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ABSTRACT

Hydrogen sulfide (ES) has been recognized a biological signaling molecule for over
twenty years now. Since these important findings emergedy e@laborative projects among
chemists, biologists, and clinicians have demonstrated the physiological roles and potential
therapeutic benefits of exogenousSHielivery. As our understanding of the active roleS plays
in biological systems has increased, so has the desire ttigate ®ther related sulfur species (i.e.
persulfides, RSSH) for their physiological interactionsith H>S and potential therapeutic
efficacy. This recent interest persulfideshas stimulated a flurry ofesearch in the field and
createdh new sebf sdentific problems to solve and opportunities to improve our understanding
of persulfidegn a biological context. With this surge of interesparsulfides chemists set out to
synthesize and characterize a variety of stimegponsive compounds thataasepersulfides

under specific, biologically relevant conditions.

In order tobetter understand persulfide reactivity and biological activity, and provide
several prodrug platforms that respond to a variety of stirthil dissertatiordescribs four
persulfidereleasing prodrug systems, a pyrdrased fluorescent probe that measur£s tidlease
in the presence of thiols, aedforts toward geptidebased system for the release efHrom a
peptidethioacid (C(O)SH). The first four systems descrilgitize the weltknown 1,6benzyl
elimination reactiongometimes calledel-immolation) totriggerrelease of a persulfide from a

small molecule, polymeric, or peptibasedorodrug platform.



Importantly, the first selimmolative small molecule persidé prodrug (termed BDP
NAC) was designed teespondo reactive oxygen species (ROSpecifically, BDPNAC utilized
apara-positionedboronicacid pinacol ester functionality to selectively react witd®k yielding
N-acetylcysteine persulfide (NASGSH)andp-hydroxybenzyl alcohol as a byproduct. BIDNIAC
showed trigger specificity towards:&, as determined by the use of a structurally analogous
fluorescent probe (termed BEfRior). The prodrug alsexhibited antioxidant propertieés vitro,

and servedsthe first example in the literatuoé a selfimmolative persulfidelonor

The second group of donors, seifmolativesmall molecule angeptidebased persulfide
prodrugs (termed SORPep and SOPIDIAC), were designed to be responsive to superoxide
(O2A), the primary precursor to all other ROS. In this work, the advantages of attaching small
molecule persulfide donors to peptides were expldreditro experiments showed that SOPD
Pep mitigated toxicity induced by phorbol-@®ristate 13acetatd PMA) more effectively than
its small molecule counterpart SOPAC and several common2B donorslt is proposed that
peptide scaffolds offer increased cellular uptake due to their nanoscale size, allowing for better

antioxidant activity, as confirmed bijporescence microscopy.

The third section of this dissertation compares an estezapensive small molecule an
analogougpolymeric persulfide releasing prodrug (termed H@AC and polyEDPNAC) and
their abilities to decrease oxidative stress irpoese to immediate @@.) and sustained {5
fluorouracil, 5FU) forms of ROS. Persulfide release Halés were characterized usitig NMR
spectroscopy and showed over one order of magnitude difference betweeNAEDRBNd
polyEDRP-NAC. In vitro evaluation bthe donors showed polyEDIRAC was better suited to
combat sustained production of R@uced by5-FU, whereas EDINAC was better suited to

combat immediately available ROfom H>O.. These discrepancies in antioxidant activity



between the two donors were deemed to be a result of their different persulfide releseshalf
indicating that scientists must take these factors into consideration when dedRijS6¢

prodrugs for specific disease indications.

The fourth donor, NDINAC, responded to the bactespecific enzyme nitroreductase to
release its persulfide payloadDP-NAC elicited gastroprotective effects in mice that were not
observed in animals treated with control compounds incapable of persulfide release or s anima
treated with NgS. NDRNAC induced these effects by the upregulation of beneficial small and
medium chain fatty acids and through increasing growthuoicibacter sanguinisa beneficial
gut bacterium. It also decreased the populatior8y/nérgistalebacteria, opportunistic pathogens

implicated in gastrointestinal infections.

Lastly, two appendtesareprovided in this dissertation that briefly describe the synthesis
of a pyrenebased HS sensor andfforts toward aeadily accessible peptidesed thioacids as

H.>S donors.
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Kearsley Matthew Dillon

GENERAL AUDIENCE ABSTRACT

Hydrogen sulfide (ES), produced naturally in hydrothermal vents and as a byproduct of
industrial processes, has historically been known for its potent smell and toxicity. However, the
recent discovery of ¥ as a naturallproduced signaling molecule (termed gasotransmitter)
mammals has changed the way scientists view this malodorous gas. Our understanding of the
biological roles and production of.8 is still growing, and recent research has suggested various
links between changes in8l concentrations in the body andaaigty of disease states, including
Al zhei mer 0s, cardiovascul ar di sease, and infl
diseases and alterations in naturalSHproduction, collaborative efforts among chemists,
biologists, and pharmacologists haesrtnstrated the usefulness of therapeutics that cori&in H

donating moieties, in an effort to alleviate these disease conditions.

Persulfides (RSSH), biological signaling molecules related teSHhave emerged as
critical species in sulfur signalingecause of the similar observed antioxidative effects compared
to HzS. This dissertation focuses on the synthesis and characterization of several compounds that
release persulfides in response to specific stimuli (called persulfide donors). The firsysbem
described here releases persulfides in response to hydrogen perodde éHmajor cellular
oxidant, and reduces oxidative stress in response@a. Hhe second donor system responds to

superoxide @A), a precursor oxidant to-8, in cells, b release persulfides. Specifically, two



variants of these donors, a small molecule and a pelpéisied donor, exhibited antioxidant activity

in response tdD.A, but to varying degrees based on differences in cellular uptake of small
molecules and seldissembled peptide nanostructures. The third donor system compares persulfide
release from a small molecule and polymeric scaffold, both of which release persulfides in
response to esterase enzymes. A large persulfide releasigehalhge was observed beten the

two donor systems, and antioxidant activity in response@ Hiso varied based on the source

and timescale of oxidant ¢B. versus Sfluorouracil). The fourth section of this dissertation
focuses on a persulfide donor that responds to the Edatezyme nitroreductase. This donor
increased levels of beneficial bacteria and short and medium chain fatty acids in murine models,
while simultaneously decreasing levels of a niche subset of harmful bacteria. Taken together,
these persulfide donor dgss exhibit the strong reducing ability of persulfides in a biological
context, showcasing the potential for therapeutic efficacy and avenues for more advanced donors

to be synthesized in the future.
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Chapter 1: A Review of Chemical Tools for Studying Small MolecutrsulfidesDetectionand

Delivery

Adapted withpermission fromDi | | o n, K A ReMew, of Ghémical Taols forfstudying

Smal | Mol ecul e Persul fides: Det eacdeptedn and Del
1.1. Authors

Kearsley M. DillonandJohn B. Matson*

Department of Chemistryand Virginia Tech Center for Drug Discovery, Virginia Tech,
Blacksburg, Virginia 24061, United States

1.2. Abstract

Hydrogen sulfide (BB) has gained significant attention as a potent bioregulator in the redox
metabolome, but it is just one of many reactive sufugcies (RSS). Recently, small molecule
persulfides (RSSH) have emerged as an RSS of particular interest due to their enhanced
antioxidant abilities compared te8 and their ability to directly convert protein thiols into protein
persulfides, suggestindghdt persulfides may have distinct physiological functions fross. H
However, persulfides exhibit instability and crasactivity that hampers the elucidation of their
precise biological roles. As such, chemists have designed chemical tools and tectmiques
facilitate the study of persulfides under various conditions. These molecules and methods include
persulfide trapping reagents and sensors, as well as compounds that degrade in response to various
triggers to release persulfides, termed persulfide doridrere now exist a variety of persulfide
donor classes, some of which possess titmgeting capabilities designed to mimic localized
endogenous production of RSS. This review briefly covers the physicochemical properties of

persulfides, the endogenopsoduction of small molecule persulfides, and their reactions with



protein thiols and other reactive species. These introductory sections are followed by a discussion
of chemical tools used in persulfide chemical biology, with critical analysis of recent

advancements in the field and commentary on potential directions for future research.

1.3 Introduction

Reactive sulfur species (RSS) are widely implicated in a variety of physiological and
pathophysiological processes and have attracted significanti@itener the past decad®kSS

include hydrogen sulfide @#$)? persulfides (RSSH),polysulfides (RSSSR)# sulfur dioxide

(SO, carbonyl sulfide (COS)and carbomlisulfide (CS),” among others. Early efforts fosed

heavily on hydrogen sulfide @3)2° which is considered a gasotransmitter alongside carbon
monoxide (COY and nitric oxide (NO¥! H.S mediates a number of biological proceséésand
exogenous delivery of this gas through a variety of means (e.g., inhalation, sulfide salts, prodrugs)
has helped reveal how endogenousS Hunctions while also demonstrating some therapeutic
promise!®® Recently, persulfides have begun to pique the interest of chemigmsiocth
biologists, pharmacologists, and others interested in RSS, in large part because of their
presumptive roles as.8 signaling products along with studies suggesting that native persulfides
possess antioxidative physiological functidhsin fact, mounting evidence indicatesath
persulfides possess physiological roles similar to and related3pimtlicating that some of the

effects originally attributed to ¥ may actually be derived from persulfides.

H>S and persulfides both have major roles as redox modulators (mosthingdthat help
maintain redox homeostasis. Both species also play active roles in the regulation of enzyme
activity and chelation of metat§ Additionally, persulfidesre proposed as players in biosynthesis

of various biological sulfucontaining cofactors including biotin, lipoic acid, and hsuifur

clusterst*2° Beyond its relationship to43$, one could ask what makes persulfides, among all RSS,



compelling enough tavarrant such significant research efforts? For instance, all RSS are redox
modulators (mostly reducing), and there exist many other endogenously produced bioreductants
(vitamins C and E, for example). Is the persulfide functional group just one of marg/6bRSS

and bioreductants in what has recently been termed the reactive species intefadtootb@r

words, do persulfides serve a unique biological pwwpoShese are important questions that
researchers have pondered over the past several years, leading to the development of chemical
tools to study persulfides, which are now actively being applied to shed some light onto the role

of persulfides in the gréer biological signaling and redox webs.

Currently, the most compelling evidence supporting a specific role for endogenously produced
small molecule persulfides is their ability to react with cysteine (Cys) residues in proteins in a
process called persidation, by which a protein thiol is converted into a protein persulfide (RSH

i ® YRSSH). Protein persulfidation appears to be a prominent means of biological regulation
and oxidative protection of enzymes and therefore may play a critical role inamaigtredox
homeostasié A critical difference between4$ and small molecule persulfides arises here: While
H>S (sulfur oxidation state = +2) can provide théflg source for protein persulfidation, the
protein thiol must first be oxidized (e.g., to a sulfenic acid, RS(O)H); in contrast, small molecule
persulfides (oxidation state of internal sulfur = 0) can persulfidate proteins without this oxidation
step? Therefore, persulfide donors should be considered alongs&lddtors in the development

of chemical tools to study RSS chemical biology,well as in the design of therapeutic agents
aiming to reestablish cellular redox balance by taking advantage of natural RSS signaling
pathways. Similarly, detection of persulfides, separately fre®, i also critical in probing the

roles of endogena@usmall molecule and protein persulfides.



In this review, we discuss the state of the art in trapping, sensing, and delivery of small molecule
persulfides. We begin with a short overview of the physicochemical properties of persulfides, as
well as the phsiological roles of persulfides as we currently understand them. We then highlight
recent progress in the development of persulfide detection and donor compounds. We aim
throughout to provide the reader with an understanding of the capabilities anddmsitztthese

chemical tools with a view toward what the future of this field may hold.
1.4.Physicochemical properties of persulfides

Persulfides have significantly different physicochemical properties compared to structurally
analogous thiols (RSH) atbS. For example, theia of the Cys thiol (CysSH) is around 8.3, and

the Kaof H2S is 7.0, whereas thé&pof cysteine persulfide (CYSSH) is 4.3 (predictedy.2° This
difference in acidity leads to thiols being predominantly protonated at physiological 8+, H
existing as 30% b6 and 70% HS and perslifides existing nearly exclusively in their anionic
form (RSS). For sake of simplicity, in this review the term thiol refers to RSIH/RES refers to
H.S/HS, and persulfide refers to RSSH/RS®ith specific protonation state noted only when
needed. Beause persulfides exist primarily in their anionic state at physiological pH, their
nucleophilicity is greatly enhanced relative to thiols angs.HAdditionally, persulfides are
proposed to have increased nucleophilicity compared with thiols with sinak@city due to the
alpha effect, which suggests that the presence of lone pairs on the adjacent internal sulfur increases
reactivity?® Because of this enhanced nucleophilicity, persulfides readily react with biologically
relevant electrophiles. Forexamplen8 t r o g u a rcyckc moneph@&ghates(@tro-cGMP)

is an endogenously produced electrophile wigi-known activity as a second messenger in redox

signaling?’ Persulfides possess the ability to convenit8o-cGMP into 8 mercaptecGMP under



conditions where 6 cannot, changing the function of this second messenger in redox signaling

pathways®

Although anionic persulfides (as R$Sare good nucleophiles at physiological pH, neutral
persul fides (RSSH) exhibit el ect r ospegieslarec i t y
considered soft electrophiles and react with soft nucleopfilksignificant difference between
persulfides and disulfides is that persulfides are readily deprotonated under physiological
conditions, offering a rapitheans of changing the reactivity of persulfides from electrophilic to
nucleophilic, leading to dual reactivity that is not observed in disulfides. Disulfides have long been
known to react with thiols irdisulfide exchange reactions, and persulfides eklaibalogous
reactivity with thiols and also other persulfides in biological systems, affording complex mixtures
of polysulfides, hydrogen polysulfides &5SH), thiols, and potentially ¥5. Biologically, this
process of sulfur shuttling is often calledrtspersulfidatiod® This speciation (crossactivity)

of persulfides with themselves and thiols is a restilthe pHcontrolled, dual reactivity of

persulfides, changing from nucleophilic to electrophilic as pH decréises.

The S H bond strength of persulfides versus thiols also varies drastically (~70 versus ~92 kcal/mol
for persulfidesand thiols, respectivelyf. This difference in bond strength is related to the
increased stility of the perthiyl radical (RS$compared to the thiyl radical (RScaused by the
neighboring sulfur atom stabilizing R&8rough resonance effedsEnhanced stability protects

the perthiyl radical from reaction with both @1d NO, potentially allowing this radical species to
exhibit some biological reactivity on its own, but this utility has not, to our knowledge, been
confirmed experimentall§#32 Additionally, perthiyl radical stability leads to persulfides being
more potent Hatom donors than thiols, and similarly allows anionic perthiols @S)Ro be

superior one electron reductants when compared to corresponding anionic thiols'Yas RS



(reduction potentials at pH = 7 are 0.68 V (calculated) and 0.92 V, fof /iRSSH and R#RSH
respectively$* Enzymatically, glutathione persulfide GSSH and coenzyme ASH can be
readily oxidized into sulfites (Sf) via mitochondrial enzymes called persulfide dioxygenases
(ETHE1)3® The potent reducing properties of persulfides were verified experimentally using
assays that monitored the reduction of ferric¢{Feeme proteins to ferrous @pghemes under
conditions where thiols remain unreactielmportantly, the superior reducing qualities of
persulfides relative to thiols suggest that perdeff can act as potent antioxidants, able to trap and

guench oxidizing radical species.
1.5. Endogenous production and reactions of persulfides

Small molecule persulfides are biologically synthesized mainly via enzymatic catalysis and
thiol/disulfideexchange reactions. The most common forms of natewattyrring small molecule
persulfides are cysteine persulfide (C$SH and GSSHwith liver and heart concentrations

ranging from 50100 and 15 pM in mice, respectively.Cys SSH is endogenously formed via
cystathionineb-synthase (CBS) or cystathionindyase( CSE) cat al ysi s from c
elimination (Figure 1A¥? However, neither CBS or CSE can convert Cys into-E$si°
Interestingly, kinetic analyses of these enzymes suggest that as the concentrations of cystine
increases in cells (oxidizing conditions), more C¥SH is produced, providing a natural
biological means of maintaining redox homeostasis under oxidative Ztr&Systeinyl tRNA
synthetases (CARs) also produce S&gH through more complicated maasms involving Cys

transfer t-OHtbeoRBpraboshe 386 terminus of tRNA



A. Endogenous production of RSSH:
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Figure 1. Summary of major endogenous production pathways and some pertinent chemical

reactions of persulfides.

The differences in physicochemical properties of persulfides relative-$o édable unique
biological reactivity. For examplgyersulfides can directly persulfidate enzymes, whes® H
cannot (it requires initial oxidation of the protein thiol, as noted above). The chemical process of
persulfidation relies on the reaction of a proteound thiol with the terminal persulfide sulfur
resulting in a persulfidated Cys residue with the release of a thiol. Prominent examples of protein
persulfidation and resulting biological effects includeRBEs activation in heart tissue, which
modulates cellular redox signalif,and increased parkin protein activity, which decreases

Parkinsond®% symptoms.



In addition to reaction with Cys residues in proteins, small molecule persulfides can react with
thiols to form another persulfide and thiol, or a disulfide ap8.[$mall molecule persulfides can
also react with themselves to form complextwmies of various polysulfides, thiols, and3
(Figure 1B). For example, C{SSH can disproportionate to form cysteine trisulfide (&&S

Cys) and HS. This disproportionation process can continue, yielding higher order cysteine
persulfides (CysSSSH), polysulfides (CygSSSi Cys), and more 8§, although low in vitro
concentrations of these species may limit the biological relevance of thesedriggrereactions.
However, some researchers have proposed that exogenously delivered Cys polysulfides may be
useful because of their high sulfane sulfur load and innocuous metafftditiditionally, GSSH

can be formed via the reaction of C$SH and glutathione (GSH), which can also
disproportionate following a pathway analogous to disproportionation and further reactions of

Cys SSH.

Finally, persulfides also exhibieactivity with reactive oxygen and nitrogen species (ROS and
RNS, respectivelyj! In various model reactionpersulfides react with two electron oxidants like
hydrogen peroxide (D7) and peroxynitrite (ONOOH/ONO® (Figure 1C). In one particular
study, Li reported GSSH reacted with®4 at 50 times the rate of28 at pH = 7.42 In another

study, albumin persulfide reacted with peroxynitrite 10x faster thancorresponding thidk
Additionally, other experiments have shown GSH to be unreactive to oxidatioa(syuHder
conditions where GSH exhibited strong reactivifyThe likely product of the stion of HO

and persulfides is a perthiosulfenic acid (RSSOH), and density functional theory (DFT)
calculations have corroborated this proposed reacfityther oxidation of perthiosulfenic acids

in the presence of excess oxidant also occurs, forming perthiosulfinic and perthiosulfonic acids

(RSSQH and RSSEH, respectivelyf2 These oxidized persulfide derivatives have been detecte



in a number of proteingcluding papain and albumfd. ** Protein sulfinic and sulfonic acids
(RSOH and RS@H) cannotbe reduced by biological reductants, but protein perthiosulfinic and
perthiosulfonic acids (RSS$8 and RSSGH)) canbe reduced to regenerate the original protein

thiol, showcasing the ability of persulfidation to protect enzymes from irreversible oxidati

Persulfides have rich reactivity far beyond what we have described here. Considering that these
compounds can be both nucleophilic and electrophilic and can react in be#ndrieeelectron

redox processes, it is not surprising that persulfideticeesc continue to be an area of intense
investigation. While further discussion on this topic is beyond the scope of this review, for a
comprehensive analysis on persulfide chemical biology, we direct the reader to an excellent recent

review on this topié®
1.6. Chemical tools for detection and trapping of persulfides

Due to their speciation and cressactivity, small molecule persulfides are difficult to detect
directly by high resolution mass spectrometry (HRMS). Accordingly, researchers in the field of
persulfide donor chemistry have leveraged the nucleophilicitpes$ulfides to aid in their
guantification/identification via the addition of electrophilic trapping reagents to their kinetic
assays. Several trapping reagents have been utlized for these purposes, including
dinitrofluorobenzene (DNFBY N-ethylmaleimide (NEMY, iodoacetamide (IAM) dévatives;®
S'methyl methanethiosulfonate (MMT$)and monobromobimane (mBBY) DNFB reacts with
persulfides in a nucleophilic aromatic substitution reaction, displacing the fluorine on the aromatic
ring, while NEM relies on a thiol(persulfidéylichael addition across the electrdaficient olefin,
yielding a disulfide linkage. IAM, MMTS, and mBBr all rely on nucleophilic substitution reactions
between persulfides and these electrophiles, also resultithg fiormation of disulfide linkages
(Figure 2A). For protein persulfide quantification, similar techniques have been used; we direct

9



the reader to recent reports showing a uniquesvatch assay using two reagents to selectively

block thiols and then la persulfides in two reaction stefis.

A. Reactions of RSSH with trapping reagents

DNFB: . NEM: o ) \ IAM:
NO, N o] NH,
/@E tﬁo N '/}f _S. NH,
O,N NO, s s o 0 R S/Y
RSSH —— > RS RSSH —>» R s RSSH ——> 5

NO,

mBBr:
<&
6/8\8/
= . S RSSH /l(

B. Reactions of RSSH with sulfane sulfur probes

Vicinal thiophenol esters (e.g., SSP1, SSP2, SSP4)

0]
SH SN
SH o
o) sulfane sulfur o - . cyclization Flaregia: . s
Profluorophore rofluorophore > S
o o]

ortho-Fluorobenzoates (DSP-3)
o]

F
—> cycllzatlon Fluorophore + @[[{S
Profluorophore Profluorophore S

Pyronine-based FRET Fluorophores Exc‘tatm

R\ &N
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b O O
Excnatlon NS
FRE

Q »

Figure 2. A) Summary of chemical reactions of persulfides with several common trapping

reagents. B) Reactions of persulfides with selected chemical probes of sulfane sulfur

Unfortunately, there appears to be ndag,aonsi st

different electrophilic trapping reagents appear to work best for specific persulfides, even
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structurally similar one$” >? Yields of trapped persulfide vary widely with different trapping
reagents, often with no apparent rationale. Some possible sgfasdhe inconsistency in certain
trapping reagents towards persulfide donors include the reaction conditions used to trap persulfides
(i.e., pH, nature and amount of organic solvent, temperature, experiment timescale), ad the p
and/or nucleophilicity of the released persulfide (e.g., eé88H vs. CysSSH vs. aromatiSSH).

We caution readers that because of the tendency for persulfides to disproportionate, any reported
yield is likely lower than the true amount of persulfideduced because a significant amount may

be lost to these side reactions. Thus, persulfide trapping reagents are more useful for verifying that

a persulfide has indeed formed rather than quantifying the amount produced.

Persulfide trapping requires subseqguanalysis by mass spectrometry, liquid chromatography, or
other analytical techniques. In contrast, tamfluorescent probes can provide reale analysis

of persulfide formation. Development of fluorescent persulfide probes has been challenging
becaise thiols, HS, and sulfane sulfur (including RSSH, RBSS, and BS,) are related analytes

with similar reactivity profiles. To this extent, a few probes have been developed. The most well
known turnon fluorescent probes capable of detecting perasfate SSP1/SSP2 (Figure 2B).
These fluorescent probes are actually not selective for persulfides but rather quantify total sulfa
sulfur, where persulfides are a major contributor. SSP1/SSP2 are each connected to a fluorophore
via an ester linkage, with amtho-positioned thiophenol. This thiophenol reacts with sulfane sulfur
and then undergoes a rhepsing step to release aifirophore and a benzodithialone byproduct.
Despite the publication of a handful of sulfane suffelective profluorophore$;>” no persulfide
specific turnon probes are currently available. The synthesis of reliable, perssifeddfic
fluorescent probes would prove immensely useful in the field of RSS biology, potentially

providing realtime bioimagingof persulfide generation or reledsevivo.
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Despite the lack of traditional fluorophores with specific persulielesing capabilities, there exist

a few examples of ratiometric probes that utilize Forster resonance energy transfer (FRET) and
preferentidly react with sulfane sulfur species such as persulfides over other related functional
groups and compounds (i.e., RSH andH Ojida designed several FRB&sed duaémission
fluorescent probes that leverage the enhanced reactivity of persiéitiive to thiolsP® These
probes initially emit in the red region, but in response to reaction with persulfides, the emission is
blue-shifted, providing easily distinguishable fluorescence differences in reacted/unreacted
fluorophore. In particular, one pyronine dettive showed good selectivity for p& over thiols
(Figure 2B). In related work, Urano also developed persuffatesing probes based on FRET.
These silicorbased rhodamine probes exhibiteayng degrees of selectivity for persulfides over
thiols, with one derivative showing 10,086ld increased selectivity for N& over GSH. Both of

these FREIbased systems achieved some level of selectivity for specific persulfides over thiols,
and we epect further iteration to yield increases in sensitivity and selectivity for persulfides over

other RSS.
1.7. Synthetic persulfide donors

As interest in the biological interactions of persulfides has increased, the need for clearly defined
chemical tools dr studying those interactions has also expanded. These chemical tools mostly
include persulfide donors (sometimes called pc¢
persulfides) and degrade in response to a specific stimulus to release fdpepsiyload. To

properly evaluate the biological significance of persulfides, a variety of persulfide donors are
required. Although this review is not a comprehensive look at all currently available persulfide

donors, here we aim to critically analyze eet developments in persulfide donor chemistry,
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focusing on specific examples and discussing important considerations in prodrug design and

choosing appropriate donors for biological applications.
1.7.1 Hydrolysis/nucleophilériggered persulfide donors

One subset of persulfide donors utilizes hydrolysis or nucleophiles to generate a small molecule
persulfide. These donors possess varied release rates and rely on nucleophilic addition by water,
thiols, or amines to elicit persulfide release. Notably, sofmine first hydrolysis/nucleophile
triggered persulfide donor systems were initially reported.&ddnor systems and likely release

both HS and persulfide¥:! but we do not describe those in detail here. Chemical structures and
relevant information describing several persulfide donors triggered by hydrolysis or nucleophiles

appear in Tald 1.

Table 1.Hydrolysis/nucleophildriggered persulfide donors

Persulfide Donor General Structure | Released Persulfide TF;applng Ref
eagent
(0]
icillami 2 I M
Pen|C|IIam|.ne acyl o MS/STO\ o (S)SH _— -
persulfide FNH,CI- O T
[¢]
O-Silyl mercaptans Rﬁ:(z; Hs SR, IAM 64
(0]
Diacyl disulfides oS R H.S,, sulfane sulfur | mBBr, NEM 65
(0]
[¢]
ACHNﬁOH AcHN i
Isothioureas RZs o NEM 47
' $__N-R, RiZs
il ' SH
+NH,Cl-
(0]
AcHNI‘\o/ -~ (o
Perthiocarbamates s . i fo HPEIAM 52
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One of the first persulfide donors, reported by Galardon et al., was penicillamine acyl persulfide,
which generates a persulfide analogue of miteosothiol SNAP?2 Due to acidic reaction
conditions required for synthesis, the product of this reaction is an ammonium salt, allowing for a
long shelflife at room temperature. The mechanism of persulfide release from this donor system
reliesonapHl r i ven SY Nrbamy ttamstenreacian, similar to native chemical ligation
strategies commonly employed in peptide syntifé@ditie authors found that this SNAP avgile

was relatively stable in millimolaconcentrations at pH 2.7, bupon increasing pH to 7.4,
unmasking of the persulfide readily occurred.
increasing pH, as expected. The free persulfide was trapped using NEM, and this donor converted

8-nitro-GMP to 8mercaptecGMP.

Xian et al. recently reported a more general hydrotygjgered persulfide donor system in the

form of O-silyl geminal mercaptans and disulfifésShe chemical basis of this system leverages

the enhanced stability of oxygeentered protecting groups over thiol protecting groumps i
biological systems. Because deprotection of an oxygeered protecting group is required to
release persulfides from these donors, the aut
deprotection. In this workd-silyl geminal mercaptans (whiclac release £§) were converted

into asymmetric disulfides (which release persulfides). The asymmetric disulfides released their
persulfide payloads more quickly at more acidic pH values with trapping using IAM. In addition,
bulkier silyl protecting group§.e., triethylsilyl, TES) showed enhanced pH stability over smaller
protecting groups (i.e., trimethylsilyl, TMS), with TEfotected donors exhibiting slower release
rates than TM$rotected ones. Finally, by swapping @ssilyl protecting groups with cetyl

esters, persulfide donors with the possibility of degradation and persulfide release in the presence

of biologically ubiquitous esterases were generated. The ability to modify the triggers to change
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the stimuliresponsiveness of these compounds iguenamong most persulfide donors. Using
creative chemistry, it may be possible to further derivatize these compounds, affording a set of
persulfide donors with a variety of triggers and similar release rates. Related symmetric diacyl
disulfides were alsstudied by Xian as donors of hydrogen persulfideSgH the simplest
persulfide?® H,S; release was observed in pH 7.4 PBS buffer, and trapping with mBBr and phenyl

2-fluoro-5-nitrobenzoate confirmed43; release.

Reactions of K, released from symmetric acyl persulfides with various fluorescence probes
highlighted some of the difficulties in following 2B, persulfides, and RSS in genefal.
Decomposition of diacyl disulfides in pH 7.4 PBS buffer showed minor fluoresceneertum

the presence of WSF*® (an HS-sensitive probe), as expected. However. B33Ran HS;-
sensitive probe) also did not generate much response, whilé®@Plfanesulfur sensitive
probe) showed a large fluorescence {fomresponseThese results indicated that release8;H
reacted more quickly with itself to generate various forms of sulfane sulfur than witt#8. DSP
Additional side reactions also occurred; for example, hydrolysis and subsequent
disproportionation of the resulting persulfide generated-8B and a thioacid, and the large
fluorescent turron of SSP4 indicated that a significant amountgoi/& produced, which agrees
with the theoretical end products of disproportionation of acyl persulfides. Despite these
complicatons due to reactivity of %, acyl persulfides were demonstrated to raisg; tevels

inside PC3 prostate cancer cells, as confirmed using®DPS

Toscano et al. reported a unique persulfide donor platform basgdulstituted isothioureds.
The authors confirmed persulfide release via URILEusing NEM as a trapping reagent, but not
all persulfides were efficiently trapped. Structaivity relationships were then determined using

this sameS-isothioureabased system by the addition of electvathdrawing or donating
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substituents on the aratic ring attached to the thioureax(iR the Sisothioureas in Table 1).

These modifie&-isothioureas showed tunable persulfide release kinetics, wittivesfranging

from 5.0 to 17.3 min based on aromatic thiourea electronics. Importantly, thess Wen® stable

on the benchtop in the solid state for several months. The modular synthesis of these donors,
coupled with their water solubility, place them in a uniquely advantageous position. Furthermore,
the known biological activity of thioureeontainng compounds as anticancer/antimicrobial

agent8® may serve as a starting point ®substituted isothiourebased drugs.

Finally, Toscano et al. also reported axtremely tunable persulfide donor platform utilizing
alkylaminesubstituted perthiocarbamat®sThis donor system was designed to exploit the
reactivity of a protonated amine that could cyclize atelise persulfides in response to changes

in pH. Persulfides were efficiently trapped usinghgtdroxyphenyl)ethyl iodoacetamide (HPE
IAM). The cyclization mechanism of persulfide release was then evaluated using a control
compound that that lacked a termlimmine/ammonium group. This control showed no persulfide
release under similar conditions, confirming that the presence of the terminal amine is necessary
for persulfide release. Structural modifications, including changing the length of the terminal
amine linker and the degree of methylation on the terminal amine, drastically changed the
persulfide release kinetics, with hdilfes ranging from 1.4 to 484 min, the largest reported range
of any donor system thus far. Finally, H9c2 cells weretpgated vith alkylaminesubstituted
perthiocarbamates for 2 h before addition @Dk revealing a dosdependent attenuation of

H20»-induced toxicity.

An impressive array of hydrolysis/nucleophiteggered persulfide donors with a variety of release
rates haved&en reported. Many have good water solubility, enabling simple in vivo administration

with minimal organic solvent. However, although water solubility is advantageous from a drug
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administration point of view, the presence of charged components in sohesefdonors may

limit absorption through the gastrointestinal (Gl) tract in animal studies using oral administration.
While ideal for study and potential treatment of Gl diseases, lack of systemic absorption would
limit tissue concentrations of the donar other areas of the body, preventing tisspecific
targeting outside of the Gl tract. However, hydrolysis/nucleogihdgered persulfide donors are

ideal for cell and animal studies where systemic delivery of reduced sulfur is needed.
1.7.2. Enzymeiggered persulfide donors

Enzymes are of utmost importance to all living organisms for the catalysis of biochemical
reactions. The utilization of enzymes as donor triggers can offer a broad range of targeting
capabilities, based on the chemical propertéghe trigger installed on the donor and the
localization of the enzyme within an organism. Additionally, overexpression of enzymes is
commonplace in many diseag@soffering yet another layer of targeting capabilities with
thoughtful donor design. A handful of persulfide donors that respond to enzymes have been

recently reported, with their structures aetbvant information tabulated in Table 2

Table 2.Enzymetriggered persulfide donors

Persulfide General Structure Releas_.ed Trapping Ref
Donor Persulfide Reagent
RYO
TML- o 0
based HS; Mm;q H2S2 mBBr 71
donors o °
r
TML- 0
based Ms/ss
GSSH 5 GSSH DNFB 73
donor 07 R
Esterase o on
1 o
responsive o L NAC-SSH | DNFB 74
benzyl Pl N
disulfide °
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© o]
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O2N
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(NDP- :
NAC)

One of the firsenzymeresponsive persulfide donors was reported by Wang et al in’20h@se
persulffidepr ecursors utilized the popular "fitori metr
efficiently release b5, in response to esterases. Specifically, the action of an esterase enzyme first
cleaves an ester, revealing a phenol that then cyclizes with the aid of three specifically placed
methyl substuents, uncaging one half of the donor and converting the initial disulfide structure
into an acyl persulfide (RC(O)SSH). This process repeats on the other half of the molecule to
release HS,. The BHSy-triggered fluorescent turan probe DSE confirmed HS; release from a
representative donor (RCHz) in the presence of porcine liver esterase (PLE) in PBS (pH = 7.4).
Little fluorescence was observed in control experiments without PLE, indicating stability of the
donors towards hydrolysis. The authoroalsed mBBr to trap #$; as its stable, dimeric adduct
(bimaneSSbimane). HS; release rates could be tuned by changing the steric bulk of the ester
substituent (R group), with halifves ranging from 24 to 172 min in response to 10 U/mL PLE.
Installation of a phosphoester functionality enabledSH release in response to alkaline

phosphatase (ALP), with a hdife of 28 min in response to 2 U/mL ALP.

Structurally similar to the previously discussegStidonor system, Wang recently reported an
esterasariggered GSSH (glutathione persulfide) dofitFhe compound possessed a Tdsed
caging group on one side of an asymmetric disulfide, with GSH making up the other half. The

authors evaluated GSSH production by trapping GSSH using DNFB and monitoring lactone
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byproduct formation by HPLC. Althougtnly a 10% yield of trapped GSSH was obtaineshr
guantitative conversion déctone byproduct after 50 min was observed in response to PLE (2
U/mL). A large amount of glutathione trisulfide (GSSSG) was also produced, which the authors
attributed to diproportionation and general instability of GSSH, explaining the low trapping yield.
Finally, this TML-based GSSH donor compound reduced oxidative stress in@mnirdluced
oxidative cell model, functioning as a more potent antioxidant than eitBesHz5H at equivalent
concentrations (150 uM) and maintaining the highest viability after cells were pretreated with

donor compound and then exposed @450 pM).

These TML:-based HS; and GSSH donors enabled a study of enzyme persulfidation, comparing
H.S, and GSSH to b6./* In the first study, a TMtbased HS, donor (R=Me) persulfidated
GAPDH (dyceraldehyde ®hosphate dehydrogenase) using astaijch assay: decreasing
GAPDH activity to B% of maximal activity. This particular assay entailed the blocking of all
protein thiols and persulfides followed by subsequent treatment of the resulting
thioethers/disulfides with specific nucleophiles attached to a reporter molecule. Treatment of
GAPDH with an equivalent amount of-8 (200 uM) resulted in no enzyme persulfidation,
confirming that HS cannot directly persulfidate GAPDH. In another GAPDH persulfidation assay,
the TML-based GSSH donor (100 uM) decreased catalytic activity to 37% of maxatinaty

upon treatment® Although no drect comparison was made between the Tiddised HS; and

GSSH donors at the same concentrations, these papers demonstrate how persulfides, including

H>S, and GSSH, have enhanced abilities to persulfidation enzymes comparedSvith H

Our group reported thgynthesis and evaluation of a benzyl disuHidesed esteragesponsive
persulfide donof* This donor, termed EDRAC (Ester disulfide prodrug N-acetylcysteine),

relied on the cleavage of an acetyl ester by PLE, uncaging a free phenol that then underwent 1,6
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elimation (also callegelfimmolation), a common transformation widely used in the field of
stimuli-responsive drug delivery. Persulfide release was evaluated using DNFB as a trapping
reggent, as confirmed by LCMS analysis wéh authentic sample of the disulfide product. In this
work, EDGNAC was attached to a polymeric scaffold to serve as a comparison between polymeric
and monomeric esterasesponsive persulfide donors. This donor and its polymeric analog are

discussed in wre detail in Section 5.4.

Because several links between host/microbe health and RSS have been establiskadpected

a persulide donor that responded to specific bacterial stimuli might prove useful in the elucidation
of the roles persulfides may play at the Homtterial pathogen interface. Using a similar
framework to EDPNAC, we very recently reported tHest tissuespeciic persulfide donor
termed NDPNAC (Nitroreductasedisulfide prodrug N-acetylcysteine)’® NDP-NAC released
NAC persulfide (NAGSSH) andp-aminobenzyl alcohol as a byproduct in response to bacterial
nitroreductase (NR). The mechanism of persulfide release requitie$ ieduction of gpara-
position nitro group to an amirfiéfollowed by 1,6elimination’® Utilizing DNFB as a trapping
reagent, HPLC confirmed NAGSH release via comparison to an authentic stantartdMR
spectroscopy was used to evaluate reaction kinetics, yielding a decomposititie lodlfL.5 h
under mildly basic conditions similar to those found in the small intestine, monitoring the

conversion of the starting donor aromatic peaks t@minobenzyl alcohol byproduct.

NDP-NAC enabled a study of the effect of persulfide delivery on general bacterial populations in
the mouse microbiome after oral administration of NE&C or one of several control
compoundg® Using biased sampling and MALEIOF analgis, the number of unique non
Bacillus species present was quantified, showing 8 unique species present in the donor treatment

group, and negligible changes in control groups, including bots Nas an ES donor) and
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structurally analogous control compalsnthat lacked the altii to release persulfides. Utilizing

the same mouse samples, short and medium chain fatty acid (SCFA and MCFA) analysis was
performed, showing that NDRAC-treated animals exhibited much higher levels of heptanoic

acid, whichplayy astroprotective roles in “Cuthénmoi@s di se
shotgun metagenomics analysis revealed substantial changes in genes responsible for translation,
lipid metabolism, and endocrine and metabolic diseases, consistent with changes in markers for
various niche bacteria. Thus, pergigf release from NDIRAC elicited noticeable changes the

mouse microbiome, generally increasing populations of beneficial bacteria and reducing the
population of some pathogenic bacteria, suggesting that controlled delivery of persulfides to the

gut may bauseful for modulating the microbiome to treat various diseases.

Importantly, persulfide donors with enzyme triggers that are compartmentalized in specific tissues
are more desirable than ubiquitous enzyme triggers to treat acute diseases, like localized
inflammation (oxidative stress), to minimize-oéirget effects. Rroreductase, as discussed above,

is only one of many possible compartmentalized enzymes that may be useful in the development
of targeted, enzymeesponsive persulfide donors. We note that esteesgmwnsive donors
accomplish systemic persulfide releaiee to the pervasive nature of these enzymes. From a
therapeutic perspective, this could be advantageous for systemic disease indications, but these
donors are unlikely to exhibit specific targeting capabilities. We foresee researchers leveraging the
readivity of many other compartmentalized enzymes in the future, adding more specialized

chemical tools to help elucidate biological roles of persulfides in specific tissues.
1.7.3 Redox and lightctivated persulfide donors

Reactive sulfur species are hiaimplicated in the maintenance of redox homeostdd®cause
of their enhanced nucleophilicity and activity as strong bioreductants, persulfides tend to act as
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potent scavengers of reactive oxygen species (ROS). These factors make it advantageous to design
persulfide precursorshat respond to ROS, releasing persulfides to ultimately reduce local

oxidative stress.

Utilizing light as a trigger to release persulfides holds therapeutic promise due to the
bioorthogonality of visible light as a productive stimulus. Light possessgsaiadvantages over
other choices of stimuli due to the ability to spatiotemporally control its application in desired
tissues without major perturbation of most biochemical processes. However, utilizing light as a
trigger is limited to the penetration gth and safe limit of light with a given wavelength and
intensity. Several redexand lightactivated persulfide donors and relevant information are

tabulated below in Table 3.

Table 3.Redox and lightaictivated persulfide donors

Persulfide General Structure Releas_,ed Trapping Ref
Donor Persulfide Reagent
H20>- Oy_OH
responsive ST
benzyl o ST NAC-SSH n/a 80
disulfide A%a
(BDP-NAC)
Allyl K©
disulfide (© e | 82
boronate @M ; ;’z< HsS
esters
/; _0O
B [0}
TML-based M 75 o
boronate Self-reporter Hs/s\/\NJ\ DNEB 83
esters i
B [¢] [¢]
SLNNA
H
Donor used in biological studies
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Superoxide
responsive Oy OH,

i @@ S/sjuk NAC-SSH n/a 84
disulfide ©/P\o

(SOPD

NAC)

O- = Oy, -OH,
Nitrobenzyl /O:Q\)\S/Sjuk NAC-SSH I?T]NBFBB'.’ 87
disulfides o NO,

A benzyl disulfidebased persulfide donor termed BDIAC (Bpin-disulfide prodrugN-acetyl
cysteine) was reported by our group in 264&his persulfide donor released NASSH after
deprotection of a boronic acid pinacol ester (Bpin) functionality ®-Hhrough a mechanism
similar NDRNAC, discussed above, and to C@$easing compounds reported by PRithve
confirmed NAGSSH release from BDINAC using LCMS, following the disappearance of the
NDP-NAC peak the appearance of free NASSH after 1 h, as confirmed by HRM$ NMR
spectroscopy was also used to monitor conversion of -NBE from starting material to
byproduct in reponse to BED». Finally, trigger specificity of BDINAC was evaluated using a
profluorophore (termed BDRuor) based on the WSP H,;S probe’® which showed a 100x
fluorescence turon in response to - but only minor response to other common oxidants and

biological reductants.

In a cell model of oxidative stress, treatment of H9c2 cardiomyocytes withNBRXP (106200

uM) and HO. (100 pM) revealed a dos#epending increase in cell viabily. Control
experiments using structurally similar compounds lacking either the Bpin trigger or the disulfide
linkage showed little efficacy in mitigating cytotoxicity, indicating that NSSH release from

the donor was impartinghe majority of observed antioxidative activity. Additional control

experiments showed that 8 an instantaneous& donor, and GYY4137, a slereleasing HS
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donor did not retain the high cell viabilities aftes@4 exposure observed after treatment with
BDP-NAC. This work highlighted how persulfides may be more effective thgh dbnors at

regulating the cellular redox environment.

Chakrapani reported amO,-responsive persulfide donor that cleverly utilized aQi#S-relay
decomposition mechanism telease persulfides and cinnamaldehfderiggered by using kD2

to remove a BPin group, DNFB and mBBr were utilized to trap persulfides, as confirmed by HPLC
analysis. Cinnamaldehydelease was then confirmed witlPLC analysis observing minimal
scavenging of aldehyde by pelfsdes in the presence of an electrophilic trapping reagent. The
authors observed doskependent cytoprotection by this dual persulfide/cinnamaldehyde donor
compound (D100 uM) in DLD-1 adenocarcinoma cells after exposure to an oxidative treatment
of menalione (50 uM) and JCHD (50 uM), a derivative of juglone. Importantly, a control
compound lacking a disulfide and therefore unable to release a persulfide provided no protection
from oxidative stress, indicating that the persulfide relebgéuis donor cenpound was the major

contributor to the observed cytoprotective effects.

Another H2Oo-responsive persulfide donor was recently reported by Lukesh et al., drawing
inspiration from Wang to synthesize TMiontaining analogues with 2B.-sensitive Bpin
triggers® The authors designed and synthesized areplirting, ROSesponsive persiide

donor, equipped both a disulfide functionality antblydroxycoumarin. This compound relies on

the oxidation of a boronate ester, which triggers lactonization to release a free persulfide. The free
persulfide then cyclizes to releas@ydroxycoumarinproviding a seleporting persulfide donor.
Fluorescence experiments conducted with this donor/reporter hybrid revealed a large fluorescence
increase in response t@®b, while negligible fluorescence tuwon was observed from a control

compound lacking Bpin group. The authors also identified the cyclic disulfide byproduct of these
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experiments, confirming persulfide release and subsequent cyclization is favored over direct
oxidation of the released persulfides by This clever molecular design adsielectrophilic
byproducts and generates a fluorescent response, but the cyclization event to generate the

fluorophore consumes the persulfide, producing a cyclic acyl disulfide in the process.

To study the biological effects of these TNdased boronatesters, anN-acetylcysteamine
disulfide analog was prepared, with persulfide trapping confirmed using B\NFBtreatment of

HelLa cells with thisN-acetylcysteamine donor before.® exposure yielded complete
cytoprotection, retaining near 100% cell viability. Importantly, controls lacking various integral
components (Bpin trigger, disuldfunctionality,gemdimethyl groups) lacked the ability to
rescue cells from oxidative damage, suggesting persulfide release from this donor platform was

the cause of the observed cytoprotection.

Moving away from boronate esters, which react witg®#l we developed small molecule and
peptidebased persulfide donors that responded to superoxid®.{Biologically, O;Aacts as a
more damaging form of ROS (compared tgOb) and is converted into @, by the action of
superoxide dismutases (SOD) in mitochon8ti@hus, we envisioned a persulfide donor that is
capable of quenchingA would be beneficial for reducing oxidative damage under conditions
where QAlevels are high. The small molecule donor, termed SBIRD (Supeoxide-triggered
persulfidedonor N-acetylcysteine), relied on a diphenylphosphinate group that selectively reacts
with O:A 8 allowing for the uncaging of a free phenol that then underwerglilynation. The
donors responded to,& as confirmed by fluorescence assaging WSP2 with added Cys to
convert released persulfides inteS4d They did not respond significantly ta®b, highlighting the

selectivity of this approach for A An analog of SOPINAC that included a seissembling
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peptide, termed SORBep, waslgo prepared. More information regarding the comparison studies

between these two superoxitEsponsive donors can be found in Section 5.4.

Taken together, this collection of R@&sponsive persulfide donors highlights how ROS,
including HO, and O;A, canbe used to trigger release of reducing persulfides. Because of the
enhanced stability and trigger specificity imparted by Bpin moiety, donors that possess this
functional group exhibit targeting capabilities with the ability to quench local oxidaties stre
tissues where ¥#D> concentrations are high. Additionally, the diphenylphosphinate group acted as
a trigger to release persulfides in respons©#A. This donor platform provided a means of

guenching a precursor oxidant te®4, possibly acting asmeans of preventing4®. production.

Singh et al. developed the first liglgsponsive persulfide donors, developing-caled twoe
photonactivated donors based on artho-nitrobenzyl (ONB) phototriggel. Both persulfide
donors (R=H, Me)) were stable in ACN/PBS (3:7, pH = 7.4) containing 10% FBS and cellular
thiols (NAC/GSH, 1 mM), with less than 20% decomposition after 10 d under these conditions.
HPLC anddHNMR spectroscopy suggested persul fide
365 nm) by demonstrating high conversion to the photobyproduct. Persulfide trapping in this
system was accomplished using mBBr, with the ONB persulfide donor eliciting a large
fluorescence increase, indicating the formation of bir&®8IAC. Notably, a control compound

that lacked a nitro group and a control experiment lacking UV light showing little fluorescence
increase, indicating that both a nitro group and UV light wereiredjdor persulfide release.
DNFB was also used to quantitatively monitor persulfide release in an HPLC study using
alternating light and dark conditions, clearly indicating the unique ability of this system to be

turned on and off. The authors then uétizthe profluorophore DCFDA (DCFDA =2'7-
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dichlorodihydrofluorescein diacetatéy visualize intracellular ROS generation, observing a

fluorescence turoff upon administration of their persulfide donor in HeLa cells.

Because of the bioorthogonality of the photostimulus used to elicit persulfide release, light
triggered persulfide donors are uniquely poised to make significant contributions in the elucidation
of their biological roles. By tuning the photochemical prépsrof lighttriggered persulfide
donors, one could imagine donors that respond to less energetic light, provsdifey eneans of

spatiotemporallyxontrolled persulfide release.
1.7.4. Macromolecular/supramolecular persulfide donors

Macromolecular andupramolecular persulfide delivery systems offer a means of modulating
physical, chemical, and pharmacokinetic properties of donors bound to a macromolecular scaffold
without directly changing the chemical reactivity of the persulfide pay®dehr example,
polymeric or seHassembling peptidbased scaffolds can enhance the water solubility of
hydrophobic donors, extend release rates, and allow for further targeting capabilities based on the
functionalities installd on the macromolecular scaffé®#® Additionally, macromolecular
scaffolds decrease the rate at which a therapeutic is released in biological systems, sometimes

dramatically, enabling access to controlled release préfiles.

Table 4. Macromolecular/supramolecular persulfide donors

Persulfide Released Trapping
Donor General Structure Persulfide Reagent
Esterase
responsive A
benzyl o0,
(E'S‘;'_fl'\ld:é i @As/sju* NAC-SSH | DNFB 74
and R = H, poly(HEMA-co-OEGMA)
poly[EDP-
NAC])

Ref
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Superoxide
resgggj;ve Q‘R @ 5 NAC-SSH,
P-0 ]
disulfides Bz a 84
(SOPBNAC Cys(SSH)
and SOPD R = NAC, Bz-Cys-Phe-Phe-Glu PhePheGlu
Pep)

We recently reported on a macromolecular persulfide donor in the form of estspeasive

benzyl disulfided? Due to the limited haifife of most small molecule persulfide donors
(generally minutes to hours), we set out to extend persulfide release kinetics via the attachment of
a 1,6eliminationbased benzyl disulfide donor to a polymeric scaffold. BND¥C (discussed in
section 5.2) wascoupled to a poly(HEMACO-OEGMA) copolymer that was synthesized via
reversible additioffragmentation chain transfer (RAFT) polymerizaffoto yield a polymeric
analog, termed poly(EBRAC). 'H NMR spectroscopy was applied to measure the
decomposition kinetics of the small molecule and polymeric persulfide donors in response to
porcine liver esteraseéPE) (1 U/mL), observing decomposition hdifes of 1.6 and 36 h,
respectively. Both EDINAC and poly(EDPNAC) showed no cytotoxicity in H9c2

cardiomyocytes up to concentrations of 400 uM.

This range of release rates allowed us to compare the effects of slow and fast persulfide release in
several cell assays. In anp®b-induced cytotoxicity assayeDP-NAC rescued cells from an
immediate form of ROS (¥D>), where the polymer showed limited ability to ameliorate oxidative
damage under these conditions. However, when H9c2 cells were treatedfluho&ricil, a
sustained producer of RO%poly(EDRNAC) showed a much gager capacity to rescue cells

from oxidative damage than EENPAC, indicating that the persulfide release Hé# must be on

the same order of magnitude with the intracellular ROS production rate to achieve maximal

protection.
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We also reported on a peg#-based supramolecular persulfide delivery system in the form of
superoxide (@4)-responsive benzyl disulfide dondfsThis study, similar to the previously
mentoned polymeric persulfide donors, compared a small molecule persulfide donor- SOPD
NAC, to peptidebased nanoassemblies (See section 5.3 for discussion on the small molecule
donor). The structure of the peptidased donor, termed SOHRp Gupewxide-triggered
persulfidedonor pegide), was similar, substituting NAC for the peptide sequenc€yzPhe
PheGlu. Conventional transmission electron microscopy revealed that $S@pBeHassembled

into twisted nanoribbons in agueous solution. We demonstragedrigger specificity of the
diphenylphosphinate group in both persulfide donors to potential oxidants and reductants using
WSR2, finding the largest fluorescence twn in the treatment group that includegh@nd Cys.

In these experiments, Cys wased to liberate & from the released persulfides because \®SP

is an BS-sensitive fluorescent probe. There were no significant differences in these fluorescence
assays between the small molecule or the peptide, indicating both were capable of persulfide

release in response to

Fluorescence microscopy was then utilized to investigate whet$ecatild be liberated in cells

in the presence of A. In this studyL-buthionine(S,R-sulfoximine (BSO) was used to induce
oxidative stress via depletiaf intracellular GSH to generate:®in vitro®°° and WSF5 was

chosen as and3-selective probeotmonitor BS accumulation in the cells upon administration of

the persulfide donors. BSO and WSRlone showed no fluorescence increase, but pretreatment
with SOPDPep for 6 h, followed by addition of BSO and WSPdrastically increased
fluorescence imnsity after 30 min. Interestingly, the small molecule analog SQBE showed

limited fluorescence increase, which we attributed to the increased ability for peptide assemblies

to enter and remain in cells due to their nanoscal€%ize.
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The aea of macromolecular/supramolecular persulfide donors is perhaps the least explored at this
point. In polymetbased systems, monomer choice, degree of polymerization, blockiness, and
polymer topology are a few examples of variables researchers coulddevier synthesize a
variety of polymeric persulfide donors ranging from soluti@sed assemblies to functional
materials. Targeting groups, fluorophores, and other drugs could be included in the polymers or
polymer assemblies. Additionally, numerous chemngpuld be made to the resulting pepbdsed

donors by varying the appended amino acid sequence, possibly achieving robust biological
targeting and/or desirable material properties (e.g., localized release from hydmuekiea of
macromolecular/supmolecular persulfide donor chemistry is in its infancy, but it may yield
widely tunable, watesoluble, and benektable persulfide donor platforms with greater targeting

capabilities and longer releaseipés than can be achieved with small moleculecds

1.8. Conclusions

An impressive amount of progress has been made in the field of persulfide donor chemistry in the
few years since substantial interest in persulfide biology emerged. Continued innovation and
collaboration among researchers from dfe fields is required to drive the field forward at this

fast pace. Many challenges remain in persulfide chemical biology, such as determining biological
targets of small molecules persulfides, accurately measuring persulfide concentrations in different
tissues, and establishing the specific roles of persulfides among all other RSS. It is also unclear
whether persulfides simply act as sacrificial reductants to quench oxidants, or if specific biological
targets that uniquely respond to persulfides extst. recise elucidation of the biological roles of
native small molecule persulfides is hampered by their inherent instability and cross reactivity. An
increased chemical and biological understanding of persulfide speciation, redox chemistry, and

signalingmechanisms of native persulfides will aid in the elucidation of their (patho)physiological

30



roles. Carefully designed probes that respond specifically to persulfides and donor compounds that
release persulfides in response to a variety of stimuli withgerahrelease rates are required to

better characterize these biological interactions.

Beyond chemical biology, comparison studies between persulfide donors and si8idoridrs

may offer guidance on RS&ased drug design for specific diseasd#ications. Macromolecular

and supramolecular persulfide donors may enable tissue targeting and extended release. In addition
to persulfide delivery alone, persulfide donor compounds that also release a drug may be
therapeutically useful. Several.$ dona-NSAID hybrids have already shown therapeutic
promise, a couple of which have participated in clinical tAal&Because persulfides are stronger
bioreductants thaH>S, one could imagine accessing more potent variants of donor/drug hybrids
simply by attaching analogous persulfide donors in the place®ftdbenors. The potential for the
synthesis and evaluation of these persulfide donor/drug hybrids may lead toregidtion in

the near future. The field of persulfide donor chemistry is young, but through collaboration among
chemists, biologists, pharmacologists, and clinicians, a thorough understanding of persulfide
biology may be realized, transitioning the fiéd\dm an area of academic inquiry to potentially

finding uses for these donors as fAreal worl do
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Chapter 2: A Reactive Species (ROResponsivéersulfide Donor: Insights into Reactivity and

Therapeutic Potential

Adapted with permission from: Powell, C. R., Dillon, K. Mt,al."A Reactive Oxygen Species

(ROS)Responsive Persulfide Donor: Insights into Reactivity and Therapeutic Potential

Angewandte Chemid 30 64326436. Copyright 2018 WileyCH Verlag GmbH & Co. KGaA.
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2.2. Abstract

Persulfides (RSSH) have been hypothesized as critmainponents in sulfumediated redox
cycles and as potential signaling compounds, similar to hydrogen sulfi&@. (Hindering the

study of persulfides is a lack of persulfide donor compounds with selective triggers that release
discrete persulfide specieblerein we report the synthesis and characterization of an- ROS
responsive, sefimnmolative persulfide donor. The donor, termed BRRC, showed selectivity
towards HO: over other potential oxidative or nucleophilic triggers, resulting in the sustained
release of the persulfide df-acetyl cysteine (NAC) over the course of 2 h, as measured by LCMS.
Exposure of H9C2 cardiomyocytes to®i revealed that BDINAC mitigated the effects of a
highly oxidative environment in a dosependent manner over relevanttcols and to a greater

degree than commonzH donors sodium sulfide (M&) and GYY4137. BDINAC also rescued
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cells more effectively than a ngersulfide releasing control compound with a Bpin moiety in

concert with common $6 donors and thiols.

2.3. Introduction

Hydrogen sulfide (bS) plays a key signaling role in mammalian biology and has been under
investigation as a potential therapeutic via exogenous defiVeFg. help elucidate its biological
roles, chemists have synthesized several types®fréleasing compounds (termegStionors)

with a variety of biologically relevant triggers, including wat&rnucleophiles (e.g., thiols,
amines)1? enzymes 2 and light!**® Additionally, compoundghat release carbonyl sulfide
(COS)%17 and sulfur dioxide (S€),%1° have recently been reported, allowing for the study of
other small molecel sulfur species as potential signaling compounds. These donors aid in our
understanding of the physiological roles ofSHand related compounds, and hold potential
therapeutic value via exogenousSHdelivery?®?? Interestingly, recent studies into the redox
chemistryof sulfur species in the body indicate that persulfidé<S@&H) may have physiological
roles similar to HS, insinuating that some of the physiological effects ascribed to delivepsof H
may actually be derived from persulficfég® Further study of persulfides is needed to differentiate
between the roles ofA3 itself and its biologicgiroducts. Moreover, a clear description of sulfur
redox chemistry in a biological context will allow further development of therapeutics that exploit

pathways involved in k6 signaling.

Dean and coworkers first identified persulfides in a biological combtetheir 1994 report on a
protein persulfide intermediate of the cysteine desulfurase 2NiP®rsulfides are prevalent in

mammalian biology, generated via reaction of an oxidized thiol (e.g., a sulfenic a8@HR
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with HzS in a process called-@rsulfidatior?® More nucleophilic than thiols, persulfides have

pKa values a few units lower than their corresponding tifblss well as greater reduction
potentials?® making them highly reactive, transientiyable species. In a biological context,
persulfides protect thiols from irreversible oxidation, serve as reactive intermediates in sulfur
shuttling3! and alter enzymatic activi#*®> Some examples of protein persulfidatiordahe
resulting changes in protein activity include: an increased parkin activity $pensulfidation
resulting in a decr e3an crdase inRdivitjkof GAPDH) @ratectiagy mp t o
cells from apptosis®®and HRas activation in cardiac tissuegulating cellular redox signaliri§.

More recently, studies have confirmed the presence of endogenously produced small molecule
persulfides (e.g., cysteine persulfide and glutathione persulfide) with reported concentrations as
high as 150 &M i n # 8malhmolecule gersuifes dikely glay a ®le i@ .
regulating cellular redox balance and mediating cellular sign&liAgmajor barrier in the study

of the biological roles of persulfides is a lack of chemical tools capébgknerating wetdefined
persulfide species in response to specific, biologically relevant triggers. Our understandig of H
biology has been aided immensely by the synthesis of orgaSiadbinors; analogous to.8,
persulfide donors will be vital toofer understanding how persulfides fit into the overall web of

redox signaling.

Polysulfides (RE(Shi SR), such as naturally occurring diallyl trisulfide (DATS), are perhaps the
best known type of persulfide donor, but their reactivity in biological sysie complex, leading

to generation of other redeactive species, including283"2° As a result, polysulfides are not
ideal persulfide donors for use in studying persulfide biology, and the complex product mixture

may limit their therapeutic potential. Free persulfides (i.eS$H) havebeen isolated, but they
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suffer from poor stability under storage conditions and poor water solubility, and thus have
relatively low utility in a practical sensé Persulfides are also proposed intermediates in several
types of HS donors™1° but these compounds all require conditions that cause rapid conwafrsion
the persulfide into k5. To date there exist only two families of compounds capable of generating
discrete persulfides: Wang and coworkers developed esteiggered persulfide prodrugs
capable of releasing either a persulfide or hydrogen persulfig&SK) and Galardon and
coworkers developed a piiggered persulfide analog of the nitrosothiol SN&®. These donors
generate persulfides without concomitant generation.8 &hd can be viewed as spontaneous
persulfide donors due to the ubiquity of esterase#ro andin vivo.

We sought to synthesize a discrete persulfide donor scaffold,uneer normal physiological
conditions but capable of sathmolation in response to a specific trigger, revealing a discrete
persulfide species (Figure 1). As the triggering moiety and persulfide could be readily tuned, this
system would enable persulfidgeneration in response to many types of triggers, providing a
valuable set of laboratory tools similar to the selimolative COS donors recently reported by

Pluth and coworkers
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Figure 1. Cartoon schematic represenf the proposed release of a discrete persulfide species
from a generalized selinmolative prodrug (PG = protecting group) in the presence of a trigger

(H202 shown here).

In addition to their use as biological tools to study persulfide reactivitgulfiele prodrugs are
exciting from a therapeutic standpoint because the reduction potential of persulfides is higher than
that of thiols or HS, making them prime candidates for scavenging and reducing the harmful
effects resulting from high levels of réa® oxygen species (ROS). Therefore, we aimed to
synthesize an RO&sponsive persulfide prodrug as a proof of concept. This would allow for a
two-stage quenching of ROS: the initial reaction of the ROS with the prodrug to trigger release,
followed by therelease of the persulfide. We envisioned that such antR@fgred persulfide

prodrug would be ideal for cytoprotection against harmful levels of ROS.
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2.4. Results and Discussion
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Scheme 1A) Syntheic route to BDPNAC. ConditiorL i) MgSQs, ERO, rt, 16 h; ii) AIBN, GH12,
reflux, 16 h; iii)EtOH, rt, 4 h; iv) 1 N NaOH, reflux, 45 min; v) NdzCHCE, rt, 3 h; B) Synthetic

route toBDP-Fluor. Conditions: vi) CHG:MeOH (1:1 v/v),rt, 40 h

Aryl boronic esters are relatively easy to synthesize, generally biocompatible, and react selectively
with ROS in a BC bond cleavage reaction to reveal the corresponding phenolate. Therefore, we
set out to synthesize a séfimolative persulfieé donor containing an aryl boronic ester as an
ROSsensitive trigger. The desired persulfide donor (terrB&P-NAC for Bpin-disulfide
prodrugN-acetyl cysteine) was synthesized from commercially availaigytboronic acid in

four steps (Scheme 1A). Thetically, any thiol may be installed on the distal end of the disulfide

bond from the trigger/selmmolation moiety. Our choice oN-acetyl cysteine (NAC) was
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motivated by its biocompatibility as well as its ability to protect cells in vitro in highigatie

environmentg§+4°
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Figure 2. A) Proposed reaction @DP-NAC in the presence of 4. leading to the release of
NACT SSH B) LC chromatograms highlighting the converssdBDP-NAC into NAC persulfide
(NAC-SSH) in the presence of 4.. Timepoints are noted above each LC chromatogram. The
peak eluting at 2.9 min correspondBioP-NAC, and the peak at 3.4 min correspondbl&C-

SSH(see Figure S20 for corresponding massspmetry data).

The ability ofBDP-NAC to mediate the release of the desired NAC persulfithe(-SSH) in

response to ROS was analyzed by LCMS (Figure 2). Aliquots of the reaction mixtaPef
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NAC with H-O> were injected at various time points until the peak attribut&®DiB-NAC (2.9

min) had subsided, revealing near complete decompositiBDBfNAC within 2 h. A peak
corresponding tdNACT SSH (3.4 min) increased in intensity over the course of the regctio
consistent with our proposed mechanism of persulfide generation. Mass spectrometry evidence
also confirmed the presence of the other byproduct of the reactlomrdxybenzyl alcohol (a
result of addition of water to the quinone methide), but the cit@gnam peak was weak, likely

due to low absorbance at the monitoring wavelerigtiaddition to LCMS, we also investigated

the reaction ofBDP-NAC with H.O, utilizing *H NMR spectroscopy. Experiments were
conducted in DMS&ls:D20 (9:1 v/v) due to the hydphobic nature oBDP-NAC and the
increased concentration required in NMR spectroscopy compared with LCMS. Shortly after the
addition of HO, to theBDP-NAC solution, two new sets of peaks in the aryl region of'Hhe

NMR spectrum appeared. One was cossistvith 4hydroxybenzyl alcohol, and the other was
attributed to the slow hydrolysis of the Bpin moietyB@fP-NAC, yielding a boronic acid; boronic

acids react with kD in a similar fashion as pinacol boronic estrdhe reaction was
considerably slower under these conditions than in the LCMS experiments. This retardation in

reaction rate is likely a result of the high organic solvent content in the re&ction.
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Figure 3. A) Proposed reaction mechanism for the releasehgtiroxycoumaririrom BDP-Fluor

in the presence of .. B) Representative overlay of the fluorescence spect&D&tFluor in

the presence of 16fld excess KO- resulting from the release oftidroxycoumarin over the

course of 5 h. C) Relative responséB@fP-Fluor (3.3 € M) t o each potenti al
control (no trigger added) represented as the ratio of the final fluorescgnote(isity after 5 h

to the initial fluorescence intensityo)l showing an increased selectivity foe®4 over other

potential tiggers.

To further evaluate the reactivignd trigger selectivitpf BDP-NAC, a profluorophore EDP-
Fluor, Scheme 1B) was synthesizddrawingi ns pi ration from Xonan and
fluorescence probe (compouiylused for detection of sulfarsellfur speciesHSSH RS (Shi
SR, or §), the selimmolativeBDP-Fluor has the same general structur&B$-NAC, but with

a coumarirbased fluorophore as the distal thiol spetfels shown in Figure 3A, we expected
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selfimmolation to trigger release of a discrete persulfide, which would then cyclize to form a 5
membered benzoditblione species, resulting in the release-bf/droxycoumarin. Becau&DP-

Fluor itself is not fluorescent, an increase in fluorescence at the characteristic emission wavelength
of 7-hydroxycoumarin should only result from persulfide release and subsenuantolecular
cyclization providing secondary confirmation of persulfide release from thesénrsalflative

prodrug systems

We tested this design by exposiB@P-Fluor to a variety of potential trigger8DP-Fluor
showed no evidence of safhmolativebehavior (i.e., no fluorescence signal) in the absence of a
trigger, but addition of kD- (100-fold excess) led to a 9old increase in fluorescence intensity
at the characteristic wavelength ohydroxycoumarin after incubation for 5 h in PBS buffer
(Figure 3B and C). WheBDP-Fluor was treated with other potential triggers, including sodium
hypochlorite (NaOCI), cysteine (Cysjlutathione (GSH)lysine (Lys), and potassium superoxide
(KO2), the response was significantly lower, lwk>O-> showinga greter than 2Gold response
over all of these potential triggeid a greater than 96Id response over Lys and KQAs the
increase in fluorescence responsthtols was unexpected, furthaniestigation indicated that the
fluorescence increase may be attributed to nucleophilic attack by cysteine at the aryl ester position,
resulting in the release offydroxycoumarinTakentogetherthese results confirm release of the

desired persulfide species and demonstrate the iséieof H>O> as a trigger

54



120

1004

* ¥
H* %
H ¥

80+

* ¥

60 *
40 “ #

201

Viability (% of control)

Figure 4. Viability of H9C2 cardiomyoctyes treated with BENPAC or various controls and

related compounds concurrent with exposure 40-H100 uM) for 1 h. Each control compound

was applied at a contferiN&S atli1 ®®h oMWM)-CHOrONaB Me (B il
treatment group). Quantification of viability was carried out using Cell Countirg KiCK-8).

Results are expressed as the mean + SEM (ni251l@or each treatment group) withi 2
independent experiments. *P<0.fbr comparisons with the J. treatment group and #P<0.01

for comparisons withthe BDBRAC (200 €M) treatment group. Gro
as determined by a oweay analysis of variance (ANOVA) with a StudéewmanKeuls

comparisons posgtoctest.

We next aimed to analyBDP-NAC in a biological context. In vitro cytotoxicity studies on H9C2
cardiomyocytes showed thBDP-NAC isnont oxi ¢ up to 200 &M (Figur e
previously, persulfides have greater reducing potential thandbeesponding thiols as well as
H>S. Thus, we envisioned thBDP-NAC might be effective in rescuing cells under oxidative

stress, either via direct reduction of®4 or via upregulation of antioxidant pathways mediated by
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persulfide signaling® 32 To this end, we ealuated the protective effects BDP-NAC on H9C2

cells in culture via exogenous delivery of®4, which stresses the cells and promotes apoptosis
(Figure 4). In the absence BDP-NAC, cell viability drastically decreased after exposure 10H

(100 pM) for 1 h. However, simultaneous applicationB®P-NAC (1002 00 & M) Owi t h H
showed a dosdependent increase in cell viability, with no cytotoxicity observed after treatment

wi t h 2BORNAL ML longer treatment times (2 BPP-NAC rescued a similar peentage

of cells compared to #>-only controls (Figure S29). These results indicate BixP-NAC can

successfully mitigate the deleterious effects of a hyperoxidative environment in culture.

To further ensure that persulfide release imparts proteditretcardiomyocytes in the presence
of H-O», several control studies were carried out. Exposure of the cellsGpwith added 4
(hydroxymethyl)benzeneboronic acid pinacol ester (BpHl), a nonrpersulfide releasing
compound with a Bpin moiety, showed an increase in viability comparedQgdtbne but did
not rescue cells to the same exterBB$-NAC. We also compactkBDP-NAC to sodium sulfide
(N&S), a fastreleasing HS donor, and GYY4137, a sleseleasing HS donor, under the same
experimental conditions. N& had a limited ability to rescue cells while GYY4137 had no effect
on viability. InterestinglyBDP-NAC wasmore effective at rescuing cells than.Saeven while
NaS enhanced HI9C2 proliferation in the absence M.HFigure S28. This provides further
evidence that persulfides may serve to maintain redox homeostasis in cells to a greater extent than
H>S. NAC, a potential thiol byproduct after reactionBIDP-NAC, also had no effect on viability.
To confirm thatBDP-NAC derives its activity from RO®iggered persulfide release, the
cardiomyocytes were treated wlBDP-Control, which has an identical structui@BDP-NAC,

but without the Bpin triggering moietaDP-Control also did not rescue cells exposed #DH
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under identical conditions to the previous experimdfitglly, to recreate the synergistic effects

of the Bpin moiety oBDP-NAC and the resultamqgersulfide release, cells were treated with Bpin
OH simultaneously with either NAC, GYY4137, or4$aEach of these combinations was able to
mitigate the effects of #D> on cell viability, but not to the same degreeB&P-NAC, with the
exception of BpirOH + Na&S. We suspect that simultaneous treatment of the cardiomyocytes with
Bpin-OH and NaS gives a greater instantaneous concentration of potential antioxidarBtRan
NAC, considering its sustained release. In a system with continuous generatio,ofiéti@ery

of Bpin-OH and NaS would likely have a diminished ability to rescue cells compared to sustained

release fronBDP-NAC.

2.5. Conclusions

In summary, we have synthesized a-galinolative prodrug that releases a discrete persulfide
species BDP-NAC) in the presence of 4@.. Persulfide release and trigger specificity were
characterized by LCMS, NMR, and fluorescence spectroscopy, demonstrating that sustained
release of the persulfide is selectively triggered lyO3 In vitro studies using H9Z
cardiomyocytes under oxidative stress showed BR#P-NAC mitigates the harmful effects of
highly oxidative environments with greater potency than commonly us8dibhors Nz5 and
GYY4137 as well as relevant controBDP-NAC not only shows promise tregveutically, but it

also provides a modular system for persulfide donors that may be triggered under a variety of
conditions. We envision that a library of persulfide donors based @DReNAC template will

enable the study of persulfide biology in gegatepth than is currently possible, providing insight

into sulfur redox cycles and sulfanediated cell signaling.
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2.8. Experimental

Materials and Methods

All reagents were obtained from commercial vendors and used as received unless otherwise stated.
NMR spectra were measured on Agilent 400 MHz or Bruker 500 MHz spectrometersd3C

NMR chemical shifts are reported in ppm relative to internal solvent resonanc€d, @his dried

and degassed on solvent columns (MBraun) containing alumina absorbent and stored in a Strauss
flask under N before use. Other solvents were used as received unless otherwise noted. Yields
refer to chromatographically and spectroscopically pure compounds unless otherwise stated. Thin
layer chromatograph@TLC) wasperformed on glasbacked silica plates and vaized by UV

unless otherwise statedCMS experiments were performed on a Waters Acquity UPLC system
equipped with a Waters Polarityigfunctionalized silica column, diode array detector, and ESI
mass spectrometdfluorescence spectra were recordedircen quartz cuvette on a Cary Eclipse
fluorescence spectrophotometer equipped with a PMT detector (600 V), excitation and emission
slit widths of 5 nm 600 nm/min scan speed, and 1.00 nm.dtiégh-resolution mass spectra were

taken on an Agilent Technalees 6230 TOF LC/MS mass spectrometer.
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Cell studies were conducted on an adherent H9C2 line of rat embryonic cardiomyocytes (ATCC,
ManassasVA, USA). Cultures were growmi Dul beccodés Modified Eagl
VWR, Radnor, PA), supplemented witQ % fetal bovine serum (FB¥WR, Radnor, PA). Cells

were cultured at 37C in 5% COe-air. The cultures were passaged aftar8ll% confluence was

achieved. Cells were rinsed with PBS solution, and then released with trypsin and EDTA solution

(VWR, RadnorPA). The suspension of released cells wasriéeged at 1000 rpm for Bin

Synthesis op-Tolylboronic Acid Pinacol Ested(l)

HO>—<OH

MgSO4, Etzo, 16 h, rt

_B.
HO  “OH %

A round bottom flask equipped with a septum was charged with diethyl ether (30QomL),

tolylboronic acid (10 g, 74 mmol), and a stir bar. The white suspension was stirred until all solids
dissolved (30 mifi 1 h). MgSQ (15 g, 125 mmol) and pinacol (8.9 g, 75 mmol) were then added
sequentially to the solution while stirring. The reactiontome was stirred at rt for 16 h, at which
point the reaction was complete by TLC (50t&Xanes:EtOAc). The resulting white suspension
was then filtered, rinsed with diethyl ether (250 mL), and concentrated via rotary evaporation
yielding compoundl (12.9g, 87% vyield) as white crystals. This product was used in the next
reaction step without further purificatiotd-NMR (CDCk): d 7.70 (m, 2H), 7.19 (m, 2H), 2.37

(s,3H),1.34 (s, 12H}’C-NMR(CDCL) : U 141. 48, 134.92, 128.63,
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Synthesis op-Benzylboronic Acid Pinacol Ester Bromi(2)

AIBN, cyclohexane

\ 16 h, reflux

%

A flame-dried, 2neck round bottom flask equipped with a septum and condenser was charged
with compoundl (7.87 g, 36.1 mmol), dry, degassed (stored @aaivated moleculasieves
overnight, bubbled with pfor 1 h) cyclohexane (120 mL), ahdbromosuccinimide (7.07 g, 39.7
mmol) under N flow. The mixture was stirred until the solids fully dissolved to give a clear, light
brown solution. Azobisisobutyronitrile (AIBN) (0.593 g, 3.61 mmol) was added in one portion
under N flow, and the reaction mixture was heated to reflux. The @aates monitored by TLC
(50:50 hexanes:EtOAc) until starting material was consumed (16 h). The reaction mixture was
cooled tort and washed successively with saturated Nakl@Q 30 mL), ice water (2 x 30 mL),

and brine (30 mL). The organic layer was separatedd over NgSQy, and then concentrated via
rotary evaporation to yield a pale yellow powder. This crude product was then recrystallized from

cyclohexane to yield produ2t(6.04 g, 73 % yield) as an offite solid.*H NMR (CDCk): d 7.80

(m, 2H) 7.39(m, 2H), 4.49 (s, 2H), 1.35 (s, 12HfCNMR (CDCk) : U 140. 76, 135.

83.99, 33.43, 24.97.
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Synthesis op-Benzylboronic Acid Pinacol Ester Thi(8)

S

Br 1. J\ SH
H,oN NH,
EtOH, 4 h, rt
2. NaOH, water, o
_B. 45 min, reflux B
O O O/ \O
2 3

A two-neck round bottom flask equipped with a vacuum adaatat a septum was charged with
compound2 (3.47 g, 11.7 mmol), EtOH (30 mL), and a stirbar. The resulting suspension was
bubbled with N for 30 min. Thiourea (0.940 g, 12.3 mmol) was then addeshénportion under

N2, and the reaction mixture was stirred af He solids dissolved slowly over the course of 1 h to
give a clear, colorless solution. Reaction progressmastored by TLC (50:50éxanes:EtOAc)

until starting material was consumed {4 The reaction mixture was then concentrated via rotary
evaporation, and the thiouronium intermediate was subsequently dissolved i@ [2GHmL). A

reflux condenser was added to the flask, and the suspension was bubbled fertiBOI min.
NaOH pellet§1.90 g, 46.7 mmol) were then added underahd the resulting yellow solution
was refluxed for 45 min. The reaction mixture was cooletldad then placed in an ice bath. HCI

(1 N) was added dropwise at 0 °C, resulting in the formation of a whitgppegei HCI addition

was continued until the pH of the solution was ~2. The aqueous suspension was then extracted
with CHCk (5 x 20 mL), and the organic layer was separated and dried o¥@ONdhe product

was then further purified bgilica gelchromabgraphy, eluting with 30 % EtOAc in hexanes,
yielding an offwhite solid (2.15 g, 74 % yield}H NMR (CDCk): d 7.77 (m, 2H) 7.34 (m, 2H),

3.74 (d,J = 7.8 Hz, 2H), 1.74 (1) = 1.7 Hz, 1H), 1.34 (s, 12H}3C NMR (CDC¥): d 144.43,

135.31, 127.50, 83.90, 29.18, 24.98.
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Synthesis of Activated Mcetylcysteine DisulfiddNAC-pyDS)

N7 NI N
|
Q |
I o 0 T Lo
H ” H le)
(0] MeOH: H,O (1:1 v/v), 16 h, rt
NAC-pyDS

A round bottom flask was charged whihacetylcysteing2.0 g, 12.3 mmol), O (17 mL), and a
stirbar to give a c |-dpgridyl dssolfldel(5.40g,24.5 molsimMe@QH i on
(17 mL) was added in one portion resulting in a clear, yellow solution. Eeéor mixture was

stirred at rt(16 h. Reaction progress was monitored by TLC (EtOAc), showing complete
consumption of starting material. The resulting yellow solution was concentrated via rotary
evaporation and extracted with DCM (3 x 30 mL). The organic layers were combined, dried over
NaSQs, and concentrated by rotary evaporation. The crude product, obtained as a yellow solid,
was then purified by silica gel chromatography eluting with 5 % to 15 % MeOH #ClgH

yielding a light yellow powder (2.30 g, 69% yieldH NMR (DMSO-ds) : 12.87 (s, 1H), 8.46

(m, 1H), 8.42¢,J = 7.89Hz, 1H), 7.81 (m, 1H), 7.75 (m, 1H), 7.24 (m, 1H), 4.47 (m, 1H), 3.15

(m, 2H), 1.86 (s, 3H®*C NMR (DMSOds) : & 171.88, 169.49, 158. 77

119.34, 51.3939.93,22.44.
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Synthesis op-Benzylboronic Acid Pinacol Esté&-Acetalcysteine DisulfidéBDP-NAC)

O
HN)K
)J\ OH \\\-H(OH
0 |

e
-

o

NEts, CHCI3, rt, 2 h /©)
8
(@]
3 BDP-NAC

A single-neck roundbottom flask was charged with compoBif@.412 g, 1.65 mmolCHCl; (8

mL), and a stirbar, resulting in a light yellow solutioZddC-pyDS (0.900 g, 3.29 mmol), and
triethylamine (NE$) (0.460 mL, 3.30 mmol) were added sequentially, resulting in a yellow
solution. The reaction mixture was stirred for 2 htamonibring reaction progress with TLC
(50:50 lexanes:EtOAc). Once complete, the reaction mixture was diluted withs:CHGhL) and
washed sequentially with 1 N HCI (2 x 5 mL) and brine (5 mL). The organic layer was then dried
over NaSQy, concentrated via rotary evaporation, and purified by silica gel chromatography (30%
EtOAc in hexanes), yielding a yellow solid (0.375 g, 56 % yield)NMR (DMSO-d): d 12.89

(s, 1H), 8.30 (dJ = 8.1,1H), 7.62 (m, 2H), 7.33 (m, 2H), 4.47 (m, 1H), 3(88J = 2.6 Hz,2H),
3.022.94 (m, 1H), B1-2.74 (m, H), 1.86 (s, 3H), 1.28 (s, 12H}C NMR (DMSO-ds): d 172.06,
169.40, 140.88, 134.55, 128.81, 83.66, 51.16, 489.85,24.71, 22.43. HRMS (ESTOF) calcd.

for CisH27BNOsS; [M+H]* 412.1429, found 441422. Calcd. for GH26BKNOsS, [M+K]*

450.0946, found 450.0980.
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Figure S11 B NMR spectra oBDP-NAC in 90 % (v/v) DMSGds:D-O.

Synthesis of Benz\-Acetylcysteine DisulfidéBDP-Control)
o 40
— § N7
HN
SH §OH é['o//vo
O ™N—,_s
. H s

0]
NAC-pyDS

NEts;, CHCIs, rt, 16 h /\O
BDP-Control

A single neckound bottom flask was charged wRIAC-pyDS (1.3 g, 4.8 mmol) and CHE(10

mL) to form a suspension. Benzyl mercaptan (0.52 mL, 4.0 mmol) ane(§BB mL, 6.0 mmol)
were added sequentially. Upon addition of NE& clear, yellow solution formed. The reaction
mixture was stirred for 4 h at, monitoring reaction progress by TLC (30 % EtOAc in hexanes).
Once complete, the reaction mixture was @itbitvith CHC$ (10 mL), washed successively with
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1 N HCI (2 x 5 mL) and brine (5 mL), dried over4$&x, and concentrated by rotary evaporation.
The resulting yellow powder was purifieg silica gel chromatographluting with a gradient of
0% to 10 % MeOHn EtOAc, yielding a light brown solid (0.688 g, 60 % yief#j.NMR (DMSO-

d) : U 12.94 =s4,7,1A)H)B7.28(m,3501), 448 (m, 1H), 3.97 (m, 2H), 299
2.71 (m, 2H), 1.86 (s, 3H}3C NMR (DMSOds) : G 172.10, 16X4B9, 13
127.31, 51.25, 41.92, 39.45, 22.45. HRMS (EOSIF) calcd. for @H16NO3S, [M+H] * 286.0571,

found 286.0566. Calcd. forigH1sNNaG:S, [M+Na]™ 309.0414, found 309.0414.
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Figure S12 *H NMR of BDP-Control.
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Synthesis of Activated Persulfide Proldé

SN
O o
O 0._0O
U EDC, DMAP, THF, o} \©/\;I/

rt, 24 h

Thiosalicylic acid-pyDS 4
A single neckround bottom flask was charged witlhiosalicylic acid-pyDS (4.0 g, 15 mmol)

and THF (150 mL) to give a light yellow solution. To this solution, EDC (4.7 g, 30 mmol), and
DMAP (122 mg, 1 mmol) were added sequentially and stirred until the solution was homogeneous.
Next, #hydroxycoumarin (2.6 g, 17 mmol) was addadgd the reaction mixture was stirred at rt

(16 h). Reaction progress monitored by TLC (EtOAc) until starting material was consumed. The
resulting amber solution was concentrated via rotary evaporation, and the residue was dissolved
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in CHCls (200 mL). Thissolution was washed successively with saturated NaHZ& 50 mL),

DI H20 (100 mL), and brine (100 mL), and then separated and dried o¥@ON&he resulting

crude product was purified by silica gel chromatography elwtitig 20 % EtOAc in CHCI» to

yield an offwhite solid (2.9 g, 47% yieldSpectroscopic data agree with literature preceffent.
IHNMR(CDCk) U 8.46 (m, 1H), 8. 29J=0.mHz1H)H)607.50 . 98 ( |
(m, 4H), 7.35 (m, 1H), 7.29.21 (m, M), 7.10 (m, 1H), 6.42 (dJ = 9.6 Hz,1H). 3C NMR

(CDCk) U4 164.14, 160.25, 158.93, 158.70, 154.7

134.20, 132.12, 128.68, 126.27, 125.94, 121.11, 119.64, 118.58, 116.96, 116.31, 110.65.
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Synthesis of ProbBpin Disulfide (BDP-Fluor)

ij @m m O,

$
MeOH:CHClj (1:1, viv), rt, 20h © 0.0
S aee

3 BDP-Fluor

A round bottom flask was charged with compodn®38 mg, 1.32 mmol), MeOH (5 mL) and a
stir bar to give a clear suspension. TI#¢B00 mg, 1.20 mmol) was addesl asolutionin CHClz
(5 mL), and tre resultant yellow suspension was stirred for 40 h at rt. Reaction progress monitored

by TLC (70 % EtOAc in hexanes). Once complete, the reaction mixture was concentrated via
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rotary evaporation and purified on a silica column eluting with 30% EtOAc:hexgiaéding
BDP-Fluor as a waxy offwhite solid (34 mg, 5.4% yieldJH NMR (CDCk) 19 (18, 1H), 8.07

(m, 1H), 7.72 (m1H), 7.69 (m, 2H), 7.57.51 (m, 2H), 7.3%7.25 (m, 5H), 7.21 (m, 1H.42 (d,

J=9.6, 1H)3.95 (s, 2H), 1.34 (s, 12H¥CNMR(CDCl) : & 164. 06, 160. 45,
143.17, 142.98, 139.38, 137.55, 135.14, 133.75, 132.09, 126.36, 125.64, 125.44, 121.25, 119.82,
118.79, 116.97, 116.33, 110.78, 83.95, 43.51, 24.98. HRMSTES) calcd. for GoH2s''BOsS,

[M+H]* 547.1415, found 47.1452. Calcd. for £Hs:1''BNOsS, [M+NH4]* 564.168, found
564.1705. Calcd. for f£H'BNaGsS; [M+Na]* 569.1234, found 569.1267. Calcd. for

CaoH27'BKO6S2 [M+K] * 585.0974, found 585.1059.

10000
9000
8000
7000
6000
{5000
4000
3000
[~2000

1000

[«
&

13 =
12.22—

T T T T T f T T T T T
.0 75 70 6.5 6.0 5.5 5.0 4.5 4,0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
f1 (ppm)

Figure S16 *H NMR of BDP-Fluor.
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Figure S17 **C NMR of BDP-Fluor.

Synthesis of Prob€ontrol Disulfide(5)

O
3 S ey

CHCI3, 24 h, rt

A single-neck roundbottom flask was charged with benzyl mercgpt@75 mL, 0.64 mmol) and
4 (248 mg, 0.590 mmol), CHe(1 mL), and MeOH (1 mL)The resulting clear, yellow reaction
mixture was stirred for 24 h at, reaction progress monitored by TLCH.CI,). The reaction
mixture wasthenconcentrated by rotary evaporati@md the resultant yellow solid was purified

by silicagel chromatographgluting with30% EtOAc:lexanes, yieldind as a yellow solid (64

81



mg, 23 % yield)!H NMR (CDCk) : fi (mB81H)Y 8.07 (m, 1H), 7.73 (dH), 7.54 (m, 2H),
7.327.27 (m, 5H), 7.25.19 (m, 3), 6.43 (d,J = 9.6,1H), 3.96 (s, 2H)3C NMR (CDCb): Ui
164.14 160.45, 154.88, 153.25, 143.18, 142.98, 136.43, 133.76, 132.13, 129.36, 128.75, 127.83,
126.23, 125.60, 125.47, 118.76, 117.00, 116.37, 110.79, .48BMS (ESITOF) calcd. for
C23H1704S; [M+H] * 421.0563, found 421.0585. Calcd. for7 ' BNaGsS, [M+Na]* 443.0382,

found 443.0416.
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Figure S18.'H NMR of compound.
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Analysis of persulfide release by LCMS

A onedram vial was charged with a solutionBiDP-NAC (100 uL; 20 mM in ACN) and diluted

with water (0.9 mL) to give a clear, col orl ess:s
into water (0.4 mL) in a vial equipped with a screw cap lid with a rubber septum, which served as
the AzerodBheialei poontwas then analyzed by L CMS
injection volume eluting 5 to 90 % ACN in water with 10 mM X over the course of 6 min,

followed by a 4min column equilibration in 5 % ACN in water with 10 mM NPH. After

acquisiton of the zero time point#>.( 30 €L, 3.5 wt %) was added t

vial was shaken thoroughly, and after 1 min the first aliquot was removed and diluted into water
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and injected into the LCMS in the same fashion as the zero min timegwe estimate 5 min for

total reaction time based on sample prep and autosampler time). Aliquots were then taken at the
60 and 120 min mark until the peak attributedB@P-NAC subsided. The UV detector readout

was set to 220 nm, and mass spectra walteated by direct infusion into the mass spectrometer

in ESI negative mode.

%10 3 |Cpd 1: : - Scan (0.085-0.184 min, 7 Scans) chadT11.d Subtract

2.5
2.4-
2.3
2.2
2.1

9952

=

193

1.94
1.8
1.74
1.64
1.54
1.4
1.3
1.24
1.1

0.9
0.8
0.7+
0.6
0.5
0.4+
0.3+

o
ST
0.2 =5}
i =
S=

- A N, o M ﬁ A

191.5 192 182.5 193 193.5 194 194.5 195 1955 196 196.5 197 197.5
Counts vs. Mass-to-Charge (m/z)

= =

194.9992
195.9921

Figure S20.HRMS of the peak eluting at 3.4 min (Figure 2) corresponding to the persulfide of

NAC (exact mass calculated to be 193.9551).
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Figure S21 HRMS ofBDP-NAC (exact nass calculated to be 411.1345).

Analysis ofpersulfiderelease by Fluorescence spectroscopy

Fluorescence assays were prepared in a 3 mL quartz cuvette with a threaded lid contaimhg 1.98

1X PBS buffer (pH 7.4), 1.0 mL cetyltrimethylammonium bromide solution (CTAB) (3 mM in

PBS buffer), and 0.020 mRDP-Fluor or 5 probe solution (0.50 mM in DMS). The fluorescence
spectrum of this mixture aa380nmpdsthetO tineegointt r om 4
To this solution was addésle Lof trigger solution Q00 mM in PBS buffer). The cuvette was

capped and shaken to mix the solution. Theettevwas then placed in the fluorimeter, and
fluorescence spectra were collected everypni®from 400 to 600 nm. Analysis was completed by

comparing théluorescence intensity at thehZimepoint () to the fluorescence intensity a{l)
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at 460 nm Each measurement was run in triplicate and reported values are the average of these

runs, error bars are represented by the standard error of the mean.
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Figure S22 Relative responses(l lo) of BDP-Fluor and control fluorescent compousd3.3

eM) Ooantl Cys (both 330 €M) measur ed@DP&luor460 nn
relative to other potential triggers (Figure 3) is a result of nucleophilic attack of the Cys thiol on

the aryl ester bond, liberatingh&droxycoumarin. As compourisidoes no have the oxidative

labile Bpin moiety, it does not respond ted to the same degree BOP-Fluor, but it shows an

equal response to Cys. These results indicate that nucleophilic attack by cysteine likely causes

release of the-Rydroxycoumarin, leadintp a slightly increased responseBiP-Fluor to Cys.
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NMR kinetics analysis dBDP-NAC

For 'H NMR experimentsBDP-NAC (10 mg,0.024 mmol)or BDP-Control (10 mg, 0.036

mmol) wasadded to a vial and dissolvedDMSO-ds( 900 e L) . Up o n0f(100 I di s
uL) was addedo the vial,and the solution was transferred to an NMR tub&i1AIMR spectrum

was collected at this time, which served as the zero time figinfAfter the addition of KO,

solution (20uL, 30 wt% in HO), 'H NMR spectra were recorded at various time intervals. The
kinetics ofBDP-NAC oxidation by HO: is displayed as a pseudo fumtder kinetics plot, where

p representthe disappearance of the aryl peaks attributd8@XB-NAC ( a, a 6 )ation@foncent
BDP-NAC (relative to concentration af) tvasobtained by normalizinthe integral values of a +

a 0 timdegral iatues abtrelative to the NAC methyl peakhe dataverethen fitedto a first

order kinetics equation given by y 5 ¥, where k is the slope and t is time.
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Figure S23 A) Proposed reaction scheme for persulfide release BDP-NAC. B) StackedH

NMR spectra showing the formation pfhydroxybenzyl alcohol. Condition8DP-NAC (10

mg/mL) in 90% (v/v) DMSQ@ds/D20 with 10-fold molar excess of ¥Do.
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Figure S24 (A) Expanded time dependeli NMR spectra and (B) pseudo fistder kinetics

plot of BDP-NAC (24.3 mM) in 90% (v/v) DMS@e/D20 with 10fold excess of bD,. Data

points denoted in gray do not have a representative NMR spectrum shown. Inset shows pseudo
first order kinetics plot wherfBBDP-NAC] was determined byhormalizing the data from each

time point to the integral value of the BENPAC ar y | poktlae ks 8Bme paant Theshalf)

life for this reaction was calculated to be ¥.6.3 h based on the slope of the pseficd order

kinetics plot(ti2 = In(2)/kobs).
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Figure S25 Time dependertH NMR spectra oBDP-NAC in 90% (v/v)DMSO-ds/D20 without

addition of HO». Hydrolysis of the Bpin moietwasfollowed bymonitoringthe change in peaks
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in the aryl region (7.2 ppm) and the alkyl region (30l9 ppm).A half-life of hydrolysis was
calculated to be 33 h by following the disappearance @BDf-NAC aryl peaks and fitting these

data to a pseuecfirst order kinetic equation.
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Figure S26 Time dependertH NMR spectra oBDP-Control in 90% (v/v) DMSQds/D20
immediately following the addition of #. (10-fold excess) (black spectrum), and 24 h after
addition of HO- (red spectrum). No changes in the NMR spectra were observed, indicating that

H20- does not cause persulfide release without the Bpin triggering moiety.

Cell Viability Assays

For experimen s H9C2 cells were plated at a density
serumcontaining media per well in a 96ell plate and cultured for 24 h before treatment. Cell

viability data was analyzed using a BioTek Synergy Mx plate reader (BidViekoski, VT).
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Cell viability assays were performed by using Cell counting kit 8 (@CRojindo, Rockville,

Md.). H9C2 cardiomyocytes in a 96ell plate (n = 5 for each group) were treated with various
concentrations of BDP-NAC, GYY4137, NaS, BDP-Control, 4-
(hydroxymethyl)benzeneboronic acid pinacol estlracetylcysteine, or any combination
indicated (20 eo@j20@i £t M) of covntainingmedian Fbstreatment
groups containingBDP-NAC, BDP-Control, 4-(hydroxymethyl)benzeneboronic acid pinacol
ester, or NAC, DMSO was used as a vehicle to enable full solubility of these compounds in the
stock solutions. Final concentration of DMSO in these treatment groups is 0.2 v/v % in DMEM.
After incubation with tle aforementioned compounds for 1 h, the cardiomyocytes were then
washed with 1X PBS buffer three times. After
10 viv % CCKS8 solution was added, and the cells were incubated for 3 h. Absorbance was
recorded theat 450 and 750 nm. Data were graphed using GraphPad InStat, version 3 (GraphPad
Software, Inc., San Diego, CA). For data analysis, multiple comparisons were done usiayone
ANOVA followed by StudentNewmanKeuls posthoc tests for multiple pairwise ex@nations.
Changes were identified as significant if p was less than 0.05. Mean values are reported together
with the standard error of mean (SEM) representing the combinatié® alifferent experimental

runs (n = 1015 for each treatment group).
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Figure S28 H9C2 cardiomyocyte viability after treatment with compoundNaGYY4137,

BDP-Control, BpirOH, and NAC (280 em) without H
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Chapter 3: Alleviating cellular oxidative stress through treatment with superoxide

triggered persulfide prodrugs

Adapted with permission froowang, Y., Dil |l on, K. M., et al . i

stress through treatment with superoxide i gger ed p e rAsgewahdiedCleemipX odr u g s

1669816704. Copyright 2020 WileyCH Verlag GmbH & Co. KGaA.

3.1 Authors
Yin Wand*8, Kearsley M. Dillorf§, Zhao LF, Ethan W. Wincklet, and John B. Matséf

8Department of Chemistryjirginia Tech Center for Drug Discovery, and Macromolecules
Innovation Institutelirginia Tech, Blacksburg, Virginia 24061, United States

#These authorsontributed to this work equally

3.2. Abstract

Overproduction of superoxide anion&), the primary cellular reactive oxygen species (ROS), is
implicated in various human diseases. To reduce cellular oxidative stress caused by overproduction
of superoxile, we developed a compound that reacts withtO release a persulfide (RSSH), a

type of reactive sulfur species related to the gasotransmitter hydrogen sulfgle Tidrmed
SOPDNAC, this persulfide donor reacts specifically wittADdecomposing tgenerateN-acetyl

cysteine (NAC) persulfide. To enhance persulfide delivery to cells, we conjugated the SOPD motif
to a short, selassembling peptide (BZFFENH?) to make a superoxie@sponsive, persulfide
donating peptideSOPDPep. Both SOPDNAC and SOPDPepdelivered persulfides/4$ to

H9C2 cardiomyocytes and lowered ROS levels as confirmed by quantitative fluorescence

imaging studies. Additionah vitro studies on RAW 264.7 macrophages showed3ik®DPep
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mitigated toxicity induced by plbol 12myristate 13acetate (PMA) more effectively than

SOPDNAC and several control compounds, including comme®& #bnors.

3.3. Introduction

Superoxide anion (£, the product of a orelectron reduction of ©generated primarily in
mitochondriaduring cellular respiration, is a reactive oxygen species (ROS) implicated in various
diseases related to mitochondrial dysfunctigvhile a minimum level of @Ais essential for cell
survival, excessive production leads to damage to proteins, lipids, and nuclefcBeydsd the

harm that superoxide can inflict directly, it is also a key precursor for other even more damaging
ROS; for examle, it reacts with nitric oxide (NO) to produce peroxynitrite (OND@ powerful

and destructive oxidadtSuperoxide dismutases, enzymes that deactivéieeist in nearly all

cells and havewalved over 2 billion years to limit the extent of cell damage frosA {Despite

this cellular defense againstA) its overproduction is ascribed to many oxidative stiedsced
diseases, including degenerative disorders, ischegpifusion (IR) injury resulting from
surgery, cardiovascular disease, andesgancers (e.g., prostate cancésjven the roles of @A

in both cell signaling and disease, tunm fluorescence probes capable of detectight@ve been
developed:’ Surprisingly, no compounds exist that react specifically wi#ht® both reluce QA

levels and release a molecule capable of further alleviating oxidative stress.

One signaling species that may be capable of regulating redox balance in cells with high levels of
O-Ais a persulfide (RSSH)Persulfides are related to the signaling gas (gasotransmitter)
hydrogen sulfide (£B), a reactive sulfur species crucial to many (patho)physiological
processedBecausef their potentially dominant roles in,8-related signaling pathways,

combined with their ability to persulfidate biological targets (conversion of RSH into RSSH)
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under conditions where28 cannot, persulfides have recently gained atteftiKey reactivities

of persulfides are their nucleophilicity and reducing abilities; both small molecule and protein
bound persulfides regulate redox signaling through direct and indirect tb&@msexample,
glutathione persulfide quickly scavenges the biological oxida@kff and persulfidation of
p66Shc, a protein involved in mitochondrial redox signaling, inhibits mitochondrial ROS
production!® Therefore, we envisioned that a persulfide donor that could be triggereghby O
might be a powerful tool for reducing its deleterious effects. Beyond decreadingv@ls, a
superoxidetriggered persulfide donor might help uncover the roles and connections among O

and persulfides in the reactive species interactome.

The difficulty in developing persulfide donors comes from the instability of persulfides, which
react quickly with various species, including themselves, oxidants, and free thiol troups.
Therefore, protected persulfides (i.e., prodrugs), in which a specific stimulus activates the removal
of the protecting group to release the persulfide, are needed to achieve controlled delivery.
Accordingly, persulfide donorexist that respond to biologically relevant stimuli, including
enzymes?>1’ light,*® and H0..1%2° We envisioned that a superoxittiggered persulfide donor

could be constructed by linking a diphenylphosphinate ester, which can be oxidized imya0

bond cleaving reactioft,to a 4(RSSCH)phenoxy group. In aascade of reactions®should

react at phosphorous to cleave thRR&SCH)phenoxy group, which would then undergo & 1,6
elimination reaction to reveal a persulfide anion (RSSuch a persulfide donor would serve two
functionsd capturing QA and relasing a persulfide. Additionally, we aimed to develop a delivery
system for this donor that would enhance its water solubility, bioavailability, and provide a
potential mechanism for eventual targeting to specific cells or tissues. Therefore, we detail her

our efforts to develop a small molecule superoxidgered persulfide donor that could be used
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on its own and could also be easily conjugated to eassEémbling peptidbased delivery vehicle

to improve solubility and bioactivity.

3.4. Results and cussion

We chose the diphenylphosphinate group as the stm@spionsive unit because of its ability to
selectively react with A2 We conjugated this group 8 a cl eystgine (NAC), which we
selected because of its powerful antioxidant capa#ility?* and its free thiol group for
conjugation to a thietontaining diphenylphosphinate. Synthesis was carried out as shown in
Scheme 1A. Briefly, diphenylphosphinic chloride was treatedpvdtesol under basic conditions.
The resulting tolyl diphenylphosptate () was then brominated by using NBS to generate a
benzyl bromide Z). Bromide displacement was achieved by treating comp@umith thiourea
followed by hexylamine, resulting in a benzyl thid).(Finally, we treated thioB with the
activated disdlde of NAC (NACpyDS) in a disulfide exchange reaction to afford the target
persulfide donor termedOPD-NAC (SOPD = supeoxide-triggered persulfide donor). A

proposed mechanism for persulfide release is shown in Scheme 1B.
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Scheme 1A) Synthesis 06OPD-NAC. Reaction conditions: i) NEtDMAP, THF, 16 h, rt, 82%
yield; ii) AIBN, CeHs, 16 h, reflux, 91% vyield; iii) CEDH, 16 h, rt; iv) hexylamine, CH&;124 h,
rt, 90% vyield; v) CHCI, 24 h, rt, 56% yield. B) Proposed mechanism of superexiggered

persulfide release fro@OPD-NAC (R=NAC).

One promising strategy to address limitations in prodrug solubility and bioavailability is appending
drugs or prodrugs to sedfssembling peptas. Due to their inherent biodegradability and
biocompatibility in most contexts, peptides capable ofastembly into nanostructures and/or
hydrogels are powerful materials for biomedical applicatféi&reviously, we have shown that
conjugation of HS-donatingS-aroylthiooximes (SATOS) to short peptides not only extend&i H

release profiles, but also modulated release behaviorseaslaof their different seldssembled
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morphologieg®° In this regard, conjugating SOPD to a sedsembling peptide scaffold would
endow the resultant conjugate with new properties, including improved water solubility and the

potential for cell targeting.

Therefore, we conjugated(ercaptomethyl)phenyl phenylphosphinate to a tetrapeptide Bz
CysPhePheGlu (BzCFFE) (Bz = benzoyl) through a disulfide linkage (Scheme 2A). In this two

step synthesis, thetBiopyridyl-activated disulfide of BLZFFE was prepared and then treated

with 4-(mercaptomethyl)phethyiphenylphosphinate to afford the target superoxide responsive
peptide SOPD-Pep). We also synthesized a control peptide terrB&PD-Pep-Cont, which

included the same peptide sequence conjugated to the diphenylphosphinate group through a
thioether linkag instead of a disulfid&OPD-Pep-Cont was synthesized in one step by reacting
Bz-CFFE with 4(bromomethyl)phenyl diphenylphosphinate (Scheme 2B). We choseFBE

not only because of the free thiol group in the sequence, but also because of its prpfamsit

discrete onalimensional nanostructuréss?
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Next, we investigated wheth80OPD-NAC andSOPD-Pep could specifically react with £ to
release persulfides by gimination (sefimmolation), a strategy used in several R@gered

H.S donors®3” Because very few persulfidgpecific chemical probes exist, we first evaluated
persulfide release by relying on the ability of persulfides to rapidly react with cysteine (Cys) to
generate bB51° To this end, we evaluated the reactivity SOPD-NAC and SOPD-Pep with
several potential triggers by monitoring the fluorescence incréaseteS-selective fluorescent
probe WSR2 reportedpreviously® (Figures S10 and 1A). The experiment probed whether
persulfide donorsaact with the triggers by monitoring the fluorescence intensity.a455 nm,

the characteristic wavelength chydroxycoumarin (Figure 1B).

The results revealed that neitl8®PD-NAC nor SOPD-Pepalone showed any fluorescence
increase in the absence of a trigger (control groups in FigureSQRI-Pep) and S10$50PD-
NAC)). However, adding excess Cys angh@d to a 16fold and 12fold increase in
fluorescence intensity f@OPD-PepandSOPD-NAC, respectivelyred bars, Figures 1A and
S10). IncubatinggOPD-NAC or SOPD-Pepwith either Cys alone or £ alone generated a
limited increase in fluorescence intensity, significantly lower than that of the treatment group
containing both triggers. Thesesults implied that b8 liberation fromSOPD-NAC or SOPD-
Peprequires both Cys and8& Consistent with previous reports on superoxigponsive
probes’ other common reactive sulfur, oxygen, and nitrogen species (RSON@pchlorite
(CIQ"), peroxynitrite (ONO®), sulfate (S@'), and glutathione (GSH)failed to trigger release
of H>S. More importantly, £O> did not enhace the fluorescence intensity, suggesting that
SOPD-NAC andSOPD-Pepare selective t®,A. In summary, this screening assay validated

that SOPD-NAC andSOPD-Peppossess good selectivity foe®and that both persulfide
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donors could release-8 in thepresence of Cys (Figure 1B). For direct verification, we also

confirmed persulfide release through mass spectrometry (Figure S11).
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Figure 1. (A) Relative response of 1 mBOPD-Pepa nd 5 0 -2 tdleadhSétential trigger

(4 mM) or combination of triggers or control (no trigger added) represented as the ratio of the final
fluorescence intensity fl after 30 min to the initial fluorescence intensity),(Ishowing an
increased seldigity for Cys + QA over other potential triggers (K®as used as the superoxide
source). The results were expressed as the mean £ SD (n = 3). (B) Proposed mechanism for
fluorescence turon of WSR2 by H:S released frorBOPD-Pepin the presence of Cysd QA

. (C) Conventional TEM characterization of twisted nanoribbons form&O8BD-Pepin 10 mM
phosphate buffer (pH=7.14). The <conecassembleddt i on
stock solution. The TEM grid was stained with 2 wt % uranyl acgtade to imaging. (D) CD

spectrum oSOPD-Pepi n 10 mM phosphate buffer (pH=7.4)
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Given the amphiphilic nature &OPD-Pep, we next studied the morphology ®OPD-Pepafter

dissolution in 10 mM phosphate buffer (pH 7.4) by conventional trangmiskectron microscopy

(TEM). TEM imaging showed thaBOPD-Pep selfassembled into twisted nanoribbons as
indicated by the varying thickness and grayscale intensity (Figure 1C). Average widths were 10 +

2 nm, and lengths were on the scale of a few mictermeThe molecular packing within these
nanoribbons was then assessed by circular dichroism (CD) spectroscopy (Figure 1D). CD revealed
that SOPDPephad a pri mari |l y r and o nsheetaoniributiort. Thect ur e
minimum at 206 nmmayresultfro "1~ i nteractions of the aromat
and t he di-sheets,rwhicho mve ddéen freviously observed in aromatic peptide
amphiphile system®° The negative peak near 250 nm was attributed to the absorption of

diphenylphosphinate group.

We then focused on biological applicationsS@PD-NAC andSOPD-Pep. Cell viability assays
indicated that bot&§ OPD-NAC andSOPD-Pepwere nontoxic to HOC2 cardiomyocytes, a widely

used cell line for testing how compounds may affesrt function, at concentrations up to 200

eM (Figure S15). Fluorescence micr socaupey was
liberated fromSOPD-NAC andSOPD-Pepand delivered to cells in the presence pAQVe used
L-buthionine(SR)-sulfoximine (BSO), which induces oxidative stress in cells by depleting
glutathione(GSH)* to generat superoxiden vitro.*> WSR53® an HS-selective fluorescent

probe, was used to monitopSlaccumulation in H9C2 cells. No additional Cys was added, relying

instead on endogenous thiols to convert persulfittesdetectable bS.
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As expected, BSO alone provided a negligible fluorescent signal (Figure 2, first row). Treating
cells withSOPD-NAC or SOPD-Pepwithout BSO generated a weak fluorescent signal. This
most likely resulted from a small amount ofSHibeated fromSOPD-NAC or SOPD-Pep

triggered by endogenousAwithin cells (Figure 2, second and third rows)-i@oubation of
SOPD-NAC with BSOgenerated a slightly stronger signal compares@®D-NAC alone

(Figure 2, fourth row), indicating some amouhtaS production from this small molecule
persulfide donor. In sharp contrast;inoubation ofSOPD-Pepnanoribbons and BSO produced

a significant increase in WSPfluorescence (Figure 2, fifth row), demonstrating 8@fPD-

Pepcan be successfully actieal to release ¥ in vitro. Given the identical conditions and
equimolar amounts @OPD-NAC andSOPD-Pep, the difference in b&-release levels likely
stems from different cellular accumulations of these two persulfide donors. We speculate that
SOPD-Pepenters and remains in cells to a greater extent3I@#PD-NAC due to its nanoscale
size, a phenomenon that has been observed for oth@sselinbled peptide draglivery

vehicles*4°

Given that botfBOPD-NAC andSOPD-Pepare triggered by @A in vitro, we then asked
whetherthese persulfide donocould decrease ROS production. BSO was used as a superoxide
inducer with dihydroethidium (DHE) as an R@8nsing fluorescemrobe?® As shown in row 1

of Figure 3, the control group (H9C2 cells without any treatments) showed a dim red fluorescent
signal, indicatinghat a certain amount of ROS was naturally generated within H9C2 cells as a
product of normal metabolism of oxygen, consistent with previepsrts?’ However, after

treatment witlBSO, the red fluorescent signal from DHE increased, implying that ROS had
accumulated in cells (Figure 3, second row). We found that H9C2 cahswoated with BSO

andSOPD-Pep-Cont showed a lower red fluorescence compared to those treated only with BSO
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becaus&OPD-Pep-Cont possesses a diphenylphosphinate group that scavep8esubit

lacks the capacity to release a persulfide (Figure 3, third rowndCibation of BSO with
persulfide donorSOPD-NAC or SOPD-Pepdecreased the red fluorescence signal (Figure 3
fourth and fifth rows), witlSOPD-Pepshowing a similar fluorescence intensity to the control
group. These results agree with theSHbroduction studies (Figure Xdicating that persulfides
released fronsOPD-NAC andSOPD-Pepsuppress the production of ROS, and $@PD-

Pepsuppresses more effectively tha®@PD-NAC.
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Figure 2. Bright field, fluorescence, and merged images showing fluorescence in H9C2 cells pre
incubated wittSOPD-NAC or SOPD-Pep(200e M) f or 6 h, and subsequen
5 (50 €M) and BSO (5 mM) or an equal vol ume o
fluorescence I mages were taken in PBS. Scal e
of these five respectvtreatment groups were quantified by ImageJ (cell counts are > 30 for each

group from three separate wells).
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As SOPD-NAC andSOPD-Pepboth deliver persulfides/4$ into cells and further quench ROS
production, we next explored their amtflammatory actiities on RAW 264.7 macrophages.
RAW 264.7 cells were chosen as a model because they generate a considerable amdunt of O
when incubated with phorbol 4Ryristate 13acetate(PMA).3% 48 H,S alleviates inflammation
caused byROS?*° but the protective capacity of persulfide donors has not been tested in cells
treated with PMA. Thus, we envisioned tf@#PD-NAC and SOPD-Pep might rescue RAW

264.7 macrophages from induced oxidative stress.

First, we demonstratdatiat bothSOPD-NAC andSOPD-Pepwere nontoxic to RAW 264.7 cells

at concentrations up to 200 €M (Figure S16) .
concentrations as | ow as 1 eg/ mL (Figure 4A)
pretreated with PMA for 1 h, a period consistent with previceorts3® then SOPD-Pep was

added without removing PMA solution, and cells were subsequently cultured for another 4 h before
analying viability. Compared to the PMaAnly treatment group, cell viability increased
significantly when cells were emcubated wittSOPD-Pepand PMA (Figure 4A). For example,
exposure of PMA to cells at 2 &g/ mdasedte&l%e as ed

when ceincubated with 100 uMsOPD-Pep.
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Figure 3. Bright field, fluorescence, and merged images showing fluorescence in H9C2 cells pre
incubated wittSOPD-Pep-Cont or SOPD-NAC orSOPDPep( 200 e M) f or 6 h anc
wi t h DHE and BSO (2mM) or an equal volume of DMSO for 30 min. Cells were then
washed, and fluorescence I mages were taken in
intensities of these five respective treatment groups were quantified by ImageJ (asllaceun

30 for each group from three separate wells).
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To further ensure that persulfide release was responsible for imparting protection to the
macrophages in the presence of PMA, several control studies were carried out (FigB@RIB).

NAC showed a mderateability to rescue cellsthis result may be related to a small amount of
persulfide/HS accumulated within cells, consistent with results shown in Figures 2 SQP®-
Pep-Cont showed asimilar cell protective ability t&(SOPD-NAC. This small butsignificant
protective capacity likely resulted from the diphenylphosphinate group scaver@ira@d) thus,
lowering intracellular ROS levels. Under the same conditions, we also contp@rid-Pep to
sodium sulfide (N£5), a fasteleasing HS donor, andYY4137>! a slowreleasing HS donor.

N&S had limited ability to rescue cells, while GYY4137 had no effect. Therés@&D-Pep

more effectively rescued cells than did-Nand GYY4137.
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Figure 4. (A) Cell viability of RAW 264.7 macrophage cells pretreated with different
concentrations of PMA for 1 h followed by exposur&®@PD-Pep( 1 0 0 & M) indicates 4 h .

p < 0.01 vs PMAonly groups. (B) Cell viability of RAW 264.7 macrophage cells predaatith

PMA (2 eg/mL) for 1 h followed by exposure to
SOPD-Pep-Cont, N&S, SOPD-NAC, andSOPD-Pep. * indicatesp < 0.01. Error bars indicate

standard deviation of three separate experiments with five replipatesxperiment. Group
comparisons are indicated as determined by awaneanalysis of variance (ANOVA) with a

Studenti Newman1 KpmstHostestc o mpar i sons

110



3.5. Conclusion

In summary, we report a new deadting compound that scavengesA@nd therdecomposes to
release a persulfide. This motif, based on a small moleB@®D-NAC), was conjugated to a
selfassembling peptideSOPD-Pep). In the presence of A, both donors released persulfides,
decreasing ROS levels in cells. Furth®QPD-Pep showed pronounced astiflammatory
activity on macrophages, greater tt&@PD-NAC, SOPD-Pep-Cont (a control peptide incapable

of persulfide release), and commosSHionors. These results highlight the potentigbOPD-

NAC and SOPD-Pep for persulfidebasd therapies and demonstrate their power to initiate
complex changes in cell behavior. Broadly, this dual superesadeengingpersulfidedonating
scaffold could potentially find use to regulate the redox balance within cells, which may alleviate

oxidative stressnduced diseases caused by upregulation@f O
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3.8. Experimental

Materials and Methods

All Fmoc amino acids and Rink amide MBHA resin were purchased from Peak Polypeptide
Biosystems LLC (P3BioSystems, Louisville, KY, USA). Benzoic acid (BA) and potassium
dioxide were purchased from Sigrddrich (St. Louis, MO, USA). 2,2Dipyridyldisulfide (DPS)

was purchase from Alfa Aesar (Haverhill, MA, USA). Dihydroethidium (DHEputhionine
(SR)-sulfoximine (BSO), and phorbol dRyristate 13acetate (PMA) wergurchased from
Cayman Chemical (Ann Arbor, MI, USA). All other reagents were sourced from Shipiniah

(St. Louis, MO, USA) or VWR (Radnor, PA, USA) unless otherwise statgfl sellective probes
WSR2 and WSF5 were synthesized according to a previousmgdNACpyDS was synthesized

according to our recent repgrt

Cell Culture

Cell studies were conducted on an adherent HOC2 line of rat embryonic cardiomyocytes (ATCC,
Manassas, VA, USA; passage numbeB 4nd RAW 264.7 macrophages (ATCC, Manassas,

VA, USA; passage numbers7/2) . Cul tures were grown in Dul bec
(DMEM, VWR, Radnor, PA), supplemented with 10% fetal bovine serum (FBS, VWR, Radnor,

PA), 50 1T U/ mL penicillin, and 50 eg/ mdatstrept
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37 °C in 5% CGQ@-air. The cultures were passaged aftar800% confluence was achieved. Cells
were rinsed with 1X PBS solution three times, and then released with trypsin and 0.25% EDTA
solution (VWR, Radnor, PA). The suspension of released cellsemfisfeged at 1000 rpm

(H9C2 cells) or 1500 rpm (RAW 264.7 cells) for 5 min before counting and plating for

experiments.

Synthesis of 4olyl diphenylphosphinatél)

/\N/\

O=P-CI > 7
f DMAP, THF, 16 h, P=0
rt

OH
1

A round bottom flask was charged wiifcresol (3.8 g35 mmol), triethylamine (4.2 g, 42

mmol), DMAP (0.2 g, 1.6 mmol) and dry THF (100 mL). The resulting solution was then cooled
to 0°C in an ice bath. Diphenyl phosphinic chloride (10 g, 42 mmol) was then added dropwise
via syringe over the course of 10miThe reaction mixture was allowed to stir, warming to

room temperature as the ice melted. After 16 h, the salts were filtered off, and the resulting
organic phase was diluted with EtOAc (50 mL) and washed with saturat€®DN@ x 50 mL)

and brine (50 ). The organic layer was separated and dried oves®and concentrated via
rotary evaporation to yield compoufics a clear, colorless, viscous liquid. (8.9 g, 29 mmol,

82% yield). NMR spectra matched literature precedéieeNMR (CDCh): d 7.89 (4H, m),

7.49 (6H, m), 7.04 (4H, m), 2.24 (3H, $C NMR (CDCh): d 148.5, 134.1, 132.4, 132.3, 131.9,

131.8, 130.4, 130.0, 128.6, 128.5, 120.45, 120.41, 20.7.
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Synthesis of 4bromomethyl)phenyl diphenylphosphind#

Br

0 o /S
QP_O 16 h,,ref?uxﬁ, QP:O
s
A flame-dried, 2neck round bottom flask equipped with a septum and a condenser was charged
with 4-tolyl diphenylphosphinatéCompoundl, 7.3 g, 24 mmol), benzene (80 mL), axd
bromosuccinimide (4.6 g, 26 mmol) underffdw. The mixture was stirred until solids
dissolved, yielding a clear, light yellow solution. Azobisisobutyronitrile (AIBN) (0.38 g, 2.4
mmol) was added in orgortion under Mflow, and the reaction mixture was heated to reflux.
Reaction progress was monitored by TLC ¢CH) until starting material was consumed (16 h).
The reaction mixture was cooled to rt and washed successively with saturated Na2H®E0
mL) and brine (50 mL). The organic layer was separated, dried oy8CNand then
concentrated via rotary evaporation to yield a brown, waxy solid. This crude product was then
further purified via column chromatography, eluting withZCH (R = 0.25, visualized with
UV). The final product (Compoun2) was isolated as a white solid and used in subsequent steps
without further purification (8.3 g, 21 mmol, 91% vyield), despite a small amount of an aromatic
impurity. NMR spectra matched literatureepedencéH NMR (CDCh): d 7.89 (4H, m), 7.49
(6H, m), 7.22 (4H, m), 4.41 (2H, £fC NMR (CDCk): d 150.9, 134.0, 132.56, 132.53, 131.8,

131.7,131.4, 130.5, 128.7, 128.6, 128.1, 121.0, 32.8.
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Figure S4 3C NMR of 4(bromomethyl)phenyl diphenylphosphinate (CBCI
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Synthesis of 4mercaptomethyl)phenyl diphenylphosphingde

Br SH

X

HoN NH,
1.MeOH, 16 h, rt

(0] 0]
@7&,20 2. hexylamine, @7!5:0
CHCls, 24 h, 1t

A two-neck round bottom flask equipped with a vacuum adaptor and a septum was charged with

compound2 (1.9 g, 4.9 mmol), MeOH (25 mL), and a stir bar. The resulting suspension was
bubbled with N for 15 min. Thiourea (0.41 g, 5.4 mmol) was then added in one portion upder N
flow, and the reaction mixture was allow to stir at rt. The solids dissolved slowly over the course
of several hours to give a clear, yellow solution. Reaction progress wasoradnby TLC
(CH2CIy) until starting material was consumed (16 h). The reaction mixture was then concentrated
via rotary evaporation, and the thiouronium bromide intermediate was subsequently suspended in
CHCI3 (25 mL) in a 2neck round bottom flask. Tleuspension was degassed withfdd 15 min.
Hexylamine (0.55 g, 0.71 mL, 5.4 mmol) was then injected via syringe. The resulting suspension
slowly dissolved over the course of 24 h, yielding a bright yellow solution. This solution was
washed with 1IN HCI (25nL) and brine (25 mL) in a separatory funnel. The organic layer was
separated and dried over 48&, then concentrated via rotary evaporation to yield a viscous,
slightly yellow oil. The product (Compoun®) was then further purified by silica gel
chromabgraphy, eluting with 1:1 EtOAc:hexanes, yielding a white, crystalline solid. (1.5 g, 90%
yield) *H NMR (CDCk): d 7.89 (4H, m), 7.44 (6H, m), 7.14 (4H, m), 3.69 (21,6.0 Hz d), 1.69
(1H,J=6.0 Hz, t)}*C NMR (CDCE): d 137.3, 132.5, 132.4, 131.831.7, 130.2, 129.28, 129.27,

128.7,128.5, 120.9, 120.8, 28.3.
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Synthesis of SOPINAC

SH =

0
H
N
o) Ss \N| \fg éJJ\OH
PN /Q(OH >

N S
S
H O NAcpyDs
o)
@—ﬁ:o CH,Cly, 24 h, rt
0 (s

Y

P\©

SOPD-NAC
A round bottom flask was charged with compou(D.76 g, 2.2 mmol), CkCl> (5 mL), and
NACpyDS (0.61 g, 2.2 mmol). The reaction mixture was allowed to stir for 24 h, and then placed
in the freezer a4 °C for 4 h. The resulting white precipitate in a yellow solution was filtered and
dried, yieldingSOPD-NAC as a white, crystalline solid. (0.63 g, 56% yield) NMR (DMSO-
de): d8.27, (1HJ = 7.4 Hz, d) 7.31 (14H, m), 4.45 (1H, m), 3.94 (2H, m), 2.99 (1H, m), 2.78 (1H,
m) 1.84 (3H, s)13C NMR (DMSOdg): d 172.5, 169.9, 150.3, 150.2, 149.5, 149.4, 135.7 5131.
130.72, 130.70, 126.4, 120.4, 120.33, 120.29, 51.6, 41.2, 39.8, 22.8. HRMBJEB¢talcd. for

C24H23NOsSP [M-H] 499.0677, found 499.0679.
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General procedure f@eptide synthesis

All  peptides used in this study were manually synthesized using standard 9
fluorenylmethoxycarbonyl (Fmoc) solid phase synthesis techniques at a 0.5 mmol scale. Fmoc
deprotection steps were carried out by treating the Rink amide MBHA resin with 4
methylpigeridine in dimethylformamide (DMF) (20% v/v). Amino acid coupling steps were
performed following Fmoc deprotection by treating the resin with Famimo acid, O-
benzotriazoleN , N, JiedamBtiNjluronium hexafluorophosphate (HBTU), and
diisopropylethylamie (DIEA) (4:3.96:10 molar ratio to amine groups on resin) in DMF for 2 h.
After coupling of the final amino acid, BA was then coupled to tiierinus of the peptide using

the same coupling conditions as noted above for Fmoc amino acids. Finally, peptieleteaved

from the resin by treatment with a TFA/TISMI (92.5:5:2.5) solution (15 mL) for 3 h. The
solution was concentrated vacuoand triturated with cold diethyl ether to precipitate the crude
peptide. Following centrifugation to remove the supg&nt liquid, the crude materials were
dissolved in a mixture of water and acetonitrile containing 0.1%\Hfor purification. All
peptides were purified by preparative -RPLC using an Agilent Technologies 1260 Infinity
HPLC system (Agilent TechnologieSanta Clara, CA) equipped with a fraction collector.
Separations were performed using an Agilent PIRPc ol umn (100 j , 10 &m,
monitoring at 220 nm. The expected mass was confirmed using/IESAdvion Expression
Compact Mass Spectrometerjagtions containing pure products were combined and lyophilized

(FreeZona 105 °C, Labconco, Kansas City, MO), and then storé@@t’C until needed.

Synthesis of superoxide anion responsive peptide (SPE1)

SOPD-Pepwas synthesized in two steps aswhon Scheme S1. Specifically, Peptifle-Cys

PhePheGlu( 100 mg, 155 e€mol) and DPS (170 mg, 773
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After reaction for 48 h at rt in dark, the solution was diluted with HPLC grade water and
acetonitrile, each containingl® NHOH, (8 mL in total, 1:1 v/v) and purified by preparative
RP-HPLC monitoring at 220 nm. Fractions containing pure products, as confirmed B ESI
(Advion Expresslon CMS), were combined and lyophilized to afford pepze@ys(SPyr)Phe

PheGlu.

Pepide Bz-Cys(SPyrPhePheGlu ( 50 mg , 6 6 {mmedptpmethgyl)plienyl 4

di phenyl phosphinate (34 mg, 100 emol ) were di
was allowed to stir at rt for 48 h in dark. The reaction mixture was then diluted wit@ grlde

water and acetonitrile, each containing 0.1%48H, (8 mL in total, 1:1 v/v) and purified by
preparative RFHPLC monitoring at 220 nm. Fractions containing pure products, as confirmed by

ESEMS (Advion Expresslon CMS), were combined and lyophilitzedfford SOPD-Pep.
é o

SD X

Bz-Cys-Phe-Phe-Glu Bz-Cys(SPyr)-Phe-Phe-Glu SOPD-Pep

:\:z »-n :

Scheme S1Synthetic route t&OPD-Pep. Reaction conditions: i) DMF, rt, 48 h; ii) DMF, rt, 48

h.

Synthesis of control superoxide anion responsive peptide (S0 ont)

SOPD-Pep-Cont was synthesized in one step as shown in Scheme S2. Pépities PhePhe
Glu( 70 mg, 1 0 9(braamomeethyl)phengl diphdnylphosphinate (Compo@né4 mag,
217 emol) were dissolved in 2 mL of DMF. Tri el

reaction mixture was heated at°5sin an oil bath with stirring for 48 h. The reaction mixture was
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then diluted with HPLC grade water and acetonitrile, each containing 0.140MH8 mL in
total, 1:1 v/v) and purified by preparative RFPLC monitoring at 220 nm. Fractions containing
pure products, as confirmed by H@E (Advion Expression CMS), were combined and

lyophilized to affordSOPD-Pep-Cont.

: Y

o)
o0
P
HS
Mg i, GO 5 &
N N 2 H H
N N -~ NH » N N
©)LH 5 i H g 2 Nj\m/ \)J\N \:)J\NHZ
0l | |
0”7 “oH

Bz-Cys-Phe-Phe-Glu SOPD-Pep-Cont

Scheme S2Synthetic route t&OPD-Pep-Cont.

129



% A 985.9 [M-H]'

. s POV i, s J miz
0— t T T T t Y T T T T T T T T
400 500 600 700 800 900 1,000 1,100

% 9536 [M _H]-

95¢4.6

9567
20
PR i IA_A. kln__n..;.‘_..._ ‘L " . [ Py miz

T t T T u Y y Y
400 500 600 o0 800 Q00 1,000 1,100

Figure S9 ESI mass spectra of (§OPD-Pepand (B)SOPD-Pep-Cont.

Preparation of ONOD

Solutions of NaN@ (5 mL, 0.6 M in BO) and HO2 (5 mL, 0.7 M in BO) were prepared
separately, mixed togethemd then cooled to 0 °C. The reaction mixture was then acidified by
addition of HCI (7 mL, 0.6 M in kD) over 1 min dropwise while stirring. Immediately after
complete addition of the HCI solution, KOH solution (5 mL, 1.5 M #OHwas added to the
reaction mixture all at once, causing the solution to turn faintly yellow. After stirring for 2 minutes,
MnO- (200 mg, 2.3 mmol) was added, and the resulting gray/silver suspension was allowed to stir
for 20 minutes to remove excess@d. The concentration of ONO was determined using the

absorption peak &admy)8302 nm (U = 1670 M
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Fluorescence experiments with WP

50 uL SOPD-NAC or SOPD-Pepsolution (2 mM stock in 10% DMSO: pH 7.4 PBS) and 10 pL

WSR2 solution (500 puM stock in DMSO), 10 pL DMSO, and 10 pyL pH 7.4 PBS were combined

in a quartz cuvette. The instrument was zeroed, then 10 pL of the desired oxidant/reductant (40
mM stock in 1:1 MSO:H0) and 10 pL Cys (40 mM in pH 7.4 PBS) were added in quick
succession. Subsequent scans were taken every 5 min for 30 min (7 total scans), and experiments
were repeated 3 times each (n =3). For experi

addtional pH 7.4 PBS was added to keep the total assay volume constant at 100 pL.

— -— —
o N a
o (3] o
L L ]

Relative response I/l
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Figure S1Q Relative response of 1 mBOPDNACand 50 -2 tdeathSbtential trigger
(4 mM) or combination of triggers or control (no trigger added) represented asdhd tiae final
fluorescence intensity Il after 30 min to the initial fluorescence intensity),(Ishowing an

increased selectivity for Cys + superoxide Klas used as the superoxide source) over other

potential triggers. The results are expressdtieasean = SD (n = 3).
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Fluorescence experiments to quantibSHelease from SORPBep and SOPINAC

20 pL WSR2 solution (500 puM stock in DMSO), 20 uL DMSO, and 20 pyL pH 7.4 PBS were
combined in a 1.5 mL centrifuge tube. 20 uL K@0 mM stock in 1/1 DMSO:FO v/v) and20

pL Cys (40 mM in pH 7.4 PBS) were added in quick succession. Then, various volumesS of Na
(20, 40, or 100 pL of 1.0 mM stock or 20 pL 10 mM stock in 10% DMSO in pH 7.4 PBS) were
added, and the total volume was adjusted to 200 pL with 10% DMSO in gtBB4Final assay
concentrations were 50 uM WSR 4 mM KQ, 4 mM Cys, and 100 pM, 200 pM, 500 pM, or 1
mM N&S. In the case @OPD-NAC or SOPD-Pep, 100 pL solution (2 mM stock in 10% DMSO

in pH 7.4 PBS) was added instead ob8la

Each solution was vorted and aged in the dark for 30 minutes, and each sample was then placed
on the fluorimeter. Experiments were repeated 3 times each (n=3). Emission spectra were obtained
using a QuantaMaster Model QROC-4E emission spectrophotometer from Photon Technology

Inc. (PTI) equipped with a 350 nm LED and a Becker & Hickl GmbH PMId PMT detector.
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The excitation light source was a 75W Xe arc lamp (Newport). The detector was a
thermoelectrically cooled Hamamatsu 1527 photomultiplier tube (PMT). The excitation
wavdength was 385 nm and emission spectra from 420 nm to 550 nm was collected, using the

peak emission at 456 nm for plotting in Figure S12.
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Figure S12 (A) The calibration curve of ¥$ release from different concentrations of.8la
measured by WSP (Y=19.83X+11118). (B) Accordingly, the concentrations ofSHeleased

from 1mM SOPD-PepandSOPDNACwer e cal cul ated to be 190 K

respectively. Note that these values are lower bounds for the amount of persulfi@ereleldsed

in thistimeframe and do not account for all possible side reactions.

Characterization of selissembled peptides

Conventional transmission electron microscopy

1 mM stock solutions d8OPD-Pepor SOPD-Pep-Contin 10 mM phosphate buffer (PB) solution
(pH 7.4)were prepared by direct dissolution of the lyophilized powders. Samples were allowed to
age overnight. An aliquot of each solution was removed immediately prior to TEM sample

preparation and diluted with PB tsieddn@@rbéM. Ne x
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coated copper grid (Electron Microscopy Services, Hatfield, PA, USA) and allowed to stand for 5

min. Excess solution was wicked away by a small piece of filter paper, and then DI water was
deposited, allowed to stand for 40 sec, and thieked away to wash away excess salts. Finally,

10 €L of a 2 wt % aqueous uranyl acetate (UA)
thin layer was generated after carefully wicking away excess UA. The sample grid was then
allowed to dry at rt par to imaging. Brightffield TEM imaging was performed on a Philips EM420

TEM operated at an acceleration voltage of 100 kV. TEM images were recorded by a slow scan

CCD camera.

Figure S13 Conventional TEM characterization of nanoribbons forme8®pD-Pep-Cont. The
concentration oSOPD-PepContwas 100 €M in PB (pH=7.4). TEM

prior to imaging.
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Circular dichroism (CD) spectroscopy

CD spectra o60PD-PepandSOPD-Pep-Cont from 190 nm to 320 nm were recorded on a Jasco

J-815 spectropolarimeter (JASCO, Easton, MD, USA) using a 1 mm path length quaxtis UV
absorption cell (Thermo Fisher Scientific, Pi
1 mM stock solution in@ mM phosphate buffer (pH=7.4) immediately before measurements were
used in these experiments. A background spectrum of the solvent was acquired and subtracted

from each sample spectrum. All measurements were conducted in triplicate.
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Figure S14 CD spectrum oSOPD-Pep-Cont in phosphate buffer (pH 7.4) at a concentration of

100 ¢ M.

Cell viability assays

HI9C2 cells were plated in a96e | | pl ate at a density of 5000
DMEM per well. After culturing for 24 h, cellwere washed with 1X PBS three times before 195
eL se€eowmmai ning DMEM medi a waSOPNAG erSOPDNepx t , 5

solution in DMSO was added to each well to make the fB@PD-NAC or SOPD-Pep
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concentrations ranging from 20 to 200 puM. Aftecubation for 24 h, cells were washed three

times with PBS and then treated withsesfim e e DMEM medi a Cell@dOntinglL) anc
kit 8 solution (CCK8, Dojindo, Rockville, MD). After incubation for another 3 h to allow for
development of the CCK8ye, absorbance was recorded at 450 and 750 nm using a BioTek
Synergy Mx plate reader (BioTek, Winooski, VT). Workegl data (absorbance at 750 nm
subtractedrom absorbance at 450 nm) were graphed using GraphPad InStat, version 3 (GraphPad
Software, Inc.San Diego, CA). Mean values are reported together with the standard error of mean
(SEM) representing the combination of 3 different experimental runs with five replicates per
experiment. Cell viability assays on RAW 264.7 macrophage cells were alsal cautién a

similar way but the cell density was 7000 cells per well.

SOPD-NAC

120 - Iﬁ SOPD-Pep
100+

80+
60+
40-

20+

Cell viability (% of control)

200 100 50 20 200 100 50 20
Concentration (M)

Figure S15 Cell viability of HO9C2 cardiomyoctyes treated with different concentrations of

SOPD-NAC or SOPD-Pepfor 24 h.
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Figure S16 Cell viability of RAW 264.7 macrophage celieated with N&S, GYY4137 SOPD-
Pep-Cont, and different concentrations 0c8OPD-NAC or SOPD-Pep for 24 h. The

concentrations of N&, GYY4137, an6OPD-PepContwer e 100 ¢ M.

Anti-inflammatory assays

RAW 264.7 macrophage cells were plated in av@ll plateat a density of 7000 cells per well in
200 eL complete DMEM per well . After culturin
ti mes before 190 eL of serum fr ee -inDUdded byme di a
adding an addi tPiMAn a4 051 6L vgf/ mlt)occko each tr ea"
before additi GOPDINAC & SOPD-Pepsblutidn imDMSO to each treatment
well. After incubation for 4 h, cells were washed three times with PBS and then treated with serum
free DMEMma i a ( 100 ¢Qel counting kit 8 €oluten (CC#, Dojindo, Rockville,

MD). After incubation for another 3 h to allow for development of the CCK8 dye, absorbance was
recorded at 450 and 750 nm using a BioTek Synergy Mx plate reader (BioTek, WinoDs
Workedup data (absorbance at 750 nm subtratted absorbance at 450 nm) were graphed using

GraphPad InStat, version 3 (GraphPad Software, Inc., San Diego, CA). For data analysis, multiple

137



comparisons were done using emay ANOVA followed by StudenNewmanKeuls posthoc
tests for multiple pairwise examinations. Changes were identified as signifipamag less than
0.01. Mean values are reported together with the standard error of(§t&di) representing the

combination of 3 different experimental runs with five replicates per experiment.

In order to compare the asitiflammation ability of different treat groups, similar cell assays were
carried out. The only difference was thatthe PMA ncent r ati on added to th
The treat groups wer 6SORDNACK 8APDBepy SOPD-Bep-CGoht, 4 mM

N&S, and GYY4137.

Fluorescence probe studies of3+Heleasén vitro

Detection of HS releasén vitro was analyzed using a tuaom fluorescent probe selective fos3H

(WSRS5, reported previousty. HOC2 cells were plated in a-2¢ll plate at a density of 0.1 million

cells per well in 0.5 mL complete DMEM per well. After culturing for 24 h, cells werdedhs

once with DMEM medi &onthimng OMEM meédalvassatldeds Ehenwcetis
were treated wiSOPDNA@or8APDRepi ML ODMSIVO or 10 €L of
bring the total volume to 500 pL. After incubating for 6 h, the media was remowtdels were

washed with 1X PBS three times. Next, the cells were incubated with 0.5 mL ofsesudMEM

media containing25mMWSP (10 e€L) and 5 mM CTAB (10 ¢L)
groups: 250 mM Bf0Deel ®MEM) merfler washindwith RBE three

times, 0.5 mL of PBS was added to each well for imaging by fluorescence microscopy (Nikon
Eclipse TiU) with FITC filter set. The magnification was 20X. Corrected total cell fluorescence
(CTCF) intensity was estimated usingthgg uat i on CTCF = integrated d
cell) x (mean fluorescence of background). A rectangular drawing/selection tool in ImageJ was

used to select a desired region with fluorescence, and its integrated density and area were
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measured. Meaiffluorescence intensity of the background was calculated by averaging the

intensities of the selected areas that had no fluorescence.

Detection of reactive oxygen species (ROS) by the fluorescenceiproir®

Detection of ROS generateéwl vitro was anatzed using a fluorescent probe selective for ROS

(DHE). H9C2 cells were plated in a-2¢ll plate at a density of 0.6 million cells per well in 0.5

mL complete DMEM per well. After culturing for 24 h, cells were washed once with DMEM

medi a b ef oseremcehtdining DMEMLmMedia was added. Then cells were treated with
12.5 ¢L SORPDNBC an®OPD-Pepi n DMSO or 12.5 L of DMSO
volume to 500 pL. After incubating for 6 h, the media was removed, and cells were washed with

1X PBS three times. Next, the cells were incubated with 0.5 mL of seeenDMEM media
containing 1fweM BHAEmM{H ¢b) the foll owing-group:
free DMEM media (10 eL). After washing with F
each well for imaging by fluorescence microscopy (Nikon Eclipsg)Twith Cy3 filter set. The
magnificdion was 20X. Corrected total cell fluorescence (CTCF) intensity was estimated using
the equation CTCF = integrated density 1 (ar
background). A rectangular drawing/selection tool in ImageJ was used to sedsatedl degion

with fluorescence, and its integrated density and area were measured. Mean fluorescence intensity

of the background was calculated by averaging the intensities of the selected areas that had no

fluorescence.
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Chapter 4: Polymeric persulfide prodrugs: Mitigating oxidative stress through controlled

delivery of reactive sulfur species

Adapted with permission from: Dill on, K. M. ,

oxidative stress through contACOMatrelettee606i very

612. CopyrighR021American Chemical Society.

4.1. Authors

Kearsley M. Dillon, Ryan J. Carrazzone, Yin Wang, Chadwick R. Powell, and John B. Matson

Department of Chemistry, Virginia Tech Center for Drug Discovery, and Macromolecules

Innovation Institute, Virginia Tech, Blacksburg, VA 24061, United States

4.2. Abstract

Related biologically to the known gasotransmitter hydrogen sulfid8)(hbersulfides (RSSH)

have recently been recognized as native signaling compounds and redox regulators in their own
right. Reported here is the synthesis, characterizati@hnavitro evaluation of a small molecule
persulfide donor and its polymeric counterpart, both of which reldaseetyl cysteine persulfide
(NAC-SSH) in response to esterases. The donors, termedNRAQPand poly(EDPNAC),
underwent controlled decompositiin response to porcine liver esterase, resulting in pgesto

order release halives of 1.6 h £ 0.3 h and 36.0 h + 0.6 h, respectively. In cell experiments, slow
releasing poly(EDPNAC) rescued HO9C2 cardiomyocytes more effectively than BRI when

cells were treated with-Buorouricil (5-FU), which induces sustained production of ROS. Neither
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EDP-NAC nor poly(EDRNAC) rescued MCH breast cancer cells fromFJ-induced oxidative
stress, suggesting that polymeric persulfide donors could be usadiuasints to reduce the

deleterious cardiotoxic effects of many chemotherapeutics.

4.3. Introduction

Macromolecular prodrug systems offer a means to modulate the chemical, physical, and
pharmacokinetic properties of a drug without extensively changirdpémical natur&This drug
delivery strategy can be particularly helpful for the delivery of drugs that are rapidly cleared, have
narrow therapeutic indices, or generate adverse side effects. Both physical encapsulation or
covalent attachment of a drug to a polymer caprawe circulation time and extend release rates

to maintain therapeutic efficacy without reaching supratherapeutic concentfédtidos.to their

ability to modulate these important pharmacological progedf drugs, several polymer prodrug
systems have exhibited therapeutic efficacy in a clinical setting. For example, in 1999, Duncan
and Kopecek developed the first polyraieixorubicin conjugates, which were studied in phase |
and I clinical trials> Despite this progress in delivery of conventional druguch less attention

has been paid to polymers for delivery of reactive signaling molecules, which can have profound
biological effect:® Due to their instability, reactive signaling molecules, such as reactive sulfur
species (RSS), stand to benefit from polymer prodrug delivery even more than stable small

molecule drugs, but such prodrugs are almost entirely unexplored.

Sulfur takes on oxidains states ranging from +2 t6 in the body, with many types of RSS
implicated in the (patho)physiological pathways that exist within oxidation states between the

extremed? Interest in the biological roles of RSS has increased dramatically following the 1996
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discovery that hydrogen sulfide {6) serves as an endogenous neuromodufaliothe time since

this initial report, many different types of.&releasing compounds (termedSddonors) have

been synthesized to aid in probing its silgmg pathways and to realize its therapeutic potential.
Thus far, HS donors with a variety of triggers have been developed, including éter,
nucleophilesg*® light,1"18 and enzyme&>?2 More recently, donors of related RSS, including
carbonyl sulfide (COS}*2* sulfur dioxide (S@),%>%® and persulfides (also called perthiols, R
SSHY%32 have also been developed. All of these donors increase our understanding of the roles
that RSS play in a biological context, and some may hold therapeutic value in the form of prodrugs

and drug conjugate’s 33

In particular, persulfides are now of interest because recent advances in redox biology indicate that
native persulfides carry out vital physiological funooas signaling products of 8343’
Persulfides contain an internal sulfur atom with an oxidation state of O and are endogenously
constructedvia disulfide exchange reactions betweesSHand biologically relevant disulfides
medi ated by cystathioni ne ¢ asynthase (CBS. Dee to(theS E)
high abundance of their corresponding thiols, the most common persulfides in eukgsyenes

are cysteine persulfide (0y8SH) and glutathione persulfide i(&SH)3® The physiologich
importance of persulfides is likely due to their enhanced nucleophiliaiytlie alpha effect)
relative to thiols® This increase in nucleophilicity has multiple proposed effects on protein
activity, where Satom transfer from Cy$SSH or G SSH generates persulfidated Cys residues on
proteins?® For example, persulfidated proteins aregpally more reactive than their native (i.e.,
unpersulfidated) analogs. Another outcome of protein persulfidation is protection of enzyme thiols
from irreversible oxidation, where the terminal sulfur atom of a persulfide reacts with oxidants

more readilythan the internal sulfur atofi*? Breaking the BS bond in a reductive step then
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regenerates the protein thiol, so the terminal sulfur atom acts as a sacrificial oxidant in the process.
Thus, with multiple mechanisms to enhance or protect enzyme acfietyulfides appear to be

important players in the reactive species interacttme.

Here we aimed to develop polymer persulfide donors, with the geaterfding their release half

life compared with small molecule persulfide donors and evaluate the biological effects resulting
from sustained release. No polymeric persulfide donors have been reported, but currently available
small molecule persulfide dorerelease persulfides in response to a variety of stimuli, including
hydrogen peroxide (#D,), esterase activity, pH changes, and addition 8% “4For example,

Wang and coworkers reported an estesasesitive persulfid donor that utilize al,2-elimination

reaction to release its persulfide payload (Scheme 1a), showing protective effects in myocardial
ischemia/reperfusion injurdt. The same group also recently reported the synthesis and
characterization of ai®SH donorusing a trimethyl lock caging group (Scheme *ur lab
recently developed a persulfide donor that responds@, Htilizing a 1,6elimination reaction

to releaseN-acetyl cysteine persulfide (NAGSH), which rescued H9C2 cardiomyocytes from
H.Oz-induced oxidative stress as effectivelynoore effectively than a number oS donors®

In spite of this recent progress in the development of persulfide dowors thus far are capable

of providing sustained persulfide release under specific release conditiondfitReqsrodrugs

with longer halflives could be more effective in mitigating chronic disease states (such as
inflammation) than fast donors because fewer administrations would be required for the same level
of therapeutic effects. Therefore, we hypothesideat a polymeric persulfide prodrug could
provide longer lasting persulfide release and alleviate sustained oxidative stress more effectively
than an equivalent small molecule by sterically shielding the cleavable bond from a triggering

enzyme.
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4.4.Results andDiscussion

We envisioned that the ideal persulfide prodrug would be inert under physiological conditions but
undergo controlled decomposition in response to a stimulus, resulting in the breakdown of any
caging groups (or linkers) and releasehaf persulfide payload (Scheme 1c). To avoid premature
release, the persulfide payload should be caged using a protecting group that is stable in biological
media but responds to a stimulus to release the persulfide under desired conditions. Therefore, we
envisioned that a benzyl linker capable of undergoingelirgination (sometimes called self
immolation)® would provide a means of protew the persulfide, yet reveal it under conditions
governed by the functionality installed at fhera position. Several prodrug systems have utilized

this linker to effectively release RSS, including COS asfdl pfodrugs and our previously reported
H.O,-responsive persulfide prodrég.?* 2°Ester functionalities are responsive to biologically
ubiquitous esterases and are easy to install on the benzyl linker, and relediseshadn be
dramatically increased simply by installing bulkier estérBherefore, we set out to synthesize a
modular, esterasesponsive paulfide prodrug with the potential for conjugation to a polymer

backbone.
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Scheme 1Depiction of reported esteratigggered persulfide donors and the small molecule and
polymeric persulfide donors targeted here. [A]-E|Bnination persulfide donors; [B] Trimethyl
lock caged persulfide donor with pendant glutathione (GSH) disulfide; [C] Small molecule and

polymeric esterasgesponsive 1&limination persulfide donors (this work).

Given these design parameters, we Bigithesized a small molecule persulfide donor, which we
termed EDPNAC (Ester Disulfide-Prodrug N-Acetyl Cysteine). EDPNAC was synthesized in
four simple steps with an overall yield of 44% (Scheme 2). Frstesol was acetylated with
acetic anhydridén the presence of N@0Os as a proton scavenger. This prodyetolyl acetate
(1), was then brominated usiniy-bromosuccinimide (NBS) as a bromine source and
azobisisobutyronitrile (AIBN) as a radical initiator. The resulting benzyl bron#ijlevés then
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converted into a thiol using thiourea as a nucleophile, followed by additibhbottylamine to
cleave the resulting thiouronium intermediate, genergti{rgercaptomethyl)phenyl acetat®.(
Finally, reaction of thioB with activatedN-acetyl cysteine didfide (NAC-pyDS) affordecEDP-
NAC. EDPNAC is water soluble up to low millimolar concentrations and dually tunable at both

the ester and disulfide.

(0}

O\&ﬁ@l o

AcHN
Q NAprDS
—»
1) iii, 2) iv i

EDP-NAC\f

Scheme 2:Synthesis of EDINAC. Reaction conditions: i) N&QOs, EtOAc, rt, 16 h; ii) AIBN,

benzene, reflux, 16 h; iii) MeOH, rt, 16 h; iv) butylamine, Ckl@i, 24 h; v) CHCIy, rt, 16 h

Persulfiderelease fromEDP-NAC was then evaluated utilizinuorodinitrobenzene (FDNB),
which has been shown to efficiently trap perisigé?® For all persulfide release experiments, we
triggered release using porcimeer esterase (PLE), a representative esterase from this broad class
of ubiquitous estehydrolyzing enzyme$%’ A one-dram vial was charged thi a solution of EDP

NAC, FDNB, and water to give a clear, yellow solution. An aliquot was removed for a t=0
timepoint, then PLE was added to the reaction mixture, and additional aliquots were withdrawn at

pre-determined time points for analysis by anaigtiHPLC (Figure 1, S18). At t=0, a single peak
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was observed at an elution time of 3.8 min, corresponding toNEA®. This peak decreased in
intensity over time, and a new peak appeared at 4.9 min elution time over the course of an hour.
This new peak shoed the same elution time as authentic dinitrobenzésaeetylcysteine
disulfide (DNB-NAC), confirming that it was the product of the trapping reaction between FDNB
and NAGSSH (DNBNAC, Figure S19). These results highlight the clean conversion from EDP

NAC to NAC persulfide.
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(Al Tjr : 2 \H/N\/U\OH
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Figure 1: Persulfide trapping from EBRAC via reaction with FDNB. [A] Scheme depicting
persulfide trapping using FDNB; [B] Analytical HPLC traces showing the loss of[ER® and
the production of persulfide adduct DNBAC over time.The peak eluting at 3.8 min (black

square) corresponds to EINAC while the peak at 4.9 min (red square) corresponds to the

persulfide adduct DNBNAC. Monitoring wavelength was 282 nm.
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Convinced that the small molecule prodrug released {$8E€ as intendedve set out to design

a polymeric persulfide donor, termed poly(EDNRAC) (Scheme 3). First, a block copolymer
composed of -hydroxyethyl methacrylate and oligo(ethylene glycol) methacrylate, poly(HEMA
co-OEGMA), was synthesized vigeversible additioffragmentation chautransfer (RAFT)
polymerization. RAFT was chosen due to its ability to provide good control over the degree of
polymerization and molar mass dispersity] of the resulting copolyme§ Next, poly(HEMA-
c0-OEGMA) (Mn = 10.4 kg/molnm = 1.28) was then coupled to EENAC via EDC coupling at

near 100% conversion to form poly(EINAC) (Mn = 13.2 kg/molpm = 1.19). Comparative SEC
traces of poly(HEMAco-OEGMA) and poly(EDFNAC) are included in Figure S22, showing a
clear shift toward lower elution time after attachment of BXNDRC. Additionally, poly(EDR

NAC) at 50% functionalization was synthesized using the same methods (Figure S14).

o o]
S. _S HEMA, OEGMA, AIBN S Sﬁ/
HO)W Y 91/1 - HO 9 18T "
DMF, 16 h, 70 °C NC s
CN S 0" 0o
HO O?I
poly(HEMA-co-OEGMA) o
94/
(o] ( )
EDP-NAC S Sﬁ/ N\)&
—————» HO 9 18 i

(o]
(e}

EDC, DMAP, NC o o S 0 g
CH,Cl,, 16 h, 1t i _ D
s =

3
0 |

poly(EDP-NAC)

Scheme 3Synthetic route t@oly(HEMA-co-OEGMA) and poly(EDPNAC) copolymers

149



With EDP-NAC and poly(EDPNAC) in hand, we set out to compare their persulfide release
kinetics. Because analytical HPLC is difficult with polymeric substrates, we $edMR
spectroscopy to compare the Hales between the small molecule and polymer prodrugs. First,
EDP-NAC and poly(BBP-NAC) were each dissolved in DMS@ in an NMR tube, diluted with

D20, and a t=0 timepoint was tak@f.note, poly(EDPNAC) was much more water soluble than
EDP-NAC, but a ratio of 1:4 DMS&Is:D>0 was used in both experiments for sake of consistency.
Next, PLE was injected into each NMR tube, and spectra were collected at subsequent timepoints

as shown in Figure 2.

By comparing'H NMR spectra over time for both EENPAC and poly(EDPNAC), pseuddfirst-

order persulfide release hdifes were determined. Figure 2B shows stacked spectra for EDP
NAC treated with PLE. Before the addition of PLE (t=0 h), two aromatic signals corresgdadi
EDP-NAC were observed at 7.0 and 7.3 ppm (a and b, respectively). After addition of PLE (t=0.4
h) , two new sets of signals appeared in the
respectively). These signals were attributed to the formatiprhgéiroxybenzyl alcohol (pHBA),

as confirmed by comparison to an authentic standard. No other aromatic signals were present in
the'H NMR spectra, indicating clean conversion of ERRC to pHBA. With these results, we
measured a pseudist-order release Hialife (t12) of 1.6 h + 0.3 h. Using a similar technique with
dimethyl sulfone as an internal standard (Figure S20);thaf 100% functionalized poly(EDP

NAC) was measured to be 36.0 h = 0.6 h, whiletthef 50% functionalized poly(EDIRAC)

was nmeasured to be 26 £ 3 h. A kinetics plot comparing BN¥C to 100% functionalized
poly(EDRNAC) under the same release conditions is shown in Figure &y 100%

functionalized poly(EDINAC) was utilized inn vitro studies due to its longer hdife.
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Figure 2: 'H NMR analysis of pHBA release kinetics. [A] Proposed mechanism of pHBA release
from EDRNAC and poly(EDPNAC); [B] *H NMR traces depicting disappearance of BRHRC
and the appearance of pHBA,; [C] Comparative kinetics plots of EBE and poly(EIP-NAC).
Release halfives were measured to be 1.6 h + 0.3 h and 36.0 h = 0.6 h forNAGPand

poly(EDRNAC), respectively.
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Persulfides, naturallpccurring biological reductants, possess the capacity to quench reactive
oxygen species (ROS), and thuduee inflammation. Thus, we set out to investigate the ability
of EDP-NAC and poly(EDPNAC) to quench ROSn vitro. First, however, we evaluated cell
viability of EDP-NAC and poly(EDPNAC). H9C2 cardiomyocytes were treated with ERRC

and incubated for # before measuring viability. Both EERRAC and poly(EDPNAC) exhibited

no toxicity under these conditions, maintaining high cell viability up to concentrations of 400 uM

prodrug (Figure S25A and B).

H20- is one of the most common naturally occurring R@8.expected EDINAC, with its short
persulfide release halife, to be effective in combating toxicity induced by direct addition gHH

to cells. In contrast,-8uorouracil (5FU) is a common cancer drug that produces ROS slowly
over time; in fact, it is typically administereth bolus injection on a weekly schedule due to its
sustained production of ROS over the course of multiple taydditionally, dosingof 5-FU in
cancer patients is largely limited by aérget toxicity due to its narrow therapeutic window. For
healthy cells exposed to-FBJ, we envisioned that poly(EBRAC) might be effective in
mitigating ROSinduced toxicity due to its ability to prade persulfides in a sustained manner.
Therefore, given the large discrepancies in-hif we hypothesized that EDRAC would be
better suited to quench ROS on a shorter timescale (dig€gtaddition), while poly(EDRNAC)
would perform better in respse to a sustained release of ROS (generated as a result of treatment

with 5-FU) due to its extended persulfide release-hiif

To investigate the antioxidative properties of the prodrugs, H9C2 cardiomyocytes were exposed
to H.O2 (100 uM) concomitantly with EDINAC or poly(EDRNAC) for 1 h incubation time
(Figure 3A). Cells receiving no persulfide donor (i.eQkonly), were only 45% viable afterB-

treatment. In contrast, EDRAC increased viability to 59% at 100 uM and 78%280 uM,
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demonstrating the ability of EBRAC to rescue cells from the hazardous effects gD
Poly(EDRNAC) was not able to rescue cells as well under these conditimeatment with 100

MM and 200 pMled to statistically smaller increases in vialildver the HOz-only control,
reaching 51% and 57% viability, respectively. Therefore, consistent with our hypothesis, EDP
NAC was more effective in mitigating 2@2-induced oxidative stress than poly(EDIAC).
Similar experiments were performed with K@s a donor of superoxide, another type of
endogenous reactive oxygen species, and the same trends were obgbrgederally lower cell

viabilities. (Figure S24A).

[A] H:0, Toxicity Assay 120 [B] 5-FU Toxicity Assay 100- [C] MCF-7 Toxicity Assay
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Figure 3: Cell viability of H9C2 (panels A and B) or MCF cells (panel C) treated witBDP-
NAC or poly(EDRNAC). [A]: HIC2 H.O- toxicity assay. HOC2 cells were treated with 100 pM
H20-0nly (green bar) or ctreated with HO> and EDPNAC (black bars) or BD2 and poly(EDP
NAC) (blue bars) for 1 h exposure time. [B]: HOGEB toxicity assayH9C?2 cells were treated
with 200 uM 5FU only (red bar) or ctreated with 5~U and EDPNAC (black bars) or 85U and
poly(EDRNAC) (blue bars) for 4 h exposure time. [C]: MCF-FU toxicity assay. MCH cells
were treated with-8U only (red bar) or ctreated with 5~U and EDPNAC (black bars) or 5

FU and poly(EDPNAC) (blue bars) for 4 h exposure time. Quantification of cell viability was
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conducted using Cell Counting Kat (CCK-8). *P<0.05 and **P<0.01 for comparisons against
H.0z-only or 5FU-only contol treatment group€?P<0.01 for comparisons between ENRC

and poly(EDPNAC) as indicated. Error bars indicate standard deviation of thregasepa
experiments (n = 3, with 4 & wells in each group in each experiment). Statistical analyses were
condicted using a onway analysis of variance (ANOVA) with a StudeNewmarn Keuls post

hoc test.

Next, EDRNAC and poly(EDPNAC) were evaluated for their efficacy in rescuing H9C2 cells
from 5-FU exposure. EDINAC and poly(EDPNAC) were each cadministered vth 5-FU (200

uM) for 4 h incubation time. Cells receiving no prodrug were only 51% viable after treatment with
5-FU. Cotreatment with poly(EDINAC) (200 uM) resulted in nearly 100% H9C2 viability under
this timescale, whereas -teatment with EDINAC (200 uM) only resulted in 65% viability.
(Figure 3B) These findings are consistent with the extendedifeadf poly(EDP-NAC) providing

an appropriate amount of available persulfide to combat ROS produced slowkhywdereas

EDP-NAC is consumed at a mthat is most likely too fast to combat sustained ROS production.

Ideally, antioxidative effects would only be observed in-nancer cells for EDINAC (or
poly(EDRNAC)) to be considered usable for-administration in chemotherapy. Therefore, we
invedigated the ability of EDINAC and poly(EDPNAC) to rescue MCH breast cancer cells
against 5FU exposure. First, general toxicity assays were performed by treating/M€lIs with
each prodrug for 4 h. No decrease in viability was observed up to 2Q@ighte S25D). Next,
EDP-NAC and poly(EDPNAC) were each cadministered with 8U (200 uM) in MCF7 cancer
cells and incubated for 4 h. Neither EDAC nor poly(EDRNAC) rescued MCH cells from 5

FU exposure, as viability was consistently around 50% itmestment groups compared with an
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untreated control group (Figure 3C). Additionally, we performed an identical-M@&@¥icity

assay for 24 h treatment time and observed similar outcomes, with viabilities near 40% for all
treatment groups (Figure S24BYe hypothesize that the inability of EENPAC and poly(EDP

NAC) to rescue MCH cells from 5FU exposure results from a shift in redox balance of the
cancer cells towards a more reducing environment, which contrasts with their naturally higher

oxidative cel environment?

Taken together, these cell experiments show that-HBE was more effective in mitigating
ROSinduced toxicity in healthy H9C2 cardiomyocytes byOb an imnediately available form

of ROS. However, poly(EDIRAC) was more effective in mitigating toxicity in H9C2 cells treated
with 5-FU, a sustained ROfaducer. Neither EDINAC nor poly(EDRNAC) rescued MCH
breast cancer cells fromMBJ exposure, suggestingathpersulfide donors like EBRAC and
poly(EDP-NAC) could be useful in mitigating cardiotoxicity without hindering anticancer activity

of oncology medications.
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4.5. Conclusions

In summary, a polymeric persulfide prodrug, poly(ERRC), was synthesizefbr the first time.
Persulfide release, as characterizedWhNMR spectroscopy and analytical HPLC, was over an
order of magnitude slower in poly(EENAC) than a small molecule analog (EIDAC). In cell
studies, EDINAC rescued H9C2 cardiomyocytes from@®1 exposure more effectively than
poly(EDRNAC), while poly(EDRNAC) rescued H9C2 cells exposed t&-8 more effectively

than EDPNAC. Neither EDPNAC nor poly(EDRPNAC) mitigated 5FU-induced toxicity in
MCF-7 breast cancer cells, suggesting that pedwmilfprodrugs may be appropriate for
coadministration with chemotherapeutics to minimizetafet toxicity. This work highlights the
importance of matching the release Hd# of persulfide prodrugs with the appropriate disease
condition, placing polymér persulfide donors in a promising position to combat chronic disease
states due to their extended release profiles and potentially extended circulation times in
comparison to small molecule analogs. We envision that similar polymeric persulfide prodrug
systems may be developed to afford a wide variety of materials fensmdpplications including

gels, coatings, and functional biomaterials that are properly tuned to combat specific disease

indications.
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4.8. Experimental

Materials and Methods

All reagents were obtained from commercial vendors and used as received unless otherwise stated.
NMR spectra were measured on Agilent 400 MHz or Bruker 500 MHz spectrometersd3C

NMR chemical shifts are reported in ppm relative to internal sohesttrrances. Solvents were
used as received unless otherwise noRidE was purchased from Sigma Aldrich (15 U/mg).
Yields refer to chromatographically and spectroscopically pure compounds unless otherwise
stated. Thidayer chromatography (TLC) was perforth®n glassbacked silica plates and
visualized by UV unless otherwise stated. Higholution mass spectra were taken on an Agilent
Technologies 6230 TOF LC/MS mass spectrometer. LCMS experiments were performed on a
Waters Acquity UPLC system equipped wélKinetex EVO Cl8unctionalized silica column
(C187 100 A, 100 x 4.6 mm, H1845733, 57069), diode array detector, and ESI mass
spectrometer. Thermogravimetric analysis was performed with-Q&@, RTF 600 °C, 10 °C/min,

N2 fill gas, and 10 mg samptaze.

Cell studies were conducted on an adherent H9C2 line of rat embryonic cardiomyocytes (ATCC,
Manassas, VA, USA) . Cultures were grown in D
VWR, Radnor, PA), supplemented with #fetal bovine serum (FBS, VWR, RamnPA). Cells

were cultured at 37C in 5% CQ-air. The cultures were passaged aftér80% confluence was

achieved. Cells were rinsed with PBS solution, and then released with trypsin and EDTA solution
(VWR, Radnor, PA). The suspension of released oadls centrifuged at 1000 rpm fonn and

then resuspended before plating for experimddi¢éB-NAC was purified by preparative RP

HPLC using an Agilent Technologies 1260 Infinity HPLC system (Agilent Technologies, Santa

Clara, CA) equipped with a fraction collector. Separations were performed using an Agilert PLRP
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S column (100 i, 1 Oorirgyat220 hrs. Bractions2céntaimng)purarpooduicts
were combined and | yophilized (FreeZone 1105

at 1720 AC until needed.

Synthesis of 4olyl acetatg1)

0O O
PN
Na,CO3, EtOAC,

OH  16h,tt O\g/

1

A round bottom flaks was charged witp-cresol (5.0 g6 mmol), NaCGOs (9.8 g, 92 mmol), acetic
anhydride (14.2 g, 13.1 mL, 139 mmaihd EtOAc (100 mL). The reaction mixture was allowed
to stir overnight (16 h). Salts were filtered off, and the resulting organic phasgashed with
10% NaOH (100 mL) to consume all remaining acetic anhydride, venting often topagssilire
build-up. The organic layer was separated and doeelr NaeSQs and concentrated via rotary
evaporation to yield a clear, colorless, viscous liquidZ (6 45 mmol, 96% yield)The product
was used in the next step without further purificattthNMR (CDCk): d 7.20 (d,2H), 7.00 (d,

2H), 2.37 (s, 3H), 2.30 (s, 3H)C NMR (CDC}): d 169.7, 148.5, 135.4, 129.6, 121.3, 21.0, 20.8.
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Figure S1 *H NMR spectrum of 4olyl acetate (1) (CDG).
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Figure S2 3C NMR spectrum of 4olyl acetate (1) (CDG).
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Synthesis of 4dbromomethyl)phenyl acetatg)

Br

o
AIBN, benzene,

OY 16 h, reflux Oﬁ(
0

0]

Y

A flame-dried, 2neck round bottom flask equipped with a septum and condenser was charged
with compoundL (6.0 g, 40 mmol), dry, degassed (bought in a container with a Sure Seal, bubbled
with N2 for 1 h) benzene (100 mL), aildbromosuccinimide (8.5 g, 48mol) under Nflow. The
mixture was stirred untilall solids dissolved, vyielding a clear, light yellow solution.
Azobisisobutyronitrile (AIBN) (0.33 g, 2.0 mmol) was added in one portion ungdéoW, and

the reaction mixture was heated to reflux. Thact®n was monitored by TLC (GBI.) until
starting material was consumed (~20 h). The reaction mixture was cooled to rt and washed
successively with saturated NaHE@ x 50 mL) and brine (50 mL). The organic layer was
separated, dried over p&04 andthen concentrated via rotary evaporation to yield a brown, waxy
solid. This crude product was then further purified via column chromatography, eluting with
CHoCl,. (Rf = 0.4, visualized with UV) The final product was isolated as a white solid (7.8 g, 40
mmol, 85% vield)."H NMR (CDCh): d 7.30 (d, 2H) 7.15 (d, 2H), 3.5 (s, 2H), 2.26 (s, 31

NMR(CDCkL) : U 169.2, 149.7, 138.4, 129.6, 121.0,
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Synthesis of §mercaptomethyl)phenyl acetd®)
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S SH

Br 1. J]\

H,N NH,
MeOH, 16 h, rt

Y

2.
ZONH,

o o)
WK CHCl3, 24 h, rt T)(

@)
2 3

A two-neck round bottom flask equipped with a vacuum adaptor and a septum was charged with
compound2 (5.00 g, 21.8 mmol), MeOH (50 mL), and a stirbar. The resulting suspension was
bubbled with N for 15 min. Thiourea (2.49 g, 32.7 mmol) was then addemhenportion under

N2, and the reaction mixture was stirred at rt. The solids dissolved slowly over the course of several
hours to give a clear, light orange solution. Reaction progress was monitored by TkClIJCH

until starting material was consumed ()6 The reaction mixture was then concentrated via rotary
evaporation, and the thiouronium intermediate was subsequently suspended n(3CHGL).

The suspension was degasbgddubblingwith N2 for 15min. Butylamine (3.19 g, 4.3 mL, 43.7
mmol) was thernjectedvia syringe The resulting suspension slowly dissolved over the course of
24 h yielding a bright yellow solution. This solution was washed with 1N HCI (50 mL) and brine
(50 mL) in a separatory funnellhe organic layer was separated and daeet Na,SQs, and
concentrated via rotary evaporation to yield a viscous, slightly yellow oil. The product was then
further purified by silica gel chromatography, eluting with 25% EtOAc:hexanes, yielding a
colorless, viscous ail (3.2 g, 75% yieft§ NMR (CDCl): d 7.30(d, 2H) 7.0 (d, 2H), 371 (d,

2H), 2.26 (s, 3H)1.78 (s, IH)'*CNMR (CDCh) : U 16 9 9.4, 128.8, 429, 288, 21.2.3
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Synthesis of Activated Mcetylcysteine DisulfiddNAC-pyDS)

Yo i
o SH | N S\S = 0 S\S =
A oH N )J\N/E(OH
H > H 0
o CH,Cl,, 16 h, rt NAC-DS
-py

A round bottom flask was charged withacetylcysteine (7.0 g, 42.9 mmol), &> (200 mL),

and a stirbar t oDipyndy dsulide (§81959p88.8 ramolb) was added & one
portion resulting ira bright yellow suspension. Ttemlidsgradually dissolved over the course of
several hours. The reaction mixture was stirred at rt (16 h), and reaction progress was monitored
by TLC (EtOAc). The resulting yellow solution was concentrated via rotary evaporation, yielding

a bright yellow solidThis crude product was then suspended in cold acetone, stirred for 30 minutes
to dissolve any thiopyridone byproducts, and filtered, rinsing with copious amounts of cold
acetone. This yielded a faintly yellow powder (8.4 g, 70% yiéld)NMR (DMSO-ds) : 12.87

(s, 1H), 8.46 (m, 1H), 8.42 (d,= 79 Hz, 1H), 7.81 (m, 1H), B.(m, 1H), 7.24 (m, 1H), 4.47 (m,

1H), 3.15 (m, 2H), 1.86 (s, 3HYCNMR (DMSOdg) : U 171.88, 169.49, 158

121.33, 119.34, 51.39, 39.93, 22.44.
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Figure S7. *H NMR spectrum oNAC-pyDS (DMSO-dg).
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Figure S8 *C NMR spectrum oNAC-pyDS (DMSO-ds).
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Synthesis of BenzybcetateN-Acetylcysteine Disulfidd EDP-NAC)

)
SH 0o s }\l / )OK
P /Q(OH HN
H \\\\KWOH
é O NAC-pyDS é I
’ S/
O\H/ CH,Cl,, rt, 16 h o : J
EDP-NAC
(@] )J\O

3

A singleneck roundbottom flask was charged with compoBif@i282 g, 1.55 mmol), Ci€l> (5

mL), NAC-pyDS (0.426 g, 1.56 mmol), and a stir bar, resulting in a light yellow suspension. The
reaction mixture graduallipecamea clear, bright yellow solution over the course of 16 h. The
reaction mixture was filtered tiemove some small particulate matter, and then placed in the
freezer overnight. The white, crystalline solid that was formed from this coolingsalaged by
filtration and rinsed with cold C¥Cly, resulting inlight, white crystals. (0.328 g26% yield). *H

NMR (DMSO-ds) d 8.28 (d, 1H), 7.36 (d, 2H) 7.07 (d, 2H), 4.47 (m, 1H), 3.98 (d, 2H) 3.01 (m,
1H), 2.81 (m, 1H), 2.26 (s, 3H) 1.86 (s, 3HC NMR (DMSO-ds): d 172.5, 169.8, 169.6, 150.1,
135.4, 130.3, 122.2, 51.8, 49.0, 41.5, 22.9, 21.3. HRMSTE®#) calcd. for @H16NOsS, [M -

H] 342.0469, found 342.0472.
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Figure S9 H NMR spectrum oEDP-NAC (DMSO-ds).
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Figure S1Q *C NMR spectrum oEDP-NAC (DMSO-ds).
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Synthesis opHEMA-OEGMA:

S CN o
HEMA, OEGMA 500, AIBN S.__S
/@hsj\sMOH » HO ey Y,
5 DMF, 16 h, 70 °C O =0S
CTA1 O\%
OH O
\_'/

HEMA and OEGMAS500 werepassedhrough basic alumina to remove inhibitor. A Schlenk flask
was charged with HEMA (1.64 mL, 13.5 mmol), OEGMSA0 (3.60 mL, 27.0 mmol), AIBN (22.1
mg, 0.135 umol), anRAFT chaintransfer agen€TA1 (544 mg, 1.35 mmol). DMF (4 mL) was
then added, and the flask was subjected to four frpezgythaw cycles. The flask was then back
filled with nitrogen, sealed, and placed into an oil bath set ttC70’he reaction mixture was
allowed to stir overnight. Theolymer product was isolated by precipitating the reaction mixture

twice into cold diethyl ether and dried overnight, resulting in a waxy yellow solid.
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Figure S11 'H NMR spectrum of pHEMAco-OEGMA at 95% conversion (DMS@).
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Figure S12 'H NMR spectrum of pHEMACO-OEGMA after precipitation.

incorporation was 1:2 HEMA:OEGMA (DMS@).

Monomer
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Synthesis of ply(EDP-NAC)

WO EDP-NAC, EDC, DMAP %ﬁ/

L
’

0 O O O
H/g CH,Cl,, 16 h, rt H )S
OH O

\'/

(0]
00O 0
0]
—
A
H

S-S

poly(EDP-NAC)

OYO

A two-neck roundbottom flask was charged with a stir bar and pHEMA®EGMA (524 mg,

47.6 umol), EDC (229 mg, 1.19 mmol), and DMAP (11.6 mg, 95.3 pumol). Anhydrou€lecH

mL) was then added, and the reaction mixture was stirrednamibgenousE DR-NAC (295 mg,

858 umol) was then added under positive nitrogen pressure, and the reaction mixture was stirred
for 16 h. The resulting pale yellow solution was then diluted withbClkl(25 mL), washed with

1IN HCI (2x 20 mL), saturated bicarbonaelution(2 x 20mL), and brine (20 mL). The organic

layer was separated and drieeer NaeSQw. The organic solvent was concentraitedacuoand

polymer product was isolated by precipitating the reaction mixtiie into cold diethyl ether
yielding a waxy yellow solidBased ontH NMR spectroscopy,sterification proceeded toear

100% conversion
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Figure S13 H NMR spectrum of.00% functionalizegoly(EDP-NAC) (DMSO-ds).

Synthesis 060% functionalizegoly(EDP-NAC)

Tl

EDP-NAC, EDC, DMAP WO

0]

0 o
> (0] (0]
CH,Cly, 16 h, rt H ): H
o) oO o OH
+
;HJ\
S-S

50% functionalized poly(EDP-NAC)

Oﬁ/O

A two-neck roundbottom flask was charged with a stir bar and pHEBMAEGMA (272 mg,

24.8 pumol), EDC (119 mg, 0.62 mmol), and DMAP (6.03 mg, 4@%1). Anhydrous CHCI> (2

mL) was then added, and the reaction mixture was stirrech@mibgenousEDR-NAC (55.2 mg,
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160umol) was then added under positive nitrogen pressure, and the reaction mixture was stirred
for 16 h. The resulting pale yellow solution was then diluted V@tiCl> 5 mL), washed with 1N

HCI (2 x 5 mL), saturated bicarbonaselution (2x 5 mL), and brine (3nL). The organic layer

was separated and driederNaSQs. The organic solvent was concentratedacuoandpolymer
product was isolated by precipitagithe reaction mixturavice into cold diethyl ethewielding a

waxy yellow solid Based on'H NMR spectroscopy, sterification proceeded taear 506

conversion

Figure S14. *H NMR spectrum 060% functionalizegoly(EDP-NAC) (D20).

Synthesis of 2 4linitrobenzene disulfide (DNBD)
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