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Synthesis of Small Molecule and Polymeric Systems for the Controlled Release of
Sulfur Signaling Molecules
Chadwick R Powell
ABSTRACT

Hydrogen sulfide (ES) was recognized as a critical signaling molecule in
mammals nearly two decades ago. Since this discovery biologists and chemists have
worked in concert to demonstrate the physiologiols of BS as well as the therapeutic
benefit of exogenous33 delivery. As the understanding of$physiology has increased
the role(s) of other sulfurontaining molecules as potential players in cellular signaling
and redox homeostasisdtzegun toemerge. This creates new and exciting challenges for
chemists to synthesize compounds that releasegnaling compound in response to
specifig biologically relevantstimuli. Preparation of these signaling compound donor
molecules will facilitate furtheelucidation of the complex chemical interplay within
mammalian cells.

To this end we report on two systems for the sustained releasSpasiwell as
other sulfur signaling molecules. The first system discussettased on theN-
thiocarboxyanhydride (NA) motif. NTAs weredemonstrated to release carbonyl sulfide
(COS), a potential sulfur signaling molecule, in response to biologically available
nucleophiles. The released COS is shown to be rapidly converte8 io Hhe presence of
the ubiquitous enzymearbonic anhydrase (CA). A synthetic route that affords NTAs with
reactive functionalities was devised and thectionali par ent 6 NTAs wer e
conjugated to a variety of substrates, ranging from small molecules to polymers. These

functionalNTAs provide a platform from which a library of Nfidased COS/ES may be



readily prepared convergently in an effort to move towardS-releasing drug and
polymer conjugates. Additionally, preliminany vitro cytotoxicity studies indicate that
NTAs are nonctptoxic at concentrations above 100.

The second system discussed in this dissertation leverages tbentyb
elimination reaction (or selfnmolative reaction) to facilitate the release of a persulfide
(R SSH) from a small molecule prodrug platforewveell as aeparate system that releases
COS/HS from a polymerThe seimmolative persulfide prodrug was designed to be
responsive to reactive oxygen species (ROS) and demonstrates efficacy as an antioxidant
in vitro. Furthermore, the polymeric COS&iselfimmolative system was designed to
respond to reducing agents, includingSHtself, and shows promise asHaS signal

amplification platform.



Synthesis of Small Molecule and Polymeric Systems for the Controlled Release of
Sulfur Signaling Molecules
Chadwick R Powell
GENERAL AUDIENCE ABSTRACT

Hydrogen sulfide (&5) has long been recognized as a malodorous and toxic
byproduct of industrial chemical processes. However, the discovery®fakl a key
signaling molecule in mammals hadsastically shifted the paradigm obE&lresearch over
the last two decades. Research into the production and roleS @i Bhe body is ongoing
but has pointed to the implication of changes 6 Idroduction to the onset of a variety of
disease stateshic | udi ng cardiovascul ar di sease and
bodyds pr o5 haetbeen norretafed tdd certain disease states, collaborative
research efforts among biologists and chemists have demonstrated the utiiBytzfddd
therapetics in helping to alleviate these disease states.

Our understanding of the roles of$in the body, and potential benefits derived
from H.S-releasing drugs, can only continue to advance with the development and
improvement of S releasing compounds. &ffirst portion of this dissertation focuses on
the synthesis of a new class efS-teleasing compounds, termiethiocarboxyanhydrides
(NTAs). NTAs release b through an intermediate sulcontaining molecule, carbonyl
sulfide (COS), which may have s@jing properties independent of& The COS that is
released from the NTAs is rapidly converted t&Hy the action of the ubiquitous enzyme
carbonic anhydrase. A variety of functional NTAs were synthesized, which in turn were
used to prepare a smallddry of NTA-based COS/b$ releasing compounds. This work

informs the preparation of23-drug or BS-polymer conjugates.



The second portion of this dissertation examines a class of compounds broadly
termed seHimmolativeprodrugs. The selinmolative prodrugplatformwasleveraged to
release S, or persulfides (RSSH) another class of sulftoontaining molecules of
biological interest. The selinmolative persulfide prodrug system was designed to be
responsive to reactvoxygen species (ROS), a harmful cellular byproduct. The persulfide
donor was successful in mitigating the harmful effects of RM8art cellsindependently,

a polymeric selfimmolative BS releasing systenvas designedo depolymerize in the
presenceof H2S, resulting in the generation of-8fold excess of bBS upon
depolymerization We envisionthe self-immolative BS-releasing polymer will show

promise in biological applications where a vast excess8fisineeded rapidly
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Chapter 1: A Review of Hydrogen Sulfide (HS) Donors: Chemistry and Potential

Therapeutic Applications

Reprinted with permission fronRowell, C. R., et al. (2018). "Review ofHydrogenSulfide

(H2S) Donors: Chemistry anBotential TherapeutidA pplications."Biochemical Pharmacology

149 110123.DOI: 10.1016/j.bcp.2017.11.01€opyright 20 Elsevier.

1.1 Authors:
Chadwick R. PowelfAKearsley M. Dillon$*John B. Matso#*

ADepartment of Chemistry, Virginia Tech, Bl acl

AVirginia Tech Center for Drug Discovery, Virg
St ates

1.2 Abstract

Hydrogen suide (H:S) is a ubiquitous small gaseous signaling molecule, playing an important
role in many physiological processes and joining nitric oxide and carbon monoxide in the group
of signaling agents termed gasotransmitters. Endogenous concentratio8saef ¢enerally low,
making it difficult to discern precise biological functions. As such, probing the physiological roles
of HoS is aided by exogenous delivery of the gas in cell and animal studies. This need for an
exogenous source ohH provides a uniquehallenge for chemists to develop chemical tools that
facilitate the study of k6 under biological conditions. Compounds that degrade in response to a
specific trigger to release-H, termed KS donors, include a wide variety of functional groups and
delivery systems, some of which mimic the tightly controlled endogenous production in response

to specific, biologically relevant conditions. This review examines a variety®flanor systems



classified by their bS-releasing trigger as well as theip$release profiles, byproducts, and

potential therapeutic applications.

1.3. Introduction

Hydrogen sulfide (ES) has long been known as a foul smelling, toxic gas. Much of the
early literature on b6 focused on iteemoval from petroleum and pulp prodyasncerns due in
large part to its noxious odomThe presence of 43 in mammalian tissubas been knowior
decadeshut it was not untithe landmark paper by Abe and Kimura in 1996 thattidogenous
productionand signaling capacityf H,S was elucidatk! Clarification of the chular signaling
mechanisms and biodistributiaf its constitutive enzymes led to the induction eSHnto a
family of small signaling molecules known as gasotransmitters. The term gasotranswirtienl
by Wang in 2002refers tothe gaseous nature of these compounds at standard temperature and
pressure in the bufkThere are currently three accepted gasotransmitters: carbon monoxide (CO),
nitric oxide (NO), and, most recently, 8l For a molecule to be considered a gasatnétes,
specific criteria must be met, includingegulated endogenous productidime ability to freely
permeate cell membranes, and specific signaling function with specific cellular and molecular
targets? The acknowledgement of;8 as a gasotransmitteasled to a renewed interest in this
gas over the past two decades, with a focusreaing chemicatools to probe b5 physiology
determining its signaling roles in various organs and systems across the plant and animal

kingdoms,and exploiing its biological signaling capacity faherapeutidkenefits



1.3.1.Physical and Chemical Properties of$d

H.S is a colorless, pungent gas with a boiling poir66f°C? A saturated aqueous solution
of H2S has a concentration of 0.11 M at room temperaintepH of ~4.0 owing to the acidic
nature of HS (Ka1= 6.98). In an unsaturated aqueou$ Holution at body temperature (37 °C),
the Ka1is 6.76, meaning that roughly 40% of sulfide species in the body exisiSawith the
remaining population as hysbulfide anion (HS. A very small and likely negligible amount
exists as 3. Unlike water, HS does not form hydrogen bonds and is lipophilic, allowing it to pass
through biological membranes and act as a paracrine signaling mdi@tadydrosulfide mion
can undergo oxidation in the presence @f forming oxidized sulfide species such as sulfite
(SO:?), sulfate (S@¥), thiosulfate (80s%), polythionates ($n+7'), and polysulfides (§), as
well as other oxidized polysulfide specfek.is uncler whether it is BS, HS, or both that
contribute to observed biological activityTo eliminate uncertainty and confusion, in any
reference to kB hereafter we acknowledge the appreciable presence of both species in biologically

relevant media.

1.3.2.Endogenous Production of.H

Endogenous production of,H is a result of direct enzymatic desulfhydration of cysteine
catalyzed by cystathionirelyase (CSE) and cystathionifiesynthase (CBS)and indirect
desulfhydration catalyzed byrBercaptesulfurtransferase (81ST) in the presence of reductafts.
CBS is present mostly in the central nervous system and the \ildle CSE is primarily
responsible for &5 production in the cardiovascular systeaM3T is located predominantly in
the mitochondria angroduces HS in concert with cysteine aminotransferase (CA¥)The

pathways for endogenous production eSHare outlined in Figure 1.
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Figure 1. Graphical overview of endogenous3Hproduction in mammalian cells.

1.3.2A CBS
CBS typically c a-phadphate ¢PEP) depepdent ieattoon ig Whield 16
homocysteine and-kerine are condensed to forrcystathionine with the release of watein

the presence of-c y st ei ne, CBS p-epldcaneneach buereleasesni® b



instead of water. CBS has very complex roles in the mammalian braimg asta powerful
neuromodulatot>'* CBS-produced HS selectively enhanced-methytD-aspartatg(NMDA)
receptor responses and appears to alter-temg potentidon in the hippocampu$. CBS is
regulated by testosteror@adenosyl-methionine, and calmodulin/€amediated pathways and

maybe a selective target for novel cancer therapies.

1.3.2B CSE

CSE catalyzes the PLiRependent reaction of cysteine dmmocysteine to pyruvate and
Uketoglutarate, respectively, resulting in the release of ammonig) @itd HS. CSE is located
solely in the cytoplasm of cells amisequestered mostly in the cardiovascular system. Thus, this
enzyme is under scrutiny agpassible drug target to treat the millions affected by heart disease.
Modulating CSE activitjhasa profound impact in treatinrgnimal models of atherosclerosis and
other cardiovasculaconditions'® Additionally, recent studies suggest that @8Bduced HS
exerts numerous cytoprotective effects ranging from alleviating ischempéafusion (I/R) injury
and attenuating cardiac arrhythmia to reducing myocardial infartti@im addition to activity in
the cardiovascular system, CSE also contributes ltolaxesignaling and homeostasis in other
organs. For example, Lefer showed that inhibition of GEnuated Epalactosamine and
lipopolysaccharide (LPSihduced liver injury?® This attenuation results from increased cellular
levels of thiosulfate anddmocysteine, upregulation of NE2 p45factor 2 (Nrf2) and antioxidant

proteins among other complex factors.

1.3.2C 3-MST
Of the three HS-generating enzymes; ST has been the least studied thus 3avIST
catalyzes the conversion of cystein@youvate with the assistance of CAT in a t8tep reaction.

CAT first catalyzes a transamination reaction to converty. s t e i fketoglatarate intd -3



mercaptopyruvate and-glutamate, respectively-ldST then converts-gnercaptopyruvate into
H.S and gruvate using kcysteine or other biologically relevant thidfdn addition to producing
H>S, 3MST catalyzes formation of various sulfur oxides £5i@ perthiol redox cycles.-BIST

has complexinterconnecting roles with CBS in the brdinConsequenyi, mutations in aMST
causing reduced levels of;8l and SQin the brain correlate to behavioral abnormalities and

increased anxiet$f

1.3.3 H2S Signaling Mechanisms

There are three main routes by whichSHexerts itsbiological effects: metal center
interactions?® reactive oxygen species (ROS)/reactive nitrogen species (RNS) scav&rayidg
S-persulfidatiorf Although the first two routes have significancep@sulfidationis accepted as
the key process by whichzH acts in a signaling capacity-P&rsulfidation(more commonly but
less accurately called-sulfhydration)is the process which athiol (Ri SH) is convertednto a
perthiol (R SSH also called a psulfide). S-Persulfidationmodulateshe biological adivity of
proteinsdue to the decrease ifKpand increase in nucleophilicity glerthiols with respect to
thiols.?® For example, glyceraldehydephosphate dehydrogenase (GAPDH), an enzyme whose
main functions are ithe glycolysis and gluconeogenesis lpafiys, changes function up&
persulfidationto inhibit cell apoptosid® Similarly, S-persulfidationin Kate channels contributes
to HxS-induced vasodilatio® Due to the pronounced changep@sulfidationenacts on proteins
and small molecules, there is currently much investigatiorthietbiological roles of perthisland

polysulfides?’



1.4.Chemical Tools for Studying BS

As interest in the physiological roles of&ihas grown, the need for chemitadls used
for studying HS has also increased. These tools inclugke ptobes, which are molecules capable
of responding to b5 typically by changing their spectroscopic properties, CSE and CBS
inhibitors, which reduce or eliminate endogenous iroducton, and HS donors, which are
molecules designed to releaseSHunder specific conditions. For a review on compounds and
methods used for detection 05$] we refer the reader to recent reviews on these t6pitsve
also refer the reader to reports on recent efforts to increase the selectivity and potency of CBS and
CSE inhibitors*¥32 Here we focus solely on 23 donors. To study #$ in a physiologically
relevant manner, donors with variable release rates ajyets are needed. This review is not a
comprehensive look at23 donors, but rather a critical examination of recent developmeniSin H
donor chemistry, highlighting specific examples of donors and discussing important

considerations in designing and ckig donors for biological studies.

1.5.Direct Delivery of H2S
1.5.1.Inhalation

When considering exogenous delivery of gasotransmitteesmost conspicuous method
of delivery is inhalation of the gas directly. Inhalation offersghssibilityto tunetotal payload
delivery bycarefully modulating pressure over timandit circumvents some of the issues with
intravenous delivery such agidation and volatilization of dissolved8l. Despite the difficulties
in working with toxic and flammable 43 gasdirectly, this delivery mode has been tested. For
example, rogenous systemic delivery ob8l via inhalation at 80 ppm for 3 h or greater in mice
showeda reversible decrease in motor activity and body temperature with a corresponding increase

in blood sulfide concentratiott>* These studieted to the use of inhaled2S in hypothermic and



normothermic miceas a method of inhibiting pulmonary and systemflammatory responses
during physiological stres$3® However, HS inhalation has some inherent shortcomitgs the

toxicity and flammability of the gagarticularly gas storagsafeadministration, and targeting
These technical difficultiedimit the overall impact of inhalation as a viable method &% H

delivery, and few researchers are currently actively examining this delivery strategy

1.5.2.Sulfide Salts

The most common class ob&l donors employed in biological studies dr@sulfide sals,
sodium hydrosulfide (NaSH) and sodium sulfide 48)a Although commonly referred to as
donors, sulfide salts are simply solid analogs of the gas, providing direct, instantaneous access to
the biologically relevant forms of sulfide §8 and HS). Use ofsulfide salts has beentegral in
the establishment of43 as a gasotransmitf@nd these salts have been widely useeveduate

the therapeutic potential of exogenousSHelivery.

One of the early studies on exogenous Helivery by Wang et al. employed aqueous
NaSH solutions irvaluatingat aorticring response in vitrd” NaSH deliveryed toa 60% greater
relaxation over controJshowing thevasorelaxanproperties of HS. In a separate study by Du et
al., deliveryof NaSH solution via intravenous injectionriis witholeic acidinduced acute lung
injury (ALI) alleviated the degree of ALI by decreasing@land IL-8 levels while simultaneously
increasing 110 levels in the plasma and lung tis$t€his study als verifiedthe hypothesis that
downregulation of endogenous 8 levels in the cardiovascular system is involved in ALI

pathogenesis.

Sulfide saltsasH>S donoss have also exhibitegfficacy in limiting cell damage frolROS
in brain cellsDelivery of NaSHwas tested as an antioxidantan in vitro studyvhereoxidative

stress was induced human nueroblastoma cellsinghypochlorous acid (HOCtp mimic HOCI
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ovemproduction from myeloperoxidase n t he brain of pati ents
ExogenousNaSH inhibited protein oxidation, lipid peroxidation, and overall cytotoxicityn a
hepaticl/R injury model, delivery of Ng&5 (up to1.0 mg/kg) prior to reperfusion inhibited lipid
peroxidation and preserved a heglthalance of reduced glutathione§B), overall providing
protection against I/R injuri€8 Aqueous solutions of sulfide safitavealso demonstrated efficacy

in promoting ulcer healinff;*? as well as quenchingNS*>44

While sulfide salts are a popular choice amongst biologigesested in elucidating
endogenous roles and therapeutic prospects$fthiere are drawbache these HS donors both
as chemical tools for studying8 biology and as potential therapeuti€silfide salts hydrolyze
immediately upon dissolution in waténstantaneouslgstablishing the equilibrium between3
HS', and $ species. Once this equilibrium is established, volatilization.8f étcurslowering
the overall concentrationf sulfur species in solutioAdditionally, air oxidation of HScatdyzed
by trace metals in water further reduces the actual concentrationSofnHsolutior® These
competing processes make it challenging to deliver a reproducible amow® wiHsulfide salts.
In addition, silfide salts lack targeting capabilities ahds are only of utility in systemic delivery.

Finally, studies on k6 biology using sulfide salts frequently require administration of high doses,

causing HS blood and tissue concentrations to surge to supraphysiological levels and then drop

rapidly. Ths delivery method lies in stark contrast to the endogenous productio pinHvhich
levels are tightly regulated. These shortcomings have led to the searciSfdohbrs that give

researchers the ability to control the dose, duration, timing, anticlocd release.
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1.6.Measuring HzS Release Kinetics

Aside from the direct sources 088l all other donors must undergo some type of chemical
reaction to release28. Release may be triggered by water, light, a nucleophile such as a thiol, the
action ofan enzyme, or other stimuli. Measuring the kinetics of these reactions can be difficult
and has been handled in several different ways by the community of researchers deve®ping H
donors. Only in a few cases have rate constants been determined, rmdkinguit to compare
release rates across different donor classes. Instead, most researchers compare different

compounds within a specific class to assess strupta@erty relationships.

One common method of assessing release kinetics is to use . %selBctive
electrochemical probe. These instruments provide atireal analysis of bS5 concentration in
solution, with release data taking the form of a curve approximating an inverted, extended U
shape. Most authors report both peaking time and peak rtoaiben, marking the top of the
inverted Ushape, or a peaking hdline, marking the time it takes to reach half of the peaking
concentration. It is important to realize that this type of analysis does not enable calculation of a
rate constant becauseetrates of KIS loss due to volatilization, oxidation, and other reactions are
unknown, and all of these reactions contribute to the shape of the curve. Additionally, peaking
times and concentrations depend on the concentrations of the reactants. As thessulypes of
peaking time/concentration data can only be used to compare across different donors that have
been analyzed under the same conditions. These data may not reflect how donors would react in

the bloodstream, where rapid dilution would attezir release profile.

Another strategy used to assess release kinetics is the methylene blue method, first reported
by Fischer in 1883 and expounded upon by Siegel in £96%Reaction of sulfide species in an

acidic aqueous solution df N-dimethylpherlenediamine and iron (l1l) chloride (Feffleads to
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the formation of methylene blue. Siegel reported that methylene blue formation, monitored by
readout of the absorbance at 650 nm, showed a linear relationship to concentratie& of Na
solutionfrom@®8 0 e M. Met hyl ene bl ue i s a cofmeteaséey e mp
from synthetic donors, allowing for the determination of release kinetics because cumulative

release can be measured.

Close examination of the methylene blue method underftireraentioned conditions
shows that methylene blue does not obey Beerd
the formation of dimer and trimer specfe¥. Additionally, formation of methylene blue occurs in
the presence of a variety of sulfyregies, including thiols, a common trigger of synthet& H
donors, further complicating analy$fsTherefore, control experiments must be conducted to
properly account for methylene blue derived from th8 Honor of interest compared with other
potentid sources. HS release halives determined by the methylene blue assay may not be
comparable between various,$ donor systems, but this method still has utility in direct

comparisons between similar donors under identical experimental conditions.

H.S-sdective fluorescent probes are also routinely used in the detection and quantification
of HoS release kinetics. Many of these probes rely on the selective reduction of aryl or sulfonyl
azidesto aminesbyH$ n a @At urn onod f | uorheérstexanpeson® c hani
probe based on the reduction of an aryl azide was from Chang and coworkers, who demonstrated
the use of an aryl azide in imaging$in cells*® Similarly, Wang and coworkers reported the
synthesis of a reductielmased probe based on the prevalent dansyl fluorophore building block, a
popular option amongst chemists for its relative ease of synffieRisbes that rely on the
nucleophilicity of BS have also been reported in the literature and are typically used for

quantification of sulfide in solutio??®? For a more comprehensive discussion on fluorometric
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determination of sulfide in solution, the reader is referred to a recent review opithi€ tastly,
researchers have derivatized various forms of sulfide in solution using monobromobimane, which
appears to give a more accurate quantification of sulfide in solution compared to the previously

discussed methodé.

1.7. Naturally Occurring Do nors

Consumption of garlic and onions is recognized as beneficial for prevention or treatment
of cardiovascular disease, hypertension, thrombosis, and didbéthie there is stiltlebate over
which ingredients in garlic contribute to the overall helbéhefits attributed to consumption;3H
releasing compounds from garlic extragpear to be important componenitse isolated b5
releasing compounds from garlic &mgroducts of the breakdovarithiosulfinategRi SO SR)>®
Allicin, the mo$ common othe thiosulfinatesjecomposemto diallyl disulfide (DADS), diallyl
sulfide (DAS), and diallyl trisulfide (DATS). Subsequent research by Kraus etoal. DADS,
DAS, and DATSevealedhat human red blood cells convaithese compoundato HoS in the
presence of free thiols and that treatment of aortic rings with these comptadhds
vasorelaxation, similar to experiments using sulfide s&ltsmear and cyclic di tri-, and higher
order polysulfide species have also been isolated from a varieti@fplants but have not been

as extensively studied as the aforementioned gaelived donors?

Many of the studies concerning the gadierived HS donors have focused on the
mechanisms by which the donors releas® id the presence of thiols. @ie three allicirderived
H>S donorsKraus showed th&ATS, the compound with the most sulfur atotaedto substantial
H>S generationupon reaction with naturally occurring thiplsncluding GSH cysteine,

homocysteineandN-acetylcystein&® Little H,S was released from DADS and DAS, consistent
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with recent computational results indicating that DADS is a much poegedehor than DATS?

Of thethiols tested treatment with GSH resulted in the greatest amount.8fridlease fronall

three allicinderived speciesMechanistically HzS releasenayoccur upon nucleophiliaddition

of a thiol toone of the alpha carbo$ DATS, DADS, or DAS as well as a sulfur atom within

the polysulfide specieggading to the conclusion that the allyl substitusaty influencerate of
releaseTreatment of rat aortic rings withthe garstice r i ved donors (100 & M)

in relaxation over additionofN& ( 20 & M) .

Naturally occurring HS donors may be attractive options for biologists carrying out in
vivo studies with an eye toward clinical relevancy. This class of donors does not have some of the
toxicity concerns that accompany many synthetic donors, and some nat8raloHors are
commercially available. The limitations to the use of DATS, DADS, and B&Shat they are
not structurally amenable to chemical transformations, have poor water solubility, and generate
various byproducts after23 release. Additionally, isolation of these compounds from the milieu
of garlic may reduce the desired physiologe&féects upon administration. These drawbacks make
it challenging to employ these compounds in vitro and in vivo to improve our understanding of the
complicated interplay between$and other signaling compounds. Synthetic donors that provide
tunable HSrelease rates via structural modification with discrete byproducts allow for a more in
depth analysis of the physiological roles ofSHand, optimistically, clinically relevant 5

releasing prodrugs.
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1.8.Synthetic H2S Donors
1.8.1.Considerations for Synthetic Donors

It is useful to consider important characteristics g% ldonors for use both as biological
tools and as potential therapeutics. Of course, there is not a single ideal donor; for example, there
are situations where astadonor may be required and others where slow release is best. Sometimes
release immediately upon dissolution in water may be useful, while in other cases release in
response to a specific external or internal stimulus would be ideal. Despite thesensatew
characteristics are broadly desirableSHlonors should beatersoluble, stable under storage
conditions and generate only innocuous (if any) byproducts. They shoulti@aisosspecific and
well-defined releasmechanism (i.erelease onlyn response to a specific nucleophile, a specific
wavelength of light, or a specific enzymé&)any of the HS donors in the literature achieve a
portion of these criteria bwrelacking in some aspect. Nevertheless, there ai® #tbnors that
have been,raare currently, under evaluation in clinical trighsfew notable examples include the
naproxerbased HS donor ATB346 (Antibe Therapeuticsyvhich exhibits antinflammatory
effects®* GIC-1001 Glcare Pharma Ing.an orally administered trimebutine maleate &6
donor used as an alternative to sedatives in colonos¢Bpiad SG1002 (SulfaGENIX)which
i s > 9-6ulfupawittUthe remainder being oxidized sulfur specas] was evaluated in an

investigation airad atincreasing circulating %6 and NO levelafterheart failure.

As the field of HS donor chemistry continues to grow, more opportunities will ultimately
arise for clinical examination of these compounds in vanissase indicationgn the remainder
of thisreview, weaim to critically examine the current literaturesyhtheticH>S donors At the

beginning of this decade, this would have been a very short list, but this field has grown rapidly in

14



recent years. Here we discuss reporte® ldonors,categorized by their class of triggering

mechanismsas well as offer insight into potential future directions of the field.

1.8.2.Hydrolysis Triggered Donors

182ALawessond0s Reagent and Derivatives
Lawessonds reagent ( L Rnonatiosof ketones) gsters, amides, e a g e

and alcohols to the corresponding sulfur anafddsR is commercially available, making it

another popular choice for groups studyingsHbhysiology. LR releases;8 in aqueous media

over a much longer period thanlfgie salts although reports on detailed release kinetics are

sparse In a study by Medeiroand coworkerspral administration of LR prior to alendronate

induced gastric damagjeited subsequent gastric impairmeaimpared to controf$ The authors

noted an increase in GSH levels in rats treated with WRich theyattributed to the relief of

oxidative stress and inhibition of neutrophil infiltration. In another in vivo study employing LR as

an HS donor, Cunha et al. demonstrated that exogenaeSsddivery improved leukocyte

adhesion and neutrophil migration to the site where sepsis was induced in mice, improving the

overall survival probability of the infected mi€e.The authors also noted tha¢ducing

endogenous #6 productionusing a CSE inhibitoincreased the mortality rate of the mice over

the duration of the experimerespite these successes, LR has not been widely employed as an

H>S donor in large part due to its lack of water solubility. It also suffers from a release mechanism

that is notwell understood and apparently verglow HS release rate.

GYY4137 is a watesoluble derivative of LR, which also releasesSHia hydrolysi$®
Originally prepared as a vulcanization agent for rubber in 1853. (Pat. No. 2,954,379iled
1957),GYY4137 is readily accessed by stirring LR with morpholine at room temperature. In a

direct amperometric comparison ob$ release rates from GYY413hd NaSH, GYY4137
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releasd H.S with a peaking time of ~1@in versus ~10 seconds for NaSH in phospbaféer

pH 7.4% However, the peaking concentration for GYY4137 was-fed@ lower than for NaSH

even with a 1dold higher concentration of GYY4137 used in this study. Incubation of GYY4137

in phosphatéuffer (pH 7.4 or 8.5 showed a sustained releaserfover an hour as determined
spectrophotometrically, with an increase in release rate at loweDg) et al. later noted that

GYY4137 maintained b8 levels in cell culture above baseline for over 7 dajsit these results

were obtained using the metbge blue assay, which cannot specifically provide evidencex®r H

over other sulfuicontaining species and can provide spurious results in assays conducted in vitro

and in vivo® Based on these and other results, GYY4137 is generally regarded asrelshsing

H>S donor.Intravenous or intraperitoneal injection (ip) of aqueous solutions of GYY4137 (133
emol / kg) edanincreasedn pkdma sulfide levels aften®0, which was sustained out

to 2 h® However, in this study sulfide levels wergain measured by the methylene blue assay
GYY4137 (200 €M) treatment of isolated rat aol
relaxation of the aortic ring compared to NaSl
with both GYY4137and NaSH shoed similar effects on blood pressure. However, GYY4137

caused a slower onset launhore prolonged decrease in blood pressuréattgatment with NaSH

elicitedonly atransient decrease.

Due to its commercial availability and ease of handli@yY4137 is the most widely
studied HS donor aside from sulfide itself. In addition to its cardiovascular eflédt¥4137has
also shown efficacy in killing severgpesof cancer cells (HeLa, HGT16, Hep G2, MCH,
U20S) in vitrg with selectivityover normal(noncancerous) cell¥ However, very high doses
(800 €M) wer e used -danincwbatiensperiodswasiusaed ele to thee slow a 5

releasing nature of this dondn the same cell lingdNaSH and a noH:S releasing GYY4137
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controlcompound show diminished and no efficatgancer cell killing, respectively. The authors
attribute the efficacy of GYY4137 over NaSH in inducing cancerdmzthto the sustained 1%

release profile.

GYY4137 has proven to beuwsefultool for biologiss, particularly in investigating the
importance of HS release rate on physiological outcomdewever,GYY4137 suffes from
severaldrawbacks First, it is often prepared and sold as a dichloromethane complex, which is
residual from crystallization. Dicbfomethane is metabolized to CO, another gasotransmitter with
biological effects similar to 58 Therefore, some of the effects attributed to GYY4iia7ived
H>S may in fact come from CO. Additionally, few studies have used proper control compounds,
suchas fAspento GYY4137, which are needed to rul e
from byproducts after 6 release. Finallythe slow hydrolysigate makes it challenging to
delineate observed effects from3{ intact GYY4137, and any bypractts after hydrolysis

complicating conclusiveness in studies comparing sulfide salts and GYY4137.

Xian and coworkers developed a GYY4137 analog via substitution ofitGebBnd in
GYY4137 with a PO bond® TheseO-substituted phosphorodithioatesresynthesized in four
steps, generating tl@aryl and alkyl substitutet],8-diazabicyclo[5.4.0]Junde@-ene(DBU) salts.
H>S release kinetics, as measured dyl ans y | aandef Ator eascednt pr o
comparable kinetics to GYY4137 for tiearyl phosphorodithioatesith less than 1 % of total
H>S released after 3 Wwhile theO-alkyl phosphorodithioates did not show amBHelease within
this time frame Initial studies on H9cZardianyocyte viability under BHO.-induced oxidative
stress a#r incubation with theD-ar y | phosphorodithioateeddonor s
enhanced viabilitcompared to untreated controlthoughthe difference wasot statistically

significant over GYY4137. When testemh B16BL6 mouse melanoma cell linethe O-aryl
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phosphoodithioate donors shosddecreased cell viability over untreated controls (~60 % relative

to control) after 4 day$sYY4137 showed a >90 % killing of teecells relative to controls over

the same time scale, indicating that the potency oY &7 may lie in the RC bond that was
removed in theD-aryl phosphorodithioate3 hese results provide evidence that factors beyond
H>S release may cause the biological effects attributed to GYY4137, perhaps stemming from some

of the issues with GYY4137istussed above.

Expounding upon the phosphorodithioate donor structdran et al. more recently
developed a series of phosphonamidothigatesioted as JK donof$ These donors are
substituted with amino acids via a phosphoroamide linkage throughmine acidN-terminus
amine. In agueous media at neutral and mildly basictip¢JK donorsshowed low amounts of
H2S release. However, undeildly acidic conditiongpH 06.0), these compounds cyclideia
nucleophilicadditionof the carboxylic acid functionality of the amino agdomoing HzS release
by breaking the relatively weaki B bond. For the series dK donors, lower pH accelerated
release rates as measured by the methylene blue assay, while the GYY4137 conagdlrshow
release profile variability at various pHs:3release profiles were also altered by the canonical R
group substituent of the amino acid on the donor. The authors observed that any substitution at the
amino acid R groug.e.,R | H) p r oativo,tare thusshowdd enhanced release profiles
at neutral and basic psier the unsubstituted dondio other trends were observed when relating
H>S release to the amino acid R group of the JK dohloe. prolineJK derivative released a
negligible amounof H.S at all recorde@H values The authors attributithe lack of HS release
observed from the proline derivative to the particularly stable conformatamteatlby the proline
ring in the donor, which was corroborated by density functional thearylatibns. TheJK donors

(25 and 50 €M) showed efficacy i n reogygenatiadnng c el
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(A/R) treatment with KO- in vitro. The donors were also successful in reducing infarct size per
areaatrisk via intracardiac injectionn mice in an I/R model. Further investigation of
phosphoodithioate donors in vivo involved dopipgly(caprolactone)RCL) fibers with the small
molecule donor and examining the effects on a cutaneous wound model it Titieedoped PCL
fibers shoved an extended kb5 release profile over the small molecule in solution, which is
expected for a hydrolysisiggered donor, and showed enhanced wound healing times over the
nondoped PCL fiber control. Fromnaapplicationstandpointthese donors may be usefual

treating diseases such as cancer, where pH differences exist between healthy and diseased tissue

1.8.2B Dithiolthiones

1,2-Dithiole-3-thiones (DTTs) are a class of compounds atsmmonlyconsidered to be
in the family of hydrolysigriggered HS donorsMade by the reaction of anethole with elemental
sulfur, DTTs are easy to synthesize and can be readily attached to other molecules to make drug
DTT conjugates. However, this class ofSHdonors has two problems that must be considered
when interpeting biological data. First, whether DTTs release significant amountsSotirter
physiological conditions is unclear. Williams and coworkers showed that a substituted DTT
hydrolyzed cleanly, with the thione species being converted into a carBétoikever, complete
hydrolysis required 48 h at 120 °C in a DMS@ZHmixture. The authors noted that hydrolysis
under physiological conditions was very slow and did not present any data at 37 °C. However,
they did observe activity of several DTTs as GOANdCOX-2 inhibitors, with less potency noted
for the hydrolyzed DTTs against both targets. Second, it is also important to mention that anethole
trithione (ADT), a DTT compound that is frequently derivatized and attached to othertarugs
make HS-donating vesions of these drugs, itself has biological activlyDT is an FDA

approvedbile secretiorstimulating drug that restores salivation and relieves dry mouth in
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chemotherapynduced xerostomi& The mechanism of action is unknown. Several groups have

studed ADT and other DTTs and observed potent biological activity that they attribute taShe H

donating ability of these drugs. For example, the phenol derivative of ADT, commonly denoted as
ADT-OH, reduces cell viability via inhibition of histone deacesg@@>and NFe B actP vat i or
Interestingly, a study by van der Vlies and coworkers demonstrated that conjugation-@HADT

to poly(ethylene glycol) altered the cellular uptake mechanism and largely eliminated cytotoxicity

at concentrations below 208M.”” The reader is cautioned that in many papers reliable
measurements of 43 generation were not reported, and that often no control experiments were
reported to rule out the possibility that the observed effects were due to the biological activity of

DTTsthemselves.

TheDTT moiety has been appended to sd@roidal antinflammatory drugs (NSAIDs)
and studied rather extensively. The first example of a-INERID wasa diclofenac derivative
published in 20070y Moore and coworkerstermed S-diclofenac’® The DTT moiety in S
diclofenacwaslinked to the NSAID through an ester bond that rel@dsgofenac and DTT upon
esteraseatalyzed hydrolysisExperiments in PBS buffeat room temperature showed neSH
release, consistent with results noted above. Adddioat liver homogenagshoweda minimal
amount of HS release frorboth ADT-OH itself andS-diclofenag¢ determined tabout5 % of the
theoretical maximum 6 releaséor both donors after 30 mias measured @nelectrochemical
probe.When examininglasma HS concentratiosin live rats 6h after ip injection S-diclofenae
treated animals haal higher plasma ¥$ concentration than the sulfide salt control, measured to
b e ~ 3 AsthlsMalue is well beyond currently accepted ranges for plas@®adticentration
(below 1 uM), it is likely that the method used here generat&lfidm many sources that were

erroneously attributed to freex&lin plasma. Although the amount of3Hgenerated in vivo from
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S-diclofenacis unclear, it is clear that it showedficacy in several animal models, including

models showing dose dependent responses towards inflamf#étiamd ulcerative coliti§*

More recently a DTT derivative with a mitochondrtargeting triphenylphosphonium
bromide tailwasreported anthamedAP-39 82 H,S release from A9 in mouse brain endothelial
cells was monitoredusing an azidéased fluoresceh H.S probe, with increased probe
fluorescence localized to the mitochond¥iary little if any increase in fluorescence was observed
from ADT-OH alone. These results indicate that-3® does indeed target the mitochondria,
resulting in an increase in2B production. Whether 43 is generated directly from DTT itself or
as a result of increased enzymatigSHoroduction is unclear. Regardless of thechanism of
action,AP-39 exhibited antioxidative activity, helping to maintain cell homeostasis by suppressing

the initiation of mitochondrial cell death pathways.

All of the DTT compounds noted above linked the DTT unit to the drug using an ester
bond Pluth and coworkers recently synthesizied T-NSAID conjugates via an amide linkage,
which is more stable to hydrolysis than the corresponding stée authors demonstrated the
enhanced hydrolytic stability of the amide linkage via HPLC anavid\spectroscopy; however,
no studies have been completed in a biological context to ateauthors also did not report on
H>S release from these compountsis possible that the hydrolytically robust amide linkage

wouldincrease the stability of 33-donating NSAIDs in the acidic environment of the stomach

A notable compoundintheDTNSAI D cl ass of donors is ANOS

is an aspirin derivative with ® TT moiety as well as aitrate group capable of releasing
NO.2* RemarkablyNOSH aspirin showed >100,000 times the potency of aspldneafter 48
h and approximately 250,000 times the potency of asgivimeafter 72 hn a human colon cancer

cell line, withan 1G5 value of 50 nM. Interestingly, when examining cell growth infobiin the
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presence ofthe three individual components of NOSH aspidT-OH, a small molecule NO
donor, and aspirjp the cocktailhadan IGoo f 4 5 8 9,60@bld difference compared with
intact NOSHaspirin. These resulténdicak that cancer célgrowth inhibition is influenced by
more than simply deliverin@TT and NOconcurrently with aspirinbut the reasons for this
synergy remain unknowmNOSH aspirin has also been studiedszivo, with a mean reduction of
85 % in tumor size after daily treaent for 18 days (100 mg/kgbmpared to untreated controls
Additional in vitro studies on NOSHspirin in SHSY5Y human neuroblastoma ceilowned
enhanced aninflammatory capabilities over both an$releasing aspirin derivative and an NO
releasingaspirin derivative, suggesting that NO@Bpirin may be an effective treatment in brain
injury.8 NOSH-aspirinrepresents a promising area in conjugating NSAIDs® dbnor moieties

in an effort to generate a concerted effect through combined delivetkever chemistry.

Table 1.Hydrolysis triggered k5 donors.

H>S donor General Structure Bioactivity References
Anti-inflammation
Cardioprotective
. effects
Sulfide salts NaHS, NaS i 38-45
Diabetes
amelioration
/@/O\ Anti-inflammation
. - S Vasodilation
Lawessonbo S\P\ PS . 64-65
[ j/ s S Anti-cancer
o
\OO‘E S@ lon channel
- /N i
I modulation
HoN 0
GYY4137 [N:I D/ Anti-inflammation 66-68
(@]
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®S®M Anti-oxidant
Phosphorodithioates @_“_,'D_OR properties 69
8 Anti-inflammation
S Anti-cancer
Dithiolthiones ﬂ proliferation 72-85
R .S . .
S Anti-inflammation

1.8.3.Thiol-Triggered Donors
1.8.3A N-Benzoylthiobenzamides

Thiol-triggered HS donors were some of the first synthetic donors tepertedand are
the most common class of nbydrolysistriggered synthetic donor$hiol triggered donors are
advantageous in that free thiols are relatively abundant nucleophiles in mammals arad offe
platform from which thiol exchange can be used to accompligh rellease after nucleophilic
addition A series ofN-(benzoylthio)benzamidereported by Xian et alwere among the first
nucleophiletriggered HS donor$® Synthesized from substituteditibenzoic acidsseveralN-
benzoylthiobenzamidesere evaluated fof>S release, with a variety of release rates observed.
The hypothesized thietriggered mechanism of release was confirmed with the formation of
cystine, N-acetylcysteine, and benzamide ihigh vyields. In cell studies, a selectedl-
(benzoylthio)benzamide protect human keratinocytes against methylglyoxal (M@@juced
cell damage and dysfunction, prevalent issue in diabetfsThese donors have also been
evaluated in animal models ofyocardial I/R injury, displaying a reduction in infarct size over

controls in murine models, indicating a cardioprotective effect.

In addition to small molecule applications, the therapeutic effects of these doneswer
evaluated irpolymer templees for tissue engineerirgpplications Wang et al. accomplished this

by electrospinnind®CL solutions containing various-(benzoylthio)benzamide donors to make
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fibrous polymeric scaffolds doped with temall moleculedonor®® Donorloaded PCL fibersed
to increasd expression of collagen type | andillwound healing models in mice, demonstrating

the potential for HS-releasing materials in treating chronic wounds.

1.8.3B Acyl Perthiols, Dithioperoxyanhydrides, and Polysulfides

Another class of tlol-triggered donors, which ultimately require disulfide exchange to
promote HS release, are the acyl perthiol donors. Aeytimol donorRC(OYSISR 06 ) finste r e
synthesized by Xiarwhere the R group is derived from penicillamii&he donors were ppared
from thiobenzoic acid derivatives ahNdbenzoyl cysteine methyl ester in two stéfisese donors
showedunable release ratey varying the aromatic R substituentSHeleaselependean both
steric and electronic factors, with electnwithdrawing substitueniscceleating release rates, and
bulky substituents on the aromatic rigardng release rate§ hese donors released3Hover the

course of minutes to hours under the condgitested

Anal og o usacyl perthilidenar® ase the dithioperoxyanhydridass of donors
(RC(O) SiS C ( O yepodtdd by Galardon et #iBothalkyl and aromatic dithioperoxyanhydride
donors were readily prepared in one reaction step involving thenzoic acid and
methoxycarbonylsulfenyl chlorid€CHsOC(O)SCI) with fair overall yields. The donorsshowed
similar levels of HS released whemniggered with both cysteine and GSH a&halver releaseates
when treated with GSH, measured amperometricdlhe compounds were naytotoxic at
concentrations up to 200 €M in human fibrobl a

models.

The final class of donoitsased on the breaking of anSSbondarethetetrasulfide donors
developedy Pluth et aP? This relatively simple designvolvesthe treatment of a range of thiols

with sulfur monochloride (£°12) to generate the corresponding tetrasulf({@R¢S)i R). Aromatic
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tetrasulfides released.8 faster than their alkyl counterpaviben triggered b¥sSH, likely as a
result of the change in el ect weadimhHSirdleasetae of t
was not observed when altering ring electronics, suggesting that other factors inflp@nekeéke

from this systemAnalogous to thebservations of the amount ob$lireleased for the natural

donors DADS and DATS, thettasulfide donorseleasd more BHSthanDATS, which was used

in this study as a model donor.

1.8.3C Arylthioamides

Arylthioamides(ArC(S)i NH>) are a versatile clas# donors that was firsteported by
Calderoneand coworker$?® In this work, a series of twelve arylthioamideassynthesizeeither
from substituted arylcyano compounds in two stepsiarthe direct thionation of select aryl
amides using LRAIl donors releagkH>S in response toysteineas measured amperometrically
Release studies were conducted at high concentrations of donor and thiol (1 mM and 4 mM,
respectively), leading to rapid peak in release profile for all donors. The arylthioamlielesed
only small amounts of B, exhibiting maximum concentrations({f) between®2 1 ¢ M. The f ¢
rise to a steady state concentration for all the donors tested make these donors appear to be fast
releasing compounds; however, this quick rise #ax@ solution is misleading as the max3H
concentratioris a small fraction of the total available$ifrom the donors. The arylthioamides
showed similar kS release profiles to DADS and GYY4137, two sl@leasing donors, when
measured under the same expemtal conditionsinterestingly, some of the donors release8 H
in the absence of a thiol trigger, indicating that they may also be hydruigsjered. Alterations
in ring electronics modulaterelease rates, but not in a predictable patt€mne donor p-
hydroxybenzothioamidewas evaluated in vitro in a rat aortic rirgpntraction studyand

completely abolisbdvasoconstrictioat 1 mMin the presence of noradrenaline (NA) without the
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addition of exogenous cysteirmiggesting that biologically relen@levels of cysteingriggered
sufficient BS release, at least at this high donor concentrafius donor was also evaluated for
its effect on hyperpolarization in human vascusmooth muscle cells (HASMCS), showiag
similar abilityto hyperpolarize HASMCs & 0 0 & M c¢ o mipnawNaSH swggestihg that
slow, sustainedevels of BS from p-hydroxybenzothioamidenay bemore effective tharmigh

instantaneousoncentrations of 5.

Due to the observed slow, sustainetbHelease pifde of p-hydroxybenzothioamide and
ease of conjugation to other compounds, otlesearcherdiave combine this donor with
polymersand other drugs as conjugafésor exampleBowden et aP? synthesizedstatistical
copolymers containing-actide anda p-hydroxybenzothioamide lactid#erivativeand showed
releaseof the donor in the timescale days to weeksalthough no studies of28 release were
included in this repo®* In another example the development ofa naproxen
hydroxybenzothioamide conjugate, ATR6,was describeff In the initial reportjts efficacyas
an anticancer drug was investighteevealing that iinduced apoptosis in human melanoma cells
in animal studies. ATEB46 has also shown efficagyreducing gastrointestinal tract injury while
maintaining utility as a chemopreventative agent against colorectal cancer when compared to
naproxer?® Further studies on ATB46 are underway by Antibe Therapeutics, where a phase I

study was completed @016 for pain associated with osteoarthritis.

1.8.3D S-Aroylthiooximes

SAroylthiooximes (SATOsare a class of thigriggered donors developed by Matson and
coworkers®® SATOs(ArC(O)i Si N=CR.) are synthesized by condensation of an aryl aldebyde
ketoneandan S-aroylthiohydroxylamine (SATHAArC(O)i Si NH») in the presence of catalytic

acid, analogous to oxime formation. A variety of substituisethll moleculeSATOs were
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synthesizedyarying both the substituent on the SATHA component and the aldenyatone.
SATOs released #5 in the presence of cysteine and other thiols but did not show release in the
presence of amines or water aloneSHelease was measured amperometrically as well as with
the methylene blue method. definitive electronics tmed correlating the substituent on the
SATHA ringwith H2S release was observiedfitting release halfives as measured by methylene
blue toa Hammett plotUnder the conditions tested;S release halives rangedver an order

of magnitude, from minugeto hours

The modularity of th&ATO formation reactiornas allowed foSATOsto be extended to
macromolecular systeni$Poly(SATOs) were synthesized via ppsiymerization modification
of functionalized polymethacrylatesntaining pendararyl aldelydes with substituted SATHAS.
H>S release rates were slower in the polymer system in analogous small molecules)d
electronic effects were consistent witltoseobserved in the initial small molecule SATO study.
Extending the poly(SATO) system furtheamphiphilic block copolymers containing SATO
functional groups as the hydrophobic bloalere synthesized for studies selfassembled
polymer micelles for b5 delivery®® The SATO micelleseleased BB over the course of several
hours, approximately aorder of magnitude slower than analogous small molecule SATOs under
the same conditiongreatment of HCT116 colon cancer cells with SATO micell8ATO] =
250 €M) reduced col on cancer 28,6YYAL3KNanddsmalli t y
molecule SATO at the same concentration, contribulimther evidence suggesting that kinetics

of HxS release affects therapeutic potency.

In another example of the modularity of SATO chemistnamphiphilic peptide with the
sequence IA¥EE was modified by appendingan aryl aldehydeto the Nterminus®® The

unsubstituted SATHA was conjugated to the modified peptide to form a $&§€d aromatic
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peptide amphiphile. The SATO aromatic peptide amphiphilesassémbled in aqueous media to
form nanofibers thagelled in the presence of calcium to afford a hydrogel using just 1 wt.%
peptide.These peptidebased HS donors exhibitedustained b release in the gel state with a
peaking time of £20min and detectable3S out to 15 lin PBS buffeiin the presencef cysteine,

as measured amperometrically. vitro studies using mouse brain endothelial cells showed

minimal toxicity of the gels, a promising result for future in vivo studies as these gelgsiaw

potentialfor localized HS delivery.

Table 2. Thiol-triggered HS donors.

H2S Donor General Structure Bioactivity References
Q4
N-Benzoylthiobenzamide g-N Cardioprotection 86-89
R o)
R SR
Acyl perthiols 3OS Cardioprotection 90
O
0
Dithioperoxyanhydrides R\H/S\S)J\R- Vasodilation 91
o]
Polysulfides RS g~ S g-R None reported 92
S
Arylthioamides Pq Vasodilation 61, 93-95
Ar” "NH,
o)
.. : Anti-cancer
S-Aroylthiooximes s s R ti-cance 96-99
v proliferation
R
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1.8.4.Light Triggered Donors
1.8.4A Geminaldithiols

Light-triggered prodrugs are useful tofds studies in vitro and hold promise as potential
therapeutic candidates due to the bioorthogonality of visible light as a triggét. has an
advantage over other triggers because it déectaH>S releasenithout perturbing any native
biochemical processeslbeit only in areas of the body where sufficient light penetration is
possible Light-triggered prodrugs are ideal in apptioas where tissuspecific delivery is
required. After prodrug administratiolight of a particular wavelengtban trigger release at the
site of interest minimizing offtarget effects through direct spatial and temporal control over

release.

One of tle first examples of lightriggered HS donorsvasreported by Xian et al. in the
form of geminal dithiolfArCH2i Si C(CHg)2i Si CH2Ar). Gemdithiols were prepared by treating
ortho-nitrobenzylthiol or related derivativesith acetone and catalytic amountstitdnium(lV)
chloride (TiCls) to bridge two thiols together via a thioacdtakage®® The ortho-nitro group
underwent cleavagehen irradiated with UV light (365 nmyvhich has been demonstrated in a
variety of system$! to producea geminal dithiol intermediate. This intermedibt@rolyzed to
yield HzS relatively rapidly.All of the donos releasedheir full payloadwithin ~30 min. Control
experiments shoedthat no HS wasreleased in the ahsee of UV light. Becauskydrolysisof
gemdithiols isacid-catalyzed, HS release was accelerated at low pHs and retarded at higher pHs.
A variety of other gendithiol derivativeswere also prepared byarying the bridging group
between thiolsIn general,alkyl derivatives released.H with profiles similarto the model

compoundput aryl variants exhibited muchasker releasdéy decreasing the rate of hydrolysis,
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most likely due tahanges irbothsterics anctlectronics as a result of adding an aromatic ring to

the bridging group.

1.8.4B Ketoprofenate Photocages

Another example o light-triggered HS prodrugs theketoprofenate donor reported by
Nakagawa et af? Synthesis of this donowas accomplishedn three synthetic stepsJpon
irradiation by UV light, the donor releaséwo equiv of 2-propenylbenzophenone and carbon
dioxide (COy), along with onesquiv of H>S. To determine 5 release behavior in a biological
system, this donor waamined in a solution containifetal bovine serum. No 1% was detected
without UV irradiation however, 3QuM H>S was detected from 5QM donor after irradiation

for 10min, asmeasured by the methylene blue assay.

1.8.4C UThioetherketones

In addition to small molecules, polymeric liginiggered HS donors have been reported.
Connal andcoworkers developed a prodrug that incorporated a Ud/s p o rtsoetiverketode
linkage, which decomposed into a thioaldehyde species and benzophenone, a byproduct that has
been approved as safe by the FBSAn the presence of an amine, the thioaldehyenerated 5,
and an i mine byproduct. The authors in€eorpor:
thioetherketonenodified styrene along with watgpluble comonomers. These polymers were
then used to prepare hydrogels. Growth of 3T3 fibroblaatsobserved on the hydrogels, and an
H.S-selective fluorescent probe was used to visualiZ i the fibroblasts after UV irradiation.
The pol-thioetherketmne donors highlight promising potential applications for a variety of
polymeric BS prodrug systems, particularly in applications that require localized delivery where

gels and films may be advantageous.
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Light-triggered HS donorsprovide feasible options for b6 release under unique
conditions.enablinga more specifitriggeringmectanism than nucleophilégpically offer. Using
light as a trigger also provides the opportunity for spatiotemporal controp®frélease. This
donor class is most likely to find utility as chemical tools for studyig§ blology in vitro due to
the limited penetration depth of UV and visible light in mammalian tissue. However, the
development of nedR light-triggered donors may enable in vivo studies due to the ability of
nearlR light to penetrate tissue at a greater depth than UV and visible lightitivefrisk to

surrounding tissue.

1.8.5.EnzymeTriggered Donors

Utilizing enzymes as triggers for.H release offers several advantages over the other triggers
mentioned. Enzymes are native to living organisms and often exhibit substrate and tissue
speificity. Combined, these factors allow for specific drug targeting to a tissue of interest.
Additionally, enzyme overexpression is a common cause of many diseases, offering potential
targets to treat such diseases with the implementation of eriziggered prodrugs. Although

only a handful of enzymgiggered HS donors have thus far been reported, these types of donors

are poised to make a substantial impact in the coming years.

The firstenzymetriggered HS donorswere a series ofsteras@esponsivecompounds
developed by Wang and coworké?$ These donors rely oa lactonization reaction popularly
termedfit r i met hyl , whiohchksobeeq TsEtd promote the release of a variety of
drugs!® The TML system requiresleavage of phenolic ester by an esteraaéier whichsteric
repulsion of three methyl groups triggers lactonizafioa theThorpelngold effect) releasing a

drug from a neighboring carbonyl group. In the case of the esteiggered HS donors, the
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authors intuded athioestey which reactsin the lactonization step teelease HS. The authors
prepared a number dferivativesin this study through variation of the phenolic ester moiety as
well as addition or removal of thmethyl substituents on the aromatiegi Becausspecifically
placedmethy groups are required to drive cyclization after ester clegvages expected that
removing them would offer an avenue of slowingSHelease. Indeed, derivatives lacking aryl
methyl groupsexhibited longer times toeach 50 % of the peaking concentraticanging from
45 99 min whereas prodrug containing aryl methyl grotgzched 50 % of peaking concentration
in 13-29 min, as measured by anSHelectrode probdn addition, several NSAITML hybrids
were synthesizk and evaluated for their efficacy as amflammatory agents, successfully
inhibitng TNFU s ecr et i o nTML derivatieel in tyis study n(BAHP-102) reduced
losses irmyocardialtissuein a mousé/R injury model1° The authorsre currently inestigating
the pharmacokinetics, precise mechanism of action, and safety profile éiBWW02in an effort

to bring this compound to clinical trials

In another examplef enzymetriggered HS donors, Chakrapani and coworkers merged
the concepts of enzyrrapecific cleavable functionalities with the protected geminal dithiol as an
H.S releasing moiet}?’Rat her t han employing a photocl eava
work, the authors usedpara-nitro benzyl thioether as the geminal dithiwbtecting group. The
nitro group on the benzene ring underwent selective reduction to an amine in the presence of
nitroreductase, an enzyme found in bacteria. Reduction by nitroreductase led to an unstable
intermediate, which underwent s@ifimolation torelease the deprotected geminal dithiol, which
in turn decomposed to generatéSH vi a hydr ol ysi s. The doBors (5
release out to 45 min using a fluorescent BODIPY probe, with peak instantaneSus H

concentrati ons sente of3nlroredlidtase. nn vitrdhstudigs udngoli strains
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showed that the donor rescued the bacteria from oxidative stress resulting from treatment with
common antibiotics, indicating that.8l production in bacteria may be a mechanism leading to

antibiotic resistance.

Table 3.Light and enzyme triggered.H donors.

H2S Donor General Structure Bioactivity References
Y. X X Y
Geminal \@/ JQ/ Restores
o 100101, 107
dithiols S¢S AMR 00101, 10
R R

(@)

Ketoprofenate [ Hoogy Hooa
p S None reportec 102
photocages
. Anti-
Trimethyl lock /Ej\)QJ\SQNa@ nflammation | 10% 106107
R R

1.8.6.Dual Carbonyl Sulfide / 8 Donors

A recent innovation in & donor design is the synthesis of compounds that release
carbonyl sulfide (COS)yacompound that ian intermediate to ¥ generatiomnd may itself be a
gasotransmitterTwo studies in 1979 and 1980 first demonstidhat COS metabolisns linked
to the generation of ¥ in vivo through the action of the ubiquitous enzyme carbonigdzake
(CA).19819 Since these seminal papers on COS physiolthgy literaturehad been quietn the
topic until recently For a more detailed account of the potential roles of COS in mammalian
biology the reader is referred to a recent review on tpefd® The link between COS and:8

via CA opens a new avenue ofFresearch through the synthesis of compounds that release COS.
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COS donors act as2H donordn the presence of CAutalso provide the opportunity study

COS as a potential gasotrandeni.

1.8.6A N-Thiocarboxyanhydrides

N-Thiocarboxyanhydrides (NTAS) are a class of COS releasing compounds first reported
in 1971 as monomers for the synthesis of polypeptittellatson and coworkersaw these
molecules as a potential nucleophiésponsive COS/#$ donor platform with the advantage of
releasingonly COS andnnocuous peptide byproducts. The sarcosine NTA derivaRweEHs,
NTA1) was synthesized in three stefpsm sarcosineN-methyl glycine)!'2 The generation of
COS triggered by opening of the NTA with glycinand the resulting dipeptide byproduct were
confirmed by GCMS and LCMS, respectively. In the presence of glycine and Cégrthersion
of COS into HS was confirmed via thenethylene blue assayA polymeric NTA donor
(polyNTA1) was also synthesized via conjugation of NTA1l to a norbornene moiety and
subsequent polymerization by riagening metathesis polymerization (ROMP). Comparison of
the HS release kinetics of the NTAL apdlyNTA1L using a fluorescent 4 sensoshowed a 4-
fold increase imeleaséhalf-life for the polymeicompared with NTA1, with hallives in the range
of hours for both donor types under the testing conditibmwitro studies with mouse brain
endothelial cells shoad an enhancement in endothelial cell proliferation after treatment with

NTA1 (10O0contiy over
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Figure 2. A) Schematic illustration depicting the concept of awetholative releasing its

payload. B) An example mechanishapicting COS release from a generalized thiocarbamate.

1.8.6B Seltfimmolative Thiocarbamates

A separate class of COS releasing prodriggbased on a selinmolative reaction
mechanism whereby COS release is the restittesafecomposition of ghiocabamatecontaining
compound in the presence of a specific trigd@gure 2) The first seHimmolative COS/HS
donors were reported by Pluth et al. in the form of analyte replacement prodémse
thiocarbamatdased donorwere prepared by conjugatiar an aryl azide to a prftuorophore
via a thiocarbamate {RO(S)Y NHR) linkage H.S initiated selfimmolation by reducing the
aromaticazide to an amine, resulting acascaddike decompositiorof the molecule toelease
COS, a quinone methide speciasd theluorophore A 65-fold increase in fluorescence response
to H.S was observedver otherreactive sulfur, nitrogen, and/or oxygen speci@eSQNS,

demonstratinghe trigger specificity of this seleporting system
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Building off of their analyte rdpcement probes, Pluth and coworkers aimed to synthesize
a similar class of selinmolative COS donors with RSON&nsitive triggers'* These donors
consist of an RSONS&ctive boron pinacol ester connecteg#wa-substituted phenyl derivatives
by way ofthe aforementioned thiocarbamate linkaGQieese donors were ndoxic and released
H2Sin the presence of CA in responséH®., superoxide@2’), andperoxynitrite ONOO), with
H20- resulting in the greatest amount oi3Hrelease, as measurashperometricallyUsing the
phorbol 12myristate 13acetate (PMA) assay, a welstablished method to induce production of
H.0, in macrophage$>the authorslemonstrated that endogenously produced ROS also triggered
H>S release in these donors. Addititywathese donors exhibited cytoprotective effécthe
presence of the prodrstpowed a significant dostependent increase cell viability (105 0 ¢ M)
after treatmenwith H2O> ( 1 0 0) camilredo controls. These data suggest that this prodrug
was not aly capable of quenching RSONS a result of the rapid reaction between arylboronates
and RSONS in vivo, but alsaf reducingcellular damagén an oxidative environment through
H2S release

Pluth et alhave also reported on the synthesigmdymetriggered selfimmolative COS
prodrugs, with the same general thiocarbarbatsed structure as those discussed previotfsly.
These COS donors contaimpara-pivaloyl group, which is preferentially cleaved in the presence
of esterased hese donorgerestablein aqueous medjaxhibiting no HS releasén the presence
of physiologically relevant levels of Ciu the absence of esterase. However, when the authors
introduced porcine liver esterasedatively rapid release of C@%S resulted under the same
conditions.Interestingly, these thiocarbamate donors exdittiigher levels of cytotoxicity than
equivalent levels of N& and GYY4137n BEAS 2B human lung epithelial cells and in HelLa

cells The authors attribute the cytotoxicito reduced cellular respiration and ATP synthesis,
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whichis in line with the welknown ability of BS toinhibit cytochrome ¢ oxidasé’ The authors
suggesthat COS itself may have physiological functions different from those.8fikl certain
biological environmentdeading to these unexpected observations

Another example of enzyme triggered geilimolative COS prodrugs was reported by
Chakrapani et &f® In this work the authorsexamined the use of pivaloyloxymethyl
carbonothioategArCH,Si C(O)i OR) and carbamothioate$ArCH,SI C(O)i NHR) as esterase
triggered COS donor3.hese prodrugs consist opara-pivaloyloxymethyl linkage that blocked
selfimmolation until triggeredAfter cleavage of this linkage, a carbamothiod&G(O)»NHR)
or carbonothioate' 6-C(O)-OR) anion formed, allowing for seifnmolation and tandem release
of COS and either an ester or amiHeS releaselid not depend oring electronicsand minimal
differencedn release profiles were observeetween carbonothioasand carbamothioate donors
The authors concludetat rapid cleavage of the pivaloyloxymethyl group ocedrfollowed by
selfimmolation of a short lived intermediate to release COS and eventu&lynHhe presence
of CA.

Another type ofselfFimmolative H>S prodrug comes in the form of ¢ |-andrke | e as e 0
thiocarbamate$t® This system utilize the inverseelectron demand Diels Alder reaction to click
together tetrazine and thiocarbamatmtainingtrans-cyclooctene to selectively release COS.
This straegy isdifferent from other COS/t$ donor systembecause thériggering reaction is
compleely bio-orthogonal. In other words, release can theoretically be triggered by the researcher
upon addition of tetrazine to cells or an animal. From this platfBtathand coworkershowed
that S releasevasdosedependent on tetrazintatthe prodrugvasnontoxic, andthatCA was
required tmbserveanymeasurablguantities of HS. However, the authors were unable to expand

this strategy to a cellular envitment due to incompatibility of the clickndrelease reaction wit
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the fluorescent probes currently used to imag8.Hhe authors attributed this limitation to the

rapidscavenging of &5 by tetrazineria a known reduction mechanism.

Bio-orthogonal, lightactivated thiocarbamatémve also beereported by Pluth et af°
This system utilizé an o-nitrobenzyl functionality thatnderwent UWtriggered cleavageJV
light exclusively initiated the release ob$ as amino acid nucleophilpsoduced no response
after incubation in PBS for 1@in. Additionally, this system exhibited tunable releasih 4,5
dimethoxy substituted derivatives rearhpeak instantaneous8 concentratiostwice as fast as
the unsubstituted donotikely a resit of the increased light absorption of the dimethoxy
derivative These donors have yet to be evaluated in biological systems.

The advent ofCOS donorsenables the study of COS itself, including the intriguing
possibilitythat COS may enact biological effe that differ from HS. While complete inhibition
of the ubiquitous enzyme CA may be difficult due to its many isoforms, clever methods to study
COS will continue to be developed/ith the persistent production of duat$ICOS donors by
chemists, the plgjological interactions of COS magventuallybe fully elucidated, affording a

greater understanding of how small sulfur spesigsal cells and interaat the body.

38



Table 4.Dual COS/HS donor systems.

thiocarbamates

H2S Donor General Structure Bioactivity References
o
N- S
TN/EO Angiogenesis 110
Thiocarboxyanhydride! =
:
LY
Arylboronate O)J\N
o H Cardioprotection 113
thiocarbamate B
o)
S ” Reduction in
Esterasériggered P§
0 /g 0" "N cellular 115117
thiocarbamates >HJ\O
respiration
~ . S
ACI i ck an| )]\
0~ N None reported 118
thiocarbamates H
S F
o-Nitrobenzyl /©/
R N None reported 119

1.9. Conclusions

Remarkable progressmsbeen made ithe field ofH>S donor chemistry in the short amount

of time since the therapeutic potential oBvas discoveredContinued innovation from synthetic

chemists will be a major factor in driving8l research forward in the coming years, with an eye

towardbuilding HS donors that enable biological studies on the (patho)physiological roles of this
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gas and have potential a$inically relevant HS-releasing therapeuticdmportant questions
remain unanswered in the.S field at large which will require joint effort from chemists,
pharmacologists, and biologis@nechief concern is determining the therapeutic window £3 H
for a given target as well as the active species giving the desired effect once the donor is delivered.
An increased moleculaand biologicalunderstanding of dondriggers and byproductspecies
interchange,signaling mechanisms, and redox chemistry 84S donors will help elucidate
biological activity and species involved. The chemistry ¢ ldonors is often ecoplicated by the
release of reactive byproduciscluding unidentified sulfur species topic thatneeds further
attention As the field of HS research continues to grawis imperative that these key issues be
addressed so that the field as a wialemove forward. Persistent innovation in synthetic donors
and increased understanding efSHbhysiologymay eventually enable a pathway to the clinic for

H>S therapeutics.
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Chapter 2: Therapeutic Delivery of HS via COS: Small Molecule and Polymeric Donors

with Benign Byproducts

Repri(mtdagpt ed) wrom: pPomies s o)CXTh'Rr apednt iatc . D& 1210
H>S via COS: Smal | Mol ecul e and Poldgumemalc ®dfont

American Chem3d@88UTPHbHb&0 et CophAmemgihtcam O0CBemycal

httpsacdbobpwhbsoi / abs/ 10. 1021/ jacs. 6b07204
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2.2.Abstract.

Carbonyl sulfide (COS) is a gas that may pl ay
but its study is |l imitedebyl eas .| aWwe roefplosruti thaet
t hi ocamtbhydkryi des ( MToArss) tahsatCQOSeldeoase the gas it
biologically relevant coprdddu otnss. w@Cdarhb o mino cairoh
COS it oaHI|I owd nsgerNvfTAsa g 8i dapor €0Sdepehding on
of the enzyme. A-hal g ¢ i3 rrdetlretahtee prsactued ounder b i

conditions rewleiafledofa *=%=I| miars ef diraltfhe somal | mo |
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A polynorbornene bearingperind@nmme iNTtAls e sniag ep dly
al so synthesized to 3eheenast.efra hpadl If§ &@r mcn CO&$ |
t he pol ymeri c donor. Endot hedi aln ealhlanpe ol iri

proliferation for cells treated with the NTA

2.3. Introduction

Sincieeric oxide (NO)awas oft idee$rtii wperdo prodsleadx itnog
1988&8&n increasing numbemwof tocitdmrt ifstedTchheasfee sb a
shdritved gaseous magdisattaograsn,s manlt ansossidtf, h recdsigsse 1t t
body andr iptiiagala rol e in cel PTild ame esti ginlfae i digf iam
gasotr ansamigtatsermu st be enzymatically generat et
targets and physiological cl imeimbe dEhe sae ds bec if @
are currently <classified as gasotdramgem tg el fsi:
(tB)However, evidence suggests that a variety
processes. Gases <curr enaninyo nu md e rmeitrhvaenset, i gsautlifc

carbonyl s*0ff itdhee S(eC,OSQQASe d sst psetr thdaipesd tihre bi ol og

part due to a |l ack of suitable donor mol ecul e

COS is the most abundant sul fur compound
naturally from emissions frdmbDehpitt espirt 1gs$ ow:
at mospheric concentration, high concentration.
a condensing agent in prebfbhvestigasi dori coao

COS in bi ol ogy C 0 emrueersa ttindga ye n zwinmehs G t hi oc

i deniinfibadteria aaddCOSi Qienatrian nnoehiypiok shetsu & e d
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ofCOS bi ocloampyl iicsat ed -lbiyf @ tisn sviow d, fhaasltif may dd ol yda
carborwyidec ageh ( CA) . IiMA plsa nutbsi gamiddk endasnmncailesnt | y c a
primary function of generating canbonbDwe atca di

structural »si @AOBSaiist vl s0 v8hO scunb stthrea fpeendzt ygnmmec G A v €

inC®andsS°Hn fact, COS ittsedifts st axilaittiweil y a&c
conversion intgSdttoxic | evels of H
Gasotransmitter donors have become vital t

H2S . Donogrmps camalylt sbhetctul eolteasnsesumgdagrershysi ol og
relevantocecendat dehs né@hemird tosd sotfr itvienet.o synt h
donors that &Gmimaturtaleh rdooggyyal pngci se odivxdgegnous
many smal | mol ecul e donor s aisSe tailviag d earbd de b yh avt
stimul i -rvaintgh Awivdess| fof r el ease. Hordoewxamplha,yvea
reported in recent yeairsg ,walt dhildPesi,gh%aendtri go
enzylh@asotransmiamnebedoonovoabentI®ywhaitctha cehxetde nt dos
capacities of existingptber dgpreegltdandsdail pleettoy peo
NO, CO,Sraheéa$i nghavwd yampomrd cdffiiny co@Gd®8adonor s
have receivedhichthasabuthpadednolCO&elbi®éwiga of
COS release

To address this gap, we serteaoduitl yt og edneesriagtne
controll ed dtatsdhdhont oseas pb#gmee ndeecnampyos i el d
bi ol ogically innWeuousi PP ed etahmatnigt mod ecul e
resupaliwymer coul dOS edw®(mona st heei tahbesrehHh® ed ®ffiomCA) o

the preseamce acfi ICA)at e Dhetegexiast saudaerdf ul O
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COSs, including from potassium thiocyamate anoc
recenhllliys hpesd atmeltyaded reaction &P WO laemduséfeuml

generating solutions of the gas, these method

envirolnmetnhite. | one exampl e of COS ouwsoer kienr sa rbe cod
reported onoma ftl acSewéaesmmrk t hat r g9 drheroautgeh ta
decomposition r ed&8Qoinosni diemv milgviorug G@&SJuir ement
under bi ol ogically reloevartyprceoddnVvVe ®naneadn dt h
t hi ocarboxyanhydrides (NTAs) mi ght provide a

mol ecul e and polymeric COS donor s.

2.4. Results and Discussion

NTAwere first r b pdrridt eldmainm 297 1laftl vBast an
carboxyanhydrides ( NCAsshasfeorsywmnseé ebs n’SMdorée bl g
recentl vy, NTAs hav eN-ablekeynl saymitnhoe sda ziedls farodn p ol
pol ypé&pBteciaduss.e-opbaei ngngol ymerization of NTAs ¢
envisioned that NTAs cotulndgple ebiyugh it @albd i €CDIS ww
such as an amine. After COS r el easXi,s ceoxnpveecrtseid
to occur by one of two routes: 1) the rapid,
relatively sl ower process.

I n order to test our hypoth®sidenohat WdABe:
synthesi zing t haer cNoTSAT AJi= t(hy mtuighe t hfe s out e show
modi fications of%levedrea aabulriel Agbmoothdtdasrae st eps wi

purification. Al though CO&perilmrg@spolfymer iNTaAtsI
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hypothesdezeect detection w@@fpe@DBg gehemMatAisorhafs

reported.

Scheme 1. Synt hesis of NTAL1.

s
o) L S

O\]\:S
H P o
Et0” S~ COOH PBr =
N, = - EtOJ\I\‘I/\COOH — N

NTA1

4Conditions: i) NaOH, KO, 98 % vyield; ii) CHCIz, 0 °C, 53% yield.

To identify NO@G®asevalddeidomo an aqgueous solu
tight -M$adnalGfCsi s of samples taken of the vial
of COS (m/z = 60). A small peak at m/ z = 34 v
hydriosl yost COS( Fngdr®&o Bfli4r mati on of the expect
upon nucleophilic attacMS.biygut)AtSb@® wasfrieami n
rel ease, we neSxtremeasuy Balonteithed cHheatbhe @pmaéd absen
CA. Currently, there are no simpb€OSndelrebsab
solution. However, theSfiasttbenpeeseonoaoeobf COA
guanti fication ofi n@OSnerteloedass ec okmimoentl iyc se mpd oy ed
HXS. To evalu®Stevobhetnin ane @&f cll ori metric assay
blue assayd9was hehpsesence of 300 nM CA and 1
val ueBy buauf fPer (pH -f=i-o/68 4er, rtenled apsSee INOa#H dfa s
measured to be 75 min (FpSgurreel eals®e)Ssuashk engt haene
el ectrochemical probe gave a peakingsttuidmee sof

performed in complete endothelial cell medi a ¢
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to baseline (Figure S19). No measurable relea

haliffe cannot be determi coald meihgd tthus €&bec«

volatilization of the gas, itxSicomaceriiatbl enw
0.8 200 07
A B Cc
o /N"a.\ 260 ;o‘s A
g |/ N\ |8 0° t
23 ! S, £120 S04 ¥
— 044 : % £ i
2| ‘.'\’ £ 80 502 4
“aal: 2 £02 '
40 01 //
0 0 ok
0 80 160 400 500 600 0 20 40 60
Time (min) Wavelength (nm) Time (min)

FigureAybdl ective el ectrocheMTA®mIM)p riom et hree | peraess
of glycine (1CAMY bwathk 8006veM or without CA (
= 7.4). B) Repr esen(eatl3idOe nfm)u oerxehsicbeintcien gs paenc tirt
over tiSmea ealwu cldesmitshseiNypeo oDbae i nt o -NH. u oCr) eosFaleerstt D¢
ki netic-NHgetnheafatDaon over time, as measured by
intensity at 535 nm-f ilostdlerr kpmedert §ithespagu

ekt

Neither the colorimeassay nwer & heuietl akxlte otcd
release rate in the absence of CA because COS
these methods. I n order ©® rmalkea sae croanpeas ivwiotnh |
addi tiondl tdoearlldylseiass BolT Awad i per fodr med using the
of dansyl sulfonamidé!Tthev edlampeydNs) aypirteney Rexth i

pronounced selectivity )beertbehbydaosohsi caenda
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commonly found in biological assays with a re:
throughmnafiwomescence mecehdaurciess Itunlee ensoong n HS a z
solution to give the cofNhBeshbbAbhgiNmDasf laudmesae 1€
i nhiwd oused the i-Nsf edakttNTeAeb ycofmpRa e $he r at

production in the presence and absence of CA

FIl uorescence assays were performed under s
the methylene blue and el ectrochemical probe
intensity at 535 nm ofvieos teOr ha n(aN iHgsuiosd uotfB ) an P &
the first 60 min of the expSrirmémrmiaisiea hiathél1l p0 e
(Figure 1C). The di-bcwvepabhageedbwemnpt hipkbehal b
|l i kely due to somaéNHi nPebifbrmoanngft@BA bgsByg in
a r el elaisfee hafl fOXdDe IMiennt iangr eement with previ ot

rates in aofQ6fomsnmatdi pH 7

Next, we set abaewihtgriepamgi P®l ymeNTASr pot e
releasing fil ms, hydrogel shatnamoup adr t9d ecrl vees , t @
delivery. A polymerization techniqgue was need:¢

moi et yopeRiinngg met at hesi s polymerization ( ROMP
conditions (room temperabtphel esoopotadical i n
high conversions, and i %Thegéiogréunwei deasil guoge
coupl e -actRiOM® norbornene to aNEBNDSAwa®snpr ep O

simil|lMTAIlyn ttohree steps starting from iIiminodiac

Pol ymer i MBNTiAverrse odar r pCadidniouit a i add @kyn eGraut bi bosn

cat alldyMdda s e(HRRYXr9CH®H . ( The resulting homopol ymer

63



so a poleynweetgh ycol) (PEG) norbornene comonomer
rati o wi tNBNTASgdhetmEhe@ Bpol ymer i z atd mwlnu bylies | rdeendd ¢

copolpgoley NTA t h -aaveruanpeermol Bl ub&ar 3Wek@®hsiabhygd a

o]

A 0 HkOH

S .
J OH + T .,
~o S/ﬁof HO)K/N\)kOH HO)K/NYO\/
S
o]
4 (0]
Non ; ° o HkOH bB
3
O“ » N\/\O)K/NT
ii. J I
o o]
/ LI/«S
N\/\ N
o

NB-NTA

B)
(0]
e
N\/\OKNT( o 0 o )
(o] (0]

1) G3, THF o

- =

b o voes T
N Aoy oo ¥
¢} 2 s

12
polyNTA1

of 1IFiOgeur(e S13).
Schengkeynt.hesi s -ITAnmobomeenand cd8pol ymer pol yN

Conditions0O, i 52N®%OWi, e Hd; iCih,) SE2DC% ypigehli dddi rhet,i )C

50 % yield.

H2S rel ease f rpopan y &Ndavlad| yanrea |l y z e doSsuesliencgt i v B e
el ectrochemical probe (Figure 2A). A rapid in
after approximately 2 h 20dhsuAdadi tniean alell y,a ster
assay (FigureS2B)elretaiséea lhead f2 8 0 Hamitnrh o(EFd giunrcer e2aC

over the sNMNIRAL Troilsecrud ul t i's consiseéepBiswngh
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copol ymersrieheabBiechbfthde polymeric donor is s
correspondi ng?3/enas peonwll ®tcasl €lsat this phenomen

crowding i mparted by the polymer IpalckNDAhk as
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FigureARsdl ective el ectrochempeaelay N(p&M) b @ nr d lheea

presence offM)glwict me3@O0®M CA in PBS buffer (p

out to 20 h. (B) Absorbance speBcteasérom t hee
time corresponds to in sitwS.ge@)orrEteir®tk i ;mfet met
derived from the methylene blue dat a, measur e

represent-sitbe psdadaolsi mgtitdeléJquati on conv

To test tKNEBEAZm|l yNYADbfdeiSi vienr aH bi ol ogi cal
assessed their efficacy -der ipweodnodn chagt hpeloilalf ea
cel | prol iifmproattiaon ifg randthteedg ormaang@ino @d n a1 iws
from exi sdwhmigc hveisseVist al for sever al bi ol ogi
healH7gpr omotes *4rmeiredgSondesn st s may be wuseful
aqne®SExperiments were performedNbDAL tNraefasSHng en
source posdtasvseoac addregpilpepti de byproduct for
measuring the percentage of BrdUChAosmzyme was

added t ot ranyggmeaonphebecause the concentration o
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distributed in mammalian cell s, S sughi c¢i emt
increase icedgeoldiot beatiabdbowWiisndodSAIE eMO@ Fi gur e
3)compared with the .unNoeathedeasvseat wHlaGlgybcep v
byproduct . Caspase actNVALL @S sveass ad srap\u mesd $sun g e
significant adt ( Fi gyWe p&SR2®9 .1e0Wal upoeé g Ndme ef f
endot helial cell proliferation (Figure S21).

be a result of:Stdenerd atwiean rfatemotfthed pol ymeri c

0.03 4
0.02 4

0.01 4

Proliferating cell fraction

Control Sar-Gly 50 yM 100 pM 100 pM
NTA1 NTA1 Na,S

Figur eEBdoctenlell imdol i feration data showing the
treatment group. Cell $rwer enetdii @at eacdf quaz4 i H ii
by counting t HEapdent=i8f(off BrdUd tr emadimeategrmwu
0.05, *** jindicates p < 0.001 relative to unt

t he mean.

2.5. Conclusions

Il n s unNaArayn,pdol vy NWArne synthesizedmpourads ot Oe
rel easienl £O0Sust ;&iO0OBed sma rhreenr £50 N wne rttheed pidmetsce nH e

contrast:Stodomany #Hhat release potentially toxi
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NTAdre COS and an amino afidefreasdukinAnbtygsioct
CAgave redleaes lal ft he orNMNEAdngd| WNTATBr e aotrmebnott t
endot hel i ETAikredrl gsa sve @t fhe realtd wann to veeantrit olgeg heu p s
thesedeemomlst $s ate that NTAs of3 eirn aa utnh eqruaep anetti
Additionall vy, the polymeric delivery vehicles
H2S dellivkeelyy t hrough i ntravenous or i ntrape
cardiovascul ar di seasaeti weandieMeo rednevidss henr @ dhed ¢
provi de a chemical t ool for studying COSs i

understanding of the roles that this gas pl ay
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2.7. 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 fidztrometerdH and3C

NMR chemical shifts are reported in ppm relative to internal solvent resonances. Yields refer to
chromatographically and spectroscopically pure compounds unless otherwise statedd GC
experiments were performed on a Hewlett Pettk&890 Series Il GC and a Hewlett Packard 5972
Series Mass Selective Detector, equipped with a Restek RTX-% &dpillary column (3@n,

1.25mm di ameter, 0.25 em film thickness), 250
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1 mL/minute flow rate.Analytical LCMS was performed on an Agilent 1200 system with a Waters

SQ Detector 2 quadrupetane-of-f | i ght mass spectrometer wusing
particle size, 6 x 100 mm) eluting with a gradient of 0% ACN to 15% ACN in water, with each
solvent containing 0.1% formic acid. UV absorbance was monitored at 220 nm with a Waters
2489UV/Vis detector. UWVis absorbance spectra were recorded on a Spectramax M2 plate
reader (Molecular Devices). Fluorescence spectra were recorded on a Caryfitieseence
spectrophotometer equipped with a PMT detector (600 V), excitation and emission slit widths of

5 nm. Size exclusion chromatography (SEC) was carried out in THF at 1 mLiah®0 °C on

t wo Agil ent PL @adumidsConrgeated M Isesi with a Wyatt Dawn Heleos 2

light scattering detector and a Wyatt Optilab Rex refractive index detector. No calibration
standards were used, and dn/dc values were obtained by assuming 100% mass elution from the
columns. Highresolution mass spectra weaien on an Agilent Technologies 6230 TOF LC/MS

mass spectrometer.

Scheme S1Synthesis of NTAL

a aq OH 3
N OH + N — o s - > \I\: (0]
© S/\[( g OH  2)Hcl (aq) © ']'/\(f)( DCM, 0 °C N\F
o \
1 2 NTA1
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2-[(Ethoxycarbonothioyl)thio]acetic acidL}

1) NaOH, H,O/EtOH

2) Br/\[(OH o)

)

2-[(Ethoxycarbonothioyl)thio]acetiacid was synthesized according to literature procechires.
Briefly, a 2necked roundottom flask was equipped with arp Mlet and a septum and then
charged with ethanol (17 mL), NaOH (2.19 g, 54.7 mmol), water (42 mL), and a stir bar. Once the
NaOH wascompletely dissolved, the solution was bubbled wigifdd 15 min and the flask was
cooled to 0 °C on an ice bath. Underfldw, CS (4.00 mL, 65.6 mmol) was added dropwise via
syringe with vigorous stirring at O °C. After complete addition, the ice Wwathremoved and the
reaction mixture was stirred for 2 h undes &hd allowed to return to rt. In a separate flask,
bromoacetic acid (7.60 g, 54.7 mmol) was dissolved in deionized water (20 mL) and added to the
pale yellow reaction mixture via additionrfinel. Immediately the reaction mixture turned dark
orange. The reaction mixture was allowed to stir for 14 h at rt. The reaction mixture was acidified
by slow addition of concentrated HCI (5 mL) and extracted wita@H3 x 50 mL). The organic

layers wee combined, washed once with brine (10 mL), dried oveSNa and concentrated
under vacuum. The resulting yellow solid was recrystallized frormGGHhexanes to afford the
product as yellow crystals (7.41 g, 75 % vyiglo.p. = 44.450.6 °C) *H NMR (CDQ5) : U 4.66
(q,J = 7 Hz,2H), 3.98 (s, 2H), 1.43 (§ = 7 Hz,3H). 3C NMR (CDCh) : 214i2,173.1, 71.1,

37.6, 13.8.
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N-(EthoxycarbonothioyiN-methylglycine Z)
o NaOH S

S
/\O)J\S/\H/OH + /H\)J\OH > /\O)J\N/\H/OH
)

HZO | (o)

N-(EthoxycarbonothioyIN-methylglycine was synthesized according to literature proceduves.
round bottom flask was charged with xanthate(6.88 g, 38.1 mmol), sarcosine (3.40 g,
38.1mmol), NaOH (3.05 g, 76.0 mmol), water (15 mL), and a stir bar to give a clear yellow
solution. The reaction mixture was stirred at rt for 48 h and monitored by TLC eluting with
10% MeOH in CHCI> (UV visualization). Once the starting material had been completely
consumed, the reaction mixture was acidified by dropwise addition of concentrated HCI, which
immediately led to the formation of a white precipitate. HCI addition was continued until formation
of the pecipitate subsided (~ 10 mL HCI). The mixture was extracted witfCGH3 x 30 mL).

The organic layers were then combined and washed with 1 N HCI (2 x 15 mL) and brine (1 x
10mL). The clear solution was then dried over8l@; and concentrated under vaeco to afford

the product as a white solid (6.62 g, 98 % vyield). The thiocarbamate product was used directly in

the next step without further purification.

Sarcosine NhiocarboxyanhydrideNTAL)

j\ PBrs O s>:
/\O N OH \I\: e)
| /\g/ DCM, 0 °C N\

An ovendried, 2neckedoundbottom flask was equipped with an iNlet, a septum, and a stirbar

and then charged with thiocarbamatés.20 g, 29.3 mmol) and dry Ci€l> (37 mL) under N
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flow. PBr; (2.80 mL, 29.3 mmol) was added dropwise via syringe at 0 °C to gradegellow
solution. The reaction mixture was allowed to stir at 0 °C for 15 min before removing the ice bath
and allowing the reaction mixture to warm to rt as it stirred for an additional 1 h. The reaction
mixture was transferred to a separatory funnel and washegfully with saturated sodium
bicarbonate solution (3 x 15 mL) followed by brine (1 x 15 mL). The organic solution was then
dried over NaSQy, and concentrated under vacuum to obtain the crude product as a yellow oil.
The crude product was purified orsgica column, eluting with 1:1 hexanes/EtOAc to give the
pure product as kght-yellow oil (2.04 g, 53 % yield)!H NMR (CDCk) : a 4.18 (s,
(s,3H).3C NMR (CDCk) : D, 16498, 61.7, 30.9; HRMS (ESDF) calcd. for GHeNO2S"

[M+H]* 132.0114, found 132.0114.
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Figure S3.H NMR spectrum (CDG) of NTAL.
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Scheme S2NTA ROMP monomer Synthesis
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2,2-((ethoxycarbonothioyl)azanediyl)diacetic acBj (

d

(0] S

S
A OH 14 0 S
o s/\g/ + HO)J\/N\)J\OH H,0 HOJ\/N\)J\OH

A round bottom flask was equipped with a stir bar and charged Wigh.20 g, 12.2 mmol),
iminodiacetic acid (1.62 g, 12.20 mmol), NaOH (1.46 g, 36.6 mmol), and water (55 mL) to give a
turbid solution. The slurry was st at rt for 14 h, at which point the reaction mixture had become

a clear yellow solution. Reaction progress was monitored by TLC, eluting with 10 % MeOH in
CH.Cl>. Once the reaction was complete, the reaction mixture was then acidified by dropwise
addition of concentrated HCI (10 mL). The clear yellow solution was extracted with EtOAB(Q3

mL), and the organic layers were combined and washed with 1 N HCI (2 x 15 mL) and brine (1 x
10 mL). The organic solution was then dried over3@ and concentrateander vacuum to give

the crude product as a white solid. The product was purified by recrystallization from
hexanes/EtOAc to afford the product as a white solid (1.40 g, 6.33 mmol, 52 %(gighd)=
131.2132.7 °C)'H NMR (DMSO-ds) : U 1 2. 98Xs, 2H3, 4.38203) 7,Hz,2H), 4.22

(s, 2H), 1.22 (t)= 7 Hz,3H).*C NMR (DMSOds) : UL, 1698, 9696, 67.5, 548, 508, 13.9.

HRMS (ESHTOF) calcd. for GH1o0NOsS [M-H]™ 220.0273, found 220.0285.
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Norbornene thiocarbamate acetic ac#) (

; o (?OYS o EDC, pyridine ; 0 Cio\[és o
+
N ~on HOJ\/N\)J\OH DCM N\/\OJ\/N\)J\OH
o} o}

Exo-norbornene alcohol was synthesized according to literature prosédureundbottom flask

was equipped with a stirbar and charged with dicarboxylic 2¢&100 g, 9.04 mmol), pyridine
(750 €L, 9. 0£I>(nd>mb)lgiyinga kgt ye@ok, slightly turbid solution. The flask
was placed in an ice bath and a solution of EDC (1.73 g, 9.04 mmo&xambbornene alcohol

(9.37 g, 45.2 mmol) in C¥Cl> (25 mL) was added dropwise via addition funnel. The reaction
mixture was allowed to stir at rt for 14 h. Reaction progress was monitored by TLC, eluting with
5 % MeOH in CHCI». The resulting clear yellow solution was washed with 1 N HCI (2 x 10 mL)
and brine (1 x 10 mL). The organic solution was then dried ove&8Qland concentrated in vacuo

to yield the crude product as a yellow oil. The product was purified on a silica column, eluting
with 1-10 % MeOH in CHCI. to give the pure product adight-yellow oil (1.93 g, 4.70 mmol,

52 % vield).'H NMR (CDCkL) : U m,&H)24%4 (q, 2H), 4.49 (, 2H), 4.244.37 (m, 4H),

3.78 M, 2H), 3.27 (s, 2H), 2.721(, 2H), 1.221.56 (m, 6H)}3C NMR(CDCk) : U 190. 4 4,
178.38, 170.01, 168.47, 137.93, 69.10, 68.86, 62.66, 62.34, 55.16, 51.42, 50.58, 48.03, 45.38,
42.90, 42.8, 37.66, 37.53, 14.18, 14.10. HRMS (HSDF) calcd. for GH2:N207S [M-H]

409.1036, found 409.1075.
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NorborneneNTA ROMP monomedB-NTA

7 PBr3 7

o)
. A

\/\o)K/ \)J\OH DCM, 0 °C - rt N\/\OKN\KS
o 0

A flame-dried, twenecked roundbottom flask was equipped with an Mlet, a septum, and a stir

bar. The flask was charged wi4h(0.302 g, 0736 mmol) and dry CCl> (4 mL) under Nflow.

The clear and colorless reaction mixture was then cooled@oddf an ice bath. Once cool, BBr
(0.09 mL,1 mmol) was added dropwise to the reaction mixture via syringe. The reaction mixture
was allowed to gtfor 10 minutes at O °C. The ice bath was the removed, and the reaction mixture
was allowed to warm to rt as it stirred for an additional 30 minutes. The reaction mixture was then
transferred to a separatory funnel where it was washed with saturatdzbbata solution added
slowly (2 x, 2 mL) and brine (1 x, 2 mL). The organic solution was then dried oy&and
concentrated in vacuo to yield the crude product as a yellow oil. The crude product was purified
on a silica column, eluting with GBI to give the pure product adight-yellow oil (0.135 g, 50

% yield).'H NMR (CDCkL) : U J=2 BA2H) 4.36 (s, 2H), 4.3X, 2H), 4.22 (s, 2H), 3.77

(m, 2H), 3.27 (m, 2H), 2.70d(J = 1 Hz,2H), 1.53 (m, 1H), 1.24 (m, 1H}*C NMR (CDCk) : i
1933, 1781, 1674, 138.0, 629, 602, 481, 454, 445, 429, 37.5 HRMS (ES{TOF) calcd. for

CaeH16N206SNa [M+Na]* 387.0632, found 387.0621.
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Synthesis dllorbornenePEGsso (NB-PEG)

JJ\OH EDC, DMAP ot 71L2

o DCM

)

Exo-norbornene carboxylic acid was prepared by literature procédureundbottom flask was
equipped with a stirbar and charged wettonorbornene carboxylic acid (2.021 g, 9.14 mmol),
poly(ehylene glycol) monomethylether (M 550 Da) (1.675 g, 3.05 mmol), and DMAP (0.112

0.914 mmol). Dry CHCI> (30 mL) was added, giving a clear yellow, slightly turbid solution. EDC
(2.290 g, 9.14 mmol) was added in one portion, and the reaction mixasrallewed to stir at rt

for 14 h. Reaction progress was monitored by TLC, eluting with 5 % MeOH pClHOnce
complete, the reaction mixture was transferred to a separatory funnel and washed with 1 N HCI
(2x, 15 mL) and brine (1 x, 15 mL). The orgafayer was dried over N&8(Qs and concentrated
under vacuum to yield the crude product as a light pink oil. The crude product was purified on a
silica column, eluting with 5 % MeOH in CBl> to afford a clear, colorless oil

(1.972g, 2.56mmol, 84 % yield).
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Synthesis gbolyNTA1by ROMP

0 O
7 0o ///<s m n
N\/\O)K/NX( o oo o
(0]

3 N N
. 1) G3, DCM 0
° o 2 Ao OTO OKL
/

N o)
NQJ\OWOE //\:\/:o b2

0 S 12

polyNTA1

A 20 mL scintillation vial equipped with a scresap lid was charged witNB-NTA (10.5 mg,
29. 0 &BPEG)(200 mg, 260 mmol), and dry GEl2 (3.5 mL). G3 catalyst, prepared

according to a literature procedin@as dissolved in dry C¥l, in a second vial at a concentration
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of 8.40 mg/mL. The&3 solution (0.5 mL) was added rapidly by syringe to the monomer solution
with vigorous stirring. Theeaction mixture was stirred at rt for 1 h. A few drops of ethyl vinyl
ether were then added to quench the polymerization, and then the reaction mixture was stirred for

an additional 20 min. The polymer was isolated via precipitation from hexanes.
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Figure S12 H NMR of polyNTA1.
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Figure S13.SEC analysis (RI trace) pblyNTAL.
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Scheme S3Proposed scheme for COS release from a generalized NTA structure

OH
SN HNTYC o HoS H
TN>:O ° - Os)kr}l/\n/N\)J\OH ™ R‘N/\H/N\)J\OH
! R O
R

H® -COS H 0o

GC-MS detection of COS

A 1.5 mL vial was charged with 0.2 mL of a solutioN\afA1 (5 mM in DMSO), 0.8 mL glycine

solution (12.5 mM in PBS buffer) and sealed with a screw cap lid with a rubber septum. The
reaction mixture was allowed to sit at rt for 5 min, at which point atigdit syringe was used to
sample 100 €L of the vial h e ad s-fAaimmediatelyhA s v o |
control vial containing 0.8 mL glycine (12.5 mM in PBS buffer) and 0.2 mL DMSO was sampled

using the same procedure at tAmute mark.
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Figure S14.GC-MS mass chromatogram NTA1 reaction with glycine after 5 min.
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Figure S15.SIM mode monitoring oNTA1 reaction with glycine after 5 min. A)43 abundance

(m/z = 34.00) and B) COS abundance (m/z = 60.00).

Analysis of byproducts by LC3/
A onedram vial was charged witiTA1 (50.2 mg, 0.383 mmol) followed by addition of 1 mL
gl ycine solution (0.46 ™M in 1X PBS) to give a

mixture was injected onto the HPLC eluting 0 % ACN to 15 % ACNater (0.1 % formic acid).
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Figure S16 LCMS UV absorbance (o&NTAL (@3B0 inmphoyphateh r o ma-

buffered water) in the presence of glycine (0.42 M) after 8 h incubation.

Methylene blue k6 release assay

Each assay described was run in triplicate in adyaen vial containing 1.856 mL PBS buffer (pH

= 7.4), 102080lution (4ZmM 009 ),  ANDAL erpoly(NTA1) solution (10 mM

in NTA functional group in DMSOYer20 &L ec¢CAQgs$
solution (500 mMM in PBS buf f BTAL .2 MK EZnCGAtY, 1c oncen
mM glycine, and 300 nM CA. A control solution was run for each experiment containing all of

the above components with the exceptioNGfALl. At precet er mi ned ti mepoi nt s
removed from each react i omsoltioaB0mvnml.2dMHCIut ed w
foll owed Nhgimethytp-phenklenediamine solution (20 mM in 7.2 M HCI). Aliquots

were stored until 90 minutes after theal aliquot had been taken to allow completion of

met hyl ene blue formation. The aliquots were t|

absorbance spectra were collected from 500 to 800 nm on a plate reader. Kinetic analysis was done
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by subtacting the absorbance of the control experiment (no methylene blue formation) from the

absorbance of each aliquot at that specific timepoint at 676 nm.
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Figure S17.Representative absorbance spectra for the methylene blue spectrophotoatetric H

release assay with absorbance increasing over time. Inset shows thefppseadter kinetics plot

derived from absorbances at 676 nm.

H>S selective electrochemical probe calibration

A scintillation vial was charged with 1X PBS buffer (pH 7.4) (10)rahd a small magnetic stir

bar. The buffer solution was set to stir and the electrochemical probe was positioned in the vial.
Once the probe current had equilibrated, a stock solution of NaSH (2 mpDjwrds added in 5

eL aliquots. U ptheMaSH stocklsoludian tb the vialhthereavés a spike in current

which quickly stabilized. Upon current stabilization another addition was made until probe
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response no longer appeared linear. The calibration curve was constructed by plotting the apparent

concentration of b5 in solution against the stabilized probe current.
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Figure S18.Calibration curve for k&S release in 1X PBS buffer.

H>S selective electrochemical probe release studies

A scintillation vial was charged with 9.73 mLof IXPBSbuffetd 7. 4) , 4 L of a g
(O5MinKO) , 20 €L ONTAld 5sonMut noMM&O), 250 &M of a
in 1X PBS), and a small magneti cNTALL 100 baM. F
glycine, and 300 nM CA. Once all of tmeagents had been added, the probe was immediately
inserted into the solution, and the probe current was recorded. The current initially spiked due to
immersion in the solution, but stabilized quickly. This initial current spike is omitted from the
repored data. Peaking time o8 in solution is measured at the point where the current readout

is at a global maximum for the dataset.
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endothelial cell media (10 mL)he faster peaking time is a result of a higher concentration of free
amines available in complete cell media. The rapid return to baseline is likely a result of
sulfhydration of the various proteins in the cell media by th® Hleased leading to a lower

instantaneous concentration of sulfide.

Fluorescence kb release assay kinetics

Fluorescence assays were prepared in a 3 mL quartz cuvette with a threaded lid containihg 1.80

1X PBS hbuffer (pH 7.4), 0.1 mL glycine solution (30 mM in PBS buffer), il
diethylenetriaminepentaacetic acid (DTPA) solution (2.5 mMJ@)10.2 mL dansyl azide probe

solution (3.76 mM in DMSOQO), and 0.020 mL CA solution (0.0375 mM in PBS). The fluorescence
spectrum of this mixture aaXonmasthed s @tiendpoifit.r om 4
To this solution was added 0.3 mLMTAL solution (0.823 mM in DMSO). The cuvette was the

capped, and Parafilm was wrapped around the cap to limit any potential volatilization ofZSOS/H

The cuvette was then placed in the flumeter, and fluorescence spectra were collected every

10min from 400 to 600 nm. Kinetic analysis was done by subtracting thetimexopoint
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fluorescence intensity from the fluorescence intensity at each time point at 540 nm. The pseudo
first-order halflife of H>S release was determined by plotting time vs. In{%(feleased), with

ti2 = In(2)/slope.

Brain-derived endothelial cell assays

Primary brairderived endothelial cells (ECs) were plated in av@fl plate containing serwinee

media, precoatal with 0.2% gelatin, at 20,000 cells/well. After 24 h incubation with the indicated
treatments, cells were assessed for proliferation by adding 10 uM bromodeoxyuridine (BrdU;
Sigma Aldrich, St. Louis, MO). Following 1 h incubation with BrdU, cells wetediand stained

with antiBrdU (1:1000; ThermoFisher Scientific, Inc., Waltham, MA). ECs were counterstained
with DAPI (1 mg/ml) and analyzed under TRITC/DAPI filters on an inverted DOlympus epi
fluorescence microscope equipped with a digital-X®/camera and Cell Sense software package
(Olympus, Valley, PA). For quantification of Brdhbsitive ECs, four images per well were
acquired and quantified as a ratio of BrdU/Dapi or proliferating cell fraction. For Casapase 3/7
assessment after 24 h incubati cells were subjected to the Casp@se 3/7 assay per
manufactures instructions (Promega, Madison, WI). Data were graphed using GraphPad Prism,
version 4 (GraphPad Soft war e rtaildd ntest was uSelior Di e g ¢
comparison otwo experimental groups. For three or more groups, multiple comparisons were
done using ongvay ANOVA followed by Tukey test for multiple pairwise examinations.
Changes were identified as significant if p was less than 0.05. Mean values were repatied toge

with the standard error of mean (SEM).
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Figure S20.Caspase assay of braierived endothelial cells treated witil50 0 NI AL.

Mouse brain endothelial cell BrdU assay of PolyNTAl
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Figure S21.Endothelial cell proliferation data showing the ratio of proliferating cells in each
treatment group. Cells were treated for 24 h in sefr@emedia, and quantification was performed

by counting the number of BrdiDapi® cells (=6i 8 for each treatmergroup). Error bars
represent standard error of the mean. There was no statistically significant difference between

these groups.
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Chapter 3: Functional N-substituted N-Thiocarboxyanhydrides as Modular Tools for

Constructing H2S Donor Conjugates

This manuscript hasatbieoen. submitted for public
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3.2.Abstract.

We report a synthetic rout eStewaa-slulag tfNatmu tl eyd «
t hiocarboxyanhydrides ( NTAs) wi t h functional
reactions, i ncluding =ehef i nandradcdpypzeaid kayarizee s ie <
cycloaddi-suant. i fTinteed NTAsswmal kb mbtachbkds, poly
to synthesS zaeonnoorvsel cothvergentl!l y. Al cehgegagat

kinetiocs.

3.3. Introduction

Biology has benefitted immensely from the emergence of bioconjugation chemistry. The
developnent of bioconjugates has led to key discoveries in measuring protein/ligand binding,
developing effective MRI contrast agents, probing antilbadtigen interactions, and imaging

biomolecules in vivd. Expanding upon this work, many common bioconjugati@ctiens also
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find use in other areas of chemistry, including surface modificatiand polymer
functionalization? However, bioconjugation strategies have been applied only sparingly in the
arena of gasotransmitter reseat€hwhich focuses on uncoverinthe biological roles and
exploiting the therapeutic potential of endogenously produced signaling gases. We envisioned that
popular bioconjugation reactions could be employed to synthesize a wide variety of
gasotransmitter donor conjugates, specificallyjugates capable of delivering hydrogen sulfide
(H2S), from a small library of functionalized donors.

As first reported by Abe and Kimura in 1996,3is a gasotransmittérSince this
discovery, studies on thghysiologicalroles of HS in the bodyhave ensued More recent
discoveries suggest that alterations in endogene@pkbduction contribute to a variety of disease
states, including cardiovascular disedskabetes?and Par ki n¥ amodgsothetst s ea s e,
These results also indicate that ggoous delivery of k& may be therapeutic in certain indications
by promoting wound healint alleviating cardiovascular tissue damage in ischerejgerfusion
events?*1® and mitigathg cellular damage in theentral nervous systeinduced by reactive
oxygen species (ROS$y.However,compared with existing small molecule$idonors, donors
appended to a variety of compounds and constructs, including established drugs, polymer
scaffolds, and proteins, would likely increase the therapeutic viability ofeexog HS delivery
moving forward

Compared withbS fidonor s al tSswhiciNeadtH instantaheolblsarelease,
synthetic HS donors can incorporate specific release triggers and extengShelebse halife,
better mimicking endogenous§i prodiction!’ These properties allow for greater sophistication
in studying HS in biological settings and open avenues for target&dddlivery. Over the past

decade, various #$ donors have been developed that respond to specific stimuli, including water,
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nucleophiles, light, and enzymes, among oth&f$.Additionally, current efforts focus on
extending HS donors to polymeric drug delivery systems as well as modifying existing drugs with
H.S-releasing moietie$:?®> However, nearly all synthetic 23 donos lack reactive chemical
Ahandl esod for use in conjugation reactions, a
Based on previous work in our group on donors of carbonyl sulfide (COS), which is converted
into HaSin vitro, we aimed here to eate a platform of dual COS/8l donors that could be readily
conjugated to various scaffolds.

Previously, our lab reported dN-thiocarboxyanhydrides (NTAs) as a class of dual
COS/HS donors with nontoxic, peptidic byprodutSNTAs release COS in the presence of
primary amines (e.g., glycine), and the ubiquitous enzyme carbonic anhydrase (CA) rapidly
catalyzes hydrolysis of the released COS ini8 k5cheme 1A). The initial version of NTAs as
COS/HS donors was the NTA of sagine NTA1) as it offered a straightforward synthesis from
commercially available starting materials. HoweWwTAL lacks functional handles and is not
conducive to conjugation reactions. Therefore, we sought a synthetic route to make NTAs that
would toleate the incorporation of functional groups used in common bioconjugation reactions.
Functional NTAs would allow for the simple modification of existing small molecules, polymers,
proteins, surfaces, or other platforms with CO&/Heleasing NTAs, openingrange of novel
H>S donor systems. To this end, we devised a modular synthetic route to prepare NTAs with
several functionalities via the same starting materials. Functional groups with high prevalence in
the fields of bioconjugation and polymer chemissych as alkynes, azides, alkenes, and

norbornenes were targeted to allow access to popular conjugation reactions.
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A)

3.4. Results and Discussion

B)
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Scheme 1A) Proposed mechanism of COSSHrelease from dondTAL, studied previously.

B) Synthetic route to functional-Substituted NTAs.

N-Functional NTAs were prepared in three steps starting from commercially avaHable 2
((ethoxycarbonothioyl)thio)acetic acid (XAA) arichinodiacetic acid(IDAA) (Scheme 1B),
affording thiocarbamate diacetic acid (TCDA). This compound was subsequently monoesterified
with commercially available functionalized alcohols to give compounds(seeAppendix 3.6
for synthetic routes), followed by ringjosure wih phosphorous tribromide (P#rto give the
corresponding NTAs, labelleMTAs 2i6. To show the versatility of this approach, five N
substituted NTAs were prepared as alkynyl, azido, allyl, norbornyl, and benzyl esters (Scheme
1B). We aimed specifically t@synthesize alkynyl and azideNTAs (NTA2 and NTA3) to
accommodate the Huisgen [3+2] cycloaddition reaction (CUACC) between eaggmles and
alkynes. AllyFNTA (NTA4) was designed tdacilitate olefin cross metathesis and thete
reactions, owing to therevalenceof reactive thiolene substrate€.Lastly, benzy}NTA (NTAB)

was synthesized as a model compound to stu@®yrelease from NTAs under various conditions
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(i.e., different pH and nucleophiles) in detail. All five NTAs are solids at room temperanal
stable for months on the benchtop.

To assess whether NTAs decompose under common CuAAC reaction conditions, model
reactions on small molecules were conducted. The CUAAC reaction was performed using alkynyl
NTA2 and 2azidoethyl benzoate to form comynd 7 (Table 1). The best conditions found for
this reaction included a THF solvent mixture (4:1 v/v) with sonication in lieu of magnetic
stirring, as sonication best facilitated the dispersion of the precipitate formed upon addition of
sodium ascorbate to copper sulfate pentahydrate (GUBO). Under these conditions, we
observed near quantitative conversion to the desired produéHb)dMR spectroscopy in
approximately 20 min at rt, with product isolation by flash chromatography (Tablenpocmd

7).

To further highlight the robust nature of the CUAAC reaction WittA2, we extended the
scope of these conditions to conjugationNdfA2 onto an aziddunctionalized lysine (Fmadc
Lys(N3)i OH) as well as a macromolecular substrate, ataduinated poly(ethylene glycol)
(PEG N3, molecular weight (MW) = 5.0 kg/mol). These two substrates were chosen as analogs to
peptidic and polymeric drug delivery systems. Using the same reaction casndititined above
complete conversion to produgasobservedafter approximately 60 min for reactions with both
Fmod Lys(Ns)i OH (Table 1, compound 8) and PBE& (Table 1, compound 9). These reactions
demonstrate that a single NTA can be used to functeenal variety of systems from small
molecules to polymers under similar reaction conditions.

In order to fully encompass the scope of the CUAAC click reactions for both alkyne and
azide substrates, we synthesized an azidetionalized NTANTA3. To evaliate the reactivity

of NTA3, we performed CuAAC on a small molecule model compound-pidiected propargyl
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alcohol (Table 1, compound 10), and an alkfunrectionalized PEG (MW = 5.0 kg/mol) (Table 1,
compound 11). Both reactions reached complete conwessibin 75 min under the same CuAAC
conditions described fOMTAZ2.

We also investigated conjugation of NTAs using olefin cross metathesis (CM), a widely
used tool in organic chemistry as a facile and mild means of forming eaalbbon double bonds
in bioconjugatior’® drug developmerf® and polymer synthests Grubbs and cworkers
previously categorized terminal olefin CM substrates into four categories depending on their
propensity to form homodimer CM produétddeal CM partners have mismatchedatvity (i.e.,

Type | + Type Il or 1ll), motivating the decision to choose methyl acrylate (Type Ill) as a model
CM partner with allyNTA (NTA4) (Type 1). CM reactions were conducted in the presence of
HoveydaGrubbs second generation (HG2) catalyst witresol as an additive, as reported by
Tooze and coworker&. In the presence of-presol and 2 equiv methyl acrylate, complete
consumption oNTA4 was observed in 2 h by TLC with 0.1 mol % catalyst loading. The desired
NTA-methyl acrylate CM product (85:15 E/Z ratio (Figure S31)) was isolated by flash
chromatography (Table 1, compoub®).

The final class of reactions used for NTA conjugation wasr#ulical thiolene reaction
between thiols and electraith alkenes. Thiekne reactions can be initiated thermally or by UV
light and do not require a metal catalyst, making them particularly attractive bioconjugation
reactions. Thiols are commonly fadiin biological systems in the form of reduced cysteine or
glutathione as well as cysteine residues on proteins. Additionally, polymers with thiol chain ends
are readily prepared by reversible additivagmentation chain transfer (RAFT) polymerization
followed by removal of the thioarbonylthio specie¥, offering another mode for conjugation of

NTAs to synthetic polymer systems.
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For conjugation of NTAs to thiols via thi@ne, (diphenylphosphorylmesityl)methanone
(TPO) was used as the photoinitiatorr Bee equimolar reaction 8§ TA4 with N-acetyl cysteine
(Aci Cys OH) in THF (Table 1, compound 13), complete consumption of the I starting
material was observed by TLC in 60 min, with isolation of the conjugate via flash chromatography.
The thiolere conjugation reaction was then extended to a polymeric system.-$ghatble
poly(acryloyl morpholine) (PACMO) was synthesized via RAFT polymerization (MW = 6.0
kg/ mol, & = 1.08), followed by r #thweetldreen o f
thiol on the polymer chain end. Reaction of this polymeric thiol for 70 min WitA4 under
similar conditions to those described above afforded complete consumphNd@fdf The NTA
PACMO conjugate was easily isolated by precipitation (Table 1, conthb4).

To evaluate the scope of thiehe reactions with NTAs, we performed the t@ok
reaction betweeNTA4 and bovine serum albumin (BSA), a model protein with a single reduced
cysteine residue (Cys32).To accommodate the solubility of BSA a ladggaqueous reaction
medumwas employed. Unfortunately, there was no evidence of NTA consumption by TLC after

UV irradiation for up to 2 h under these conditions.
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Table 1.Reactions of functional dubstituted NTAs.
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3CuSQ-5H;0 (0.4 equiv), sodium ascorbate (5 equiv), THOH4:1 v/v), sonicatiorPHoveyda
Grubbs Gen. Il catalyst, GBI, reflux, No atmosphere’TPO (0.1 equiv), THF, UV irradiation.
4TPO (0.3 equiv), THF, UV irradiation, Natmosphere’TPO (0.05 equiv), bD:THF (9:1), UV
irradiation.

Figure 1. A) H2S release from parent functional NTAs (10 puM) in the presence of Gly (100 puM)

and CA (800 nM) in 1X PBS buffer (pH 7.4). B}$irelease frofunctionalized NTAs 715, see
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table 1. C) HS releasdor benzyl NTA (10 uM) in the presence NfU-acetytL-lysine (Ad Lysi
OH), glycine (Gly) N-acetyl cysteine (AicCys OH) in 1X PBS buffer (pH 7.4). D) Plot of peaking

times of benzyl NTA (10 uM) vs pH We in various buffered systems (10 mM).

Previous reports have demonstrated rapid and efficientriigigiated thickene reactions
between substituted norbornenes and thiols in aqueous fefiBhis inspired the synthesis of

norbornytNTA (NTA5) to erable thiolene under conditions wheréNTA4 does not give
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appreciable conversion. A small molecule model reaction betiN@&® and benzyl mercaptan

in the presence of TPO progressed smoothly, reaching full conversion in approximately 60 min
(Table 1,compound 15). Using the same reaction conditions WifiA4 and BSA, we observed
complete consumption ®TA5 by TLC after 2 h of irradiation with UV light in the presence of
TPO. After isolation via precipitation, analysis by MALIDOF mass spectrometrgvealeda

shift in the center of the peak observed for pure B®/ 66,200 to 66,700 m/z (Figur8§),
indicating that the conjugation reaction was successful. These results are similar to published
MALDI -TOF analyses of modified BSX .Successful formation of NA-functionalized BSA was

also confirmed by kB releaseneasurementd-igure 310).

H>S release profiles of the functional NTAs were investigaisig an HS-selective
electrochemical probe in the presence of physiologically relevant concentrationg&@CAM).
H>S release profiles for the parent NTABIAs 2i 6) displayed the typical release profile for small
molecule HS donors, with a rise to a peak concentration followed by a slow return to baseline
(Figure 1A). FOrNTAs 2Zi 6 H>S concentrations peakégtween 2035 min in PBS buffer (pH
7.4) with 100 uM added glycine as a triggepSHelease from small molecule NTAs after the
various functionalization reactions (compourds, 10, 12, 13, and15) did not show a change in
the general shape of the$ireleaseprofile from their parentN-substituted\NTA, and peaking
times remained withia 151 35 min timeframe (Figure 1BAlthough fairly small, we attribute the
differences in peaking times between spmymeric products from the same parent NTA (e.qg.
compound? versus8 and compoundl2 versus13) to changes in the local environment; for
example, the carboxylic acids in compourfdand 13 may contribute to their enhanced release
rate compared with compoun8and12. Maximum concentrations of43in theserelease profiles

are related to peaking time, where a faster peaking time generally leadsgeranaximum ES
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concentration.Overall, hese resuls demonstrate that functionalization of NTAs with small

molecules does nsubstantiallyalter thér H.S release profile.

A more dramatic change in28 release profile was observed for the polyN&A
conjugates, PEGITA (9 and11) and PACMGNTA (14). All of the polymefNTA conjugates
showed substantially lower maximum concentrations & iglative to the sall molecule NTAs
at the same concentration, with peaking times occurring at 20 min for the PAOM@onjugate
(14) and approximately 2 h for the PEEA conjugates § and11). Despite the differences in
peaking times, all of the macromolecular NTA comjtes showed a more gradual return to
baseline HS concentrations relative to the small molecule NTA donors, demonstrating that
polymeric donors are capable of maintaining a sustained concentratioss oh [4olution to a
greater degree than the small molecNTAs. The phenomenon of extended and sustain&d H
release from polymeric 4 donors has been previously reported, and it likely stems from steric

effects of the polymer chain in solutiéh?? 26

To gather further insight into thex8l release kinats of N-substituted NTAs, benzNTA
(NTA6) was used as a model substrate in the presence of various biologically relevant nucleophiles
and at different pH values. In the first set of experiments N6, we explored the effect of
various nucleophiles oH>S release rate under psetfst-order conditions (10:1 molar ratio of
nucleophile to NTA). The nucleophiles included water only (hydrolysis), glycingl.ys¢ OH,
and Ad Cys OH and were chosen to provide a range of functionalities availablero. Each
nucleophile tested gave a similar release profile to hydrolysis, with addition iafy&cOH
leading to a moderate decrease in peaking time and a greater maxg8uwondentration (Figure

1C) than the others, indicating a faster overall release.
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Release of b5 fromNTA6 was also measured in buffers at various pH values. Peaking
times remained constant within experimental error between pH 6 and 8.8, with peaking times
ranging from 2025 min at each pH value (Figure 1D). Taken together, thesesreemitonstrate
that NTAs provide a platform with consistent COZ#Hrelease rates under a variety of

physiologically relevant pH values.

Figure 2. Viability of HOC2 cardiomyocytesreated withNTA6 at various concentrations.
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Viability is presented as a pntage relative to a medbmly control. Quantification of

viability was carried out using Cell Counting Kdt(CCK-8). Results are expressed as the

mean + SEM where 10 trials were run for each treatment group over two independent

experiments.

Lastly, we assessed the cytotoxicity ®NTA6 in the presence of H9C2
cardiomyocytes (Figure 2\TA6s howed no ef fect on cell viabil
after incubation for 24 h, relative to untreated controls. Slight decreases in viability weet seen

100 and 200 uM, similar to other COS dondfs3®3°
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3.5. Conclusions

In summary, we have validated functionalsihbstituted NTAs as a modular donor
platform from which a wide variety of 33 donor conjugates may be prepared. Herein, we have
presented a synthetic route to a variety of functional NTAs, which can subsequently be used to
modify existing drugs, macromolecules, or proteins to form C&sreleasing conjugates. NTAs
release HS spontaneously in GAontaining water but at a fasteteavhen triggered with an
amine. Synthesis of NTA conjugates in aqueous conditions was successful, which will inform
preparation of KS-donating proteins or wateoluble polymers. An assortment ogSHdonor
systems will further facilitate the study of CB3S physiology and help fully realize the

therapeutic benefits of exogenousSHielivery.
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3.8. Experimental

Materials and Methods

All reagentsand solventsvere obtained from commercial vendors and used @sved unless
otherwise statedNMR spectra were measured on Agilent 400 MHz or Bruker 500 MHz
spectrometersH and**C NMR chemical shifts are reported in ppm relative to internal solvent
resonancesYields refer to compoundss isolated by silica gel chromatograpmjess otherwise
stated. Thinlayer chromatographyTLC) was performed on glasbacked silica plates and
visualized by UV.XAA,! THP-protected propargyl alcohdl2-azidoethanof, rac-norbornyl
alcohol? PEGN3,®> FmocLys-N3,° and PACMQO SH’ were synthesized according to taeure
proceduresFor pH studies on ¥$ release, buffers were prepared at 10 mM for the following pH
ranges: acetate buffer (pH 530), phosphate buffer (pH 6&1), and carbonate buffer (pH 8.2
8.8). pH was measured by a Fisher Scientific accumet AE150 benchtop pHHiggteresolution
mass spectra werebtained viaan Agilent Technologies 6230 TOF LC/MS mass spectrometer.

ProteinNTA conjugate analysis was performed usingmatrix-assisted laser desorption
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i oni zat i omeloftflight mhassrspecttometet800 MALDI TOF/TOF; AB Sciex H2S
release data acquired with a WPI 5125100 electrochemical probe set to a constant 100 nA
current.

Cell studies were conducted on an adherent H9C2 line of rat embryonic cardiomyocytes (ATCC,
ManassasVA, USA). Cultures were growmi Du |l b e c ¢ed Bagle Wedidm (DMEM,
VWR, Radnor, PA), supplemented with % fetal bovine serum (FB¥WR, Radnor, PA). Cells

were cultured at 37C in 5% CQ-air. The cultures were passaged aftér80% confluence was
achieved. Cells were rinsed with PBS solutiamg then released with trypsin and EDTA solution

(VWR, Radnor, PA). The suspension of released cells wasfaged at 1000 rpm for Bin.

Synthesis of functional Nsubstituted NTAs

Synthesis of compouffCDA

XAA TCDA

A roundbottom flask was charged witkAA (6.60 g, 36.6 mmol)lDAA (4.87 g, 36.6 mmol),

and a magnetic stir bar. An Erlenmeyer flask was charged with NaOH (4.39 g, 110 mmol), and the
NaOH was dissolved in water (120 mL). The aqueous NaOH solution was then kxdgdis

one portion, to the flask containigpA andIDAA while stirring at rt to give a clear, pale yellow
solution. The reaction mixture was stirred at rt for 40 h, at which point full consumptoh/of

was observed by TLC (10 % MeOH in €2 + 2 % Vv acetic acid). The reaction mixture was
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acidified with concentrated HCI until the pH reached ~2 as measured by pH paper (Hydrion). The
resulting aqueous solution was extracted with EtOAc (30 mL, 3x). The organic layers were
combined, dried over N&Qy, filtered, and concentrated to give a yellow oil. The oil was dissolved

in EO (30 mL) and cooled to 0 °C in an ice bath. Hexanes (100 mL) was added, resulting in a
white precipitate. The white powder was filtered, triturated with@(50 mL), and filtered

again to give thiocarbamate diacetic at@dDA (6.152 g, 27.81 mmolm.p. = 131.2132.7 °C)
IHNMR (DMSOds) : U 12.85 (broad sJ=7IH4PH), 423 (4 2H),( s ,

1.22 (t,J=7 Hz,3H).3C NMR (DMSOds) : 8911, 169.7, 469.6, 67.6, 54.7, 50.7, 14.0.
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Figure S1 'H NMR spectrum (DMS@is) of 1.
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Representative synthetic procedure for NTA precursply

S _O
0 "N 0 ~~ o) SYO o)
HO OH EDC, pyridine HOJ\/N\)J\O/\R
1 CH2C|2

e e A7\

A roundbottom flask was charged with iminodiacetic acid thiocarbam@eA (2.188 g, 9.890
mmol) and a magnetic stir bar. To this flask,2CH (80 mL) was added to give a suspension of
TCDA. Pyridine (0.80 mL, 9.9 mmol) was added in one portion, generatinglaleglyridinium

salt of TCDA as a clear solution. This solution was cooled to 0 °C in an ice bath. A separate round
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bottom flask was charged with EDC-HCI (1.896 g, 9.890 mmol) angCGH25 mL) to give a

suspension of EDC. Allyl alcohol (2.0 mL, 30 mmulas added to the EDC suspension in one

portion, which resulted in a clear, yellow solutidime EDC/alcohol solution was added dropwise

to the sol utTCdAVviaadditignjunneldtio Ci Tinemdaction mixture was allowed

to warm to rt as the &melted. Disappearance of starting matdriahs monitored by TLC (5 %

MeOH in CHCI,). After 16 h, complete disappearancel@fDA was observed, and the reaction

mixture was washed with 1 N HCI (2x) and brine (1x), dried ovesSRg filtered and
concentated. The resulting yellow oil was purified by silica gel chromatographyQGHo give
thethiocarbamate acidsterliii (2.147 g, 8.217 mmol). Yields for additional thiocarbamate-acid

esters are as followsi (76 %, pale yellow oil)1ii (73 %, yellav oil), liv (81 %, pale yellow oil),

1v (26 %, pale yellow oil).

1i: 'THNMR (CDCk) : § 4J=2093 Hz,®@H), 4.70 (dl = 3 Hz, 2H), 4.52 (m, 2H), 4.32

(d,J=8 Hz, 2H), 2.52 (m, 1H), 1.34 (td=7,5Hz, 3H)’3C NMR(CDCk) : U 190. 4, 17:
1728, 169.0, 167.8, 76.8, 75.9, 75.8, 69.2, 69.1, 55.0, 54.8, 53.3, 53.1, 51.1, 50.6, 14.1.

1lii: 1H NMR (CDCk) : U 4&=56H9, 2H),d.52 (m, 2H), 4.48.28 (m, 4H), 3.668.46 (m,

2H), 1.401.27 (m, 3H)1*C NMR (CDC¥b) : a 190. 4, 11684, 9.3, 69117/624.6,4 16
64.3, 55.3, 55.0, 51.6, 50.7, 49.7, 14.2, 14.1.

1iii: H NMR (CDCk) :  ©5.78 (mQ1H), 5.45.22 (m, 2H), 4.801.60 (m, 4H), 4.591.42 (m,

2H), 4.30 (dJ= 7Hz, 2H), 1.33 (dt)= 11, 7 Hz, 3H)*CNMR (CDCk) : & 190738, 177 .
170.2, 168.4, 131.3, 131.2, 119.6, 119.5, 69.2, 69.0, 66.9, 66.5, 55.5, 55.1, 52.0, 50.9, 14.2, 14.1.

1iv: 'H NMR (CDCk) : 10.82 (broad s, 1H), 6.4853 (m, 2H), 4.72.59 (m, 2H), 4.541.44

(m, 2H), 4.334.19 (m, 2H), 4.07 (m, 1H), 3.€A.55 (m,2H), 1.901.66 (m, 1H), 1.44..11 (m,

5H).13C NMR (CDCk) :19Qi3, 173.4, 172.1, 170.4, 168.8, 138.0, 137.8, 137.2, 137.1, 136.2,
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136.0, 132.2, 131.9, 70.3, 69.9, 69.7, 69.3, 69.1, 68.8, 55.5, 55.1, 51.9, 51.8, 51.0, 49.6, 49.5,
45.0, 43.9, 43.7, 43.62.3, 41.7, 41.6, 38.0, 37.9, 37.7, 14.1.

1v: H NMR (CDCh) : 7.487.30 (m, 5H), 5.21 (d] = 12 Hz, 2H), 4.78%.63 (m, 2H), 4.46 (dq,
J=33Hz, 7 Hz, 2H), 4.28 (d,= 4 Hz, 2H), 1.26 (dt)= 48, 7 Hz, 3H)!3C NMR (CDCk) : @
190.4, 190.3, 172.6, 171.8, 169.9, 168.6, 140.4, 135.0, 134.9, 128.8, 128.7, 128.6, 128.5, 127.8,

127.2, 69.0, 68.9, 67.8, 67.5, 65.2, 55.3, 55.0, 51.4, 51.0, 14.0.
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Figure S3.1H NMR spectrum(CDCls) of 1i.
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Representative synthetic procedure for functionaulstitutedNTA synthesis
gz
R= \/ K‘{\Ns

o
S e
S<_O PBr. T =0 alkynyl (if2) azido (iil3)
3
o] Y o) N
HOJ\/N\)J\O/\R THF, 0°C --> rt oﬁ)

benzyl (v/6)
. 0 N
v NTAs 2-6 ¢
R

allyl (iii/4) norbornyl (iv/5)

A two-neck roundbottom flask equipped with a glass vacuum adaptor and septum was charged
with a magnetic stir bar. The reaction vessel was fldre=l under vacuum and backfilled with
nitrogen. Dry THF (2mL) (passed through an alumina column and dried over 3 A molézds) s

was added to a vial containing thiocarbamate monoésite(0.372 g, 1.42 mmol)Once fully

dissolved, this solution was added to the reaction vessel. The reaction mixture was then diluted
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with dry THF (3 mL) to the final reaction volume (5 mL).&blear yellow reaction mixture was

placed in an ice bath to cool to 0 °C. Phosphorous tribromide)(RBt50 mL, 1.57 mmol) was

added dropwise under nitrogen, and the reaction mixture was allowed to stir at 0 °C for 10 min, at
which pointtheice bath vas removed and the reaction mixture was allowed to warm to rt. Once

at rt, the reaction mixture was allowed to stir for an additional 45 min. The reaction mixture was
again cooled to 0 °C in an ice bath, and MeOH was added dropwise until bubbling cejassdio

excess PBr The reaction mixture was concentrated on a rotary evaporator, and the residue was
dissolved in CHCIl,. The CHCI; solution was washed with saturated NaHCZX) and brine (1x),

dried over NaSQ, filtered, and concentrated. The cruoié was then purified via silica gel
chromatography (CCl2) to giveNTA3 as an offwhite solid (0.215 g, 0.999 mmol). Yields for

specific NTAs are as followtNTA2 (63 %, offwhite solid)(m.p. = 46.246.8 °C) NTA3 (77 %,

clear oil),NTA4 (70 %, offwhite solid)(m.p. = 38.5 39.0 °C) NTA5 (50 %, yellowoil), NTA6

(59 %, offwhite solid)(m.p. = 93.4' 94.1 °C)

NTA2:'HNMR (CDCk) : U &=3HZ, 2H),d.32 (d) =5 Hz, 2H), 2.52 (t) = 3 Hz, 1H).

13C NMR (CDC¥) : a 192. 9, ¥62660.9, p3.41484.8.. 4 | 76. 6,

NTA3: 'H NMR (CDCk) :  (+4.38 (m36@H), 3.58.52 (m, 2H)13C NMR (CDCk) : & 192. 9
167.3, 166.4, 64.5, 60.2, 49.6, 44.5.

NTA4:'H NMR (CDCk) :  i#5.88 (m918), 5.3%.27 (m, 2H), 4.68 (dt]= 6, 1 Hz, 2H), 4.32
(d,J=7Hz,4H).*CNMR(CDCk) : UG 193.1, 167.1, 166.2, 131.1
NTAS5: 'H NMR (CDCk) :  +5.96 (m22H), 4.381.21 (m, 5H), 4.09 (dd] = 11, 9 Hz, 1H),

3.993.74 (m, 1H), 2.82.81 (m, 1H), 2.68 (h] = 2 Hz, 1H), 1.891.68 (m, 1H), 1.4-1.35 (m,

1H), 1.331.25 (m, 2H), 1.2@.13 (m, 1H)'*CNMR(CDCk) : & 193. 2, 167.5, 16

137.2, 136.1, 132.0, 70.2, 69.6, 60.3, 45.1, 44.6, 44.0, 43.7, 42.3, 41.7, 38.0, 37.8.
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NTA6: H NMR (CDCk) :  7.30 (M4 3H), 5.21 (s, 2H), 4.38, J = 3 Hz, 4H).23C NMR

(CDCls) : 19311, 167.4,166.4, 134.8, 129.0, 128.9, 128.7, 67.9, 60.2, 44.6.

ro3 :
N « S
8‘.0 7j5 ?jD 6:5 6“0 515 5?0 4.5 4jD 3:5 310 215 20 l.:S 1.0
1 (ppm)
Figure S13 'H NMR spectrum (CDG) of alkynyl NTA, NTA2.
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Figure S14 *C NMR spectrum (CDG) of alkynyl NTA, NTA2.
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Figure S20 *C NMR spectrum (CDG) of norbornyl NTA NTAS.
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Functionalization of NTAs
Representative synthetic procedfwe Huisgen [3+2] reactions between alkynyl/aziddAsand
small molecule organazides/alkynes
O_s o)
T =0 1 N Mg
N o8 N N
- a v i S
(o] CuSO0y,, Sodium ascorbate

THF/H,0 (4:1 viv)
\\ Product 7

T N N
o Fmoc” s O
N o
O~ "OH Fmoc~ X
058 NH N\/\NK\O&NYS
N=
o} CuS0y,, Sodium ascorbate HO (0]

THF/H,0 (4:1 viv) o
\\ Product 8

\]\:Sﬁo o_o _#Z o
J s

N

o
12

N
o

[e]
~ =S
THPO, \
o] CuS0y, Sodium ascorbate \/K\/N\/\O
g THF/H,0 (4:1 viv)
Product 10

N3

A scintillation vial was charged withlkynyl NTA (NTA2) (87 mg, 0.41 mmoland2-azidoethyl
benzoat€78 mg, 0.41 mmql The reactants were dissolved in THF (2)rtd_give a clear yellow
solution. Copper sulfate pentahydrate (CuSE20) (41 mg, 0.16 mmglwas added in one
portion. Sodium ascorbat@40 mg, 1.20 mmglwasaddedto a separate vial and dissolved in
water 0.5 mL); this solution wasubsequently added tioe vial containing the NTAkZide mixture
in one portion. Immediate)yan insoluble brown precipitate foed Thevial was placed i bath
sonicator (Branson 2510) df and the reaction mixture became a moderately turbid, yellow
solution after approximately 10 miReaction progress was monitored by TLC ¢CH) until the
disappearance dMiTA2 was noted 30 min). The reaction mixturgvas concentratedy rotary
evaporabn to remove THEFandthe residue wadiluted with water. The aqueous solutivas
then extracted with Ci#Ll> (3x). The organidayerswere combined, dried over N&Qu, and
concentrated. The crude prodwas purified by silica gel chromatography (@El. and MeOH

mixture, with acetic acid addd@ % v/v) to give a white powder (102 mg, 62 % yiefd).p.
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=127.8130.4 °C) Product8 (white powder, 42 %Jjm.p. = 80.0' 85.8 °C, possible degradation)

and produciO (clear oil, 35 %).

Product?: *H NMR (CDCk): U -724 (9,2H),7.75.72 (s, 1H), 7.67.55 (m, 1H), 7.4&.42

(m, 2H), 5.31 (dJ = 1 Hz, 2H), 4.794.69 (M, 4H), 4.26 (d] = 3 Hz, 4H).2*C NMR (CDCk) : U
192.9, 167.4, 166.4, 166.0, 142.2, 133.8, 129.8, 129.2, 128.8, 124.8, 62.9, 60.2, 6344.89.

HRMS (ESHTOF) calcd. for @H16N4OeS [M+H]* 405.0869, found 405.0866

Productd: HNMR (CDCk) : U J=8H2 2H),d.627.45 (m, 3H), 7.47.18 (m, 4H), 5.71

(d,J=8 Hz, 1H), 5.23 (s, 1H), 4.50.12 (m, 9H), 2.17.52 (m, 6H), 1.44..14 (m, 2H).23C NMR

(CDCl3) : u 193.2,176. 4, 167. 6, 166. 6, 156. 3, 14
120.1, 67.1, 60.3, 58.5, 50.2, 47.2, 44.6, 31.5, 27.0, 22.0, HRBIS (ESITOF) calcd. for
CooH30Ns508S [M+H]* 608.1815, found 608.1827.

Productl0: *H NMR (CDCk) : 7.61i (s, 1H), 4.88 (dd,= 12, 1 Hz, 1H), 4.64.59 (m, 6H), 4.27

(d,J = 4 Hz, 4H) 3.943.87 (m, 1H), 3.5%8.50 (m, 1H), 1.8&.69 (m, 2H), 1.68..49 (m, 5H)13C

NMR (CDCbh) : ua 192. 7, 167. 1, 1 6265, 69.7, 601486,.44.5, 305,2 3 . 3,

25.5, 19.6HRMS (ESHTOF): calcd. for @sH20N40sS [M+H]" 384.1104, foun®84.1138
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Figure S24 *C NMR spectrum (CDG) of product?.
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Figure S25 *H NMR spectrum (CDG) of product8.
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Figure S26 **C NMR spectrum (CDG) of products.
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Synthetic procedure for Huisgen [3+2] cycloaddition betwaklsyne or azido NTA and PEG:

or PEG alkyne

[©)

o\]\: zﬁo

wet° \/?ENg N ’)<s
ﬁ VL )JVW
o] CuSO0y, Sodium ascorbate Me [e]
THF/H,0 (4:1 viv)
Product 9
O\]\:S
=0
N Me/é \/2?0/\ Oﬁo/\ﬁ\NN/\/oY\N
OQX CuS0Oy,, Sodium ascorbate B< )\
o THF/H,0 (4:1 v/v)

g Product 11
N3

A scintillation vial was charged witilkynyl NTA (NTA2) (50 mg, 0.23 mmolndPEG N3 (940
mg, 0.19 mmadl andthe reactants were dissolved in THF (6)n. give a clear yell solution.
Copper sulfate pentahydrate (CuSEH.0) (23 mg, 0.094 mmdlwas added in one portion.
Sodium ascorbatel40 mg, 0.70 mmlwasaddedto a separate vial and dissolved in wat2r (
mL); this solution wasubsequently added tioe vial containinghe NTA/PEGN3z mixture in one
portion. Immediatelyan insoluble brown precipitate foed Thevial was then placed ia bath
sonicator (Branson 2510) at dnd the reaction mixture became a moderately turbid, yellow
solution after approximately 10 miReaction progress was monitored by TLC ¢CH) until the
disappearance of alkyh NTA was observedafter 75 min The reaction mixturavas passed
through a column of neutral alumina and diluted with,ClHl The organic solution was washed
with saturatedNaHCGQ;, dried over Ng&SQu, and concentrated via rotary evaporaiine crude
solid was then dissolved in a minimal amount of.CH and precipitated into diethyl ether to
afford the PEGNTA conjugate as a white solid (800 mg recovered).

Product9: 'HNMR(CDCL) : U 7.84 (s, 1H),6 J=5HZ 2H),4B0o(dad

= 6 Hz, 4H), 3.76B.56 (broad s, 451H), 3.44 (dbls 6, 4 Hz, 4H), 3.36 (s, 3H).
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Productll: 'HNMR (CDCk) : U

(broad s, 413H), 3.43.43 (m, 4H), 3.36 (s, 3H).
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Figure S29 H NMR spectrum (CDG) of product9 with
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Figure S30 *H NMR spectrum (CDG) of productl1 with inset magnifying regiowith triazole

and NTA methylene peaks.

Synthetigorocedure forcrossmetathesis (CMieaction withallyl-NTA

(6] = (ONg
Tro X

OQX HG2, p-Cresol, CH,Cl,, reflux (0]
o)

Product 12
/S

A two-neck roundbottom flask equipped with a condenser and a septum was charged with allyl

NTA (NTA4) (153 mg,0.711 mmol),p-cresol (48.0 mg, 0.444 mmol) and a magnetic stir bar.
CH2Cl2 (1.5 mL) was added to give a clear, pale yellow solution. Methyl acrylate (0.130 mL, 1.42
mmol) was then added in one portion. The reaction mixture was bubbled mfith 20 min and
heated to a gentle reflux. In a separate vial, a stock solution of HoGyidos Gen. Il catalyst

(1.6 mM in CHCI>) was prepared and immediately added (0.5 mL) to the refluxing reaction
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mixture under N flow. The reaction mixture was allowed to stir reflux under N until
disappearance of allyl NTA was observed by TLC {CH), 2 h. After completion of the reaction,

the roundbottom flask was cooled to rt, and the contents were concentrated via rotary evaporation
to remove CHCl> and any excess methyl acrylate. The residue was purified by silica gel
chromatography (hexanes:EtOAc), yielding NI2 as a clear, colorless oil (60 mg, 36 % yield).
Productl2 'HNMR (CDCkL) : U &= 15,15 Hg, dHE isomer), 6.23 (dtJ = 12, 5Hz, 1H,

Z isomer), 6.04 (dt, 16, 2 Hz, 1, isomer),5.92 (dt, 12, 2 Hz, 1HZ isomer), 4.84 (dd) =5, 2

Hz, 2H), 4.34 (dJ = 7 Hz, 4H), 3.75 (s, 3H)®C NMR (CDCk) : & 192.9, 167. 0,
143.1, 139.9, 123.0, 121.4, 64.0, 63.9, 60.2, 6@1,51.8, 44.5, 44.4{RMS (ESITOF): calcd.

for C17H16N4O6S [M+H]" 274.0385 found274.0376
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Figure S31 'H NMR spectrum (CDG) of product12 with inset magnifying region with alkene

peaks and integrations (85:15 E/Z).
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Representative syhetic procedure fothiol-enereactionsof small molecule thiolith NTAs

OE;ﬁo )OLH §OH Ozi/\fl\
jo @F;,O J)
7

S

@ ° iuLﬂ"”

. 0}
UV light, THF

T Product 13
@ o A
¥ L O S

Product 15

UV light, THF
A scintillation vial was charged with norbornyl NTANTA5) (150 mg, 0.530 mmol) and a
magnetic stir ba The NTA was dissolved in THF (1.7 mL) and allowed to stir at rt. In a separate
vial, (diphenylphosphoryl)(mesityl)methano(€PO) photoinitiator (19 mg, 0.053 mmol) was
dissolved in THF (0.3 mL) and added to the vial containingNid5 solution in oneportion,
affording apale-yellow solution. Benzyl mercaptan (62 pL, 0.53 mmol) was added to the reaction
mixture, and the scintillation vial was capped and placed inside a 250 mL beaker covered in
aluminum foil. The top of the beaker was covered with a&ip (UVP, Analytik Jena US, long
wavelength setting) and allowed to stir at rt under UV irradiation. Reaction progress was monitored
by TLC (CHCI2) until theNTAS5 starting material was consumed, 60 min. The reaction mixture
was concentrated by rotamgvaporation and the crude material was purified via silica gel
chromatography (C¥Cl>:MeOH mixture) to give produdb5 as aclear o0il(131 mg, 61 % yield).
Product13: white solid 17 % yield(m.p. =130.0i 132.3 °C) *H NMR (DMSO-ds) : a 8. 25

= 8 Hz, 1H), 4.52 (s, 2H), 4.37 (td, 8, 5 Hz, 1H), 4.33 (s, 2H), 4.1B<(6 Hz, 2H), 2.922.68 (m,
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4H), 2.58 (t,J = 7 Hz, 2H), 1.86 (s, 3H)*C NMR (DMSOds) : U 112841624, 167.7,
165.0, 63.8, 60.8, 52.0, 44.6, 32.8, 27.9, 27.8, BIRMS (ESITOF) 13 calcd. forCisHidN207S;
[M+H] * 379.0634 found379.0636

Productl5: *H NMR (CDCk) :  7.22 (m35H), 4.34.21 (m, 4H), 3.92 (dd] = 2 Hz, 2H),
3.783.65 (M, 2H), 2.5@.41 (m, 1H), 2.32.18 (m, 2H), 2.1£.02 (m, 1H), 1.79.57 (m, 3H),
1.41-1.00 (m, 4H)2*C NMR (CDCh) : 193102, 167.41, 166.15, 138.58, 128.81, 128.77, 128.53,
128.50, 126.92, 68.79, 68.69, 60.14, 60.13, 45.977485.11, 44.46, 44.44, 43.95, 42.15, 41.74,
40.35, 40.07, 38.83, 38.50, 38.41, 37.99, 36.78, 36.61, 36.08, 32.98, AREES (ESITOF):

calcd. forCooH2aNOsS, [M+H] * 406.1147 found406.1144
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Figure S33.1H NMR spectrum (DMS@s) of product13.
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Figure S35.'H NMR spectrum (CDG) of productl5.
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Synthetic procedure for thi@ne reaction with PACMGH

) O() %42\/\/01(\“&%

foeor O

Product 6

UV light, THF

A Schlenk tube was charged with allyl NTANTA4) (6.6 mg, 31 pumol), PACMOSH (100 mg,

15 umol) and a magnetic stir bar. The reactants were dissolved in THF (1.0 mL), and a solution of
TPO in THF (0.2 mL, 20 mM) was subsequently added. The flaslsugscted to three freeze
pumpthaw cycles and backfilled withNThe Schlenk tube was placed in a beaker (500 mL)
covered in aluminum foil, and a handheld UV lamp (UVP, Analytik Jena US, long wavelength
setting) was placed adjacent to the flask insidebtdaker, with the bulb parallel to the Schlenk
tube and pointed toward the contents of the reaction mixture. The entire UV lamp ensemble was
covered in aluminum foil, and the UV lamp was turned on. The reaction mixture was stirred at rt
under UV irradiatbn. The reaction was monitored by TLC (§Hb) until NTA4 was consumed,

90 min, at which point the flask was opened to air. The reaction mixture was precipitated into cold
EtO (2x), dried, and collected to give PACMON'A (14) as a white powder (50 mg).

Product14: *H NMR (CDCk) :  (+4.22 (m44H), 4.05 (s, 2H), 3.8222 (broad, 211H), 2.70

2.35 (broad, 33H), 1.91.56 (broad, 74H).
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Figure S37 'H NMR of productl4.

Synthetic procedure fathiol-enereactionof bovine serum albumin (BSwijth norbornyINTA

A scintillation vial was charged with BSA (100 mg) and a magnetic stir bar. The BSA was
dissolved in water (0.8 mL) to give a viscous, clear, yellow solution. A solution of norbornyl NTA

in THF (50 pL, 0.300 M) was added followed by additmima solution of TPO in THF (20 pL,

0.038 M). The scintillation vial was capped and placed in a 250 mL beaker covered in aluminum
foil, and a UV lamp (UVP, Analytik Jena US, long wavelength setting) was placed on top of the
beaker. The reaction mixture walkowed to stir at rt under UV irradiation. After 2 h, the reaction
mixture was poured into acetone at 0 °C, resulting in the immediate formation of a white
precipitate. The suspension was cooled in a freezer for 20 min and subsequently centrifuged at
2000 rpm for 30 min. The supernatant was decanted off, and the precipitate was collected, washed

with cold acetone, and dried via lyophilization.
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Figure S38 Samples were analyzed by a matussisted laser desorption ionizatitandem time

of flight massspectrometer (480RMIALDI TOF/TOF; ABSciex). Two pL of alphayanc4-
hydroxycinnamic acid matrix (4 mg/mL, 50%/50% ACN® 0.1% TFA and 10 mM ammonium
chloride) wereloaded on &MALDI -target plate, mixed with 1 pL of protein solution (2 mg/mL in
H2>0). The sample spot was-daltedvia adding 1 uL water onto the sample and immediately
wicking the water away with a Kimwipprior to analysis in linear positiven mode (laser
intensity 7900). The peak/z value of 66200 was obtained for standard BS#d §6700was

observedor theBSA-NTA conjugate.

H>S release electrochemical probe data

A scintillation vial was charged with 9.73 mL of 1X PBS buffer (pH 7.4 4f a solution of
nucleophile (0.5 M in bD), 250>L of a solution of CA (33.3M in 1X PBS), and a small
magnetic stir bar. The probe was submerged in the solution and the voltage was allowed to
equilibrate for ~5 minutes. Once equilibrated >200f a solution of NTA (5 mM in DMSO) ere
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added. Final concentrations were>N NTA 1, 100>M glycine, and 300 nM CA. Once all of the
reagents had been added, the probe was immediately inserted into the solution, and the probe
current was recorded. This initial current spikesomitted from the reported data. Peaking time

of H>S in solutionwas measted at the point where the current readeas at a global maximum

for the dataset.
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+ °. "
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‘ y = 0.728x + 0.0159
0.4 4 R2 = 0.9814
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0 02 04 06 08 1 12 14
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Figure S39 Representativealibration curve constructed for the3selective electrochemical
probe. Values on the-axis indicate the concentration of #$ain solution (PBS buffer, pH 7.4).

Values on the Jaxis indicate the change in output voltage after each successive additiossof Na
Concentration of &5 calculated via the equatic®Y 0®OYIp — —— where Kd!

= 6.89 and K.? = 19 forthe chemical equation [total sulfide] =48] + [HS] + [S*].8
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Figure S40.HS selective electrochemical probe data of pure (unfunctionalized) BSA (blue) and
the BSANTA conjugate (yellow) (90 uM) in the presence of glycine (900 uM) and CA (800 nM)

in 1X PBS buffer (pH 7.4).
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Chapter 4: Polycarbonates as Macromolecular Scaffoklfor the Delivery of Hydrogen

Sulfide

4.1. Authors.
Chadwi ¢k *RHa |Peoyw éMblaijneg ™ haanrd John ~B. Mat son*

"Department dfr gCmeémi sTecy,, Bl acksburg, Virginia

A\/irginia Tech Center for Drug Discovery, Virg
States

4.2. Abstract

Herein we report a novsS|l dobbodsesgrnédakbe wif p@iny
azifduencti onal i zed al i pohpagnicn g op oylcyamBb@NnzaaBe cdiry, r!
repeat unit of the polycarbonate backbone <cor
handle for the Huisgen [@}2]l cycWoasequeononi ale:
functionali zed:STtREG@asandgTAMNITKHZ N wler e appended

polycarbonate backboBSeréebegsvegwpbeycaobobbaee

4.3. Introduction

The application ofi ehdromotdecgl ésl inet Weha:
in polymer research. Pol ymers provide an el en
drugs, allowing for more effective dosi hg sche

Pol ymemestareommonly employed as drug encapsu

di spersed within a polymer matrix, faMouleti ng
recentl vy, pol ymer therapeutics have bketomse in
bi oatfoirvenore commonl vy, the drug iIs covalent]l\
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vehi®Ase.a testament to the viability of -these

drug conjugates that are appreweéetdy%¥'on clinica
Drug delivery polymers of particular 1in
sul f ,.S)e,S(HHas recently garnered much interest

di scovery as a snagmmaiiRsm.ge amoclhe ciunteo itahehapdhysi
demonstrated its implication i n al%vaarrdiieotvya socfu lc
di séasnd, Al 8h°8i mee t his discovercy,ntaiwii e Wfaurnic
goups have been devel op®df rtom eanragd rei c he® nmped venas
donor s) in respons&Adadi tai omaarlileyt,y cofnss diemabi e
prepasSi dpnldr systems with #HuweBmgd mi ext esdeadd
and pedbSy Mdeornor conjugates effectivetltdhCTuwWrrcertase

HSr el easing macromol ecsidlawblse sg teants it §8nmicd mdd ec av@a

bl ock copol?finer micelles
Whil e the cupS ednotn opro Isyynsetreints Hhave demons
and positive therapeutic indications in some

cl earance of the pobBymeteasbyplbcecacacedbhénstk
HXS donor |literature, we deviseB domowutbased at
aliphatic poly(carbonate) (oPpCenipngatpoolryme rPiCzsart
have gained attentpgloant froercnesntfl ryoma swhmocdhular wi d ¢
aliphatic PCs ¢ &fPCse urnedaedigloy gpraadparlierde.ivdwmat i
generate alcohols and carbon dioxide as the m
bi ocompaimddi ti onally, work by Dove, Hedr i ck,

a |litany of organocatalysts that are easily aj
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heavy met 29°Acdittail oyrsalsl.y, PCs haetey befendreump| o g
applications due to their bi ocompatibility, |

which can be®®ccommodat ed.

4.4. Results and Discussion

When devising a synthet iNTAr cwtng uigaiviee dv i an
electrophilicity of the NTApmbymeyi gatnieomt sdc
strategy. Conjugation of thepd&dAngowbbhkedPCemoli
or tot al | S spay!| d &k a&OSvwveidl a raisn gc roopsesnliinngk i onfg t
With this synthetic restriction in mind, we d

(CMN3) (Scheme 1).

CMNswas prepared on the gram scale in fiwv
trimet hyl osC(ekhHg)n.e I(n( CHr der to install an azid
tri methyolethane, an acetonide was wutilized a

presence of a catalytilc Bmeuwmnprondt aaticivda(stlyc d h
then tosyl ated i n2pyPridddauscet subj gcvedt ooyhatceéeo
in the presence3soft osgdkingem dadziobe a(deaN he desire
the acetoni de was dde p(rgoetneecrdpetdi aign driveeftl uoxyi mrg nagc

et hyl chl oroformate to ultime@Mdldy form the cy
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N e N NG
Tos —Cl NaN3
PTSA, 4 A sieves pyridine, 80 °C DMF:H,0 (9:1 viv)
OH OH OTos 100 °C N3
1 2 Q 3
0 PN
OH OH )j\ 0" O
1N HCl cI” oS
reflux NEts, THF, 0 °C -->rt
N3 N3
4 CM-N;
Schentynlt.h €MNs of
Pol ymer iCaMeNswasn codr ri ed out using a dual thi

system; DBU was select ot eams stmeaaRa@Ronef blaset, i &
well as vat%°bosapacaone®l vents, the TU: DBU c
meidat e ROP initiated by alcohols via an actiyv
transesterification/transcarbonati on reacti on
pol ymerization. Additionally, Ifypyst odlylmevisatod
for heavy mehtiaclh cnaatya libyes tosythiod 0 ¥ D C

Pol ymer iCaMeNewaosn codnducted in dichloromethane
the initiating species and the TU:gDBd dcegrad e
polymerization (DMRy 8f75Rg/(mhlepr €éFi galre 1A).
conducted for 18 h at rt, reaching > 9B % con
NMR spectroscopy. PuPGlNs) psvlay¢aarhbyniasel aczedeyi §
(M= 9.1 ¥HgNM®&lI ed gr Mwrp 8amalkygyd imo)l, (SEC), & =

of azi dRGNsroempaate unit was confirmed by FTIR s
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anal ysis of otnheoGNpail ypleayeadtii ving behavior as

relationship betweencbheenatt adad apinvVerg ©OIFf meno (o

i nitial monomer) ,c osnuchetnrtarcattiinogn t(hfeM]equi leiybr i um
from each, VS. time (Figure 1B). Mb n N Mg r co
spectroscopy. Additionally, we Mibbsaesrevde dona S EC

analysis (assuming IMraedrreeéationshimebeétwedsSe

conversion (Figure 1C) .

A) i 0w (O
TU, DBU, CH,ClIy, rt

] F3C\©/N\‘[SrN\O . [N/\@

) 7 ) 23
P L
— 22.94
3 6 -
L '-' ~_ ]
= O 228
- o227
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= 4 E 2261
X . 5
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T § 2251
s 5 :
T . S 22.41 ‘..
g 4 g 22.3
z | .,
S 1 ..'- ]
E P 22.2 o
0e- . i 22.1 . . .
0 200 400 600 0.2 0.4 0.6 0.8 1.0
time (min) ([MIo-[M1)/[Mlo

FigurAg Bynth@susi mg benzyl al cohol as the ini

system (50:21:212:1 [M]:[Il]l:[TU]l]:[DBU]) . B) Pl ot
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HNMR spectroscopy. C) Plot of retention ti me

nature of the plots in B and C supports the |

As PBMshomopol ymer was not water solubl e, V
poly(ethyl endy=glOycdbl kg/(mMBEG) grafts would be s
solubility.t&€hmsnaswasa PEGaegared accordi®fg to
and empl oyedmeidni attheed cHoupipsegten i o3 +Z ] CuUANCH® ad act
Ns. The best reaction conditioRPENsaodn®EGowet ke
THF, with copper iodide (Cul) as the copper s
base,HaWMRtanal ysuicst osfh otweed par enge@vmlpearkr espondi
the formation of the desalrkeydn PtGNg mdztoH ei rbted gvreset
rel atPiCMse ntdo gr oups corresponding to 96% conver
condi tiiovmes ttheP GJ e ePfEtGeEi gur e 2) . Unfortunately
reactions wiNhA2alwlkeyry I medTAvi(t h | i mited success
arising from the PEG RQGgafaf G oAt tpeonoprt ss almu ba Il ti
conditions f orNTAReo ccoonnjduigtaitoinosn porfevi oNITSA2y e mp
wi PEG chains (Chapter 3) were met witNhTA2 mite
with PEG azides wepOe npexrtfuoremendt td hnp cem TRy dd wlt fea
s 58), sodium ascorbate as a reducing agent, a
conditions cauPsGgd PiEeEd atiikoenl yofdutehet o chain scis
backbone induced by the sonicator. When vort e
of sonicati on, NTARaedobosaveed) oandf an i nsol t

formed, temitah i vel y iESA@gmeldeAddi ai €omal | vy, puri
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resulting pol ymer ®rsodluwdn tf rsoyns ttehne arsH Fw eHl | as

salts and sodium ascorbate proved al whialliltey,geb

al so appear to result in the formation of ~1
scattering (DLS). However, i n INTAdmdet sthese
conditions, ~M®NUOA®P GrornRiEt@sisomaedtdi @as deHeNMRned

spectroscopy (Figure S15).

A)

PC-g-PEG
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Figume¢ BtWcKaeMR specidd a o (NP(ASOr pIPCYy-PRGdr ange)
showing successful conf @\g,atd eotne ronii ntehde bPyYE G hael ke

peak cor rteos padn Giubg t i t tie d= ptBmi)la zaosl ewe | | as br
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corresponding (0 PEBRGEt PE G eeag (Met=h BY). 2S3E)C
tracP€EeNstpur plPEFPEBRGdr ange) showing an inerease

CuAAC reaction, indicating an increase in mol

Thus, the synthetic strategy wasNTA@froromed t
to appenddisggat he. PHGwever, the CuUAAC conditi ol

the =RErGafts (Cul with DIEA in THF) gave a co0mj

mi nutes of the addition of the Cul to the rea
unsuccessful, andNTrAd@dal ar esarcatl il o rasa |deectull ned ea r gtah
conditions generated the same insoluble mater:.

wi NAHA2nder these conditions.

However, to demonstrate t e diomporst am$ enoaful
rel easemodaetreat etlhye successf ul product of the Ci
buffer (pbkb 7#.ed)e,asaendvats Ssoen ietcarievde beyl eacnt rHb c h e mi
presence of carbonic anhydrkM)s e( HiCgAu rceo 83p @ r mih) e n
to thered ease profi INETAf2Zriotm issnatll eano | elcatl eat t h
NTA ¥M)O i n solution, t REgrmRfEttNoTMAod ecaud aalr|l e onfo re
theS Helease from minut asrtoomohh®@wcmug arsismislt @mst o
| alBéAs a cohtmrelleasHCyfrre®fEIG t hei or to appending
coll ected under the same 2X orndliéad soen,s asn de xdpenotn

l' imited succesascstofontlas G AMOGwWret his i s an exc

157



0.8 -
——NTA2
PC-g-PEG-NTA
< 06 C-g-PEG
= ——PC-graft-PEG
)
N
L 04
0.2
0 L] L] L] L]
0 100 200 300

time (min)

Figure 3. H>S release using an8selective electrochemical probe for small mole®ii&2 (10
M) (green line) showing a peaking time of 20 min, typical of small molecule NTAsPTae
graft-PEG-NTA (2.5uM, 10 uM [NTA]) (yellow line) showed a peak concentration ofS-Hout

past 300 min anBC-graft-PEG (blue line), showed no 13 release.

4.5. Conclusions

In summary, we have synthesizebiedegradable macromoleculagFdonoPC-g-PEG-
NTA. Synthesis of theazidopolycarbonate homopolymePC-N3 was successful and
demonstrated a living polymerization facilitated by the dual TU:DBU organocatalyst system.
Conjugation of PE& via the CUAAC reaction was successful and went to complete conversion

to generate a atersoluble graft polymelPC-graft-PEG. However, attempts at conjugatiNg A2
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under various CuAAC reaction conditions were met with limited success. However, preliminary
H>S release studies indicated that tP€-graft-PEG-NTA system successfully extends3H
release over the small moleciN&A2. Current efforts focus on optimizing the CUAAC reaction
conditions for the reaction betweBITA2 andPC-Ns to incorporate greater NTA loadings onto

the watersoluble macromolecular donor.
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4.8. Experimental

Materials and Methods

All reagents were obtained from commercial vendors and ugedeised 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, @it THF
weredried and degassed on solvent columns (MBraun) containing alumina absorbent and stored
in a Strauss flask underRefore use. Other solvents were used as received unless otherwise noted.
Yields refer to chromatographically and spectroscopically pure cangs unless otherwise
stated. Thidayer chromatography (TLC) was performed on glassked silica plates and
visualized by UV unless otherwise stat&izeexclusion chromatography (SEC) was carried out

in THF at 1 mL/min at 30 °C on two Agilent PLgel @® MIXED -B columns connected in series

with a Wyatt Dawn Heleos 2 light scattering detector and a Wyatt Optilab Rex refractive index
detector H>S release was monitored via an F2S100 electrochemical probe operating at a

constant 100 nA. TU catalystas synthesized according to literature procedure.

Synthesis adicetonideprotected trimethylolethan@)

OH OH )OJ\ o><o

PTSA, 4 A sieves
OH OH

A threeneckround bottom flask equipped withglass vacuum adaptor and two sey#a charged
with 4 A molecular vesand a stir barThe flask was flameried under vacuum and then put
under positive M pressure. Acetone (400 mL) was added to the rdatidm flask and allowed

to dry over sieves for 24 fihe flask was charged with trimethylolethane (40 g, 250 marap-
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toluenesulfonic acid (PTSA) (2.5 g, 15 mmol) and set to stir. The trimethylolethane slowly
dissolved over the course of ~20 min to give a clear, colorless solutiomiXtuee was stirred
overnight at rt. To quench the reaction potassium carb@Ka®0s) (5.0 g, 36 mmol) was added
and the resulting suspension was stirred for 30 min. The exg€€% Knd molecular sieves were
filtered off via vacuum filtration and the filtrate was concentrated via rotary evaporation. The
resulting oil was purifiedy vacuum distillation to give purewas a clear oil (b.p. 75 °C at 400
mtorr, literature value 75 °C at 400 mt®)r(22.03 g, 55 % yieldfHNMR (CDClk): d 3.62 (m,

6H), 2.37 (broad s, 1H), 1.40 (m, 6H), 0.81 (s, 3L NMR (CDCk) : 98.4, 66.4, 65.9, 34.9,

27.4,20.2,17.7
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Figure S1.'H NMR spectrum (CDG) of 1.
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Figure S2 3C NMR spectrum (CDG) of 1.

Synthesis adicetonideprotected trimethylolethane tosyld@

O><O ><

(0] (0]
Tos —CI
pyridine, 80 °C
OH OTos
1 2

Procedure adapted froReng et af.A roundbottom flask equipped with an addition funnel was
charged withl (12.86 g, 80.3 mmol), pyridine (40 mL), and a magnetic stir bar to give a clear
solution. A separate rourfibttom flask was charged wigittoluene sulfonyl chloride (To<€I)

and pyridine to give a clear, yellow solution. The iT@ksolution was transferred to the addition
funnel and added dropwise to the solutiorlefith vigorous stirring at rt. Once addition of the

Tos Cl solution was complete, the reaction flask wasgoed with a condenser and heated to 100
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°C in an oil bath. Reaction progress was monitored by TLC (5 % MeOH i€k)Hnd showed
complete consumption of starting material within 30 min. Once complete, the brown reaction
solution was removed from the diath and cooled to rt, resulting in the formation of colorless
crystals. Once cooled the reaction mixture was poured into ice water with vigorous stirring,
resulting in the precipitation @as a white solid. The precipitate was isolated via vacuumtidtr

and washed with ice cold water and dried in vacuo togjaga white solid (11.73 g, 93 % vyield).

The product was used without further purificatibdMR data matches literature precedeh

NMR (CDCh): d 7.26 (m, 2H) 7.3 (m, 2H),4.03 (s, 2H)3.50 (m, 5H), 2.39 (s, 3H), 1.25 (m,
6H), 0.75 (s, 3H)3C NMR (CDCk) : 48 1324, 129.8, 128.®8.0 72.6,656, 33.8, 27.6,

21.6,19.217.1
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Figure S3.H NMR spectrum (CDG) of 2.
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Figure S4 *C NMR spectrum (CDG) of 2.

Synthesis adicetonideprotected trimethylolethane azid®)

X X

o O o O
NaN3
DMF:H,0 (9:1 v/v)
OTos 80°C N;
2 3

Procedure adapted from Liu et*a roundbottom flask was charged with(9.50 g, 51.3 mmol)

and a magnetic stir bar. Prodaovas then dissolved in DMF (50 mL) to givelaar solution. A
separate rountlottom flask was charged with Nakb.14 g, 95.0 mmol) dissolved in water (5

mL). The NaN solution was added to the solutionZzih one portion. Thélask containing2 and

NaNs was equipped with a condenser and heated to 80 °C in an oil bath. Reaction progress was

monitored by TLC (50 % EtOAc in hexanes, visualized by iodine stain) and showed completion
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after 32 h. Thdlaskwas removed from the oil bath and allowed to coot.tdlre reaction mixture
was diluted with water (100 mL), transferred to a separatory funnel, and extracted-@ii{%

20 mL). The organics were combined, dried oves3@, and concentrated via rotary evaporation
to give a crude yellow/brown oil. Tlreude product was then purified by silica gel chromatography
(eluting 20 % EtoAc in hexanes, visualized by iodine stain) to give pr@8d6d4 g, 72 % vyield).
NMR data matches literature precedet NMR (CDCk): d 7.77 (m, 2H) 7.34 (m, 2H), 3.74 (d,

J=8Hz, 2H), 1.74 (t) =2 Hz, 1H), 1.34 (s, 12H)3C NMR (CDCE): d 144.43, 135.31, 127.50,
83.90, 29.18, 24.98.
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Figure S5 'H NMR spectrum (CDG) of 3.
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Figure SG& *C NMR spectrum (CDG) of 3.

Synthesis a2-(azidomethyh2-methylpropanel,3-diol (4)

Y%

(@) AN HCI OH OH
?{ reflux
N3 N3
3 4

T
10

A roundbottom flask was charged with(5.42 g, 29.3 mmol) and a magnetic stir bar. Pro8uct

was dissolved in THF (50 mL) and 9 N HCI (5 mL) was added in one portion. Tieviias

equipped with a condenser and heated to 90 °C in an oil bath. Reaction

progress was monitored

by TLC (5 % MeOH in CHCI2), showing completion after 90 min. The solvent was removed by

rotary evaporator to give produét(4.25 g, quant.), which was rceed forward without further
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purification.*H NMR (CDCls) : 4.08 (broad s, 2H), 3.54 (s, 4H), 3.39 (s, 2H) 0.84 (s, 589).

NMR (CDCls) :67.84,55.5,41.1, 17.5
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Figure S7. *H NMR spectrum (CDG) product4.
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Figure S8 *C NMR spectrum (CDG) of product4.
Synthesis afyclic carbonate azide monom@EM -Nz3)

0
OH OH o~ o
CI)J\O/\
NEts, THF, 0 °C —-> rt

N3 N3
4 CM-N,

T T T
20 10 0

Procedure adapted from Li et®a\ threeneck roundoottom flask equipped with a glass vacuum

adapter, an addition funnel, and a rubber septum wagegharith a magnetic stir bar. The flask

was flamedried under vacuum and bafiked with N2. Theflaskwas charged wité (3.80 g, 26.2

mmol) which was subsequently dissolved in THF (150 mL) to give a clear, colorless solution. The

solution was cooled t0 °C in an ice bath. Ethyl chloroformate (5.3 mL, 55 mmol) was added in

one portion via syringe at 0 °C and the reaction was allowed to stir for 10 min. Distilled
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triethylamine (NEts) was then added dropwise via the addition funnel at O °C resulting in the
formation of the white triethylammonium hydrochloride precpitate. Once additiorERfwas
complete, the reaction was allowed to stir at 0 °C for an additional 30 min at which pdiaskhe
was removed from the ice bath and thixture was stirred attrfor 16 h. The triethylammonium

salt was filtered off via vacuum filtration and the filtrate was concentrated via rotary evaporation
to give a crude offvhite product. The crude product was then recrystallized twice from THF to
give pureCM-Ns (3.34 g, 75% vyield) (m.p. = 79.4i 82.0 °C) NMR spectra match literature
precedent.’H NMR (CDCl): d 4.17 (m, 4H), 3.48 (s, 2H), 1.10 (s, 3H)C NMR (CDCL): d

147.7,73.8,54.1, 32.9, 17.5
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Figure SQ *H NMR spectrum (CDG) of CM-Ns.
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Figure S1Q **C NMR spectrum (CDG) of CM-Ns.

Polymerization o£M-N3z (PC-N3).

OH
o M o

M

0~ >0  TU, DBU, CH,Cl, rt P _H
x 2Cl, 1t - ©/‘§o owo
2
K g )
N3 ©)J\OH

A two-neck roundbottom flask equipped with a glass vacuum adapter and a rubber septum was

charged with a magnetic stir bar. The flask was flaimed undervacuum and backfilled with N
The flask was then charged wiitM-N3 (0.850 g, 5.0 mmol) and GBI (9 mL) to give a clear,
colorless solution. A separate flasdeed, tweneck roundottom flaskwas charged witiU (80

mg, 0.2 mmol) and C#Ll> (2 mL) to give a suspension ®U. Freshly distilled DBU (3QL, 0.2
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mmol) was added to the flask containing TU, resulting in a soluble TU:DBU complex. The stock
solution of TU:DBU cocatalysts (1 mL) was added to the polymerization flask in one poniibn, a
the polymerization was set to stir at rt. Conversion was monitoréd ByMR (CDCk) removing
aliquots and quenching with excess benzoic acid (0.5 M WCGCH removing as much Cigl, as
possible by passing a stream of air through the vial. Polymienzegachd > 90 % conv. in
approximately 10 h. To quench, benzoic acid (1 mL, 0.5 M inGI#Hwas added and stirred for
additional 10 min.PC-Ns is then precipitated into MeOH a®8 °C by cooling in liquid N

collected, and reprecipitated into hexa(@&30 mg 80 % vyield.
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Figure S11.'H NMR spectrum (CDG) of PC-Ns.
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Figure S12.Representatitve SEC (Rl trace)RE-Ns(Mn= 8. 4 k g/ mbllcalculatedby SEC 1 1) .

MALS, dn/dc value (0.06 in THF) calculated by assuming 100 % mass recovery.
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Figure S13 FTIR spectrum oPC-N; where the azide stretch absorbance can be seen at 2100 cm
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Synthesis dPC-graft-PEG

0 0 0 0
oJ\o o ! \/7595/\ o)ko oJ\o o
@ /?@ Cul, DIEA, THF 13.5 36.5
) L
PC-N; NG 0(\/\0)1]5_5

PC-g-PEG

A two-neck roundottom flask equipped with a glass vacuum adapter and rubber septum was charged with
PC-Ns (80 mg, 10umol) and a magnetic stir baPC-N3 was dissolved in THF (1 mL) to give a clear,
colorless solution. PE& alkyne (300 mg, 39Amol) wasaddedo a sepeate 1 dram vial and dissolved in

THF (1 mL) to give a clear, yellow solution, which was subsequently added to the vial conaig

in one portion. DIEA (2QuL, 120 umol) was added to the yellow reaction solution. The solution was
deoxygenated via biking with N, for 30 min. Cul (6 mg, 3@mol) was added under positive pressure

and the reaction was set to stir vigorously at rt for ;li@&ction conversion was monitored by aliquoting

the reaction into CDGland acquiringH NMR spectra Once comple, the reaction mixture was passed
through a column of neutral alumina and concentrated to ~1 mL of THF. The reaction mixture was then
precipitated twice into diethyl ether at 0 °C to gR€-g-PEG (320 mg 84 % yield as a viscous yellow

oil.
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Figure S14.*H NMR spectrum (DMS@ls) of PC-g-PEG (64 scans, 10 s;Telaxation) with integration

of the triazole peak (U0 = 8.1 ppm) usedCNsandcal cul

PEGsoalkyne.

Synthesis dPC-graft-PEG-NTA

A two-neck raund bottom flask equipped with a glass vacuum adapter and rubber septum was
charged withPC-g-PEG (38 mg, 1.2umol) and a magnetic stir ba?C-g-PEG was dissolved in

THF (2 mL) to give a clear, yellow solutioNTA4 (5.2 mg, 24umol) and DIEA (1.3uL, 7.3

pumol) were subsequently added and the solwtias deoxygenated via bubbling with fér 30

min. Cul (1.2 mg, 6.3imol) was added then added and the solution was set to stir vigorously at rt.

The reaction was monitored visually and as soon a ygll@wipitate began to form the reaction

was cooled to 0 °C in an ice bath and diluted with THF. The reaction mixture was passed through
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a column of neutral alumina, concentrated to ~1 mL THF and precipitated twice into cold diethyl

ether to givePC-g-PEG-NTA (34 mg).

M
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2343281
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Figure S15 H NMR spectrum (DMS@ls) of PC-g-PEG-NTA (64 scans, 10 siTrelaxation) with

integration of the triazole peak (0 = 8.1 ppm) sh

PC-g-PEG under the samédd NMR experimentieconditions. This result indicates that the CUAAC reaction

went to ~42 % conversion.
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Chapter 5: A Reactive Oxygen Species (RO$esponsive Persulfide Donor: Insights into

Reactivity and Therapeutic Potential

Adapwietdhi per mn f r om: Powel | , C. R., et =al. (2
Responsive Persulfide Donor: I nsi gAintgse wamtda eRe
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cells more ef f-rper dewvlaflayydetatsamga coon r ol compounc

concert wisShdoammenahd thiol s.

5.3. Introduction

Hydrogen sulfide (ES) plays a key signaling role in mammalian biology and has been
under investigation as a potential therapeutic via exogedelivery** To help elucidate its
biological roles, chemists have synthesized several typesSafdteasing compounds (termegbH
donors) with a variety of biologically relevant triggers, including watenucleophiles (e.g.,
thiols, aminesy;*° enzymeg**2 and light+*>. Additionally, compounds that release carbonyl
sulfide (COS):%7 and sulfur dioxide (S£),'*° have recently been reported, allowing for the
study of other small molecule sulfur species as potential signaling compounss.didmers aid
in our understanding of the physiological roles @Sknd related compounds, and hold potential
therapeutic value via exogenousHdelivery?®?? Interestingly, recent studies into the redox
chemistry of sulfur species in the body indicdtat persulfides (RSSH) may have physiological
roles similar to HS, insinuating that some of the physiological effects ascribed to delivernsof H
may actually be derived from persulfidég® Further study of persulfides is needed to differentiate
between the roles of #$ itself and its biological products. Moreover, a clear description of sulfur
redox chemistry in a biological context will allow further development of therapeutics that exploit

pathways involved in 8 signaling.

Dean and coworkers firgdentified persulfides in a biological context in their 1994 report
on a protein persulfide intermediate of the cysteine desulfuraseN#&sulfides are prevalent
in mammalian biology, generated via reaction of an oxidized thiol (e.g., a sulfethi¢za8IOH)

with H2S in a process called-@rsulfidatior?® More nucleophilic than thiols, persulfides have
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pKa values a few units lower than their corresponding tHiblss well as greater reduction
potentials>® making them highly reactive, transientlialsle species. In a biological context,
persulfides protect thiols from irreversible oxidation, serve as reactive intermediates in sulfur
shuttling®! and alter enzymatic activi#>3> Some examples of protein persulfidation and the
resulting changes inrgtein activity include: an increased parkin activity upepegsulfidation
resulting in a decr ean crdase in Raivitkof GAPDH) @radectiagy mp t o
cells from apoptosi&, and HRas activation in cardiac tissue, regulating celltgdox signaling®

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 ¥ 8midanmlecale gersulfides kkely ptay ssrelalire .
regulating cellular redox balance and mediating cellular sign&liAgnajor barrier in the study

of the biological roles of persulfides is a lack of chemical tools capable of generatiragfiretid
persulfice species in response to specific, biologically relevant triggers. Our understandp®y of H
biology has been aided immensely by the synthesis of orgaSiadbinors; analogous to.8,
persulfide donors will be vital tools for understanding how persulfidésté the overall web of

redox signaling.

U“

Self immolation

R

I 11
OH
PG—< >ﬂs—s—n H0—©—/ HS-S-R

Figure 1. Cartoon schematic representing the proposed release of a discrete persulfide
species from a generalized selfmolative prodrug (PG = protecting group) in the presence of a

trigger (HO2 shown here).
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Polysulfides (RB(Shi SR), such as naturally occurring diallyl trisulfide (DATS), are
perhaps the best known type of persulfide donor, but their reactivity in biological systems is
complex, leading to generation of other redmtive species, including23.373° 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&SR) have been
isolated, but they suffer from poor Bility under storage conditions and poor water solubility, and
thus have relatively low utility in a practical serié®ersulfides are also proposed intermediates
in several types of ¥ donors;!° but these compounds all require conditions that caysd ra
conversion of the persulfide into8. To date there exist only two families of compounds capable
of generating discrete persulfides: Wang and coworkers developed ettiggeyed persulfide
prodrugs capable of releasing either a persulfide or hedrpgrsulfide (HSSH) and Galardon and
coworkers developed a piiggered persulfide analog of the nitrosothiol SN These donors
generate persulfides without concomitant generation.8f &hd can be viewed as spontaneous

persulfide donors due to tluiquity of esterasas vitro andin vivo.
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5.4. Results and Discussion

HO" 2 oH

Qe G 25 95

1

L N
/g{ N NHAc
AcHN " Nac-pyps g

>§<‘ BDP-NAC

o, .0

Iy

i % oL
X [¢]
7 BDP-Fluor

Scheme 1 A) Synthetic route t@DP-NAC. Conditions: i) MgS®@, EtO, rt, 16 h; ii) AIBN,
CeH12, reflux, 16 hjii) 1) EtOH, rt, 4 h; iv) 1 N NaOH, reflux, 45 min; v) NEICHCE, rt, 3 h; B)

Synthetic route t@DP-Fluor. Conditions: vi) CHG:MeOH (1:1 v/v), rt, 40 h.

We sought to synthesize a discrete persulfide donor scaffold, inert under normal
physiologicalconditions but capable of sefhmolation 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 persulfide generation in responsantp tgpes of triggers,
providing a valuable set of laboratory tools similar to the-isatholative COS donors recently
reported by Pluth and coworkérsin addition to their use as biological tools to study persulfide
reactivity, persulfide prodrugs areaiting from a therapeutic standpoint because the reduction

potential of persulfides is higher than that of thiols e&Hmaking them prime candidates for
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scavenging and reducing the harmful effects resulting from high levels of reactive oxygen species
(ROS). Therefore, we aimed to synthesize an R&Pponsive persulfide prodrug as a proof of
concept. This would allow for a twstage quenching of ROS: the initial reaction of the ROS with

the prodrug to trigger release, followed by the release of the fidesiWe envisioned that such

an ROStriggered persulfide prodrug would be ideal for cytoprotection against harmful levels of

ROS.

, H
N
e Hojﬁ/ 73/ +
Water:ACN (9:1 v/ﬂ S
BDP-NAC

SH
PEN
o 0
B) i

OH
0, NAC-SSH
B-OH
o]
0.04

002l t=120min NAC-SSH __
—N\_
0

0 1.00 760 3760 4,00 5.00
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ooz t=60min LL;_
5 o
Q
g 0 1,00 2.00 3,00 .00 5,00
So.04
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0.04
002 t=0 BDP-NAC \K
0
0 1.00 2.00 3.00 4.00 5.00
Time (min)

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

SSH(see Figure S20 for corresponding mass spectrometry data).

186



Aryl boronic esters are relatively easy to synthesize, generally biocompatible, and react
selectively with ROS in aBC bond cleavage reaction to reveal the corresponding phenolate.
Therefae, we set out to synthesize a deiimolative persulfide donor containing an aryl boronic
ester as an RQOSensitive trigger. The desired persulfide donor (terBBdP-NAC for Bpin-
disulfide prodrugN-acetyl cysteine) was synthesized from commercially akbal4tolylboronic
acid in four steps (Scheme 1A). Theoretically, any thiol may be installed on the distal end of the
disulfide bond from the trigger/sealinmolation moiety. Our choice df-acetyl cysteine (NAC)
was motivated by its biocompatibility as Mvas its ability to protect cells in vitro in highly

oxidative environment&4®

The ability ofBDP-NAC to mediate the release of the desired NAC persulfide)-SSH)
in response to ROS was analyzed by LCMS (Figure 2). Aliquots of the reaction mixBDé&of
NAC with H.O> were injected at various time points until the peak attributd®DiB-NAC (2.9
min) had subsided, revealing near complete decompositi@DENAC within 2 h. A peak
corresponding tdNACT SSH (3.4 min) increased in intensity over the course of the reaction,
consistent with our proposed mechanism of persulfide generation. Mass spectrometry evidence
also confirmed the presence of the other byprodudiefréaction, 4ydroxybenzyl alcohol (a
result of addition of water to the quinone methide), but the chromatogram peak was weak, likely
due to low absorbance at the monitoring wavelength.

In addition to LCMS, we also investigated the reactioBDP-NAC with H.O» utilizing
H NMR spectroscopy. Experiments were conducted in DMSD.O (9:1 v/v) due to the
hydrophobic nature dDP-NAC and the increased concentration required in NMR spectroscopy
compared with LCMS. Shortly after the addition efddto theBDP-NAC solution, two new sets

of peaks in the aryl region of thel NMR spectrum appeared. One was consistent with 4
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Figure 3. A) Proposed reaction mechanism for the releasehgtiroxycoumarin fronBDP-Fluor

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

the presence of 10f@ld excess KO resulting from the release ofhigdroxycoumarin over the

course of 5 h. C) Relative responséB@fP-Fluor ( 3. 3 € M) t o each Mpawtenti a
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 triggers.

hydroxybenzyl alcohol, and thather was attributed to the slow hydrolysis of the Bpin moiety of
BDP-NAC, yielding a boronic acid; boronic acids react wittOglin a similar fashion as pinacol
boronicesters® The reaction was considerably slower under these conditions than in th8 LCM
experiments. This retardation in reaction rate is likely a result of the high organic solvent content
in the reactiort! Further insights into the stability BDP-NAC as a persulfide prodrug as well as

pertinent controls without the Bpin triggering mgiean be found in the Sl (Figure S25 and S26).
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To further evaluate the reactivity and trigger selectivitBbfP-NAC, a profluorophore
(BDP-Fluor, Scheme 1B) was synthesized. Drawi ng 1in
on fluorescence probe (compual7) used for detection of sulfane sulfur species (HSSHj RS
(Shi SR, or §), the sefimmolativeBDP-Fluor has the same general structur®@B$-NAC, but
with a coumarirbased fluorophore as the distal thiol spetfeSs shown in Figure 3A, we
expected selimmolation to trigger release of a discrete persulfide, which would then cyclize to
form a 5membered benzodithiolone species, resulting in the releasenydr@xycoumarin.
BecauseBDP-Fluor itself is not fluorescat, an increase in fluorescence at the characteristic
emission wavelength of-fydroxycoumarin should only result from persulfide release and
subsequent intramolecular cyclization, providing secondary confirmation of persulfide release

from these selfmmoalative prodrug systems.

We tested this design by exposBDP-Fluor to a variety of potential triggerBDP-Fluor
showed no evidence of sethmolative behavior (i.elpw fluorescence signal) in the absence of
a trigger, but addition of #D- (100-fold excess) led to a 9fbld 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 (Cys), glutathione (GSH), lysine (Lys), and potassium superoxide
(KO2), the response was significantly lower, witbQdshowing a greater than 20ld response
over all of these potential triggers, and a greater thaol8desponse ovd_ys and KQ.

As the increase in fluorescence response to thiols was unexpected, further investigation
indicated that the fluorescence increase may be attributed to nucleophilic attack by cysteine at the
aryl ester position, resulting in the release-bfydroxycoumarin. For more discussion on the probe

response to thiols and relevant controls, see the Sl (Figure S22). Taken together, these results
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confirm release of the desired persulfide species and demonstrate the selectiv®, afsth

trigger.
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Figure 4. Viability of H9C2 cardiomyoctyes treated wiBDP-NAC or various controls and

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

was applied at a concent:S atli®h oBPN-CHOONaBEHMe (e x
treatment group). Quantification of viability was carried out using Cell Countin§ KCK-8).

Results are expressed as the mean + SEM (ni451l@r each treatment group) with 2
independent experiments. *P<0.01 for comparisons withHt@ treatment group and #P<0.01

for comparisons with thBDP-NAC ( 200 e M) treat ment group. Gr ou|
as determined by a oiweay analysis of variance (ANOVA) with a Studé¢wmanKeuls

comparisons postoc test.

We next aimed to angte BDP-NAC in a biological context. In vitro cytotoxicity studies
on H9C2 cardiomyocytes showed tlBEDP-NAC isnont oxi ¢ up to 200 &M (F
mentioned previously, persulfides have greater reducing potential than their corresponding thiols

as wdl as HS. Thus, we envisioned thBDP-NAC might be effective in rescuing cells under

190



oxidative stress, either via direct reduction ez or via upregulation of antioxidant pathways
mediated by persulfide signaliig.®? To this end, we evaluated theofective effects oBDP-

NAC on H9C2 cells in culture via exogenous delivery ok which stresses the cells and
promotes apoptosis (Figure 4). In the absend8P-NAC, cell viability drastically decreased
after exposure to #D» (100 uM) for 1 h. Howeegr, simultaneous application BDP-NAC (100

200 & M) Omshowéd aldosdependent increase in cell viability, with no cytotoxicity
observed after tBDPANAOnAtdonhgervreatment tin@D(2 P-NAC
rescued a similar percentage efls compared to #D2-only controls (Figure S29Y.hese results
indicate thatBDP-NAC can successfully mitigate the deleterious effects of a hyperoxidative

environment in culture.

To further ensure that persulfide release imparts protection to the caodiery in the
presence of kD>, several control studies were carried out. Exposure of the cellsGgwith
added 4(hydroxymethyl)benzenebororicid pinacol ester (Bpi@H), a norpersulfide releasing
compound with a Bpin moiety, showed an increase in viability comparedQgdtbne but did
not rescue cells to the same exterBB$-NAC. We also compareBDP-NAC to sodium sulfide
(N&S), a fastreleasing HS donor, and GYY4137, a sleseleasing HS donor, under the same
experimental conditions. N& had a limited ability to rescue cells while GYY4137 had no effect
on viability. InterestinglyBDP-NAC was more effective at rescuing cells than$l@ven 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 reaotmf BDP-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 structureB®P-NAC,
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but without the Bpin triggerim moiety.BDP-Control also did not rescue cells exposed #®OH

under identical conditions to the previous experiments.

Finally, to recreate the synergistic effects of the Bpin moiet8DP-NAC and the
resultant persulfide release, cells were treated @&gim-OH simultaneously with either NAC,
GYY4137, or NaS. Each of these combinations was able to mitigate the effectglafad cell
viability, but not to the same degreeBISP-NAC, with the exception of BpHOH + NaS. We
suspect that simultaneous tant of the cardiomyocytes with BpdH and NaS gives a greater
instantaneous concentration of potential antioxidants BiaR-NAC, considering its sustained
release. In a system with continuous generation of ROS, delivery of@iand NaS would

likely have a diminished ability to rescue cells compared to sustained releafCIFROMAC.

5.5. Conclusions

In summary, we have synthesized a -gmiinolative prodrug that releases a discrete
persulfide specieBPP-NAC) in the presence of .. Persulfiderelease and trigger specificity
were characterized by LCMS, NMR, and fluorescence spectroscopy, demonstrating that sustained
release of the persulfide is selectively triggered byOH In vitro studies using H9C2
cardiomyocytes under oxidative stress shiweatBDP-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 therapeutically, but it
also provides a modulaystem for persulfide donors that may be triggered under a variety of
conditions. We envision that a library of persulfide donors based @DReENAC template will
enable the study of persulfide biology in greater depth than is currently possible, g avsiyht

into sulfur redox cycles and sulfarediated cell signaling.
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