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ABSTRACT: Persulfides (RSSH) are biologically important reactive sulfur species that are endogenously produced, protect
key cysteine residues from irreversible oxidation, and are important intermediates during different enzymatic processes.
Although persulfides are stronger nucleophiles than their thiol counterparts, persulfides can also act as electrophiles in their
neutral, protonated form in specific environments. Moreover, persulfides are electrophilic at both sulfur atoms, and reaction
with a thiolate can lead to either HzS release with disulfide formation or alternatively result in transpersulfidation. Despite
the broad acceptance of these reaction pathways, the specific properties that control whether persulfides react through the
H2S releasing or transpersulfidation pathway remains elusive. Herein, we use a combined computational and experimental
approach to directly investigate the reactivity between persulfides and thiols to answer these questions. Using DFT calcula-
tions, we demonstrate that increasing steric bulk or electron withdrawal near the persulfide can shunt persulfide reactivity
through the transpersulfidation pathway. Building from these insights, we use a persulfide donor and TME-IAM trapping
agent to experimentally monitor and measure transpersulfidation from a bulky penicillamine-based persulfide to a cysteine-
based thiol, which to the best of our knowledge is the first direct observation of transpersulfidation between low molecular
weight species. Taken together, these combined approaches highlight how the properties of persulfides are directly impacted
by local environments, which has significant impacts in understanding the complex chemical biology of these reactive species.

INTRODUCTION residues from irreversible oxidation, are soluble sources of
Reactive sulfur species (RSS) play critical roles in bio- redox-labile sulfur, and are versatile intermediates in im-

logical chemistry, including roles in redox homeostasis and portant cellular processes.'>!7 For example, persulfide in-

small molecule signaling pathways. This important class of termediates have been observed during processes includ-

compounds encompasses a wide array of oxidation states, ing Fe-S cluster formation, sulfur homeostasis maintenance

with molecules containing sulfur atoms in the -2 to +6 oxi- by thioredoxin, sulfur transfer by 3-mercaptopyruvate sul-

dation state including such as H:S, persulfides (RSSH), pol- fur transferase, prevention against Tau hyperphosphoryla-

ysulfides (RSSaSR), sulfenic acids (RSOH), and sulfate (S0,2-  tion, as well as other systems.1¢-2*

).13 These redox active species are involved in diverse bio- . H.S Release

logical functions across all kingdoms of life, and the funda- R’W*Me z R-SgMe + Hps

mental chemistry by which RSS exert action is a rapidly-ex-
panding area of investigation. Building from the discovery s h
that endogenous H:S participates in various mammalian R™Os HSMe

signaling pathways in the .late 1990’s, significant effort has Scheme 1. Comparison of attack at the sulfenyl sulfur to gener-
expanded our understanding of how H.S and other RSS are ate a disulfide and HzS and at the sulfhydryl sulfur to undergo

intertwined in complex pathways associated with RSS gen- a transpersulfidation reaction. RSS are shown in their neutral
eration, translocation, and action.*5 More recent work has form for simplicity.

further clarified that many cellular signaling processes ini-
tially attributed to H2S alone are likely due to persulfides.®8
Similar to H2S, persulfides are generated endogenously
through both enzymatic and non-enzymatic processes, and
cellular persulfide levels are generally found in the low mi-
cromolar range, although elevated glutathione persulfide
levels have also been found in specific environments, such
as brain tissue.?1# Persulfides protect essential protein Cys
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Despite the broad importance of persulfide chemistry,
understanding the fundamental chemistry of this functional
group remains challenging because both the local environ-
ment and protonation state directly impact persulfide reac-
tivity. For example, although other RSS such as H:S or thiols
exclusively function as nucleophiles, persulfides are both
nucleophilic and electrophilic with an additional propensity
to participate in one electron chemistry. Persulfides are



more acidic than the corresponding thiol by 1-4 pKa units
(e.g. pKa GSH = 8.94, GSSH = 5.45), and are also significantly
better nucleophiles than thiols due to the a-effect. 2526 In
their neutral protic form, persulfides are electrophilic at ei-
ther sulfur atom and reactivity with nucleophiles such as
thiolates, cyanide, sulfite, phosphines, and amines has been
observed previously.?7-30 More specifically, reaction with a
thiolate at the inner sulfenyl sulfur (RSSH) results in disul-
fide formation and H:S release whereas reaction at the
outer sulfhydryl sulfur (RSSH) results in sulfur transfer, or
transpersulfidation, to the incoming nucleophile (Scheme
1). Both of these reaction manifolds are common in RSS
chemical biology, with select reported H2S donors generat-
ing an intermediate persulfide and transpersulfidation ob-
served during enzymatic processes.31-32 Despite the increas-
ing literature examples of this bifurcated reactivity between
persulfides and thiols, approaches to control or understand
these pathways remain elusive.
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Figure 1. Methods employed to generate persulfides in situ in-
cluding (a) reaction of disulfides with HzS, (b) reaction of tri-
sulfides with thiols, or (c) persulfide donors activated by a spe-
cific trigger. (d) Examples of persulfide donors that are acti-
vated by hydrogen peroxide, esterase, light, S- to N-acyl trans-
fer, or superoxide.
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To further understand the reactivity and biological roles
of persulfides, different approaches have been developed to
generate persulfides. Methods used to isolate low molecular
weight (LMW) model persulfides have been helpful for ex-
ploring fundamental persulfide reactivity, however the or-
ganic solvent environments used in these investigations
does not map to persulfide reactivity in aqueous systems.”
3340 Alternatively, persulfides can be produced in vitro
through the upregulation of persulfide-producing enzymes
or by exogenous treatment of enzyme substrates.? 41 Other
approaches to generate LMW persulfides include the treat-
ment of oxidized thiols with H:S, disulfides with HzS, or tri-
sulfides with thiols, although such reactions are reversible
and typically generate RSS mixtures (Figure la-b).12 42-45
Another commonly used approach is the use of persulfide
donors, also known as persulfide prodrugs or protected
persulfides, that release persulfides when activated by spe-
cific conditions or stimuli.*¢ Examples include persulfide
donors activated by hydrolysis, nucleophiles, enzymes, or

light (Figure 1c-d).#7-5! Although persulfide donors provide
an important approach for generating and investigating the
biological impacts of persulfides, the specific reactivity of
the structurally-diverse released persulfides are generally
not investigated directly and may depend on the character-
istics of the released persulfides. Expanding the fundamen-
tal understanding of structural impacts on persulfide stabil-
ity, persistence, and reactivity would significantly advance
our understanding of whether released persulfides partici-
pate primarily in H2S release, transpersulfidation, or a mix-
ture of both pathways.

Initial insights into persulfide persistence were obtained
during prior work from our lab using an esterase-activated
persulfide donor where the sterically bulky tert-butyl per-
sulfide was more persistent in buffer than the less bulky
ethyl or benzyl persulfides.>! Other reports have postulated
similar impacts of bulk on persulfide reactivity, but experi-
mental investigations into this hypothesis are primarily
lacking.33 52-53 With the goal of bridging this major gap in
knowledge, we report here a combined computational and
experimental approach to examine how both electronic and
steric components influence persulfide properties and can
be used to tune HaS release versus transpersulfidation path-
ways. Importantly, computational investigations are a key
component of this approach because they allow for specific
molecular entities to be investigated without unwanted in-
terference from other generated RSS and also because they
allow for motifs to be investigated that would not be possi-
ble experimentally due to cross reactivity, synthetic chal-
lenges, or persulfide stability issues. Using this approach,
we demonstrate here how the electronic structure of per-
sulfides influences the linear free energy relationship for
both the thermodynamic and kinetic preferences for Hz2S re-
lease versus transpersulfidation. Moreover, translating this
approach to the persulfide local steric environment, we use
these computational insights to experimentally monitor
and measure transpersulfidation from a bulky penicilla-
mine-based persulfide and a cysteine-based thiol, which to
the best of our knowledge is the first direct observation of
transpersulfidation between low molecular weight species.

RESULTS AND DISCUSSION

To overcome the experimental limitations of working
with a broad array of functionalized persulfides, we used
computational approaches to investigate the fundamental
energetics of persulfide reaction manifolds. Importantly,
this approach allows for individual reaction pathways to be
probed directly without potential interference from com-
peting pathways and also removes the need to synthesize
these otherwise unstable molecules. In addition, computa-
tional investigations can be used to identify target systems
that can be prepared experimentally to validate the pre-
dicted reactivity from computational approaches.

Computational Investigation of Persulfide Reactivity with
Thiols. To investigate how persulfide electron density im-
pacts the intrinsic energy landscape of persulfides for com-
peting pathways of HzS release and transpersulfidation, we
first investigated a series of phenyl persulfides substituted
with electron donating or withdrawing groups in the para
position. DFT calculations were performed at the wB97X-
D/aug-cc-pV(T+d)Z/SMD(H20) level of theory, which pro-
vides accurate results for nucleophilic substitution



reactions involving S-S bonds.>*+55 To investigate the intrin-
sic energy landscape of persulfides for competing pathways
of Hz2S release and transpersulfidation, we used methyl thi-
olate as a model nucleophile to simplify possible confor-
mations and protonation states. In each system we calcu-
lated the thermodynamic (AGrn) and activation (AG*) free
energy for both the HzS release (AGrxn(H2S), AG#uzs) and
transpersulfidation pathways (AGmn(persulf), AGHersulr).
When comparing the energetics of these systems (Figure 2),
in all cases transpersulfidation is kinetically favored over
HzS release, and the selectivity for transpersulfidation over
H:S release increases as electron withdrawing groups are
added to the persulfide. For example, transpersulfidation is
kinetically favored over H:S release by 2.1 kcal mol! for the
electron-donating NMe; persulfide, versus by 3.5 kcal mol-!
for electron-withdrawing NO: persulfide. Interestingly,
transpersulfidation for electron-poor persulfides is more
exergonic than HaS release, which we attribute to the differ-
ent basicities of the aryl thiolate products.

Free Energy (kcal/mol)

M9 214 -18

7 AGH N AGH -9 145
20 1 H2s persulf 181
1 mAG_(H2S) m AG, (persulf) :
-25 4 t t t f f t
X= NMe, OMe Me H cl CF, NO,

Figure 2. Activation and reaction free energies (kcal mol-!) for
H2S release or transpersulfidation of substituted aryl persul-
fides with methyl thiolate.

Using the reaction energetics obtained in Figure 2, we
next used this data to investigate the Hammett linear free
energy relationship to better understand the factors influ-
encing both the kinetic and thermodynamic preferences for
transpersulfidation and HzS release. We converted the
AGrxn(H2S) and AGrxn(persulf) values to Keq values at 298 K
to generate the Hammett plot in Figure 3a. Because the neg-
ative charge of the product thiolate can be stabilized
through resonance, we used the modified para substituent
constant (op) values in our analysis.>¢ When looking at the
sensitivity constants (p) acquired, electronic substitution
has a major impact on transpersulfidation (p = 4.14), which
is likely driven by the different pKa values of the resultant
aryl thiolate products. By contrast, there is only minimal de-
pendence upon electronic substitution for HzS release (p =
0.23). We attribute this lower sensitivity to the lack of
charge buildup in the disulfide product formed after H2S

release. The significant difference in p values for the HaS re-
lease and transpersulfidation pathways shows that the
thermodynamic favorability for transpersulfidation can be
greatly favored by including electron withdrawing groups
on the persulfide.

To complement these thermodynamic insights, we also
converted AG¥uzs and AG#persurf to reaction rate constants k to
generate a Hammett plot to understand how electronic
structure impacts the barriers for these competing reaction
pathways (Figure 3b). For the transition state structures we
found the best correlation with o, values, which suggests a
lower degree of overall charge delocalization in the transi-
tion state.56 The Hammett plot for both reaction pathways
is consistent with partial negative charge character on the
sulfenyl sulfur, with a larger charge buildup for the
transpersulfidation reaction, which is consistent with the
aryl thiol acting as a leaving group. The transpersulfidation
pathway (p = 2.08) shows a greater sensitivity to negative
charge buildup than the H:S release pathway (p = 1.36),
which again highlights that transpersulfidation can be fa-
vored by inclusion of electron withdrawing substituents.

Having demonstrated the impact of electronic donating
and withdrawing substituents on persulfide reactivity, we
next investigated the energy landscape for the competing
H2S and transpersulfidation reactions of alkyl persulfides
with different steric profiles (Me, Et, allyl, Bn, iPr, tBu). We
first compared AG* for H:S release and transpersulfidation
for alkyl persulfides with increasing steric bulk (Figure 4).
Our expectation was that more steric bulk on the persulfide
would increase the barrier for attack by MeS-.53 Consistent
with this expectation, we observed an increase in AG¥ for
both reaction pathways going from primary (Et) to second-
ary (iPr) to tertiary (tBu) persulfides. This increase is more
significant for the HzS releasing pathway because the thio-
late needs to attack the sulfenyl sulfur atom, which is more
impacted by the steric hinderance of the alkyl group. In-
deed, all aliphatic primary persulfides (Me, Et, allyl, Bn)
have similar barriers for both pathways, which is supported
by prior computational work that showed little preference
for nucleophilic attack on either sulfur atom.>3 57 Increasing
in steric bulk, both iPrSSH and ¢BuSSH show lower barriers
for transpersulfidation over H:S release by 2.7 and 7.7 kcal
mol?, respectively. Additionally, we used this data to inves-
tigate the Taft linear free energy relationship between
sterics and kinetic preference, and although both pathways
are sensitive to steric effects (8 > 0), the HzS releasing path-
way has a much higher steric sensitivity (Figure S7).58
Taken together, these data support that primary persulfides
function as both H:S and transpersulfidation reagents,
whereas bulkier persulfides have a significant kinetic pref-
erence for transpersulfidation over H2S release. More
broadly, this chemistry is consistent with prior experi-
mental work with primary persulfides, such as diallyl trisul-
fide, which is a naturally occurring polysulfide from garlic
and alliums that is well established to release H.S in the
presence of thiols through the intermediate release of the
allyl persulfide followed by subsequent reaction with a thiol
to release H2S.5%-62
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Figure 3. Hammett linear free energy relationship of the (a) thermodynamic and (b) kinetic preferences for transpersulfidation and

H2S release.
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Figure 4. Activation and reaction free energies (kcal mol-1) for
H:S release or transpersulfidation of alkyl persulfides with me-
thyl thiolate.

The steric effects are also apparent when comparing the re-
activity of penicillamine and cysteine persulfides. Although
AG#persur values are similar for both persulfides (11.4 vs. 9.1
kcal mol1), the bulkier penicillamine persulfide has a much
larger AG#uzs than cysteine persulfide (17.0 vs. 8.0 kcal mol-1).
This difference is due to the tertiary carbon next to the sulfenyl
sulfur atom, which distorts the Sn2-like transition state angle
from the near linear 174° for cysteine persulfide to a much
more bent 165° for the penicillamine derivative (Figure 5).
These results are especially interesting, as penicillamine per-
sulfides are commonly used as cysteine analogues in persulfide
donors due to the increased stability of the donor itself. Alt-
hough these structures are commonly used interchangeably,
the steric bulk of the penicillamine alters the reactivity of the
persulfide considerably from that of cysteine persulfide.

To further probe this system with more biologically-relevant
nucleophiles, we also investigated the reaction of cysteine per-
sulfide with methyl thiolate, cysteine thiolate, and a bulky pen-
icillamine-based thiolate as the nucleophiles (Figure S5). We
found that as the nucleophile increases in size, the preference
for the H2S releasing pathway over transpersulfidation is
eroded. For example, the cysteine thiolate nucleophile results
in a 0.3 kcal mol-! kinetic preference for transpersulfidation

over HzS release, which increases to 0.6 kcal mol-! for the pen-
icillamine-based system. Although increased nucleophile steric
bulk does affect reaction preference for transpersulfidation
over HaS release, persulfide steric bulk has a much larger effect
on reaction energetics.
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Figure 5. Computed H:S release and transpersulfidation tran-
sition structures (TSs) for cysteine (Cys) and penicillamine
(Pen) systems.

Experimental Transpersulfidation Observation and Measure-
ment. After demonstrating through computational methods
that transpersulfidation between persulfides and thiols can be
influenced directly by persulfide steric bulk, we next aimed to
translate these DFT results into experimental solution reactiv-
ity. As mentioned previously, the reversible reaction between
LMW persulfides and thiols resulting in HzS release and disul-
fide formation is well established, and adaptations of this
chemistry have been used to generate GSSH in situ by the reac-
tion of GSSG with H2S.26 Further dissecting the direct reaction
of a persulfide with a thiol, either H:S release and disulfide for-
mation or transpersulfidation can occur. Prior work on this re-
action has attributed the favorable release of HzS to the leaving
group ability of H2S (pKa = 6.98) versus a thiol such as GSH (pKa
=8.94), with transpersulfidation being accessible in specific en-
vironments within proteins.32 63 Indeed, transpersulfidation
has primarily been observed between proteins or between a
protein and LMW species in select systems, although this reac-
tivity is also hypothesized to occur more broadly during other
cellular processes.64-67 One report did observe an increase in
GSSH with increased cysteine persulfide production through
enzymatic means in cell lysates, but it is unclear if the increase



in GSSH is due to direct reaction of CysSSH with GSH or through
other pathways.9 Expanding beyond these systems, to the best
of our knowledge the direct transpersulfidation between LWM
persulfides and thiols has not previously been directly ob-
served experimentally.

For probe this question directly, we built from the computa-
tional insights from above by modifying a penicillamine-based
acyl perthiol donor platform reported by Xian in 2013.68 These
acyl perthiols react with Cys or GSH to form an intermediate
persulfide, which subsequently reacts further with excess thiol
to release Hz2S (Scheme 2). In addition, these systems demon-
strated good activity against myocardial ischemia-reperfusion
injury in mouse models, demonstrating the efficacy of this sys-
tem in more complex environments.

results in release of the analogous penicillamine-based persul-
fide 3 (Scheme 2). Since persulfides have a short persistence in
solution due to their reaction with other thiols or persulfides,
we used a persulfide trapping agent to form a stable persulfide
adduct to aid in analysis. After screening different trapping
agents, we chose to use the iodoacetamide derivative N-iodoa-
cetyl L-tyrosine methyl ester (TME-IAM), which has been used
previously to trap and stabilize persulfides and other sulfhy-
dryl species in complex RSS solutions.6° Specifically, we used
TME-IAM to trap and measure both penicillamine-derived per-
sulfide 3 as well as the associated transpersulfidation product
6 by HPLC (vide infra)

Before beginning experimental studies, we confirmed that
the expected reactivity of the persulfide donor scaffold was not

o} significantly altered by the presence of the other functional
o BAHN SH o groups on the penicillamine backbone. Specifically, we investi-
.S._Ph 2 NHAc _SH 2 gated the attack on different electrophilic sites including thiol
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Scheme 2. Reactivity of the penicillamine-based acyl perthiol
donor platform. Persulfide donor 1 with thiol 2 releases per-
sulfide 3 that further react to release HzS or can be trapped by
treatment with trapping agent TME-IAM to form a stable per-
sulfide adduct.

To better understand the specific reactivity of the tertiary
persulfide intermediate formed in this reaction, we modified
both the parent donor platform and thiol reactant with benzyl
groups to improve HPLC detection. With this modified system,
reaction of acyl perthiol 1 with N-acetyl cysteine derived 2

atom (S1) or sulfhydryl sulfur atom (S2) of the perthiol (Figure
6a). DFT calculations were performed using a deprotonated
cysteine as the model nucleophile and simplifying the structure
of 1 by replacing the benzyl group with a methyl group. Values
were obtained with the ®B97X-D or M06-2X methods, using
the aug-cc-pV(T+d)Z basis set and SMD solvation model for wa-
ter, with the M06-2X results compiled in Figure S8. Both meth-
ods agreed on the conclusions regarding the relative activation
barriers of competing pathways. These investigations demon-
strated that nucleophilic attack by cysteine thiolate at the car-
bonyl carbon is kinetically favored by 3.6 kcal mol-! over attack
at the St site and by 5.6 kcal mol-! over attack at the S site (Fig-
ure 6a). Additionally, we hypothesized that the bulky persul-
fide released from the persulfide donor would prefer transper-
sulfidation with the less bulky cysteine rather than direct H2S
release, whereas the less bulky cysteine persulfide could then
react through the
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Figure 6. Computationally derived energetics of the reaction between the persulfide donor scaffold and cysteine thiolate at either
the S1, S2, or carbonyl carbon position and (b) the generated penicillamine-based persulfide with cysteine thiolate at either the St or
S2 positions. Calculations were performed at the wB97X-D/aug-cc-pVDZ/SMD(water) // wB97X-D/aug-cc-pV(T+d)Z/SMD(water)
level of theory. Free energies (in kcal mol-1) are relative to the preceding intermediate.
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Figure 7. (a) Proposed reaction pathway of the persulfide donor 1 with excess 2. After treatment with the TME-IAM trapping
agent, persulfides, thiols, and other hydrosulfide species form stable adducts. (b) Stacked HPLC chromatograms of the TME-IAM
trapping experiment with persulfide donor 1 (100 uM), 2 (1.0 mM), and TME-IAM (10 mM) and (c) peak area plotted of identified

compounds over 60 minutes.

HzS releasing pathway. To investigate this question directly,
we compared the activation barriers for these two processes
from the generated persulfide intermediate. We found that cys-
teine thiolate attack at the S2 site, which results in transpersul-
fidation and formation of cysteine persulfide, was kinetically
favored by 6.0 kcal mol-! over the HzS releasing pathway occur-
ring through attack at St (Figure 6b). Although this reaction is
reversible, with a positive free energy of reaction of 2.8 kcal
mol-1, HzS release from cysteine persulfide by reaction with a
cysteine thiolate is the most kinetically favored (15.0 kcal mol-
1) pathway of cysteine persulfide reactivity.

To test these computational predictions experimentally, per-
sulfide donor 1 (100 uM) was added to a solution containing 2
(1.0 mM, 10 equiv.) in PBS buffer (10 mM, pH 7.4, 10% MeCN).
Excess thiol was used to ensure fast donor activation and sub-
sequent reaction of the released persulfide with the thiol rather
than through an alternative pathway.53 Aliquots of the result-
ant solution were removed at specified timepoints, quenched
with TME-IAM (10 mM, 100 equiv.), and analyzed by HPLC
(Figure 7 and S6). Treatment with excess TME-IAM was re-
quired to measure persistent persulfides and other RSS in so-
lution and also trap unreacted thiols that could perturb RSS
equilibria. Authentic samples of trapped persulfide analogues
S$4 and S5 and side product 4 were prepared to allow for HPLC
quantification (Figure S7-S12) and disulfides 7 and 8 were pre-
pared in situ to confirm peak identity (Figure S13). Trapped
persulfide identity was additionally confirmed by treatment of
a 5-minute experiment timepoint with tris(2-carboxy-
ethyl)phosphine (TCEP) to ablate peaks correlated with
trapped persulfides as well as HPLC purification of hypothe-
sized persulfide adduct peaks followed by MS analysis (Figure
S14 and S15).

Through HPLC analysis, we showed that donor 1 was fully
activated within the first minute of the experiment, with the ap-
pearance of both persulfide 3 and the expected side product 4
(Figure 7). The concentration of persulfide 3 then diminishes
over time with concomitant growth of persulfide 6 formed
from transpersulfidation, which reaches a maximum

concentration at 5 minutes. Further evidence of transpersulfi-
dation includes the appearance of tertiary thiol 5 produced
during transpersulfidation. In addition, disulfides 7 and 8 are
observed later in the reaction due to the reaction of persulfide
6 with either thiol 2 or 5. It is possible that different thiols or
persulfides with different pKa values may show different initial
speciation or reaction rates, based on the specific properties
and relative concentrations of reactants in a specific system.
Overall, this experiment shows that the more bulky penicilla-
mine-based persulfide 3 undergoes a transpersulfidation reac-
tion with the less bulky cysteine-based 2 to produce persulfide
6 before releasing H:S.

Having demonstrated direct experimental evidence for
transpersulfidation, we next wanted to measure H:S release,
which should be generated during reaction of persulfide 6 with
a thiol (Figure 7a). HzS release was measured using the meth-
ylene blue H2S assay under the same conditions used for the
persulfide trapping experiments. Treatment of persulfide do-
nor 1 (100 uM) with excess 2 resulted in 86 uM of H:S release
(86%), which reached a maximum at 45 minutes (Figure 8). In-
terestingly, although the HPLC trapping experiments showed
full persulfide donor activation at 1 minute, no H2S was ob-
served at early reaction time points. This result suggests that
H:S release is more efficient from the less bulky persulfide and
that efficient HzS release does not occur until transpersulfida-
tion from the tertiary to the primary persulfide occurs. As ex-
pected, when persulfide donor 1 was treated with 5 instead of
2 minimal HzS release was observed, which is consistent with
the decreased nucleophilicity of the bulkier tertiary thiol 5
(Figure 8b). Furthermore, in the absence of thiol, persulfide do-
nor 1 did not release HzS, which confirms that this donor is sta-
ble in solution until activated by a thiol. These results are par-
ticularly important in the design of persulfide donors with ter-
tiary persulfides, such as those derived from penicillamine, be-
cause these platforms likely primarily function as transpersul-
fidation agents and the observed H:S release is due to subse-
quent transpersulfidation to primarily thiols like Cys or GSH. In
addition, the increased pKa of penicillamine (~10.5) when



compared to primary thiols like Cys (8.5) or GSH (~8.9) also
means that more of the tertiary persulfide is in the neutral, pro-
tonated, and electrophilic form at physiological pH, which fur-
ther preferences reactivity through the transpersulfidation
manifold
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Figure 8. (a) Hydrogen sulfide release vs. persulfide 3 and 6
release from persulfide donor 1 (100 uM) when treated with 2
(1.0 mM) compared over 60 minutes. Persulfide 3 and 6 were
quantified with a calibration curve of the persulfide adduct an-
alogues. (b) Hydrogen sulfide release from persulfide donor 1
(100 uM) when treated with 2 (1.0 mM) or 5 (1.0 mM) moni-
tored at 670 nm by the methylene blue H2S assay over 60
minutes in PBS buffer (10 mM, pH 7.4).

CONCLUSIONS

Using a combined computational and experimental ap-
proach, we demonstrated the persulfide characteristics that
govern transpersulfidation versus HzS release. Our computa-
tional work demonstrated that the reaction of electrophilic
persulfides with thiolates can be modulated by both steric and
electronic modifications. Inclusion of electron withdrawing
groups on p-substituted aryl persulfides increased both the ki-
netic and thermodynamic preference for transpersulfidation
over H:S release. Persulfides with limited steric bulk can react
through either the H2S releasing or the transpersulfidation
pathways, whereas bulkier tertiary persulfides favor transper-
sulfidation over HzS release. We confirmed this computational
prediction using solution-based experimental transpersulfida-
tion measurements from a tertiary penicillamine-based persul-
fide to generate a cysteine-based persulfide. H:S release from
the system was confirmed to derive from the resultant and less-
hindered cysteine-based persulfide, which is likely the main
H:2S releasing pathway for these types of penicillamine-based
persulfide donors. Overall, this work revises the prior assump-
tion that persulfides primarily react to directly release HzS and
rather can undergo transpersulfidation first followed by subse-
quent HzS release. These results also suggest that the prefer-
ence for transpersulfidation can be influenced by the electronic

and steric components of persulfide, which is particularly rele-
vant for applications of synthetic persulfide donors. Taken to-
gether, we anticipate that these results will not only help guide
the design of future persulfide donors and bioanalytical trap-
ping approaches, but also positively contribute to our funda-
mental understanding of biological persulfide reactivity within
complex systems.
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