 

Akaike, T., Kumagai, Y., Soeda, S., Toscano, J.P., Lin, J., Fukuto, J.M. Free Rad. Biol. Med. 97, 

136-147 (2016), with permission from Elsevier. 
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In addition to RSSSR formation, MCPD decomposition also results in the bis(alkyl) 

tetrasulfide (RSSSSR) and the bis(alkyl) disulfide RSSR (indicated in Figure 4.1b). 

Again, the lack of RSSSSR and RSSR production following MCCD decomposition is 

likely due to the decreased steric hindrance of MCCD (vide supra), which allows for a 

more rapid reaction between MCCP and MCCD, limiting other reaction pathways for 

MCCP. In regard to MCPD, the bis(alkyl) RSSSSR species is likely formed via reaction 

of MCPP with the formed mixed RSSSR species (Scheme 4.5).11,12 

 

 

Scheme 4.5: Reaction of MCPP with the previously formed mixed dialkyl trisulfide 

(RSSSR, Scheme 4.3) to yield the bis(alkyl) tetrasulfide (RSSSSR) and penicillamine 

(RSH) 

 

The free penicillamine RSH liberated in Scheme 4.5 can then go on further to react with 

non-decomposed MCPD (Scheme 4.6), forming the bis(alkyl) RSSR species indicated in 

the ESI-MS spectrum of Figure 4.1b. 

 

 

Scheme 4.6: Reaction of penicillamine with the donor MCPD to form the corresponding 

penicillamine disulfide 
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4.4 Reaction of MCPD and MCCD with Iodoacetamide 

 To confirm that formation of the products presented in section 4.3 (vide supra) 

occur via MCPP and MCCP reactivity, it became of interest to trap the fleeting RSSH 

species. For this purpose, MCPD and MCCD were decomposed in the presence of 10x 

excess iodoacetamide (IAM, Scheme 4.7), an electrophile commonly used to cap protein 

RSH groups, and analyzed by ESI-MS. 

 

 

Scheme 4.7: Reaction of MCPP with IAM to form the MCPP-AM product 

 

As shown in Figure 4.2a, decomposition of 1 mM MCPD in the presence of 10 mM IAM 

results in the hydropersulfide-acetamide (MCPP-AM, m/z = 297.21) trapped species, 

consistent with the release of MCPP from MCPD.10  
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Figure 4.2: ESI-MS spectra for the decomposition of (a) 1 mM MCPD in the presence of 

10 mM IAM to produce the trapped MCPP-AM (m/z = 297.21) and (b) 500 µM MCCD 

in the presence of 5 mM IAM in 50 mM ammonium bicarbonate buffer (pH 7.4). All 

spectra performed in positive ion mode. Reprinted from: Millikin, R., Bianco, C.L., 

White, C., Saund, S.S., Henriquez, S., Sosa, V., Akaike, T., Kumagai, Y., Soeda, S., 

Toscano, J.P., Lin, J., Fukuto, J.M. Free Rad. Biol. Med. 97, 136-147 (2016), with 

permission from Elsevier. 

 

Additionally, decomposition of 500 µM MCCD in the presence of 5 mM IAM also 

results in the corresponding MCCP-AM species (Figure 4.2b, m/z = 268.96), again 

confirming release of MCCP from MCCD. (Note that the mixed RSSSR species is still 

present in incubations of MCCD  +  IAM and not in incubations of MCPD  +  IAM, 

presumably because MCCD lacks the gem-dimethyls present in MCPD, allowing for 

more facile reaction of MCCP with MCCD, compared to MCPP with MCPD). 

 

4.5 Reduction of Electrophilically Modified Hydropersulfides 

 As described in chapter 3, oxidation of RSH to RSSH may serve a protective 

function for RSH, especially when contained within proteins. This is explained by the 

ability of the terminal sulfur atom of RSSH to function as a sacrificial site for 

modification. In other words, electrophilic/oxidative modification of the terminal sulfur 

atom will allow for facile reduction of the resulting mixed disulfide RSSR, affording the 

initial free RSH. In contrast, electrophilic/oxidative modification of RSH would not allow 

for subsequent reduction back to the free RSH, rendering the RSH species inactive. To 

initially confirm this hypothesis, the MCPD sample treated with 10x IAM (Figure 4.2a) 
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was incubated with 20x excess of the reductant dithiotreitol (DTT) and analyzed by ESI-

MS. 

 

Figure 4.3: ESI-MS for the reduction of the MCPP-AM adduct (resulting from reaction 

of 1 mM MCPD + 10 mM IAM, Figure 4.2, left) by 20 mM DTT to afford MCP (m/z = 

225.10) in 50 mM ammonium bicarbonate buffer (pH 7.4). Spectrum was measured in 

positive ion mode. Reprinted from: Millikin, R., Bianco, C.L., White, C., Saund, S.S., 

Henriquez, S., Sosa, V., Akaike, T., Kumagai, Y., Soeda, S., Toscano, J.P., Lin, J., 

Fukuto, J.M. Free Rad. Biol. Med. 97, 136-147 (2016), with permission from Elsevier. 

 

As depicted in Figure 4.3, treatment of the MCPP-AM adduct with 10x DTT results in 

reduction of MCPP-AM to the corresponding thiol N-methoxycarbonyl penicillamine 

(MCP, m/z = 225.10, Figure 4.3), consistent with the idea that oxidation of RSH to RSSH 

serves a protective function for RSH under electrophilic stress. 

 To further confirm the idea that RSSH have protective properties distinct from 

RSH, MCPD and an analogous RSH, N-acetylpenicillamine (NAP), were treated with a 

10-fold excess of IAM and analyzed via 1H-NMR. The 1H NMR spectra of Figure 4.4 
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display the IAM modified MCPP and NAP adducts, MCPP-AM (Figure 4.4b) and NAP-

AM (Figure 4.4a), respectively. 

 

 
Figure 4.4: 1H NMR spectra for the reaction of (a) 1 mM NAP + 10 mM IAM and (b) 1 

mM MCPD + 10 mM IAM in 100 mM phosphate buffer (pH 7.4). Reprinted from: 

Millikin, R., Bianco, C.L., White, C., Saund, S.S., Henriquez, S., Sosa, V., Akaike, T., 

Kumagai, Y., Soeda, S., Toscano, J.P., Lin, J., Fukuto, J.M. Free Rad. Biol. Med. 97, 

136-147 (2016), with permission from Elsevier. 

 

 To verify that electrophilically modified RSSH is susceptible to reduction back to 

the free RSH and that electrophilically modified RSH is not, the samples of MCPP-AM 

and NAP-AM (Figure 4.4) were each treated with 20-fold excess DTT and analyzed by 

1H NMR. Importantly, the gem-dimethyl groups of both the MCPP (Figure 4.4b, 1.2-1.3 

ppm) and NAP (Figure 4.4a, 1.2-1.3 ppm) substituents are diagnostic NMR peaks, 

indicating the nature of the thiol species (i.e., RSH, RS-AM, RSS-AM). Therefore, we 

focused on these peaks for each species (Figure 4.5). Figure 4.5a and d are the selected 

1H NMR regions for NAP and MCPD alone, respectively. 
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Figure 4.5: Selected 1H NMR regions for the gem-dimethyl groups of (a) 1 mM NAP, 

(b) product resulting from 1 mM NAP +10 mM IAM (c) product remaining after 

treatment of B with 20 mM DTT, (d) 1 mM MCPD in D2O, (e) product resulting from 1 

mM MCPD + 10 mM IAM and (f) product resulting from the reduction of E with 20 mM 

DTT.  Except for (d), spectra were measured in 100 mM phosphate buffer (pH 7.4) with 

10 % D2O. Reprinted from: Millikin, R., Bianco, C.L., White, C., Saund, S.S., Henriquez, 

S., Sosa, V., Akaike, T., Kumagai, Y., Soeda, S., Toscano, J.P., Lin, J., Fukuto, J.M. Free 

Rad. Biol. Med. 97, 136-147 (2016), with permission from Elsevier. 

 

Treatment of NAP and MCPD with 10x excess IAM affords the NAP-AM and MCPP-

AM adducts, as displayed in Figure 4.5b and e, respectively. Finally, the products of 

NAP-AM and MCPP-AM incubations with DTT (20x excess) are given in Figure 4.5c 

and f, respectively. Figure 4.5b and c indicate that DTT is unable to reduce the 

electrophilically modified NAP-AM adduct. Conversely, Figure 4.5e and f demonstrate 

that DTT sufficiently reduced the MCPP-AM adduct to the free RSH, consistent with the 

data of Figure 4.3 and the idea that oxidation of RSH to RSSH can indeed serve a 

protective function for RSH against irreversible electrophilic modification. It should be 

noted that steric hindrance by the gem-dimethyls, which are closer in proximity to the 

modified sulfur atom for NAP-AM than for MCCP-AM, is likely not the cause of 
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resistance for NAP-AM towards reduction, as electrophilically modified glutathione 

(GSH) bound to resin was also more resistant towards reduction by DTT than resin-

bound, electrophilically modified glutathione persulfide (GSSH) [Millikin 2016]. 

 

4.6 Summary 

 A complicating factor for the study of H2S in biological systems is that it readily 

establishes an equilibrium with RSSR, yielding the interfering species RSSH and RSH 

(Scheme 4.1).5,6 The simultaneous presence of numerous nucleophilic/reducing species 

makes it difficult to distinguish the actual effector species responsible for any observed 

results. Development of the H2S-independent RSSH donors, MCPD and MCCD, has 

allowed for the facile study of the reactivity of RSSH independent from and relative to 

otherwise complicating species, namely H2S and RSH. Although the released MCPP and 

MCCP hydropersulfide species cannot be directly detected due to their fleeting nature (or 

their being present at low, undetectable concentration, as discussed in chapter 6), indirect 

evidence for their release was achieved by trapping with the electrophile IAM. 

Furthermore, the MCPP-AM adduct resulting from the reaction of MCPP + IAM is easily 

reduced by the reductant DTT. On the other hand, DTT was unable to reduce the NAP-

AM thioether, consistent with the idea that oxidation of RSH to RSSH allows for the 

protection of RSH from long-lived/irreversible electrophilic modification. 

 MCPD and MCCD therefore stand as suitable supplements for traditional RSSH 

generating systems (Scheme 4.1). As described in chapter 3, the lack of knowledge 

regarding RSSH reactivity is a limiting factor for the determination of RSSH roles in 

biology and determination of their potential signaling pathways. The development of 
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MCPD and MCCD are intended to advance the field of RSSH chemistry for its 

application to the understanding of RSSH function in biology. Indeed, as will be 

presented in subsequent chapters, use of these donors (mainly MCPD) has led to a 

significant increase in our understanding of RSSH reactivity and potential reaction 

pathways leading from RSSH generation. 

 

4.7 Experimental 

 

4.7.1 Instrumentation 

 NMR Analysis: All spectra were collected using an Agilent 400 MHz 

spectrometer. The (H)PRESAT method of VNMRJ software was used to suppress the 

water signal for all spectra. All spectra were performed in 100 mM phosphate buffer (pH 

7.4) with 10 % D2O. 

 

 ESI-MS Analysis: All ESI-MS data was collected using a Thermo TSQ Quantum 

triple quadrupole mass spectrometer operating in positive ion mode. All samples were 

directly injected into the MS via syringe pump at a flow rate of 1 µL/min after 5x dilution 

with methanol. Analytical parameters were as follows: spray voltage = 3500 V, capillary 

temperature = 250 °C, carrier gas = N2 and collision gas = Ar. All peaks of interest were 

optically optimized and data recorded using XCalibur 2.1 software. 
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 4.7.2 Methods 

 Preparation of MCPD and MCCD: MCPD was synthesized as previously 

described.11 For the synthesis of MCCP, 121 mg (1 mmol) of cysteine was dissolved in 1 

mL methanol (MeOH) with stirring. A solution of methoxycarbonylsulfenyl chloride (1 

mmol) in diethyl ether (3 mL) was slowly added to the cysteine solution and stirred at 

room temperature for 1 hr. The solvent was evaporated to dryness, affording S-

methoxycarbonyl cysteine disulfide in 97 % yield. 1H NMR (D2O), δ = 4,15-4,12 (dd, 

1H; CH), 3.80 (s, 3H; OCH3), 3.38-3.33 (dd, 1H; CH2), 3.22-3.16 (dd, 1H; CH2). 

 

 ESI-MS Analysis of the Reactivity of RSSH: 100 mM stock solutions of both 

MCPD and MCCD were made in DI water. 10 µL of each stock solution were separately 

diluted into 990 µL of 100 mM ammonium bicarbonate buffer (pH 7.4) and allowed to 

decompose 30 min (final [MCPD/MCCD] = 1 mM). After decomposition, each sample 

was analyzed via ESI-MS. 

 For incubations with IAM, a 200 mM stock solution of iodoacetamide was 

prepared in the assay buffer. For reactions, 50 µL of the iodoacetamide stock was 

separately diluted into two vials of 940 µL ammonium bicarbonate buffer. Next, 10 µL of 

MCPD and MCCD stock solutions were added to separately to one of each vial. 

Reactions proceeded at room temperature for 30 min, followed by ESI-MS analysis. 

 For reductions with DTT, DTT was dissolved (final [DTT] = 20 mM) in the 

samples resulting from the incubations of MCPD + IAM and NAP + IAM and allowed to 

react for 1 hr. Again, these samples were analyzed via ESI-MS. 
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 NMR Analysis of RSSH vs. RSH Reactivity: : Stock solutions (10 mM) of both 

N-acetyl penicillamine (NAP) and MCPD were made in D2O.  Stock solutions of IAM 

(100 mM) and DTT (200 mM) were prepared in 100 mM phosphate buffer (pH 7.4).  For 

any given reaction, IAM was diluted in an NMR tube containing 100 mM 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.  Upon completion of the reaction of either the thiol or the 

hydropersulfide with IAM, DTT was added to the NMR tube to a final concentration of 

20 mM.  Reduction of the trapped thiol or hydropersulfide species was monitored by 

(H)PRESAT NMR.  
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Chapter 5: The Generation and Reactivity of Perthiyl Radicals (RSS•) 

5.1 Introduction 

A major importance of thiols (RSH) in biology is their ability to regulate/facilitate 

redox processes.1 RSH are good two-electron reductants capable of reducing, for 

example, disulfides (RSSR) and sulfenic acids (RSOH). Additionally, thiyl radicals (RS•) 

are good one-electron oxidants. Specifically, one-electron oxidations by RS• have 

important roles in enzymatic processes.2 A primary example is ribonucleotide reductase 

(RnR), which utilizes an active site cysteinyl radical (Cys-S•) to abstract a hydrogen atom 

from the ribose ring.3,4 The one-electron reduction potential for Cys-S• to cysteine thiol 

(Cys-SH) is +0.92 V at pH 7,5 consistent with Cys-S• being a good one-electron oxidant. 

The reduction potential for the Cys-S•/Cys-SH couple also indicates that Cys-SH is a 

relatively weak one-electron reductant. In addition, the bond dissociation energy (BDE) 

for the S-H bond of RS-H is about 92 kcal/mol,6 identifying RS• as capable H-atom 

acceptors. Alternatively, RSH are poor H-atom donors, consistent with RS• being 

relatively good one-electron oxidants and RSH being relatively weak one-electron 

reductants. 

In comparison, little is known about the redox chemistry of hydropersulfide 

(RSSH) species, although it has been proposed that RSSH are superior one- and two-

electron reductants compared to RSH.7,8 The superiority of RSSH over RSH as a two-

electron reductant has been described in previous chapters and is mostly attributed to its 

increased nucleophilicity relative to RSH. However, less work has centered on the one-

electron reducing abilities of RSSH. Though the reduction potential for the 

RSSH/perthiyl radical (RSS•) redox couple is unknown, it is reasonable to consider that 
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RSSH oxidation to RSS• is a biologically feasible process because one-electron oxidation 

(and/or H-atom donation) of RSSH generates a resonance stabilized RSS• species 

(Scheme 5.1). 

 

 

Scheme 5.1: One-electron oxidation/H-atom donation of perthiolates (RSS-

)/hydropersulfide (RSSH) forming a resonance stabilized perthiyl radical (RSS•) 

 

No such resonance stability is available for RS•, although RS• are found throughout 

biology, making it possible that RSS• are also biologically relevant redox species. 

The BDE for the S-H bond of RSS-H is about 70 kcal/mol.6 This low BDE, 

relative to RS-H (92 kcal/mol), is consistent with the idea that RSSH are better H-atom 

donors than RSH, again attributed to resonance stability (Scheme 5.1). The RSS-H BDE 

also identifies RSS• as being a weaker H-atom acceptor than RS•. For these reasons and a 

lack of work performed on the RSSH/RSS• redox couple, it was of interest to examine the 

feasibility of RSS• formation and its subsequent reactivity for biological implications. 

 

5.2 Hydropersulfide Generation 

 For most of the experiments performed in this chapter, the RSSH donor S-

methoxycarbonyl penicillamine disulfide (MCPD) was used. At pH 7.4, MCPD 

undergoes spontaneous S-to-N transfer for in situ generation of N-methoxycarbonyl 

penicillamine persulfide (MCPP, Scheme 5.2).9,10 

RSS-/H e-/H•  + R S S R S+ S-
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Scheme 5.2: Spontaneous S-to-N transfer of MCPD to form MCPP at pH 7.4 

 

5.3 Perthiyl Radical Generation 

Initially, it was of interest to determine if in fact RSSH could be oxidized to RSS• 

via chemical one-electron oxidants. For this purpose, the nitroxide 4-hydroxy-2,2,6,6-

tetramethylpiperidine-1-oxyl (TEMPOL) was used. TEMPOL is a commonly used 

standard for electron paramagnetic resonance (EPR) studies, as it has a stable EPR active 

unpaired oxyl radical. One-electron reduction of TEMPOL affords the non-radical, EPR 

silent TEMPOL hydroxylamine (TEMPOL-OH) species (Scheme 5.3). 

 

!

Scheme 5.3: One-electron reduction of TEMPOL to TEMPO-OH 

 

Importantly, TEMPOL absorbs at λmax = 426 nm (ε = 13.4 M-1 cm-1),11 whereas 

TEMPOL-OH has no absorbance in the visible region. Therefore, the one-electron 

reduction of TEMPOL to TEMPOL-OH can be monitored by the loss of absorbance at 

426 nm (TEMPOL). To determine if MCPP (released from MCPD) can reduce 

TEMPOL, 5 mM MCPD was decomposed in a buffered solution in the presence of 10 

mM TEMPOL. Figure 5.1a displays the UV-vis spectrum for the reduction of TEMPOL 
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to TEMPOL-OH by MCPP (Scheme 5.4), indicated by the decreased absorbance at 426 

nm over time. 

 

!

Scheme 5.4: One-electron reduction of TEMPOL by MCPP to the TEMPOL-OH and the 

MCPP perthiyl radical derivative 

 

!

Figure 5.1: UV-vis spectra for the reduction of TEMPOL (10 mM) to TEMPOL-OH by (a) 5 mM 

MCPD and (b) 5 mM NAP, as indicated by the loss in absorbance at 426 nm. Spectra were 

recorded every ninety seconds for 30 min. in 100 mM phosphate buffer (pH 7.4). The blue line 

indicates the first recorded spectrum. Reprinted from: Bianco, C.L., Chavez, T.A., Sosa, V., 

Saund, S., Nguyen, Q.N.N., Tantillo, D.J., Ichimura, A.S., Toscano, J.P., Fukuto, J.M. Free Rad. 

Biol. Med. 101, 20-31 (2016), with permission from Elsevier. 

 

 

For comparison, the corresponding RSH species N-acetylpenicillamine (NAP) was also 
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the same period of time (30 min.) NAP did not reduce TEMPOL to any extent, as 

indicated by a lack of change in the absorbance at 426 nm (Figure 5.1b). 

 As described in Chapter 4, traditional RSSH generating systems have relied on 

their in situ generation via reaction of hydrogen sulfide (H2S) with RSSR species 

(Scheme 5.5). 

 

!

Scheme 5.5: Equilibrium of H2S and RSSR to form hydropersulfides 

 

For comparative purposes, it was of interest to confirm that MCPD-induced reduction of 

TEMPOL is similar to that of traditional RSSH generating systems. Therefore, 10 mM 

TEMPOL was reacted with an equilibrated buffered solution of 5 mM H2S and 5 mM 

glutathione disulfide (GSSG). Under these conditions, H2S and GSSG react to form 

glutathione hydropersulfide (GSSH) and glutathione (GSH, Scheme 5.6).12 

 

!

Scheme 5.6: Equilibrium of H2S and GSSG to form the hydropersulfide GSSH 

!
As shown in Figure 5.2, when TEMPOL is added to the GSSH generating solution, a 

subsequent loss in absorbance occurs at 426 nm, indicative of one-electron reduction of 

TEMPOL to TEMPOL-OH via the GSSH generated in this traditional manner.  

 

H2S  +  RSSR RSSH  +  RSH

H2S  +  GSSG GSSH  +  GSH
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Figure 5.2: Reduction of TEMPOL (10 mM) by an equilibrated solution of 5 mM H2S 

and 5 mM GSSG, as indicated by the loss in absorbance at 426 nm. The reduction of 

TEMPOL is attributed to the presence of GSSH via Reaction 5.3. The spectrum was 

recorded every ninety seconds for 30 min. in 100 mM phosphate buffer (pH 7.4). The 

blue line indicates the first recorded spectrum. Reprinted from: Bianco, C.L., Chavez, 

T.A., Sosa, V., Saund, S., Nguyen, Q.N.N., Tantillo, D.J., Ichimura, A.S., Toscano, J.P., 

Fukuto, J.M. Free Rad. Biol. Med. 101, 20-31 (2016), with permission from Elsevier. 

 

It should be noted that GSSG and GSH did not reduce TEMPOL when reacted alone and 

separately. H2S did apparently reduce TEMPOL, though to a lesser extent than the 

equilibrated sample. However, TEMPOL reduction by H2S was very likely a result of 

contaminating polysulfur species, as treatment of the H2S stock solution with the 

phosphine, tris(2-carboxymethyl)phosphine (TCEP), inhibited H2S-induced reduction of 

TEMPOL.  (Note: TCEP was used to reduce sulfur and polysulfur containing solutions. It 

is commonly used to decontaminate solutions of interfering polysulfide contaminants9)  

Nevertheless, the data of Figure 5.2 indicates that MCPD-induced one-electron reduction 

of TEMPOL is similar to that for traditional hydropersulfide generating systems. (Note: 

reduction of TEMPOL via the H2S/GSSG equilibrated solution occurred to a lesser extent 

than that for MCPD. This is likely due to the low concentration of GSSH present, a result 
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of Scheme 5.6 favoring the reactants and/or reactivity of GSSH with other species 

present, as will be explained in subsequent chapters). 

 To confirm that one-electron reduction by RSSH is not exclusive to TEMPOL, 

potassium ferricyanide (K3Fe(CN)6) was used as an alternate one-electron oxidant. 

K3Fe(CN)6 has an Fe(III) center and absorbs at λmax = 420 (ε = 1000 M-1 cm-1).13 One-

electron reduction of the Fe(III) center to Fe(II) results in a loss in absorbance at 420 nm, 

and therefore, UV-vis spectroscopy can be used to monitor the one-electron reduction of 

Fe(III). To confirm reduction of K3Fe(CN)6 by MCPP, 100 µM MCPD was decomposed 

in a buffered solution containing 200 µM K3Fe(CN)6. As indicated in Figure 5.2a, 

decomposition of MCPD in the presence of K3Fe(CN)6 results in a loss in absorbance at 

420 nm over 30 min. (Figure 5.3a), consistent with one-electron reduction of Fe(III) to 

Fe(II). 

 

!

Figure 5.3: UV-vis spectra for the one-electron reduction of K3Fe(CN) (200 µM) by (a) 

100 µM MCPD and (b) 100 µM NAP, as indicated by the loss in absorbance at 420 nm. 

Spectra were recorded every ninety seconds for 30 min. in 100 mM phosphate buffer (pH 

7.4). The blue line indicates the first recorded spectrum. Reprinted from: Bianco, C.L., 

Chavez, T.A., Sosa, V., Saund, S., Nguyen, Q.N.N., Tantillo, D.J., Ichimura, A.S., 

Toscano, J.P., Fukuto, J.M. Free Rad. Biol. Med. 101, 20-31 (2016), with permission 

from Elsevier. 
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Again, for comparison, 100 µM NAP was also reacted with 200 µM K3Fe(CN)6 under the 

same conditions as those for MCPD + K3Fe(CN)6. NAP also displayed the ability to 

reduce Fe(III) to Fe(II) (Figure 5.3b) however, the extent of reduction by NAP was 

slightly less than 50 % of that for MCPD (based on an extinction coefficient of 1000 M-1 

cm-1), consistent with RSSH being a better one-electron reductant than RSH. (Note: 

treatment of K3Fe(CN)6 causes a rapid initial reduction of Fe(III) to Fe(II) whereas 

treatment of K3Fe(CN)6 with MCPD allows for a more gradual reduction of Fe(III) to 

Fe(II). This is due to the fact that the reactive MCPP is released upon rearrangement of 

MCPD, and therefore, rearrangement of MCPD to MCPP is likely to be the limiting 

factor for MCPP reactivity). Given the above results, RSSH appear to be relatively potent 

one-electron reductants, as they are able to reduce stable nitroxide and Fe(III) species. 

Furthermore, RSSH are more capable of one-electron reduction than analogous RSH. 

 

5.4 MCPD-induced Reduction of Ferric Myoglobin to Ferrous Myoglobin 

 A main purpose for studying the chemistry of RSSH species is future application 

to biology. It is therefore important to determine if indeed RSSH is capable of reacting 

with major biological molecules. For this reason, the reactivity between MCPP and ferric 

myoglobin (MbFeIII) was investigated. MbFeIII, similar to K3Fe(CN)6, is an Fe(III) 

containing metalloprotein and was chosen for its redox ability. Reduction of MbFeIII 

results in iron(II) ferrous myoglobin (MbFeII), which in the presence of oxygen forms 

oxymyoglobin (MbFeII-O2). Importantly, all three listed myoglobin (Mb) species have 

diagnostic absorbance’s, making identification of the various Mb redox states facile via 

UV-vis spectroscopy. For example, MbFeIII absorbs at λ = 408, 502 and 530 nm, while 
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MbFeII-O2 has absorbs at λ = 542 and 580 nm.14 The UV-vis spectrum for a buffered 

solution of 5 µM MbFeIII is displayed in Figure 5.4 (dashed line). 

 

!

Figure 5.4: UV-vis spectra for (dashed line) 5 µM ferric myoglobin (MbFeIII) and (solid 

line) 5 µM MbFeIII + 50 µM MCPD after 30 min. incubation.  The inset are the spectra 

for (dashed line) 5 µM MbFeIII and (solid line) 5 µM MbFeIII + 50 µM NAP after 30 min. 

incubation. All spectra were recorded in 100 mM phosphate buffer (pH 7.4). Reprinted 

from: Bianco, C.L., Chavez, T.A., Sosa, V., Saund, S., Nguyen, Q.N.N., Tantillo, D.J., 

Ichimura, A.S., Toscano, J.P., Fukuto, J.M. Free Rad. Biol. Med. 101, 20-31 (2016), with 

permission from Elsevier.  

 

Addition of 50 µM MCPD to the MbFeIII solution causes reduction, followed by 

subsequent oxygenation of MbFeIII to MbFeII-O2 (Figure 5.4, solid line), as indicated by 

the change in the UV-vis spectra. For comparison, 50 µM NAP was also reacted with 5 

µM MbFeIII under conditions analogous  to MCPD + MbFeIII. The inset of Figure 5.4 

displays the spectra for MbFeIII alone (dashed line) and for MbFeIII + 10x excess NAP 

(solid line). The UV-vis spectra for MbFeIII and for MbFeIII + NAP are nearly identical, 

indicating that NAP does not reduce MbFeIII to any significance. Altogether, these data 

indicated that RSSH is a superior one-electron reductants compared with analogous RSH 
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and is consistent with the findings above for reactions involving the alternate oxidants, 

TEMPOL and K3Fe(CN)6. 

 

5.5 Reduction of TEMPO by MCPP: EPR Analysis 

 The UV-vis data indicate that RSSH are better one-electron oxidants than 

corresponding RSH. To confirm further the reduction of nitroxides by MCPP, EPR 

spectroscopy was utilized to monitor the reduction of the organic soluble TEMPOL 

derivative, 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO, Scheme 5.7), which 

structurally only differs from TEMPOL by the absence of a non-reactive hydroxyl group.  

 

!

Scheme 5.7:Reduction of TEMPO to TEMPO-OH by the hydropersulfide MCPP 

 

The typical triplet full line spectrum for 5 mM TEMPO in methanol (MeOH) is shown as 

the dashed line in Figure 5.5. 
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Figure 5.5: EPR spectra for (dashed line) 5 mM TEMPO and, (solid line) 30 min. after 

the addition of 5 mM MCPD and 10 mM tetrabutylammonium hydroxide to 5 mM 

TEMPO in methanol. Reprinted from: Bianco, C.L., Chavez, T.A., Sosa, V., Saund, S., 

Nguyen, Q.N.N., Tantillo, D.J., Ichimura, A.S., Toscano, J.P., Fukuto, J.M. Free Rad. 

Biol. Med. 101, 20-31 (2016), with permission from Elsevier. 

 

Addition of 5 mM MCPD and 10 mM tetrabutylammonium hydroxide to the solution of 

TEMPO results in the solid line (after 30 min.) of Figure 5.5. (Note: since EPR analysis 

is performed in organic solvent (MeOH) to enhance spectral resolution, release of MCPP 

from MCPD requires addition of tetrabutylammonium hydroxide to deprotonate MCPD 

for the release of MCPP. Tetrabutylammonium hydroxide did not decrease the TEMPO 

EPR signal when reacted in the absence of MCPD.). The decrease in signal intensity 

upon addition of MCPD and tetrabutylammonium hydroxide indicates reduction of 

TEMPO to TEMPO-hydroxylamine (TEMPO-OH), consistent with the UV-vis data for 

MCPD + TEMPOL and again suggesting that RSSH are good one-electron reductants. 

 Of important note is that MCPP perthiyl radical (MCPP•) was never observed by 

EPR spectroscopy. This is likely due to the fact that MCPP• dimerization to the 

diamagnetic tetrasulfide (RSSSSR) is rapid (vide supra), preventing significant build up 

of MCPP• concentration. Additionally, attempts to trap MCPP• using the spin trap 5,5-
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dimethyl-1-pyrroline-N-oxide (DMPO) were unsuccessful. Again, this is likely due to 1) 

MCPP• dimerization to diamagnetic RSSSSR outcompetes the reaction of MCPP• + 

DMPO and/or, 2) the radical species, MCPP• and DMPO are more stable alone than as an 

MCPP-DMPO adduct (equilibrium favors reactants), which again would result in MCPP• 

dimerization to the undetectable diamagnetic RSSSSR species. Regardless, all data thus 

far indicate that RSSH are better one-electron reductants than RSH. 

 

5.6 Computational Analysis for the Reaction of a Hydropersulfide and TEMPOL 

 Thus far, all experimental data indicate that MCPP is capable of reducing 

TEMPOL to TEMPOL-OH and presumably, MCPP•. To support this further, a 

computational analysis for the reaction of TEMPOL with a model RSSH compound, 

methylpersulfide (CH3SSH), was performed. As shown in Figure 5.6a, the products 

TEMPOL-OH + CH3SS• are 4.7 kcal/mol higher in energy than the reactants, TEMPOL + 

CH3SSH (in water).  
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Figure 5.6: Computational analysis for (a) the reduction of TEMPOL by CH3SSH and, 

(b) the dimerization of CH3SS•. All calculations were performed, both in gas phase and in 

water, at the M06-2X/6-31+G(d,p) level of theory. Calculations performed with water as 

a solvent were modeled with the SMD implicit continuum solvation model. Intrinsic 

reaction coordinate (IRC) calculations confirmed connection of transition state structures 

to minima. Reprinted from: Bianco, C.L., Chavez, T.A., Sosa, V., Saund, S., Nguyen, 

Q.N.N., Tantillo, D.J., Ichimura, A.S., Toscano, J.P., Fukuto, J.M. Free Rad. Biol. Med. 

101, 20-31 (2016), with permission from Elsevier. 

 

The transition state barrier for this reaction is 12.8 kcal/mol (in water). Though slightly 

endergonic, the reaction of TEMPOL + CH3SSH is likely driven by subsequent 

dimerization of CH3SS•. Figure 5.6b, indicates that dimerization of CH3SS• to afford  

dimethyltetrasulfide (CH3SSSSCH3) is barrierless and that CH3SSSSCH3 is 20.3 kcal/mol 

lower in energy than the reactants CH3SS• + CH3SS•. The computational analysis is 
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consistent with the experimental data, indicating that reaction of MCPP + TEMPOL is a 

feasible process, likely driven by subsequent dimerization of the formed MCPP•. 

 

5.7 ESI-MS Analysis for the Detection of Sulfur Products 

 The data for UV-vis, EPR and computational analyses indicate that MCPP is 

capable of reducing a number of one-electron oxidants, including TEMPOL, K3Fe(CN)6, 

MbFeIII and TEMPO. However, the nature of the resulting sulfur products from the one-

electron oxidation of MCPP has not been determined thus far. It is presumed that one-

electron oxidation of MCPP forms MCPP•, though this species could not be detected by 

EPR or trapped using spin traps. For these reasons, we suggest that the fate of MCPP• is 

subsequent reaction that outcompetes its trapping and that the final product is 

diamagnetic, preventing EPR detection. Previous work performed on RSS• species 

indicates that the primary fate for RSS• is dimerization to form RSSSSR.15,16 

Measurements of the rate of RSS• dimerization using photolysis for the homolytic 

cleavage of the RSS-SSR bond of tetrasulfides indicate this reaction is rapid, having a 

rate constant of k = 6 x 109 M-1 s-1.16  

 Indeed, a rapid rate for RSS• dimerization and formation of a diamagnetic 

RSSSSR species are consistent with the findings of EPR analysis (vide supra). For these 

reasons, it became of interest to determine if reaction of MCPP with TEMPOL or 

K3Fe(CN)6 result in tetrasulfide products. As described in Chapter 4, decomposition of 

MCPD in the absence of additional chemical reactants predominantly results in formation 

of the mixed dialkyl trisulfide (with tetrasulfide formation being a minor pathway, 

Scheme 5.1). However, if MCPP• formation ultimately leads to tetrasulfide products, 
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tetrasulfide would be the expected major product (over trisulfide) when MCPD is 

decomposed in the presence of one-electron oxidants (Scheme 5.8).  

 

!

Scheme 5.8: One-electron oxidation of MCPP followed by MCPP• dimerization to the 

tetrasulfide 

 

Figure 5.7a is the single ion monitoring (SIM) ESI-MS spectrum for the tri- (m/z = 

387.27) and tetrasulfide (m/z = 494.28, sum m/z for MCPP-SSSS-MCPP + NH4
+) 

resulting from the decomposition of 1 mM MCPD alone. 

 

!

Figure 5.7: Positive ion ESI-MS spectra for SIM of the ratios of dialkyl tri- (m/z = 387) 

and tetrasulfide (m/z = 494) resulting from (a) decomposition of 1 mM MCPD alone and, 

(b) representative spectrum for decomposition of 1 mM MCPD in the presence of 5 mM 

TEMPOL or 5 mM K3Fe(CN)6. All spectra recorded in 50 mM ammonium phosphate 

buffer (pH 7.4). Reprinted from: Bianco, C.L., Chavez, T.A., Sosa, V., Saund, S., 
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Nguyen, Q.N.N., Tantillo, D.J., Ichimura, A.S., Toscano, J.P., Fukuto, J.M. Free Rad. 

Biol. Med. 101, 20-31 (2016), with permission from Elsevier. 

 

Importantly, when MCPD is decomposed alone, the ratio of trisulfide:tetrasulfide is in 

favor of the trisulfide as being the most abundant species (Figure 5.7a, note: this assumes 

that the trisulfide and tetrasulfide have similar ionization energies. Nevertheless, this ratio 

is merely used as a reference for experiments to follow.). However, when 1 mM MCPD 

is decomposed in the presence of 5 mM TEMPOL or 5 mM K3Fe(CN)6, the ratio of 

trisulfide:tetrasulfide shifts, relative to MCPD decomposition alone, favoring the 

tetrasulfide (m/z = 494.29, Figure 5.7b). These data support the hypothesis that one-

electron oxidation of MCPP by various oxidants results in the corresponding dialkyl 

tetrasulfide, consistent with facile oxidation of MCPP to MCPP• followed by rapid 

dimerization of MCPP•. 

 

5.8 Possible O2 Consumption from the Reaction of MCPP and TEMPOL 

 Being a radical species, it is reasonable to expect that MCPP• may also react with 

other radical species. For this reason, it was of interest to determine if MCPP• consumes 

(or reacts with) O2,. Interestingly, a previous report indicates that RSS• species do in fact 

react with O2, though no products were observed in this study.15 Figure 5.8 shows that 

TEMPOL alone does not consume O2 (solid line), as the amount of O2 does not decrease 

when 100 µM TEMPOL is added to 100 mM phosphate buffer (pH 7.4) under ambient 

conditions. 
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Figure 5.8: Measurement of % O2 via Clark-type electrode for (solid line) 100 mM 

phosphate buffer (pH 7.4) only (0-10 min.), buffer + 100µM TEMPOL (10-20 min.) and, 

buffer + 100µM TEMPOL + 10 µM MCPD (20-40 min.). (Dashed line) 100 mM 

phosphate buffer (pH 7.4) only (0-10 min.), addition of 1 mL pure O2 gas (10-15 min.) 

and, second addition of 1 mL pure O2 gas (15-40 min.). Reprinted from: Bianco, C.L., 

Chavez, T.A., Sosa, V., Saund, S., Nguyen, Q.N.N., Tantillo, D.J., Ichimura, A.S., 

Toscano, J.P., Fukuto, J.M. Free Rad. Biol. Med. 101, 20-31 (2016), with permission 

from Elsevier. 

 

Additionally, when 10 µM MCPD, which decomposes to MCPP• in the presence of 

TEMPOL, is added to the TEMPOL solution, no O2 is consumed over a 20 min. period 

(solid line). As a positive control, a solution of 100 mM phosphate buffer (pH 7.4) was 

purged with N2 to deplete O2. Pure O2 gas was then added back to the solution in 1 mL 

aliquots via syringe (dashed line), confirming this analytical method is sensitive to both 

micromolar and millimolar levels of O2. 

 

5.9 Computational Analysis for the Reaction of a Perthiyl Radical with O2 

 The above data indicate that MCPP• does not react with O2 to any extent. To 

further confirm this, computational analysis for the reaction of O2 with the model 
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compound CH3SS• was performed. Figure 5.9 displays that the barrier for reaction of 

CH3SS• + O2 is +16.8 kcal/mol.  

 

!

Figure 5.9: Computational analysis for the reaction of the model perthiyl radical CH3SS• 

with O2 to form the presumed peroxyl species CH3SSOO•. All calculations were 

performed in the gas phase at the M06-2X/6-31+G(d,p) level of theory. Intrinsic reaction 

coordinate (IRC) calculations confirmed connection of transition state structures to 

minima. Reprinted from: Bianco, C.L., Chavez, T.A., Sosa, V., Saund, S., Nguyen, 

Q.N.N., Tantillo, D.J., Ichimura, A.S., Toscano, J.P., Fukuto, J.M. Free Rad. Biol. Med. 

101, 20-31 (2016), with permission from Elsevier. 

Additionally, the presumed peroxyl product CH3SSOO• is about 16 kcal/mol higher in 

energy than the reactants CH3SS• + O2, consistent with RSS• not reacting with O2. 

 

5.10 Possible NO Consumption from the Reaction of MCPP with TEMPOL 

 From the data presented above, it appears that MCPP• does not react with O2. To 

determine if MCPP• reacts with other biologically relevant radical species, the reaction of 

MCPP• with NO was investigated using an NO electrode. Figure 5.10 shows the decay of 

NO from 0-15 min. for a saturated solution of NO in 100 mM phosphate buffer (pH 7.4). 
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Figure 5.10: Measurement of an NO-induced current via NO electrode for (0-15 min.) 

100 mM phosphate buffer (pH 7.4) only, (15-30 min.) addition of 2.5 mM TEMPOL to 

the buffer solution and, (30-60 min.) subsequent addition of 500 µM MCPD to the 

TEMPOL solution. Reprinted from: Bianco, C.L., Chavez, T.A., Sosa, V., Saund, S., 

Nguyen, Q.N.N., Tantillo, D.J., Ichimura, A.S., Toscano, J.P., Fukuto, J.M. Free Rad. 

Biol. Med. 101, 20-31 (2016), with permission from Elsevier. 

 

The arrow labeled TEMPOL (at 15 min.) indicates the addition of 2.5 mM TEMPOL. 

Continued recording from 15-30 min. indicates TEMPOL does not consume NO, as it did 

not increase the rate of decay of NO. Subsequent addition of 500 µM MCPD at 30 min. 

also did not affect the rate of NO decay from 30-60 min., indicating no reaction between 

MCPP• and NO. 

 

5.11 Reaction of MCPP with GSNO 

 The previous data suggests that MCPP• is stable towards reaction with NO. 

Initially, this was surprising as alkyl-S-nitrosothiols (RSNO) are stable species, making it 

reasonable to consider that alkyl-S-nitrosopersulfides (RSSNO) would also be stable. 

Furthermore, recent studies have suggested the nitrosopersulfide SSNO- is a relatively 
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stable species.17,18 Therefore, it was of interest to determine if an RSSNO species could 

be formed via an alternate reaction route. Since RSSH are good nucleophiles and 

RSNO’s like S-nitrosoglutahione (GSNO) are decent electrophiles capable of 

transnitrosation reactions,19 it was considered that decomposition of MCPD to form 

MCPP in the presence of GSNO could facilitate a transnitrosation reaction resulting in an 

MCPP-derived RSSNO adduct (MCPP-NO, Scheme 5.9a). 

 

!

Scheme 5.9: (a) Transnitrosation from S-nitrosoglutathione (GSNO) to MCPP and, (b) 

hemolytic cleavage of the S-N bond in the MCPP-NO product of a to afford NO and 

MCPP• 

 

Furthermore, if indeed the formed MCPP-NO adduct is unstable towards homolytic S-N 

bond cleavage, reaction of MCPP + GSNO would also be expected to liberate NO 

(Scheme 5.9b). Figure 5.11 displays the amount of NO produced in a solution of 100 mM 

phosphate buffer (pH 7.4) only (0-300 sec., solid and dashed lines). 

 

MCPP  +  GSNO MCPP-NO  +  GSH

MCPP-NO MCPP•  +  NO

(a)

(b)
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Figure 5.11: NO electrode measurements of NO produced form 100 µM GSNO and, 

subsequent addition of 20 µM MCPD (solid line) or 20 mM NAP (dashed line). 

Measurements were performed in 100 mM phosphate buffer (pH 7.4). Reprinted from: 

Bianco, C.L., Chavez, T.A., Sosa, V., Saund, S., Nguyen, Q.N.N., Tantillo, D.J., 

Ichimura, A.S., Toscano, J.P., Fukuto, J.M. Free Rad. Biol. Med. 101, 20-31 (2016), with 

permission from Elsevier. 

 

Addition of 100 µM GSNO to the buffered solution results in a small amount of released 

NO (likely due to trace metals or small exposure to light) that quickly subsides as the 

solution equilibrates. Subsequent addition of 20 µM MCPD to the GSNO solution 

induces a rapid production of NO (Figure 5.11, solid line). Conversely, when 20 µM of 

the thiol NAP is added to the GSNO solution in place of MCPD, no significant amount of 

NO is liberated (Figure 5.11, dashed line). These results are consistent with Scheme 5.9a 

and 5.9b and indicate that RSSNO species are unstable towards homolytic S-N bond 

cleavage resulting in NO and the corresponding RSS•. 
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5.12 Computational Analysis for the Reaction of a Perthiyl Radical with NO 

 Currently, the presented evidence (vide supra) indicates that MCPP• does not 

significantly interact with NO. To explore this further, computational analysis was 

performed for the reaction of the model compound CH3SS• with NO. Figure 5.12 

indicates the reaction of CH3SS• + NO is barrierless and that the product CH3SSNO is 4 

kcal/mol lower in energy than CH3SS• + NO.  

 

!

Figure 5.12: Computational analysis for the reaction of CH3SS• with NO to form the S-

nitrosopersulfide CH3SSNO. All calculations were performed in the gas phase at the 

M06-2X/6-31+G(d,p) level of theory. Intrinsic reaction coordinate (IRC) calculations 

confirmed connection of transition state structures to minima. Reprinted from: Bianco, 

C.L., Chavez, T.A., Sosa, V., Saund, S., Nguyen, Q.N.N., Tantillo, D.J., Ichimura, A.S., 

Toscano, J.P., Fukuto, J.M. Free Rad. Biol. Med. 101, 20-31 (2016), with permission 

from Elsevier. 

 

Therefore, if RSSNO species do form, it is likely this is a reversible process back to RSS• 

+ NO, which is ultimately driven by the thermodynamically favored dimerization of RSS• 

to the dialkyl RSSSSR. 
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5.13 Discussion 

 All data indicate that one-electron oxidation of RSSH species is a feasible 

process. This is consistent with the experimental findings of UV-vis and EPR 

spectroscopy, which indicate MCPP is easily oxidized by the weak oxidants TEMPOL, 

TEMPO, K3Fe(CN)6 and MbFeIII. Additionally, computational analysis indicates that 

one-electron oxidation of the model hydropersulfide CH3SSH by TEMPOL is slightly 

uphill (+4.7 kcal/mol); however, this process is likely driven by the thermodynamically 

favored (20.3 kcal/mol downhill relative to reactants) dimerization of CH3SS• to 

CH3SSSSCH3. Importantly, RSSH were determined to be more reducing than 

corresponding RSH species, as RSH were not able to reduce any of the above oxidants to 

the same extent as RSSH (if at all) when reacted under the same conditions. These 

findings are also in alignment with previous reports describing the superior antioxidant 

abilities of RSSH over RSH.20,21 

 The enhanced one-electron reducing ability of RSSH over RSH has partly been 

attributed to the fact that the unpaired electron of the resulting RSS• is resonance 

stabilized, whereas that in RS• is not (Scheme 5.1).7 Additionally, this enhancement of 

RSSH reactivity can be described by a lower BDE for RSS-H (70 kcal/mol)21 compared 

to RS-H (92 kcal/mol).6 This is consistent with the fact that RSSH is able to reduce 

TEMPOL to TEMPOL-OH, which has an O-H BDE of 72 kcal/mol.22 Though the O-H 

BDE is only slightly higher than the RSS-H BDE, reduction of the nitroxide is likely 

driven by favorable dimerization of the resulting RSS• to RSSSSR. Nevertheless, RSH is 

unable to reduce TEMPOL-OH because the RS-H BDE is significantly higher than that 

for the O-H BDE of TEMPOL-OH. 
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 Of important note is the relative pKa’s of RSSH and RSH species. It has been 

reported that RSSH have pKa values that are typically 1-2 units below that of RSH. 

Therefore, under analogous conditions, the anionic perthiolate (RSS-) will be present at 

higher concentrations (about 10-100 times) than the thiolate (RS-) anion. For one-electron 

reductions involving direct transfer of an electron, the increased concentration of RSS- 

over RS- can be a main contributing factor. However, in regard to TEMPOL, it is thought 

that reduction of the nitroxide to the hydroxylamine occurs via H-atom donation.23 This is 

particularly interesting as RSSH proved to reduce TEMPOL while RSH did not, even 

though there is more of the protonated RSH than RSSH present under the studied 

conditions (pH 7.4). Again, this illustrates that RSSH are more capable reducing species 

than RSH. 

 RS• species are capable of reacting with O2 to produce corresponding peroxyl-

derived oxidized RSH species.24,25 Interestingly, RSS• did not react with O2 to any 

significance. This is consistent with results indicating that O2 is not consumed under 

conditions that afford RSS• (i.e., MCPD + TEMPOL). Additionally, this is supported by 

computational analysis for the model system CH3SS• + O2, in which the derived peroxyl 

species CH3SSOO• is about 16 kcal/mol higher in energy than the reactants. Surprisingly, 

this data is in contrast to the previous work by Everett and co-workers who found that 

RSS• reacts with O2 with a rate constant of k = 5.1 x 106 M-1 s-1.15 In this previous study 

RSS• species were generated via pulse radiolysis and flash photolysis of RSSSR species 

to the corresponding trisulfide radical anion (RSSSR•-). Disproportionation of the formed 

RSSSR•- was presumed to form RS- and RSS•, followed by subsequent reaction of RSS• 

with O2 when performed under aerobic conditions. Though data presented by Everett and 
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co-workers appear to support some reaction with O2, it is likely this was not due to RSS•, 

but rather RSSSR•-.  

 Consistent with a lack of reactivity between RSS• and O2, a recent report by the 

Pratt group also indicates that RSS• do not react with O2.16 In this study RSS• was formed 

directly via photolysis of the weak RSS-SSR bond of dialkyl tetrasulfides. Importantly, 

the rate constant for radical-radical recombination of RSS• was determined to be k = 6 x 

109 M-1 s-1, which was unaffected by the presence or absence of O2. The work of Pratt 

and co-workers alongside results presented here indicate that RSS• do not react with O2 

and that earlier studies describing a reaction between RSS• and O2 were likely due to the 

reactivity of other interfering species. 

 Another known reaction for RS• is that with NO to form RSNO.26 In contrast, our 

current results indicate that RSS• do not react with NO to form the speculative RSSNO 

adduct or, if formed, this process is highly reversible. This is likely due to the fact that the 

formed RSS-NO bond is relatively weak because homolytic cleavage would be 1) 

entropically favored (going from 1 to 2 molecules) and 2) thermodynamically favored as 

RSS• and NO are relatively stable species. Additionally, computational analysis supports 

a relatively weak RSS-NO bond, being only about 4 kcal/mol. Comparison of this BDE 

with that for the NO dimer ON-NO (2 kcal/mol),27 suggests that at room temperature the 

RSS-NO bond, if formed, would undergo facile homolytic cleavage back to RSS• and 

NO. In contrast, the BDE for RS-NO species are typically 31-32 kcal/mol,28 consistent 

with a lack of formed RSS-NO. 

 Interestingly, recent reports by Cortese-Krott and co-workers have identified the 

smallest of RSSNO species, perthionitrite (SSNO-).17,18 It appears that such findings 
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would be in contrast to data presented here indicating a lack of reactivity between RSS• 

and NO. However, computational examination of RSSNO vs. SSNO- indicates that 

SSNO- has an inherent stability not present in RSSNO species (Figure 5.13). This 

stability is associated with a shortened S-N bond length and thus, a higher BDE for the 

SS-NO- bond compared to the RSS-NO bond. 

  

 

!

Figure 5.13: S-N bond length for CH3SSNO (top left) and -SSNO (top right) and, the 

possible resonance for –SSNO (bottom). All minima calculations were performed in the 

gas phase at the M06-2X/6-31+G(d,p) level of theory. Reprinted from: Bianco, C.L., 

Chavez, T.A., Sosa, V., Saund, S., Nguyen, Q.N.N., Tantillo, D.J., Ichimura, A.S., 

Toscano, J.P., Fukuto, J.M. Free Rad. Biol. Med. 101, 20-31 (2016), with permission 

from Elsevier. 

 

The shortened S-N bond of SSNO- is explained by the possible resonance of the anionic 

charge (Figure 5.13), a characteristic not present in RSSNO. This is also consistent with 

recent calculations indicating that protonation of SSNO- to HSSNO also lengthens the S-

N bond.29 Therefore, the current findings are consistent with those of Cortese-Krott and 

co-workers. 
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Although all studies presented here used model chemicals MCPD or CH3SSH for 

analysis of the RSSH/RSS• (or, RSS-/RSS•) redox couple, it is worthwhile to consider the 

possible role of perthiyl radicals in a biological setting. In regard to thiyl radicals, much 

of their reactivity/stability is a function of surrounding protein environment.30 Indeed, 

such would also be the case for perthiyl radicals. Nevertheless, the current work indicates 

that perthiyl radical formation is more facile (a result of RSS• being resonance stabilized) 

than thiyl radical formation.  Additionally, unlike thiyls, perthiyls are resistant to 

reactions with O2 and NO, with their primary fate being dimerization to the dialkyl 

tetrasulfide under our experimental conditions. This, alongside the observed prevalence 

of hydropersulfides in mammalian calles,31 makes it reasonable to consider that one 

possible fate for biologic hydropersulfides is perthiyl formation.  

The question still remains, in a biologic setting where perthiyl dimerization is also 

not a likely fate of perthiyls due to 1) their low levels or 2) being protected within a 

protein environment), what is the role of perthiyl species? One possibility is that the 

RSSH/RSS• (or, RSS-/RSS•) can act as a ‘redox gate’ to facilitate specific redox 

signaling. For example, hydropersulfide formation is expected to occur via thiol 

oxidation during times of oxidative stress.9 Such an oxidative event could therefore allow 

for electron transport processes that would otherwise be unavailable to reduced protein 

thiols. It is possible that cellular oxidation could lead to specific redox signaling 

processes via the RSSH/RSS• couple that are otherwise unattainable under more reducing 

conditions. 
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5.14 Future Work 

 It would be of interest to determine and examine a biological system that could 

potentially utilize the RSSH/RSS• redox couple. One potential family of enzymes that 

may utilize this redox couple is molybdoenzymes, specifically xanthine oxidoreductase 

(XOR).32 XOR are a class of molybdoenzymes containing two active sites.33,34 The first 

active site contains a molybdenum (Mo) metal center that acts as an oxidase to oxidize 

the substrate xanthine to urate. The second active site contains two iron sulfur cluster 

(2Fe-2S) and a flavin adenine dinucleotide (FAD) cofactor, which acts as a one-electron 

reductase to reduce O2 and/or nitrate (NO3
-) or, as a two-electron reductase to reduce 

nicotinamide adenine dinucleotide (NAD+, when in its xanthine dehydrogenase (XD) 

form, a result of oxidation of a non-active site cysteine residue). Importantly, it has been 

hypothesized that one of the ligands in the Mo active site is a hydropersulfide that is 

cleaved by CN- treatment, followed by enzyme inactivation (Scheme 5.10).35,36 

 

!

Scheme 5.10: Inactivation of xanthine oxidoreductase (XOR) by cyanide 

 

Furthermore, treatment of inactivated enzyme with H2S allows for enzyme reactivation, 

though only about 50 % activity is regained (Scheme 5.11). 
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Scheme 5.11: Reactivation of inhibited xanthine oxidoreductase (XOR) via H2S treatment 
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 The resting state of the Mo metal center is MoVI and requires two-electron 

reduction to MoIV for its activation.32 Furthermore, the resting state of the enzyme has a 

double bound sulfide ligand that is thought to accept the two-electrons (possibly via a 

thiol) required for reduction of the Mo center. Such a mechanism is consistent with the 

idea that oxidation of a thiol to a hydropersulfide acts as a ‘redox gate’ that allows for 

subsequent redox processes not available to normal thiols. Additionally, XOR has been 

observed to reduce nitrite (NO2
-, Scheme 5.12), nitrate (NO3

-), organic nitrites (RONO) 

and organic nitrates (RONO2) to NO, though via different catalytic mechanisms. 

Specifically, NO production via XO reduction of RONO2 is thought to occur via RSNO 

formation.37-39  

 

!

Scheme 5.12: Proposed mechanisms of NO formation from xanthine oxidoreductase 

(XOR) and the substrates (a) inorganic nitrate (RONO2) and, (b) nitrite (NO2
-) in the 

presence of GSH. 

 

RONO2 species bind to the FAD site of XO, where they are reduced to NO2
-, which then 

binds to the Mo site for RSNO generation (Scheme 5.12). Therefore, formed RSNO is 

thought to be the source of NO from RONO2 substrates, as without present RSH species, 

NO is not produced. However, if indeed XOR has a persulfide ligand, it may be 
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reasonable to consider that formation of this ligand facilitates RSNO formation (Scheme 

5.13).  

 

!

Scheme 5.13: Possible mechanism for the generation of NO via persulfide xanthine 

oxidoreductase (XOR) ligand 

 

Though speculative at this time, persulfide formation on XOR may be necessary to allow 

for reduction of NO2
-/RONO3

- to NO and is consistent with hydropersulfides acting as 

‘redox gates’, perhaps making closer examination of the enzyme in this regard a 

worthwhile idea. 

 

5.15 Experimental 

Reagents and Instruments:  4-Hydroxy-2,2,6,6-tetramethylpiperidine 1-oxyl 

(TEMPOL), diethylenetriamine pentaacetic acid (DTPA), potassium ferricyanide 

(K3Fe(CN)3), N-acetyl penicillamine (NAP) and myoglobin (horse heart) were purchased 

from Sigma-Aldrich (St. Louis, Mo).  Sodium hydrogen sulfide (NaSH) was purchased 

from Strem Chemicals, Inc. (Newburyport, MA).  The persulfide donor S-

methoxycarbonyl penicillamine disulfide (MCPD) was synthesized as previously 

described.10  The N-methoxycarbonyl penicillamine persulfide (MCP-SSH) and N-

methoxycarbonyl penicillamine perthiyl radical (MCP-SS·) were synthesized in situ as 

described below.  S-nitrosoglutathione was also synthesized as previously described.40  
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All other reagents and chemicals were purchased from commercial suppliers and were of 

the highest purity available. 

 UV-vis spectra were obtained on a Shimadzu 2501 UV-vis spectrophotometer and 

mass spectra obtained using a Thermo TSQ Quantum Electrospray Triple Quadrupole 

Mass Spectrometer controlled with XCalibur 2.1 via syringe pump.   

 

UV-vis Analysis of the Generation of Perthiyl Radicals:  The reaction between 

TEMPOL and the hydropersulfide donor MCPD was monitored by measuring the loss of 

the nitroxide absorbance at 426 nm (ε = 13.4 M-1 cm-1).11  A 100 mM stock solution of 

TEMPOL was prepared in 0.1 M phosphate buffer containing 50 µM DTPA (pH 7.4) and 

50 mM stock solution of MCPD was prepared in deionized (DI) water (note: MCPD does 

not rearrange to generate a hydropersulfide in pure water).  The TEMPOL stock solution 

was diluted into a cuvette containing the same buffer to a final concentration of 10 mM.  

The UV-vis spectrum was recorded to verify the concentration of TEMPOL.  Next, 

MCPD was added to the cuvette to a final concentration of 5 mM.  UV-vis spectra were 

recorded every 90 seconds for thirty minutes from 250-750 nm. 

Potassium ferricyanide, K3Fe(CN)6, was also used as an oxidant and its reduction 

from Fe(III) to Fe(II) was monitored by measuring the loss in absorbance at 420 nm (ε = 

1000 M-1 cm-1).13  A 2 mM stock solution of K3Fe(CN)6 was prepared in 0.1 M phosphate 

buffer (pH 7.4) without metal chelator and a 1 mM stock solution of MCPD was prepared 

in DI water.  For the reaction, K3Fe(CN)6 was diluted in a cuvette containing the same 

buffer to a final concentration of 200 µM.   Before starting the reaction, a UV-vis 

spectrum of K3Fe(CN)6 only was measured to confirm its concentration.  MCPD was 
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then added to the cuvette to final concentration of 100 µM.  Spectra were measured every 

90 seconds for 30 minutes.   

Traditionally, persulfides have been generated via nucleophilic attack of 

disulfides by H2S/NaSH/Na2S.31,41  To confirm that the persulfide donor MCPD behaves 

similarly to traditional persulfide generating systems, glutathione persulfide (GSSH) was 

generated from the reaction of NaSH with glutathione disulfide (GSSG) in the presence 

of TEMPOL.  Stock solutions (50 mM) of GSSG and NaSH were prepared separately in 

0.1 M phosphate buffer with 50 µM DTPA (pH 7.4).  A 100 mM stock solution of 

TEMPOL was prepared in the same buffer.  For the reaction, GSSG was diluted into a 

cuvette of the same buffer to a final concentration of 5 mM.  Next, NaSH was added to a 

final concentration of 5 mM.  The cuvette was sealed with a rubber septum and the 

mixture was allowed to equilibrate for 30 minutes at room temperature.  TEMPOL was 

then added via syringe to a final concentration of 10 mM.  UV-vis spectra were recorded 

every 90 seconds for 30 minutes. 

As controls, the reactions of N-acetylpenicillamine (NAP), which is considered to 

be a relatively analogous thiol to the hydropersulfide generated from decomposition of 

MCPD (N-methoxycarbonyl penicillamine persulfide, MCP-SSH), with both TEMPOL 

and K3Fe(CN)6 were also monitored using analogous conditions as those for the reaction 

of MCPD with TEMPOL or K3Fe(CN)6 (described above).  For reactions with TEMPOL, 

a 50 mM stock solution of NAP was prepared in 0.1 M phosphate buffer with 50 µM 

DTPA (pH 7.4).  For the reaction with K3Fe(CN)6, a 1 mM stock solution of NAP was 

prepared in 0.1 M phosphate buffer (pH 7.4) without metal chelator.  Reactions were 
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performed analogously to those listed above for MCPD with TEMPOL and K3Fe(CN)6, 

respectively. 

  

EPR Analysis for the Reduction of TEMPO by MCPD: To enhance sensitivity, 

EPR experiments were performed in organic solvent (MeOH), and therefore, the organic 

soluble TEMPOL analog, 2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO) was used.  

The redox potentials for TEMPOL and TEMPO and nearly identical.42  MCPD  (5 mM) 

was added to 10 mL of methanol containing tetrabutylammonium hydroxide (10 mM) 

and TEMPO (5mM). The EPR spectra were obtained on an Bruker X-band EMX 

spectrometer with a gun diode as the microwave source running at 9.48 GHz.  The 

TEMPO signal was monitored in an EPR flat cell over time for 100 min at room 

temperature.  

 

 The Reaction of TEMPOL with Hydropersulfides - Analysis for Dioxygen (O2) 

Consumption:  The possible reaction of N-methoxycarbonyl penicillamine perthiyl 

radical (MCP-SS·) with O2 was monitored by measuring the loss of O2 from a reaction 

solution containing TEMPOL and MCPD using a Clark-type electrode (YSI, Ohio).  A 

10 mL two-neck round bottom flask fitted with a septum and an oxygen Clark-type 

electrode was filled with 15 mL of 0.1 M phosphate buffer containing 50 µM DTPA (pH 

7.4) to limit headspace.  A stock solution of TEMPOL (75 mM) was prepared in the same 

buffer and a stock solution of MCPD (7.5 mM) was prepared in DI water.  For 

monitoring dioxygen consumption, the electrode was first allowed to equilibrate under 

ambient conditions for 20 minutes.  After this equilibration period, dioxygen readings 
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were recorded every minute for the next 10 minutes.  Then, 100 or 20 µL of the 

TEMPOL stock solution was added to the flask (final [TEMPOL] = 500 or 100 µM, 

respectively) via syringe and dioxygen readings continued to be recorded another 10 

minutes.  At this time, 100 or 20 µL of the MCPD stock solution was added (final 

[MCPD] = 200 or 10 µM, respectively) via syringe and recordings taken for the next 20 

minutes.  

 

The Reaction of TEMPOL with Hydropersulfides – Analysis for Nitric Oxide 

(NO) Consumption:  The reaction of the MCP-SS· and NO was examined by monitoring 

the rate of loss of NO in the presence of added MCPD using an NO electrode (ISO-NO 

probe, WPI, Sarasota, FL).  For this, a 10 mL two-neck round bottom flask fitted with a 

septum and a nitric oxide probe was filled with 15 mL of 0.1 M phosphate buffer 

containing 50 µM DTPA (pH 7.4) to limit headspace.  The flask was purged with N2 for 

30 minutes.  The flask was then sparged with nitric oxide for another 15 minutes to 

achieve an atmosphere of nitric oxide.  The probe was then allowed to equilibrate 10 

minutes with stirring.  Continuous nitric oxide measurements were then recorded for 15 

minutes using DUO-18 software.  After 15 minutes, a solution of TEMPOL previously 

purged with N2 in the same buffer was added via syringe to a final concentration of 2.5 

mM and recording continued for another 15 minutes.  Finally, a solution of MCPD in DI 

water previously purged with N2 was added via syringe to a final concentration of 500 

µM and recordings continued for another 30 minutes.   
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ESI-MS Analysis of Polysulfides from Reactions of MCP-SSH with TEMPOL or 

Potassium Ferricyanide: The effect of the addition of oxidants to decomposing solutions 

of MCPD and equilibrated samples of NaSH/GSSG on the relative ratios of formed alkyl 

polysulfides was monitored using single ion monitoring (SIM) ESI-MS.  A 50 mM stock 

solution of TEMPOL was prepared in 50 mM ammonium phosphate buffer containing 50 

µM DTPA (pH 7.4) and a 10 mM stock solution of MCPD was prepared in DI water.  

For the reaction, 100 µL of TEMPOL (final [TEMPOL] = 5 mM) was diluted into 800 

µL of the same buffer.  Next, 100 µL of the MCPD stock solution was added to the buffer 

mixture (final [MCPD] = 1 mM) and the mixture was allowed to stand at room 

temperature for 30 minutes.  A 50 µL aliquot of the reaction mixture was diluted 5 times 

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 µL/min.  Ion optics were optimized for all ions of interest.     

 Similarly, MCP-SSH oxidation by K3Fe(CN)6 was examined.  A 50 mM stock 

solution of K3Fe(CN)6 was prepared in 50 mM ammonium phosphate buffer (pH 7.4) 

without metal chelator and a stock solution of MCPD was prepared as above.  For the 

reaction, K3Fe(CN)6 was diluted into the same buffer to a final concentration of 5 mM.  

MCPD was added to a final concentration of 1 mM and the reaction mixture was allowed 

to sit at room temperature for 30 minutes.  A 50 µL aliquot was then diluted 5 times with 

methanol and injected into the ESI-MS for analysis (as above).     

 The NaSH/GSSG persulfide system was also analyzed.  Stock solutions (10 mM) 

of NaSH and GSSG were prepared individually in 50 mM ammonium phosphate buffer 
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(pH 7.4) containing 50 µM DTPA and a stock solution (50 mM) of TEMPOL was 

prepared in the same buffer.  For the reaction, GSSG was diluted into the same buffer to a 

final concentration of 1 mM.  Next, NaSH was added to a final concentration of 1 mM.  

The mixture was capped with a rubber septum and allowed to equilibrate for 30 minutes 

at room temperature.  TEMPOL was then added via syringe (final [TEMPOL] = 5 mM) 

and the reaction mixture was allowed to stand another 30 minutes at room temperature.  

A 50 µL aliquot was then diluted 5 times with methanol and analyzed by ESI-MS (as 

above). 

 

 Reaction of MCP-SSH with GSNO: The production of NO from reactions 

involving MCP-SSH or NAP and GSNO was monitored amperometrically (ISO-NO 

probe, WPI, Sarasota, FL) and compared to a standard curve constructed with NO gas.  A 

10 mL 2-neck round bottom flask fitted with a septum and an NO probe was filled with 

15 mL of 0.1 M phosphate buffer (pH 7.4) containing 50 µM DTPA (55 mL) and covered 

with foil.  A stock solution of MCPD (3 mM) was made in DI water and a stock solution 

of GSNO (15 mM) was prepared in 0.1 M phosphate buffer (pH 7.4) containing 50 µM 

DTPA and covered with foil.  All solutions were purged with N2 for 30 minutes.  

Reactions began by monitoring the NO-induced current of the buffer solution only for 10 

minutes.  Next, 100 µL of the GSNO stock solution was added (final [GSNO] = 100 µM) 

and NO measurements continued another 15 minutes.  MCPD (100 µL) was then added 

to a final concentration of 20 µM and NO measurements were recorded for the following 

30 minutes. 
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 As a comparison, the thiol NAP was also examined.  A stock solution (3 mM) of 

NAP was prepared in 0.1 M phosphate buffer (pH 7.4) containing 50 µM DTPA and 

purged with N2 for 30 minutes.  Experiments began by monitoring an NO-induced 

current for 10 minutes in buffer only.  GSNO was then added to a final concentration of 

100 µM and NO measurements continued another 15 minutes.  Next, NAP was added to 

a final concentration of 20 µM and NO measurements continued another 30 minutes. 

 

 Reduction of Ferric Myoglobin to Ferrous Myoglobin:  The reduction of ferric 

myoglobin to ferrous myoglobin by MCP-SSH or NAP was monitored by measuring the 

loss in absorbance of ferric myoglobin at 408 nm (ε = 188000 M-1 cm-1).14  A stock 

solution of ferric myoglobin was prepared by dissolving 1 mg in 1 mL of DI water.  The 

concentration of this stock solution was determined by diluting 100 µL of the stock 

solution into 1 mL of 0.1 M phosphate buffer (pH 7.4) and measuring the UV-vis 

absorbance at 408 nm (stock [metMb] = 73 µM).  A 500 µM stock solution of MCPD 

was prepared in DI water.  For the reaction, the ferric myoglobin stock solution was 

diluted in a cuvette containing 0.1 M phosphate buffer (pH 7.4) to a final concentration of 

5 µM.  The UV-vis spectrum was measured to verify the concentration.  Next, MCPD 

was added to the cuvette to a final concentration of 50 µM and the UV-vis spectrum 

recorded every 90 seconds for 30 minutes from 250-800 nm. 

 As a control, the reduction of ferric myoglobin by NAP was also measured.  A 

500 µM stock solution of NAP was prepared in 0.1 M phosphate buffer (pH 7.4).  For the 

reaction, ferric myoglobin was diluted into a cuvette of 0.1 M phosphate buffer (pH 7.4) 
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to a final concentration of 5 µM.  Next, NAP was added to the cuvette to a final 

concentration of 50 µM and the UV-vis spectra collected as above. 

 

 Computational Studies:  Optimization and frequency calculations for minima and 

transition state structures (TSSs) were performed for the gas phase and in water as noted 

in the text, modeled with the SMD implicit continuum solvation model43 using the M06-

2X/6-31+G(d,p) method44 implemented in Gaussian09.45  Intrinsic reaction coordinate 

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

TSSs.46,47  
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Chapter 6: Dialkyl Trisulfides are Non-reactive Storage Forms of Hydropersulfides 

6.1 Introduction 

The biological relevance of hydropersulfides (RSSH) has recently been 

determined in a number of mammalian cells, though currently no exact biological 

functions/targets for RSSH are known.1 In addition to RSSH, other polysulfur species, 

namely alkylhydropolysulfides (RSnH, n>2) and dialkylpolysulfides (RSnR, n>2) have 

also been identified in mammalian cells;1 however, even less is known about these 

species than RSSH. To date, the most extensively studied species belonging to this class 

of molecules is arguably cysteine trisulfide (Cy-SSS-Cy). A notably unique characteristic 

of Cy-SSS-Cy is that it contains a central sulfane sulfur atom (a sulfur atom bound only 

to other sulfur atoms), capable of transfer to a suitable substrate via a process termed 

‘transulfuration’. Such a characteristic is not possible for typical disulfide (RSSR) species 

including the Cy-SSS-Cy disulfide analogue, cystine (Cy-SS-Cy). For this reason, Cy-

SSS-Cy has been considered to serve as a potential hydropersulfide source, as it can 

‘donate’ its sulfane sulfur to RSH species, resulting in RSSH formation, a process termed 

persulfuration.2 

As previously described, the enzyme rhodanese is most characterized by its ability 

to detoxify cyanide (–CN) to non-toxic thiocyanate (–SCN), thus serving a critical role for 

the protection against –CN toxicity.3,4 The most well identified substrate for this enzyme 

is thiosulfate (S2O3
2-), which provides a sulfane sulfur atom to the enzyme, resulting in 

the persulfurated enzyme (rhodanese-SSH, Scheme 6.1).5 
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Scheme 6.1: Formation of persulfurated rhodanese (rhodanese-SSH) from thiosulfate 

(S2O3
2-) 

 

Once formed, the rhodanese-SSH is responsible for the detoxification of –CN (Scheme 

6.2). 

 

!

Scheme 6.2: Detoxification of cyanide (-CN) to non-toxic thiocyanate (-SCN) via 

persulfurated rhodanese (rhodanese-SSH) 

 

Additionally, Cy-SSS-Cy has also been determined to serve as a source of sulfane sulfur 

for rhodanese.6 Interestingly, persulfuration of rhodanese via Cy-SSS-Cy, in comparison 

to S2O3
2-, is more efficient, as treatment of rhodanese with Cy-SSS-Cy results in a greater 

detoxification of –CN than when S2O3
2- is the sulfur atom source. It has also been 

determined that Cy-SSS-Cy itself can serve to protect against –CN toxicity,7 though the 

mechanism for this is not known. 

 Interestingly, Cy-SSS-Cy synthesis can occur via the action of the H2S-producing 

enzyme, cystathionine gamma lyase (CSE) on Cy-SS-Cy.8 In this study, CSE is proposed 

to convert Cy-SS-Cy to cysteine hydropersulfide (Cy-SSH, Scheme 6.3a), which in the 

presence of Cy-SS-Cy, reacts further to produce Cy-SSS-Cy (Scheme 6.3b). 

 

-S S
O

O-

O rhodanese-SH
rhodanese-SSH  +  SO32-

rhodanese-SSH  +  -CN rhodanese-SH  +  -SCN
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Scheme 6.3: (a) Action of cystathionine gamma lyase (CSE) on cystine (Cy-SS-Cy) to 

form cysteine hydropersulfide (Cy-SSH) and, (b) reaction of Cy-SSH with Cy-SS-Cy to 

form cysteine trisulfide (Cy-SSS-Cy). 

 

As a result, Cy-SSS-Cy has been proposed to have hydropersulfide-like properties.2 

Consistent with this idea, the current study aims to investigate the mechanism by which 

dialkyl trisulfides (RSSSR) are produced from reactions of H2S with various disulfides 

(RSSR), and ultimately provides evidence of a possible role for RSSSR in biology.  

 

6.2 1H NMR Analysis of the NaSH/bis(2-hydroxyethyl) Disulfide  Equilibrium  

Previous studies have shown that RSSH and RSH produced from the reaction of 

H2S and RSSR (Reaction 6.1) can be detected by 1H NMR.9 Therefore, initial studies 

were analyzed by 1H NMR using the disulfide bis(2-hydroxyethyl) disulfide (2HED). 

2HED was chosen for its water solubility and for its simplified 1H NMR spectrum. Figure 

6.1a (bottom spectrum) displays the 1H NMR spectrum for 10 mM 2HED alone in 100 

mM phosphate buffer (pH 7.4) with 10 % D2O.  
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Figure 6.1: (a) Selected region for the stacked 1H NMR spectra of equilibrated samples 

(30 min) of 10 mM 2HED with increasing additions of NaSH (0, 5, 10 and 15 mM). The 

newly formed species correspond to 2HET (δ = 3.08-3.11 and 3.91-3.94 ppm) and BME 

(δ = 2.67-2.70 and 3.68-3.72 ppm), which increase in concentration with increasing 

additions of NaSH. (b) Stacked 1H NMR spectra of an equilibrated sample (30 min) of 20 

mM 2HED + 10 mM NaSH (bottom spectrum) and addition of 10 mM NaCN (top 

spectrum) to this equilibrated sample. Addition of NaCN eliminates 2HET (δ = 3.08-3.11 

and 3.91-3.94 ppm), making it absent in the top spectrum.  All spectra were measured in 

100 mM phosphate buffer (pH 7.4) with 10 % D2O and 1 mM DSS as an internal 

reference. 

 

The peaks at δ = 2.89 and 3.86 ppm correspond to the methylene protons for the –CH2-

SH and –CH2-OH groups, respectively. It should be noted that the authentic sample of 

2HED has an impurity (δ = 3.09 and 3.94 ppm), which has been identified by ESI-MS as 

bis(2-hydroxyethyl) trisulfide (2HET).  

As shown in Figure 6.1a, addition of NaSH (5-15 mM) to the solution of 2HED 

causes a concentration dependent increase in the formation of two new species following 

equilibration (30 min.). Comparison of the newly formed species at δ = 2.67-2.70 and 
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3.68-3.72 ppm with an authentic sample identified this species as the free RSH beta-

mercaptoethanol (BME). Initially, the other new species observed at δ = 3.08-3.11 and 

3.91-3.94 ppm was assigned to the BME hydropersulfide (BME-SSH), as this has been 

proposed in the literature9 and would be expected based on Scheme 6.4.  

 

!

Scheme 6.4: Reaction of hydrogen sulfide (H2S) with disulfides (RSSR) to establish 

equilibrium with the corresponding hydropersulfide (RSSH) and thiol (RSH) 

 

Furthermore, the concentration of this second species is markedly decreased by the 

addition of NaCN (Figure 6.1b, top), which is a known scavenger of RSSH (Scheme 

6.5).10,11 

 

!

Scheme 6.5: Cyanolysis of hydropersulfides (RSSH) 

 

6.3 ESI-MS Analysis of the NaSH/bis(2-hydroxyethyl) Disulfide Equilibrium 

 Depletion of the 1H NMR peaks for the second formed product from H2S + 2HED 

upon addition of NaCN (Figure 6.1b) suggests that this species is BME-SSH; however, 

close examination of the stacked 1H NMR spectra of Figure 6.1a indicate this second 

species is the trisulfide 2HET, as these peaks match those of the 2HET impurity in 

authentic 2HED (Figure 6.1a, bottom spectrum). Therefore, it became necessary to 

identify this second species more definitively. For this reason, products resulting from an 

H2S  +  RSSR RSSH  +  RSH

RSSH  +  -CN RSH  +  -SCN
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equilibrated sample (30 min.) of 1 mM 2HED and 0.5 mM NaSH in 50 mM ammonium 

bicarbonate buffer (pH 7.4) were analyzed via ESI-MS. Figure 6.2a displays the ESI-MS 

spectrum for 1 mM 2HED alone and Figure 6.2b displays the ESI-MS spectrum resulting 

from the addition of NaSH to 2HED. 

 

! !

Figure 6.2: ESI-MS spectra for equilibrated samples (post 30 min) of (a) 1 mM 2HED; 

(b) 1 mM 2HED + 0.5 mM NaSH. Identified species are indicated in each spectrum.  All 

spectra were recorded in 50 mM ammonium bicarbonate buffer (pH 7.4). 

 

Comparison of Figure 6.2a with Figure 6.2b indicates that the relative abundance of 

2HET increases upon addition of NaSH to 2HED, with no other products detected. (Note: 

BME is not detected by ESI-MS because species with m/z < 100 are not well resolved; 

however, BME was confirmed by 1H NMR comparison to an authentic sample). 

Therefore, these ESI-MS data support that the second formed product discussed above is 

2HET (Note: as is true for BME, BME-SSH would also be difficult to detect by ESI-MS 

due to a low m/z value. BME-SSH will be identified by other means; see below). 
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6.4 1H NMR Analysis of the NaSH/GSSG Equilibrium 

 To determine if the observed reactivity of NaSH is specific to 2HED and to 

confirm the identify of the second product resulting from the H2S/RSSR equilibrium, 

reactions of NaSH with glutathione disulfide (GSSG) were also analyzed by 1H NMR. 

Figure 6.3a displays the stacked 1H NMR spectra for authentic samples of glutathione 

(GSH, 10 mM), GSSG (10 mM), glutathione trisulfide (GSSSG, 10 mM) and an 

equilibrated sample (30 min.) of GSSG (10 mM) + NaSH (5 mM) in 100 mM phosphate 

buffer (pH 7.4) with 10 % D2O, from bottom to top, respectively.   

!

!

Figure 6.3: (a) Selected region for the stacked 1H NMR spectra of 10 mM GSH, GSSG, 

GSSSG and 10 mM GSSG + 5 mM NaSH, as indicated. The new peaks formed after 

equilibration (30 min) of 10 mM GSSG + 5 mM NaSH correspond to GSSSG (δ = 3.16-

3.22 and 3.43-3.48 ppm), as indicated by comparison with standard GSSSG. (b) Selected 

region for the stacked 1H NMR spectra of equilibrated samples (30 min) of 10 mM GSSG 

with increasing additions of NaSH (5, 10 and 15 mM), as indicated. Increasing addition 

of NaSH causes subsequent increases in the amount of GSSSG (δ = 3.16-3.22 and 3.43-

3.48 ppm) and GSH (δ = 4.56 ppm) produced. All spectra were measured in 100 mM 

phosphate buffer (pH 7.4) with 10 % D2O and 1 mM DSS as an internal reference.  
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As seen in Figure 6.3a, addition of 5 mM NaSH to 10 mM GSSG results in the formation 

of two new species. Comparison of the resonances of these new species with those of 

authentic standards indicates that the newly formed species are GSH (δ = 4.56 ppm) and 

GSSSG (δ = 3.16-3.22 and 3.43-3.48 ppm). Increasing addition of NaSH (5-15 mM) to 

10 mM GSSG also causes subsequent concentration-dependent increases in the formation 

of these newly formed species (Figure 6.3b), consistent with the behavior of NaSH + 

2HED. 

 

6.5 ESI-MS Analysis of the NaSH/GSSG Equilibrium  

The results of 1H NMR analysis for the NaSH + GSSG reaction indicate the 

formation of GSH and GSSSG after equilibration.  Therefore, it became of interest to 

confirm the presence of GSH and GSSSG by ESI-MS analysis, similar to analysis of the 

NaSH + 2HED reaction. The ESI-MS spectrum for 1 mM GSSG in 50 mM ammonium 

bicarbonate buffer (pH 7.4) is displayed in Figure 6.4a. 
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Figure 6.4: ESI-MS spectra for equilibrated samples (post 30 min) of (a) 1 mM GSSG; 

(b) 1 mM GSSG + 0.5 mM NaSH. Identified species are indicated in each spectrum.  All 

spectra were recorded in 50 mM ammonium bicarbonate buffer (pH 7.4). 

 

As expected, the most abundant species in Figure 6.4a is GSSG (m/z = 613.12). When 

0.5 mM NaSH is added to 1 mM GSSG, both GSH (m/z = 307.98) and GSSSG (m/z = 

645.09) are formed (Figure 6.4b). This is consistent with the above 1H NMR data. 

Additionally, these findings are consistent with those for the NaSH + 2HED reaction, 

which results in BME and 2HET. Taken together, the 1H NMR and ESI-MS data for 

NaSH + RSSR indicate the primary resulting equilibrium products are RSH and RSSSR 

species. 

 

6.6 1H NMR Analysis of the Competitive Trapping of Hydropersulfides  

Thus far all data indicate that reaction of H2S with RSSR results in the formation 

of RSH and RSSSR species. At this point, it seems reasonable to consider how RSSSR 

species are formed from this reaction. As already indicated, the reaction of H2S with 

RSSR yields RSH and RSSH initially (Scheme 6.4). Once formed, RSSH is the most 
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potent nucleophile present (compared to H2S and RSH) in solution.12,13 Therefore, RSSH 

may be expected to react with any electrophilic species present, namely RSSR. Reaction 

of RSSH with RSSR is expected to produce a second equivalent of RSH and RSSSR 

(Scheme 6.6).  

 

!

Scheme 6.6: Reaction of RSSH (from Scheme 6.4) with disulfides (RSSR) forming the 

corresponding bis(dialkyl) trisulfide (RSSSR) and RSH 

 

Importantly, integration of 1H NMR spectra for both NaSH + 2HED (Figure 6.1) and 

NaSH + GSSG (Figure 6.3) verifies that the ratio of RSSSR:RSH is 1:2 for both 

disulfides used, consistent with the stoichiometry for RSSSR and RSH expected from 

Scheme 6.4 and 6.6. To support the proposed mechanisms for RSSSR formation, it 

became of interest to determine if RSSH species could be detected. 

Lack of direct detection of RSSH implies that 1) RSSH are fleeting, short-lived 

species too unstable to identify or 2) RSSH are an equilibrium species present in too low 

a concentration to detect. If the latter is true, then shifting the equilibrium towards RSSH 

formation should allow for their detection. To test this hypothesis, equilibrated samples 

of NaSH + 2HED and NaSH + GSSG were treated with the electrophile iodoacetamide 

(IAM). IAM will react with all nucleophilic species (i.e., RSH, RSSH and H2S), allowing 

for the detection of their modified adducts. Furthermore, formation of the RSSH modified 

acetamide adduct (RSS-AM) should shift the equilibrium of Scheme 6.7a to the left as 

RSSH  +  RSSR RSSSR  +  RSH
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RSSH is consumed via Scheme 6.7b, thus, decreasing the concentration of RSSSR 

relative to the reaction with no IAM added. 

 

!

Scheme 6.7: (a) Equilibrium established by reaction of hydropersulfides (RSSH) with 

disulfides (RSSR) to form the corresponding bis(alkyl) trisulfide (RSSSR) and thiol 

(RSH) and, (b) reaction of RSSH with iodoacetamide (IAM) to form the corresponding 

modified acetamide-persulfide (RSS-AM). 

 

Indeed, addition of IAM (0.5-2.5 mM) to equilibrated mixtures of 10 mM GSSG + 5 mM 

NaSH in 100 mM phosphate buffer (pH 7.4) with 10 % D2O causes a subsequent 

decrease in the concentration of GSSSG (δ = 3.16-3.22 and 3.43-3.48 ppm, Figure 6.5a).  

 

!

Figure 6.5: (a) Selected region for 1H NMR spectra of 10 mM GSSG + 5 mM NaSH 

with increasing additions of IAM (1-5 mM, bottom to top spectrum, respectively). 

Increasing addition of IAM causes subsequent decreases in the concentration of GSSSG 

RSSH  +  RSSR RSSSR  +  RSH

RSS-AM

a

b IAM
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(δ = 3.16-3.22 and 3.43-3.48 ppm) because IAM is competitive with GSSG for the 

trapping of the intermediate GSSH. (b) Concentration of GSSSG in equilibrated samples 

of GSSG (10 mM) and NaSH (5 mM) as a result of increasing exogenous addition of the 

electrophiles IAM (solid squares) and NEM (solid diamonds). 

 

Additionally, use of an alternate electrophile N-ethylmaleimide (NEM, 0-2.5 mM, Figure 

6.5b, solid diamonds) displayed similar reactivity to that of IAM (0-2.5 mM, Figure 6.5b, 

sold squares), ultimately also leading to a decreased concentration of GSSSG. It should 

be noted that IAM acts as a better trap for GSSH, in comparison to NEM, indicating that 

GSSH preferentially reacts with GSSSG in the presence of NEM. (Note: no direct 

reaction between GSSSG and IAM was observed under the studied conditions.) 

 Likewise, increased addition of IAM (1-5 mM, bottom to top spectrum, 

respectively) to equilibrated samples of 20 mM 2HED + 10 mM NaSH in 100 mM 

phosphate buffer (pH 7.4) with 10% D2O causes a subsequent concentration-dependent 

decrease in the concentration 2HET (δ = 3.08-3.11 and 3.91-3.94 ppm, Figure 6.6a).  
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Similarly, increasing addition of NEM (0-5 mM, Figure 6.6b, solid diamonds) also causes 

a subsequent decrease in the amount of 2HET formed, albeit less than when IAM (Figure 

6.6b, solid squares) is used as the electrophile. Again, as was the case for GSSH, it 

appears that BME-SSH preferentially reacts with 2HED in the presence of NEM. 

 

 

 

Figure 6.6: Selected region for stacked 1H NMR spectra of 20 mM 2HED + 10 mM 

NaSH with increasing additions of IAM (1-5 mM, bottom to top spectrum, respectively). 

Increasing additions of IAM causes subsequent decreases in the concentration of BME (δ 

= 2.67-2.70 and 3.68-3.72 ppm) and 2HET (δ = 3.08-3.11 and 3.91-3.94 ppm) because 

IAM is competitive with 2HED for the trapping of the intermediate BME-SSH. (b) Plot 

for [2HET] as a function of increasing concentrations of exogenous electrophiles IAM 

(solid squares, 0-5 mM) or NEM solid diamonds, 0-5 mM). Increasing addition of both 

electrophiles causes a subsequent decrease in the concentration of 2HET formed. All 1H 

NMR experiments were performed in 100 mM phosphate buffer (pH 7.4) with 10 % D2O 

and 1 mM DSS as an internal reference. 
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6.7 ESI-MS Analysis of the Competitive Trapping of Hydropersulfides  

The above data indicate that exogenous addition of electrophilic species competes 

with RSSR for the trapping of RSSH. To further verify this hypothesis, the products 

formed after addition of 0.5 mM IAM to equilibrated samples of 1 mM 2HED or GSSG + 

0.5 mM NaSH were analyzed by ESI-MS. The spectrum of Figure 6.7a indicates that 

exogenously added IAM to an equilibrated solution of 2HED + NaSH traps BME-SSH, 

resulting in the BMESS-acetamide trapped adduct ([BMESS+AM+H]+, m/z = 168.05, 

Figure 6.7a).  

 

! !

Figure 6.7: (a) ESI-MS spectrum resulting from the addition of 0.5 mM IAM to an 

equilibrated solution (post 30 min) of 1 mM 2HED + 0.5 mM NaSH. Addition of IAM 

reacts with, and traps NaSH ([S(AM)2+H]+), BME ([BME+AM+H]+) and BME 

persulfide (BMESSH, [BMESS+AM+H]+). (b) ESI-MS spectrum resulting from the 

addition of 0.5 mM IAM to an equilibrated solution (post 30 min) of 1 mM GSSG + 0.5 

mM NaSH. Addition of IAM reacts, and traps GSH([GS+AM+H]+) and GSH persulfide 

(GSSH, [GSS+AM+H]+). Spectra were measured in 50 mM ammonium bicarbonate 

buffer (pH 7.4). 
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In addition, 2HET is decreased to a non-detectable concentration after addition of IAM, 

indicating that trapping of BME-SSH by IAM (Scheme 6.7b) causes a leftward shift in 

Scheme 6.7a with a subsequent decreased concentration of 2HET. Likewise, addition of 

IAM to an equilibrated solution of GSSG + NaSH (Figure 6.7b) traps GSSH, resulting in 

the GSS-acetamide trapped species ([GSS+AM+H]+, m/z = 397.19, Figure 6.7b). Again, 

addition of IAM to equilibrated sample of GSSG + H2S results in non-detectable 

concentrations of GSSSG, consistent with Scheme 6.7. 

 

6.8 ESI-MS Analysis of the Trisulfide Equilibrium 

Summation of Scheme 6.4 and 6.6 leads to the overall equilibrium of Scheme 6.8. 

 

!

Scheme 6.8: Summation of Reactions 6.1 and 6.3  

 

All current data indicates that treatment of RSSR with NaSH forms both RSSSR and 

RSH species. Furthermore, the ratio of RSSSR:RSH is 1:2 (Figures 6.1a and 6.3a), 

consistent with the overall equilibrium of Scheme 6.8. Scheme 6.8 also implies that 

reaction of RSH with RSSSR should afford the corresponding RSSR and H2S (reverse 

reaction). To test this, 250 µM GSSSG was reacted with 250 µM N-acetylpenicillamine 

(NAP) and analyzed by ESI-MS. Figure 6.8 demonstrates that treatment of GSSSG with 

NAP (post 3 hours) results in the mixed NAP-SS-G disulfide ([NAP+GS+H]+, m/z = 

497.18) with no other alkyl polysulfur species formed, consistent with Scheme 6.8. 

RSSH  +  RSSR RSSSR  +  RSH

H2S  +  RSSR RSSH  +  RSH

2 RSSR  +  H2S 2 RSH  +  RSSSR
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Figure 6.8: ESI-MS spectrum for the reaction of (a) 250 µM NAP + 250 µM GSSSG 

(post 3 hours). The mixed disulfide ([NAP+GS+H]+, m/z = 497.18) is the only resulting 

species from this reaction. (b) reaction of 200 µM MCP-SSH + 1 mM GSSG. The mixed 

trisulfide ([MCPSS+GS+H]+, m/z = 545.29) and GSH ([GSH+H]+, m/z = 308.15) are the 

only resulting species from the reaction. All spectra were recorded in 50 mM ammonium 

bicarbonate buffer (pH 7.4). 

 

6.9 ESI-MS Analysis of the reaction of a Hydropersulfide with a Disulfide 

To this point, RSSH intermediates resulting from reaction of NaSH with RSSR 

have not been directly detected. To be sure of their presence, RSSH intermediates have 

been trapped via addition IAM, followed by identification of the electrophilically 

modified RSSH adduct. To confirm further that reaction of RSSH + RSSR yields the 

corresponding RSSSR (Scheme 6.6), a model H2S-independent hydropersulfide donor S-

methoxycarbonyl penicillamine disulfide (MCPD) was used, as previously described 

[Millikin, 2016]. The ESI-MS spectrum corresponding to the decomposition of 200 µM 

MCPD (releasing the MCP-SSH persulfide species) in the presence of 1 mM GSSG is 

displayed in Figure 6.8b. As seen in the spectrum, reaction of MCP-SSH with GSSG only 

leads to the mixed MCP-SSS-G trisulfide species ([MCPSS+GS+H]+, m/z = 545.29). No 
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other MCP-SSH derived polysulfur species are detected, consistent with the reaction of 

RSSH + RSSR to form RSSSR (Scheme 6.6). 

 

6.10 Discussion 

 Much of the chemistry/chemical biology of hydrogen sulfide (H2S) is likely to be 

dictated by its ability to act as a nucleophile. Major biological targets for H2S are 

therefore likely to be oxidized thiols, including sulfenic acids (RSOH) and disulfides 

(RSSR). Specifically, the reaction of H2S with RSSR has been studied extensively for its 

in situ generation of hydropersulfides (RSSH, Scheme 6.4).11,14 Traditionally, RSSH 

formation via Scheme 6.4 has been used to examine the chemistry associated with RSSH 

species; however, a problem with RSSH generation in this manner is that exact RSSH 

concentrations are difficult to measure and often unknown.  

 Surprisingly, the current work has identified the major products resulting from 

reaction of various RSSR with H2S (Scheme 6.4) as free thiol (RSH) and dialkyl 

trisulfide (RSSSR) species, not RSSH. This is consistent with the findings of both 1H 

NMR and ESI-MS analyses, which identify RSH and RSSSR after treatment of various 

RSSR with H2S (Figures 6.1-6.4). Importantly, RSSH was not detected as a product of 

H2S reactivity with various RSSR. However, it was determined that RSSSR formation 

occurs via intermediate RSSH generation, as trapping of all nucleophilic species with 

iodoacetamide (IAM) afforded the electrophilically modified persulfide-acetamide 

adducts (RSS-AM, Figure 6.7). Furthermore, trapping of RSSH via increasing addition of 

the electrophiles IAM or NEM to equilibrated solutions of RSSR + H2S caused 

concentration-dependent decreases in the levels of RSSSR species (Figures 6.5 and 6.6), 
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indicating that RSSH and RSSSR are equilibrium partners (Scheme 6.6). Altogether, the 

data indicate that reaction of H2S with RSSR results in RSSH (and RSH), which react 

further to form the corresponding RSSSR.  

Consistent with the above, previous work by Szczepkowski and Wood indicates 

that cysteine trisulfide (Cy-SSS-Cy) is the product resulting from the action of 

cystathionine gamma lyase (CSE) on cystine (Cy-SS-Cy).8 In this work, it was proposed 

that CSE converts Cy-SS-Cy to the intermediate cysteine hydropersulfide (Cy-SSH, 

Scheme 6.3a), which in the presence of excess Cy-SS-Cy, reacts form to form Cy-SSS-

Cy and cysteine (Cy-SH, Scheme 6.3b). Indeed, the proposed mechanism for Cy-SSS-Cy 

formation via Cy-SSH + Cy-SS-Cy by Szczepkowski and Wood is consistent with the 

current finding that treatment of glutathione disulfide (GSSG) with the hydropersulfide 

donor MCPD results only in the corresponding mixed dialkyl trisulfide (Figure 6.8b). 

Additionally, this supports RSSH and RSSSR as being equilibrium partners along with 

RSSR and RSH (Scheme 6.6).  

At this point it seems reasonable to consider the relevance of RSSSR formation 

from intermediate RSSH species. RSSH are more potent nucleophiles as well as one- and 

two-electron reductants than corresponding RSH and H2S.12,13,15,16 As a result of their 

increased reactivity, RSSH have been deemed unstable, fleeting species.2,10 On the other 

hand, RSSSR are relatively stable (in the absence of nucleophilic species). Therefore, 

formation of RSSSR via RSSH intermediates appears to be thermodynamically driven, 

favoring formation of the more stable RSSSR over the less stable RSSH. This also 

indicates that reduction of RSSSR is a potential pathway leading back to RSSH (Scheme 

6.9). 
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Scheme 6.9: Reduction of dialkyl trisulfides (RSSSR) by thiols (R’SH) to afford the 

corresponding mixed disulfide (RSSR’) and hydropersulfide (RSSH) 

 

Consistent with Scheme 6.9, the present study indicates that reaction of N-

acetylpenicillamine (NAP) with glutathione trisulfide (GSSSG) results in the mixed 

NAP-glutathione (GSH) disulfide and glutathione hydropersulfide (GSSH) only (Figure 

6.8a). The work of Abdolrasulnia and Wood and Sergheraert and co-workers has also 

confirmed reduction of RSSSR to liberate RSSH.2,17 Interestingly, the latter study 

determined that glutathione reductase (GR), which is the enzyme responsible for the 

reduction of GSSG to glutathione (GSH), reduces GSSSG to GSH via intermediate 

formation of glutathione hydropersulfide (GSSH, Scheme 6.10). 
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Scheme 6.10: (a) Reduction of glutathione trisulfide (GSSSG) by glutathione reductase 

(GR) to form the glutathione hydropersulfide (GSSH) intermediate and glutathione 

(GSH) and, (b) subsequent reduction of GSSH by GR to yield a second equivalent of 

GSH and hydrogen sulfide (H2S). 

 

The work presented here aids in supporting previous work identifying dialkyl 

trisulfides as sources of hydropersulfide. It is interesting to consider that this may be a 

critical function for biological RSSSR species. Though only speculative at this time, 

RSSSR  +  R'SH RSSR'  +  RSSH

GSSH  +NADPH  +  H+ GSH  +  H2S  NADP+

GSSSG  +  NADPH  +  H+ GSSH  +  GSH  +  NADP+ (a)

(b)

GR

GR
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RSSSR may play a critical role in the regulation of cellular redox status. For example, 

under normal cellular conditions, reactive RSSH reside as less reactive RSSSR species. 

However, during times of oxidative/electrophilic stress, RSSSR can be reduced to RSSH 

in an attempt to scavenge the oxidative/electrophilic insult. Thus, a major source of free 

cellular hydropersulfides may be dialkyl trisulfides.  

 

6.11 Future Work 

 Cysteine and glutathione trisulfides (Cy-SSS-Cy and GSSSG, respectively) have 

been identified in a number of mammalian cells;1 however, their biosynthesis and cellular 

functions are currently unknown. As indicated from the chemical systems above, 

trisulfides are equilibrium partners with hydropersulfides. Although this equilibrium may 

not be present in a biological system, it may still be reasonable to consider that RSSSR 

and RSSH species are partners of a redox couple. Cy-SS-Cy/Cy-SH and GSSG/GSH are 

highly regulated redox systems responsible for numerous redox processes and cellular 

health.18,19 Therefore, a biological redox couple for Cy-SSS-Cy/Cy-SSH and/or 

GSSSG/GSSH may also exist. Measuring intracellular Cy-SSH and GSSH levels, similar 

to Ida and co-workers,1 as a result of extracellular exposure to Cy-SSS-Cy and GSSSG, 

respectively, could provide an indication for such redox couples. If Cy-SSS-Cy/Cy-SSH 

and/or GSSSG/GSSH redox couples do exist, it may be anticipated that cellular exposure 

to increasing amounts of Cy-SSS-Cy and GSSSG would result in increased intracellular 

concentrations of the respective RSSH species. 

 The above hypothesis relies on the fact that Cy-SSS-Cy and GSSSG are actually 

transported into the cell. Of particular interest is the cellular import of Cy-SSS-Cy. It has 
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previously been determined by Wood that young mice supplemented with Cy-SSS-Cy in 

place of Cy-SS-Cy displayed no significant difference in growth from those treated with 

Ct-SS-Cy.7 Extracellular cystine (Cy-SS-Cy) is taken up into the cell via the xc
- transport 

system, which exchanges intracellular glutamate for extracellular Cy-SS-Cy.20,21 

Similarly, it may be expected that the xc
- transporter may also import Cy-SSS-Cy in place 

of Cy-SS-Cy, as it only differs by the addition of a single sulfur atom. Thus, it would be 

interesting to compare intracellular Cy-SSS-Cy levels in normal and xc
- knockout cells 

under varying conditions. For example, if xc
- is responsible for cellular transport of Cy-

SSS-Cy, it may be expected that normal cells exposed to extracellular Cy-SSS-Cy display 

elevated intracellular Cy-SSS-Cy levels compared to xc
- knockout cells treated similarly. 

Furthermore, if a Cy-SSS-Cy/Cy-SSH redox couple does exist, then it may also be 

anticipated that normal cells exposed to extracellular Cy-SSS-Cy display elevated 

intracellular Cy-SSH levels compared to xc
- knockout cells. 

 Studies reporting the cytoprotective and therapeutic functions for trisulfides, 

namely diallyl trisulfide (DATS, found in alliums, including: onions and garlic) are vast 

and numerous.22-25 Similarly, Cy-SSS-Cy has been proposed to also have cellular 

protecting properties, specifically towards cyanide toxicity.7 Importantly, the current 

work indicates that RSSSR reduction by RSH releases free RSSH species. The fact that 

RSSH are potent reductants and electrophilic scavengers, makes it reasonable to conclude 

that RSSSR administration may be cytoprotective during bouts of oxidative and 

electrophilic stress. To determine if RSSSR protect against cellular oxidative stress, the 

health of cells treated with hydrogen peroxide (H2O2, to induce oxidative stress) and Cy-

SSS-Cy can be compared to the health of those cells treated with H2O2 alone. If Cy-SSS-
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Cy does have cytoprotective functions, it may be expected that cells treated with Cy-SSS-

Cy will be better protected from the deleterious effects of oxidative stress than those not 

supplemented with Cy-SSS-Cy (or, perhaps those supplemented with Cy-SS-Cy instead, 

as cells require Cy-SS-Cy supplementation for proper growth). Nevertheless, cells treated 

with Cy-SSS-Cy should be better protected than those treated with Cy-SS-Cy, as Cy-

SSS-Cy may be a more direct precursor for Cy-SSH than Cy-SS-Cy.  

 

6.12 Experimental  

 

6.12.1 Instrumentation 

All NMR analyses were performed using an Agilent 400 mHz NMR 

spectrometer. Water suppression for all samples was achieved using an (1H)Presat 

method of vnmrj software. All NMR solvents were 10 % D2O in 100 mM phosphate 

buffer (pH 7.4) containing 1 mM DSS as an internal standard. 

All mass spectra were recorded using a Thermo Triple Quadripole Electrospray 

Ionization Mass Spectrometer (ESI-MS) in positive ion mode coupled with XCalibur 2.1 

software. All samples were directly injected via syringe pump at a flow rate of 5 µl/min 

using N2 as a sheath gas and Ar as a collision gas. Ion optics were optimized for authentic 

samples of disulfides. The capillary temperature for all samples was 250 °C and spray 

voltages were 3000 V for 2HED samples and 2500 V for GSSG samples.  
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6.12.2 Methods 

 NMR Analysis of the NaSH/RSSR Equilibrium: Stock solutions of GSSG (100 

mM), 2HED (200 mM) and NaSH (50 and 100 mM) were prepared in 100 mM phosphate 

buffer (pH 7.4).  DSS stock solutions (10 mM) were prepared in D2O. For all 

experiments, DSS was diluted in an NMR tube filled with buffer to a final concentration 

of 1 mM. For reactions of GSSG + NaSH, the stock solution of GSSG was added to the 

NMR tube to a final concentration of 10 mM. Next, NaSH (50 mM) was added to the 

NMR tube to final concentrations of 5, 10 or 15 mM. For reactions of 2HED + NaSH, the 

stock solution of 2HED was added to the DSS NMR tube to a final concentration of 10 

mM. NaSH was then added to the NMR tube to final concentrations of 5, 10 or 15 mM. 

All solutions equilibrated at room temperature for 30 minutes, followed by 1H NMR 

analysis. 

 For cyanolysis reactions, stock solutions of 2HED and NaSH were diluted in an 

NMR tube containing buffer with 1 mM DSS to final concentrations of 20 and 10 mM, 

respectively. The solution stood at room temperature for 30 minutes. At this time, a stock 

solution of sodium cyanide (100 mM in buffer) was diluted into the NMR tube to a final 

concentration of 10 mM.  The cyanolysis reaction was allowed to proceed at room 

temperature for 1 hour, followed by 1H NMR analysis.   

 

 ESI-MS Analysis of the NaSH/RSSR Equilibrium: Stock solutions of GSSG (100 

mM), 2HED (100 mM) and NaSH (50 mM) were prepared in 50 mM ammonium 

bicarbonate buffer (pH 7.4). Disulfide solutions were further diluted in the same buffer to 

final concentrations of 1 mM before ESI-MS analysis. For reaction of GSSG + NaSH, 
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GSSG was diluted in buffer to a final concentration of 1 mM. NaSH was then added to a 

final concentration of 0.5 mM and the solution stood at room temperature for 30 minutes 

before ESI-MS analysis. For the reaction of 2HED + NaSH, 2HED was diluted in buffer 

to a final concentration of 1 mM. NaSH was then added to a final concentration of 0.5 

mM and the mixture stood at room temperature for 30 minutes prior to ESI-MS analysis.  

 

NMR Analysis for the Competitive Trapping of Persulfides: Stock solutions of 

GSSG, 2HED, NaSH and DSS were prepared as stated above (NMR Analysis of the 

NaSH/RSSR Equilibrium). For reactions using GSSG, 5 mM NaSH was added to an 

NMR tube of 10 mM GSSG in 100 mM phosphate buffer (pH 7.4) containing 1 mM 

DSS. The reaction equilibrated for 30 minutes at room temperature. IAM or NEM (0.5, 1, 

1.5, 2 or 2.5 mM) was then added and the reaction was allowed to proceed at room 

temperature for 1 hour, followed by 1H NMR analysis. For reactions of 2HED, 10 mM 

NaSH was added to an NMR tube of 20 mM 2HED in 100 mM phosphate buffer (pH 7.4) 

with 1 mM DSS, and the mixture equilibrated for 30 minutes at room temperature.  IAM 

or NEM (1, 2, 3, 4 or 5 mM) was then added and the reaction proceeded at room 

temperature for 1 hour, followed by 1H NMR analysis. 

 

ESI-MS Analysis for the Competitive Trapping of Persulfides: Stock solutions of 

GSSG, 2HED and NaSH were prepared as above (ESI-MS Analysis of the NaSH/RSSR 

Equilibrium). For reactions, 0.5 mM NaSH was added to a solution of 1 mM GSSG or 1 

mM 2HED in 50 mM ammonium bicarbonate buffer and the mixture equilibrated for 30 
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minutes at room temperature. IAM (500 µM) was then added and the reaction proceeded 

for 1 hour at room temperature, followed by ESI-MS analysis. 

 

ESI-MS Analysis of the Trisulfide Equilibrium: Stock solutions of GSSSG (25 

mM) and NAP (25 mM) were prepared in 50 mM ammonium bicarbonate buffer (pH 

7.4). For reactions, 250 µM NAP was added to a solution of 250 µM GSSSG in the same 

buffer and the reaction proceeded at room temperature for 3 hours, followed by ESI-MS 

analysis.  

 

ESI-MS Analysis for the reaction of RSSH and RSSR: A stock solution of GSSG 

(100 mM) was prepared in 50 mM ammonium bicarbonate buffer (pH 7.4). A stock 

solution of MCPD (20 mM) was prepared in deionized (DI) water. For the reaction, 200 

µM MCPD was added to 1 mM GSSG and the reaction proceeded at room temperature 

for 30 minutes followed by ESI-MS analysis. 
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Chapter 7: The Reduction of Cysteine Trisulfide Yields Cystine and Inorganic 
Polysulfides via Intermediate Hydropersulfide and Hydropolysulfide Intermediates 
 
7.1 Introduction 

 A commonly utilized assay for the detection of RSSH is nucleophilic cleavage by 

cyanide anion (-CN, termed cyanolysis, Scheme 7.1a) followed by reaction with iron(III) 

nitrate (Fe(NO3)3) for the facile UV-vis detection at 460 nm of the resulting iron(III) 

thiocyanate ([FeSCN]2+, Scheme 7.1b).1 

 

!

Scheme 7.1: (a) Cyanolysis of hydropersulfides (RSSH) to yield thiocyanate (-SCN) and, 

(b) –SCN detection via reaction with iron(III) nitrate (Fe(NO3)3) 

 

In this manner, RSSH detection is pH dependent, requiring the hydropersulfide to be 

protonated for efficient –CN attack.2 By analogy, cyanolysis of disulfides (RSSR) are also 

possible albeit slower than RSSH cleavage.1 Furthermore, cyanolysis of RSSR does not 

yield –SCN (Scheme 7.2) and thus, will not give positive results via UV-vis analysis for 

[FeSCN]2+.3 

 

!

Scheme 7.2: Cyanolysis of disulfides (RSSR) to yield the corresponding alkylthiocyanate 

(RSCN) 

 

RSSH  +  -CN RSH  +  -SCN

-SCN  +  Fe(NO3)3 [FeSCN]2+  +  3 NO3-

(a)

(b)

RSSR  +  -CN RSH  +  RSCNH+
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Additionally, cyanolysis of dialkyl trisulfides (RSSSR) has also been reported, 

however the results are conflicting. For example, Abdolrasulnia and Wood reported that 

cyanolysis of cysteine trisulfide (Cy-SSS-Cy) yields –SCN above pH 9, while no –SCN is 

detected at lower pH values.4 In contrast, an earlier report by Szczepkowski and Wood 

indicated that cyanolysis of Cy-SSS-Cy did afford –SCN at pH 7.4,5 though no mention 

was made in the most recent report4 regarding these conflicting results. On the other 

hand, Fletcher and Robson found that cyanolysis of Cy-SSS-Cy under acidic conditions 

also liberated –SCN.6 Interestingly, Catsimpoolas and Wood determined that cyanolysis 

of a bovine serum albumin (BSA) disulfide partially proceeds through BSA-derived 

hydropersulfide and trisulfide intermediates to form –SCN, though again only at alkaline 

pH (pH ≥ 8).7 

In addition to –CN, the reactivity of other nucleophilic species towards RSSSR 

has also been investigated. Thiols (R’SH) have been reported to cleave RSSSR bonds, 

forming a mixed disulfide RSSR’ and RSSH (Scheme 7.3).4,5 

 

!

Scheme 7.3: Nucleophilic cleavage of dialkyl trisulfides (RSSSR) by thiols (RSH) 

 

Additionally, Harpp and Smith have examined the reactivity of phosphines (PR3) towards 

RSSSR. In this study it was determined that nucleophilic cleavage of RSSSR can occur at 

both the central (Scheme 7.4a) and outer (Scheme 7.4b) sulfur atoms, depending on the 

phosphine substituents.8 

 

RSSSR  +  R'SH RSSR'  +  RSSH
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Scheme 7.4: Nucleophilic cleavage of dialkyl trisulfides (RSSSR) by phosphines (PR3) at 

the (a) central sulfur atom and, (b) outer sulfur atom 

 

As discussed in Chapter 6, RSSSR may serve as a relatively non-reactive storage 

unit for reactive RSSH. Additionally, biological RSSSR may also serve as RSSH donors 

via their reduction by, for example, RSH species. Although as described above, there are 

clearly some discrepancies regarding the nucleophilic cleavage of RSSSR species and 

their ability to afford RSSH species. For this reason, the reduction of Cy-SSS-Cy was 

investigated, specifically for production of cysteine hydropersulfide (Cy-SSH) to confirm 

a potential RSSH donating function for RSSSR species. 

 

7.2 Nucleophilic Cleavage of Cysteine Trisulfide: 1H NMR Analysis 

 Previous studies on the cyanolysis of Cy-SSS-Cy have indicated this reaction 

ultimately results in Cy-SS-Cy as the final cysteine-derived product.4-6,9 In these studies, 

Cy-SS-Cy was characterized via paper chromatography and/or UV-vis spectroscopy. 

Therefore, to confirm these previous results and to characterize the resulting products 

more definitively, the reaction of –CN with Cy-SSS-Cy was initially analyzed via 1H 

NMR spectroscopy. Figure 7.1a displays the stacked 1H NMR spectra for a selected 

region of 2 mM Cy-SSS-Cy (bottom), 2 mM Cy-SS-Cy (middle) and 2 mM Cy-SSS-Cy 

+ 1 mM NaCN (top) after 30 min. incubation at room temperature in 100 mM phosphate 

buffer (pH 7.4) with 10 % D2O.  

PR3  +  RSSSR R3PSSR+  +  RS-

PR3  +  RSSSR R3PSR+  +  RSS-

(a)

(b)
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Figure 7.1:  Stacked 1H NMR for the selected region of (a) 2 mM cysteine trisulfide (Cy-

SSS-Cy, bottom), 2 mM cystine (Cy-SS-Cy, middle) and 2 mM Cy-SSS-Cy + 1 mM 

NaCN (top) and, (b) 2 mM Cy-SSS-Cy (bottom), 2 mM Cy-SS-Cy (middle) and 2 mM 

Cy-SSS-Cy + 1 mM NaSH. All spectra were recorded after 30 min. incubation at room 

temperature in 100 mM phosphate buffer (pH 7.4) with 10 % D2O.  

 

The addition of NaCN to Cy-SSS-Cy results in the formation of Cy-SS-Cy after 30 min. 

incubation, as indicated by a comparison of the spectrum for Cy-SSS-Cy + NaSH (Figure 

7.1a, top) with that for Cy-SS-Cy only (Figure 7.1a, middle). Similarly, when 1 mM 

sodium sulfide (NaSH) is reacted with 2 mM Cy-SSS-Cy (Figure 7.1b, top), the major 

product detected after 30 min. incubation is also Cy-SS-Cy, as indicated by a comparison 

of the spectrum for NaSH + Cy-SSS-Cy with that for Cy-SS-Cy (Figure 7.1b, middle). 

Thus, it appears that nucleophilic cleavage of Cy-SSS-Cy does result in Cy-SS-Cy, 

consistent with previous studies regarding the cyanolysis of Cy-SSS-Cy.4-6,9 

 

 

 



! 166 

7.3 Nucleophilic Cleavage of Cysteine Trisulfide: ESI-MS Analysis 

 The above data indicate that treatment of Cy-SSS-Cy with the nucleophiles NaCN 

and NaSH results predominantly in the formation of Cy-SS-Cy. To characterize the 

product resulting from analogous reactions of Cy-SSS-Cy further, electrospray ionization 

mass spectrometry (ESI-MS) analysis was performed. Figure 7.2a displays the ESI-MS 

spectrum for 1 mM Cy-SSS-Cy in 50 mM ammonium bicarbonate buffer (pH 7.4). The 

two peaks observed in the spectrum correspond to Cy-SSS-Cy (m/z = 273.16) and Cy-

SS-Cy (m/z = 241.17).  

 

! !

Figure 7.2: ESI-MS spectrum for (a) 1 mM cysteine trisulfide (Cy-SSS-Cy) and, (a) 1 

mM Cy-SSS-Cy + 500 µM NaCN after 30 min. reaction at room temperature. All spectra 

were recorded in 50 mM ammonium bicarbonate buffer (pH7.4) in positive ion mode. 

 

It should be noted that Cy-SSS-Cy does contain a 7% Cy-SS-Cy impurity, as determined 

by 1H NMR integration. The fact that the ESI-MS spectrum for Cy-SSS-Cy shows about 

a 60% relative abundance for Cy-SS-Cy may in part be due to a lower ionization energy 
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for Cy-SS-Cy than for Cy-SSS-Cy. Nevertheless, the most abundant species in the 

sample of Cy-SSS-Cy is Cy-SSS-Cy. Reaction (30 min.) of 500 µM NaCN with 1 mM 

Cy-SSS-Cy results in Figure 7.2b, where the most abundant species is now Cy-SS-Cy 

(m/z = 241.04), not Cy-SSS-Cy (m/z = 272.98). Of additional note is that cysteine 

thiocyanate (Cy-SCN, m/z = 147.04) is also present in Figure 7.2b, indicating reduction 

of Cy-SSS-Cy by –CN liberates Cy-SS- (Scheme 7.5). 

 

!

Scheme 7.5: Cyanolysis of cysteine trisulfide (Cy-SSS-Cy) to afford cysteine 

thiocyanate (Cy-SCN) and cysteine hydropersulfide (Cy-SSH) via outer sulfur atom 

attack. 

 

The cysteine-cyano mixed disulfide (Cy-SS-CN) is also not detected, indicating that 

nucleophilic attack of Cy-SSS-Cy by –CN favors outer sulfur attack rather than central 

sulfur attack (Scheme 7.6). 

 

!

Scheme 7.6: Insignificant path for the cyanolysis of cysteine trisulfide (Cy-SSS-Cy) 

 

Ultimately, the results in Figure 7.2 are consistent with those for 1H NMR in Figure 7.1a 

and identifies Cy-SS-Cy as the predominant product formed from reaction of Cy-SSS-Cy 

with –CN. 

Cy-SSS-Cy  +  -CN Cy-SCN  +  Cy-SS-

Cy-SSS-Cy  +  -CN Cy-SSCN  +  Cy-S-
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 Additionally, 500 µM NaSH (Figure 7.3a) and 500 µM GSH (Figure 7.3b) were 

reacted with 1 mM Cy-SSS-Cy under the same conditions as Cy-SSS-Cy + NACN. 

 

!! !

Figure 7.3: ESI-MS spectra resulting from 30 min. reaction of 1 mM cysteine trisulfide 

(Cy-SSS-Cy) with (a) 500 µM NaSH and, (b) 500 µM glutathione (GSH) in 50 mM 

ammonium bicarbonate buffer (pH 7.4). 

!

Again, Figure 7.3a shows that reaction (30 min.) of NaSH with Cy-SSS-Cy results in Cy-

SS-Cy (m/z = 241.03) as the predominant product, in line with the 1H NMR data of 

Figure 7.1b. Likewise 30 min. reaction of GSH with Cy-SSS-Cy also produces Cy-SS-Cy 

(m/z = 241.02) as the dominant product (Figure 7.3b). Of note is that a cysteine-

glutathione mixed disulfide (Cy-SS-G, m/z = 427.09) is the second most abundant 

species present in the spectrum of Figure 7.3b, indicating that GSH favors outer sulfur 

attack on Cy-SSS-Cy (Scheme 7.7), similar to –CN. 
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Scheme 7.7: Reaction of cysteine trisulfide (Cy-SSS-Cy) with glutathione (GSH) to yield 

the cysteine-glutathione mixed disulfide (Cy-SS-G) and cysteine perthiolate (Cy-SS-) via 

reaction at the outer sulfur atom of Cy-SSS-Cy 

 

However, unlike –CN, GSH also reacts at the central sulfur atom of Cy-SSS-Cy (Scheme 

7.8) to form the cysteine-glutathione mixed trisulfide (Cy-SSS-G, m/z = 459.04, Figure 

7.3b), though it appears this is a minor reaction pathway because the relative abundance 

for Cy-SS-G is greater than that for Cy-SSS-G.  

 

!

Scheme 7.8: Reaction of cysteine trisulfide (Cy-SSS-Cy) with glutathione (GSH) to yield 

the cysteine-glutathione mixed trisulfide (Cy-SSS-G) and cysteine thiolate (Cy-S-) via 

reaction at the central sulfur atom of Cy-SSS-Cy 

 

This may be expected, as Cy-SS- is a more favorable leaving group than Cy-S- (i.e., Cy-

SSH is more acidic than Cy-SH and thus, Cy-SS- is a weaker base/better leaving group 

than Cy-S-).10 Regardless, the data in Figure 7.3 support the assertion that reactions of 

nucleophilic species with Cy-SSS-Cy affords Cy-SS-Cy as the major product. 

Furthermore, the data in Figure 7.2b and Figure 7.3b indicate that Cy-SS-Cy formation 

predominantly occurs via nucleophilic attack at the outer sulfur atom of Cy-SSS-Cy with 

liberation of a Cy-SS- leaving group. 

 

Cy-SSS-Cy  +  GSH Cy-SS-G  +  Cy-SS-  +  H+

Cy-SSS-Cy  +  GSH Cy-SSS-G  +  Cy-S- +  H+
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7.4 Electrophilic Trapping with Iodoacetamide: ESI-MS Analysis 

 The above 1H NMR and ESI-MS data indicate that reaction of NaCN, NaSH and 

GSH with Cy-SSS-Cy predominantly results in Cy-SS-Cy formation. In addition, 

formation of Cy-SCN and Cy-SS-G species from the reactions of Cy-SSS-Cy with NaCN 

and GSH, respectively, signifies that Cy-SS-Cy production occurs via a Cy-SS- 

intermediate (Scheme 7.5 and 7.7). Therefore, it became of interest to characterize the 

intermediate Cy-SS-. A complication with the identification of RSSH species in reaction 

mixtures is that they are unstable fleeting species,1,4 making direct detection difficult. For 

this reason, Cy-SS- was characterized as the modified cysteine persulfide-acetamide 

adduct (Cy-SS-AM) via addition of the electrophile iodoacetamide (IAM) to reaction 

mixtures of Cy-SSS-Cy. Figure 7.4a displays the ESI-MS spectrum resulting from the 

incubation (30 min.) of 1 mM Cy-SSS-Cy with 1 mM IAM in 50 mM ammonium 

bicarbonate buffer (pH 7.4).  

 

! !

Figure 7.4: ESI-MS resulting from (a) 30 min. reaction of 1 mM cysteine trisulfide (Cy-

SSS-Cy) with 1 mM iodoacetamide (IAM) and, (b) 30 min. reaction of 1 mM Cy-SSS-Cy 

with 500 µM NaCN, followed by another 30 min. reaction with 1 mM IAM. All 
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incubations were performed at room temperature in 50 mM ammonium bicarbonate 

buffer (pH 7.4). 

 

Importantly, there is no observed reaction between Cy-SSS-Cy and IAM. On the other 

hand, when 1 mM Cy-SSS-Cy is allowed to react with 500 µM NaCN for 30 min., 

followed by subsequent reaction with 1 mM IAM for another 30 min., many species are 

detected via IAM-induced electrophilic modification (Figure 7.4b). Most notably, the 

cysteine persulfide-acetamide (Cy-SS-AM, m/z = 211.03) species is observed, consistent 

with Scheme 7.5. Interestingly, a cysteine hydrotrisulfide (Cy-SSSH/Cy-SSS-) species is 

also present in Figure 7.4b as the modified cysteine-acetamide mixed trisulfide adduct 

(Cy-SSS-AM, m/z = 242.89). (Note: identification of this species was determined based 

on its fragmentation pattern being similar to that for Cy-SS-AM.) It should also be 

pointed out that reaction of Cy-SSS-Cy with NaCN produces the inorganic polysulfides 

HSS- and HSSS-, which are identified as the modified adducts bis(acetamide) disulfide 

(AM-SS-AM, m/z = 180.98) and bis(acetamide) trisulfide (AM-SSS-AM, m/z = 213.14), 

as confirmed by comparison of fragmentation patters to authentic standards. 

 Electrophilic trapping of products resulting from incubations of Cy-SSS-Cy + 

NaSH and Cy-SSS-Cy + GSH were also investigated. Similar to the reaction of Cy-SSS-

Cy + NaCN, 1 mM Cy-SSS-Cy was allowed to react with 500 µM NaSH or 500 µM  

GSH for 30 min. in 50 mM ammonium bicarbonate buffer. IAM (1 mM) was then added 

to each solution and allowed to react another 30 min. Figure 7.5a corresponds to the 

incubation mixture containing NaSH, while Figure 7.5b is for the incubation containing 

GSH. 
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Figure 7.5: ESI-MS resulting from (a) 30 min. reaction of 1 mM cysteine trisulfide (Cy-

SSS-Cy) with 500 µM NaSH, followed by an additional 30 min. reaction with 1 mM 

iodoacetamide (IAM) and, (b) 30 min. reaction of 1 mM Cy-SSS-Cy with 500 µM 

glutathione (GSH), followed by an additional 30 min. reaction with 1 mM IAM. All 

incubations were performed at room temperature in 50 mM ammonium bicarbonate 

buffer (pH 7.4). 

!

Again, reaction of NaSH + Cy-SSS-Cy affords CySS-, which is present as the IAM-

trapped Cy-SS-AM species (m/z = 211.02, Figure 7.5a). Additionally, Cy-SSH/Cy-SSS- 

is identified as the Cy-SSS-AM adduct (m/z = 243.00), HSS- as the AM-SS-AM adduct 

(m/z = 181.01) and HSSS- as the AM-SSS-AM adduct (m/z = 212.99). It should be noted 

that use of NaSH as a nucleophile results in AM-SS-AM being the most abundant 

species, which was not true when NaCN was used as a nucleophile. This is likely due to 

1) minor polysulfide impurities in the commercial NaSH or 2) rapid speciation of HS- 

upon dissolving NaSH in buffer.11  

Likewise, reaction of Cy-SSS-Cy + GSH followed by trapping with IAM points 

out the presence of Cy-SS- as modified Cy-SS-AM (m/z = 211.01, Figure 7.5b). Again, 
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Cy-SSS-AM (from Cy-SSS-, m/z = 243.00), AM-SS-AM (from HSS-, m/z = 181.04) and 

AM-SSS-AM (from HSSS-, m/z = 212.98) are all are present as well. Taken altogether, 

the above ESI-MS data indicate that nucleophilic cleavage of Cy-SSS-Cy results in the 

intermediate and/or products: Cy-SS-, Cy-SSS-, HSS-, HSSS- and most abundantly, Cy-

SS-Cy. 

 

7.5 Generation of Cy-SSS-Cy from the Reaction of Cy-SS-Cy with Na2S2 

 To this point, all data indicate that reaction of Cy-SSS-Cy with various 

nucleophilic species results in Cy-SS-Cy as a major product. Additionally, Cy-SS-Cy 

formation appears to occur via and/or alongside Cy-SS-, Cy-SSS-, HSS- and HSSS- 

intermediates and/or products. A number of previous reports have also indicated that 

reaction of Cy-SSS-Cy with –CN or RSH results in Cy-SS-Cy and elemental sulfur, S8, 

which was characterized by the development of a turbid solution during the course of 

reaction.4-6,9 Though S8 production does not appear to occur to any significant extent 

under the current conditions (not detected by ESI-MS nor did solutions become turbid), 

other inorganic polysulfur species are produced, namely HSS- and HSSS-. Thus, if HSS- 

and HSSS- are considered to be products from the reactions of Cy-SSS-Cy + nucleophiles 

alongside Cy-SS-Cy, it may follow that treatment of Cy-SS-Cy with disodium disulfide 

(Na2S2) or disodium trisulfide (Na2S3) leads back to Cy-SSS-Cy via reversed equilibrium 

pathways (Scheme 7.9). 
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Scheme 7.9: Reaction of cystine (Cy-SS-Cy) with sodium disulfide (Na2S2) to afford 

cysteine trisulfide (Cy-SSS-Cy) and other unknown products 

 

Figure 7.6a displays the ESI-MS spectrum for 1 mM Cy-SS-Cy only in 50 mM 

ammonium bicarbonate buffer (pH 7.4). 

 

! !

Figure 7.6: ESI-MS spectrum for (a) 1 mM cystine (Cy-SS-Cy) and, (b) 1 mM Cy-SS-

Cy + 1 mM disodium disulfide (Na2S2). All spectra were recorded in 50 mM ammonium 

bicarbonate buffer (pH 7.4) after 30 min. reaction at room temperature. 

!

The peak at m/z = 241.03 (Figure 7.6a) corresponds to Cy-SS-Cy, with no other 

identifiable sulfur species present in the spectrum. Treatment of 1 mM Cy-SS-Cy with 1 

mM Na2S2 results in Figure 7.6b. As observed in this spectrum, reaction of Na2S2 with 

Cy-SS-Cy causes subsequent formation of Cy-SSS-Cy, with no other polysulfides 

produced. This data is consistent with the idea that nucleophilic attack of Cy-SSS-Cy is a 

Cy-SS-Cy  +  NaS2 Cy-SSS-Cy  +  ?
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reversible equilibrium process, with final equilibrium partners being Cy-SS-Cy and HSS-. 

(Note: HSSS- is also produced as a final product, however its formation is likely due to 

subsequent chemistry of HSS- as explained below). 

 

7.6 Discussion 

 The above data indicate that reaction of cysteine trisulfide (Cy-SSS-Cy) with 

nucleophilic species results in cystine (Cy-SS-Cy) and S2
2-. This is consistent with the 

findings of both 1H NMR and ESI-MS analysis. Furthermore, ESI-MS analysis for the 

electrophilic modification of nucleophilic sulfur species by iodoacetamide (IAM) 

indicates that cysteine hydropersulfide (Cy-SSH) and cysteine hydrotrisulfide (Cy-

SSSH/Cy-SSS-) are involved in the production of Cy-SS-Cy from reactions of Cy-SSS-

Cy with various nucleophiles. The question still remains as to what the steps are 

following initial Cy-SSS-Cy reaction, ultimately leading to Cy-SS-Cy formation. 

 Initial reaction of nucleophilic species with Cy-SSS-Cy appears to occur 

preferentially at the outer sulfur atom, as indicated by the production of cysteine 

thiocyanate (Cy-SCN, Figure 7.2b) and cysteine-glutathione mixed disulfide (Cy-SS-G, 

Figure 7.3b). This may not be surprising as nucleophilic attack at the outer sulfur atom 

liberates Cy-SS- (Scheme 7.5 and Scheme 7.7), while central sulfur attack liberates 

cysteine anion (Cy-S-, Scheme 7.6 and Scheme 7.8). Cy-SS- is a weaker base than Cy-S- 

(based on relative pKa values),10 and therefore, is also a better leaving group than Cy-S-. 

Furthermore, these findings are consistent with the results presented by Harpp and Smith, 

who also observed outer sulfur atom attack on trisulfides (RSSSR) by various 

trisubstituted phosphine nucleophiles.8 It should be noted that while cysteine-glutathione 
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mixed trisulfide (Cy-SSS-G, Figure 7.3b) is also formed from Cy-SSS-Cy + glutathione 

(GSH), indicating central sulfur attack, its abundance was less than that for Cy-SS-G. 

Thus, central sulfur atom attack leading to Cy-SSS-G is considered to only be a minor 

reaction pathway, relative to outer sulfur attack resulting in Cy-SS-G.  

Additionally, the cysteine hydropersulfide-acetamide (Cy-SS-AM) species was 

identified in all reactions of Cy-SSS-Cy (Figures 7.4b, 7.5a and 7.5b), further indicating 

its liberation via nucleophilic outer sulfur atom attack (Scheme 7.5 and 7.7). On the other 

hand, the cysteine-acetamide adduct (Cy-S-AM) was only present after reaction of Cy-

SSS-Cy with NaSH (Figure 7.5a) and not with NaCN and GSH nucleophiles, further 

indicating that liberation of Cy-S- via central sulfur atom attack is only a minor reaction 

pathway. It is important to note that production of Cy-SH (characterized as the modified 

Cy-SH adduct, Cy-S-AM) from the reaction of Cy-SSS-Cy with NaSH is likely a result 

of the reduction of formed Cy-SS-Cy by NaSH-derived nucleophilic polysulfur species 

that are generated upon dissolving NaSH in aqueous solutions.11 Cy-SH was also 

produced when Cy-SSS-Cy was treated with excess NaCN (Supporting Information), 

consistent with Cy-SH formation occurring via reduction of formed Cy-SS-Cy by the 

presence of excess nucleophilic species. It appears that initial nucleophilic attack on Cy-

SSS-Cy occurs preferentially at the outer sulfur atom, liberating free Cy-SS- (Scheme 

7.10). 

 

!

Scheme 7.10: Nucleophilic attack at the outer sulfur atom on cysteine trisulfide (Cy-SSS-

Cy) 

Cy-SSS-Cy  +  -Nuc Cy-S-Nuc  +  Cy-SS-
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 It should be mentioned that some have considered the reactivity of polysulfides to 

proceed through a thiolsulfoxide tautomer (RS(S)SR),12 which in the case for Cy-SSS-

Cy, can be expected to produce the same products as Scheme 7.10 and/or, lead directly to 

Cy-SS-Cy (Scheme 7.11). 

 

!

Scheme 7.11: Proposed reaction of the cysteine trisulfide tautomer, cysteine 

thiolsulfoxide (Cy-S(S)S-Cy) to directly afford cystine (Cy-SS-Cy)  

 

Under the current conditions, thiolsulfoxide reactivity is considered irrelevant because 

the 1H NMR spectrum for Cy-SSS-Cy (Figure 7.1) displays only three distinct proton 

environments, which correspond to each of the two alpha protons and one beta proton. 

This indicates that the resonance for the protons in each Cy substituent are 

superimposable and thus, identical. If Cy-SSS-Cy were to reside as Cy-S(S)S-Cy 

(Scheme 7.11), non-identical resonances would be expected for each of the alpha and 

beta protons of the individual Cy substituents. Importantly, these results are also 

consistent with those of L’amie and co-workers.13 Furthermore, if Cy-SS-Cy were to 

form via Scheme 7.11, reaction of Cy-S(S)S-Cy with NaCN would also be expected to 

produce thiocyanate (-SCN) along with Cy-SS-Cy. However, -SCN detection via reaction 

with iron(III) nitrate (Scheme 7.1b) followed by UV-vis analysis verified that –SCN is not 

produced from incubations of Cy-SSS-Cy + NaCN, consistent with the findings of 

Cy-SSS-Cy
Cy S+ S

S-

Cy
Cy-SS-Cy  +  Nuc-SH

Cy S+ S
SH

Cy
H+ -Nuc

thiolsulfoxide thiolsulfoxide
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Abdolrasulnia and Wood.4 For these reasons, Cy-S(S)S-Cy is not considered to be a 

relevant structure for Cy-SSS-Cy in the current study. 

Once formed, Cy-SS- is the most nucleophilic species present in solution, relative 

to all other added nucleophiles (-CN, HS-, GSH).10,14-16 Thus, Cy-SS- can be expected to 

react further with electrophiles present (as was true for the reactivity of RSS- species with 

RSSR studied in Chapters 4 and 6). Specifically, Cy-SSS-Cy, being the most 

electrophilic species present, is a suitable target for Cy-SS-. Reaction of Cy-SS- with Cy-

SSS-Cy can follow three possible pathways: 1) outer sulfur attack, which is non-

productive, leading to Cy-SSS-Cy + Cy-SS- (Scheme 7.12a), 2) central sulfur attack, 

leading to cysteine tetrasulfide (Cy-SSSS-Cy) and Cy-S- (Scheme 7.12b) and/or 3) α-

carbon attack to directly afford Cy-SS-Cy and dithiocysteine (Cy-SSS-, Scheme 7.12c). 

 

!

Scheme 7.12: Reaction of cysteine hydropersulfide (Cy-SS-) with cysteine trisulfide (Cy-

SSS-Cy) to yield (a) Cy-SSS-Cy and Cy-SS- via outer sulfur atom attack and/or, (b) 

cysteine tetrasulfide (Cy-SSSS-Cy) and cysteine thiolate (Cy-S-) via central sulfur atom 

attack and/or (c) cystine (Cy-SS-Cy) and dithiocysteine (Cy-SSS-) via α-carbon attack. 

 

Regarding central sulfur attack (Scheme 7.12b), this pathway may only be a 

minor fate for formed Cy-SS-. One reason for this is that little to no Cy-S- is detected in 

incubations resulting from reactions of Cy-SSS-Cy with various nucleophiles (vide 

Cy-SS-  +  Cy-SSS-Cy Cy-SSS-Cy  +  Cy-SS-

Cy-SS-  +  Cy-SSS-Cy Cy-SSSS-Cy  +  Cy-S-

(a)

(b)

Cy-SS-  +  Cy-SSS-Cy Cy-SS-Cy  +  Cy-SSS- (c)
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supra). Cy-SSS-Cy + NaSH did produce Cy-S-, which as explained above, is likely due to 

reduction of formed Cy-SS-Cy by NaSH-derived nucleophiles.  The lack of evidence for 

Cy-S- formation is also consistent with the work of Szczepkowski and Wood, and 

Fletcher and Robson, who were also unable to detect Cy-SH/Cy-S- after treatment of Cy-

SSS-Cy with either –CN or RSH under varying conditions.5,6 While Cy-SSSS-Cy is 

present after incubation of Cy-SSS-Cy with NaCN and GSH (Figure 7.2b and 7.3b), 

supporting Scheme 7.12b, this is not definitive because Cy-SSS-Cy alone has a small Cy-

SSSS-Cy impurity (Figure 7.2a), and therefore, the presence of Cy-SSSS-Cy may simply 

be due to this. Furthermore, Scheme 7.12b is also considered thermodynamically 

disfavored, relative to Scheme 7.12a and 7.12c, because Cy-S- is a relatively poor leaving 

group compared to Cy-SS- (Scheme 7.12a) or Cy-SSS- (Scheme 7.12c), consistent with a 

lack of evidence for Cy-SH production. Although due to the presence of Cy-SSSS-Cy in 

some resulting incubations, Scheme 7.12b cannot be completely ruled out at this time, a 

lack of supporting evidence makes it probable to consider Scheme 7.12b as only being a 

minor reaction pathway for Cy-SS-.  

In regard to α-carbon attack, it has previously been determined that RSS-
 are 

capable of α-carbon attack on thiol-phosphonium salts (R’-S-PR3
+), generating the 

corresponding mixed disulfide (RSSR’) and phosphine-sulfide (S=PR3, Scheme 7.13).8 

 

!

Scheme 7.13: α-Carbon attack on thiol-phosphonium salts (R-S-PR3
+) by persulfides 

(RSS-) 

 

RSS-  +  R'-S-PR3 RSSR'  +  S=PR3



! 180 

Under the current conditions, similar reactivity for Cy-SS- (Scheme 7.12c) also appears to 

occur, at least to some extent. Scheme 7.12c is supported by the detection of Cy-SSS- 

(characterized as the electrophilically modified IAM-adduct, Cy-SSS-AM) in all 

incubations of reactions of Cy-SSS-Cy with various nucleophiles (Figures 7.4b, 7.5a and 

7.5b). Additionally, Cy-SS-Cy is the major product resulting from all incubations of Cy-

SSS-Cy, in line with the reactivity of Cy-SS- following Scheme 7.12c. Further 

confirmation for α-carbon attack by RSS- species was obtained by decomposing the 

hydropersulfide donor, S-methoxycarbonyl cysteine disulfide (MCCD), which 

spontaneously releases N-methoxycarbonyl cysteine persulfide (MCCP-SS-) via S-to-N 

methoxycarbonyl transfer at neutral pH (Scheme 7.14) in the presence of excess 

glutathione disulfide (G-SS-G) and glutathione trisulfide (G-SSS-G). 

 

!

Scheme 7.14: Release of S-methoxycarbonyl cysteine hydropersulfide (MCCP) from the 

spontaneous S-to-N rearrangement of N-methoxycarbonyl cysteine disulfide (MCCD) at 

neutral pH 

 

Importantly, decomposition of MCCD in the presence of excess G-SS-G and G-SSS-G 

affords the mixed MCCP-glutathione disulfide (MCCP-SS-G), which is a product most 

likely to be formed via α-carbon attack on G-SS-G and G-SSSS-G by MCPP-SS- 

(Scheme 7.15 and Supporting Information). 
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Scheme 7.15: α-carbon attack on glutathione trisulfide (G-SSS-G) by the persulfide 

MCPP-SS- 

 

The current evidence seems to support α-carbon attack by Cy-SS- via Scheme 7.12c as 

being a possible fate for Cy-SS-, ultimately leading to Cy-SS-Cy and Cy-SSS- formation. 

 The reaction of Cy-SSS-Cy with various nucleophilic species has been reported to 

also result in elemental sulfur, S8, along with Cy-SS-Cy.4-6,9,17 Mechanistic detail for 

production of S8 is significantly lacking and, is most often explained by the ‘ejection of a 

sulfur atom’ from an intermediate unstable RSSH species. Additionally, methods for 

detection of S8 are underdeveloped and have mainly relied on the appearance of white 

turbid solutions over time. On the other hand, the generation of S8 from inorganic sulfide 

(HS-/S2-) and other inorganic polysulfides (HSn
-/Sn

2-, n>1) has been explained with 

considerable mechanistic detail.18,19 In the current study, there is no evidence for the 

presence of S8 following incubations of Cy-SSS-Cy with various nucleophiles. 

Interestingly, other inorganic polysulfides, specifically HSS- and HSSS-, are identified 

following all Cy-SSS-Cy incubations. Possibly the most obvious source of HSS- is 

nucleophilic attack at the internal sulfur of formed Cy-SSS-/Cy-SSH from Reaction 7.12c 

to yield HSS- (Scheme 7.16). 

 

MCCP-SS-  +  G-SSS-G MCCP-SS-G  +  G-SSS-
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Scheme 7.16: Nucleophilic attack on dithiocysteine (Cy-SSSH) to yield the inorganic 

polysulfide, HSS- 

A probable nucleophile for Scheme 7.16 is a second equivalent of Cy-SS- 

because, as previously stated, this is one of the most potent nucleophiles present in 

solution. Additionally, a second equivalent of Cy-SSS- could also be the nucleophile in 

Scheme 7.16, although this is probably only a minor pathway (if at all) because Cy-

SSSS-Cy, which would be generated alongside HSS-, is only present in small amounts 

following incubation of Cy-SSS-Cy with all nucleophiles. Nucleophilic attack on Cy-

SSSH to generate HSS- by other added nucleophiles (-CN, HS- and GSH) is also less 

likely due to their consumption in the initial reaction with Cy-SSS-Cy (Scheme 7.10). 

Thus, initial production of HSS- most likely occurs via Scheme 7.17. 

 

!

Scheme 7.17: Reaction of dithiocysteine (Cy-SSSH) with cysteine persulfide (Cy-SS-) to 

form HSS- 

 

Once liberated, HSS- can react a number of ways that result in the generation of 

HSSS-. First, HSS- can react with Cy-SS-/Cy-SSH, similar to –CN reactivity,1 to produce 

HSSS- (Scheme 7.18).  

 

!

Scheme 7.18: Proposed reaction for the generation of HSSS- from the reactivity of HSS-. 

Cy-SSSH  +  -Nuc Cy-S-Nuc  +  HSS-

Cy-SSSH  +  Cy-SS- Cy-SSS-Cy  +  HSS-

Cy-SSH  +  HSS- Cy-SH  +  HSSS-
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This is probably least likely to occur since Cy-SH would also be produced and yet, little 

to no Cy-SH has been observed in our experiments. HSS- can also react with itself to 

produce HSSS- and HS- (Scheme 7.19). 

 

!

Scheme 7.19: Proposed formation of HSSS- from the reactivity of HSS- 

 

Again, Scheme 7.19 is not likely to be the source of HSSS- since the electrophilically 

modified HS- species (AM-S-AM) was not observed under any studied conditions. 

Therefore, the most probable source of HSSS- in the current study is likely via reaction of 

HSS- with a second equivalent of Cy-SSSH (Scheme 7.20), as both the products Cy-SS- 

and HSSS- are formed in all studied reactions involving Cy-SSS-Cy. 

 

!

Scheme 7.20: Reaction of dithiocysteine (Cy-SSSH) with HSS- to form HSSS- 

!
To summarize, the most probable cascade of reactions following nucleophilic cleavage of 

Cy-SSS-Cy and leading to Cy-SSS-Cy, HSS- and HSSS- is provided in Figure 7.7. 

 

HSS-  +  HSS- HS-  +  HSSS-

Cy-SSSH  +  HSS- Cy-SS-  +  HSSS-  +  H+
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Figure 7.7: Cascade of reactions following nucleophilic cleavage of cysteine trisulfide 

(Cy-SSS-Cy), ultimately leading to cystine (Cy-SS-Cy), HSS- and HSSS- 

 

The boxed species in Figure 7.7 correspond to all final observed products, either via 1H 

NMR and/or ESI-MS analyses, resulting from reactions of Cy-SSS-Cy. Again, the 

intermediates Cy-SS-/Cy-SSH and Cy-SSS-/Cy-SSSH were assigned based on their 

characterization via IAM-induced electrophilic modification. The single headed arrows 

refer to points of re-insertion for formed intermediate species in the cascade of reactions 

to produce more of the final boxed species. 

 As a final thought, it is worthwhile to consider the biologic relevance of the above 

reactions. In a biological environment where trisulfide concentrations are likely to be low 

and/or isolated within proteins, nucleophilic cleavage of RSSSR may not be expected to 

lead all the way to the corresponding RSSR, HSS- or, HSSS-. Therefore, rather than 

consider the overall cascade of Figure 7.7, it is more reasonable to consider each step as a 

possible individual reaction for biologic application. For example, the production of free 

RSS- species (either enzymatically or chemically) in a cellular environment may have the 

potential to react with present di- and/or trisulfide species via α-carbon attack to afford an 

alternate R’SS- and/or RSSS- species. Though speculative at this time, it is interesting to 

Cy-SSS-Cy  +  -Nuc Cy-S-Nuc  +  Cy-SS-

Cy-SSS-Cy, H+

Cy-SS-Cy  +  Cy-SSSH

Cy-SSS-Cy  +  HSS-

Cy-SS-

Cy-SSSH

H+  +  HSSS-  +  Cy-SS-
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consider that reaction of a free RSS- with a protein disulfide has the potential to generate 

a protein-bound persulfide via α-carbon attack on the amino acid residue (Figure 7.8). In 

doing so, this could facilitate subsequent chemistry that would otherwise be inaccessible 

through typical protein disulfide reduction to yield a protein-bound thiol. Specifically, 

generation of a protein-bound persulfide may allow for redox chemistry/signaling (as 

explained in Chapter 5) that thiols are not capable of (Figure 7.8). 

 

!

Figure 7.8: Possible facilitation of protein-persulfide redox biochemistry by free 

persulfides (RSS-) 

 

Regardless, the current study indicates that RSS- are capable of α-carbon attack on di- 

and trisulfides, and provides possible mechanistic explanation for the production of 

inorganic polysulfides from dialkyl polysulfides.  

 

7.7 Future Work 

 To confirm the current proposed mechanisms following nucleophilic cleavage of 

Cy-SSS-Cy to form Cy-SS-Cy and inorganic polysulfides, it would be of interest to 

perform a computational analysis. Of most importance would be to determine the 

thermodynamic values for Scheme 7.12b and 7.12c. This could determine which path is 

more thermodynamically favored because at this time experimental evidence could not 

undoubtedly confirm/deny either of these possible reactions for Cy-SS-. Additionally, 
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calculations should be performed for the reactions of Cy-SSSH + Cy-SSS- and Cy-SSSH 

+ Cy-SS- to determine their ability to produce HSS-. The experimental evidence supports 

HSS- formation from Cy-SSSH + Cy-SS-, though Cy-SSSH + Cy-SSS- is still a possible 

route because trace amounts of Cy-SSSS-Cy was present after some incubations. 

 Recent work by Feelisch and co-workers has identified perthionitrite (-SSNO) as a 

stable product that results from the reaction of H2S with NO.20,21 Due to its stability, -

SSNO has been proposed to be a potential carrier of NO, however, at this time, biological 

relevance of –SSNO is unknown. Formation of –SSNO has been proposed to be the result 

of inorganic polysulfide (which is presumably formed from HS--derived 

oxidation/reactivity upon dissolving H2S donors in aqueous solutions21,22) reaction with 

NO, rather than with H2S itself,. A potential route to –SSNO may be via S2
•-, which has 

been considered to form from facile one-electron oxidation of HSS-.19 Therefore, if RSS- 

reactivity allows for the production of HSS-, it may be considered that –SSNO formation 

can also occur via alkyl polysulfide chemistry. Though this may not be biologically 

relevant, it may still be of interest to determine. 

 The work described in this chapter has focused on the chemistry of alkyl 

hydropolysulfides and dialkyl polysulfides, though their integration in inorganic 

polysulfur chemistry makes it reasonable to also study the chemistry and possible 

biochemistry of inorganic polysulfides. It may be of interest to determine if and/or how 

polysulfides are made in biological environments. To start, the enzyme, 3-

mercaptopyruvate sulfurtransferase (3-MST), which forms an enzyme persulfide upon 

desulfuration of the substrate, 3-mercaptopyruvate (3-MP), has been observed to produce 

inorganic polysulfides.23 The mechanism for polysulfide production from 3-MST has 
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been attributed to nucleophilic attack of the enzyme-bound persulfide by added HS- 

Therefore, this may be a possible source of inorganic polysulfides, as H2S has been 

determined to be a biologically synthesized molecule.24  

Additionally, Searcy and co-workers have indicated that superoxide dismutase 

(SOD), the enzyme responsible for the dismutation of superoxide (O2
•-) into water and/or 

molecular oxygen, catalyzes the oxidation of HS- to longer chain inorganic polysulfides, 

while also increasing the enzymatic activity for the dismutation of O2
•-.25 More recently, 

it has been determined that human SOD incorporates sulfane sulfur in the form of a 

heptasulfide bridge from elemental sulfur26 and the polysulfide-induced enhanced activity 

of SOD has been considered in the pathophysiology associated with amyotrophic lateral 

sclerosis (ALS) disease. Whether SOD utilization of HS- and/or other inorganic 

polysulfides is biologically relevant also remains to be determined.  

 

7.8 Experimental 

 

7.8.1 Reagents and Instrumentation 

 MCPD was prepared according to the methods of Artaud and Galardon.27 MCCD 

was prepared as described in Chapter 4 of this dissertation. Cy-SSS-Cy and G-SSS-G 

were received as a generous gift from Dr. Herbert Nagasawa at the University of 

Michigan. Na2S2 and Na2S3 were received as a gift from Dojindo Molecular 

Technologies, Inc. Sodium cyanide, sodium hydrosulfide and glutathione were all 

purchased from Sigma Aldrich. Ammonium bicarbonate was purchased from Fisher 
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Scientific. D2O and sodium 2,2-diethyl-2-silapentane-S-sulfonate (DSS) were purchased 

from Cambridge Isotope Laboratories, Inc. 

All (1H)PRESAT NMR spectra were recorded on a Varian 400 MHz spectrometer 

coupled to vnmrj software. All UV-Vis spectra were recorded with a Shimadzu 2501 UV-

Vis spectrophotometer. All ESI-MS data was obtained using a Thermo TSQ Quantum 

Triple Quadrupole Mass Spectrometer controlled with XCalibur 2.1 software via syringe 

pump. The spray voltage was 3000 V, the capillary temperature was 250 °C, the flow rate 

was 5 µL/min. the carrier gas was N2 and the collision gas was Ar. 

 

7.8.2 Methods 

Nucleophilic Cleavage of Cy-SSS-Cy: 1H NMR Analysis: Stock solutions of Cy-

SSS-Cy (80 mM) and Cy-SS-Cy (50 mM) were prepared in 0.2 M HCl. Stock solutions 

of NaCN (100 mM) and NaSH (100 mM) were prepared in 100 mM phosphate buffer 

(pH 7.4). Stock solutions of the internal standard DSS (10 mM) were prepared in D2O. 

For reactions, DSS was diluted into an NMR tube containing 100 mM phosphate buffer 

(pH 7.4) to a final concentration of 1 mM. Next, Cy-SSS-Cy was added to a final 

concentration of 2 mM. Finally, NaCN or NaSH was added to a final concentration of 1 

mM and allowed to sit at room temperature for 30 min., followed by 1H NMR analysis. 

 

Nucleophilic Cleavage of Cy-SSS-Cy: ESI-MS Analysis: Stock solutions for Cy-

SSS-Cy (80 mM) were prepared in 0.2 M HCl. Stock solutions of NaCN (100 mM), 

NaSH (100 mM) and GSH (100 mM) were prepared in 50 mM ammonium bicarbonate 

buffer (pH 7.4). For reactions, Cy-SSS-Cy was diluted into a vial containing 50 mM 
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ammonium bicarbonate buffer (pH 7.4) to a final concentration of 1 mM. NaCN, NaSH 

or, GSH was then added to the vial (final concentration for all = 500 µM), the vial was 

sealed, shaked and allowed to sit at room temperature for 30 min. All samples were 

analyzed via ESI-MS using direct injection from a syringe pump. All parent species were 

fragmented and their fragmentation patterns were compared to known standards or close 

derivatives for characterization. 

 

Electrophilic Trapping with Iodoacetamide: ESI-MS Analysis: Stock solutions of 

IAM (100 mM) were prepared in 50 mM ammonium bicarbonate buffer (pH 7.4). 

Electrophilic modification with IAM was performed on the resulting samples described 

directly above. After incubation of Cy-SSS-Cy with NaCN, NaSH or, GSH for 30 min. at 

room temperature, IAM was added to each of the three vials to a final concentration of 1 

mM. The vials were resealed and allowed to react another 30 min. at room temperature, 

followed by ESI-MS analysis. 

 

Generation of Cy-SSS-Cy from the Reaction of Cy-SS-Cy with Na2S2: Cy-SSS-

Cy stock solutions (80 mM) were prepared in 0,2 M HCl. For reactions, Cy-SSS-Cy was 

diluted into a vial containing 50 mM ammonium bicarbonate buffer to a final 

concentration of 1 mM. Solid Na2S2 was then added to the vial to a final concentration of 

1 mM. The vial was sealed, mixed and allowed to sit at room temperature for 30 min. The 

resulting species were analyzed via ESI-MS. 
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7.10 Supporting Information 

!

Figure S7.1: Selected 1H NMR spectra for the reaction of (bottom) 5 mM cysteine 

trisulfide (Cy-SSS-Cy) with 2.5 mM NaCN, (middle) 5 mM Cy-SSS-Cy with 5 mM NaCN 

and, (top) 5 mM Cy-SSS-Cy with 10 mM NaCN. All spectra were recorded after 30 min. 

reaction at room temperature in 100 mM phosphate buffer (pH 7.4) with 10 % D2O and 1 
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mM DSS as an internal standard. The growth of the peaks from 3.0-3.1 ppm (bottom to top) 

correspond to cysteine (Cy-SH). 

!

!
Figure S7.2: ESI-MS spectrum for the decomposition (30 min.) of 1 mM S-

methoxycarbonyl cysteine disulfide (MCCD, which spontaneously releases N-

methoxycarbonyl cysteine persulfide (MCCP-SS-) at neutral pH) in the presence of 5 mM 

glutathione trisulfide (GSSSG). The reaction was performed in 50 mM ammonium 

bicarbonate buffer (pH 7.4). Importantly, the peak at m/z = 484.93 corresponds to the 

MCCP-glutathione mixed disulfide (MCCP-SS-G) resulting from alpha-carbon attack on 

GSSSG by MCCP-SS-. 

!
!
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!
Figure S7.3: ESI-MS spectrum for the decomposition (30 min.) of 1 mM MCCD in the 

presence of 5 mM glutathione disulfide (GSSG). The reaction was performed in 50 mM 

ammonium bicarbonate buffer (pH 7.4). Importantly, the peak at m/z = 485.06 

corresponds to the mixed MCCP-glutathione disulfide (MCCP-SS-G) resulting from 

alpha-carbon attack on GSSG by MCCP-SS-. 
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