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ABSTRACT 
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Botulinum neurotoxins (BoNTs), known as the most potent bacterial toxins, cause 

potentially lethal disease botulism. BoNTs are classified as category A bioterror 

agents by many countries because they are easy to produce and have extreme 

toxicities. On the other hand, BoNTs are considered a therapeutic marvel in 

medicine because they have been extensively utilized not only for cosmetic 

purposes to get rid of wrinkles but also to treat various conditions in clinics, 

including movement disorders. These toxins specifically target cholinergic nerve 

terminals and block acetylcholine release by cleaving Soluble N-ethylmaleimide-

sensitive Factor Attachment Protein Receptor (SNARE) complex proteins, which 

are crucially important for neuroexocytosis. There are eight serologically distinct 

serotypes of BoNTs (BoNT/A–G, BoNT/X); however, only serotypes A, B, E, and 

F lead to human botulism. Among these, BoNT/A is the most widely used serotype 

in clinics and also the most studied serotype as more than half of botulism cases are 

due to BoNT/A poisoning. BoNT/A has the longest-lasting effect as compared to 

other serotypes. For example, both BoNT/A and BoNT/E serotypes cleave the 
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same protein, SNAP-25, and the half-life of BoNT/E is limited to days in cells 

while BoNT/A can be active for up to 6 months in the neuronal cytosol. The 

underlying mechanisms for the half-life differences between different serotypes 

have not been well understood. However, there has been heightened research 

interest in understanding how BoNT/A manages to escape destructive protein 

degradation machinery in neurons. Recent studies have identified the E3 ligases 

and deubiquitinases (DUBs) critical for the destruction of BoNT/A. More 

specifically, one specific E3 ligase, HECTD2, leads to ubiquitination of the 

enzymatic component of BoNT/A Light Chain (LC) in cells, but the dominant 

DUB activity of VCIP135 inhibits the proteolytic degradation of the LC. In 

addition to this, another DUB, USP9X, indirectly affects the stability of BoNT/A in 

cells. Therefore, the persistence of BoNT/A in the cell can be potentially modified 

by affecting these factors using small molecule modulators. Modulation of BoNT 

half-life in cells by small molecules can be important for research purposes to 

understand intoxication/recovery mechanisms, as well as for the generation of 

effective countermeasures against botulism. In this study, the main goal was to 

screen a focused ubiquitin-proteasome system (UPS) inhibitor library to reveal 

compounds modulating BoNT/A activity and half-life in cells. Our screen utilizing 

mouse embryonic stem cell-derived motor neurons identified 10 potential lead 

compounds affecting BoNT/A mediated SNAP-25 in neurons. Then, tested dose-

dependent effects of the selected compounds and further tested their potential toxic 

effects in the cell. Following, we explored the effects of the lead compounds on the 

stability of LC in cells. Small molecules WP1130, b-AP15, NSC632839, PR-619, 

Celastrol, MDBN, PYR-41, and SL-01 exhibited efficacy against BoNT/A LC 

action and half-life in cells. Among these, PR-619 appears to be highly crucial as it 

is an inhibitor of VCIP135 that has been identified as a crucial DUB affecting the 

half-life of BoNT/A LC. To the best of my knowledge, this is the first study in the 

literature showing that UPS targeting small molecules can modulate BoNT/A LC 

action and half-life in cells. 
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Botulinum nörotoksini (BoNT) ölümcül olan botulizm hastalığına sebep olan, 

bilinen en güçlü bakteriyel toksindir. Yüksek toksisiteye sahip olması ve kolayca 

üretilebiliyor olması sebebi ile bu toksin birçok ülke tarafından kategori A 

biyolojik ajanlar sınıfında değerlendirilmektedir. Aynı zamanda, kozmetik amaçlı 

olarak kırışıklıklardan kurtulmak için kullanılmasının yanı sıra, hareket 

bozukluklarının da içinde olduğu birçok hastalığın tedavisinde klinik alanda uygun 

doz ve uygulama ile yaygın olarak kullanılmaktadır. BoNT spesifik olarak 

kolinerjik sinir terminallerini hedef alır ve nöroeksositoz için kritik öneme sahip 

olan SNARE kompleks proteinleri keserek asetilkolin salınımını bloke eder. 

Botulinum nörotoksininin serolojik olarak farklı 8 farklı serotipi vardır (BoNT/A–

G, BoNT/X) ancak yalnızca A, B, E ve F serotipleri insanda botulizme neden olur. 

Bu serotipler arasında, BoNT/A klinik alanda en yaygın kullanılan serotiptir, ayrıca 

botulizm vakalarının yarısından fazlası BoNT/A zehirlenmesine bağlı olduğu için 

üzerinde en fazla çalışma yapılan serotiptir. Serotip A, diğer serotiplere kıyasla en 

uzun ömüre sahiptir. Örnek olarak, Serotip A ve E, aynı proteini (SNAP-25) 
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kesmelerine karşın, BoNT/E hücre içinde bir kaç günlük yarılanma ömrüyle 

kısıtlıyken BoNT/A sitoplazmada 6 ay kadar aktif bir halde kalabilir. Yarılanma 

ömürleri arasındaki bu farkların altında yatan moleküler mekanizmalar henüz tam 

anlamıyla açığa çıkarılmamıştır. Buna karşın BoNT/A'nın nöronlardaki yıkıcı 

protein bozunma mekanizmasından nasıl kaçtığını anlamaya yönelik araştırma 

ilgisi artmıştır. Son çalışmalar E3 ligaz ve deubikitasyon enzimlerinin BoNT/A 

yıkımı için kritik önem arz ettiklerini ortaya çıkartmıştır. Spesifik olarak HECTD2 

adındaki E3 ligaz BoNT/A hafif zincirinin ubikitasyonuna sebep olmaktadır ancak 

bu proteolitik degradasyon VCIP135 isimli deubikitasyon enziminin yoğun 

aktivitesiyle inhibe edilmektedir. Ayrıca USP9X isimli deubikitasyon enzimi 

indirekt olarak hücre içindeki BoNT/A stabilitesini etkilemektedir. Bu sebeple, 

Serotip A’nın hücre içindeki aktivitesinin sürekliliği spesifik düzenleyici faktörler 

kullanılarak modifiye edilebilir. BoNT/A’nın yıkımını düzenleyen küçük ilaç 

moleküllerinin geliştirilip tanımlanması, bu serotipe karşın etkili önemler 

geliştirmesi için önem arz etmektedir. Bu sebeple, bu tez çalışmasında ubikitin-

proteazom sistemini hedef alan küçük molekül kütüphanelerinin taranması ile 

BoNT/A intoksitesi üzerinde etkili olan moleküllerin belirlenmesi ve toksinin 

katalitik olarak aktif kısımı olan hafif zinciri üzerindeki etkilerinin araştırılması 

hedeflenmektedir. Fare embriyonik kök hücreleri kullanılarak yapılan tarama 

sonucunda, BoNT/A aracılığı ile SNAP-25 kesilmesine karşı nöronlarda etkinliği 

olan öncü 10 adet potansiyel bileşik belirlenmiştir. Daha sonra, bu öncü bileşiklerin 

doza bağlı etkileri ve hücrelerdeki potansiyel toksik etkileri test edilmiştir. Bir 

sonraki aşamada öncü bileşiklerin hücre içerisindeki LC stabilitesi üzerindeki 

etkileri incelenmiştir. WP1130, b-AP15, NSC632839, PR-619, Celastrol, MDBN, 

PYR-41 ve SL-01 adlı küçük moleküller, BoNT/A LC etkilerine ve yarılanma 

ömrüne karşı etkili sonuç verdiler. Bunlar arasında, PR-619 adlı bileşik, BoNT/A 

LC'nin yarı ömrünü etkileyen çok önemli bir DUB olarak tanımlanan bir VCIP135 

inhibitörü olduğu için oldukça önemli görünmektedir. Bu çalışma, hücrelerdeki 

küçük moleküllerin mekanik etkisini gösteren literatürdeki bilgimiz dahilinde olan 
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ilk çalışmadır, bu sebeple farklı BoNT serotipleri arasındaki stabilite farklarının 

sebeplerinin ortaya çıkartılması için önem arz etmektedir. 

 

Anahtar Kelimeler: Botulizm, Botulinum Nörotoksini (BoNT), Synaptosomal-

associated protein 25 (SNAP25), Motor Neuron, Synaptic Transmission 
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CHAPTER 1  

1 INTRODUCTION  

1.1 Botulism  

Botulism is a rare but life-threatening disease and caused by botulinum 

neurotoxin (BoNT) (Dickerson & Janda, 2006). It was first identified in Southern 

Germany approximately 200 years ago after the flaccid paralysis and death of 

people who shared contaminated ham and sausages (Rossetto, Pirazzini, Fabris, & 

Montecucco, 2020). There are different types of botulism, depending on the route 

of entry into the human body, and the most common type worldwide is foodborne 

botulism (Ambrozova, 2019). Other types include wound botulism, intestinal 

botulism, including infant botulism, inhalational botulism, botulism of unknown 

etiology, and iatrogenic botulism, which is inappropriate administration of 

botulinum toxin during its use as a pharmaceutical agent (Johnson & Montecucco, 

2008). BoNT is produced by the bacterium Clostridium botulinum, which is a rod-

shaped, gram-positive, spore-forming, and anaerobic bacterium (Peck, 2009). 

Clostridium botulinum is usually found in soils and water, on plants, and in the 

intestinal tracts of animals (Espelund & Klaveness, 2014). Weakness, blurred 

vision, feeling tired, and trouble speaking are among the common symptoms 

because it is a flaccid paralytic disease (Dickerson & Janda, 2006; Hambleton, 

1992; Schantz & Johnson, 1992). Generally speaking, botulism may lead to death 

when the toxin affects the respiratory system with diaphragm muscles (Schantz & 

Johnson, 1992; Sobel, 2005). However, secondary infections or cardiac arrest 

would be the cause of death occasionally (Johnson & Montecucco, 2008). 

Therefore, hospitalization with intensive nursing care and mechanical ventilation 

can be mandatory to keep patients alive by preventing respiratory failure and 
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controlling secondary infections even though the recovery process is tedious and 

slow (Arnon et al., 2001; Johnson & Montecucco, 2008; Sobel, 2005).  

1.2 Botulinum Neurotoxin (BoNT) 

Botulinum neurotoxin is a proteinaceous toxin, which targets cholinergic 

nerve terminals (Dickerson & Janda, 2006). It is synthesized as an inactive 

polypeptide with ~150 kDa molecular weight (Dressler & Adib Saberi, 2005). The 

polypeptide is formed as two chains: one is a heavy chain (HC) with ~100 kDa 

molecular weight and is essential for the entrance of the toxin into cells (Dickerson 

& Janda, 2006; Dressler & Adib Saberi, 2005; Hambleton, 1992; Rossetto, 

Pirazzini, & Montecucco, 2014). The other one is a light chain (LC) with ~50 kDa 

molecular weight and is the catalytically active part of the toxin (Dickerson & 

Janda, 2006; Dressler & Adib Saberi, 2005; Hambleton, 1992; Rossetto et al., 

2014). A single disulfide bond links these two chains (Dickerson & Janda, 2006; 

Rossetto et al., 2014). The bond is cleaved, and two chains are separated after the 

toxin enters the motor neurons (Winner, Bodt, & McNutt, 2020).  

There are eight biochemically distinct serotypes of botulinum toxin 

(BoNT/A–G, BoNT/X) (Dickerson & Janda, 2006; Johnson & Montecucco, 2008; 

Montal, 2010; Rossetto et al., 2020). Serotypes A, B, E, and F cause the disease in 

humans, while other serotypes rarely affect humans (Johnson & Montecucco, 2008; 

Montal, 2010). BoNT/A is widely studied in research because it affects mostly 

humans, and its half-life is relatively longer than different serotypes (Walker & 

Dayan, 2014). After BoNT/A enters motor neurons, it cleaves the Synaptosomal-

associated protein 25 (SNAP25), which is one of the Soluble N–ethylmaleimide 

sensitive factor (NSF) attachment protein receptor (SNARE) Complex protein and 

essential for the release of the content of vesicles into the synaptic cleft (Blasi et 

al., 1993; Dickerson & Janda, 2006). When the acetylcholine (ACh) molecules 

cannot be released into the neuromuscular junction from motor neurons, muscle 

cells cannot be contracted, and this eventually causes muscle paralysis (Pellizzari, 
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Rossetto, Schiavo, & Montecucco, 1999; Sobel, 2005). If diaphragm muscles are 

affected due to BoNT poisoning, this situation can lead to death in the absence of 

mechanical ventilation because of respiratory system failure (Simpson, 2000; 

Tacket, Shandera, Mann, Hargrett, & Blake, 1984).  

Although BoNTs are extremely toxic, they are used at small doses as FDA 

approved therapeutic options in clinics for various conditions, such as lower 

urinary tract dysfunction, overactive bladder syndrome, limb spasticity, and they 

have been extensively utilized for cosmetic purposes to remove wrinkles (Chen & 

Kuo, 2020; Pirazzini, Rossetto, Eleopra, & Montecucco, 2017). However, there 

might be accidents in clinics during the toxin application causing iatrogenic 

botulism (Johnson & Montecucco, 2008). Additionally, these toxins are present in 

nature and occasionally cause food or liquid poisoning (Lonati et al., 2020; Peck, 

2009). Because there is no approved treatment for BoNT intoxication after the 

toxin enters motor neurons, developing drugs and therapy for the intoxication of 

BoNTs is a critical concern to prevent devastating consequences (Kiris, Kota, et al., 

2014).  

1.3 Molecular Mechanism of BoNT Intoxication 

Acetylcholine (ACh) is an excitatory neurotransmitter that plays a role in 

numerous physiological functions, for example, skeletal muscle contraction (Sam 

& Bordoni, 2020). ACh is released from motor neurons into the neuromuscular 

junction when the axon terminal is depolarized by an action potential, leading to 

muscle contraction (Sam & Bordoni, 2020). On the other hand, SNARE complex 

proteins are important for neurotransmitter release (Sam & Bordoni, 2020). As 

mentioned before, BoNT is composed of two chains, a heavy chain (HC) and a 

light chain (LC) (Rossetto et al., 2014). When BoNT reaches the target tissue, the 

heavy chain of it binds to specific glycoproteins, which are found on motor 

neurons, and internalization of the toxin occurs through receptor-mediated 

endocytosis (Dressler & Adib Saberi, 2005; Hambleton, 1992; Rossetto et al., 
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2014). After that, the heavy chain and light chain are separated, and the light chain 

binds with high specificity and cleaves specific SNARE complex proteins 

depending on the serotypes (Dickerson & Janda, 2006; Montal, 2010).  

 In summary, the molecular mechanism of BoNT intoxication and ACh 

release inhibition follows a complex multistep process (Montecucco, Papini, & 

Schiavo, 1994). The process involves (1) the binding of BoNT HC to the receptor 

on the cell membrane; (2) the receptor-mediated endocytosis within synaptic 

vesicles; (3) endosome acidification; (4) translocation of BoNT LC from the 

acidified vesicle to the cytoplasm; and (5) the enzymatic activity of the BoNT LC 

on SNARE complex proteins (Johnson & Montecucco, 2008; Kiris, Burnett, Kane, 

& Bavari, 2014).  

1.4 Drug Discovery against BoNT Intoxication 

It is crucial to elucidate the cellular mechanism of BoNT intoxication to 

reveal the therapeutic targets for drug development. There are several potential 

steps to focus on for small molecule intervention in the mechanism of BoNT 

intoxication (Figure 1). Such potential steps can be divided into two main 

categories: inhibition of toxin entry into the cells or neutralizing the already 

internalized toxin inside the cells. The neutralizing antibodies and inhibitors 

interfering with BoNT entry into neurons can be used as therapeutic agents before 

the toxin enters motor neurons (Fan et al., 2015; Kiris, Kota, et al., 2014). After the 

toxin enters neurons, endocytosis, endosome acidification, and translocation 

BoNT/LC can be initial targets (Kiris, Burnett, et al., 2014; Pirazzini & Rossetto, 

2017). After the catalytically active part of the toxin was translocated to the 

cytosol, LC inhibitors can be potential modulators to be investigated together with 

their effects on the ubiquitin-proteasome system (UPS) (Kiris, Burnett, et al., 

2014). Therefore, the elucidation of the cellular mechanisms involved in 

intoxication and/or recovery in detail is important to find new potential targets to 

develop druggable molecules. 
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Figure 1. Potential steps of small molecule intervention for BoNT 

intoxication (Kiris, Burnett, Kane, & Bavari, 2014) 

 

 

 

 

 

 

 

 

 

 

 

1.5 Inhibitors against Botulinum Neurotoxins 

As mentioned above, there are various stages in the molecular mechanism 

of BoNT intoxication to develop drug molecules.  The enzymatic part of the toxin, 

the light chain (BoNT LC), is the potential target for most of the previous drug 

development efforts (Fan et al., 2015). Inhibition of the enzymatic components of 

BoNTs can be a logical approach because the cleavage of SNARE complex 

proteins by BoNT LC leads to inhibition of the linkage between motor neurons and 

muscles (Pirazzini & Rossetto, 2017). Therefore, the development of many 

biochemical assays has been done to measure the proteolytic activity of BoNTs 

(Boldt, Dickerson, & Janda, 2006; Burnett et al., 2007; Opsenica et al., 2011). Such 



 

 

6 

efforts lead to identifying several chemically different LC inhibitors, including 

hydroxamates and aminoquinoline small molecules (Konstantinovic et al., 2018; 

Videnovic et al., 2014). Despite comprehensive research and development, there 

have been very few inhibitors to be tested in animal experiments (Pirazzini & 

Rossetto, 2017). Unfortunately, they all failed at various stages, so there have not 

been any small molecules that have progressed to human clinical trials (Lin et al., 

2020). However, some of the molecules tested in animal studies like Quinolin-8-ol 

and EGA have demonstrated some efficacy, but their effects are limited (Azarnia 

Tehran et al., 2015; Bremer, Adler, Phung, Singh, & Janda, 2017). Some other 

studies show that Cu (II) and dithiocarbamate, and bis (thiosemicarbazone) 

complexes might be effective for BoNT/A intoxication, but their effects are limited 

to the delaying of deaths due to complications of intoxication (Bremer, Pellett, et 

al., 2017). Likewise, there is another molecule, Dyngo-4a, which has limited 

survival efficiency of 30% for only 24 hours (Seki et al., 2015). To sum up, all 

these molecules have limited potential for recovery, so it remains of an urgent need 

to develop innovative and more effective solutions to prevent the devastating 

consequences of BoNTs.  

The modulation of UPS would be another approach for drug discovery. In 

other words, activation of protein degradation mechanisms of cells might be an 

alternative method for treating BoNT intoxication. Foreign proteins in normal 

functioning cells can be labeled with ubiquitin molecules for degradation by the 

UPS (Landre, Rotblat, Melino, Bernassola, & Melino, 2014). However, BoNT/A 

can escape from this system (Tsai et al., 2017). Serotype A is the longest-lasting 

serotype in human botulism; it can survive within the neurons for up to 6 months 

(Shoemaker & Oyler, 2013). However, serotype E can be active for just a few days, 

although it targets the same protein with BoNT/A (Shoemaker & Oyler, 2013). A 

recent study shows that the E3 ubiquitin ligase TRAF2 mediated ubiquitination 

destroys BoNT/E in neurons (Tsai et al., 2010). However, BoNT/A degradation is 

modulated by the E3 ligase HECTD2 and the deubiquitinase VCIP135 (Tsai et al., 

2017). VCIP135 has a crucial role in escaping BoNT/A from proteasomal 
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degradation mechanisms because the removal of ubiquitin molecules limits the 

polyubiquitination of the toxin, so it stabilizes the toxin by preventing degradation 

of it (Tsai et al., 2017). Therefore, HECTD2 and VCIP135 activities appear to be 

essential for determining the lifetime of BoNT/A and the duration of its action in 

neurons. It is also important to mention that VCIP135 may not be the only DUB 

affecting LC half-life as it is shown that there is another DUB, USP9X, which 

might have an indirect effect on BoNT/A LC degradation (Tsai et al., 2017). The 

half-life of BoNT/A in cells might be potentially controlled if the E3 ligase and/or 

the DUBs can be manipulated. Therefore, we focused on a small molecule library 

targeting the ubiquitin-proteasome pathway (UPP) to identify effective molecules 

against BoNT activity and its half-life. 

1.6 The Ubiquitin-Proteasome System (UPS) 

The principal mechanism for the short-lived, damaged, and misfolded 

protein catabolism is the ubiquitin (Ub)–proteasome pathway (UPP) in the 

mammalian cells (Hershko & Ciechanover, 1998). It plays an essential role in 

various cellular processes, so the defects in UPP can cause the pathogenesis of 

several diseases (Dantuma & Bott, 2014). Therefore, to be able to develop 

druggable molecules targeting UPP, the understanding of this system is very 

crucial.  

UPP consists of two main steps: ubiquitylation and proteasomal degradation 

(Hershko & Ciechanover, 1998). Ubiquitin is a small regulatory protein and is 

found in eukaryotes (Finley, 2009). It plays a role in tagging the targeted protein by 

covalently binding the ε-amino group of lysine in the targeted protein for 

degradation (Finley, 2009). For polyubiquitination, a similar binding pattern is 

formed between the carboxy terminus of ubiquitin and the ε-amino group of lysine 

of another ubiquitin molecule (Shabek et al., 2012). The ubiquitin patterns and 

distributions are essential for the fate of the labeled protein. Polyubiquitination is 

the signal for protein degradation as well as transcription factor activation, kinase 
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activation, and DNA repair (Thrower, Hoffman, Rechsteiner, & Pickart, 2000). 

There are three critical steps for the protein ubiquitination process. The first one is 

that the E1 ubiquitin-activating enzyme activates ubiquitin at the C-terminus 

(Finley, 2009; Hershko & Ciechanover, 1998). The second one is that the E2 

ubiquitin-conjugating enzyme conjugates the ubiquitin (Finley, 2009; Hershko & 

Ciechanover, 1998). The final one is that the E3 ubiquitin ligase transfers Ub to the 

target protein (Finley, 2009; Hershko & Ciechanover, 1998). In the end, the 26S 

proteasome, which has the catalytic 20S core and the 19S regulator, recognizes the 

ubiquitinated proteins, unfold them, and threaded into the 20S proteolytic chamber 

(Coux, Tanaka, & Goldberg, 1996; Hershko & Ciechanover, 1998; Schmidt & 

Finley, 2014). As a result, they are cleaved into short peptide fragments 

(Bhattacharyya, Yu, Mim, & Matouschek, 2014). Following this, they rapidly enter 

into the process of the cleavage of amino acids from peptides by cellular 

aminopeptidases, and they are recycled (Reits et al., 2003).  

1.7 The Ubiquitin-Proteasome Pathway Inhibitor Library 

The UPP is an important target for developing potential therapeutic agents 

because the aberration of proteasome-mediated protein degradation might lead to 

various diseases (Dantuma & Bott, 2014). There are various steps to block the 

UPP, but most inhibitors specifically target the activity of the 20S proteasome 

(Myung, Kim, & Crews, 2001). However, there are efforts to identify modulators 

of specific E3 ligases and DUBs. 

Generally speaking, targeting UPP is considered as a challenging drug 

target. However, recent studies have identified various highly promising small 

molecules that either work on DUBs or E3 ligases. For example, Thalidomide 

Immunoprin, Lenalidomide Revlimid, and Pomalidomide Pomalyst are FDA-

approved E3 modulators marketed by Celgene  (Ito et al., 2010; Kronke et al., 

2014; G. Lu et al., 2014; Wertz & Wang, 2019). VLX1570 is a proteasome-

associated deubiquitinase inhibitor that is recently published in clinical 
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development (Wang et al., 2016; Wertz & Wang, 2019). There are also several E3 

and DUB modulators in preclinical testing, such as Auxin, CC-885, ML364, 

P22077 (Davis et al., 2016; Matyskiela et al., 2016; Pozhidaeva et al., 2017; X. Tan 

et al., 2007; Wertz & Wang, 2019).  

In our study, we focused on UPP pathway modulators to potentially affect 

ubiquitination and/or deubiquitination of the LC to affect the duration of botulinum 

neurotoxin type A light chain directly. 

  The ubiquitin-proteasome pathway inhibitor library utilized in this study 

was purchased from LifeSensors (SI9032), and it contains 32 ubiquitin-proteasome 

pathway inhibitors (10 mM in DMSO). The map of the library is shown in Figure 2 

Figure 2 The map of the UPP-Inhibitor Library (Life sensor, SI9032). 
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 In detail, the library contains seven proteasome inhibitors, IU1, LDN-

57444, MG132, MLN9708, PS-341, MLN2238, and Oprozomib (Adams, 2002; 

Guo & Peng, 2013; Kupperman et al., 2010; Lee et al., 2010; Schrader et al., 2016; 

Y. Y. Tan, Zhou, Wang, & Chen, 2008; Zhu et al., 2019). There are also DUB 

inhibitors, which are WP1130, b-AP15, TCID, NSC 632839, PR-619, in this 

library (Aleo, Henderson, Fontanini, Solazzo, & Brancolini, 2006; Altun et al., 

2011; D'Arcy & Linder, 2012; Driessen et al., 2015; Tian et al., 2011). Among 

these, WP1130 and PR-619 are very important for this study because they target 

USP9X and VCIP135, respectively (Altun et al., 2011; Driessen et al., 2015; 

Kapuria et al., 2010). The other DUB inhibitor is P22077, which inhibits the 

ubiquitin-specific protease USP7 and the closely related DUB, USP47 (Altun et al., 

2011; Tian et al., 2011). Thalidomide and SMER3 target E3 ligase activity 

(Aghajan et al., 2010; Ito, Ando, & Handa, 2011; Ito et al., 2010). On the other 

hand, there is a small molecule in the library, 1,10-phenanthroline (o-

phenanthroline), which is a chelator for divalent metal ions and affects UPP 

indirectly (Cooper et al., 2009). Aclacinomycin A, Celastrol, and Carfilzomib are 

specific inhibitors of the 20S proteasome chymotrypsin-like activity, and it is 

important to note that Carfilzomib is an FDA-approved drug (Figueiredo-Pereira, 

Chen, Li, & Johdo, 1996; Kiaei et al., 2005; Landgren et al., 2019; Sethi, Ahn, 

Pandey, & Aggarwal, 2007; Westerheide et al., 2004). The other compounds affect 

different pathways; for example, DBeQ acts as a reversible inhibitor of the AAA-

ATPase p97 and blocks both ubiquitin-dependent and endoplasmic reticulum-

associated degradation pathways, protein clearance pathways (Auner et al., 2013; 

Bastola, Neums, Schoenen, & Chien, 2016). MLN-4924 inhibits of NEDD8-

dependent pathways, which have a critical role in mediating ubiquitination (Soucy, 

Dick, Smith, Milhollen, & Brownell, 2010). On the other hand, MDBN is known as 

an irreversible inhibitor of p97/valosin-containing protein that plays a vital role in 

cells by using its ATPase activity (Mori-Konya et al., 2009). NSC-207895 is an 

inhibitor of the oncogene, MDMX, which is a critical negative regulator of the 

tumor suppressor p53 (Yu et al., 2020). Serdemetan is an oral, phase 1 HDM2 
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antagonist, which also a key negative regulator of the tumor suppressor p53 (Jones 

et al., 2013). NSC-66811, Nutlin-3, and SL-01 inhibit the p53-MDM2 interaction 

(Li, Zhang, Gao, Chen, & Xie, 2011; Y. Lu et al., 2006; Vassilev et al., 2004). 

PYR-41 irreversibly inhibits E1, but it has little or no activity against E2s or E3s 

(Brahemi, Burger, Westwell, & Brancale, 2010; Yang et al., 2007). RITA blocks 

p53-HDM2 interaction and p53 ubiquitination (Chuang et al., 2014; Wanzel et al., 

2016). TAME-HCl inhibits the ubiquitin ligase anaphase-promoting 

complex/cyclosome (APC/C) (Zeng & King, 2012; Zeng et al., 2010). The small 

molecule, SKPin C1, inhibits the cullin-RING ubiquitin E3 ligase SCF-Skp2 (Rico-

Bautista & Wolf, 2012; Wu et al., 2012). Finally, AT-406 is known as an inhibitor 

of apoptosis proteins (Brunckhorst, Lerner, Wang, & Yu, 2012). 

1.8 The aim of this study  

There are no therapeutic agents for BoNT/A intoxication after the toxin 

enters into motor neurons (Sobel, 2005). Therefore, it is crucial to develop a 

therapeutic approach to prevent the devastating consequences of BoNT/A after the 

entrance to motor neurons. Previous studies identified specific E3 ligase and DUBs 

that affect BoNT/A LC degradation (Tsai et al., 2017). In this study, we aimed to 

screen a small molecule ubiquitin-proteasome system library to identify 

compounds that modulate BoNT/A LC half-life and thereby its activity in cells. 

Identification of such modulators could be important for basic research as 

molecular tools to better understand intoxication and/or recovery mechanisms. 

Additionally, such BoNT/A LC half-life modulators can be important for its 

clinical usage as well as drug development efforts against the toxins. 
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CHAPTER 2  

2 MATERIALS AND METHODS 

2.1 Differentiation of Mouse Embryonic Stem Cells to Motor Neurons 

This work utilized a mouse embryonic stem (ES) cell line and previously 

established, well-characterized protocols to generate motor neurons from the ES 

cells (Kiris et al., 2011). Directed differentiation of the ES cells to motor neurons 

weres based on Retinoic Acid and Sonic Hedgehog induction method (Wichterle, 

Lieberam, Porter, & Jessell, 2002) Briefly, HBG3 ES cells were co-cultured with 

mitomycin-inactivated mouse embryonic fibroblast (MEF) cells in DMEM for ES 

cells supplemented with 15% fetal bovine serum (FBS), 1000 Unit/ml Leukemia 

Inhibitory Factor (LIF), β-mercaptoethanol (final concentration 0.1 mM), 1% 

Penicillin-Streptomycin, 1% Glutamax, and 1% Non-essential amino acids. For 

motor neuron differentiation, the mouse ES cells were separated from the feeder 

cells using enzymatic methods and then resuspended in the differentiation medium 

containing 1:1 Advanced DMEM-F12 and Neurobasal medium supplemented with 

1% Penicillin-Streptomycin, 1% Glutamax, β-mercaptoethanol (final concentration 

0.1 mM), and 15% Knockout Serum Replacement (KSR). To form embryoid bodies 

(EBs), the dissociated ES cells were seeded onto sterile low-attachment dishes. The 

next day as Day 1, EBs were harvested and cultured in a fresh differentiation 

medium for 24 hours. Retinoic Acid (1 μM, Sigma) was added following two days 

for 24 hours to induce neuralization. Then, EBs have treated with Hh-Ag1.5 

(Cellagentech, C4412-2s) on day 3 to induce motor neuron specification. On day 4, 5 

more mL of fresh ADFNK media supplemented with fresh Hh-Ag 1.5 compound (1 

µM final concentration) was added to each plate. On day 5, EBs were transferred to 

new dishes containing fresh differentiation medium including 1:1 Advanced DMEM/ 

F12 and Neurobasal medium supplemented with 1% Penicillin-Streptomycin, 1% 
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Glutamax, and 2% B27 serum-free supplement (Invitrogen), brain-derived 

neurotrophic factor (10 ng/ml, Chemicon), glial cell-derived neurotrophic factor (100 

ng/ml, R&D Systems), cliary-derived neurotrophic factors (10 ng/ml, Chemicon), 

and Neurotrophin3 (10 ng/ml, Chemicon). After two days, Day 7, the dissociation of 

EBs was done using accutase (Thermo Fisher Scientific, A1110501) based method, 

and dissociated EBs were plated onto matrigel (BD Biosciences, San Jose, CA) 

coated dishes. To allow the elongation of neurites, they were incubated for an 

additional three days. 

To ensure whether the differentiated cells are motor neurons are not, the cell 

line with motor neuron-specific transcription factor Hb9 promoter was used. GFP 

expression is driven in that cell line with the specific promoter. They were cultured 

and differentiated into motor neurons as described in detail above. 

2.2 Compound Treatment and BoNT/A Intoxication 

Compound stock concentrations were 10 mM, dissolved in dimethyl 

sulfoxide (DMSO). All studies utilizing BoNT/A holotoxin (Metabiologics) were 

conducted by highly trained professionals in the United States (Frederick, MS, USA) 

through collaboration. Only LC transfection studies have been performed at METU. 

For holotoxin experiments, ES cell-derived motor neurons were cultured in 24-well 

plate formats and pre-treated with compounds before the toxin administration. They 

were incubated with compounds for 30 minutes at 37 °C with 5 % CO2. All 

procedures were performed under biosafety level II conditions, and working areas 

were decontaminated before and after experiments. Cells were incubated with 

BoNT/A in a humidified incubator with 5% CO2 at 37°C. At the end of the 

experiments, the toxin was removed through approved protocols, and cell lysis was 

obtained by scraping the cells in lysis buffer. 
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2.3 Transformation and Plasmid Purification  

The pE-YFPC1 plasmid encoding YFP-tagged LCA (50 ng) was transformed 

into XL1-Blue competent cells. The transformed cells were grown on Luria-Bertani 

(LB) agar plate containing Kanamycin. After 18 hours, a single colony was selected 

using a sterile pipette tip from the LB agar plate containing Kanamycin, and it was 

dropped in the liquid LB medium. The bacterial culture was loosely covered with 

sterile aluminum foil and incubated at 37°C for 12-18 hr in a shaking incubator. For 

plasmid purification, ZymoPURE II Plasmid Midiprep Kit was used. The plasmids 

were purified according to the manufacturer's protocol. 

2.4 Cell Culture 

Cell culture conditions of the mouse ES cells are given in section 2.1. The 

other utilized cell line in this work was the human embryonic kidney cell line, 

HEK293. HEK293 cells were cultured in DMEM supplemented with 10% FBS, 2 

mM glutamine, and 2% penicillin-streptomycin. They were grown at 37°C with 5% 

CO2 and passaged when 70% confluent. 

2.5 Transfection 

TurboFect Transfection Reagent was used for transfecting pE-YFPC1 

plasmid expressing BoNT/A LC into HEK293 cells. The cells were seeded on a 12-

well or 24 well tissue culture plate depending on the experimental design and then 

allowed to attach to the surface and reach approximately 70-80% confluency for 24 

hours. After the cells reached 70-80% confluency, they were transfected with pE-

YFPC1 plasmid expressing BoNT/A LC genes. For HEK293 cells, the WT SNAP25 

plasmid was also co-transfected with the pE-YFPC1 plasmid expressing BoNT/A 

LC in a 1:4 ratio of DNA: transfection reagent (Turbofect Transfection Reagent, 

Thermo Scientific Inc.) according to the manufacturer's instructions. The cells were 
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collected at specified time points by using a cell scraper in NP-40 lysis buffer 

containing fresh protease and phosphatase inhibitors for Western blot. 

2.6 MTT Assay 

The proliferation assay, MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide] assay, was performed to look at the effects of selected 

compounds on the viability of HEK293 cells.  

80.000 cells were seeded per well in a 96-well plate and then incubated for 24 

hours at 37oC, 5% CO2 
 for the cells to attach to the surface of the plate. Then, 10 

lead compounds (WP1130, b-AP15, NSC 632839, PR-619, P22077, Celastrol, 

MDBN, PYR-41, NSC 66811, SL-01) were added in specified concentrations for 

different wells. After 4 hours, the MTT solution, which is dissolved in PBS free from 

Ca2+ and Mg2+, was added to the cells. After 4 hours of incubation, a 1% SDS-0.01M 

HCl (hydrochloric acid) solution was added for each well to dissolve formazan 

crystals. The plate was incubated for 4-18 hours. Finally, the absorbance was 

measured in a microplate reader (Thermo Fisher Scientific, USA) at 570 nm. 

For the interpreting of results, the absorbance reading of the blank was 

subtracted from all absorbance reading of samples. Then, absorbance readings from 

test samples are divided by those of the control and multiplied by 100. This gives the 

percentage of cell viability or proliferation. The formula is given below.  

% 𝑉𝑖𝑎𝑏𝑙𝑒 𝐶𝑒𝑙𝑙𝑠 =
(𝑎𝑏𝑠𝑠𝑎𝑚𝑝𝑙𝑒 − 𝑎𝑏𝑠𝑏𝑙𝑎𝑛𝑘)

(𝑎𝑏𝑠𝑐𝑜𝑛𝑡𝑟𝑜𝑙 − 𝑎𝑏𝑠𝑏𝑙𝑎𝑛𝑘)
𝑥100 

2.7 Cycloheximide and Compound Treatment 

Before cell seeding, the plates were coated first with 0.1% gelatin for 30 

minutes. Then, the plates were double-coated with Poly-D-Lysine (PDL) (Sigma-

Aldrich, P0899) solution. HEK293 cells were seeded onto a double-coated 24-well 
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plate in 500 µl of growth medium 24 hours before transfection. After 24 hours, the 

cells were transfected with 1 µg plasmid encoding YFP-tagged LC/A. 

Cycloheximide (25 µg/ml) (Sigma-Aldrich, C7698) diluted in DMEM was added to 

the transfected cells to inhibit new protein synthesis 24 h after transfection. For each 

condition, the cells were collected at that time point as a control. The rest of the plate 

was incubated for 2 hours in a humidified incubator with 5% CO2 at 37°C. After 2 

hours, the media containing the cycloheximide (CHX) was removed. The selected 

compounds were diluted to 20 µM concentration in DMEM and then given to the 

cells. For each condition, the cells were collected at that time point as well. At the 

specified time points, cells were lysed in NP-40 lysis buffer containing freshly added 

protease and phosphatase inhibitors and processed for western blotting. 

2.8 Sample Preparation for SDS-PAGE 

The cells were collected in NP-40 lysis buffer containing freshly added 

protease inhibitor (cOmplete Protease Inhibitor Cocktail, Roche) and phosphatase 

inhibitor (PhosSTO, Roche). After that, the cell lysates were stored at -80oC. Before 

SDS-PAGE, the cell lysates were thawed on ice and centrifuged at 12000 rpm for 20 

minutes (Nüve, NF800R) at +4oC. The supernatant contains total protein extract, so 

it was separated from the pellet and mixed with 6X Laemmli Sample Buffer in a new 

tube.  

2.9 Western Blot 

The proteins were separated by the SDS-PAGE method at 220 V in 12% 

polyacrylamide gel after denaturation at 95oC for 5 minutes. As a marker, PageRuler 

Plus Prestained Protein Ladder, 10 to 250 kDa (Thermo Scientific, 26619), was used. 

After that, the proteins on the gel were transferred to a PVDF (Polyvinylidene 

Fluoride) membrane (Serva, 4251401) with 0.45 µM pore size at 30 V for 2 hours in 

wet conditions. Then, the membrane was blocked in 5% skimmed milk dissolved in 
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0.01 % TBS-T. After that, the membrane was incubated in the primary antibody 

solution overnight at 4oC. The membrane was washed two times for 10 minutes in 

0.01% TBS-T and blocked in 5% skimmed milk dissolved in 0.01% TBS-T for 20 

minutes at room temperature. Then, the membrane was incubated in a secondary 

antibody solution for 1 hour at room temperature. The membrane was washed three 

times for 10 minutes in 0.01% TBS-T. The visualization of it was carried out by 

using the SynGene GeneGnome Chemiluminescence Imaging System. The enhanced 

chemiluminescence (ECL) kit (WesternBright ECL HRP substrate, Advansta, K-

12045-D50) was used for visualization. 

 

Target 

Protein   

Host  Brand Dilutions  Media  

SNAP-25 Mouse BioLegend 1:2500 5% skimmed milk 

GFP  Rabbit Invitrogen 1:2500 5% skimmed milk 

GFP Mouse  Santa Cruz 1:2000 5% skimmed milk 

GAPDH Mouse Santa Cruz 1:2000 5% skimmed milk 

β-actin Mouse Santa Cruz 1:4000 5% skimmed milk 

2.10 Buffers and Solutions 

The recipes of buffers used in this study and their preparation of them are 

given in Appendix C. 

2.11 Statistical Analysis 

Data were analyzed using Student's t-test and reported as the mean ± SEM 

(GraphPad Prism Software 9.0 and Microsoft Excel). p<0.05 was stated as 

statistically significant.  

Table 1 Antibodies that are used in this study 
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3 RESULTS 

3.1 Preliminary Studies 

3.1.1 Western Blot Analysis of Stem Cell-Derived Motor Neurons Treated 

with BoNT/A Holotoxin in Indicated Doses 

 Mouse ES cell-derived motor neurons are suitable model systems to screen 

compounds against BoNT intoxication (Kiris et al., 2011). We first sought to 

determine the sensitivity of ES cell-derived motor neurons to the toxin to be utilized 

in the study. To do so, we intoxicated the motor neurons derived from ES cells with 

BoNT/A holotoxin in increasing concentrations (0.5 nM, 1 nM, 5 nM, and 20 nM) to 

determine the effect of the toxin on SNAP-25 protein cleavage. It is well established 

that SNAP-25 is the only known biological target of BoNT/A, and the toxin-

mediated SNAP-25 protein cleavage is routinely used as a read-out in the field 

(Kiris, Kota, et al., 2014). The percentage of full-length SNAP-25 was determined in 

each condition and was compared to DMSO control. DMSO treatment was used as a 

negative control. In the literature, it has been demonstrated that Toosendanin can be 

an effective cure for experimental botulism (Shi & Wang, 2004). Therefore, 

Toosendanin treatment, together with 0.5 nM BoNT/A, was used as a positive 

control group. The full protection was observed after Toosendanin treatment as 

expected. β-Actin was used as the loading control. Our results show that the 

percentage of full-length SNAP-25 decreases while the toxin concentration increase 

(Figure 3). The decrease in the percentage of full-length SNAP-25 was statistically 

significant for each dose. Based on our results, 0.5 nM was considered optimal 

concentrations for the rest of the study because approximately 50% cleavage was 

observed, which should allow detection of increased or decreases SNAP-25 cleavage 

detection upon compound treatments. 

 



 

 

20 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3 Western blot analysis of SNAP-25 in ES cell-derived motor neurons 

treated with BoNT/A holotoxin in indicated doses. Mouse ES cell-derived 

motor neurons were treated with BoNT/A holotoxin with 0.5 nM, 1 nM, 5 nM 

and 20 nM concentrations and the percentage of full length SNAP-25 was 

determined. DMSO was used as a negative control. 1 µM Toosendanin 

treatment with 0.5 nM BoNT/A was used as a positive control group. β-Actin 

was used as a loading control. Data are presented as means ± SEM calculated 

from three independent samples and compared by unpaired t-test to DMSO 

control condition. 
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3.1.2 The Initial Screen of Small Molecule Library Targeting the UPP 

After determining optimal toxin concentration for approximately 50% SNAP-

25 cleavage, the initial screen of small molecules targeting the UPP was conducted. 

The effects of small molecules in the library on 500 pM BoNT/A intoxication were 

investigated by western blotting. Mouse ES-derived motor neurons were treated with 

the compounds 30 minutes before intoxication, and then cells were intoxicated with 

500 pM BoNT/A for a total of 4 hours. Similar to Figure3, SNAP-25 cleavage was 

utilized as a read-out to determine the efficacies of the compounds. Based on the 

entire library screening (total 32 compounds), WP1130, b-AP15, NSC-632839, 

PR619, P22077, Celastrol, MDBN, PYR-41, NSC-66811, SL-01 were selected for 

further analysis because of their statistically significant effects on the protection of 

SNAP-25 cleavage. DbeQ also showed a significant effect, but it was not selected 

for further analysis because of the decrease in the level of β-Actin. The decrease 

might be caused by potential cell death after DbeQ treatment. Also, Serdemetan was 

not selected for further analysis because of its possible toxic effects on neurons 

under the fluorescence microscope, although it showed a statistically significant 

effect. DMSO treatment and DMSO treatment with administration of BoNT/A were 

used as control groups because the compounds were solved in DMSO. Also, 

Toosendanin treatment was used as a positive control group, and as expected, it 

demonstrated full protection against the toxin. β-Actin was used as a loading control. 
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3.1.3 The Selected Compounds 

 After the initial screening of the UPP-inhibitor library (Life sensor, SI9032), 

the rest of our work focused on selected lead compounds (WP1130, b-AP15, 

NSC632839, PR-619, P22077, Celastrol, MDBN, PYR-41, NSC66811, and SL-01), 

which were tested in further investigations. Their 2D- structures were shown in 

Figure 6. Following the subtitles of 3.1.3 provides literature information on selected 

lead compounds. 

Figure 4 Initial screen of UPS library with western blot anaylsis.  The differences 

in the percentage of full length SNAP-25 was shown under the effects of 

compounds in 500 pM BoNT/A intoxication. Control groups were treated with 

DMSO and Toosendanin. β-Actin was used as loading control. Data are presented 

as means ± SEM calculated from three independent experiments and compared by 

unpaired t-test to DMSO+500pM BoNT/A condition. 
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3.1.3.1 WP1130 

WP1130, also known as degrasyn, is a cell-permeable small molecule 

(Kapuria et al., 2010). It is a deubiquitinase (DUB) inhibitor and directly inhibits 

DUB activity of USP9X, USP14, USP5, UCH37 (Driessen et al., 2015; Kapuria et 

al., 2010). Identification of WP1130 in our screen against BoNT/A might be highly 

important as it was shown that one of WP1130 targets, USP9X, affects the turnover 

of BoNT/A LC (Tsai et al., 2017). It also blocks Jak2 signaling through Jak2 

ubiquitination (Kapuria et al., 2011).  

3.1.3.2 b-AP15 

b-AP15 is a cell-permeable small molecule and a deubiquitinase (DUB) 

inhibitor (Ward et al., 2020). It inhibits USP14 and UCHL5, which are two 

proteasome-associated DUBs (D'Arcy & Linder, 2012; Schmidt et al., 2019; Zhang 

et al., 2020). It affects upstream of the ubiquitin-proteasome cascade by suppressing 

both proteasomal regulatory 19S subunits (Schmidt et al., 2019; Zhang et al., 2020).  

3.1.3.3 NSC632839 

NSC632839 is a small molecule and DUB inhibitor, specifically inhibits 

USP2, USP7, and SENP2 (Nicholson et al., 2008). It also inhibits deSUMOylases 

(Nicholson et al., 2008). This molecule has a capacity for sustaining caspase-

3/caspase-7 activity when caspase-9 has no functionality and activates apoptosis 

when there is no functional apoptosome (Aleo et al., 2006). 
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Figure 5 2D- Chemical structures of lead compounds. A. WP-1130 B. 

bAP-15 C. NSC632839 D. PR-619 E. P22077 F. Celastrol  G. MDBN 

H. PYR-41 I. NSC66811 J. SL-01 ( National Center for Biotechnology 

Information, 2020) 
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3.1.3.4 PR-619 

PR-619 is a novel cell-permeable small molecule and a broad-spectrum active 

ubiquitin/ UbL isopeptidase inhibitor (Altun et al., 2011; Cowell, Ling, Swan, 

Brooks, & Austin, 2019; Tian et al., 2011). It reversibly inhibits DUBs in in vitro 

assays (Altun et al., 2011; Tian et al., 2011). Because it is a broad-spectrum 

inhibitor, it inhibits many DUBs, including VCIP135 (Altun et al., 2011; Tian et al., 

2011). VCIP135 is an important target because it affects the half-life of BoNT/A LC 

(Tsai et al., 2017). Therefore, identification of PR-619 is crucial for this study.  

3.1.3.5 P22077 

P22077 ( 1-(5-((2, 4-difluorophenyl) thio)-4-nitrothiophen-2-yl) ethenone) is 

a cell-permeable small molecule, which is a DUB inhibitor, specifically for 

ubiquitin-specific-processing protease 7 (USP7), and it also inhibits the closely 

related deubiquitinase USP47 (Altun et al., 2011; Tian et al., 2011). It has weak or 

no inhibitory effects on proteases (Altun et al., 2011; Tian et al., 2011). P22077 

treatment with 20-40 µM doses leads to the accumulation of K48-linked 

ubiquitination (Altun et al., 2011; Tian et al., 2011).  

3.1.3.6 Celastrol 

Celastrol is a naturally occurring cell-permeable small molecule derived from 

the Thunder of God Vine (Boridy, Le, Petrecca, & Maysinger, 2014). It has anti-

inflammatory activity (Sethi et al., 2007). The IC50 value of it is 270 nM for the 

inhibition of NFκB (Kiaei et al., 2005; Sethi et al., 2007; Westerheide et al., 2004). 

On the other hand, its IC50 value is 2.5 μM to inhibit 20S proteasome chymotrypsin-

like activity (Kiaei et al., 2005; Sethi et al., 2007; Westerheide et al., 2004). Celastrol 

also enhances cytoprotection and heat shock response in numerous cells (Kiaei et al., 

2005; Sethi et al., 2007; Westerheide et al., 2004).  
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3.1.3.7 3,4-Methylenedioxy-beta-nitrostyrene (MDBN) 

MDBN is a cell-permeable small molecule and inhibits p97 irreversibly 

(Chou & Deshaies, 2011). p97 plays a role in the disassembly of SNARE proteins 

after membrane fusion, and it is also known as Syk inhibitor III (Chou & Deshaies, 

2011).  

3.1.3.8 PYR-41 

PYR-41 is a cell-permeable small molecule and inhibits ubiquitin-activating 

enzyme E1 irreversibly while it does not have any effects on E2 and E3 (Chou & 

Deshaies, 2011). It also enhances total sumoylation in cells in addition to blocking 

ubiquitylation (Yang et al., 2007). It also blocks the degradation of p53, attenuates 

NFκB-dependent pathways (Brahemi et al., 2010; Yang et al., 2007).  

3.1.3.9 NSC-66811 

NSC66811 is a non-peptide, cell-permeable small molecule and inhibits 

MDM2, which is known as E3 ubiquitin-protein ligase (Y. Lu et al., 2006). It 

activates p53 by disrupting Human Murine Double Minute 2 (MDM2)-p53 

interaction (Y. Lu et al., 2006). The inhibitor constant (Ki) is 120 nM for NSC-

66811 (Golubovskaya & Cance, 2013).  

3.1.3.10 SL-01 

SL-01 is a cell-permeable small molecule (Li et al., 2011). It primarily 

inhibits the interaction of the transcription factor p53 and the oncoprotein MDM2 (Li 

et al., 2011). It is known that p53 is a tumor suppressor regulating apoptosis and cell 

growth inhibition (Aubrey, Kelly, Janic, Herold, & Strasser, 2018). On the other 

hand, MDM2 is known as an oncoprotein that suppresses p53 activity by inhibiting 
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transcriptional activity directly and enhancing p53 degradation via the UPP (Brooks 

& Gu, 2006). SL-01 targets that interaction and inhibits it by affecting UPP (Li et al., 

2011).  

3.1.4 Dose-dependent Effects of Selected Compounds on SNAP-25 

Degradation 

 Selected compounds were evaluated for their potential dose-dependent effects 

on the inhibition of BoNT/A mediated SNAP-25 cleavage. The ES-cell-derived 

motor neurons were treated with selected compounds at 1.25 µM, 2.5 µM, 5 µM, 10 

µM, and 20 µM concentrations 30 minutes before 500 pM BoNT/A holotoxin 

intoxication initiated. Similar to the initial screen, SNAP-25 cleavage was utilized as 

a read-out, and the effectiveness of the compounds was tested by determining the 

percentage of full-length SNAP-25 in each experimental condition, compared to 

controls. SMER3, which did not show significant protection in the initial screen 

(Figure 4), was utilized as a control, and it did not lead to dose-dependent protection. 

DMSO treatment without any other treatment was used as a negative control. DMSO 

treatment, together with BoNT/A, was used as a control to determine the total 

SNAP-25 cleavage of the toxin in the experiment. Toosendanin treatment was used 

as a positive control group showing full recovery. β-III Tubulin was used as a 

loading control on western blots. Our results showed that 20 µM is the most effective 

dose for the most efficacious compounds to inhibit BoNT/A mediated SNAP-25 

cleavage. Excitingly, many of our lead compounds, including PR-619 and WP1130, 

led to dose-dependent protection against the BoNT/A challenge. 
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Figure 6 Western blot analysis of ES cell-derived motor neurons treated with 

selected compounds in 500 pM BoNT/A intoxication. The differences in the 

percentage of full length SNAP-25 after 500 pM BoNT/A intoxication and 

treatment with selected compounds in specified doses. Control groups were 

treated with DMSO and Toosendanin. β-III Tubulin was used as a loading 

control. Data are presented as means ± SEM. 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.2 The Effects of Selected Compounds on the Cell Viability in Different 

Doses 

Cell viability assays are frequently performed for the assessment of 

compound cytotoxicity, evaluation of growth conditions, and determination 

of cell health (Class et al., 2015). Therefore, we performed an MTT assay to 

determine cell viability upon compound treatments to determine whether the 

compounds have any toxic effects on cells. The fact that HEK293 cells are 
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easy to grow and maintain with high reproducibility brings about them to use 

in cell viability assays extensively (Class et al., 2015).  

HEK293 cells were treated with selected compounds at 1.25 µM, 2.5 

µM, 5 µM, 10 µM, and 20 µM concentrations for 4 hours. Because 

compounds were dissolved in DMSO, the control group was treated with 

DMSO. Based on our results, we have not detected any significant viability 

differences between the selected compounds and the control groups. 
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Figure 7 The percentage of HEK293 cell viability. MTT assay was 

performed by using HEK293 cells treated with selected compounds 

at 1.25 µM, 2.5 µM, 5 µM, 10 µM, and 20 µM concentrations. 

Data are presented as means ± SEM calculated from three 

independent samples and compared by unpaired t-test. 

3.3 The Effects of Selected Compounds on the Degradation of BoNT/A LC 

in Cells 

3.3.1 Determination of the Optimal amount of YFP tagged BoNT/A LC 

Plasmid and the Optimal Post-transfection Incubation Time 

Before investigating the effects of the selected compounds on BoNT/A LC 

degradation, we sought to establish our cell culture system with BoNT/A LC 

transfection. To do so, we determined the optimal plasmid amount and time for 
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transfection of A/LC plasmid tagged with YFP to HEK293 cells. We tested 0.1 µg, 

0.5 µg, and 1 µg A/LC transfections for 12 hours and 24 hours. The result showed 

that the transfection of HEK293 cells for 12 hours was not sufficient to see YFP-

LCA expression. Based on our results shown in Figure 8, we decided to utilize 1 µg 

YFP-LCA plasmid transfection for 24 hours in HEK293 cells for our stability 

experiments.  

 

3.3.2 Transfection Efficiency in HEK293 Cells  

 We utilized FLoid Cell Imaging Station to observe transfection efficiently in 

both control and transfected conditions based on the selected dose and time of the 

plasmid shown in Figure 8. Fluorescent images of HEK293 cells in the non-

transfected and transfected state are shown in Figure 9. As our BoNT/A LC plasmid 

is YFP tagged, we were able to determine transfection efficiency using FLoid Cell 

Imaging Station, and our results suggest that the conditions we chose led to a quite 

Figure 8 Comparisons of LC/A Stability in different dosage in 

indicated time points.  HEK293 Cells transfected with YFP-LCA in 

indicated concentrations at 12 hr and 24 hr. β-Actin was used as a 

loading control. 
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high transfection efficiency. We have regularly checked the transfection efficiency 

using FLoid in each experiment we run. 

 

Figure 9 Fluorescent cell images of transfected and non-transfected 

HEK293 cells. They were seeded in growth medium 24 hours before 

transfection. 1 µg YFP-LCA plasmid was transfected. They were visualized 

after 24 hours post-transfection.  



 

 

33 

3.3.3 The effects of the lead compounds on the degradation of BoNT/A LC 

in cells.  

 To investigate the effects of selected compounds on the degradation of the 

catalytic domain of BoNT/A, we measured the changes in the protein level of YFP 

tagged BoNT/A LC at various time points after compound treatment. CHX 0 hr 

indicates the time point when cycloheximide (CHX) was added after 24 hours of 

post-transfection incubation time. CHX is a protein synthesis inhibitor that blocks 

new protein synthesis by inhibiting translation elongation in eukaryotes (Schneider-

Poetsch et al., 2010). After 2 hours of CHX treatment, selected compounds were 

administered to transfected HEK293 cells, and the time point was considered as 0 hr. 

Then, the effects of compounds on BoNT/A LC protein levels were examined at 

three-time points (3 hours, 6 hours, and 9 hours). Figure 11 shows representative 

YFP-LCA expression levels at indicated time points detected by Western blotting 

using anti-GFP antibody for each selected compound. β-Actin was used as a loading 

control. 

An all the compounds were solubilized in DMSO and therefore, DMSO only 

treatment condition served as a negative control.  As a result, PR-619 shows a highly 

significant time-dependent effect on the degradation of LC/A. This is an important 

finding, as stated earlier, PR619 is an inhibitor of VCIP135 that has been identified 

as a crucial DUB affecting the half-life of BoNT/A LC. Similarly, Celastrol, 

WP1130, b-AP15, NSC632839, MDBN, and SL-01 also show a significant effect on 

YFP-LCA degradation even at 3 hours. After 6 hours of compound treatment, b-

AP15, PR-619, and Celastrol show a highly significant effect, while WP1130, 

NSC632839, and SL-01 show a very significant effect. On the other hand, MDBN 

and PYR-41 show a significant effect at 6 hours compared to CHX 0 hr. At 9 hours, 

WP1130, b-AP15, PR-619, and Celastrol show a highly significant effect. 

NSC632839 and SL-01 show a very significant effect on the degradation of the 

catalytic domain of BoNT/A, while PYR-41 and MDBN show significant effects 

after 9 hours compared to CHX 0 hr. 
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Figure 10 Western blot analysis of YFP-LCA protein expression in 

transfected HEK293 cells after compound treatment. (a) Representative 

Western blot images showing YFP-LCA protein expression at the 

indicated time points under the effects of selected compounds. 24 hrs 

post-transfection, CHX was added. After 2 hrs, CHX was removed, and 

HEK293 cells were treated with selected compounds with 20 µM 

concentration. CHX 0 hr indicates the time point when CHX was added. 

0 hr indicated the time point when compound treatment was started. 3 

hrs, 6 hrs, and 9 hrs indicate how long the cells have been exposed to the 

compound. Cell extracts were prepared and resolved by SDS-PAGE. 

YFP-LCA expression levels were detected by Western blotting by using 

anti-GFP antibody. β-Actin was used as a loading control and 

representative Western blot image was shown in the figure. (b) 

Quantitative analysis of YFP-LCA protein expressions for each 

compound at the indicated time points. Data are presented as means ± 

SEM calculated from three independent experiments and compared by 

unpaired t-test.  
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3.4 STRING Protein Interaction Analysis 

The previous studies show that VCIP135, also known as VCPIP1, directly 

affects the duration of BoNT/A, whereas USP9X might have an indirect effect (Tsai 

et al., 2017). We also confirmed that VCIP135 and USP9X are critical targets for 

BoNT/A LC stability in our study. Both WP1130 and PR-619 show significant 

effects on the activity and half-life of BoNT/A LC, and it is known that the 

compounds affect USP9X and VCIP135, respectively (Altun et al., 2011; Driessen et 

al., 2015; Kapuria et al., 2010). In addition, some other compounds such as b-AP15, 

NSC632839, Celastrol, MDBN, PYR-41, and SL-01 also show significant effects, 

although they do not target USP9X and VCIP135. This may be an important finding 

as the identification of the targets of the compounds can reveal additional molecular 

player(s) important for the stability of BoNT/A  LC. Such potential targets can be the 

focus of future studies. 

Therefore, we conducted a STRING pathway analysis to look at the other 

possible protein targets which might interact with USP9X and VCIP135 commonly. 

They were used as input for STRING analysis, and a network was built based on 

medium confidence (0.4) evidence. The analysis showed that there is not a direct 

relationship between VCIP135 and USP9X. They interact with the proteins; CDK1, 

USP34, PEX12, UBC, UBA52, SNCA, PEX10, PEX6, PEX26, and SMAD4.  

However, none of them are targetted by b-AP15, NSC632839, Celastrol, MDBN, 

PYR-41, and SL-01. Regardless, further bioinformatics analyses and data mining 

studies can identify potential targets for future studies. 
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Figure 11 STRING Protein Interaction Analysis 

VCIP135/VCPIP1 and USP9X were used as input for STRING 

analysis. 
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CHAPTER 3  

4 DISCUSSION 

         Botulism is a rare but potentially deadly disease caused by one of the 

category A bioterror agents, botulinum neurotoxin (Arnon et al., 2001; Osborne et 

al., 2007; Willis, Eubanks, Dickerson, & Janda, 2008). It is a highly poisonous 

toxin; for example, BoNT/A lead lethal effect in humans with an estimated dose of 

~1 ng/kg (Arnon et al., 2001; Schantz & Johnson, 1992). However, there are no 

effective therapeutics against the intoxication of BoNTs after their entrance of 

motor neurons (Sobel, 2005). Supportive treatments, including mechanical 

breathing and intensive care, are the life-saving options for intoxicated patients 

until nerve cells clear out the toxin naturally (Rossetto et al., 2020; Sobel, 2005). 

There are botulinum antitoxin antibodies, but they can interact only with toxins in 

the circulation, and therefore, they should be applied in the earlier stage of 

poisoning, i.e., before toxin enters into motor neurons (Lin, Olson, Eubanks, & 

Janda, 2019; Sobel, 2005). Otherwise, they cannot work effectively. However, 

botulism symptoms are generally observed after toxins enter into the motor 

neurons, meaning that when patients are admitted to the hospitals, it may be too 

late for antitoxin application to neutralize the toxin (Sobel, 2005). Therefore, the 

identification of effective therapeutic approaches for already internalized toxin is 

very crucial for the treatment of botulism. 

 Botulinum neurotoxins can naturally cause disease botulism through food or 

liquid poisoning, and such cases occasionally are reported in many countries, 

including Turkey (Karsen, Ceylan, Bayindir, & Akdeniz, 2019). However, there is 

also concern regarding the deliberate usage of these toxins with ill-intents as they 

were used as a bioterror agent in the past (Arnon et al., 2001). In such a potential 

incident of mass intoxication, the availability of mechanical ventilation for large 

numbers of patients may not be possible. Additionally, hospitalization of BoNT 
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intoxicated patients can take a long time, which may cripple the health systems. For 

example, serotype A can be active up to 6 months, and intoxicated patients might 

need mechanical ventilation and intensive care during this period (Sobel, 2005). 

However, the capacities and facilities of hospitals might not be sufficient for such a 

long time for a large number of people. Therefore, drug discovery and development 

against botulism might prevent many problematic consequences in a possible terror 

attack.  

 On the other hand, BoNTs are frequently used in clinics as miracle drugs to 

treat many diseases and conditions (Pirazzini et al., 2017). Therefore, the 

enhancement of the duration of BoNT action can be another critical aspect for 

longer-lasting effects. For example, to compensate for the effects of damaged 

neurons, growth factors used in clinics can be possible molecules to change the 

duration of BoNT action (Tighe & Schiavo, 2013). An antibody to insulin growth 

factor I-receptor (anti-IGFIR) or a corticotropin-releasing factor can be given as 

examples for preventing functional upregulation of neuromuscular junction density 

that is associated with the return of muscle function after BoNT treatment 

(Harrison et al., 2011). Another concern is the accidental overdosing of BoNTs in 

clinics, and the development of effective anti-BoNT therapeutics could be 

important for such cases. 

 Different classes of small molecules have been developed against botulinum 

neurotoxin, with carrying efficacies. However, unfortunately, none of them has 

ever been graduated to clinical trials. Therefore, there is a need for novel classes of 

small molecules that can be effective against BoNT/A. In this study, we focused on 

the modulation of the ubiquitin-proteasome system (UPS) based on previous 

studies and screened a small molecule UPS library to evaluate compounds targeting 

E3 ligases and DUBs on the half-life of BoNT/A LC (Tsai et al., 2017; Tsai et al., 

2010). The library that we selected included small molecules with known targets. 

For example, small molecule PR-619, which is identified as one of the lead 

compounds in this work, affects our main target, VCIP135 (Altun et al., 2011). 

Another target for us was USP9X, as it was shown that it might indirectly affect 
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BoNT/A LC degradation (Tsai et al., 2017). Excitingly, another lead compound 

identified in this study, WP1130, is known to target USP9X (Tsai et al., 2017).  

 In our screening experiments in this study, we utilized a well-characterized  

ES cell-derived motor neuron culture system. Previously, many different cell 

model systems have been utilized for BoNT studies, with varying degrees of 

success. For example, neuroblastoma cell lines can be used, but they are not 

sensitive to BoNTs as much as neurons (Kiris, Kota, et al., 2014). Also, mouse 

primary motor neurons are highly sensitive cellular models for the investigation of 

BoNT (Kiris, Kota, et al., 2014). However, they are not suitable for drug screening 

studies because the isolation and culturing of mouse primary motor neurons on a 

large scale are a challenging and costly process. Therefore, ES cell-derived motor 

neurons can be an ideal model for drug screening studies against BoNT 

intoxication as they are physiologically relevant, sensitive, and well-established. 

 In some experiments in our study, the transfection of plasmids that encode 

BoNT/A LC was used rather than BoNT/A holotoxin. We used a codon-optimized 

for mammalian expression plasmid encoding BoNT/A LC to study BoNT/A 

persistence (Fernandez-Salas, Ho, Garay, Steward, & Aoki, 2004; Fernandez-Salas, 

Steward, et al., 2004; Kuo, Oyler, & Shoemaker, 2011; Tsai et al., 2010). This 

approach was highly useful for us as the BoNT/A LC was tagged with YFP, which 

allowed us to monitor LC levels in cells in a relatively easy manner. We utilized 

Toosendanin (TSN) treatment as the positive control group because TSN is a 

traditional Chinese medicine that has been shown to be effective against BoNT/A 

mediated SNAP-25 cleavage (Shi & Wang, 2004).  

 Our initial screening of the UPS small molecule library in stem cell-derived 

motor neurons shows that WP1130, b-AP15, NSC632839, PR619, P22077, 

Celastrol, MDBN, PYR-41, Serdemetan, DbeQ, NSC 66811, SL-01 decrease 

SNAP-25 cleavage from BoNT/A significantly. However, Serdemetan and DbeQ 

were excluded from further experiments because of their possible toxicity. 

Therefore, we focused on the effects of the other compounds on BoNT/A 
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intoxication in a dose-dependent manner. According to the results, 20 µM was 

selected as an effective dose, and it was used in further experiments.  

 MTT assay is frequently used as a cytotoxicity assay method (Tolosa, 

Donato, & Gomez-Lechon, 2015). Therefore, the viability of cells under the effects 

of these selected compounds was analyzed with an MTT assay to look whether 

they have significant cytotoxic effects or not. Several concentrations were tested to 

look at the effects on the proliferation of HEK293 cells. As a result, none of them 

leads to any significant decrease in the viability of HEK293 cells (Figure 7). Low 

toxicity is an essential point for drug discovery to prevent damage to cells while 

repairing intoxication. Therefore, the result is so crucial to demonstrate that the 

lead compounds have no significant toxic effects on mammalian cells. 

 Finally, we investigated how these selected compounds affect the stability 

of LC using a time-course experiment. Cycloheximide was used to inhibit new 

protein synthesis after a specified time point. Because we used a construct 

containing BoNT/A LC fused with YFP, the YFP expression level was compared 

to each other in indicated time points. There is a difference between GFP and YFP 

because of only T203Y mutation; however, the antibodies raised against full-length 

GFP might also detect YFP (Day & Davidson, 2009). Therefore, we used the 

optimized GFP antibody, which should also detect YFP in our western blot 

experiments. Results show that WP1130, b-AP15, NSC632839, PR619, Celastrol, 

MDBN, PYR-41, and SL-01 decrease BoNT/A LC stability. It is important to note 

that the compounds WP1130 and PR619, which target USP9X and VCIP135, 

significantly affect LC stability (Altun et al., 2011; Kapuria et al., 2010). The result 

is highly important because it confirmed that VCIP135 and USP9X are the key 

DUBs to regulate BoNT/A LC stability (Tsai et al., 2017). Our findings showed 

that the small molecules targetting them might be good therapeutic agents to 

manage BoNT/A intoxication. On the other hand, the findings of the other 

compounds showing significant effects on BoNT/A LC are very important because 

some other factors might also play crucial roles in the stability of the catalytically 

active part of the toxin. Overall, the eight compounds were stated as promising 
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compounds to inhibit BoNT/A intoxication and can be investigated for further 

analysis to reveal the mechanisms of action.  

 To sum up, we aimed to screen a small molecule library targeting UPS to 

reveal compounds that can enhance the clearance of BoNT/A LC, based on our 

previous studies showing that VCIP135 and USP9X might be the primary targets to 

induce the degradation of BoNT/A LC. As a result, WP1130, b-AP15, 

NSC632839, PR619, Celastrol, MDBN, PYR-41, and SL-01 show promising 

results against BoNT/A LC. Further studies to reveal their mechanisms of action 

can potentially enable developing therapeutic options that can be effective on 

already intoxicated motor neurons and accelerate the recovery by inducing the 

degradation of BoNT/A LC.  
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CHAPTER 5 

 

5 CONCLUSION AND FUTURE STUDIES 

In this study, we screened a small molecule library that targets the UPS to 

potentially identify molecules that can affect BoNT/A LC activity and half-life in 

cells. Based on the previous findings, DUBs might affect BoNT/A LC stability 

(Tsai et al., 2017; Tsai et al., 2010). The significant findings in this study are listed 

below. 

1. Screening of the UPP library led to the discovery of initial 10 lead 

compounds. More specifically, WP1130, b-AP15, NSC-632839, PR619, 

P22077, Celastrol, MDBN, PYR-41, NSC-66811, SL-01 show 

promising results because of their significant effects on the inhibition of 

BoNT/A mediated SNAP-25 cleavage.  

2. 10 of lead compounds (WP1130, b-AP15, NSC-632839, PR619, 

P22077, Celastrol, MDBN, PYR-41, NSC-66811, SL-01) demonstrated 

dose-dependent protection against BoNT/A activity in mouse ES-

derived motor neurons. 

3. The lead compounds did not exhibit any negative effects on the viability 

of HEK293 cells.  

4. Our stability experiments following cycloheximide chase demonstrated 

that WP1130, b-AP15, NSC632839, PR-619, Celastrol, MDBN, PYR-

41 and SL-01 treatments lead to a reduction of LC/A protein in cells.  

  

 However, there are still several questions that remain to be answered. The 

compounds are UPP modulators, but it should be revealed whether their activity on 

BoNT/A LC degradation is indeed through ubiquitination mediated processes. 
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Therefore, ubiquitination differences after compound treatments should be 

investigated in further experiments. 

 In this study, we focus on the inhibition of deubiquitination of BoNT/A LC. 

However, after the library screen and investigation of compounds on SNAP-25 

cleavage and BoNT/A LC degradation, some compounds such as P22077 and 

NSC66811 did not show a significant effect. However, these compounds can be 

used for the investigation of molecular destruction mechanisms for BoNTs in 

further studies to understand better.   

 Based on previous findings of the BoNT/A LC stability depending on 

VCIP135 and USP9X, those DUBs were our primary targets. It is known that 

WP1130 inhibits USPX and PR-619 inhibits VCIP135. Our results also confirmed 

that their activities are important for the stability of BoNT/A LC because their 

inhibition leads to the degradation of BoNT/A LC.  However, the results showed 

that there are other molecules like b-AP15, NSC632839, Celastrol, MDBN, PYR-

41, and SL-01, which do not target USP9X or VCIP135 but show significant 

effects on degradation of BoNT/A LC. These outcomes may be also very crucial 

because other possible mechanisms might be important for the stability of BoNT/A 

LC, different than VCIP135 and USP9X. Therefore, those compounds and their 

potential targets within the context of BoNT/A should be investigated in further 

studies.
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6 APPENDICES 

A. Time-Dependent LC/A Experiment    

 

 

 

 

Figure 12 Western blot analysis of SNAP-25 protein expression under 

the effect of BoNT/A LC in co-transfected HEK293 cells in time 

dependent manner. GAPDH was used as a loading control. This 

experiment shows that LC we utilized is functional and can cleave 

SNAP-25 protein in HEK293 cells. 
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B. Vector Map 

Figure 13 The map of  pEYFP-C1 vector. 
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C. Buffer Contents 

Luria Bertani (LB) Medium 

20 g LB Medium Powder (Serva, 4850101) was dissolved in 800 ml 

deionized water and bring up to 1000 ml. Then autoclaved for 20 minutes. 

Luria Bertani (LB) Agar 

3 gr Agar (Sigma, 7002) was added in 200 ml LB medium and then 

autoclaved for 20 minutes. 

NP-40 Lysis Buffer 

Reagent   Volume 

5 M NaCl   30 ml 

10% NP-40   100 ml 

 1 M Tris ( pH 8.0)  50 ml 

 Distilled H2O   820 ml 

All reagents were combined to top up the solution to 1 L. The NP-40 Lysis Buffer 

was stored at +4oC. 

10% Ammonium persulfate (APS) 

1 g Ammonium persulfate was dissolved in 10 ml. Aliquots were stored at 

20oC. 

6X Sample Loading Dye 

Reagent   Volume 

SDS (12%)   1.2 gr 

β-mercaptoethanol (30%) 3 ml 
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Glycerol ( 60%)   6 ml 

Bromophenol blue (0.012%)  0.0012 gr 

Tris-HCl (0.375 M)   3.75 ml 

5% Stacking Gel Mixture 

Reagent     Volume (For 1 Mini Gel) 

Acrylamide:Bisacrylamide (40%)  375 µl 

0.5M Tris-HCl pH: 8.8   0.75 ml 

SDS (10%)     30 µl 

APS (10%)     30 µl 

TEMED     3 µl 

dH2O      1.815 ml 

10% Separating Gel Mixture 

Reagent     Volume (For 1 Mini Gel) 

Acrylamide – Bisacrylamide (40%)  1.5 ml 

1.5M Tris-HCl pH: 8.8   1.5 ml 

SDS (10%)     60 µl 

APS (10%)     60 µl 

TEMED     2.4 µl 

dH2O      2.88 ml 
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10X Running Buffer 

Reagent   Volume 

Tris Base   30.0 g 

Glycine   144.0 g 

 SDS    10.0 g 

 30 g Tris Base, 144 g Glycine, and 10 g SDS were dissolved in 900 ml 

distilled water, and the final volume was adjusted to 1000 ml. No pH adjustment 

was required. Before use, it was diluted to 1X.  

10X Transfer Buffer 

Reagent   Volume 

Tris Base   30.3 gr 

 Glycine   144.1 gr 

Mild Stripping Buffer 

Reagent   Volume 

Glycine   15 g  

SDS    1 g 

Tween20   10 ml 

15 g glycine, 1 g SDS and 10 ml Tween20 were dissolved in 800 ml 

distilled water. pH was adjusted to 2.2, and volume was brought up to 1 L with 

distilled water. 

10X TBS 

Reagent   Volume 

Tris Base   24 g 
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NaCl    88 g 

24 g Tris Base and 88 g NaCl was dissolved in 900 ml distilled water. pH 

 was adjusted to 7.6, and volume was brought up to 1 L with distilled water. 

0.01% TBS-T  

Reagent   Volume 

1X TBS   100 ml 

Distilled H2O   900 ml 

Tween-20   1 ml 

100 ml 1X TBS was added on 900 mL dH2O, and finally, 1 ml Tween-20 

 was added to the solution. 

Blocking Solution 

2.5 g skimmed milk was dissolved in 50 ml 0.01% TBS-T. 

TE Buffer pH 8.0 

Reagent   Volume Final concentration 

1M Tris-Cl (pH 8.0)  1 mL  10 mM 

0.5M EDTA (pH 8.0)  0.2 mL  1 mM 

Distilled H2O   98.8 mL 

1 ml 1M Tris-Cl (pH 8.0) and 0.5M EDTA (pH 8.0) were added on 98.8 mL 

 dH2O to top up the solution to 100 mL. 

1 X Phosphate-Buffered Saline 

Solution A (20X)                                                   

NaH2PO4   28.8 g     

K2HPO4        4.8 g 
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Solution B (20X)  

NaCl                     160 g 

KCl                       4 g 

CaCl2.2H2O          2.66 g 

MgCl2.6H2O         2 g 

Both solution A and solution B were prepared separately in 1000 ml 

distilled water. 

In the preparation of 1X PBS, 50 mL of each 20X solution was taken and 

poured into 800 mL of deionized water. pH was stabilized at 7.4 with HCl, and 

then, the solution was completed to 1000 ml.  

Phosphate-Buffered Saline without Calcium and Magnesium 

 Reagent                Volume                           

 NaH2PO4        28.8 g     

 K2HPO4            4.8 g 

 NaCl                     160 g 

 KCl                        4 g 

0.1% Gelatin Solution 

0.5 g gelatin was dissolved in 500 ml dH2O by microwaving on medium 

power for 2-4 minutes and then filtered with a 0.22 um sterile filter. Finally, the 

solution was autoclaved for 20 minutes. 

0.1 mg/ml Poly-D-Lysine Solution 

100 mg Poly-D-Lysine (70-150 kD molecular weight) (Sigma, P0899) was 

dissolved in 100 ml sterile distilled water to prepare a 1mg/ml stock solution. The 
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stock was diluted to 0.1 mg/ml with sterile distilled water before the coating 

procedure.  

 MTT Solution 

 5 mg MTT Powder (Sigma, M2003) was dissolved in Phosphate Buffer 

Saline (PBS). It was stored at 4°C and protected from the light. 

 MTT Solubilization Solution 

 1 g Sodium Dodecyl Sulfate (SDS) was dissolved in 10 mL HCl (0.01 M) 

by vortexing. 
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D. Protein Ladders

PageRuler™ Plus Prestained Protein Ladder, 10 to 250 kDa 
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Precision Plus Protein™ Kaleidoscope™ Prestained Protein Standard 


