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ABSTRACT

The retreMichael addition and thiol exchange of tatbersuccinimide click
linkages in response to thietontaining environmestoffers a novel and well
established strategy for the design of glutathiseesitive degraable hydrogels for
controlled drug delivery. Here we demonstrate that the kinetics and extent of the retro
Michaettype addition and thiol exchange are significantly dependent on the nature of
both thiols and Msubstituents of maleimides. A series ofstdstituted succinimide
thioethers were prepared through typical Mickgpke addition. Model studiesH
NMR, HPLC) of 4mercaptophenylacetic acid (MPAKp6.6) conjugated to Mthyl
maleimide (NEM), Nphenyl maleimide (NPM) or Mminoethyl maleimide (NAEM)
incubated with glutathione showed hhes of conversion from 3.1 h to 18 h, with
extents of conversion from 12.3% to 89.5%. Rapid thiol exchange is attributeel to
resonance effect athe N-phenyl group for NPM conjugatesvhile the electron
withdrawing inductive effect of groups such as protonateanNnoethyl group favors
a higher level of ringppening than retro reaction. Further model studies -of 4
mercaptohydrocinnamic acid (MPPKp7.0), NacetytL-cysteine (NAC, Ki 9.5)
conjugated to selected-substituted maleimides incubated with glutathione showed
half-lives of conversion from 3.6 h to 258 h, with extents of conversion from 0.8% to
90.7%. Higher K, of thiols decreased the rate tble exchange reaction and limited
the impact of other electnac effects of Nsubstituents on the extents of conversion.
Additional factors affecting the degradation kinetics were studied on NEM conjugates.

The kinetics of retro and exchange reaction was not hindered in thiol traps of lower
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pKa but retarded in contions of lower pH.These studies shed light into details of
thiol and maleimide design that could be used to tune the rates of degradation of drug

and polymer conjugates for a variety of applications.
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Chapter 1

INTRODUCTION

1.1 Hydrogels in Drug Delivery

Hydrogels & threedimensional, hydrophilic, crosslinked networks that
imbibe and retain large amounts of wdtefhey are generally considereas
biocompatible materials due to their high water content and mechanical softness,
similar to natural extracellular matriceddydrogels are of interest in the fields of
chemistry and biomedical engineering, esggc for applications in tissue
engineering, wound healing, and drug delivery because of their biocompatibility,
tunable biodegradability, and controllable mechanical propérti€he porous
structures and tunableviscoelasticity of hydrogels have offered substantial
opportunities for the encapsulation of hydrophilic therapeutics (e.g. peptides and
proteins), allowing the protection of bioactive cargos against degradation and
permitting their release in bioactiverin from hydrogels over prolonged periods of
time? The delivey of therapeutics at a controlled rate to a targeted site affords
opportunities to both improve treatment efficacy and reduce total treatment costs.

Based on the formation mechanisms, hydrogels can be divided into two groups:
physically and chemically csslinked hydrogel3.Physically crosslinking via nen
covalent interactions, including ionic, electrostatic or hydrophobic interactions
between macromers, renders hydrogels suitable for injectable formulations, including
shear thinning for injection, dynamic crasgk for gel dissolution and drug release,

and in situ formation in the absence of initiators or catalystlhile covalently



crosslinked hydrogels provide better control over crosslink density and allow easier
incorporation of labile functional groups for stimufisponsive degradability of and
release from the delivery viele.” Orthogonal chemistries of exceptional efficiency
and functional group versatility have been almost universally applied for the modular
design of sophisticated bioconjugates with high kel precision and control. The
well-known alkynelazide cycloaddition Diels!Alder reaction, radicamediated
thiol'lene chemistry, Michaetype addition, and hydrazone/oxime chemistry have all
been extensively explored for therapeutic delivery applications due to their fast
reaction kinetics undemild conditions, allowing rapid formatiom situ in the
presence of cargo molecules and living c&tfs.

There have been significant accomplishments in the development,
characterization, and applications of cheatly crosslinked hydrogels, and substantial
effort has been directed to their controlled and/edemand degradation. Continued
interest in and study of the controlled degradation of hydrogel materials will enable
new strategies to sustain release peefin order to expand the therapeutic window

and efficacy of known drugs.

1.2 Chemical Degradation Approaches for Covalently Crosslinked Hydrogels
Hydrogel degradation permits systematic variations in the permeability of the
network via engineering of the giadation rates and modes, offerirggeat
opportunities for the cdemand/target release of bioactive cargOser the past
severaldecads, a variety of stimuresponsive hydrogels hateeen developed via the
incorporation of degradable functional groups the backbones, crosslinks, and

pendant groupsProgrammed degradation of covalently criisked hydrogels is



commonly accomplished by incorporation of cleavable moieties that undergo ester
hydrolysis or enzymatic degradation (Figure 1'1}. Recently, many chemical
degradation approaches have also been used to control mdiasats drug delivery
including photolytic degradatiotf'® thiol-disulfide exchangé&’ and retreMichael
reaction mechanisn&!® The covalent bond cleavage kinetics will influence the
overall rate of hydrogel degradation. To engineer hydrogel degradationt@epiéis

thus essential to understand the types of cleavable groups and degradation modes,
byproducts and factors affecting degradation rates. These chemical degradation

chemistries will be discussed in detail in the following sections.

1.2.1 Hydrolytic Degradation

Hydrolytically degradable hydrogels incorporated with labile ester linkages in
the polymer backbone or crosslinker provide the simplest approach to introduce
temporal changes in hydrogels (Figure 1%a)ne simple example of a degradable
hydrogel features chains of polythydroxy esters such as poly(lactic acid),
introduced at the ends of PEG molecules before crosslinking with other reactive
groups?* Other examples include materials based on poly(vinyl alcBhol)
poly(propylene fumarates) dextran$' and hyaluronic acfd. The rate of nonspecific
chemical hydrolysis depends mainly on aqueous pH and temperature, as well as on the
hydrophobicity of the environant around the hydrolytically labile group. Hydrolysis
usually occurs at preprogrammed rate throughout the bulk of a material, which can be

tuned in efforts to mimic the rate of matrix remodelimgivo.?>2°



1.2.2 Enzymatic Degradation

In an alternative mechanism, the peptide sequences that can be cleaved by cell
produced proteases, such as matrix metalloproteinases (MMPSs), are now routinely
incorporated into hydrogel crosslinks, to address the need formedihted
modification of biomaterials (Figure 1.1b). This approach has been used in a myriad of
cases to permit cethediated degradation of hydrogefd. PEGpeptide hydrogels,
pioneered by Hubbell and aworkers and employed creatively by many research
groups, include proteaskegradable crodsks to constructs for tissues such as bone
and vascular structuré$® The appealing advantage of the protessesitive
hydrogels is that the rate of their degradation can be selectively modulated in
pathologies where protease activity is altered, such as rheumatoid arthritis, cancer, and

after myocardial infarctiori’
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Figure 1.1 Hydrolytically and enzymatically degradable hydrogels with properties
that change with time. (&)ydrolytically degradable hydrogels that can
control the release of themagics via hydrolysis over time(b)
Proteolytically degradable hydrogedtsat can be selectively triggered by
cell-secreted enzymes such as matrix metalloproteinases (MMPS),
releasing the encapsulated therapeutitain the matrix.Reprinted by

permissim from Macmillan Publishers LtdNature Communications
(Ref 30, copyright 2012.



1.2.3 Photo-Triggered Degradation

Photolabile monomers and polymers engineered to cleave under
cytocompatible irradiation conditions permit spatiotemporal control of hydrogel
degadation andn situ property tuning Pioneered by Anseth ***® and others® 3*
% Light sensitivity of the hydrogel was noduced by placing a netoxic photolabile
o-nitrobenzyl moiety in between the dextran backbone and acrylate gumages
physiological conditions The hydrogels degraded when irradiated with
cytocompatible doses of long wavelength UV, visible, or-pmon IR light (365,
405, and 740 nm, respectively), enabling precise control over hydrogel degradation
profiles in situ Photocleavable degradation based on photolabilgtrobenzyl
derivatives allows reakltime manipulation of the materials properties and

photocontrolled, ordemand release of proteins

Figure 1.2 Photetriggered release of green fluorescent protein (GFP) from dextran
based photodegradable hydrogels via the incorporation of the photolabile
o-nitrobenzyl moiety.Reproduced from Ref 36 with permiss of The
Royal Society of Chemistry



1.2.4 Thiol-Mediated Degradation

Biological systems comprise multiple thiobntaining molecules, including
glutathione (GSH), which acts as a cellular reducing agent afodingl at different
concentrations in intracelluld~10 mM) and extracellular compartments (<10 puM)
in living cells. The largely different redox potential between intracellular and
extracellular compartments, as well as the further elevated concentration of GSH in
cancer cells, have been a target of ipakdr interest for the promotion of stimuli
responsive materiafé. The incorporation of3SHsensitive linkages in biomaterials
can permit selective degradation in the presence of G3idse thiolsensitive
hydrogels can undergo cleavage reactions (disulfide cleavage orMietrael
reaction) that lead to matrix degradation upon exposu@Std, allowing the targeted
release and stimutriggered delivery of therapeutic moleculesevant to cancer
applications’®*° Since the rate of degradation and release of cargo molecules from
these gels dependoan the local reducing environment, this degradation strategy is

promising for intracellular or sitepecific controlled drug delivery.

1.2.4.1 Thiol-Disulfide Exchange Reaction

The thiol'disulfide exchange reaction is key to a number of important
biological proceses, such as the formation and cleavage of structural cysteine
disulfide bonds and disulfidemediated redox react{éii$ie reversible crostinks are
typically incorporatedinto the polymer chains via reductively cleavable disulfide
groups. The thiolldisulfide exchange reaction is driven usingexcess of thiolate and
its pKa. Disulfide bonds have relatively short héifes (< 1 h) in highly reductive
environments, while maintaining a degree of stability in circuldiéfiNonetheless,

the window for the cleavage kinetics to be engineerednsiderably limited even if



by altering the disulfidesO neighboring chemical substituentdifieslianging from 8

to 45 min), temporally limiting the delivery process (ca2#2h)**

1.2.4.2 Retro Michael-type Addition Reaction

Alternatively, another class of thiahediated degradable hydrogels is lobge
the thiotmaleimide Michael addition reaction, which is selective in aqueous
environments (at physiological pH, amines react generally 1 order of magnitude
slower than thiols}> The stimuliresponsive degradation mechanism, réichaet
type addition reaction and thiol exchange, involves covalent bond transfer from the
initial succinimide thioether compound to a stable GSH catgugh the presence of
excess glutathione. In contrast to thaidulfide exchange based hydrogels, novel
GSH-sensitive hydrogels developed by our group (Figure 1.3a), in which degradation
is mediated by retrMichaeltype addition and subsequent thiol leange, have
demonstrated increased stability against GSH withfoldd slower rates of
degradatiort® The use of cleavable click linkages formed by Mickgpe addition
reactions in conjunction with hydrolytically cleavable functionalities for the
degradation of injectable hydrogels by dual mechanisms for controlled protein release
(Figure 1.3b), has demstrated a control over the degradation rate within a reducing
microenvironment resulted in ~2.5 fold differences in the release profile of cargo
molecules by employing different combinations of the thiol functional grélipke
use of liposomerosslinked, multcomponent hydrogel systems (Figure 1.3c) may
further extendhe lifetime of the hydrogels, owing to the steric hindrance as well as
the local hydrophobic environment of the arylthioether succinimide crosslinks at the

polymerliposome interfac8® The enhanced stability allows release of multiple



)ZEO, 46

encapsulated cargo molecules over extended time scalesqaay3 indicating

promising application for tailoring cargos release within tumor microenvironments.
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Figure 1.3 Examples of glutathiorgensitive hydrogels for drug delivery applications.
(a) Glutathionesensitive PEGeparin hydrogels for heparin release. (b)
Dually degradatd click hydrogels for controlled degradation and protein
release. (c) Liposorrerosslinked hybrid hydrogels for glutathiene
triggered delivery of multiple cargos molecules. Reproduced from (a) Ref
36 and (b) Ref 40 with permission of TReyal Society of Gemistry
Reprinted with permission frorft) Ref 46, copyright (2016) American
Chemical Society.
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1.3 ThesisSummary

The different hydrogel degradation chemistries introduced above (i.e-, thiol
disulfide reaction, retrdlichaeltype reaction) provide a versatisynthetic toolbox
for producing stimulresponsive degradable hydrogels that degrade in a controlled
manner. Particularly, the retro Michagpe addition reaction offers a promising
strategy for the reductiemediated degradation or release with inceda®lood
stability and prolonged drug delivery timescales, compared to disulfide mdfeties.
Continuel investigation of these degradation approaches as well as the development of
new chemical reactions will open doors to other avenues oftleorand
degradation/target release and expand the application space for these materials. In
Chapter 2, a library of naleimidethiol conjugate reagents were developed. Series of
kinetics study on the degradation of succinimide thioether adducts in the presence of
glutathione at physiological pH and temperature, including NMR analysis and HPLC
evaluation approaches, werenducted to explore the dependence of kinetics of retro
and ringopening reactions, on the nature of both thiol substituents ssubstituents
of maleimides. Rate constants and Hiaks describing the reaction kinetics were
calculated and analyzed. Atidnal factors affecting the degradation and hydrolysis
kinetics including the presence of thiol traps and variations of pH values were also
investigated and discussed. The aim of our study is to provide valuable insight into the
retro Michaeltype additim reaction and further explore its possibilities longer

term delivery of drugand degradation of materiafsreducing environments.
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Chapter 2

INTERPL AY OF ELECTRONIC EFFECTS AND THIOL PKA VALUES ON
DEGRADATION KINETICS OF MALEIMIDE -THIOL CONJUGATES IN
REDUCING ENVIRONMENTS

2.1 Intro duction

Reductionsensitive biodegradable polymers and bioconjugates serving as
intracellular triggered drug and gene deliveygtems have attracted much attentidn.
By introdwcing reductionsensitive bonds in general, hydrogel degradation and/or drug
release takes advantage of naturakising reducing agents, such as glutathione
(GSH)? Typically, the extracellular concentration of glutathione in plasma is droun
2EP0! M; whereas the concentration in cytosol, mitochondria and cellular nuclei is
well above that, in the range of B1% mM? with an elevated level of GSH content in
carcinoma cells in particul&rThe concentration gradient facilitates the disruption of
conjugates and hydrogels intracellularly while offeas degreeof stability in
circulation®™” A common motif in the design of reductisensitive bioconjugas
involves the incorporation of disulfides, which can undergo -thgllfide exchange
under reductive environments to achieve rapid cleavage, at a time scale from minutes
to hours®® Nonetheless, the window for the cleavage kinetics to be engineered is
considerably limited even if by altering the disulfideOs neighboring chemical
substituents?

In contrast to disulfiddased bioconjugation strategy, the thmuhleimide

Michael addition reaatn has been widely implemented in biological systems,
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primarily due to the selectivity of the thiolaleimide reaction in aqueous
environments, the rapid kinetics associated with the reaction, and the stability of the
thiol-maleimide product' N-substituted maleimides areost frequently utilized as

they react quickly as Michael acceptor (Figure 2.1), give Rprbglucts and have high

thiol specificity; the nitrogen atom in the ring allows facile functionalization and many
such functionalized maleimides are commercially labé. The applications of N
substituted maleimides range frgmerforming measurements of thiols in biological
fluids,*? in vivo imaging studie$** structural and functional studies of protéfs

and synthesis of proteiirug conjugates®*® to the development of bioconjugates
such as artificial metalloenzynfsind biosensors. The thiokmaleimide reaction has
been employed in theasslinking of hydrogels, the fluorescent labeling of molecules
and, more recently, for the ability of the succinimide thioether bonds to undergo retro

Michaelttype addition reaction in reducing environmets.

Maleimides Vinyl Acrylates & Acrylamides Methacrylates
Sulfones
(o]
o] R
1 o N o
| N-R / nR /\n/ SR %\n/ “R “R
o ) 0 o)
o
< >
High Reactivity Low

Figure 2.1 The order of reactivity of various vinyl groups (Michael acceptors) in thiol
Michaeltype addition reaction.
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As reported, select succinimide thioethers can undergo retroabtigipe
addition and subsequent thiol exchange reaction in the presence of other thiol
compounds such as glutathione at physiological pH and temperature. Figure 2.2 shows
the reversibility of the Michadlype addition reaction between maleimide and thiols
under certain conditions as a potential controlled degradation mecHaniten first
step is a retro Michad{pe addition to regeneratealeimide2, which can then react
with other thiols in the system, geneyadjlutathione. The equilibrium is significantly
shifted to favor the thioether succinimiddsand 3. Meanwhile, both thioether
succinimidesl and 3 can undergo hydrolysis and the products respectively can no

longer undergo the retro Michatgipe addition.

' T '
OsM_g -ReS Oﬁvo +GSH O M __o
+RyS — - GSH

Ry-S GS
1 2 3

Figure 2.2 Schematic of mechanism for the glutathiomediated retro Michasi/pe
addition reaction for a succinimide thioether adduct.

Baldwin et al??

studied the kinetics of the retro Michagpe addition and
exchange reactions undergone by succinimide thioethers in excess glutathione,
highlighting the potential of employing the strategy for controlled release of drugs or
degradation of ntarials. The study concludes that the kinetics and extent of the retro
Michaettype addition and thiol exchange is significantly dependent on the

nucleophilicity of the Michael donor (Figure 2.3). For example, aryl thiol substituents
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such as 4nercaptopheylacetic acid (K. 6.6, blue trace in Figure 2.3) will favor the
retro and exchange reaction while alkyl thiol substituents suchrees&ptopropionic

acid (K4 10.3, green trace in Figure 2.3) render the succinimide thioethers fully stable
under the cornitlons tested. The succinimide thioethers with thiol substituents of
intermediate K.S, such as MNcetylcysteine (Ka 9.5, red trace in Figure 2.3) will
undergo retro and exchange reaction but at a slower rate compared to the one bearing
less acidic subsitutents. Highlighted in the study, the arylthioetiseccinimide
adducts have a cleavage ratebll@! lower than that reported for thsimilar
cleavage ofdisulfides while more rapid than that of the cleavage of certain cysteine
maleimide adducts, proviag similar and complementary applications to the disulfide
mediated drug release in reducing environmé&ffts The reversible chemistry for
reaction of arylthioethesuccinimide adducts with GSH yields a more letabioether
product, the conversion of which reaclaggprocimately 90% in few days. The labile
succinimidethioether linkages formed via the Michdgpe addition of aromatic thiols

to maleimides, with tunable sensitivity to physiologically relevant negugotentials,
offers a promising strategy for the reductimediated degradation or release with
increased blood stability and prolonged drug delivery timescales to disulfide

moieties?®
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Figure 2.3 The conversion of various succinimide thioethers with increased reactivity
on thiol moiety to glutathione adducts via retro Mickiggle addition
and exchange reaction. Reprinted with permission from Ref 22, copyright
(2011 American Chemical Society.

In conclusion, degradation strategies that exploit the retro Mithpel
reaction of thioether succinimides may find biomedical applications when a slower
release or degradation profile is required. Without disregarding the wide cictpe
transformations, the competing hydrolysis reaction reduces its versatility, as the ring
opened product is stabilized toward cleavé@jeaunet al?® studied the rates afng-
opening hydrolysis and thiol exchangd a range of Nsubstituted succinimide
thioethersformed by maleimide!thiol conjugation, suggesting conjugates made with
electronwithdrawing maleimidesan bepurposefully hydrolyzed rapidly in vitro to
ensure in vivo stability.The reseath focus on either utilizing or avoiding retro
Michaetltype additon and exchange reaction of succinimide thioethers indicates a
dependence of kinetics of the competing reachotigol exchange and hydroly$is
on the nature of both thiol substituents andgubstituents of maleimides. Thus, this

chapter gives a thorough derstanding of howeagentsnvolved in retro Michael
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type addition and exchange reaction give a combined effect on the degradation
kinetics by altering K.s of thiols, thiol traps and the strength of the electronic effect
of N-substituted groups on suctmde, and to enable the design of thioédiated

degradable materials for specific advanced applications.

2.2 Materials and Methods

2.2.1 Materials

N-ethylmaleimide  (NEM), N-phenylmaleimide (NPM), N2-
aminoethylmaleimide (NAEM), 4-mercaptophenylacetic acid (MPAN-acetytL-
cysteine NAC), N-diethylcysteamine (NDCyvere purchased from Sigr#ddrich (St.
Louis, MO) and used without further purification-mercaptohydrocinnamiccal
(MPP) was purchased from TCI Amerid2oftland, OR, USA All other reagents and
materials including glutathione (GSH) and oxidized glutathione (GS®@€Me
purchased from Fisher Scientific (Pittsburgh, PA, USA) unless otherwise Abted.
NMR spectra were acquired under standard quantitative conditions at ambient

temperature on a Bruké&W400 NMR spectrometer (Billerica, MA, USA).

2.2.2 Synthesis of Succinimide Thioether Conjugates

The thiols including the mercapaxids, MPA and MPP, and cysteine
derivative NAC were dissolved at a concentration of 50 mg/mL in 1 mL acetonitrile
and reacted withmolar equivalents of the maleimides, NEM, NPM and NAEM. A
catalytic amount of triethylamine (0.0)] was added to the mixture. The reaction was
stirred for 1 h at room temperature. The crude product was diluted to 5 mL with water

and purified viareversephase HPLC (Waters Inc., Milford, MA) on a Waters Xbridge
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BEH130 Prep €18 column Purified fractions were collected and freleaged, with

approximately 90% yield for all reactions.

2.2.3 NMR Analysis of MPA-Maleimide Retro Reactions

'"H NMR spectroscopy with Wivater suppressiéhwas used to monitor retro
reactions of MPAmaleimide conjugates. Samples of MPA were dissblat a
concentration of 3 mg/mL in 0.2 M phosphate buffer pH 7.4 with 10%. High
buffer concentrations were needed (relative to those employed in the HPLC
experiments below) in order to maintain a constant pH throughout the experiment,
owing to the hyh concentration of MPA necessary for NMR investigation. A molar
equivalent of maleimide (NEM, NPM, NAEM) was added to each vessel and the
NMR spectrum was recorded. Molar equivalents of GSH or GSSG were added to the
samples, as the oxidation state of G&s not significantly impact the rate of thiol
exchangé? After addition of compounds, the pH was adjusted to 7.4 with 0.2 M
NaOH if recessary. Samples were incubated aP@7and spectra were recorded at

time 0, 24 h, 5d and 10 d.

2.2.4 HPLC Evaluation of Reaction Kinetics

Synthesized conjugates were dissolved at a concentration of 0.1 mM in 50 mM
phosphate buffers (pH 7.4) containing 5 mMM&5. A GSSG thiol trap rather than a
GSH diluent was used in these studies for the convenience of not having to avoid thiol
oxidation over long periods while gave the same rates of hydrolysis and thiol fBlease.
Lower buffer concentrations were employed to permit quantitative detection by HPLC,
and these lower concentrations were sufficient to maintain a constant pH throughout

the experinent. The kinetics of succinimide rirapening were measured by
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monitoring reactions incubated without reductant. The pH values of all samples were
verified and adjusted to 7.4 with 0.2 M NaOH if needed before incubation %.37
150 pL samples were collexd periodically and added to 150 pL of 0.5% formic acid
solution to reduce the pH and quench the retro andopeging reactions. Samples
were stored aER0 °C until analyzed. RIMPLC injections were carried out under the
abovedefined conditions and as of peaks were integrated to calculate conversion
curves. The identities of the compounds present in each peak were determined using
LC-MS. The same reactions of certain synthesized conjugates were then investigated
when the only change of condition B:mM GSSG thiol trap being replaced by 10
mM NDC; pH being maintained at 5.0 (50 mM acetate buffer, pH 5) and 6.0 (50 mM
phosphate buffer, pH 6) respectively throughout the reactions.

The kinetics model applied to the measured data was simplified to the
combination of a consecutive and parallel reactions (Figure PsBudo firsbrder
rate constantk; andks were defined for the rirgpening ofl and 3, andk, defined

for the retro and exchange reactioridb yield 3 in the presence of excess thiol.

1
Ky, RO

AN
k

3_3)3R0

Figure 2.4 Simplified reaction model and rate constants of the pseudeprust
kinetics.

Based on the simplified kinetics model, reaction rate equations fayjs 1
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The equationsvere employed to fit the data measured by HPLC, yielklinkp
andks with corresponding halives. Curves to plot the fractional concentrations of the
compounds as a function of time were constructed, by input of the rate constants into

eqs &8.

2.3 Results and Discussion

2.3.1 Synthesis of Succinimide Thioether Conjugates
The succinimide thioether conjugates were successfully prepared through a

typical Michaeltype addition reaction with the basgtiated mechanism: A catalytic
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amount of weak base TEA was udeddeprotonate some quantity of available thiol.
The resulting thiolate anion, a strong nucleophile, attacks 4#hentl of maleimide,
resulting in a strongly basic enolate intermediate. This intermediate deprotonates an
additional equivalent of thiol, gimg the desired addition product as well as another
equivalent of thiolate that can perpetuate the catalytic &dleree identities of thiols

MPA (pKa 6.6), MPP (pK, 7.0) and NAC (K. 9.5) were selected as Michael donor
reagents, and three identities of maleimides NEM, NPM and NAEM with different
electronic effects on fubstituents were selected as Michael acceptor reagents. The
nine categories fosuccinimide thioether conjugate products were respectively
synthesized with a yield of approximately 90% for all reactions and confirméd by

NMR (Figure 2.52.13).
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Figure 2.6 'H NMR spectrum for MPANPM conjugate’H NMR (CDsCN):! 2.72D
2.76 (dd, 1H), 3.288.30 (dd, 1H), 3.55 (s, 2H), 486.18 (dd, 1H), 6.92
(d, 2H), 7.22 (d, 2H), 7.2%7.33 (m, 1H), 7.36 (t, 2H), 7.43 (d, 2H).
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Figure 2.7 'H NMR spectrum for MPANAEM conjugate.'H NMR (D;0):! 2.8(®
2.84 (dd, 1H), 2.882.91 (m, 1H), 2.982.99 (m, 1H), 3.288.34 (dd, 1H),
3.528.60 (m, 2H), 3.68 (s, 2H), 4.9%.27 (dd,1H), 7.27 (d, 2H), 7.45
(d, 2H).
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Figure 2.8'H NMR spectrum for MPRNEM conjugate'H NMR (CDsCN): ! 0.85(t,
3H), 2.48 (t, 2H), 2.422.51 (i, 1H), 2.78 (t, 2H), 3.GB.06 (dd, 1H),
3.25 (q, 2H), 3.988.98 (dd, 1H), 7.14 (d, 2H), 7.38, 2H).
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Figure 2.9'H NMR spectrum for MPRNPM conjugateH NMR (CD;CN): ! 2.52 (t,
2H), 2.7E2.75 (dd, 1H), 2.82 (t, 2H), 3.28.28 (dd, 1H), 4.134.15 (dd,
1H), 6.91 (d, 2H), 7.19 (d, 2H), 78134 (m, 1H), 7.37 (t, 2H), 7.39 (d,
2H).
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Figure 2.10*H NMR spectrum for MPINAEM conjugate.'H NMR (D,0):! 2.59 (t,
2H), 2.8E2.85 (dd, 1H), 2.87 (t, 2H), 2.88.89 (m, 1H), 2.982.97 (m,
1H), 3.3@8.35 (dd, 1H), 3.588.57 (m, 2H), 4.224.24 (dd, 1H), 7.26 (d,
2H), 7.41 (d, 2H).
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Figure 2.11*H NMR spectrum for NAGNEM conjugate’H NMR (CDChk): ! 1.19 (t,
3H), 2.13 (d, 3H), 2.42.56 (m, 1H),3.09%8.14 (m, 1H), 3.1#8.22 (m,
1H), 3.4¥8.46 (dd, 0.5H), 3.98.61 (m, 2.5H), 3.78.80 (dd, 0.5l),
3.938.95 (dd, 0.5H), 4.8%.89(m, 1H).
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Figure 2.12'H NMR spectrum for NAGNPM conjugate!H NMR (CDCl3): ! 2.10
(d, 3H), 2.652.73 (m, 1H), 3.188.20 (M, 1H), 3.383.39 (M, 1H), 3.5D
3.63 (M, 1H), 3.958.98 (dd, 0.5H), 4.14.14 (dd, 0.5H), 4.8 .91 (m,
1H), 7.28 (d, 2H), 7.4.44 (m, 1H), 7.49 (t, 2H).
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Figure 2.13'H NMR spectrum for NAGNAEM conjugate’H NMR (D;0): ! 2.02 (d,
3H), 2.682.73 (m, 1H), 3.088.05 (m, 0.5H), 3.1#B.17 (m, 0.5H),
3.178.21 (m, 2H), 3.268.39 (m, 2H), 3.7B3.85 (m, 2H), 4.024.10 (m,
1H), 4.584.64 (m, 1H).

2.3.2 NMR Analysis of MPA-Maleimide Retro Reactions

Aftering obtaining theseries of succinimide thioether conjugates, we sought to
validate that retro Michadaype additions were a significant reaction for select
succinimide thioethers in reducing environments and to determine the difference in
thiol exchange reactions when tResubstituents on the maleimide moiety were varied.
MPA was selected as the standard thiol moiety. Kinetics experiments were performed

via’'H NMR spectroscopy, by monitoring the intensity of the protons in the aromatic
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region (6.97.5 ppm). The formationfahe Michaeltype adducts and their degradation
products were easily observed in the NMR spectra.

Figure 2.14 shows th#d NMR analysis for the reaction of MPA with NEM,
with subsequent incubation with GSH. Figure 2.14A showsHhEMR spectrum for
MPA in solution. A majority of MPA in the reduced state was detected with chemical
shifts centered at 6.92 and 7.18 ppm. Minor peaks centered at 7.14 and 7.42 ppm were
contributed from the oxidized MPA. After addition of a molar equivalent of NEM to
the soluton, the peaks for reduced MPA totally disappeared and the aromatic protons
shifted downfield to peaks centered at 7.18 and 7.36 ppm (Figure 2.14B), indicating
the formation of MPANEM. The small fraction of oxidized MPA was immediately
reduced when a molaquivalent of GSH was added, indicated by a shift of peaks
from 7.14 and 7.42 ppm to 6.92 and 7.18 ppm (Figure 2.14C). After 24 h incubation at
37 °C, much more free MPA in the reduced state was liberated from the conjugate as
indicated by the increasexdténsity of aromatic protons centered at 6.92 and 7.18 ppm
(Figure 2.14D). After 5 d incubation (Figure 2.14E), a minor amount ofajemned
MPA-NEM was detected at 7.14 and 7.33 ppm. Meanwhile, oxidized MPA (7.14 and
7.42 ppm) and GMPA (7.18 and 7.45m) started to form. After 10 d incubation,
more ringopened adduct and @3PA were accumulated (Figure 2.14F), while the
low intensity of peaks for ringpened adduct indicates this occurs at a significantly
slower rate than the retro reaction. With manel more GSH being consumed for the
retro reaction and MPA reduction, the free MPA liberated from the adduct via retro
reaction was again converted to its oxidized form andMP&. These results are

comparable to the kinetics studies performed by Baldival.?? Retro Michaeltype
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addition can be a significant reaction compared to hydrolysis for select succinimide
thioethers in reducingwironments near physiological conditions.

Figure 2.15 and Figure 2.16 show a very similar process of conjugate
formation, retro reaction and hydrolysis for MINPM and MPANAEM. But for
MPA-NPM (Figure 2.15), the ringpened adduct (7.11 and 7.35 ppm)respnted a
large proportion of the final products, indicating a fast hydrolysis in solution. The
higher intensity of peaks for free MPA (6.92 and 7.18 ppm) in Figure 2.15D also
indicates a faster retro reaction compared to that in Figure 2.14D. In contkéiSA-

NEM, both the retro reaction and hydrolysis in MRIRM system occurred more
rapidly. For MPANAEM (Figure 2.16), the hydrolysis process was even more
dominant in solution. The peaks of riogened adduct centered at 7.15 and 7.34 ppm
have obviouslymuch higher intensity and proportion than any other peak species after

incubation for more than 24 h.
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Figure 2.14*H NMR of aromatic protons of (A) MPA, (B) after addition of NEM to
MPA, (C) immediately after addition of GSH to (MPA+NEM), and after
incubation of (C) @37°C for (D) 24 h, (E) 5 d and (F) 10 d. Evident in
(D) is free MPA and in (F) are small amounts of rogened MPANEM
(7.14, 7.33 ppm) and GEBPA mixed disulfide (7.45, 7.18 ppm).
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Figure 2.15'H NMR of aromatic protons of (A) MPA, (B) after additi of NPM to
MPA, (C) immediately after addition of GSH to (MPA+NPM), and after
incubation of (C) @37C for (D) 24 h, (E) 5 d and (F) 10 d. Evident in
(D) is free MPA and in (F) are large amounts of yopgned MPANPM
(7.11, 7.35 ppm) and GEBPA mixed dsulfide (7.45, 7.18 ppm).
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Figure 2.16'H NMR of aromatic protons of (A) MPA, (B) after addition of NAEM to
MPA, (C) immediately after addition of GSH to (MPA+NAEM), and
after incubation of (C) @3?C for (D) 24 h, (E) 5 d and (F) 10 d.
Evident in (D) is free NPA and in (F) are large amounts of Hogened
MPA-NAEM (7.15, 7.34 ppm) and GEBPA mixed disulfide (7.45, 7.18
ppm).

2.3.3 HPLC Evaluation of Reaction Kinetics
HPLC and LC/MS were used for quantification and identification in the study
of reaction kinetics. Tle® maleimides with different -Substituents (ethyl, phenyl,

aminoethyl, respectively) were selected to determine how the rate of exchange might
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vary with the electronic effects of-Bubstituents on maleimides. 0.1 mM bivas
incubated in 10 mM GSSG in péphate buffer at pH 7.4 and 3. The ringopening
rates of succinimide were determined from solutiowithout addition of GSSG.
Reaction kinetics for the formation 8fwas determined by monitoring the changes of
peak area in HPLC traces, and the idgntf chemicals in each fraction was
confirmed by LC/MS.

Figure 2.17 represents a typical set of HPLC traces monitoring the incubation
of 1 (MPA-NEM) in excess GSSG, showing the retention time and intensity of all
peaks. Arrows indicate the direction ofaregrowth or decline with time. At time zero,

1 was observed as a single peak. Over time, the pedkdecreased while peaks for
GSMPA and 1go (ring-openedl) all increased. The peak f8rincreased first as a
result of its generation from the retro cgan of 1, and then decreased due to its
hydrolysis throughout the time. Pealks split as a result of two diastereomfmsned
from the Michaettype addition of GSH and NEM. The peak iap is split depending

on the side of succinimide ringpening inrelation to the thioether. Figure 2.18 shows
that the HPLC traces df (MPA-NPM) incubated under same conditions are pretty
similar to the traces for MPAIEM. The peak3ro could also be observed since the
phenyl group decreased the polarity of the moleclilee unequal split of pealkko
(higher intensity on the right split peak) indicates a preferred configuration ef ring
opened succinimide thioethetswhich is favored as a result of the resonance effect
and steric effect from the phenyl grolgo was eenly splitted into four peaks from
the two diastereomers 8f with two preferred configurations as well. The schematic
of the four configurations 08gro is shown in Figure 2.20. Figure 2.19 shows the

HPLC traces ofl (MPA-NAEM) incubated under the samencition. Since the
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protonated amine groups at neutral pH increase the polarity of the moRaoti3ro

are so poorly retained by the column that their peaks were not observed. The unequal
split of peak 1ro (higher intensity on the left split peak) indies a preferred
configuration of ringopened succinimide thioethetswhich is favored as a result of

the electrorwithdrawing effect from the protonated aminoethyl group.

1000

1 MPA-NEM GS-MPA 1
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=
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1 12 13 14 15 16 17 8 19
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Figure 2.17 HPLC traces of degradation df(MPA-NEM) in 50 mM phosphate
buffer with 10 mM GSSG @37C over a period of 3 d. The peak area for
1 decreases with time as peak areas fofMER and 1ro increase with
time, and peak area f@8rincreases first and then decreases, indicating the
occurrence of the retro Michaslpe reaction. Arrowsindicate the
direction of peak area growth or decline with time. P2a&nsists of two
equal peaks representing two diastereomers.

41



2004

mAu

100

1 MPA-NPM Tro

3004

GS-MPA 1

1 1 a7 18 19 20 21
Minutes

Figure 2.18 HPLC traces of degradation df(MPA-NPM) in 50 mM phosphate
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buffer with 10 mM GSSG @3T over a period of 3 d. Theeak area for

1 decreases with time as peak areas fofMER and 1ro increase with
time, and peak area f8rincreases first and then decreases, indicating the
occurrence of the retro Michaslpe reaction. Arrows indicate the
direction of peak area growtr decline with time. Peakconsists of two
equal peaks representing two diastereomers. The two split pedks of
have higher intensity on the right. The four split peak3gfhave higher
intensity on the right two.

MPA-NAEM

120 125 13.0 135 14.0 145 150 155 16.0 165
Minutes

Figure 2.19 HPLC traces of degradatiah 1 (MPA-NAEM) in 50 mM phosphate

buffer with 10 mM GSSG @3T over a period of 6 h. The peak area for
1 decreases with time as peak areas fofMER and 1ro increase with
time, indicating the occurrence of the retro Mickggle reaction.
Arrows indicatethe direction of peak area growth or decline with time.
The two split peaks diro have higher intensity on the leBwas poorly
retained in the column and thus was not observed.
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Figure 2.20 Schematic of four configurations of the rioygened products gerasted
from two diastereomers of succinimide thioethers.

Figure 2.21 illustrates the complete reactions for an initial succinimide
thioether conjugatd in the presence of excess GSH, showing-apgning of the
thioether succinimides as well as the exchamgth GSH. Throughout these
experiments, no measurable amount of free maleighislas detected, confirming that
equilibrium favors the succinimide thioether greatly under these experimental
conditions. The fate of the succinimide thioether conjugatenbe simplified to the
combination of hydrolysisl{~1ro) and retro and exchange reactidn-@3), followed
by the ringopening of3 (3—3ro). Pseudo firsbrder rate constantk; can be defined
for the ringopening ofl. Sincea large exess of the thiol trapO(mM GSH or 5 mM
GSSG),k, can be defined as the pseudo fosfer rate constant for the retro and

exchange reaction df
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Figure 2.21 Complete retro and rirgpening reactions of succinimide thioether
conjugates in solution with glutathione.

Fractional conentrations ofl, 1ro, 3, 3ro (converted to the initial thioether
succinimide linkage ofl) measured by HPLC were plotted as a function of time for
MPA-NEM (Figure 2.22A), MPANPM (Figure 2.22B) and MPAIAEM (Figure
2.22C). Pseudo firstrder rate equatiofiswere employed to fit the dataRy(> 0.98)
and rate constants were then obtained. The values ebp@gng rate constakt and
retro reaction rate constakt with their corresponding halives were shown in Table
2.1. By input of rate constants into equations, curves were constructed to plot the
fractional concentration of each compound as a function of time in Figure 2.22. The

fits show perfect agreement with data points for all compounds. Only the sum of
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fractional concentration & and3gro are shown in Figure 2.22C as the corresponding
peaks for each were not observed in HPLC. The fractional concentratidn of
decreased as a fotion of time and was eventually all consumed. The fractional
concentration of3 was illustrated by an initial increase and subsequent decrease,
depending on the extent of retro reaction and hydrolysis. When all reactions reach
equilibrium, the end produetlro and 3ro were completely stable in solution. The
final fractional concentrations ofiro (red plateau in Figure 2.22) an8ro
(green/purple plateau in Figure 2.22) were directly relatdddadk,: [3roli/[1ro]s =

ko/ky, of which the ratio indicatethat either the retro and exchange reaction or the
ring-opening ofl predominates in solution. In the reactions of MRAEM, 1gro is
apparently the major product at equilibrium, with rate condtaaf 0.9828 i and
respective halfife of 0.7 h. While incomparison, the ringpening of MPANEM is

three orders of magnitude slower with an apparent rate corstzn®.0045 i and
respective halfife of 154 h, along with the ringpening of MPANPM one order of
magnitude slower. The dramatic differencasthe ringopening rates of the three
succinimide thioethers are most likely attributable to the inductive effects of-the N
substituents of the maleimide moieties. The protonated aminoethyl groups at
physiological pH have large electranthdrawing inductve effect, which facilitates
rapid hydrolysis of MPANAEM, while alkyl N-substituted groups such as the ethyl
group are weak electrastonating groups and retard the rogening of MPANEM.

The ringopening of MPANPM is only 6fold faster than that of MPAIEM,
however, as the electramithdrawing effect of phenyl groups is wedBur previous
report has shown similar pseudo ficstler rate constantg for the ringopening of

NEM conjugates (NEM conjugated to MPA, NAC andn@rcaptopropionic acid),
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which range from 0.0032 hto 0.0044 H.?? Kanaoka and coworkers have reported
that the hydrolysis halive of NPM (1.1 min) determined atp7.0 and 3°C is more

than one order of magnitude smaller than that of NEM (25 min), suggesting that
electronic factors introduced by aromatic substitution on the imide nitrogen is

reflected in the accelerated rate of hydrol¢Sikyon et al®

reported the hydrolytic
enhancement of the ring opening of an NAEM by a primary amine closely positioned
to the succinimide, and proposed a mechanism involving intramolecular base catalysis
by the amine. Shaust al?®® have shown recently the rirapening of a series of
sucinimide thioethers Msubstituted by protonated amines incubated at pH 7.4 and 25
°C, with haltlives ranging from 0.41 h (NAGIAEM) to several hours, indicating

that ringopening rates are greatly accelerated by eleattittdrawing Nsubstituents.
Consigent with these reports, our results suggest that the rate of hydrolysis could be

enhanced due to an electron withdrawing inductive effect and be reduceéalkyl N

substituents with electron donating character.
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Figure 2.22 Fractional conversion to the thioet succinimide, over time, for (A)

MPA-NEM, (B) MPA-NPM and (C) MPANAEM. Relative
concentrations were measured via HPLC and the curves constructed

using the derived rate constants and integrated fractional concentration
equations fod, 1ro, 3 and3go.

Table 2.1 Pseudo firsbrder rate constants and respective-tiadfs for retro and ring

opening reactions of MPfaleimide conjugates

ki(h™) half -life (h) ka(h™) half -life (h) Ka/ky
MPA-NEM 0.0045 154 0.0382 18 8.5
MPA-NPM 0.1638 4.2 0.2215 3.1 1.4
MPA-NAEM 0.9728 0.7 0.1392 5.0 0.14

* kolk; > 1 indicates exchange reaction dominates in the solutjfiq;< 1 indicates ringppening reaction

dominates in the solution.
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Apart from hydrolysis, we noticed that the retro and exchange reactions were
also impacted depending on the electronic character of tfmubdtituents. In the
reactions of MPANEM, 3o is the major product at equilibrium, with a retro reaction
rate constank, of 0.0382 R and a respective hdife of 18 h. By contrast, the rate
congant k, of MPA-NPM and MPANAEM are one order of magnitude larger, an
expected result when considering the mechanism of the reaction. Thieteel
reaction is d -elimination reaction involving proton abstraction dnthiolate release
from the sucimimide thioethef® The electrorwithdrawing efects of Nsubstituents
might be expected to increase the acidity of the dissocidite ond, and thus the
rate of! -elimination. Also of note, the retro and exchange reaction of {MPM was
even 1.6fold faster than that of MPAIAEM, which possesses sironger electron
withdrawing group. This is probably due to the resonance effect of the phenyl group,
which stabilizes the thiolate ions and promdteslimination. The conversion of the
three MPAmMaleimide conjugates to glutathione adducts is shownguré& 2.23. The
fraction of 3 generated froml is determined bythe progress of two competing
reactions and thus is equal kg/(k; + k2). The MPANEM supported the greatest
conversion ratio of the initial adduct, reaching maximum conversion of 89.5% after
approximately 110 h. The MRNPM exhibited the next greatest extent of conversion
(58.3%), and also the most rapid kinetics, achieving a maximum conversion within 12
h. The MPANAEM supported the lowest conversion ratio and medium exchange rate,
achievinga conversion of 12.3% after approximately 4 h. The ratio and rate of
conversion of the initial adduct are clearly impacted by the inductive effects of the N
substituents as discussed aboMee resonance effect of-phenyl groups contributes

to the mostapid thiol exchange with a hdlife of 3.1 h for MPANPM, followed by
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the electrorwithdrawing inductive effect of Mminoethyl groups supporting a
medium exchange rate with a Raté of 5.0 h for MPANAEM. Our previous report
has shown the similar psaai firstorder rate constat for the retro reaction of NEM
conjugates with a value of 0.0371 and halflife of 19 h for MPANEM and a value
of 0.00207 H and halflife of 337 h for NAGNEM,? indicating a slower thiol
exchangeresuling from the electrordonating inductive effect of Mthyl groups.

Shaunet al?®

have shown theseudo firstorder rate constamt for the retro reactions

of a series of succinimide thioetherssNistituted by protonated amines in the
presence of 5 mM GSSG incubated at pH 7.4°@5the short halfives of which

range from 12 h to 61 h. These data are consistent with our reports and confirm the
rate enhancement of the retro and exchange reactiohebylectroavithdrawing

inductive effects of Nsubstituents.
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Figure 2.23 The conversion of succinimide thioethers with variousubstituted
groups on the maleimide moiety (MA¥EM, MPA-NPM and MPA
NAEM) to glutathione adducts via retro Michdgpe additionand
exchange reaction. (EDG: electrdaonating group, EWG: electron
withdrawing group)

We next sought to investigate the combined effects on the retro and ring
opening reactions of succinimide thioethers by altering Kagopthe thiols as well as
the Nsubstituents of maleimides (ethyl, phenyl, and aminoethyl substituents). All
other experimental conditions were kept the same unless otherwise noted. Fractional
concentrations of, 1ro, 3, 3ro (converted to the initial thioether succinimide linkage
of 1) measured by HPLC were plotted and curves were constructed as a function of
time for MPRmaleimide (Figure 2.24), and NA@aleimide (Figure 2.25). The values

of the ringopening rate constaki and the retro reaction rate consteawith their
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correspondig haltlives are shown respectively in Table 2.2 and Table 2.3. The close
pKaof MPA (pK,6.6) and MPP (K, 7.0) contributed to a similar set of kinetics data,
as illustrated in Figure 2.22 and Figure 2.24, while the retro and exchange reaction for

NAC (pK,9.5) adducts (Figure 2.25) was apparently slower with longedibedf up
to 258 h.
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Figure 2.24 Frational conversion to the thioether succinimide, over tifoe,(A)
MPP-NEM, (B) MPRNPM and (C) MPHNAEM. Relative
concentrations were measured via HPLC d&hnel curves constructed

using thederived rate constants and integrated fractional concentration
equations fod, 1ro, 3 and3ro.
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Figure 2.25 Fractional conversion to the thioether succinimide, over time, for (A)

NAC-NEM, (B) NAC-NPM and (C) NAGNAEM. Relative
concentrations were measured via HPLC and the curves constructed
using thederived rate constants and integrated fractional concentration
equations fod, 1ro, 3 and3go.

Table2.2 Pseudo firsbrder rate constants and respective-tiadfs for retro and ring

opening reactions of MRRaleimide conjugates

ki(h™) half -life (h) ka(h™) half -life (h) Ka/ky
MPP-NEM 0.0035 198 0.0339 20 9.7
MPP-NPM 0.1264 55 0.1904 3.6 1.5
MPP-NAEM 0.8106 0.9 0.1147 6.0 0.14

* kolk; > 1 indicates exchange reaction doates in the solution;K; < 1 indicates ringppening reaction
dominates in the solution.
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Table 2.3 Pseudo firsbrder rate constants and respective-hadfs for retro and ring
opening reactions of NA@aleimide conjugates

ki(h™) half -life (h) ka(h™) half -life (h) Ka/ky

NAC-NEM 0.0056 123 0.0027 258 0.48
NAC-NPM 0.1914 3.6 0.0162 43 0.085
NAC-NAEM 0.9537 0.7 0.0075 92 0.0079

* kolk; > 1 indicates exchange reaction dominates in the solutjfiq;<« 1 indicates ringppening reaction
dominates in ta solution.

A summary of the pseudo firstder rate constants and hhes for selected
succinimide thioethers are shown in Figure 2.26. In each diagram, the three groups of
thiol adducts for comparison were fixed based on the identities of the thlatsh
were MPA (K, 6.6), MPP (K,7.0) and NAC (,9.5), while the thiol trap GSH has
the highest K, of 9.65 in solution. For each type of thiol adduct, NEM, NPM and
NAEM (respectively refer to the navy, green and gray column) are the maleimide
moieties employed for further analysis. Figure 2.26A shows the value of the ring
opening rate constakt for the succinimide thioether adducts. When the thiol moiety
is fixed, a large electrewithdrawing inductive effect of the maleimidesubstituents
dramatially increases the rate of rivggpening. When the maleimide moiety is fixed,
the difference in solubility of three thiolsingc) > Smea) > Smer), is suggested to have
a slight impact on the rate of risgpening; improved solubility of adducts would be
expected to facilitate hydrolysis. Thus, the valu&gahainly depends on the strength
of the inductive effect of the Mubstituents and is affected slightly by the adductsO
solubility. Figure 2.26B shows the value loffor the succinimide thioether addsc
Of the thiol adducts, those adducts with phenyl groups showed the most rapid

exchange reaction likely due to resonance effects, followed by the adducts with the
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strongly electrorwithdrawing aminoethyl group. When the maleimide moiety is fixed,
the raeé of exchange of the initial adduct is clearly impacted by the tlikigl with
higher <, decreasing the rate. The value lkefdependsgreatly on the electronic
effects of Nsubstituents andiy of thiols. Figure 2.26C shows the valuekaf(k; +

ko), which also represents the conversion ratio of initial adduct to glutathione adduct.
As shown in the figure, theKp of thiols determined the tunable range of the value of
ko, and thus determined the tunable range of the valkg/(&f + k). The lower the
pK,, the wider the tunable range is. The electronic effects-sdild$tituents had great
impact on the values &f andk;, and thus differentiated the valuekof(k; + ko) in the
range, with a stronger electranthdrawing effect decreasing the conversiotiora
Figure 2.26D shows the hdifes for ringopening, which range from 0.7 h (NAC
NAEM) to 198 h (MPPNEM). Figure 2.26E shows the hdilfes for the exchange
reaction, which range from 3.1 h (MPPM) to 258 h (NAGNEM). Shaunet al?®
have shown comparable results that, for a series of succinimdaihers with amine
substituents, the rates of the reviachael reactions span only 306ld, whereas ring
opening reactions span over 6fald, which also indicates that the retro reaction is
less sensitive than the hydrolysis of thioether succinimdleetanductive effects of N

substituents.
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Figure 2.26 Pseudo firsbrder rate constants and hifes for selected succinimide
thioether adducts. (A) Ringpening rate constarit;, (B) retro and
exchange reaction rate constét(C) conversion ratio of inal adduct
to glutathione adduck/(k; + ko), (D) haltlives fork;, (E) halflives for
ka.

The degradation kinetics of 0.1 mM thidEM adducts in the presence of 5
mM GSSG or 10 mM NDC were studied to help understand the relative impact of
thiol moieties and thiol traps in the retro and exchange reactions. The kinetics profiles
(Figure 2.27) are similar, as suggested by the comparison of the cuiemdiro
for the same thieNEM adduct. The values & andk; are also on the same order of
magnituck. The difference is th& (NDC-NEM) generated in the presence of NDC

ring-opened faster tha®(GS-NEM) generated in the presence of GSSG. Degradation
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profiles of NAGNEM in the presence of NDC (Figure 2.27F) indicates tKabpthe

thiol trap does notffect the occurrence of the retro and exchange reaction, even
though the K,of NDC (7.8) is much lower than that of NAC (9.5). These results are
also consistent with the retMichael reaction mechanism: an increase in the leaving
group ability of theltiolate ions determines the occurrence of the retro reaction, which
is correlated to the acidity i) of the thiol moiety; a stoichiometric excess of a thiol
trap drives the equilibrium forward toward thiol exchange. In our previous report, we
have demortsated that the kinetics of the retiktichael addition and thiol exchange
was independent of the use of GSSG or GSH as a thiof“tBaker and coworkers
have described the bromination of maleimides for reversible conjugation of thiols as a
bioconjugate techniqu®>? The cysteindoromomaleimide conjugate was found to be
reversible by incubatiomwith excess thiols such asn2ercaptoethanol or GSH with
complete conversion within 4%iThe results are consistent with our findings that the
kinetics of the retro and exchange react®mndependent of the identity of the thiol
trap. It alsoindicates that theeduced reactivity of maleimides compared with

bromomaleimdies correlates with the rate of the retro reaction.
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Figure 2.27 Fractional conversion to the thioether succinimide, over tifoe(A)(B)
MPA-NEM, (C)(D) MPRNEM and (E)(F) NAGNEM. Relative
concentrations were measured via HPLC and the curves constructed
using thederived rate constants and integrated fractional concentration
equations ford, 1gro, 3 and3ro. (A)(C)(E) were tesid in the presence of

excess 5 mM GSSG,; (B)(D)(F) were tested in the presence of excess 10
mM NDC.
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Table 2.4 Pseudo firsbrder rate constants and respective-hadfs for retro and ring
opening reactions of thilEM conjugates in GSSG and NDC thiol traps

ki(h™) half -life (h) ko (h™) half -life (h) Ka/ky
GSSG 0.0045 154 0.0382 18 8.5
MPA-NEM
NDC 0.0044 159 0.0398 17 9.0
GSSG 0.0035 198 0.0339 20 9.7
MPP-NEM
NDC 0.0040 174 0.0489 14 12.2
GSSG 0.0056 123 0.0027 258 0.48
NAC-NEM
NDC 0.0056 123 0.0043 163 0.77

* kolk; > 1 indicates exchange reaction dominates in the solutjfiq;<« 1 indicates ringppening reaction
dominates in the solution.

Additional factors such as the pH of the solvent may further affect the kinetics
of the reaction in @ution reactions. Here the influence of lower pH on the retro
reaction kinetics was studied. Figure 2.28 shows clearly slower retro angpengg
reaction kinetics for MPANEM incubated in solutions of lower pH. The valuekpf
andk; for MPA-NEM is ore order of magnitude smaller at pH 6.0 and two orders of
magnitude smaller at pH 5.0, compared to that at physiological pH. We noticed that
ko/ky was kept unchanged at pH 6.0, which indicates the conversion ratio from initial
adduct to glutathione adduamained at a significant level while a longer release or
degradation period can be achieved at lowerTgt¢se properties of the retro and thiol
exchange reactions suggest their potential use for drug release in the acidic
microenvironment (pH 685.9) of carcinoma cell§® Speciically, the glutathione
sensitive thioether succinimide linkages may be employed in either the formation of
hydrogels or the coupling of anticancer drugs to synthetic polymers, for thespuwp
developing biodegradable polymer systems for controlled release of anticancer

drugs®***® A longer release timescale could improve the efficacy and reduce the side
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effects of the drugs, as therapeutic levafigshe desired anticancer agents might be

maintained locally for prolonged periods while reducing systemic side etfétts.
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Figure 2.28 Fractional conversion to the thioether succinimide, over time, for-MPA
NEM incubated at (A) pH 7.4, (B) pH 6.0 and (C) pH 5.0. Relative
concentrations were measured via HPLC and the curves constructed
using thederived rate constants and integrated fractional concentration
equations fod, 1ro, 3 and3go.

Table 2.5 Pseudo firsbrder rag¢ constants and respective Halés for retro and ring
opening reactions of MPAIEM incubated at different pH

MPA-NEM ki(h™) half -life (h) ka(h™) half -life (h) Ka/ky
pH =7.4 0.0045 154 0.0382 18 8.5
pH =6.0 2.8E-4 2.5E3 2.4E-3 2.9E2 8.5
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pH=5.0 8.1E-5 8.6E3 2.9E-4 2.4E3 3.6

* kolk; > 1 indicates exchange reaction dominates in the solutjfiq;<« 1 indicates ringppening reaction
dominates in the solution.

2.4 Conclusions

In conclusion, we have shown that the kinetics of the @®&idiated retro
Michaeltype addition can be significantly expanded by modifying theubistituents
of the Michael acceptor and th&kjpvalues of the Michael donor. Succinimide
thioethers with electrewithdrawing groups favor a high level of hydrolysis as well as
the enhacement of the exchange reaction to some extent, while the resonance effect
of N-phenyl groups contributes to a faster thiol exchange. A lkyopthe thiols is
suggested to be the primary source of the rate enhancement of the retro and exchange
reaction,with a wider tunable range of degradation kinetics; higlikgrop thiols can
limit the impact, on the extent of conversion, of electronic effects of thelstituents.
Our studies also illustrates that the occurrence and kinetics of the retro and exchang
reaction are not affected by th&of a thiol trap, but can be retarded at lower pH.
Our findings suggest the impact of bothshbstituents and identity of thiols for
manipulating the kinetics of the retro Michdgbe addition of maleimides and thiols
(i) the conversion rati&/ (ki + ko) must be significantly high to favor conversion; and
(i) the haltlives of kexchangsshould match the need of the specific application. In the
case of tumotargeted drug delivery, a prompt destabilization of drugiera inside
cells and rapid release (within hours) of the loaded therapeutics is preferred to enhance
drug efficacy, overcome multirug resistance (MDR), and minimize drug and catrier
associated side effectd:while for localized chemotitapy suchas a sitespecific

delivery of doxorubicin (DOX) from hydrogels, a sustained and tunable release (over
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weeks)is preferred for a longerm control of cytotoxicity of cancer cells viva.*® By
impartingtunable glutathionsensitive linkages into micelles, vessels, tethered drugs
or other bioconjugates, the strategy should be widely applicable in improved

applications such as sensitigissue engineerirffgand drug delivery?
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