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Summary 

Autophagy is an evolutionary conserved intracellular recycling system for the degradation of unneeded 

or harmful cargo like long-lived or damaged proteins and organelles, pathogens and xenobiotics. During 

autophagy, the cargo is engulfed by double-membraned autophagosomes and transported to the 

lysosomes for degradation into new energy sources and building blocks. Alterations of the autophagic 

process are associated with the development and promotion of various diseases such as cancer. 

Upregulated autophagy has been linked to chemotherapy resistance, cancer cell survival in nutrient-

deficient environments and tumor metastasis and thus represents a promising target for cancer therapy. 

Nature provides researchers with an almost inexhaustible pool of highly bioactive small molecules. 

Therefore, we aimed to find and characterize natural compounds as potent lead structures for anti-cancer 

drug discovery to overcome chemotherapy resistance. Our main focus hereby lay on the characterization 

of the bacterial secondary metabolite prodigiosin. 

A major challenge in the treatment of bladder cancer is the development of cisplatin resistance, which 

has been associated with upregulated autophagy. We observed that prodigiosin acts as a potent inhibitor 

of autophagy and can overcome chemotherapy resistance by resensitizing bladder cancer cells to 

apoptotic cell death. Prodigiosin sensitized both cisplatin-sensitive and -resistant urothelial carcinoma 

cell lines to cisplatin treatment with synergistic effects. Therefore, we propose prodigiosin as a potent 

lead structure for the therapy of cisplatin-sensitive and -resistant urothelial carcinomas, either as a single 

agent or in combinatory therapeutic approaches.  

During the drug discovery phase lead compounds are chemically derivatized to perform structure-

activity relationship studies to optimize their potency, selectivity and pharmacokinetic properties. By 

utilizing a systematic cell viability screening, we have provided evidence that A-ring substituted 

prodiginines with electron-donating methyl substituents are superior in their cytotoxicity against 

cisplatin-resistant urothelial carcinoma cells compared to the parental compound prodigiosin.  

Understanding the mode of action by unveiling preferably all molecular targets of a drug candidate is 

crucial for structure optimization and for the assessment and prevention of potential side effects. We 

have provided evidence that the Golgi protein GRASP55 is a molecular target of prodigiosin by using 

mass spectrometry-based thermal proteome profiling. We observed that prodigiosin treatment severely 

affects Golgi apparatus morphology and functionality and that autophagosomes accumulate at 

GRASP55-positive structures, pointing towards the involvement of an altered Golgi function in the 

autophagy-inhibitory effect of this natural compound. Therefore, we propose that prodigiosin affects 

autophagy and Golgi apparatus integrity in an interlinked mode of action involving the regulation of 

organelle alkalization and the Golgi stacking protein GRASP55. 
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Zusammenfassung 

Autophagie ist ein evolutionär konservierter intrazellulärer Recyclingprozess für den Abbau von 

langlebigen oder beschädigten Proteinen und Organellen, Krankheitserregern und Xenobiotika. 

Während der Autophagie werden die abzubauenden Zellbestandteile von Autophagosomen isoliert und 

zum Lysosom transportiert, wo sie zu neuen Makronährstoffen abgebaut werden. Veränderungen in der 

Autophagie werden mit der Entstehung verschiedener Krankheiten, wie z. B. Krebs, in Verbindung 

gebracht. Die Induktion von autophagischen Prozessen wurde mit Chemotherapieresistenz, dem 

Überleben von Krebszellen in nährstoffarmen Umgebungen und der Metastasierung von Tumoren 

assoziiert und stellt somit ein vielversprechendes Ziel für die Krebstherapie dar. Die Natur bietet 

Forschern ein nahezu unerschöpfliches Angebot an hoch bioaktiven Verbindungen. Daher haben wir 

uns zum Ziel gesetzt, Naturstoffe als potente Leitstrukturen für die Entwicklung von 

Krebsmedikamenten zur Überwindung von Chemotherapieresistenz zu finden und zu charakterisieren. 

Dabei lag unser Fokus auf der Charakterisierung des bakteriellen Sekundärmetaboliten Prodigiosin. 

Eine Herausforderung bei der Behandlung von Blasenkrebs ist die Entwicklung von 

Cisplatinresistenzen, welche unter anderem mit einer hochregulierten Autophagie in Verbindung 

gebracht werden. Wir konnten beobachten, dass Prodigiosin als potenter Inhibitor der Autophagie 

Urothelkarzinomzellen für den Cisplatin-induzierten apoptotischen Zelltod resensibilisieren kann. 

Dabei zeigte Prodigiosin sowohl in Cisplatin-sensitiven als auch in Cisplatin-resistenten Zellen 

synergistische Effekte mit Cisplatin. Aus diesem Grund schlagen wir Prodigiosin als vielversprechende 

Leitstruktur für die Mono- oder Kombinationstherapie von Cisplatin-sensitiven und -resistenten 

Urothelkarzinomen vor. 

Im Zuge der Arzneimittelforschung werden Leitstrukturen derivatisiert, um so mit ihnen Studien zur 

Struktur-Aktivitäts-Beziehung durchzuführen und ihre Potenz, Selektivität und pharmakokinetischen 

Eigenschaften zu optimieren. Mit Hilfe eines systematischen Zellviabilitätsscreenings konnten wir 

nachweisen, dass A-Ring-substituierte Prodiginine mit Methylsubstituenten im Vergleich zu 

Prodigiosin eine höhere Zytotoxizität gegen Cisplatin-resistente Urothelkarzinomzellen aufweisen. 

Für die Strukturoptimierung eines Arzneimittelkandidaten ist es entscheidend, seinen molekularen 

Wirkmechanismus aufzuklären. Durch ein Massenspektrometrie-basiertes Verfahren konnten wir 

zeigen, dass Prodigiosin an das Golgi-Protein GRASP55 bindet. Wir haben beobachtet, dass die 

Behandlung mit Prodigiosin die Morphologie und Funktionalität des Golgi-Apparates stark beein-

trächtigt und dass sich Autophagosomen an GRASP55-positiven Strukturen ansammeln, was auf eine 

veränderte Golgi-Funktion als Teil der Autophagie-hemmenden Wirkung dieses Naturstoffs hindeutet. 

Daher gehen wir davon aus, dass Prodigiosin die Autophagie und die Integrität des Golgi-Apparats in 

einem miteinander verknüpften Wirkmechanismus beeinflusst, der die pH-Veränderung saurer 

zellulärer Organellen und die Bindung an das Golgi-Strukturprotein GRASP55 beinhaltet.  
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1 Introduction 

Autophagy is an intracellular waste management system that is evolutionary conserved between many 

organisms from yeast to mammalian cells and is crucial to maintain the cellular homeostasis through the 

degradation of unneeded or harmful cargo like long-lived or damaged proteins and organelles into new 

energy sources and building blocks. The term "autophagy" was introduced by Christian de Duve at a 

conference on lysosomes in 1963 and is derived from the Greek words “αυτός” meaning “self” and 

“φαγεῖν” meaning “to eat”. The Nobel Prize, awarded to Yoshinori Õsumi in 2016 "for his discoveries 

of mechanisms for autophagy", underlines the scientific and clinical relevance of the autophagic process. 

Dysregulated autophagy plays a role in numerous diseases. In cancer, autophagy is often referred to as 

a "double-edged sword". While the accumulation of harmful extracellular noxes and damaged proteins 

due to impaired autophagy can stimulate cancer induction or progression, upregulated autophagy can 

play a role in chemotherapy resistance, cancer cell survival in nutrient-deficient environments and tumor 

metastasis. Therefore, the autophagic machinery represents a promising target for cancer therapy. Our 

research idea is to find and characterize new natural compounds as modulators of autophagy to provide 

potent lead structures for the drug development process. Nature therefor provides chemists and 

biologists with an almost inexhaustible pool of highly bioactive, selective and structurally complex small 

molecules. With the identification of new autophagy inhibitors, our aim is to target cancer cells and 

overcome chemotherapy resistance. 

 

1.1 (Macro)autophagy 

The hypernym autophagy can be subdivided into three main classes, depending on the autophagic cargo 

and its delivery mechanism to the lysosome. Chaperone-mediated autophagy describes a process in 

which soluble cytosolic cargo proteins, containing the pentapeptide KFERQ as a specific targeting motif 

in their amino acid sequence, bind to the chaperone heat shock-cognate protein of 70 kDa (HSP70) and 

are then targeted to lysosomes. After transport to the lysosomal surface, cargo-HSP70 complexes are 

internalized by the lysosome-associated membrane protein 2A (LAMP2A) and are rapidly degraded 

(Kaushik and Cuervo 2018). During microautophagy, small cytosolic portions are directly incorporated 

into lysosomes (Wang, Klionsky, and Shen 2022). The most studied subform is macroautophagy, which 

is characterized by the transport of the autophagic cargo to the lysosome in double-membraned vesicles 

called autophagosomes and their fusion with lysosomes to autolysosomes for degradation and recycling 

(Yin, Pascual, and Klionsky 2016). In contrast to the other sub forms, the cargo of macroautophagy is 

not limited to cytosolic proteins, but rather diverse including, but not limited to, components of the 

nucleus, xenobiotics, pathogens and even whole cellular organelles. 
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Macroautophagy, hereafter referred to as autophagy, occurs at a basal level in all cells to prevent the 

accumulation of damaged macromolecules by recycling them into new energy sources and building 

blocks such as amino acids and lipids, thus playing a pivotal role in cellular quality control and 

homeostasis (Ariosa et al. 2021). Autophagy can be divided into the following chronological steps: 

initiation of autophagy, elongation of the isolation membrane, maturation of the autophagosome, fusion 

of autophagosome and lysosome, and finally, the degradation of autophagic cargo within the 

autolysosome (Yin, Pascual, and Klionsky 2016). In each of these steps, one or several of the following 

six distinct functional complexes consisting of autophagy-related (ATG) proteins are involved: the 

initiating UNC-51-like kinase 1 (ULK1) protein kinase complex, the class III phosphatidylinositol 3-

kinase (PtdIns3K) complex, the transmembrane protein ATG9, the WD repeat domain 

phosphoinositide-interacting protein (WIPI) complex, the ATG5-ATG12-ATG16L conjugation system 

and the LC3/GABARAP-PE conjugation system (Suzuki et al. 2017). 

Autophagy functions as a cellular survival mechanism that can be rapidly upregulated under certain 

stress conditions, such as starvation, absence of growth factors, hypoxia, endoplasmic reticulum (ER) 

stress, DNA damage and infections (Ariosa et al. 2021; Levine and Kroemer 2008). The central complex 

for the initiation of autophagy upon stress conditions is the ULK1 protein kinase complex, which 

consists of the Ser/Thr kinase ULK1, the adaptor proteins ATG13 and ATG101 and the focal adhesion 

kinase-interacting protein of 200 kDa (FIP200). The ULK1 complex integrates nutrient and energy 

stress signals from the mechanistic target of rapamycin (mTOR) (Hosokawa et al. 2009) and AMP-

activated protein kinase (AMPK) (Ariosa et al. 2021; Mack et al. 2012). Under stress conditions like 

nutrient withdrawal, the mTOR complex 1 (mTORC1) dissociates from the ULK1 complex, leading to 

an autophagy-initiating autophosphorylation of ULK1 and ULK1-dependent phosphorylation of ATG13 

and FIP200 (Ganley et al. 2009; Hosokawa et al. 2009; Jung et al. 2009; Kamada et al. 2010). The 

energy sensor AMPK, in turn, is activated by a low ATP:AMP ratio and has a dual mechanism for 

initiating autophagy. It activates the ULK1 complex directly through phosphorylation of ULK1 (Mack 

et al. 2012) and indirectly by phosphorylating the regulatory-associated protein of mTOR (Raptor) 

which inactivates mTORC1 (Gwinn et al. 2008).  

To initiate the autophagic process, the ULK1 complex and the class III PtdIns3K complex I translocate 

to the autophagosome formation site (Itakura and Mizushima 2010; Matsunaga et al. 2010). At the 

autophagosome formation site, the class III PtdIns3K lipid kinase complex I, consisting of the catalytic 

subunit vacuolar protein sorting 34 (VPS34), Beclin-1, VPS15, ATG14 and the nuclear receptor-binding 

factor 2 (NRBF2), is activated through ULK1-dependent phosphorylation of Beclin-1 and ATG14 (Park 

et al. 2016; Russell et al. 2013). Once activated, VPS34 catalyzes the phosphorylation of 

phosphoinositide to phosphatidylinositol 3-phosphate (PI3P). Accumulation of PI3P on the isolation 

membrane is required for the recruitment of downstream effectors like double FYVE domain containing 

protein (DFCP) or WIPI1/2 (Axe et al. 2008; Matsunaga et al. 2010; Proikas-Cezanne et al. 2015) to 

pursue the autophagic process. 
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The PI3P binding protein WIPI2 is essential for the biogenesis of autophagosomes (Polson et al. 2010; 

Proikas-Cezanne et al. 2015) by binding to ATG16L and thereby recruiting the ATG12-ATG5-ATG16L 

complex to the isolation membrane (Dooley et al. 2014). For the assembly of this complex, ATG7 first 

binds ATP-dependently to ATG12 (Mizushima, Noda, et al. 1998) and then transfers it to ATG10 

(Kaiser et al. 2012). Afterwards, ATG12 is conjugated to ATG5 (Mizushima, Sugita, et al. 1998), 

followed by the binding of the ATG12-ATG5 complex to dimerized ATG16L (Fujioka et al. 2010; 

Mizushima et al. 2003). The ATG12-ATG5-ATG16L complex is responsible for the lipidation of ATG8 

family members (Otomo et al. 2013). The ATG8 family is a group of ubiquitin-like proteins consisting 

of the subfamilies microtubule associated protein 1 light chain 3 (LC3) and gamma-aminobutyric acid 

receptor-associated proteins (GABARAPs). To initialize the lipidation process, the C-terminus of LC3 

is cleaved by ATG4 to expose a glycine residue, thereby producing LC3-I (Kabeya et al. 2000; Kirisako 

et al. 2000), which is activated by ATG7 (Noda et al. 2011) and subsequently transferred to ATG3. The 

ATG12-ATG5-ATG16L complex then binds to ATG3 and facilitates the conjugation to the lipid 

molecule phosphatidylethanolamine (PE) (Metlagel et al. 2013). The lipid source for autophagosome 

expansion is still controversial, but recent results indicate ER, Golgi, mitochondria and endosomes as 

candidates (Walker and Ktistakis 2020). Lipidated LC3 is termed LC3-II (Taherbhoy et al. 2011; Tanida, 

Ueno, and Kominami 2004; Kabeya et al. 2004) and is anchored to the inner and outer membrane of the 

building autophagosome by its lipid tail (Dooley et al. 2014), facilitating autophagosome expansion and 

closure (Nakatogawa, Ichimura, and Ohsumi 2007; Xie, Nair, and Klionsky 2008). To underline how 

crucial this lipidation step is for autophagy, previous experiments have shown that knockout of proteins 

like ATG3 or ATG5 leads to a complete blockage of autophagy (Fujita et al. 2008; Kuma et al. 2004). 

ATG8 family proteins like LC3 can act as a binding platform on the autophagosomal membrane. 

Therefore, an LC3-interacting region (LIR) motif can be found on many proteins of the autophagic 

machinery (Kraft et al. 2012; Lee and Lee 2016), as well as on selective autophagy receptors that target 

the autophagic cargo to the autophagosome (Birgisdottir, Lamark, and Johansen 2013; Kirkin and Rogov 

2019). During autophagosome maturation, the ATG proteins are released from the outer 

autophagosomal membrane by ATG4-dependent cleavage of the lipidated LC3 (Nakatogawa et al. 2012) 

and ULK1-dependent phosphorylation of ATG4 acts as a switch for incorporation and release of LC3 

into autophagosomal membranes (Pengo et al. 2017; Sanchez-Wandelmer et al. 2017). 

The mature autophagosomes and lysosomes are transported to each other via microtubular structures 

(Lorincz and Juhasz 2020; Jahreiss, Menzies, and Rubinsztein 2008; Nakamura and Yoshimori 2017) 

for the fusion to autolysosomes. This autophagosome-lysosome fusion is facilitated by synaptosomal-

associated proteins (SNAPs), soluble N-ethylmaleimide-sensitive-factor attachment receptors 

(SNAREs) (Lorincz and Juhasz 2020; Wang et al. 2016) and multiple small GTPases (Lorincz and 

Juhasz 2020; Stenmark 2009). Furthermore, many additional tethers like the Golgi protein GRASP55 

have been described to promote autophagosome-lysosome fusion (Zhang et al. 2019; Zhang et al. 2018; 

Lorincz and Juhasz 2020). As a last step of autophagy, the lysosomal enzymes degrade the autophagic 



 Introduction  

6 
 

cargo inside the autolysosome together with LC3 and selective autophagy receptors of the inner 

autophagosomal membrane to new energy sources and building blocks (Yim and Mizushima 2020). For 

an optimal proteolytic activity of the lysosomal hydrolases, a steady acidic environment has to be 

maintained inside the lysosome via proton pumping vacuolar-type H+-translocating ATPases 

(V-ATPases) and chloride ion channels (Ishida et al. 2013; Mindell 2012). 

 

Figure 1: The process of (Macro-)autophagy. Upon cellular stress, AMPK and mTORC1 can activate the ULK1 complex, 
consisting of ULK1, FIP200, ATG13 and ATG101. The ULK1 complex, in turn, activates the class III PtdIns3K complex 1, 
consisting of Beclin-1, ATG14, VPS34, VPS15 and NRBF2. Both complexes translocate to the initiation membrane for the 
induction of autophagy. The class III PtIns3K complex 1 generates PI3P that accumulates at the initiation membrane and 
recruits DFCP and WIPI. WIPI recruits the ATG12-ATG5-ATG16L complex, which, together with ATG7 and ATG3, is 
responsible for the lipidation of LC3. Lipidated LC3-II decorates the inner and outer membrane of the building phagophore 
and can bind the autophagic cargo like mitochondria, dysfunctional and aggregated proteins via selective autophagy receptors. 
After closure of the isolation membrane the fusion of the mature autophagosome with a lysosome to an autolysosome is 
facilitated by different tethering factors like SNAPs and SNAREs. Inside the autolysosome, lysosomal hydrolases degrade the 
cargo and LC3 of the inner autophagosomal membrane to new energy sources and building blocks, whereas LC3 attached to 
the outer autophagosomal membrane is recycled. 

 

1.1.1 Crosstalk of autophagy and apoptosis 

Almost every step of autophagy can be modulated by various proteins which are not classically involved 

in the above-described core autophagic machinery. Conversely, several ATG proteins do not only play 

a role in autophagy but emerging evidence suggests that most, if not all, components of the autophagic 

process have autophagy-independent functions. With these, the ATG proteins connect autophagy with 

diverse other signaling pathways, such as apoptosis (Galluzzi and Green 2019; Thorburn 2008).  

Apoptosis describes a highly regulated and strictly controlled cell death mechanism of eukaryotic cells. 

It is crucial for various processes like embryonic development, the proper functioning of the immune 

system and generally as a homeostatic mechanism to maintain cell populations in tissues (Elmore 2007). 

Apoptosis can be divided into the extrinsic or death receptor pathway and the intrinsic or mitochondrial 
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pathway. The extrinsic pathway is activated by external death signals that activate death receptors on 

the cell surface, leading to the formation of the death-inducing signaling complex (DISC) and ultimately 

to the activation of the initiator caspase 8 (Kischkel et al. 1995). The intrinsic pathway can be activated 

by a multitude of internal stimuli, like DNA damage, hypoxia, viral infections and toxins. All of these 

stimuli lead to permeabilization of the outer mitochondrial membrane and subsequent release of 

cytochrome c, which binds and activates Apaf-1 and the initiator caspase 9, and thereby forms the 

apoptosome (Hill et al. 2004). Both pathways ultimately activate effector caspases, which are, like all 

caspases, cysteine proteases that can cleave their target proteins following aspartic acid residues 

(Alnemri et al. 1996). Activation of effector caspases also leads to the degradation of chromosomal 

DNA and induces cytoskeletal reorganization and disintegration of the cell into apoptotic bodies that 

are recycled by phagocytotic uptake to prevent inflammation (Fadok et al. 2001; Peter et al. 2010). The 

apoptotic and autophagic pathways can regulate each other and are both additionally influenced by 

several upstream signaling pathways (Bata and Cosford 2021). With autophagy promoting survival and 

apoptosis inducing cell death (Mukhopadhyay et al. 2014), both pathways and their crosstalk have an 

integral role in diverse pathological processes, including cancer, homeostasis and ageing.  

A major switch for the interplay of autophagy and apoptosis are reactive oxygen species (ROS), which 

can be produced by xenobiotics like chemotherapeutics. Autophagy initiation can be mediated by 

superoxide which is increasingly produced during starvation (Chen, Azad, and Gibson 2009). 

Additionally, the excessive presence of ROS can lead to mitochondrial damage, leading to the induction 

of mitophagy and, in more severe cases, to the induction of the intrinsic apoptotic pathway. Another 

mediator is the tumor suppressor protein p53, which regulates the genomic stability, the decision 

between cell death and proliferation and the metabolism of the cell. Activated p53 can induce apoptosis 

by activating proapoptotic genes (Marino et al. 2014). The regulation of autophagy by p53 remains to 

be fully elucidated (Maiuri et al. 2010). Nevertheless, cytoplasmatic p53 has been shown to inhibit the 

formation of the ULK1 complex and thereby prevent autophagosome formation by coaggregating with 

FIP200 (Morselli et al. 2011). However, p53 can also activate autophagy by regulating the gene 

expression of the AMPK/mTOR pathway (Feng et al. 2007), while autophagy, in turn, has been shown 

to suppress p53 in some cancers and thereby promote cell survival and inhibit apoptotic cell death (Huo 

et al. 2013; Yang et al. 2020). 

As another central part of this interplay, the B-cell lymphoma 2 (Bcl-2) family closely regulates the 

balance between cell survival and cell death (Adams and Cory 2018). It consists of pro-survival, pro-

death and Bcl-2 homology 3 (BH3)-only proteins. The pro-survival Bcl-2 proteins can bind and inhibit 

the pro-death family members Bcl-2-associated X-protein (BAX) and Bcl-2 homologous 

antagonist/killer (BAK). For the induction of intrinsic apoptosis via cytochrome c release, BH3-only 

proteins bind the pro-survival Bcl-2 proteins and thereby release and activate BAX and BAK, which 

oligomerize and build pores in the outer mitochondrial membrane (Garrido et al. 2006). The regulatory 

mechanisms of Bcl-2 family proteins in autophagy are multifaceted, but their primary interaction partner 
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is Beclin-1 (Kang et al. 2011; Pattingre et al. 2005). At high nutrient levels, Beclin-1 forms a complex 

with Bcl-2 through its BH3 domain and is thereby retracted from interacting with VPS34, leading to a 

downregulation of autophagy (Pattingre et al. 2005). However, Beclin-1 has a weaker binding affinity 

to Bcl-2 than other BH3-containing proteins and is released from Bcl-2 under mild stress conditions to 

induce autophagy as a pro-survival mechanism while Bcl-2 still binds and inhibits the pro-apoptotic 

members of the Bcl-2 family. Under ongoing severe cellular stress, Bcl-2 is also released from the Bcl-2-

BAX complex for the induction of apoptosis (Mukhopadhyay et al. 2014). After the cellular switch from 

pro-survival autophagy to apoptosis, autophagy is downregulated through the caspase-mediated 

cleavage of Beclin-1 (Luo and Rubinsztein 2010) and various other ATG proteins (Tsapras and Nezis 

2017; Norman, Cohen, and Bampton 2010; Li et al. 2011; Oral et al. 2012). Conversely, autophagy can 

also downregulate apoptosis by degrading caspases (Tsapras and Nezis 2017; Hou et al. 2010) and 

damaged mitochondria to prevent the release of cytochrome c (Ma, Chen, et al. 2020). Normally, 

autophagy is a cytoprotective process as a response to cellular stress, but under certain conditions, 

excessively enhanced autophagic flux can lead to autophagy-dependent cell death (ADCD). ADCD 

defines a form of regulated cell death that strictly depends on the components of the autophagic 

machinery, rather than a change in autophagic flux that accommodates other forms of cell death (Bata 

and Cosford 2021; Galluzzi et al. 2018; Kriel and Loos 2019). 

 

1.1.2 The role of the Golgi apparatus in autophagy 

The Golgi apparatus is located in the perinuclear region of mammalian cells (Ladinsky et al. 1999). It 

receives the majority of the endoplasmic reticulum output and acts as a processing and dispatching 

station for the sorting of newly synthesized soluble and transmembrane proteins and lipids (Viotti 2016; 

Rohn et al. 2000). After sorting and post-translational modifications, the proteins and lipids are 

transported to their final destinations, which can be the cell surface, secretory granules, lysosomes or 

the endosomal system (Bravo et al. 1994).  

To fulfil these functions, the Golgi apparatus is organized in stacks of multiple flattened cisternae that 

are laterally linked into a ribbon-like structure that is established by the Golgi reassembly stacking 

proteins of 55 kDa (GRASP55) and of 65 kDa (GRASP65) (Klumperman 2011), which are located at 

the trans and cis cisternae, respectively (Barr et al. 1997; Shorter et al. 1999). These GRASP proteins 

possess a conserved GRASP domain at the N-terminus that contains a membrane anchor and form 

dimers and trans-oligomers to link the adjacent cisternae into stacks (Wang et al. 2003; Xiang and Wang 

2010; Puthenveedu et al. 2006). Cargo from the ER enters a Golgi stack at the cis-side and is then 

transported through the medial and trans-Golgi network (TGN), where it is eventually sorted into 

transport carriers and secretory vesicles to be delivered to the final destinations (Glick and Nakano 2009; 

Tie et al. 2017). This strictly organized stacked structure is essential for the correct functioning of the 
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Golgi apparatus, since unstacking of the Golgi cisternae due to GRASP depletion or malfunction leads 

to accelerated protein trafficking and impairment of protein glycosylation (Wang and Seemann 2011; 

Wang et al. 2008).  

In addition to being the central hub for post-translational modifications and sorting of proteins and lipids, 

the Golgi apparatus is involved in various cellular processes, including, but not limited to, mitosis, DNA 

repair, apoptosis, inflammation and autophagy (Deng et al. 2020; Kulkarni-Gosavi, Makhoul, and 

Gleeson 2019). The mutual influence of Golgi apparatus and autophagy becomes visible in multi-layered 

processes: (i) the Golgi apparatus plays a role in trafficking key proteins of the autophagic process, (ii) 

Golgi-related proteins are directly involved in the formation of autophagosomes and regulation of 

autophagy and (iii) Golgi fragmentation is accompanied by the selective autophagic degradation of the 

Golgi apparatus, named Golgiphagy. 

In previous literature, the Golgi apparatus has been designated as an "assembly line" to the 

autophagosome (De Tito et al. 2020) and key regulators of the autophagic pathway traffic from the Golgi 

to the forming autophagosome. Those include the phosphatidylinositol 4-kinase IIIβ (PI4KIIIβ), which 

mediates PI4P production at the initiation membrane site and the lipid scramblase ATG9A (Judith et al. 

2019; Deng et al. 2020). In mammalian cells, ATG9-containing vesicles localize at the TGN in nutrient-

rich conditions, whereas during starvation-induced autophagy they can be found in both the perinuclear 

region and co-localized with endosomal compartments (Zhou et al. 2017; Imai et al. 2016; Mari et al. 

2010). Thus, malfunctioning of the Golgi apparatus can influence ATG9 transportation from the Golgi 

to the building autophagosome and ultimately disrupt proper autophagosome formation. 

Autophagy depends on the integrity and function of the Golgi apparatus, since the loss of Golgi-related 

proteins can interrupt the autophagic process. One major example for autophagy-relevant Golgi proteins 

is the soluble N-ethylmaleimide sensitive factor attachment protein α (αSNAP) which is a component 

of the vesicle trafficking machine that mediates the transport of vesicles from the ER to the cis-Golgi 

(Naydenov et al. 2014; Naydenov, Harris, Brown, et al. 2012). The loss of αSNAP not only triggers 

Golgi fragmentation and impairs protein glycosylation (Naydenov et al. 2014), it also leads to the 

induction of autophagy (Naydenov, Harris, Morales, et al. 2012). Naydenov et al. described αSNAP as 

a negative regulator of autophagy that acts by enhancing mTOR signalling and by regulating the 

integrity of the Golgi complex (Naydenov, Harris, Morales, et al. 2012). In addition, some Golgi 

apparatus related proteins play a direct role in the formation and regulation of autophagy (reviewed in 

(Deng et al. 2020)). One example is the Golgi stacking protein GRASP55, that has been previously 

described to act as a specific energy and nutrient sensor (Ahat, Li, and Wang 2019) and to be involved 

in unconventional secretion (Ahat et al. 2022; Nüchel et al. 2021) and autophagy (Lorincz and Juhasz 

2020; Zhang et al. 2019; Zhang et al. 2018). GRASP55 can act as a bridging protein that facilitates 

autophagosome-lysosome fusion through a LIR motif and interaction with LAMP2 (Zhang et al. 2019; 

Zhang et al. 2018). Zhang et al. also described that GRASP55 interacts with Beclin-1 to facilitate the 
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assembly and membrane association of the PtdIns3K UV radiation resistance-associated gene protein 

(UVRAG) complex (Zhang et al. 2019). Furthermore, mTORC1—a major autophagy-regulating 

kinase—directly phosphorylates GRASP55 and thereby regulates its localization (Nüchel et al. 2021). 

 

Figure 2: The interplay of autophagy and the Golgi apparatus. The stacked structure of the Golgi apparatus is established 
by the Golgi reassembly stacking proteins GRASP65 and GRASP55, which are located in the cis and trans cisternae, 
respectively. The Golgi apparatus acts as central hub for the sorting of proteins that are delivered to their final destinations in 
vesicles. Among those are key proteins for autophagy like the lipid scramblase ATG9A and PI4KIIIβ that mediates PI4P 
production at the initiation membrane. After autophagosome maturation, Golgi apparatus associated proteins like GRASP55, 
SNAPs and SNAREs are involved in autophagosome-lysosome fusion for the degradation of autophagic cargo. Cellular stress 
leads to Golgi fragmentation that is accompanied by the selective autophagic degradation of the Golgi apparatus, named 
Golgiphagy. 

In contrast to other selective autophagic processes, Golgiphagy is rather unexplored. However, Nthiga 

et al. identified the soluble reticulophagy receptor calcium-binding and coiled coil domain-containing 

protein 1 (CALCOCO1) as a Golgiphagy receptor in response to nutrient deprivation (Nthiga, Kumar 

Shrestha, et al. 2021). CALCOCO1 can interact with Golgi membranes by binding to cytoplasmic 

Ankyrin repeat (AR) domains of specific Golgi resident palmitoyltransferases (PATs) to recruit ATG8-

family proteins of the autophagy machinery via an atypical LIR-motif and a ubiquitin-interacting motif 

docking site (UDS)-interacting region (UIR) (Nthiga, Shrestha, et al. 2021). They observed that stress 

signals like nutrient starvation increase the amount of Golgi components leading to a disassembly of the 

Golgi apparatus into fragments. These fragments are then engulfed by autophagosomes and degraded to 

remove excess Golgi and to restore pre-stress status. 
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1.1.3 Role of autophagy in cancer and chemoresistance 

Whereas in the beginning of autophagy research the focus lay on identifying key proteins of the process, 

it progressively shifted towards more practical questions with the aim to understand what role autophagy 

plays in diverse disease settings and how the autophagic process can be regulated (Ariosa et al. 2021). 

Compared to other pathophysiologies in which autophagy plays a role like aging, metabolic and 

neurodegenerative diseases, the role of autophagy in cancer is quite complex (Levine and Kroemer 

2008). Depending on the context and stage of tumor development, autophagy has a dual role either as a 

suppressive or a promotive force and is therefore frequently referred to as a "double-edged sword" 

(Kimmelman 2011; Rybstein et al. 2018; White 2015). 

In the initial stages of tumor development, cytoprotective autophagy plays an anticancer role by 

maintaining cellular and genomic integrity (Nassour et al. 2019; Wen and Klionsky 2020). Dysfunctions 

in autophagy lead to a failure in protein and organelle quality control, toxic ROS production and 

ultimately to inflammation, tissue damage and genome instability, causing an increased susceptibility 

to malignant degeneration (Mizushima and Komatsu 2011; White 2012). The first study that linked 

autophagy and tumorigenesis was conducted by Beth Levine´s group in 1999, who identified Beclin-1 

as a haploinsufficient tumor suppressor in mice (Liang et al. 1999; Yue et al. 2003). The mice developed 

hepatocellular carcinoma after an allelic loss of Beclin-1 and subsequent studies have shown that a 

monoallelic deletion of Beclin-1 can be found in several cancer cell lines (Aita et al. 1999; Ariosa et al. 

2021). Since then, mutations in several proteins directly or indirectly involved in the process of 

autophagy have been observed in various types of cancer, underlining the central role of autophagy in 

different stages of cancer development and progression. Those proteins include, but are not limited to 

ATG5, ATG7 (Takamura et al. 2011), UVRAG (Liang et al. 2006; Liang et al. 2007) and the V-ATPase 

(Whitton et al. 2018). These findings underline the important role of autophagy-associated proteins in 

the suppression of spontaneous tumorigenesis. 

Being primarily a mechanism for stress tolerance and the promotion of cell survival under physiological 

conditions, autophagy can be misused by malignant cells for the support of disease progression and 

pathological proliferation (White 2012). During tumor development and expansion, autophagy is 

robustly activated in cancer cells of solid tumors due to multiple stressors, including starvation, hypoxia, 

damaging stimuli and growth factor deprivation (Degenhardt et al. 2006; White 2012). In this process, 

autophagy and secretory autophagy occurring in the circumjacent stroma cells like cancer-associated 

fibroblasts (CAFs) can provide nutrients to promote the initiation and malignant progression of cancer 

(Chaudhri et al. 2013; New et al. 2017; Salem et al. 2012). In addition to the promotion of the primary 

tumor, autophagy is also involved in metastasis, as shown by various studies that found enrichment of 

LC3 and other ATG proteins in metastatic cancer cells (Galavotti et al. 2013; Han et al. 2011; Lazova 

et al. 2012). The detachment from the main tumor usually leads to anoikis (a form of programmed cell 

death) of the malignant cells, but protective autophagy can be induced to promote cell survival (Fung et 
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al. 2008). Therefore, autophagy was included into the hallmarks of cancer as a sub item of the category 

"Resisting Cell Death" (Hanahan and Weinberg 2011). 

The already enhanced autophagy in cancer cells can be further induced as a side effect of a multitude of 

commonly used anticancer therapies and contribute to chemotherapy resistance (Abedin et al. 2007; 

Carew et al. 2007; Chen and Karantza 2011). Conversely, inhibition of autophagy can be used to 

sensitize cancer cells to the lethal effects of cancer therapies, including chemotherapy, radiotherapy and 

targeted therapies (Amaravadi et al. 2007; Chen et al. 2010; Hu et al. 2012; Schlütermann et al. 2018). 

For this purpose, researchers are interested to unravel the molecular mechanisms of the highly complex 

process of autophagy induction in cancer cells to find potential therapeutic targets for drug development.  

 

Figure 3 The dual role of autophagy in cancer. Under physiological conditions, autophagy plays a cytoprotective role by 
maintaining cellular and genomic integrity. Defects in autophagy make cells vulnerable to genotoxic stress, ROS and pathogens 
and favor tumorigenesis. In malignant cells, autophagy contributes to stress tolerance and energy supply and thereby promotes 
tumor growth. Enhanced autophagy can also lead to resistance to anticancer therapies and tumor invasion and metastasis. 

For the inhibition of early stage autophagy, the catalytic subunits of the ULK1 complex and the class III 

PtdIns3K complex I, which play a crucial role in phagophore nucleation, are potential targets (Santana-

Codina, Mancias, and Kimmelman 2017). Additionally, as a master regulator of autophagy, mTOR has 

become an appealing therapeutic target. For example, the mTOR inhibitor everolimus, a paralogue of 

rapamycin, has been approved by the FDA for the treatment of several cancers (Kim and Guan 2015). 

However, the effectiveness of mTOR inhibition seems to depend on cancer cell type, and with mTOR 

being a central signalling hub of cell metabolism, blocking mTOR activity can lead to severe side effects 

(Wen and Klionsky 2020). The clinical focus currently lays on the inhibition of late-stage autophagy by 

blocking the degradation of autophagic cargo utilizing chloroquine (CQ) and hydroxychloroquine 

(HCQ) which are already approved drugs for other clinical indications. Although clinical trials of CQ 
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and HCQ in combination with a variety of other therapeutic compounds have shown promising results, 

the downside of these compounds is their lack of specificity (Wen and Klionsky 2020). They can not 

only interfere with other biological processes, but also huge variations in the maximum tolerated dose 

and an inconsistent autophagy inhibition have been observed because their uptake is highly dependent 

on the pH, which can differ between different tumor microenvironments (Pellegrini et al. 2014). The 

balance between therapeutic potency and cytotoxicity of autophagy inhibitors must be considered due 

to the crucial role of autophagy in cell homeostasis to provide a sufficient therapeutic window. 

Moreover, patients with tumors prone to autophagy modulation due to a genetic predisposition should 

be identified to optimize the therapeutic outcome (Wen and Klionsky 2020; White 2012). As a 

conclusion, after more than 60 years of autophagy research, we have barely scratched the surface of the 

complexity of the autophagic process, its interaction partners and manipulation strategies that might 

become potent therapies. 

 

1.2 The process of drug discovery 

Modern drug discovery can be distinguished into two different approaches. First, the target identification 

and structure optimization of a specific molecule with known biological activity. This strategy is mostly 

applied for off-target use of already approved drugs, traditional medicines and natural compounds of 

which it is known by experience that they have a biological activity. Second, the more classical 

approach, in which compound libraries are screened to find a modulator of a specified molecular target. 

The process can be distinguished into the drug discovery, the drug development and the clinical phase. 

During drug discovery, the first step is to develop a hypothesis, which proteins and pathways are key 

players in a disease setting that has not been adequately addressed so far. After validation of the 

identified target, the next step is the development of biochemical and/or cell-based high throughput 

screening (HTS) assays with the capacity to screen large compound libraries to identify molecules of 

interest (Hughes et al. 2011). To allow a knowledge-based selection of hit molecules, HTS is often 

accompanied by virtual screens and molecular modelling (McInnes 2007). Compounds that are known 

to be frequent hitters, toxic or pan-assay interference compounds (PAINS) have to be ruled out (Baell 

and Holloway 2010).  

With the identified lead structures, chemistry programmes are run to optimize the potency, selectivity 

and pharmacokinetic properties of the compounds by synthesising various structural analogues. In this 

process, the compounds are clustered based on their structure to identify a structure-activity relationship 

(SAR). The lead compounds should be modified to obey more drug-like chemical parameters as defined 

by Lipinski´s Rule of Five (Lipinski 2004; Lipinski et al. 2001). Those rules include that the drug 

candidate should contain no more than 5 hydrogen bond donors and 10 hydrogen bond acceptors, a 
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molecular mass less than 500 daltons and a calculated octanol-water coefficient that does not exceed 5. 

The analogue libraries are then screened in various in vitro assays designed to provide important 

information regarding their physicochemical properties, their activity and their absorption, distribution, 

metabolism and excretion (ADME). Simultaneously, a synthesis or extraction procedure for the 

production of large amounts of the active ingredient and a suitable administration form have to be 

developed. This lead optimization phase should result in only a handful of candidates for preclinical 

testing, which are then examined in genotoxicity models such as the Ames test (Ames et al. 1973) and 

in animal models for the determination of their pharmacodynamic and pharmacokinetic properties and 

for toxicity and efficacy testing (Ciociola et al. 2014). 

After the drug candidate is regarded as biologically active and safe in preclinical testing, clinical trials 

are performed to ensure the drug's safety and efficacy in humans and that the benefits for the patient 

outweigh the side effects and risks. Clinical investigations of a study drug are organized in four phases. 

Phase 1 studies are mostly conducted in a small number of healthy volunteers to investigate the 

metabolic and pharmacologic drug profiles and to identify possible side effects. Phase 2 and 3 trials are 

carried out with a control group in first a small and then a larger group of patients to evaluate the 

effectiveness of the drug in a specific disease and to determine an effective dose. Phase 4 studies are 

observational studies that are carried out after the drug is approved for marketing.  

Of often millions of compounds that are initially screened, only a small fraction will be considered as 

suitable for further in vitro testing and even less compounds pass the preclinical phase. Since only one 

in ten compounds that enter the clinical phase reaches the market and the financial consequences of 

failure at this stage are much higher, "failing fast and cheap" is very important in drug discovery (Hughes 

et al. 2011). Therefore, the development of suitable and robust test systems that are optimized for the 

targeted disease setting and understanding the mechanism of action early in the drug discovery process 

are crucial. Taken together, developing a new drug from initial idea to market approval requires on 

average over 10 years and an investment exceeding $ 1 billion (Ciociola et al. 2014; DiMasi, Grabowski, 

and Hansen 2016; Hughes et al. 2011). 

 

1.2.1 Natural products in drug discovery 

As long as we can remember, plants have been used as traditional medicine. The "Ebers papyrus" from 

1500 BCE already documented more than 700 medically used plants and spices and can therefore be 

seen as one of the first review papers in the history of medical research (Borchardt 2002; Hartmann 

2016). Not only in the distant past, but even as late as in the year 1985, the World Health Organization 

estimated that 80% of the world population predominantly relied on plant-derived traditional medicines 

for their health care (Farnsworth et al. 1985). Moreover, the use of compounds derived from nature is 

not limited to traditional medicine, but has also become a valuable source for modern pharmaceutical 
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research. Statistically, more than 50% of drugs approved by the FDA from 1939 to 2016 were natural 

products, their derivatives or inspired by structural motifs of natural compounds (Chen et al. 2020).  

Nevertheless, in recent years, pharmaceutical companies have relied more and more on new chemical 

techniques like combinational chemistry to generate extensive molecular libraries for HTS. Due to the 

enormous amount of time needed for their extraction and often incomplete purification, it was assumed 

that natural products would become progressively irrelevant for modern pharmaceutical research (Cragg 

and Newman 2013). However, since the output of the pharmaceutical industry declines and solutions 

like total or partial synthesis of natural compounds emerge, it is clear that nature will continue to play a 

pivotal role in the process of drug discovery (Cragg and Newman 2013). Moreover, it is presumed that 

only 6% of higher plant species have been systemically investigated for their pharmacological potential 

(Fabricant and Farnsworth 2001) and that the marine environment and other extreme environments like 

(ant)arctic bio organisms remain almost unexplored (Newman and Cragg 2004; Newman and Hill 2006). 

Similarly, only a miniscule amount of microorganisms have been successfully cultivated and 

investigated regarding their secondary metabolites (Cragg and Newman 2013). In recent years, genome 

mining and the investigation of gene clusters encoding enzymes that are involved in the biosynthesis of 

microbial secondary metabolites have proven to be a valuable tool for the targeted discovery of novel 

bioactive compounds. 

In conclusion, it can be stated that, although the implementation of natural product-based new medicine 

is a lengthy and costly process, in part due to the difficulties associated with comprehensively 

understanding their mechanism of action as well as their side effects (Chen et al. 2020), natural sources 

remain a precious source for highly bioactive new drug candidates. Compared to chemically synthesized 

drugs, natural products possess remarkable advantages in terms of structural novelty, biocompatibility 

and functional diversity, stemming from long-term natural selection-based optimizations in their 

evolution (Carlson 2010). 

 

1.2.2 Natural products as autophagy modulators for cancer therapy 

Despite frequent advances in research, cancer remains a leading cause of death (Siegel et al. 2023) that 

should be addressed by the discovery of potent new anticancer drugs. For this, natural products have 

proven to be a valuable source for an almost inexhaustible diversity of bioactive compounds with a 

complexity in structure that is often superior to compounds derived from synthetical approaches. 

Currently, natural compounds and their derivatives make up nearly 50% of small molecules that have 

been approved by the FDA for cancer treatment since the 1940s (Newman and Cragg 2012). Some 

natural products, like mitotic agents or the ROS scavenger N-acetyl-L-cysteine (NAC), modulate 

autophagy as a subsidiary effect, but possess a different main mechanism of action. We, however, aim 
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to find targeted modulators of autophagy to minimize side effects and to gain a deeper understanding of 

the autophagic mechanisms involved in resistance development in cancer therapy. 

One of the first clinically characterized autophagy inducers was the mTOR inhibitor rapamycin that was 

isolated from the bacterium Streptomyces hygroscopius found on the eponymous Easter Island (Rapa 

Nui) (Vezina, Kudelski, and Sehgal 1975; Dumont and Su 1996). Rapamycin and its analogues were 

first approved as immunosuppressants during transplantations and later against various types of cancer 

(Bhaoighill and Dunlop 2019; Saran, Foti, and Dufour 2015). However, mTOR acts as a central 

signalling hub of cell metabolism and its inhibition can lead to severe side effects like hyperlipidaemia 

and hyperglycaemia (Deng et al. 2020; Wen and Klionsky 2020). CQ and HCQ, the chemical derivatives 

of quinine isolated from Cinchona officinalis, were initially developed as antimalarial drugs 

(Mohammadi et al. 2020). After the discovery of autophagy inhibiting properties via the alkalization of 

lysosomes, CQ and HCQ were tested as potential anti-cancer drugs both as monotherapy and in 

combination with classical chemotherapeutics in several clinical trials (Eldredge et al. 2013; Burikhanov 

et al. 2017; Molenaar et al. 2017; Arnaout et al. 2019; Khurshed et al. 2021). However, as already 

described (chapter 1.1.3), major pitfalls of these compounds are their lack of specificity and that the 

molecular mechanism of these compounds has not been fully elucidated so far, hindering targeted 

structural optimization. CQ, HCQ and rapalogues are a good example for the development of new 

anticancer drugs by repurposing drugs that were already approved for other diseases. A major advantage 

of this approach is the availability of a huge amount of preclinical and clinical safety data and insights 

regarding the molecular mechanism of action. However, none of these compounds displays a targeted 

and exclusive approach for autophagy modulation in cancer therapy. 

Examples for autophagy inhibitors that target early steps of the autophagic process are the fungal 

metabolite wortmannin and its concurrent synthetic derivatives 3-methyladenine (3-MA), KU559933 

and LY294002 (Farkas, Daugaard, and Jäättelä 2011). While wortmannin is a pan inhibitor of the PI3K 

superfamily, 3-MA was initially described as more specific for VPS34, which is the only known class III 

PI3K that is involved in autophagy by mediating the production of PI3P that is required for 

autophagosome formation (Blommaart et al. 1997; Petiot et al. 2000). An article by Wu et al. however, 

described differential temporal effects of 3-MA on class I and class III PI3K kinases (Wu et al. 2010a). 

Although these compounds eventually sensitize tumor cells to death, as non-specific PI3K inhibitors, 

they affect several processes and are toxic after long-term exposure (Wu et al. 2010b; Al-Bari et al. 

2021), hindering their clinical application. The synthetic compound PX-866, another derivative of 

wortmannin, also acts as a pan-isoform inhibitor of PI3K. Harder et al. have shown that PX-866 can 

block temozolomide-induced autophagy and promotes apoptosis in glioblastoma cells (Harder et al. 

2019). Interestingly, PX-866 is relatively well tolerated without any evidence of cumulative toxicity and 

has been investigated in several clinical trials for the treatment of patients with recurrent or metastatic 

cancer (Hotte et al. 2019; Yam et al. 2018; Pitz et al. 2015). The path of development from the fungal 
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metabolite wortmannin to the clinical candidate PX-866 sets an example that natural compounds, which 

initially might display non-favorable pharmacokinetic properties or possess toxic characteristics, can 

serve as lead structures for optimized and very potent semi-synthetic or synthetic structures that can 

modulate autophagy for anti-cancer therapy. 

 

1.2.3 A brief history of the natural compound prodigiosin 

Although prodigiosin was first extracted from Serratia marcescens in 1929 (Wrede and Hettche 1929), 

historical literature is full of reports about "bleeding bread" (Gerber 1975; Bennett and Bentley 2000; 

Gaughran 1969). This phenomenon was most likely caused by red pigment producing bacteria of the 

Serratia and Streptomyces genera, which grow on many starch-rich culture media. When those colonies 

reach maturity, they can become liquid and then be mistaken for blood droplets (Fürstner 2003). In the 

European middle ages "bleeding" communion wafers were seen as miracles (Garlaschelli 1999) and one 

of the most famous examples of this phenomenon happened in 1263 in Bolsena. A priest noticed "blood 

droplets" dripping from the host during a pilgrimage to Rome and this apparent miracle was approved 

by the then pope Urban IV. It is assumed that this event led him to the implementation of the festival of 

Corpus Christi, which is still celebrated as a public holiday in many countries and to the construction of 

the cathedral in Orvieto, where the relics of this "miracle" are kept for pilgrims (Fürstner 2003). 

However, this phenomenon not only led to mostly harmless religious misbelief, but was also over 

centuries used as a pretense for bloodthirsty persecutions and pogroms of Jews who were accused of 

having stabbed and thereby desecrated hosts (Bennett and Bentley 2000; Gaughran 1969). Most of these 

events may be attributed to metabolites produced by Serratia marcescens and its relatives, since their 

colonies are closest to look like droplets of fresh blood (Fürstner 2003). 

This went on until 1819, when "bleeding" food repeatedly appeared in a village in northern Italy. While 

the general population traced this back to witchcraft, three scientists (a botanist, a pharmacist and a 

physician) independently suggested fermentation as reason for the "bleeding" (Bennett and Bentley 

2000; Gaughran 1969). Although they mistakenly thought that fungi were the creators of the red 

pigments, their studies possibly represent the first scientific investigations of prodigiosin producing 

microorganisms. The pharmacist Bartolomeo Bizio also suggested the name Micrococcus prodigiosus 

for this colorful microorganism, referring to the historical and "prodigious" events it was involved in. 

Albeit this name was not established for the microorganisms in the scientific community, it became 

eponymous for the colorful substance class produced by them (Fürstner 2003). Later on, the Serratia 

strains became a seemingly harmless microbial study object until their recognition as potentially toxic 

a few decades ago (Aucken and Pitt 1998; Hejazi and Falkiner 1997). 

After discovering that the red pigments are produced by microorganisms in the early 19th century, it took 

more than a century until prodigiosin was first extracted from Serratia marcescens by Wrede and 
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Hettche (Wrede and Hettche 1929) and only in the 1960s the chemical structure was fully elucidated 

with the help of total synthesis (Rapoport and Holden 2002; Wasserman, Mc, and Santer 1960). Due to 

rapid advances in spectroscopic techniques, it was discovered that prodigiosin belongs to a compound 

class with several structural relatives that share a congeneric conjugated scaffold of A-, B- and C-ring 

pyrroles with differing alkyl substituents (reviewed in (Fürstner 2003; Hu et al. 2016)) and over the last 

70 years, there has been a rising number of achiral and chiral prodiginines of natural, semisynthetic and 

synthetic origin (Clift and Thomson 2009; Haynes et al. 2011; Boger and Patel 2002; Rapoport and 

Willson 2002; Fürstner, Grabowski, and Lehmann 1999).  

It has been reported, that prodiginines exhibit biological activities in a broad spectrum of organisms 

including, but not limited to, microorganisms (Herraez et al. 2019; Lapenda et al. 2015), the malaria 

parasite Plasmodium falciparum (Isaka et al. 2002; Kim et al. 1999; Lapenda et al. 2015), cancerous 

cells (Montaner and Perez-Tomas 2001; Montaner et al. 2000; Yamamoto et al. 2000; Yamamoto et al. 

1999), plants, nematodes and fungi (Habash et al. 2020). However, the mechanism of action of 

prodigiosin in malignant mammalian cells is discussed controversially in literature. The effects 

described for this class of natural compounds include the induction of apoptotic cell death (Ji et al. 2019; 

Li et al. 2018; Lin et al. 2019; Sam and Ghoreishi 2018; Yenkejeh, Sam, and Esmaeillou 2017), 

immunosuppressive properties (Magae et al. 1996; Kawauchi et al. 1997), the modulation of autophagy 

(Klein et al. 2018; Klein et al. 2017; Zhao et al. 2020) and the activity as an H+/Cl− symporter that can 

uncouple proton gradients (Seganish and Davis 2005; Sato et al. 1998). The discrepant observations 

between groups might be explained by a cell type dependent and multilayered mechanism of action.  

Chemical derivatization and SAR studies led to the synthesis and characterization of several prodigiosin 

derivatives (Habash et al. 2020; Hu et al. 2016; Klein et al. 2017) and the development of the synthetic 

prodiginine analogue obatoclax mesylate (GX15-070), which has been evaluated in several phase II 

clinical trials for the treatment of leukemia (Schimmer et al. 2014), lymphomas (Oki et al. 2012) and 

small-cell lung cancer (Paik et al. 2011). However, obatoclax mesylate has not been approved for clinical 

application so far. While the example of Obatoclax demonstrates the great potential and efficacy of 

prodiginines against cancer cells, the fact that this compound has not been approved for the market 

shows that further research and development is required. 
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2 Aims of this work 

The aims of this dissertation were the characterization of autophagy-modulating natural compounds 

through the investigation of these compounds in terms of overcoming chemotherapy resistance in cancer 

cells and the identification of their target proteins and pathways to improve the understanding of the 

mechanism of action and to optimize these lead structures into drug candidates. The main focus hereby 

lay on the characterization of the bacterial secondary metabolite prodigiosin. These aims have been 

addressed in several (collaboration) projects that have been published or are being revised for 

publication. 

In the first project, the natural compound prodigiosin was investigated in cisplatin-sensitive 

and -resistant bladder cancer cells. Prodigiosin was used in mono- and combination therapy together 

with cisplatin to overcome cisplatin resistance and the effects of prodigiosin on autophagy and apoptosis 

were characterized. 

In the second project, chemically synthesized prodigiosin derivatives were subjected to a systematic cell 

viability screening in cisplatin-sensitive and -resistant bladder cancer cells. The results of this screening 

give insights into the structure-activity relationship of prodiginines. 

In the third project, the molecular mechanism of prodigiosin in cancer cells was investigated. Utilizing 

a proteomics approach, a protein target was identified and validated for this natural compound. The 

insights into the molecular mechanisms of prodigiosin can support the optimization of the compound as 

a drug candidate. 
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3 Summary of publications 

3.1 Publications within the scope of this dissertation 

The full original texts of these manuscripts can be found in the appendix of this dissertation. 

3.1.1 Publication 1 

Prodigiosin Sensitizes Sensitive and Resistant Urothelial Carcinoma Cells to Cisplatin Treatment 

Lena Berning, David Schlütermann, Annabelle Friedrich, Niklas Berleth, Yadong Sun, Wenxian Wu, 

María José Mendiburo, Jana Deitersen, Hannah U. C. Brass, Margaretha A. Skowron, Michèle J. 

Hoffmann, Günter Niegisch, Jörg Pietruszka, Björn Stork 

Molecules, Volume 26, Issue 5, 1294, February 2021 

DOI: 10.3390/molecules26051294 

Complex resistance mechanisms, that include alterations in autophagy and apoptosis signalling, limit 

the success of cisplatin-based treatment of urothelial carcinomas. The secondary bacterial metabolite 

prodigiosin was shown to affect both autophagy and apoptosis. By analyzing the activity of prodigiosin 

alone or in combination with cisplatin, we found that prodigiosin sensitized both cisplatin-sensitive and 

-resistant urothelial carcinoma cells (UCCs) to cisplatin treatment with synergistic effects in most tested 

cell lines. Treatment with prodigiosin blocked autophagy in UCCs and resensitized cisplatin-resistant 

cells to apoptotic cell death. These effects of prodigiosin are at least partially mediated by an altered 

lysosomal function, since we detected reduced activities of cathepsin B and L. Prodigiosin appears to 

be a promising candidate for the therapy of cisplatin-resistant urothelial carcinomas, either as a single 

agent or in combinatory therapeutic approaches. 

Author contribution: 

The author of this dissertation designed the experiments and performed viability assays, immunoblot 

analyses, fluorescence microscopy and cathepsin activity assays. In addition, the author analyzed and 

interpreted the data and wrote the manuscript.  

Relative contribution: about 85%. 
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3.1.2 Publication 2 

Prodiginine ligating enzymes exhibit an extended substrate acceptance for A-ring-associated 

alkyl-substitutions 

Tim Moritz Weber, Alexandra Leyens, Lena Berning, Björn Stork, Jörg Pietruszka 

Catalysis Science & Technology, Volume 13, 6165, September 2023 

DOI: 10.1039/d3cy00913k 

Prodigiosin belongs to the prodiginine family, which is a class of secondary metabolite alkaloids of 

bacterial origin that is known for multifarious biological activities. Prodiginine biosynthesis is based on 

a converging route with a final ATP- and enzyme-dependent condensation reaction between the 

bipyrrole precursor MBC and miscellaneously substituted monopyrroles. We synthesized six 5’-n-alkyl 

derivatives of MBC, validated their suitability for condensation with monopyrroles by different known 

ligating enzymes, and found an overall broad acceptance of short- and medium-chain alkylated MBC 

derivatives. In addition, a systematic cell viability screening of chemically synthesized prodiginines with 

5-n-alkylation on the A-ring in cisplatin-sensitive and -resistant UCCs revealed that methyl substituents 

increased the cytotoxicity of the derivatives compared to prodigiosin and the former clinical candidate 

obatoclax mesylate. 

Author contribution: 

The author of this dissertation performed viability assays, analyzed and interpreted the data, contributed 

ideas and suggestions to the project, discussed the results and commented on the manuscript.  

Relative contribution: about 10%. 

 

 

  



 Summary of publications  

22 
 

3.1.3 Publication 3 

The Golgi stacking protein GRASP55 is targeted by the natural compound prodigiosin 

Lena Berning, Thomas Lenz, Ann Kathrin Bergmann, Gereon Poschmann, Hannah U. C. Brass, David 

Schlütermann, Annabelle Friedrich, María José Mendiburo, Céline David, Seda Akgün, Jörg Pietruszka, 

Kai Stühler, Björn Stork 

Cell Communication and Signaling, Volume 21, Issue 1, 275, October 2023 

DOI: 10.1186/s12964-023-01275-1 

Prodigiosin has been reported to affect cancer cells but not non-malignant cells, rendering prodigiosin a 

promising lead compound for anticancer drug discovery. However, a direct protein target has not yet 

been experimentally identified. Utilizing mass spectrometry-based thermal proteome profiling, we 

identified the Golgi stacking protein GRASP55 as a potential target of prodigiosin. Treatment with 

prodigiosin severely affects Golgi morphology and functionality and prodigiosin-dependent cytotoxicity 

can be partially reduced in GRASP55 knockout cells. By analyzing autophagy-related protein 

abundance and cathepsin activity, we found that prodigiosin treatment blocks autophagic flux. We 

observed that autophagosomes accumulate at GRASP55-positive structures, pointing towards an 

involvement of an altered Golgi function in the autophagy-inhibitory effect of this natural compound. 

These results suggest that prodigiosin affects autophagy and Golgi apparatus integrity in an interlinked 

mode of action involving the regulation of organelle alkalization and the Golgi stacking protein 

GRASP55. 

Author contribution: 

The author of this dissertation designed the experiments and performed viability assays, immunoblot 

analyses, cathepsin activity assays, fluorescence microscopy, generation of a GRASP55 KO cell line 

and sample preparation for TPP and electron microscopy. In addition, the author analyzed and 

interpreted the data and wrote the manuscript.  

Relative contribution: about 75%. 

  



 Summary of publications  

23 
 

3.2 Publications beyond the scope of this dissertation 

The author of this dissertation has contributed to several additional publications. However, these are not 

discussed here or attached to this work, as they would go beyond the scope of this dissertation. 

3.2.1 Publication 4 

High-throughput screening for natural compound-based autophagy modulators reveals novel 

chemotherapeutic mode of action for Arzanol 

Jana Deitersen, Lena Berning, Fabian Stuhldreier, Sara Ceccacci, David Schlütermann, Annabelle 

Friedrich, Wenxian Wu, Yadong Sun, Philip Böhler, Niklas Berleth, María José Mendiburo, Sabine 

Seggewiß, Ruchika Anand, Andreas S Reichert, Maria Chiara Monti, Peter Proksch, Björn Stork 

Cell Death & Disease, Volume 12, Issue 6, 560, May 2021 

DOI: 10.1038/s41419-021-03830-5 

Author contribution: 

The author of this dissertation performed cell viability assays, microscopy and cellular metabolism 

analyses and contributed ideas and suggestions to the project, gave technical support, discussed the 

results and commented on the manuscript.  

Relative contribution: about 25%. 

 

3.2.2 Publication 5 

FIP200 controls the TBK1 activation threshold at SQSTM1/p62-positive condensates  

David Schlütermann, Niklas Berleth, Jana Deitersen, Nora Wallot-Hieke, Olena Friesen, Wenxian Wu, 

Fabian Stuhldreier, Yadong Sun, Lena Berning, Annabelle Friedrich, María José Mendiburo, Christoph 

Peter, Constanze Wiek, Helmut Hanenberg, Anja Stefanski, Kai Stühler, Björn Stork 

Scientific Reports, Volume 11, Issue 1, 13863, July 2021 

DOI: 10.1038/s41598-021-92408-4 

Author contribution: 

The author of this dissertation gave technical support, discussed the results and commented on the 

manuscript 

Relative contribution: about 2%. 
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3.2.3 Publication 6 

Fin56-induced ferroptosis is supported by autophagy-mediated GPX4 degradation and functions 

synergistically with mTOR inhibition to kill bladder cancer cells  

Yadong Sun, Niklas Berleth, Wenxian Wu, David Schlütermann, Jana Deitersen, Fabian Stuhldreier, 

Lena Berning, Annabelle Friedrich, Seda Akgün, María José Mendiburo, Sebastian Wesselborg, Marcus 

Conrad, Carsten Berndt, Björn Stork 

Cell Death & Disease, Volume 12, Issue 11, 1028, October 2021 

DOI: 10.1038/s41419-021-04306-2 

Author contribution: 

The author of this dissertation gave technical support, discussed the results and commented on the 

manuscript 

Relative contribution: about 2%. 

 

3.2.4 Publication 7 

Modular Approach for the Synthesis and Bioactivity Profiling of 8,8´-Biflavones 

Moritz K. T. Klischan, Flaminia Mazzone, Lena Berning, Julian Greb, Max Schlamkow, Mona Haase, 

Wolfgang Frey, Björn Stork, Klaus Pfeffer, Jörg Pietruszka 

ACS Omega, Volume 8, Issue 44, 41816, October 2023 

DOI: 10.1021/acsomega.3c06503 

Author contribution: 

The author of this dissertation performed viability assays, analyzed and interpreted the data, contributed 

ideas and suggestions to the project, discussed the results and commented on the manuscript.  

Relative contribution: about 10%. 
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4 Discussion 

As the number of new cancer cases continuously rises with simultaneously only minor declines in cancer 

death rates, the need for novel anti-tumor drug candidates is high. Therefor nature displays an almost 

inexhaustible source for new pharmacologically active molecules. The unveiling of the mode of action 

of these new drug candidates is crucial for the assessment of potential side effects and for the 

understanding of structure-activity relationships. The projects presented in this dissertation can be seen 

as part of the early drug discovery phase and contributed to a better understanding of the molecular 

mechanism and characterization of the anti-cancer properties of the natural compound prodigiosin. 

Within the work of this dissertation, we characterized prodigiosin as a potent inhibitor of autophagy that 

can overcome chemotherapy-resistance by resensitizing bladder cancer cells to cisplatin-induced 

apoptosis. In addition, we subjected several prodigiosin derivatives to a systematic cell viability 

screening to gain insights into the structure-activity relationship of prodiginines. Finally, we were able 

to unveil the Golgi protein GRASP55 as an effector protein of prodigiosin and thereby we contributed 

to elucidating the mechanism of action of this natural compound. 

 

4.1 Elimination of therapy-resistant cancer 

Bladder cancer is one of the 10 most common cancers worldwide, with a poor prognosis for patients 

diagnosed with muscle-invasive and metastatic carcinomas (Nadal and Bellmunt 2019). A major cause 

for the high mortality rate is the development of resistance to platin-based chemotherapy, which is the 

standard of care for these patients (Leitlinienprogramm Onkologie Deutsche Krebsgesellschaft 2020; 

Alfred Witjes et al. 2017). Autophagy has been described as one mechanism of cisplatin resistance (Ma, 

Li, et al. 2020; Yu et al. 2014; Xiao et al. 2016; Mani et al. 2015; Galluzzi et al. 2012) and previous 

work of our group has shown an increased expression of various ATG proteins in cisplatin-resistant 

bladder cancer cell lines and that targeting cytoprotective autophagy with autophagy inhibitors increased 

cisplatin efficacy in resistant tumor cells (Schlütermann et al. 2018). 

Prodigiosin has previously been described as a potent modulator of autophagy that exerts strong anti-

cancer activity (Cheng et al. 2018; Ji et al. 2019; Klein et al. 2017; Lin and Weng 2018; Zhao et al. 

2020). In our study about the efficacy of prodigiosin in bladder carcinomas we found that prodigiosin 

was cytotoxic in bladder cancer cells with IC50 values in the nanomolar range for all tested cell lines 

(chapter 3.2.1). Compared to an average IC50 value of 2.1 µM in a screening of around 60 cancer cell 

lines implemented by the National Cancer Institute (Perez-Tomas and Vinas 2010), prodigiosin actually 

seems to be particularly effective against bladder carcinoma cells. The effects of prodigiosin on 

autophagy have been discussed controversially in literature. While some groups describe an inhibition 

of the autophagic process (Ji et al. 2019; Klein et al. 2017; Zhao et al. 2020), others described the 
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induction of autophagic cell death (Cheng et al. 2018; Lin and Weng 2018). As shown by autophagic 

flux assays using bafilomycin A1 and cathepsin activity assays, in our hands prodigiosin rather acts as a 

strong inhibitor of autophagy.  

Noteworthy, IC50 values of prodigiosin-mediated cytotoxicity were lower in cisplatin resistant cells than 

in their sensitive precursors. This might be explained by the fact that the effect of autophagy modulation 

strongly depends on cancer type and progression. While some groups observed upregulated autophagy 

in different cancer types which developed a cisplatin resistance and successfully inhibited autophagy to 

resensitize the cancer cells to cisplatin treatment (Hu et al. 2020; Su et al. 2016; Bao et al. 2015; Wang 

and Wu 2014; Huang et al. 2013; Garcia-Cano et al. 2015), there are other studies describing that 

autophagic flux is not enhanced but reduced in cisplatin resistant cancer and that induction of autophagy 

showed beneficial effects for cisplatin efficacy (Gu, Fei, and Zhu 2020; Garcia-Cano et al. 2015; 

Sirichanchuen, Pengsuparp, and Chanvorachote 2012). Recently, Gasiorkiewicz et al. reviewed 

autophagy-modulating compounds that chemosensitize for cisplatin in cancer therapy (Gasiorkiewicz et 

al. 2021). Among these compounds are classical autophagy inhibitors, compounds with specific 

autophagy-related targets, and natural compounds. It appears that both the inhibition of the cyto-

protective functions and the induction of death-promoting functions of autophagy can be therapeutically 

relevant. 

In our study, prodigiosin not only decreased the viability of different cisplatin-sensitive and -resistant 

urothelial carcinoma cell lines, but also sensitized them to cisplatin treatment by overcoming cisplatin-

induced apoptosis resistance. The complex interplay between autophagy and apoptosis has been 

described in chapter 1.1.1. A major hub for this interplay is the interaction of the antiapoptotic members 

of the Bcl-2 family of proteins and Beclin-1 of the class III PtdIns3K complex I through their BH3-

domains (Kang et al. 2011; Luo and Rubinsztein 2010; Mukhopadhyay et al. 2014; Pattingre et al. 2005). 

Inspired by the structure of prodigiosin, the synthetic prodiginine analogue obatoclax mesylate 

(GX15-070) was developed and has been evaluated in several phase II clinical trials for the treatment of 

leukemia (Schimmer et al. 2014), lymphomas (Oki et al. 2012) and small-cell lung cancer (Paik et al. 

2011). The BH3-mimetic obatoclax has been reported to induce apoptotic cell death by antagonizing all 

antiapoptotic Bcl-2 family proteins (Zhai et al. 2006). The impact on autophagy however seems to be 

multifarious. Against expectations, the obatoclax-mediated induction of autophagy appears to be 

independent of Beclin-1 (Bata and Cosford 2021; Heidari, Hicks, and Harada 2010; McCoy et al. 2010). 

In addition, the role of autophagy in obatoclax-induced cell death has been controversially discussed in 

literature. While Yu and Liu reported that blockage of autophagy inhibited cell death (Yu and Liu 2013), 

Pan et al. found that inhibition of autophagy enhanced obatoclax induced cytotoxicity, suggesting a pro-

survival function of autophagy (Pan et al. 2010). However, the complex and not fully elucidated 

mechanism of action of the prodigiosin analogue obatoclax shows the importance of characterizing the 

effects of prodigiosin and its analogues in malignant cells in order to optimize the structure to exploit 

the full pharmacological potential of these compounds. 
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4.2 Prodigiosin as a lead structure 

After the proof of effectiveness against chemotherapy-resistant tumor cells, prodigiosin presents itself 

as an interesting drug candidate. During the drug discovery phase the next step for lead compounds is 

the synthesis of structural analogues to identify SARs and to optimize the potency, selectivity and 

pharmacokinetic properties. Prodigiosin already meets Lipinski´s Rule of Five (Lipinski 2004; Lipinski 

et al. 2001) and ADME predictions showed that based on drug-likeness, physicochemical and 

pharmacokinetic parameters it already has desirable drug-like properties such as a good oral availability 

and intestinal absorption (Anwar et al. 2020; Sundararajan et al. 2023). A potential challenge is the 

limited aqueous solubility that could be enhanced by structural modifications like the integration of 

hydrophilic residues or by employing nanoscale drug formulations (Guryanov et al. 2020). By applying 

the Ames and micronucleus test, Guryanov et al. showed that prodigiosin does not exhibit a significant 

genotoxic potential (Guryanov et al. 2013).  

An additional beneficial characteristic of prodigiosin is the reported sensitivity of cancer cells towards 

this compound and the concomitant absence of effects on non-malignant cells that has been previously 

reported. For instance, prodigiosin showed higher cytotoxicity in lung carcinoma (Davient et al. 2018) 

and breast cancer (Yamamoto et al. 2000) cells than in associated epithelial cell lines and fibroblasts. In 

addition, Montaner et al. showed prodigiosin-mediated cell death in colon cancer cells and 

hematopoietic cancer cell lines but observed no cytotoxic effects in non-malignant cells (Montaner and 

Perez-Tomas 2001; Montaner et al. 2000). Hong et al. reported that prodigiosin induced cell-cycle arrest 

and apoptosis through restoration of p53 signaling in p53-deficient human colon cancer cells with little 

to no cytotoxicity in normal human fibroblasts and no display of genotoxicity (Hong et al. 2014). In 

addition to promising in silico and in vitro results, prodigiosin showed no side effects in first in vivo 

studies. It significantly inhibited tumor growth of hepatocellular carcinoma xenografts without 

pathological changes in any organs (Yamamoto et al. 1999) and showed no additional adverse effects 

in a combination study with 5-fluorouracil in colorectal cancer in mice (Zhao et al. 2020). Taken 

together, prodigiosin as a lead structure already possesses desirable clinical properties, but further 

studies concerning ADME in vitro and in vivo are required and side effects of prodigiosin on healthy 

tissues need to be carefully assessed. 

All prodiginines share a congeneric conjugated scaffold of A-, B- and C-ring pyrroles with decorations 

on the ring systems. Over the last 70 years, there has been a rising number of achiral and chiral 

prodiginines of natural, semisynthetic and synthetic origin (Clift and Thomson 2009; Haynes et al. 2011; 

Boger and Patel 2002; Rapoport and Willson 2002; Fürstner, Grabowski, and Lehmann 1999). With 

increasing serendipities of naturally occurring prodiginines and prodiginine-producing bacterial strains 

the quantity of known bacterial gene clusters involved in the biosynthesis of this compound class is 

constantly rising. Numerous clusters among diverse bacterial species have been identified by genome 

mining and analyses of mutant strains (Xie et al. 2012; Williamson et al. 2005; Grenade et al. 2023; 
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Wang et al. 2021; Salem et al. 2014). All of these gene clusters encode for non-ribosomal peptide 

synthetases (NRPS) of type II (Jaremko et al. 2020; Cerdeno, Bibb, and Challis 2001) that assemble the 

two key precursors: the bipyrrole and the monopyrrole part (Hu et al. 2016; Chawrai et al. 2008; 

Wasserman et al. 1973; Harris et al. 2004). This, combined with synthetic methods, enables the design 

of multiple prodigiosin derivatives for structural studies to elucidate the SAR of prodiginines.  

The biosynthesis of prodiginines exclusively relies on utilization of 4-methoxy-2,2´-bipyrrole-5-

carbaldehyde (MBC) that is built from the amino acid L-proline as bipyrrole condensation partner and 

with few exceptions no naturally occurring A-ring substituted prodiginines have been found to date 

(Feher et al. 2008). Hence, from today´s view a broad accessibility of A-ring substituted prodiginines 

by biosynthetic methods seems not feasible, but those derivatives can be assessed by total synthesis. 

Although some studies addressed the synthesis of A-ring substituted prodiginines, either they did not 

investigate the biological effects of these derivatives (Chawrai et al. 2008) or their main focus lay on 

other components of the structure (D'Alessio et al. 2000; Melvin et al. 2000). But since both D´Alessio 

et al. and Melvin et al. observed positive effects after adding electron-donating alkyl substitutions in 5-

position of the A-ring (D'Alessio et al. 2000; Melvin et al. 2000), our aim was to investigate these 

modifications of prodigiosin systematically for their impact on prodigiosin-mediated cell death. 

For this purpose, a compound library of A-ring alkylated prodiginines was synthesized and screened for 

their cytotoxicity in cisplatin-sensitive and -resistant bladder carcinoma cells with the parent compound 

prodigiosin and the former clinical candidate obatoclax-mesylate as references (chapter 3.2.2). We 

observed that the addition of an electron-donating methyl group in 5-position of the A-ring resulted in 

an increase of cytotoxicity, whereas further chain elongation led to a constant loss of biological activity 

with each step of elongation. Subsequently, we chose the most potent methyl-substituted derivative and 

tested alkyl chain length variations in 4-position of the C-ring. All tested methylated derivatives showed 

similar IC50 values which were up to 2.6-fold lower than for prodigiosin in cisplatin-resistant bladder 

carcinoma cells. Interestingly, both C-ring variations led to significantly faster cytotoxic effects, 

suggesting substantial improvements compared to the only A-ring methylated derivative, prodigiosin 

and obatoclax mesylate. 

 

Figure 4: Biosynthesis of Prodigiosin and structures of prodigiosin derivatives. 

We hypothesize that the electron-donating alkyl substituent on the A-ring tightens the bond between the 

B-ring nitrogen and the proton from the chloride counter ion, thereby increasing the pKa value and 
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facilitating the trespass of the charged complex through the membrane. Fürstner described that the 

complex of the protonated prodigiosin and the chloride is lipophilic and tight enough to penetrate 

biological membranes (Fürstner 2003). Longer A-ring alkyl chains could possibly function as membrane 

anchors, preventing the cellular or organelle entry of these derivatives and thereby reduce their 

biological activity. This phenomenon already became apparent in earlier studies, where longer alkyl 

chains on the C-ring drastically decreased autophagy modulation of prodigiosin derivatives (Klein et al. 

2017). However, these are speculations and the mechanism of action of prodigiosin has to be further 

elucidated in order to fully understand the SAR and to optimize the promising lead compound 

prodigiosin for possible future clinical applications. 

 

4.3 Elucidation of the molecular mechanism 

Prodigiosin and its derivatives exhibit biological activities in a broad spectrum of organisms including, 

but not limited to, microorganisms (Herraez et al. 2019; Lapenda et al. 2015), the malaria parasite 

Plasmodium falciparum (Isaka et al. 2002; Kim et al. 1999; Lapenda et al. 2015), cancerous cells 

(Montaner and Perez-Tomas 2001; Montaner et al. 2000; Yamamoto et al. 2000; Yamamoto et al. 1999), 

plants, nematodes and fungi (Habash et al. 2020). When dealing with natural compounds that display a 

high bioactivity, one has to be aware that natural compounds often possess multiple targets in 

mammalian cells and other organisms and that these targets often have multifarious functions. The 

positive side of natural compounds affecting various molecular pathways at once in malignant cells is a 

lesser chance for the development of chemotherapy resistance. Nevertheless, understanding the mode 

of action by unveiling preferably all molecular targets of a drug candidate is crucial for structural 

optimization and for the assessment and prevention of potential side effects. 

For prodigiosin, several potential protein targets have already been described. Krishna et al. published 

an in silico molecular docking analysis, where they identified prodigiosin and cycloprodigiosin as 

potential COX-2 inhibitors for anti-inflammatory use (Krishna et al. 2013). In a recent manuscript, 

Sundararajan et al. used molecular docking and molecular dynamics simulation studies to characterize 

prodigiosin as an inhibitor of PARP-1 (Sundararajan et al. 2023). In addition, Paul et al. utilized inverse 

virtual screening methods and reported several potential prodigiosin-interacting proteins including 

HER-2, MEK, and S6K (Paul et al. 2023). However, in these studies the target identification is solely 

based on computational methods and has not been validated experimentally so far, qualifying these 

studies rather as explorative.  

Commonly used techniques for target identification often require the synthesis of a derivatized probe. 

Derivatization bears multiple disadvantages like being time- and cost-intensive, a possible affection of 

the active drug conformation and the risk of steric interference (Chang, Kim, and Kwon 2016; Fang 

2014). In the last decades, the identification of protein targets was improved by the utilization of several 
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mass spectrometry (MS)-based screening methods (Feng et al. 2023). In our study, we used the thermal 

proteome profiling (TPP)/ratio-based thermal shift assay analysis (RTSA) approach as an unbiased and 

label-free target identification method which does not involve a chemical modification of prodigiosin 

or possible target proteins (Johnson et al. 2023). TPP combines the cellular thermal shift assay (CETSA) 

which is based on the principle of thermal stabilization of intracellular proteins when they are bound to 

a small molecule (Martinez Molina et al. 2013; Jafari et al. 2014) with multiplexed quantitative MS 

analysis (Savitski et al. 2014; Franken et al. 2015).  

We identified several proteins that were stabilized against thermal denaturation after treatment with 

prodigiosin (chapter 3.1.3). Although we focused on the Golgi apparatus stacking protein GRASP55 for 

target validation and further evaluations, other identified target candidates may also be worth further 

investigation to fully elucidate the probably complex mechanism of action of prodigiosin. GRASP55 

showed a high statistical significance of thermal stabilization in two independent TPP experiments, a 

low EC50 value and could be confirmed by CETSA and therefore presents itself as a highly probable 

direct protein target of prodigiosin. With CETSA/TPP approaches, it can be difficult to distinguish 

between primary effects (direct binding) and secondary abundance effects due to affected upstream 

processes (Lenz and Stühler 2022), but neither in the TPP-TR/RTSA nor in the TPP-CCR analysis, 

GRASP55 showed differential intensities at 37 °C, excluding an abundance effect. After target 

identification, further experiments are required for multidimensional target validation (Feng et al. 2023) 

to determine how prodigiosin interacts with the target proteins (backward validation) and which cellular 

pathways and downstream effects are affected (forward validation) (Tu et al. 2023). For backward 

validation, molecular modelling of the small molecule-to-protein binding, co-crystallization studies or 

enzyme kinetics with purified proteins are often the methods of choice. In the case of GRASP55, those 

methods are not feasible because only the N-terminal GRASP domain of GRASP55 (residues 1-207) 

has been successfully crystallized so far (Truschel et al. 2011; Li, Feng, and Liu 2013), impeding reliable 

computational modelling and co-crystallization studies. For forward validation, knockout and 

knockdown studies are widely used. In our hands, KO of GRASP55 significantly reduced prodigiosin 

cytotoxicity, indirectly confirming GRASP55 as a target although prodigiosin is still clearly cytotoxic 

in GRASP55 KO cells, demonstrating that additional target candidates and mechanisms are involved in 

prodigiosin-mediated reduction of cancer cell viability. 

Additionally, morphological examination confirmed the Golgi apparatus as a target of prodigiosin. 

Prodigiosin treatment leads to a severely dilated and disorganized Golgi apparatus in a concentration-

dependent manner. It should be noted, however, that the severe effects after treatment with high 

prodigiosin concentrations occur rather due to the H+/Cl- symporter activity of prodigiosin that leads to 

uncoupling of the proton gradient, which is maintained across the Golgi membrane (Sato et al. 1998; 

Konno et al. 1998; Ohkuma et al. 1998) and to similar phenotypical effects as the known ionophore 

monensin (Dinter and Berger 1998; Mollenhauer, Morre, and Rowe 1990; Vanneste et al. 2019). The 

ion carrier properties of prodigiosin provide a good example for a small molecule being bioactive 
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through mechanisms that do not involve the direct binding of proteins, which will therefore not be 

revealed by classical target finding assays. To characterize the effects of prodigiosin binding to 

GRASP55 on Golgi apparatus morphology and function, the assessment of prodigiosin derivatives that 

lack the ion symporter properties would be favourable.  

The complex interplay between Golgi apparatus and autophagic machinery and the inhibitory effects of 

prodigiosin on autophagy were described in chapters 1.1.2 and 4.1, respectively. We propose a multi-

layered effect of prodigiosin on the autophagic pathway via its effects on Golgi structure in general 

and/or on GRASP55 in particular. We presume: (i) an impaired trafficking of key autophagic proteins 

due to a severely disturbed Golgi apparatus structure, manifesting in smaller autophagosomes and 

lysosomes, (ii) prodigiosin-mediated alkalization of lysosomes resulting in a complete blockade of 

autophagic flux, (iii) interference of prodigiosin in the GRASP55-mediated fusion of autophagosome 

and lysosome and (iv) the induction of Golgiphagy, as shown by the massive accumulation of 

autophagosomal membranes in the perinuclear area. Structural derivatives that lack either GRASP55 

binding or ion symporter qualities could help to investigate the individual contributions of the different 

aspects of prodigiosin effects on Golgi apparatus and autophagy. 

 

Figure 5: The multifarious mechanism of action of prodigiosin in tumor cells. Treatment with prodigiosin leads to shorter, 
less and dilated Golgi cisternae through its interaction with GRASP55. Additionally, prodigiosin leads to a swelling of the 
Golgi cisternae via its H+/Cl- symporter activity that leads to uncoupling of the proton gradient, which is maintained across the 
Golgi membrane. Because of the severely disturbed Golgi apparatus structure, the trafficking of key autophagic proteins to the 
isolation membrane is impaired. Prodigiosin has a dual mechanism of blocking late steps of autophagy through the alkalization 
of lysosomes and the interference in the GRASP55-mediated fusion of autophagosome and lysosome. In addition, prodigiosin 
treatment leads to the induction of Golgiphagy and a massive accumulation of autophagosomes at the Golgi apparatus. As a 
consequence of these effects, prodigiosin leads to an induction of cancer cell death and resensitizes malignant cells to 
chemotherapy to inhibit tumor progression. 
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In summary, we characterized the natural compound prodigiosin as a potent lead structure for anti-

cancer drug discovery. We propose prodigiosin as a promising drug candidate that resensitizes cisplatin-

resistant malignancies to chemotherapy and recommend A-ring alkylations as an auspicious approach 

to optimize the biological activity of this natural compound. In addition, we identified GRASP55 as a 

molecular target of prodigiosin and propose further investigation of the impact of this interaction. This 

work provides an example how precious natural compound research in combination with synthetic and 

semi-synthetic approaches is not only to find new lead structures for pharmaceutical research, but also 

to elucidate the complex interplay of different molecular pathways of the cellular machinery. Overall, 

this dissertation contributed to decipher the molecular mode of action of the potent anti-cancer effects 

of the highly interesting natural compound prodigiosin. 
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Abstract: Cisplatin-based treatment is the standard of care therapy for urothelial carcinomas. How-
ever, complex cisplatin resistance mechanisms limit the success of this approach. Both apoptosis and
autophagy have been shown to contribute to this resistance. Prodigiosin, a secondary metabolite
from various bacteria, exerts different biological activities including the modulation of these two
cellular stress response pathways. We analyzed the effect of prodigiosin on protein levels of different
autophagy- and apoptosis-related proteins in cisplatin-sensitive and -resistant urothelial carcinoma
cells (UCCs). Furthermore, we investigated the effect on cell viability of prodigiosin alone or in
combination with cisplatin. We made use of four different pairs of cisplatin-sensitive and -resistant
UCCs. We found that prodigiosin blocked autophagy in UCCs and re-sensitized cisplatin-resistant
cells to apoptotic cell death. Furthermore, we found that prodigiosin is a potent anticancer agent
with nanomolar IC50 values in all tested UCCs. In combination studies, we observed that prodigiosin
sensitized both cisplatin-sensitive and -resistant urothelial carcinoma cell lines to cisplatin treatment
with synergistic effects in most tested cell lines. These effects of prodigiosin are at least partially
mediated by altering lysosomal function, since we detected reduced activities of cathepsin B and L.
We propose that prodigiosin is a promising candidate for the therapy of cisplatin-resistant urothelial
carcinomas, either as a single agent or in combinatory therapeutic approaches.

Keywords: prodigiosin; urothelial carcinoma; cisplatin; chemoresistance; autophagy; apoptosis

1. Introduction

According to the WHO, with 570,000 new cases and 210,000 deaths in 2020, bladder
cancer (BC) is one of the 10 most common cancers in the world [1]. On average, one
in 100 men and one in 400 women will be diagnosed with BC during their lifetime [2].
Urothelial carcinomas (UCs) can be subdivided into non-muscle-invasive (NMIBC) and
muscle-invasive bladder cancers (MIBC), the latter representing one fourth of UCs and hav-
ing a risk of developing metastases [3]. Patients suffering fromMIBC face a poor prognosis,
with a 5-year survival rate of only 50% [4] after receiving the recommended treatment con-
sisting of a radical cystectomy in combination with perioperative chemotherapy [2,5,6]. The
outcome of patients suffering from metastatic disease, in which platin-based chemotherapy
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is the standard of care, have an even worse prognosis, with a long-term survival of less
than 20% [7]. Even the recent introduction of immune checkpoint inhibitors in treatment
algorithms did not proficiently ameliorate these results. The success of cisplatin-based
therapy is limited by several factors, including the need for a sufficient renal function and
the possibility of resistance development, which often necessitates second-line therapy [5].

Antitumor activity of platinum-containing anticancer agents has been mainly asso-
ciated with their ability to form covalent linkages to nucleophilic residues of DNA bases.
This leads to the formation of DNA adducts and DNA double strand breaks, resulting in
the initiation of the intrinsic apoptotic pathway [8,9]. However, cisplatin can form multiple
different adducts with nucleophilic residues and therefore affect multiple cellular path-
ways, and for this reason its exact mechanism of action remains unclear [9,10]. Therefore,
cisplatin resistance mechanisms are complex and multifaceted, including an increased
DNA repair capacity and anti-apoptotic ability, modifications in cellular transport and
augmented anti-oxidative capacity [11–13]. Importantly, autophagy is another process
which has been linked to the cisplatin resistance of cancer cells [14–16].

Autophagy is an intracellular catabolic process in which misfolded, damaged or ag-
gregated proteins as well as whole cell organelles can be degraded and recycled. For
the induction of autophagy, two kinase complexes are essential. The activation of the
Unc-51-like autophagy activating kinase 1 (ULK1) protein kinase complex and the class
III phosphatidylinositol 3-kinase (PtdIns3K) lipid kinase complex initiates the biogenesis
of double-membraned vesicles named autophagosomes from specific subdomains of the
endoplasmic reticulum (ER) [17]. After the engulfment of the cargo, the outer membrane
of the autophagosome fuses with a lysosome, resulting in an autolysosome where the
sequestered cargo and the inner autophagosomal membrane are degraded by lysosomal
hydrolases [18]. Besides occurring at a basal level to maintain cell homeostasis in physio-
logical conditions, autophagy can be stimulated by internal and external stimuli such as
nutrient deprivation, stress conditions or chemotherapeutical anticancer treatment [19].
Since the cisplatin treatment-mediated upregulation of autophagy causes resistance and
raises the threshold of efficacy, some autophagy inhibitors have been tested in clinical
studies. The main focus hereby lies on chloroquine and hydroxychloroquine, which can
inhibit autophagy by blocking the fusion of autophagosomes and lysosomes and are tested
in combination studies with conventional chemotherapeutics [20,21]. Another autophagy-
modulating compound that has previously been tested in clinical studies is obatoclax, a
synthetic analogue of the natural compound prodigiosin [22–24].

Prodigiosin (Figure 1) is a deep red secondary metabolite with a tripyrrole structure,
which was first extracted and characterized from the bacterium Serratia marcescens [25,26].
It can be found ubiquitously in various bacteria of the marine and terrestrial environ-
ment [25,27]. Prodigiosin has been shown to exert antimicrobial [28], antimalarial [29] and
immunosuppressive [30] properties. In addition, prodigiosin and its synthetic analogue
obatoclax have been tested in several pre-clinical and clinical trials alone or in combina-
tion with conventional chemotherapeutics as anticancer agents [22–24,31]. In that respect,
different effects on both apoptosis and autophagy have been observed in various cancer
models [31–36]. However, the molecular targets and the exact mechanisms of prodigiosin
and its effects on resistant cancer cells remain unclear.

In this study, we found that prodigiosin not only decreased the viability of different
cisplatin-sensitive and -resistant urothelial carcinoma cell (UCC) lines, but also sensitized
them to cisplatin treatment. While autophagy was inhibited in both cisplatin-sensitive and
-resistant UCCs, prodigiosin induced apoptotic cell death in cisplatin-resistant UCCs in
nanomolar concentrations. Furthermore, we observed reduced activities of cathepsin B and
L upon incubation with prodigiosin. Thus, we propose that treatment with prodigiosin can
be a promising approach to enhance the effect of conventional chemotherapeutic drugs
and potentially re-sensitize cisplatin-resistant tumors to cisplatin therapy.
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2. Material and Methods

2.1. Antibodies and Reagents
Antibodies against �-actin (Sigma–Aldrich, St.Louis, MO, USA, #A5316, clone AC-74,

1:5000), LC3B (Cell Signaling Technology, Danvers, MA, USA, #2775, 1:1000), sequestosome
1 (SQSTM1) (PROGEN, Heidelberg, Germany, #GP62-C, 1:1000) and poly (ADP-ribose)
polymerase (PARP)-1 (Enzo, New York, NY, USA, #BML-SA250-0050, clone C-2-10, 1:2000)
were used. Isolated and purified prodigiosin was dissolved in DMSO. IRDye 680- or IRDye
800-conjugated secondary antibodies were purchased from LI-COR Biosciences (Lincoln,
NE, USA, 926-68077, 926-32211 and 926-32210). Other reagents used were bafilomycin A1
(Sigma–Aldrich, St.Louis, MO, USA, #B1793), cisplatin (NeoCorp, Pawtucket, RI, USA, 1
mg/mL, 39021.01.00), DMSO (PanReac AppliChem, Darmstadt, Germany, #A3672 and
ROTH, Karlsruhe, Germany, #7029.1), Pepstatin A (Sigma–Aldrich, St.Louis, MO, USA,
#P5318), Q-VD-OPh (MP Biomedicals, Santa Ana, CA, USA, #03OPH109), staurosporine
(biomol, Hamburg, Germany, #AG-CN2-0022-M005), thiazolyl blue (MTT, ROTH, Karl-
sruhe, Germany, #4022.3), Torin 2 (Selleckchem, Houston, TX, USA, #S2817) and Z-Phe-Phe-
FMK (abcam, Cambridge, UK, #ab141386). The cathepsin activities of RT-112 and RT-112res

cells were measured using the fluorometric Cathepsin Activity Assay Kits (abcam, Cam-
bridge, UK, #ab65300, #ab65302, #ab65306) according to the manufacturer’s instructions
and measured with a microplate reader (BioTek, Winooski, VT, USA, Synergy Mx).

2.2. Correct Identification of Natural Products
Prodigiosin (Figure 1) was produced and purified as described by Domröse et al. [37].

After column chromatography, prodigiosin was precipitated as hydrochloride as a dark
red solid and a 10 mM stock in DMSO was prepared.

1H-NMR (600 MHz, CDCl3): � [ppm] = 0.90 (t, 3J10”,9” = 7.0 Hz, 3H, 10”-H), 1.32 (mc,
4H, 8”-, 9”-H), 1.54 (mc, 2H, 7”-H), 2.39 (t, 3J6”,7” = 7.6 Hz, 2H, 6”-H), 2.54 (s, 3H, 11”-H),
4.00 (s, 3H, 7-H), 6.07 (d, 4J3,1 = 1.9 Hz, 1H, 3-H), 6.35 (mc, 1H, 40-H), 6.68 (d, 4J3”,1” = 2.6 Hz,
1H, 3”-H), 6.91 (ddd, 3J30 ,40 = 3.8 Hz, 4J30 ,50 = 2.4 Hz, 5J30 ,10 = 1.4 Hz, 1H, 30-H), 6.95 (s, 1H,
8-H), 7.22 (mc, 1H, 50-H), 12.56 (brs, 1H, 10-NH), 12.71 (brs, 2H, 1-, 1”-NH); 13C-NMR (151
MHz, CDCl3): � [ppm] = 12.6 (C-11”), 14.2 (C-10”), 22.6 (C-9”), 25.5 (C-6”), 29.9 (C-7”), 31.6
(C-8”), 58.9 (C-7), 93.0 (C-3), 111.9 (C-40), 116.1 (C-8), 117.2 (C-30), 120.8 (C-5), 122.4 (C-20),
125.3 (C-2”), 127.1 (C-50), 128.5 (C-3”), 128.6 (C-4”), 147.1 (C-5”), 147.8 (C-2), 165.9 (C-4).

The analytical data can be found in Supplementary Figure S1 and are in accordance to
the literature [37].

2.3. Cell Lines and Cell Culture
All UCC lines were cultured in Dulbecco’s Modified Eagle Medium (DMEM, Thermo

Fisher Scientific, Waltham, MA, USA, #41965039) containing 10% fetal bovine serum (FBS,
Sigma–Aldrich, St.Louis, MO, USA, #F0804), 4.5 g/L D-glucose, 100 units/mL penicillin
and 100 µg/mL Streptomycin (Thermo Fisher Scientific, Waltham, MA, USA, #15140122).
All cells were cultivated and treated at 37 �C and 5% CO2 in a humidified atmosphere.
All UCC lines have been previously described [38]. Briefly, for the generation of cisplatin-
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resistant cell lines, cells were treated with increasing dosages of cisplatin over several
months. During cell culture, cisplatin was added to the media with every passage in
concentrations of 1 µg/mL for J82, 2 µg/mL for 253J, 7 µg/mL for T24 and 12 µg/mL for
RT-112 cells.

2.4. Cell Viability Assay
Cell viability wasmeasured using theMTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte

trazolium bromide) assay. J82, 253J, T24 and RT-112 cisplatin-sensitive or resistant cells
were seeded in 96-well plates with a density of 5 ⇥ 104 cells/well. One day after seeding,
cells were treated with cisplatin and/or prodigiosin for 24 or 72 h. After the incubation
time, MTT was added to the cells and they were incubated at 37 �C and 5% CO2 in a
humidified atmosphere for 1 h. Upon removal of the MTT-containing medium, 100 µL
DMSO per well were added for extraction of the formazan. Absorbance was measured
at 570 nm and 650 nm (reference) with a microplate reader (BioTek, Winooski, VT, USA,
Synergy Mx). After the subtraction of the reference value, the mean of the absorbance of
the solvent control was set as 100%.

2.5. Immunoblotting
For SDS PAGE and western blotting, cells were harvested by scraping, pelletized at

150 rcf and 4 �C for 5 min, washed with PBS (Thermo Fisher Scientific, Waltham, MA,
USA, #14190-094) and quickly frozen in liquid nitrogen. Cells were lysed in lysis buffer
(20 mM Tris-HCl, 150 mM NaCl, 500 µM EDTA, 1% (v/v) Triton X-100, 1 mM Na3VO4,
10 mM NaF, 2.5 mM Na4P2O7, 1X protease inhibitor cocktail [Roche, Basel, Switzerland,
#4693132001]) for 30 min on ice and the lysates were cleared by centrifugation at 18,000 rcf
and 4 �C for 15 min. The protein concentration was determined by Bradford assay and
sample buffer was added (62.5 mM Tris, 8.6% [v/v] glycerol, 2% [w/v] SDS, 33.3 µg/mL
bromphenol blue, 1% [v/v] �-mercaptoethanol). Samples were heated at 95 �C for 5 min
and then equal amounts of protein (25 µg) were subjected to SDS-polyacrylamide gels.
After separation by SDS-PAGE, proteins were transferred to PVDF membranes (Merck,
Darmstadt, Germany, #IPFL00010), blocked with 5% milk powder in TBS-T (10 mM Tris-
HCl, pH 7.6, 150 mM NaCl, 0.1% Tween-20 [Sigma-Aldrich, St.Louis, MO, USA, #P1379])
and analyzed using the indicated primary antibodies followed by appropriate IRDye 680-
or IRDye 800-conjugated secondary antibodies (LI-COR Biosciences, Lincoln, NE, USA).
Fluorescence signals were detected using an Odyssey Infrared Imaging system (LI-COR
Biosciences, Lincoln, NE, USA) and signals were quantified with Image Studio (LI-COR
Biosciences, Lincoln, NE, USA).

2.6. Immunofluorescence
For immunofluorescence microscopy, cells were seeded in µ-Slide 8 Well (Ibidi, Grae-

feling, Germany, #80826). Cells were treated with 100 nM LysotrackerTM Deep Red (Thermo
Fisher Scientific, Waltham, MA, USA, #L12492). After the incubation time, the treatment
medium was removed and replaced by DMEM without phenol red (Thermo Fisher Sci-
entific, Waltham, MA, USA, #31053028). Representative images were acquired with an
Axio Observer 7 fluorescence microscope (Carl Zeiss Microscopy, Jena, Germany) using a
40x/1.4 Oil DIC M27 Plan-Apochromat objective (Carl Zeiss Microscopy, Jena, Germany)
and an ApoTome 2 (Carl Zeiss Microscopy, Jena, Germany).

2.7. Statistical Analysis
All IC50 values were calculated using GraphPad Prism 7.01. Isobologram analysis

for the combined viability assays of two drugs was performed with CompuSyn [39]. The
software allows for the simulation of the effects of combined drugs at any effect level and
calculates the combination index (CI) of a drug combination to determine if effects are
synergistic (CI < 1), additive (CI = 1) or antagonistic (CI > 1). For immunoblotting, the
density of each protein band was quantified using Image Studio Lite 5.2. The density of
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each protein band was then divided by the average density of all bands of this protein.
These ratios of the proteins of interest were then normalized to the loading control. Each
normalized density ratio was divided by the mean normalized density ratio of the solvent
control lane of all replicates. For all western blot analyses, the results are shown as the
mean + standard deviation and the p values were determined for each cell line by ordinary
one-way ANOVA with Dunnett�s post hoc test and are shown in the bar diagrams. For the
immunofluorescence analyses, dots were quantified and analyzed using ImageJ 1.53c. The
macro used for quantification is provided in the Supplementary Methods. At least 200 cells
were analyzed in two biological replicates for each cell line. For comparisons between cell
lines, a Student�s t-test was performed. For cathepsin activity assays, the results are shown
as the mean + standard deviation and the p values were determined by ordinary two-way
ANOVA with Tukey�s post hoc test and are shown in the bar diagrams. All p values were
determined using GraphPad Prism 7.01.

3. Results

3.1. Prodigiosin Is Cytotoxic in Cisplatin-Sensitive and -Resistant RT-112 Cells
To analyze the effects of prodigiosin on cisplatin-resistant UCCs, we made use of

RT-112 cells and the cisplatin-resistant subline RT-112res [15,38]. Prodigiosin shows high
cytotoxicity in RT-112 and RT-112res cells with IC50 values of 675 nM and 157 nM after 24 h
(Figure 2A) and 74 nM and 41 nM after 72 h (Figure 2B), respectively. It is noteworthy
that the IC50 value of prodigiosin in RT-112res cells was lower than in the sensitive RT-112
UCCs after both 24 h and 72 h, indicating an increased sensitivity of cisplatin-resistant cells
against treatment with prodigiosin.

Molecules 2021, 26, x FOR PEER REVIEW 5 of 18 
 

 

treatment medium was removed and replaced by DMEM without phenol red (Thermo 
Fisher Scientific, Waltham, MA, USA, #31053028). Representative images were acquired 
with an Axio Observer 7 fluorescence microscope (Carl Zeiss Microscopy, Jena, Germany) 
using a 40x/1.4 Oil DIC M27 Plan-Apochromat objective (Carl Zeiss Microscopy, Jena, 
Germany) and an ApoTome 2 (Carl Zeiss Microscopy, Jena, Germany). 

2.7. Statistical Analysis 
All IC50 values were calculated using GraphPad Prism 7.01. Isobologram analysis for 

the combined viability assays of two drugs was performed with CompuSyn [39]. The soft-
ware allows for the simulation of the effects of combined drugs at any effect level and 
calculates the combination index (CI) of a drug combination to determine if effects are 
synergistic (CI < 1), additive (CI = 1) or antagonistic (CI > 1). For immunoblotting, the 
density of each protein band was quantified using Image Studio Lite 5.2. The density of 
each protein band was then divided by the average density of all bands of this protein. 
These ratios of the proteins of interest were then normalized to the loading control. Each 
normalized density ratio was divided by the mean normalized density ratio of the solvent 
control lane of all replicates. For all western blot analyses, the results are shown as the 
mean + standard deviation and the P values were determined for each cell line by ordinary 
one-way ANOVA with Dunnett´s post hoc test and are shown in the bar diagrams. For 
the immunofluorescence analyses, dots were quantified and analyzed using ImageJ 1.53c. 
The macro used for quantification is provided in the Supplementary Materials. At least 
200 cells were analyzed in two biological replicates for each cell line. For comparisons 
between cell lines, a Student´s t-test was performed. For cathepsin activity assays, the re-
sults are shown as the mean + standard deviation and the P values were determined by 
ordinary two-way ANOVA with Tukey´s post hoc test and are shown in the bar diagrams. 
All P values were determined using GraphPad Prism 7.01. 

3. Results 
3.1. Prodigiosin is Cytotoxic in Cisplatin-sensitive and -resistant RT-112 Cells 

To analyze the effects of prodigiosin on cisplatin-resistant UCCs, we made use of 
RT-112 cells and the cisplatin-resistant subline RT-112res [15,38]. Prodigiosin shows high 
cytotoxicity in RT-112 and RT-112res cells with IC50 values of 675 nM and 157 nM after 24 
h (Figure 2A) and 74 nM and 41 nM after 72 h (Figure 2B), respectively. It is noteworthy 
that the IC50 value of prodigiosin in RT-112res cells was lower than in the sensitive RT-112 
UCCs after both 24 h and 72 h, indicating an increased sensitivity of cisplatin-resistant 
cells against treatment with prodigiosin. 

 
Figure 2. Prodigiosin is cytotoxic for cisplatin-sensitive and -resistant bladder carcinoma cells. RT-112 and RT-112res cells
were treated with different concentrations of prodigiosin for 24 h (A) or 72 h (B). After treatment, cell viability was measured
using an thiazolyl blue (MTT) assay. Results are shown as the mean ± SEM of three independent experiments performed in
triplicates for each treatment.

3.2. Prodigiosin Inhibits Autophagy in RT-112 Cells
Since increased anti-apoptotic capacity and upregulated autophagy are both associ-

ated to cisplatin resistance in UCCs, our next aimwas to investigate the effect of prodigiosin
in RT-112 and RT-112res. Apoptosis induction was determined by immunoblot analysis
of the cleavage of the caspase-3 substrate poly (ADP-ribose) polymerase (PARP). After a
6 h incubation with prodigiosin, no significant change in PARP cleavage was observed in
RT-112 and RT-112res cells (Figure 3A). In contrast, prodigiosin showed significant effects
on the levels of proteins associated with autophagy starting at a concentration of 100 nM
(Figure 3A,B). Increased levels of the ubiquitin-like protein microtubule-associated proteins
1A/1B light chain 3 (LC3) can be associated with induced autophagy, but also occur when
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the autophagic machinery is inhibited in later steps. In this case, an autophagosome-bound
form of LC3 (LC3-II) accumulates due to the absence of lysosomal degradation. This is
illustrated by the effect of the vacuolar-type H+-ATPase (V-ATPase) inhibitor bafilomycin
A1 (BafA1), which inhibits the acidification of the lysosome and thus prevents the degra-
dation of engulfed cargo and LC3-II by lysosomal proteases such as cathepsins [40]. To
further characterize the autophagy-modulating properties of prodigiosin, sequestosome
1 (SQSTM1) levels were investigated. SQSTM1, also known as ubiquitin-binding pro-
tein p62, binds cargo proteins to selectively target them for autophagic degradation. The
concentration-dependent accumulation of SQSTM1 in RT-112 in combination with the
elevated LC3-II levels suggests an inhibition of the autophagic process. In contrast, there
is no significant change of—the apparently elevated—SQSTM1 levels in RT-112res after
treatment with up to 1 µM prodigiosin while LC3-II levels are increased (Figure 3A,B).Molecules 2021, 26, x FOR PEER REVIEW 7 of 18 
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Figure 3. Prodigiosin modulates autophagy in RT-112 and RT-112res in a concentration-dependent manner. RT-112 and
RT-112res cells were treated with the indicated concentrations of prodigiosin or 2.5 µMSTS± 10 µMQVD, 10 nM bafilomycin
A1 (BafA1) or 250 nM Torin 2. After 6 h, the cells were lysed and cellular lysates were immunoblotted for the indicated
proteins. (A,C) One representative immunoblot is shown for each experiment. (B,D) The densities of the bands of each
protein of at least three independent experiments were quantified and normalized to actin. The mean of the solvent control
of RT-112 (black bars) and RT-112res (white bars) was set as 1 for each protein. Bars represent the means + SD. p values were
determined by ordinary one-way ANOVA with Dunnett�s post hoc test. * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001.
PARP: poly (ADP-ribose) polymerase; SQSTM1: sequestosome 1; LC3: light chain 3.
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3.3. Autophagy-Related Protein Are Upregulated in RT-112res Cells
Next, we aimed at investigating whether cisplatin resistance affects the basal ex-

pression levels of LC3-II and SQSTM1 and the functional relationship of prodigiosin and
BafA1. As determined by immunoblotting, the basal levels of both LC3-II and SQSTM1
are upregulated in RT-112res cells compared to RT-112 cells (Figure 3C), which matches
with previous observations [15] and underlines the role of autophagy in the resistance
mechanism of UCCs against cisplatin. LC3-II levels significantly increase in sensitive and
resistant cells after treatment with prodigiosin and BafA1, but effects are not additive. The
latter observation indicates that autophagic flux is indeed blocked. Of note, LC3-II levels
in RT-112res cells increase only twofold upon prodigiosin or BafA1 treatment compared
to untreated cells, which might be explained by higher basal levels and lower capacity of
inducible autophagy in this cell line. SQSTM1 levels increased with prodigiosin and BafA1
treatment alone or in combination in RT-112, but effects are not additive, whereas SQSTM1
levels are not affected in RT-112res (Figure 3C,D). Taken together, these results suggest that
RT-112res cells likely have a higher capacity for basal autophagy but that autophagy can
still be modulated by prodigiosin treatment.

3.4. Prodigiosin Induces Apoptotic Cell Death in RT-112res

In a next step, the time-dependency of the effect of prodigiosin on apoptotic and
autophagic protein markers was investigated. For these experiments, we chose a concentra-
tion of 100 nM of prodigiosin as the lowest concentration that significantly increased LC3-II
levels in both RT-112 and RT-112res. In RT-112, there is no significant increase in cleaved
PARP levels even after 48 h whereas in RT-112res, there is a time-dependent and significant
increase in PARP cleavage after incubation with prodigiosin (Figure 4A,B), indicating apop-
totic cell death in cisplatin-resistant UCCs upon this treatment. The decreased PARP and
actin levels after 48 h indicate that cells are already in the late phases of apoptosis at this
time point. The time-dependent accumulation of LC3-II can be seen in both cell types and
is again more prominent in sensitive cells. The effects on SQSTM1 are distinct in cisplatin-
sensitive and -resistant UCCs. Whereas SQSTM1 accumulates in RT-112 over time, in
RT-112res there is a decrease in protein level after 24 h and 48 h treatment with prodigiosin
(Figure 4A,B). Taken together, these results suggest that prodigiosin blocks autophagy in
cisplatin-sensitive RT-112 cells, but does not induce apoptosis. In RT-112res cells, apoptotic
cell death is induced, whereas SQSTM1 levels decrease despite the blocked autophagy.

3.5. Prodigiosin Synergistically Increases Cisplatin-Mediated Cytotoxicity in RT-112 and
RT-112res UCCs

Since modifications in both autophagy and apoptosis seem to contribute to cisplatin
resistance in UCCs, we hypothesized that targeting these processes with prodigiosin
might be beneficial to increase the efficiency of cisplatin treatment in BC. To analyze
whether prodigiosin can have a synergistic effect on cytotoxicity together with cisplatin,
we examined the effect of prodigiosin and cisplatin alone (Figure 5A) and in combination
on these cell lines and performed isobologram analyses. For this, the Chou–Talalay method
is the most impactful approach to quantify synergy [41]. By applying this method, it is
possible to determine the combination index (CI) values for drug combinations out of a
small number of data points while still receiving the maximal amount of useful information
via computer simulation. Chou and Talalay therefore propose to use multiples and dividers
of the respective IC50 concentrations of each drug and carry out the experiment at an
equipotency ratio so that the contributions of the effects of each drug to the combination is
roughly equal [42]. Here, cells were treated with concentrations in the range of 0.25, 0.5
or 1 times the IC50 values of the respective cell lines and substances. For CI plots, the CI
values (calculated from actual experiment points and extrapolated) are plotted against the
effect level (an effect level of 0.99 represents a reduction of cell viability by 99%). CI values
< 1 are considered synergistic, whereas a CI value around 1 represents additive effects and
CI values > 1 indicate antagonistic effects of the applied drugs [38]. In both RT-112 and
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RT-112res, the treatment with IC50 concentrations of prodigiosin and cisplatin combined
leads to a nearly complete decrease in cell viability (Figure 5B,C). The combination index
plot shows synergistic effects in both cell types after 24 h of treatment with a combination
of prodigiosin and cisplatin especially in higher administered concentrations (Figure 5D,E).
After 72 h of incubation, prodigiosin synergistically sensitizes RT-112 cells to cisplatin
treatment at most effect levels. In RT-112res cells, we observed synergistic effects at low- to
mid-range effect levels, whereas the combination of prodigiosin and cisplatin possesses a
rather additive effect at higher effect levels (Figure S2).
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Figure 5. Prodigiosin increases cisplatin-mediated cytotoxicity in RT-112 and RT-112res cells after
24 h. RT-112 and RT-112res cells were treated with different concentrations of (A) cisplatin (CP) alone
or (B,C) prodigiosin (PG) or CP alone or in combination for 24 h. For combinatory analysis, 0.25x,
0.5x or 1x of the IC50 values of the single substances in RT-112 (B) and RT-112res (C) were used. After
treatment, cell viability was measured using an MTT assay. Results are shown as the mean ± SEM of
three independent experiments performed in triplicates for each treatment. The combination index
(CI) for different fractions affected of RT-112 (D) and RT-112res (E) was calculated using the software
CompuSyn (black dots). CompuSyn uses algorithms to extrapolate CI values for any effect level from
the CI values of actual experiment points (blue dots). Synergism (CI < 1), additivism (CI = 1) and
antagonism (CI > 1) can thereby be determined.

3.6. Treatment with Prodigiosin Overcomes Apoptosis Resistance in RT-112res

Subsequently, we wanted to confirm the results of the cell viability assay by the
western blot analysis of autophagic and apoptotic marker proteins. IC50 concentrations
obtained from viability assays performed after 24 h of treatment were used for each
substance and cell line, respectively. Cisplatin induced a significant increase in PARP
cleavage in sensitive UCCs but not in RT-112res, confirming the described mechanism of
cytotoxicity of cisplatin [8] and the resistance to these mechanisms of RT-112res cells. In
contrast to RT-112 cells, in which prodigiosin has no effect on PARP cleavage, prodigiosin
treatment of RT-112res cells significantly induces apoptosis, which can be rescued by the
caspase inhibitor QVD (Figure 6A,B). Treatment with prodigiosin, but not with cisplatin,
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led to a significant increase in LC3-II levels in both RT-112 and RT-112res. Again, the effect
of prodigiosin treatment on SQSTM1 levels was contrary in resistant and sensitive UCCs.
Whereas in RT-112, prodigiosin treatment alone or in combination with cisplatin and QVD
led to an increase in SQSTM1, indicating that autophagy was blocked in these cells, in
RT-112res cells, the SQSTM1 levels decreased significantly upon all treatment regimens
(Figure 6A,C). These effects can be obtained in the cisplatin-resistant cell line RT-112res in
lower concentrations than in the sensitive parental cells. Mostly, these effects are synergistic
at higher effect levels, which is beneficial for cancer treatment. Collectively, it seems that
the application of prodigiosin can sensitize RT-112 UCCs to cisplatin treatment.
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Figure 6. The combination of prodigiosin and cisplatin modulates apoptosis and autophagy in RT-112 and RT-112res. RT-112
and RT-112res cells were treated with IC50 concentrations of prodigiosin and cisplatin alone or in combination in absence or
presence of 10 µM QVD. After 24 h, the cells were lysed and cellular lysates were immunoblotted for the indicated proteins.
(A) One representative immunoblot is shown for each experiment. The densities of bands of cleaved PARP (B) or LC3-II and
SQSTM1 (C) of at least three independent experiments were quantified and normalized to actin. The mean of the solvent
control of each cell line was set as 1 for each protein. Bars represent the means + SD. p values were determined by ordinary
one-way ANOVA with Dunnett�s post hoc test. * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001. PARP: poly (ADP-ribose)
polymerase; SQSTM1: sequestosome 1; LC3: light chain 3.

3.7. Prodigiosin Treatment Alters Cathepsin Activity
It has previously been suggested that lysosomal functions are altered in cisplatin-

resistant cell lines [43]. We next analyzed the lysosomal compartment of RT-112 and RT-
112res cells by staining with LysoTracker. We observed reduced numbers but increased sizes
of lysosomes in RT-112res cells (Figure 7A,B), indicating that acquired cisplatin resistance
is accompanied with an altered lysosomal compartment in this cellular model. Next, we
wanted to know whether prodigiosin treatment affects the activity of cathepsins, which
play a key role among lysosomal proteases [44]. We employed assays for the cathepsins
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B, D and L, and found that especially the activities of the cysteine cathepsins B and L
are significantly reduced in both RT-112 and RT-112res cells upon prodigiosin treatment
(Figure 7C). In contrast, the activity of the aspartic protease cathepsin D was apparently not
affected by prodigiosin, but this might be explained by the observation that this protease
shows residual activity under a neutral pH [45]. Taken together, we hypothesize that the
observed effect of prodigiosin on RT-112res cells might be caused by an altered lysosomal
compartment in combination with the effects on cathepsins.
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Figure 7. Prodigiosin treatment reduces cathepsin B and L activity in RT-112 and RT-112res. (A,B) RT-112 and RT-112res cells
in chambered coverslips were treated with 100 nM LysoTrackerTM Deep Red for 30 min. (A) Representative sections are
depicted and (B) the number and area of lysosomes of 10 representative images from two biological replicates for each cell
line were quantified using ImageJ 1.53c. p values were determined by Student�s t-test. Scale bar: 20 µm. (C) RT-112 and
RT-112res cells were treated with 100 nM prodigiosin. After 24 h, the cells were lysed and cathepsin assays were performed
according to the manufacturer’s instructions. For cathepsin B and L assays, 20 µM Z-Phe-Phe-FMK and for cathepsin
D assays, 0.1 µM pepstatin A were used as inhibitor control. The fluorescence of duplicates for each treatment of three
independent experiments was measured and the mean of the DMSO control of RT-112 was set as 100%. Bars represent the
means + SD. p values were determined by two-way ANOVA with Tukey�s multiple comparisons post hoc test. * p < 0.05;
** p < 0.01; *** p < 0.001; **** p < 0.0001.

3.8. Treatment with Prodigiosin Synergistically Sensitizes Various UCCs to Cisplatin-Mediated
Cell Death

In a next step, we wanted to confirm our results in additional UCC lines to address
the heterogeneity of the disease. Similar to RT-112 UCCs, we first determined the IC50
values of prodigiosin and cisplatin for each cisplatin-sensitive and -resistant cell line
(Figure 8A). The decreasing differences in the IC50 values of cisplatin in cisplatin-sensitive
and -resistant cells reflect the different permanent cisplatin concentrations in the culture
media of RT-112res, T24res, 253Jres and J82res, which are 12 µg/mL (39.9 µM), 7 µg/mL
(23.3 µM), 2 µg/mL (6.6 µM) and 1 µg/mL (3.3 µM), respectively. Of note, IC50 values of
prodigiosin are lower in the resistant cell lines compared to the cisplatin-sensitive parental
cells except for T24res and J82res cells after 24 h. Based on these data, we repeated the
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above-described combination experiments and isobologram analyses. After 24 h treatment,
CI values at different effective doses (EDs) were synergistic in all cisplatin-sensitive and
-resistant cell lines, whereas after 72 h of treatment the combination effects vary between cell
lines (Figure 8B). Whilst in T24 and T24res, effects were synergistic at all displayed EDs, the
combination was rather additive to slightly synergistic in 253J, J82 and J82res. In RT-112res

cells, CI values in the lower antagonistic range were obtained for higher effective doses, and
antagonism was observed in 253Jres cells for the 72 h incubation. Of note, in all tested cell
lines these effects can be seen after treatment with prodigiosin in nanomolar ranges. Due
to low nanomolar IC50 values in cisplatin-resistant UCCs, a monotherapy with prodigiosin
in a second-line treatment of cancers with acquired cisplatin resistance could also be an
interesting therapeutical approach, which naturally requires further investigations. Taken
together, these findings present prodigiosin as a promising candidate for the therapy of
cisplatin-resistant bladder cancer.

Molecules 2021, 26, x FOR PEER REVIEW 13 of 18 
 

 

values of prodigiosin and cisplatin for each cisplatin-sensitive and -resistant cell line (Fig-
ure 8A). The decreasing differences in the IC50 values of cisplatin in cisplatin-sensitive and 
-resistant cells reflect the different permanent cisplatin concentrations in the culture media 
of RT-112res, T24res, 253Jres and J82res, which are 12 µg/mL (39.9 µM), 7 µg/mL (23.3 µM), 2 
µg/mL (6.6 µM) and 1 µg/mL (3.3 µM), respectively. Of note, IC50 values of prodigiosin 
are lower in the resistant cell lines compared to the cisplatin-sensitive parental cells except 
for T24res and J82res cells after 24 h. Based on these data, we repeated the above-described 
combination experiments and isobologram analyses. After 24 h treatment, CI values at 
different effective doses (EDs) were synergistic in all cisplatin-sensitive and -resistant cell 
lines, whereas after 72 h of treatment the combination effects vary between cell lines (Fig-
ure 8B). Whilst in T24 and T24res, effects were synergistic at all displayed EDs, the combi-
nation was rather additive to slightly synergistic in 253J, J82 and J82res. In RT-112res cells, 
CI values in the lower antagonistic range were obtained for higher effective doses, and 
antagonism was observed in 253Jres cells for the 72 h incubation. Of note, in all tested cell 
lines these effects can be seen after treatment with prodigiosin in nanomolar ranges. Due 
to low nanomolar IC50 values in cisplatin-resistant UCCs, a monotherapy with prodigiosin 
in a second-line treatment of cancers with acquired cisplatin resistance could also be an 
interesting therapeutical approach, which naturally requires further investigations. Taken 
together, these findings present prodigiosin as a promising candidate for the therapy of 
cisplatin-resistant bladder cancer.  

 
Figure 8. Prodigiosin increases cisplatin-mediated cytotoxicity in sensitive and -resistant bladder carcinoma cells. RT-112, 
RT-112res, T24, T24res, 253J, 253Jres, J82 and J82res cells were treated with different concentrations of prodigiosin and cisplatin 
alone or in combination for 24 or 72 h. After treatment, cell viability was measured using an MTT assay. (A) IC50 values 
were calculated using GraphPadPrism using the results of three independent experiments performed in triplicates for 
each treatment. (B) For combinatory analysis, cells were treated with multiples of the IC50 concentrations of prodigiosin 
and cisplatin alone or in combination. CI values were calculated for different effective doses (ED) using the software Com-
puSyn. CompSyn uses algorithms to extrapolate CI values for any effect level from the CI values of actual experiment 
points. Synergism (CI < 1; green), additivism (CI = 1; black) and antagonism (CI > 1; blue) can thereby be determined. 

4. Discussion 
Bladder cancer is one of the ten most common cancers and patients face a poor prog-

nosis due to limited treatment options. Cisplatin-based combination treatment is recom-
mended as first-line therapy, but success is often limited by harmful side effects and 
chemoresistance [2,5,6]. Natural compounds can be a valuable source for lead structures 

Figure 8. Prodigiosin increases cisplatin-mediated cytotoxicity in sensitive and -resistant bladder carcinoma cells. RT-112,
RT-112res, T24, T24res, 253J, 253Jres, J82 and J82res cells were treated with different concentrations of prodigiosin and cisplatin
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4. Discussion

Bladder cancer is one of the ten most common cancers and patients face a poor
prognosis due to limited treatment options. Cisplatin-based combination treatment is
recommended as first-line therapy, but success is often limited by harmful side effects and
chemoresistance [2,5,6]. Natural compounds can be a valuable source for lead structures
that increase cisplatin efficacy or overcome resistance mechanisms. In this study, we
characterized the effects of the bacterial tripyrrole prodigiosin on UCC lines. We observed
that prodigiosin blocks autophagy in both cisplatin-sensitive and -resistant UCCs, but
preferentially induces apoptotic cell death in cisplatin-resistant UCCs. We also found that
basal levels of autophagy-related proteins increased with cisplatin resistance. This stands in
line with the observations by our own group [15] and by Ojha et al. [46] who demonstrated
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that cell protective autophagy was upregulated in a cisplatin-treated T24 UCC line and that
the inhibition of autophagy through chloroquine increased the cytotoxic effect of cisplatin.

Effects of prodigiosin on autophagy are discussed controversially in the literature. On
the one hand, the inhibition of the autophagic process has been described via different
mechanisms such as the extracellular signal-regulated kinase pathway or by blocking
autophagosome–lysosome fusion and lysosomal cathepsin maturation [33,34,36]. On
the other hand, other studies report that prodigiosin treatment led to the induction of
autophagic cell death [32,47]. The discrepancies between these observations about prodi-
giosin suggest that effects might depend strongly on the type of cancer. In our hands,
prodigiosin rather reveals an autophagy-inhibitory function in both sensitive and -resistant
UCCs as determined by autophagic flux assays using bafilomycin A1. Under physiological
conditions, SQSTM1 levels are relatively low due to continuous degradation by autophagy.
Matching with our observations, elevated SQSTM1 levels have strongly been indicated
to be involved in resistance to platinum-based cancer therapy [48]. Notably, we observe
a decrease in SQSTM1 levels upon prolonged treatment with prodigiosin (i.e., 24–48 h).
However, this does not necessarily indicate that SQSTM1 becomes degraded by a (macro-
)autophagy-dependent pathway and might be mediated by alternative mechanisms in cells
destined for death. For example, it has been described that SQSTM1 can be cleaved by
caspases 6 and 8, respectively [49].

Like in cisplatin-resistant UCCs, prodigiosin has also been shown to induce apoptotic
cell death in various other cell models [33,50–53]. Since apoptosis in resistant UCCs could
be induced by prodigiosin, but not by cisplatin, it seems that prodigiosin is able to partially
overcome cisplatin resistance by re-establishing apoptotic pathways. Generally, there is a
strong relationship between autophagy and cisplatin resistance. Recently, Gąsiorkiewicz
et al. reviewed autophagy-modulating compounds that chemosensitize for cisplatin in
cancer therapy [54]. Among these compounds are classical autophagy inhibitors, com-
pounds with specific autophagy-related targets, and natural compounds. It appears that
both the inhibition of the cyto-protective functions and the induction of death-promoting
functions of autophagy can be therapeutically beneficial. We observe an altered lysosomal
compartment in RT-112res cells, and prodigiosin treatment clearly affects cathepsin activity.
Of note, we found that cathepsin D is less affected by prodigiosin, and this cathepsin
has been reported to be partially active at neutral pH [45]. We speculate that prodigiosin
influences intralysosomal cathepsin activation, and apparently the lysosomal structure in
cisplatin-resistant RT-112res cells favors this effect. It has been described that prodigiosin
can mediate a rise of the lysosomal pH with a concomitant non-organelle-specific increase
in acidity of the cytosol [55]. However, Zhao et al. reported that prodigiosin inhibits lysoso-
mal activity by downregulating mRNA and protein levels of cathepsins without affecting
the pH [36]. Accordingly, further studies have to assess the actual target of prodigiosin
mediating this effect.

The National Cancer Institute has tested prodigiosin against a suite of around 60
cancer cell lines with an average IC50 of 2.1 µM [31]. In our experiments, prodigiosin
had IC50 values in the nanomolar range in all tested UCCs. It is noteworthy that there
was a tendency to lower IC50 values in cisplatin-resistant cells compared to their sensitive
precursors. Furthermore, we found mostly synergistic or additive cytotoxic effects when
prodigiosin was combined with cisplatin, especially at higher effect levels. As specified
by Chou [42], it is important to note that synergism and antagonism can be different at
different dose or effect levels. While for chronic diseases synergism at low dose or effect
levels is important, for the treatment of infectious diseases or cancer therapies, synergism
at high effect levels is much more therapeutically relevant.

In addition, selective synergism against the target and antagonism toward the host is
also of practical importance to enlarge the therapeutic window. Several studies suggest de-
sirable clinical properties of prodigiosin. Using the Ames and micronucleus test, Guryanov
et al. could show that prodigiosin exhibited no significant genotoxic potential [56]. Fur-
thermore, prodigiosin shows no adverse effects in a combination study with 5-fluorouracil
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in colorectal cancer in mice while sensitizing cancer cells to 5-fluorouracil [36], and it has
been shown to exert higher toxicity in A549 lung carcinoma cells than in primary small
airway epithelial cells [57]. For therapeutic application, it has to be considered whether the
concentrations for synergism are achievable in the body [42]. Prodigiosin meets Lipinski�s
rule of five which predicts the oral bioavailability of drugs [58,59], but certainly, further
evaluations of the bioavailability of prodigiosin in the target tissue are required.

To our knowledge, this is the first study that investigates the influence of prodigiosin
in combination with cisplatin in chemoresistant bladder cancer cells. Overall, we propose
that treatment with prodigiosin can enhance the efficacy of cisplatin-based chemotherapy
in UCCs to resensitize resistant tumors and is worthwhile further investigations.

Supplementary Materials: The following are available online, Figure S1: 1H- and 13C-NMR-spectra
of Prodigiosin (CDCl3, 600 MHz and 151 MHz, respectively), Figure S2: Prodigiosin increases
cisplatin-mediated cytotoxicity in RT-112 and RT-112res cells after 72 h, Supplementary Methods:
Macro for quantification of LysoTracker-stained lysosomes.
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New prodigiosin derivatives – chemoenzymatic
synthesis and physiological evaluation against
cisplatin-resistant cancer cells†

Tim Moritz Weber, a Alexandra Leyens,b Lena Berning, c

Björn Stork c and Jörg Pietruszka *ab

Prodigiosin and its derivatives from the prodiginine family are a natural class of secondary metabolite

alkaloids of bacterial origin. They are well known for multifarious biological activities against a broad range

of bacteria, pathogenic fungi, parasites, and several cancer cell lines. Biosynthesis of natural derivatives is

based on a converging route with a final ATP- and enzyme-dependent condensation reaction between the

bipyrrole precursor MBC and miscellaneously substituted monopyrroles. Although these ligating enzymes

have been recognised for promiscuity regarding monopyrroles, minor studies were exerted to investigate

promiscuity for MBC derivatives. To overcome the current lack of structural knowledge, we synthesised six

5′-n-alkyl derivatives of MBC and validated their suitability for condensation with monopyrroles by the

ligating enzymes PigC, TreaP, and TamQ to probe their active site experimentally. Moreover, chemically

synthesised prodiginines with 5-n-alkylation on the A-ring were subjected to systematic cell viability

screening with the urothelial cancer cell lines RT-112 (cisplatin-sensitive) and RT-112res (cisplatin-resistant)

to fathom the effect of electron-donating substituents on cytotoxicity. Alongside an overall broad

acceptance of short- and medium-chain alkylated MBC derivatives by the enzymes PigC, TreaP, and

TamQ, we identified the A-ring substituted prodiginines with methyl substituents as superior anticancer

agents against cisplatin-resistant RT-112res after 72 h (15.7–18.8 nM) compared to prodigiosin (41.1 nM) and

the former phase II clinical candidate obatoclax mesylate (36.0 nM).

Introduction
Prodigiosin (1) is a deep red coloured natural pigment of
bacterial origin and eponym for the generic family term of
prodiginine alkaloids. During the last 70 years, the family of
achiral and chiral prodiginines of natural and synthetic
provenance has constantly grown and has been first under
investigation for structural elucidation, but then more and
more become of interest for the development of total
synthesis strategies and for its manifold biological
activities.1–11 Common for all prodiginines is a congeneric
conjugated scaffold of A-, B-, and C-ring pyrroles and

decorations on the ring systems. Prodigiosin (1) was once
identified due to its striking colourful appearance,11 but
nowadays its derivatives and their cytotoxic properties have
raised scientific and clinical attention.12,13 The basic
tripyrrolic core structure is able to bind divalent metal cations
to induce oxidative stress. When binding CuII, prodigiosin
was shown to efficiently cause copper-promoted single- and
double-strand breaks of DNA.14–17 Moreover, protonated
prodiginines are allowed to passively diffuse across biologic
membranes, symporting the chloride counter ion. The co-
transport implicates uncoupling and depletion of the proton
gradient that is essential to acquire energy in the form of
adenosine triphosphate (ATP) or, more generally, to maintain
the proton motive force and associated biological
processes.15,18–22 Albeit prodigiosin and prodiginine alkaloids
exhibit a broad range of activities against bacteria, protozoa,
pathogenic fungi, plants, and nematodes,23–26 prodiginines
were well recognised for their activity against the malaria
parasite Plasmodium falciparum.27–29 Furthermore,
prodiginines feature anti-tumour activity against several
human cancer cell lines by induction of apoptosis, showing
relatively low effects against non-malignant tissue.30–34 The
diversity of reported biophysical properties and biological
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activities adumbrate the great challenge, which cells are
facing after prodigiosin (1) treatment. Presumably, the
relatively low doses being necessary to observe lethal
biological activity are a consequence of blurring
multidimensional modes of action.

Biosynthesis and condensing enzymes

With an increasing number of natural prodiginines and
related natural products, the quantity of known bacterial gene
clusters involved in their biosynthesis has constantly risen.
To date, numerous clusters among diverse bacterial species,
such as pig (Serratia marcescens, prodigiosin 1),35 red
(Streptomyces coelicolor, undecylprodigiosin and streptorubin
B),36 trea (Pseudoalteromonas citrea, tambjamine MYP1 2),37

and mar (marine Streptomyces sp., marineosin A) have been
identified by genome mining and analyses of mutant strains
(Fig. 1, bottom).38–42 Despite the structural diversity of
prodiginine-related natural products, their biosynthesis
resorts to clustered genes, encoding for non-ribosomal
peptide synthetases (NRPS) of type II.36,43 Using the synthesis
of prodigiosin (1) as representative example, the assembly
employs a convergent route with two key precursors, namely
the bipyrrole part (4-methoxy-2,2′-bipyrrole-5-carbaldehyde,
MBC 3a) and the monopyrrole part (2-methyl-3-amylpyrrole,
MAP 4a), which are consolidated in an ATP-catalysed
condensation reaction to give the conjugated tripyrrole
scaffold of prodigiosin (1) (Fig. 1, top).35,44–46 For further in-
depth elaboration on (bio)synthesis of MBC, MAP, the
included enzymatic steps, and prodiginine-related natural
products, consultation of the review from Hu et al. is
recommended.47

The enzymes, being responsible for the C–C-bond forming
condensation reaction of monopyrroles and MBC, belong to
the class of ligases (EC 6.4). Here, the enzymes PigC, RedH,
TreaP, and MarH from afore mentioned gene clusters take on
the role of ligases in the corresponding pathways.
Unfortunately, crystallisation attempts of these enzymes did
not lead to fruitful insights into structure-based mechanistic
peculiarities. And yet, approximations of the structure were
achieved by homology modelling and docking studies,48,49

while mechanistic intricacies were elucidated by kinetic
studies.50

A-ring modifications of prodiginine-related natural products

The known natural prodiginine and connatural tambjamine
derivatives featuring aliphatic substitutions on the A-ring are
consistently belonging to the class of macrocycles, except the
oddly protruding 2-(p-hydroxybenzyl)prodigiosin (5) from the
marine bacterium Pseudoalteromonas rubra (Fig. 1, bottom).51

The formation of macrocyclic prodiginines is explicitly owing
to late stage oxidative carbocyclisation of long chain alkyl
chains on the prodiginine C-ring, including a carbon-centred
radical intermediate.52,53 Because of this cyclisation, either
formation of C- to A-ring (a) or C- to B-ring (b) bridging
macrocycles is observed or formation of C-ring internal chiral

cycles (c) catalysed. Prominent examples for those enzymes
are the RedG homologue MarG involved in marineosin
biosynthesis (b) or the Rieske oxygenase RedG in the making
of streptorubin B (c).53

For the C- to A-ring bridged carbomacrocycle
cyclononylprodigiosin (6) the biosynthetic non gene cluster
with the RedG-homologue NonG has been assigned (a).54

However, the upstream condensation of bipyrrole and
monopyrrole exclusively relies on utilisation of MBC as
bipyrrole condensation partner, meaning that no naturally
occurring A-ring substituted MBC derivatives have been
found to date. In case of A-ring modified 2-(p-hydroxybenzyl)
prodigiosin (5), no proposal on biosynthesis and related
genes, based on experimental evidence, has been
published.55 Another well-known example of a prodigiosin-

Fig. 1 Top: Shortened biosynthesis of prodigiosin (1) by the related
pig genes from S. marcescens. The final condensation step of MBC 3
and MAP 4a is catalysed by a ligase (here PigC) in an ATP-consuming
manner. The fate of atoms from the initial precursor L-proline in the
intermediate MBC 3 and the natural product prodigiosin (1) is
highlighted in blue. Rings (A-, B-, and C-) of the prodiginine scaffold
are accentuated in red. Bottom: Examples from the class of prodigiosin
alkaloids and connatural natural products, illustrating the structural
diversity.
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related natural product is roseophilin (7) from Streptomyces
griseoviridis, which shows 3-chlorination of the A-ring,
substitution of the B-ring pyrrolyl moiety by furyl and a chiral
macrocyclic C-ring.

Although the chlorination pattern implies utilisation of a
chlorinated MBC analogue, comparable to the biosynthesis
of pyoluteurin,56 an adequate precursor and identification of
the responsible halogenating enzyme is still missing. Late
stage halogenation of dechlororoseophilin could be plausible,
too. Indeed, the lack in discovery of substituted A-ring MBC
derivatives from natural sources is not surprising, as the
A-ring is built from the amino acid L-proline (cf. Fig. 1, top).
Within the prodigiosin pig biosynthesis cluster of S.
marcescens and undecylprodigiosin red gene cluster in S.
coelicolor, the early steps of transformation include PigI/
RedM-catalysed activation of proline as thioester and the
subsequent oxidation of the pyrrolidine core by PigI/RedA to
give acylated 1H-pyrrole.35,36,47 In other words, a prerequisite
for natural A-ring variation on MBC derivatives would be the
acceptance of alternative canonic amino acids by PigI/RedA
during the initial steps in biosynthesis or functionalisation of
the A-ring pyrrole in successive steps. Nevertheless, no
experimental proof has been furnished for existence of this
kind of A-ring substituted MBC so far.

Shifting the focus from the bipyrrole MBC 3a to the
monopyrrole unit, promiscuity of condensing enzymes,
exemplified by PigC from S. marcescens, is well-known for
monopyrroles with cyclic and acyclic aliphatic side chains
and the C-ring moiety of prodiginines.57–59

Contemporaneously, little evidence was provided in the
context of MBC derivatives being suitable substrates, yet.
Haynes et al. attempted investigation of RedH-catalysed
condensation of a dechlororoseophilin-inspired MBC
analogue in combination with 2-undecylpyrrole, but did not
observe any activity based on product formation. Since their
study was conducted as feeding experiment with the mutant
strain S. coelicolor W39, limited phase transfer across the
bacterial membrane or lacking eligibility as RedH substrate
were deduced as potential cause.60 Chawrai et al. pioneered
demonstration of accepted aryl substituted A-ring derivatives
of MBC (e.g. thienyl-, furyl-, phenyl-) by PigC,46 but since
then, no studies were performed beyond that. Even though
broad accessibility of A-ring substituted prodiginines by
biosynthetic methods is not given from a today's perspective,
those derivatives can be assessed by means of total synthesis.
Melvin et al. attributed a negative effect on copper-promoted
DNA cleavage, when the A-ring was either substituted with
electron-withdrawing substituents in 5-position or replaced
by aryl residues other than pyrrolyl.15 Similar effects were
observed by D'Alessio et al. with focus on cytotoxicity in
extensive structure–activity-relationship studies (SAR).61 At
the same time, both studies denoted positive effects by
adding electron-donating alkyl substitutions in 5-position of
the A-ring,15,61 providing substantial evidence of value to
further analyse the consequences of A-ring associated
alkylations. In the present study, we aim at expanding the

knowledge about acceptance of A-ring n-alkylated MBC
derivatives by prodiginine ligases to probe the active site of
investigated enzymes experimentally and systematically infer
the effects on prodiginine cytotoxicity against cisplatin-
sensitive and -resistant urothelial carcinoma cell lines.

Results and discussion
Synthesis of prodiginine precursors

Prodiginine ligases exploit the bipyrrole MBC 3a and
derivatives of 1H-monopyrroles as substrates for their ATP-
catalysed reaction mechanism.62,63 Thus, the chemical
synthesis of monopyrroles was approached using the
Trofimov procedure, which allows conversion of oximes to
2,3-dialkylated 1H-pyrroles.57,64 Starting from commercially
available ketones, namely octan-2-one (8a), hexan-2-one
(8b), and decan-2-one (8c), the respective oximes 9a–c were
synthesised in yields of ≥98% by refluxing the ketones with
hydroxylamine hydrochloride and sodium acetate in EtOH/
H2O (4 : 1) (Fig. 2). As conversions were near quantitative,
no further purification was needed and the E/Z mixtures
could be used straightaway for the subsequent Trofimov
reaction. The latter allows cyclisation of alkylated oximes in
the presence of 1,2-dichloroethane under superbasic
reaction conditions that can be obtained by mixing DMSO,
ground potassium hydroxide and a small amount of H2O.64

The electron-rich pyrroles are highly sensitive towards
oxygen and light. Consequently, in addition to inert
reaction conditions we identified utilisation of thoroughly
degassed and dried DMSO as key requirement for a reliable
outcome of the reaction. Only with degassed solvent, the
application of reaction temperatures of 90–100 °C over a
prolonged period led to a minimal amount of
polymerisation during the reaction and yielded 52–54% of
pyrroles 4a–c (Fig. 2).

Apparently, the use of such synthetic schemes that enable
both, use of the products as substrates for chemical synthesis
of reference compounds and as potential substrates for
ligating enzymes are inevitable for our approach. Based on
the biomimetic two-step sequence devised by Dairi et al. for
gaining access to the natural prodigiosin and tambjamine
precursor 4-methoxy-2,2′-bipyrrole-5-carboxaldehyde (3a,
MBC),65 we identified an adapted route to make 5′-n-alkylated

Fig. 2 Synthesis scheme of 2,3-dialkylated 1H-pyrroles 4a–c from
ketones 8a–c and intermediate oximes 9a–c via Trofimov pyrrole
synthesis.
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derivatives of MBC accessible. Although other positions for
MBC alkylation might be of interest as well, we focused on
the 5′-position for this fundamental study. The devised
synthetic route is predicated on the haloformylation of
4-methoxy-3-pyrrolin-2-one to give bromide 10, followed by
a palladium-catalysed Suzuki–Miyaura cross-coupling of
bromide 10 with 5-n-alkylated pyrrole-2-boronic acids. The
fundament for the desired boronic acids were 2-alkylated
N-Boc-protected 1H-pyrroles, which were afforded by a
consecutive Friedel–Crafts acylation of 1H-pyrrole with acyl
chlorides 11c–g under usage of aluminium trichloride as
Lewis acid.66 Reduction of the 2-acylation products 12c–g
with sodium borohydride in iPrOH and final N-protection
of the 2-alkyl-pyrroles 13b–g with Boc-anhydride yielded
the target compounds 14b–g (Fig. 3).1 In this reaction
sequence, we were able to reduce the purification effort
due to usage of crude reaction products and exclusive
purification of the Boc-protected products (14b–g) by
ordinary flash column chromatography. By this means, the
N-Boc-2-alkylated pyrroles were synthesised in yields of 43–
59%.

Since boronic acids are more reactive than their related
boronic acid pinacol or MIDA esters,68 we aimed for the
synthesis of free pyrrole-2-boronic acids from N-Boc-2-
alkylated pyrroles for the cross-coupling reaction with
bromide 10. Admittedly, 2-substituted boronic acids of
N-heterocycles, such as pyrroles or pyridines, are delicate and
significantly lacking storage stability.69 Thus, utilisation of
crude boronic acids from pyrrole borylation reactions was
considered more reliable rather than isolation of pure
boronic acids. Indeed, the crude products of the borylation
sequence, which comprises deprotonation of pyrroles 14b–g
with lithium tetramethylpiperidide, borylation with trimethyl
borate and lastly deprotection of the methyl ester with
aqueous hydrochloric acid were ideal starting materials.
Catalysed by palladium acetate, SPhos-assisted Suzuki–
Miyaura cross-coupling in degassed n-butanol/H2O (4 : 1) and
with potassium phosphate as base allowed C–C coupling
between pyrrole-2-boronic acids 15b–g and bromide 10 under
mild reaction conditions (Fig. 4). The reactions typically gave
mixtures of Boc-protected and deprotected carbaldehydes.
Full deprotection of crude reaction was rendered by refluxing
in 2,2,2-trifluoroethanol to provide the desired products after
filtration. Resulting from this sequence, the 5′-n-alkylated
MBC derivatives 3b–g were prepared in 52–80% yield (Fig. 4).
Unsubstituted MBC 3a was synthesised according to the
published literature procedure.65

Synthesis of prodiginines

Although the alkylated MBC derivatives were primarily
synthesised for systematic characterisation of the prodigiosin
ligases substrate scope, they were also eligible for chemical
prodiginine synthesis. Therefore, carbaldehydes 3a–g and
pyrroles 4a–c were subjected to a condensation reaction
under acid catalysis with hydrochloric acid to yield the

corresponding prodiginines 16ba–bc in yields of 47–82%
(Fig. 4). The hydrochlorides of prodigiosin (1) and novel
prodiginines 16ba–bc generated thereby could be used as
synthetic references for enzymatic condensation reactions,
prodiginine quantification, toxicity screening, and were
accessible in purities of up to 99.9%.

Absorption spectra and molar extinction coefficients

Prodiginines are well known to display solvent-dependent
absorption properties, which greatly vary with pH.70 To
ensure that the molecule of interest is uniformly protonated,
extinction coefficients and absorption spectra are typically
recorded in acidified ethanol in which the purple pigment
prodigiosin exhibits an absorption maximum at 535 nm.70,71

By adding a 5-n-alkyl substitution on the A-ring, the
absorption maximum was increased to 545–547 nm,
noticeable in a visible small shift from pink to purple in
solution. With pentyl-substitution on the C-ring, variation in
A-ring substitution greatly enhanced the molar extinction
coefficient with increasing chain length, based on the
inductive electron-donating effect of the attached alkyl
substituents (Fig. S2A, Table S2, ESI†). For prodigiosin (1) a
molar extinction coefficient of 139 800 M−1 cm−1 (535 nm)
was reported in the literature.71 The A-ring methyl-derivative
(16ba), however, already presented an extinction coefficient
of 163 233 M−1 cm−1 (546 nm), followed by the ethyl- and
propyl-derivative with 177 092 M−1 cm−1 (16ca, 546 nm) and
181 692 M−1 cm−1 (16da, 546 nm), respectively. From butyl- to
hexyl-substitutions 16ea–ga, no further increase of
significance was observed and the molar extinction
coefficients seemed to reach a plateau around 190 000 M−1

cm−1 at 547 nm (Fig. S2A, ESI†). Interestingly, molar
extinction coefficients at 535 nm ranged from 126 508 M−1

cm−1 to 138 200 M−1 cm−1, showing less chain length-
dependent behaviour and solely fluctuations in the
magnitude of standard deviations (Fig. S2B, ESI†). With

Fig. 3 Synthesis scheme of 2-n-alkylated N-Boc-pyrroles 14b–g.
2-Methyl-1H-pyrrole (13b) was purchased from commercial suppliers.
Intermediates were not purified and the yield over three steps
determined after final purification of Boc-protected 2-alkylated
pyrroles. For further information regarding systematic nomenclature,
please see ref. 67.
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constant methyl-substitution on the A-ring and variation in
C-ring chain length, a linear correlation was observable at
535 nm for prodiginines 16ba, 16bb, and 16bc allowing
approximation of molar extinction coefficients (Table S3,
ESI†) based on the experimental coefficients and the slope of
linear regression (Fig. S2C, ESI†). In this way, we were able to
quantify even prodiginines whose references had not been
synthesised by chemical means.

Prodigiosin ligase substrate scope for A-ring substituted MBC

Chawrai et al. showed that prodigiosin derivatives with
alternative aromatic A-rings are accepted by the ligase PigC
from S. marcescens. Enzymatic activity was still present when
the A-ring pyrrole moiety was either substituted by 2-phenyl-,
2-thienyl-, 2-furyl-, or 2-indolyl-residues. No activity was seen
for napthyl- and biphenyl-substitution instead.46 Their
findings prompted us to investigate alkyl-substituted pyrrole
derivatives more thoroughly, as they were not characterised
as suited substrates for PigC and, moreover, with TreaP and
TamQ two new ligating enzymes from
Pseudoalteromonadaceae were found since then.59

In our experiment, we tested the three ligases PigC, TreaP,
and TamQ for their substrate acceptance of A-ring
substituted alkyl-derivatives 3b–g of MBC and MBC 3a itself
and quantified the extracted prodiginines in LC-MS
measurements with the corresponding extinction coefficients,
which had been determined experimentally or by
approximation (vide supra). As we used Escherichia coli cell
lysate after expression of the corresponding genes rather than
purified enzymes, E. coli harbouring the pET28a(+) empty
vector was used as control. Unusual for this experimental
setup in comparison to earlier studies on prodiginine ligases
was the two-dimensional testing, varying MBC derivatives
and monopyrroles at the same time (Fig. 5). We would like to
emphasise that quantification was normalised to the amount

of cells and not to the amount of enzyme being used in the
experiment. Thus, differences in expression efficiencies for
the analysed ligases might have an impact on absolute
prodiginine titres but should not affect the relative
acceptance of A-ring substituted MBC derivatives for each
enzyme (Fig. 6A). Firstly, we validated whether prodiginines
are readily formed in a catalyst-free environment, containing
pyrroles, MBC, ATP, and buffer. It was found that no
background reaction takes place (control reactions 1–6, ESI,†
Fig. S111–S116) and that the ligating enzymes are needed for
catalysis of the condensation reaction. Secondly, we
performed reactions with enzyme containing cell lysates and
ATP in buffer but without pyrroles and MBC to exclude
formation of prodiginines from cell metabolites within the
lysate. Again, no prodiginines were traced by coupled LC-MS
measurements, proving that all four components (ligating
enzyme, MBC, pyrrole, and ATP) are needed for their
formation (negative controls, ESI,† Fig. S107–S110).

During the first experiments, the most prominent enzyme
PigC showed high acceptance of methyl- and unsubstituted
MBC (3b and 3a) in combination with the short-chain
monopyrrole 4b, whereat the natural precursor MBC 3a
turned out to be the favoured bipyrrole, yielding 25.9 mg L−1

versus 16.7 mg L−1 of prodiginine extracts for methyl-MBC 3b.
Other MBC derivatives were not converted to the related
prodiginines in noteworthy amounts. In contrast, TamQ,
which is naturally involved in tambjamine biosynthesis,
apparently converted all derivatives including butyl-MBC 3e,
but not pentyl- and hexyl-MBC 3f and 3g. Here, the obtained
product titres of prodiginines derived from short-chain MBC
derivatives 3a, 3b, and 3c were rather similar in a range from
10–12 mg L−1. The acceptance of MBC derivatives for TreaP
was limited to C0–C3-substituted MBC 3a–d and resulted in
considerably lower titres (<3.6 mg L−1) than PigC or TamQ.
However, TreaP showed highest relative product
concentrations for the ethyl-substituted MBC 3c. With

Fig. 4 Synthesis scheme of n-alkylated A-ring derivatives of MBC (3b–g) and prodigiosin (16ba–bc) from N-Boc-pyrrole-2-boronic acid precursors
(15b–g). Substituted prodiginines 16 were numbered in a modular fashion (16R″R), including the substitution pattern of the MBC derivative (3a–g,
R″) and the monopyrrole (4a–c, R). For example, prodiginine 16ba was synthesised from MBC 3b and pyrrole 4a, prodiginine 16bb was synthesised
from MBC 3b and pyrrole 4b. Abbreviations: n.d. – not determined; compd – compound; LiTMP – lithium 2,2,6,6-tetramethylpiperidide; SPhos –
2-dicyclohexylphosphino-2′,6′-dimethoxybiphenyl; TFE – 2,2,2-trifluoroethanol.
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increasing chain length of the monopyrrole all enzymes
appeared to possess greater substrate promiscuity and
conversions. For both, the medium- and long-chain

monopyrroles 4a and 4c, the MBC substrate spectrum for
PigC from S. marcescens was expanded to propyl-MBC 3d but
also to higher prodiginine titres. Again, unsubstituted MBC

Fig. 5 Substrate spectrum of the prodiginine ligases PigC, TamQ, and TreaP for combinations of monopyrroles 4a–c, MBC 3a and 5-n-alkylated
MBC derivatives 3b–g. Cell lysates of E. coli BL21 with corresponding ligases in KPi buffer were treated with pyrroles (1 mM), MBC (1 mM), and ATP
(1.25 mM) and incubated at 30 °C for 4 h. Cell lysate of E. coli BL21 pET28a(+) was used as negative control. A red colouration of the solutions
indicates the formation of products. Photographic record was employed to document the organic extracts in acidic ethanol. Product titres (mg
L−1) were determined by LC-MS measurements and are given below the corresponding tubes. Abbreviations: EV – empty vector.
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3a was apparently converted best, but only for the medium-
chain monopyrrole 4a at 25.7 mg L−1. With the long-chain
monopyrrole 4c, the non-natural methyl-MBC derivative 3b
was identified as ideal partner for condensation, providing
the related product in a titre of 32.8 mg L−1. Supported by
previous findings regarding the enzymes TamQ and TreaP,59

either preferentially converted long-chain monopyrroles to
the corresponding prodiginines, at which TamQ in total
exhibited the broadest acceptance of 5-alkyl-substituted MBC
derivatives. Even though MBC 3a is the common prodiginine
and tambjamine precursor in nature for all three enzymes
under investigation, TreaP and TamQ shared a similar trend
of MBC derivative promiscuity for the medium-chain
monopyrrole 4a, showing highest product titres for ethyl-

MBC 3c with 5.1 mg L−1 and 16.8 mg L−1, respectively. The
long-chain monopyrrole 4c was best accepted in combination
with methyl-MBC 3b by PigC, providing the highest
prodiginine product titre of 32.8 mg L−1 in our experiment.

From the contingent of tested enzymes, PigC was in fact
the least versatile enzyme, demonstrated by tight restraints in
terms of tolerating alkyl-substitution on the MBC part. In
contrast, TamQ was identified as most profitable catalyst for
substitutions on the monopyrrole and the A-ring of MBC. It
is hypothesised that multiple reasons contribute to the
observed acceptance pattern of combinations for
monopyrroles and MBC. As the monopyrrole serves as
nucleophile in the proposed mechanism (devised for PigC),
reviewed by Hu et al.,47 it is believed that shorter chain

Fig. 6 (A) Quantification of prodiginines from in vitro reactions with the prodiginine ligases PigC, TamQ, and TreaP with varying chain lengths on
the A- and C-ring. Methanolic extracts of biocatalytic reactions between monopyrroles 4a–c and 5-alkyl MBC derivatives 3a–g were subjected to
coupled LC-MS measurements and the amount of substance quantified from the corresponding UV absorption at 535 nm and the prodiginine
extinction coefficients. The chain length of alkylated MBC is depicted on the x-axis of the bar diagram, the used monopyrrole is shown in the
diagram. Since all values for the empty vector control were zero, the data is not shown, but plotted raw data can be found in the supporting
information (Fig. S3†). Each experiment was performed in triplicates and the standard error is given. (B) Cell viability of urothelial cancer cell lines
RT-112 (cisplatin sensitive) and RT-112res (cisplatin resistant) in the presence of prodigiosin (1), obatoclax mesylate, and chemically synthesised
prodiginines (16ba–ga) after 24 h (left) and 72 h (right). For improved reading and resolution of data sets, the scales of ordinates for the 24 h and
72 h diagrams were adjusted. Experiments were performed in triplicates and cell survival was analysed using the MTT assay. Error bars are
representing the 95% confidence interval. Plotted raw data and dose–response fits for determination of IC50 values can be found in the supporting
information (plots and fits: Fig. S117–S119, fitted IC50 values: Table S4†).
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length may result in a higher degree of freedoms and
flexibility of side chains, less tight binding of the pyrrole core
within the enzyme pocket, potentially leading to decreased or
depleted reaction rates. In addition, short chain pyrroles are
lacking additional activation, which is contributed by the
electron-donating effect of alkyl-chains. Significance of the
latter can be seen from the drastic effect of increasing chain-
length on prodiginine extinction coefficients. For the alkyl-
chain variation on MBC derivatives, we assume steric reasons
as principal force behind the lack of conversion with
increased number of methylene groups within the alkyl
chain. Electronic contributions are judged rather
implausible, as the condensation chemistry between
monopyrrole and MBC is taking place at the distal part of the
MBC derivatives, namely the carbaldehyde.

Evaluation of cytotoxicity for A-ring substituted prodiginines

To assess the impact of 5-n-alkyl substitutions on cytotoxic
properties of chemically synthesised prodiginines, the
urothelial carcinoma cell lines RT-112 (cisplatin sensitive)
and RT-112res (cisplatin resistant) were selected for
evaluation.72–74 Cisplatin-based therapy is the standard of
care for this kind of carcinomas, however, miscellaneous
mechanisms are involved in emerging resistance against
cisplatin, such as autophagy and apoptosis.72,75–78

Prodigiosin (1) has been shown to display cytotoxic activity at
nanomolar concentrations against both, cisplatin sensitive
and resistant cell lines, and was thus judged as potential
drug candidate for treatment of cisplatin resistant urothelial
carcinomas.30 Thus, prodigiosin (1) and the former phase II
clinical candidate obatoclax mesylate were selected as
benchmark compounds.12,13,79,80 In order to assort the
impact of A-ring associated alkyl substitutions on prodiginine
derivatives, the two RT-112 cell lines were subjected to cell
viability monitoring after 24 h and 72 h, using the MTT [3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide]
assay (Fig. 6B, data and dose–response fits in the supporting
information). For the lead compound prodigiosin (1),
inhibitory concentrations (IC50) of 675 nM and 157 nM were
traced after 24 h and were further reduced to 73.8 nM and
41.1 nM after 72 h for RT-112 and RT-112res, respectively. In
contrast, obatoclax mesylate exhibited relatively low cytotoxic
activity in RT-112 cells after 24 h of incubation. With 3327
nM against RT-112 and 184 nM against RT-112res after 24 h,
obatoclax was acting similarly to the least cytotoxic long-
chain derivatives 16ea–ga. With increased incubation time of
72 h, improved cytotoxicity of 172 nM (RT-112) and 36.0 nM
(RT-112res) were achieved, judging obatoclax significantly less
effective against RT-112 than prodigiosin (1) and of similar
value against RT-112res.

In the following, prodiginines with altered A-ring alkyl
substitution, but constant C-ring substitution of prodigiosin
(1) that originated from chemical synthesis were investigated
for their cytotoxic effects. Simple addition of an electron
donating methyl-group in prodiginine 16ba resulted in a

strong increase of cytotoxicity against both cell lines. With a
final IC50 of 26.4 nM for RT-112 and 18.8 nM for RT-112res

after 72 h, an up to 2.8-fold increase in cytotoxicity was
observed. However, IC50 values after 24 h initially resembled
the cytotoxicity of prodigiosin (1) itself. Interestingly, further
chain elongation on the A-ring of prodiginines 16ca–ga led to
constant loss of biological activity with each step of
elongation. Especially the transition from pentyl to hexyl
substitution on the A-ring displayed a turning point in
cytotoxicity and was accompanied by a significant loss of
biological activity, independent from the cell line and time
point of analysis. Aside from the effect of A-ring substitution
with invariable C-ring substitution pattern of compounds
16ba–ga, we chose the most cytotoxic methyl-substituted
prodiginine 16ba as starting point and scrutinised which
effect a substitution in 4-position of the C-ring chain toward
longer or shorter alkyl residues might have. All analysed
prodiginines (16ba, 16bb, and 16bc) with methyl substitution
on the A-ring appeared to have unspoiled high cytotoxicity
against the cisplatin resistant subtype RT-112res after 72 h
when the C-ring was modulated. With IC50 values ranging
between 15.7 nM (16bc) and 18.8 nM (16ba), the impact was
rather negligible. Nonetheless, the tested derivatives were
shown to act differently after 24 h, as prodiginine 16ba with
C5-chain on the C-ring revealed slightly higher inhibitory
concentrations against both cell lines than observed for
derivatives 16bb and 16bc. Summarising the presented data
from Fig. 6B, an additional methyl group in 5-position of the
A-ring boosted the cytotoxicity against both, cisplatin
sensitive and resistant urothelial carcinoma cell lines. In
addition to this increased performance, we found prodiginine
16ba to display the highest cytotoxicity against both cell lines
after 72 h (RT-112: 26.4 nM, RT-112res: 18.8 nM).
Concurrently, prodiginines 16bb and 16bc were outstandingly
fast in unleashing their cytotoxic potential, having
substantial improvements of toxicity after 24 h in comparison
to derivative 16ba, the mother compound prodigiosin (1) and
the former phase II clinical candidate obatoclax mesylate.
The tripyrrole core structure of prodigiosin (1) and its
substituted clinical relative obatoclax is well known to inhibit
the cellular process of autophagy,30,57,81,82 which is essential
to recycle or degrade cell organelles or anomalous proteins
(misfolded, aggregated, or damaged).30 At the same time,
prodigiosin (1) was shown to induce apoptosis, an ensemble
of signalling pathways of programmed cell death.33,34,83 In
the past, the mechanistic cause for autophagy inhibition and
induction of apoptosis in prodigiosin-treated cancer cell lines
was accounted to the capability of H+/Cl− symport across the
membranes of lysosomes or other eukaryotic cell
compartments and the cell cycle arrest.18,20,21,84

The ion pair of protonated prodigiosin and the chloride
counter ion is lipophilic and tight enough to penetrate the
membrane and diffuse across the permeability barrier.11 A
possible explanation for the increased cytotoxicity of
prodiginines with short-chain electron-donating alkyl
substituents on the A-ring could be a tighter bond between
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the B-ring nitrogen atom and the proton from the
hydrochloride complex, increasing the pKa value and
facilitating the trespass of the charged complex through the
membrane. A further increase of the A-ring chain length
could potentially result in a more lipophilic character for the
resulting prodiginine, raising the risk of functioning as
membrane anchor and attaching derivatives to the
membrane rather than diffusing across, thereby reducing the
cytotoxic potential. In fact, our results regarding A-ring
substitution are in agreement with earlier studies on alkyl
substitution on the C-ring, where short-chain propyl
substitution was characterised by drastically stronger
autophagy inhibition than for the long-chain octyl variant.57

Conclusions
Prodiginine ligating enzymes are known to exhibit substrate
promiscuity on C-ring monopyrroles and MBC derivatives
with aromatic A-ring substitution. However, reliable
structural information for these enzymes in free or substrate-
bound state are still lacking. Whilst enzyme structures
remain unclear, probing of the active site and testing of
suitable substrate combinations is limited to means of trial
and error. We were able to transfer the previously gained
knowledge of enzyme promiscuity in a systematic screening
on 5′-n-alkylated MBC derivatives, showing broad substrate
acceptance for both key precursors of the convergent
biosynthesis route. While PigC only accepted short-chained
MBC derivatives, TamQ and TreaP displayed fewer restraints,
also for longer alkyl chains. During cell viability screening of
A-ring substituted prodiginines in cisplatin-sensitive and -
resistant urothelial carcinoma cell lines, methyl-substituted
derivatives 16ba, 16bb, and 16bc were cytotoxic at low
nanomolar concentrations, and thereby up to 2.6-times more
potent than prodigiosin (1) or obatoclax mesylate against the
cisplatin-resistant cell line RT-112res after 72 h. Consequently,
these derivatives are suggested as potential lead compounds
for future structural optimisation in terms of cytotoxicity,
drug administration and drug metabolism and could be
potential candidates for treatment of cisplatin resistant
carcinomas.

Experimental
Synthetic procedures

General considerations. All reactions were carried out
under nitrogen or argon in pre-dried glassware using Schlenk
technique. Organic solvents were acquired in technical grade
and distilled prior to use. Dried solvents (CH2Cl2, THF) were
obtained from a MB-SPS 800 drying apparatus (M. Braun
Inertgas-Systeme GmbH) and by storage over activated
molecular sieve for >72 h (iPrOH, DMSO). If stated in the
synthetic instructions, solvents were degassed using the
freeze–pump–thaw procedure (3×). 2,2,6,6-
Tetramethylpiperidine was refluxed for 4 h over CaH2 and
then distilled under normal pressure and stored over 4 Å

molecular sieve. For flash chromatography Macherey-Nagel
silica gel 60 M (40–63 μm) was employed. Synthesised
compounds were stored at −20 °C under argon. Further
specifications and information on instrumentation can be
found in the supporting information. Obatoclax mesylate
(≥98%, HPLC) was purchased from Sigma Aldrich (Merck).

General procedure for the synthesis of MBC derivatives
3b–g. A Schlenk flask with magnetic stirring bar is
sequentially charged with Pd(OAc)2 (5.0 mol%), SPhos (6.0
mol%), bromide 10 (1.00 eq.), Boc-protected pyrrole boronic
acid 15b–g (3.00 eq.) and evacuated/N2-refilled three times.
Degassed n-butanol is added and the mixture stirred at 20 °C
until homogeneous. A 1.45 M solution of K3PO4 (2.00 eq.) in
degassed water is added to give an n-butanol/water ratio of
4 : 1. The reaction vessel is lowered into a pre-heated 60 °C
bath and the orange solution is stirred under argon
overnight. The solvent is evaporated, 50 mL of water are
added to the slurry and the mixture is then extracted with
EtOAc (3 × 50 mL). Combined organic phases are washed
with brine (2 × 25 mL), dried over MgSO4, filtered over
degreased cotton wool and the solvent is removed. The
resulting solid is recovered by filtration and washed with cold
distilled n-pentane. The green solid is refluxed for 6 h at 90
°C in 45 eq. 2,2,2-trifluoroethanol. Evaporation of the solvent
and trituration of the remaining solid in n-pentane provides
the product as green solid that is recovered by filtration and
washed with distilled n-pentane and Et2O.

4-Methoxy-5′-methyl-1H,1′H-[2,2′-bipyrrole]-5-carbaldehyde
(3b). Following the general procedure for the synthesis of MBC
derivatives, bromide 10 (800 mg, 3.09 mmol, 1.00 eq.), boronic
acid 15b (2.60 g, 9.26 mmol, 3.00 eq.), SPhos (76.0 mg, 0.19
mmol, 6 mol%), Pd(OAc)2 (34.7 mg, 0.15 mmol, 5 mol%), and
K3PO4 (1.31 g, 6.17 mmol, 2.00 eq.) are converted to 379 mg
(1.86 mmol, 60%) of 4-methoxy-5′-methyl-1H,1′H-[2,2′-bipyrrole]-
5-carbaldehyde (3b) after 15 h reaction time. The product is
obtained as green powder. δ1H (600 MHz, DMSO) 2.22 (3 H, s,
6′-H), 3.82 (3 H, s, 10-H), 5.77–5.84 (1 H, m, 4′-H), 6.16–6.23 (1
H, m, 3-H), 6.58–6.66 (1 H, m, 3′-H), 9.26 (1 H, s, 7-H), 11.00 (1
H, s, 1′-NH), 11.27 (1 H, s, 1-NH). δ13C (151 MHz, DMSO) 12.7
(C-6′), 57.7 (C-10), 90.3 (C-3), 107.6 (C-4′), 108.8 (C-3′), 117.2 (C-
5), 122.0 (C-2′), 130.1 (C-5′), 133.5 (C-2), 158.8 (C-4), 171.1 (C-6).
FT-IR (neat, cm−1): 3254, 3205, 3127, 3071, 2954, 2837, 1585,
1546, 1514, 1426, 1357, 1333, 1296, 1280, 1254, 1203, 1177,
1164, 1033, 1018, 1000, 991, 972, 833, 790, 770, 697, 653, 624,
589, 482. Tm: 250–275 °C (decomposition) (n-pentane). HRMS-
ESI (m/z): [M + H]+ calculated for C11H13N2O2 205.0973, found
205.0973. tR (LC-MS method): 7.54 min.

5′-Ethyl-4-methoxy-1H,1′H-[2,2′-bipyrrole]-5-carbaldehyde
(3c). Following the general procedure for the synthesis of
MBC derivatives, bromide 10 (850 mg, 3.28 mmol, 1.00 eq.),
boronic acid 15c (2.35 g, 9.84 mmol, 3.00 eq.), SPhos (80.8
mg, 0.20 mmol, 6 mol%), Pd(OAc)2 (36.8 mg, 0.16 mmol, 5
mol%), and K3PO4 (1.39 g, 6.56 mmol, 2.00 eq.) are converted
to 375 mg (1.72 mmol, 52%) of 5′-ethyl-4-methoxy-1H,1′H-
[2,2′-bipyrrole]-5-carbaldehyde (3c) after 14 h reaction time.
The product is obtained as green powder.
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δ1H (300 MHz, DMSO) 1.19 (3 H, q, 7′-H), 2.53–2.65 (2 H,
m, 6′-H), 3.67–3.92 (3 H, m, 10-H), 5.66–5.97 (1 H, m, 4′-H),
6.08–6.35 (1 H, m, 3-H), 6.49–6.78 (1 H, m, 3′-H), 9.26 (1 H, d,
7-H), 10.95 (1 H, s, 1′-NH), 11.27 (1 H, s, 1-NH). δ13C (76
MHz, DMSO) 13.7 (C-7′), 20.4 (C-6′), 57.7 (C-10), 90.4 (C-3),
106.2 (C-4′), 108.7 (C-3′), 117.2 (C-5), 122.0 (C-2′), 133.6 (C-2),
136.6 (C-5′), 158.8 (C-4), 171.1 (C-6). FT-IR (neat, cm−1): 3250,
3197, 2972, 2833, 1593, 1553, 1513, 1445, 1422, 1357, 1302,
1284, 1248, 1199, 1175, 1161, 1147, 1039, 1014, 990, 832, 766,
740, 698, 588, 484. Tm: 243.7–245.5 °C (n-pentane). HRMS-ESI
(m/z): [M + H]+ calculated for C12H15N2O2 219.1128, found
219.1132. tR (LC-MS method): 7.93 min.

4-Methoxy-5′-propyl-1H,1′H-[2,2′-bipyrrole]-5-carbaldehyde
(3d). Following the general procedure for the synthesis of MBC
derivatives, bromide 10 (800 mg, 3.09 mmol, 1.00 eq.), boronic
acid 15d (2.34 g, 9.26 mmol, 3.00 eq.), SPhos (76.0 mg, 0.19
mmol, 6 mol%), Pd(OAc)2 (34.7 mg, 0.15 mmol, 5 mol%), and
K3PO4 (1.31 g, 6.17 mmol, 2.00 eq.) are converted to 497 mg
(2.14 mmol, 69%) of 4-methoxy-5′-propyl-1H,1′H-[2,2′-
bipyrrole]-5-carbaldehyde (3d) after 17 h reaction time. The
product is obtained as green powder. δ1H (600 MHz, DMSO)
0.91 (3 H, t, J = 7.3 Hz, 8′-H), 1.60 (2 H, h, J = 7.4 Hz, 7′-H),
2.53 (2 H, t, J = 7.5 Hz, 6′-H), 3.83 (3 H, s, 10-H), 5.81–5.86 (1
H, m, 4′-H), 6.22 (1 H, s, 3-H), 6.57–6.65 (1 H, m, 3′-H), 9.26 (1
H, s, 7-H), 10.94 (1 H, s, 1′-NH), 11.27 (1 H, s, 1-NH). δ13C (151
MHz, DMSO) 13.6 (C-8′), 22.4 (C-7′), 29.2 (C-6′), 57.7 (C-10),
90.4 (C-3), 106.8 (C-4′), 108.6 (C-3′), 117.1 (C-5), 121.9 (C-2′),
133.5 (C-2), 135.0 (C-5′), 158.7 (C-4), 171.1 (C-6). FT-IR (neat,
cm−1): 3253, 3201, 3135, 3071, 3008, 2956, 2929, 2870, 2381,
1593, 1553, 1516, 1462, 1447, 1421, 1356, 1343, 1302, 1248,
1224, 1199, 1176, 1161, 1041, 1016, 986, 831, 769, 692, 664,
624, 587, 484, 453. Tm: 224.7–226.8 °C (n-pentane). HRMS-ESI
(m/z): [M + H]+ calculated for C13H17N2O2 233.1285, found
233.1286. tR (LC-MS method): 8.23 min.

5′-Butyl-4-methoxy-1H,1′H-[2,2′-bipyrrole]-5-carbaldehyde
(3e). Following the general procedure for the synthesis of
MBC derivatives, bromide 10 (700 mg, 2.70 mmol, 1.00 eq.),
boronic acid 15e (2.17 g, 8.10 mmol, 3.00 eq.), SPhos (66.5
mg, 0.16 mmol, 6 mol%), Pd(OAc)2 (30.3 mg, 0.14 mmol, 5
mol%), and K3PO4 (1.15 g, 5.40 mmol, 2.00 eq.) are converted
to 499 mg (2.03 mmol, 75%) of 5′-butyl-4-methoxy-1H,1′H-
[2,2′-bipyrrole]-5-carbaldehyde (3e) after 17 h reaction time.
The product is obtained as green powder. δ1H (300 MHz,
DMSO) 0.90 (3 H, t, J = 7.3 Hz, 9′-H), 1.25–1.40 (2 H, m, 8′-H),
1.57 (2 H, p, J = 7.6 Hz, 7′-H), 2.55 (2 H, t, J = 8.1 Hz, 6′-H),
3.83 (3 H, s, 10-H), 5.80–5.86 (1 H, m, 4′-H), 6.22 (1 H, t, 3-H),
6.57–6.65 (1 H, m, 3′-H), 9.26 (1 H, s, 7-H), 10.93 (1 H, s, 1′-
NH), 11.26 (1 H, s, 1-NH). δ13C (76 MHz, DMSO) 13.7 (C-9′),
21.8 (C-8′), 26.9 (C-6′), 31.3 (C-7′), 57.7 (C-10), 90.4 (C-3), 106.8
(C-4′), 108.7 (C-3′), 117.1 (C-5), 121.9 (C-2′), 133.5 (C-2), 135.2
(C-5′), 158.8 (C-4), 171.1 (C-6). FT-IR (neat, cm−1): 3257, 3208,
3002, 2952, 2928, 2856, 2835, 1596, 1553, 1516, 1427, 1361,
1342, 1303, 1243, 1198, 1163, 1038, 1024, 985, 834, 782, 741,
724, 691, 667, 587, 488. Tm: 203.5–205.6 °C (n-pentane).
HRMS-ESI (m/z): [M + H]+ calculated for C14H19N2O2

247.1441, found 247.1446. tR (LC-MS method): 8.56 min.

4-Methoxy-5′-pentyl-1H,1′H-[2,2′-bipyrrole]-5-carbaldehyde
(3f). Following the general procedure for the synthesis of
MBC derivatives, bromide 10 (800 mg, 3.09 mmol, 1.00 eq.),
boronic acid 15f (2.60 g, 9.26 mmol, 3.00 eq.), SPhos (76.0
mg, 0.19 mmol, 6 mol%), Pd(OAc)2 (34.7 mg, 0.15 mmol, 5
mol%), and K3PO4 (1.31 g, 6.17 mmol, 2.00 eq.) are converted
to 605 mg (2.33 mmol, 75%) of 4-methoxy-5′-pentyl-1H,1′H-
[2,2′-bipyrrole]-5-carbaldehyde (3f) after 15 h reaction time.
The product is obtained as green powder. δ1H (600 MHz,
DMSO) 0.87 (3 H, t, J = 6.9 Hz, 10′-H), 1.30 (4 H, tt, J = 7.3 Hz,
8′-H, 9′-H), 1.58 (2 H, p, J = 7.5 Hz, 7′-H), 2.54 (2 H, t, J = 7.7
Hz, 6′-H), 3.82 (3 H, s, 10-H), 5.78–5.88 (1 H, m, 4′-H), 6.14–
6.27 (1 H, m, 3), 6.56–6.68 (1 H, m, 3′-H), 9.25 (1 H, s, 7-H),
10.93 (1 H, s, 1′-NH), 11.26 (1 H, s, 1-NH). δ13C (151 MHz,
DMSO) 14.4 (C-10′), 22.4 (C-9′), 27.6 (C-6′), 29.3 (C-7′), 31.4 (C-
8′), 58.2 (C-10), 90.9 (C-3), 107.3 (C-4′), 109.2 (C-3′), 117.7 (C-
5), 122.4 (C-2′), 134.0 (C-2), 135.7 (C-5′), 159.3 (C-4), 171.6 (C-
6). FT-IR (neat, cm−1): 3255, 3204, 3105, 3071, 2953, 2929,
2839, 1599, 1554, 1518, 1428, 1361, 1340, 1304, 1287, 1255,
1231, 1202, 1163, 1034, 1023, 987, 833, 781, 742, 724, 692,
667, 588, 490, 454. Tm: 196.2–199.5 °C (n-pentane). HRMS-ESI
(m/z): [M + H]+ calculated for C15H21N2O2 261.1598, found
261.1601. tR (LC-MS method): 8.78 min.

5′-Hexyl-4-methoxy-1H,1′H-[2,2′-bipyrrole]-5-carbaldehyde
(3g). Following the general procedure for the synthesis of
MBC derivatives, bromide 10 (800 mg, 3.09 mmol, 1.00 eq.),
boronic acid 15g (2.73 g, 9.26 mmol, 3.00 eq.), SPhos (76.0
mg, 0.19 mmol, 6 mol%), Pd(OAc)2 (34.7 mg, 0.15 mmol, 5
mol%), and K3PO4 (1.31 g, 6.17 mmol, 2.00 eq.) are converted
to 678 mg (2.47 mmol, 80%) of 5′-hexyl-4-methoxy-1H,1′H-
[2,2′-bipyrrole]-5-carbaldehyde (3g) after 14 h reaction time.
The product is obtained as green powder. δ1H (600 MHz,
DMSO) 0.85 (3 H, t, 11′-H), 1.23–1.34 (6 H, m, 8′-H, 9′-H, 10′-
H), 1.58 (2 H, p, J = 7.4 Hz, 7′-H), 2.54 (2 H, t, J = 7.7 Hz, 6′-
H), 3.83 (3 H, s, 10-H), 5.78–5.87 (1 H, m, 4′-H), 6.19–6.23 (1
H, m, 3-H), 6.57–6.65 (1 H, m, 3′-H), 9.26 (1 H, s, 7-H), 10.93
(1 H, s, 1′-NH), 11.26 (1 H, s, 1-NH). δ13C (151 MHz, DMSO)
13.9 (C-11′), 22.0 (C-10′), 27.2 (C-6′), 28.3 (C-8′), 29.1 (C-7′),
31.0 (C-9′), 57.7 (C-10), 90.4 (C-3), 106.8 (C-4′), 108.7 (C-3′),
117.1 (C-5), 121.9 (C-2′), 133.5 (C-2), 135.2 (C-5′), 158.7 (C-4),
171.1 (C-6). FT-IR (neat, cm−1): 3223, 3117, 2954, 2924, 2855,
1664, 1464, 1458, 1377, 1368, 1258, 1217, 1168, 1113, 994,
956, 943, 830, 823, 724, 651, 614. Tm: 171.8–174.6 °C
(n-pentane). HRMS-ESI (m/z): [M + H]+ calculated for
C16H23N2O2 275.1754, found 275.1758. tR (LC-MS method):
9.01 min.

General procedure for the synthesis of 1H-pyrroles 4a–c.
Reactions were performed according to an earlier published
procedure with modifications.57 In detail, a mixture of oxime
9a–c (1.00 eq.), pestled KOH (5.00 eq.), and water (13.7 μL
mmol−1 oxime) is added to a three-necked flask under N2

atmosphere. Degassed and dried DMSO (1.92 mL mmol−1

oxime) is added under nitrogen atmosphere. The reaction is
refluxed at 100 °C and a solution of 1,2-dichloroethane (3.50
eq.) in degassed DMSO (0.21 mL mmol−1 oxime) is added
with a syringe pump over 2 h. A second batch KOH (5.00 eq.)
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is added under ice cooling after the first hour of
1,2-dichloroethane addition (dichloroethane-feeding is
paused during KOH addition) before the dichloroethane
addition is continued for further 1 h. Once the addition of
dichloroethane is completed, the reaction is refluxed for 2 h.
The reaction is cooled to 0 °C and ice water is added for
quenching. Extraction is performed with Et2O (3 × 100 mL).
Combined organic phases are dried over MgSO4, filtered over
degreased cotton wool and the solvent removed in vacuo.
Chromatographic purification with petholeum ether/CH2Cl2
+ 1% (v/v) triethylamine on silica provides the product as
yellow to orange oil.

2-Methyl-3-pentyl-1H-pyrrole (4a). Octan-2-one oxime (9a,
12.0 g, 83.8 mmol, 1.00 eq.), 1,2-dichloroethane (23.2 mL,
293 mmol, 3.50 eq.), and KOH (47.0 g, 838 mmol, 10.0 eq.)
are converted to 6.89 g (45.6 mmol, 54%) 2-methyl-3-pentyl-
1H-pyrrole (4a). The product is obtained as yellow volatile oil
after purification with petroleum ether/CH2Cl2 (90 : 10) + 1%
triethylamine. δ1H (600 MHz, CDCl3) 0.90 (3 H, t, J = 6.7 Hz,
5″-H), 1.28–1.38 (4 H, m, 3″-H, 4″-H), 1.54 (2 H, p, J = 7.4 Hz,
2″-H), 2.19 (3 H, s, 1′-H), 2.39 (2 H, t, J = 7.7 Hz, 1″-H), 6.02 (1
H, t, J = 2.8 Hz, 4-H), 6.60 (1 H, t, J = 2.7 Hz, 5-H), 7.70 (1 H,
brs, 1-NH). δ13C (151 MHz, CDCl3) 11.2 (C-1′), 14.3 (C-5″),
22.8 (C-4″), 26.0 (C-1″), 31.2 (C-2″), 31.9 (C-3″), 109.0 (C-4),
114.9 (C-5), 119.9 (C-3), 123.3 (C-2). FT-IR (neat, cm−1): 3376,
2956, 2923, 2854, 1464, 1444, 1378, 1246, 1107, 1064, 954,
901, 831, 771, 670, 551. HRMS-ESI (m/z): [M + H]+ calculated
for C10H18N 152.1434, found 152.1434. tR (LC-MS method):
8.52 min.

2-Methyl-3-propyl-1H-pyrrole (4b). Following the general
procedure for the synthesis of 1H-pyrroles, hexan-2-one oxime
(9b, 12.0 g, 104 mmol, 1.00 eq.), 1,2-dichloroethane (28.8 mL,
365 mmol, 3.50 eq.), and KOH (58.5 g, 1.04 mol, 10.0 eq.) are
converted to 6.99 g (56.7 mmol, 54%) 2-methyl-3-propyl-1H-
pyrrole (4b). The product is obtained as yellow volatile oil
after purification with petroleum ether/CH2Cl2 (85 : 15) + 1%
triethylamine. δ1H (600 MHz, CDCl3) 0.95 (3 H, t, J = 7.3 Hz,
3″-H), 1.56 (2 H, h, J = 7.5 Hz, 2″-H), 2.19 (3 H, s, 1′-H), 2.37
(2 H, t, J = 7.6 Hz, 1″-H), 6.02 (1 H, t, J = 2.7 Hz, 4-H), 6.60 (1
H, t, J = 2.7 Hz, 5-H), 7.70 (1 H, brs, 1-NH). δ13C (151 MHz,
CDCl3) 11.2 (C-1′), 14.2 (C-3″), 24.6 (C-2″), 28.2 (C-1″), 109.0
(C-4), 114.9 (C-5), 119.7 (C-3), 123.4 (C-2). FT-IR (neat, cm−1):
3378, 2956, 2925, 2869, 1464, 1455, 1376, 1249, 1106, 1066,
955, 904, 889, 832, 801, 712, 663, 549. HRMS-ESI (m/z): [M +
H]+ calculated for C8H14N 124.1121, found 124.1120. tR (LC-
MS method): 7.90 min.

3-Heptyl-2-methyl-1H-pyrrole (4c). Decan-2-one oxime (9c,
7.50 g, 43.8 mmol, 1.00 eq.), 1,2-dichloroethane (12.1 mL,
153 mmol, 3.50 eq.), and KOH (24.6 g, 438 mmol, 10.0 eq.)
are converted to 4.11 g (22.9 mmol, 52%) 3-heptyl-2-methyl-
1H-pyrrole (4c). The product is obtained as yellow volatile oil
after purification with petroleum ether/CH2Cl2 (85 : 15) + 1%
triethylamine. δ1H (600 MHz, CDCl3) 0.89 (3 H, t, 7″-H), 1.23–
1.38 (8 H, m, 3″-H, 4″-H, 5″-H, 6″-H), 1.48–1.58 (2 H, m, 2″-
H), 2.19 (3 H, s, 1′-H), 2.39 (2 H, t, 1″-H), 6.02 (1 H, t, J = 2.8
Hz, 4-H), 6.60 (1 H, t, J = 2.7 Hz, 5-H), 7.71 (1 H, brs, 1-NH).

δ13C (151 MHz, CDCl3) 11.2 (C-1′), 14.3 (C-7″), 22.8 (C-6″),
26.1 (C-1″), 29.4 (C-3″), 29.7 (C-4″), 31.5 (C-2″), 32.1 (C-5″),
109.0 (C-4), 114.9 (C-5), 119.9 (C-3), 123.3 (C-2). FT-IR (neat,
cm−1): 3485, 3377, 2955, 2923, 2871, 1583, 1463, 1445, 1377,
1272, 1247, 1144, 1108, 1064, 953, 901, 831, 711, 668, 646,
634, 548, 485, 468. HRMS-ESI (m/z): [M + H]+ calculated for
C12H22N 180.1747, found 180.1749. tR (LC-MS method): 9.01
min.

General procedure for the synthesis of (E/Z)-oximes 9a–c.
The synthesis of oximes was performed following a published
procedure of Mo et al.85 To a 500 mL round bottom flask
charged with a stir bar, sodium acetate (2.00 eq.) and
hydroxylamine hydrochloride (1.50 eq.) are added a solution
of the ketone (1.00 eq., 0.30 M) in EtOH/water (4 : 1). The
reaction mixture is then heated for 4 h to reflux. The mixture
is cooled to room temperature and excess of EtOH is
removed under reduced pressure. Water (100 mL) is added to
the crude mixture and the resulting aqueous solution is
extracted with EtOAc (3 × 150 mL). The combined organic
layer is washed with saturated NaHCO3 (2 × 100 mL) and
water (2 × 100 mL), dried over MgSO4, filtered over degreased
cotton wool, and concentrated in vacuo. The oxime products
are obtained in quantitative yields as volatile oils and used
without further purification.

(E/Z)-Octan-2-one oxime (9a). Following the general
procedure for the synthesis of oximes, octan-2-one (8a, 12.0
g, 93.6 mmol, 1.00 eq.), hydroxylamine hydrochloride (9.76 g,
140 mmol, 1.50 eq.), and sodium acetate (15.36 g, 187.2
mmol, 2.00 eq.) are converted to 13.35 g (93.21 mmol, >99%)
(E/Z)-octan-2-one oxime (9a) as colourless oil. E/Z ratio: 76:24
(NMR). δ1H (600 MHz, CDCl3, E-isomer) 0.872 (3 H, t, 8-H),
1.22–1.36 (6 H, m, 5-H, 6-H, 7-H), 1.45–1.53 (2 H, m, 4-H),
1.87 (3 H, s, 1-H), 2.12–2.24 (2 H, m, 3-H), 8.58 (1 H, brs, 10-
H). δ13C (151 MHz, CDCl3, E-isomer) 13.5 (C-1), 14.2 (C-8),
22.7 (C-7), 26.4 (C-4), 29.0 (C-5), 31.70 (C-6), 35.9 (C-3), 158.9
(C-2). δ1H (600 MHz, CDCl3, Z-isomer) 0.879 (3 H, t, 8′-H),
1.22–1.36 (6 H, m, 5′-H, 6′-H, 7′-H), 1.45–1.53 (2 H, m, 4′-H),
1.86 (3 H, s, 1′-H), 2.32–2.41 (2 H, m, 3′-H), 8.58 (1 H, brs,
10′-H). δ13C (151 MHz, CDCl3, Z-isomer) 14.2 (C-8′), 19.9 (C-
1′), 22.7 (C-7), 25.6 (C-4′), 28.8 (C-3′), 29.5 (C-5′), 31.73 (C-6′),
159.3 (C-2′). FT-IR (neat, cm−1): 3224, 3120, 2955, 2926, 2858,
1664, 1466, 1458, 1376, 1369, 1261, 1247, 1179, 1111, 1031,
954, 943, 828, 796, 742, 726, 651, 613. HRMS-ESI (m/z): [M +
H]+ calculated for C8H18NO 144.1383, found 144.1383.

(E/Z)-Hexan-2-one oxime (9b). Following the general
procedure for the synthesis of oximes, hexan-2-one (8b, 15.0
g, 150 mmol, 1.00 eq.), hydroxylamine hydrochloride (15.7 g,
226 mmol, 1.50 eq.), and sodium acetate (24.6 g, 300 mmol,
2.00 eq.) are converted to 16.9 g (147 mmol, 98%) (E/Z)-
hexan-2-one oxime (9b) as pale yellow oil. E/Z ratio: 73 : 27
(NMR). δ1H (600 MHz, CDCl3, E-isomer) 0.90 (3 H, t, J = 7.4
Hz, 6-H), 1.32 (2 H, h, J = 7.3 Hz, 5-H), 1.44–1.52 (2 H, m,
4-H), 1.87 (3 H, s, 1-H), 2.15–2.23 (2 H, m, 3-H), 9.09 (1 H,
brs, 8-H). δ13C (151 MHz, CDCl3, E-isomer) 13.5 (C-1), 13.9
(C-6), 22.4 (C-5), 28.5 (C-4), 35.6 (C-3), 158.8 (C-2). δ1H (600
MHz, CDCl3, Z-isomer) 0.92 (3 H, t, J = 7.30 Hz, 6′-H), 1.36 (2
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H, h, J = 7.4 Hz, 5′-H), 1.44–1.52 (2 H, m, 4′-H), 1.85 (3 H, s,
1′-H), 2.34–2.40 (2 H, m, 3′-H), 9.09 (1 H, brs, 8′-H). δ13C (151
MHz, CDCl3, Z-isomer) 14.0 (C-6′), 20.0 (C-1′), 23.0 (C-5′), 27.8
(C-4′), 28.5 (C-3′), 159.2 (C-2′). FT-IR (neat, cm−1): 3222, 3118,
2957, 2928, 2873, 2862, 1664, 1467, 1433, 1368, 1331, 1262,
1207, 1105, 1010, 951, 919, 878, 823, 742, 648, 613. HRMS-ESI
(m/z): [M + H]+ calculated for C6H14NO 116.1070, found
116.1071.

(E/Z)-Decan-2-one oxime (9c). Following the general
procedure for the synthesis of oximes, decan-2-one (8c, 7.50
g, 48.0 mmol, 1.00 eq.), hydroxylamine hydrochloride (5.00 g,
72.0 mmol, 1.50 eq.), and sodium acetate (7.88 g, 96.1 mmol,
2.00 eq.) are converted to 8.22 g (48.0 mmol, >99%) (E/Z)-
decan-2-one oxime (9c) as colourless oil. E/Z ratio: 76 : 24
(NMR). δ1H (600 MHz, CDCl3, E-isomer) 0.871 (3 H, t, 10-H),
1.19–1.35 (10 H, m, 5-H, 6-H, 7-H, 8-H, 9-H), 1.49 (2 H, p,
4-H), 1.88 (3 H, s, 1-H), 2.14–2.20 (2 H, m, 3-H), 8.14 (1 H,
brs, 12-H). δ13C (151 MHz, CDCl3, E-isomer) 159.0 (C-2), 35.9
(C-3), 32.0 (C-8), 29.5 (C-6), 29.33 (C-5), 29.32 (C-7), 26.4 (C-4),
22.8 (C-9), 14.2 (C-10), 13.5 (C-1). δ1H (600 MHz, CDCl3,
Z-isomer) 0.874 (3 H, t, 10′-H), 1.19–1.35 (10 H, m, 5′-H, 6′-H,
7′-H, 8′-H, 9′-H), 1.49 (2 H, p, 4′-H), 1.86 (3 H, s, 1′-H), 2.33–
2.38 (2 H, m, 3′-H), 8.14 (1 H, brs, 12′-H). δ13C (151 MHz,
CDCl3, Z-isomer) 159.4 (C-2′), 32.0 (C-8′), 29.9 (C-6′), 29.5 (C-
5′), 29.32 (C-7′), 28.7 (C-3′), 25.6 (C-4′), 22.8 (C-9′), 19.9 (C-1′),
14.2 (C-10′). FT-IR (neat, cm−1): 3223, 3117, 2954, 2924, 2855,
1664, 1464, 1458, 1377, 1368, 1258, 1217, 1168, 1113, 994,
956, 943, 830, 823, 724, 651, 614. HRMS-ESI (m/z): [M + H]+

calculated for C10H22NO 172.1696, found 172.1699.
General procedure for the synthesis of Boc-protected

pyrroles 14b–g
Acylation of 1H-pyrrole. The 2-acylation of 1H-pyrrole was

performed according to the protocol of Ono et al.66 In a
Schlenk flask under N2 atmosphere the acid chloride 11c–g
(1.00 eq.) is dissolved in dry CH2Cl2 (3.74 mL mmol−1 acid
chloride) and cooled to 0 °C. Aluminium trichloride (1.20
eq.) is added slowly to give a yellow suspension and the
mixture is allowed to warm to 24 °C over 30 min. The
solution is cooled to 0 °C again and a solution of 1H-pyrrole
(1.10 eq.) in dry CH2Cl2 (0.42 mL mmol−1 acid chloride) is
transferred slowly to the acid chloride solution. The reaction
is stirred for further 1 h at 0 °C, then slowly thawed to 21 °C
and stirred overnight. A saturated solution of NH4Cl is used
at 0 °C for reaction quenching. The phases are separated, the
aqueous phase subsequently extracted with CH2Cl2 (3 × 150
mL) and the combined organic phases washed with saturated
NaHCO3 (2 × 150 mL) and brine (1 × 150 mL). Drying over
MgSO4, filtration over degreased cotton wool and solvent
removal in vacuo provides the crude acylation product 12c–g
as brown oil, which is used without further purification and
contains mostly 2-acylated 1H-pyrrole.

Reduction of acylated 1H-pyrrole. The reduction of
2-acylated 1H-pyrroles to 2-alkyl-1H-pyrroles was performed
according to the protocol of Fürstner et al.1 Under N2

atmosphere sodium borohydride (2.80 eq.) is suspended in
dry isopropyl alcohol (0.90 mL mmol−1 acylated pyrrole) and

cooled to 0 °C. The crude acylated pyrrole 12c–g (1.00 eq.) is
dissolved in dry isopropyl alcohol (3.15 mL mmol−1 acylated
pyrrole), precooled to 0 °C and added to the sodium
borohydride suspension at 0 °C. Afterwards, the solution is
refluxed overnight at 99 °C. The reaction is quenched with
water at 0 °C, additional water (300 mL) is added and the
product extracted with MTBE (3 × 200 mL). Merged organic
phases are washed with brine (2 × 200 mL), dried over
MgSO4, and filtered over degreased cotton wool. After solvent
removal, the oily brown crude product, which contains
mostly 2-alkylated 1H-pyrrole 13c–g, is used without further
purification.

Boc-protection of alkylated 1H-pyrrole. Boc-protection of
2-alkyl-1H-pyrroles was realised according to the protocol of
Fürstner et al.1 In a Schlenk flask under N2 atmosphere crude
alkylated 1H-pyrrole 13c–g or commercially available
2-methyl-1H-pyrrole (13b) (1.00 eq.) and DMAP (0.10 eq.) are
dissolved in dry CH2Cl2 (1.42 mL mmol−1 alkylated pyrrole).
A solution of Boc2O (1.20 eq.) in dry CH2Cl2 (2.37 mL mmol−1

alkylated pyrrole) is added to the prior solution at ambient
temperature and the reaction is stirred overnight. The solvent
is removed under reduced pressure and the residue purified
by chromatography on silica using n-pentane/MTBE (99 : 1).
The Boc-protected 2-alkylated 1H-pyrroles 14b–g are afforded
as colourless to yellow liquids.

1-tert-Butyloxycarbonyl 2-methyl-1H-pyrrole (14b). In a
Schlenk flask under N2 atmosphere are 2-methyl-1H-pyrrole
(13b, 3.03 g, 37.4 mmol, 1.40 eq.) and DMAP (326 mg, 2.67
mmol, 0.10 eq.) dissolved in 20 mL dry CH2Cl2. A solution of
Boc2O (5.83 g, 26.7 mmol, 1.00 eq.) in CH2Cl2 (100 mL) is
added to the pyrrole at 20 °C, turning instantly yellow, and
the reaction stirred for 18 h at 21 °C. The solvent is removed
under reduced pressure and the orange residue purified by
chromatography on silica using n-pentane/MTBE (98 : 2),
yielding 3.88 g (21.39 mmol, 80%) of a colourless liquid. δ1H
(600 MHz, CDCl3) 1.59 (9 H, s, 10-H, 11-H, 12-H), 2.43 (3 H,
d, J = 1.1 Hz, 1′-H), 5.92 (1 H, tt, J = 1.9 Hz, J = 1.0 Hz, 3-H),
6.06 (1 H, t, J = 3.3 Hz, 4-H), 7.18 (1 H, dd, J = 3.4 Hz, J = 1.8
Hz, 5). δ13C (151 MHz, CDCl3) 15.6 (C-1′), 28.2 (C-10, C-11, C-
12), 83.4 (C-9), 110.0 (C-4), 111.9 (C-3), 120.7 (C-5), 131.7 (C-
2), 149.9 (C-6). FT-IR (neat, cm−1): 2979, 2928, 1737, 1497,
1396, 1370, 1329, 1308, 1254, 1237, 1170, 1127, 1065, 983,
883, 851, 798, 772, 715, 676, 597, 552. HRMS-ESI (m/z): [M +
H]+ calculated for C10H16NO2 182.1176, found 182.1176.

1-tert-Butyloxycarbonyl 2-ethyl-1H-pyrrole (14c). Following
the general procedure for the synthesis of Boc-protected
pyrroles, 11.8 g (60.3 mmol, 48% over three steps) 1-tert-
butyloxycarbonyl 2-ethyl-1H-pyrrole (14c) was synthesised
from acetyl chloride (11c, 9.95 g, 127 mmol, 1.00 eq.) and
obtained as pale yellow liquid. δ1H (600 MHz, CDCl3) 1.23 (3
H, t, J = 7.4 Hz, 2″-H), 1.59 (9 H, s, 10-H, 11-H, 12-H), 2.87 (2
H, qd, J = 7.4 Hz, 1′-H), 5.96 (1 H, tt, J = 3.0, 3-H), 6.08 (1 H,
t, J 3.3, 4-H), 7.19 (1 H, dd, J = 3.4 Hz, 5-H). δ13C (151 MHz,
CDCl3) 13.4 (C-2″), 22.4 (C-1′), 28.2 (C-10, C-11, C-12), 83.4 (C-
9), 110.0 (C-3), 110.0 (C-4), 120.9 (C-5), 138.2 (C-2), 149.7 (C-
6). FT-IR (neat, cm−1): 2973, 2934, 2877, 1739, 1497, 1479,
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1458, 1409, 1395, 1369, 1326, 1293, 1256, 1233, 1167, 1132,
1124, 1066, 1058, 1047, 1015, 977, 953, 882, 853, 840, 814,
772, 719. HRMS-ESI (m/z): [M + H]+ calculated for C11H18NO2

196.1332, found 196.1331.
1-tert-Butyloxycarbonyl 2-propyl-1H-pyrrole (14d).

Following the general procedure for the synthesis of Boc-
protected pyrroles, 12.5 g (59.8 mmol, 52% over three steps)
1-tert-butyloxycarbonyl 2-propyl-1H-pyrrole (14d) was
synthesised from propanoic acid chloride (11d, 10.7 g, 115
mmol, 1.00 eq.) and obtained as colourless liquid. δ1H (600
MHz, CDCl3) 0.98 (3 H, t, J = 7.4 Hz, 3′-H), 1.59 (9 H, s, 10-H,
11-H, 12-H), 1.64 (2 H, h, J = 7.4 Hz, 2′-H), 2.75–2.87 (2 H, m,
1′-H), 5.95 (1 H, ddt, J = 3.0 Hz, J = 2.0 Hz, 3-H), 6.08 (1 H, t, J
= 3.3 Hz, 4-H), 7.19 (1 H, dd, J = 3.4 Hz, J = 1.8 Hz, 5-H). δ13C
(151 MHz, CDCl3) 14.1 (C-3′), 22.3 (C-2′), 28.2 (C-10, C-11, C-
12), 31.1 (C-1′), 83.3 (C-9), 110.0 (C-4), 111.0 (C-3), 120.9 (C-5),
136.5 (C-2), 149.7 (C-6). FT-IR (neat, cm−1): 3006, 2961, 2933,
2873, 1739, 1495, 1479, 1457, 1436, 1407, 1394, 1369, 1327,
1318, 1254, 1169, 1127, 1060, 1010, 972, 907, 895, 884, 849,
801, 772, 716, 599, 495. HRMS-ESI (m/z): [M + H]+ calculated
for C12H20NO2 210.1489, found 210.1488.

1-tert-Butyloxycarbonyl 2-butyl-1H-pyrrole (14e). Following
the general procedure for the synthesis of Boc-protected
pyrroles, 9.55 g (42.8 mmol, 44% over three steps) 1-tert-
butyloxycarbonyl 2-butyl-1H-pyrrole (14e) was synthesised
from butanoic acid chloride (11e, 10.3 g, 96.5 mmol, 1.00 eq.)
and obtained as pale yellow oil. δ1H (600 MHz, CDCl3) 0.94 (3
H, t, J = 7.4 Hz, 4′-H), 1.40 (2 H, h, J = 7.4 Hz, 3′-H), 1.59 (9 H,
s, 10-H, 11-H, 12-H), 1.56–1.63 (2 H, m, 2′-H), 2.80–2.88 (2 H,
m), 5.95 (1 H, td, J = 1.9 Hz, 3-H), 6.07 (1 H, t, J = 3.3 Hz,
4-H), 7.19 (1 H, dd, J = 3.4 Hz, J = 1.8 Hz, 5-H). δ13C (151
MHz, CDCl3) 14.2 (C-4′), 22.7 (C-3′), 28.2 (C-10, C-11, C-12),
28.8 (C-1′), 31.2 (C-2′), 83.3 (C-9), 110.0 (C-4), 110.8 (C-3),
120.9 (C-5), 136.7 (C-2), 149.7 (C-6). FT-IR (neat, cm−1): 2958,
2932, 2872, 2863, 1737, 1495, 1478, 1458, 1407, 1394, 1369,
1325, 1315, 1254, 1235, 1221, 1166, 1123, 1059, 1013, 999,
883, 852, 804, 772, 714, 599. HRMS-ESI (m/z): [M + H]+

calculated for C13H22NO2 224.1645, found 224.1641.
1-tert-Butyloxycarbonyl 2-pentyl-1H-pyrrole (14f). Following

the general procedure for the synthesis of Boc-protected
pyrroles, 16.9 g (71.1 mmol, 59% over three steps) 1-tert-
butyloxycarbonyl 2-pentyl-1H-pyrrole (14f) was synthesised
from pentanoic acid chloride (11f, 14.5 g, 120 mmol, 1.00
eq.) and obtained as colourless oil. δ1H (600 MHz, CDCl3)
0.84–0.97 (3 H, m, 5′-H), 1.36 (4 H, ddd, J = 7.1 Hz, 3′-H, 4′-
H), 1.59 (9 H, s), 1.62 (2 H, q, J = 7.7 Hz, 2′-H), 2.76–2.88 (2
H, m, 1′-H), 5.95 (1 H, ddt, J = 3.0 Hz, J = 2.0 Hz, 3-H), 6.07 (1
H, t, J = 3.3 Hz, 4-H), 7.19 (1 H, dd, J = 3.4 Hz, J = 1.8 Hz,
5-H). δ13C (151 MHz, CDCl3) 14.2 (C-5′), 22.7 (C-4′), 28.2 (C-
10, C-11, C-12), 28.8 (C-2′), 29.0 (C-1′), 31.8 (C-3′), 83.3 (C-9),
110.0 (C-4), 110.8 (C-3), 120.9 (C-5), 136.7 (C-2), 149.7 (C-6).
FT-IR (neat, cm−1): 2957, 2931, 2871, 2861, 1738, 1495, 1478,
1458, 1408, 1394, 1369, 1326, 1317, 1254, 1235, 1166, 1125,
1059, 1010, 963, 883, 851, 844, 800, 772, 715, 599, 560, 497,
461. HRMS-ESI (m/z): [M + H]+ calculated for C14H24NO2

238.1802, found 238.1801.

1-tert-Butyloxycarbonyl 2-hexyl-1H-pyrrole (14g). Following
the general procedure for the synthesis of Boc-protected
pyrroles, 12.1 g (48.2 mmol, 43% over three steps) 1-tert-
butyloxycarbonyl 2-hexyl-1H-pyrrole (14g) was synthesised
from hexanoic acid chloride (11g, 15.0 g, 111 mmol, 1.00 eq.)
and obtained as colourless oil. δ1H (600 MHz, CDCl3) 0.83–
0.94 (3 H, m, 6′-H), 1.24–1.35 (4 H, m, 4′-H, 5′-H), 1.34–1.42
(2 H, m, 3′-H), 1.57–1.64 (2 H, m, 2′-H), 1.59 (9 H, s, 10-H, 11-
H, 12-H), 2.77–2.86 (2 H, m, 1′-H), 5.95 (1 H, td, J = 1.9 Hz,
3-H), 6.07 (1 H, t, J = 3.3 Hz, 4-H), 7.19 (1 H, dd, J = 3.4 Hz, J
= 1.8 Hz, 5-H). δ13C (151 MHz, CDCl3) 14.2 (C-6′), 22.8 (C-5′),
28.2 (C-10, C-11, C-12), 29.1 (C-3′), 29.3 (C-2′), 31.9 (C-4′), 83.3
(C-9), 110.0 (C-4), 110.8 (C-3), 120.9 (C-5), 136.7 (C-2), 149.7
(C-6). FT-IR (neat, cm−1): 2956, 2927, 2858, 1740, 1495, 1478,
1458, 1407, 1394, 1369, 1327, 1319, 1253, 1234, 1165, 1127,
1061, 1008, 887, 851, 803, 772, 715. HRMS-ESI (m/z): [M + H]+

calculated for C15H26NO2 252.1958, found 252.1959.
General procedure for the synthesis of pyrrole-2-boronic

acids 15b–g. Following the procedure of Cai and Snider, Boc-
protected pyrrole-2-boronic acids were accessed.86 In a
Schlenk flask under N2 atmosphere n-butyl lithium (2.10 eq.,
2.5 M in hexane) is added dropwise to a solution of distilled
2,2,6,6-tetramethylpiperidine (2.00 eq.) in dry THF (2.36 mL
mmol−1 pyrrole) at −78 °C. After stirring for 15 min the
mixture is allowed to warm to 0 °C over 30 min and then
cooled again to −78 °C. In a three necked flask is Boc-2-alkyl-
1H-pyrrole 14b–g (1.00 eq.) dissolved in dry THF (4.00 mL
mmol−1 pyrrole) and cooled to −78 °C. The LiTMP is then
transferred dropwise to the pyrrolic solution in THF with a
transfer cannula. The internal temperature is constantly kept
below −70 °C and the rate adjusted if needed. The reaction
mixture is stirred for 2 h at −78 °C, before trimethyl borate
(3.00 eq.) in THF (1.07 mL mmol−1 pyrrole) is added slowly.
The solution is stirred for 15 min at −78 °C, then 30 min at 0
°C, and finally at 21 °C overnight. The reaction is quenched
at 0 °C by dropwise addition of 0.20 M HCl (aq.) (2.10 eq.).
The aqueous phase is extracted with Et2O (3 × 50 mL).
Merged organic phases are washed with water (100 mL),
brine (100 mL), and dried over MgSO4. The solvent is almost
completely removed by evaporation at room temperature
(water bath at 20 °C). The residue in Et2O/THF is tansferred
to a Schlenk flask and residual solvent is removed in vacuo
while stirring to prevent bumping and the crude product is
recovered as viscous orange solid or oil. The delicate crude
product is used without further purification for the next
synthetic step on the same day.

NMR data of crude boronic acids

(1-(tert-Butoxycarbonyl)-5-methyl-1H-pyrrol-2-yl)boronic
acid (15b). δ1H (300 MHz, CDCl3) 7.09 (2 H, brs, 7-H, 8-H),
7.00 (1 H, d, J = 3.3 Hz, 3-H), 6.01 (1 H, dd, J = 3.2 Hz, 4-H),
2.42 (3 H, s, 1′-H), 1.62 (9 H, s, 13-H, 14-H, 15-H). δ13C (76
MHz, CDCl3) 153.4 (C-9), 137.8 (C-5), 127.6 (C-3), 113.8 (C-4),
85.9 (C-12), 28.2 (C-13, C-14, C-15), 17.8 (C-1′). δ11B (96 MHz,
CDCl3) 26.5.
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(1-(tert-Butoxycarbonyl)-5-ethyl-1H-pyrrol-2-yl)boronic acid
(15c). δ1H (300 MHz, CDCl3) 7.01 (1 H, d, J = 3.4 Hz, 1-H),
6.66 (2 H, brs, H-14, H-15), 6.06 (1 H, dt, J = 3.4 Hz, 2-H),
2.83 (2 H, q, J = 7.5 Hz, 16-H), 1.63 (9 H, s, 10-H, 11-H, 12-H),
1.27–1.19 (3 H, m, 18-H). δ13C (76 MHz, CDCl3) 153.4 (C-6),
144.1 (C-3), 127.5 (C-1), 111.8 (C-2), 85.9 (C-9), 28.1 (C-10, C-
11, C-12), 24.1 (C-16), 13.9 (C-18). δ11B (96 MHz, CDCl3) 25.8.

(1-(tert-Butoxycarbonyl)-5-propyl-1H-pyrrol-2-yl)boronic
acid (15d). δ1H (300 MHz, CDCl3) 7.00 (1 H, d, J = 3.3 Hz,
1-H), 6.04 (1 H, d, J = 3.3 Hz, 2-H), 2.77 (2 H, t, J = 7.8 Hz, 16-
H), 1.67–1.58 (11 H, m, H-13, H-14, H-15, H-18), 0.97 (3 H, t, J
= 7.5 Hz, 19-H). δ13C (76 MHz, CDCl3) 153.3 (C-6), 142.2 (C-3),
127.2 (C-1), 112.8 (C-2), 85.8 (C-12), 32.8 (C-16), 28.0 (C-13, C-
14, C-15), 22.7 (C-18), 13.9 (C-19). δ11B (96 MHz, CDCl3) 25.0.

(1-(tert-Butoxycarbonyl)-5-butyl-1H-pyrrol-2-yl)boronic acid
(15e). δ1H (300 MHz, CDCl3) 7.00 (1 H, d, J = 3.3 Hz, 1-H),
6.71 (2 H, brs, 14-H, 15-H), 6.04 (1 H, d, J = 3.3 Hz, 2-H), 2.80
(2 H, t, J = 7.6 Hz, 16-H), 1.63 (9 H, s, 10-H, 11-H, 12-H),
1.62–1.52 (2 H, m, 18-H), 1.47–1.33 (2 H, m, 19-H), 0.94 (3 H,
t, J = 7.3 Hz, 20-H). δ13C (76 MHz, CDCl3) 153.4 (C-6), 142.6
(C-3), 127.4 (C-1), 112.6 (C-2), 85.9 (C-9), 31.6 (C-18), 30.6 (C-
16), 28.1 (C-10, C-11, C-12), 22.7 (C-19), 14.1 (C-20). δ11B (96
MHz, CDCl3) 25.5.

(1-(tert-Butoxycarbonyl)-5-pentyl-1H-pyrrol-2-yl)boronic
acid (15f). δ1H (300 MHz, CDCl3) 7.35 (2 H, brs, 7-H, 8-H),
7.02 (1 H, d, J = 3.4 Hz, 3-H), 6.04 (1 H, d, J = 3.4 Hz, 4-H),
2.79 (2 H, t, J = 7.7 Hz, 1′-H), 1.68–1.51 (11 H, m, 2′-H, 13-H,
14-H, 15-H), 1.40–1.28 (4 H, m, 3′-H, 4′-H), 0.96–0.85 (3 H,
mc, 5′-H). δ13C (76 MHz, CDCl3) 153.4 (C-9), 142.6 (C-5), 127.5
(C-3), 112.7 (C-4), 85.9 (C-12), 31.8 (C-3′), 30.9 (C-1′), 29.2 (C-
2′), 28.1 (C-13, C-14, C-15), 22.7 (C-4′), 14.2 (C-5′). δ11B (96
MHz, CDCl3) 23.8.

(1-(tert-Butoxycarbonyl)-5-hexyl-1H-pyrrol-2-yl)boronic acid
(15g). δ1H (300 MHz, CDCl3) 7.00 (1 H, d, J = 3.3 Hz, 1-H),
6.04 (1 H, d, J = 3.4 Hz, 2-H), 2.79 (2 H, t, J = 7.6 Hz, 16-H),
1.63 (9 H, s, 13-H, 14-H, 15-H), 1.62–1.53 (2 H, m, 18-H),
1.43–1.22 (6 H, m, 19-H, 20-H, 21-H), 0.94–0.83 (3 H, mc, 22-
H). δ13C (76 MHz, CDCl3) 153.4 (C-6), 142.6 (C-3), 127.4 (C-1),
112.6 (C-2), 85.8 (C-12), 31.9 (C-20), 30.9 (C-16), 29.5 (C-18),
29.3 (C-19), 28.1 (C-13, C-14, C-15), 22.7 (C-21), 14.2 (C-22).
δ11B (96 MHz, CDCl3) 25.5.

General procedure for the synthesis of prodiginines
16ba–bc. MBC and pyrrole derivatives were transformed to
prodiginines under acid catalysis as performed by Boger and
Patel.87 An MBC derivative 3a–g (1.00 eq.) is dissolved in
MeOH (10 mM solution). After addition of 1H-pyrrole 4a–c
(2.00 eq.), the solution is cooled to 0 °C. After 15 min of
stirring, 1.25 M HCl in MeOH (1.80 eq.) is added dropwise.
With completed HCl addition, the reaction is thawed and
then stirred at 21 °C overnight. Water is added and the
mixture then quenched with 25% NH3 (aq.). The product is
extracted with CH2Cl2 (3 × 50 mL). Merged organic phases
are dried over MgSO4 and filtered over degreased cotton
wool. After removal of the solvent, the residue is
chromatographed on silica with CH2Cl2 and 0.7% 7 N NH3 in
MeOH. Product containing fractions are merged and

chromatographed on silica with n-pentane/CH2Cl2 (60 : 40)
and 4% 7 N NH3 in MeOH to remove unconverted MBC
precursor. Evaporation of the solvent and acidification with 1
M HCl in Et2O yields a purple film that is precipitated by
repeated addition of petroleum ether. A deep purple
amorphous solid is obtained.

(Z)-4′-Methoxy-5-methyl-5′-((5-methyl-4-propyl-1H-pyrrol-2-
yl)methylene)-1H,5′H-[2,2′-bipyrrol]-1′-ium chloride (16bb).
Following the general procedure for the synthesis of
prodiginines, carbaldehyde 3b (54.0 mg, 0.26 mmol, 1.00
eq.), pyrrole 4b (65.2 mg, 0.53 mmol, 2.00 eq.) and HCl in
MeOH (381 μL, 0.48 mmol, 1.80 eq.) were converted to 60.1
mg (0.17 mmol, 66%, 95.7% ± 0.85% purity by qNMR) of a
deep purple amorphous solid. δ1H (300 MHz, CDCl3) 0.92 (3
H, t, J = 7.3 Hz, 9″-H), 1.54 (2 H, h, J = 7.4, 8″-H), 2.34 (2 H, t,
J = 7.5 Hz, 7″-H), 2.43 (3 H, s, 6-H), 2.50 (3 H, s, 6″-H), 3.94 (3
H, s, 7′-H), 5.97 (1 H, d, 3′-H), 6.03 (1 H, t, 4-H), 6.59 (1 H, d,
3″-H), 6.82 (2 H, d, 3-H, 6′-H), 12.38 (1 H, brs, 1′-NH), 12.44–
12.63 (2 H, brs, 1-NH, 1″-NH). δ13C (76 MHz, CDCl3) 12.3 (C-
6″), 13.6 (C-6), 13.9 (C-9″), 23.5 (C-8″), 27.5 (C-7″), 58.7 (C-7′),
92.6 (C-3′), 111.4 (C-4), 114.6 (C-6′), 118.9 (C-3), 121.0 (C-2),
121.3 (C-5′), 124.9 (C-2″), 127.2 (C-3″), 127.5 (C-4″), 139.6 (C-
5), 145.1 (C-5″), 147.7 (C-2′), 165.7 (C-4′). FT-IR (neat, cm−1):
3221, 3164, 3143, 3115, 3115, 3105, 3066, 3010, 2958, 2914,
2873, 2859, 2854, 2818, 1635, 1608, 1552, 1537, 1517, 1493,
1441, 1415, 1403, 1370, 1338, 1252, 1208, 1184, 1159, 1128,
1083, 1045, 995, 980, 967, 909, 891, 884, 867, 844, 823, 792,
769, 752, 743, 732, 668, 647, 638, 621, 548, 478. Tm: 158.6–
160.5 °C (petroleum ether). HRMS-ESI (m/z): [M–Cl]+

calculated for C19H24N3O 310.1914, found 310.1911. tR (LC-
MS method): 7.56 min.

(Z)-4′-Methoxy-5-methyl-5′-((5-methyl-4-pentyl-1H-pyrrol-2-
yl)methylene)-1H,5′H-[2,2′-bipyrrol]-1′-ium chloride (16ba).
Following the general procedure for the synthesis of
prodiginines, carbaldehyde 3b (100 mg, 0.49 mmol, 1.00
eq.), pyrrole 4a (148 mg, 0.98 mmol, 2.00 eq.) and HCl in
MeOH (705 μL, 0.88 mmol, 1.80 eq.) were converted to 150
mg (0.40 mmol, 82%, 89.5% ± 0.94% purity by qNMR) of a
deep purple amorphous solid. δ1H (300 MHz, CDCl3) 0.80–
0.94 (4 H, m, 11″-H), 1.30 (4 H, qq, 9″-H, 10″-H), 1.53 (2 H,
p, J = 7.4 Hz, 8″-H), 2.38 (2 H, t, J = 7.6 Hz, 7″-H), 2.45 (3
H, s, 6-H), 2.52 (3 H, s, 6″-H), 3.97 (3 H, s, 7′-H), 6.00 (1 H,
d, J 1.9, 3′-H), 6.03–6.11 (1 H, m, 4-H), 6.61 (1 H, d, 3″-H),
6.81–6.87 (2 H, m, 3-H, 6′-H), 12.44 (1 H, brs, 1′-NH), 12.54
(2 H, brs, 1-NH, 1″-NH). δ13C (76 MHz, CDCl3) 12.4 (C-6″),
13.7 (C-6), 14.2 (C-11″), 22.6 (C-10″), 25.5 (C-7″), 30.1 (C-8″),
31.6 (C-9″), 58.8 (C-7′), 92.6 (C-3′), 111.4 (C-4), 114.7 (C-6′),
118.9 (C-3), 121.1 (C-2), 121.3 (C-5′), 125.0 (C-2″), 127.3 (C-
3″), 127.8 (C-4″), 139.7 (C-5), 145.3 (C-5″), 147.7 (C-2′), 165.8
(C-4′). FT-IR (neat, cm−1): 3171, 3141, 3101, 3067, 2954,
2922, 2855, 1630, 1605, 1579, 1538, 1493, 1447, 1414, 1402,
1348, 1286, 1253, 1207, 1151, 1130, 1099, 1078, 1037, 994,
965, 899, 882, 841, 805, 785, 768, 732, 698, 666, 643, 623,
550, 502. Tm: 77.6–80.1 °C (petroleum ether). HRMS-ESI (m/
z): [M–Cl]+ calculated for C21H28N3O 338.2227, found
338.2228. tR (LC-MS method): 7.83 min.
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(Z)-4′-Methoxy-5-methyl-5′-((5-methyl-4-heptyl-1H-pyrrol-2-
yl)methylene)-1H,5′H-[2,2′-bipyrrol]-1′-ium chloride (16bc).
Following the general procedure for the synthesis of
prodiginines, carbaldehyde 3b (50.0 mg, 0.24 mmol, 1.00
eq.), pyrrole 4c (87.8 mg, 0.49 mmol, 2.00 eq.) and HCl in
MeOH (353 μL, 0.44 mmol, 1.80 eq.) were converted to 79.0
mg (0.20 mmol, 80%, 97.3% ± 0.87% purity by qNMR) of a
deep purple amorphous solid. δ1H (300 MHz, CDCl3) 0.79–
0.92 (3 H, m, 13″-H), 1.17–1.36 (8 H, m, 9″-H, 10″-H, 11″-H,
12″-H), 1.51 (2 H, p, J = 7.3 Hz, 8″-H), 2.36 (2 H, t, J = 7.5 Hz,
7″-H), 2.43 (3 H, s, 6-H), 2.50 (3 H, s, 6″-H), 3.94 (3 H, s, 7′-H),
5.97 (1 H, d, 3′-H), 6.03 (1 H, dd, 4-H), 6.59 (1 H, d, 3″-H),
6.78–6.84 (2 H, m, 3-H, 6′-H), 12.38 (1 H, brs, 1′-NH), 12.50 (2
H, brs, 1-NH, 1″-NH). δ13C (76 MHz, CDCl3) 12.3 (C-6″), 13.6
(C-6), 14.2 (C-13″), 22.8 (C-12″), 25.5 (C-7″), 29.2 (C-9″), 29.3
(C-10″), 30.3 (C-8″), 31.9 (C-11″), 58.7 (C-7′), 92.6 (C-3′), 111.4
(C-4), 114.6 (C-6′), 118.9 (C-3), 121.0 (C-2), 121.2 (C-5′), 125.0
(C-2″), 127.2 (C-3″), 127.7 (C-4″), 139.6 (C-5), 145.1 (C-5″),
147.6 (C-2′), 165.7 (C-4′). FT-IR (neat, cm−1): 3223, 3171, 3144,
3116, 3073, 3062, 2953, 2921, 2851, 1629, 1605, 1581, 1540,
1516, 1494, 1447, 1403, 1369, 1347, 1289, 1257, 1205, 1174,
1089, 1042, 976, 887, 841, 829, 818, 810, 792, 779, 765, 741,
726, 705, 683, 661, 642, 605, 543, 517, 505, 476. Tm: 120.5–
122.6 °C (petroleum ether). HRMS-ESI (m/z): [M–Cl]+

calculated for C23H32N3O 366.2540, found 366.2546. tR (LC-
MS method): 7.95 min.

(Z)-5-Ethyl-4′-methoxy-5′-((5-methyl-4-pentyl-1H-pyrrol-2-yl)
methylene)-1H,5′H-[2,2′-bipyrrol]-1′-ium chloride (16ca).
Following the general procedure for the synthesis of
prodiginines, carbaldehyde 3c (50.0 mg, 0.24 mmol, 1.00 eq.),
pyrrole 4a (87.8 mg, 0.49 mmol, 2.00 eq.) and HCl in MeOH
(353 μL, 0.44 mmol, 1.80 eq.) were converted to 79.0 mg (0.20
mmol, 80%, 94.6% ± 0.59% purity by qNMR) of a deep purple
amorphous solid. δ1H (300 MHz, CDCl3) 0.83–0.92 (3 H, m,
11″-H), 1.21–1.36 (4 H, m, 9″-H, 10″-H), 1.38 (3 H, t, J = 7.6
Hz, 7-H), 1.46–1.59 (2 H, m, 8″-H), 2.37 (2 H, t, 7″-H), 2.51 (3
H, s, 6″-H), 2.80 (2 H, q, J = 7.6 Hz, 6-H), 3.96 (3 H, s, 7′-H),
6.00 (1 H, d, J 1.9, 3′-H), 6.09 (1 H, dd, 4-H), 6.61 (1 H, d, 3″-
H), 6.79–6.89 (2 H, m, 3-H, 6′-H), 12.49 (2 H, brs, 1-NH, 1′-
NH), 12.58 (1 H, brs, 1″-NH). δ13C (76 MHz, CDCl3) 12.3 (C-
6″), 13.4 (C-7), 14.2 (C-11″), 21.6 (C-6), 22.6 (C-10″), 25.5 (C-
7″), 30.0 (C-8″), 31.6 (C-9″), 58.7 (C-7′), 92.6 (C-3′), 110.0 (C-4),
114.6 (C-6′), 118.7 (C-3), 121.1 (C-2), 121.3 (C-5′), 125.0 (C-2″),
127.3 (C-3″), 127.8 (C-4″), 145.2 (C-5″), 146.0 (C-5), 147.8 (C-
2′), 165.7 (C-4′). FT-IR (neat, cm−1): 3221, 3171, 3145, 3118,
3063, 2950, 2923, 2853, 1632, 1606, 1580, 1547, 1540, 1493,
1447, 1402, 1375, 1360, 1308, 1290, 1257, 1202, 1174, 1146,
1077, 1058, 1043, 1004, 985, 969, 887, 841, 820, 807, 785, 764,
737, 648, 626, 610. Tm: 111.9–117.3 °C (petroleum ether).
HRMS-ESI (m/z): [M–Cl]+ calculated for C22H30N3O 352.2383,
found 352.2387. tR (LC-MS method): 7.92 min.

(Z)-4′-Methoxy-5-propyl-5′-((5-methyl-4-pentyl-1H-pyrrol-2-
yl)methylene)-1H,5′H-[2,2′-bipyrrol]-1′-ium chloride (16da).
Following the general procedure for the synthesis of
prodiginines, carbaldehyde 3d (116 mg, 0.50 mmol, 1.00 eq.),
pyrrole 4a (151 mg, 1.00 mmol, 2.00 eq.) and HCl in MeOH

(719 μL, 0.90 mmol, 1.80 eq.) were converted to 116 mg (0.29
mmol, 58%, 99.5% ± 0.94% purity by qNMR) of a deep purple
amorphous solid. δ1H (300 MHz, CDCl3) 0.84–0.93 (3 H, m,
11″-H), 0.99 (3 H, t, J = 7.3 Hz, 8-H), 1.22–1.38 (4 H, m, 9″-H,
10″-H), 1.52 (2 H, p, J = 7.4 Hz, 8″-H), 1.82 (2 H, h, J = 7.4 Hz,
7-H), 2.38 (2 H, t, J = 7.6 Hz, 7″-H), 2.52 (3 H, s, 6″-H), 2.75 (2
H, t, J = 7.6 Hz, 6-H), 3.98 (3 H, s, 7′-H), 6.01 (1 H, d, 3′-H),
6.10 (1 H, dd, 4-H), 6.62 (1 H, d, 3″-H), 6.83–6.88 (2 H, m,
3-H, 6′-H), 12.51 (2 H, brs, 1-NH, 1′-NH), 12.59 (1 H, brs, 1″-
NH). δ13C (76 MHz, CDCl3) 12.4 (C-6″), 14.0 (C-8), 14.2 (C-
11″), 22.6 (C-7), 22.7 (C-10″), 25.5 (C-7″), 30.1 (C-8″), 30.4 (C-
6), 31.6 (C-9″), 58.8 (C-7′), 92.6 (C-3′), 110.7 (C-4), 114.7 (C-6′),
118.7 (C-3), 121.1 (C-2), 121.3 (C-5′), 125.0 (C-2″), 127.3 (C-3″),
127.8 (C-4″), 144.7 (C-5), 145.3 (C-5″), 147.8 (C-2′), 165.7 (C-
4′). FT-IR (neat, cm−1): 3170, 3144, 3111, 3010, 2961, 2927,
2869, 2857, 1632, 1605, 1577, 1537, 1519, 1495, 1463, 1447,
1407, 1384, 1346, 1284, 1251, 1207, 1187, 1151, 1131, 1065,
1044, 998, 972, 955, 891, 883, 836, 816, 806, 786, 728, 695,
677, 655, 623, 545, 505, 477. Tm: 105.7–107.5 °C (petroleum
ether). HRMS-ESI (m/z): [M–Cl]+ calculated for C23H32N3O
366.2540, found 366.2542. tR (LC-MS method): 8.02 min.

(Z)-5-Butyl-4′-methoxy-5′-((5-methyl-4-pentyl-1H-pyrrol-2-yl)
methylene)-1H,5′H-[2,2′-bipyrrol]-1′-ium chloride (16ea).
Following the general procedure for the synthesis of
prodiginines, carbaldehyde 3e (120 mg, 0.49 mmol, 1.00 eq.),
pyrrole 4a (147 mg, 0.97 mmol, 2.00 eq.) and HCl in MeOH
(702 μL, 0.88 mmol, 1.80 eq.) were converted to 148 mg (0.36
mmol, 73%, 99.9% ± 0.40% purity by qNMR) of a deep purple
amorphous solid. δ1H (300 MHz, CDCl3) 0.84–0.92 (3 H, m,
11″-H), 0.95 (3 H, t, 9-H), 1.23–1.35 (4 H, m, 9″-H, 10″-H),
1.35–1.45 (2 H, m, 8-H), 1.46–1.60 (3 H, m, 8″-H), 1.69–1.83 (2
H, m, 7-H), 2.38 (2 H, t, 7″-H), 2.52 (3 H, s, 6″-H), 2.77 (2 H, t,
6-H), 3.98 (3 H, s, 7′-H), 6.01 (1 H, d, 3′-H), 6.10 (1 H, dd,
4-H), 6.62 (1 H, d, 3″-H), 6.85 (2 H, d, 3-H, 6′-H), 12.51 (2 H,
brs, 1-NH, 1′-NH), 12.59 (1 H, brs, 1″-NH). δ13C (76 MHz,
CDCl3) 12.4 (C-6″), 13.9 (C-9), 14.2 (C-11″), 22.5 (C-8), 22.7 (C-
10″), 25.5 (C-7″), 28.0 (C-6), 30.1 (C-8″), 31.3 (C-7), 31.6 (C-9″),
58.8 (C-7′), 92.6 (C-3′), 110.6 (C-4), 114.6 (C-6′), 118.7 (C-3),
121.0 (C-2), 121.3 (C-5′), 125.0 (C-2″), 127.3 (C-3″), 127.8 (C-
4″), 145.0 (C-5), 145.3 (C-5″), 147.8 (C-2′), 165.7 (C-4′). FT-IR
(neat, cm−1): 3170, 3142, 3109, 3008, 2960, 2926, 2856, 1632,
1605, 1577, 1536, 1495, 1464, 1452, 1406, 1350, 1299, 1257,
1240, 1208, 1186, 1151, 1131, 1066, 1043, 1000, 972, 956, 891,
882, 837, 816, 806, 785, 732, 695, 675, 655, 545, 505, 475. Tm:
96.7–100.7 °C (petroleum ether). HRMS-ESI (m/z): [M–Cl]+

calculated for C24H34N3O 380.2696, found 380.2704. tR (LC-
MS method): 8.11 min.

(Z)-4′-Methoxy-5-pentyl-5′-((5-methyl-4-pentyl-1H-pyrrol-2-
yl)methylene)-1H,5′H-[2,2′-bipyrrol]-1′-ium chloride (16fa).
Following the general procedure for the synthesis of
prodiginines, carbaldehyde 3f (130 mg, 0.50 mmol, 1.00 eq.),
pyrrole 4a (151 mg, 1.00 mmol, 2.00 eq.) and HCl in MeOH
(719 μL, 0.90 mmol, 1.80 eq.) were converted to 100 mg (0.23
mmol, 47%, 99.9% ± 0.78% purity by qNMR) of a deep purple
amorphous solid. δ1H (300 MHz, CDCl3) 0.82–0.95 (6 H, m,
10-H, 11″-H), 1.21–1.43 (8 H, m, 8-H, 9-H, 9″-H, 10″-H), 1.45–
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1.61 (2 H, p, J = 7.3 Hz, 8″-H), 1.70–1.85 (2 H, m, 7-H), 2.38 (2
H, t, J = 7.6 Hz, 7″-H), 2.52 (3 H, s, 6″-H), 2.77 (2 H, t, 6-H),
3.98 (3 H, s, 7′-H), 6.01 (1 H, d, 3′-H), 6.10 (1 H, dd, 4-H), 6.62
(1 H, d, 3″-H), 6.83–6.88 (2 H, m, 3-H, 6′-H), 12.51 (2 H, brs,
1-NH, 1′-NH), 12.60 (1 H, brs, 1″-NH). δ13C (76 MHz, CDCl3)
12.4 (C-6″), 14.2 (C-10, C-11″), 22.5 (C-9), 22.7 (C-10″), 25.5 (C-
7″), 28.3 (C-6), 28.9 (C-7), 30.1 (C-8″), 31.6 (C-8, C-9″), 58.8 (C-
7′), 92.6 (C-3′), 110.6 (C-4), 114.6 (C-6′), 118.7 (C-3), 121.0 (C-
2), 121.3 (C-5′), 125.0 (C-2″), 127.3 (C-3″), 127.8 (C-4″), 145.0
(C-5), 145.3 (C-5″), 147.8 (C-2′), 165.7 (C-4′). FT-IR (neat,
cm−1): 3171, 3144, 3111, 3058, 3015, 2952, 2925, 2870, 2854,
1632, 1606, 1578, 1537, 1495, 1464, 1451, 1406, 1383, 1349,
1322, 1285, 1254, 1208, 1186, 1045, 971, 955, 891, 882, 836,
816, 805, 789, 731, 708, 696, 685, 675, 656, 622, 546, 505, 471.
Tm: 98.0–99.7 °C (petroleum ether). HRMS-ESI (m/z): [M–Cl]+

calculated for C25H36N3O 394.2853, found 394.2855. tR (LC-
MS method): 8.09 min.

(Z)-5-Hexyl-4′-methoxy-5′-((5-methyl-4-pentyl-1H-pyrrol-2-yl)
methylene)-1H,5′H-[2,2′-bipyrrol]-1′-ium chloride (16ga).
Following the general procedure for the synthesis of
prodiginines, carbaldehyde 3g (140 mg, 0.51 mmol, 1.00 eq.),
pyrrole 4a (154 mg, 1.02 mmol, 2.00 eq.) and HCl in MeOH
(735 μL, 0.92 mmol, 1.80 eq.) were converted to 109 mg (0.25
mmol, 48%, 99.3% ± 3.73% purity by qNMR) of a deep purple
amorphous solid. δ1H (300 MHz, CDCl3) 0.81–0.93 (6 H, m,
11-H, 11″-H), 1.20–1.42 (10 H, m, 8-H, 9-H, 9″-H, 10-H, 10”-
H), 1.52 (2 H, p, J = 7.4 Hz, 8″-H), 1.77 (2 H, p, J = 7.5 Hz,
7-H), 2.37 (2 H, t, J = 7.6 Hz, 7″-H), 2.51 (3 H, s, 6”-H), 2.75 (2
H, t, J = 7.7 Hz, 6-H), 3.96 (3 H, s, 7′-H), 5.99 (1 H, d, 3′-H),
6.08 (1 H, dd, 4-H), 6.60 (1 H, d, 3″-H), 6.84 (2 H, d, 3-H, 6′-
H), 12.47 (2 H, brs, 1-NH, 1′-NH), 12.57 (1 H, brs, 1″-NH).
δ13C (76 MHz, CDCl3) 12.3 (C-6″), 14.2 (C-11, C-11″), 22.7 (C-
10, C-10″), 25.4 (C-7″), 28.3 (C-6), 29.1 (C-7, C-8), 30.0 (C-8″),
31.6 (C-9, C-9″), 58.7 (C-7′), 92.6 (C-3′), 110.6 (C-4), 114.5 (C-
6′), 118.7 (C-3), 121.0 (C-2), 121.3 (C-5′), 125.0 (C-2″), 127.2 (C-
3″), 127.7 (C-4″), 144.9 (C-5), 145.1 (C-5″), 147.7 (C-2′), 165.7
(C-4′). FT-IR (neat, cm−1): 3171, 3144, 3115, 3072, 3015, 2953,
2919, 2868, 2855, 1636, 1613, 1580, 1549, 1539, 1497, 1466,
1450, 1421, 1407, 1386, 1362, 1333, 1293, 1263, 1253, 1215,
1204, 1185, 1157, 1129, 1101, 1092, 1044, 991, 978, 969, 891,
843, 817, 808, 782, 767, 735, 709, 694, 653, 625, 614, 553, 497,
456. Tm: 96.6–98.7 °C (petroleum ether). HRMS-ESI (m/z): [M–
Cl]+ calculated for C26H38N3O 408.3009, found 408.3017. tR
(LC-MS method): 8.30 min.

Determination of molar extinction coefficients

Prodiginines were weighed in and dissolved in acidic
EtOH (+ 4% 1 M HCl) to give a 10 mM solution. By
means of serial 1 : 10 dilutions, the stock was diluted to
10 μM in acidic EtOH. Firstly, the absorption spectra of
10 μM solutions was collected on a Shimadzu UV-1800 UV
Spectrophotometer, using the following instrument
settings: 20 °C, 200–800 nm, 1.0 nm increment, Hellma
Analytics quartz glass cuvette SUPRASIL QS (d = 10 mm
light path length).

Secondly, from the diluted 10 μM stock, three
concentrations were prepared in acidic EtOH, namely 1 μM, 3
μM and, 5 μM. The extinction was measured at 20 °C for
each concentration at 535 nm, 545 nm and at the wavelength
of maximum absorption, if the wavelength varied from the
two aforementioned and the solvent background was
subtracted on the instrument. The procedure was repeated
three times for each compound. Resulting from the Beer–
Lambert law (E = ε·c·d), the molar extinction E was plotted
against the molar concentration c and the molar extinction
coefficient ε determined from the slope of a linear regression
curve using Origin 2019 (ESI†).

Biologic procedures

Chemically competent cells of E. coli BL21 (DE3) were
transformed with of pET28a(+)-derived plasmids using the
heat-shock protocol. In detail, 50 μL of cells were thawed on
ice for 10 min and 1 μL of plasmid DNA was added.
Incubation on ice for 30 min was followed by a heat shock at
42 °C for 30 s. The cells were again incubated on ice for 10
min and 700 μL lysogeny broth (LB) medium was added to
allow cell proliferation at 37 °C for 1.5 h. Finally, the cells
were plated on LB agar, containing 50 μg mL−1 kanamycin,
and grown overnight at 37 °C.

Protein production of prodiginine ligating enzymes

Single colonies of transformed E. coli BL21 (DE3) with
pET28a(+) (empty vector, EV), pPigC_3, pET28a(+)::tamQ or
pET28a(+)::treaP were used to inoculate 50 mL of LB media
(50 μg mL−1 kanamycin) in a 250 mL Erlenmeyer flask and
incubated overnight at 37 °C and 130 RPM. The precultures
were used to inoculate 2 × 1 L of terrific broth (TB) media (50
μg mL−1 kanamycin) in 3 L baffled flasks to an optical density
at 600 nm (OD600) of 0.05 and then cultivated at 37 °C and
130 RPM. At an OD600 of 0.6–0.9, the cultures were cooled at
room temperature for 15 min and then induced by addition
of 100 μM isopropyl β-D-1-thiogalactopyranoside (IPTG). The
cultures were then transferred to 25 °C and incubated
overnight at 130 RPM. Cells were harvested by centrifugation
(15 min, 4.500 RPM, 4 °C), the supernatant discarded and
dry pellets stored at −20 °C until further use.

Cell lines and cell culture

RT-112 and RT-112res cells (kindly provided by Margaretha A.
Skowron, Michèle J. Hoffmann, and Günter Niegisch;
Department of Urology, Medical Faculty and University
Hospital Düsseldorf, Heinrich Heine University Düsseldorf)
were cultured in Dulbecco's modified Eagle medium (DMEM,
Thermo Fisher Scientific) containing 10% fetal bovine serum
(FBS, Sigma-Aldrich), 4.5 g L−1 D-glucose, 100 units mL−1

penicillin and 100 μg mL−1 streptomycin (Thermo Fisher
Scientific). The cells were cultivated and treated at 37 °C and
5% CO2 in a humidified atmosphere. RT-112res cells have
been previously described.73 Briefly, for the generation of this
cisplatin-resistant cell line, RT-112 cells were treated with
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increasing dosages of cisplatin over several months. During
cell cultivation 12 μg mL−1 cisplatin (NeoCorp, Pawtucket, RI,
USA) was added to the media of RT-112res cells with every
passage.

Cell viability assay

Viability of RT-112 and RT-112res cells was measured using
the MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide] assay. RT-122 and RT-112res cells were seeded in
96-well plates with a density of 2.5 × 103 or 5.0 × 103

cells per well, respectively. One day after seeding, cells
were treated with prodigiosin (1) or derivatives 16ba–bc
for 24 or 72 h. 5 μM staurosporine was used as a positive
control and 0.1% DMSO (PanReac AppliChem, Darmstadt,
Germany) was used as a solvent control. After the
incubation time, thiazolyl blue was added to the cells and
they were incubated at 37 °C and 5% CO2 in a
humidified atmosphere for 45 min. After removal of the
MTT-containing medium, 100 μL DMSO were added per
well for extraction of the formazan. Absorbance was
measured at 570 nm and 650 nm (reference) with a
microplate reader (BioTek, Synergy Mx). After subtraction
of the reference signal and the mean value of the positive
control from each value, the mean of the absorbance of
the solvent control was set as 100% and relative viability
was calculated for each sample. All IC50 values were
calculated using GraphPad Prism 7.01.

In vitro assay with prodiginine ligating enzymes

Cells of E. coli BL21 (DE3) with the desired pET expression
vector were resuspended after expression of the
corresponding ligating enzyme in 50 mM potassium
phosphate buffer, pH 7.0 (KPi) to a final mass concentration
of 0.2 g mL−1 and cooled on ice. To disrupt the cells,
sonication on ice was performed (40% amplitude, 3 × 5 min
with 5 min rest on ice between each cycle, 0.5 s pulse and 0.5
s rest per pulse cycle).

The 1H-pyrroles 4a–c, as well as the MBC derivatives 3a–g
were freshly dissolved in DMSO to a final concentration of 20
mM. For ATP, a 62.5 mM stock solution in water was
prepared from the disodium salt Na2-ATP × 3 H2O.

In a 1.5 mL reaction tube, 10 μL of 62.5 mM ATP, 25 μL of
20 mM MBC, and 25 μL of 20 mM pyrrole were mixed.
Subsequently, the reaction was initiated by supplementation
with 440 μL of homogenous sonicated cells in KPi buffer with
a concentration of 0.20 g mL−1 (cell debris was not removed,
as the enzymes are attached to the inner membrane). After
carefully inverting the tubes, the reactions were incubated at
30 °C and 300 RPM for a total reaction time of 4 h.
Afterwards, the analytical reactions were centrifuged (20 300
rcf, 20 min, 4 °C) and the supernatant was disposed.
Depending on the further utilisation of samples, two workup
procedures were used as follows.

In vitro assay – workup for LC-MS measurements

The cell debris was resuspended in 400 μL of MeOH,
however, the resuspension process was assisted by an
ultrasound bath. Centrifugation (20 300 rcf, 20 min, 4 °C)
was used to remove cell debris and the supernatant
transferred into a new reaction tube. MeOH was evaporated
in a vacuum centrifuge at 45 °C and the residue was taken
up in 200 μL water. Extraction with CH2Cl2 (2 × 200 μL) and
successive evaporation of the solvent provided a residue,
which was dissolved in 200 μL MeOH, filtered through a 0.45
μm syringe filter and subjected to LC-MS chromatography.

In vitro assay – workup for photographic documentation

The cell debris was resuspended in 300 μL acidic EtOH (+ 4%
1 M HCl) and the resuspension process assisted by an
ultrasound bath. Centrifugation (20 300 rcf, 20 min, 4 °C)
was used to remove cell debris and the supernatant was then
transferred into a new 1.5 mL reaction tube for
documentation (ESI†).

LC-MS parameters

Coupled LC-MS measurements were performed on a Thermo
Scientific UltiMate 3000 UHPLC instrument with an Atlantis
T3 3 μm, 3 × 100 mm column (Waters) and an ISQ-ES mass
spectrometer. Sample volumes of 5 μL were injected at a
temperature of 30 °C and a flow rate of 0.60 mL min−1. UV
detection was realised at 535 nm via photo diode array
detector. Gradient elution with MeOH + 0.1% formic acid
(solvent A) and Millipore water + 0.1% formic acid (solvent B)
allowed separation of prodiginines from MBC and pyrrole
precursors. Elution profile: −5–0 min with 10% solvent A, 0–4
min with 10–60% solvent A, 4–6 min with 60–100% solvent A,
6–13 min with 100% solvent A. The following parameters
were used for the ISQ-MS detection – mode: positive,
vaporiser temperature: 282 °C, ITT temperature: 300 °C,
source voltage positive ions: 3000 V, source voltage negative
ions: −2000 V, sheath gas pressure: 49.9 psig, aux gas
pressure: 5.7 psig, sweep gas pressure: 0.5 psig, mass area
10–1000, CID 20.

Quantification of prodiginines from LC chromatograms

Based on the measured and approximated molar extinction
coefficients for chemically synthesised prodiginine
references, quantification of prodiginines in methanolic
extracts from in vitro assays was performed. Therefore, eqn
(1.2), devised by Torsi et al., was deployed.88

c μmolμL−1! "
¼ n μmol½ #

V inj μL½ # (1:1)

with

n mol½ # ¼ E AU min½ #· F L min−1! "
·

1
ε M−1 cm−1½ #·d cm½ # (1:2)
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c: prodiginine concentration in the methanolic extract
n: mount of substance applied to chromatography
Vinj: injected volume applied to chromatography
E: integrated extinction at 535 nm
F: chromatographic flow rate
ε: molar extinction coefficient at 535 nm
d: flow cell path length
The UV traces at 535 nm and the extracted ion

chromatograms (EIC) of the appropriate m/z ratio for the
proposed products were generated from the total ion
chromatograms (TIC). EIC spectra were used to validate the
estimated product masses and UV absorbance at 535 nm was
utilised to calculate the corresponding peak areas by
integration. For quantification of prodiginines from the
methanolic extracts, the mean value of absorbance from
triplicates was used to determine the amount of substance
that had been injected to the chromatographic system (eqn
(1.2)), based on the extinction coefficients, which had been
determined experimentally or by approximation. From the
results of eqn (1.2), the concentrations in methanolic extracts
were calculated by eqn (1.1).
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B a c k gr o u n d
Hi st ori c all y,  n at ur al  pr o d u ct s  h a v e  pl a y e d  a  k e y  r ol e  
i n  dr u g  di s c o v er y.  E s p e ci all y  f or  c a n c er  a n d  i nf e cti o u s  
di s e a s e s,  n at ur e- d eri v e d  c o m p o u n d s  m a k e  u p  a  c o n -
si d er a bl e  pr o p orti o n  of  m e di c ati o n  [ 5 2 ].  Sti m ul at e d  b y  
e v ol uti o n ar y  pr e ss ur e,  pl a nt s,  f u n gi  a n d  mi cr o or g a n -
i s ms  c a n  pr o d u c e  a n  al m o st  i n e x h a u sti bl e  di v ersit y  of  
bi o a cti v e c o m p o u n d s. e s e c o m p o u n d s oft e n di s pl a y a 
c o m pl e x str u ct ur e a n d st er e o c h e mi str y, w hi c h – i n s o m e 
c a s e s – c a n h ar dl y b e mi mi c k e d b y s y nt h eti c a p pr o a c h e s 
[1 2 ].  H o w e v er,  n at ur al  c o m p o u n d s  h a v e  t h eir  pitf all s  
w h e n  it  c o m e s  t o  di s p o s a bilit y,  p urit y,  a n d  bi o a v ail -
a bilit y.  T o  o v er c o m e  t h e s e  dr a w b a c k s,  s e mi- s y nt h eti c  
a p pr o a c h e s  all o w e d  b y  a d v a n c e s  i n  g e n o mi c s,  bi oi nf or -
m ati c s  a n d  r e pli c ati n g  s y nt h e si s  h a v e  b e e n  d e pl o y e d.  
N at ur al  pr o d u ct s  c a n  t ar g et  mi s c ell a n e o u s  m ol e c ul ar  
p at h w a y s i n e u k ar y oti c c ell s a n d t h o u g h v ari o u s m et h o d s 
f or t ar g et i d e ntiÆ c ati o n h a v e b e e n d e v el o p e d i n t h e pr e vi-
o u s d e c a d e s, it r e m ai ns c h all e n gi n g t o i d e ntif y t h e m ol e c -
ul ar  t ar g et s  of  t h e s e  oft e n  hi g hl y  bi o a cti v e  m et a b olit e s  
d u e t o wi d el y v ari e d m e c h a ni s ms of a cti o n a n d di v ers e 
a n d  oft e n  m ulti pl e  t ar g et s  [ 9 ].  K n o wi n g  t h e  m e c h a-
ni s ms of a cti o n of n at ur al pr o d u ct s c a n p a v e t h e w a y t o 
t h e di s c o v er y of n e w t ar g et s a n d c ell ul ar p at h w a y s wit h 
hi g h  s p e ciÆ c it y  t o w ar d s  c a n c er o u s  c ell s  i n  or d er  t o  Æl l  
t h e e n or m o u s n e e d f or n e w t h er a p e uti c o pti o ns c a u s e d 
b y  t h er a p e uti c  f ail ur e  a s  a  r e s ult  of  dr u g  r e si st a n c e  or  
r el a p s e.

I n r e c e nt y e ars, t h e n at ur al c o m p o u n d pr o di gi o si n h a s 
b e e n  s h o w n  t o  e x ert  pr o mi si n g  bi o m e di c al  a cti viti e s.  
It  i s  a  d e e pl y  r e d  s e c o n d ar y  m et a b olit e  wit h  a  tri p y r-
r ol e str u ct ur e (r e vi e w e d i n [ 2 2 , 2 7 ]). Alt h o u g h ' o pti c all y' 
k n o w n f or c e nt uri e s, pr o di gi o si n w a s Ærs t e xtr a ct e d f r o m 
S er r ati a m ar c es c e ns  b y Wr e d e a n d H ett c h e i n 1 9 2 9 [7 5 ], 
f oll o w e d b y p arti al a n d t ot al s y nt h e s e s i n t h e 1 9 6 0s [6 0 , 
7 3 ]. I n a d diti o n t o t h e e xtr a cti o n f r o m v ari o u s b a ct eri al 
str ai ns,  pr o di gi o si n  a n d  it s  a n al o g u e s  c a n  b e  pr o d u c e d  
vi a s e mi- s y nt h eti c u n d s y nt h eti c a p pr o a c h e s [ 2 0 , 3 5 , 3 6 , 
4 5 , 7 9 ]. Pr o di gi o si n h a s b e e n s h o w n t o p o ss e ss v ari o u s 
b e n eÆ c i al e ff e ct s li k e a nti c a n c er [ 7 4 ], a nti m al ari al [8 ] a n d 
a nti mi cr o bi al [ 1 3 ] pr o p erti e s. e a nti c a n c er pr o p erti e s 
of t hi s n at ur al c o m p o u n d h a v e s o f ar b e e n li n k e d t o t h e 
m o d ul ati o n of a ut o p h a g y [ 1 0 , 3 5 , 3 6 ], l y s o s o m al a cti vit y 
[8 2 ]  or  a p o pt o si s  [3 0 ].  M e c h a ni sti c all y,  pr o di gi o si n  h a s  
b e e n d e s cri b e d a s a n  H+ / Cl−  s y m p ort er, w hi c h c a n l e a d 
t o a n al k ali z ati o n of a ci di c or g a n ell e s s u c h a s e n d o s o m e s, 
l y s o s o m e s or t h e G ol gi a p p ar at u s b y u n c o u pli n g t h e v a c-
u ol ar-t y p e  H + - A T P a s e ( V- A T P a s e) [6 1 , 6 3 ].

e  G ol gi  a p p ar at u s  i s  a n  e ss e nti al  or g a n ell e  l o c at e d  
i n  t h e  p eri n u cl e ar  r e gi o n  of  m a m m ali a n  c ell s  [3 9 ].  A s  
a  r e c ei v er  of  t h e  m aj orit y  of  t h e  e n d o pl a s mi c  r eti c u -
l u m ( E R) o ut p ut, t h e G ol gi a p p ar at u s a ct s a s t h e c e ntr al 
h u b  f or  p o st-tr a nsl ati o n al  m o diÆ c ati o ns  a n d  s orti n g  of  

pr ot ei ns a n d li pi d s f or t h e s e cr et or y p at h w a y [ 5 ]. F or it s 
pr o p er  f u n cti o ni n g,  t h e  G ol gi  i s  or g a ni z e d  i n  st a c k s  of  
Ø att e n e d  ci st er n a e  t h at  ar e  oft e n  l at er all y  li n k e d  i nt o  a  
ri b b o n-li k e  str u ct ur e.  e  o nl y  pr ot ei ns  t h at  h a v e  b e e n  
s h o w n  t o  b e  r e s p o nsi bl e  f or  e st a bli s hi n g  t h e  st a c k e d  
str u ct ur e  of  t h e  G ol gi  s o  f ar  ar e  t h e  G ol gi  r e a ss e m bl y  
st a c ki n g  pr ot ei ns  of  5 5   k D a  ( G R A S P 5 5,  pri m ar y  g e n e  
n a m e:  G O R A S P 2)  a n d  of  6 5   k D a  ( G R A S P 6 5,  pri m ar y  
g e n e n a m e: G O R A S P 1), w hi c h ar e l o c ali z e d t o t h e tr a ns 
a n d cis  ci st er n a e,  r e s p e cti v el y  [ 4 , 6 4 ]. e s e  G R A S P  
pr ot ei ns ar e p eri p h er al m e m br a n e pr ot ei ns w hi c h f or m 
tr a ns- oli g o m ers f r o m a dj a c e nt ci st er n a e t o li n k t h e G ol gi 
st a c k s i nt o a ri b b o n [ 5 8 , 7 1 , 7 6 ]. I n a d diti o n t o it s r ol e i n 
G ol gi st a c ki n g, G R A S P 5 5 h a s b e e n pr e vi o u sl y d e s cri b e d 
t o  b e  i n v ol v e d  i n  u n c o n v e nti o n al  s e cr eti o n  [1 , 5 3 ]  a n d  
a ut o p h a g y [ 4 3 , 8 0 , 8 1 ].

A ut o p h a g y  i s  a n  i ntr a c ell ul ar  c at a b oli c  pr o c e ss  i n  
w hi c h mi sf ol d e d, d a m a g e d or a g g r e g at e d pr ot ei ns a s w ell 
a s  w h ol e  c ell  or g a n ell e s  c a n  b e  d e g r a d e d  a n d  r e c y cl e d  
(r e vi e w e d i n [1 8 , 7 8 ]). L at e st a g e a ut o p h a g y i s d e p e n d-
e nt o n a ut o p h a g o s o m e-l y s o s o m e f u si o n a n d t h e h y dr o -
l a s e  a cti vit y  of  l y s o s o m al  e n z y m e s  f or  t h e  br e a k d o w n  
of  t h e  a ut o p h a gi c  c ar g o.  e  a b o v e  d e s cri b e d  al k ali z a -
ti o n  of  l y s o s o m e s  a n d  t h e  r e s ulti n g  i n hi biti o n  of  p H-
d e p e n d e nt  l y s o s o m al  h y dr ol a s e s  li k el y  r e pr e s e nt  o n e  
m e c h a ni s m  of  pr o di gi o si n- m e di at e d  a ut o p h a g y  i n hi bi -
ti o n.  I n  a d diti o n  t o  t h e  al k ali z ati o n  of  l y s o s o m e s,  pr o-
di gi o si n  h a s  pr e vi o u sl y  b e e n  d e s cri b e d  t o  bl o c k  t h e  
f u si o n of a ut o p h a g o s o m e a n d l y s o s o m e [8 2 ]. e p ot e nt 
a ut o p h a g y-i n hi bit or y  pr o p ert y  of  pr o di gi o si n  h a s  al s o  
b e e n  r e p ort e d  i n  a  pr e vi o u s  w or k  f r o m  o ur  g r o u p s,  i n  
w hi c h w e o b s er v e d t h at pr o di gi o si n r e- s e nsiti z e d ci s pl -
ati n-r e si st a nt  c ell s  t o  a p o pt oti c  c ell  d e at h  [ 6 ].  F urt h er-
m or e,  pr o di gi o si n  d eri v ati v e s  h a v e  b e e n  i d e ntiÆ e d  t h at  
di s pl a y e d m or e p ot e nt a ut o p h a g y i n hi bit or y a cti vit y t h a n 
t h e p ar e nt c o m p o u n d or t h e s y nt h eti c d eri v ati v e o b at o-
cl a x [ 3 5 , 3 6 ]. H o w e v er, n o m ol e c ul ar t ar g et of pr o di gi o si n 
h a s b e e n i d e ntiÆ e d s o f ar.

A c o m m o nl y u s e d t e c h ni q u e f or t ar g et e n g a g e m e nt i s 
t h e c ell ul ar t h er m al s hift a ss a y ( C E T S A) w hi c h i s b a s e d 
o n t h e pri n ci pl e of t h er m al st a bili z ati o n of a n i ntr a c ell u -
l ar pr ot ei n w h e n it i s b o u n d t o a s m all m ol e c ul e [2 9 , 4 6 ]. 

e t e m p er at ur e at w hi c h d e n at ur ati o n a n d irr e v ersi bl e 
pr e ci pit ati o n of a pr ot ei n o c c urs wit hi n t h er m all y tr e at e d 
c ell s  c a n  b e  s hift e d  b y  c o m pl e x ati o n  wit h  a  li g a n d  a n d  
t h e n o n- d e n at ur e d, s ol u bl e pr ot ei n f r a cti o n c a n t h e n b e 
i n v e sti g at e d b y i m m u n o bl otti n g. A h u g e a d v a nt a g e of t hi s 
m et h o d i s t h e p o ssi bilit y t o a ss e ss dr u g- pr ot ei n i nt er a c -
ti o ns u n d er p h y si ol o gi c al c o n diti o ns i n li vi n g c ell s wit h-
o ut l a b elli n g or i m m o bili z ati o n of t h e c o m p o u n d or t h e 
pr ot ei n of i nt er e st. T o a n al y z e s e v er al t h o u s a n d s of pr o -
t ei ns i n a n u n bi a s e d a p pr o a c h, C E T S A c a n b e c o m bi n e d 
wit h m ulti pl e x e d q u a ntit ati v e M S a n al y si s. i s a p pr o a c h 
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f or  i d e ntif yi n g  n o v el  pr ot ei n  t ar g et s  of  s m all  m ol e c ul e s  
i n li vi n g c ell s h a s b e e n t er m e d t h er m al pr ot e o m e pr oÆ l-
i n g ( T P P) [2 1 , 6 2 ]. R e c e ntl y, t h e T P P t e c h ni q u e h a s b e e n 
e xt e n d e d s o t h at, i n a d diti o n t o pr ot ei n t h er m al st a bilit y 
alt er n ati o n,  di ff er e n c e s  i n  pr ot ei n  a b u n d a n c e  c a n  al s o  
b e d et e ct e d i n t h e s a m e e x p eri m e nt, t er m e d r ati o- b a s e d 
t h er m al s hift a ss a y a n al y si s ( R T S A) [3 3 ].

I n  t hi s  st u d y,  w e  u s e d  t h e  T P P/ R T S A  a p pr o a c h  t o  
i d e ntif y  pr ot ei n  t ar g et s  a n d  ot h er  aff e ct e d  pr ot ei ns  of  
t h e n at ur al c o m p o u n d pr o di gi o si n. We f o u n d t h at pr o-
di gi o si n t h er m all y st a bili z e s t h e G ol gi pr ot ei n G R A S P 5 5, 
a ff e ct s l y s o s o m al pr ot ei ns a s w ell a s pr ot ei ns i n v ol v e d i n 
a ut o p h a g y, a n d t h at pr o di gi o si n tr e at m e nt s e v er el y alt ers 
t h e str u ct ur e of t h e G ol gi a p p ar at u s w hil e t h e k n o c k o ut 
of G R A S P 5 5 p artl y r e v ers e s pr o di gi o si n c yt ot o xi cit y. We 
al s o  o b s er v e d  t h at  a ut o p h a g o s o m e s  a c c u m ul at e  at  t h e  

G ol gi  a p p ar at u s  w hil e  o v er all  a ut o p h a gi c  Ø u x  i s  i n hi b -
it e d i n c ell s tr e at e d wit h pr o di gi o si n. u s, w e pr o p o s e 
G R A S P 5 5 a s a t ar g et pr ot ei n of pr o di gi o si n.

R e s ult s
Pr o di gi o si n e x hi bit s c yt ot o xi c pr o p erti e s i n  H e L a c ell s 

a n d  alt er s G ol gi a p p ar at u s m or p h ol o g y

Pr o di gi o si n ( Fi g.  1 A) h a s b e e n s h o w n t o e x ert c yt ot o xi c 
e ff e ct s  i n  v ari o u s  c a n c er  c ell  li n e s  [ 6 , 3 0 , 4 2 ].  I n  H e L a  
c ell s,  pr o di gi o si n  w a s  c o nÆr  m e d  t o  b e  hi g hl y  c yt ot o xi c  
wit h  I C5 0  v al u e s i n t h e n a n o m ol ar r a n g e b ot h aft er 2 4 h 
a n d  7 2   h  ( Fi g.   1 B).  Ai mi n g  t o  i d e ntif y  t h e  m ol e c ul ar  
m e c h a ni s m  of  pr o di gi o si n  c yt ot o xi cit y,  w e  e x a mi n e d  
if w e c o ul d o b s er v e str u ct ur al c h a n g e s i n c ell m or p h ol-
o g y  aft er  pr o di gi o si n  tr e at m e nt  t hr o u g h  tr a ns mi ssi o n  
el e ctr o n  mi cr o s c o p y  ( T E M).  We  c h o s e  1 0  a n d  1 0 0   n M 

Fi g.  1 Pr o di gi osi n e x hi bits c yt ot o xi c pr o p erti es i n  H e L a wt c ells a n d  alt ers G ol gi a p p ar at us m or p h ol o g y. A  C h e mi c al str u ct ur e of  pr o di gi osi n. B  H e L a 
wt c ells w er e tr e at e d wit h di ff er e nt c o n c e ntr ati o ns of pr o di gi osi n f or 2 4 h or 7 2 h. Aft er tr e at m e nt, c ell vi a bilit y w as m e as ur e d usi n g a t hi a z ol yl bl u e 
( M T T) ass a y. R es ults ar e s h o w n as t h e m e a n ± S E M of t hr e e i n d e p e n d e nt e x p eri m e nts p erf or m e d i n tri pli c at es f or e a c h tr e at m e nt. H e L a wt c ells 
w er e tr e at e d wit h C  D M S O, D  1 0 n M or E  1 0 0 n M pr o di gi osi n f or 2 4 h a n d eff e cts o n c ell m or p h ol o g y w er e i n v esti g at e d b y tr a ns missi o n el e ctr o n 
mi cr os c o p y. Arr o ws i n di c at e c h a n g es i n G ol gi a p p ar at us m or p h ol o g y aft er pr o di gi osi n tr e at m e nt. R e pr es e nt ati v e el e ctr o n mi cr o gr a p hs ar e s h o w n. 
S c al e b ar: 1 µ m
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pr o di gi o si n a n d a tr e at m e nt d ur ati o n of 2 4  h, si n c e c ell s 
r e m ai n e d  m o stl y  vi a bl e   u n d er  t h e s e  c o n diti o ns.  W hil e  
w e o b s er v e d di sti n ct G ol gi st a c k s wit h m ulti pl e l o n g a n d 
t hi n ci st er n a e i n v e hi cl e ( D M S O) tr e at e d c ell s ( Fi g. 1 C), 
ci st er n a e  n u m b er  a n d  l e n gt h  d e cr e a s e d  a n d  ci st er n a e  
w er e  m or e  v ol u mi n o u s  u p o n  tr e at m e nt  wit h  1 0   n M 
pr o di gi o si n ( Fi g.  1 D). Aft er tr e at m e nt wit h 1 0 0 n M pr o -
di gi o si n,  w e  o b s er v e d  a  di sti n ct  s w elli n g  of  t h e  G ol gi  
a p p ar at u s ( Fi g.  1 E).

T o  f urt h er  e x a mi n e  p ot e nti al  pr o di gi o si n  e ff e ct s  o n  
G ol gi a p p ar at u s str u ct ur e a n d f u n cti o n, w e utili z e d t h e 
br ef el di n  A ( B F A) w a s h o ut a ss a y. e f u n g al m et a b olit e 
B F A i n hi bit s E R t o G ol gi tr a ns p ort a n d c a u s e s G ol gi di s -
a ss e m bl y a n d a r e v ersi bl e r e di stri b uti o n of G ol gi ci st er -
n a e i nt o t h e E R [ 3 4 ]. e e ff e ct s of B F A tr e at m e nt c a n b e 

r e v ers e d  b y  r e m o vi n g  t h e  dr u g  a n d  all o wi n g  t h e  G ol gi  
a p p ar at u s t o r e a ss e m bl e it s str u ct ur e. F or t h e B F A w a s h -
o ut e x p eri m e nt, H e L a c ell s w er e pr e-tr e at e d wit h D M S O 
a s  a  c o ntr ol  or  wit h  1 0  or  1 0 0   n M  pr o di gi o si n.  e n, 
G ol gi a p p ar at u s str u ct ur e w a s di s a ss e m bl e d b y 2  h tr e at -
m e nt wit h B F A. T o m o nit or G ol gi r e a ss e m bl y d uri n g B F A 
w a s h o ut,  w e  i m m u n o st ai n e d  f or  t h e  G ol gi  m e m br a n e  
pr ot ei n tr a ns- G ol gi  n et w or k  gl y c o pr ot ei n  4 6  ( T G N 4 6)  
a n d  t h e  G ol gi  e n z y m e  β - 1, 4- g al a ct o s yltr a nsf er a s e  1 
( B 4 G A L T 1)  ( Fi g.  2 A)  a n d  q u a ntiÆ e d  a v er a g e  si z e  a n d  
n u m b er of st ai n e d str u ct ur e s ( Fi g.  2 B- E). Aft er i n c u b a -
ti o n wit h B F A, n or m al G ol gi str u ct ur e s ( a s d et er mi n e d b y 
T G N 4 6  or  B 4 G A L T 1  st ai ni n g)  c o m pl et el y  di s a p p e ar e d,  
a n d s m all str u ct ur e s wit h w e a k Ø u or e s c e n c e si g n al  w er e 
o b s er v e d h o m o g e n o u sl y di stri b ut e d o v er t h e c ell. I n c ell s 

Fi g.  2 Pr e-tr e at m e nt wit h pr o di gi osi n i m p airs G ol gi a p p ar at us r e ass e m bl y aft er B F A tr e at m e nt. H e L a wt c ells w er e s e e d e d o n c o v er sli ps. O n 
t h e n e xt d a y, c ells w er e tr e at e d wit h D M S O, 1 0 n M pr o di gi osi n or 1 0 0 n M pr o di gi osi n f or 2 4 h. C ells w er e w as h e d o n c e a n d tr e at e d wit h 5 μ g/ m L 
br ef el di n A ( B F A) or D M S O ( ct) f or 2 h. B F A w as w as h e d o ut wit h D P B S 4 ti m es a n d c ells w er e i n c u b at e d i n fr es h gr o wt h m e di u m t o w as h o ut ( W/ O) 
B F A f or 0/ 1 5/ 3 0/ 4 5/ 6 0/ 1 2 0 mi n. Aft er tr e at m e nt, c o v er sli ps w er e pr e p ar e d f or mi cr os c o p y. A  R e pr es e nt ati v e s e cti o ns ar e d e pi ct e d. S c al e b ar: 1 0 
µ m. B- E  T h e r el ati v e n u m b er p er c ell a n d m e a n ar e a of T G N 4 6 a n d B 4 G A LT 1 p ositi v e str u ct ur es of 1 5 r e pr es e nt ati v e i m a g es fr o m t hr e e bi ol o gi c al 
r e pli c at es f or e a c h tr e at m e nt w er e q u a ntiÆ e d usi n g I m a g eJ 1. 5 3 c
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pr e-tr e at e d  wit h  D M S O  or  1 0   n M  pr o di gi o si n,  T G N 4 6  
str u ct ur e s st art e d t o r ef or m 3 0  mi n aft er o ns et of G ol gi 
r e g e n er ati o n. D uri n g o n g oi n g B F A w a s h o ut, l e ss ( Fi g.  2 B) 
b ut  bi g g er  ( Fi g.   2 C)  T G N 4 6- p o siti v e   str u ct ur e s  r e b uilt  
u n d er t h e s e t w o c o n diti o ns, r e pr e s e nti n g t h e r e a ss e m bl y 
of t h e G ol gi a p p ar at u s. Aft er 1 2 0  mi n w a s h o ut, T G N 4 6 
d ot  si z e,  n u m b er  a n d  l o c ali z ati o n  w er e  si mil ar  t o  c ell s  
t h at h a d n ot b e e n tr e at e d wit h B F A ( ct, Fi g. 2 B a n d C). 
I n c o ntr a st, n o c h a n g e s i n d ot si z e or n u m b er f or T G N 4 6 
w er e o b s er v e d d uri n g B F A w a s h o ut i n c ell s pr e-tr e at e d 
wit h 1 0 0 n M pr o di gi o si n ( Fi g.  2 B a n d C). Dir e ctl y aft er 
G ol gi  di s a ss e m bl y,  c ell s  pr e-tr e at e d  wit h  1 0 0  n M  pr o -
di gi o si n h a d l e ss d ot s t h a n c ell s pr e-tr e at e d wit h D M S O, 
a n d t h e o v er all d ot n u m b er r e m ai n e d c o nst a nt o v er t h e 
1 2 0  mi n  p eri o d.  F urt h er m or e,  n o  r e a ss e m bl y  of  l ar g er  
str u ct ur e s w a s o b s er v e d i n c ell s pr e-tr e at e d wit h 1 0 0 n M 
pr o di gi o si n e v e n aft er 1 2 0 mi n w a s h o ut ti m e, s u g g e sti n g 
a s e v er el y di st ur b e d G ol gi r e a ss e m bl y. Si mil arl y, i n c ell s 
t h at w er e n ot e x p o s e d t o B F A t h e t y pi c al d e ns e p eri n u-
cl e ar  st ai ni n g  w a s  n ot  f o u n d,  b ut  i nst e a d  a  di ff u s e  a n d  
m or e di s p ers e d st ai ni n g i n t h e p eri n u cl e ar r e gi o n. E ss e n -
ti all y,  si mil ar  o b s er v ati o ns  w er e  m a d e  f or  t h e  s e c o n d  
m ar k er pr ot ei n, B 4 G A L T 1 ( Fi g.  2 D a n d E): a d e cr e a s e of 
d ot n u m b er a n d a n i n cr e a s e i n d ot si z e o v er ti m e f or c ell s 
pr e-tr e at e d  wit h  D M S O  or  1 0  n M  pr o di gi o si n  i n di c at -
i n g a f ull y r ef or m e d G ol gi c o m pl e x, b ut a r at h er c o nst a nt 
n u m b er  a n d  si z e  of  d ot s  i n  c ell s  pr e-tr e at e d  wit h  1 0 0  
n M  pr o di gi o si n  ( pl e a s e  n ot e  t h at  t h e  d ot  n u m b er  e v e n  
i n cr e a s e d aft er 1 2 0 mi n of B F A w a s h o ut). Ta k e n t o g et h er, 
w e  o b s er v e d  cl e ar  e ff e ct s  o n  G ol gi  str u ct ur e  a n d  r e a s -
s e m bl y u p o n pr o di gi o si n tr e at m e nt.

T h er m al pr ot e o m e pr o fi li n g i d e ntifi e s G R A S P 5 5 a s  a  t ar g et 

pr ot ei n of  pr o di gi o si n

Ta ki n g t h es e i m m e ns e e ff e ct s o n t h e G ol gi a p p ar at us i nt o 
a c c o u nt, w e n e xt ai m e d t o i d e ntif y t h e m ol e c ul ar t ar g et of 

pr o di gi osi n t o el u ci d at e t h e m e c h a nis m of a cti o n of t his 
p ot e nt  n at ur al  c o m p o u n d.  We  c h os e  t h e  T P P  a p pr o a c h  
[6 2 ] d u e t o it s a bilit y f or t ar g et pr ot ei n i d e ntiÆ c ati o n a n d 
e n g a g e m e nt i n a n u n p ert ur b e d li v e c ell s yst e m usi n g n o n-
d eri v ati z e d  pr o di gi osi n  ( Fi g.  S 1 ).  T P P  is  b a s e d  o n  t h e  
pri n ci pl e of t h er m al st a bili z ati o n ( or l ess fr e q u e ntl y d est a -
bili z ati o n) of a pr ot ei n w h e n b o u n d t o a s m all m ol e c ul e 
( or  ot h er  li g a n ds),  r es ulti n g  i n  alt er e d  pr ot ei n  m elti n g  
c h ar a ct eristi c s, a n d e x pl oit s t h e di ff er e nti al pr ot ei n d e n a -
t ur ati o n a n d irr e v ersi bl e pr e ci pit ati o n i n t h e b o u n d a n d 
u n b o u n d  st at e  u p o n  t h er m al  tr e at m e nt.  I n  c o m pl e m e nt  
t o i d e ntif y pr o di gi osi n-i n d u c e d t h er m al st a bilit y alt er n a-
ti o n of pr ot ei ns, a s is d o n e wit h t h e cl a ssi c al T P P s et u p, 
w e c h os e a n e x p eri m e nt al s et u p si mil ar t o t h at d es cri b e d 
[3 3 ], w hi c h all o w e d us t o d et e ct pr o di gi osi n- aff e ct e d dif -
f er e nti al  pr ot ei n  a b u n d a n c e  ( e. g.,  b y  diff er e nti al  pr ot ei n  
e x pr essi o n, d e gr a d ati o n or s e cr eti o n) a s w ell.

F or pr o di gi o si n-tr e at e d ( 1 0 0 n M, 6 h) H e L a c ell s, pr o -
di gi o si n- a ff e ct e d  di ff er e nti al  m elti n g  (r e c or d e d  at  t e n  
di sti n ct t e m p er at ur e p oi nt s i n t h e r a n g e b et w e e n 3 6. 5 C 
± 6 7 C) a n d a b u n d a n c e d at a w er e o bt ai n e d f or 2 4 8 0  pr o -
t ei ns s el e ct e d a c c or di n g t o t h e d at a q u alit y crit eri a of t h e 
R T S A  s oft w ar e  [ 3 3 ]  ( S u p pl e m e nt ar y  Ta bl e  S1 ).  A m o n g  
t h e  pr o di gi o si n- aff e ct e d  pr ot ei ns  ( 3 8  wit h  p o siti v e  a n d  
5 5  wit h  n e g ati v e  R T S A  di st a n c e  s c or e)  d et er mi n e d  b y  
t h e  R T S A  a n al y si s  ( Fi g.  3 A;  c o m bi n e d  t h er m al  st a bilit y  
a n d  a b u n d a n c e  e ff e ct),  G R A S P 5 5  w a s  t h e  st ati sti c all y  
m o st  si g niÆ c a nt  t h er m all y  st a bili z e d  pr ot ei n  ( Fi g.   3 B), 
s u g g e sti n g a dir e ct ( or i n dir e ct) pr o di gi o si n i nt er a cti o n. 
N o  e ff e ct  of  pr o di gi o si n  o n  G R A S P 5 5  a b u n d a n c e  w a s  
o b s er v e d ( Fi g.  3 C), i n di c ati n g t h at pr o di gi o si n d o e s n ot 
a ff e ct G R A S P 5 5 e x pr e ssi o n l e v el s ( at 1 0 0 n M wit hi n 6 h). 
M elti n g c ur v e s f or G R A S P 5 5 s h o wi n g t h e s e pr o di gi o si n 
e ff e ct s (t h er m al st a bili z ati o n wit h o ut a b u n d a n c e alt er n a -
ti o n) ar e gi v e n i n Fi g. 3 D. A s d e s cri b e d f or t h e C E T S A 
a ss a y [ 2 9 ], w e al s o q u a ntiÆ e d t h e n o n- d e n at ur e d f r a cti o n 

( S e e Æ g ur e o n n e xt p a g e.)
Fi g.  3 T h er m al pr ot e o m e pr oÆl i n g ( T P P) f or t h e i d e ntiÆ c at i o n of pr o di gi osi n t ar g ets a n d pr o di gi osi n- a ff e ct e d pr ot ei ns: G R A S P 5 5 is t h er m all y 
st a bili z e d b y tr e at m e nt wit h pr o di gi osi n. A  R T S A a n al ysis pl ot of t h e st atisti c al si g niÆ c a n c e  vs. t h e e xt e nt of t h e eff e ct of pr o di gi osi n o n pr ot ei n 
i nt e nsit y c oll at e d o v er t h e diff er e nt t e m p er at ur es. Di ff er e nti al pr ot ei n i nt e nsiti es m a y r es ult fr o m pr o di gi osi n- m e di at e d t h er m al pr ot ei n st a bilit y 
alt er n ati o n a n d/ or a c h a n g e i n pr ot ei n a b u n d a n c e ( c a us e d b y, e. g., di ff er e nti al pr ot ei n e x pr essi o n, d e gr a d ati o n or s e cr eti o n), w h er e t h es e t w o 
e ff e cts c a n n ot b e disti n g uis h e d i n t h e c urr e nt pl ot. Si g niÆ c a n t pr ot ei ns gi v e n b y  t h e R T S A s oft w ar e ar e c ol or e d i n gr e e n or r e d f or p ositi v e 
or n e g ati v e R T S A dist a n c e s c or e, r es p e cti v el y. B  V ol c a n o-li k e pl ot of t h e st atisti c al si g niÆ c a n c e vs. t h e e xt e nt of pr o di gi osi n- m e di at e d t h er m al 
pr ot ei n st a bili z ati o n ( m e a n ∆ T m  > 0) or d est a bili z ati o n ( m e a n ∆ T m  < 0). T h e c ol or c o d e r ef ers t o si g niÆ c a nt  pr ot ei ns b y R T S A (s e e p a n el A ). G R A S P 5 5 
is t h e R T S A si g niÆ c a nt  pr ot ei n wit h t h e hi g h est st atisti c al si g niÆ c a n c e  a m o n g t h e st a bili z e d pr ot ei ns a n d, t h us, a hi g hl y pr o misi n g pr o di gi osi n 
t ar g et pr ot ei n c a n di d at e. C  V ol c a n o-li k e pl ot of t h e st atisti c al si g niÆ c a n c e  vs. t h e e xt e nt of pr o di gi osi n- m e di at e d c h a n g e i n pr ot ei n a b u n d a n c e 
( hi g h er or l o w er f or m e a n  l o g2  r ati o > 0 or < 0, r es p e cti v el y) c al c ul at e d fr o m pr ot ei n i nt e nsiti es at 3 6. 5 C. T h e c ol or c o d e r ef ers t o si g niÆ c a nt  
pr ot ei ns b y R T S A (s e e p a n el A ). D  M elti n g c ur v es (s oli d li n es) of G R A S P 5 5 fr o m pr o di gi osi n or D M S O tr e at e d c ells ( R T S A s oft w ar e o ut p ut of T P P- T R 
a n al ysis). D at a p oi nts a n d w his k ers r e pr es e nt t h e arit h m eti c m e a n ± S D of t hr e e r e pli c at es. D at a p oi nts f or t e m p er at ur es s h o wi n g si g niÆ c a nt  
i nt e nsit y diff er e n c es ar e d as h- b o x e d, n e xt t o w hi c h t h e c oll ati o n r ati o a n d ( u n c orr e ct e d) p- v al u e ar e gi v e n. T h e t h er m al st a bili z ati o n of G R A S P 5 5 
b y  pr o di gi osi n ( wit h a m e a n m elti n g p oi nt diff er e n c e of 2. 1 C) is i n di c at e d b y d as h e d li n es a n d a m e as ur e f or st atisti c al si g niÆ c a n c e  is pr o vi d e d 
(-l g( p), s a m e as y- a xis of p a n el B ). E  I m m u n o bl otti n g f or G R A S P 5 5 pr ot ei n q u a ntiÆ c at i o n fr o m t h e n o n- d e n at ur e d pr ot ei n fr a cti o ns of pr o di gi osi n 
or D M S O tr e at e d H e L a c ells ( C E T S A). F  M elti n g c ur v es of G R A S P 5 5 fr o m q u a ntit ati v e i m m u n o bl otti n g ( C E T S A, s e e p a n el E ) usi n g t h e s a m e R T S A 
a n al ysis a n d r e pr es e nt ati o n as f or T P P- T R (s e e p a n el D ). T h e t h er m al st a bili z ati o n of G R A S P 5 5 b y pr o di gi osi n w as c o nÆr  m e d
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of  G R A S P 5 5  b y  i m m u n o bl otti n g  ( Fi g.   3 E  a n d  F)  a n d,  
t h u s, v ali d at e d a n d v eriÆ e d t h e pr o di gi o si n-i n d u c e d st a-
bili z ati o n of G R A S P 5 5 a s d et e ct e d b y M S - b a s e d T P P- T R.

A S T RI N G pr ot ei n ± pr ot ei n a ss o ci ati o n n et w or k a n al y -
si s [ 6 6 ] of t h e 9 3 pr o di gi o si n- aff e ct e d pr ot ei ns r e v e al e d 

s e v er al  cl u st ers  i n cl u di n g  f att y  a ci d  m et a b oli s m,  l y s o -
s o m e,  a n d  a ut o p h a g y  a ss o ci at e d  pr ot ei ns  ( Fi g.  S 2 ). 
M or e o v er,  2 2  of  t h e s e  9 3  pr ot ei ns  ar e  a ss o ci at e d  wit h  
t h e  G ol gi  a p p ar at u s  ( G O: 0 0 0 5 7 9 4),  t h er e of  t w el v e  wit h  
t h e G ol gi m e m br a n e ( G O: 0 0 0 0 1 3 9), a n d t h er e of si x wit h 

Fi g.  3 ( S e e l e g e n d o n pr e vi o us p a g e.)
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G ol gi- a ss o ci at e d  v e si cl e s  ( G O: 0 0 0 5 7 9 8).  C o nsi d eri n g  
t h e s e s e c o n d ar y pr o di gi o si n- m e di at e d eff e ct s, t h e G ol gi 
pr ot ei n  G R A S P 5 5,  alt h o u g h  n ot  a  c e ntr al  n o d e  i n  t h e  
pr ot ei n n et w or k, r e pr e s e nt s a hi g hl y i nt er e sti n g p ot e nti al 
dir e ct ( or i n dir e ct) m ol e c ul ar t ar g et c a n di d at e of pr o di gi -
o si n, a s it h a s b e e n pr e vi o u sl y d e s cri b e d t o b e i n v ol v e d i n 
u n c o n v e nti o n al s e cr eti o n [ 1 , 5 3 ] a n d i n p h y si c all y li n ki n g 
a ut o p h a g o s o m e s wit h l y s o s o m e s [ 8 0 ].

G R A S P 5 5 i s  st a bili z e d at  l o w n a n o m ol ar pr o di gi o si n 

c o n c e ntr ati o n s

T o i n v esti g at e t h e a ffi nit y of pr o di gi osi n t o p ot e nti al pr o -
t ei n t ar g ets, w e esti m at e d t h e pr o di gi osi n c o n c e ntr ati o n at 
w hi c h 5 0 % of t h e st a bili zi n g e ff e ct c a n b e o bs er v e d  ( E C5 0 : 
h alf- m a xi m al e ff e cti v e c o n c e ntr ati o n,  p E C 5 0 : n e g ati v e d e c-
a di c l o g arit h m of  E C 5 0  o n t h e m ol ar s c al e) b y T P P c o m-
p o u n d c o n c e ntr ati o n r a n g e ( T P P- C C R) [ 6 2 ]. I n c o ntr ast t o 
T P P- T R p erf or m e d at di ff er e nt d e n at ur ati o n t e m p er at ur es 
a n d Æ x e d pr o di gi osi n c o n c e ntr ati o ns, f or T P P- C C R, H e L a 
c ells w er e tr e at e d wit h di ff er e nt c o n c e ntr ati o ns of pr o di gi -
osi n f or 6 h a n d s u bs e q u e ntl y h e at e d f or 3 mi n at a Æ x e d 
t e m p er at ur e of 5 0 C, ar o u n d w hi c h m ost pr ot ei ns e x hi bit 
p arti al  m elti n g  a n d,  if  pr es e nt,  s m all  m ol e c ul e  i n d u c e d  
e ff e cts  o n  m elti n g  c h ar a ct eristi cs  [ 6 2 ].  I n  li n e  wit h  t h e  
T P P- T R r es ults, t h e v ast m aj orit y of pr ot ei ns ( 3 7 4 1 of 4 1 3 9 
pr ot ei ns wit h at l e ast t w o r e pli c at es of f ull d os e r es p o ns e 
d at a e x cl u di n g c o nt a mi n a nts, r e v ers e hits a n d o nl y b y sit e 
i d e ntiÆ c ati o ns;  S u p pl e m e nt ar y  Ta bl e  S2 )  r e m ai n e d  u n af-
f e ct e d b y pr o di gi osi n tr e at m e nt i n t h es e T P P- C C R e x p eri-
m e nts,  r at e d  b y  a  ps e u d o- c o e ffi ci e nt  of  d et er mi n ati o n  
( ps e u d o- R2 ; t h e t er m ™ ps e u d o  r ef ers t o e m pl o yi n g a n o n-
li n e ar  m o d el)  b el o w  0. 8  of  t h e  si g m oi d al  d os e  r es p o ns e  
c ur v e  Æ t.  Wit h  ps e u d o- R 2  ≥  0. 8,  1 6 2  pr ot ei ns  e x hi bit e d  
i n cr e asi n g ( Fi g. 4 A) a n d 2 3 6 pr ot ei ns d e cr e asi n g ( Fi g.  4 B) 
d os e r es p o ns e c h ar a ct eristi cs. T o disti n g uis h t h er m al ( d e)
st a bili z ati o n fr o m a b u n d a n c e e ff e cts, a c o ntr ol d at a s et at 
3 7 C w as g e n er at e d. I n c as e of p ur e t h er m al st a bilit y alt er -
ati o n, t h e a bs e n c e of d os e r es p o ns e e ff e cts is e x p e ct e d at 3 7 
C, w h er e as a n a b u n d a n c e e ff e ct w o ul d l e a d t o si mil ar d os e 
r es p o ns e c h ar a ct eristi cs at 3 7 C as f or 5 0 C a n d, t h us, t o 
si mil ar ps e u d o- R 2  v al u es at b ot h t e m p er at ur es, i. e., a l o w 
ps e u d o- R 2  ( 5 0 C ± 3 7 C) di ff er e n c e ( e n c o d e d b y t h e p oi nt 
si z e i n Fi g. 4 A a n d B). Of t h e 1 6 2 pr ot ei ns wit h i n cr e asi n g 
d os e r es p o ns e c h ar a ct eristi cs at 5 0 C ( Fi g.  4 A), G R A S P 5 5 
w as  a ff e ct e d  at  t h e  l o w est  pr o di gi osi n  c o n c e ntr ati o n  
 ( p E C5 0  =  8. 5 8  ± 0. 0 6,  E C 5 0  =  2. 6   n M,  Fi g.   4 C)  wit h  a  v er y  
hi g h ps e u d o- R 2  ( 0. 9 7), w h er e as, f or s a m pl es tr e at e d at 3 7 
C, n o d os e r es p o ns e e ff e cts w er e o bs er v e d f or G R A S P 5 5 
( Fi g. 4 D). We c o n cl u d e t h at G R A S P 5 5 is st a bili z e d at l o w 
n a n o m ol ar  pr o di gi osi n  c o n c e ntr ati o ns  at  a  st e a d y  a b u n -
d a n c e l e v el, s u g g esti n g, t o g et h er wit h t h e e ff e cts o n G ol gi 
a p p ar at us str u ct ur e, G R A S P 5 5 as a hi g hl y pr o b a bl e dir e ct 
( or i n dir e ct) t ar g et of pr o di gi osi n.

Of t h e pr ot ei n s e x hi biti n g d o s e r e s p o n s e c h ar a ct eri s -
ti c s at 5 0 C wit h n e g ati v e sl o p e, i. e., d e c r e a si n g i nt e n -
sit y ( Fi g.  4 B), t h e ni n e pr ot ei n s wit h t h e hi g h e st  p E C 5 0  
( u n d erli n e d i n Fi g. 4 B) ar e all a s s o ci at e d wit h t h e l y s o -
s o m e  ( U ni Pr ot  a n n ot at e d  k e y w or d  K W- 0 4 5 8)  a n d  
e x hi bit si mil ar p s e u d o- R 2  v al u e s f or 5 0 C a n d 3 7 C (l o w 
p s e u d o- R 2  ( 5 0 C ± 3 7 C) di ff er e n c e e x pr e s s e d b y s m all 
d at a p oi nt s  i n  Fi g.   4 B),  i n di c ati n g  a  d e c r e a s e  i n  a b u n -
d a n c e,  e. g.,  b y  d o w nr e g ul ati o n,  d e g r a d ati o n  or  s e c r e -
ti o n. i s r e s ult i s i n li n e wit h t h e a b u n d a n c e d e c r e a s e 
of t h e si mil ar l y s o s o m al pr ot ei n cl u st er o b s er v e d f or t h e 
T P P- T R  e x p eri m e nt s  ( Fi g.   3 C  a n d  S 2 ). e  ot h er  t w o  
pr ot ei n s wit h  p E C 5 0  > 8 ( H A D H A/ B) w er e m ai nl y t h er -
m all y d e st a bili z e d (r el ati v el y hi g h p s e u d o- R 2  ( 5 0 C ± 3 7 
C) di ff er e n c e) i n a c c or d a n c e wit h t h e T P P- T R r e s ult s, 
w h er e t h e y g r o u p e d i n t h e f att y a ci d m et a b oli s m pr ot ei n 
cl u st er ( Fi g. S 2 ).

K n o c k o ut of  G R A S P 5 5 i n hi bit s pr o di gi o si n c yt ot o xi cit y 

a n d  alt er s pr o di gi o si n e ff e ct s o n  t h e G ol gi a p p ar at u s

T h e  T P P   r e s ult s  a n d  t h e  r e s ult s   of  t h e  ult r a st r u c -
t u r al  a n al y si s  of  t h e  G ol gi  a p p a r at u s  e n c o u r a g e d  u s  
t o  i n v e sti g at e  p r o di gi o si n  c yt ot o xi cit y  i n  c ell s  d efi -
ci e nt  f o r  G R A S P 5 5.  F o r  t h at  p u r p o s e,  w e  g e n e r at e d  
a G R A S P 5 5 K O H e L a c ell li n e a s d e s c ri b e d b y B e ki e r 
et   al.  ( Fi g.   5 A)  [ 5 ].  I n  G R A S P 5 5  K O  c ell s,  p r o di gi-
o si n  still  di s pl a y e d  a  hi g h  c yt ot o xi cit y  ( Fi g.   5 B),  b ut  
 I C5 0  v al u e s  w e r e  si g nifi c a ntl y  i n c r e a s e d  i n  c o m p a ri -
s o n  t o  H e L a  wil d -t y p e  ( wt)  c ell s  aft e r  b ot h  2 4  a n d  
7 2  h ( Fi g.  5 C). Aft e r 2 4  h t r e at m e nt wit h p r o di gi o si n, 
t h e  I C5 0  v al u e of K O c ell s i s a p p r o xi m at el y t h r e ef ol d 
hi g h e r  t h a n  i n  wt  c ell s.  T h e s e  r e s ult s  s u g g e st  t h at  
c yt ot o xi c  eff e ct s  of  p r o di gi o si n  p a rti all y  d e p e n d  o n  
G R A S P 5 5 a n d/ o r it s c ell ul a r f u n cti o n.

Utili zi n g  T E M,  s e v e r e  c h a n g e s  i n  G ol gi  a p p a r at u s  
m o r p h ol o g y  aft e r  t r e at m e nt  wit h  p r o di gi o si n  b e c a m e  
a p p a r e nt  i n  H e L a  wt  c ell s  ( s e e  Fi g.   1 B- D).  Si n c e  
G R A S P 5 5 i s a m aj o r p r ot ei n f o r t h e st a c ki n g of t h e t r a ns 
G ol gi ci st e r n a e, w e d e ci d e d t o i n v e sti g at e t h e i nØ u e n c e 
of p r o di gi o si n t r e at m e nt o n G ol gi a p p a r at u s st r u ct u r e i n 
G R A S P 5 5 K O c ell s ( Fi g.  5 D). It h a s b e e n s h o w n p r e vi -
o u sl y t h at d el eti o n of G R A S P 5 5 l e a d s t o a n i m p ai r m e nt 
of t h e G ol gi st a c ki n g, a s di s pl a y e d i n p a rtl y s w oll e n a n d 
s h o rt e r G ol gi ci st e r n a e a n d a hi g h e r f r e q u e n c y of di s -
o r g a ni z e d G ol gi m e m b r a n e s [ 5 ]. B ot h p r o di gi o si n t r e at-
m e nt a n d G R A S P 5 5 K O r e s ult e d i n a r e d u c e d ci st e r n a e 
l e n gt h ( Fi g.  5 E) a n d ci st e r n a e n u m b e r p e r G ol gi st a c k 
( Fi g. 5 F), b ut e ff e ct s of G R A S P 5 5 K O a n d p r o di gi o si n 
t r e at m e nt w e r e n ot a d diti v e. Q u a ntiÆ c ati o n of t h e T E M 
i m a g e s  r e v e al e d  t h at  t h e  r ati o  b et w e e n  di s o r g a ni z e d  
m e m b r a n e s a n d di sti n g ui s h a bl e G ol gi st a c k s w a s cl e a rl y 
i n c r e a s e d aft e r t r e at m e nt wit h 1 0 n M p r o di gi o si n c o m -
p a r e d t o t h e D M S O c o nt r ol i n H e L a wt c ell s ( Fi g.  5 G). 
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I n  c o nt r a st,  n o  c h a n g e  i n  t h e  r ati o  b et w e e n  di s o r g a n -
i z e d  m e m b r a n e s  a n d  di sti n g ui s h a bl e  G ol gi  st a c k s  w a s  
o b s e r v e d  i n  H e L a  G R A S P 5 5  K O  c ell s  aft e r  t r e at m e nt  
wit h  1 0   n M  p r o di gi o si n.  S e v e r e  st r u ct u r al  c h a n g e s  of  
t h e G ol gi a p p a r at u s c o ul d b e o b s e r v e d i n b ot h wt a n d 
K O c ell s aft e r 2 4  h t r e at m e nt wit h 1 0 0  n M p r o di gi o si n. 
N o w ell- o r g a ni z e d G ol gi c o ul d b e o b s e r v e d i n t h e p e ri -
n u cl e a r r e gi o n, i n st e a d w e f o u n d g r o u p s of v a c u ol e s a n d 

i r r e g ul a rl y  dil at e d  n o n- st a c k e d  ci st e r n a e.  I n  a d diti o n,  
w e cl a s siÆ e d G ol gi st r u ct u r e s i nt o c o nt ai ni n g p r e d o mi -
n a ntl y Ø at o r b ul k y/ s w oll e n ci st e r n a e ( Fi g.   5 H). Tr e at -
m e nt  wit h  1 0   n M  p r o di gi o si n  r e d u c e d  t h e  a m o u nt  of  
m ai nl y  Ø at  ci st e r n a e  i n  wt  c ell s,  b ut  n ot  i n  G R A S P 5 5  
K O,  w h e r e a s  t r e at m e nt  wit h  1 0 0   n M  p r o di gi o si n  
r e s ult e d c ell li n e-i n d e p e n d e ntl y i n h e a vil y dil at e d G ol gi 
st r u ct u r e s.

Fi g.  4 G R A S P 5 5 is st a bili z e d at l o w n a n o m ol ar pr o di gi osi n c o n c e ntr ati o ns. F or t h er m al pr ot e o m e pr oÆl i n g c o m p o u n d c o n c e ntr ati o n r a n g e 
( T P P- C C R) e x p eri m e nts, H e L a wt c ells w er e tr e at e d wit h t e n diff er e nt c o n c e ntr ati o ns of pr o di gi osi n f or 6 h, h ar v est e d, a n d c ell s us p e nsi o ns w er e 
e x p os e d t o a s h ort ( 3 mi n) c o nst a nt t e m p er at ur e tr e at m e nt at 5 0 C ( or 3 7 C t o t est f or a b u n d a n c e e ff e cts). C ells w er e l ys e d a n d t h e n o n- d e n at ur e d 
pr ot ei n fr a cti o n w as r e c o v er e d aft er c e ntrif u g ati o n f oll o w e d b y q u a ntit ati v e M S a n al ysis as d es cri b e d f or T P P- T R, r es ulti n g i n d os e r es p o ns e 
c h ar a ct eristi cs f or pr o di gi osi n- a ff e ct e d pr ot ei ns. A  Pl ot of t h e d os e r es p o ns e c ur v e Æt ti n g p ar a m et ers ps e u d o- R2  ( pr ot ei ns wit h a ps e u d o- R2  

v al u e of > 0. 8 w er e c o nsi d er e d t o h a v e pr o di gi osi n d os e ±res p o ns e c h ar a ct eristi cs) vs.  p E C 5 0  (t h e n e g ati v e d e c a di c l o g arit h m of t h e h alf- m a xi m al 
e ff e cti v e c o n c e ntr ati o n) f or pr ot ei ns e x hi biti n g i n cr e asi n g i nt e nsiti es at i n cr e asi n g pr o di gi osi n c o n c e ntr ati o ns ( p ositi v e d os e r es p o ns e). T h e 
d at a p oi nt di a m et er e n c o d es t h e ps e u d o- R 2  ( 5 0 C ± 3 7 C) di ff er e n c e ( hi g h f or s ol el y ( d e)st a bili z e d pr ot ei ns, l o w f or s ol el y a b u n d a n c e a ff e ct e d 
pr ot ei ns). Pr ot ei ns wit h  p E C 5 0  > 8  ( E C5 0  < 1 0 n M) ar e l a b el e d. G R A S P 5 5 is t h e pr ot ei n aff e ct e d (st a bili z e d) at t h e l o w est pr o di gi osi n c o n c e ntr ati o ns 
a m o n g t h e pr ot ei ns wit h p ositi v e d os e r es p o ns e. B  S a m e r e pr es e nt ati o n as f or p a n el A  b ut f or pr ot ei ns wit h n e g ati v e d os e r es p o ns e. L ys os o m e 
ass o ci at e d pr ot ei ns ( U ni Pr ot a n n ot at e d k e y w or d K W- 0 4 5 8) ar e u n d erli n e d. C  D os e r es p o ns e c h ar a ct eristi cs a n d Æt ti n g r es ults f or G R A S P 5 5 at 5 0 
C. D at a p oi nts a n d w his k ers r e pr es e nt t h e arit h m eti c m e a n ± S D of t hr e e r e pli c at es a n d t h e Æt t e d d os e r es p o ns e c ur v e is s h o w n i n r e d. D  S a m e 
r e pr es e nt ati o n as i n p a n el C  b ut f or 3 7 C, wit h t h e a bs e n c e of a d os e ±res p o ns e e ff e ct (irr el e v a nt ps e u d o- R 2 <   < 0. 8) r e pr es e nt e d b y a t hi n d ott e d Æt  
c ur v e (i n r e d)
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Si n c e  alt e r ati o n s  i n  G ol gi  a p p a r at u s  m o r p h ol -
o g y  h a v e  b e e n  a s s o ci at e d  wit h  alt e r e d  p r ot ei n  s e c r e -
ti o n  [7 7 ],  w e  i n v e sti g at e d  c ell ul a r  s e c r eti o n  i n  H e L a  
wt a n d H e L a G R A S P 5 5 K O c ell s aft e r t r e at m e nt wit h 

1 0 0 n M p r o di gi o si n f o r 2 4 h ( Fi g.  S 3 ). B e si d e p r of o u n d 
c h a n g e s  i n  t h e  p att e r n  of  s e c r et e d  p r ot ei n s  i n d u c e d  
b y  G R A S P 5 5  k n o c k o ut,  w e  f o u n d  al s o  p r o di gi o si n-
m e di at e d a b u n d a n c e c h a n g e s of c e rt ai n p r ot ei n g r o u p s 

Fi g.  5 K n o c k o ut of G R A S P 5 5 i m p airs pr o di gi osi n c yt ot o xi cit y a n d alt ers pr o di gi osi n e ff e cts o n t h e G ol gi a p p ar at us. A  G R A S P 5 5 w as k n o c k e d 
o ut i n H e L a wt c ells a n d K O w as v eriÆ e d b y w est er n bl ot. B  H e L a wt a n d H e L a G R A S P 5 5 K O c ells w er e tr e at e d wit h diff er e nt c o n c e ntr ati o ns 
of pr o di gi osi n f or 2 4 h. Aft er tr e at m e nt, c ell vi a bilit y w as m e as ur e d usi n g a t hi a z ol yl bl u e ( M T T) ass a y. R es ults ar e s h o w n as t h e m e a n ± S E M 
of t hr e e i n d e p e n d e nt e x p eri m e nts p erf or m e d i n tri pli c at es f or e a c h tr e at m e nt. C   I C5 0  v al u es a n d st atisti c al a n al ysis f or M T T ass a ys i n H e L a wt 
a n d H e L a G R A S P 5 5 K O c ells aft er 2 4 a n d 7 2 h tr e at m e nt wit h pr o di gi osi n. Pl e as e n ot e t h at t h e M T T ass a y f or H e L a wt c ells w as i n d e p e n d e nt 
fr o m t h e o n e s h o w n i n Fi g.  1 B; a c c or di n gl y,  I C 5 0  v al u es sli g htl y diff er. ( D- H ) H e L a wt a n d H e L a G R A S P 5 5 K O c ells w er e tr e at e d wit h D M S O, 1 0 n M 
or 1 0 0 n M pr o di gi osi n f or 2 4 h a n d e ff e cts o n G ol gi a p p ar at us str u ct ur e w er e i n v esti g at e d b y tr a ns missi o n el e ctr o n mi cr os c o p y. D  R e pr es e nt ati v e 
el e ctr o n mi cr o gr a p hs ar e s h o w n. S c al e b ar: 2 0 0 n m. E  Cist er n a e l e n gt h a n d F  cist er n a e n u m b er p er st a c k w er e q u a ntiÆ e d. G  G ol gi st a c ks w er e 
c at e g ori z e d i nt o or g a ni z e d (st a c k e d str u ct ur es wit h t hr e e or m or e cist er n a e) a n d dis or g a ni z e d ( m ulti pl e u nst a c k e d cist er n a e a n d v esi cl es). 
H  St a c ks w er e cl assiÆ e d as c o nt ai ni n g m ai nl y Ø at  or m ai nl y b ul k y/s w oll e n cist er n a e. At l e ast 5 0 G ol gis p er tr e at m e nt w er e q u a ntiÆ e d aft er bli n di n g 
a n d r a n d o mi z ati o n. B ars r e pr es e nt t h e m e a ns ± S D. p v al u es w er e d et er mi n e d b y or di n ar y o n e- w a y A N O V A wit h D u n n ett¬ s p ost h o c t est. * p  < 0. 0 5; 
** p  < 0. 0 1; *** p  < 0. 0 0 1; **** p  < 0. 0 0 0 1
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di ff e ri n g  b et w e e n  wt  a n d  K O  c ell s.  N ot a bl y,  p r ot ei n s  
c o nt ai ni n g si g n al p e pti d e s ( S P) –  w hi c h mi g ht r e p r e s e nt 
cl a s si c all y  s e c r et e d  p r ot ei n s – s h o w e d  hi g h e r  a b u n -
d a n c e s  i n  t h e  s e c r et o m e  of  G R A S P 5 5  K O  c ell s  u p o n  
p r o di gi o si n  t r e at m e nt  w hi c h  w a s  n ot  a p p a r e nt  i n  wt  
c ell s. F u rt h e r m o r e, p r ot ei n s a s s o ci at e d wit h t h e e xt r a -
c ell ul a r  m at ri x  ( E C M)  a n d  t h e  l y s o s o m e  w e r e  hi g h e r  
a b u n d a nt aft e r p r o di gi o si n t r e at m e nt e x cl u si v el y i n K O 
c ell s. Ta k e n t o g et h e r, t h e s e r e s ult s s u p p o rt t h e h y p ot h -
e si s  t h at  t h e  G ol gi  st a c ki n g  p r ot ei n  G R A S P 5 5  r e p r e -
s e nt s a p r ot ei n t a r g et of p r o di gi o si n.

Pr o di gi o si n tr e at m e nt l e a d s t o  t h e a c c u m ul ati o n 

of  a ut o p h a g o s o m e s at  t h e G ol gi a p p ar at u s a n d  bl o c k s 

a ut o p h a gi c fl u x

It  h a s  b e e n  pr e vi o u sl y  r e p ort e d  t h at  G R A S P 5 5  p ar-
ti ci p at e s  i n  t h e  a ut o p h a gi c  pr o c e ss  b y  pr o m oti n g  
a ut o p h a g o s o m e-l y s o s o m e f u si o n t hr o u g h bi n di n g t o t h e 
a ut o p h a g o s o m e- b o u n d  u bi q uiti n-li k e  pr ot ei n  mi cr ot u -
b ul e- a ss o ci at e d  pr ot ei ns  1 A/ 1 B  li g ht  c h ai n   3  ([ M A P 1]
L C 3; L C 3 h er e aft er) [ 8 1 ]. Si n c e m o d ul ati o n of a ut o p h a g y 

h a s b e e n r e p ort e d a s o n e m e c h a ni s m of a cti o n of pr o di g -
i o si n a n d it s d eri v ati v e s b y ot h ers a n d u s [6 , 1 0 , 3 5 , 3 6 , 
8 2 ], o ur n e xt ai m w a s t o i n v e sti g at e if pr o di gi o si n m o d-
ul at e s  t h e  i nt er pl a y  b et w e e n  G R A S P 5 5  a n d  a ut o p h a g y  
b y  a n al y zi n g  t h e  s u b c ell ul ar  l o c ali z ati o n  of  G R A S P 5 5  
a n d  L C 3  u p o n  tr e at m e nt  wit h  di ff er e nt  c o n c e ntr ati o ns  
of  pr o di gi o si n  or  t h e  l at e- st a g e  a ut o p h a g y  i n hi bit or  
b aÆl o m y ci n    A1    ( B af A1 )  a s  a  c o ntr ol  ( Fi g.  6 A).  Aft er  all  
a p pli e d tr e at m e nt s, G R A S P 5 5 w a s o b s er v e d i n t h e p eri -
n u cl e ar r e gi o n, w hi c h i s c o nsi st e nt wit h t h e l o c ali z ati o n 
of t h e G ol gi a p p ar at u s i n lit er at ur e [ 7 7 ]. e n u m b er of 
G R A S P 5 5  d ot s/ c ell  r e m ai n e d  u n alt er e d  u p o n  di ff er e nt 
tr e at m e nt s  ( Fi g.  6 B).  I nt er e sti n gl y,  aft er  tr e at m e nt  wit h  
all c o n c e ntr ati o ns of pr o di gi o si n, b ut n ot  B af A1 , t h e m e a n 
ar e a of G R A S P 5 5 d ot s w a s si g niÆ c a ntl y i n cr e a s e d c o m -
p ar e d t o t h e D M S O c o ntr ol ( Fi g.  6 C). e s e r e s ult s ar e 
i n li n e wit h t h e o b s er v ati o n of a n e nl ar g e d G ol gi i n T E M 
a n d B F A w a s h o ut a ss a y s. L C 3- p o siti v e str u ct ur e s c a n b e 
o b s er v e d a s d ot s, w hi c h r e pr e s e nt a ut o p h a g o s o m e s. A s 
e x p e ct e d,  L C 3  d ot s  w er e  e nri c h e d  aft er  tr e at m e nt  wit h  
t h e  a ut o p h a g y  i n hi bit or   B af A1  ( Fi g.   6 D).  I n  pr o di gi o si n  

Fi g.  6 G R A S P 5 5 a n d L C 3 c o-l o c ali z e u p o n tr e at m e nt wit h pr o di gi osi n. H e L a wt c ells w er e s e e d e d o n c o v er sli ps. O n t h e n e xt d a y, c ells w er e 
tr e at e d wit h diff er e nt c o n c e ntr ati o ns of pr o di gi osi n, 1 0 n M b aÆl o m y ci n  A 1   ( B af A1 ) or D M S O f or 6 h. Aft er tr e at m e nt, c o v er sli ps w er e pr e p ar e d 
f or mi cr os c o p y. A  R e pr es e nt ati v e s e cti o ns ar e d e pi ct e d. S c al e b ar: 1 0 µ m. B- E  T h e r el ati v e n u m b er p er c ell a n d m e a n ar e a of G R A S P 5 5 a n d L C 3 
p ositi v e str u ct ur es a n d F  t h e c o-l o c ali z ati o n ( P e ars o n¬ s c o effi ci e nt) aft er C ost es t hr es h ol di n g of G R A S P 5 5 a n d L C 3 of 1 5 r e pr es e nt ati v e i m a g es 
fr o m t hr e e bi ol o gi c al r e pli c at es f or e a c h tr e at m e nt w er e q u a ntiÆ e d usi n g I m a g eJ 1. 5 3 c. p v al u es w er e d et er mi n e d b y or di n ar y o n e- w a y A N O V A 
wit h D u n n ett¬ s p ost h o c t est. * p  < 0. 0 5; ** p  < 0. 0 1; *** p  < 0. 0 0 1; **** p  < 0. 0 0 0 1; ns, n o n-si g niÆ c a nt
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tr e at e d  c ell s,  t h e  n u m b er  of  L C 3  d ot s  i n cr e a s e d  d o s e-
d e p e n d e ntl y a n d t h e n u m b er of L C 3 d ot s w a s hi g h er t h a n 
aft er tr e at m e nt wit h  B af A1  ( Fi g. 6 D). F urt h er m or e, aft er 
b ot h tr e at m e nt s, L C 3- p o siti v e str u ct ur e s ar e si g niÆ c a ntl y 
s m all er  t h a n  i n  D M S O  tr e at e d  c ell s  ( Fi g.   6 E).  We  al s o  
a n al y z e d  t h e  c o-l o c ali z ati o n  of  L C 3  a n d  G R A S P 5 5  a n d  
o b s er v e d a hi g hl y si g niÆ c a nt, d o s e- d e p e n d e nt i n cr e a s e i n 
c o-l o c ali z ati o n of t h e s e t w o pr ot ei ns aft er tr e at m e nt wit h 
pr o di gi o si n, w h er e a s aft er tr e at m e nt wit h  B af A1  t h er e i s 
n o  si g niÆ c a nt  i n cr e a s e  i n  c o-l o c ali z ati o n  ( Fi g.   6 F). i s 
o b s er v ati o n  s u g g e st s  a n  a c c u m ul ati o n  of  a ut o p h a g o -
s o m e s or t h eir pr e c urs or m e m br a n e s at t h e G ol gi a p p ar a -
t u s or i n it s cl o s e vi ci nit y.

T o i n v e sti g at e e ff e ct s o n t h e a ut o p h a gi c Ø u x dir e ctl y, 
i m m u n o bl ot a n al y si s of L C 3 a n d of t h e u bi q uiti n- bi n di n g 
pr ot ei n p 6 2 ( al s o k n o w n a s s e q u e st o s o m e  1 [ S Q S T M 1]) 
oft e n  r e pr e s e nt  t h e  m et h o d  of  c h oi c e.  I n c r e a s e d  l e v el s  
of  t h e  a ut o p h a g o s o m e- b o u n d,  li pi d at e d  f or m  of  L C 3  
(t er m e d  L C 3-II)  o c c ur  w h e n  a ut o p h a g y  i s  i n d u c e d  b ut  
al s o  w h e n  t h e  a ut o p h a gi c  pr o c e s s  i s  bl o c k e d  i n  l at er  
st e p s. I n v e sti g ati o n of t h e a ut o p h a g y r e c e pt or S Q S T M 1, 
w hi c h a c c u m ul at e s u p o n a ut o p h a g y bl o c ki n g, c a n h el p 
di sti n g ui s h  b et w e e n  a ut o p h a g y  i n d u cti o n  a n d  i n hi bi -
ti o n.  Aft er  6  h  of  tr e at m e nt  wit h  pr o di gi o si n,  L C 3-II  
a c c u m ul at e d a n d t h e st ar v ati o n-i n d u c e d d e g r a d ati o n of 
S Q S T M 1 w a s bl o c k e d i n H e L a wt c ell s ( Fi g.  7 A). e s e 
e ff e ct s  o n  t h e  pr ot ei n  l e v el s  of  L C 3-II  a n d  S Q S T M 1  
w er e  si mil ar  t o  t h e  e ff e ct s  of  t h e  V- A T P a s e  i n hi bit or  
 B af A 1 .  B af A 1  i n hi bit s t h e a ci diÆ c ati o n of l y s o s o m e s a n d 
t h er e b y  i m p air s  t h e  f u n cti o n  of  l y s o s o m al  pr ot e a s e s  
s u c h  a s  c at h e p si n s  a n d  t h u s  pr e v e nt s  t h e  d e g r a d ati o n  
of e n g ulf e d c ar g o a n d L C 3-II [ 6 9 ]. We h a v e pr e vi o u sl y 
d e s c ri b e d t h at t h e a cti vit y of p H- d e p e n d e nt c at h e p si n s 
i s  s e v er el y  r e d u c e d  aft er  tr e at m e nt  wit h  pr o di gi o si n  i n 
ur ot h eli al bl a d d er c ar ci n o m a c ell s [ 6 ]. Li k e wi s e, i n H e L a 
wt c ell s tr e at m e nt wit h pr o di gi o si n l e d t o a si g niÆ c a ntl y 
r e d u c e d c at h e p si n B a cti vit y i n a c o n c e ntr ati o n- d e p e n d -
e nt m a n n er ( Fi g.  7 B). T o f urt h er i n v e sti g at e t h e e ff e ct s of 
pr o di gi o si n, w e p erf or m e d i m m u n oØ u or e s c e n c e a n al y si s 
a n d  st ai n e d  f or  L C 3  ( a ut o p h a g o s o m e s)  a n d  l y s o s o m al-
a s s o ci at e d  m e m br a n e  pr ot ei n  1  ( L A M P 1)  ( Fi g.   7 C).  I n  
li n e wit h t h e i m m u n o bl ot a n al y si s, a n i n c r e a s e of L C 3-
p o siti v e str u ct ur e s aft er tr e at m e nt wit h pr o di gi o si n w a s 
o b s er v e d  i n  i m m u n oØ u or e s c e n c e  a n al y si s  ( Fi g.   7 D).  I n  
c o ntr a st, u nli k e i n i m m u n o bl ot a n al y si s, t h e i n c r e a s e of 
L C 3- p o siti v e str u ct ur e s u p o n  B af A 1  tr e at m e nt w a s o nl y 
mi n or, w hi c h mi g ht b e attri b ut a bl e t o t h e s h ort er tr e at -
m e nt  d ur ati o n.  L A M P 1- p o siti v e  str u ct ur e s  r e m ai n e d  
u n alt er e d  u p o n  di ff er e nt  tr e at m e nt s  ( Fi g.   7 E).  I nt er e st -
i n gl y, b ot h a ut o p h a g o s o m e s a n d l y s o s o m e s si g niÆ c a ntl y 
s hr a n k  aft er  tr e at m e nt  wit h  pr o di gi o si n,  w h er e a s  t h e  
si z e di ff er e n c e t o D M S O tr e at e d c ell s w a s n ot a s pr o mi -
n e nt f or  B af A 1  tr e at e d c ell s ( Fi g. 7 F a n d G). M or e o v er, 

t h er e w a s a hi g hl y si g niÆ c a nt i n c r e a s e i n c o-l o c ali z ati o n 
of  L C 3-  a n d  L A M P 1- p o siti v e  str u ct ur e s  aft er  tr e at -
m e nt wit h pr o di gi o si n, w hil st c h a n g e s aft er  B af A 1  tr e at-
m e nt  w er e  c o m p ar ati v el y  l o w  ( Fi g.   7 H). e  s p ati al  
pr o xi mit y of a ut o p h a g o s o m e s a n d l y s o s o m e s aft er pr o -
di gi o si n  tr e at m e nt  w o ul d  s u g g e st  a  f a cilit at e d  f u si o n  
of  a ut o p h a g o s o m e s  a n d  l y s o s o m e s  a n d  t h er ef or e  a n  
i n c r e a s e d a ut o p h a gi c Ø u x. O n t h e c o ntr ar y, t h e i n hi bi-
ti o n of st ar v ati o n-i n d u c e d S Q S T M 1 d e g r a d ati o n cl e arl y 
i n di c at e s  a  bl o c k a g e  of  a ut o p h a gi c  Ø u x.  C oll e cti v el y,  
t h e s e r e s ult s s u g g e st a diff er e nt m e c h a ni s m of a ut o p h a g y 
i n hi biti o n  b y  pr o di gi o si n  c o m p ar e d  t o   B af A 1 .  Pr o di gi-
o si n tr e at m e nt r e s ult s i n r e d u c e d c at h e p si n a cti vit y a n d 
bl o c k s  o v er all  a ut o p h a gi c  Ø u x,  w h er e a s  L C 3- L A M P 1  
c o-l o c ali z ati o n  i s  cl e arl y  pr o m ot e d.  At  t h e  s a m e  ti m e,  
t h e  pr o di gi o si n-i n d u c e d  a c c u m ul ati o n  of  a ut o p h a g o-
s o m e s  at  G R A S P 5 5- p o siti v e  str u ct ur e s  p oi nt s  t o w ar d s  
a n  i n v ol v e m e nt  of  a n  alt er e d  G ol gi  f u n cti o n  i n  t h e  
a ut o p h a g y-i n hi bit or y e ff e ct of t hi s n at ur al c o m p o u n d.

Di s c u s si o n
D e s pit e f r e q u e nt a d v a n c e s i n r e s e ar c h, c a n c er r e m ai ns a 
l e a di n g c a u s e of d e at h, a c c o u nti n g f or n e arl y t e n milli o n 
d e at hs e v er y y e ar ( htt p s://  w w w.  w h o. i nt/ n e w s- r o o m/ f a ct- 
s h e et s/ d et ail/ c a n c er ). T o a d dr e ss t hi s u n m et t h er a p e uti c 
n e e d, n at ur al c o m p o u n d s di s pl a y a v al u a bl e s o ur c e f or a n 
al m o st  i n e x h a u sti bl e  di v ersit y  of  bi o a cti v e  c o m p o u n d s  
wit h a c o m pl e xit y i n str u ct ur e t h at i s oft e n s u p eri or t o 
c o m p o u n d s d eri v e d f r o m s y nt h eti c a p pr o a c h e s. T o el u -
ci d at e  t h e  m e c h a ni s m  of  a cti o n  of  t h e s e  oft e n  hi g hl y  
bi o a cti v e  c o m p o u n d s,  T P P  di s pl a y s  a  v al u a bl e  t o ol  f or  
u n bi a s e d t ar g et i d e ntiÆ c ati o n. I n t hi s st u d y, w e u s e d T P P 
t o i d e ntif y t h e G ol gi pr ot ei n G R A S P 5 5 a s t ar g et pr ot ei n 
of t h e n at ur al c o m p o u n d pr o di gi o si n. We o b s er v e d t h at 
pr o di gi o si n tr e at m e nt l e a d s t o s e v er e str u ct ur al c h a n g e s 
i n  G ol gi  a p p ar at u s  m or p h ol o g y  a n d  f u n cti o n.  We  al s o  
f o u n d  t h at  a ut o p h a g o s o m e s  a c c u m ul at e  at  t h e  G ol gi  
a p p ar at u s  w hil e  a ut o p h a g y  i s  i m p air e d  i n  c ell s  tr e at e d  
wit h pr o di gi o si n.

Utili zi n g  T P P,  w e  i d e ntiÆ e d  s e v er al  pr ot ei ns  a s  t ar -
g et c a n di d at e s of t h e n at ur al c o m p o u n d pr o di gi o si n. B y 
o ff eri n g  a n  u ni m p air e d  a p pr o a c h  t h at  i s  n ot  d e p e n d -
e nt o n pr e-f u n cti o n ali z ati o n of t h e s m all m ol e c ul e or of 
pr ot ei ns, T P P r e pr e s e nt s a hi g hl y v ers atil e t ar g et i d e nti -
Æ c ati o n  str at e g y  [3 1 ].  Pri oriti zi n g  c a n di d at e s  f or  t ar g et  
v ali d ati o n  c a n  b e  c h all e n gi n g  d u e  t o  m ulti pl e  p o ssi bl e  
c a n di d at e s.  H o w e v er,  wit h  s e v er e  str u ct ur al  c h a n g e s  i n  
G ol gi  m or p h ol o g y,  a  hi g h  st ati sti c al  si g niÆ c a n c e  of  
t h e  t h er m al  s hift,  v ali d ati o n  t hr o u g h  i m m u n o bl ot-
ti n g  a n d  b ei n g  a  t ar g et  c a n di d at e  i n  b ot h  i n d e p e n d e nt  
T P P  a p pr o a c h e s  ( T P P- T R  a n d  T P P- C C R),  G R A S P 5 5  
w a s  s el e ct e d  f or  f urt h er  i n v e sti g ati o ns.  Di sti n g ui s h -
i n g  b et w e e n  t h er m al  st a bilit y  c h a n g e s  a n d  a b u n d a n c e  
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c h a n g e s  c a n  b e  c h all e n gi n g  [ 3 3 ],  b ut  n eit h er  i n  t h e  
T P P- T R/ R T S A n or i n t h e T P P- C C R a n al y si s, G R A S P 5 5 
s h o w e d  di ff er e nti al  i nt e nsiti e s  at  3 6. 5/ 3 7  C,  e x cl u di n g  

a n  a b u n d a n c e  e ff e ct  a n d  e st a bli s hi n g  G R A S P 5 5  a s  a  
hi g hl y pr o b a bl e m ol e c ul ar t ar g et of pr o di gi o si n wit h l o w 
n a n o m ol ar a ffi nit y.

Fi g.  7 Pr o di gi osi n bl o c ks a ut o p h a g y a n d i n hi bits c at h e psi n a cti vit y. A  H e L a wt c ells w er e tr e at e d wit h D M S O, 1 0 0 n M pr o di gi osi n or 1 0 n M 
b aÆl o m y ci n  A 1   ( B af A1 ) i n D M E M or E B S S. Aft er 6 h, t h e c ells w er e l ys e d a n d c ell ul ar l ys at es w er e i m m u n o bl ott e d f or t h e i n di c at e d pr ot ei ns. O n e 
r e pr es e nt ati v e i m m u n o bl ot of t hr e e i n d e p e n d e nt e x p eri m e nts is s h o w n. L C 3: li g ht c h ai n 3; S Q S T M 1: s e q u est os o m e 1. B  H e L a wt c ells w er e 
tr e at e d wit h diff er e nt c o n c e ntr ati o ns of pr o di gi osi n or D M S O. Aft er 2 4 h, t h e c ells w er e l ys e d a n d a c at h e psi n B ass a y w as p erf or m e d a c c or di n g 
t o t h e m a n uf a ct ur er¬ s i nstr u cti o ns. 2 0 µ M Z- P h e- P h e- F M K w as us e d as i n hi bit or c o ntr ol. T h e Ø u or es c e n c e of d u pli c at es f or e a c h tr e at m e nt of t hr e e 
i n d e p e n d e nt e x p eri m e nts w as m e as ur e d a n d t h e m e a n of t h e D M S O c o ntr ol w as s et as 1 0 0 %. B ars r e pr es e nt t h e m e a ns + S D. C  H e L a wt c ells 
w er e s e e d e d o n c o v er sli ps. O n t h e n e xt d a y, c ells w er e tr e at e d wit h D M S O, 1 0 0 n M pr o di gi osi n or 1 0 n M  B af A 1  i n D M E M or E B S S f or 2 h. Aft er 
tr e at m e nt, c o v er sli ps w er e pr e p ar e d f or mi cr os c o p y. R e pr es e nt ati v e s e cti o ns ar e d e pi ct e d. S c al e b ar: 1 0 µ m. D- G  T h e r el ati v e n u m b er p er c ell 
a n d m e a n ar e a of L C 3- a n d L A M P 1- p ositi v e str u ct ur es a n d H  t h e c o-l o c ali z ati o n ( P e ars o n¬ s c o effi ci e nt) aft er C ost es t hr es h ol di n g of L C 3 a n d L A M P 1 
of 1 5 r e pr es e nt ati v e i m a g es fr o m t hr e e bi ol o gi c al r e pli c at es f or e a c h tr e at m e nt w er e q u a ntiÆ e d usi n g I m a g eJ 1. 5 3 c. p v al u es w er e d et er mi n e d 
b y  or di n ar y o n e- w a y A N O V A wit h D u n n ett¬ s p ost h o c t est. **** p  < 0. 0 0 0 1; ns, n o n-si g niÆ c a nt
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T o a v oi d f o c u s si n g o n f al s e p o siti v e t a r g et s, J o h n s o n 
et   al.  p r o p o s e d  o rt h o g o n al  t a r g et  i d e ntiÆ c ati o n  m et h -
o d s  li k e  c o m p ut ati o n al  t a r g et  p r e di cti o n  [ 3 1 ].  T o  o u r  
k n o wl e d g e,  o nl y  t h e  N-t e r mi n al  G R A S P  d o m ai n  of  
G R A S P 5 5 ( r e si d u e s 1 ± 2 0 7) h a s b e e n s u c c e s sf ull y c r y s -
t alli z e d s o f a r [4 1 , 6 7 ], hi n d e ri n g r eli a bl e c o m p ut ati o n al 
m o d elli n g  of  a  di r e ct  p r o di gi o si n- G R A S P 5 5  i nt e r a c -
ti o n.  F ut u r e  di s cl o s u r e  of  t h e  w h ol e  p r ot ei n  st r u ct u r e  
i s d e si r a bl e t o Æ n d a n d c h a r a ct e ri z e a p ot e nti al s p e ciÆ c 
bi n di n g sit e of p r o di gi o si n. i s k n o wl e d g e w o ul d all o w 
st r u ct u r e  o pti mi z ati o n  of  t hi s  hi g hl y  a cti v e  n at u r al  
c o m p o u n d wit h r e g a r d t o it s bi n di n g a ffi nit y, p h a r m a -
c o ki n eti c  p r o p e rti e s  a n d  a d v e r s e  e ff e ct s.  Of  n ot e,  w e  
f o u n d t h at K O of G R A S P 5 5 si g niÆ c a ntl y r e d u c e s p r o-
di gi o si n c yt ot o xi cit y i n H e L a c ell s, i n di r e ctl y c o nÆ r m -
i n g  G R A S P 5 5  a s  a  t a r g et.  Xi a n g  et  al.  r e p o rt e d  t h at  
d e pl eti o n  of  G R A S P 5 5  d o e s  n ot  c a u s e  a p o pt o si s  i n  
H e L a c ell s [ 7 7 ]. W e d o n ot t hi n k t h at p r o di gi o si n- m e di-
at e d e ff e ct s o n G R A S P 5 5 mi mi c it s g e n eti c d e pl eti o n, 
b ut, n e xt t o a p o pt o si s, a d diti o n al c ell d e at h s u b r o uti n e s 
mi g ht b e i n v ol v e d, e. g. l y s o s o m e- d e p e n d e nt c ell d e at h 
[2 3 ].  P r o di gi o si n  i s  still  cl e a rl y  c yt ot o xi c  i n  G R A S P 5 5 
K O  c ell s,  d e m o n st r ati n g  t h at  ot h e r  t a r g et  c a n di d at e s  
a n d/ o r m e c h a ni s m s c o nt ri b ut e t o t h e o b s e r v e d r e d u c -
ti o n i n c ell vi a bilit y u p o n p r o di gi o si n t r e at m e nt. Al o n g 
t h e s e  li n e s,  s m all  m ol e c ul e s  c a n  b e  bi o a cti v e  t h r o u g h  
m e c h a ni s m s  t h at  d o  n ot  i n v ol v e  di r e ct  bi n di n g  of  
p r ot ei n s  a n d,  t h u s,  t h o s e  t a r g et  p r o c e s s e s  m a y  n ot  b e 
r e v e al e d b y T P P.

I n o ur h a n d s, pr o di gi o si n tr e at m e nt l e a d s t o a s e v er el y 
dil at e d  a n d  di s or g a ni z e d  G ol gi  a p p ar at u s  i n  a  c o n c e n -
tr ati o n- d e p e n d e nt  m a n n er.  I n  m a m m ali a n  c ell s,  G ol gi  
m e m br a n e s ar e or g a ni z e d a s st a c k s of m ulti pl e Ø at ci s -
t er n a e, w hi c h ar e f urt h er li n k e d i nt o a ri b b o n-li k e str u c-
t ur e b y t h e t w o p eri p h er al m e m br a n e pr ot ei ns G R A S P 5 5 
a n d G R A S P 6 5 [ 3 7 ]. e c o ns er v e d G R A S P d o m ai n at t h e 
N-t er mi n u s  of  G R A S P  pr ot ei ns  c o nt ai ns  a  m e m br a n e  
a n c h or  a n d  f or ms  di m ers  a n d  tr a ns- oli g o m ers  t o  gl u e  
t h e a dj a c e nt ci st er n a e i nt o st a c k s [2 ]. We s p e c ul at e t h at 
l o w  n a n o m ol ar  c o n c e ntr ati o ns  of  pr o di gi o si n  i nt erf er e  
wit h t h e oli g o m eri z ati o n of G R A S P 5 5 l e a di n g t o a G ol gi 
p h e n ot y p e wit h l e ss a n d s h ort er G ol gi ci st er n a e t h at i s 
si mil ar t o G R A S P 5 5 K O c ell s [ 5 ]. N ot a bl y, t h e s e eff e ct s 
b e c o m e  vi si bl e  aft er  tr e at m e nt  wit h  1 0   n M  pr o di gi o si n  
i n E M a n al y si s a n d G R A S P 5 5 i m m u n oØ u or e s c e n c e, b ut 
n ot  aft er  T G N 4 6  a n d  B 4 G A L T 1  i m m u n o st ai ni n g  f or  
B F A  w a s h o ut  a ss a y s.  U p o n  G R A S P 5 5  d el eti o n,  B e ki er  
et   al.  o b s er v e d  mi n or  b ut  si g niÆ c a nt  G ol gi  f r a g m e nt a -
ti o n  b y  i m m u n oØ u or e s c e n c e  [5 ].  I nt er e sti n gl y,  aft er  
tr e at m e nt wit h 1 0 0 n M pr o di gi o si n, w e o b s er v e d h e a v -
il y dil at e d a n d di s or g a ni z e d str u ct ur e s i n b ot h T E M a n d 
B F A  w a s h o ut  a ss a y s.  e s e  m or p h ol o gi c al  c h a n g e s  i n  

G ol gi m or p h ol o g y ar e si mil ar t o p h e n ot y p e s o b s er v e d i n 
c ell s aft er tr e at m e nt wit h t h e b a ct eri al m et a b olit e m o n -
e nsi n [ 1 9 , 4 9 , 6 8 ]. A s a n i o n o p h or e, m o n e nsi n i s a bl e t o 
di ssi p at e pr ot o n g r a di e nt s b y e x c h a n gi n g  N a + / H+  a cr o ss 
m e m br a n e s  l e a di n g  t o  a  di sr u pti o n  of  t h e  G ol gi  p H.  
G ol gi a p p ar at u s f u n cti o n i s d e p e n d e nt o n a p H g r a di e nt 
t h at i s m ai nt ai n e d al o n g t h e s e cr et or y p at h w a y b y pr ot o n 
p u m p s [ 1 5 ] wit h a n a ci di c p H i n t h e tr a ns- ci st er n a e a n d 
n e wl y f or m e d v e si cl e s [ 3 , 5 1 , 5 4 ]. S e v er al st u di e s s u g g e st 
t h at pr o di gi o si n c a n alt er or g a n ell e p Hs b y a cti n g a s a n 
 H+ / Cl−  s y m p ort er  [ 6 1 , 6 3 ]. er ef or e,  w e  h y p ot h e si z e  
t h at t h e alt er ati o n of G ol gi a p p ar at u s m or p h ol o g y aft er 
tr e at m e nt  wit h  pr o di gi o si n  i s  m e di at e d  b y  b ot h  dir e ct  
e ff e ct s  o n  G R A S P 5 5  oli g o m eri z ati o n  a n d  al k ali z ati o n-
i n d u c e d ci st er n a e s w elli n g.

e G ol gi a p p ar at u s i s t h e c e ntr al h u b f or p o st-tr a ns -
l ati o n al  m o diÆ c ati o ns  of  pr ot ei ns  a n d  t h eir  s orti n g  a n d  
tr a ns p ort  t o  t h eir  Æ n al  d e sti n ati o ns,  s u c h  a s  s e cr et or y  
v e si cl e s,  e n d o s o m e s,  l y s o s o m e s,  or  t h e  pl a s m a  m e m -
br a n e  [ 7 ].  It  h a s  b e e n  h y p ot h e si z e d  t h at  a c c el er at e d  
pr ot ei n  tr a ffi c ki n g  a n d  i m p air e d  pr ot ei n  gl y c o s yl ati o n  
aft er u nst a c ki n g of t h e G ol gi ci st er n a e d u e t o G R A S P 5 5 
d e pl eti o n or i m p air m e nt c a n b e e x pl ai n e d b y a n e nl ar g e d 
m e m br a n e ar e a t h at i s a c c e ssi bl e f or f a st er v e si cl e b u d -
di n g  a n d  c ar g o  tr a ns p ort  t hr o u g h  t h e  G ol gi  [ 7 0 , 7 2 ]. 

er ef or e, it i s n ot s ur pri si n g t h at i n o ur h a n d s t h e s e v er e 
i m p air m e nt of t h e G ol gi a p p ar at u s str u ct ur e l e d t o alt er-
ati o ns  i n  t h e  p att er n  of  cl a ssi c all y  s e cr et e d  pr ot ei ns  a s  
w ell a s pr ot ei ns a ss o ci at e d wit h e xtr a c ell ul ar m atri x a n d 
l y s o s o m e s. i s  st a n d s  i n  li n e  wit h  t h e  o b s er v ati o ns  of  
Xi a n g et  al. t h at G ol gi u nst a c ki n g aft er G R A S P d e pl eti o n 
l e d t o a mi ss orti n g of l y s o s o m al e n z y m e s s u c h a s c at h e p-
si n D [ 7 7 ]. Si n c e G R A S P 5 5 i s n ot o nl y i n v ol v e d i n c o n-
v e nti o n al s e cr eti o n d u e t o it s G ol gi st a c ki n g a cti vit y, b ut 
al s o pl a y s a r ol e i n u n c o n v e nti o n al pr ot ei n s e cr eti o n [ 2 4 , 
2 5 , 5 3 ], it i s c o m pr e h e nsi bl e t h at w e al s o f o u n d a pr o di gi-
o si n m e di at e d u pr e g ul ati o n i n t h e s e cr eti o n of di ff er e nt 
pr ot ei n g r o u p s. Ta k e n t o g et h er, w e s h o w t h at pr o di gi o si n 
tr e at m e nt l e a d s t o s e v er e c h a n g e s i n G ol gi m or p h ol o g y 
a n d  f u n cti o n,  w hi c h  h a s – t o  o ur  k n o wl e d g e – n ot  b e e n  
d e s cri b e d i n t h e lit er at ur e s o f ar.

I n  a d diti o n  t o  it s  f u n cti o ns  i n  G ol gi  st a c ki n g  a n d  
u n c o n v e nti o n al s e cr eti o n, G R A S P 5 5 h a s b e e n d e s cri b e d 
a s  a  s p e ciÆ c  e n er g y  a n d  n utri e nt  s e ns or  [ 2 ]  a cti n g  a s  a  
bri d gi n g  pr ot ei n  t h at  f a cilit at e s  a ut o p h a g o s o m e-l y s o -
s o m e  f u si o n  t hr o u g h  a n  L C 3-i nt er a cti o n  r e gi o n  ( LI R)  
m otif a n d i nt er a cti o n wit h L A M P 2 [ 8 0 , 8 1 ]. Pr o di gi o si n 
a n d it s a ut o p h a g y- m o d ul ati n g pr o p erti e s h a v e b e e n di s -
c u ss e d  c o ntr o v ersi all y  i n  r e c e nt  lit er at ur e.  W hil e  s o m e  
g r o u p s  d e s cri b e  a n  i n d u cti o n  of  a ut o p h a gi c  c ell  d e at h  
[1 0 , 4 2 ],  Z h a o  et  al.  r e p ort  a n  i n hi biti o n  of  a ut o p h a g y  
vi a  bl o c ki n g  l y s o s o m al  c at h e p si n  m at ur ati o n  a n d  
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a ut o p h a g o s o m e-l y s o s o m e  f u si o n  [ 8 2 ].  I n  t hi s  st u d y,  w e  
o b s er v e d  a n  i n cr e a s e d  s p ati al  pr o xi mit y  of  a ut o p h a g o -
s o m e s  a n d  l y s o s o m e s,  a s  vi s u ali z e d  b y  t h e  c o-i m m u -
n o st ai ni n g  of  L C 3  a n d  L A M P 1  aft er  tr e at m e nt  wit h  
pr o di gi o si n.  H o w e v er,  w e  al s o  o b s er v e d  t h at  pr o di gi -
o si n ulti m at el y bl o c k s a ut o p h a gi c c ar g o d e g r a d ati o n, a s 
s h o w n b y t h e a c c u m ul ati o n of L C 3-II, t h e i n hi biti o n of 
S Q S T M 1  d e g r a d ati o n,  a n d  a  r e d u c e d  c at h e p si n  a cti v -
it y. e G ol gi h a s pr e vi o u sl y b e e n d e si g n at e d a s ™ a ss e m -
bl y li n e  t o t h e a ut o p h a g o s o m e [1 4 ], a n d k e y r e g ul at ors 
of t h e a ut o p h a gi c p at h w a y tr a ffi c f r o m t h e G ol gi t o t h e 
f or mi n g  a ut o p h a g o s o m e,  i n cl u di n g  t h e  li pi d  s cr a m-
bl a s e  A T G 9 A  a n d  t h e  p h o s p h ati d yli n o sit ol  4- ki n a s e  
PI 4 KIII β , w hi c h m e di at e s PI 4 P pr o d u cti o n at t h e i niti a-
ti o n m e m br a n e sit e [3 2 ]. F urt h er m or e, t h e si g n alli n g of 
m T O R C 1 – a  m aj or  a ut o p h a g y-r e g ul ati n g  ki n a s e – i s  
cl o s el y li n k e d t o t h e m or p h ol o g y of t h e G ol gi [ 4 4 ], a n d 
m T O R C 1  dir e ctl y  p h o s p h or yl at e s  G R A S P 5 5  a n d  t h u s  
r e g ul at e s it s l o c ali z ati o n [ 5 3 ]. A c c or di n gl y, a pr o di gi o si n-
m e di at e d c o ntr ol of t h e a ut o p h a g y p at h w a y vi a it s e ff e ct s 
o n  G ol gi  str u ct ur e  i n  g e n er al  a n d/ or  o n  G R A S P 5 5  i n  
p arti c ul ar a p p e ars li k el y. O v er all, w e pr o p o s e a n at l e a st 
d u al m o d e of a cti o n h o w pr o di gi o si n i n hi bit s l at e st a g e 
a ut o p h a g y. First, pr o di gi o si n tr e at m e nt l e a d s t o a n al k ali -
z ati o n  of  l y s o s o m e s  b y  a cti n g  a s  a n   H+ / Cl−  s y m p ort er  
[6 1 , 6 3 ] a n d si m ult a n e o u sl y i m p airs pr o p er f u n cti o n ali z a-
ti o n a n d tr affi c ki n g of l y s o s o m al pr ot ei ns vi a u nst a c ki n g 
of  G ol gi  ci st er n a e  a n d/ or  al k ali z ati o n  of  t hi s  c o m p art -
m e nt. S e c o n d, pr o di gi o si n mi g ht dir e ctl y i nt erf er e wit h 
t h e r ol e of G R A S P 5 5 a s a t et h eri n g f a ct or f or a ut o p h a g o-
s o m e-l y s o s o m e  f u si o n.  F urt h er  st u di e s  will  b e  r e q uir e d  
t o  d et er mi n e  t h e  i n di vi d u al  c o ntri b uti o n  of  t h e s e  t w o  
p o ssi bl e m o d e s of a cti o n. N ot a bl y, Z h a n g et  al. r e p ort e d 
t h at  k n o c k o ut  of  G R A S P 5 5  r e d u c e s  L C 3  a n d  L A M P 2  
c o-l o c ali z ati o n [ 8 0 ]. Si n c e w e o b s er v e d a cl e ar c o- a c c u-
m ul ati o n of L C 3- a n d L A M P 1- p o siti v e str u ct ur e s u p o n 
pr o di gi o si n tr e at m e nt, it a p p e ars t h at n ot n e c e ss aril y t h e 
G R A S P 5 5- m e di at e d  t et h eri n g  of  a ut o p h a g o s o m e s  a n d  
l y s o s o m e s it s elf i s n e g ati v el y aff e ct e d b y t hi s c o m p o u n d. 
Alt er n ati v el y, it mi g ht b e t h at t h e pr o di gi o si n- m e di at e d 
G ol gi u nst a c ki n g or p H alt er ati o ns i nØ u e n c e bi o g e n e si s 
a n d  tr a ffi c ki n g  of  L C 3-  a n d/ or  L A M P 1- p o siti v e  c o m -
p art m e nt s. Al o n g t h e s e li n e s, w e al s o o b s er v e d r e d u c e d 
si z e s  of  t h e s e  p u n ct a,  p ot e nti all y  p oi nti n g  t o w ar d s  a n  
alt er e d tr a nsf er of pr ot ei ns a n d/ or li pi d s i nt o t h e s e str u c -
t ur e s. e g e n er al i m p ort a n c e of t h e G ol gi a p p ar at u s f or 
a ut o p h a g o s o m e  bi o g e n e si s  d uri n g  st ar v ati o n  h a s  b e e n  
d e s cri b e d a b o v e. D u e t o t h e s e v er e d a m a g e of t h e G ol gi 
i nØ i ct e d  b y  pr o di gi o si n,  s el e cti v e  a ut o p h a g y  pr o c e ss e s  
(i. e., G ol gi p h a g y) mi g ht a d d a n ot h er l a y er of c o m pl e xit y 
i n t hi s c a s e. e m a ssi v e c o-l o c ali z ati o n of G R A S P 5 5 a n d 
L C 3  i n d u c e d  b y  pr o di gi o si n  mi g ht  r eØ e ct  t h e  d e  n o v o  

s y nt h e si s of a ut o p h a g o s o m al m e m br a n e s at t h e d a m a g e d 
or g a n ell e. e i n d u cti o n of G ol gi p h a g y t o g et h er wit h t h e 
bl o c k of l at e st a g e a ut o p h a g y mi g ht e x pl ai n t h e e xtr e m e 
a c c u m ul ati o n of a ut o p h a g o s o m al m e m br a n e s i n t h e p eri -
n u cl e ar ar e a u p o n pr o di gi o si n tr e at m e nt.

I n 2 0 1 3, K ri s h n a et al. p u bli s h e d a n i n sili c o m ol e c u -
l a r d o c ki n g a n al y si s of p r o di gi o si n a n d c y cl o p r o di gi o si n 
a s  C O X- 2  i n hi bit o r s  [ 3 8 ].  A d diti o n all y,  t h e  i d e ntiÆ c a-
ti o n of p r ot ei n t a r g et s of p r o di gi o si n u si n g i n v e r s e vi r-
t u al s c r e e ni n g m et h o d s h a s b e e n d e s c ri b e d i n a r e c e nt 
m a n u s c ri pt,  a n d  r e p o rt e d  p ot e nti al  p r o di gi o si n-i nt e r -
a cti n g  p r ot ei n s  i n cl u d e  H E R- 2,  M E K,  a n d  S 6 K  [ 5 5 ]. 
H o w e v e r, t h e i nt e r a cti o n of p r o di gi o si n wit h t h e s e c a n -
di d at e p r ot ei n s h a s n ot b e e n e x p e ri m e nt all y p r o v e n s o 
f a r. H e r e, w e i d e ntif y G R A S P 5 5 a s d o w n st r e a m eff e ct o r 
p r ot ei n  of  p r o di gi o si n  a n d  c h a r a ct e ri z e  t h e  i m m e n s e  
e ff e ct s of t hi s b a ct e ri al m et a b olit e o n G ol gi a p p a r at u s 
st r u ct u r e a n d f u n cti o n. I n c r e a s e d k n o wl e d g e a b o ut t h e 
p r ot ei n  t a r g et  e n a bl e s  t h e  st r u ct u r al  m o diÆ c ati o n  of  
t hi s v e r y p ot e nt n at u r al c o m p o u n d i n o r d e r t o o bt ai n 
a m o r e s el e cti v e m o d e of a cti o n a n d o pti mi z e t h e bi n d -
i n g  affi nit y  a n d  p h a r m a c o ki n eti c  p r o p e rti e s.  e  s e n -
siti vit y  of  c a n c e r  c ell s  t o w a r d s  p r o di gi o si n  t r e at m e nt  
a n d  t h e  c o n c o mit a nt  a b s e n c e  of  e ff e ct s  o n  n o r m al  o r  
n o n- m ali g n a nt c ell s h a s p r e vi o u sl y b e e n p r o p o s e d [ 2 6 , 
5 0 ], m a ki n g t hi s n at u r al p r o d u ct a p r o mi si n g l e a d c o m-
p o u n d f o r a nti- c a n c e r d r u g di s c o v e r y. W e h o p e t h at o u r 
r e s ult s  c o nt ri b ut e  t o  d e ci p h e ri n g  t h e  m ol e c ul a r  m o d e 
of a cti o n of t hi s c o m p o u n d.

M at eri al a n d  m et h o d s
A nti b o di e s a n d  r e a g e nt s

A nti b o di e s  a g ai n st  β - a cti n  ( Si g m a- Al dri c h,  St.  L o ui s,  
M O,  U S A,  # A 5 3 1 6,  cl o n e  A C- 7 4,  1: 5 0 0 0),  B 4 G A L T 1  
( Si g m a- Al dri c h,  St.  L o ui s,  M O,  U S A,  # H P A 0 1 0 8 0 7,  
1: 2 0 0),  G A P D H  ( a b c a m,  C a m bri d g e,  U K,  # a b 8 2 4 5,  
1: 5 0 0 0),  G R A S P 5 5  ( Pr ot ei nt e c h,  C hi c a g o,  I L,  U S A,  
# 1 0, 5 9 8 ± 1- A P, 1: 2 0 0 f or I F a n d 1: 2 0 0 0 f or W B), L A M P 1 
( Si g m a- Al dri c h,  St.  L o ui s,  M O,  U S A,  # L 1 4 1 8,  1: 2 0 0),  
L C 3 B ( M B L, W o b ur n, M A, U S A, # M- 1 5 2 ± 3, 1: 2 0 0 f or 
I F a n d C ell Si g n alli n g Te c h n ol o g y, D a n v er s, M A, U S A, 
# 2 7 7 5,  1: 1 0 0 0  f or  W B),  S Q S T M 1  ( P R O G E N,  H ei d el -
b er g, G er m a n y, # G P 6 2- C, 1: 1 0 0 0) a n d T G N 4 6 ( Bi o- R a d, 
H er c ul e s,  C A,  U S A,  # A H P 5 0 0 G T,  1: 2 0 0)  w er e  u s e d.  
F or  W B,  I R D y e  8 0 0-  or  I R D y e  6 8 0- c o nj u g at e d  s e c -
o n d ar y  a nti b o di e s  w er e  p ur c h a s e d  f r o m  LI- C O R  Bi o -
s ci e n c e s ( Li n c ol n, N E, U S A, # 9 2 6 ± 6 8, 0 7 7, # 9 2 6 ± 3 2, 2 1 1 
a n d  # 9 2 6 ± 3 2, 2 1 0).  S e c o n d ar y  a nti b o di e s  f or  i m m u -
n oØ u or e s c e n c e  a n al y s e s  w er e  p ur c h a s e d  f r o m  J a c k s o n  
I m m u n o R e s e ar c h  ( Al e x a  Fl u or  4 8 8- Affi ni P ur e  G o at  
A nti- M o u s e  I g G,  1: 5 0 0,  # 1 1 5 ± 5 4 5- 0 0 3;  Al e x a  Fl u or  
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4 8 8- A ffi ni P ur e G o at A nti- R a b bit I g G, 1: 5 0 0, # 1 1 1 ± 5 4 5-
0 0 3;  Al e x a  Fl u or  6 4 7- A ffi ni P ur e  G o at  A nti- M o u s e  
I g G,  1: 5 0 0,  # 1 1 5 ± 6 0 5- 0 0 3  a n d  Al e x a  Fl u or  6 4 7- Affi n -
i P ur e G o at A nti- R a b bit I g G, 1: 5 0 0, # 1 1 1 ± 6 0 5- 1 4 4) a n d 
a b c a m ( Al e x a Fl u or 4 8 8 D o n k e y A nti- S h e e p I g G, 1: 5 0 0, 
# a b 1 5 0 1 7 7). I s ol at e d a n d p uriÆ e d pr o di gi o si n w a s pr o -
vi d e d i n D M S O a s r e p ort e d pr e vi o u sl y [ 2 0 ]. Ot h er r e a-
g e nt s  u s e d  w er e  b aÆ l o m y ci n   A1  ( Si g m a- Al dri c h,  St.  
L o ui s,  M O,  U S A,  # B 1 7 9 3),  br ef el di n  A  ( B F A,  Si g m a-
Al dri c h, St. L o ui s, M O, U S A, # B 6 5 4 2), D M S O ( P a n R e a c 
A p pli C h e m,  D ar m st a dt,  G er m a n y,  # A 3 6 7 2  a n d  R O T H, 
K arl sr u h e,  G er m a n y,  # 7 0 2 9. 1),  st a ur o s p ori n e  ( bi o m ol,  
H a m b ur g,  G er m a n y,  # A G- C N 2- 0 0 2 2- M 0 0 5),  i a z ol yl 
bl u e  ( M T T,  R O T H,  K arl sr u h e,  G er m a n y,  # 4 0 2 2. 3)  a n d  
Z- P h e- P h e- F M K  ( a b c a m,  C a m bri d g e,  U K,  # a b 6 5 3 0 6).  

e c at h e p si n a cti vit y of tr e at e d H e L a c ell s w a s q u a nti -
Æ e d  u si n g  t h e  Ø u ori m etri c  C at h e p si n  B  A cti vit y  A s s a y  
Kit ( a b c a m, C a m bri d g e, U K, # a b 6 5 3 0 0) a c c or di n g t o t h e 
m a n uf a ct ur er¬ s i n str u cti o n s a n d m e a s ur e d wit h a mi c r o -
pl at e r e a d er ( S y n er g y M x, Bi o Te k, Wi n o o s ki, V T, U S A).

C orr e ct I d e nti fi c ati o n of  n at ur al pr o d u ct s

P r o di gi o si n w a s p r o d u c e d a n d p u riÆ e d a s d e s c ri b e d b y 
D o m r̂ s e et  al. [ 2 0 ]. Aft e r c ol u m n c h r o m at o g r a p h y p r o-
di gi o si n w a s p r e ci pit at e d a s h y d r o c hl o ri d e a s a d a r k r e d 
s oli d a n d a 1 0  m M st o c k i n D M S O w a s p r e p a r e d.

1 H - N M R   ( 6 0 0  M H z,  C D Cl 3 ): δ  [ p p m] =  0. 9 0  (t,  
3 J1 0 ″ , 9″  =  7. 0  H z, 3 H, 1 0 ″ - H), 1. 3 2  ( mc , 4 H, 8″ -, 9″ - H), 
1. 5 4  ( mc ,  2 H,  7″ - H),  2. 3 9  (t,  3 J6 ″ , 7″  =  7. 6   H z,  2 H,  
6 ″ - H), 2. 5 4 ( s, 3 H, 1 1 ″ - H), 4. 0 0 ( s, 3 H, 7- H), 6. 0 7 ( d, 
4 J3, 1  =  1. 9   H z,  1 H,  3- H),  6. 3 5   ( mc ,  1 H,  4′ - H),  6. 6 8  ( d,  
4 J3 ″ , 1″  =  2. 6  H z, 1 H, 3 ″ - H), 6. 9 1 ( d d d, 3 J3 ′ , 4′  =  3. 8  H z, 
4 J3 ′ , 5′  =  2. 4  H z, 5 J3 ′ , 1′  =  1. 4  H z, 1 H, 3 ′ - H), 6. 9 5 ( s, 1 H, 
8- H),  7. 2 2   ( mc ,  1 H,  5′ - H),  1 2. 5 6  ( b r s,  1 H,  1 ′ - N H), 
1 2. 7 1  ( b r s,  2 H,  1-,  1 ″ - N H); 1 3 C - N M R   ( 1 5 1  M H z, 
 C D Cl 3 ):  δ  [ p p m] =  1 2. 6  ( C- 1 1 ″ ),  1 4. 2  ( C- 1 0″ ),  2 2. 6  
( C- 9″ ),  2 5. 5  ( C- 6″ ),  2 9. 9  ( C- 7″ ),  3 1. 6  ( C- 8″ ),  5 8. 9  
( C- 7),  9 3. 0  ( C- 3),  1 1 1. 9  ( C- 4′ ),  1 1 6. 1  ( C- 8),  1 1 7. 2  
( C- 3′ ),  1 2 0. 8  ( C- 5),  1 2 2. 4  ( C- 2′ ),  1 2 5. 3  ( C- 2″ ),  1 2 7. 1  
( C- 5′ ), 1 2 8. 5 ( C- 3″ ), 1 2 8. 6 ( C- 4″ ), 1 4 7. 1 ( C- 5″ ), 1 4 7. 8 
( C- 2), 1 6 5. 9 ( C- 4).

e  a n al yti c al  d at a  a r e  i n  a c c o r d a n c e  t o  lit e r at u r e  
[2 0 ].

C ell li n e s a n d  c ell c ult ur e

All  H e L a  c ell  li n e s  w er e  c ult ur e d  i n  D ul b e c c o¬ s  M o di -
Æ e d  E a gl e  M e di u m  ( D M E M,  er m o  Fi s h er  S ci e ntiÆ c ,  
Walt h a m, M A, U S A, # 4 1, 9 6 5, 0 3 9) c o nt ai ni n g 1 0 % F et al 
B o vi n e  S er u m  ( F B S,  Si g m a- Al dri c h,  St.  L o ui s,  M O,  
U S A, # F 0 8 0 4), 4. 5  g/l D- gl u c o s e, 1 0 0  u nit s/ m L p e ni cil -
li n a n d 1 0 0 µ g/ m L str e pt o m y ci n ( er m o Fi s h er S ci e n -
tiÆ c ,  Walt h a m,  M A,  U S A,  # 1 5, 1 4 0, 1 2 2).  All  c ell s  w er e  

c ulti v at e d a n d tr e at e d at 3 7   C a n d 5 %  C O 2  i n a h u mi di-
Æ e d at m o s p h er e.

C ell vi a bilit y a s s a y

C ell  vi a bilit y  w a s  m e a s ur e d  u si n g  t h e  M T T  
( 3 -( 4, 5 - di m et h ylt hi a z ol - 2 - yl) - 2, 5 - di p h e n ylt et r a z oli u m 
br o mi d e) a ss a y. H e L a c ell s w er e s e e d e d i n 9 6- w ell pl at e s 
wit h a d e nsit y of 5* 1 0 3  c ell s/ w ell. O n e d a y aft er s e e di n g, 
c ell s  w er e  tr e at e d  wit h  di ff er e nt  c o n c e ntr ati o ns  of  pr o -
di gi o si n, 0. 1 % D M S O a s a s ol v e nt c o ntr ol or 5  µ M st a u -
r o s p ori n e a s a p o siti v e c o ntr ol f or 2 4 or 7 2  h. Aft er t h e 
i n c u b ati o n ti m e, 2 0 µ L of a 5  m g/ m L M T T st o c k s ol u -
ti o n ( R O T H, K arl sr u h e, G er m a n y, # 4 0 2 2. 3) w er e a d d e d 
t o t h e c ell s a n d t h e y w er e i n c u b at e d at 3 7 C a n d 5 %  C O 2  
i n  a  h u mi diÆ e d  at m o s p h er e  f or  3 0  mi n.  U p o n  r e m o v al  
of t h e M T T- c o nt ai ni n g m e di u m 1 0 0  µ L D M S O p er w ell 
w er e a d d e d f or e xtr a cti o n of t h e f or m a z a n. A b s or b a n c e 
w a s m e a s ur e d at 5 7 0  n m a n d 6 5 0  n m (r ef er e n c e) wit h a 
mi cr o pl at e  r e a d er  ( S y n er g y M x,  Bi o Te k,  Wi n o o s ki,  V T,  
U S A). Aft er s u btr a cti o n of t h e r ef er e n c e v al u e, t h e m e a n 
of t h e a b s or b a n c e of t h e s ol v e nt c o ntr ol w a s s et a s 1 0 0 % 
a n d t h e r el ati v e vi a bilit y w a s c al c ul at e d f or e a c h s a m pl e.

Tr a n s mi s si o n el e ctr o n mi cr o s c o p y ( T E M)

H e L a  wt  a n d  H e L a  G R A S P 5 5  K O  c ell s  w er e  s e e d e d  
i nt o  1 0  c m  di s h e s.  O n  t h e  n e xt  d a y,  c ell s  w er e  tr e at e d  
wit h  0. 1 %  D M S O,  1 0   n M  pr o di gi o si n  or   1 0 0  n M  pr o -
di gi o si n f or 2 4  h. Aft er tr e at m e nt, c ell s w er e w a s h e d wit h 
D ul b e c c o¬ s  p h o s p h at e- b u ff er e d  s ali n e  ( D P B S,  er m o 
Fi s h er S ci e ntiÆ c , Walt h a m, M A, U S A, # 1 4, 1 9 0, 2 5 0) a n d 
t h e n Æ x e d u si n g 2. 5 % gl ut ar al d e h y d e a n d 4 % p ar af or m al-
d e h y d e i n 0. 1 M s o di u m c a c o d yl at e, p H 7. 4 o v er ni g ht at 4 
C. e n, c ell s w er e h ar v e st e d wit h a c ell s cr a p er a n d c e n -
trif u g e d at 4, 0 0 0 ×  g  f or 5 mi n. C ell p ell et s w er e w a s h e d 
t wi c e wit h 0. 1 M s o di u m c a c o d yl at e b u ff er, p H  7. 2, t h e n 
h e at e d t o 4 0   C a n d e m b e d d e d i nt o 3 % l o w m elti n g a g a -
r o s e. e a g ar o s e w a s di ss ol v e d at 4 0 C i n a w at er b at h 
a n d  aft er  a s pir ati o n  of  t h e  s u p er n at a nt  a  v ol u m e  of  
a p pr o xi m at el y 1 0  µ L w a s l eft, w hi c h w a s r e s u s p e n d e d i n 
a g ar o s e. Aft er c e ntrif u g ati o n at a p pr o xi m at el y 4, 0 0 0  x g  
f or 2 mi n, t h e s a m pl e s w er e c o v er e d wit h 1 %  Os O4  i n 0. 1 
M s o di u m c a c o d yl at e b u ff er f or 6 0  mi n at R T. Aft er w a s h -
i n g t w o ti m e s wit h s o di u m c a c o d yl at e b uff er f or 1 0  mi n 
a n d t wi c e wit h 7 0 % Et O H f or 1 5  mi n at R T, bl o c k c o n -
tr a st w a s a p pli e d u si n g 1 % ur a n yl a c et at e/ 1 % p h o s p h or o-
t u n g sti c a ci d i n 7 0 % Et O H (f r e s hl y pr e p ar e d a n d Æl t er e d) 
f or 1 h at R T. e s a m pl e s w er e d e h y dr at e d i n a g r a d e d 
et h a n ol s eri e s ( 9 0 % Et O H, 9 6 % Et O H, 1 0 0 % Et O H) a n d 
e m b e d d e d  i n  S P U R R  e p o x y  r e si n  ( S er v a,  H ei d el b er g,  
G er m a n y,  # 2 1, 0 5 0).  Aft er  p ol y m eri z ati o n  at  7 0  C  f or  
2 4  h, 7 0  n m ultr at hi n s e cti o ns w er e c ut u si n g a n Ultr a c ut 
E M U C 7 ( L ei c a, Wet zl ar, G er m a n y). T E M i m a g e s w er e 
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c a pt ur e d u si n g a n H 7 1 0 0 T E M ( Hit a c hi, T o k y o, J a p a n) at 
1 0 0  V e q ui p p e d wit h a M or a d a c a m er a ( E M SI S G m b H, 
M̧ nst er, G er m a n y).

B F A w a s h o ut a s s a y

F or B F A w a s h o ut a ss a y s, H e L a wt c ell s w er e s e e d e d o n 
gl a ss c o v ersli p s i n 2 4- w ell pl at e s. O n t h e n e xt d a y, c ell s 
w er e  tr e at e d  wit h  0. 1 %  D M S O,  1 0   n M  pr o di gi o si n  or  
1 0 0  n M pr o di gi o si n. Aft er 2 4  h, t h e tr e at m e nt m e di u m 
w a s  r e m o v e d,  c ell s  w er e  w a s h e d  o n c e  wit h  D P B S  a n d  
t h e n  tr e at e d  wit h  5  µ g/ m L  B F A  or  0. 1 %  D M S O  a s  a  
c o ntr ol f or 2  h. C ell s w er e t h e n w a s h e d wit h D P B S f o ur 
ti m e s  a n d  i n c u b at e d  wit h  f r e s h  c ult ur e  m e di u m  f or  
0/ 1 5/ 3 0/ 4 5/ 6 0/ 1 2 0  mi n. Aft er t h e r e s p e cti v e B F A w a s h -
o ut ti m e, c ell s w er e Æ x e d i n i c e- c ol d m et h a n ol f or 1 5  mi n 
o n i c e, w a s h e d t hr e e ti m e s wit h D P B S a n d bl o c k e d i n 3 % 
B S A ( R ot h, K arl sr u h e, G er m a n y, # 8 0 7 6) o v er ni g ht. S a m -
pl e s  w er e  i n c u b at e d  wit h  pri m ar y  a nti b o di e s  dil ut e d  i n  
3 % B S A f or 2  h a n d t h e n w a s h e d t hr e e ti m e s wit h D P B S, 
i n c u b at e d  wit h  t h e  a p pr o pri at e  s e c o n d ar y  a nti b o di e s  
dil ut e d  i n  3 %  B S A  f or  3 0   mi n  a n d  w a s h e d  t hr e e  ti m e s  
wit h  D P B S.  Aft er w ar d s,  c ell s  w er e  e m b e d d e d  i n  Pr o -
L o n g  Gl a ss  A ntif a d e  M o u nt a nt  ( er m o  Fi s h er  S ci e n -
tiÆ c , Walt h a m, M A, U S A, # P 3 6 9 8 0) c o nt ai ni n g 1 µ g/ m L 
D A PI ( R ot h, K arl sr u h e, G er m a n y, # 6 3 3 5. 1). I m a g e s w er e 
r e c or d e d  wit h  a n  A xi o  O b s er v er  7  Ø u or e s c e n c e  mi cr o -
s c o p e  ( C arl  Z ei ss  Mi cr o s c o p y,  O b er k o c h e n,  G er m a n y)  
u si n g  a  4 0 x/ 1, 4  Oil  DI C  M 2 7  Pl a n- A p o c hr o m at  o bj e c -
ti v e ( C arl Z ei ss Mi cr o s c o p y, O b er k o c h e n, G er m a n y) a n d 
a n  A p o T o m e  2  ( C arl  Z ei ss  Mi cr o s c o p y,  O b er k o c h e n,  
G er m a n y).

T h er m al pr ot e o m e pr o fi li n g

T P P w a s p erf or m e d e ss e nti all y a s d e s cri b e d [ 4 0 , 6 5 ], b ut 
wit h m aj or m o diÆ c ati o ns t o t h e T M T l a b eli n g s et s a n d 
st ati sti c al d at a a n al y si s f or T P P- T R.

C o m p o u n d a n d  t e m p er at ur e tr e at m e nt

F or t h er m al pr ot e o m e pr oÆl i n g t e m p er at ur e r a n g e ( T P P-
T R)  e x p eri m e nt s,  6* 1 0 6  H e L a  wt  c ell s  w er e  s e e d e d  p er  

1 5  c m di s h a n d, o n t h e n e xt d a y, i n c u b at e d wit h 1 0 0  n M 
pr o di gi o si n (Æ n al c o n c e ntr ati o n i n Æ n al 0. 1 % v/ v D M S O 
i n c ell c ult ur e m e di u m) or 0. 1 % v/ v D M S O i n c ell c ult ur e 
m e di u m a s v e hi cl e c o ntr ol f or 6  h. F or t h er m al pr ot e o m e 
pr oÆl i n g  c o m p o u n d  c o n c e ntr ati o n  r a n g e  ( T P P- C C R)  
e x p eri m e nt s,  2. 3 5* 1 0 6  H e L a  wt  c ell s  w er e  s e e d e d  p er  
1 0  c m di s h a n d, o n t h e n e xt d a y, i n c u b at e d wit h t h e i n di -
c at e d  Æ n al  c o n c e ntr ati o ns  ( Ta bl e   1 )  of  pr o di gi o si n  (i n  
Æ n al 0. 1 % v/ v D M S O i n c ell c ult ur e m e di u m) f or 6 h.

A d h e r e nt  c ell s  w e r e  w a s h e d  i n  t h e  di s h  o n c e  wit h  
D P B S a n d h a r v e st e d b y Tr y p si n ± E D T A ( 0. 2 5 %, e r m o 
Fi s h e r  S ci e ntiÆ c,  W alt h a m,  M A,  U S A,  # 2 5, 2 0 0, 0 5 6)  
t r e at m e nt.  Aft e r  a d diti o n  of  3 5  m L  D P B S,  t h e  c ell s  
w e r e  p ell et e d  b y  c e nt rif u g ati o n  ( 3 0 0  r cf,  5  mi n,  4  C), 
a n d w a s h e d t wi c e b y r e- s u s p e n di n g a n d p ell eti n g u si n g 
4 5  m L a n d 1 m L D P B S, r e s p e cti v el y, t o r e m o v e e x c e s s 
t r y p si n a n d f o r t r a n sf e r i nt o p r e- w ei g h e d 2 m L E p p e n -
d o rf  t u b e s  t o  d et e r mi n e  t h e  c ell  p ell et  w et  w ei g ht s  a s  
q u alit y  c h e c k  aft e r  c e nt rif u g ati o n  ( 3 0 0  r cf,  5  mi n,  4  
C)  a n d  c o m pl et e  r e m o v al  of  t h e  s u p e r n at a nt.  C ell s  
f o r  T P P- T R  w e r e  r e s u s p e n d e d  u si n g  1  m L,  a n d  c ell s  
f o r T P P- C C R w e r e r e s u s p e n d e d u si n g 0. 4 m L i c e- c ol d 
D P B S, r e s p e cti v el y, s u p pl e m e nt e d wit h p r ot e a s e i n hi bi -
t o r c o c kt ail ( R o c h e, B a s el, S wit z e rl a n d, # 5, 8 9 2, 7 9 1, 0 0 1). 
T P P- T R  s a m pl e s  w e r e  ali q u ot e d  i nt o  1 0  ×  1 0 0   µ L,  a n d  
2 ×  1 0 0 µ L ali q u ot s w e r e g e n e r at e d f r o m T P P- C C R s a m -
pl e s, r e s p e cti v el y, i nt o P C R t u b e st ri p s s u c h t h at s a m -
pl e s  wit h  di ff e r e nt  p r o di gi o si n  c o n c e nt r ati o n s  a n d  t h e  
s a m e  t r e at m e nt  t e m p e r at u r e  ( d e s c ri b e d  b el o w)  w e r e  
c o nt ai n e d  i n  t h e  s a m e  st ri p.  C ell  s u s p e n si o n s  w e r e  
s h o rtl y c e nt rif u g e d ( 1  s o r l e s s) u si n g a b e n c ht o p c e n -
t rif u g e t o r el e a s e t r a p p e d ai r a n d t o a c hi e v e a n e v e n li q-
ui d l e v el wit h o ut p ell eti n g t h e c ell s. e s a m pl e s w e r e 
t h e n  t e m p e r at u r e  t r e at e d  b y  a  7  mi n  p r e-i n c u b ati o n  
at R T, 3  mi n t e m p e r at u r e t r e at m e nt i n t h e P C R c y cl e r 
( D N A E n gi n e Tet r a d 2, li d t e m p e r at u r e 7 0 C) at di ff e r -
e nt t e m p e r at u r e s ( 3 7 C o r 5 0   C f o r T P P- C C R o r t h e 
t e m p e r at u r e s gi v e n i n Ta bl e 2  f o r T P P- T R) a n d a 3 mi n 
p o st-i n c u b ati o n at R T i n a m et al h e ati n g bl o c k f o r u ni -
f o r m h e at di s si p ati o n.

T a bl e 1   T P P- C C R tr e at m e nt c o n c e ntr ati o ns

S a m pl e 1 2 3 4 5 6 7 8 9 1 0

[ Pr o di gi osi n] / n M 0 0. 0 9 8 0. 3 9 1. 5 6 6. 2 5 2 5 1 0 0 4 0 0 1 6 0 0 6 4 0 0

T a bl e 2   T P P- T R tr e at m e nt t e m p er at ur es

P C R stri p 1 2 3 4 5 6 7 8 9 1 0

Tr e at m e nt t e m p er at ur e / C 3 6. 5 4 1. 2 4 4. 0 4 7. 1 4 9. 8 5 3. 3 5 6. 0 5 9. 2 6 4. 0 6 7. 0
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Aft er  t e m p er at ur e  tr e at m e nt,  s a m pl e s  w er e  s u p pl e -
m e nt e d wit h l y si s b u ff er (Æ n al c o n c e ntr ati o ns: 0. 3 6  U/ µ L 
b e n z o n a s e, 1. 5  m M  M g Cl 2 , 1 m M  N a 3 V O 4 , 1 0 m M N a F, 
2. 5  m M   N a 4 P 2 O 7 , 0. 8 % w/ v N P- 4 0) f or 1 h o n i c e. e 
l y s at e s w er e cl e ar e d f r o m c ell d e bri s a s w ell a s d e n at ur e d 
a n d pr e ci pit at e d pr ot ei ns b y c e ntrif u g ati o n at 2 0, 0 0 0  r cf 
a n d 4 C f or 3 0  mi n. e t ot al pr ot ei n c o n c e ntr ati o n of 
t h e r e s ulti n g c ell e xtr a ct s c o nt ai ni n g t h e f r a cti o n of s ol u-
bl e, n o n- d e n at ur e d pr ot ei ns w a s d et er mi n e d ( Pi er c e 6 6 0 
n m Pr ot ei n A ss a y, B S A a s st a n d ar d). C ell e xtr a ct s w er e 
s h o c k f r o z e n i n li q ui d nitr o g e n a n d st or e d at - 8 0 C. e 
t hr e e  r e pli c at e s  f or  T P P- T R  a n d  T P P- C C R  w er e  pr e-
p ar e d o n c o ns e c uti v e d a y s, r e s p e cti v el y. e t w o ( 3 7 C 
or 5 0 C) x t e n ( c o n c e ntr ati o ns) x t hr e e (r e pli c at e s)  =  6 0 
T P P- C C R s a m pl e s a n d t w o (tr e at m e nt a n d c o ntr ol) x t e n 
(t e m p er at ur e s) x t hr e e (r e pli c at e s) =  6 0 T P P- T R s a m pl e s 
w er e a n al y z e d b y L C ± M S/ M S. G R A S P 5 5 w a s a d diti o n -
all y q u a ntiÆ e d f r o m t h e T P P- T R s a m pl e s b y i m m u n o b -
l otti n g a s d e s cri b e d i n t h e r e s p e cti v e s e cti o n.

Si n gl e- p ot, s oli d- p h a s e- e n h a n c e d s a m pl e pr e p ar ati o n ( S P 3) 

f or M S

F or T P P- C C R, S P 3 w a s p erf or m e d a s d e s cri b e d [ 4 0 ] wit h 
sli g ht  m o diÆ c ati o ns  t o  t h e  ori gi n al  pr ot o c ol  [ 2 8 ]  u si n g  
o n  a v er a g e  5  µ g  t ot al  pr ot ei n  p er  s a m pl e  a n d  r e s ulti n g  
i n t h e or eti c all y 5 µ g p e pti d e s i n 2 2 µ L 5 0 m M tri et h yl-
a m m o ni u m bi c ar b o n at e p er s a m pl e. F or e a c h of t h e t w o 
(tr e at m e nt a n d c o ntr ol) x t hr e e (r e pli c at e s) =  si x T P P- T R 
t e m p er at ur e tr e at m e nt s a m pl e s et s, t h e s a m e v ol u m e f or 
e a c h  of  t h e  t e n  t e m p er at ur e  s a m pl e s  w a s  u s e d  f or  S P 3  
pr o c e ssi n g, t h u s, m ai nt ai ni n g t h e i nf or m ati o n a b o ut t h e 
t e m p er at ur e d e p e n d e nt n o n- d e n at ur e d pr ot ei n c o nt e nt. 

i s v ol u m e w a s c al c ul at e d s u c h t h at t h e l o w e st t w o t e m-
p er at ur e s a m pl e s ( 3 6. 5 C a n d 4 1. 2 C) c o nt ai n e d 1 0 µ g 
t ot al pr ot ei n o n a v er a g e. e s a m pl e s w er e dil ut e d u si n g 
S D S c o nt ai ni n g b u ff er ( 2 0 µ L Æ n al, Æ n al c o n c e ntr ati o ns: 
7. 5 %  gl y c er ol,  3 %  S D S,  3 7. 5  m M  Tri s/ H Cl  p H  7. 0)  a n d  
t h e pr ot ei ns w er e r e d u c e d, al k yl at e d, a n d pr e ci pit at e d o n 
t h e s oli d p h a s e a s d e s cri b e d [4 0 ] u si n g a dj u st e d v ol u m e s 
( 2 ×  d u e t o pr o c e ssi n g 1 0 µ g i nst e a d of 5 µ g). V ol u m e s f or 
w a s hi n g  of  t h e  a g g r e g at e d  pr ot ei ns  o n  t h e  s oli d  p h a s e  
a n d f or tr y pti c di g e sti o n w er e k e pt u n c h a n g e d, h o w e v er, 
t o  m ai nt ai n  t h e  m a xi m al  t ot al  pr ot ei n  t o  tr y p si n/ L y s- C  
r ati o at 5 0: 1 i n t h e t w o r o u n d s of di g e sti o n ( 1 3 h a n d 4 h), 
r e s p e cti v el y, 2  ×  0. 2 µ g tr y p si n/ L y s- C w a s u s e d p er s a m -
pl e, t h e or eti c all y r e s ulti n g i n at m o st a b o ut 1 0 µ g p e p -
ti d e s i n 2 2 µ L 5 0 m M tri et h yl a m m o ni u m bi c ar b o n at e.

T M T l a b eli n g a n d  hi g h p H fr a cti o n ati o n

P e pti d e s  ( 1 0  µ L  of  t h e  p e pti d e  s ol uti o ns,  r e s p e cti v el y,  
c o nt ai ni n g a b o ut 2. 3 µ g p e pti d e s f or T P P- C C R or at m o st 

a b o ut  4. 5  µ g  p e pti d e s  f or  T P P- T R,  r e s p e cti v el y)  w er e  
T M T l a b el e d ( 1 µ L f or T P P- C C R or 2 µ L f or T P P- T R of 
t h e r e s p e cti v e T M T 1 0 pl e x l a b el f r o m 0. 8 m g T M T l a b el 
i n 4 1 µ L dr y a c et o nitril e, 1 h, R T; q u e n c h e d b y 0. 8 µl f or 
T P P- C C R  or  1. 6  µ L  f or  T P P- T R  of  2. 5 %  w/ v  h y dr o x y -
l a mi n e, 1 5 mi n, R T), t h e s a m pl e s of a l a b eli n g s et w er e 
c o m bi n e d a n d o ffl i n e hi g h p H f r a cti o n at e d a s d e s cri b e d 
[4 0 ]. F or T P P- C C R, a T M T 1 0 pl e x l a b eli n g s et c o nt ai n e d 
t h e t e n c o n c e ntr ati o n s a m pl e s a c c or di n g t o t h e f oll o wi n g 
s c h e m e:

[ Pr o di gi-
osi n] / n M 

0 0. 0 9 8 0. 3 9 1. 5 6 6. 2 5 2 5 1 0 0 4 0 0 1 6 0 0 6 4 0 0

T M T l a b el 1 2 6 1 2 7 N 1 2 7 C 1 2 8 N 1 2 8 C 1 2 9 N 1 2 9 C 1 3 0 N 1 3 0 C 1 3 1

F or T P P- T R, h o w e v er, i n or d er t o d et er mi n e c o m p o u n d 
i n d u c e d m elti n g c ur v e s hift s a n d, at t h e s a m e ti m e, all o w 
f or pr e ci s e r el ati v e pr ot ei n q u a ntiÆ c ati o n f or diff er e nti al 
pr ot ei n  e x pr e ssi o n  a n al y si s,  c orr e s p o n di n g  t e m p er at ur e  
s a m pl e s  of  tr e at m e nt  a n d  c o ntr ol  w er e  k e pt  wit hi n  t h e  
s a m e T M T 1 0 pl e x l a b eli n g s et a n d t h e t e n di ff er e nt t e m -
p er at ur e tr e at m e nt s w er e s plit u p i nt o t w o T M T 1 0 pl e x 
l a b eli n g s et s a c c or di n g t o t h e f oll o wi n g s c h e m e:

T M T 1 0 pl e x l a b eli n g s et 1

T e m p er a-
t ur e / C

6 4. 0 6 4. 0 5 6. 0 5 6. 0 4 9. 8 4 9. 8 4 4. 0 4 4. 0 3 6. 5 3 6. 5

C o m p o u n d 
tr e at m e nt

-  +  -  +  -  +  -  +  -  + 

T M T l a b el 1 2 6 1 2 7 N 1 2 7 C 1 2 8 N 1 2 8 C 1 2 9 N 1 2 9 C 1 3 0 N 1 3 0 C 1 3 1

T M T 1 0 pl e x l a b eli n g s et 2

T e m p er a-
t ur e / C

6 7. 0 6 7. 0 5 9. 2 5 9. 2 5 3. 3 5 3. 3 4 7. 1 4 7. 1 4 1. 2 4 1. 2

C o m p o u n d 
tr e at m e nt

-  +  -  +  -  +  -  +  -  + 

T M T l a b el 1 2 6 1 2 7 N 1 2 7 C 1 2 8 N 1 2 8 C 1 2 9 N 1 2 9 C 1 3 0 N 1 3 0 C 1 3 1

i s  a p pr o a c h  i s  si mil ar  t o  t h e  pr e vi o u sl y  d e s cri b e d  
R T S A  a p pr o a c h  [ 3 3 ],  h o w e v er,  all o wi n g  f or  t e n  i nst e a d  
of  ni n e  t e m p er at ur e  tr e at m e nt s  b y  o mitti n g  c o m m o n  
r ef er e n c e t e m p er at ur e s a m pl e s i n t h e t w o T M T s et s a n d, 
i nst e a d,  u si n g  a  gl o b al  m elti n g  c ur v e  Æt ti n g  pr o c e d ur e  
d e s cri b e d b el o w.

L C±  M S/ M S a n al y si s

I n  t ot al,  ei g ht  ( hi g h  p H  f r a cti o ns  p er  T M T  s et)  x  t w o  
( T M T  s et s  p er  t e m p er at ur e;  3 7  C  a n d  5 0  C)  x  t hr e e  
(r e pli c at e s) =  4 8 T P P- C C R a n d ei g ht ( hi g h p H f r a cti o ns 
p er T M T s et) x t w o ( T M T s et s p er r e pli c at e) ti m e s t hr e e 
(r e pli c at e s) =  4 8  T P P- T R  M S  s a m pl e s  w er e  a n al y z e d  
u si n g a R a pi d S e p ar ati o n Li q ui d C hr o m at o g r a p h y S y st e m 
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( Ulti m at e  3 0 0 0,  er m o  Fi s h er)  a n d  a  n a n o- s o ur c e  E SI  
i nt erf a c e e q ui p p e d Or bitr a p F u si o n L u m o s Tri bri d m a ss 
s p e ctr o m et er  ( er m o  Fi s h er  S ci e ntiÆ c ,  Dr ei ei c h,  G er -
m a n y) o p er at e d i n s y n c hr o n o u s pr e c urs or s el e cti o n ( S P S) 
[4 7 ] m o d e a s d e s cri b e d [4 0 ].

M S d at a a n al y si s, pr ot ei n i d e nti fi c ati o n, a n d  q u a nti fi c ati o n

M S d at a w a s pr o c e ss e d a s d e s cri b e d [ 4 0 ] u si n g t h e M a x-
Q u a nt  s oft w ar e  ( M a x  Pl a n c k  I nstit ut e  f or  Bi o c h e mi s -
tr y, Pl a n e g g, G er m a n y) v ersi o n 1. 6. 1 7. 0 b a s e d o n 7 5, 7 7 7 
H o m o s a pi e ns pr ot ei n e ntri e s, d o w nl o a d e d f r o m t h e U ni -
Pr ot K B o n 2 7 J a n u ar y 2 0 2 1, yi el di n g pr ot ei n q u a ntiÆ c a -
ti o ns b y T M T r e p ort er i o ns at t h e M S 3 l e v el f or a t ot al 
of 5 9 9 2 a n d 4 5 9 0 i d e ntiÆ e d pr ot ei n g r o u p s f or T P P- C C R 
a n d T P P- T R, r e s p e cti v el y (i n cl u di n g p ot e nti al c o nt a mi -
n a nt s,  r e v ers e  hit s  a n d  o nl y  b y  sit e  i d e ntiÆ c ati o ns).  I n  
t h e f oll o wi n g, f or si m pli cit y a n d r e a d a bilit y, a M a x Q u a nt 
" pr ot ei n g r o u p" i s r ef err e d t o a s "i d e ntiÆ e d pr ot ei n", " pr o-
t ei n I D", or j u st " pr ot ei n," a n d a r e pr e s e nt ati v e pr ot ei n f or 
t h e pr ot ei n g r o u p i s s el e ct e d.

St ati sti c al a n al y si s of  m elti n g c ur v e s

St ati sti c al d at a a n al y si s w a s p erf or m e d u si n g t h e R pr o -
g r a m mi n g l a n g u a g e ( R v ersi o n 4. 1. 2 ( 2 0 2 1 ± 1 1- 0 1) o n a 
x 8 6 _ 6 4- w 6 4- mi n g w 3 2/ ×  6 4 ( 6 4- bit) pl atf or m). F or T P P-
C C R,  d at a  n or m ali z ati o n,  d o s e  r e s p o ns e  c ur v e  Æt ti n g,  
a n d  p s e u d o- R 2  c al c ul ati o n  w a s  p erf or m e d  a s  d e s cri b e d  
[4 0 ]  wit h  t h e  diff er e nt  st arti n g  v al u e s  f or  p E C 5 0  
( 9. 5, 8. 2,  6. 8,  5. 5) a n d H (- 3,  - 0. 3 3, 0. 3 3,  3) f or t h e Ærs t 
s eri e s of Æ t s.

e nl s() or nl s L M() f u n cti o ns of t h e R p a c k a g e s st at s 
or  mi n p a c k.l m,  r e s p e cti v el y,  w er e  u s e d  f or  n o n-li n e ar  
m elti n g  c ur v e  Æ tti n g  a s  d et ail e d  b el o w.  e  pr o c e d ur e  
c o nsi st s  of  t w o  m ai n  st e p s:  1)  Pr e p ar ati o n  of  T P P- T R  
d at a, 2) R T S A a n al y si s.

P r e p ar ati o n  of  T P P- T R  d at a  b y  a  t hr e e-st e p  n or m ali -
z ati o n  pr o c e d ur e  N o r m ali z ati o n  f o r  e a c h  t e m p e r a -
t u r e F or  e a c h  tr e at m e nt  t e m p er at ur e,  t h e  r e p ort er  i o n  
i nt e n siti e s  of  t h e  t w o  (tr e at m e nt  a n d  c o ntr ol)  x  t hr e e  
(r e pli c at e s) =  si x  s a m pl e s  w er e  n or m ali z e d  s u c h  t h at  
w h e n  e a c h  s a m pl e  w a s  c o m p ar e d  t o  a  ( s el e ct e d)  r ef er -
e n c e  s a m pl e,  t h e  m e di a n  of  t h e  l o g arit h mi z e d   (l o g2 ) 
f ol d c h a n g e s (F C s, i. e., t h e r ati o s) of all pr ot ei n r e p ort er 
i o n  i nt e n siti e s  ( m e di a n   l o g2 F C s)  w a s  z er o.  e  s a m pl e  
t o w hi c h t h e ot h er s a m pl e s h a d t h e hi g h e st n u m b er of 
p o siti v e  m e di a n   l o g2 F C s  w a s  s el e ct e d  a s  t h e  r ef er e n c e  
s a m pl e wit hi n e a c h t e m p er at ur e s a m pl e s et. e i nt e n -
siti e s of t h e ot h er s a m pl e s w er e a dj u st e d b y m ulti pl yi n g 
b y t h e c al c ul at e d c o n st a nt c = 2 (m e di a n l o g 2 F Cs ) . i s i ni-
ti al n or m ali z ati o n st e p a c c o u nt s f or pi p etti n g er r or s a n d 

u n n oti c e d  di ff er e n c e s  i n  t h e  n u m b er  of  c ell s  u s e d  a n d  
m a k e s  t h e  r e a s o n a bl e  a s s u m pti o n  t h at  t h e  v a st  m aj or -
it y  of  pr ot ei n s  ar e  u n aff e ct e d  b y  tr e at m e nt  wit h  t h e  
c o m p o u n d.  N ot e  t h at  h e n c ef ort h  all  pr ot ei n  r e p ort er  
i o n  i nt e n sit y  r ati o s  b et w e e n  t h e  c or r e s p o n di n g  tr e at-
m e nt a n d c o ntr ol s a m pl e s ( s a m e t e m p er at ur e a n d r e pli -
c at e) r e m ai n u n a ff e ct e d, all o wi n g f or di ff er e nti al pr ot ei n 
a b u n d a n c e a n al y si s.

N o r m ali z ati o n  t o  a  gl o b al  m elti n g  c u r v e  F or  e a c h  of  
t h e  t e n  t e m p er at ur e s,  t h e  m e a n  of  a  s et  of  3 6  m e di a n  
 l o g2 F C s w a s d et er mi n e d b y p air wi s e c o m p ari s o n of all si x 
s a m pl e s of t h e gi v e n t e m p er at ur e wit h all si x s a m pl e s of 
t h e l o w e st t e m p er at ur e (T l o w =  3 6. 5 C), w hi c h s er v e d a s a 
r ef er e n c e. e s e o bt ai n e d i nt e nsit y m e a ns f or e a c h of t h e 
t e n t e m p er at ur e s, I(T ), w er e pl ott e d o n t h e li n e ar s c al e 

I (T ) = 2 m e a n (m e di a n l o g 2 F Cs (T vs. T l o w))  a g ai nst t h eir c or -

r e s p o n di n g  t e m p er at ur e s,  T ,  a n d  a  m elti n g  c ur v e  
( E q. 1 ) [4 0 ]) w a s Æt t e d t o t h e d at a p oi nt s u si n g t h e p ar a m-
et ers Imi n  a n d Im a x  f or t h e a s y m pt oti c i nt e nsit y mi ni m u m 
a n d m a xi m u m ( pl at e a u s), r e s p e cti v el y, a s w ell a s T m  a n d s 
a s p ar a m et ers f or m elti n g p oi nt a n d sl o p e, r e s p e cti v el y. 
E q u ati o n   1  w a s  d eri v e d  f r o m  E q.   2  wit h  T m  =  a /b  a n d  
s =   −  b 2 /a  a n d  E q.   2  ori gi n at e s  f r o m  t h e  ori gi n al  t hr e e  
p ar a m et er  ( Im a x  =  1,  u si n g  n or m ali z e d  d at a)  d e s cri pti o n  
[6 2 ]  c o nsi d eri n g  t h at  f o ur  p ar a m et ers  (Im a x  a s  Æ tti n g  
p ar a m et er) h a v e b e e n s h o w n t o b e m or e a p pr o pri at e [ 4 8 ].

E a c h s et of si x s a m pl e s p er t e m p er at ur e p oi nt w a s t h e n 
s hift e d  i n  t h e  dir e cti o n  of  t h e  gl o b al  m elti n g  c ur v e  b y  
m ulti pl yi n g  it  b y  a  c o nst a nt  c (T ),  w hi c h  w a s  t h e  r ati o  
b et w e e n t h e Æt t e d v al u e, IÆ t(T ), a n d t h e v al u e of t h e d at a 
p oi nt I(T ) (c (T ) =  IÆ t(T )/I(T ))  at  t h at t e m p er at ur e. A n al-
o g o u s  t o  t h e  pr e vi o u s  st e p   ( n or m ali z ati o n  of  s a m pl e s  
wit hi n  e a c h  t e m p er at ur e  tr e at m e nt),  t h e  pr e s e nt  st e p  
n or m ali z e s s a m pl e s b et w e e n  t e m p er at ur e tr e at m e nt s t o 
a c c o u nt f or pi p etti n g err ors a n d di ff er e n c e s i n c ell n u m -
b er. It i s i m p ort a nt t o n ot e t h at t h e pr e s e nt n or m ali z ati o n 
st e p d o e s n ot a ff e ct t h e r ati o s of t h e si x s a m pl e s wit hi n  a 
t e m p er at ur e tr e at m e nt ( n or m ali z e d i n t h e pr e vi o u s st e p), 
b e c a u s e t h e s e si x s a m pl e s ar e all m ulti pli e d b y t h e s a m e 
c o nst a nt.  Al s o  n ot e  t h at  all  si n gl e  pr ot ei n  r e p ort er  i o n  
i nt e nsit y r ati o s wit hi n e a c h T M T 1 0 pl e x l a b eli n g s et st a y 
u n a ff e ct e d f r o m h er e o n, r e s ulti n g i n si x p airs (t hr e e r e p -
li c at e s of T M T 1 0 pl e x l a b eli n g s et 1 a n d t hr e e r e pli c at e s 
of T M T 1 0 pl e x l a b eli n g s et 2, e a c h c o m pri si n g tr e at m e nt 
a n d c o ntr ol) of m elti n g c ur v e d at a p er pr ot ei n.

( 1)I (T ) = Imi n + (Im a x − Imi n ) /{1 + e x p [(T m / T − 1 )s Tm ]}

( 2)I (T ) = Imi n + (Im a x − Imi n ) /{1 + e x p [− (a / T − b )]}
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N o r m ali z ati o n  of  p r ot ei n- wi s e  m elti n g  c u r v e s  f r o m  
e a c h T M T 1 0 pl e x l a b eli n g s et  First, a r o u g h l e v eli n g of 
t h e si x p airs of m elti n g c ur v e d at a (si x l a b eli n g s et s) w a s 
p erf or m e d f or e a c h pr ot ei n i n di vi d u all y b y m ulti pl yi n g all 
pr ot ei n i nt e nsiti e s i n a l a b eli n g s et b y t h e r ati o b et w e e n 
t h e m a xi m u m i nt e nsit y of t h at pr ot ei n a cr o ss all s et s a n d 
t h e m a xi m u m i nt e nsit y of t h at pr ot ei n i n t h at s et. M elt-
i n g  c ur v e s  ( E q.  1 )  f or  e a c h  pr ot ei n  w er e  t h e n  Æ tt e d  t o  
t h e  c o m bi n e d  d at a  f r o m  all  si x  l a b eli n g  s et s  u si n g  f o ur  
p ar a m et ers  ( Imi n , Im a x , T m ,  a n d  s)  or,  a s  f ail ur e  alt er n a-
ti v e, t hr e e p ar a m et ers (Im a x , T m , a n d s; Imi n  =  0). e Æt t e d 
p ar a m et ers ( Imi n , Im a x , T m , a n d s) w er e r et ai n e d a s c o n-
st a nt s i n t h e n e xt Æt s t o d et er mi n e t h e s c ali n g f a ct ors, sfi, 
f or e a c h of t h e si x T M T- 1 0 pl e x l a b eli n g s et s a c c or di n g t o 
( E q. 3 ), w h er e i d e n ot e s l a b eli n g s et s 1 t hr o u g h 6.

Aft er a p pl yi n g t h e s c ali n g t o t h e si x i n di vi d u al l a b el s et s 
p er pr ot ei n, t h e pr o c e ss of m elti n g c ur v e Æt ti n g o v er t h e 
c o m bi n e d  l a b eli n g  s et s  a n d  s c ali n g  t h e  i n di vi d u al  l a b e -
li n g s et s b y s c ali n g f a ct ors d eri v e d f r o m t h e s e c o n d Æt -
ti n g wit h o nl y t h e s c ali n g f a ct or a s a f r e e p ar a m et er w a s 
r e p e at e d t w o m or e ti m e s t o a p pr o a c h s elf- c o nsi st e n c y. It 
i s e m p h a si z e d t h at t h e i nt e nsit y r ati o s wit hi n t h e l a b eli n g 
s et s w er e u n a ff e ct e d, s o t h at t h e i nf or m ati o n a b o ut t h e 
pr ot ei n  i nt e nsit y  r ati o s  b et w e e n  tr e at m e nt  a n d  c o ntr ol  
(f ol d c h a n g e s, F C s) w a s pr e s er v e d.

R T S A a n al ysis  F or d et er mi ni n g t h e e ff e ct s of pr o di gi -
o si n tr e at m e nt o n b ot h pr ot ei n t h er m al st a bilit y a n d pr o -
t ei n  a b u n d a n c e,  t h e  n or m ali z e d  r e p ort er  i nt e nsit y  d at a  
w er e  u s e d  a s  i n p ut  f or  t h e  R T S A  s oft w ar e  ( R  p a c k a g e  
v 1. 0,  [ 3 3 ]),  w hi c h  w a s  r u n  wit h o ut  a n ot h er  n or m ali z a-
ti o n of t h e d at a a n d w a s sli g htl y m o diÆ e d t o a c c e pt t h e 
pr e s e nt i n p ut d at a ( n o c o m m o n r ef er e n c e d at a i n t h e t w o 
pr e s e nt T M T l a b eli n g s et s a n d 3 6. 5 C i nst e a d of 3 7 C a s 
l o w e st t e m p er at ur e).

I m m u n o bl otti n g

F or  S D S  P A G E  a n d  w e st er n  bl otti n g,  c ell s  w er e  h ar -
v e st e d  b y  s cr a pi n g,  p ell eti z e d  at  1 5 0   r cf  a n d  4  C  f or  
5   mi n,  w a s h e d  wit h  D P B S  a n d  q ui c kl y  f r o z e n  i n  li q ui d  
nitr o g e n. C ell s w er e l y s e d i n l y si s b u ff er ( 2 0  m M Tri s ±
H Cl,  1 5 0   m M  N a Cl,  5 0 0   µ M  E D T A,  1 %  [ v/ v]  Trit o n  
X- 1 0 0,  1   m M   N a 3 V O 4 ,  1 0  m M  N a F,  2. 5   m M   N a 4 P 2 O 7 , 
1 X   pr ot e a s e  i n hi bit or  c o c kt ail  [ R o c h e,  B a s el,  S wit z er -
l a n d,  # 4 6 9 3 1 3 2 0 0 1])  f or  3 0  mi n  o n  i c e  a n d  t h e  l y s at e s  
w er e  cl e ar e d  b y  c e ntrif u g ati o n  at  1 8, 0 0 0   r cf  a n d  4  C  
f or  1 5  mi n.  Pr ot ei n  c o n c e ntr ati o n  w a s  d et er mi n e d  b y  
Br a df or d a ss a y a n d s a m pl e b u ff er w a s a d d e d ( 6 2. 5  m M 
Tri s,  8. 6 %  [ v/ v]  gl y c er ol,  2 %  [ w/ v]  S D S,  3 3. 3   µ g/ m L 

( 3)Ii(T ) = sfi{Imi n + (Im a x − Imi n ) /{1 + e x p [(T m / T − 1 )s Tm ]}}

br o m o p h e n ol  bl u e,  1 %  [ v/ v]  β - m er c a pt o et h a n ol).  S a m-
pl e s  w er e  h e at e d  at  9 5  C  f or  5   mi n  a n d  t h e n  e q u al  
a m o u nt s of pr ot ei n ( 2 5  µ g) w er e s u bj e ct e d t o S D S ± p ol y -
a cr yl a mi d e g el s. F or C E T S A a n al y si s of T P P- T R s a m pl e s, 
t h e pr ot ei n c o n c e ntr ati o n w a s d et er mi n e d b y Pi er c e 6 6 0 
n m Pr ot ei n A ss a y a n d t h e pr ot ei n c o n c e ntr ati o n of t h e 
3 6. 5   C  tr e at e d  s a m pl e  of  e a c h  tr e at m e nt  a n d  r e pli c at e  
w a s  u s e d  f or  t h e  ot h er  ni n e  s a m pl e s  of  t h e  r e s p e cti v e  
s a m pl e s et t o di s pl a y t e m p er at ur e- d e p e n d e nt t ot al pr o -
t ei n a g g r e g ati o n a n d pr e ci pit ati o n. 2 0 µ g of pr ot ei n w er e 
s u p pl e m e nt e d  wit h  s a m pl e  b u ff er  ( 6 2. 5   m M  Tri s,  8. 6 %  
[ v/ v]  gl y c er ol,  2 %  [ w/ v]  S D S,  3 3. 3  µ g/ m L  br o m o p h e n ol  
bl u e,  1 %  [ v/ v]  β - m er c a pt o et h a n ol)  a n d  h e at e d  at  9 5   C 
f or  5  mi n  b ef or e  l o a di n g  o n  S D S ± p ol y a cr yl a mi d e  g el s.  
Aft er s e p ar ati o n b y S D S - P A G E, pr ot ei ns w er e tr a nsf err e d 
t o  P V D F  m e m br a n e s  ( M er c k,  D ar mst a dt,  G er m a n y,  
#I P F L 0 0 0 1 0),  bl o c k e d  wit h  5 %  mil k  p o w d er  i n  T B S T  
a n d  a n al y z e d  u si n g  t h e  i n di c at e d  pri m ar y  a nti b o di e s  
f oll o w e d b y a p pr o pri at e I R D y e 8 0 0- or I R D y e 6 8 0- c o n-
j u g at e d  s e c o n d ar y  a nti b o di e s  ( LI- C O R  Bi o s ci e n c e s,  
Li n c ol n,  N E,  U S A).  Fl u or e s c e n c e  si g n al s  w er e  d et e ct e d  
u si n g a n O d y ss e y I nf r ar e d I m a gi n g s y st e m ( LI- C O R Bi o -
s ci e n c e s, Li n c ol n, N E, U S A) a n d si g n al s w er e q u a ntiÆ e d 
wit h  I m a g e  St u di o  ( LI- C O R  Bi o s ci e n c e s,  Li n c ol n,  N E,  
U S A). F or G R A S P 5 5 C E T S A a n al y si s, di ff er e nti al m elti n g 
c ur v e a n al y si s w a s p erf or m e d u si n g t h e R T S A s oft w ar e 
a s  d e s cri b e d  f or  T P P- T R  u si n g  n or m ali z e d  q u a ntit ati v e  
i m m u n o bl ot d at a a s i n p ut. N or m ali z ati o n w a s p erf or m e d 
b y  di vi di n g  e a c h  of  t h e  t w o  (tr e at m e nt  a n d  c o ntr ol)  x  
t hr e e (r e pli c at e s) =  si x d at a s et s (t e n t e m p er at ur e s e a c h) 
b y t h e r e s p e cti v e Æ tt e d Im a x  of t hr e e p ar a m et er (Im a x , T m , 
a n d s; Imi n  =  0) m elti n g c ur v e Æt s ( E q. 1 ).

G e n er ati o n of  k n o c k- o ut c ell li n e s

G R A S P 5 5  K O  c ell s  w er e  g e n er at e d  u si n g  t h e  C RI S P R/
C a s 9 s y st e m d e v el o p e d b y t h e Z h a n g l a b [ 5 9 ]. D o u bl e-
str a n d e d  D N A  oli g o s  ( 5¬ - C A C  C G T C G C  A A A  G C G  T C G  
A G A  T C C  C- 3¬ ,  3¬ - A A A  C G G  G A T  C T C  G A C  G C T  T T G  
C G A C- 5¬ ),  e n c o di n g  g ui d e  R N A s  ( g R N A s)  a g ai nst  t h e  
t ar g et  g e n e  w er e  cl o n e d  i nt o  t h e  B b sl  r e stri cti o n  sit e  
of  p S p C a s 9( B B)- 2 A- G F P  ( P X 4 5 8)  v e ct or  gift e d  f r o m  
F e n g  Z h a n g  ( A d d g e n e  pl a s mi d  # 4 8, 1 3 8;  htt p:// n 2t. n et/ 
a d d g e n e: 4 8 1 3 8 ;  R RI D: A d d g e n e _ 4 8 1 3 8).  C ell s  w er e  
tr a nsf e ct e d  wit h  t h e  r e s ulti n g  v e ct or  b y  el e ctr o p or a-
ti o n  u si n g  t h e  A m a x a®  C ell  Li n e  N u cl e of e ct or ®  Kit  R  
( L o n z a,  B a s el,  S wit z erl a n d,  # V C A- 1 0 0 1)  a c c or di n g  t o  
t h e  m a n uf a ct ur er¬ s  i nstr u cti o ns.  F o ur  d a y s  aft er  tr a ns -
f e cti o n,  i n di vi d u al  cl o n e s  w er e  g e n er at e d  b y  c ell  s ort-
i n g  f or  G F P  p o siti v e  c ell s.  G R A S P 5 5  k n o c k o ut  w a s  
v ali d at e d  b y  i m m u n o bl otti n g,  i m m u n oØ u or e s c e n c e  a n d  
D N A  s e q u e n ci n g.  F or  G R A S P 5 5  s e q u e n ci n g,  g e n o mi c  
D N A  w a s  i s ol at e d  u si n g  t h e  G e n eJ E T  G e n o mi c  D N A  

http://n2t.net/addgene:48138
http://n2t.net/addgene:48138
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P uriÆ c ati o n Kit ( er m o Fi s h er S ci e ntiÆ c , Walt h a m, M A, 
U S A, # K 0 7 2 1) a c c or di n g t o t h e m a n uf a ct ur er¬ s i nstr u c -
ti o ns.  G e n o mi c  l o ci  w er e  a m pliÆ e d  b y  P C R  u si n g  t h e  
f oll o wi n g  pri m ers:  5′ - G G G A A C  G C G  T C T  G C A  T A A  
A T C- 3 ′ ,  3′ - T C C  A G C  C C G  T C C  T C C  T A C  A G- 5′ .  Aft er  
p ol y( A) t aili n g u si n g a T A Q D N A P ol y m er a s e ( N e w E n g -
l a n d  Bi ol a b s,  I p s wi c h,  M A,  U S A,  # M 0 2 6 7),  P C R  pr o d-
u ct s w er e cl o n e d i nt o t h e p C R ™  2. 1- T O P O™  T A- v e ct or 
u si n g a T O P O ™  T A Cl o ni n g™  Kit ( er m o Fi s h er S ci e n -
tiÆ c , Walt h a m, M A, U S A, # 4 5 0, 6 4 1). e D N A s e q u e n c e 
of 2 0  cl o n e s w a s d et er mi n e d b y S a n g er S e q u e n ci n g u si n g 
t h e  M 1 3f or  st a n d ar d  s e q u e n ci n g  pri m er  ( 5¬ - T G T A A A  
A C G  A C G  G C C A G- 3¬ )  a n d  t h e  s e q u e n ci n g  r e s ult s  w er e  
ali g n e d  wit h  N C BI  R ef er e n c e  S e q u e n c e s  of  G R A S P 5 5  
(htt p s://  w w w.  n c bi. nl m. ni h. g o v/ n u c c o  r e/ N M _ 0 1 5 5 3 0. 4).

S e cr et o m e a n al y si s

F or  t h e  pr e p ar ati o n  of  s e cr et o m e s,  2* 1 0 5  H e L a  wt  or  
H e L a  G R A S P 5 5  K O  c ell s  p er  w ell  w er e  s e e d e d  i n  a  
6- w ell pl at e ( n  =  5 r e pli c at e s f or 4 di ff er e nt g r o u p s). O n 
t h e  n e xt  d a y,  t h e  c ell s  w er e  w a s h e d  t hr e e  ti m e s  wit h  
D P B S a n d t hr e e ti m e s wit h s er u m-f r e e c ult ur e m e di u m 
a n d aft er w ar d s i n c u b at e d i n s er u m-f r e e c ult ur e m e di u m 
c o nt ai ni n g 0. 1 % D M S O or 1 0 0  n M pr o di gi o si n f or 2 4  h. 
Aft er i n c u b ati o n, t h e m e di u m w a s c oll e ct e d, c e ntrif u g e d 
at  1, 0 0 0  ×  g  a n d  4  C  f or  1 0   mi n  a n d  Æl t er e d  t hr o u g h  a  
0. 2  µ m A cr o di s c s y ri n g e Æl t er ( V W R, R a d n or, P A, U S A, 
# 5 1 4 ± 4 1 3 1).  Aft er  a d di n g  pr ot e a s e  i n hi bit or  c o c kt ail  
( R o c h e,  B a s el,  S wit z erl a n d,  # 5, 8 9 2, 7 9 1, 0 0 1),  t h e  s a m-
pl e s  w er e  s n a p  f r o z e n  i n  li q ui d  nitr o g e n  a n d  st or e d  at  
- 8 0  C.  Pr ot ei ns  w er e  pr e p ar e d  f or  m a ss  s p e ctr o m etri c  
a n al y si s  b y  a  m o diÆ e d  si n gl e- p ot,  s oli d- p h a s e- e n h a n c e  
s a m pl e pr e p ar ati o n ( S P 3) m et h o d. H er e, 4 5 0 µl of c o n di -
ti o n e d m e di u m w a s mi x e d wit h 5 0 µl of a n 1 M a q u e o u s 
2-[ 4-( 2- h y dr o x y et h yl) pi p er a zi n- 1- yl] et h a n e s ulf o ni c  a ci d  
s ol uti o n,  2 5 0  µ g  of  a n  1: 1  mi xt ur e  of  S er a- M a g  S p e e d -
B e a d s  G E 4 5 1 5 2 1 0 5 0 5 0 2 5 0  a n d  G E 6 5 1 5 2 1 0 5 0 5 0 2 5 0  
( M er c k,  D ar mst a dt,  G er m a n y)  a n d  1. 2 5  ml  a c et o nitril e  
a n d i n c u b at e d f or 1 0 mi n u n d er c o nst a nt s h a ki n g. B e a d s 
w er e w a s h e d wit h 7 0 % et h a n ol a n d a c et o nitril e, pr ot ei ns 
r e d u c e d wit h 1 0 m M dit hi ot hr eit ol f or 4 5 mi n at 5 6 C 
a n d  al k yl at e d  b y  a d di n g  5 0  m M  i o d o a c et a mi d e.  S u b s e -
q u e ntl y, a c et o nitril e w a s a d d e d u p t o a c o n c e ntr ati o n of 
7 0 % a n d aft er a 1 0 mi n i n c u b ati o n, b e a d s w er e w a s h e d 
o n c e wit h 7 0 % et h a n ol, t w o ti m e s wit h 8 0 % et h a n ol a n d 
Æ n all y wit h a c et o nitril e o n c e. Pr ot ei ns w er e di g e st e d wit h 
0. 0 5  µ g  tr y p si n  i n  5 0   m M  tri et h yl a m m o ni u m  bi c ar b o -
n at e i n w at er o v er ni g ht a n d f or a d diti o n al 4 h wit h n e wl y 
a d d e d  0. 0 5   µ g  tr y p si n.  Tr y pti c  p e pti d e s  w er e  c oll e ct e d,  
v a c u u m- dri e d a n d d e s alt e d u si n g s oli d p h a s e e xtr a cti o n 
( O a si s  H L B  µ El uti o n,  Wat ers)  u si n g  t h e  m a n uf a ct ur ers  
pr ot o c ol.  Fi n all y,  t h e  s a m pl e  w a s  r e c o nstit ut e d  i n  0. 1 %  

triØ u or o a c eti c  a ci d  a n d  h alf  of  t h e  s a m pl e  a n al y z e d  b y  
m a ss s p e ctr o m etr y.

First, p e pti d e s w er e s e p ar at e d o v er 1 h o n C 1 8 m at eri al 
u si n g  a n  Ulti m at e  3 0 0 0  R a pi d  S e p ar ati o n  Li q ui d  C hr o -
m at o g r a p h y  s y st e m  ( R S L C,  er m o  Fi s h er  S ci e ntiÆ c,  
Walt h a m,  M A,  U S A)  e ss e nti all y  a s  d e s cri b e d  [ 5 7 ]  a n d  
s e c o n d  i nj e ct e d  i nt o  a  F u si o n  L u m o s  m a ss  s p e ctr o m -
et er ( er m o Fi s h er S ci e ntiÆ c , Walt h a m, M A, U S A) vi a 
a  n a n o- s o ur c e  el e ctr o s pr a y  i nt erf a c e.  e  m a ss  s p e c -
tr o m et er  w a s  o p er at e d  i n  d at a-i n d e p e n d e nt  p o siti v e  
m o d e. First, a s ur v e y s c a n w a s r e c or d e d i n pr oÆ l e m o d e 
(r e s ol uti o n 6 0, 0 0 0, s c a n r a n g e 3 8 0 ± 9 8 5 m/ z, m a xi m u m 
i nj e cti o n ti m e 1 0 0 ms, A G C t ar g et 4 0 0, 0 0 0) f oll o w e d b y 
f r a g m e nt s p e ctr a c oll e ct e d i n t h e or bitr a p a n al y s er f r o m 
m a ss wi n d o w s of 1 0 D alt o n si z e f r o m a pr e c urs or r a n g e 
of  3 8 0 ± 9 8 0  m/ z  (r e s ol uti o n  1 5, 0 0 0,  s c a n  r a n g e  1 4 5 ±
1 4 5 0 m/ z, m a xi m u m i nj e cti o n ti m e 4 0 ms, A G C t ar g et 
1 0 0, 0 0 0, hi g h er e n er g y c olli si o n al di ss o ci ati o n, 3 0 % c ol -
li si o n e n er g y).

D at a  a n al y si s  w a s  c arri e d  o ut  wit h  DI A- N N  v ersi o n  
1. 8. 1  [ 1 6 ]  u si n g  st a n d ar d  p ar a m et ers  if  n ot  st at e d  ot h-
er wi s e.  A  s p e ctr al  li br ar y  f or  t h e  s e ar c h  w a s  g e n er at e d  
f r o m  pr ot ei n  s e q u e n c e s  i n cl u di n g  p ot e nti al  c o nt a mi-
n a nt s  (f r o m  M a x Q u a nt  2. 1. 0. 0,  M a x  Pl a n c k  I nstit ut e  
f or  Bi o c h e mi str y,  Pl a n e g g,  G er m a n y)  a n d  8 1, 8 3 7  h o m o  
s a pi e ns  e ntri e s  f or m  t h e  U ni Pr ot  K B  pr ot e o m e  s e c -
ti o n ( U P 0 0 0 0 0 5 6 4 0, d o w nl o a d e d o n  1 2t h J a n u ar y 2 0 2 3). 
B e si d e  c ar b a mi d o m et h yl ati o n  at  c y st ei n e s  a s  Æ x e d  
m o diÆ c ati o n,  N-t er mi n al  m et hi o ni n e  e x ci si o n  a s  w ell  
a s  m et hi o ni n e  o xi d ati o n  w er e  c o nsi d er e d  a s  v ari a bl e  
m o diÆ c ati o ns.

O nl y pr ot ei ns i d e ntiÆ e d wit h at l e a st t w o di ff er e nt p e p -
ti d e s  a n d  4  v ali d  i nt e nsit y  v al u e s  ( M a x L F Q)  i n  at  l e a st  
o n e  e x p eri m e nt al  g r o u p  w er e  c o nsi d er e d  f or  f urt h er  
a n al y si s. Mi ssi n g v al u e s of  l o g2  tr a nsf or m e d n or m ali z e d 
i nt e nsiti e s w er e Æl l e d i n wit h v al u e s dr a w n f r o m a d o w n-
s hift e d  n or m al  di stri b uti o n  ( 0. 3  st a n d ar d  d e vi ati o ns  
wi dt h,  1. 8  st a n d ar d  d e vi ati o ns  d o w n- s hift)  a n d  di ff er -
e n c e s of g r o u p m e a ns c al c ul at e d f or f oll o wi n g p airs: wt 
pr o di gi o si n tr e at e d ± wt D M S O tr e at e d, K O pr o di gi o si n 
tr e at e d  ±  K O  D M S O  tr e at e d.  D at a  w a s  f urt h er  a n n o-
t at e d b y o nt ol o g y i nf or m ati o n pr o vi d e b y P ers e u s v ersi o n 
1. 6. 6. 0 ( M a x Pl a n c k I nstit ut e f or Bi o c h e mi str y, Pl a n e g g, 
G er m a n y) a n d O ut C yt e [ 8 3 ]. A n n ot ati o n d e p e n d e nt si g-
niÆ c a nt a b u n d a n c e c h a n g e s of pr ot ei n g r o u p s w er e a n a -
l y s e d u si n g 1 D a n d 2 D a n n ot ati o n e nri c h m e nt [1 1 ] a n d 
r e s p e cti v e  di ff er e n c e s  vi s u ali z e d  wit h  s plit- vi oli n  pl ot s  
wit h Ori gi n Pr o 2 0 2 0 b.

I m m u n ofl u or e s c e n c e

F or  i m m u n oØ u or e s c e n c e  mi cr o s c o p y,  H e L a  c ell s  w er e  
s e e d e d o n gl a ss c o v ersli p s i n 2 4- w ell pl at e s. Aft er tr e at -
m e nt, c ell s w er e Æ x e d i n 4 % p ar af or m al d e h y d e f or 1 5  mi n 
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o n  i c e,  q u e n c h e d  wit h  5 0   m M   N H 4 Cl  f or  1 5   mi n  a n d  
p er m e a bili z e d wit h 5 0  µ g/ m L di git o ni n ( Si g m a- Al dri c h, 
St.  L o ui s,  M O,  U S A,  # D 1 4 1)  f or  5   mi n.  Fi x e d  s a m pl e s  
w er e bl o c k e d wit h 3 % B S A ( R ot h, K arl sr u h e, G er m a n y, 
# 8 0 7 6) f or 3 0  mi n or o v er ni g ht a n d i n c u b at e d wit h pri -
m ar y a nti b o di e s dil ut e d i n 3 % B S A f or 2  h. S a m pl e s w er e 
t h e n w a s h e d t hr e e ti m e s wit h D P B S, i n c u b at e d wit h t h e 
a p pr o pri at e s e c o n d ar y a nti b o di e s dil ut e d i n 3 % B S A f or 
3 0  mi n a n d w a s h e d t hr e e ti m e s wit h D P B S. Aft er w ar d s, 
c ell s w er e e m b e d d e d i n Pr o L o n g Gl a ss A ntif a d e M o u nt -
a nt  ( er m o  Fi s h er  S ci e ntiÆ c ,  Walt h a m,  M A,  U S A,  
# P 3 6 9 8 0)  c o nt ai ni n g  1   µ g/ m L  D A PI  ( R ot h,  K arl sr u h e,  
G er m a n y, # 6 3 3 5. 1). I m a g e s w er e r e c or d e d wit h a n A xi o 
O b s er v er 7 Ø u or e s c e n c e mi cr o s c o p e ( C arl Z ei ss Mi cr o s -
c o p y,  O b er k o c h e n,  G er m a n y)  u si n g  a  4 0 x/ 1, 4  Oil  DI C  
M 2 7 Pl a n- A p o c hr o m at o bj e cti v e ( C arl Z ei ss Mi cr o s c o p y, 
O b er k o c h e n,  G er m a n y)  a n d  a n  A p o T o m e  2  ( C arl  Z ei ss  
Mi cr o s c o p y, O b er k o c h e n, G er m a n y).

St ati sti c al a n al y si s

All  I C5 0  v al u es  w er e  c al c ul at e d  usi n g  Gr a p h P a d  Pris m  
7. 0 1.  F or  tr a ns missi o n  el e ctr o n  mi cr os c o p y  q u a ntiÆ c a -
ti o n, at l e a st 5 0 G ol gis p er tr e at m e nt a n d c ell li n e w er e 
q u a ntiÆ e d aft er bli n di n g a n d r a n d o mi z ati o n. R es ult s f or  
cist er n a e  n u m b er  a n d  l e n gt h  ar e  s h o w n  i n  b o x pl ot  di a -
gr a ms a n d P v al u es w er e d et er mi n e d b y or di n ar y o n e- w a y 
A N O V A wit h D u n n ett¬ s p ost h o c t est a n d ar e s h o w n i n 
t h e  di a gr a ms.  F or  i m m u n oØ u or es c e n c e  a n al ys es,  d ot s,  
n u cl ei  a n d  c o-l o c ali z ati o n  w er e  q u a ntiÆ e d  a n d  a n al y z e d  
usi n g I m a g eJ  1. 5 3 c. A d ot t o n u cl ei r ati o w a s c al c ul at e d 
f or e a c h i m a g e t o d et er mi n e t h e a v er a g e n u m b er of d ot s 
p er c ell, a n d d ot s p er c ell a n d d ot si z e w er e n or m ali z e d b y 
di vi di n g t hr o u g h t h e m e a n d ot n u m b er/si z e of t h e s ol v e nt 
c o ntr ol. All m a cr os us e d f or q u a ntiÆ c ati o ns ar e pr o vi d e d 
i n  S u p pl e m e nt ar y  Ta bl e  S3 .  At  l e a st  1 5  r e pr es e nt ati v e  
i m a g es  fr o m  t hr e e  bi ol o gi c al  r e pli c at es  p er  e x p eri m e nt  
w er e  a n al y z e d.  F or  all  i m m u n oØ u or es c e n c e  a n al ys es,  
r es ult s ar e s h o w n i n b o x pl ot di a gr a ms a n d P v al u es w er e 
d et er mi n e d b y or di n ar y o n e- w a y A N O V A wit h D u n n ett¬ s 
p ost h o c t est a n d ar e s h o w n i n t h e di a gr a ms.

A b br e vi ati o n s
B 4 G A LT 1   β - 1, 4- g al a ct os yltr a nsf er as e 1
B af A 1   B aÆl o m y ci n  A 1

B F A   Br ef el di n A
C E T S A   C ell ul ar t h er m al s hift ass a y
E C 5 0   H alf m a xi m al e ff e cti v e c o n c e ntr ati o n
E C M   E xtr a c ell ul ar m atri x
E R   E n d o pl as mi c r eti c ul u m
G R A S P 5 5   G ol gi r e ass e m bl y st a c ki n g pr ot ei n of 5 5 k D a
G R A S P 6 5   G ol gi r e ass e m bl y st a c ki n g pr ot ei n of 6 5 k D a
I C5 0   H alf m a xi m al i n hi bit or y c o n c e ntr ati o n
L A M P 1   L ys os o m al- ass o ci at e d m e m br a n e pr ot ei n 1
LI R   L C 3-i nt er a cti n g r e gi o n
( M A P 1) L C 3  ( Mi cr ot u b ul e- ass o ci at e d pr ot ei ns 1 A/ 1 B) li g ht c h ai n 3,

M S   M ass s p e ctr o m etr y
M T T   3-( 4, 5- Di m et h ylt hi a z ol yl- 2)- 2, 5- di p h e n yl- 2 H- t etr a z oli u m br o mi d
p E C 5 0   N e g ati v e  d e c a di c  l o g arit h m  of  t h e  h alf  m a xi m al  e ff e cti v e 

c o n c e ntr ati o n
S P   Si g n al p e pti d e
S Q S T M 1   S e q u est os o m e 1
T E M   Tr a ns missi o n el e ctr o n mi cr os c o p y
T G N 4 6   tr a ns- G ol gi n et w or k gl y c o pr ot ei n 4 6
T m   M elti n g t e m p er at ur e
T M T   T a n d e m m ass t a g
T P P- C C R     T h er m al pr ot e o m e pr oÆ li n g c o m p o u n d c o n c e ntr ati o n r a n g e
T P P- T R   T h er m al pr ot e o m e pr oÆ li n g t e m p er at ur e r a n g e
V- A T P as e   V a c u ol ar-t y p e  H + - A T P as e

S u p pl e m e nt ar y I nf or m ati o n
T h e o nli n e v ersi o n c o nt ai ns s u p pl e m e nt ar y m at eri al a v ail a bl e at htt ps:// d oi. 
or g/ 1 0. 1 1 8 6/ s 1 2 9 6 4- 0 2 3- 0 1 2 7 5- 1 .

A d diti o n al fi l e 1:  Fi g ur e S 1.  S c h e m ati c r e pr es e nt ati o n of t h e t h er m al 
pr ot e o m e pr oÆ li n g t e m p er at ur e r a n g e ( T P P- T R) w or kØ o w. H e L a wt c ells 
w er e tr e at e d wit h 1 0 0 n M pr o di gi osi n or D M S O f or 6 h. Aft er t h e i n c u b a-
ti o n, c ells w er e h ar v est e d, w as h e d a n d ali q u ots of t h e c ell s us p e nsi o ns 
w er e e x p os e d t o s h ort ( 3 mi n) tr e at m e nts at di ff er e nt t e m p er at ur es i n t h e 
r a n g e b et w e e n 3 6. 5 C a n d 6 7 C. C ells w er e l ys e d a n d t h e n o n- d e n at ur e d 
pr ot ei n fr a cti o n w as r e c o v er e d aft er c e ntrif u g ati o n. Q u a ntit ati v e pr ot ei n 
a n al ysis w as p erf or m e d b y i m m u n o bl otti n g ( C E T S A) or M S ( T P P). F or M S, 
pr ot ei ns u n d er w e nt tr y pti c di g est a n d t h e r es ulti n g p e pti d es w er e l a b el e d 
usi n g T M T 1 0 pl e x. T h e s a m pl es w er e c o m bi n e d s u c h t h at pr o di gi osi n 
tr e at e d a n d c orr es p o n di n g c o ntr ol s a m pl es b el o n gi n g t o t h e s a m e t e m-
p er at ur e w er e a n al y z e d wit hi n t h e s a m e T M T s et (si mil arl y as d es cri b e d 
b ef or e f or R T S A), all o wi n g f or st u d yi n g n ot o nl y t h er m al st a bilit y b ut als o 
a b u n d a n c e e ff e cts u p o n pr o di gi osi n tr e at m e nt.

A d diti o n al fi l e 2:  Fi g ur e S 2.  S T RI N G pr ot ei n ± pr ot ei n ass o ci ati o n n et w or k 
a n al ysis of t h e 9 3 si g niÆ c a nt pr o di gi osi n- a ff e ct e d pr ot ei ns gi v e n b y 
t h e R T S A a n al ysis (s e e Æ g ur e 3 A; si g niÆ c a nt pr ot ei ns gi v e n b y t h e R T S A 
s oft w ar e ar e c ol or e d i n gr e e n or r e d f or p ositi v e or n e g ati v e R T S A dist a n c e 
s c or e, r es p e cti v el y). Pr ot ei n st a bili z ati o n or d est a bili z ati o n ( wit h p- v al u e < 
0. 0 5 c ut o ff ) is i n di c at e d b y gr e e n or r e d s q u ar es, r es p e cti v el y, t o t h e u p p er 
l eft of t h e cir cl es r e pr es e nti n g t h e pr ot ei ns. Li k e wis e, a n i n- or d e cr e as e 
i n a b u n d a n c e ( wit h p- v al u e < 0. 0 5 a n d a bs( m e a n  l o g2  r ati o 3 6. 5 C) > 0. 1 
c ut o ff s) is i n di c at e d b y gr e e n or r e d s q u ar es t o t h e l o w er l eft. Pr o mi n e nt 
cl ust ers ar e o utli n e d i n bl u e ( K E G G: hs a 0 1 2 1 2, f att y a ci d m et a b olis m, 
d est a bili z e d pr ot ei ns), p ur pl e ( K E G G: hs a 0 4 1 4 2, l ys os o m e, pr ot ei n 
a b u n d a n c e d e cr e as e), a n d or a n g e ( K E G G: hs a 0 4 1 4 0, a ut o p h a g y - a ni m al). 
Pr ot ei ns r el at e d t o t h e G ol gi a p p ar at us ( G O: 0 0 0 5 7 9 4), G ol gi m e m br a n e 
( G O: 0 0 0 0 1 3 9), or G ol gi- ass o ci at e d v esi cl es ( G O: 0 0 0 5 7 9 8) ar e l a b ell e d b y ™ g , 
™  m, or ™ v, r es p e cti v el y.

A d diti o n al fi l e 3:  Fi g ur e S 3.  S e cr et o m e a n al ysis u p o n pr o di gi osi n 
tr e at m e nt. H e L a wt a n d G R A S P 5 5 k n o c k o ut c ells w er e i n c u b at e d f or 2 4 
h i n s er u m fr e e m e di u m wit h a n d wit h o ut 1 0 0 n M pr o di gi osi n ( n = 5 p er 
gr o u p). T h e c o n diti o n e d m e di u m w as h ar v est e d a n d pr ot ei ns a n al y z e d b y 
q u a ntit ati v e d at a-i n d e p e n d e nt m ass s p e ctr o m etr y. Di ff er e n c es of m e a n 
v al u es of  l o g 2  n or m ali z e d i nt e nsiti es b et w e e n pr o di gi osi n a n d D M S O 
tr e at e d s a m pl es w er e a n al y z e d f or distri b uti o n c h a n g es ass o ci at e d wit h 
pr ot ei n c at e g ori es i n cl u di n g g e n e o nt ol o g y c ell ul ar c o m p o n e nt ( G O C C) 
a n d O ut C yt e usi n g a n 1 D a n n ot ati o n e nri c h m e nt a n al ysis. O ut C yt e pr e-
di cts si g n al p e pti d es ( S P, p ot e nti al cl assi c al s e cr eti o n p at h w a y), tr a ns m e m-
br a n e r e gi o ns a n d l e a d erl ess s e cr eti o n c a n di d at e pr ot ei ns. P ositi v e s c or es 
i n di c at e a s hift t o hi g h er a b u n d a n c es of pr ot ei ns of a c ert ai n pr ot ei n 
c at e g or y, q- v al u es r e pr es e nt f or m ulti pl e c o m p aris o ns c orr e ct e d p - v al u es 
( B e nj a mi ni- H o c h b er g m et h o d).

A d diti o n al fi l e 4.  S u p pl e m e nt ar y T a bl e  S 1 .

A d diti o n al fi l e 5.  S u p pl e m e nt ar y T a bl e  S 2 .

A d diti o n al fi l e 6.  S u p pl e m e nt ar y T a bl e  S 3.  ( M a cr os us e d f or 
q u a ntiÆ c ati o ns).

A d diti o n al fi l e 7.  Ori gi n al, u n cr o p p e d i m m u n o bl ots of Fi g. 3 E, 5 A, a n d 7 A.
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A c k n o wl e d g e m e nt s
W e t h a n k Ji a n c h a o Z h a n g a n d Y a n z h u a n g W a n g f or pr o vi di n g a pr ot o c ol f or 
t h e B F A w as h o ut ass a y.

R e s o ur c e a v ail a bilit y
 F urt h er i nf or m ati o n a n d r e q u ests f or r es o ur c es a n d r e a g e nts s h o ul d b e dir e ct e d 
t o a n d will b e f ulÆ ll e d b y t h e L e a d C o nt a ct, Bĵ r n St or k ( bj o er n.st or k @ h h u. d e).
Pl as mi ds a n d c ell li n es g e n er at e d i n t his st u d y ar e a v ail a bl e fr o m t h e L e a d 
C o nt a ct wit h o ut r estri cti o n u p o n r e q u est.
T h e m ass s p e ctr o m etr y pr ot e o mi cs d at a h a v e b e e n d e p osit e d t o t h e Pr o -
t e o m e X c h a n g e C o ns orti u m [1 7 ] vi a t h e P RI D E [5 6 ] p art n er r e p osit or y wit h 
t h e d at as et i d e ntiÆ ers P X D 0 4 3 2 4 7 a n d P X D 0 4 2 9 0 9, r es p e cti v el y.

A ut h or s'  c o ntri b uti o n s
L. B. d esi g n e d t h e e x p eri m e nts, p erf or m e d vi a bilit y ass a ys, i m m u n o bl ot 
a n al ys es, c at h e psi n a cti vit y ass a ys, Ø u or es c e n c e mi cr os c o p y, g e n er ati o n of a 
G R A S P 5 5 K O c ell li n e a n d pr e p ar ati o n of s a m pl es f or T P P, T E M a n d s e cr et o m e 
a n al ysis. H. U. C. B. pr o d u c e d a n d pr o vi d e d pr o di gi osi n. T. L. p erf or m e d T P P s a m-
pl e pr e p ar ati o n, m e as ur e m e nt a n d a n al ysis. A. K. B. p erf or m e d s a m pl e pr e p ar a-
ti o n a n d i m a gi n g f or T E M. G. P. p erf or m e d s a m pl e pr e p ar ati o n, m e as ur e m e nt 
a n d d at a e v al u ati o n f or s e cr et o m e a n al ysis. D. S., A. F., M.J. M., C. D., a n d S. A. g a v e 
t e c h ni c al s u p p ort. L. B. a n d B. S. a n al y z e d t h e d at a a n d wr ot e t h e m a n us cri pt. 
J. P., K. S. a n d B. S. s u p er vis e d t h e pr oj e ct. All a ut h ors dis c uss e d t h e r es ults a n d 
c o m m e nt e d o n t h e m a n us cri pt.

F u n di n g
O p e n A c c ess f u n di n g e n a bl e d a n d or g a ni z e d b y Pr oj e kt D E A L. T his w or k w as 
s u p p ort e d b y t h e D e uts c h e F ors c h u n gs g e m ei ns c h aft ( D F G) S T O 8 6 4/ 4 ± 3 
(t o B. S.; pr oj e ct # 2 6 7 1 9 2 5 8 1), G R K 2 1 5 8 (t o B. S. a n d J. P.; pr oj e ct # 2 7 0 6 5 0 9 1 5), 
G R K 2 5 7 8 (t o B. S.; pr oj e ct # 4 1 7 6 7 7 4 3 7), a n d b y t h e B M B F (t o J. P.; A ut o Bi ot e c h: 
0 3 1 B 0 9 1 8 A).

D e cl ar ati o n s

C o m p eti n g i nt er e st s
T h e a ut h ors d e cl ar e n o c o m p eti n g i nt er ests.

R e c ei v e d: 1 2 J ul y 2 0 2 3   A c c e pt e d: 1 3 A u g u st 2 0 2 3

R ef er e n c e s
 1.  A h at E, B ui S, Z h a n g J, d a V ei g a L e pr e v ost F, S h ar k e y L, R ei d W, N es vi z hs kii 

AI, P a uls o n H L, W a n g Y. G R A S P 5 5 r e g ul at es t h e u n c o n v e nti o n al s e cr eti o n 
a n d a g gr e g ati o n of m ut a nt h u nti n gti n. J Bi ol C h e m. 2 0 2 2; 2 9 8: 1 0 2 2 1 9.

 2.  A h at E, Li J, W a n g Y. N e w I nsi g hts I nt o t h e G ol gi St a c ki n g Pr ot ei ns. Fr o nt 
C ell D e v Bi ol. 2 0 1 9; 7: 1 3 1.

 3.  A n d ers o n R G, P at h a k R K. V esi cl es a n d cist er n a e i n t h e tr a ns G ol gi a p p ar a-
t us of h u m a n Æ b r o bl asts ar e a ci di c c o m p art m e nts. C ell. 1 9 8 5; 4 0: 6 3 5 ± 4 3.

 4.  B arr F A, P u y p e M, V a n d e k er c k h o v e J, W arr e n G. G R A S P 6 5, a pr ot ei n 
i n v ol v e d i n t h e st a c ki n g of G ol gi cist er n a e. C ell. 1 9 9 7; 9 1: 2 5 3 ± 6 2.

 5.  B e ki er M E 2 n d, W a n g L, Li J, H u a n g H, T a n g D, Z h a n g X, W a n g Y. K n o c k o ut 
of t h e G ol gi st a c ki n g pr ot ei ns G R A S P 5 5 a n d G R A S P 6 5 i m p airs G ol gi 
str u ct ur e a n d f u n cti o n. M ol Bi ol C ell. 2 0 1 7; 2 8: 2 8 3 3 ± 4 2.

 6.  B er ni n g L, S c hļ t er m a n n D, Fri e dri c h A, B erl et h N, S u n Y, W u W, M e n d-
i b ur o MJ, D eit ers e n J, Br ass H U C, S k o wr o n M A, H off m a n n MJ, Ni e gis c h G, 
Pi etr us z k a J, St or k B. Pr o di gi osi n s e nsiti z es s e nsiti v e a n d r esist a nt ur ot h e-
li al c ar ci n o m a c ells t o cis pl ati n tr e at m e nt. M ol e c ul es. 2 0 1 2; 2 6( 5): 1 2 9 4.

 7.  Br a v o D A, Gl e as o n J B, S a n c h e z RI, R ot h R A, F ull er R S. A c c ur at e a n d 
e ffi ci e nt cl e a v a g e of t h e h u m a n i ns uli n pr or e c e pt or b y t h e h u m a n 
pr o pr ot ei n- pr o c essi n g pr ot e as e f uri n. C h ar a ct eri z ati o n a n d ki n eti c 
p ar a m et ers usi n g t h e p uriÆ e d, s e cr et e d s ol u bl e pr ot e as e e x pr ess e d b y a 
r e c o m bi n a nt b a c ul o vir us. J Bi ol C h e m. 1 9 9 4; 2 6 9: 2 5 8 3 0 ± 7.

 8.  C astr o AJ. A nti m al ari al a cti vit y of pr o di gi osi n. N at ur e. 1 9 6 7; 2 1 3: 9 0 3 ± 4.
 9.  C h e n X, W a n g Y, M a N, Ti a n J, S h a o Y, Z h u B, W o n g Y K, Li a n g Z, Z o u 

C, W a n g J. T ar g et i d e ntiÆ c ati o n of n at ur al m e di ci n e wit h c h e mi c al 

pr ot e o mi cs a p pr o a c h: pr o b e s y nt h esis, t ar g et Æ s hi n g a n d pr ot ei n i d e ntiÆ -
c ati o n. Si g n al Tr a ns d u ct T ar g et T h er. 2 0 2 0; 5: 7 2.

 1 0.  C h e n g S Y, C h e n N F, K u o H M, Y a n g S N, S u n g C S, S u n g PJ, W e n Z H, 
C h e n W F. Pr o di gi o si n sti m ul at e s e n d o pl a s mi c r eti c ul u m str e s s a n d 
i n d u c e s a ut o p h a gi c c ell d e at h i n gli o bl a st o m a c ell s. A p o pt o si s. 
2 0 1 8; 2 3: 3 1 4 ± 2 8.

 1 1.  C o x J, M a n n M. 1 D a n d 2 D a n n ot ati o n e nri c h m e nt: a st atisti c al m et h o d 
i nt e gr ati n g q u a ntit ati v e pr ot e o mi cs wit h c o m pl e m e nt ar y hi g h-t hr o u g h-
p ut d at a. B M C Bi oi nf or m ati cs. 2 0 1 2; 1 3( S u p pl 1 6): S 1 2.

 1 2.  Cr a g g G M, N e w m a n DJ. N at ur al pr o d u cts: a c o nti n ui n g s o ur c e of n o v el 
dr u g l e a ds. Bi o c hi m Bi o p h ys A ct a. 2 0 1 3; 1 8 3 0: 3 6 7 0 ± 9 5.

 1 3.  D a n e v ci c T, B ori c V e zj a k M, Z or e c M, St o p ar D. Pr o di gi osi n - a m ultif a c et e d 
es c h eri c hi a c oli a nti mi cr o bi al a g e nt. P L o S O N E. 2 0 1 6; 1 1: e 0 1 6 2 4 1 2.

 1 4.  D e Tit o S, H er v as J H, v a n Vli et A R, T o o z e S A. T h e G ol gi as a n ass e m bl y li n e 
t o t h e a ut o p h a g os o m e. Tr e n ds Bi o c h e m S ci. 2 0 2 0; 4 5: 4 8 4 ± 9 6.

 1 5.  D e m a ur e x N. p H H o m e ost asis of c ell ul ar or g a n ell es. N e ws P h ysi ol S ci. 
2 0 0 2; 1 7: 1 ± 5.

 1 6.  D e mi c h e v V, M ess n er C B, V er n ar dis SI, Lill e y K S, R als er M. DI A- N N: n e ur al 
n et w or ks a n d i nt erf er e n c e c orr e cti o n e n a bl e d e e p pr ot e o m e c o v er a g e i n 
hi g h t hr o u g h p ut. N at M et h o ds. 2 0 2 0; 1 7: 4 1 ± 4.

 1 7.  D e uts c h E W, B a n d eir a N, P er e z- Ri v er ol Y, S h ar m a V, C ar v er JJ, M e n d o z a 
L, K u n d u DJ, W a n g S, B a n dl a C, K a m at c hi n at h a n S, H e w a p at hir a n a S, 
P ull m a n B S, W ert z J, S u n Z, K a w a n o S, O k u d a S, W at a n a b e Y, M a c L e a n B, 
M a c C oss MJ, Z h u Y, Is hi h a m a Y, Vi z c ai n o J A. T h e Pr ot e o m e X c h a n g e c o n-
s orti u m at 1 0 y e ars: 2 0 2 3 u p d at e. N u cl ei c A ci ds R es. 2 0 2 3; 5 1: D 1 5 3 9 ± 4 8.

 1 8.  Di ki c I, El a z ar Z. M e c h a nis m a n d m e di c al i m pli c ati o ns of m a m m ali a n 
a ut o p h a g y. N at R e v M ol C ell Bi ol. 2 0 1 8; 1 9: 3 4 9 ± 6 4.

 1 9.  Di nt er A, B er g er E G. G ol gi- dist ur bi n g a g e nts. Hist o c h e m C ell Bi ol. 
1 9 9 8; 1 0 9: 5 7 1 ± 9 0.

 2 0.  D o mr̂ s e A, Kl ei n A S, H a g e- H uls m a n n J, T hi es S, S v e nss o n V, Cl ass e n T, 
Pi etr us z k a J, J a e g er K E, Dr e p p er T, L o es c h c k e A. E ffi ci e nt r e c o m bi n a nt 
pr o d u cti o n of pr o di gi osi n i n Ps e u d o m o n as p uti d a. Fr o nt Mi cr o bi ol. 
2 0 1 5; 6: 9 7 2.

 2 1.  Fr a n k e n H, M at hi es o n T, C hil ds D, S w e et m a n G M, W er n er T, T o g el I, D o c e 
C, G a d e S, B a nts c h e ff  M, Dr e w es G, R ei n h ar d F B, H u b er W, S a vits ki M M. 
T h er m al pr ot e o m e pr oÆ li n g f or u n bi as e d i d e ntiÆ c ati o n of dir e ct a n d 
i n dir e ct dr u g t ar g ets usi n g m ulti pl e x e d q u a ntit ati v e m ass s p e ctr o m etr y. 
N at Pr ot o c. 2 0 1 5; 1 0: 1 5 6 7 ± 9 3.

 2 2.  F̧ rst n er A. C h e mi e u n d Bi ol o gi e d es R os e o p hili ns u n d d er Pr o di gi osi n-
Al k al oi d e: 2 5 0 0 J a hr e i m ‹ b er bli c k. A n g e w C h e m. 2 0 0 3; 1 1 5: 3 7 0 6 ± 2 8.

 2 3.  G all u z zi L, Vit al e I, A ar o ns o n S A, A br a ms J M, A d a m D, A g osti nis P, Al n e mri 
E S, Alt u c ci L, A m eli o I, A n dr e ws D W, A n ni c c hi ari c o- P etr u z z elli M, A nt o n o v 
A V, Ar a m a E, B a e hr e c k e E H, B arl e v N A, B a z a n N G, B er n ass ol a F, B ertr a n d 
MJ M, Bi a n c hi K, Bl a g os kl o n n y M V, Bl o m gr e n K, B or n er C, B o y a P, Br e n n er 
C, C a m p a n ell a M, C a n di E, C ar m o n a- G uti err e z D, C e c c o ni F, C h a n F K, 
C h a n d el N S, C h e n g E H, C hi p u k J E, Ci dl o ws ki J A, Ci e c h a n o v er A, C o h e n 
G M, C o nr a d M, C u bill os- R ui z J R, C z a b ot ar P E, D' A n gi ol ell a V, D a ws o n 
T M, D a ws o n V L, D e L a ur e n zi V, D e M ari a R, D e b ati n K M, D e B er ar di nis 
RJ, D es h m u k h M, Di D a ni el e N, Di Vir gili o F, Di xit V M, Di x o n SJ, D u c k ett 
C S, D y nl a c ht B D, El- D eir y W S, Elr o d J W, Fi mi a G M, F ul d a S, G ar ci a- S a e z 
AJ, G ar g A D, G arri d o C, G a v at hi otis E, G olst ei n P, G ottli e b E, Gr e e n D R, 
Gr e e n e L A, Gr o n e m e y er H, Gr oss A, H aj n o c z k y G, H ar d wi c k J M, H arris 
I S, H e n g art n er M O, H et z C, I c hij o H, J a att el a M, J os e p h B, J ost PJ, J ui n P P, 
K ais er WJ, K ari n M, K a uf m a n n T, K e p p O, Ki m c hi A, Kitsis R N, Kli o ns k y DJ, 
K ni g ht R A, K u m ar S, L e e S W, L e m ast ers JJ, L e vi n e B, Li n k er m a n n A, Li pt o n 
S A, L o c ks hi n R A, L o p e z- Oti n C, L o w e S W, L u e d d e T, L u gli E, M a c F arl a n e M, 
M a d e o F, M al e wi c z M, M al or ni W, M a ni c G, M ari n e J C, M arti n SJ, M arti n o u 
J C, M e d e m a J P, M e hl e n P, M ei er P, M eli n o S, Mi a o E A, M ol k e nti n J D, M oll 
U M, M u n o z- Pi n e d o C, N a g at a S, N u n e z G, O b erst A, Or e n M, O v er h olt z er 
M, P a g a n o M, P a n ar et a kis T, P as p ar a kis M, P e n ni n g er J M, P er eir a D M, 
P er v ai z S, P et er M E, Pi a c e nti ni M, Pi nt o n P, Pr e h n J H M, P ut h al a k at h H, 
R a bi n o vi c h G A, R e h m M, Ri z z ut o R, R o dri g u es C M P, R u bi ns zt ei n D C, R u d el 
T, R y a n K M, S a y a n E, S c orr a n o L, S h a o F, S hi Y, Sil k e J, Si m o n H U, Sisti g u A, 
St o c k w ell B R, Str ass er A, S z a b a d k ai G, T ait S W G, T a n g D, T a v er n ar a kis N, 
T h or b ur n A, Ts uji m ot o Y, T ur k B, V a n d e n B er g h e T, V a n d e n a b e el e P, V a n d er 
H ei d e n M G, Vill u n g er A, Vir gi n H W, V o us d e n K H, V u ci c D, W a g n er E F, W al c -
z a k H, W all a c h D, W a n g Y, W ells J A, W o o d W, Y u a n J, Z a k eri Z, Z hi v ot o vs k y 
B, Zit v o g el L, M eli n o G, Kr o e m er G. M ol e c ul ar m e c h a nis ms of c ell d e at h: 
r e c o m m e n d ati o ns of t h e n o m e n cl at ur e c o m mitt e e o n c ell d e at h 2 0 1 8. 
C ell D e at h Di ff er. 2 0 1 8; 2 5: 4 8 6 ± 5 4 1.



P a g e 2 3 of 2 4B er ni n g  et  al. C ell C o m m u ni c ati o n a n d Si g n ali n g          ( 2 0 2 3) 2 1: 2 7 5  

 2 4.  G e e H Y, N o h S H, T a n g B L, Ki m K H, L e e M G. R es c u e of D elt a F 5 0 8- C F T R tr af-
Æ c k i n g vi a a G R A S P- d e p e n d e nt u n c o n v e nti o n al s e cr eti o n p at h w a y. C ell. 
2 0 1 1; 1 4 6: 7 4 6 ± 6 0.

 2 5.  Gi uli a ni F, Gri e v e A, R a b o uill e C. U n c o n v e nti o n al s e cr eti o n: a str ess o n 
G R A S P. C urr O pi n C ell Bi ol. 2 0 1 1; 2 3: 4 9 8 ± 5 0 4.

 2 6.  H o n g B, Pr a b h u V V, Z h a n g S, v a n d e n H e u v el A P, Di c k er D T, K o p el o vi c h 
L, El- D eir y W S. Pr o di gi osi n r es c u es d eÆ ci e nt p 5 3 si g n ali n g a n d a ntit u m or 
e ff e cts vi a u pr e g ul ati n g p 7 3 a n d disr u pti n g its i nt er a cti o n wit h m ut a nt 
p 5 3. C a n c er R es. 2 0 1 4; 7 4: 1 1 5 3 ± 6 5.

 2 7.  H u D X, Wit h all D M, C h allis G L, T h o ms o n RJ. Str u ct ur e, c h e mi c al s y nt h esis, a n d 
bi os y nt h esis of pr o di gi ni n e n at ur al pr o d u cts. C h e m R e v. 2 0 1 6; 1 1 6: 7 8 1 8 ±5 3.

 2 8.  H u g h es C S, M o g gri d g e S, M ull er T, S or e ns e n P H, M ori n G B, Krij gs v el d J. 
Si n gl e- p ot, s oli d- p h as e- e n h a n c e d s a m pl e pr e p ar ati o n f or pr ot e o mi cs 
e x p eri m e nts. N at Pr ot o c. 2 0 1 9; 1 4: 6 8 ± 8 5.

 2 9.  J af ari R, Al m q vist H, A x elss o n H, I g n at us h c h e n k o M, L u n d b a c k T, N or d-
l u n d P, M arti n e z M oli n a D. T h e c ell ul ar t h er m al s hift ass a y f or e v al u ati n g 
dr u g t ar g et i nt er a cti o ns i n c ells. N at Pr ot o c. 2 0 1 4; 9: 2 1 0 0 ± 2 2.

 3 0.  Ji S, S u n R, X u K, M a n Z, Ji J, P u Y, Yi n L, Z h a n g J, P u Y. Pr o di gi osi n i n d u c es 
a p o pt osis a n d i n hi bits a ut o p h a g y vi a t h e e xtr a c ell ul ar si g n al-r e g ul at e d 
ki n as e p at h w a y i n K 5 6 2 c ells. T o xi c ol I n Vitr o. 2 0 1 9; 6 0: 1 0 7 ± 1 5.

 3 1.  J o h ns o n F D, H u g h es C S, Li u A, L o c k w o o d W W, M ori n G B. T a n d e m m ass 
t a g- b as e d t h er m al pr ot e o m e pr oÆ li n g f or t h e dis c o v er y of dr u g- pr ot ei n 
i nt er a cti o ns i n c a n c er c ells. S T A R Pr ot o c. 2 0 2 3; 4: 1 0 2 0 1 2.

 3 2.  J u dit h D, J eff eri es H BJ, B o ei n g S, Frit h D, S nij d ers A P, T o o z e S A. A T G 9 A 
s h a p es t h e f or mi n g a ut o p h a g os o m e t hr o u g h Arf a pti n 2 a n d p h os p h ati-
d yli n osit ol 4- ki n as e III b et a. J C ell Bi ol. 2 0 1 9; 2 1 8: 1 6 3 4 ± 5 2.

 3 3.  K al x d orf M, G u nt h n er I, B e c h er I, K ur z a w a N, K n e c ht S, S a vits ki M M, 
E b erl H C, B a nts c h e ff  M. C ell s urf a c e t h er m al pr ot e o m e pr oÆ li n g tr a c ks 
p ert ur b ati o ns a n d dr u g t ar g ets o n t h e pl as m a m e m br a n e. N at M et h o ds. 
2 0 2 1; 1 8: 8 4 ± 9 1.

 3 4.  Kl a us n er R D, D o n al ds o n J G, Li p pi n c ott- S c h w art z J. Br ef el di n A: i nsi g hts 
i nt o t h e c o ntr ol of m e m br a n e tr affi c a n d or g a n ell e str u ct ur e. J C ell Bi ol. 
1 9 9 2; 1 1 6: 1 0 7 1 ± 8 0.

 3 5.  Kl ei n A S, Br ass H U C, Kl e bl D P, Cl ass e n T, L o es c h c k e A, Dr e p p er T, Si e v ers S, 
J a e g er K E, Pi etr us z k a J. Pr e p ar ati o n of C y cli c Pr o di gi ni n es b y M ut as y nt h e-
sis i n Ps e u d o m o n as p uti d a K T 2 4 4 0. C h e m Bi o C h e m. 2 0 1 8; 1 9: 1 5 4 5 ± 5 2.

 3 6.  Kl ei n A S, D o mr os e A, B o n g e n P, Br ass H U C, Cl ass e n T, L o es c h c k e A, Dr e p-
p er T, L ar ai a L, Si e v ers S, J a e g er K E, Pi etr us z k a J. N e w pr o di gi osi n d eri v a-
ti v es o bt ai n e d b y m ut as y nt h esis i n ps e u d o m o n as p uti d a. A C S S y nt h Bi ol. 
2 0 1 7; 6: 1 7 5 7 ± 6 5.

 3 7.  Kl u m p er m a n J. Ar c hit e ct ur e of t h e m a m m ali a n G ol gi. C ol d S pri n g H ar b 
P ers p e ct Bi ol. 2 0 1 1; 3( 7): a 0 0 5 1 8 1.

 3 8.  Kris h n a P S, V a ni K, Pr as a d M R, S a m at h a B, Bi n d u N S, C h ar y a M A, R e d d y 
S h ett y P. I n -sili c o m ol e c ul ar d o c ki n g a n al ysis of pr o di gi osi n a n d c y cl o-
pr o di gi osi n as C O X- 2 i n hi bit ors. S pri n g er pl us. 2 0 1 3; 2: 1 7 2.

 3 9.  L a di ns k y M S, M astr o n ar d e D N, M cI nt os h J R, H o w ell K E, St a e h eli n L A. 
G ol gi str u ct ur e i n t hr e e di m e nsi o ns: f u n cti o n al i nsi g hts fr o m t h e n or m al 
r at ki d n e y c ell. J C ell Bi ol. 1 9 9 9; 1 4 4: 1 1 3 5 ± 4 9.

 4 0.  L e n z T, Sţ hl er K. S m all m ol e c ul e arr a n g e d t h er m al pr o xi mit y c o a g-
gr e g ati o n (s m ar T P C A)- a n o v el a p pr o a c h t o c h ar a ct eri z e pr ot ei n- pr ot ei n 
i nt er a cti o ns i n li vi n g c ells b y si mil ar is ot h er m al d os e-r es p o ns es. I nt J M ol 
S ci. 2 0 2 2; 2 3( 1 0): 5 6 0 5.

 4 1.  Li X, F e n g Y, Li u X. Cr yst alli z ati o n a n d pr eli mi n ar y cr yst all o gr a p hi c st u di es 
of G R A S P 6 5 G R A S P d o m ai n fr o m R att us n or v e gi c us. A ct a Cr yst all o gr S e ct 
F Str u ct Bi ol Cr yst C o m m u n. 2 0 1 3; 6 9: 7 9 2 ± 5.

 4 2.  Li n S R, W e n g C F. P G- pri mi n g e n h a n c es d o x or u bi ci n i nØ u x t o tri g g er 
n e cr oti c a n d a ut o p h a gi c c ell d e at h i n or al s q u a m o us c ell c ar ci n o m a. J 
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 5 3.  Ņ c h el J, T a u b er M, N olt e J L, M or g eli n M, T ur k C, E c k es B, D e m etri a d es C, 
Pl o m a n n M. A n m T O R C 1- G R A S P 5 5 si g n ali n g a xis c o ntr ols u n c o n v e nti o n al 
s e cr eti o n t o r es h a p e t h e e xtr a c ell ul ar pr ot e o m e u p o n str ess. M ol C ell. 
2 0 2 1; 8 1( 3 2 7 5 ± 9 3): e 1 2.

 5 4.  O h g a ki R, v a n IJ z e n d o or n S C, M ats us hit a M, H o e kstr a D, K a n a z a w a H. 
Or g a n ell ar N a + / H+  e x c h a n g ers: n o v el pl a y ers i n or g a n ell e p H r e g ul ati o n 
a n d t h eir e m er gi n g f u n cti o ns. Bi o c h e mistr y. 2 0 1 1; 5 0( 4): 4 4 3 ± 5 0.

 5 5.  P a ul T, B h ar d w aj P, M o n d al A, B a n d y o p a d h y a y T K, M a h at a N, a n d B h u ni a 
B. I d e ntiÆ c ati o n of n o v el pr ot ei n t ar g ets of pr o di gi osi n f or br e ast c a n c er 
usi n g i n v ers e virt u al s cr e e ni n g m et h o ds. A p pl Bi o c h e m Bi ot e c h n ol. 2 0 2 3. 
htt ps:// d oi. or g/ 1 0. 1 0 0 7/ s 1 2 0 1 0- 0 2 3- 0 4 4 2 6- 9 .

 5 6.  P er e z- Ri v er ol Y, B ai J, B a n dl a C, G ar ci a- S eis d e d os D, H e w a p at hir a n a S, 
K a m at c hi n at h a n S, K u n d u DJ, Pr a k as h A, Fr eri c ks- Zi p p er A, Eis e n a c h er M, 
W al z er M, W a n g S, Br a z m a A, Vi z c ai n o J A. T h e P RI D E d at a b as e r es o ur c es i n 
2 0 2 2: a h u b f or m ass s p e ctr o m etr y- b as e d pr ot e o mi cs e vi d e n c es. N u cl ei c 
A ci ds R es. 2 0 2 2; 5 0: D 5 4 3 ± 5 2.

 5 7.  Pr es c h er N, H a ns c h S, K n o b b e- T h o ms e n C B, St u hl er K, P os c h m a n n G. 
T h e mi gr ati o n b e h a vi or of h u m a n gli o bl ast o m a c ells is i nØ u e n c e d b y t h e 
r e d o x-s e nsiti v e h u m a n m a cr o p h a g e c a p pi n g pr ot ei n C A P G. Fr e e R a di c 
Bi ol M e d. 2 0 2 1; 1 6 7: 8 1 ± 9 3.

 5 8.  P ut h e n v e e d u M A, B a c h ert C, P uri S, L a n ni F, Li nst e dt A D. G M 1 3 0 a n d 
G R A S P 6 5- d e p e n d e nt l at er al cist er n al f usi o n all o ws u nif or m G ol gi-
e n z y m e distri b uti o n. N at C ell Bi ol. 2 0 0 6; 8: 2 3 8 ± 4 8.

 5 9.  R a n F A, Hs u P D, Wri g ht J, A g ar w al a V, S c ott D A, Z h a n g F. G e n o m e e n gi-
n e eri n g usi n g t h e C RI S P R- C as 9 s yst e m. N at Pr ot o c. 2 0 1 3; 8: 2 2 8 1 ± 3 0 8.

 6 0.  R a p o p ort H, H ol d e n K G. S y nt h esis of Pr o di gi osi n. J A m C h e m S o c. 
1 9 6 2; 8 4: 6 3 5 ± 0.

 6 1.  S at o T, K o n n o H, T a n a k a Y, K at a o k a T, N a g ai K, W ass er m a n H H, O h k u m a S. 
Pr o di gi osi ns as a n e w gr o u p of H + / Cl- s y m p ort ers t h at u n c o u pl e pr ot o n 
tr a nsl o c at ors. J Bi ol C h e m. 1 9 9 8; 2 7 3: 2 1 4 5 5 ± 6 2.

 6 2.  S a vits ki M M, R ei n h ar d F B, Fr a n k e n H, W er n er T, S a vits ki M F, E b er h ar d D, 
M arti n e z M oli n a D, J af ari R, D o v e g a R B, Kl a e g er S, K ust er B, N or dl u n d P, 
B a nts c h e ff  M, Dr e w es G. Tr a c ki n g c a n c er dr u gs i n li vi n g c ells b y t h er m al 
pr oÆ li n g of t h e pr ot e o m e. S ci e n c e. 2 0 1 4; 3 4 6: 1 2 5 5 7 8 4.

 6 3.  S e g a nis h L, a n d D a vis J T. Pr o di gi osi n is a c hl ori d e c arri er t h at c a n f u n cti o n 
as a n a ni o n e x c h a n g er. C h e m C o m m u n ( C a m b). 2 0 0 5; 5 7 8 1 ± 3.

 6 4.  S h ort er J, W ats o n R, Gi a n n a k o u M E, Cl ar k e M, W arr e n G, B arr F A. G R A S P 5 5, 
a s e c o n d m a m m ali a n G R A S P pr ot ei n i n v ol v e d i n t h e st a c ki n g of G ol gi 
cist er n a e i n a c ell-fr e e s yst e m. E M B O J. 1 9 9 9; 1 8: 4 9 4 9 ± 6 0.

 6 5.  St u hl dr ei er F, S c h mitt L, L e n z T, Hi n xl a g e I, Zi m m er m a n n M, W oll nit z k e 
P, S c hli e h e- Di e c ks J, Li u Y, J a g er P, G e y h S, T e us c h N, P et er C, B h ati a S, 
H a as R, L e v k a u B, R ei c h ert A S, St u hl er K, Pr o ks c h P, St or k B, W ess el b or g 
S. T h e m y c ot o xi n viri dit o xi n i n d u c es l e u k e mi a- a n d l y m p h o m a-s p e ciÆ c 
a p o pt osis b y t ar g eti n g mit o c h o n dri al m et a b olis m. C ell D e at h Dis. 
2 0 2 2; 1 3: 9 3 8.

 6 6.  S z kl ar c z y k D, Kirs c h R, K o utr o uli M, N ast o u K, M e hr y ar y F, H a c hilif R, G a bl e 
A L, F a n g T, D o n c h e v a N T, P y ys al o S, B or k P, J e ns e n LJ, v o n M eri n g C. T h e 
S T RI N G d at a b as e i n 2 0 2 3: pr ot ei n- pr ot ei n ass o ci ati o n n et w or ks a n d 
f u n cti o n al e nri c h m e nt a n al ys es f or a n y s e q u e n c e d g e n o m e of i nt er est. 
N u cl ei c A ci ds R es. 2 0 2 3; 5 1: D 6 3 8 ± 4 6.

 6 7.  Tr us c h el S T, S e n g u pt a D, F o ot e A, H er o u x A, M a c b et h M R, Li nst e dt A D. 
Str u ct ur e of t h e m e m br a n e-t et h eri n g G R A S P d o m ai n r e v e als a u ni q u e 

https://doi.org/10.1007/s12010-023-04426-9


P a g e 2 4 of 2 4B er ni n g  et  al. C ell C o m m u ni c ati o n a n d Si g n ali n g          ( 2 0 2 3) 2 1: 2 7 5 

•

 

f a st, c o n v e ni e nt o nli n e s u b mi s si o n

 •

  

t h or o u g h p e er r e vi e w b y e x p eri e n c e d r e s e ar c h er s i n y o ur fi el d

• 

 

r a pi d p u bli c ati o n o n a c c e pt a n c e

• 

 

s u p p ort f or r e s e ar c h d at a, i n cl u di n g l ar g e a n d c o m pl e x d at a t y p e s

•

  

g ol d O p e n A c c e s s w hi c h f o st er s wi d er c oll a b or ati o n a n d i n cr e a s e d cit ati o n s 

 

m a xi m u m vi si bilit y f or y o ur r e s e ar c h: o v er 1 0 0 M w e b sit e vi e w s p er y e ar •

  
A t B M C, r e s e a r c h i s al w a y s i n p r o g r e s s.

L e a r n m o r e  bi o m e d c e ntr al. c o m/ s u b mi s si o n s

R e a d y t o s u b mit yo ur r es e ar c h  ?  C h o o s e B M C a n d b e n efit fro m: 

P D Z li g a n d i nt er a cti o n t h at m e di at es G ol gi bi o g e n esis. J Bi ol C h e m. 
2 0 1 1; 2 8 6: 2 0 1 2 5 ± 9.

 6 8.  V a n n est e M, H u a n g Q, Li M, M o os e D, Z h a o L, St a m n es M A, S c h ult z M, 
W u M, H e nr y M D. Hi g h c o nt e nt s cr e e ni n g i d e ntiÆ es m o n e nsi n as a n E M T-
s el e cti v e c yt ot o xi c c o m p o u n d. S ci R e p. 2 0 1 9; 9: 1 2 0 0.

 6 9.  Vi n o d V, P a d m a kri s h n a n CJ, Vij a y a n B, G o p al a S. '  H o w c a n I h alt 
t h e e ?' T h e p u z zl e s i n v ol v e d i n a ut o p h a gi c i n hi biti o n. P h ar m a c ol R e s. 
2 0 1 4; 8 2: 1 ± 8.

 7 0.  W a n g Y, S e e m a n n J. G ol gi bi o g e n esis. C ol d S pri n g H ar b P ers p e ct Bi ol. 
2 0 1 1; 3: a 0 0 5 3 3 0.

 7 1.  W a n g Y, S e e m a n n J, P y p a ert M, S h ort er J, W arr e n G. A dir e ct r ol e f or 
G R A S P 6 5 as a mit oti c all y r e g ul at e d G ol gi st a c ki n g f a ct or. E M B O J. 
2 0 0 3; 2 2: 3 2 7 9 ± 9 0.

 7 2.  W a n g Y, W ei J H, Bis el B, T a n g D, S e e m a n n J. G ol gi cist er n al u nst a c ki n g 
sti m ul at es C O PI v esi cl e b u d di n g a n d pr ot ei n tr a ns p ort. P L o S O N E. 2 0 0 8; 3: 
e 1 6 4 7.

 7 3.  W ass er m a n H H, M c k e o n J E, S mit h L, F or gi o n e P. Pr o di gi osi n - str u ct ur e 
a n d p arti al s y nt h esis. J A m C h e m S o c. 1 9 6 0; 8 2: 5 0 6 ± 7.

 7 4.  Willi a ms o n N R, Fi n er a n P C, Grist w o o d T, C h a wr ai S R, L e e p er FJ, S al m o n d 
G P. A nti c a n c er a n d i m m u n os u p pr essi v e pr o p erti es of b a ct eri al pr o di g-
i ni n es. F ut ur e Mi cr o bi ol. 2 0 0 7; 2: 6 0 5 ± 1 8.

 7 5.  Wr e d e F, H ett c h e O. ‹ b er d as Pr o di gi osi n, d e n r ot e n F ar bst off  d es B a cill us 
Pr o di gi os us (I. Mitt eil.). B er Dts c h C h e m G es. 1 9 2 9; 6 2: 2 6 7 8 ± 8 5.

 7 6.  Xi a n g Y, W a n g Y. G R A S P 5 5 a n d G R A S P 6 5 pl a y c o m pl e m e nt ar y a n d ess e n-
ti al r ol es i n G ol gi cist er n al st a c ki n g. J C ell Bi ol. 2 0 1 0; 1 8 8: 2 3 7 ± 5 1.

 7 7.  Xi a n g Y, Z h a n g X, Ni x D B, K at o h T, A o ki K, Ti e m e y er M, W a n g Y. R e g ul a-
ti o n of pr ot ei n gl y c os yl ati o n a n d s orti n g b y t h e G ol gi m atri x pr ot ei ns 
G R A S P 5 5/ 6 5. N at C o m m u n. 2 0 1 3; 4: 1 6 5 9.

 7 8.  Y a m a m ot o H, Z h a n g S, Mi z us hi m a N. A ut o p h a g y g e n es i n bi ol o g y a n d 
dis e as e. N at R e v G e n et. 2 0 2 3; 2 4: 3 8 2 ± 4 0 0.

 7 9.  Yi p C H, Y ar k o ni O, Aji o k a J, W a n K L, N at h a n S. R e c e nt a d v a n c e m e nts i n 
hi g h-l e v el s y nt h esis of t h e pr o misi n g cli ni c al dr u g, pr o di gi osi n. A p pl 
Mi cr o bi ol Bi ot e c h n ol. 2 0 1 9; 1 0 3: 1 6 6 7 ± 8 0.

 8 0.  Z h a n g X, W a n g L, Ir el a n d S C, A h at E, Li J, B e ki er M E 2 n d, Z h a n g Z, 
W a n g Y. G O R A S P 2/ G R A S P 5 5 c oll a b or at es wit h t h e Pt dI ns 3 K U V R A G 
c o m pl e x t o f a cilit at e a ut o p h a g os o m e-l ys os o m e f usi o n. A ut o p h a g y. 
2 0 1 9; 1 5: 1 7 8 7 ± 8 0 0.

 8 1.  Z h a n g X, W a n g L, L a k B, Li J, J o kit al o E, W a n g Y. G R A S P 5 5 s e ns es gl u c os e 
d e pri v ati o n t hr o u g h O- Gl c N A c yl ati o n t o pr o m ot e a ut o p h a g os o m e-
l ys os o m e f usi o n. D e v C ell. 2 0 1 8; 4 5( 2 4 5 ± 6 1): e 6.

 8 2.  Z h a o C, Qi u S, H e J, P e n g Y, X u H, F e n g Z, H u a n g H, D u Y, Z h o u Y, Ni e Y. 
Pr o di gi osi n i m p airs a ut o p h a g os o m e-l ys os o m e f usi o n t h at s e nsiti z es 
c ol or e ct al c a n c er c ells t o 5-Ø u or o ur a cil-i n d u c e d c ell d e at h. C a n c er L ett. 
2 0 2 0; 4 8 1: 1 5 ± 2 3.

 8 3.  Z h a o L, P os c h m a n n G, W al d er a- L u p a D, R aÆ e e N, K oll m a n n M, St u hl er K. 
O ut C yt e: a n o v el t o ol f or pr e di cti n g u n c o n v e nti o n al pr ot ei n s e cr eti o n. S ci 
R e p. 2 0 1 9; 9: 1 9 4 4 8.

P u bli s h er' s N ot e
S pri n g er N at ur e r e m ai ns n e utr al wit h r e g ar d t o j uris di cti o n al cl ai ms i n p u b-
lis h e d m a ps a n d i nstit uti o n al affi li ati o ns.


	1. Dissertation_final.pdf
	2. Paper Molecules.pdf
	Introduction 
	Material and Methods 
	Antibodies and Reagents 
	Correct Identification of Natural Products 
	Cell Lines and Cell Culture 
	Cell Viability Assay 
	Immunoblotting 
	Immunofluorescence 
	Statistical Analysis 

	Results 
	Prodigiosin Is Cytotoxic in Cisplatin-Sensitive and -Resistant RT-112 Cells 
	Prodigiosin Inhibits Autophagy in RT-112 Cells 
	Autophagy-Related Protein Are Upregulated in RT-112res Cells 
	Prodigiosin Induces Apoptotic Cell Death in RT-112res 
	Prodigiosin Synergistically Increases Cisplatin-Mediated Cytotoxicity in RT-112 and RT-112res UCCs 
	Treatment with Prodigiosin Overcomes Apoptosis Resistance in RT-112res 
	Prodigiosin Treatment Alters Cathepsin Activity 
	Treatment with Prodigiosin Synergistically Sensitizes Various UCCs to Cisplatin-Mediated Cell Death 

	Discussion 
	References

	3. Publication 2.pdf
	4. Paper Moritz.pdf
	5. Publication 3.pdf
	6. Paper GRASP55.pdf
	The Golgi stacking protein GRASP55 is targeted by the natural compound prodigiosin
	Abstract 
	Background 
	Methods 
	Results 
	Conclusion 

	Background
	Results
	Prodigiosin exhibits cytotoxic properties in HeLa cells and alters Golgi apparatus morphology
	Thermal proteome profiling identifies GRASP55 as a target protein of prodigiosin
	GRASP55 is stabilized at low nanomolar prodigiosin concentrations
	Knockout of GRASP55 inhibits prodigiosin cytotoxicity and alters prodigiosin effects on the Golgi apparatus
	Prodigiosin treatment leads to the accumulation of autophagosomes at the Golgi apparatus and blocks autophagic flux

	Discussion
	Material and methods
	Antibodies and reagents
	Correct Identification of natural products
	Cell lines and cell culture
	Cell viability assay
	Transmission electron microscopy (TEM)
	BFA washout assay
	Thermal proteome profiling
	Compound and temperature treatment
	Single-pot, solid-phase-enhanced sample preparation (SP3) for MS
	TMT labeling and high pH fractionation
	LC–MSMS analysis
	MS data analysis, protein identification, and quantification
	Statistical analysis of melting curves

	Immunoblotting
	Generation of knock-out cell lines
	Secretome analysis
	Immunofluorescence
	Statistical analysis

	Anchor 34
	Acknowledgements
	References



	crossmark: 


