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ABSTRACT

DESIGN OF FLUORESCENT PROBES FOR BIOORTHOGONAL LABELING OF
CARBONYLATION IN LIVE CANCER CELLS

Oxidative stress is known as the steady state level of oxidative damage in live cell, tissue, or
organ, caused by the reactive oxygen species (ROS) such as free radicals. Along with
neurodegenerative diseases and diabetes, high levels of reactive oxygen species have been
noticed in almost all cancers, where they promote many aspects of tumor development and
progression. Bioorthogonal labeling of oxidative stress-induced carbonylation of
biomolecules have a critical role in the identification of cancer aggressiveness. Hydrazine or
amine-based fluorophores act as strong nucleophiles that react rapidly with carbonyl sections
in live cells. In this study, hydrazine and amine derivatives were synthesized in order to
detect ROS induced protein carbonylation in various cancer cell lines. 2-Hydrazine-5-
nitrophenol was utilized as a novel bioorthogonal fluorescent probes to demonstrate labeling
of carbonylated biomolecules. Reaction between carbonyl group and hydrazine containing
fluorophore yielded in hydrazone which maintained a spectroscopic alteration. Microscopic
and fluorometric analyses were used to distinguish the exogenous and endogenous ROS
induced carbonylation profile in A498 primary site and ACHN metastatic site renal cell
carcinoma (RRC) cell lines. When cells were treated with H.O> as an exogenous ROS
inducer, A498 cell line demonstrated higher carbonylation level. On the other hand, serum
starvation as an endogenous ROS inducer resulted in higher carbonylation level in ACHN
metastatic site RCC cell line. The probe developed here may be used as a small molecule in
the development of new diagnostics approach in the molecular staging of cancer.



OZET

CANLI KANSER HUCRELERINDE KARBONILASYON iSARETLENMESI iCIiN
BiYOORTOGONAL FLORESAN PROBE SENTEZI

Oksidatif stres, reaktif oksijen tiirlerinin canli hiicreler, dokular ve organlarda olusturdugu
hasar olarak bilinir. Norodejeneratif hastaliklar ve diyabetle birlikte, tiimor gelisim ve
ilerlemesine neden olan serbest radikaller hemen hemen tim kanser tirlerinde ytksek
dizeyde bulunmaktadir. Reaktif oksijen tirleri kanser hiicrelerinde ¢ogalma, gelisim ve
oliim gibi durumlari kontrol eder, bu nedenle serbest radikallerin 6zgiin hedef olarak
kullanilmas: kanser htcrelerinin 6limanu tetikleyebilir. Bu tezde, oksidatif stresse bagli
gelisen protein karbonilasyonunun, hiicre igerisine verilen 6zgun biyoortogonal floresan

molekdller ile gériintiilenmesi amaglanmustir.

Oksidatif stres sonucu biyomolekillerde olusan karbonilasyonun, biyoortogonal
isaretlenmesi, kanserin agresifliginin belirlenmesinde 6nemli bir yere sahiptir. Bu baglamda
sentezlenen hidrazin ve amin bazli molekulltlerin spektroskopik Ozellikleri karakterize
edilmistir. NUKleofilik yapilart nedeniyle hidrazin veya amin bazli floroforlar, canli
hucrelerde bulunan karbonil gruplar ile hizli hydrazone veya imin reaksiyonu
gerceklestirirler ve bu reaksiyon hizi, kanser hiicre hatlarma gore farklilik gostermektedir.
Buna bagli olarak hidrazin bazl 2-Hidrazin 5-Nitrofenol molekdliintn karbonil gruplar ile
reaksiyona girmesiyle spektroskopik degisime ugrayarak hidrazon olusturur. Bu ¢aligmada,
oksidatif stres diizeyine bagli olarak hiicre i¢erisinde degisiklik gosteren floresan yogunluk
miktarlar, ACHN ve A498 kanser hiicre hatlarinin metastatik 6zelliklerinin ayirt
edilmesinde kullanilmigtir. Hucrelerde oksidatif stres H>O» ile indiiklendiginde, A498
hicresinde ACHN hiicresine kiyasla daha fazla protein karbonilasyonu gergeklestigi tespit
edilmistir. Diger yandan, hiicreler serum ac¢ligina sokularak oksidatif stres uyarildiginda
protein karbonilasyonu seviyesinin metastatik ACHN hicrelerinde daha yiiksek oldugu
bulunmustur. Tez kapsamina gelistirilen 2-Hidrazin 5-Nitrofenol molekult kanserin
tespitinde ve kanserin molekiler evrelerinin belirlenmesinde kullanilabilecek belirte¢ boya

niteligi tagimaktadir.
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1. INTRODUCTION

1.1. BIOORTHOGONAL CHEMISTRY

Chemical probes have been used for site-specific biomolecule labeling in order to clarify
molecular mechanisms of biological systems. Bioconjugational strategies are based on
selectively attachment of one chemical probe to a biological molecule with covalent bond in
appropriate conditions. With an understanding of the concepts of bioorthogonal chemistry,
these molecules’ ligation should generate new complex molecules which have different
chemical and biological properties from its constituent molecules. Bioorthogonal reactions
are fast and selective ligation under biological conditions have found comprehensive

applications in the development of new bioconjugational strategies [1].

Todays, many alternative bioconjugational techniques have been utilized for elucidating the
functions and dynamics of biomolecules in live systems such as antibodies and fluorescent
fusion proteins. However, usage of these tools has some limitations for biomolecule labeling.
Especially, large molecular size of fusion proteins or low cell membrane permeability of
antibodies cause restriction with studying of these biomolecules. In addition, fusion proteins
are not interpretable to examination for non-protein biomolecules just as carbohydrates,
lipids and other small molecule metabolites. Because of these limitations as shown in Table

1.1, studies of bioorthogonal chemistry have been accelerated in last century [2, 3].



Table 1.1. Comparison of fluorescent fusion proteins and chemical fluorescent probes [4].

) Fluorescent Fusion Chemical Fluorescent
Properties )
Proteins Probes
Molecular size Large Small
Transgene . .
_ Essential Nonessential
EXxpression
Labeling time During Translation Any Time
Reactive Chemical Reporters
Labeling position Basically C/N-Terminus or
C/N-Terminus
Labeling efficiency High Case Dependent
Labeling variety Narrow Wide

Bioorthogonal click chemistry can be applied with two-step strategy when it is used on
biomolecules. The first step is placement of an appropriate chemical reporter that is an
affinity tag on biomolecule. Then, the second step is the ligation between the chemical
reporter and site-specific bioorthogonal probe via biochemical reactions in living biosystems
as shown in Figure 1.1 (a). This covalent ligation must be stable, site-specific and non-toxic
in aqueous environments. Another strategy of click chemistry is based on bioorthogonal
reaction activated fluorescence probe. Incorporation between biomolecule and probe
produce successful labeling as shown in Figure 1.1 (b). Another application of bioorthogonal
chemistry is based on the reaction between target biomolecule and bioorthogonal probe
which is enriched with a drug as a cargo molecule. The cargo molecule is released for
targeted drug delivery as shown in Figure 1.1 (c) [5].
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Figure 1.1. Strategies of bioorthogonal labeling. (a) site-specific labeling of chemical
reporter tagged biomolecule, (b) bioorthogonal reaction activated turn-on fluorescent

probe, (c) bioorthogonal probe as a cargo molecule container [5].

The bioorthogonal reactions can be categorized depending on their ligation systems such as
click reaction, photo-click reactions, tetrazine ligation and Staudinger-Bertozzi ligation

which are utilized for site-specific labeling and selectivity of biomolecules [6].

1.1.1. Click Reactions

Click reaction requires acceptable unsaturated carbon and hydrogen moieties on reactant and
target molecules [7]. The first click reaction was introduced by Huisgen with the design of
cycloaddition reactions [8]. Azide — alkyne reactions are milestone of click reactions in
bioorthogonal chemistry. Azide is a small, non-polar reactive structure with weak hydrogen
bonds. Azides have been used to modify the biomolecules like glycans, proteins, lipids or
nucleic acids. Correspondingly, alkyne is an unsaturated hydrocarbon containing non-
biological molecule which is used for biomolecule labeling. Reaction between azide and
alkyne, the azide electron pairs are delocalized and a stable triazole is formed as a fluorescent

chemical reporter in bioorthogonal labeling [9].
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Figure 1.2. Click reactions. (a) copper-catalyzed cycloaddition reaction, (b) strain-

promoted cycloaddition reaction [10].

Cycloaddition of azide and alkynes reactions are the most common click reactions for
biomolecule labeling because of their kinetic stability [4]. Copper-catalyzed and strain-
promoted cycloaddition reactions create the baseline of click reactions as shown in Figure
1.2.

1.1.1.1. Copper — Catalyzed Azide-Alkyne Cycloaddition Reaction (CUAAC)

Azide-Alkyne cycloaddition is highly selective reaction for bioorthogonal live cell labeling.
Azide compounds do not exist in biological systems so its incorporation between
biomolecules is site specific. Because of high stability and no cytotoxicity effect, azide is
preferred for bio-imaging. The most popular azide-alkyne copper catalyzed cycloaddition
reactions were introduced by Sharpless [11] and Meldal [12]. When the regioselective
reaction between azide and alkyne is catalyzed with Copper (1) salt, 1,4 disubstituted 1,2,3
triazoles is yielded with 6-7 times faster the reaction rate than without Cu(l) catalysis [13].
Cu(l1) metallacycle intermediate is a reaction rate accelerator which is formed by the
reaction between copper acetylide activated alkyne and azide as shown in Figure 1.3 [14].
With the formation of triazole, bioorthogonal chemical reporter is quenched and

fluorescence is emitted.
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Figure 1.3. Mechanism of CUAAC [15].

CUAAC is one of the most popular click reaction due to accelerated reaction rate in live cell
imaging. However, the main limitation of this reaction is cytotoxicity of Cu (1) salt in living
systems. Presence of Cu (I) salt leads to metal-induced oxidative stress via reactive oxygen
species generation in live cells [16]. In order to eliminate the cytotoxic effect, water soluble
ligands are designed for labeling of cell surface [17, 18] also, azide groups are modified with

addition of copper-chelating moiety on the biomolecules [19, 20].

1.1.1.2. Strain — Promoted Azide-Alkyne Cycloaddition Reaction (SPAAC)

Because of toxic effect of copper catalyzed azide-alkyne cycloaddition reaction, catalyst free
reactions have been demonstrated in 2004. Bertozzi group demonstrated a bioorthogonal
reaction between azide and cyclooctyne (OCT) which is alkyne introduced strain structure
[21]. Different derivatives of cyclooctyne and azine groups have enriched the click reactions
while reaction rate is also increased, and cytotoxicity effects are diminished. For example,
difluoro cyclooctyne (DIFO) reaction with benzyl azide gives 63-fold increase in reaction
rate [22].



Figure 1.4. lllustration of DIFO-azide cycloaddition.

Release of the free energy in C=C—C bonds encourages the reaction between azide and
alkyne without catalyst [2]. In addition, delocalization of azide nitrogen into the triazole
alkyne induces the incorporation between chemical reporter and fluorescent probe [5].
Design and synthesis of azide probes can derivate with the usage of different fluorophores.
Azidocoumarin is one of the first smart fluorescent azido probes which is described by Wang
group in 2004. In that study, the researcher demonstrated that the click reaction was
completed in mild conditions at pH:7 in PBS with high fluorescence intensity [23]. In
biological applications, azidocoumarin is one of the common bioorthogonal probes for site-
specific biotarget labeling in vitro and in vivo because of its water solubility and cell
permeability [24, 25]. Organic and biological chemists have maintained to develop novel
scaffolds which are modified with azide functional group as shown in Figure 1.5 for instance,
1,8-naphthalimide [26], carbazole [27], benzothiazole [28], and BODIPY [29].
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Figure 1.5. Azide containing scaffolds (a) Azidocoumarin, (b) Naphthylamide, (c)
BODIPY, (d) Benzothiazole, (e) Carbazole [5].



1.1.2. Photo — Click Reaction

Photo-click reactions are performed for site-specific and spatiotemporal biomolecule
labeling. Although the first photo-click cycloaddition strategies have been developed by
Huisgen et al [30], the first biological application of 1,3-dipolar cycloaddition reaction has
been introduced by Lin and coworkers in order to apply in systems. The fluorogenic
pyrazoline is obtained by incorporation between alkene and nitrile imine which is an
intermediate product from photoactivation of diaryl tetrazole by ultraviolet (UV) light at 302
nm as shown in Figure 1.6. Only N2 is exposed as a byproduct of the reaction [9]. Besides,
photoactivated azirine is yielded nitrile ylide which can conjugate with PEG modified
lysosome [31].
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Figure 1.6. Photo induced click reaction.

The main limitation of photo-click reaction is phototoxicity of UV light in biological
systems. Lin and coworkers alternate the tetrazole scaffold with substations of
oligothiophene which is photoinducible at 405 nm [32]. In addition, naphthalene contained
tetrazole has been designed as a fluorescent probe which is activated at 700 nm laser light in
order to diminish photocytotoxicity of UV light in vivo imaging [33].

1.1.3. Tetrazine Ligation

Reaction between electron-poor tetrazine and electron-rich alkyne or strained alkene is
called inverse electron-demand Diels — Alder reaction. Cycloaddition reaction between
tetrazine and trans-cyclooctyne (TCO) is yielded with fluorogenic dihydropyridazine and
nitrogen gas as only byproduct as shown in Figure 1.7 (a) [34, 35]. Second-order rate of
tetrazine ligation is higher than 10* Ms?, so inverse electron-demand Diels — Alder
reactions are faster than SPAAC and photo-click reactions. Reactivity and selectivity of
tetrazine depend on substitutions of the tetrazine scaffold. Monosubstitutions of tetrazine



with aryl and H groups either increase its reactivity or decrease its stability in the presence
of water. In order to eliminate this limitation, the tetrazine is substituted with electron
donating groups like 2-pyridyl to maintain high stability and reactivity of tetrazine for

bioconjugational labeling in biological systems [36].
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Figure 1.7. Tetrazine reaction [5].

Devaraj’s and Prescher’s research groups demonstrated that tetrazine could react with
cyclopropene which is small strained alkene as shown in Figure 1.7 (b) [37, 38]. With the
help of small cyclopropene structure, it has an advantage of application and labeling of
mammalian cells and eukaryotes [39], especially labeling of nucleic acids [40] and cell
surface glycan [41].

1.1.4. Staudinger — Bertozzi Ligation

Most of the bioorthogonal reactions had been derived from classical organic chemistry
which were discovered before their biological applications were accomplished. Staudinger
ligation is also one of these organic reactions which is rely on Staudinger reduction of azide
with triphenylphosphine. In 1919, Staudinger and co-workers demonstrated that
electrophilic nitrogen of azide is reduced by nucleophilic phosphorus atom that leads to
formation of an aza-ylide intermediate by molecular nitrogen ejection. Following of the
reaction the intermediate is hydrolyzed to primary imine and phosphine oxide under aqueous

condition as shown in Figure 1.8 (a) [42].



In 2000, Bertozzi and co-workers modified the Staudinger Reduction to Staudinger Ligation.
An electrophilic ester carbonyl group is introduced to phosphine to form stable amide bond

after hydrolysis of five-membered ring intermediate as shown in Figure 1.8 (b) [43, 44].

a) Staudinger reduction
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Figure 1.8. Reaction mechanism of staudinger ligation. (a) Staudinger reduction, (b)

Staudinger ligation, (c) Traceless staudinger ligation [15]

After a few months from initial Staudinger ligation publish, Bertozzi and Raines research
groups simultaneously advanced the Staudinger ligation to ‘Traceless Staudinger Ligation’
via modification within tagging a cleavable acyl group on phosphide. Hydrolysis of
intermedia aza-ylide is yielded in a stable amide-bonded product which conjugates target
and chemical reporter and phosphine oxide moiety as a byproduct as shown in Figure 1.8 (c)
[45, 46].

Staudinger reactions do not have byproduct toxicity and catalyst requirement for biological
application. In addition, Staudinger ligation has high chemoselectivity between biomolecule
target and chemical reagent that expands its usage capabilities in vitro and in vivo [47].
Applications of Staudinger ligation have two main limitations for bioorthogonal chemistry.

First of them is low second-order-reaction rate in 103 M s even in the presence of high
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target and reagent concentrations [43]. The second limitation is non-specific phosphine
oxidation. Either increasing in nucleophilicity of phosphine reagent [48] or designing
fluorescence resonance energy transfer (FRET)-based phosphine probes [49] are applied to
eliminate undesired phosphine oxidation. Another limitation of Staudinger ligation is
Phosphines reactivity on proteinogenic disulfide bonds, so its usage in cell surface labeling

is the best bioorthogonal application of Staudinger ligation [50].
1.1.5. Transition Metal — Catalyzed Reaction

The key reactions of transition-metal catalyzed bioorthogonal chemistry can be listed as
olefin metathesis, Suzuki-Miyaura reaction and Sonogashira reaction. These reactions are
responsible from new C-C bond formation under biological conditions and become new
affordable approaches as chemical protein modifications especially designing unnatural
amino acids for bioorthogonal labeling strategies [51]. Olefin metathesis is based on forming
C-C bond by deconstruction of alkenes. In 2008, Davis and co-workers introduced an allyl
sulfide group on cysteine under catalysis of Ruthenium as metal catalyzed as shown in

Figurel.9 [52].
—
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Figure 1.9. Olefin metathesis [15].

Suzuki-Miyaura and Sonogashira reactions are Palladium-catalyzed coupling reactions
which are commonly used in bioorthogonal labeling. The Suzuki-Miyaura reaction is
achieved in presence of iodophenyl group and Pd catalyst [53]. The first study was reported
in 2006 by Yokoyama and co-workers, the researchers demonstrated the usage of Pd-TPPTS
(Palladium-2-triphenylphosphine-3,3,3-trisulfonate) as a catalyst for labeling of iodophenyl
alanine amino acid modified Ras protein [54]. In 2009, Davis research group established a
water soluble complex that includes Pd catalyst and 2-amino-4,6-dihydroxypyrimidine

sodium salt [Pd(OAc)2(ADHP)2] for ligation of iodobenzyl group and boronic acid under
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biological conditions as shown in Figure 1.10 [55]. The Sonogashira reaction was developed
for incorporation between alkyne group labeled proteins and iodophenyl chemical probes in

de presence of Pd catalysis [56].
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Figure 1.10. Palladium (Pd)-catalyzed cross-coupling reaction [15].

1.1.6. Aldehyde/Ketone — Hydrazide/Alkoxyamine Pair

Aldehyde and ketone groups are the most common chemical reporters in bioorthogonal
labeling. Chemoselective and reversible reactions between aldehyde/ketone (carbonyl
functional group) and hydrazide/alkoxyamine (a-effect amine) provide stable hydrazone or
oxime product [57]. Under acidic conditions (pH 4-6), protonated carbonyl groups react with
primary and secondary amine-based nucleophiles to form carbinolamine intermediate that is
dehydrated into imine, oxime or hydrazone adducts as a reversible Schiff base as shown in
Figure 1.11 (a) [58]. In 1986, Rideout and co-workers firstly demonstrated a drug combined
aldehyde/hydrazide reaction in cancer cells [59]. Hydrazine-based fluorophores quench
fluorescence by intramolecular charge transfer mechanism [60]. Different scaffolds as
coumarins, BODIPYs can composed with hydrazine moiety to develop fluorescence probe
derivatives for usage in bioorthogonal labeling strategies [61, 62]. Small size of aldehyde
and ketones can furnish easy incorporation into target biomolecules via biosynthesis
mechanisms such as periodate oxidation of exogenous membranes [63] or enzymatic
oxidation of endogenous membranes in living systems [64]. The reaction between ketone
and hydrazide form hydrazone linkage that is more stable than the linkage between aldehyde
and hydrazide. On the other hand, aldehyde condensation is faster than ketone condensation
with hydrazide [65]. In additionally, double bond of imine linkage between aldehyde and

amine can be reduced by cyanoborohydride to form more stable covalent bonding [66]. Even
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though, aldehyde/ketone condensation is a favorable bioorthogonal labeling strategy, it has
also three main application restrictions on living systems. First of all, requirement of acidic
condition limits targeting the endogenous biomolecules, so the reaction is notably
appropriate for cell surface or extracellular membrane labeling [67, 68]. Another limitation
is that the formation of carbinolamine intermediate play a role for reaction rate limiting step
to cause slow kinetics and low reaction rate in the range of 10°-10* M™ s [59, 69]. With
the participation of nucleophilic catalysts into the formation of hydrazone and imine, the
limitations as low reaction rate and slow kinetics are eliminated. In 2006, Dawson and co-
workers introduced an oxime reaction which is catalyzed with aniline [70, 71] and the
research group demonstrated the second order reaction rate constants as 170 M s for
hydrazone formation and 8.2 M s for oxime formation as shown in Figure 1.11 (b) [72].
So far, derivatives of aniline as nucleophilic catalyst of hydrazone - oxime reaction were
introduced. For instance, 4-aminophenylalanine (4a-Phe) and m-phenylenediamine (m-
PDA) were investigated to alternate the aldehyde and ketone condensation catalysts which

are also water soluble and have higher an increase in reaction rate than aniline [73, 74].

a) acidic catalysis
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Figure 1.11. Reaction mechanism between aldehyde/ketone and hydrazine/alkoxyamine.

(a) acid-catalyzed reaction, (b) aniline-catalyzed reaction, (c) pictet-spengler ligation [15].
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The third limitation factor is abundancy of carbonyl-containing endogenous metabolites like
pyruvate, oxaloacetate and glucose. Intracellular aldehydes and ketones can react with
hydrazide/alkoxyamine. This undesired cross-reaction obstructs the aldehyde/ketone
condensation-based bioorthogonal labeling in living systems [2]. Bertozzi and co-workers
developed a different aldehyde-ketone condensation variant which is based on Pictet-
Spengler Reaction. The Pictet-Spengler ligation authorize the reaction between aldehyde and
tryptamine at 10.5-0.26 M s* reaction rate under range of 4.5-7 pH [75]. The reaction
between carbonyl-tagged biomolecule and tryptamine yields in intermediate oxyiminium ion
which forms oxacarboline product by the nucleophilic attraction of indole moiety as shown
in Figure 1.11 (c). The reaction can be modified like Hydrazino-Pictet-Spengler ligation that

provide usage in antibody-drug ligation strategies [76].

1.2. APPLICATIONS OF BIOORTHOGONAL CHEMISTRY

1.2.1. Protein Labeling

Bioorthogonal chemistry is an excellent approach to clarify the questions about protein
chemistry, localization, dynamics, activation and protein-protein interaction in living
systems. The target proteins are incorporated with unnatural amino acids via translational
mechanism of central dogma. In addition, post-translational modifications also play an
influential role for chemical reporter tagging into proteins. The concept of residue-specific
incorporation predicates on introduction of unnatural amino acid via translational
machinery. In 2003, Tirrell and co-workers demonstrated that unnatural amino acids are
incorporated by natural amino acid specific aminoacyl-tRNA synthetase (AARS) to target
protein as shown in Figurel.12 (a) [77]. Auxotrophic bacterial strains are responsible from
synthesis of unnatural amino acid synthesis. Methionine and phenylalanine analogues which
are modified with chemical reporters as azide, alkyne or carbonyl group, synthesized by
auxotrophic E. Coli with the mutant methionyl-tRNA synthetase and phenylalanyl-tRNA
synthetase [78, 79]. In order to prevent competition between natural and unnatural amino
acid synthesis, auxotrophic bacteria require minimal medium which is lack of natural amino

acid [80]. Residue-specific protein labeling permits multiple site conjugation to a chemical
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reporter bearing unnatural amino acid. Although, a genetical modification is not required,

proteins are manipulated with their chemical and physical properties [81].

(o]
@ Residue-specific incorporation _ ‘Keto-biotin’ ?SQ
’ s

Mco H \5393&
f ATP, Ber

H,N" COH H,N" "COH

Methionine
analogs
Chemical

reporter tags
Phenylalanine /(©/ /I\/©( ﬁ FGE ;
analogs H,;N“YCOH  H,N” COH S— ;/(
H

O L

HN™ "CO.H H,N" COH H,N" "COH

b) Site-specific incorporation

Figure 1.12. Methods of protein labeling. (a) residue specific incorporation, (b) site

specific incorporation, (c) chemical reporter tag incorporation. Adapted from Ref. [80].

Site-specific incorporation allows a genetic code expansion for introduction of an unnatural
amino acid into only one position of target protein as shown in Figure 1.12 (b). In 2004,
Shultz and co-workers demonstrate that the unnatural amino acid is introduced to amber
suppressor tRNA via aminoacyl tRNA synthetase. The mutant tRNA is conjugated to
nonsense UAG amber codon on mRNA which codes the target protein. When translation is
completed, unnatural amino acid is introduced site-specifically to the amino acid chain as
shown in Figurel.13 [82].
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Figure 1.13. Genetic code expansion for site-specific incorporation [15].

The concept of site-specific incorporation has a field-wide application to bioorthogonal

protein labeling in both bacterial [83, 84] and mammalian live cells [85, 86] via combining
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with Pd-catalyzed click reaction and tetrazine ligation. The concept of site-specific genetic
code expansion is authorized for many amino acids for bioorthogonal protein labeling, even
though, low vyield of aminoacylated tRNA synthesis limits the its applicability [87]. In
addition to translational machinery of central dogma for site specific protein labeling, post-
translational modifications (PTM) also have an important role for site-specific protein
labeling [88]. A keto-biotin as a biotin analogue is utilized to conjugate with residue of 15
amino acid sequence of protein by the agency of biotin ligase (BirA) as shown in Figure 1.12
(c) [89]. Bane and co-workers demonstrated a site specific tyrosine C-terminus labeling with
the usage of tubulin tyrosine ligase (TTL) which provides a post-transitional modification
on tubulin by incorporation of formyltyrosine [90].

1.2.2. Glycan Labeling

Glycans have many vital roles in cellular processes [91] and cell surface facilities [92]. In
addition, dynamic level of glycosylation is correlated with cancer metabolism and immune
system [93]. Bioorthogonal labeling of glycans is different from the protein labeling since,
glycans do not encoded in the genome so genetical modifications or translational machinery
could not applied for glycan labeling. Glycan labeling strategies based on glycosylation as

post-transitional modification which is responsible from glycan biosynthesis mechanism.
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Figure 1.14. Bioorthogonal labeling of exogenous and endogenous glycans [94].
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Bioorthogonal glycan labeling requires a two-step labeling concept. In first step, a chemical
reporter tagged unnatural monosaccharide is introduced to cell and permitted insertion to
glycan backbone via glycan biosynthesis. Metabolic labeled glycans are utilized in cell
surface or intracellular processes. The second step is based on click chemistry that is
provided by incorporation between chemical reporter and bioorthogonal labeling probes as
shown in Figure 1.14 [95]. Bertozzi and coworkers investigated an unnatural
monosaccharide, N-azidoacetylmannosamine (Ac4ManNAz) which is incorporated to cell

surface for glycan labeling via Staudinger ligation in vivo and ex vivo [44, 96].

1.2.3. Nucleic Acid Labeling

Click chemistry serves a new perspective on bioorthogonal nucleic acid labeling. Site-
specific DNA and RNA labeling strategies are achieved by metabolic labeling in the
presence of active endogenous enzymes. During replication of genome or post-
transcriptional machineries, nucleic acids are incorporated with chemical reporter introduced
nucleotide analogs [1]. Mitchison and coworkers developed an unnatural nucleotide 5-
ethynyl-2-deoxyuridine (EdU) (Figure 1.15, a) is incorporated with DNA during DNA
replication. Conjugation between ethynyl group and fluorescent probe (Figure 1.15, b) yields
in fluorescence labeled DNA in vivo [97]. Similar concept of DNA labeling can be applied

for bioorthogonal RNA labeling in the presence of RNA polymerase enzyme [98].
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Figure 1.15. Bioorthogonal DNA labeling via azide-alkyne reaction (a) EdU, (b)
illustration of DNA labeling [99].
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1.2.4. Lipid Labeling

Lipids have critical missions in cellular processes especially participating in cell trafficking
and signaling [100]. Furthermore, lipidation of glycans and proteins regulates metabolic
activation of biomolecules. Lipids cannot be labeled with genetic modifications like glycans,
not encoded genetically. Lipids are labeled during co-translational or post-translational
machineries. Myristylation and palmitoylation are main post-translational modification for
fatty acid acylation which provides chemical tagging to lipids [101]. Phospholipids are the
most abundant lipids in cellular systems. In 2009, Schultz and co-workers modified the
phospholipids with alkyne-tagging phosphatidic acid for labeling with azidocoumarin, this
concept was demonstrated as the first bioorthogonally labeling of lipid bilayer in live cells
[102].

1.2.5. Click Chemistry in Drug Discovery

Drug discovery aims chemical library screening in order to identify the target of
biomolecules in living systems. Click chemistry provides with collecting novel chemicals to
create a library and find the best reactive chemical tool for target molecule of disease
metabolism [103]. Click chemistry has three main application concepts on drug discovery,
these are high throughput screening, fragment-based drug discovery and dynamic template
assisted strategies in fragment-based drug discovery. Lead-prodrugs are determined via high
throughput screening, is that chemical collections are examined by click reactions for
selecting active drug targets on biomolecules. Automated microarray assays let easy
application to click reactions with large chemical libraries and target molecules [104].
Fragment-based drug discovery is based on free binding energy of chemically labeled
protein fragments to the active site of target biomolecules [105]. Dynamic template assisted
strategies in fragment-based drug discovery is desired by combining the concepts of high
throughput screening and fragment-based drug discovery because of deficiency binding of
low affinity fragments [106]. Fragment combinations as prodrug are incubated with reactive
target biomolecule, then click reaction is achieved between selected fragments on target
biomolecule [107]. Click chemistry diversify the bioorthogonal prodrug combinations to

interact with targets and these approaches provide the personalized medicine development.



1.2.6. Live - Cell Imaging via Bioorthogonal Chemistry

Live cell imaging is one of the essential approaches of click chemistry with design and
synthesis of site-specific fluorescent probes for visualization of the target molecule in
biological systems. Bioorthogonal labeling makes concessions for both quantitative

measurements of fluorescent-labeled biomolecules also, live cell imaging in vitro and in

vivo.

Figure 1.16. Jablonski diagram: excitation and emission of fluorophore [108].

According to fluorescence mechanism, a fluorophore absorbs maximum photon energy and,
it is excited to S1 or Sy singlet states. Then, the excess energy of fluorophore is released from

S1 state to Sp ground state with fluorescence emission as shown in Figure 1.16 Jablonski

Diagram [109].
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Figure 1.17. Stoke's shift diagram.
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When the energy is released from singlet state, emission maximum peak of fluorophore has
lower energy than excitation maximum peak therefore this energy differences provide with
higher wavelength for emission maximum. The differences between excitation and emission
wavelength is called as Stoke’s Shift as shown in Figure 1.17 [108]. Range of the shift is
dependent on molecular structure of the fluorophore hence, bioorthogonal fluorescent probes
are designed to have larger Stoke’s Shift to prevent self-quenching of the fluorophore during
live-cell imaging processes [110]. To prevent phototoxicity of fluorescence emission and
autofluorescence, near infrared (NIR) fluorescent probes are designed to utilize in live cell

imaging [111].

1.3. OXIDATIVE STRESS IN CANCER

1.3.1. ROS Mechanism and Cancer

‘Oxidative stress’ is correlated with imbalance in the level of reactive oxygens species (ROS)
and antioxidants in cellular metabolism. Low level of ROS not only induces the activation
of transcription factors for oxidative stress adaptation [112] but also acts as a signaling
molecule in cellular processes [113], the main research topic in the field of redox biology.
High level of ROS causes oxidative stress-induced cell death. Reduced molecular forms of
oxygen are mainly consist of hydroxyl radical (OH"), superoxide anion (O2") and hydrogen
peroxide (H202). Mitochondria, cell membrane and endoplasmic reticulum are the main
ROS generating cellular compartments [114]. ROS equilibrium is maintained by the
enzymatic ROS scavengers such as superoxide dismutase (SOD), glutathione reductase-
peroxidase, thioredoxins and the non-enzymatic antioxidants such as vitamin C, E [115].
The most reactive molecule Oz, is reduced by the metalloenzyme SOD to less reactive H202,
which is then reduced by antioxidants to H.O and O [116]. Nicotinamide Adenine
Dinucleotide Phosphate (NADPH)-oxidase (NOX) in cell membrane [117] and electron

transport chain in mitochondria [118] are the major H.O> generators.

Cancer cells prone to the aerobic glycolysis that is referred as Warburg Effect, which leads
to ROS accumulation and high level of oxidative stress [119]. Increased level of H2O; acts

as a tumorigenesis promoter via activation of the Nuclear Factor-xB (NF-xB),
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Phosphoinositide 3-Kinase (PI3K), Hypoxia Inducible Factor-1 (HIF) and Mitogen-
Activated Protein Kinase (MAPK) pathways as shown in Figure 1.18.
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Figure 1.18. H20,-regulated signaling pathways [120].

NF-xB is a H2O»-regulated transcription factor that is related with cancer cell survival.
During estrogen metabolism, ROS concentration activates PI3K/Akt pathway which deals
with the cell growth via phosphorylation and activation of mMTOR kinase responsible from
the activation of protein translation [121]. Under high level of ROS conditions, HIF

transcription factor is induced, which promotes angiogenesis and tumorigenesis [122].

MAPK/Erk1/2 pathway activation is responsible for the activation of cell proliferation [123].
Erk1/2 is activated in the presence of H.O2 and MAPK pathway Myc-cyclin D, RB. On the
other hand, H20- treatment of cells mimics the high endogenous ROS conditions and leads

to the activation of p38 MAPK resulting in cell death induction in glioma cells [124].

In living systems, ROS have a very short lifetime as nanoseconds to seconds depending on
reactivity of the species. Hence, detection methods of ROS are quite challenging and must
be performed within the specified durations [125]. Spin-trapping is the oldest ROS detection
method which has limitations such as slow rate constant, non-specificity and toxicity [126].
Therefore, chemiluminescent [127] and fluorescent probes [128] are designed, these probes
provide more specific and fast detection of ROS in the biological systems.
Dichlorodihydrofluorescein (DCFH-DA) is one of the common commercial fluorescent
probe specific for the intracellular H2O, detection [129]. Dihydroethidium and mitoSOX

probes are preferred for the mitochondrial and intracellular O™ detection [130].
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1.3.2. Biomarkers of Oxidative stress

The increased level of ROS and disturbed redox signaling results in the oxidative damage
on biomolecules in living systems. Many diseases such as cancer and neurodegenerative
diseases are closely correlated with the oxidative stress [131, 132]. ROS causes the oxidation
of biomolecules, which could be used as biomarkers in order to determine oxidative stress-

induced diseases.

One of the major ROS-induced oxidation process is the lipid peroxidation. Lipid oxidation
causes membrane decomposition, enzyme inactivation and cell function defects. Bis-allylic
hydrogen of unsaturated lipids is abstracted by free radicals to form lipid radical. The
unreactive lipid radicals are oxidized to reactive lipid peroxyl radicals. Reaction between
unsaturated lipids and lipid peroxyl radicals either yield lipid peroxide products (LPP) or
enter propagation to yield lipid radicals as shown in Figure 1.19 [133]. Lipid oxidation
products as malondialdehyde [134], isoprostanes [135] and 4-hydroxynonenal [136] are the
most common oxidative stress biomarkers which are used for the determination of oxidative
stress mediated diseases. The biomarkers can then be detected by the immunocytochemistry

or proteomic analysis [137].
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Figure 1.19. Lipid peroxidation mechanism [138].

Another detrimental effect of oxidative stress is observed on nucleic acids that promotes
aging and mutagenesis [139]. ROS causes double or single strand breakage [140], nucleic

acid modification and base sugar disruption [141]. Guanine is one of the most oxidative
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damaged nucleic acid base due to its low redox potential [142], therefore it is easily either
oxidized into 8-oxo-7,8-dihydroguanine (8-oxo-G) as shown in Figure 1.20 [142] or
hydroxylated into 8-hydroxyguanosine (8-OHG) and 8-hydroxy-2'-deoxyguanosine (8-
OHdG) [143] which are considered as oxidative stress biomarkers. Presence of 8-0xo-G in
DNA template results in GC-TA transversions and nucleotide mispairing during the DNA

replication, which later on may lead to the cellular transformation [144].
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Figure 1.20. Structure of (a) Guanine, (b) 8-oxo-G [145].

ROS production is directly correlated with the glucose consumption due to the increased
glycation of proteins [137]. Advanced glycation end product (AGE) formation is stimulated
with high-glucose-induced ROS generation [146]. AGE not only participate oxygen free
radical generation but also has toxic effects to the cell metabolism. Because of these reasons,
glycation and AGE are used as biomarkers for the oxidative damage to carbohydrates.

Oxidation of proteins may cause loss of function and hence alter metabolic activity of the
cell associated with many diseases especially neurodegenerative disorders and
carcinogenesis [147]. Accumulation of oxidized protein lead to the formation of protein
aggregates seen in diabetes, atherosclerosis and rheumatic arthritis [148]. ROS-mediated
posttranslational modifications can be used as oxidative stress biomarkers. Hydroxylation of
aromatic group-containing amino acids, the oxidization of cysteine and methionine residues,
the nitration of tyrosine [149] and metal catalyzed oxidation of positively charged amino
acids (Arginine, Lysine, Proline and Threonine) [150] are utilized as the biomarkers of
oxidative stress modifications on proteins. Carbonylation and nitration modifications are the
most common used biomarkers due to their stability [151]. When aliphatic side chains on
the amino acid residues are removed using R-scission reaction, carbonyl groups remained
can serve as a selective biomarker for the oxidative stress-mediated protein carbonylation
[148].
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1.3.3. Chemistry of Protein Carbonylation

Under oxidative stress conditions, micro and macromolecules are exposed to many different
modifications like oxidation, nitration, hydroxylation and carbonylation. Protein
carbonylation is the major modification affecting the stability of on biomolecules.
Carbonylation is an irreversible post-translation modification which introduces reactive
aldehyde, ketone or lactam moieties into proteins [152]. Protein carbonylation consists of
primary and secondary protein carbonylation mechanisms [153]. Primary protein
carbonylation mechanism comprises metal catalyzed oxidation (MCO) and direct oxidation
of side chain of amino acids, while secondary protein carbonylation involves the
glycoxidation and lipid peroxidation.

H20: is reduced to OH" radical in the presence of metal catalysts such as Fe (11), Fe(ll),
Cu(l) and Mn(l11), which is called Fenton reaction [154]. Free OH radical leads the oxidation
of amino acids side chains such as lysine, proline, arginine and threonine. Another primary
protein carbonylation occurs on tryptophan with seven different oxidized analogs such as N-
formyl kynurenine and kynurenine [155].

One of the major protein carbonylation mechanism is based on lipid peroxidation. Lipid
peroxidation products are obtained by Michael addition that requires the abstraction of
hydrogen and addition of oxygen to form carbonyl moiety into the unsaturated side of fatty
acid [156]. Electrophilic carbonylated-lipid products react with the nucleophilic side chain
of amino acids as cysteine, histidine and lysine to yield Michael adducts. In addition to lipid
peroxidation, glycoxidation, which is also called as glycation, plays a critical role in protein
carbonylation mechanism by catalyzing the reaction between reducing sugars and positively
charged amino acids as lysine and arginine. Glycation products are reduced by ROS to form
AGE which carries a reactive carbonyl group. For instance, AGE form of lysine and arginine
yields in pyrraline and imidazolone [155].

Lack of decarbonylation mechanism causes aggregation of carbonylated proteins due to high
level of carbonyl moiety on proteins [157]. Such as carbonylated proteins must be degraded
by proteasome in order to eliminate toxicity effects’ of excess carbonylation in cellular
mechanisms [155]. 20S and 26S proteasomes are responsible from the recognition of
carbonyl moieties on proteins and their degradation. While 26S proteasome activity is
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inhibited by oxidative stress byproducts, 20S proteasome is more effective to degrade

carbonylated proteins [158].

Metal catalyzed oxidation

Lys - aminoadipic semialdehyde Advanced glycation end products
Pro - glutamic semialdehyde Lys, Arg - pyrralines, imidazolones
Arg = glutamic semialdehyde

Thr—> ketobutyric acid
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Trp = N-formyl kynurenine His = adduchs
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Figure 1.21. Protein carbonylation mechanisms [155].

1.3.4. Induction and Inhibition of Protein Carbonylation

Level of protein carbonylation depend on the anabolism and catabolism of carbonylated
proteins, which relies on the reduction of carbonyl moiety on proteins. Inhibition of ROS
scavengers induces protein carbonylation for example, the inhibition of thioredoxin
reductase both stimulates the protein carbonylation and inhibits the decarbonylation
processes. While the oxidation of carbonyl groups yields in carboxylic acid, reduction of
carbonyl moiety results in the formation of alcohol [159]. Another enzymatic induction of
protein carbonylation based on activation of Lon protease, which is activated under the stress
condition such as high level of H.O> participates in the degradation of carbonylated proteins

[160]. It is well known that lipid peroxidation and glycoxidation widely provide protein
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carbonylation, so that, detoxification of LPP and AGE leads to a decrease in the formation
of carbonylated proteins [161]. The non-enzymatic endogenous protection of carbonylation
is provided by the presence of pyruvate as a free radical scavenger [162]. Increase in the
pyruvate concentration relieves the oxidative stress on biomolecules [163]. In addition,
serum deprivation induces generation of ROS [62], while lack of growth factors may cause
apoptotic cell death [164].

1.4. DETECTION METHODS OF PROTEIN CARBONYLATION

Carbonylation is an oxidative stress biomarker which is allowed to detect within different
biochemical and analytical methodologies. Mass spectrometry (MS) is an analytical
detection method which could characterized the carbonyl-modified site chain of proteins
with quantitative measurements for carbonylation level. As well as, MS determines the
source of the carbonylation which belongs to either primary carbonylation or secondary
carbonylation mechanisms [165]. As mentioned section 1.1.16, carbonyl groups can
bioorthogonally labeled with hydrazide/alkoxyamine based probes. 2,4-Dinitrophenyl
hydrazine (DNPH) is a fluorescent probe which is specific for carbonyl moiety on aldehydes
and ketones. Usage of DNPH is modified with application in both biochemical and
spectrophotometric detection methods of biomolecule carbonylation. Immunocytochemistry
iIs a biochemical technique that allows to detect only protein carbonylation via
immunoblotting. Anti-DNP antibodies may readily utilized to perform OXYblot which is a
commercial application on western blot for oxidative stress induced protein carbonylation
[166]. Biotin hydrazide probes are designed as DNPH alternative which permit the
application in immunoblotting, spectrophotometric and MS analysis to detect carbonylation
both of proteins, lipids and glycans [155]. Recently, hydrazine-tagged coumarin or BODPY
scaffolds are used as fluorescent probes which operate the detection of carbonylation via

bioorthogonal labeling in live cells [62, 167].

1.5. RENAL CELL CARCINOMA

Renal cell carcinoma (RCC) is a renal parenchyma originated kidney cancer which is the

eighth most common cancer in the worldwide. Appearance of RCC elucidates 80 per cent of
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all kidney cancer types [168]. RCC is classified by different histological subtypes such as
clear cell renal cell carcinoma (ccRCC), papillary renal carcinoma, and chromophobe renal
cell carcinoma which have higher prevalence in the subtypes of RCC [169]. Active and
passive smoking [170], obesity [171] and hypertension [172] are qualified risk factors of
RCC.

1.6. AIM OF THE STUDY

Oxidative stress is characterized by the imbalance between level of pro-oxidants and
antioxidants in live cells. Increased level of ROS overwhelms the cells’ buffering system
which is known as the redox biology. The major consequence of high ROS level is the
carbonylation of biomolecules. Carbonylation is an irreversible post translational
modification on biomolecules, which can also serve as an oxidative stress biomarker.
Determination of carbonylation level of biomolecules may provide the information about
cancer staging due to the distortion of redox biology in cancer cells. Bioorthogonal chemistry
provides labeling strategies with the designing of site-specific fluorescent probes to target
biomolecules. Aldehyde - hydrazine reactions are well suited for the detection of
carbonylation in live cells. Starting from this point of view, there are two main purposes of
this study. Design and synthesis of novel hydrazine based bioorthogonal fluorescent probes

is aimed in order to label oxidative stress induced carbonylated biomolecules in live cells.
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2. MATERIALS

2.1. INSTRUMENTS

. -80 °C Freezer (Thermo Forma -86 C ULT Freezer, USA)

. Bruker Avance 111 500 MHz Spectrometry (Germany)

. Centrifuge (Hettich Mikro 22r And Sigma 2-5 Centrifuge, Germany)

. COz2 Incubator (Nuaire Nu5510/E/G, USA)

. Confocal Microscope (Zeiss Lsm 800)

. Fluorescence Microscope (Nikon 80i Eclipse Fluorescence Microscope)

. Fume Hood (Greenlab, Turkey)

. Heater (Bioer, Mb102, China)

. Laminar flow cabinet (ESCO Lab culture Class 11 Biohazard Safety Cabinet 2A,
Singapore)

. Light Microscope (Nikon Eclipse #Ts100, Japan)

. Magnetic Stirrer (Heidolph Mr 3004, Germany)

. Ph Meter (Hanna Instruments Ph211, Germany)

. Rotary evaporator (Heidolph, Hei-VAP Silver Packages, Germany)

. UV lamb - cabinet (CAMAG, Swiss)

. Varioskan Lux Multimode Microplate Reader (Thermo Fisher, USA)

. Vortex (Stuart Sa8, Up)

. Water bath (Stuart, Sb540, UK)

2.2. EQUIPMENTS

. Bright-Line™ Hemocytometer (Sigma Aldrich, 2359629, USA)

. Cover Slip (Sigma Aldrich, Z375357, USA)

. Electronic Pipette (CAPP Aid, Denmark)

. Filter 0.22 mm (TPP, Switzerland), 0.45 mm (Santorium Stedim Biotech,
Germany)

. Graduated Cylinder 50,250,500,1000 ml (Isolab, Germany),
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. Micropipettes 10ul, 20ul, 100ul, 200ul, 1000ul (Eppendorf Research, Germany)

. Pipette Tips 10,100, 200, 1000 pl (Capp Expell Plus, Denmark)

. Polypropylene Centrifuge Tubes 0.5, 1.5, 2, 15, 50 ml, (Isolab, Germany)

. Serological Pipettes 2, 5, 10, 25 ml (Grenier Bio or Axygen, USA)

. Tissue Culture Flasks, T-25, T-75, T-150, Multiple-Well Cell Culture Plates, And
Cryovials (TPP Switzerland Or Grenier-Bio, Germany)

. Whatman Paper (Isolab, Germany)

2.3. Chemicals

The chemicals used in this study were as follows:

2.3.1. Chemical Synthesis

. Silica Gel (Silica Gel 60-200 Mesh)-2.5 Kg Merck 107734
. Hexane (2,5 Lt, Merck 104368)

. Ethanol (100 per cent, Cat No: M.100986.2500)

. Chloroform (Cat No: SC.CL.0200.2500)

. Dichloromethane (2,5 Lt. Cat No: M.106050.2500)

. Acetone (2,5It. Cat No: M.100013.2500)

. Hydrochloric Acid (2,5lt, Cat No: Merck 100317)

. Sodium Hydroxide Pellets (Merck 106498)

. Sodium Chloride (SC.S0.0227.1000)

. Dioxane per cent 99 (2,5 Lt. Merck 103115)

. Methanol (Spectral Grade, Anhydrous Cat No: Merck 106009, 2,5 Lt)
. Dioxane (Spectrophotometric, Cat No: 154822, 1 Lt)

. Methanol (Normal, 2,5 Lt, Cat No: 34885,)

. Sodium Nitrite (1 Kg, Merck 106544)

. Palladium Carbon 10 per cent (10 g, Cat No: 804107)

. 3-Aminophenol (500 g, Cat No: 100242)

. Ethyl Pyruvate (100 g, Cat No: E47808)

. Tin (1) Chloride (100 g, Cat No: 31669)
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Acetic Acid (500 ml, 100056.2500)

2,5-Diaminophenol Dihydrochloride (25 mg, Cat No: S579009)
2-Amino-5-Nitrophenol (100 g, Sigma, Cat No: 303585)

Toluene (Anhydrous 98 per cent), (2,5 L, Merck, Cat No: 108325)
Hydrazine Hydrate (100 ml, Cat No: 225819)

Methyl Pyruvate (100 g, Cat No: 371173)

Methyl Benzoyl Formate (25 g, Cat No: M30507,)

Ethyl Chloroformate (100 g Cat No: 185892),

Diethyl Ether (1 L)-Merck 100921

TLC Aluminum Sheets (Merck, Cat No: 105554)

Cell Culture Media

Dulbecco’s Modified Eagle’s Medium, High Glucose (Gibco 41966)
Fetal Bovine Serum (FBS) — Cell Culture Tested (Sigma F9665) (Gibco #10082,
USA),

Other Reagents for Cell Culture

Acrylamide/ Bis-Acrylamide (29:1) (Sigma A3574)

Bovine Serum Albumin, Protein Standard (Sigma P0834)

Dimethyl Sulfoxide (Santa Cruz Sc-202581, USA)

Dulbecco’s Phosphate Buffered Saline (DPBS) (Pan Biotech P04-53500,
Germany)

Glycerol 99 Per Cent (HPLC Grade) (Sigma #G2025, Germany)

H>02 (50 wt. per cent in H20 Sigma, 519813, Germany)

L-Glutamine (Invitrogen 25030, USA)

Methanol 99 per Cent (Sigma, 34885, USA)

Phenylmethanesulfonylfluoride (PMSF) (Sigma 78830, USA)

Protease Inhibitor (Pi) (Sigma, P8340, USA)

Penicillin-Streptomycin (Thermo Scientific Sv30010 Or Biochrom A2213,

Germany)
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. Trypsin-EDTA (Biochrom L2153, Germany)

24. KITS

. Cell Proliferation Reagent Wst-1 (Roche 05015944001, Germany)

. Protein Assay Reagent A (Bio-Rad, 5000113)

. Protein Assay Reagent B (Bio-Rad, 5000114)

. DCFDA - Cellular Reactive Oxygen Species Detection Assay Kit (Abcam
Ab113851, USA)

2.5. CELL LINES

. A-498, Primary Human Kidney Epithelial Carcinoma, Adherent (ATCC
Number: Htb-44)

. ACHN, Metastatic Renal Cell Adenocarcinoma, Adherent (ATCC Number: Crl-
1611)

. HDF, Human Dermal Fibroblast, Adherent (ATCC Number: PCS 201-012)
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3. METHODS

3.1. ORGANIC SYNTHESIS

Synthesis of azacoumarin based 3-Methyl-7-aminoazacoumarin and 3-Methyl-7-hydrazine

azacoumarin fluorescent probes were shown in Sec.3.1.1-Sec.3.1.5.

2-Amino 5-Nitrophenol

S

3-Methyl 7-Nitroazacoumarin

HEN l' o) o

/% -Methyl 7-Aminoazacoumarin \

3 g L -
3-Methyl 7-Sal-Imineazacoumarin 3-Methyl 7-Hydrazine azacoumarin

H (o] e}
X
_z
OH N

3-Methyl 7-Hydrazone azacoumarin

Figure 3.1. Reaction schema of 3-Methyl azacoumarin based fluorescent probes
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2-Amino 5-Nitrophenol 3-Benzyl 7-Nitroazacoumarin

@“a:rg X

3-Benzyl 7-Imincazacoumarin 3-Benzyl 7-Aminoazacoumarin

Figure 3.2. Reaction schema of 3-Phenyl azacoumarins

Synthesis of azacoumarin based 3-Phenyl-7-aminoazacoumarin as a fluorescent probe were

shown in Sec.3.1.6-Sec.3.1.8.

2-Amino 5-Nitrophenol

2-Imine 5-Nitrophenol

2-Hydrazine 5-Nitrophenol

2-Acetylaldehyde hydrazone 5-Nitrophenol 2-Salicylaldehyde hydrazone 5-Nitrophenol

Figure 3.3. Reaction schema of 2-Hydrazine-5-nitrophenol

Synthesis of 2-Hydrazine-5-nitrophenol and derivatives of fluorescent products were shown

in Sec.3.1.10-Sec.3.1.12.
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3.1.1. Synthesis of 3-Methyl-7-nitro azacoumarin

2-Amino-5-nitrophenol (15.41 g, 0.1 mmol) was stirred with 18 ml methyl pyruvate for 65
minutes at 115°C [173]. The reaction was monitored by TLC with using different solvent
systems as 7:3 Hex: EtOAc and 10:1 CH2Cl>: MeOH. Because of wet clay form of product,
the reaction yield could not be calculated. The product was chromatographed with 100 per

cent CH2Cl> as a mobile phase and 100 per cent Hex as a stationary phase.

=
0 |

N7, OH N (0] (0]

o” o
. >
o/
/
NH, 0 N

2-Amino 5-Nitrophenol Methyl Pyruvate 3-Methyl 7-Nitroazacoumarin

Figure 3.4. Synthesis of 3-Methyl-7-nitro azacoumarin.
3.1.2. Synthesis of 3-Methyl-7-amino azacoumarin

3-Methyl-7-nitro azacoumarin (100 mg, 0.37 mmol) was dissolved in 10.5 ml ethanol.
Hydrazine hydrate (211 pl) and 10 per cent Pd/C (39 mg) were added in the mixture. The
reaction was stirred for 6 hours at RT [174]. Wet clay product (240 mg) was obtained and
stored at -20°C.

O/N* (0] O HoN (0] (0]
N,H, _
= Pd/C o =
N N

3-Methyl 7-Nitroazacoumarin 3-Methyl 7-Aminoazacoumarin

Figure 3.5. Synthesis of 3-Methyl-7-amino azacoumarin.
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3.1.3. Synthesis of 3-Methyl-7-salicylaldehyde imine azacoumarin

TLC scale Amino-Imine reaction was achieved. 3-Methyl-7-amino azacoumarin (20 mg,
0.08 mmol) was mixed with SAL (80 pl, 0.8 mmol) in 640 ml methanol. A drop of TFA was
added and reaction was stirred for 30 minutes at RT [90]. 20 mg 3-Methyl-7-salicylaldehyde
imine aza coumarin.

OH
o]
HoN o o] N e} o
109 ¢ H -
= =
N OH N

3-Methyl 7-Aminoazacoumarin SAL 3-Methyl 7-Sal-Imineazacoumarin

Figure 3.6. Synthesis of 3-Methyl-7-salicylaldehyde imine azacoumarin
3.1.4. Synthesis of 3-Methyl-7-hydrazine azacoumarin

3-Methyl-7-amino azacoumarin (80 mg, 0.33 mmol) was dissolved in cold 1 ml HCI and
reaction was placed on ice bath at -10°C. A solution of sodium nitrate (0.22 mg, 0.33 mmol)
in 99 pul cold water was dropwise added on the reaction. The mixture was stirred for 1 hour
at -5°C. The mixture was filtered, and filtrate was added drop by drop on a cold solution of
stannous chloride dihydrate (0.37 mg, 1.65 mol) in 1.98 ml HCI. The reaction was mixed for
1 hour at -5°C. The mixture was filtered, and precipitate was washed with water and ethanol.
While 3-Methyl-7-hydrazine azacoumarin HCI salt was washed, the precipitate was solved
in ethanol and water, so all mixture was evaporated with rotary evaporator [175]. The

product was obtained with impurities (270 mg)

H
H,N o o N o o
NaNO,/HCl w7
> SnCl,.2H,0 / HCI v
N N

3-Methyl 7-Aminoazacoumarin 3-Methyl 7-Hydrazineazacoumarin

Figure 3.7. Synthesis of 3-Methyl-7-hydrazine azacoumarin
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3.1.5. Synthesis of 3-Methyl- 7-hydrazone azacoumarin

3-Methyl-7-hydrazine azacoumarin (270 mg, 1 mmol) was dissolved in 5 ml MeOH. A
solution of salicylaldehyde (1 ml, 10 mmol) in 3ml methanol was added on the mixture.
After addition of 2 drops of Trifluoroacetic acid, the reaction was stirred for 30 minutes at
RT conditions. Precipitate was vacuum filtered and washed with MeOH then dried with
vacuum [90]. The reaction gave 57 mg 3-Methyl-7-hydrazone azacoumarin with 20 per cent

reaction yield.

0
H (o] O “ (o] o]
gl H S
& _—
L =
N OH OH N

3-Methyl 7-Hydrazine azacoumarin SAL 3-Methyl 7-Hydrazone azacoumarin

Figure 3.8. Synthesis of 3-Methyl-7-hydrazone azacoumarin

3.1.6. Synthesis of 3-Phenyl-7-nitro azacoumarin

2-Amino-5-nitrophenol (4.3 g, 28 mmol) was mixed with Methyl Benzoylformate (8 ml, 56
mmol) in a rounded bottom flask and reaction was stirred for 1 hour at 130°C. The product
formation was checked with TLC in 7: 4 Hex: EtOAc solvent system. Wet clay crude product
was recrystallized with ethanol twice. Most of the impurities were eliminated in the product.
Excess starting compound which was 2-Amino-5-nitrophenol was clarified via silica gel
colon chromatography with 8:1 Hex: EtOAc eluents [173]. Solvent evaporation gave 4.2 g
product (52 per cent yield).

! i 7
N* OH o NY o o
o ~ oF
© =~
NH; N
2-Amino 5-Nitrophenol Methyl Benzoylformate 3-Benzyl 7-Nitroazacoumarin

Figure 3.9. Synthesis of 3-Phenyl-7-nitro azacoumarin
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3.1.7. Synthesis of 3-Phenyl-7-amino azacoumarin

3-Phenyl-7-nitro azacoumarin (95 mg, 0.35 mmol) was dissolved in 10 ml MeOH. After
addition of Hydrazine hydrate (0.2 ml) and 10 per cent Pd/C (37 mg), reaction was stirred
for 90 minutes at room temperature. Pd/C was discarded with vacuum filtration [174]. The
solution was evaporated, and wet clay product was obtained.

o

|
/w o o HoN o o
NH,
= Pd/C =
N N

3-Benzyl 7-Nitroazacoumarin 3-Benzyl 7-Aminoazacoumarin

Figure 3.10. Synthesis of 3-Phenyl-7-amino azacoumarin

3.1.8. Synthesis of 3-Phenyl-7-imine azacoumarin

3-Phenyl-7-amino azacoumarin (60 mg, 0.25 mmol) was dissolved in 80 pl MeOH. A
solution of SAL (26.6 pl, 0.25 mmol) in 125 ul MeOH was added on the reaction. The
mixture was stirred for 1 hour at room temperature. Solvent was evaporated, and reaction
gave 90 mg impure 3-Phenyl 7-Imineazacoumarin. The product was clarified with silica gel
colon chromatography with dichloromethane eluent [90]. Purification gave 35 mg pure

product (41 per cent yield).

\@fr@d oy

3-Benzyl 7-Aminoazacoumarin 3-Benzyl 7-Imineazacoumarin

Figure 3.11. Synthesis of 3-Phenyl-7-imine azacoumarin
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3.1.9. Synthesis of 2-Imine-5-nitrophenol

2-Amino-5-nitrophenol (1 g, 635 mmol) and Salicylaldehyde (0.75 ml, 6.5 mmol) were
mixed in 10 ml EtOH. The mixture was refluxed for 2 hours. The reaction mixture was
cooled in ice bath and bright red precipitate was formed. The mixture was filtered, and solid
product was washed with cold EtOH and dried under vacuum. The reaction gave 1 g
fluorescent product (63 per cent yield). The reaction was checked with TLC in Hex: EtOAc
(7: 4) eluents Rf:0.72.

-
.

for ok — P

2-Amino 5-Nitrophenol 2-Imine 5-Nitrophenol

Figure 3.12. Synthesis of 2-Imine-5-nitrophenol.

3.1.10. Synthesis of 2-Hydrazine-5-nitrophenol HCI Salt

A cold solution of sodium nitrate (106 mg, 1.5 mmol) in 385 ul water was dropwise added
on a cold solution of 2-Amino-5-nitrophenol (200 mg, 1.3 mmol) in 648 pl HCI. The mixture
was stirred for 1 hour at -5 °C. Stannous tin chloride (931 mg, 4.1 mmol) was dissolved in
927 pl cold HCI and slowly added on the reaction mixture. The reaction was mixed for 1
hour at -5 °C. The mixture was vacuum filtered, precipitate was washed with cold MeOH
and ether [90]. The reaction gave 177 mg (66 per cent yield) dried 2-Hydrazine-5-
nitrophenol HCI (2Hzin5np) Salt.

I |
~ HCI
P - NaNO, /HCI P -
NH,
NH, i
2-Amino 5-Nitrophenol 2-Hydrazine 5-Nitrophenol HCI salt

Figure 3.13. Synthesis of 2-Hydrazine-5-nitrophenol HCI salt.
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3.1.11. Synthesis of 2-Salicylaldehyde hydrazone-5-nitrophenol

2-Hydrazine 5-Nitrophenol (400 mg, 2.36 mmol) and Salicylaldehyde (0.75 ml, 6.5 mmol)
were stirred in 19 ml MeOH for 1 hour at room temperature. The reaction mixture was cooled
in ice bath and the mixture was filtered. Solid product was washed with cold MeOH and
dried under vacuum. The reaction gave 155 mg fluorescent product (24 per cent yield). The
product has Rf:0.39 value within TLC in Hex: EtOAc (7: 4) eluents.

L. @* L0

2-Hydrazine 5-Nitrophenol 2-Salicylaldehyde hydrazone 5-Nitrophenol

Figure 3.14. Synthesis of 2-Salicylaldehyde hydrazone-5-nitrophenol.

3.1.12. Synthesis of 2-Acetaldehyde hydrazone-5-nitrophenol

2-Hydrazine-5-nitrophenol (400 mg, 2.36 mmol) and Salicylaldehyde (0.75 ml, 6.5 mmol)
were stirred in 19 ml MeOH for 1 hour at room temperature. The reaction mixture was cooled
in ice bath and the mixture was filtered. Solid product was washed with cold MeOH and

dried under vacuum. The reaction gave 155 mg fluorescent product (24 per cent yield).

¢ ¢
N OH 0 N* OH
* —
- NH2 - N=—
N ‘\
H H
2-Hydrazine 5-Nitrophenol Acetylaldehyde  2-Acetylaldehyde hydrazone 5-Nitrophenol

Figure 3.15. Synthesis of 2-Acetylaldehyde hydrazone-5-nitrophenol.
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3.2. CELL CULTURE

A498, ACHN, and HDF cell lines were cultured in standard Dulbecco’s Modified Essential
Medium (DMEM) containing 4.5 g/L glucose, 1 mmol/L sodium pyruvate and 200 mM L-
glutamine. The medium was completed with 10 per cent (v/v) Fetal Bovine Serum (FBS)
and 1 per cent pen strep (100 units/ml Penicillin and 100 pg/ml Streptomycin). All cell lines

were incubated at 37°C and 5 per cent (v/v) CO- conditions.

3.2.1. Passage of Cell Lines

A498, ACHN, and HDF cells were subcultured when cells reached to almost 80 per cent cell
confluency. After the media was discarded, cell monolayer was rinsed with PBS (Dulbecco’s
Phosphate-Buffered Saline pH 7.4). Cells were then incubated with 25 per cent Trypsin /5
mM EDTA solution in PBS (pH 7.4) at 37°C for 5 minutes. Detached cell suspension was
mixed with 10 per cent FBS (v/v) complete DMEM in two times the volume of trypsin to
inhibit trypsin activity. Cell suspension was centrifuged at 300 x g for 5 minutes. Supernatant
was discarded, and cell pellet was resuspended in complete growth medium and seeded in a

new tissue culture flask.

3.2.2. Determination of Cell Number

Hemocytometer was used for cell counting. 10 ul aliquot of cell suspension was loaded into
the square of hemocytometer. The cells were counted in three times, into the middle of
square under the inverted light microscope with using 20x objective. Cell concentration was

calculated with the equation as:

“Cell Number/ml = Number of Counted Cell X Dilution Factor/mm? X Chamber Depth”.

3.2.3. Cryopreservation of Cell Lines

After cell trypsinization and cell counting, cells were suspended with freezing mixture.

Freezing mixture was composed of 10 per cent (v/v) Dimethyl Sulfoxide (DMSO) in heat
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inactivated FBS. Approximately 1x10° cell pellet was suspended with 1ml freezing mixture
and transferred into the cryovial. Firstly, cryovials were placed in -80°C freezer for at least

16 hours then transferred into the liquid nitrogen tank for long term storage.

3.2.4. Thawing of Cell Lines

Cryopreserved cells in cryovial were taken from the liquid nitrogen or -80°C freezer and
rapidly warmed up to 37°C. Cell suspension was added into the complete DMEM dropwise
with to prevent cell disruption due to osmatic pressure difference between freezing mixture
and medium. Cell suspension was centrifuged at 300 x g for 5 minutes. Supernatant was
discarded, and cell pellet was suspended in complete DMEM and cells were seeded in a
tissue culture flask. After the cells attached to the flask approximately 12-24 hours, the
medium was exchanged with fresh complete DMEM to remove excess DMSO in the

medium.

3.3. BIOCHEMICAL ANALYSIS

3.3.1. Cell Cytotoxicity Assay

In order to determine the cellular toxicity of H20. treatment and 2-Hydrazine 5-Nitrophenol
labeling, WST-1 cell cytotoxicity assay was applied to A498, ACHN, and HDF cells.

3.3.1.1. Cytotoxicity of H.O> Treatment

A498, ACHN and HDF cells were seeded at a density of 10.000 cell/well and HDF cells
were seeded at a density of 5000 cell/well into 96-well plate, then the cells were incubated
for 9 hours. The cells were treated with 0.5, 1, 1.5, 2, and 2.5 mM H20: in FBS free standard
DMEM for 120 minutes. Following H20 treatment, the medium was changed with standard
complete DMEM and cells were incubated at 37°C for 24 hours. In standard complete
DMEM, 10 per cent WST-1 reagent was dissolved and 50 pl of the WST-1 mix was placed

into the cells to be incubated for 1 hour at 37°C. Absorbance values were measured at 450
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nm and 650 nm. Background absorbance at 650 nm was subtracted from formazan

absorbance at 450 nm by Varioskan Lux Multimode Microplate Reader.

3.3.1.2. Cytotoxicity of 2-Hydrazine 5-Nitrophenol Labeling

A498, ACHN and HDF cells were plated at a density of 10.000 cell/well and HDF cells were
plated at a density of 5000 cell/well into 96-well plate, then the cells were incubated for 9
hours. The cells were treated with 5, 10, 15, 20, 25, and 50 uM 2Hzin5np in PBS (pH 7.4)
for 30 minutes at 37°C. Labeling reagent was then discarded, and cells were washed with
PBS (pH 7.4). The cells were incubated with standard complete DMEM at 37°C for 24 hours.
In order to measure cell viability, 50 pl of standard complete DMEM containing 10 per cent
WST-1 reagent was placed into each well for 1 hour at 37°C. The cell viability was
determined using WST-1 reagent as described in Section 3.3.4.1.

3.3.2. Hydrogen Peroxide Concentration Optimization

A498 and ACHN cells were seeded into 96 well plate (10x102 cell/well) and incubated for
24h. After 24 hours later, the medium was discarded, and cells were rinsed with PBS (pH
7.4), then treatment mediums in different concentration were added on the cells. A498 and
ACHN cells were treated with 1, 2, 2.5, 3, 3.5 and 4 mM H20. in FBS free standard DMEM
with incubation for 120, 180, 210, and 240 minutes. The cells were imaged with inverted

light microscope at room temperature within 10 minutes after treatment was completed.

3.3.3. Reactive Oxygen Species Detection Assay

Detection of ROS level after hydrogen peroxide treatment, cells were labeled with DCFDA
(2', 7'-Dichlorofluorescin Diacetate) which is a cellular reactive oxygen species detection
assay kit. A498 and ACHN cells were counted and seeded in to 96 well plate (10x10°
cell/well) and incubated for 24 hours. While A498 cells were incubated with 2.5 mM H>O»,
ACHN cells were incubated with 2 mM H»O; in FBS free standard DMEM for 120 minutes.
After treatment, the medium was discarded, and cells were washed with PBS (pH 7.4). 50
pl of 20 uM DCFDA in PBS (pH 7.4) was loaded into each well and the cells were incubated
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for 3 minutes in dark at room temperature. Then, cells were washed with PBS (pH 7.4) and
the cells were immediately imaged with fluorescence microscope by using green

fluorescence filter.

3.3.4. Optimization of 2-Hydrazine-5-nitrophenol Labeling Concentration

A498 cells were seeded 96-well plate (7500 cells/well) and incubated for 48 hours. Cells
were then treated with 2.5 mM H20: in FBS free standard DMEM for 2 hours at 37°C. After
the removal of H20- containing medium, cells were rinsed with PBS (pH 7.4). Both H20:
treated and control A498 cells were then labeled with 10 puM, 15 pM and 20 uM 2-
Hydrazine-5-nitrophenol in FBS free DMEM for 30, 60, 90 and 120 minutes at 37°C.
Finally, cells were imaged under fluorescence microscope using green fluorescence filter at

each incubation period.

ACHN cells were seeded 96-well plate (7000 cells/well) and incubated for 48 hours. The
cells were then incubated in FBS free standard DMEM treated with and without 2.5 mM
H20> for 2 hours at 37°C. After the treatment medium was discarded, the cells were rinsed
with PBS (pH 7.4). Cells were labeled with 10, 15, 20, and 25 pM 2-Hydrazine 5-
Nitrophenol in FBS free DMEM for 15, 30, 45, 60, 75, 90, 105 and 120 minutes in CO;
incubator at 37°C.

3.3.5. Inhibition of Hydrogen Peroxide Induced Carbonylation

A498, ACHN, and HDF cells were seeded on cover glasses in 6 well plate (5x10° cell/well)
and allowed to rest overnight. Following wash of the monolayers using PBS (pH 7.4), cells
were incubated with 0 mM, 1 mM, 2 mM sodium pyruvate in complete DMEM for 1 hour
at 37°C. After incubation, cells were treated with H.O> in FBS free DMEM containing 0
mM, 1 mM, 2 mM sodium pyruvate at 37°C for 2 hours. After H20> treatment, the medium
was discarded, and cells were washed once with PBS (pH 7.4). A498 cells were labeled with
20 UM 2Hzin5nitrophenol, ACHN and HDF cells were labeled with 15 puM, in PBS (pH 7.4)
for 30 minutes. Wells were washed with PBS (pH 7.4) and cover slides were placed onto the
glass slide and mounted with a drop of ClearMount medium. Samples were imaged by
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confocal microscopy and fluorescence intensity of cell lysate was measured with Varioskan

Lux Multimode Microplate Reader.

3.3.6. Serum Starvation Induced Carbonylation

A498, ACHN and HDF cells were seeded on cover slide in 6well plate (5x10° cell/well) and
incubated overnight. Cells were incubated in standard DMEM in the presence or absence of
10 per cent FBS for 16 hours. After 16 hours incubation, while A498 cells were labeled with
20 uM, ACHN and HDF cells were labeled with 15 uM 2-Hydrazine-5-nitrophenol in PBS
(pH 7.4) for 30 minutes. Specimens were prepared as mentioned in Section 3.3.5 in order to

capture the confocal images and measure the fluorescence intensity of the labeled cells.

3.3.7. DAPI Staining

A498 (5x10° cells/well) cells were seeded onto cover glasses that were placed into 6-well-
plate. After overnight incubation, the cells were treated and labeled as described below
(Section 3.3.4). End of the treatment and labeling steps, the cells were washed with PBS (pH
7.4) and cells nuclei were labeled with 50 pg/ml DAPI in PBS (pH 7.4) at room temperature
for 30 minutes in dark. To remove the excess stain, cells were washed with PBS (pH 7.4) for
3 times and the cover glasses were placed onto a drop of mounting media placed onto the

glass slides. Specimens’ images were captured using Zeiss LSM 800 confocal microscope.

3.3.8. DETECTION OF CARBONYLATED PROTEINS

Cell pellets of A498, ACHN, and HDF cells were collected after trypsinization step as
described above (Section 3.2.1). Cell pellets were washed with PBS (pH 7.4) and centrifuged
at 300 x g for 5 minutes. The supernatant was discarded as before and pellets were suspended
in the distilled water containing 0.05 mM Phenylmethanesulfonylfluoride Fluoride (PMSF)
and one per cent Protease Inhibitor Cocktail (P1). Cells were lysed by six freeze-thaw cycles
in liquid nitrogen and water bath at 37°C. If samples were not used immediately for analysis,
they were stored at -80°C. Protein content was determined with Lowry assay for the whole
cell lysates. The standard curve was plotted with Bovine Serum Albumin (BSA) standards
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in the range of 0.05 mg/ml and 1 mg/ml. Cell lysates were diluted 1:5 in distilled water and
loaded in 96 well plate as duplicate. Following the addition of 25 pl Reagent A and 200 pl
Reagent B into the wells, the plate was incubated for 15 minutes at room temperature in
dark. Finally, absorbance value at 750 nm was measured by Varioskan Lux Multimode

Microplate Reader.
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4. RESULTS

4.1. SPECTROSCOPIC DETERMINATION

4.1.1. Spectrophotometric and Spectrofluorometric Analysis of Azacoumarins

Synthesis of azacoumarin derivatives were shown in Section 3.1.1-3.1.8.
Spectrophotometric analysis showed that cyclization of 2-Amino-5-nitrophenol into 3-
Methyl-7-nitroazacoumarin led to blue shift between 393 nm and 375 nm in the spectra. On
the other hand, reduction of nitro group into amino group caused decrease in energy of the
molecule with respect to increase in absorption wavelength into 384 nm that was shown as
a red shift spectrum for 3-Methyl-7-amino azacoumarin. Reaction between amino group of
azacoumarin and SAL yielded in imine formation. Imine formation was showed as black
line in the spectra that two absorption maxima peaks at 292 nm-355 nm were observed with
the high blue shift towards the amino azacoumarin. Amine-imine reaction is a reversible
reaction. Due to oxygen and air sensitivity of imine, spectroscopic analysis of imine is very

challenging.

— 2-Amino 5-Nitrophenol
— 3-Methyl 7-Nitroazacoumarin

1.01 — 3-Methyl 7-Aminoazacoumarin

— 3-Methyl 7-SAL-imineazacoumarin

0.5

Normalized Absorbance (Au)

0.0 } i } L t
260 310 360 410 460 510 560

Wavelenght (nm)

Figure 4.1. Absorption spectra of 3-Methyl 7-SAL-imine azacoumarin synthesis.
Absorption spectra of all products were performed in polar solvent MeOH. It can be seen
from the data in Table 4.1 that the absorption spectra of 3-Methyl-7-hydrazine
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azacoumarin indicated 132 nm red shift on reaction with salicylaldehyde to form 3-Methyl-
7-Hydrazone azacoumarin. Emission spectra of hydrazine indicated 36 nm red shift to
yield fluorescent hydrazone which also provided with 2.5-fold increase in fluorescence

intensity.

Table 4.1. Absorption and emission maximum of 3-Methyl-7-hydrazine azacoumarin and

3-Methyl-7-hydrazone azacoumarin

Molecule Absorption (nm) | Emission (nm) Inte(ré:sllat%/)((l))
3-Methyl-7-hydrazine 238 475 2x10°
azacoumarin
3-Methyl-7-hyd razone 370 511 5x10°
azacoumarin

Figure 4.2. demonstrated that while 3-Methyl-7-amino azacoumarin had a fluorescent
maxima peak at 467 nm with 3x10° CPS fluorescent intensity, 3-Methyl 7-SAL-
imineazacoumarin indicated a blue Stoke’s shift with fluorescent maxima peak at 430 nm
for 3x10° CPS fluorescent intensity. Imine formation was provided with 10-fold fluorescent
intensity increase towards amino azacoumarin.

0 4x10°- : :
% — 3-Methyl 7-Aminoazacoumarin
E 3,106- — 3-Methyl 7-SAL-imineazacoumarin
w
QL
E 00
o 2x10°%4
o
c
[
% 1x10°4
2
(®] /_\_
=
E 0 T T

410 510 610

Wavelenght (nm)

Figure 4.2. Emission spectra of 3-Methyl-7-SAL-imine azacoumarin. 3-Methyl-7-amino
azacoumarin was excited at 384 nm and 3-Methyl-7-SAL-imine azacoumarin was excited
at 355 nm in MeOH.
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Phenyl azacoumarin was a derivative of azacoumarins which had a Phenyl group on third
carbon that was shown in Sec.3.1.6-Sec. 3.1.8. According to Figure 4.3, 3-Phenyl-7-nitro
azacoumarin had an absorbance maxima peak at 368 nm. Reduction of aromatic nitro group
to amine showed an absorption maximum at 382 nm as red shift in the spectrum. 3-Phenyl-
7-imine azacoumarin formation was confirmed by high blue shift in the spectrum. Due to
reversibility of amine-imine reaction, 3-Phenyl-7-imine azacoumarin had two absorption
maxima at 292 nm and 354 nm similar as 3-Methyl-7-imine azacoumarin. Emission
spectrum of 3-Phenyl-7-imine azacoumarin was not performed well because of impurities

and instability of imine.

— 2-Amino 5-Nitrophenol
— 3-Benzyl 7-Nitroazacoumarin
— 3-Benzyl 7-Aminoazacoumarin

— 3-Benzyl 7-Imineazacoumarin

Normalized Absorbance (Au)

260 310 360 410 460 510 560
Wavelenght (nm)

Figure 4.3.Absorption spectra of 3-Phenyl 7-SAL-imine azacoumarin synthesis.
Absorption spectra of all products were performed in MeOH. In order to show Stoke’s
wavelength shift during all reaction steps, normalized absorbance was indicated in the

spectra.

4.1.2. Spectroscopic analysis of 2-Hydrazine-5-nitrophenol

2-Hydrazine-5-nitrophenol was synthesized as an alternative of azacoumarins in order to
utilize in site-specific labeling of carbonylation in live cells. Due to high dynamic and
instability of azacoumarin probes, we focused on designing more stable and applicable

probes for live cell labeling.
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Figure 4.4. Absorption spectrum of 2-SAL-imine-5-nitrophenol formation.

In order to show reaction capability of 2-Amino-5-nitrophenol, imine reaction was examined
between amino and salicylaldehyde. 2-SAL-imine-5-nitrophenol had two absorption peaks
at 294 nm and 353 nm. Imine nitrophenol was instable like imine form of azacoumarins so

its fluorescence emission was not detected clearly.

Diazotization of 2-Amino-5-nitrophenol yielded in 2-Hydrazine-5-nitrophenol which had
absorption maximum at 351 nm. Hydrazine was more stable than amine because hydrazine
was formed with HCI salt which let dissolving in aqueous solution. Two aldehyde
derivatives were reacted with hydrazine to form hydrazone. Acetaldehyde and
salicylaldehyde were used as a mimic molecule of carbonyl groups on carbonylated
biomolecules. Hydrazine was reacted with acetaldehyde to form 2-Acetyl-hydrazone-5-
nitrophenol which showed a red shift to 396 nm. On the other hand, hydrazone reaction
between hydrazine and salicylaldehyde showed an absorption maximum at 417 nm that was
the highest Stoke’s shift in spectra as shown in Figure 4.5.
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Figure 4.5. Absorbance spectra of hydrazone products. Spectroscopic analyses were
performed in MeOH for all samples. Reaction between 2-Hydrazine-5-nitrophenol and
acetaldehyde / salicylaldehyde were showed as Red line: 2-Acetyl-hydrazone-5-

nitrophenol, Green line: 2-Sal-hydrazone-5-nitrophenol.

Fluorescence emissions of all molecules were detected by Fluoromax 4 Spectrofluorometer
with quartz cuvettes in MeOH. 2-Hydrazine-5-nitrophenol was excited at 351 nm and
fluorescence emission maximum peak was obtained at 442 nm with 2x10° CPS. 2-SAL-
hydrazone 5-Nitrophenol was excited at 417 nm and hydrazone formation was confirmed
with fluorescence intensity in to 6x10° CPS at 517 nm. There was 100 nm Stoke’s shift on
the spectra. When fluorescence intensity of salicylaldehyde hydrazone was compared with
hydrazine, there was 3-fold fluorescence intensity increase in MeOH. On the other hand,
maximum emission of 2-Acetaldehyde hydrazone-5-nitrophenol was collected from 502 nm.
Approximately 106 nm red Stoke’s shift was observed for excitation wavelength of 2-
Acetylaldehyde hydrazone5-nitrophenol at 396 nm. Figure 4.6 demonstrated that
fluorescence intensity of acetyl aldehyde hydrazone was observed as 3.5x10° CPS which

provided 12-fold increase in fluorescence intensity of hydrazine.
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Figure 4.6. Emission spectra of hydrazone derivatives formation. Red line: 2-Acetyl-
hydrazone-5-nitrophenol (Ext: 396, Em:502 nm), Green line: 2-Sal-hydrazone-5-
nitrophenol (Ext: 417 nm, Em: 517 nm).

4.1.3. Nuclear Magnetic Resonance Spectroscopy of 2-Hydrazine-5-nitrophenol and

Its Hydrazone Formations

In section 4.2.1, absorption and emission spectroscopy were applied in order to confirm
organic synthesis, however spectrophotometric analyses were not enough to determine the
structural formations of molecules. So that, nuclear magnetic resonance (NMR)

spectroscopy was employed for the structure confirmation of organic molecules.

Proton NMR (*H NMR) of 2-Hydrazine-5-nitrophenol was showed in Figure 4.7. CH peaks
of aromatic structure were observed at a range of 7 ppm and 8 ppm. Hydrazine formation
was confirmed with detection of NH and NH. peaks in NMR spectrum. While NH protons

had a broad peak at 9 ppm, NH: had a sharp peak at 3.4 ppm. Proton of OH was indicated at
10 ppm.
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Figure 4.7. *H NMR spectrum of 2-Hydrazine-5-nitrophenol in DMSO-ds.

Carbon NMR (**C-NMR) spectrum of 2-Hydrazine-5-nitrophenol was demonstrated in
Figure 4.8. Carbon peaks of aromatic structure were observed at a range of 108 ppm 143

ppm.
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Figure 4.8. 13C NMR spectrum of 2-Hydrazine-5-nitrophenol in DMSO-ds

The reaction between salicylaldehyde and 2-Hydrazine-5-nitrophenol resulted in deshielding
on NH group. Due to decrease in electron density of NH group, NMR peak was downfield
shifted to 10.8 ppm. In addition, peak of NH2 at 3.4 ppm disappeared after the reaction
between hydrazine and carbonyl group of aldehydes. When proton NMR spectrums of
starting molecule and 2-SAL-hydrazone-5-nitrophenol were compared, presence of the two
OH groups on the salicylaldehyde hydrazone led to two similar peaks at 10 ppm and 10.6
ppm as shown in Figure 4.9. As a result of H NMR spectrum of 2-SAL-hydrazone-5-
nitrophenol, the molecule had been clearly synthesized as mentioned method in
Sec.3.1.11.13C NMR spectrum of 2-SAL-hydrazone-5-nitrophenol confirmed the molecule
structure with thirteen peaks at between 108 ppm and 156 ppm.
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Figure 4.9. 'H NMR spectrum of 2-SAL-hydrazone-5-nitrophenol in DMSO-ds.
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Figure 4.10. 1C NMR spectrum of 2-SAL-hydrazone-5-nitrophenol in DMSO-ds.




54

2-Acetyl aldehyde hydrazone-5-nitrophenol formation was approved by NMR spectroscopy.
Deshielding of NH peak to 10.83 ppm and appearance of CHz peak at 1.31 ppm demonstrated
the structural conformation of 2-Acetylaldehyde-hydrazone-5-nitrophenol. However,
impurities and solvent peaks were observed in the proton and carbon NMR spectra.
According to proton NMR, reaction between hydrazine and acetyl aldehyde had not been
completed that was proved by the presence of excess starting materials in the organic
molecule. Peak of NH> at 4.5 ppm showed the excess hydrazine in the product. Additionally,
CHs peak of unreacted acetaldehyde was observed at 2 ppm. Furthermore, solvent peak of
ethanol was collected from 1 ppm and presence of water was examined with the broad peak

at 3.5 ppm.
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Figure 4.11. *H NMR spectrum of 2-Acetyl-hydrazone-5-nitro phenol in DMSO-ds.

13C NMR analysis of 2-Acetyl-hydrazone-5-nitrophenol demonstrated that CHs was
detected at 13.4 ppm. While starting material acetyl aldehyde has a CH3z peak at 2 ppm, 2-
Acetyl-hydrazone led a downfield shift on CHs peak as shown in Figure 4.12.
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Figure 4.12. '1C NMR spectrum of 2-Acetyl-hydrazone-5-nitrophenol in DMSO-d.

4.2. BIOCHEMICAL ANALYSIS

4.2.1. Cytotoxic Effects of H202 and 2-Hydrazine-5-nitrophenol

Cytotoxic effects of H20. and 2Hizn5np on A498, ACHN, and HDF cells were assessed by
WST-1 assay (2-[4-lodophenyl]-3-[4-nitrophenyl]-5-[2,4-disulfophenyl]-2H-tetrazolium).
WST-1 is a tetrazolium salt which was reduced to formazan in the presence of mitochondrial
dehydrogenases. Cell viability was demonstrated with the colorimetric analysis of formazan
formation at 450 nm. A498, ACHN, and HDF cells were treated with H>O> at various
concentrations then incubated for 120 minutes. When A498 cells were treated with 0.5 mM,
1 mM and 1.5 mM H20., the cell viability was decreased to 30 per cent at 24 hours. Likewise,
2.5 mM H20; treatment inhibited the proliferation of A498 cells with the percentage of 50.
While 0.5 mM H20; treatment did not show any toxic effect on ACHN cells, 1 mM H20;
treatment of ACHN cell decreased the cell viability with the percentage of 20 at 24 hours. 2
mM H20 and higher concentrations caused a decrease in cell viability up to 60 per cent for
ACHN cell line. On the other hand, H.O> treatment of healthy HDF cells with range of 0.5

mM and 2.5 mM resulted in maximum 30 per cent cytotoxicity at 24 hours.
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Figure 4.13. Cytotoxic effect of H2O. treatment on cell viability of A498, ACHN, and
HDF cell lines. Each data points represents the mean percentage of viable cells after 0.5
mM, 1 mM, 1,5 mM, 2 mM, and 2.5 mM H;O- treatment for 120 minutes. Error bars
indicate the standard deviation from a representative experiment in triplicate. Percentage of

cell survival was calculated by conversion of absorbance values into percentage of control

group.

A498, ACHN, and HDF cells were treated with six different concentrations of 2Hzin5np in
PBS (pH 7.4) for 30 minutes to detect the cytotoxic effect of 2-Hydrazine-5-nitrophenol on
live cells as shown in Figure 4.14. The 2Hzin5np treated cells were then incubated with
standard complete DMEM for 24 hours, then cell viability was detected by WST-1 assay as

a colorimetric quantification method of cytotoxicity.

Cytotoxic effect of 5 uM and 10 uM 2Hzin5np on A498 cells was recorded as 10 to 15 per
cent, while at 20 uM, cell viability of A498 cell line was decreased by a percentage of 25.
2Hzin5np incubation of A498 cell line at 50 uM caused a highly significant inhibition of

cell proliferation by 50 per cent.

When ACHN cells were incubated with 5 to 15 pM 2Hzin5np, there was a slight toxic effect
with a decrease in the cell viability by an average of 20 per cent. On the other hand, 2Hzin5np
displayed moderate toxicity with an average of 30 per cent at the 20, 25, 35, 50 uM in ACHN

cell line.



S7

The treatment of HDF cells with 2Hzin5np resulted in an 20 per cent decrease of cell viability
at the concentrations of 5 uM, 20 uM, and 35 uM. Exposure to 2Hzin5np at 10 uM and 15
KM led to an 25 percentage of cytotoxicity in HDF cells, while 50 M 2Hzin5np incubation

resulted in a 35 per cent decrease in the cell viability.
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Figure 4.14. Cytotoxic effect of 2Hzin5np on ACHN, A498 and HDF cell line. Cells were
treated with 5 uM, 10 uM, 15 uM, 20 uM, 25 uM, and 50 uM 2Hzin5np for 30 minutes
and then incubated with standard DMEM for 24 hours. Percentage of cell survival was
calculated by conversion of absorbance values into percentage of control group. The error
deviations were obtained from a representative experiment.

4.2.2. Optimization of Hydrogen Peroxide Concentration

Hydrogen peroxide induced oxidative stress level was determined by visualizing the
morphological changes of live cells, as mentioned in Section 3.3.1. When A498 and ACHN
cells were treated with different concentration of H>O. at different time points, cell
morphologies were disturbed, and cells were detached from the tissue culture plate surface.
The maximum level of oxidative stress, which caused the maximum morphological change
without causing cell death was chosen for the later experiments. Figure 4.15 demonstrated

that 1 mM, 2 mM and 2.5 mM H.O; treatment did not cause any morphological change on
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A498 while 3 mM and concentrations more than 3 mM H-O> led to not only morphological
changes and but also reduction in cell viability. In order to obtain maximum nontoxic
oxidative stress on A498 cell line, 2.5 mM H,O; treatment for 120 minutes was used in the

later experimental setups.

Figure 4.16 demonstrated that after 120 minutes, change in the ACHN cell morphology was
obvious at 2.5 mM — 4 mM H:0> concentrations. After 2.5 mM H.O; treatment for 180
minutes, cell aggregates were formed as cells detached from their substratum. In order to

prevent H20> toxicity, the conditions of H2O> treatment was set as 2 mM H20> for 2 hours.
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Figure 4.15. Optimization of H.O> concentration and incubation time for A498 cell line.
A498 cells were treated with 1 mM, 2 mM, 2.5 mM, 3 mM, 3.5 mM and 4 mM H20-
concentration at five different incubation periods (120, 150, 180, 210 and 240 minutes).
Images were captured at each H20 concentration and time point using 4x objective. The

scale bar is equal to 200 pm.
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Figure 4.16. Optimization of H.O> concentration and incubation time for ACHN cell line.
ACHN cells were treated with six different H,O, concentration (1 mM, 2 mM, 2.5 mM, 3
mM, 3.5 mM, and 4 mM) at five different time points (120, 150, 180, 210 and 240
minutes). Cells were imaged at each H20. concentration and time point using 4x objective.
Scale bar was set to 200 pum.
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In order to determine H2O; induced ROS generation, DCFDA assay was employed. All cells
were labeled with DCFH-DA as described in Section 3.3.2. In presence of the cellular
esterases, DCFH-DA is deacetylated into a non-fluorescent molecule H.DCF. In the
presence of ROS, the H,DCF is then oxidized into the highly fluorescent molecule DCF,
which is therefore serve as an indicator of ROS levels in live cells. In order to analyze
whether 2.5 mM H,O; treatment could evoke oxidative response in A498 cells, DCFH-DA
assay was employed for A498 cells. As can be seen from Figure 4.17, 2.5 mM H.O treated
A498 cells were positively stained with DCF. DMSO treated group served as negative
control and indicated that the death cells could not oxidized H.DCF into DCF to yield in

green fluorescence emission.

Control 2.5 mM H,0, DMSO

A498

Figure 4.17. DCFDA labeling of A498 cell line for ROS detection. A498 cells were treated
with 2.5 mM H»0O; and non-treated A498 cells serve as the control. Cells were imaged.

Figure 4.18 showed that 2 mM H20O. treatment of ACHN cells led to an increase in ROS
level, which was indicated by the conversion of DCFH-DA dye into DCF, which resulted in
florescence emission at 529 nm, when compared to the non-treated control group. In the
negative control, cells were treated with DMSO at toxic levels leading to cell solubilization

did not yield in green fluorescence emission.
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Control 2 mM H,0, DMSO

ACHN

Figure 4.18. DCFH-DA Labeling of ACHN cell line for ROS detection. ACHN cells were
treated with 2 mM H202 for 120 minutes, while the control group was incubated in
standard DMEM and the negative control cells were treated with 10 per cent DMSO to
achieve 100 per cent cell death. The bar is equal to 500 pm.

4.2.3. Determination of 2-Hydrazine-5-nitrophenol Concentration Optimization

H>0O> induced carbonylation was labeled with different concentrations of 2-Hydrazine-5-
nitrophenol for the different incubation periods. 2Hzin5np is a bioorthogonal fluorescent
probe which is specific for carbonyl moieties on biomolecules. Carbonylated biomolecules
were labeled with 2Hzin5np. In order to determine the level of biomolecule carbonylation
in A498 cells, 2Hzin5np labeling was employed for non-treated control cells and HO»-
treated cells. Figure 4.19 indicated that A498 cells were fluorescently labeled when treated
with 15 and 20 pM 2Hzin5np for 30 minutes. The most efficient labeling condition of
carbonylated biomolecules was obtained by incubation of A498 cells with 20 uM 2Hzin5np
for 30 minutes. Figure 4.20 demonstrated that the non-treated control group did not show
fluorescence emission at 506 nm, which is the maximum fluorescence peak of the 2Hzin5np.
H20. treatment of ACHN cells induced carbonylation as these cells demonstrated the
fluorescence emission after 10, 15 and 20 uM 2Hzin5np labeling for 30 minutes incubation.
However, the maximum green fluorescence intensity was obtained by labeling H2O- treated
ACHN cells with 15uM 2Hzin5np for 30 minutes. When the fluorescence intensity of the
H20,-treated ACHN and A498 cells were compared ACHN cells were stained with a wider
concentration range of 2Hzin5np labeling while the carbonylation of A498 cells could only

be labeled at higher 2Hzin5np concentration.
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Figure 4.19. Optimization of concentration and incubation period of 2Hzin5np labeling in

A498 cell line. Non-treated control and 2.5 mM H20- treated cells were labeled with 10,
15, 20 and 25 uM 2Hzin5np for 30, 60, 90 and 120 minutes. Scale bar was set to 200 pum.
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Figure 4.20. Optimization of concentration and incubation period for 2Hzin5np labeling in
ACHN cell line. Non-treated and 2.5 mM H2O: pretreated cells were labeled with 10, 15,
20 and 25uM 2Hzin5np for 30, 60, 90 and 120 minutes. Scale bar was set to 200 um.
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4.2.4. Fluorescence Labeling of H202 Induced Carbonylation

H2O2 induced carbonylation of biomolecules in A498, ACHN, and HDF cells were
examined by confocal microscopy. H>O, treatment and 2Hzin5np labeling strategies were
described in Sec. 3.3.4-5.

As it can be seen in Figure 4.21, A498 cells treated with 2 mM H20; were effectively labeled
with 20 uM 2Hzin5np. Non-treated control group was labeled with 20 uM 2Hzin5np gave a
weak background fluorescence intensity. H.O> treated-2Hzin5np labeled A498 cells showed
dot-like fluorescence signals around nucleus with an even distribution in the cellular
cytoplasm. In addition, while 2Hzin5np labeling provided a fluorescent response in the

cytoplasm, nucleus did not show any fluorescent staining.

H,0,; treatment (-) H,0, treatment (+)

2Hzin5NP labeling(+) 2Hzin5NP labeling(+)

A498

Figure 4.21. 2Hzin5np labeling of H>O2 induced carbonylation in A498 cells. Cells grown
in standard DMEM containing 1 mM sodium pyruvate, were treated with 2 mM H202 for
2 hours. Carbonylation was visualized by 20 uM 2Hzin5np labelling for 30 minutes. 405
nm and 488 nm diode lasers were used for excitation and the emission was monitored
using LP 435 and 518 filters in Zeiss LSM 800 confocal microscope. Scale bar was equal

to 10 pm.
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Given that pyruvate acts a ROS scavenger and inhibits H20O2 induced oxidative damages on
live cells [176]. In order to intensify the fluorescence intensity of H20. induced carbonylated

biomolecules, DMEM without pyruvate was used in cell culture.

Figure 4.22 demonstrated that the increasing concentration of pyruvate in the medium led to
decrease in the fluorescence intensity of H>O- treated and 2Hzin5np labeled A498 cells. The
most effective 2Hzin5np labeling was performed by decreasing the pyruvate concentration
in the medium. So that pyruvate free DMEM incubated and H2O. treated A498 cells resulted
in the highest fluorescent intensity. When non-treated 2Hzin5np labeled control group was
incubated with 2 mM sodium pyruvate contained DMEM, A498 cells demonstrated the

minimum level of background fluorescence intensity.

No Sodium Pyruvate 1 mM Sodium Pyruvate 2 mM Sodium Pyruvate

20 M Hzin Labeling

2 mM H,0, Treatment
+

20 pM Hzin Labeling

Figure 4.22. Effects of pyruvate concentration dependent inhibition of carbonylation level
in A498 cells. A498 cells were incubated DMEM with (1 and 2 mM) without sodium
pyruvate prior to 2 mM H,O; treatment and 15 pM 2Hzin5np labeling. 405 nm and 488 nm
diode lasers were used for excitation and the emission was monitored using LP 435 and

518 filters in Zeiss LSM 800 confocal microscope. Scale bar was equal to 10 pum.

In Figure 4.23, the use of DMEM without pyruvate in the experimental set up led to an
increased fluorescent 2Hzin5np labelling of carbonylation in ACHN cells treated with H.O».
As expected, fluorescence intensity of 2Hzin5np labeled cells was decreased by increasing

the concentration of pyruvate in the medium. In confirmation to these results, the non-treated
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2Hzin5np labeled control cells also gave a stronger background fluorescence intensity in

pyruvate free medium, which got weaker by the addition of pyruvate in the culture media.

No Sodium Pyruvate 1 mM Sodium Pyruvate 2 mM Sodium Pyruvate

o . . .

2 mM H,O0, Treatment
Figure 4.23. Effect of pyruvate on 2Hzin5np labelling of carbonylation in ACHN cells.
Cells were incubated DMEM with (1 and 2 mM) without sodium pyruvate prior to 2 mM
H>O> treatment and 15 puM 2Hzin5np labeling. 488 nm diode laser was used for excitation
and the emission was monitored using LP 518 filter in Zeiss LSM 800 confocal

15 M Hzin Labeling

microscope. Scale bar was equal to 10 um. Images were captured using 10x objective lens.

The presented results of A498 and ACHN demonstrated that the experimental set up of
pyruvate free DMEM incubation and H2O> treatment resulted in the maximum fluorescent

intensity of 2Hzin5np labeling.

HDF cell line was used as a healthy control group and the optimal H20- treatment was used
as described by Shostak et al. [162]. In order to demonstrate H2O; induced carbonylation
level of healthy cells, H.O> treated and 2Hzin5np labeled HDF cells were examined by
confocal microscopy. As shown below in Figure 4.24, H,O, treated HDF cells indicated a

significant increase in fluorescence intensity which provides information about

carbonylation level of biomolecules.
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2 mM H,0, Treatment
+

15 pM Hzin Labeling

15 pM Hzin Labeling

HDF

Figure 4.24. 2Hzin5np labeling of H>O> induced carbonylation in HDF cells. Cells grown
in standard DMEM without sodium pyruvate, were treated with 2 mM H202 for 2 hours.

Carbonylation was visualized by 15 uM 2Hzin5np labelling for 30 minutes. 488 nm diode
laser was used for excitation and the emission was monitored using 518 filter in Zeiss LSM

800 confocal microscope. Representative image was taken on a confocal microscope by

the usage of 40x objective.

4.2.5. 2-Hydrazin-5-nitrophenol Labeling of Serum  Starvation Induced
Carbonylation

Serum starvation induced ROS generation was introduced by Troppmair and co-workers
[177]. In order to detect the effects of endogenous ROS generation on carbonylation of
biomolecules, A498 and ACHN cells were serum starved and 2Hzin5np labeled as
mentioned Sec. 3.3.6. As shown in Figure 4.25, when cells were incubated with standard
DMEM a background fluorescence was detected for both A498 and ACHN cell lines.
However, serum starvation led to an induction in carbonylation as increase in fluorescence
intensity for both A498 and ACHN cells was evident after 2Hzin5np labelling. Similar to
results with obtained for H2O> induced carbonylation labeling, serum starved A498 and

ACHN cells did not show any fluorescence emission in the nuclei.
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10% FBS Serum Starvation

A498

ACHN

Figure 4.25. Detection of serum starvation induced carbonylation in A498 and ACHN
cells. Cells were incubated with and without 10 per cent FBS in DMEM for 16 hours.
While A498 cells were labeled with 20 uM, ACHN cells were labeled with 15 uM
2Hzin5np for 30 minutes. Representative image was taken on a confocal microscope using
40x objective. A 488 nm diode laser was used for excitation and LP 518 filter was used for

emission.

4.2.6. Quantitative Analysis of Protein Carbonylation

H>O> induced and serum starvation induced protein carbonylation were determined by
measuring the fluorescent intensity of 2Hzin5np labeling via Varioskan Lux Microplate
Reader.

In order to analyze H>O> induced protein carbonylation in A498, ACHN, and HDF cell lines,
cells were treated and labeled as described in Sec. 3.3.5. and total cell lysates were obtained

by described method in Sec.3.3.8. Fluorescence intensity of 2Hzin5np labeled cell’s lysate
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was recorded for each experimental set up. In Figure 4.26. (A), 2Hzin5np labeling of
pyruvate free DMEM incubated and H20, treated A498 cells showed 1.5-fold increase in
the fluorescence intensity. On the other hand, 2 mM pyruvate DMEM incubated and H20:
treated A498 cells demonstrated the fluorescence intensity increase in 2-fold. In Figure 4.26.
(B), in the absence of the pyruvate, H.O> treated and 2Hzin5np labeled ACHN cells indicated
2-fold increase in fluorescence intensity while 2 mM pyruvate pre-incubated ACHN cells

resulted in 2.5-fold increase in fluorescent intensity.

2Hzin5np labeling of non-treated control groups which were incubated with pyruvate free
DMEM demonstrated that A498 cell line exhibited 1.8-fold more protein carbonylation
compared to ACHN cell line. In addition, H>O; treated A498 cells demonstrated 1.5-fold
higher protein carbonylation level in comparison to ACHN cells in absence of pyruvate.
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Figure 4.26. Effects of pyruvate concentration dependent inhibition of carbonylation level
in (a) A498, (b) ACHN, and (c) HDF cells. Cells were incubated DMEM with and without
2 mM sodium pyruvate prior to 2 mM H20: treatment and 15 pM 2Hzin5np labeling. Cells
were then lysed by six freeze-thaw cycles in lysis buffer (0.05 mM PMSF, 1 per cent PI).

Cell lysates loaded into black 96-well plate and fluorescence intensities were measured by
Varioskan Multimode Plate Reader. 2Hzin5np labeled A498 ACHN, and HDF cells lysates

were excited at 396 nm and emitted at 506 nm. The autofluorescence intensity of control

groups were respectively subtracted from all experimental groups. Each data point
represents to the mean of fluorescence intensity of at least three separate experiments

performed for each cell. (P<0.05)

HDF cell was used a healthy experimental group. 2Hzin5np labeling of pyruvate free
DMEM incubated HDF cells showed 5.3-fold increase in fluorescent response. 2 mM
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pyruvate containing DMEM incubated HDF cells demonstrated 1.1-fold greater
fluorescence intensity in H20O2 induced carbonylation of HDF cell line (In Figure 4.26. (C)).
In order to detect serum starvation induced carbonylation levels in A498 and ACHN cell
lines, cells were either serum starved or incubated in 10 per cent FBS containing DMEM
and then labeled with 2-Hzin5np as described in Section 4.2.5. The relative fluorescence was
detected using a Varioskan Multimode Plate reader. Serum starved A498 cells demonstrated
2.5-fold fluorescent intensity than 10 per cent FBS containing DMEM incubated A498 cells.
Serum starved ACHN cells showed 1.7-fold enhanced protein carbonylation level from 10
per cent FBS containing DMEM incubated ACHN cells. In addition, carbonylated protein
level of serum starved ACHN cell line was 1.7 times higher than carbonylation level of
serum starved A498 cell line. Comparison between of A498 and ACHN cell lines incubated
with 10 per cent FBS supplemented standard DMEM demonstrated that ACHN cells showed
2.5-fold higher carbonylation levels than A498 cells.
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Figure 4.27. Detection of serum starvation induced carbonylation in A498 and ACHN
cells. Cells were incubated with and without 10 per cent FBS in DMEM for 16 hours.
While A498 cells were labeled with 20 pM, ACHN cells were labeled with 15 uM
2Hzin5np for 30 minutes. Cells were then lysed by six freeze-thaw cycles in lysis buffer
(0.05 mM PMSF, 1 per cent PI). Cells lysates were excited at 396 nm and emitted at 506
nm. The autofluorescence intensity of control groups were respectively subtracted from all
experimental groups Error bars indicate the standard deviation from a representative

experiment in triplicate. (P<0.05)
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5. DISCUSSION

Bioorthogonal chemistry is a click reaction concept which relies on the ligation between a
chemical probe and a chemical reporter on biomolecules. Drug discovery and live cell
imaging are the major applications of bioorthogonal chemistry. Recent developments in
bioorthogonal chemistry have heightened the need for the site specific labeling of
biomolecules in vitro and in vivo. There has been an increasing trend of literature on
investigating novel fluorescent probes in order to perform accelerated and selective
bioorthogonal reactions. Recent studies focused on PTM specific labeling [163, 167] and

also multi-color labeling of biomolecules [178].

PTM specific bioorthogonal labeling provides either detection of specific moieties on
biomolecules [62] or enzyme activities in live cells [90]. Bane and co-workers developed a
coumarin based hydrazine molecule which was specific for aldehyde group in live cells
[163]. They investigated an aldehyde-hydrazine reaction in order to detect the oxidative
stress induced carbonylation in cancer cells. Fluorescence analysis of coumarin hydrazine
which had emission maximum at 450 nm with excitation at 360 nm was performed. The past
ten years have seen increasingly rapid advances in the field of designing red shifted (NIR)
probes in order to decrease excitation energy of the probe to eliminate phototoxicity of the

labeling and reduce autofluorescence level [179].

In this thesis, coumarin hydrazine was derivatized into azacoumarin by introducing nitrogen
at coumarin’s 4-position to provide the red stoke shift absorption and maximum emission.
Introduction of electronegative nitrogen decreases the energy of the LUMO which results in
HOMO-LUMO energy gap causing the red shift in the spectrum [180]. Mukherjee et al.
demonstrated that coumarin hydrazone resulted in 101 nm shift in red range on the emission
maximum, while here in this study we showed that 3-Methyl-7-hydrazone azacoumarin
provided a 141 nm red shift giving a higher emission (Table 4.1) [62]. Our results indicated
that bathochromic effect of nitrogen in azacoumarin and increased the molecular conjugation
due to hydrazone formation resulting in red shift of the emission spectrum. In order to
increase molecular conjugation, a phenyl group was introduced in third carbon methyl of the
3-Methyl-7-hydrazone azacoumarin, which resulted in 3-Phenyl-7-hydrazone azacoumarin
with a higher red shift on the absorption and emission spectra. However, a blue shift was

also observed in absorption spectra. Addition of phenyl group may break the conjugation
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and cause an increase in the band gap between the HOMO and LUMO which is demonstrated
by Outlaw as protonation of 6-Amino-8-cyanobenzo[1, 2-b]indolizines to be a new class of
photoluminescent [181]. Imines exhibit two major peaks in the absorption spectrum because
of n— " and n—n" transitions. Imine formations reversible due to transfer of the phenolic
proton to the imino nitrogen with formation of the corresponding o-quinoid forms [182].
Neither 3-Methyl-7-amino azacoumarin nor 3-Phenyl-7-amino azacoumarin were applicable
probes for labeling of live cells due to reversibility of imine reaction. Syntheses of 3-Methyl-
7-hydrazine azacoumarin and 3-Phenyl-7-hydrazine azacoumarin were failed due to high

reactivity of amino group on azacoumarin scaffold.

During organic syntheses, all reactions were followed by thin layer chromatography (TLC)
which provided Rf value for each sample, which was not enough in order to determine the
reaction process. For this reason, the reaction confirmations were performed by
spectrophotometric and spectrofluorometric analysis and structural conformation of product
were demonstrated with NMR spectroscopy. NMR spectra indicated that unexpected peaks
belonged to impurities in the products. NMR spectrum of 3-Methyl-7-hydrazine
azacoumarin indicated a byproduct formation which was called as 2-Hydrazine-5-
nitrophenol. 2-Hydrazine-5-nitrophenol demonstrated high fluorescence quenching ability
in methanol and phosphate buffered saline. So, 2-Hydrazine-5-nitrophenol was preferred as
a site-specific bioorthogonal probe for carbonylation labeling because of its stability and

mild reaction steps.

Imbalance between reactive oxygen species (ROS) and antioxidant metabolism causes
oxidative stress in live cells. High level of ROS leads to the oxidation of micro- and macro-
biomolecules. Carbonylation of biomolecules is one of the consequences of ROS damage in
live cells, which happens with the addition of aldehyde, ketone or lactam moieties giving
rise to the lipid peroxidation, glycation and protein carbonylation. These are oxidative stress
biomarkers detected with biochemical and analytical techniques. Carbonyl groups on
biomolecules are utilized as a chemical reporter for the bioorthogonal labeling. Thereby, this
study focused on the site specific labeling of carbonylation via bioorthogonal chemistry with
design and synthesis of a fluorescent probe 2-Hydrazine-5-nitrophenol.

Renal cell adenocarcinoma (RCC) is a subtype of kidney cancer. Clear cell renal cell

carcinoma (ccRCC) is the most abundant histological subtypes of RCC that accounts 70-75
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percent of all histological subtypes of RCC [183]. Genetic characterization of 90 per cent of
ccRCC indicates a defection in the short arm of the third chromosome [184], which
comprises a tumor suppressor gene called Von Hippel-Lindau (VHL). Mutated VHL gene
was observed in 60 per cent of the ccRCC [185].

Hypoxia induced factor (HIF) is a heterodimeric transcription factor consisting of an alpha
subunit (HIF-1a) and a beta subunit (HIF-B). HIF-1a subunit is substrate of proline and
asparagine hydroxylases. Under normoxic conditions, Pro*%2 and Pro®®* of HIF-1a subunit is
hydroxylated by prolyl hydroxylases (PHD) in the presence of molecular oxygen, ferrous
iron (Fe?*) and 2-oxoglutarate. Hydroxylated HIF-1a becomes the target of E3 ubiquitin
ligase which is also called VHL protein (pVHL) [186]. pVHL is responsible for the
regulation of HIF-1a via ubiquitin-mediated degradation by 26S proteasome [187].

Under hypoxic conditions, mitochondrial ROS generation is induced by the electron
transport chain at complexes I, Il, and I1l. Whereas, complexes | and 1l are responsible for
producing ROS only into the mitochondrial matrix, complex 111 produces ROS on both sides
of the mitochondrial inner membrane, this process is called as Q-cycle. During hypoxia,
increased mitochondrial ROS generation inhibits the activity of PHDs and accumulated HIF-
la translocates to the nucleus, where it binds to HIF-f to induce the expression of hypoxia-
response elements (HRE) such as platelet-derived growth factor (PDGF), vascular
endothelial growth factor (VEGF), hepatocyte growth factor receptor (c-MET), transforming
growth factor alpha (TGF-a), glucose transporters (e.g. GLUT-1), epidermal growth factor
receptor (EGFR), and other receptors involved in energy and iron metabolism [188].

Binding between growth factors such as VEGF and PDGF to their receptor tyrosine kinases
activates PISBK/AKT/mTOR pathway, one of the main intracellular signal transduction
pathways coordinating cell survival, proliferation, angiogenesis, and migration [189]. PIP3
(phosphatidylinositol-3,4,5-triphosphate) is produced by the phosphorylation of PIP2
(phosphatidylinositol-4,5-biphosphate) via PI3K. PIP3 promotes the translocation of AKT
from cytoplasm kinase the cell membrane, where it is activated through phosphorylation by
PDK1 and mTOR. Phosphorylated and activated AKT inactivates proapoptotic proteins
through phosphorylation, which results in the inhibition of apoptosis [190]. VEGF and
PDGF signaling through AKT activates mTOR (rapamycin) pathway. mTOR is consist of

two different complexes. First of them is rapamycin sensitive TORCL1 regulating protein
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synthesis and cell cycle, the second complex is rapamycin insensitive TORC2 coordinating
cell polarity and dynamic remodeling through actin cytoskeleton. The TORC2 complex of

mMTOR induces AKT activation via phosphorylation [191].

In order to clarify relative contribution of oxidative stress and cancerogenesis, A498 and
ACHN cell lines were examined in this study. A498 primary site is a VHL mutated while
ACHN metastatic site is a VHL wildtype cell model of ccRCC. Although ACHN cell line is
a histologically subtype of ccRCC, its genetic composition harbors deficiency in proto-
oncogene c-MET (mesenchymal-epithelial transition factor) seen in the type 1 papillary
RCC [192].

The proto-oncogene MET is located on human chromosome 7, the gene encodes hepatocyte
growth factor (HGF)-specific cell surface tyrosine kinase. MET deficiency is observed as
trisomy 7, 16", and 17" chromosome [193], or overexpression of MET gene. HGF/MET
pathway drives tumorigenesis signaling. Overexpression of c-MET was accompanying with
increased metastatic potential and poor prognosis in RCC [194]. c-MET expression is
upregulated with hypoxic conditions. Hypoxia-induced overexpression of c-MET increases
the HGF sensitivity which induces cell motility and invasion [195]. Phosphorylated MET
activation is suppressed by wild-type VHL gene. VHL mutation induces phosphorylation of
MET protein and triggers the cell growth freed from the contact inhibition [196].

In recent studies, Mukherjee et al. and Vemula et al. demonstrated that coumarin based
hydrazine labeling of H2O. and serum starvation induced carbonylation in live cells [62,
167]. In our study, 2-Hydrazine-5-nitrophenol was used to detect H2O> induced
carbonylation and serum starvation induced carbonylation in live cells. Cytotoxicity assay
of H.O20n A498, ACHN and HDF cell lines demonstrated that the A498 primary site ccRCC
cell line could tolerate higher concentrations of H>O> compared to the ACHN metastatic site
ccRCC cell line. Since A498 cell line has mutated VHL gene these cells have HIF-1a
accumulation., which would lead to the activation of PI3 Kinase/Akt and mTOR pathways
resulting in enhanced cell survival against H.O> treatment [197]. On the other hand, HDF
cells endured higher concentrations of H.O> when compared to the cancer cell lines. This
observation may be due to entrance of HDF into the transition shock state. Shock state is
defined as increase in BCL-2 levels that causes a delay apoptosis to provide enough time for

reversal of cell damage [198].
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Healthy and cancer cells present principal differences in their carbonylation responses to
oxidative stress. In redox homeostasis, healthy cells maintain a low level of ROS production
and possess antioxidant defenses which are enough to prevent the oxidative damage. Under
oxidative stress conditions, detoxification process is triggered in order to prevent oxidative
damage in healthy cells by neutralizing the high level of ROS. Whereas, cancer cells are
continuously exposed to the elevated levels of oxidative stress, which cause the steady-state

upregulation of antioxidant defense in order to prevent ROS induced apoptosis [199].

In order to label carbonylation of biomolecules, non-toxic dose of 2Hzin5np was used to
treat A498, ACHN and HDF cells. Cytotoxicity assay of 2-Hydrazine-5-nitrophenol on these
cells demonstrated that the proliferation was inhibited by the increased concentration of
2Hzin5np. This finding was inconsistent with findings of the past study by Mukherjee et al.,
which demonstrated non-cytotoxic effect of benzocoumarin hydrazine on PC3 and A549 cell
lines [163].

Sodium pyruvate is a natural scavenger which reacts with H.O> to yield sodium acetate,
carbon dioxide and water as byproducts [200]. Physiological concentrations of sodium
pyruvate, present in cell culture medium also in serum, could alter the effective lifetime of
exogenously added hydrogen peroxide and inhibits both oxidative stress damage and H2O»-
induced carbonylation of biomolecules. In order to observe maximum fluorescence intensity
of carbonylation level in live cells, cells were incubated with pyruvate free FBS containing
DMEM. The result is consistent with the findings of past study by Salahudeen et al. The
author examined pyruvate protection of H20O induced damages in renal tissue in vivo and in
vitro [176]. Our guantitative analyses revealed that A498 primary site ccCRCC demonstrated
a higher level of H2O2 induced carbonylated protein when compared to ACHN and HDF. As
mentioned above, this could be due to the VHL mutation resulting in accumulated HIFla
which transcriptionally upregulates glucose transporters GLUT1-GLUT4 [201]. GLUT-
mediated glucose influx stimulates oxidative stress via disruption of cellular energy

homeostasis and redox status [202].

Recently Aryal et al. (2018) demonstrated the difference in the carbonylation levels of
HSP90g, filamin A and bifunctional glutamate/proline-tRNA ligase proteins by comparing
the molecular weight alteration in these proteins isolated from the breast tumor tissues and

healthy MCF12A breast epithelial cell line. The researcher confirmed greater protein
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carbonylation level in the tumor tissue compared to the healthy cells [203]. In consistent
with the afore mentioned study H.O: treated healthy HDF cells demonstrated a dramatic

increase in the carbonylation level due to imbalanced redox hemostasis.

Serum starvation induces endogenous ROS generation in live cells. In 2011, Kuznetsov et
al. reported that serum starvation caused up to a 3.5 -fold increase in ROS generation in 32D
myeloid cells, NIH3T3 mouse embryonic fibroblast cells and for HL-1 cardiac muscle cells
[204]. Likewise, in our study, serum starvation led to an increased protein carbonylation
levels in A-498 and albeit with higher levels in ACHN. This difference can be explained by
the overexpression of MET gene in ACHN metastatic site ccCRCC [205]. Overexpressed c-
Met mediates PI3K/AKkt activation which is involved in endogenous ROS generation and
oxidative stress[206]. Activation of PI3K/Akt pathway stimulates expression of the redox-
sensitive transcription factor nuclear factor-xB (NF-«kB), which regulates antiapoptotic target
genes [207]. Activated PI3K/Akt signaling through overexpression of c-met leads to higher
oxidative stress in ACHN metastatic site when compared to c-MET wild-type primary site
ccRCC.

Carbonylation is an irreversible post-translational modification that causes formation of
misfolded proteins in the cytosol. High level of carbonyl moiety on proteins increase protein
aggregation due to increased hydrophobicity at target proteins [208]. The confocal
microscopy provided the evidence of carbonylated protein aggregation via dot-like

fluorescence responses on the images (Section 4.2.4).

In summary, together with the results presented in this thesis, it was strongly proposed that
2-Hydrazine-5-nitrophenol was a carbonyl moiety specific bioorthogonal probe which is
applicable for fluorescent labeling and detection of ROS induced carbonylation in live cells.
Analysis of the computed results showed that oxidative damage caused by H20- treatment
on VHL mutated A498 primary site ccRCC demonstrated a higher level of protein
carbonylation. While, the serum starvation induced endogenously ROS generation promoted

a higher level of protein carbonylation c-MET mutated ACHN metastatic site ccRCC.
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6. CONCLUSION AND FUTURE PERSPECTIVE

Carbonylation is a biomarker of oxidative stress in live cells from neurogenerative diseases
and cancer. Determination of carbonylation level may provide information about cancer
staging. Bioorthogonal chemistry is a novel approach to determine the level of carbonylation

via click reaction which gives quantitative and qualitative measurements.

2-Amino-5-nitrophenol is reduced to 2-Hydrazine-5-nitrophenol which reaction is called
diazotization. 2Hzin5np is specific for carbonyl groups on aldehydes, ketones and lactams.
In this study, 2Hzin5np was used a site-specific fluorescent probe for detection of oxidative
stress induced carbonylation in ACHN, A498 and HDF cells. Primary site and metastatic
site of RCC demonstrated different carbonylation responses due to exogenous or endogenous

variability in ROS generation.

This site-specific bioorthogonal labeling may be announced as a potentially useful strategy
that can be used as small molecule-based diagnostics for the molecular detection of oxidative
damaged processes in biological systems. In future investigations, it might be possible to
synthase and design bioorthogonal near-infrared fluorescent probes. It is therefore important
that future probes should be have the specificity to define cancer aggressiveness and/or
oxidative stress induced carbonylation of biomolecules in vitro and in vivo. Bioorthogonal
labeling of carbonylation would allow us to determine the dynamics of oxidative stress
induced carbonylation which have vital roles in diagnosis and determination of therapeutic

targets for cancer staging.
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