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ABSTRACT

PREPARATION OF SOME SEMI-SYNTHETIC SAPONIN ANALOGS
AND INVESTIGATION OF THEIR MECHANISM OF ACTION ON
NECROTIC CELL DEATH

Since antitumor potency of saponins is relatively weak, researchers focus on semi-
synthetic modification of saponins to obtain highly potent structures. With the same
motivation, we prepared cytotoxic sapogenol (AG-08), from cycloastragenol. Our
preliminary studies revealed that AG-08 was inducing necrotic cell death together with
autophagic inhibition. Furthermore, immunoblotting experiments suggested that AG-08
promoted cleavage of various proteins. A continuation study was performed in this thesis
with aims of: i) verifying previous studies; ii) identifying molecular mechanism of AG-
08; iii) preparing further analogs of AG-08 and deduce structure activity
relationships(SAR).

Accordingly, necrotic cell death and autophagic inhibition via AG-08 was
verified, and cytotoxicity of AG-08 on 13 cell lines was examined. Furthermore,
inhibitors of calpain-1, general caspases, cathepsin B/L/S, and caspase-8 were found to
partially alleviate cell death, whereas cathepsin D/E inhibitor were not able to do.
Additionally, lysosomal impairment due to loss of acidic nature was demonstrated. Later
data and effect of cathepsin inhibitor on AG-08 mediated cell death suggest lysosomal
membrane permeabilization.

In synthesis part, 15 AG-08 analogs were prepared, three of which were cytotoxic.
Additionally, active analogs triggered similar cell death mechanism with AG-08. SAR
evaluation reveals that presence of tosyl, and tetrahydrofuran ring are required for
activity, while double bond at C-6 is not essential.

Consequently, this thesis provides important data on mechanism of necrotic cell
death and autophagic inhibition via AG-08 treatment as well as relationship between
structure and activity. However, further studies are warranted to clarify complete

mechanism of AG-08 and substantiate structure activity relationship deductions.



OZET

BAZI YARI-SENTETIK SAPONIN ANALOGLARININ
HAZIRLANMASI VE BUNLARIN NEKROTIK HUCRE OLUMU
UZERINDEKI AKTIVITE MEKANIZMALARININ ARASTIRILMASI

Yari-sentez c¢alismalari, goreceli olarak disiik anti-timor aktiviteye sahip
saponinlerden yiiksek potansiyele sahip yeni molekiiller elde etmek icin siklikla
kullanilir. Bu amaglar ile yiirittigiimiiz bir proje kapsaminda sikloastragenolden
sitotoksik bir sapogenol analogu olan AG-08 elde edilmistir. On ¢calismalarimiz AG-08’in
nekrotik hiicre 6limine ve otofaji inhibisyonuna neden oldugunu gostermistir. Ayrica
immunoblotlama ¢aligmalar1 PARP-1, p62 ve ATG proteinlerinin AG-08 uygulamasi ile
kesildigini isaret etmistir. Bu tezin temel amaglari; i) 6n datalart dogrulamak, ii) AG-
08’in molekiiler mekanizmasini aydinlatmak, iii) AG-08 analoglar1 hazirlayip yapi-
aktivite iliskisi kurmaktir. Bu kapsamda yapilan ¢alismalar ile AG-08 aracili nekrotik
hiicre 6liimii ve otofaji inhibisyonu kanitlanmistir. Ayrica 13 insan hiicre hatt1 ile
sitotoksisite taramasi yapilarak AG-08’in segiciligi arastirilmistir. Calismalarimizin
devaminda kalpain, genel kaspaz, katepsin B/L/S ve kaspaz-8 inhibitorlerinin AG-08
aracilt hiicre Olimiinii zayiflatirken, katepsin D/E inhibitoriiniin  etkilemedigi
goriilmiistiir. Lysotracker boyamasi ile AG-08’in lizozomun asidik pH’sin1 kaybetmesine
neden oldugu gosterilmistir. Katepsin inhibitorlerinin hiicre 6lumu Gzerine etkisi ve
lizozomal bazifikasyon, AG-08’in lizozomal membran gegirgenligine neden oldugunu
isaret etmektedir. Yari-sentez c¢alismalarinda ise 15 AG-08 analogu sentezlenmis ve
bunlardan (g tanesi sitotoksik bulunmustur. Devam caligmalar1 ii¢ analogunda AG-08 ile
benzer bir molekiiler yolagi aktive ettigini kanitlamistir. Olusturulan yapi-aktivite iligkisi,
tosil grubunun ve tetrafuran halkasinin aktivite igin 6nemli oldugunu ancak C-6 ve C-7
arasindaki ¢ift bagin 6nemli olmadigini ortaya koymustur. Sonug olarak, bu tez ile hem
AG-08 aracilt hiicre 6liimiiniin molekiiler yolagi ile ilgili hem de AG-08 ve analoglarinin
yapi-aktivite iligkisi ile ilgili 6nemli bilgiler elde edilmistir. Bununla birlikte, molekdler
mekanizmanin tam olarak aydinlatilmasi ve yapi-aktivite iligkisinin dogrulanmasi i¢in

ileri calismalar gerektigi agiktir.
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CHAPTER 1

INTRODUCTION

Saponins are secondary metabolites exhibiting diverse biological activities. Anti-
tumor effect of saponins has been demonstrated in numerous studies. However, in many
cases, the potency of saponins is relatively weak. Therefore, anticipating highly potent
novel structures, scientists have begun bioassay-directed drug design and synthesis. One
of the most recent studies has revealed that semi-synthetic oleanane-type saponin, 2-
cyano-3,12-dioxoolean-1,9-dien-28-oic acid (CDDOQ) is a multi-functional molecule with
promising clinical potential as a chemopreventive agent and as a therapeutic agent for the
treatment of cancer. Up to 10.000-fold activity increase of CDDO compared to the
starting molecule (oleanolic acid) has proven that semi-synthesis studies might be a
promising approach to discover and develop saponin-based anti-cancer drugs.

Semi-synthetic anticancer drug-discovery programs focusing on the saponin
group have mainly engaged with commercially available triterpenoids such as oleanolic
acid and ursolic acid, not including less common miscellaneous aglycons such as
cycloartanes, lanostanes, and hopanes. Our group carried out a TUBITAK project
(109S345) with cycloartanes and aimed to prepare new anti-tumor agents from
cycloastragenol (CG) and cyclocanthogenol (SKG), which are the main aglycones of
many cycloartane-type glycosides, via semi-synthesis and biotransformation studies. In
the project, 71 new compounds were synthesized from CG and its commercial production
artifact astragenol (AG). Also, 15 new compounds were produced from CG, AG, and
SKG by biotransformation studies. Seven of the semi-synthetic derivatives were found to
be cytotoxic versus cancer and normal cell lines in MTT assays. In our subsequent studies,
one of the active substances, namely AG-08, showed non-canonical cell death and
became a molecule of interest due to its unexpected feature (results of studies were given
in Appendices section).

AG-08 exhibited cytotoxicity against HeLa and HCC1937 cell lines with I1Cso
values less than 10 uM. 7-AAD/Annexin V and ethidium bromide/acridine orange
staining of AG-08 treated HCC1937 cells suggested that AG-08 induced necrotic cell
death instead of apoptosis (Figure 40). Also, formation of 50 kDa fragments of PARP-1



supported necrotic cell death (Figure 41). Overriding basis for this deduction is that the
cleavage of PARP-1 into 89 kDa and 24 kDa by caspases is a widely used biomarker for
apoptosis, and 50 kDa fragments of PARP-1 indicates necrotic cell death as reported
previously (Gobeil et al. 2001, Chaitanya, Steven, and Babu 2010). In these studies, by
Gobeil and Chaitanya et al., it was shown that lysosomal cathepsins were responsible for
50 kDa fragments of PARP-1 during necrotic cell death. Based on this crucial data, it is
likely that AG-08 mediated cell death involves cathepsins. Furthermore, in our studies,
observation of caspase 8 and 3 activations but not caspase 9 was exciting finding as these
caspases are well-known apoptotic effectors and generally are not related to necrotic cell
death (Figure 42).

p-TsCl

Pyridine

Cycloastagenol (CG) Astragenol (AG) AG-08

Figure 1. Semi-synthesis of AG-08 from CG.

Moreover, AG-08 had effects on autophagy involving two steps. Firstly, increase
in LC3-11 level suggested vacuole accumulation due to autophagic flux inhibition.
Interestingly, decrease in full-length p62 was observed which was accompanied with the
formation of 20 kDa fragments (Figure 43). P62 is usually accumulated during autophagic
flux inhibition and decreased level of p62 shows autophagic activation. But several
studies have shown that cleavage of p62 with proteases may lead to a decrease in protein
level even in the case of autophagic inhibition (Klionsky et al. 2016). Correspondingly,
the formation of 20 kDa fragments via cleavage of p62 explained that the full-length
protein accumulation was not the case upon AG-08 treatment. In the second phase of
autophagy inhibition, we observed reduction of various Atg proteins, probably due to
proteases activation (Figure 43). Calpains and caspases have been reported to be able to
cleave ATGs (Norman, Cohen, and Bampton 2014). Since autophagy required the



presence of ATGs, the formation of autophagic vacuole was abolished by AG-08 in this
stage.

Intriguing results of our preliminary studies prompted us to investigate the death
mechanism of AG-08 more intensely. Thus, in this thesis, further molecular studies were
carried out to verify necrotic cell death and autophagic inhibitory properties of AG-08. In
the second part, analogs of AG-08 were prepared synthetically, and their biological

activities were investigated to understand structure-activity relationship (SAR).

1.1. Regulated Cell Death

Cell death is an essential process for multicellular organisms. Beside passive cell
death triggered by critical structural damage which cells cannot protect their integrity,
active cell death is modulated by one or more signal transduction modules. Active cell
death plays a critical role in tissue turnover, cell number balancing, development,
morphogenesis, and elimination of harmful cells. While most of the sources used
programmed cell death (PCD), active cell death was named as regulated cell death (RCD)
by Nomenclature Committee on Cell Death 2018 and they defined PCD as a particular
type of RCD (Galluzzi et al. 2018, Ashkenazi and Salvesen 2014, Chen, Kang, and Fu
2018). PCD is directly related with physiological process and occur without exogenous
environmental stress signals. In addition to PCD, however, RCD also includes stress-
induced cell death caused by intracellular or extracellular signals that the cell cannot
overcome (Galluzzi et al. 2018).

Due to the function in physiological and pathophysiological processes, any
deregulation of RCD lead to various diseases such as cancer and neurodegenerative
disorders (Chen, Kang, and Fu 2018, Fulda 2013). Especially cancer is related with RCD
at numerous points. Firstly, cancer formation and progression simply depend on
imbalance between cell death and proliferation. Additionally, almost all cancer treatment
strategies rely on induction of RCD in cancer cells. Therefore, RCD is critical in cancer
treatment and protection from carcinogenesis (Mishra et al. 2018).

Several specific RCD forms have been identified by numerous studies. Despite
different classifications of them, RCD can be classified into apoptosis, autophagic cell

death and regulated necrosis depending on morphological features. They are not



completely irrelevant mechanisms and may share similar molecular pathways (Chen,
Kang, and Fu 2018).

1.1.1. Apoptosis

Apoptosis, which is the best characterized RCD type, provoke various
morphological changes such as cell shrinkage, formation of apoptotic bodies, nuclear
condensation and fragmentation and plasma membrane blebbing. In addition to that,
cytoplasm is dense, cell size is smaller, and organelles are more tightly packed in
apoptotic cells (ElImore 2007). As for biochemical change, exposure of phosphatidyl-I-
serine on the outer plasma membrane and fragmentation of DNA etc. occurs during
(Saraste and Pulkki 2000, Chen, Kang, and Fu 2018).

Caspases, are cysteine proteases family, are generally effectors of apoptosis. They
can be categorized into apoptotic and inflammatory caspases. Apoptotic caspases can also
be divided into two groups as initiator and effector caspases depending on mechanism of
action. Initiator caspases such as caspase 8 and 9 initiate caspase cascade and activate
effector caspases like caspase 3 (Mcllwain, Berger, and Mak 2013, Li and Yuan 2008).

Intrinsic, extrinsic, and perforin/granzyme pathway are three molecular signaling
pathways of apoptosis. In perforin/ granzyme pathway; cytotoxic T cells, which are
immune system cells, use perforin and/or granzyme to induce apoptosis in virus-infected
or transformed cells (Trapani and Smyth 2002). Extrinsic apoptosis triggered by binding
of death ligands to death receptors which are members of tumor necrosis factor (TNF)
receptor gene superfamily on the cell membrane. FasL/FasR, TNF-o/TNFRI,
Apo3L/DR3 can be example for ligand/receptor interaction. When a ligand binds to the
death receptor, pro-caspase 8 and FADD (Fas-associated death domain) form a complex
named as DISC (death-inducing signaling complex), and caspase 8 is autocatalytically
activated (Jin and EI-Deiry 2014). Intrinsic apoptosis is induced by intercellular signals
instead of extracellular ligand and involves mitochondrial outer membrane
permeabilization (MOMP) (Elmore 2007). Pro-apoptotic protein such as cytochrome c,
Smac/DIABLO, and serine protease HtrA2/Omi etc. are released to cytoplasm from
mitochondria through MOMP. Cytochrome ¢, Apaf-1 (apoptosis protease-activating

factor 1) and procaspase-9 form a complex named apoptosome and caspases cascade



starts with activation of caspase 9 in this complex (Chen, Kang, and Fu 2018, Lawen
2003).

Mitochondrial change during apoptosis controlled by Bcl-2 protein family. Bcl-2
protein can act as anti-apoptotic (Bcl-2, Bcl-x, Bcl-XL, Bcl-XS etc.) or pro-apoptotic
(Bax, Bak, Bid, Bad, Bim etc.). When pro-apoptotic Bcl-2 protein dominate, MOMP is
promoted. Meanwhile, MOMP can also occur during extrinsic pathway. Activated
caspase 8 can activate Bid and this protein initiate MOMP process (Campbell and Tait
2018, Nikoletopoulou et al. 2013).

Both in extrinsic and intrinsic pathway, initiator caspases cleave and activate
effector caspases like caspase 3 which culminating with starting final pathway of
apoptosis. Effector caspases and some other proteases activated by effector caspases
cleave various structural proteins, PARP-1, the nuclear protein NUMA etc. to kill cell.
Lastly, apoptotic bodies, which are membrane bound vesicles, form. This cell fragments
are eliminated by macrophage through phagocytosis. Macrophages recognize apoptotic
cells by specific signals like phosphatidylserine translocation from inner membrane to

outer membrane of cells (Jin and El-Deiry 2014).

1.1.2. Autophagy and Autophagy-Dependent Cell Death

Autophagy may be defined as a lysosome-mediated intracellular degradation
process. Autophagy is used for recycling of long-lived proteins and organelles as well as
degradation of damaged ones. Autophagy plays a pivotal role in maintaining cell survival
under various stress conditions (Jacquin et al. 2017).

There are three different types of autophagy: macro-autophagy, microautophagy,
and chaperone-mediated autophagy. In micro-autophagy, the cytosolic components to be
degraded are taken directly by the lysosome through invasion of the lysosomal membrane
(Mizushima and Komatsu 2011). Chaperone-mediated autophagy involves selective
translocation of the cytoplasmic proteins to lysosome by chaperones such as Hsp-70.
Chaperons are recognized by lysosomal receptors called lysosomal-associated membrane
protein 2A and lysosome takes cytoplasmic cargo for degradation (Kaminskyy and
Zhivotovsky 2012). In macro-autophagy, cytoplasmic cargo is translocated to lysosome
by double membrane-bound vesicle called autophagosome (Mizushima 2007b).

Autophagy is often used to describe macro-autophagy, while other types of autophagy



should be specified with names. Hence, autophagy from now on will be used to indicate
macro-autophagy in this thesis.

Activation of AMPK and/or inhibition of mTOR induce beginning of autophagy
mechanism. The first step of autophagy is formation of phagophore (isolation membrane).
Although phagophores are mainly generated from ER membrane, exact source of
phagophore in mammalian is not precise. Several pieces of evidence indicated that the
Golgi complex, the mitochondria membrane, and the plasma membrane may contribute
to the formation of phagophore (Mizushima and Komatsu 2011). Formed phagophore
starts sequestering cytoplasmic cargo and membrane of phagophore elongate to form
autophagosome. Autophagosome then fuses with lysosome to form new vacuole called
autolysosome. Hydrolases in lysosome degrade cytoplasmic material in autophagosome
along with inner membrane of autophagosome (Figure 2) (Mizushima 2007a).
Autophagy is controlled by ATG proteins like Beclin-1, Atg-5, Atg-3 etc. There are more
than 30 ATG proteins playing a major role in different steps of autophagic pathway. Most
of ATG proteins take role in formation of autophagosome (Shimizu et al. 2014).

Autophagy is mostly activated in starvation to provide energy. In this case,
autophagosome non-selectively sequesters part of cytoplasm and degrade its content to
obtain energy. However, autophagy also plays an important role in protecting hemostasis
by selectively degradation of aggregated protein or damaged organelles in non-starved
cells (Zaffagnini and Martens 2016).
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Figure 2. Schematic illustration of autophagy (Source: Zaffagnini and Martens
2016)



Autophagy usually provides cell survival and inhibition of autophagy makes cells
susceptible to death. However, in some conditions, activation of autophagy mediate a
certain type of cell death, called autophagic cell death or autophagy-dependent cell death
(ODCD) (Shimizu et al. 2014, Bialik, Dasari, and Kimchi 2018). Autophagy is often
activated during stress-driven cell death as protection mechanism or sometimes it may
accelerate different type of cell death. However, autophagic cell death does not mean a
cell death involving autophagic activation. Nomenclature Committee on Cell Death 2018
defined ODCD as cell death that relies on autophagic machinery and is ceased by
inhibition of autophagy (Galluzzi et al. 2018). Though autophagic vacuole accumulation
is @ major morphological changing during autophagic cell death, it is necessary but not
sufficient to detect ODCD since another main reason of autophagic vacuole accumulation
is inhibition of autophagy (Vegliante and Ciriolo 2018).

Although role of ODCD in development of Drosophila and Caenorhabditis
elegans as well as pathological conditions such as neonatal hypoxia-ischemia and
myocardial infarction were reported (Galluzzi et al. 2018), molecular mechanism of
ODCD has not been fully identified yet. However evidences indicated that OCDC were
triggered in apoptosis resistance cells through MAPK c-Jun N-terminal kinase (JNK)
dependent pathway (Shimizu et al. 2010). Moreover, prolonged exposure of hypoxia

trigger autophagic cell death even with intact apoptotic machinery (Azad et al. 2008).

1.1.3. Regulated Necrosis

In contrast with necrosis that is accidental and uncontrollable cell death, regulated
necrosis (RN) is controlled by complex cell signals and takes role in both physiological
and pathological processes (Galluzzi et al. 2014, Kim 2017). RN may be defined as
regulated cell death which eventually ends with cellular leakage. Unlike apoptosis,
necrotic cells release pro-inflammatory signals. Cellular and organelle swelling, loss of
membrane integrity, mitochondria swelling, and cytoplasmic granulation are
morphological characteristics of RN. (Soriano et al. 2017). There are several cell death
pathways involving the morphological features of RN and they are considered to be
subtype of RN namely necroptosis, ferroptosis, parthanatos, pyroptosis and mitochondrial
permeability transition (MPT)-driven necrosis (Conrad et al. 2016).



Necroptosis is most well-studied form of regulated necrosis. After its discovery,
this term improperly used as synonym of RN. But now, necroptosis is defined as a type
of RN which depend on RIP3, MLKL (mixed lineage kinase domain like pseudokinase)
and RIP1 (mostly but not always) (Galluzzi et al. 2014). Necroptosis is triggered by
binding death receptor to death ligands. When death ligands bind their receptor, RIPK3
is activated by RIPK1. However, there are alternative ways to activate RIP3 in case of
RIP1 independent necroptosis. Activated RIP3 phosphorylate MLKL and it is
translocated to plasma membrane. Although MLKL is main player of necroptosis, exact
mechanism of its role is not fully understood yet. Even so, numerous laboratory studies
have shown that MLKL promote activation of cell-surface proteases of the ADAM family
and increase the sodium influx when located in plasma membrane (Cai et al. 2016b, Chen
et al. 2014).

Mostly binding of death ligand and death receptor cause formation of complex Ila
or IIb which cause apoptosis and RIP1 dependent apoptosis, respectively. But condition
like caspases inhibition or increasing protein level of RIP3 results in complex llc, in other
name necrosome, formation and beginning of necroptosis. While complex lla and Ilb
dependent on caspase 8 activation, caspase 8 inactivate necroptosis via cleavage of RIP1
and RIP3 (Figure 3) (Conrad et al. 2016).

Ferroptosis is a lipid peroxidation dependent and caspases independent RCD
form. Whereas ferroptosis is accepted as a type of regulated necrosis in most sources,
some articles refer to ferroptosis as a different cell death mechanism from main 3 RCD
types. But ferroptosis is considered to be a kind of RN in this thesis because of its necrotic
morphotypes such as electron-dense ultrastructure, outer mitochondrial membrane
rupture and immune reaction (Galluzzi et al. 2018). Enzymatic and non-enzymatic
reaction may control ferroptosis by lipid peroxidation. Non-enzymatic reactions are stems
from iron, which is known as one of the main inducers of ferroptosis. Iron accumulation
results in lipid peroxidation through lysosomal fenton type reaction (Xie et al. 2016, Torii
et al. 2016). Enzymatic reaction involves inactivation of GPX4 (Glutathione Peroxidase
4) which is known as an endogenous inhibitor of ferroptosis. GSH (glutathione) depletion
is main reason for losing activity of GPX4 since it catalyzes GSH dependent reduction of
lipid peroxidation. Therefore, GSH is also other important player of ferroptosis.
Obstruction of GSH synthesis via inactivation of cystine/glutamate antiporter system X°
which provide cysteine to cells is one of main pathways of ferroptosis induction (Yang
and Stockwell 2016).



Parthanatos is another RN type that relies on over-activation of poly (ADP-ribose)
polymerase 1 (PARP1). Since PARP-1 use NAD™ (Nicotinamide adenine dinucleotide)
for its function, over-activity of PARP1 lead to depletion of NAD+ and eventually,
depletion of ATP. As a result, cells die due to lack of energy (David et al. 2009).
Parthanatos mechanism includes apoptosis-inducing factor mitochondria associated 1
(AIF1 or AIF) and macrophage migration inhibitory factor (MIF). Binding of PARP1 to
AIF results in releasing of AIF from the mitochondria to the cytosol, followed by
translocation into the nucleus. In addition, AIF lead translocation of MIF into the nucleus.
They mediate DNA cleavage and chromatin condensation during parthanatos (Wang et
al. 2016). MPT-driven necrosis is type of cell death that based on increasing the
permeability of the inner mitochondrial membrane to small solutes. In contrast to MOMP
inducing MPT in apoptosis, permeability transition pore complex (PTPC) which is
supramolecular complex formed between inner and outer mitochondrial membranes, is
responsible for MPT in MPT-driven necrosis (lzzo et al. 2016, Galluzzi et al. 2014).
Although extensive research has been carried out on MPT-driven necrosis, cyclophylline
D (CYPD) is the only protein determined to play an important role in this cell death type
(Nakagawa et al. 2005, Galluzzi et al. 2018).
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Pyroptosis may be defined as a regulated necrosis type that relies on gasdermin
protein family especially gasdermin D. Cell swelling and membrane rupture during
pyroptosis are compatible morphological changes with necrotic cell death. Additionally,
peculiar form of chromatin condensation and pyroptotic bodies similar to apoptotic
bodies are seen in pyroptotic cell death. Both pyroptotic bodies and chromatin
condensatation are different from those occurring in apoptosis (Chen et al. 2016,
Jorgensen and Miao 2015). Molecular mechanism of pyroptosis usually include
inflammatory caspases namely caspase 1, caspase 4, caspase 5, and caspase 11.
Inflammatory caspases cleave gasdermin family and form pyroptotic fragments which
oligomerize to generate pores on cell membrane (Kovacs and Miao 2017). Pyroptosis
involve inflammasome formation as well as releasing cytokines IL-1p and IL-18 (Man,
Karki, and Kanneganti 2017). Although first studies indicated that only monocytes
undergo pyroptosis, non-monocytes cells also having inflammatory caspases may die
with pyroptosis (Shi et al. 2014).

1.1.3.1. Regulated Necrosis and Cancer Treatment

OCDC has lowest Killing potential due to survival role of autophagy while the
regulated necrosis is reported as the RCD type with the most killing potential (Chen,
Kang, and Fu 2018). Thus, after discovery of regulated necrosis, induction of necrotic
cell death in anti-cancer treatment become the one of main topic of conversation. The
most controversial issue about RN is the immune reaction that is widely considered tumor
supporting process (Hanahan and Weinberg 2011). However, necrosis also may induce
anti-tumor immunity which enhance treatment (Amaravadi and Thompson 2007).
Therefore, more researhes especially clinical studies are required to determine effect of
immun response via necrosis on cancer treatment.

There are no drug which approved as necrotic cell death inducer in market. But
studies uncovered that some approved anti-cancer drug induce necrosis. Imatinib which
is inhibitor of ABL tyrosine kinase was approved by FDA at 2001 for cancer treatment.
Three years later, Okada and friends (2004) reported that imatinib exposed cells exhibit
necrotic morphology independent from caspases. Cell death triggered by imatinib relies
on serine protease Omi/HtrA2 that released from mitochondria (Okada et al. 2004).

Sorafenib, is another FDA approved tyrosine kinase inhibitor for cancer treatment, induce
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ferroptosis. While iron chaletor namely deferoxamine, abrogated cell death, do not
inhibite tyrosine kinesa inhibition. Therefore sorafenib induce ferroptosis and tyrosine
kinase inhibition via independent pathway (Louandre et al. 2013, Lachaier et al. 2014).
DNA alkylating/damaging agents were demonstrated that induce necrotic cell death due
to over activation of PARP-1. Along similar lines, necrotic cell death via Oxaliplatin, is
one of DNA damaging agents approved by FDA, were reported. Oxaliplatin trigger ATP
depletion due to over-activation of PARP-1. Also, it was shown that oxaliplatin mediated
cell death depend on RIP-1but not RIP-3 (Wu et al. 2015).

Not only small molecules, approved monocular antibodies (mAb) were reported
as necrotic inducer. Type Il anti-CD20 mAbs (tositumomab and GA101) and anti-HLA
DR mAbs (L243, 1D10, and WR18) induce non-apoptotic cell death which have necrotic
features. Cell death mediated by mAb is independent from Bcl-2 protein and caspases.
These mAbs cause ROS generation via nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase and subsequently lysosomal membrane permeabilization (see section
1.2.) (Ivanov et al. 2009, Honeychurch et al. 2012)

1.1.4. Crosstalk of RCD Types

Forms of RCD are controlled by specific cell signals. However, it has been
demonstrated that molecular pathway of them may overlap (Nikoletopoulou et al. 2013).
Relationship of autophagy and apoptosis is complex and situation dependent. Anti-
apoptotic Bcl-2 protein and Beclin-1, is key protein for autophagy, are well-known
intersection of apoptosis and autophagy. Beclin-1 and Bcl-2 protein bind each other under
normal condition and autophagy cannot be activated in this circumstance. Some apoptotic
inducer signals result in releasing of Beclin-1 and consequently activation of autophagy.
In contrast, caspase-3 activated during apoptosis cleave Beclin-1 culminating with
autophagic inhibition. (Gump and Thorburn 2011). Atg-12 which is autophagic protein is
another intersection point having dual role. Conjugation of ATG12 to ATG3 result in
enhanced BCL-XL expression and apoptosis inhibition. However, unconjugated ATG12
may induce mitochondrial-dependent apoptosis (Tait, Ichim, and Green 2014). These
molecular connections represent complex and changeable interaction of apoptosis and

autophagy

11



Autophagy and apoptosis may control activity of each other through degradation
of critical proteins of other. Several studies revealed that autophagy is antagonized by
apoptosis activation due to cleavage of autophagic proteins with caspases (Cho et al.
2009, Djavaheri-Mergny, Maiuri, and Kroemer 2010). Moreover, calpain, another
proteases family which may be activated during apoptosis, inhibit autophagy by cleavage
of Atg-5 (Yousefi et al. 2006). Vice versa is also possible. Some cell type can evade
apoptosis whereby autophagy mediated degradation of active caspase 8. For example,
treatment with trail to Bax /= Hct116 colon carcinoma cells (having resistance to Trial
mediated apoptosis) cause autophagy activation. Activated autophagy degrades active
form of caspase 8 which result in apoptosis inhibition. Prognosticatively, inhibition of

autophagy leads to caspase-dependent apoptosis in same situation (Hou et al. 2010).
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As for relationship between autophagy and RN forms, a number of studies have
postulated a convergence between ferroptosis and autophagy. Simultaneous activation of
autophagy with ferroptosis lead to degradation of cellular iron stock protein, ferritin, by
specific autophagic pathway called ferritinophagy. Lacking ferritin increase cell death via
ferroptosis as a result of cells being susceptible to iron related ROS accumulation (Gao et
al. 2016, Masaldan et al. 2018). Opposite relationship was reported in simultaneously
activation of parthanatos and autophagy under oxidative stress. Autophagy play a pre-
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survival role in this case and inactivation of autophagy enhance cell death by parthanatos
(Jiang et al. 2018). Necroptosis is also directly associated with autophagy. A recent study
has shown that binding of p62 to RIP1 is necessary for TRAIL-induced necroptosis and
lacking p62 cause switching of necroptosis to apoptosis. Interestingly inhibition of late
stage autophagy enhances necroptosis while inhibition of early step cease cell death.
Therefore, autophagic machinery may have effect on necroptosis independent from its
degradation function (Goodall et al. 2016). Additionally, autophagic dependent RIP-1
degradation may culminate with necroptosis inhibition (Tait, Ichim, and Green 2014).

RN and apoptosis usually accepted as opposite mechanism. RN activation is
largely displayed in case of apoptosis malfunction. A well-characterized example of it is
that Tnf-o induced necroptosis. As mention previously, binding Tnf-o to death receptor
may lead formation three different complexes. While two of them end up with apoptosis,
formation of third complex in case of harmed apoptotic machines cause necroptosis
(Conrad et al. 2016). Furthermore, as previously mentioned, degradation of RIP3 and
RIP1 by caspase 8 activation leads to inhibition of necroptosis. Hereby, apoptosis
negatively control necroptosis due to cleavage of critical proteins (Lin et al. 1999,
Feltham, Vince, and Lawlor 2017). Switching apoptosis to necrosis-like cell death (not
necroptosis) by Tnf-a induction was reported at low extracellular pH (Meurette et al.
2005). Further studies demonstrate that this necrotic cell death depend on caspase
activation and RIP1. Interestingly, caspase 8 cannot degrade RIP1 in acidic condition, but
do it in the neutral state as in the inhibition of necroptosis by caspase 8 (Meurette et al.
2007).

1.2. Lysosome in Cell Death

Lysosome, an acidic organelle, is responsible for degradation of extracellular
cargo as well as cellular components. Lysosome contains more than 50 hydrolases
including glycosidases, lipase, and proteases which show action in acidic environment
(pH is 4.5-5). Lysosome membrane is protecting from acidic environment and hydrolases
through high glycosylation of lysosomal membrane proteins namely lysosomal integral
membrane proteins (LIMPs) and lysosomal associated membrane proteins (LAMPS).
Additionally, heat shock protein 70 kDa (Hsp70) and cholesterol play a role in
stabilization of lysosome membrane (Kavcic, Pegan, and Turk 2017, Serrano-Puebla and
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Boya 2016). Lysosome membrane also protects cytosol from lysosomal enzymes.
Rupture of lysosomal membrane cause acidification of cytosol and massive degradation
of cellular component. But selective permeabilization of lysosomal membrane called
lysosomal membrane permeabilization (LMP) also culminate with released in number of
hydrolases. Though most of lysosomal enzymes are only active in low pH and are
inactivated in neutral pH of cytosol, activation of some proteases for a very short period
of time is sufficient to cause damage to the cell (Kavcic, Pegan, and Turk 2017).
Cathepsins, particularly cathepsins B, L, and D are main proteases responsible for LMP-
related damage (Repnik, Hafner Cesen, and Turk 2014).

Lysosomotropic detergents one of LMP stimulants. They are generally weak
bases and passively pass through lysosome membrane. They are trapped into lysosome
by protonation and dissolve membrane of lysosome with their detergent-like properties
(Giraldo et al. 2014). O-methyl-serine dodecylamine hydrochloride and L-leucyl-L-
leucine methyl ester (Leu-Leu-OMe) are well-known lysosomotropic detergents causing
LMP (Repnik et al. 2017, Li et al. 2000). Also, changing content of lysosome membrane
may result in destabilization of membrane. Activation of PLA2, phospholipase C and
sphingomyelinase (aSMase) effect composition of lysosomal membrane (Johansson et al.
2010). For example, conversion of sphingomyelin to sphingosine by sequential action of
aSMase and acid ceramidase in lysosomal membrane induce LMP since sphingomyelin
promote stabilization of lysosomal membrane, while sphingosine act as endogenous
lysosomotropic detergents (Giraldo et al. 2014). Lysosome is highly sensitive to ROS
(reactive oxygen species) due to lack of antioxidant enzymes and ROS were reported as
one of main inducer of LMP. High amount of iron content in lysosome due to degradation
of iron containing proteins lead to formation of highly reactive hydroxyl radicals through
catalyzing Fenton reaction. Formed hydroxyl radical critically harm lysosomal membrane
(Lin, Epstein, and Liton 2010). Zhang et al. (2012) showed that cell death inflicted by (-
)-epigallocatechin-3-gallate, known as anti-cancer tea polyphenol, relies on ROS-
mediated LMP (Zhang et al. 2012).

It was demonstrated that several proteases may trigger LMP. Caspase 8 and 2 may
amplify apoptosis via releasing of cathepsin from lysosome (Gyrd-Hansen et al. 2006,
Guicciardi et al. 2000, Aits and Jaattela 2013). Other proteases causing LMP are calpains
which mediates LMP through cleavage of lysosome-associated membrane protein-2
(LAMP-2) (Villalpando Rodriguez and Torriglia 2013). Calpain activation by Ca*?

elevation cause releasing of cathepsin to cytosol in ischemic neuronal cell death.
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(Yamashima et al. 2003). Additionally, cathepsin itself may contribute LMP. Studies
shown that lacking cathepsins cease sphingosine or TNF-a induced LMP (Werneburg et
al. 2002). Degradation of proteins that sustain stability of lysosomal membrane after
minor leakage of cathepsin or cleavage of highly glycosylated proteins of inner lysosomal
membrane by cathepsin may be reason of cathepsin mediated LMP although exact
mechanism is not determined yet. (Aits and Jaattela 2013, Fehrenbacher et al. 2008).
Other stimuli of LMP is Bcl-2 proteins which are regulators of apoptosis. BAX,
pro-apoptotic Bcl-2 protein, may locate in lysosome membrane to induce pore formation.
With similar context, BAX is responsible for pore formation on mitochondrial outer
membrane during apoptosis. Another Bcl-2 protein, Bid, also take role in LMP via
activating BAX (Kagedal et al. 2005). Beside all these, several factors such as viral and

bacterial proteins, p53 and some kinases may induce LMP.
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Figure 5. Inducer of lysosomal membrane permeabilization (Source: Serrano-Puebla
and Boya 2018)

LMP has been shown to be associated with cell death. Although LMP generally
amplify cell death, it may be inducer of cell death (Repnik, Hafner Cesen, and Turk 2014).
Cell death which initiated with LMP is defined as a different form of cell death
mechanism called lysosome-dependent cell death (LDCD) according to some sources.
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However, molecular mechanism of LDCD is not precise yet (Wang, Gomez-Sintes, and
Boya 2018). Therefore, it is quite tricky to distinguish LDCD from other cell death forms
included LMP.

Contribution of LMP to apoptosis has demonstrated by various studies (Hsu et al.
2009, Dunlop, Brunk, and Rodgers 2011, Liu et al. 2017). BID, is a Bcl-2 protein, serve
as sensor role in LMP involving apoptosis. Lysosomal proteases especially papain like
cathepsins cleave and activate BID in order to initiate mitochondrial pathway of apoptosis
(Stoka et al. 2001). Playing role of LMP in necrotic cell death was often reported. In 2019,
Chen et al. demonstrated that 27-Hydroxycholesterol induce NLRP3-dependent
pyroptosis by cathepsin B releasing through LMP (Chen et al. 2019). Lysosomal
membrane is disrupted at later stage of pyroptosis and released cathepsin take a role in
IL-1pB secretion and also cell death. Interestingly, Lima Jr. et al. have shown that alum, is
an adjuvant, and LLOMe stimulate necrotic cell death having similar characteristics to
pyroptosis. But diametrically, lysosome rupture occurs at early point of treatment in this
case. Although Alum and LLOME induce minor Nlrp3, caspase 1 activation and IL-1f
releasing, caspase 1 do not play role in this cell death. In addition, these agents trigger
cathepsin-mediated proteolysis of cytosol content, including pro-inflammatory proteins,
although they cause minor inflammations. Therefore, at first glance, pyroptosis inducers
and lysosomal destabilization agents namely, alum and LLOME seem to share similar
result. But while LMP is result of pyroptosis, it is reason of cell death for second (Lima
et al. 2013). Bupivacaine is another compound which induce LMP and necroptosis.
Cathepsin inhibitors and necroptosis inhibitors attenuated cell death inflicted by
Bupivacaine. Also ROS was determined as reason of LMP as well as cell death (Cai et
al. 2018). As mention above calpain mediated LMP take role in neurodegeneration.
Calpain—cathepsin hypothesis suggest that activated calpains by calcium elevation lead
lysosomal membrane permeabilization and subsequently cathepsin releasing to cytosol.
These molecular steps end up with necrotic neuronal cell death in several neurogenerative
diseases. (Vosler, Brennan, and Chen 2008, Yamashima 2004).

1.3. Proteases Taking Role in Cell Death

Proteases are enzymes that catalyze cleavage of peptide bonds of proteins.
Proteases can be categorized into 4 main groups according to catalytic mechanism; serine,
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cysteine, aspartyl and metalloproteases. Aspartyl and metalloproteases activate water
molecules via active-site residues for nucleophilic attack whereas cysteine and serine
proteases use directly nucleophilic active-site residues for hydrolyzation (Figure 6) (Erez,
Fass, and Bibi 2009, Sanman and Bogyo 2014). Proteases regulate many biological
processes such as cell cycle, development and immune response. Besides, proteases are
very effective player in cell death as the function of proteases is irreversible. They take a
critical role in cell death during neurodegeneration, cardiovascular diseases, and cancer
treatment. (Divya, Vasudevan, and Sudhandiran 2017). Among the large protease

families, calpain, cathepsins and caspases are widely associated with the cell death.

Figure 6. Mechanism of main protease group. a-) serine proteases, b-) cysteine proteases,
c-) aspartyl proteases, d-) metalloproteases (Source: Erez, Fass, and Bibi 2009)

Caspases are cysteine proteases family which cleave aspartic acid peptide bonds.
eighteen mammalian caspases were defined, and placental mammals contain fifteen of
them. As mentioned earlier, caspases are one of main player of extrinsic and intrinsic
apoptosis. Apoptotic caspases subdivided as initiator and effector caspases. Initiator
caspases, caspase 8, 10, 2, 9, 1 and 11 are activated by dimerization and subsequently
autocatalytic cleavage. Activated initiator caspases cleave effector caspases (caspases 3,
6, and 7) culminated with bringing their two active side together to form dimer.
Additionally, effector can activate other effector caspases and proteases (Shalini et al.
2015).

Cathepsins are protease family that mostly found in lysosome. Aspartic
(cathepsins D and E), serine (cathepsins A and G), and cysteine cathepsins were defined.
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They are synthesized as inactive zymogens and activated in late endosome during
transportation into lysosome. A largest group of cathepsins, cysteine cathepsins,
composed of 11 members; cathepsins B, C, F, H, K, L, O, S, V, W and X. While cathepsin
B, L, C and H are expressed continuously, expression of others is strictly controlled.
Although extended binding site of cathepsin determine their substrate, they exhibit broad
specificity (Reiser, Adair, and Reinheckel 2010, Turk 1999). As mention in lysosome and
cell death section, releasing cathepsins from lysosome cause degradation of critical
cytoplasmic protein and cell death. Cathepsin may induce apoptosis similar with
caspases. But unlike caspases, only a small number of substrates which related with
apoptosis were determined. Most-known apoptotic substrate of cathepsins is Bid and most of
cathepsins can activate this protein to induce apoptosis. Also cathepsin can promote apoptosis
by degradation of anti-apoptotic Bcl-2 protein (Droga-Mazovec et al. 2008). Castro et al.
have shown that cathepsin B cause switching from necrosis to apoptosis by this pathway
in case of NDI-induced lysosomal rupture. Further, cathepsin b promote apoptosis via
inhibition of undefined cysteine protease, which induce necrosis. Also, this undefined
protease inhibits apoptosis via degradation of BAX. Lacking cathepsin B resulted in
necrotic cell death via undefined cysteine proteases in this situation. Therefore two
cysteine proteases have opposite function in NDI-induced lysosomal rupture (de Castro,
Bunt, and Wouters 2016). Pacheco et al. demonstrated that cathepsin L cleave
topoisomerase | during necrotic cell death which by induced Tnf-a and caspase inhibition
(Pacheco et al. 2005). In other study, cathepsin C is demonstrated as main player of Leu-
Leu-OMe-induced necrosis and adjuvant effect (Jacobson, Lima, Goldberg, Gocheva,
Tsiperson, Sutterwala, Joyce, Gapp, Blomen, and Chandran 2013).

Calpains are calcium dependent cysteine protease family. They recognize bond
between domain of substrates rather than specific sequence. Calpain family are composed
of 14 members (Suzuki et al. 2004). However, calpain-1 (p-calpain) and calpain-2 (m-
calpains) are ubiquitously expressed and most known calpains. They are named according
to calcium dependence; calpain-1 is activated at micromoles per liter of Ca?*, but calpain-
2 at millimoles (Storr et al. 2011). Both are found in cytosol as inactive form. When
calcium concentration increase, they translocated to plasma membrane and
autocatalytically activated. Phosphorylation of calpain by protein kinase A may also
cause activation of calpains (Suzuki et al. 2004). Several studies have demonstrated that
apoptosis may involve calpain activation. Yousefi et al. shown that apoptotic inducers

activate calpains and cause Atg-5 cleavage dependent autophagy inhibition. Also
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truncated Atg-5 translocated to mitochondria and associate with Bcl-xL which is anti-
apoptotic protein. This association has resulted in releasing cytochrome c¢ from
mitochondria and subsequent apoptosis. It was suggested that all apoptosis involves
calpain activation in this study (Yousefi et al. 2006). However, another study has shown
that only some of apoptosis contain calpain activation and even they shown protection
effect of calpain against TNF-a induced apoptosis (Lu et al. 2002).

These 3 different proteases family can be co-work during cell death. Most simple
example is activation of caspases and cathepsin or caspases and calpain during apoptosis.
Besides, they can regulate activity of each other. In section of Lysosome and Cell Death,
roles of calpain and caspases on LMP was mentioned. Therefore, activity of calpain or
caspase can lead cathepsin releasing into cytoplasm. Also, caspase activation by cathepsin
were reported. Especially cathepsin D can cleave caspase 8 and cause activation via
dimerization (Katunuma et al. 2001, Conus et al. 2012). Similar condition is observed
with calpain and caspases. Caspase 7 activation by calpain 1 was shown with in vitro
experiment. Moreover, calpain-1 activated caspase 7 show different activity, localization
and binding affinity from caspase 7 that activated by caspase (Gafni et al. 2009).
Conflictingly, Chua et al. (2000) found that calpain may directly cleave and inhibit
caspases. Inactive truncated caspase 9 whereby calpain-1 is not able to activate effector
caspases and releasing cytochrome ¢ form mitochondria (Chua, Guo, and Li 2000).

Beside 3 main cell death related proteases, other proteases like granzyme, ADAM
protease family, Omi/HtrA2 etc. was associated with cell death (Suzuki et al. 2003,
Lieberman 2010, Cai et al. 2016a).

1.4. Saponins and Cell Death

Saponins are secondary metabolites having sugar units on triterpenoid or steroidal
aglycone. They are found in higher plants as well as marine organism. Saponins can be
subdivided into two groups based on aglycone structure (known as sapogenin);
triterpenoid and the steroid saponins. Both derived from oxidosqualene containing 30
carbon atoms. However, while triterpene saponins have all 30 carbon, steroid saponins
contain 27 carbon due to 3 methyl losses (Vincken et al. 2007). Additionally, triterpene
saponins can be divided into ten as dammaranes, lanostanes, ursanes, oleananes,

curcubitanes, cycloartanes, lupanes and hopanes, taraxasteranes, and tirucallanes
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(Escobar-Sanchez, Sanchez-Sanchez, and Sandoval-Ramirez 2015). Saponins have broad
biological activities such as antifungal, anti-inflammatory, neuroprotective,
immunomodulatory, hypoglycaemic, anti-cancer etc. (Podolak, Galanty, and Sobolewska
2010).

Anti-cancer activity of saponins was demonstrated with various studies. Beside
natural saponins, semi-synthetic derivatization is used to enhance anti-cancer activity and
obtain information about structure activity relationship (SAR). Synthetic studies with
betulinic acid and lupeol generated more potent molecules for anti-cancer activity
(Jacobson, Lima, Goldberg, Gocheva, Tsiperson, Sutterwala, Joyce, Gapp, Blomen,
Chandran, et al. 2013, Zhang et al. 2015). An oleanic acid derivative namely 2-cyano-
3,12-dioxoolean-1,9-dien-28-oic acid (CDDO) is one of most exiting examples for semi-
synthesis of saponin. CDDO suppress nitric oxide synthase and cyclooxiganese-2 by
showing upto1000 times more potential than oleanic acid (Watson 2011). Ongoing
clinical studies support anti-cancer potential of CDDO and its methyl esters. Additionally,
CDDO and its derivative was reported as multitargeting molecules because of Nrf-2
activation at lower dose. In contrast with anti-cancer activity, Nrf-2 enhance cell survival
and cell protection via antioxidant effect. CDDO was entered clinical studies as Nrf-2
activator for chronic kidney disease and type 2 diabetes. But studies were terminated at
stage 11l due to severe adverse effects and mortality in patients (Moses, Papadopoulou,
and Osbourn 2014).

While cytotoxic screening of isolated saponins often reported, studies about
molecular activity mechanism of saponin is limited. However, different cell death signals
which induced by saponin was demonstrated even with limited studies. Lots of saponins
such as Lupeol (Saleem 2009),Frondoside A (Li et al. 2008) as well as CDDO are reported
as apoptotic inducer. Saponin-mediated apoptosis involve various well known cell death
signal like cell arrest, ROS formation, endoplasmic reticulum stress (ER-stress),
mitochondrial damage etc. (Lv et al. 2013, Xu et al. 2009, Choi, Kim, and Singh 2009).
But also, uncommon cell death pathway may be induced in saponin mediated cell death.
For instance, 24-methylenelanosta-7,9(11)-diene-3b,15adiol-21-o0ic acid (MMHO1),
were isolated from Antrodia cinnamomea, induce apoptosis and mitotic catastrophe in
U937 cell line. Mitotic catastrophe is an antiproliferative mechanism, which occurs when
cells enter early or inappropriately mitosis and cannot complete mitosis (Vakifahnmetoglu,
Olsson, and Zhivotovsky 2008).
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Some of saponin induce autophagy accompanied by apoptosis. Although
autophagy is generally activated as a mechanism for protection from saponin-induced cell
death, induction of autophagic cell death by saponins has also been reported. As an
example, akebia saponin PA isolated from Dipsacus asperoides induce apoptosis
involved caspase 3 and autophagic cell death. Cell death and caspase 3 activation was
alleviated by autophagic inhibitor whereas caspase 3 inhibitor do not effect cell death and
autophagic activation (Xu et al. 2013). In other study, treatment with Eclalbasaponin |
result in activation of apoptosis and autophagic cell death by regulation of INK, p38, and
mMTOR (Cho et al. 2016).

Inducing necrotic cell death by saponin were also shown. Betulinic acid (BA) is
one of most studies saponin for anti-cancer activity. BA induce apoptosis on wide range
of cancer cell line (Kessler et al. 2007, Fulda and Kroemer 2009). A semi-synthetic
derivative of BA, B10, induce necrotic cell death which include lysosomal membrane
permeabilization and caspase 3 activation. Although autophagic flux inhibited due to
lysosomal dysfunction, autophagosome accumulation is play a role in cell death by B10
(Gonzalez et al. 2012). Albiziabioside A is another saponin which more cytotoxic semi-
synthetic derivative’s produced. A derivative of Albiziabioside A which produced
according to SARs was determined that simultaneously induce apoptosis and ferroptosis.
While disruption of mitochondrial membrane potential and ROS generation cause
apoptosis, lipid peroxidation due to GPX4 inhibition result in ferroptosis (Wei et al.
2018). Polyphyllin D induce apoptotic cell death in NB-69 cells involving caspase
activation while it stimulates necroptosis in IMR-32 and LA-N-2 without caspase
activation. Unsurprisingly, polyphyllin D-mediated cell death is antagonized by

necroptosis inhibitor (Watanabe et al. 2017).
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CHAPTER 2

MATERIALS AND METHODS

2.1. Materials

The materials used in thesis were explain briefly in this section.

2.1.1. Materials and Instruments for Synthesis

p-TsCl (p-Tosyl Chloride, Acros Organics), MsCl (Methanesulfonyl chloride,
Acros Organics), pyridine (Carlo Erba), TEA (triethylamine, Sigma-Aldrich) were
purchased for semi-synthesis studies. Chloroform (VWR Chemicals) , methanol (Carlo
Erba), ethyl acetate (VWR Chemicals), n-hexane (VWR Chemicals), cyclohexane (VWR
Chemicals), dichloromethane (VWR Chemicals), Silica gel (Kiesegel 60, 70-230 mesh,
Sigma-Aldrich), Silica gel RP-18 (Fluka), Silica gel aluminum sheets ( Kiesegel 60 F2sa,
0.2 mm, Merck) and RP silica gel aluminum sheets (Kiesegel 60 RP-18 F2s4, 0.2 mm,
Merck) were purchased for chromatography studies. Lyophilizer (Christ, Alphal-
2LDplus), Rotavapor (Heidolph), UV Lamp (Vilber Lourmat), SpeedVac Concentrator
(Thermo Scientific Savant SPD 121P) were used as instruments during semi-synthesis
studies. Also, Nuclear Magnetic Resonance Spectrometer (Varian MERCURY plus-AS
400 (400 MHz); Bruker (500 MHz)) and mass spectrometer (Agilent 1200/6539
Instrument- HRTOF MS) were used for spectral characterization of isolated molecules.

2.1.2. Materials for Bioactivity Studies

MTT, WST-1 (Rosche), RPMI 1640 medium (BI), DMEM (Gibco, USA), EMEM
(Gibco, USA), Fetal Bovine Serum (FBS) (Panbiotech), 2-Mercaptoethanol (Sigma-
Aldrich), L-glutamine (Thermo Scientific), Ammonium persulfate (Amresco), SDS
(Amresco), Mammalian Protease Inhibitor Cocktail (Promega), Sodium azide (Sigma-
Aldrich) were purchased for bioactivity studies. Tween-20, Triton X-100, Nonidet P-40,
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Ponceau S Stain, glycerol, Tris, TEMED, 2-mercaptoethanol, Ethylenediaminetetraacetic
acid (EDTA), Ethylenglycol Tetraacetic Acid (EGTA), sodium chloride, sodium
phosphate monobasic anhydrate, sodium phosphate dibasic anhydride were purchased

from Amresco.

2.1.2.1. Antibodies

Anti-Atg-5, Anti-Atg-7, Anti-Atg3, Anti-LC3 and Anti-caspase 3 purchased
from Cell Signaling Technology. Also, Anti-p62 (BD Bioscience) and Anti-B-Actin
(Sigma-Aldrich) was used during thesis studies.

2.1.2.2. Chemical Agents and Kits

Pepstatin A (Enzo; ALX-260-085-M025) as cathepsin D/E inhibitor, Cathepsin
inhibitor | (Calbiochem®, 219415) as cathepsin B, L, S inhibitor, Z-VAD-fmk (Enzo;
ALX-260-020-M001) a pan-caspase inhibitor, Z-IETD-fmk (Abcam; ab141382), caspase
8 inhibitor were used in inhibitor studies. Bafilomycin Al (Baf Al) (Cell signaling;
54645), LysoTracker™ Red DND-99 (Invitrogen; L7528), Cycloheximide (Calbiochem;
CAS 66-81-9) were purchased for other studies. LDH-Cytotoxicity Colorimetric Assay
Kit 1l (Biovision, K313) assay were kindly given by Assoc. Prof. Dr. Giiliz ARMAGAN.

2.1.2.3. Buffers

a-) 10x PBS (phosphate buffered saline): 87.5 g sodium chloride, 11.5 g sodium
monohydrogen phosphate and 2.3 g sodium dihydrogen phosphate were dissolved in 1-
liter distilled water.

b-) 2x RIPA: 40 mg SDS (sodium dodecyl sulfate) and 200 mg deoxycholic acid were
dissolved in 7 ml 10xPBS containing 0.4 ml NP-40. Then the solution was completed
with distilled water to 20 ml.

c-) Resolving Buffer: 1.5 M Tris HCI (90.855 g), 0.4% h/h TEMED (2 ml) and 0.4%
a/h SDS (2 g) were dissolved in 500 ml distilled water and pH of the solution was
adjusted to 8.9.
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d-) Stacking Buffer: 0.5 M Tris HCI (30.285 g), 0.4% h/h TEMED (2 ml), 0.4% a/h
SDS (2 g) were dissolved in 500 ml distilled water and pH of the solution was adjusted
to 6.8.

e-) 10x SDS-PAGE Running Buffer: 30.2 g Tris Base, 144 g Glysin and 10 g SDS
were dissolved in 1-liter distilled water.

f-) 10x SDS-PAGE Transfer Buffer: 30.33 g Tris base and 144 g Glysin were
dissolved in 1-liter distilled water.

g-) Washing Buffer for SDS-PAGE: 100 ml 10x PBS was completed to 1 liter with

distilled water and 1 ml Tween-20 was added.

2.2. Methods

The methods used in thesis were explain briefly in this section.

2.2.1. Semi-Synthesis Studies

Table 1. Starting materials and reagents with reaction conditions.

Reactant Reagents Solvent/ Addition Condition Time

100 mg AG 450 mg p-TsCIl | Pyridine Roomtemp. |5h

150 mg AG 140 pl MsCI DCM/ 150 pl TEA at0°C 3h

200 mg CG 450 mg p-TsCl | Pyridine/5 mg DMAP | At reflux 6h

350 mg CG 140 ul MsClI DCM /294 I TEA |at0°C 3h

150 mg SCG 130 pl MsClI Pyridine at0°C 4h

500 mg SCG 1000 mg p-TsClI | Pyridine at reflux 6h

30 mg AG-01 200 mg p-TsCl | Pyridine Roomtemp. | 12h

25 mg CG-01 200 mg p-TsCl | Pyridine Roomtemp. | 12h

Semi-synthesis studies were performed with AG (astragenol), CG

(cycloastragenol) and SCG. Moreover AG-6(oxo) and CG-6(oxo), referred to as AG-01
and CG-01, respectively, were used as starting materials. While SCG, AG-01 and CG-01

were found in our molecule library, cycloastragenol was donated by Bionorm Natural
Products Production & Marketing Co., Izmir, TURKEY. As for AG, it was synthesized
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from CG through acid hydrolysis. In briefly, 20 g CG was dissolved with 400 ml methanol
and 10 ml concentrated sulfuric acid were added to this solution. Reaction was continued
6 h at reflux. Then reaction mixture was neutralized with NaOH and dried with evaporator
at 60 °C. Firstly, acetonitrile precipitation and then RP gel column with 60:40 acetone:
water was used to purified AG.

Table 1. shown condition of conducted reaction to produce analogs of AG-08.
TLC was used to follow progression of reactions and determination of reaction time. All
reaction mixtures were quenched by addition of distilled water and extracted 3 times with
ethyl acetate and evaporated at 50°C in rotary evaporator for further separation and
purification steps.

2.2.1.1 Separation and Purification of Semi-Synthetic Analogs

Separation and purification steps of reaction fractions carried out by using silica
gel as stationary phase for column chromatography. Silica gel and RP silica gel coated
commercial plates were used for TLC to follow column chromatography. Bands of TLC
were marked under the UV light at 254 and 365 nm, and then sprayed with 20% ag. H2SO4
and heated for 5 minutes to visualize the bands. Isolation procedure of molecules shown

in Figure 7, Figure 8, Figure 9, Figure 10, Figure 11, Figure 12 and Figure 13.

CG-MsCl rxn
674 mg

#

Precipitation
in
MeOH

Supernatant

476 mg

Figure 7. Isolation procedure of CG reaction with MsCI at room temperature.
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AG-p-Tscl rxn
150 mg

Si gel column
40 gr
70:30 CyloHxn: EtOAc

fr:16.26
24.7 mg

Precipitation
in
MeOH

fr:61-104 fr:105-110 £r:106-136

10.4 mg AG-02 44.6 mg
3.8 mg

Si gel column
15 gr
70:30 CyloHxn: EtOAc

Pellet fr:4-9 el fr:18-25
AG-08 Supernatant AG-08 r:10-18 AG-03
164 mg 75 mg 8.6 mg 1T mg 6.5 mg

Figure 8. Isolation procedure of AG reaction with p-TsClI at room temperature.

CG-pTscl rxn
Roomtemp
230 mg

Y

Si gel column
65 gr
80:20 Cylohxn: EtOAc

-

fr:26-35 fr:36-55 fr:80-100 fr:101-106

18.4 mg 27.3 mg 104.2 mg 11.5 mg

Si gel column
50 gr
80:20 Cylohxn: EtOAc

Figure 9. Isolation procedure of CG reaction with p-TsCI at room temperature.
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SCG-pTscl rxn
674 mg

Si gel column
140 gr

90:10 Hxn: EtOAc

fr:1-10 fr:11-20 fr:21-30 fr:31-67 r:68-83 fr:84-113 fr:114-127
343 mg 7.9 mg 24.5 mg 89 mg 24 mg 67.7 mg 26.4 mg
N

fr:1-8 f:9-22 :27-48 fr:67-82
4.5mg 357m 8.6 mg SCG-03
' me J 13 mg

N
fr:1-28 £:29-31 fr:32-49
5.3 mg 63 mg SCG-04

J 192 mg

Figure 10. Isolation procedure of SCG reaction with p-TsCI.

SCG-pTsel rxn
685 mg

Si gel column
140 gr

90:10 Hxn: EtOAc

fr:128-150 fr:151-197 :198-237 :238-290 £1:400-412 fr:413-421 f““;éé“o
26.6 mg 70.3 mg 48.5 mg 34.7 mg 30 mg 93 mg 40 mg
fr:34-48 fr:56-72 || fr:73-87
29.1 mg 16.7 mg 6.7 mg

Si gel column
10 gr
98:2 DCM:MeOH

Figure 11. Isolation procedure of SCG reaction with p-TsCI.
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SCG-MsCl rxn
120 mg

Si gel column
65 gr

90:10 Hxn: EtOAc

Y
| | | |

fr:125-126 fr:127 f:128-132
12.8 mg 4.3 mg 10.6 mg

SCG-07

fr:41-61 fr:124
29.1 mg 10.3 mg

Si gel column
10 gr

%100 CHCl;

| |

fr:5-9 f:10-13 fr:14-22
13 mg 9,7 mg 3.8 mg
SCG-06

Figure 12. Isolation procedure of SCG reaction with MsCI.

AG-MsCl rxn
356 mg

Si gel column
65 gr
75:25 Hxn: EtOAc

fr:108-122
96.7 mg

Si gel column
50 gr
80:20 Hxn: EtOAc

fr: 38-50 | | fr:80-105 fr:113-210 | | fr:211-220

3.6 mg 10.5 mg 7.1 mg 5.3 mg
AG-04

Figure 13. Isolation procedure of AG reaction with MsCI.
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2.2.2. Bioactivity Studies

The methods used in biological studies of thesis were explain briefly in this

section.

2.2.2.1. Mammalian Cell Culture Condition and Cells Passaging

Cells were maintained with appropriate cell media with 10% FBS (DMEM high
glucose for HeLa, MCF7, HK-2, PC3, A549, SHSY-5Y, DU145, HepG2, IMR-90, and
U20S cell lines; EMEM for MRC-5; DMEM F12 for H295r and RPMI-1640 for
HCC1937 cells). Cells were incubated in incubator containing 5% CO2 at 37 °C. When
cells reach 70% confluence, old medium was removed, and cell surface was washed with
0.05% trypsin. Subsequently, cells were treated with 0.25% trypsin at 37 °C until
detaching from surface. Cells were collected with fresh medium and appropriate amount

of cells suspension was transferred to new culture dish containing fresh medium.

2.2.2.2. Cells Freezing

After cells were detached via trypsin as mentioned above, they were collected
with freezing buffer consisting of FBS, and 5% cryoprotectant namely DMSO. Then cell
suspension was distributed to cryovials to contain 2x10° cells/ml each. Cryovials were

stored at -80 ° C for one day and transferred to liquid nitrogen tank.

2.2.2.3. Cytotoxicity Assay for Determination of 1Cso values

Cells were seeded homogenously in 96 well plates (7000 cells/well for HeLa,
MCF7, PC3, A549, HepG2; 8500 cells/well for HCC1937, U20S, DU145; 10000
cells/well for HK-2, MRC-5, IMR-90, H295r and 20000 cells/well for SHSY-5Y) and
allowed to adhere overnight. Various concentrations of molecules which dissolved in
DMSO were added to wells as triplicate. Following incubation in incubator for 48 h,
whole medium was poured off and fresh media containing 10% MTT was added to each

well. Living cells convert MTT to formazan crystals by mitochondrial activity, and
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colorimetric detection of formazan crystals is used to determine percentage of living cells.
Then plates incubated 4 h in incubator. Again, whole medium pulled out and DMSO was
added to solve formed formazan crystals. Finally, photometric absorbance was measured
at wavelength of 590/690 nm by using Varioscan flash spectrophotometer by Thermo
Scientific. Data were analyzed by using GraphPad Prism to determine 1Cso value of

molecules.

2.2.2.4. Immunoblotting Studies

Cells were seeded into 6 or 12 well plates for immunoblotting studies. After the
indicated treatment time, cells were detached by trypsinization and harvested with 1xPBS
in eppendorf. Subsequently, cell suspension was centrifuged for 3 minutes at 10000 g at
4 °C and supernatant was removed. Same process was repeated 2 times for 2 and 1
minutes. 1x PBS and 2x RIPA (1:1 ratio) that involve 50x PIC (protein inhibitor cocktail)
were used as lysis buffer. Samples containing appreciate amount lysis buffer were
vortexed vigorously for 5 times after every 5 minutes. Then samples were centrifuged at
14000 g at 4 °C for 10 minutes and supernatant part was transferred to clean eppendorf.

Total protein content of samples is determined by using BCA assay in order to
equal loading. 190 ul BCA solution (reagent A and B in 50:1 ratio) were added to 2 pl
samples and 8 pl distilled water. Following incubation at 37 °C for 30 minutes,
photometric absorbance was measured at 562 nm wavelength. Samples were prepared
according to the data of the BCA assay and 4x loading buffer was added to each with a
final concentration of 1x. Dry bath was used to denature samples at 95°C for 5 min.

Samples were run with 10%, 12% or 15% SDS gels which prepared as shown in
Table 2. by using running buffer. Firstly, they were run at 60 V for 40 min, then 120V
was used to complete running process.

Following running process, proteins on gels were transferred to PVDF
(Polyvinylidene difluoride) membrane. A sandwich containing sponge, two filter paper,
gel, PVDF membrane, two filter paper, and sponge sequentially was assembled in transfer
cassette for transfer process at 200 mA for 90 min (in ice) or 20 mA for overnight.

PVDF membranes that proteins were transferred on, were treated with 5% milk
for 1 h before blotting with primer antibodies. Antibodies were incubated for 1 h or

overnight depending on the type of antibody used. Then membranes were washed with

30



wash buffer for 30 min and appropriate secondary antibodies were used for 1 h. After last
washing step for 30 min, chemiluminescence images were taken by using ECL with

Vilber Lourmat Fx-7 imaging system.

Table 2. Preparation of stacking and resolving gel.

Resolving gel
Gel percentage 10% 12% 15%
Acrylamide (30%6) 3.33ml 4 mi 5mil
4x Resolving Buffer 2.5 ml 2.5 ml 2.5 ml
Distilled water 4.1mil 3.5ml 2.5 ml
AP (10%) 75 pl
Stacking Gel
Acrylamide (30%6) 0.35 ml
4x Stacking Buffer 0.75 ml
Distilled water 1.9 ml
AP (10%) 25 pl

2.2.2.5. Inhibition of Proteasis

Cells were pre-treated for 1h with 100 uM Pepstatin A (PepA), 50 uM Cathepsin
inhibitor I (Catl), 70 pM Z-VAD-fmk, 30 uM Z-IETD-fmk, and 30 puM Calpeptin which
were dissolved in DMSO. 8 uM (~2 x I1Cso value) AG-08 was applied for 24 h to cells.
The dosage and treatment time with AG-08 were selected for the killing of approximately
50% of cells by AG-08 during experiment. Medium was taken out and fresh medium
containing 10% WST-1 was added each well. Working principle of WST-1 is similar with
MTT assay but WST-1 was used to obtain more selective results. Photometric absorbance
at a wavelength of 440 nm was measured per h for 4 h. Data were analyzed using

GraphPad Prism to determine the percentage of living cells.

31



2.2.2.6. Lysotracker Staining

LysoTracker® Red DND-99 was used to labeling lysosome. HCC1937 (1.5x10°
cells/well) were seeded on coverslips in 6 well plates. After 24-h incubation, cells were
treated with AG-08 for 16h. Then cells incubated with 50 nM lysotracker in pre-warmed
fresh medium for 40 min at 37 °C and 5% CO2. Cells were washed with 1xPBS and
mounted. Lastly, cells were observed immediately using a fluorescence microscope
(Olympus FXT7).

2.2.2.7. LDH Assay

LDH-Cytotoxicity Colorimetric Assay Kit Il (Biovision) were used to detection
LDH releasing. HCC1937 (8500 cells/well) were seeded on 96 well plate. After 24-h
incubation, cells were treated with AG-08 for 24 h. Then cells were centrifuged at 600 x
g for 10 min. 10 pl/well were transferred to clean 96 well plate and added 100 pl LDH
Reaction Mix which composed of WST Substrate Mix LDH Assay Buffer. Fallowing 30
min incubation at room temperature, 10 pl stop solution were added and absorbance were

measured at 450 nm.
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CHAPTER 3

RESULTS AND DISCUSSION

3.1. Biological Activity of AG-08

The results of biological studies of thesis were explain in this section.

3.1.1. Cytotoxicity of AG-08

The 7-AAD/ Annexin V and ethidium bromide/acridine orange staining in our
preliminary studies suggested AG-08 mediated cell death might have necrotic feature.
LDH assay, which is another method to detect necrotic cell death, were performed to
verify these data. LDH is normally intracellular enzyme and released to the extracellular
space in case of damaged cell membrane. Therefore, LDH release is a well-known feature
of necrotic cell death (Chan, Moriwaki, and De Rosa 2013, Rayamajhi, Zhang, and Miao
2013). As shown in Figure 14, LDH activity in cell culture supernatants were increased
significantly with AG-08 treatment even at the lowest concentration. Additionally,
staurosporine, an apoptosis inducer, did not cause LDH release as expected.
Consequently, necrotic cell death induction by AG-08 was verified with the third
methodology (LDH). It needs to be stressed that LDH assay is easier and faster than the
other necrosis confirmation methods; therefore, selected semi-synthetic compounds have
been tested in subsequent studies with LDH assay after cytotoxicity screenings.

Cytotoxic activity against HeLa and HCC1937 cell lines were reported in
preliminary studies. Herein, ICso values of AG-08 on 13 human cell lines including HeLa
and HCC1937 were determined employing MTT assay in order to see selectivity of AG-
08. MRC-5, IMR-90, and HK-2 are normal (non-cancerous) cells, whereas the others are
cancer cell lines. As seen in the Table 3, AG-08 displayed a potent inhibitory activity
against all cell lines. Among them, AG-08 showed the highest cytotoxicity against A549
with an 1Cso of 2.3+0.035 pM, while the least cytotoxicity was observed versus HK-2
(ICs0: 10.18+0.509 puM). Although the cytotoxic effect of AG-08 on HK-2, a normal cell
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line, is slightly lower than cancer cells, it is not rational to suggest selectivity for AG-08

between cancer and normal cell lines.

LDH Assay

L2

o o

LR

I

Fold Change in LDH Releasing
Relative to DMSO

Figure 14. Release of LDH by AG-08 treatment. Cells were treated with 1, 2 and 4-fold
of ICso values of AG-08 for 24 h. 0.5 uM staurosporine (sta) was used to
induce apoptosis as negative control. Release of LDH was calculated as fold
change relative to DMSO. Error bars are the standard deviations. One-way
ANOVA was used to analyze the statistical significance. The significant
difference is defined between DMSO and treatments.

3.1.2. Effect of AG-08 on Autophagy

AG-08 has been shown to affect various autophagic proteins. In the scope of this
thesis, protein levels of ATGs, p62, and LC3-I/11 were determined again to confirm the
previous data. As shown in Figure 15B, immunoblotting studies revealed that Atg-5, Atg-
7, Atg-12, Atg-16L1, and Atg-9a decreased dose-dependently. Additionally, LC3-II
accumulation was observed. However, p62 level was increased at 1Cso concentration,
whereas 2 and 4-fold ICso treatments decreased the protein level (Figure 15A). This data
contradicted with our preliminary data, which exhibited steady decrease in p62 levels

dose dependently.
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Table 3. 1Cso values of AG-08 versus 13 human cell lines. Data represents as mean +

standard error from the triplicate experiment (n: 3).

Cell lines I1Cso value of AG-08 (uUM)
Hela 5.7+0.447
HCC1937 3.81+0.272
MRC-5 2.58+0.044
MCF7 3.78+0.269
A549 2.3+0.035
SH-SY5Y 3.57+0.092
DuU145 3.46+0.074
PC3 6.6+0.887
HK-2 10.18 +0.509
U20S 6.49+0.729
IMR-90 6.48+0.166
H295r 4.41+0.181
HepG2 6.4 +0.673

Given the finding that showed increase in p62 protein levels at lower
concentrations, we suggested that p62 was accumulated due to autophagic flux inhibition
at early stage. Then, p62 was cleaved by activated proteases and a decrease in p62 was
the case. Therefore, longer treatment with the 1Cso value was expected to cause decrease
in p62 levels. In this context, time course changes in autophagic protein levels were
investigated with immunoblotting. p62 protein levels were augmented at 16 h, followed
by a decrease at 36 h substantiating our suggestion (Fig 15A). Additionally, ICso dosing
of AG-08 caused LC3-I1 accumulation time-dependently as expected. Increase in LC3-11
level started at 16 h similar with that of p62. The simultaneous increase in p62 and LC3-
Il supported that p62 accumulation stemmed from autophagic flux inhibition.

Here, we have complemented the findings of our preliminary studies by showing
both LC3-11 and p62 accumulation that occur during autophagic flux inhibition. However,
the current data contradicted with the previous one in regard to the level of p62. The main

difference was that the lowest concentration used in the preliminary study was 7 uM
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compared to the 4 uM treatment in the latter. 7 uM is almost 2 fold of the 1Cso value,
which was shown to decrease p62. Therefore, unconformity between both data could be

explained by that the dose used in the preliminary screenings was too high to observe p62

increase.
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Figure 15. Effect of AG-08 on autophagic proteins. HCC1937 cells were treated with 1,
2 and 4-fold of 1C50 value for 16 h. Immunoblotting of LC3I/11 and p62 (A)
and Atg-5/12, Atg-7, Atgl2, Atgl6L1 and Atg-9a (B). B-Actin was used as
the loading control.

Strikingly, even though 2 and 4-fold 1Cso concentrations decreased the Atg protein
levels at 16 h (Fig 15), no change on their levels were detected with 1Cso concentration
with prolonged exposure up to 48 h (Fig 16). An explanation for this result might be that
a minor posttranslational decrease in ATGs cannot be noticeable due to the high rate of
newly synthesized proteins. To overcome this issue, cells might be co-treated with a
protein synthesis inhibitor (Cycloheximide: CHX) in order to observe slight alterations
in protein levels. Additionally, CHX is also widely used to sensitize cells to TNF-a or
TRAIL inducing apoptosis through obstruction of anti-apoptotic pathway (Pajak,
Gajkowska, and Orzechowski 2005). Intriguingly, Atg3 cleavage by activated caspase 8
with TRAIL or TNF-a treatment was only evidenced by CHX co-treatment (Oral et al.
2012). Therefore, we investigated effect of co-treatment of AG-08 and CHX on ATGs.
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Figure 16. Effect of ICsg treatment on the autophagic protein levels. Western blot analysis
of Atg-5, Atg-7, p62 and LC31/Il. HCC1937 cells were incubated with AG-08
for 12, 16, 24, 36 and 48 h. While Baf A1 was used as a positive control,
DMSO was negative control. B-Actin was used as the loading control.
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Figure 17. Co-treatment of CHX and AG-08. Immunoblotting of Atg3, Atg-5, and Atg-7
with AG-08 and CHX combination. HCC1937 cells were pre-treated with 0.5
pg/ml CHX for 1 h and then incubated with AG-08 for 24 h. B-Actin was used
as the loading control.

Significant decrease in Atg-5 and Atg-3 levels was observed with the co-
treatment, while no substantial change was noted with single treatments of AG-08 or
CHX. Likewise, Atg-7 decreased with AG-08 and CHX combination; however, CHX
treatment alone also resulted in Atg-7 decline. Since CHX is widely used to detect half-
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life of proteins, the observed decrease in Atg-7 level by CHX treatment might be due to
its short half-life. Nevertheless, consistent with other results, AG-08 treatment produced
additional reduction in Atg-7 level. In summary, these experiments show that the 1Csgo
concentrations of AG-08 indeed decreases ATG protein levels, as evidenced by cleavage
of ATGs with AG-08 and CHX co-treatment.

3.1.3. Effect of Proteas Inhibitors on AG-08-mediated Cell Death

Since protease activation via AG-08 treatment was suggested based on the
cleavage of p62, PARP-1 and ATG proteins, the effect of several protease inhibitors on
the cell death was evaluated. Caspases were inhibited by Z-VAD-fmk (general caspase
inhibitor) and Z-1IETD-fmk (caspase 8 inhibitor) due to the activation of caspases by AG-
08. Additionally, PepA (cathepsin D/E) and Catl (cathepsin B, L, and S) were used since
cathepsins were reported to cleave PARP-1 to 50-kDa fragment. Finally, calpeptin was
inhibited by calpains because it was shown that calpains was able to cleave ATGs.

Figure 18 shows that all inhibitors except PepA significantly alleviate cell death
with different extent. Calpeptin and Z-VAD-fmk showed the most potent protective effect
with approximately 1.5-fold change as compared to the cells treated by AG-08 alone.
Also, it was found that Catl effectively prevented cell death by 1.38-fold, whereas the
lowest protective effect was observed with Z-IETD-fmk (1.24-fold).

The effect of Catl on cell death might imply the cleavage of PARP-1 by
cathepsins. Furthermore, this finding suggests release of cathepsin into cytosol from
lysosome. Interestingly our data indicated that cathepsins B, L and S inhibition attenuated
cell death, however, cathepsins D and E inhibition via pepstatin A treatment did not seem
to affect the extent of cell death. This finding might stipulate selective release of cathepsin
B, L and/or S into the cytosol but not cathepsins D and/or E. On the other hand, Wang et
al. stated that although cathepsin D is released to the cytosol prior to cathepsin B, specific
cathepsin B inhibitor but not PepA effectively prevented cell death induced with some
cationic nanoparticles (Wang, Salvati, and Boya 2018). Similar with their findings,
cathepsin D might be also released by AG-08 treatment but had no significant impact on
the molecular mechanism leading to cell death. However, to substantiate this proposition,

more data is warranted such as immunostaining of cathepsins.
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Our preliminary experiments demonstrated caspase activation with AG-08,
however the contribution of caspases in cell death was not precise. In this thesis, Z-VAD-
fmk, a general caspases’ inhibitor, was found to be the most protective one among tested
inhibitors, while specific caspase 8 inhibitor possessed minimal effect. Although
activation of caspase 3 via caspase 8 was expected, the lesser effect of Z-IETD-fmk was
noteworthy suggesting other paths to be involved in activation of caspase 3. Firstly,
caspase 3 could be activated by another initiator caspase turned on by AG-08, and
inhibition of this caspase and caspase 3 provides higher protection in the case of Z-VAD-
fmk treatment. In addition, alternative pathways such as cathepsin D release might be of
importance for mediation of caspase 3 activation independent of caspase 8.

Co-treatment with Protease Inhibitors
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Figure 18. The effect of protease inhibitors on AG-08 mediated cell death. HCC1937 cells
were pre-treated 1 h with stated inhibitors and incubated with 8 uM AG-08 for
24 h. After incubation, WST-1 reagent was used to determine percentage of
living cells. Recovery from cell death was calculated as fold change compared
to only AG-08 treatment. Error bars represent standard deviations. One-way
ANOVA was used to analyze the statistical significance. The significant
difference was defined between AG-08 and inhibitor treatments.

Caspases 3 and 8 are well-known apoptotic proteases, and they are generally
inactive in necrotic cell death. None of the established necrosis pathways reports
involvement of these caspases. There are only a few non-classified necrotic cell death

cases including apoptotic caspases in the literature. One of them is B10 that is shown to
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induce both necrosis and caspase 3 activation (Gonzalez et al. 2012). Nonetheless,
contribution of these caspases to necrosis mechanism is still unclear. Thus, our findings
verifying activation of caspases are quite significant for the literature, and further studies
with AG-08 and caspases may provide important data to find the link between apoptotic
caspases and regulated necrosis.

Notably, the cleavage of ATGs by caspases and calpains were well reported in the
literature. Cleavage of Atg-5 with calpains or Beclin-1 with caspases have been reported
to result in inactivation of autophagy (Zhu et al. 2010, Yousefi et al. 2006). Fluspirilene,
which is an autophagy inducer, blocks activation of calpain by reducing intracellular Ca*?
and hinder cleavage of Atg-5. In the same study, it was demonstrated that silencing
calpain-1 expression afforded greater autophagy induction. Based on their findings, (Xia
et al. 2010) state that calpains are one of the modulators of autophagy (Xia et al. 2010).
As for AG-08, co-activation of calpain and caspases may result in the cleavage of most
of ATGs and effective autophagy inhibition at later stage(s) of the treatment.

3.1.4. Effect of AG-08 on Lysosome

Lysosome is a main player of autophagic machinery. Our results indicate that
cathepsin inhibition lessens cell death implying lysosomal membrane leakage. To justify
this finding, the effect of AG-08 on lysosomal leakage was investigated. Cells were
stained with LysoTracker® Red DND-99, a lysosomotropic dye specifically staining
lysosome and late endosome due to their acidic nature. Staining with lysotracker reduced
in dose-dependent manner as shown in Fig. 19. In particular, 3 and 4-fold of 1Cso caused
a dramatic decrease in staining, which indicated lysosomal impairment by AG-08
treatment. In the test, lysosome staining means undamaged structure, while no coloring
implies a possible leakage. Additionally, inhibition of V-ATPase, responsible for the
acidic pH of the lysosome, leads to loss of pH-gradient (Repnik, Cesen, and Turk 2016).
Despite these two different mechanisms affecting the acidity of the lysosome, AG-08
mediated cell death is probably linked with lysosomal membrane permeabilization due to
the effect of cathepsin inhibitors on AG-08 mediated cell death. As mentioned before,
leakage of cathepsin to the cytosol may result in cleavage of critical proteins leading to
cell death. If the leakage from lysosome is massive, it results in uncontrollable

degradation of cytosol content and eventually necrotic cell death. But specific leakage of
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proteases from lysosome also occurs during necrosis; however, such incident usually
triggers mitochondria dependent apoptosis (Messner et al. 2012, Aits and Jaattela 2013,
Brojatsch et al. 2014). In the case of AG-08, it is plausible to suggest that whether
selective permeabilization or massive rupture of lysosomal membrane plays significant

role in necrotic profile of AG-08.
-
-

Figure 19. Lysotracker staining of AG-08 exposed HCC1937 cells. Cells were treated
with 1, 2, 3 and 4-fold 1C50 value of AG-08. Lysosome of dead cell do not be
stained by lysotracker. Therefore, cells were stained with lysotracker after 16
h incubation with AG-08 since most of cells are still alive in this time point.
DMSO (A), ICso value of AG-08 (B), 2-fold of ICso of AG-08 (C), 3-fold of
ICso of AG-08 (D), 4-fold of 1Cso of AG-08 (E).

We have previously suggested that AG-08 affected autophagy in two steps.
Impairment of lysosomal function might be the first step of autophagic inhibition in AG-
08 treated cells. As autophagic vacuoles cannot be degraded as a consequence of non-
acidic lysosome, p62 and LC3-11 accumulate because of the inhibited autophagic flux.
The blockage of autophagic flux via lysosomal impairment was previously reported in
various studies. Indomethacin is used to sensitize cancer cells to cytotoxic agents as well
as to inhibit autophagic flux that leads to increase in p62 and LC3-11 levels. Lysosomal
basification was demonstrated to be overriding basis of indomethacin induced autophagic
flux inhibition (Vallecillo-Hernandez et al. 2018).

Herein, lysosomal impairment via AG-08 treatment was demonstrated.

Nevertheless, it is not clear whether lysosomal impairment initiates the cell death or is a
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consequence of the cell death. Further studies are needed to clarify exact role of lysosomal

dysfunction in AG-08 triggered cell death.

3.2. Structural Elucidation of Semi-synthetic Derivatives

Semi-sythetic analogs of AG-08 was produced to strucuture activity releationship,
while molecular studies to determined activity mechanism of AG-08 carried out. Fifteen
AG-08 analogs were produced and structural eleducation the compounds was performed

based on spectroscopic methods (1D NMR, 2D NMR and MS spectra).

3.2.1. Structural Elucidation of Compound AG-02

21
I/I/“l/:

Figure 20. Chemical Structure of AG-02

Compound AG-02 was obtained from reaction of AG with p-TsCI. A major ion
peak was observed at m/z 495.34667 [M+Na]" in the HR-ESI-MS spectrum of AG-02,
indicating molecular formula as C3oHgO4. When the MS data of AG-02 was compared
with AG, 18 amu (atomic mass unit) difference implied elimination of a water molecule.
Also, initial inspection of the ' H NMR spectrum revealed that the characteristic H-3
resonance was lacking. Moreover, a disubstituted double bond system was apparent in
the 'H, *C NMR and DEPT135 spectra (0c-3 139.6, d; 6c2 120.3, d; dH-2 5.50 and OH-3
5.31, each 1H) suggesting that the dehydration reaction took place at C-3(OH). To justify
this proposition, 2D NMR spectra of AG-02 were taken. All the spectral data given in the
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Table 4 were assigned thoroughly by interpreting COSY, HSQC and HMBC spectra. The
key long-range correlations from C-3 (¢ 139.6) to Hs-28 and Hs-29 verified the position
of the double bond at C-2. Thus, the structure of AG-02 was established as 20(R),24(S)-
epoxy-6a,16p,25-trihydroxy lanosta-2,9(11)-diene.

Table 4. The *C and *H NMR data of AG-02 (100/500 MHz, § ppm, in CDCls)

H/C oc (ppm)  dn(ppm), J (Hz)

1 379t 2.04m,2.11m

2 120.3d 5.5ddd (10.1,5.4, 3)
3 139.6 d 531m

4 36s -

5 55.4d 1.28m

6 70.2d 4.06 ddd (10.8, 10.8, 3.9)
7 38.6t 1.44m,1.86 m

8 40.9d 2.4 m

9 145.8 s -

10 40.3 s -

11 116.3d 53m

12 37.81 1.89m,2.14m

13 44.3s -

14 439s -

15 45.11t 1.51dd (12.8, 6.2), 2.05 m
16 73.4d 4.72 ddd (7.9, 7.9, 6.3)
17 56.2 d 2.36 d (7.8)

18 18.1q 0.94s

19 23.75q 1.05s

20 87.2s -

21 28 q 1.23s

22 346t 1.6 m, 2.59 q (10.4)
23 2591 2m

24 81.51d 3.75dd (8.1, 6.2)

25 72s -

26 26.7q 1.14s

27 27.81¢ 13s

28 34.9 125

29 23.0q 1.17s

30 19.2¢q 0.79s
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Spectrum 1. HR-ESI-MS Spectrum of AG-02 (positive mode)

rooon

8500

8000

F7500

7000

6500

6000

r5500

5000

4500

4000

F3500

3000

2500

2000

1500

r1o00

ra00

r-500

1 (ppm)

Spectrum 2. *H NMR Spectrum of AG-02.
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Spectrum 4. DEPT135 spectrum of AG-02.
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3.2.2. Structural Elucidation of Compound AG-03

2
%
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Figure 21. Chemical Structure of AG-03.

AG-03 was the other analog obtained via AG and p-TsClI reaction. HR-ESI-MS
spectrum showing a major ion peak at m/z 495.34894 ([M + Na]") indicated a molecular
formula of CzoHsgOs. Similar with AG-02, MS spectrum showed 18 amu difference
compared to AG suggesting elimination of a water molecule. Moreover, the presence of
a disubstituted double bond system was apparent in the *H, C NMR and DEPT135
spectra (8c-7: 128.9, d; dc-6: 127.3, d; dH-6: 5.71 and on-7: 5.57, each 1H). The characteristic
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resonances deriving from H-3 (6w 3.23, dd, 11.8, 4.8) and H-16 (6n 4.69 m) were observed
in the low-field of the 'H NMR spectrum, revealing that the dehydration reaction took
place at C-6(OH). In the COSY spectrum, H-6 and H-7 coupled with two different
methine protons which were assigned readily to H-5 (61 1.70) and H-8 (6H 2.84) protons.
The carbon signal attributed to C-5 (¢ 52.2) based on the HSQC spectrum exhibited
long-range correlations with H-7, H3-28 and Hs-29, whereas C-8 (dc 43.9) showed cross
peaks with Hz-30 in the HMBC spectrum. Thus, the double bond unambiguously was
located at C-6. As a result, the structure of AG-03 was defined as 20(R),24(S)-epoxy-
16B,25-dihydroxy lanosta-6,9(11)-diene.

Table 5. The *C and *H NMR data of AG-03 (100/500 MHz,  ppm, in CDCls).

H/C dc (ppm)  &H (ppm), J (H2)
1 34.41 1.59 m
2 28.2t 1.78 m
3 79.3d 3.23dd (11.8, 4.8)
4 38.8s -
5 52.2d 1.70d (12.2)
6 127.3d 571m
7 128.9d 5.57 dt (10.2, 3.2)
8 43.9d 2.84 brs
9 145.9s -
10 39.2s -
11 113.6d 5.16 brs
12 38.2t 2.04m, 1.92m
13
43.8s -
14 448 s -
15 443 t 2.07m,1.57m
16 73.6d 4.69m
17 56.6 d 2.24 dd (11.8, 6.1)
18 19.1q 0.98s
19 20.4 q 1.01
20 87.3s -
21 28.2d 1.23s
22 34.8d 1.58 m, 2.56 m
23 26.1t 2m
24 81.8d 3.75t(7.2)
25 72.2s -
26 28.2¢ 1.29s
27 26.9q 1.14s
28 28.2 ¢ 1.01s
29 16 q 0.83s
30 18.91 0.64 s
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3.2.3. Structural Elucidation of Compound AG-04
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Figure 22. Chemical Structure of AG-04.

The molecular formula of compound AG-04 was established as C31Hs006S by
HR-ESI-MS analysis (m/z 573.32873 ([M + Na]*)). Initial inspection of the *H NMR
spectrum of compound revealed presence of new methyl protons (o1 3.03) at low-field

which demonstrated presence of mesylate. Moreover, disubstituted double bond was

52



observed in structure (6c 128.4, d and 126.1, d; 61 5.67 and 5.63; deduced by DEPT135,
'H and C and HSQC). In *H NMR spectrum, characteristic H-3 signal (5n 4.35) shifted
to low-field, showing that mesylation occur at 3-OH. Moreover, absence of characteristic
H-6 (815.67) signal in *H NMR spectrum indicated double bond at C-6. When 2D spectra
were inspected in detail to confirm double bond positions, correlation from olefinic
proton (H-7; 61 5.63) with H-8 (61 2.85) and H-5 (61 1.81) in COSY spectrum were noted.
Consequently, AG-04 was deduced to be 20(R),24(S)-epoxy-3(O)-Mesyl-16p3,25-

dihydroxy lanosta-6,9(11)-diene.

Table 6. The *C and *H NMR data of AG-04 (100/500 MHz, § ppm, in CDCls).

H/C dc (ppm) oH (ppm), J (Hz)
1 44.0t 1.65m

2 25.74 t 2.06m,2.2m

3 90.2d 4.35dd (11.6, 4.9)
4 38.65 -

5 52.2d 1.81 brs

6 126.1d 5.67 dt (10.1, 2.1)
7 128.4d 5.63m

8 43.7d 2.85 brs

9 144.8 s -

10 38.35s -

11 113.9d 5.17 dt (5.3, 2.5)
12 37.9t 1.96 m, 2.05m
13 44.6 s -

14 4355 -

15 44.0t 1.57m, 2.08 m
16 73.3d 4.71ddd (7.7,7.7,5.9)
17 56.4d 2.24.d (7.6)

18 18.7q 0.67s

19 20.1q 1.05s

20 87.0s -

21 27.9q 1.24s

22 346t 1.64 m, 2.57 g (10.6)
23 25.81t 2m

24 81.6d 3.76 dd (7.2, 7.2)
25 72s -

26 27.8q 1.3s

27 26.7q 1.15s

28 28.1q 1.05s

29 16.5q 0.92s

30 18.84 q 0.98s

1 39 3.03s
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3.2.4. Structural Elucidation of Compound AG-05
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Figure 23. Chemical Structure of AG-05.

The HR-ESI-MS data of AG-05 (m/z 665.35653 [M+Na]*) supported a molecular
formula Ca7Hs407S. *H and 3C NMR spectra showed presence of carbonyl signal (8c

210.4) and disappearance of H-6 signal due to AG-01. Moreover, aromatic signals of
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tosyl were noted in *H NMR spectrum (8w 7.77 and 7.32; each 2 H). When examined 'H
spectrum, characteristic H-16 (o+4.68) signal was observed implying tosylation position
is C-3(OH). Moreover, H-3 (61 4.07) signal shifted to low-field, supporting this
proposition. As a result, AG-05 was established as 20(R),24(S)-epoxy-3(O)-p-tosyl-6-
one-16p,25-dihydroxy lanosta-9(11)-ene.

Table 7. The °C and *H NMR data of AG-05 (100/400 MHz, é ppm, in CDCl5).

H/C oc (ppm)  du(ppm), J (Hz2)
1 359t 1.68 m, 1.85d (1,5)
2 25.1t 1.91m

3 89.4d 4.07m

4 37.7s -

5 61.7d 2.17 brs

6 2104 s -

7 43.98 t 2.19m, 2.34d (5)
8 43.8d 2.69 brs

9 1445 -

10 44.3s -

11 118.1d 5.44 dd (6.3, 1.7)
12 44.2 t 1.43 dd (12.9, 6.3), 1.88 d (4.24)
13 442 s -

14 44.3s -

15 37.4t 1.95m, 2.15m
16 73.0d 4.68 q (6.8)

17 56.3d 2.32 brs

18 18.2q 09s

19 23.8( 1.04s

20 86.9s -

21 28.0q 1.22's

22 345t 1.56 dt (12,6), 2.56 q (10.4)
23 25.8d 1,96 m

24 81.4d 3.751td (7.4, 1.6)
25 72.0s -

26 26.8 q 1.14s

27 27.8q 1.29s

28 27.8q 0.84s

29 16.1q 1.27d (1.3)

30 18.9¢ 0.84s

1 134.6 s -

2’ 127.8d 7.77dd (8.2, 1.7)
3 129.8d 7.32.dd (8.4, 1.8)
4 144.6s -

5 129.8d 7.32.dd (8.4, 1.8)
6’ 127.8d 7.77dd (8.2, 1.7)
7 21.78 q 2.43s
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3.2.5. Structural Elucidation of Compound CG-02
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Figure 24. Chemical Structure of CG-02.

CG-02 was obtained from reaction of CG with p-TsCI. In the HR-ESI-MS of CG-
02, the major ion peak was observed m/z 495.3498 [M + Na]" (CzoHss0s), indicating
additional unsaturation as well as lack of water molecule due to 18 amu difference
comparing to CG. The 'H and ¥C NMR spectra of CG-02 were similar to those of AG-

03, except absence of double bond at C-9(11) and presence of cyclopropane signal
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derived from CG skeleton. All the proton and carbon resonances of CG-02 were secured
by COSY, HSQC and HMBC spectra, verifying double bond location at C-6 like AG-03.
Correlation of H-5 with H-6/ H-7 and H-8 with H-7 in COSY spectrum confirmed
presence of double bond at C-6. Moreover, in *H and *3C NMR spectra, characteristic
cyclopropane carbon signal (6¢c 18.7) and one of its hydrogen (on -0.16, H-19a) was
observed at up-field, probably due to deshielding effect of double bond at C-6. In
conclusion, the structure of the compound was determined to be 20(R),24(S)-epoxy-

60,16p,25-trinydroxy 9,19-cyclolanosta-6-ene.

Table 8. The *C and *H NMR data of CG-02 (100/500 MHz, 6 ppm, in CDCI3).

H/C oc (ppm)  6H (ppm), J (H2)
1 29.8t 1.255,1.41m

2 30.1t 1.82m, 1.59 m

3 785d 3.32dd (11.4, 4.6)
4 40.3s -

5 46.6 d 1.85m

6 126.6d 5.63 d (10.6)

7 129.2d 5.48 brs

8 43.4d 2.71d(7.9)

9 20.6 s -

10 28.4s -

11 25.2t 1.40m, 1.88 m
12 334t 1.62m,1.42m
13 45.2's -

14 4855 -

15 43.6t 1.84m, 1.52m
16 735d 4.69 q (7.2)

17 56.4d 2.27 d (7.6)

18 18.1q 1.23s

19 18.7t -0.16d (4.3),0.74 m
20 87.3s -

21 28.1q 1.22s

22 346t 1.6 m, 2.59 q (10.6)
23 259t 2m

24 81.4d 3.74dd (7.1, 7.1)
25 72.1s -

26 27.9q 1.31s

27 26.7q 1.15s

28 14.5q 0.78 s

29 25.6 1.05s

30 18.2 1.23s
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Spectrum 29. HR-ESI-MS Spectrum of CG-02 (positive mode).
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Spectrum 30. *H NMR Spectrum of CG-02.
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3.2.6. Structural Elucidation of Compound CG-03

Figure 25. Chemical Structure of CG-03.

The HR-ESI-MS spectrum of CG-03 showed a major ion peak at m/z 649.36046,
indicating a molecular formula is C37Hs406S. Four protons ( 6n 7.79 and 7.32, each 2H)
and additional methyl signals (84 2.43, 3H) in the low-field region of the ! H NMR
spectrum demonstrated tosyl addition to CG skeleton. Also, *H, *C NMR, DEPT135 and
HMQC spectra revealed disubstituted double bond system (d¢ 125.6, d and 129.8, d; 1
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5.51 and 5.46, each 1H). While characteristic H-3 signal shifted to on 4.31 implying

tosylation position, lacking H-6 resonance indicated double bond location. Additionally,

double bond location was supported by H-19a and C-19 signals which shifted to up-field

like CG-02. This assumption was confirmed with the 3Jc.n long-distance correlations in

the HMBC spectrum (C-9 to H-7; C-10 to H-6; C-5 and C-8 to H-6). On the basis of these

evidence, the structure of compound CG-03 was elucidated as 20(R),24(S)-epoxy-3(O)-

p-tosyl-16p,25-dihydroxy 9,19-cyclolanosta-6-ene.

Table 9. The *C and *H NMR data of CG-03 (100/500 MHz, 6 ppm, in CDCI3).

H/C oc (ppm)  éH (ppm), J (H2)
1 29.5t 1.38 m, 1.58 m

2 27.8t 1.77m, 1.89 m

3 90.2s 4.31dd (11.8, 4.6)
4 40 s -

5 46.7 d 1.86 m

6 125.6d 5.51d (10.7)

7 129.8 d 5.46 ddd (10.7 ,6, 3)
8 43.3d 2.68 dd (6, 2.5)

9 20.7 s -

10 27.9s -

11 25.2t 1.34m,1.85m

12 33.3t 1.41m,1.57m

13 48.6 s -

14 45.1s -

15 4351 1.48m,1.79m

16 73.4d 4.68 ddd (7.7, 7.7, 6.1)
17 56.4 d 2.26 d (7.7)

18 18.1q 1.21s

19 18.6t -0.17,0.72d (4.2)
20 87.2s -

21 28.2 q 1.19s

22 345t 1.56 m, 2.58 g (10.5)
23 2591 21d (10.5,9,5)
24 81.3d 3.74dd (7.1, 7.1)
25 72.0s -

26 28.8 1.29s

27 26.7 q 1.13s

28 25.4q 0.81s

29 15.4q 0.8s

30 18.2q 0.71s

(cont. on next page)
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Table 9 (cont.).

H/C oc (ppm)  6H (ppm), J (H2)
r 132.9s -

2’ 127.8d 7.79.d (8.2)

3’ 129.8d 7.32d (8.2)

4 144.5s -

5 129.8d 7.32d (8.2)

6’ 127.8d 7.79.d (8.2)

7 21.2 q 2435

104 |+E5] Scan [0.174-0.592 min, 26 scans] Frag=150.0W GU3.d
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1.44
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Spectrum 36. HR-ESI-MS Spectrum of CG-03 (positive mode).
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3.2.7. Structural Elucidation of Compound CG-04
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Figure 26. Chemical Structure of CG-04.

Compound CG-04 was prepared with reaction of CG with MsCI. The molecular
formula was found to be Cz1Hs006S based on the major ion peak at m/z 573.32624
[M+Na]*. Inspection of the H, *C NMR and DEPT135 spectra showed disubstituted
double bond system (d¢c 129.9, d and 125.6, d; 61 5.58 and 5.49, each 1H) and additional
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methyl signal (6 3.01) at low-field suggested mesylate additon to CG. Since
charactresitic H-16 signals (5u 4.7 ddd; 7.7, 7.7, 6) were noted in *H spectra, it suggested
that modificaitons occur at C-6(OH) and C-3(OH). In order to deduce modification
positions, the 2D NMR spectra were inspected in detail. In COSY spectrum, corelation
from an olefenic signal at 6+ 5.49 (H-7) with H-8 and H-5 confimed double bond at C-6.
Also, characteric H-3 (dn 4.43) signal shifted to low-field suggesting mesylate addition
position. On the basis of these results, the structure of CG-04 was established as
20(R),24(S)-epoxy-3(0)-Mesyl-16p,25-dihydroxy 9,19-cyclolanosta-6-ene.

Table 10. The °C and *H NMR data of CG-04 (100/500 MHz, 5 ppm, in CDCs).

H/C dc (ppm)  éH (ppm), J (H2)

1 29.5d 1.47m, 1.68 m

2 28.2t 1.9m, 2.12dd (12.5, 3.9)
3 89.7d 4.43 dd (11.9, 4.6)
4 40.1s -

5 46.7 d 1.96 m

6 125.6 d 5.58 d (10.6)

7 129.9d 5.49 ddd (10.6, 6.1, 3.1)
8 43.3d 2.71dd (6.2, 2.6)

9 20.8s -

10 279s -

11 25.2t 1.38m, 1.89 m

12 33.3t 1.43m, 1.61m

13 48.4 s -

14 45.1s -

15 435t 1.51m, 1.81m

16 73.4d 4.7ddd (7.7, 7.7, 6)
17 56.4 d 2.27.d(7.6)

18 18.1 ¢ 1.22's

19 18.6t -0.12d (4.3),0.77 d (3.6)
20 87.2s -

21 28.2q 1.2s

22 345t 1.6 m, 2.58 d (10.6)
23 25.8t 2m

24 81.3d 3.73dd (7.1, 7.1)
25 72.0s -

26 27.8q 1.29s

27 26.7 q 1.14s

28 25.7q 1.05s

29 15.4q 0.86s

30 18.2 ¢ 0.74 s

1’ 38.9¢ 3.01s

73



w104 [+E51 Scan (01790781 min, 37 scans) Frag=150.0 GLIS.d [M+Na]*

21 F73 32624
18-

1.64
1.44
1.21

14
0.8

051
0] 477,358

0.2+ J
D | I

430 440 450 46D 470 480 430 500 510 520 530 540 GAO G6D 570 A0 BA0 BOD BID B20 630 G40 G5O
Counts [%] ve. Mass-to-Charge [mdz)

Spectrum 43. HR-ESI-MS Spectrum of CG-04 (positive mode).
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Spectrum 49. HMBC spectrum of CG-04.

3.2.8. Structural Elucidation of Compound CG-05

Figure 27. Chemical Structure CG-05.

Compound CG-05 was obtained from reaction of CG-01 with p-TsCl. In the 3C
spectrum, similar with AG-05, carbonyl signal at dc 210 originated from CG-01 was
noted. Additionally, aromatic protons of tosyl structure were observed in *H spectrum.
Location of the tosylation was assigned from investigation of *H spectrum. Characteristic
H-3 signal shifted to low-field implying position of tosyl addition. Also, all the proton
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and carbon resonances of CG-05 were assigned by COSY, HSQC and HMBC to verify
this assumption. Consequently, the structure of CG-05 was determined to be 20(R),24(S)-

epoxy-3(0)-p-Tosyl-6-one-16pB,25-dihydroxy 9,19-cyclolanostan.

Table 11. The °C and *H NMR data of CG-05 (100/500 MHz, 5 ppm, in CDCl3).

H/C oc (ppm)  éH (ppm), J (H2)
1 30.0t 1.42m,1.76 m

2 27.3t 1.79m, 1.94 m

3 89.3 421m

4 40.0s -

5 57.2d 2.3 brs

6 210s -

7 412t 2.12m,2.17m

8 42.4d 2.66 dd (8.5, 4)
9 21.7s -

10 29.7s -

11 26.51 1.46m, 1.85m
12 33.0 1.47m,16m

13 47.1s -

14 45.3s -

15 43.8t 1.37m, 1.84 m
16 729d 4.69 ddd (7.8, 7.8, 6.1)
17 56.9d 2.32.d (7.6)

18 18.4 ¢ 1.21m

19 22.2t 0.21,0.6d (5.5)
20 87.1s -

21 28.1 1.21s

22 345t 1.57 m, 2.57 q (10.8)
23 2591t 1.98 m

24 81.26d 3.75dd (8.3, 6.1)
25 72.1s -

26 26.8 q 1.14s

27 27.8q 1.3s

28 26.3q 1.02's

29 14.8q 1s

30 19.1¢ 0.89s

r 134.7 s -

2’ 127.8d 7.79d (8.3)

3 129.8d 7.3d(8.1)

4 1446 s -

5 129.8d 7.3d(8.1)

6’ 127.8d 7.79d (8.3)

7 218 2.43s
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3.2.9. Structural Elucidationof Compound SCG-01

Figure 28. Chemical Structure of SCG-01.

Compound SCG-01 was obtained from reaction of SCG with p-TsCIl. The HR-
ESI-MS spectrum of SCG-01, exhibited a sodium adduct ion at m/z 525.2699 [M + Na]*
and led to establishment of its molecular formula as C29H420sS. When compare with
SCG, MS spectra displayed 154 amu difference showing tosyl addition and H removing.
Also, aromatic signals (6¢ 129.9 d and 127.8 d each 2C; 61 7.75 and 5.31, each 2H) in the
'H and 3C NMR spectra verified addition of tosyl group. Characteristic signals of H-16
shifted to low-field which indicated tosylation location. Thus, the structure of SCG-01

was established as 16(0)-p-Tosyl-20,27-octanor cycloastragenol.

Table 12. The °C and 'H NMR data of SCG-01 (100/500 MHz, & ppm, in CDCI5).

H/C oc (ppm) oH (ppm), J (H2)
1 32t 1.2d(3.2),1.57m
2 30.3t 1.56m,1.78 m

3 78.4 d 3.29.dd (11.3, 4.6)
4 41.6s -

5 53.5d 1.34 d (1.97)

6 68.5 d 3.51ddd (9.1,9.1,4.2)
7 375t 1.3m,1.44m

8 45.8d 1.6m

9 20.8 s -

10 29.8s -

11 26.1t 1.25m, 1.92m

12 30.3t 14m,1.6m

(cont. on next page)
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Table 12 (cont.).

H/C oc (ppm) oH (ppm), J (Hz)

13 445s -

14 459 -

15 46 t 1.88 m

16 82.9d 5.06 ddd (15.4, 7.9, 1.4)
17 44.4 t 1.86 m, 1.64 d (1.43)
18 25( 0.95s

19 30t 0.28 d (0.46), 0.45d (0.46)
28 28 1.22s

29 15.3 ¢ 0.92s

30 19.8q 1.04s

1 134.4 -

2’ 127.8 7.75d (8.2)

3 129.9 7.31d(8.2)

4 1446 s -

5 129.9 7.31d(8.2)

6’ 127.8 7.75d (8.2)

7 21.8q 244s

w103 [+ES1 Scan (0.186-0.520 min, 21 scans] Frag=150.0v GUE.d

2.4+ h265.36994

221
21 [M+Na]*
1.8
1.6
1.4
1.2

0.8+
0.6
0.44
0.24 |

E 518 G0 52 GM 5% M BN 5 M GE 5B B0 B2 B B
Counts [%] vz, Mass-to-Charge [m/z]

Spectrum 56. HR-ESI-MS Spectrum of SCG-01 (positive mode).
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3.2.10. Structural Elucidation of Compound SCG-02
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Figure 29. Chemical Structure of SCG-02.

Compound SCG-02 was obtained from reaction of SCG with p-TsCl. *H, ¥C
NMR and DEPT135 spectra of compound revealed disubstituted double bond system (dc
120.0, d and 139.0, d; 61 5.50 and 5.30, each 1H). Like AG-03 and CG-02, compound
SCG-02 displayed the 9,19-cyclopropane ring signals (6¢c 18.5; dn -0.15, 0.73) at low-
field suggesting location of double bond at C-6. To verify proposition, all the proton and
carbon resonances of SCG-02 were secured by 2D NMR. Signal of H-6 was apparent at
low-field and *J-HMBC correlation from H-7 (3w 5.44) to C-9 (dc 21.2) and from H-6 (Sn
5.62) to C-10 (¢ 28.3) confirmed location of double bond. In conclusion, the structure of
SCG-02 was determined to be 6-ene-20,27-octanor cycloastragenol.

Table 13. The °C and 'H NMR data of SCG-02 (100/500 MHz, & ppm, in CDCI5).

H/C oc (ppm) o1 (ppm), J (H2)

1 29.8t 1.25m, 1.46 m

2 30.1t 1.6m,1.82m

3 78.5d 3.3dd (11.2, 4.4)

4 40.3 s -

5 46.5d 1.89 m

6 126.3d 5.62 d (10.5)

7 129.1d 5.44 ddd (10.6, 6.1, 3.2)
8 43.7d 2.48 dd (6.2, 2.6)

9 21.2s -

(cont. on next page)
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Table 13 (cont.).

H/C oc (ppm) oH (ppm), J (Hz)

10 28.3s -

11 25.2't 1.42m,1.85m

12 314t 1.22m, 1.69 m

13 485s -

14 45.3s -

15 454 t 1.27 m, 2.05 dd (13.7, 8.2)
16 72.2d 455 ddd (14.5, 7.7, 1.4)
17 478t 1.86 m, 1.62 m

18 22.2q 0.96s

19 185t -0.15d (4.1),0.73 d (4.5)
28 25.6q 1.05s

29 145 0.77s

30 18.4 q 0.92s
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Spectrum 63. *H NMR Spectrum of SCG-02.
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Spectrum 64. 13C NMR Spectrum of SCG-02.
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3.2.11. Structural Elucidation of Compound SCG-03

G

e

30

Figure 30. Chemical Structure of SCG-03.

The molecular formula of SCG-03 was established as C2oH1004S based on *C
NMR and MS data (obsd [M + Na]*, m/z 507.2578). *H, 3C NMR and DEPT135
spectrum showed presence of disubstituted double bond (6c 140.7, 122.8; 61 5.49, 5.3;
each 1H) and aromatic signals (5c 129.9, 127.8; 51 7.74, 7.31 each 2H). In H spectra,
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characteristic H-6 signal shifted to low-field suggesting tosylation position, while H-3
resonance was lacking. Based on this, it was suggested that dehydration took place at C-
3(OH) and tosylation was occur at C-6(OH). To verify this proposition, 2D spectra was
inspected in detail. The key long-range correlations from C-3 (¢ 140.7) to Hz-28 and Hs-
29 verified the position of the double bond at C-2. Consequently, SCG-03 was deduced
to be 6-ene-3(0)-p-tosyl-20,27-octanor cycloastragenol.

Table 14. The C and *H NMR data of SCG-03 (100/500 MHz, 6 ppm, in CDCI5).

H/C oc (ppm) oH (ppm), J (H2)
1 349t 1.39m,2.30m

2 122.8d 5.49 ddd (9.9, 5.8, 2)
3 140.7 5.3dd (9.8, 2.7)
4 38.0s -

5 52.6d 1.58 m

6 83d 5.04q(7.4)

7 28.41 1.34m,1.90 m

8 479d 1.54 m

9 19.2s -

10 28.2s -

11 25.8t 1.1m, 2.07m

12 30.16 1.47m, 1.62m
13 44.4 s -

14 459 -

15 449t 1.65m, 1.87 m
16 70.7d 3.451d (9.8, 4.7)
17 46.1t 1.88 m

18 25.7q 0.99s

19 31.7q 0.34d (4.5),0.51d (5)
28 33.1q 1.23s

29 23.5q 1.05s

30 20.2 q 1.03s

1’ 134.2s -

2’ 127.8d 7.74 dd (8.2, 3.6)
3 129.9d 7.31dd (8.2, 3.6)
4 1446s -

5 129.9d 7.31dd (8.2, 3.6)
6’ 127.8d 7.74 dd (8.2, 3.6)
k 21.8q 244 s
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Spectrum 69. HR-ESI-MS Spectrum of SCG-03 (positive mode).
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3.2.12. Structural Elucidation of Compound SCG-04
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Figure 31. Chemical Structure of SCG-04.

In the 3C and 'H NMR spectrum of SCG-04, similar with metabolite SCG-03,
tosyl and olefinic signals were noted. However, *H and **C spectra indicated two tosyl
group in structure. *H spectrum revealed that one proton of cyclopropane (C-19) shifted
up-field impling double bond at C-6. This assumption was substantiated by the long-range
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HMBC correlation from H-6 (61 5.52) to C-10 (8¢ 27.7) and C-8 (8¢ 43.1) and also from
H-7 (61 5.36) to C-9 (6c 20.9) and C-5 (6¢c 46.5). Additionaly, shifting of characterictic
signals of H-3 and H-16 to low-field revealed 3(O) and 16(O) tosylation. Consequently,
the structure of SCG-03 was determined to be 6-ene-16(0),3(0)-di-p-tosyl-20,27-octanor
cycloastragenol.

Table 15. The *C and *H NMR data of SCG-04 (100/400 MHz, 6 ppm, in CDCI5).

H/C oc (ppm) oH (ppm), J (Hz)
1 2941 1.4m,1.6 m

2 276t 1.8m,19m

3 89.9d 4.3dd (11.6, 4.5)
4 39.8s -

5 46.5d 1.89m

6 125,7d 5.52 d (10.7)

7 128.9d 5.36 ddd (9.6, 5.9, 2.9)
8 43.1d 2.41m

9 20.9s -

10 27.7s -

11 24.79 1.8m, 1.39m

12 30.7 1.16 m, 1.61

13 44.4 s -

14 48.1s -

15 449t 1.81m

16 82.4d 5.06 q (7.5)

17 4191 2m,15m

18 21.8q 0.88s

19 18.3t -0.16d (4.1),0.71d (4.1)
28 25.3¢ 0.83s

29 15.2q 0.79 s

30 176 q 0.82s

| 134.7* s -

2’ 127.7d 7.75+d (7.8)

3 129.7° d 7.32d (7.8)

4 144.4- s -

5 129.7° d 7.32d (7.8)

6’ 127.7d 7.75+d (7.8)

7 21.6q 244 s

1” 134.2* s -

2” 127.7d 7.8+d (7.7)

3” 129.7° d 7.32d (7.8)

4” 144.7- s -

5 129.7° d 7.32d (7.8)

6’ 127.7d 7.8+d (7.7)

7’ 21.6 q 244 s

*,-,”,+: changeable
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Spectrum 79. HMQC spectrum of SCG-04.
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3.2.13. Structural Elucidation of Compound SCG-05

2
%
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20

21

Figure 32. Chemical Structure of SCG-05.

HR-ESI-MS spectrum showing a major ion peak at m/z 502.2940 ([M + NH4]")
indicated a molecular formula of C29H4004S. Disubstituted double bond (6¢ 128.5, d and
126.9, d; o1 5.610 and 5.37, each 1H) and aromatic signals of tosyl was noted in in the
'H, 13C NMR and DEPT135 spectra. In *H spectrum, characteristic H-16 signal shifted to
low-field demonstrating location of tosyl. In the COSY spectrum, correlation from
olefinic signal at d 5.37 (H-7) with H-5 and H-8 suggested double bond between C-6 and
C-7. Additionally, this assumption was substantiated by the long-range HMBC
correlation from H-6 at 61 5.61 to C-8 (5c 43.3) and C-10 (8¢ 28.3). As a result, metabolite
SCG-05 was established as 6-ene-16(0)-p-tosyl-20,27-octanor cycloastragenol.

Table 16. The °C and *H NMR data of SCG-05 (100/500 MHz, é ppm, in CDCI5).

H/C dc (ppm) on (ppm), J (Hz)

1 29.81t 1.235s,1.43s

2 30.1t 1.62m,1.82s

3 78.5d 3.33dd (10.8, 3.9)
4 40.4 s -

5 46.5 d 1.86 d (2.4)

6 126.9d 5.61d (10.5)

7 128.5d 537m

8 43.3d 2.44 m

9 21.1s -

10 28.3s -

11 25.0t 1.81d (5.6), 1.42m
12 310t 1.63d(12.9), 1.2 dd (12.7, 4.3)
13 48.4 s -

(cont. on next page)
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Table 16 (cont.).

H/C oc (ppm) oH (ppm), J (Hz)
14 446 s -
15 452 t 1.83s
16 82.7 5.07dd (14.7,7.2)
17 42.1t 1.53d (14.7), 2.01 dt (23.2, 11.6)
18 21.8q 09s
19 185t 0.72d (3.1), -0.15d (3.9)
28 25.6 q 1.05s
29 145¢ 0.77 s
30 179 0.85s
| 13455 -
2’ 127.8d 7.76d (8.1)
3 129.9d 7.32d (7.9)
4 127.8d 7.76d (8.1)
5 129.9d 7.32d (7.9)
6’ 1445s -
7 216 q 2.44 s
[ ] 6
7 16 3 -2000
__J‘ |_ _J".‘. I*(_Ill‘lw_lh r I‘_ ::UUU
8.0 7.5 7.0 6.3 6.0 “ (i.:m) 5.0 4.5 4.0 3.5 3.0
.
20 21
18
S .
A !| I". . .w'nul .r*'ﬁ”q“”‘-""d'.‘jm"k Jﬁ'u"m J‘U ‘k-‘| "-J| Uﬂu , !n.

f1 (ppm)

Spectrum 82. *H NMR Spectrum of SCG-05.

24000

22000

20000

18000

F16000

14000

12000

10000

8000

reooo

r4000

r2000

F-2000

102



Hasan 3ample Erdal GU-12 posilive 160-1300 - 21-03-2019#55 RT.0.24 AV.1 NL. 2.27E8
T: FTMS + p ESI Full ms [160.0000-1500.0000]

100

a0

80

Relative Abundance
=

10

0

2021782

2451151

Lt .L JL‘ ‘.L !

502 2040
3132405
[M+NH.]*

205.2303

ATS2079 (| 548 9785

284.923?

335.2311 437 1802 610.2368

3031203 | EoT i

766.5364

822.6005

—144.54

200

Spectrum 83. HR-ESI-MS Spectrum of SCG-05 (positive mode).

300

600

700 800

i

—134.45
~129.90
12847
~127.84
126,84
—82.69

§99.2793
800

—78.39

959 4667

§91.5099

1007 482

1000

—48.35

Wt

T T T T T T T
130 125 120 115 110 105 100

20 S
f1 (ppm)

O M M~ o %] Je Tt Nl o w w o T w -

n =y nQ bl Q™M o] =T

wunTmed o QO oo T = w r~

T T T T T Mmoo ™~ [ NN} —

A4 NS | Pl W SNE S i

5 22
4 12

| 10

x4

14.46

29

W S P A o

rivuu
Fo00
r8oo
F700
600
r500
400
r300
r200
Fio0

100

500

400

r300

200

100

o

52

50

48

T T T
32 30 26 24 2 20

f1 (ppm)

44 42 40 38 36 34 28 18 16

Spectrum 84. 13C NMR Spectrum of SCG-05.

14

12

10

8

103



{350

8’;%% o) o Qs M~ WO QMGG
@ 05~ W0 o m—=anNog QOO aa T o
AR g B OR $EFY BREOLSILNAESI s
SN [ TS N
450
400
350
(300
250
200
F150
100
50
o
50
100
{150
200
{250
300
+-350
135 130 125 120 115 110 105 100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15
f1 (ppm)
Spectrum 85. DEPT135 spectrum of SCG-05.
15 ‘ ‘
6 7 4 3 |8 1m 3 h 2 |
\ 1l
WA n ) o A e S
2
_2
2 :
5 E _
i ' £
) + o
.

4.0

5.5

N
1]
o

6.0 58 56 54 52 50 48 46 44 42 40 38 36 34 3.2 3.0 28 26 24 22 20 18 16 14 12 1.0
f2 (ppm)

Spectrum 86. COSY spectrum of SCG-05.

104



&
5

20 21

\IB 17b l{ 17a ‘ JAJ\\ |U\9:) 19a
\ AN NN WV A
0
5
10
- - r1is
D &
20
o o o]
o= = r25
3
= e o e 2,4 "o 6716 3 N
= = _ﬂ A
: { L teon fas
o0
40
. 2 tioe E
@ 2 ks
& 110 -
J F120 [=e
F130 Lss
8 ; 6 5 M
f2 (ppm) Lso
Z:B 2:6 2:4 2]2 2:0 1:9 1:6 1:4 1:2 1:0 ﬂ:B G:Ev 0:4 0.2 ﬂjﬂ ﬂ‘.Z G‘.4
2 (pprm)
Spectrum 87. HMQC spectrum of SCG-05.
28 18
29
15 17b | ||3lu ﬂ 19a
. | |
FYAN _,MW\_/»\_,MA,JL_JL}LJHKA N
Ho
Li] ]
gl i & 0 ] § L (] L2
8 i i ' 0 I
10 v i ) !
B Y 130
f 9 40
) (@ ] 1] ) it %
£ : ¥ e 1 ' .
13 & 7 1e 50
[ | S . U N
- Foo
S [
10 "
= 74
) b3s
3 . L 4 ] Sl
16 = 0 8 — )
— L4s
R £l
13 lso
ST
6o
60 58 56 54 52 50 48 4sH10

T T T T T T T T T T T T T T T T T T T T T T T2 (P T T T T T
23 22 21 20 19 18 1.7 16 15 14 13 1.2 11 1.0 09 08B 07 06 05 04 03 0.2 01 HXE’I -0.1 -0.2 -0.3 -04 -0.5

f2 (pom)

Spectrum 88. HMBC spectrum of SCG-05.

1 (ppm)

f1 (ppm)

1 (ppm)

105



3.2.14. Structural Elucidation of Compound SCG-06

Figure 33. Chemical Structure of SCG-06

Compound SCG-06 was obtained from reaction of SCG with Mscl. Initial

inspection of the 1 H NMR spectrum revealed two additional methyl group at low-field

which shown two mesylate group in structure. Also, disubstituted double bond system
was apparent in the *H, *C NMR and DEPT135 spectra (8¢ 129.2, d and 125.9, d; $15.61

and 5.45, each 1H). Location of the olefinic double bonds was assigned from the

correlations in the HMBC spectrum. Long-range HMBC correlation from olefinic proton
(H-6; 61 5.61) to C-10 (dc 27.8), C-5 (6¢c 46.7) and C-8 (6¢c 43.2) clearly demonstrated
double bond at C-6. Moreover, characteristic signal of H-3 and H-16 shifted to low-field

implying mesylation position. Thus, the structure of SCG-06 was identified as 6-ene-

3(0),16(0)-di-mesyl-20,27-octanor cycloastragenol.

Table 17. The C and *H NMR data of SCG-06 (100/500 MHz, é ppm, in CDCI5).

H/C oc (ppm) 61 (ppm), J (H2)
1 29.5t 1.7m,1.92m

2 28.1t 1.92m, 2.14 m

3 89.5d 4.45 dd (12, 4.6)
4 40.0s -

5 46.7 d 20m

6 125.9d 5.61d (10.5)

7 129.2d 5.45 ddd (10.3, 6.1, 3.0)
8 43.2d 2.51dd (6, 2.6)

9 21.2s -

10 27.8s -

(cont. on next page)
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Table 17 (cont.).

H/C oc (ppm) oH (ppm), J (Hz)
11 25.0t 1.43m, 1.89m
12 309t 1.27 dd (13,5.1), 1.69 m
13 44.7 s -
14 48.4 s -
15 42.3t 1.63m, 2.2 m
16 82.0d 5.29q (7.6)
17 45.2 t 1.93m, 2.04 m
18 22.0q 0.98s
19 1841t -007,0.77 d (4.3)
28 15.3¢ 0.86s
29 25.8q 1.1s
30 17.9¢ 0.87s
r 39.0g* 3.03s’
1” 38.50* 2975
*’: exchangeable
87 1 3 [
baron 'i““” 000
f1 (ppm) 20000
1" N 29 2% +15000
18 (
‘ 8 h ‘| ‘| 19a 1o SDDD
T P T N Y |
LA Y A VA ' N N L VL S LN A A WAV S - L
1 (ppm)

Spectrum 89.

'H NMR Spectrum of SCG-06.
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3.2.15. Structural Elucidation of Compound SCG-07
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Figure 34. Chemical Structure of SCG-07.

The compound SCG-07 had a molecular formula of C23H3gOsS based on the HR-
MS data (m/z 449.2366 [M + Na]"). When the MS data of SCG-08 was compared with
SCG, 78 amu (atomic mass unit) difference suggested mesylate addition to SCG skeleton.
Also, additional methyl group (5w 2.97) at down field supported this proposition. 'H
spectrum of SCG-07 was inspected to determine location of mesylation. Characteristic
H-16 signal (6n 5.26) shifted to low-field suggesting position of mesylation at C-16.
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Consequently, the structure of SCG-07 was established as 3,6-diene-16(0)-mesyl-20,27-

octanor cycloastragenol.

Table 18. The *C and *H NMR data of SCG-07 (100/500 MHz, 6 ppm, in CDCl5).

H/C dc (ppm) oH (ppm), J (Hz)
1 31.3t 1.26 m, 1.63 m

2 30.2t 1.58m, 1.8 m

3 78.48d 3.22dd (11.2,4.2)
4 41.6s -

5 53.4d 1.37m

6 68.4 d 3.56 ddd (9.2, 9.2, 4.1)
7 376t 1.38m, 1.55m

8 45.6 d 1.71m

9 20.7 s -

10 29.0s -

11 26.1t 1.31m,1.97m
12 30.3t 1.48 m

13 44.7 s -

14 46.0 s -

15 446t 1.79m, 2.06 m
16 82.39d 5.26 q (8)

17 46.2 t 201m,2.11m
18 24.9q 1.03s

19 26.7t 0.31d,0.5d(4.7)
28 15.3¢ 0.94s

29 27.9q 1.23s

30 19.8 q 1.1s

| 38.5( 297 s

w102 |+ES] Scan [0.224-0.358 min, 9 zcans] Frag=150.0v GU14.d

554 443 23666

5] +
an] [M+Na]

3.5
2.5

1.5+ 45023977

0.54 451 2|3?43

1 . | L . . . [ . . . . .
443 4485 443 4435 450 4505 451 4515 452 4525 453 4535 454 4545 455 4555 456
Counts (%] ws. Mass-to-Charge [m/z]

Spectrum 95. HR-ESI-MS Spectrum of SCG-07 (positive mode).
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3.3. Biological Activity of AG-08 Derivatives

Figure 35. Structure of AG derivatives.

Figure 36. Structure of CG derivatives.
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Figure 37. Structure of SCG derivatives.

In semi-synthetic studies, four AG, four CG and seven SCG derivatives were
synthesized. Their structures were shown in Fig 35., Fig 36. and Fig 37., respectively. To
determine their cytotoxic activities, all the analogs were screened by MTT assay. Then,

further studies were conducted with the active ones to determine their toxicity mechanism

3.3.1. Cytotoxic Activity of Semi-Synthetic Derivatives

Cytotoxic activities of the semi-synthetic analogs were evaluated against four
human cancer cell lines, namely HelLa, HCC1937, MCF7 and A549 as well as against
MRC-5 as a normal cell line. All molecules except AG, AG-6-0xo and CG-6-0x0 were
used at concentrations ranging between 1 to 50 uM. AG, AG-6-0x0 and CG-6-0x0 were
tested between 1 to 30 UM concentrations due to solubility problems. The ICso values
were shown in the Table 18. Molecules having lower ICso values than 20 UM were
regarded as cytotoxic and progressed to subsequent studies. The compounds except CG-
03, AG-05, and CG-05 did not exhibit promising cytotoxicity (ICso >20 uM). As CG-03,
AG-05, and CG-05 compounds were more reliable for cytotoxicity, they were also tested
versus four additional cell lines (HK-2, PC3, SH-SY5Y and U20S). The expanded ICsg

116



values were given in the Table 19. Also, Table 19 includes 1Cso values of AG-08 against
the same cell lines for comparison.

CG-03 had cytotoxic activity against all cell lines with ICso values ranging
between 3.65 and 18.82 uM. On the other hand, cytotoxic effect of CG-03 was lower than
AG-08 for all cell lines. It suggests that the cleavage of cyclopropane ring affording AG
and its derivatives is significant for cytotoxicity. Similar to AG-08, CG-03 was not

selective towards cancer and normal cell lines.

Table 19. ICsp values (UM) of analogs and parent molecules.

Cell lines HelLa HCC1937 | MRC-5 MCF7 A549
AG-01 >30 >30 >30 >30 >30
AG-02 42.6 46.08 39.9 32.1 30.5
AG-03 33.42 20.31 24.4 21.76 25.53
AG-04 >50 >50 29.55 22.05 275
AG-05 5.9 4.28 1.55 2.55 2.02
CG-01 >30 >30 >30 >30 >30
CG-02 43.94 32.48 33.37 21.2 21.08
CG-03 12.87 6.13 5.29 5.5 3.65
CG-04 >50 >50 >50 >50 >50
CG-05 6.1 2.66 2.58 3.85 1.85

SCG-01 >50 >50 >50 >50 >50
SCG-02 >50 >50 >50 >50 >50
SCG-03 >50 >50 >50 >50 >50
SCG-04 >50 >50 >50 >50 >50
SCG-05 >50 >50 >50 >50 >50
SCG-06 >50 >50 >50 >50 >50
SCG-07 >50 >50 >50 >50 >50
AG >30 >30 >30 >30 >30
CG >50 >50 >50 >50 >50
SCG >50 >50 >50 >50 >50
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Both AG-05 and CG-05 have a carbonyl group at C-6 rather than a double bond
as in AG-08. ICso values of AG-05 and CG-05 ranged from 2.02 to 5.9 uM and 1.85 to
6.46 UM, respectively.

Interestingly, cytotoxicity of CG-05, a CG derivative, was almost identical with
AG-05, an AG analog. Thus, the abovementioned trend in regard to cytotoxicity of CG-
03 and AG-08 was not the case for CG-05 and AG-05. Thus, oxidation of C-6(OH) to
carbonyl group seems to be affecting cytotoxicity reasonably in CG analogs (CG-05).
The 'H NMR data of CG-03 reveals that m electrons of C-6 double bond are in close
proximity with the cyclopropane ring, which results in significant deshielding of one of
the cyclopropane ring protons. This suggest that electron density difference over the B
ring might be one of the parameters varying bioactivity of CG-03 and CG-05.

Cytotoxicity tests show that the tosyl group plays essential role in activity. First
evidence was that AG-04 and CG-04, which had mesylate group at C-3 instead of tosyl,
were inactive (Table 18). Additionally, AG-03 and CG-02, possessing a double bond at
C-6 with no tosyl group at C-3, did not inhibit the growth of cell lines below 20 uM. This
data clearly demonstrated that the presence of more bulky and aromatic sulfonic ester was
required for superior cytotoxic activity. Therefore, activity of AG-08 and its derivatives
essentially depend on the presence of tosyl group. The absence of significant toxicity in
the case C-6 double bond containing compounds (AG-03 and CG-02) and C-6-0x0
analogs (AG-01, CG-01) reveals that these modifications alone with no tosyl at C-3 are
not enough to produce activity.

Similar semi-synthetic modifications were also carried out with SCG. We were
not able to synthesize the similar analog of AG-08 with SCG molecule. Mono-tosylated
analogs were only SCG-03 (C-2 double bond and C-6 tosylate), SCG-01 (C-16 tosylate)
and SCG-05 (C-6 double bond with C-16 tosylate), whereas di-tosylated derivative was
only SCG-04 (C-6 double bond and C-3/C-16 tosylate). It was seen that all SCG
derivatives were inactive towards tested cell lines. As SCG does not have the side chain
extending from C-17, the existence of tetrahydrofurane ring is realized to be important
for activity. Additionally, it is clear that the tosyl group(s) presence on sapogenin skeleton
is not sufficient to cause cellular toxicity. Therefore, the intact sapogenin skeleton
together with regioselective tosylation at C-3 and dehydration/oxidation at C-6 are
important structural features for superior cytotoxicity. However, analog of SCG
possessing C-3(0)-tosyl and C-6 double bond must be synthesized to justify our

assumptions mentioned above.
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Table 20. ICso values (UM) of cytotoxic analogs and AG-08. Data represents as mean +

standard error from the triplicate experiment (n: 3).

Cell lines AG-08 CG-03 AG-05 CG-05
HelLa 5.7+0.447 12.87+0.163 5.9+0.463 6.1+0.495
HCC1937 3.81+0.272 6.13+0.449 4.28+0.48 2.66+0.293
MRC-5 2.18+0.044 5.29+0.623 1.55+0.178 2.58+0.125
MCF7 3.78+0.269 5.5+0.277 2.55%0.495 3.85+0.375
A549 2.3+0.035 3.65+0.362 2.02+0.118 1.85+0.117
SH-SYS5Y 3.57+0.092 7.71+0.471 4.34+0.081 6.46+0.290
PC3 6.6+0.887 12.45+0.178 3.3+0.236 6.36+0.382
HK-2 10.18 +0.509 | 16.59+0.2924 5.73+0.382 4.14+0.341
U20S 6.49+0.7293 15.4+0.138 3.3+0.084 4.23+0.067

Consequently, none of the parent molecules (AG, CG, SCG, AG-01 and CG-01)
showed cytotoxic effects. Thus, it is rationale to state that the starting compounds (CG
and AG) could be turned into more prominent cytotoxic compounds via simple synthetic
modifications. Based on the data presented above, further semi-synthesis studies are
certainly warranted to substantiate our structure activity relationship deductions and

achieve more active and/or selective molecules.

3.3.2. Molecular Mechanism of Action of Cytotoxic AG-08

Analogs

CG-03, AG-05 and CG-05 were determined as cytotoxic derivatives of AG-08.
To identify characteristics of cell death induced by them, LDH assay was performed. As
shown in Fig 38, all compounds caused significant release of LDH dose dependently.
Massive release of LDH in response to three analogs indicated necrotic cell death in line
with AG-08.

After LDH assay, immunoblotting was used to determine whether their molecular
pathways were the same as AG-08. The effect of AG-08 analogs on the protein profiles
of LC3, Atg-7 and caspase 3 were investigated in order to evaluate the autophagic
process, the cleavage of ATGs and caspase 3 activation, respectively. It was found that,
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all compounds caused increasing LC3-11 and cleaved caspase 3 formation in dose
dependent manner. Additionally, Atg-7 protein level was decreased with treatment of
compounds.

LDH Assay with Analogs
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Figure 38. Release of LDH with AG-08 analogs. LDH activity were measured and amount
of released LDH was calculated as fold change relative to DMSO. All
compounds were used at 1, 2, and 4 times of their 1Csg values and incubated
24 h. Error bars represent standard deviations. One-way ANOVA was used to
analyze the statistical significance. The significant difference was defined
between compounds and DMSO.

It was clear that cytotoxic AG-08 derivatives inhibited autophagy like AG-08
according to LC3-Il accumulation and decrease in Atg-7 level. Also, caspase 3 activation
was demonstrated that they induce caspase 3 involved necrosis. Consequently, CG-03,
AG-05, and CG-05 induced necrotic cell death through similar activity mechanism with
AG-08.

120



2 AG-08 CG-03

s

e 4 A
Atg-7 I — — — ———l
Lc3-i | T —— — |

Full-length Caspase 3 | g gt ee == GR-GER s="|
Cleaved Caspase 3 I I

B-Actin | e |

o AG-08 AG-05 CG-05
%)

Atg-7 | e —— G — ———— |

LC31/11

Full-length Caspase 3 | ER R s~ S = ~ S G= e

Cleaved Caspase 3 | - |

B-Actin |——-—-- —-—-I

Figure 39. Immuno-blotting studies with cytotoxic analogs. B-Actin was used as the
loading control. HCC1937 cells were treated with 1, 2 and 4-fold of 1Cso value

of compounds for 16 h.
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CHAPTER 4

CONCLUSION

Semi-synthesis approach is applied to enhance anti-tumor activity of different
types of saponins. With the same motivation, we prepared a number of analogous
compounds from cycloartane-type sapogenols of Astragalus genus, viz. cycloastragenol
and cyclocanthogenol (TUBITAK 109S345) to increase cytotoxicity of the starting
compounds. One of the derivatives, namely AG-08, was turned out to be a good candidate
to pursue because of its distinctive cytotoxicity profile including necrotic cell death along
with autophagic inhibition. Furthermore, the immunoblotting experiments demonstrated
that AG-08 promoted cleavage of various proteins such as ATGs, p62, and PARP-1. Non-
canonical cell death inducing activity of AG-08 has encouraged us to design a further
study. Thus, clarification of molecular mechanisms of AG-08 treatment and preparation
of additional analogs to realize structure activity relationships were attempted in the
context of this thesis.

As several proteins were effectively cleaved, we first investigated possible role of
proteases through co-treatment of several protease inhibitors and AG-08. Results showed
that inhibition of caspases, calpains and cathepsin B/L/S attenuated AG-08 inflicted cell
death. Therefore, the link between proteases and AG-08 was substantiated within this
study. However, revealing activity of these proteases together with their specific substrate
in AG-08 exposed cells or knockdown of these proteins will help us to establish
relationships between proteases and AG-08 soundly.

The effect of cathepsins inhibitor on cell death and autophagic flux inhibition
prompted us to look into lysosomal condition. The lysotracker staining demonstrated that
AG-08 treatment led to loss of acidity in lysosomes. The results of staining and co-
treatment with cathepsins inhibitor consistently indicated lysosomal leakage. Additional
tests are certainly warranted to confirm lysosomal membrane destabilization and its
extent. On the other hand, lysosome membrane permeabilization might be arising from
several factors such as reactive oxygen species or proteases (see literature section 1.2.).
Thus, further studies are required to be performed with initiator/s of lysosomal

impairment via AG-08.
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Based on the accumulation of LC3-Il via AG-08 treatment, we had suggested
autophagic flux inhibition in the preliminary study. Herein, the lysosomal impairment
also ascertained our suggestion. Moreover, in time course experiments, p62 level firstly
increased and then started to decrease with treatment of AG-08 at 1Cso dose. This finding
implied that LC3-11 and p62 proteins were accumulated due to autophagic flux inhibition
at early point of treatment, and then proteases degraded full-length of p62 initiating
decrease in the protein level. It is sound to suggest that the lysosomal impairment is
responsible for autophagic flux inhibition and accumulation of these proteins. Besides,
the decrease in full-length of ATG proteins were verified within this thesis. So, following
vacuole accumulation by autophagic flux, vacuole formation must cease with longer
exposure to AG-08 due to absence of ATGs. Consequently, autophagy is efficiently
inhibited with two different steps during AG-08 treatment.

Both lysosomal dysfunction and autophagic inhibition have been reported as new
targets in cancer therapy. Since cancer cells require highly active lysosomal function for
invasive growth, angiogenesis, and drug resistance, targeting lysosomes is an original
approach for more effective cancer therapy. Additionally, lysosomal membranes of
cancer cells are more susceptible to permeabilization than normal cells. Therefore,
targeting lysosome has been suggested to increase selectivity towards cancer cells (Piao
and Amaravadi 2016). Morgan et al. showed that metastatic property of cancer cells relied
on lysosomal function independent of autophagy. Moreover, it was reported that
metastatic cells were more vulnerable to lysosomal impairment agents (Morgan et al.
2018). Damaged lysosome also offers susceptibility in cancer cells through autophagic
inhibition. Because of its survival role, autophagic activation causes drug resistance in
most cases. Therefore, lysosomal impairment reduces the chance of resistance
development relying on autophagy, and makes cancer cells to be sensitive (Piao and
Amaravadi 2016). Although our cytotoxicity results do not refer to any selectivity
between cancer and normal cells, targeting lysosome as well as autophagy with AG-08
would bring susceptibility to cancer cells. Therefore, further studies are warranted
utilizing co-treatment of AG-08 with well-known chemotherapeutic agents as well as
involving resistant cancer cell lines.

Fifteen AG-08 analogs from AG, CG and SCG were prepared during semi-
synthesis studies. Among them, CG-03, AG-05 and CG-05 were cytotoxic (Figure 39).
Additional studies suggested that these compounds induce necrotic cell death in a similar

manner. On the basis of activity results of AG-08 and its analogs, the following could be
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stated for structure activity relationships: i) Co-existence of cyclopropane and double
bond at C-6 decrease cytotoxicity, whereas double bond presence at C-6 alone does not
have significant effect; ii) If it is found with a bulky/aromatic substitution (tosyl group in
case of AG-08 and active analogs), the presence of sulfonic ester is crucial for activity;
iii) loss of toxicity with all SCG derivatives makes clear that tosyl substitution is not
sufficient for activity alone, and intact sapogenin skeleton is required including 20,24-
epoxy side chain. Nevertheless, similar semi-synthesis reactions must be carried out with
different sapogenin skeletons to see that cycloartane/cyclolanostane frameworks are

crucial for the activity or not.

CG

HO” > ™
” OH ICs5p>50

CG-05
1C5)=2.66

1C5=4.28

AG-01
T OH1C5p>30 T 0 1030

Figure 40. Structures of cytotoxic analogs and their parent compounds with their 1Cso
values (uM) versus HCC1937 cell line

Both previous and recent results demonstrate herein that AG-08 induce necrotic
cell death. Furthermore, three new sapogenol derivatives leading to necrotic cell death
are also prepared and reported in this thesis. Only a small number of saponins inducing
necrosis have been reported in terms of molecular mechanism. B10 is one of them, shown
to induce lysosomal membrane destabilization, cathepsin releasing, and also autophagic
flux inhibition. Inhibition of cathepsins significantly reduced cell death (Gonzalez et al.
2012). Also, Gonzales and his co-workers revealed caspase 3 activation and alleviation

of cell death upon downregulation of caspase 3, which was comparable with AG-08
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results. However, the cleavage of ATGs was not observed with B10 treatment. Even,
downregulation of ATGs significantly decreased caspase-3 activation, lysosomal
permeabilization and cell death (Gonzalez et al. 2012). Another necrotic cell death
inducer saponin is Dehydroeburicoic acid (DeEA). DeEA induced cell death depending
on calpain activation and Ca*? elevation. Nevertheless, inhibition of caspases did not have
any effect on DeEA mediated cell death (Deng et al. 2009). Asiatic acid induced necrotic
cell death in U-87 MG (human glioblastoma cells) but apoptosis in RKO (colon cancer
cells). Calpain activation and Ca*? elevation played important role in necrotic cell death
via Asiatic acid treatment. Additionally, caspase 9 and caspase 3 were found to be
activated in the same study. In contrast to AG-08, inhibition of caspases did not interfere
cell death (Cho et al. 2006).

Necrosis has been believed as uncontrollable and unwanted cell death form for
long time. Especially immune response to necrotic cell death is acknowledged as a
negative feature as it has been reported to result in release of cellular content which recruit
immune cells and exert tumor-promoting activity by inducing angiogenesis, proliferation,
and invasion (Lee et al. 2018). However, the reports of regulated necrosis have provided
a novel target for curing cancer. Even, the immune reaction originating from necrosis is
proposed to enhance treatment possibilities through activation of defense mechanisms to
cancer. To be clearer, necrotic cell death induces stimulation of naive cytotoxic CD8+ T
cells that are required for tumor immunity. Sauter et al. has shown that necrosis but not
apoptosis induces maturation of dendritic cells, which stimulate naive cytotoxic CD8+ T
cells and consequently promote tumor immunity (Sauter et al. 2000). On the other hand,
in a report, necroptosis is stated to induce immune response that stimulates both tumor
promoting and anti-tumor mechanisms (Najafov, Chen, and Yuan 2017). Thus, further
studies are required to find the link in regard to immune reaction upon necrosis in cancer
treatment. Although immune response to necrotic cells is still under debate,
demonstration of necrotic cell death by FDA-approved drugs proves that necrosis is
targetable cell death type for treatment(Okada et al. 2004, Wu et al. 2015, Lachaier et al.
2014).

As mentioned above, necrosis has become area of interest as an alternative cell
death mechanism to cope with drug resistance. Because resistance to apoptotic cell death
is one of the main problems faced with current chemotherapeutic agents. For instance,
leukemia shows resistance to most of the apoptotic anti-cancer drugs, and necroptosis is

put forward as a novel therapeutic strategy for overcoming apoptosis resistance in
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leukemia (Huang et al. 2018). Additionally, use of necrotic cell death initiators in
combination with current chemotherapy agents is a logical alternative for drug
development studies because simultaneous activation of different pathways with multiple
drugs/drug candidates may cope with failure of the treatment due to intra-heterogeneity.
(Dagogo-Jack and Shaw 2018, Mokhtari et al. 2017).

Finally, there is a huge need for new course of actions to prevent and/or cure
cancer. Regulated necrosis has emerged as one of the promising alternatives. Our findings
clearly show that it is possible to prepare cytotoxic compounds from inactive sapogenols
via semi-synthesis even with new mode of actions such as induction of necrotic cell death
and autophagy inhibition. Yet, molecular data provided in this thesis is just the tip of the
iceberg and infer to the complex relationship between cell death modules, and further

studies are warranted to understand the complete mechanism of AG-08 and its analogs.
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APPENDIX A

PREVIOUS RESULTS OF AG-08

Quadrant Statistics

Quadrant Statistics

File: TREATED A720 ANNEXIN Vi7AAD  File: TREATED A740 ANNEXIN YI7AAD
Panel: spoptosis Panel: spoptosis
Acquisition Date: 29-Jul-16 Acquisition Date: 29-Jul-16

Quad Events % Gated % Totel Qued Events % Gated % Totsl
UL 2036 33.83 2036 UL 3106 5958 31.06
UR 216 359 2.16 UR S53 1061 553
LL 3681  61.16 36.81 LL 1322 2536 13.22
LR 86 143 086 LR 232 445 232

Figure 41. 7-AAD/ Annexin V staining in flow cytometry (A) and acridine
orange/ethidium bromide fluorescent staining (B) of AG-08 treated
HCC1937 cells. Boiled water was used as necrotic cell death inducer
whereas staurosporin was used as apoptotic inducer.
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Figure 42. Immunoblotting image which show cleavage of PARP-1 with AG-08 into
approximately 50 kDa. Baf Al and 3-MA (3-metiladenin) was used as
autophagic inhibitor, while TSA (trichostatin A) was used as histoneacetylase
inhibitor
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Figure 43. Investigation of caspases activation with AG-08
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Figure 44. Effect of AG-08 on autophagic marker
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